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PREFACE 

THIS volume is the outcome of a course of five lectures on 

"Regeneration and Experimental Embryology," given in Columbia 

University in January, 1900. The subjects dealt with in the lectures 

are here more fully treated and are supplemented by the discussion 

of a number of related topics. During the last few years the prob

lems connected with the regeneration of organisms have interested 

a large number of biologists, and much new work has been done in 

this field; especially in connection with the regenerative phenomena 

of the egg and early embryo. The development of isolated cells or 

blastomeres has, for instance, aroused widespread interest. It has 

become clearer, as new discoveries have been made, that the latter 

phenomena are only special cases of the general phenomena of 

regeneration in organisms, so that the results have been treated 

from this point of view in the present volume. 

If it should appear that at times I have gone out of my way to 

attack the hypothesis of preformed nuclear germs, and also the 

theory of natural selection as applied to regeneration, I trust that 

the importance of the questions involved may' be an excuse for the 

criticism. 

If I may be pardoned a furtber word of personal import, I should 

like to add that it has seemed to me that far more essential than each 

special question with whicb the biologist has to deal is his attitude 

toward the general subject of biology as a science. Never before in 

the history of biology has this been more important than at the 

present time, when we so often fail to realize which problems are 

really scientipc and which methods are legitimat~ for the solution 

of these problems. The custom of indulging in exaggerated and 
vii 
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unverifiable speculation bids fair to dull our appreciation for hypoth

eses whose chid value lies in the possibility of their verification; 

but those who have spent their time and their imagination in such 

speculations cannot hope for long to hold their own against the 

slow but certain advance of a scientific spirit of investigation of 

organic phenomena. The historical questions with which so many 

prohlems seem to be connected, and for which there is no rigorous 

experimental test, are perhaps responsible for the loose way in which 

many problems in biology are treated, where fancy too often supplies 

the place of demonstration. If, then, I have tried to use my mate

rial in such a way as to turn the evidence against some of the 

uncritical hypotheses of biology, I trust that the book may have 

a wider bearing than simply as a treatment of the problems of 

regeneration. 

I wish to acknowledge my many obligations to Professor H. F. 

Osborn and to Professor E. B. \Vilson for friendly criticism and 

advice; and in connection with the revision of the text I am greatly 

indebted to Professor J. W. Warren, to Professor W. M. Wheeler, 

to Professor G. H. Parker, and to Professor Leo Loeb. 

BRYN MAWR COLLEGE. PENNSYL\,ANIA, 

June 11, 1901, 
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CHAPTER I 

GENERAL I:\TRODUCTION 

ALTHOUGH a few cases of regeneration were spoken of by Aris
totle and by Pliny, the subject first attracted general attention 
through the remarkable obsen'ations and experiments of the Abbe 
Trembley. His interest was drawn to certain fresh-water polyps, 
hydra" that were new to him, and in order to find out if the organisms 
";ere plants or animals he tried the effect of cutting them into pieces; 
for it was generally known that pieces of a plant made a new plant, 
but if an animal were cut into pieces, the pieces died. Trembley found 
that the polyp, if cut in two, produced two polyps. Logically, he 
should have concluded that the new form was a plant; but from 
other observations, as to its method of feeding and of movement, 
Trembley concluded that the polyp was an animal, and that the 
property of developing a new or?;anism from a part must belong to 
animals as well as to plants. "I felt," he says, "strongly that nature 
is too vast, and too little known, for us to decide without temerity 
that this or that property is not found in one or another class of 
organized bodies." 

Trembley's first experiments were made in '740, and the remark
able results were communicated by letter to several other naturalists. 
It came about in this way that before Trembley's memoir had 
appeared, in '744, his results were generally known, and several 
other observers had repeated his experiments, and extended them 
to other forms, and had even published an account of their own 
experiments, recognizing Trembley, however, as the first discoverer, 
Thus Reaumur described, in 1742, a number of other forms in which 
regeneration takes place; and Bonnet, in '745, also described some 
experiments that he had made during the four preceding years. 
Widespread interest was aroused by these results, and many different 
kinds of animals were experimented with to test their power of 
regeneration. Most important of these new discoveries were thos~ 
of Spallanzani, who !,ublished a short preliminary statement of his 
results, in 1768, in his Prodromo. 

B 



2 REGENERATION 

Trembley found that when a hydra is cut in two, the time required 
for the development of the new individnals is less during warm than 
during cold weather. He also found that if a hydra is cut into three 
or four parts, each part produces a new individual. If these new 
hydras arc fed until they grow to full size, and are then again cut 
into pieces, each piece will produce a new polyp. The new animals 
were kept in some cases for two years, and behaved in all respects 
as do ordinary polyps. 

Trembley also found that if the anterior, or head-end, with its 
tentacles, is cut off, it also will make a new animal. If a h\'dra is 
cut lengthwise into two parts, the edges roll in and meet, and in an 
hour, or less, the characteristic form may be again assumed. New 
arms may appear later on the new individua1. If a hydra is split 
lengthwise into four pieces, each piece will also produce a new polyp. 

If the head-end only of a hydra is split in two, each half becomes 
a new head, and a two-headed hydra results. If each of the new 
heads is split again, a four-headed hydra is produced; and if each 
of the four heads is once more split in two, an eight-headed hydra is 
formed. A hydra of this kind, in which seven heads had been pro
duced in this way, is shown in Fig. I, A. Each head behaves as a 
separate individual, and all remain united on the same stalk. If the 
foot-end of a hydra is split, a form with two feet is produced. 

One of the most ingenious and most famous experiments that 
Trembley made consisted in turning a hydra inside out (Fig. I, B, I 

and 2). The animal tends to turn itself back again, but by sticking a 
fine bristle through the body, Trembley thought that the turning back 
could be prevented, and that the inner surface of the hollow body 
remained on the outside, and the outer surface of the body came to 
line the new central cavity. Each layer then changed, he thought, 
its original characteristics, and became like that of the other layer. 
The details of these experiments will be described in a future chapter, 
as well as more recent experiments that have put the results in quite 
a different light. 

Reaumur repeated Trembley'S experiment of cutting a hydra into 
pieces, and obtained the same results. He found also that certain 
fresh-water worms, as well as the terrestrial earthworm, regenerated 
when cut into pieces. At his instigation two other naturalists 1 

examined the starfish and some marine polyps, and they concluded 
that it was highly probable that these forms also could regenerate. 
Reaumur pointed out that regeneration is more likely to occur in 
fragile forms which are more exposed to injury. 

Bonnet's experiments were made on .several kinds of fresh-water 

1 Guettard ;r.nd Gerard de Villars. Bernard de Jussieu alSQ, who demonstrated that. star· 
fish can regenetate. 



GENERAL INTRODUCTION 3 

worms, one of which, at least, seems to have been the annelid lum
briculus. His first experiments (1741) showed that when the worm 
is cut in two pieces, a new tail den:"lops at the posterior end of the 
anterior piece, and a new head at the anterior end of the posterior 

c 
B 

I 
G' 

i 
G 

D 

r 
A 

F' 
~IG. x.-A-B. After Trembley. C-G'. After Bonnet. A. Seven·headed hy~ra made by splitting 

head-ends lengthwise. B. Illustrating the method of turni!lg hydra inside out by means of 
a bristle; I, foot being pushed through mouth; 2, completIOn of process. C Middle piece 
at an earthworm (cut into three pieces) wit.h new bead ~nd tail. D. Anterior part of an 
earthworm regenerating a new" delicate" tall. E. Pastenor third of a worm (lumhriculus) 

~~~e~~ge;te:~e~ ~~ane=~~acl~\~d.dd~.p~~::~~r~ e:l~~e~n~~e(~8r~fS)~~t i~~ J~~ 
piece of a worm. C'. Regeneration of head and tail of same. 

)ieee. He found that if a worm is eut into three, four, eight, ten, 
>r even fourteen pieces, each piece produces a new worm; a new 
lead appearing on the anterior end of each piece, and a new tail on 
he posterior end (FIg. I, G, G'). The growth of the new head is 
imited in all cases to the formation of a few segments, but the new 
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tail continues to grow longer, new segments being intercalated just 
in frollt of the end-piece that contains the anal opening. In summer 
the rcgl:nc..:ratioll of a ncw part takes place in two to three days; in 
winter in ten to tv.'elvc days. this difference not being due to the time 
of year, but to the temperature. Bonnet found that if a newly 
regenerated head is cut off, a new one regenerates, and if the second 
one is removed, a third, new one develops, and in one case thb oc
curred eight times: the ninth time only a bud-like outgrowth was 
formed. In other cases a new head \vas produced a few- more times, 
but never more than twelw. He thought that the capacity of a part 
to regenerate is in proportion to the number of times that the animal 
is Hable to be injured under natural conditions. 

Bonnet fOllnll that short pieces from the anterior or posterior end 
of the body failed to reg-cnorate, and usuall), died in a few days. 
Occasionally two new heads appeared at the anterior end of a piece 
(Fj~, I. F), and sometimes two tails at the posterior end. 

Another kind of fresh-water worm 1 was found that gave a very 
remarkable result. If it was cut in two pieces, the posterior piece 
produced at its anterior end, not a new head. but a new tail. Thus 
there is formed a worm with two tails turned in opposite directions, 
as shown in l·~jg, I, fo~ F'. 

Spallanzani made many experiments on a number of different 
animals, but unfortunately the complete account of his work was 
ncycr published, and we hayc only the abstract given in his Prodro11to 
(1768). He made a larg-e number of experiments with earthworms 
of several kinds, and found that a worm cut in two pieces may pro
duce two new worms; or, at least, that the anterior piece produces a 
new tail, which increases in length and may ultimately represent the 
posterior part of the body; the posterior piece, however, produces 
only a short head at its anterior end, but never makes good the rest 
of the part that was lost. A short piece of the anterior end fails to 
reg-cnerate; but in one species of earthworm, that differs from all 
the others in this respect, a short anterior piece or head can make a 
new tail at its posterior end." Spallanzani also found that if much of 
the anterior end is cut off, the development of a new head by the 
posterior picce is delayed, and, in some species, does not take place 
at all. 

If a new head is cut off, another is regenerated, and this occurred, 
in one case, five times. If, after a new head has developed, a por
tion only is cut off, the part removed is replaced, and if a portion of 
this new part is cut off it is also regenerated. If a worm is split 

1 An annelid of unknown species. 
2 This statement of Spallanzani's I interpreted incorrectly ('99), thinking that he obtained 

a two·tai..ted form as had &nl\Ct. ~ 
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longitudinally into two pieces, the pieces die. If only a part of the 
worm is split longitudinally and one part removed, the latter will he 
regenerated from the remaining part. l S~\'eral contemporaries of 
Spallanzani also made experiments on the carthworm.~ 

Spal1anzani found that a taupolc call regenerate its tail; and if a 
part of the new tail is cut off. the n:maining part will rc~cnl'rah; 
as much as is lost. Older tadpoles regenerate more slowly than 
younger ones. If a tadpole is not fed, it ceases to grow largt:r, 
but it will still regenerate its tail if the tail is cut (lff.:! Salamanders 
also rcg-cnerate a new tail, producing e\'en new vertebra'. If a lc~ 

is cut off, it is regenerakd; if all four lehs are Clit off, either at 
the same time or in succession, they are ren!.!wcd. If the le~ is 
cut off near the body, an imperfectly regenerated part is formed. 
Rcgeneration of the legs was found to take place in all species of 
salamanders that \vere known to Spallanzani, but best in young 
~tages. In full~gTown salamanders, regeneration takes place more 
promptly in smaller species than in larger ones. Curiously cnollgh~ 
it was found that if the fingers or toes are cut off, they regenerate 
very slowly. If the fing;ers of one side and the whule leg; of the 
opposite side are cut off at the same time, the leg may be regen
erated as soon as are the fingers of the other side. A year is, how
e,'cr, often insufficient in some forms for a leg to become fully 
formed. If an animal is kept without food for two months after 
a leg has been cut off, the new leg will regenerate as rapidly as in 
another salamander that has been fed during this time. If the 
animal is kept longer without food, it will decrease in size, but 
nevertheless the new leg continues to grow larger. Occasionally 
more toes or fewer toes than the normal number are regenerated; 
but as a rule the fore leg renews its four toes, and the hind leg 
its five toes. 

In one experiment, all four legs and the tail were cut off six times 
during the three summer months, and were regenerated. Spallan
zani calculated that 647 new bones must haye been made in the new 
parts. The regeneration of the new limbs was as quickly carried out 
the last time as the first. Spallanzani also found that the upper and 
lower jaws of salamanders can regenerate. 

If the tentacles of a snail or of a slug are cut off, they are renewed; 
and Spallanzani found that e,'en if the entire head is cut off a new 
one is regenerated. Also other parts of .the snail, as the foot, or the 

1 There is some doubt in regard to this statement of SpaUanzani's. In a.letter to Bonnet 
be denies that this takes place in the earthworm. 

2; Spallanzani refers to tJ-.:;: work of Ginnani, Vandelli, Vallisneri. 
3 He found that the legs of the tadpole of tbe frog, and of two species of toads, also have 

the power of regeneration. 
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{'ollar, may be re"enerated. The head of the slug, it was found, 
rcgcncratc~ with more difficulty than does that of the snail. 

Thl:~l' justly celebrated experiments of Trembley, Rt"auITll.lr. Bonnet, 
and Spa!lanzani furnished the ha:-;is of all later work. Alany new facts, 
it is trw!, have het:n discovered, and in many cases we have penetrated 
further illto the conditions that influence the reg-cneration, but many 
of the important facts in regard to regeneration 'vere made known by 
the work of these four naturalists. 

SO.lI£o lTRT/l£oR I:XAMPLES OF REGEXEfUTION 

So many different phenomena are included at the present time 
uIH.kr the term" regeneration, " that it is necessary, in order to get a 
general idea of the subject, to pass in review some typical examples 
of the process. 

The regeneration of different parts of the salamander shows some 
characteristic methods of renewal of lost parts. If the foot is cut off 
a new foot is regenerated; if more than the foot is cut off, as much is 
n..'lll!wcd as was lost. For instance, if the cut is made through the 
fore leg, as much of the fore leg as was remo\"cd, and also the foot, 
are regenerated; if the cut is made through the upper part of the 
leg, the rest of that part of the leg and the fore leg and the foot are 
regenerated. The new part is at first smaller than the part remoyed, 
although it may contain all the elements characteristic of the leg. It 
gradually increases in size until it has grown to the same size as the 
leg on the other side of the body, and then its growth comes to an 
end. • 

Other parts of the body of the salamander also have the power of 
regeneration. If a PClft of the tail is cut off, as much is renewed as 
has been removed; if a part of the lower or upper jaw is cut off, the 
missing part is regenerated .: if a part of the eye is removed. a new eye 
is formed from the part that remains; but if the whole eye is extir
pated, or the whole limb, together with the shoulder girdle, is removed, 
neither structure is regenerated. 

I n other vertebrates the power of regeneration is mOTe limited. 
A lizard can regenerate its tail, but not its limbs. A dog can regen
erate neither its limbs nor its tail. 

It has been stated that the new limb of the salamander is at first 
smaller than the one removed, but it may contain all the elements of 
the original limb. Vie find this same phenomenon in other forms, 
and since it is a point of some theoretical interest, a few other 
examples may be given. If the tail of a fish that.has a bilobed form 
is cut off near the base, as indicated in Fig. 40, G, there appears over 
the exposed edge a ·'narrow. b~nd of new n;aterial. The new part 



CEKER.1L IKTRODUCTION 7 

now begins to grow faster at two places than at intermediate points. 
as shown in Fig. 40, H. The new tail, althoug-h Ycry short, assume~, 
as a result, the characteristic bilobed form. The point of special 

I G H 
FIG. 2. - A. AOolobopkora fa:tida. Normal worm. B-F. Anterior ends of worms, which, after the 

removal of one, two, three, fOUT, and five segments, have regenerated tbe same number. 
G. Anterior third cut off. Only five head-segments regenerated. H. \\-'onn cut in two in 
middle. A head-end of five segments regenerated. I. Worm cut in two posterior to middle. 
A heteromorphic tail regenerated at anterior end. 

interest is that the new material that appears over the exposed edge 
does not first grow out at an equal rate at all points until it reaches 
the level of the original fork, and then continue to grow faster in two 
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rq,iol1' to form the lohes of the tail, hut the two regions of most rapid 
g-Towth arc vcry soon established in the new tail. Subsequent growth 
in all parts of the new tail enJarges it to the full size. 

A 
A 

B 

c 

D 

[ 

FIG, 3. - A. B. Short head-ends of A.fi'rtida that did not regenerate at posterior surface. C, D, 
I:;, Long~·t a~t~ril.){ pieces, that made n~w segments at their posterior ends. r~ After Haten. 
A rlcee conslsllng of !l\'e (3 to 7) anterIOr segments grafted, in a reversed pOSition, upon the 
anlt'lior end of another \\orm. A heteromorphic head of about two segments regenerated 
at the free end, which is the posterior end of the piece. 

In some cases of regeneration, in which the new part is at first 
smaller than the part removed, the new part repr.esents at first only 
the distal portion of the body, and although the new part may grow 
to the full size, the Whole of tlJi! part removed may never come back. 
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This is illustrated in the re~eneration of the anterior end of the carth
worm; for example. in the red-banded earthworm, or brand ling- (./1110-
/()bopll(wtl fa:lida ),1 If one segment of thl: anterior end is cut off, one 
segment is vcry qUickly rcgcneratcLl(Fig. 2, R); if two segments arc Cllt 

off t two come back (Fig. 2, C); if three scgJ11~nt!' arc rllt off, as many 
are regenerated (Fig. 2, f»; if fuur arc cut off, §:(L'llcrally four come 
back (Fig. 2, E); when five an.: cut off, four or fin! come back (I ...... ig. 
2, F); but if six or more afC cut off, only [our Of n,'c arc..~ regenerated 
(Fig. 2, G'). It is found in this case that a limit is soon reached beyond 
\vhich fc\vcr segments arc produced than have been removed. The 
new sC'fmcnts form the anterior end or head that enlarges to the char
acteristic sizr.:; but the missing segments behind the new head are 
never rcgcneratcu, and the worm remains shortened throughout the 
rest of its life. If the reproductive reg-ion has been removed with 
the anterior part, new reproductive organs are I1cYC.:r funned and 
the worm remains incapahle of reproducing itself. 

This same relation bctwcen the number of segments cut off 
from the anterior end and the humber that is regenerated seems to hold 
good throughout the w hole group of annelids, although the maximum 
number that comes back may be different in different species. Thus 
in lumbriculus six or seven or even eight new segments come back if 
more than that number have been removed. 

If we examine the method of regeneration from the posterior end 
of a piece of an earthworm. we find that when several or many 
posterior segments have been removed a new part comes back, com
posed at first of a very few sc~ments. The terminal se~ment 
contains the new posterior opening of the digestive tract. New 
segments are now formed just in front of thE. termina1 segment, the 
youngest being the one next to the end-segment. The process con
tinues until the full complement of segments is made up (Fig. 3. 
C. D. E). Comparing these results with those described above for 
the anterior end, we find. in both cases. that only a few segments 
are at first formed, but in the posterior regeneration new segments 
are intercalated near the posterior end. This process of interca
lation is the characteristic way in which many annelids add new seg
ments to the posterior end, as they grow larger and longer. 

Amongst the flatworms the fresh-water planarians show remark
able powers of re~eneration. If the anterior end is cut off at any 
level. a new head is produced (Fig. 4. C). The new worm is at first 
too sbort. i.c. the new head is too near the pharynx. but changes 
take place in the region behind the new head that lead to the devel
opment of new material in this part. The new bead- is. in conse-

1 These experiments on tbe earthworm are in the main taken from my own results ('95) 
('97) ('99). 
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quence, carried farther and farther forward until the typical relations 
of the parts have heen formed, when the growth in the region behind 
the head comes to an end (Fig. 4, e'). Similar changes take place 
when the posterior cnd is Cllt off, as shown in Fig. 4, B, JJI. The new 
part contains the new pharynx that is proportionately too near the 
head, hut the pharvnx is carried farther backwards by the formation 
of new material ;,; front of it, until it has reached its typical distance 

• r 

E 

A 

C' E' 

FIG.4.-A-E. Plallar_1<1 maCNlata. A. 1'ormal worm: D, Ell, Regeneration of anterior half. 
C, C I, Rt'g"em'rallon of posterior halJ. j), Cross-pH~'ce of worm. VI, If}., /)8, 1)4. Regenera
tion of ~a!1le. !:. Old head. Rl, E'J, £8, Regeneration of same. F: P. lugNbrlJ. Old head 
cut off Just behmd eyes. FI, Regeneration of new head on posterior end of same. 

from the head. In these planarians the results are somewhat com
plicated, owing to the old part changing its form, especially if the 
piece is not fed; but the main facts are given above, and a more 
complete account of the changes that occur win be given in another 
place. 

l.4TER,ll REGENERATION 

Not only does regeneration take place in an antero-posterior direc
tion, but in many animals also at the side. The regeneration of the 
limb of the salamande>' is, of course, a case of lateral regeneration in 
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relation to the animal as a whole, but in a lon"itudinal direction 
in regard to the limb itself. Lateral regeneration of the limb would 
take place if the limb was split lengthwise into two parts and one of 
the parts removed. If the entire salamander were cut in two length
wise, each half would most certainly die without regeneration, if for 
no other reason than that the integrity of the median organs is 
necessary for the life of the different parts. If, however, a I'lanarian 
is cut lengthwise into a right and left half, each piece will complete 
itself laterally and make a new worm (Fig. 131, A-f). Even a narrow 
piece cut from the side will produce a new worm by regenerating 
laterally, as shown in Fig. IC), a, b, ( In hydra, also, a half-Iong-i
tudinal piece produces a new animal, but in this case not by the 
addition of new material at the side, but by the cut-edges meeting 
to make a tube of smaller diameter. Subsequently the piece changes 
its form into that characteristic of hydra. 

REGENERATION OF TERMINAL PORTIONS OF TIlE BODV 

In most of the preceding examples the behavior of the larger piece 
of the two that result from the operation has been described; but there 
are Gome important facts in connection with the regeneration of the 
smaller end-pieces. The leg, or the tai!, that has been cut from the 
salamander SOOIl dies without regenerating. The life of the leg can 
be maintained only when the part is supplied with certain substances 
from the body of the animal. It docs not follow, of course, that, 
could the leg or the tail be kept alive, they would regenerate a 
salamander. In fact, there is evidence to show, in the tail at least, 
that, although it may regenerate a structure at its anterior end, the 
structure is not a salamander, but something else. This has been 
definitely shown in certain experiments with the tail of the tadpole. 
It is possible to graft the tail of one tadpole in a reversed position, 
i.e. with its anterior end free, on the tail of another tadpole (Fig. 54, 
A-D), or even on other parts of the body. Regeneration takes place 
from the free end, i.e. from the proximal end of the grafted tail. 
The new structure resembles a tail, and not a tadpole. If it be 
objected that the experiment is not conclusive because of the presence 
of the old tail, or of the use of the newly developing part, the objec
tion can be met by another experiment. If, as shown in Fig. 56, A, 
a triangular piece is cut out of the base of the tail of a young tadpole, 
the cut being made so deep that the nerve-cord and notochord are 
cut in two, there develops from the proximal end of the tail a new 
tail-like structure that is turned forward, or sometimes laterally. In 
this case the objecnons to the former experiment do not apply, and 
the same sort of a structure, namely, a tail, is produced. 
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In the earthworm also we find some interesting facts connected 
with the regeneration of the terminal pieces. If onc, two, three, 
four, or five segments are cut from the anterior end, they will die 
without n:g-cncratinK. Pieces that contain more segments. six to 
ten, for example, may remain alive for a month or longer, but do not 
regenerate (Fig-. 3, A, /J). That this lack of power to regenerate at the 
posterior end is not due to the smallness of the piece can be shown 
bv removing from a piece of five scg-ments onc or two of its anterior 
'~!,:mellts. These will be promptly regenerated. Another experiment 

\ 8 II II II I .J \ ~ c 0 0 • • A 
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FIG, 5.-Hydra. 'ujridis. A. Normal hydra. Lines indicate where piece ",-as cut out. E, 1-4-
Changes.in a piece of A. as seen from the side. C, 1-4. Same as seen from the end. D, E. 
l-: LalCr stages ot same piece, drawn to same scale. 

has shown, however, that if these small pieces can be kept alive for a 
long time, and also supplied with nourishment, regeneration will take 
place at the posterior end. If, for instance, a small piece of eight or 
ten segments has its anterior three or four segments cut off, and is 
grafted by its anterior end to the anterior end of another worm, as 
shown in Fig. 3, F, the piece will begin, after several months, to re· 
generate at its exposed posterior end, hut in the one instance in which 
this experiment has been successfully carried out, a new head, and 
not a tail, appeared on the exposed free end. The result is not due 
to the grafting, or to tlie anterio,:,Position of the posterior end, bnt to 
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some peculiarity in the piece itself. \Vc find the converse of this 
result in an experiment with the tail region of the earthworm, where 
the outcome is more dearly seen to be connected with the nature of 
the piece itself. If a piece less than half the length of the worm is 
cut off from the posterior end. there is generally formed from its 
anterior cllt~stlrface, not a head, but another tail (Fig-. 2, f). The 
result is similar to that described by Bonnet for one of the fre:-;h-water 
annelids. A parallel case to that ~ of the head of the earthworm is 
found in one of the planarians. If th~ head of j'/al1aria /",£;II/117'S is 
Cllt off jllst behind the eyes (Fi)!;. 4, F), there is produced, at the pos
krior ,,-ut-edge of the head, a new hC;l(i turned in the opposite direc
tion, as shown in Fig. 4, Fl. 

RE(;J~'NERA TiO.\' 11 Y lRAXSFOR.lf.·j TIO.V OF TilE l~.\'TfRr. rll~CE 

In the regeneration of some of the lower animals, the transforma
tion of a piece into a new animal of smaller size is broug-ht about by a 
change in form of the piece itself, rather than through the production 
of new material at the cut-ends. If a ring is cut trom the body of 
hydra, as shown in Fig. 5,.1], the open ends of the ring arc soon 
closed by the contraction of the sides of the piece, and in the course 
of a few hours the ring has become 2. hollow sphere; or, if the 
piece is longer, a closed cylinder. After a day or two, the piece begins 
to elongate, and four tentacles appear ncar 
one end (Fig. 5, B, C, D). The piece con
tinues to elongate until it forms a small 
'polyp, having the typical proportions of 
length to breadth (Fig. 5, E, F). It has 
changed into a new cylinder that is longer 
than the piece cut off, but correspondingly 
narrower. In this case there cannot be said 
to be a replacement of the missing parts, 
but rather, through the transformation of 
the old piece, the formation of a new whole. 
In planarians also the formation of a new 
worm from a piece involves a change in the 
form of the old part, as well as the addition 
of new material at the cut-end. If a cross-
piece is cut out, as shown in Fig. 4, D, new 
material appears at the ends, but the old 
piece also becomes narrower and longer 
(Fig. 4, DI-D'). If the old head is cut off, 
it produces new material at its posterior end 
(Fig_ 4, E, E'), and also becomes smaller 

. B 
FIG. 6.-A. Piece of Bipali#m 

kewmu. Middle pigment 
stnpe injured at two points 
(see circles in A). B. Regen~ 
eration of same piece. 



14 REGENERA TION 

as the new part grows larger (Fig. 4, E2, E3). In a land planarian 
Bi/,rr/ilt11l kew{.'llsc, a piece is transformed into a new worm, as showr 
in Fig-. 6, A, R. In thi, case the old pigment stripes of the piece an 
carried directly over into the new worm, the piece elongating durin,g 
the transformation. 

A similar chang-c takes pJace in pieces of unicellular animals, a~ 
best shown by cutting off pieces of stentor. If StClttor camt/Clts is 

B 

A C 

C' 
FIG. 7.-Sientur .c.xruleIlJ. A. :-:ormaI, fully expanded individual. Al. Same contracted. 

Line a-a indIcates where it was cut in two. S, C. Pieces after division. Bl, OJ,.88. Re
generation of three distal pieces (B) containing old peristome. Cl, C2, Regeneration of two 
proximal or foo1 pieces (C). 

cut in two pil'ces, as indicated in Fig. 7, each piece makes a new 
individual of half size, hut of proportionate form. The old peristome 
remains on the anterior piece, but becomes reduced in size as the piece 
changes its shape, and although it may be at first roo large for the 
length of the new piec~. it ultimately reaches a size about proportion
ate to tbe rest or tbe animal. . Tb~. posterior pi~ce is at first too long 
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for the size of the new peristome that is formed, but the lattcr becomes 
larger, until the characteristic form has been reached. The change 
in form of the stentor may take place in a few hours, and the result 

B 

c 

D 
A 

FIG. 8.- Afte-r Gruber. /Vatlor ca!f"!tie«,. A. Cut inco three pieces. fl. This row shol-l's [{'gen
eration of <lnkr~or pif'ce. C Thi" row shows ft"generation of middle pIece. D. TillS row 
5ho\\5 n:generatl(ln of posterior pIece. 

is brought about, not by the development of new protoplasm over the 
cut-end, but by a change of the old protoplasm into the new form. A 
similar experiment is shown in Fig. 8, in which a stentor was cut into 
three pieces, each piece containing a part of the old nucleus. 

REGENERA TION IN PLANTS 

In the higher plants the production of a new plant from a piece 
takes place in a different way from that by which in animals a new 
individual is formed. The piece does not complete itself at the cut
ends, nor does it change its form into that of a new plant, but the 
leaf-buds that are present on the piece begin to develop, especially 
those near the distal end of the piece, as shown in Fig. 32, A, and 
roots appear near the basal end of the piece. The chaRges that take 
place in the piece are different from those taking place in animals, 
but as the principal difference is the development of the new part 
near the end, rather than over the end, and as in some cases the 
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new part rna y even appear in new tissue that covers the end, and, 
further, since the process seems to include many factors that appear 
also in animals, we arc justified, I think, in including this process 
in plants under the gcncral term regeneration, 

Fit;. 9. -After YilChting. A, AI, ..1'2, Pieces at thallus of ~Im"!a.:ria cNflmlmis regenerating at 
the apical end. B. Piece of thallus cut in two in thE' mlddle lme. HI, Same split at side of 
Illll.ldle. (: An, oblique [?iece extending to middle line. C1, C2, Ohlique pieces not extend
ing to middle Ime. D. Fruiting stalk stuck into sand, producing new thallus above sand. 
I)!, ~llme laid horizontallv T~enerating nt'ar base, E. Same II jlh fruiting head cut off. 
Regenerating at base. El, Twisted piece regenerating at twO points. p: Piece of my of 
head regeneratmg near base, Fl, Same with distal end of my cut off. Also regenerating 
at base. 

In the lower plants, such as the mosses, the liverworts, the moulds, 
and the unicellular forms, regeneration also takes place. VOchting 
has shown that pieces from any part of the thallus of a liverwort 1 

produce new plants. If .. cross-piece is cut off, there appears a small 

1 LMtwIa,iJI ~ris. 
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outgrowth from the middle of the anterior cut-edge, as shown in 
Fig. 9, A, A2, that gradually enlarges to form a new thallus. It will 
be seen from the flgures that the whole anterior edge docs not grow 
forward, but a new thallus arises from a group of cells at, or ncar. 
the anterior edge. These cells ar(' the least-differentiated cells in 
the piece, and have softer cell walls than have the other cells. 

,,\, 
~~ 

~1J A 

D 

FIG. Io.-After Pringsheim. A. A piece o~ seta of ~porophore of Hypnum cupremforme, sending 
out profonema-llm~~'lds. B. Longitudmal section of a piece of the seta of sporophore of 
Bryum cl£sjntOJum. C, Piece of same of Hypnum cupressiforme. Moss-plant arising from new 
pratonema. D. Piece of same of lfypnllm Jerpens with protonema and moss-plant atismg 
framit. 

Pringsheim has shown that if a piece of the stalk of the sporan
gium of certain mosses is cut off, it produces at its ends thread-like 
outgrowths which are like the protonema-stage of the moss, and from 
this protonema new moss-plants may arise (Fig. 10, A, E, C, D). 

Braefeld has obtained a somewhat similar result in one of the 
moulds, in which a piece of the sporangium stalk gives rise to a 
mycelium from which new sporangia may be produced. 
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RF(;J,TUUT/ON IN EAfBfi'YOS AND E(;GS 

Regeneration takes place not only in adult organisms, but also in 
emhryos, and larv;:e of many animals. It is often stated that the 
pO\ve.;r of regeneration is more highly developed in embryos than jn 
adults, hut the facts that can be advanced in support of this view 
are not numerous. One of the few cases of this sort known to us 
is that of the leg of the frog, that does not regenerate, while the leg 
of the tadpole is capable of regenerating. 

8 

c 

FIG. It.-A. Blastula of Sea-urchin. Dotted lines indicate where pieces of waH were cut off. To 
the right a~e shown stages in the development of these pieces. 0.. Two-cell stage of egg 
of sea-urchm. One blastomere isolated. Its development shown In figures to right of B. 
C Fertilized but unsegmented egg. Dotted line indicates where it was cut in two. Upper 
row of figures to right shows development of nucleated piece; lower row shows the fertilita~ 
lion and development of non-nucleated piece. 

The early stages in the development of the sea-urchin, or of the star
fish, may be taken to illustrate the power of regeneration in embryos. 
If the hollow blastula ophe sea-urchin is cut into pieces (Fig. I I, A), 
each piece, if not too small, mq produce a ,new blastula. The 
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~dges of the piece come tog~ther, and fuse in the same way in which 
• piece of hydra closes. A new hollow sphere of small size is formed, 
.vhich then passes through the later stages of development as does the 
",hole normal blastula. 

Still earlkr stages of the sea·urchin, or of the starfish, have the 
)ower of producing embryos if they are cut into pieces. If the seg· 
nenting egg is separated into a few parts, each part will continue to 
:lev~lop. E\'en the first two blastomcres or cells will, if separated, 
}roduce each a whole embryo (Fig. I I. Ii). The power of develop. 
nent of a part does not e\'en end here, for, if the undivided, fertilized 
!gg- is cut i ... to pieces, the part that contains the nucleus will segment 
md produce a whole embryo (Fig. I I, C, upper row). If the cg-g is 
~ut -in two or more pieces before fertilization, and then each part is 
'ertilized, it has been found that not only the nucleated, but even the 
1On·nucleated fragments (if they are entered by a single spermato. 
~oon) may produce embryos (Fig. I I, (~ lower row). 

It may be questioned whether the development of parts of the 
'mbryo, or of the egg, into a whole organism can be included in the 
:ategory of re~cnerative processes. There arc, it is true, certain dif
"erences between these cases and those of adult forms, but as there 
l.re many similarities in the two cases, and as the same factors appear 
n both, we cannot refuse, I think, to consider all the resu1ts from a 
:::ommon point of view. 

PllYSrO/.OGICAL REGENERATION 

Finally, there are certain normal changes that occur in animals 
me{ plants that are not the result of injury to the organism, and these 
nave many points in common with the processes of regeneration. 
They are generally spoken of as processes of physiological regenera· 
cion. The annual moulting of the feathers of birds, the periodic loss 
md growth of the horns of stags, the breaking down of cells in dif
terent parts of the body after they have been active for a time, and 
:heir replacement by new cells, the loss of the peristome in the proto· 
mon, stentor, and its renewal by a new peristome, are examples of 
physiological regeneration. This group of phenomena must also be 
.neluded under the term" regeneration," since it is not sharply sepa
:ated from that including those cases of regeneration after injury, or 
oss of a part, and both processes appear to involve the same factors. 

DEFINITION OF TER,ItS 

The older writers used such terms as " replacement of lost parts," 
'renewal of organs," and H regeneration" to designate processes 
amilar to those described in the preceding pages. The term regen-
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cration has been for a long time in general use to include all such phe
nomena as those referred to, but amongst recent writers there is some 
diversity of opinion as to how much is to be included in the term, and 
the q ucstion has arisen as to the advantage of applying new names 
to the different kinds of regeneration. There can be little doubt of 
the advantag-e, for the sake of greater clearness, of the use of different 
terms to designate different phenomena, but I think that there is at 
the same time the need of some general term to cover the whole field, 
and the won] regeneration, that is already in general usc, seems to 
fulfil this purpose better than any other. 

ROllX 1 points out that Trembley, and latcr Nussbaum. showed 
that a piece of hydra rcgcneraks without the formation of new mate
riaL Roux adds that since during development the piece takes no 
llourishment, the regolerll/ioll must be brought about by the rearrange
ment of the cells present in the picce.2 The change may, or may 
not, involve an increase in the number of the cells through a process 
uf divi::;lon. In consequence of this method of development a re-dif
ferentiation of the cells that have been already differentiated takes 
place. This process of regeneration, Roux points out, is very similar 
to the H post-generation" of the piece of the blastula of the sea-urchin 
embryo, and he concludes that H regeneration may be brought about 
entirely, or very largely, through the rearrangement and re-differen
tiation of cells without all)" or with very little, proliferation taking 
place." In the adults of higher animals regeneration by prolifera
tion preponderates, but rearrangement and fe-differentiation of cells 
occur in all processes of regeneration, even in higher vertebrates. 
The two kinds of regeneration that Raux distinguishes are, he 93.ys, 
essentially quantitative.3 

1 Gcsamme-lte Abhandlungen, ::\ (). 27, p. 836. 
:l The fact that the riece dot's, or dots not. take in food has no bearing on the l]t1estion, 

since many animals that do not fecd while the regeneration is gDing on produce new cells to 
furm the new part. 

:l These two kinds of regeneration are post+generation and regeneration proper. The 
dislincti(m that Ruu:.: attempts to make between these two processes is to a certain extent 
artificial and rests nt present on a very unsafe basis, at least in so far as the post-generation 
of the frog's embryo is taken as a representative case of this process. Roux states that in 
the process of r,gt'llcratwlZ the injured tissues produce each their like in the new part, while 
in the prl)cess of post-gouration of the frug's egg the new cell-material arises in part from 
the nucki and yolk-material of the injured half and in part through the accidental posi
ti,m of the nuclear material of the uninjured half. In order more fully to understand this 
distinctioll the original description of the process of post·generation given by Raux in his 
account of the development of half embryos ofthe frog's egg must be referred to. In later 
papers Raux pointed out that the missing half of the frog embryo, as well as of other forms, 
may he post-generated without any new material appearing at the open side of the embryo. 
It is unfortunate, I think, that the original term should bave been extended to include these 
other processes that <k. ... not partake of the naturt' of post·g~neralion as at first defined, but 
are more like the true process of l'~eneration as described by Roux. 
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Barfurth 1 has ckfined regeneration as" the rcp1accmentof all org-an· 
izecl whole from a part of the same." If the part is given by naturl', 
there is a procc~s of phy!'inllJ~kal regeneration; if th-c part is the 
result of an artificial injury. the procc!-'s is one of patl1()l{)~ical re
generation. Barfurth inclucks ill the Jatkr category the production 
of a new, cntift! indi\'idual from a piece, as in hydra' regeneration 
by proliferation, as in the earthworm; and also the development of 
pieces of an egg Of of an embryo. 

Barfurth's definition of n:gcncration is unsatisfactory, since an egg 
is itse!f a portion of an ()rgani~m that makes a new whole, and this 
sort of den:lopmcnt is not, of l'OUTSC, as he himscU points out, to be 
includt..:d in the term n.;~eneratiun. !\ or does the usc of the word 
.. repbccment ,. ~a.\"e the definition, since in many ca~l~S the kind of 
part that is lost is not replaced. The lISC of the word" patholog-ical" 
to di~tinguish ordinary r~gcllcratii.)n from physiological regeneration 
is, 1 think, also unfortunate, since it implies too much. There is noth
ing neccssarily pathological in the proce~s, especially in such cases as 
hydra, or as in the development of a piece of an egg where the piecc 
i; tran .... formecl directly into a new organism. Furthermore, in those 
cases in which (as in some annelids and planarians) a new head is 
formed after or during the process of natural division, there is little 
that suggests a pathological proCt..:ss; antI in this instance the regen
eration takes place in the same way as after artificial section. 

Driesch, in his Ana(J'ti,Ir/IC lltcori(, states that Fraisse and Bar
furth have established that during regeneration each org'an produces 
only its like. Drie:;:,ch defines regeneration, therefore, as the re-awak
ening of those factors that once more bring into play, by means of 
dh-ision and growth, the elementary processes that had ceased to act 
when the embryonic dcvelopment wa~ finished. This is rCg'encration 
in the restricted sense, but Dricsch also points out that this definition 
mnst be enlarged, since, when a triton, for example, regcnerates its 
leg, not only does each tissue produce its like, but later a reconstruc
tion and differentiation takes place, so that a leg and foot arc formed, 
and not simply a stump containing all of the typical tissues. Dricsch 
holds that regeneration should include only those cases in which a 
pro/~(cratiolZ of new tissue precedes the development of the new part, 
and suggests that other terms be used for such cases as those of pieces 
of hydra, pieces of the egg, etc., in which the change takes place in 
the old part without proliferation of new tissue. It seems to me 
unwise to narrow the scope of the word regeneration as Driesch pro~ 
poses, for it has neither historical usage in its favor, nor carl we make 
any fundamental distinrtion between cases in which proliferation 
takes place and those in which it does not. As will be shown later, 

1 Ergebnisse der Anatomie und Entwickelungsgeschichte. 18su~I900. 
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the factors that are present in the two cases appear to be in large part 
the same, anti while it may be convenient to put into one class those 
cases in which proliferation precedes the formation of the new organs, 
and into another class those cases in which the change takes place 
without proliferation, yet, since the distinction is one of subordinate 
value, it is necessary to have one word to include both groups of 
cases; and no better word than regeneration has, I think, been as yet 
sugg-ested. 

Driesch has made nse of two other descriptive terms, The word 
.. reparation" is used to describe the development of the hydranth of 
tubularia, The new hvdranth is formed in this case out of the old 
tissue at the end of the' piece (Fi~, 20, A), The change appears to be 
the same as that which takes place in a piece of hydra, etc. The word 
h reparation" does not seem to me to express very satisfactorily this 
sort of change, or sharply sepamte it from those cases in which the 
animal is ntajrcd by adding \vhat has been taken a\vay; but in this 
latter sense Driesch does not use the term, r have not made use of 
the word, in general, except as applied to Driesch's work. 

Another term, "regulation," llsed by Roux, land also by Driesch and 
others, is used in a sort of physiological sense to express the r[a4jllst~ 
1IIm!s that take piace, by means of which the typicai form is 
realizen or maintained, By inference we may extend the use of the 
word to indude the changes that take place in the new material, that 
is proliferated in forms that regenerate by this method, Driesch 
uses this term, regulation, to include a much morc general class of 
phenomena than those included in the term regeneration, as for in, 
stance, the regulation of metabolism and of adaptation, etc. One' of 
the suhdh'isions of the term regUlation is called "restitution." This 
word also is used where I should prefer to use the word regeneration as 
a general term, and the word reorganization when reference is made 
to the internal changes that lead to the production of a typical 
form. 

Both Roux and Driesch also speak of "self-regulation," by which is 
meant, I suppose, that the changes taking place are due to readjust
ments in the part itself, and are not induced by outside factors. The 
expression "sclf~regulation " is not, I think, a very happy one, since 
all change is ultimately dependent upon a relation between inside and 
outside conditions. 

Hertwig 2 defines regeneration as the power of replacement of a 
part of the organism, He states that in all cases the beginning of 
the process is the same, viz, the appearance of a small protuberance 
composed of cells, that is the rudiment of the new part. It is evident 

1 As u!;ed in connection with other terms, see his Ges. Abhandl.. Vol. II, page 41, 
2 Die Zelle und die Gewebe, 
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that Hertwig has taken into account only one side of the process. 
Those cases in which a rearrangement or reorganization takes place 
in the old part are not even considered.' Goebel' points out that in 
plants the fully formed cells are, as a rule, incapable of further growth 
after they have once served as a basis of an organ of the body, but 
often some of the cell:; may remain in a latent condition, and grow 
again, when the intercellular interactions are disturbed. This is the 
casc, he thinks, in regeneration. Goebel speaks of regeneration by 
means of adventitious buds in those cases in which the buds had not 
previJusly existed before the removal of the part. In those cases in 
,\I hieh the buds arc in existence before the piece is removed, as in 
the leaves of Asplenium, Begonia, etc., the development is not the 
result of regeneration, Goebel thinks, but the buds represent a stage 
in the development of the species. It may be pointed out, however, 
that it is certainly a remarkable fact that often the conditions that 
lead to the unfolding of an existing bud are the same as those that 
lead to the development of a new bud. 

The preceding account will suffice to illustrate some of the princi
pal ideas that are held in regard to the process of regeneration. 
Since many new facts have come to light in the last few years, it may 
not be amiss to point out what terms will be used in the following 
pages to include each kind of process. 

The word" regeneration" has come to mean, in general usag-e, not 
only the replacement of a lost part, but also the development of a 
new, whole organism, or even a part of an organism, from a piece of 
an adult, or of an embryo, or of an egg. We must include also those 
cases in which the part replaced is less than the part removed, or even 
different in kind. 

At present there are known two general ways in which regenera· 
tion may take place, although the two processes are not sharply 
separated, and may even appear combined in the same form. In 
order to distinguish broadly these two modes I propose to call those 
cases of regeneration in which a proliferation of material precedes the 
development of the new part, " epimorphosis." The other mode, in 
which a part is transformed directly into a new organism, or part 
of an organism without proliferation at the cut-surfaces, "morphal
laxis." 

In regard to the form of the new part, certain terms may be used 
that will enable us to characterize briefly different classes. When the 
new part is like that removed, or like a part of that removeg, as when 
a leg or a tail is regenerated in a newt, the process is one of "homo-

1 Hertwig's description of the method by which a piece of hydra makes a new one shows 
that he did not understand the kind of change that takes place in this anima\. 

2 Organographie der Pflanzen. '98. 
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morphosis." 1 C nder this heading we may distinguish two cases, in one 
of ,vhkh the entire lost part is at once, or later, replaced - holomorpho~ 

sis; ill the other the Ilew part it> less than the part removed - mera· 
morphosis. \Yhen tht: new part is different from the part removed the 
Ilroce!-.s has hct>)l called by Loch II heteromorphosis, I' but there are at least 
two dj{{(.'n:ot hillds of processes that are covered by this definition. 
III OIlC casl' the HeW part is not only different from the part removed, 
but is also an (lrg-an that belongs to a different part of the body (or it 

1:2. ~ After ~lfTb~~. DLlg-ram showing brain, eve, nn.d "heiC'Tomorpllic" antenna {in place 
of one !>IUe} oj pakt'!l1on. The anImal had In'cd m a dark aquanum for five months. 

1lay be unlike any organ of tbe body). This we may call "neomor
)hosis." As an illustration of this process may be cited the develop
llent of rtn antenna, when the eye of a crab or of a prawn is cut off 
lcar the base (Fig. 12); and as an example of an organ different in 
.ind fro111 any organ of the same animal, may be cited the case of 
It.J'oid" foti1llil'll1l1. in which the new leg is unlike any other leg on 
1C body. The name" heteromorphosis" can be retained for those 
1ses in "'hich the new part is the mirror figure of the part from 
hich it arises! or more generally stated, where the new part has 

1 This term is usee by Driesch,)n his Allalytis,;he Theo1·ie. 
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its axes reversed as compared with the old part. As an example of 
this may be cited the development of an aboral head on the pos
terior end of a piece of the stem of Tubularia (Fig. [5, B), or the 
development of a tail at the anterior end of a posterior piece of an 
earthworm (Fig. 2). 

The term" physiological regeneration" I shall use in the ordinary 
sense to include such changes as the moulting and replacement of 
the feathers of birds, the replacement of teeth, etc., - changes that 
are a part of the life-cycle of the individual. In some cases it can 
be shown that these processes arc closely related to ordinary re
generation, as when a feather pulled out is formed anew without 
waiting for the next moulting period, and formed presumably out of 
the same rudiment that would have made the new feather in the 
ordinary moulting process. 

It is sometimes convenient to contrast the process of physiological 
regeneration with all other kinds. The use of the term" pathological 
regeneration" for the latter seems to me, as has been said, unsatisfac
tory. The two terms proposed by Delage,' viz. "regular regeneration" 
and "acciclental regeneration," have certain advantages, although 
there is nothing accidental, or at least occasional, in regard to t'tle pro
cess itself, as it is entirely regular, although it may only occur after 
an accident to the animal. The term "regular regeneration" is, I 
think, more satisfactory than" physiological regeneration," but the 
latter has the advantage that it has come into current use. For what 
is known as pathological or accidental regeneration, I propose the 
term "restorative regeneration," and I shall continue to use the 
term" physiological regeneration" as generally understood. 

1 Delage, Y. La Structure du Protoplasm a, etc., '95. 
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THE EXTERNAL FACTORS OF REGENERATION IN ANIMALS 

THERE is a constant interchange of material and of energy tha1 
takes place between a plant or an animal and its surroundings, and 
this interchange may be influenced by such physical conditions as 
temperature, light, gravity, etc., or by such chemical conditions a~ 
the composition of the atmosphere or of the water surrounding the 
organism. \V\: can study the process of regeneration either by keeping 
the re~enerating orp;anism under the same conditions that it is subject 
to in its natural environment, or else we can change the surrounding 
physical or chemical conditions. In this way we can determine how 
far the regeneration is affected by external changes, and how far it is 
independent of them. If a change in the external conditions pro· 
duces a definite change in the regeneration, then the new condition is 
called an external factor of regeneration. 

TEMPERAT [iRE 

That the rate a.t which regeneration takes place can be influenced 
by temperature has been shown by Trembley, Spallanzani, Bonnet, 
and bv man\' more recent writers. ·In fact, so familiar is the process 
to eyc"ry one' who has studied regeneration, that it is usually taken for 
granted that such is the case. 

In general it may be stated that the limits of temperature under 
which normal growth may take place represent also the limits of 
temperature for regeneration. Lillie and Knowlton ('97) have deter
mined the limits of temperature within which regeneration takes 
place in P!allarifl tonlfl. The worm was cut in two transversely 
through the pharynx, and the time required at different temperatures 
to produce a new head on the posterior piece was recorded. The 
lowest temperature at which regeneration was found to take place 
was 3°e. Of six individuals kept at this temperature on Iv one regen. 
erated at all. and in this one the eyes and brain were stili incomplete 
after six months. The optimum temperature, or at least that at 
which regeneration takes place most rapidly, was found to be 29.7°C.; 
a new head developed in. 4.6 days at this temperature. At 3 I. 5 ° C. 

•• 
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regeneration was slower, requiring 8.5 days to make a new head. At 
32° C. incomplete regeneration sometimes took place, but death 
occurred in about six days. At 33° C. regeneration was very slight, 
and the animals died within three days. At 34° c., and above this 
poin t, no regeneration took place, and death soon occurred. 

In H).dm viridis, Peebles ('98) has found that regeneration is 
quicker at 26°-27° C. than at 28°-30° C. At the former temperature 
regeneration takes place in 48 hours. If kept at 12° C. pieces may 
regenerate in 96 hours, but not all the pieces had regenerated in this 
case Jntil 168 hours. 

IiI/FLUENeE OF FOOD O.V RECE..:VERATI01'o/ 

While the growth of an animal or of a plant is, in most cases, and, 
of course, within certain limits, directly connected with the amount 
of toad that is obtainable, nevertheless extensive regeneration may take 
place in an animal, or part of an animal, entirely deprived of food. In 
this case the material for the new part is derived from the excess of 
material in the old part, and not only surplus 
food material, but even the protoplasm itself 
appears to be drawn upon to furnish material 
to the new part. The relation between regen-
eration and the amount of food present in the 
old part is well shown by experiments with 
planarians. If a planarian is kept for several 
months without food, it will decrease very 
much in size. In fact, the volume of a 
starved worm of Planaria lllgubris compared 
witb that of a fully fed individual may be only 
one-thirteenth of the latter (Fig. 13, A, B). 
If a starved worm is cut in two pieces, 
each piece will regenerate, although less 
quickly than in a well-fed worm. The new 
part will continue to increase in size at the 
expense of the old piece tbat is already in a 
starved condition. On the other hand, an 
excess of food does not necessarily produce a 
hastening of the regeneration, for, as Bardeen 

) l 
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FIG. 'l3.-Drawn by N. M. 
Stevens. A. Large well~ 
fed individual of Planarta 
1llguoTu. fl, Same after 
being kept without food 
for 4 mos. 13 days. Both 
drawn to same scale. 

('01) has shown, worms that have been for several days without food 
may regenerate more quickly than worms that have beel! fed just 
before they were cut into pieces. 

The growth of the ,,~w part at the expense of the old tissues is a 
phenomenon of the greatest importance, an explanation of which 
wiII involve, I think, the most fundamental questions pertaining to 
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growth. The results show that F;rowth is connected with 3. structural 
factor, and is Ilot simply a physiological phenomenon, although no 
doubt physioloJ.(ical factors are involved. Hut the physiological factors 
that an: here at work seem to be different from what is ordinarily 
understood: for the fact that a tissue that is slowly starving to death 
should bt0 re(~ll('cd still further. and at a more rapid rate, in order to 
supply material to a new part, is certainly a remarkable phenomenon. 

a 
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Fj(~. 13\· - PI'W.TI"ILI li(;ru;" 15. Dotted line indicates where tbe worm was cut in two lengthwise. 
Upp~'r thn'e fj~ures silOW how a half, that 15 being fed, regenerates. Lower three figures-show 
other h..t!r kept without food. 

At present we are not in a position to offer any explanation that rests 
on obsen'ation, or experiment, as to how the transfer of material takes 
place, or as to how the new tissue manages to get hold of the mate
rial from other parts. It is possible to protect the old part to a large 
extent by keeping the regenerating piece well supplied with food. If 
a. well-fed planarian is cut in two along the middle line of the body 
as indicated in Fig. 13~, A, there deyelops, in the course of five or six 
days after the operation, new material along the, cut-side of each 
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piece, and a new pharynx appears at the border between the old and 
the new parts. If one of the pieces is fed at intervals, it is found 
that the new part grows more rapidly than does the new part in the 
piece without food. The old tissue in both pieces has shortened 
somewhat after the operation, and has also decreased somewhat in size 
as the first new material develuped along the cut-side, but in the 
piece that is fed the old half begins to increase again until it reaches 
its former size, and may even surpass the latter. A large full-sized 
worm is produced from this piece, as shown in Fig. I 3~, E, C, D. In 
the starved piece the old part continues to grow small, due to the lack 
of food and also to the increase in the new side. This increase takes 
place: \'cry slowly, but ultimately a small symmetrical worm may be 
produced, as shown in Fig. I 3.\. E, F, G. It will be seen that the 
starved picce needs to produce- relatively less and less new material 
in order to become symmetrical, because as the old material diminishes, 
the pharynx comes to lie nearer to the middle line. 

EFFECT OF LIG/IT 0.\' NEGEXEfU TIO.\' 

Althoug-h few experiments have been made to test the effect of 
light on regeneration, it is certain that in many cases light has no 
effect on the process, neither as to the quality nor the quantity of the 
result. In one form, a tuhularian hydroid, Eudc7ldriltJll ract'11/.0SlI1Jl, 

it has been shown by Loeb that the regeneration of the hydranth 
takes place only when the animal is exposed to lig-ht. When a 
colony of eudendrium is brought into the laboratory and placed in an 
aquarium, the hydranths soon die; but if the colony is kept in a lighted 
aquarium, new hydranths are regenerated in a few days. If, on the 
other hand, the colony is kept in the dark, new hydrantbs do not 
appear; but if it is brought back again into the light the hydranths 
appear. In one experiment one lot of pieces was kept in diffuse day
light, and another lot in tbe dark. The former produced fifty new 
hydranths in a few days; those in the dark had not made any 
hydranths after seventeen days. They were then brought into the 
light, and in a few days several hydranths had developed on each 
piece. 

Loeb also tried the effect of different colored light on the regen
eration of eudendrium. Dishes containing pieces of the hydroid were 
put into a box that was covered by colored glass plates. Pieces sub
jected to dark red and to dark blue light gave the following..results. 
The old hydranths, as is generally the case, were absorbed in the 
course of three days. TI:~ first new bydranths appeared in the blue 
light on the fourth day, and during the following days the hydranths 
in this lot steadily increased. Eight days after the beginning of the 
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experiment there were eighty hydranths under the blue glass, but not 
one had developed in the red light. On the ninth day the red glass 
was replaced by a dark blue one. Two days later bydranths began to 
appear, and on the following day thirty-two hydranths had appeared, 
and in a few days more as many as sixty had developed.1 Loeb con
cluded that only in the more refrangible (blue) rays does the regen
eration of the hydranth take place, while the less refrangible (red) 
rays act as darkness does,:! This hydroid is the oniy animal yet 
fO~H)d that :-;hows the effect of light on regeneration, and it is intcr~ 
csting to find that it is Olle of the few animals known in which light 
has an influence on the g-rowth, if the heliotropism, or turning towards 
the light, of the hydranth is looked upon as a phenomenon of growth. 

There is another series of ex.periments made to test the effect of 
light on reg-cncratiol1, \vhich gave, however, negative results. Herbst 
observed that when the eve of certain crustacea 3 is cut off, some
times an eye and somctim~s an antenna is regenerated. A number 
of indi,-iduals from which the eyes had been remm-ed were kept in 
the Ii"ht, and others in the dark, in order to see if the presence or 
absence of light is a factor in determining' the kind of regeneration 
that takes place. It was found that as many indhr iduals regenerated 
eyes in the dark as in the light. It was discovered later by Herbst 
and myself, independently, that, when the end only of the eye-stalk is 
cut off, au eye reg-enerates, but ,,,,hen the eye-stalk is cut off at the 
basel an antenna reg-eneratcs. The difference in the result has there· 
fore no connection with the presence or absence of light. 

GRAVITY 

The only case known amongst animals, in which regeneration is 
influenced by the action of gra\·ity,' is that of the hydroid Alltellllll

laria all/CIIlli"". This hydroid lives attached to the bottom of the 
sea several metres belo\~ the surface. The hydroid consists of a 
single. vertical. central stem, or axis, with two or four series of lateral 
bra;'ches along which the bydranths arise (Fig. 14, A). The stem is 
attached by so-called stolons, or roots. In its normal growth at the 
free end the hydroid has been shown by Loeb to exhibit marked 
geotropic changes. If, for instance, the stem is bent over to one side 
the new growth that takes place at the apex of the stem directs the 
new part upwards in a vertical direction. 

If pieces are Cllt from the stem of antennnlaria and suspended in 

1 The dark red glass was fairly monochromatic; the dark blue let a trace of red light 
through. 

2 The same difference was found in this form in regard to,heliotropism. 
S PaUemon and Sicvoni.a. 
4; The regeneratioD"-ofthe lens of triton may also be affected by gravity. 
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the water, regeneration takes place at the cut-ends. If a piece is 
suspended with its apical end upwards (Fig. '4, B), a new stem devel
ops at the upper cut-end, and new roots frbm the lower cut-end. 
if a piece is suspended with its basal end upwards (Fig. 14, C), there 
is formed at its upper (basal) end a new stem with its branches also 
slanting upwards as shown in the figure. Roots appear at the 
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FIG. 14. - After Loeh. Normal stalk of AntC1t1'lularia afltmnina, B. Piece regenerating in vertical, 

normal position. C. Piece regenerating in inverted position. D, Piece regeneratin~ in in
clined, vertical position. E. Piece regenerating in inclined, inverted position. 1'. Piece 
regenerating in horizontal position. 

lower (apical) end. Since gravity is. the only force that acts in a 
vertical direction under the conditions of the experiment, Loeb con
cluded that it plays an important r61e in determining the kind of 
regeneration that takes place. Its action is of such a nature that a 
new stem develops from the upper cut-end, and roots from the lower 
end, regardless of whether the upper end is the basal or the apical 
end of the piece. Similar results are also obtained, according to 
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Loeb, if the pieces arc suspended obliquely. In a piece of thiF sort, 
it is fuul1d that new stem~ arise along the upper surface of the old 
stem, and roots [[Urn' the lower surface as well as from the lower 
cut-end (Fig. 14, IJ, F). If a piece of the stem is placed horizontally 
on the bottOll.1 of an aquarium, the branches that come off from the 
under surface of the stem begin to grow dOWI1\\rards at their ends, 
alld where the\' coIlle in contact \vith a solid body they fasten them
selves to it, th;ts showing that they are true roots (Fig. 14, F). One 
of morc stems may arise from the upper side of the main stern. 
These stcm~ grov.; ~vertically upwards, and produce lateral branches. 
Glllr in one case did a new stem, or stem-like structure, arise from 
one -of the n~rtical hranches, as shown to the left in Fig. 14. F 

Loeb f(lund it also }JDssibk to chang-c the character of the growth 
of the apex of the normal stem and to transform it into a root. A long 
piece of the hydroid v·::tS cut off and suspended vcrtici.ll1y with the 
basal cnd upwards. From the upper end a ne,v stem began to grow, 
and then the entire piece was re\"erseu, so that the new stem pointed 
downwards, U ndcr these circumstances the young stem did not 
bend aronnd and begin to grow upwards, as a young p1ant might 
ha.ve done, but it ("ca~L'd to g-ro"w as a stem, and at its apex one or 
more roots dcvdoped. Loeb concludes: "I cannot imagine by 
what means the place of the formation of organs in antennularia 
is determined in connection with the orientation of the animal except 
by means of g-raviry." 

The response of antennularia to the action of gravity is, I think, 
conclusively demonstrated by Loeb's results, but that the phenomenon 
may be complicated hy other factors is shown, I think, by the follo\v
ing experiments. Driesch found that if pieces of antennularia are 
cut off and placed between horizontal plates, so that both ends are 
free, roots arc produced by the basal end l If the basal end with its 
ncw roots is cut off, new" roots may appear, but sometimes a thin 
stem also. If the end is again cut off, a larger stem, and also one or 
two roots, may appear, and if the operation is rcpeated again only 
a stem is formed. The factor that brings about this change is not 
showIl by the experiment. The piece had been kept in a horizontal 
position throughout the whole time. The apical end died in most 
cases without producing roots, but it is not stated whether or not 
roots appear 011 the stem between the plates of glass. If they 
develop they may affect the result, as certain experiments that I have 
made seem to show. 

In my experiments, made at a different time of year from that at 

1 Driesch does not give in his paper ('99) the position of the hvdroids, or the methoa of 
the experiment, but I t,,:an supply the details given above from a' personal communication 
frOlJ.l Driesch. • 
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which Loeb's experiments were made, pieces of the stem were sus
pended vertically,-some with the apical end upwards, others with the 
basal end upwards. In nearly all cases roots were formed by both 
the upper and lower ends. III a few cases, in which the apical end 
was upwards, a new stem developed at that end. Pieces suspended 
in a horizontal position also produced roots at both ends. Alter 
rcmodng the ends with their new roots from the pieces suspended 
vertically, I found that roots again appeared at both ends in nearly 
cvery casco The difference between these results and those of Loeb 
may be due to the time of the year at which the experiments were 
made. or possibly to some other difference, but the results show that 
the response to gravity is not always so constant as Loeb's results 
indicate. 

In a few cases in my experiments the basal end of the hydroid was 
left attached to the stem on which it had grown, and the piece was 
put into the same aquarium used for the precedin" experiments. In 
those pieces that lay on the bottom of the aquarium, with the stem 
standing vertically, a new shoot, and not new roots, appeared on the 
upper end. Other pieces were hung at the top of the water of the 
aquarium with the stem turned downwards, and the basal, attached 
end of the piece upwards. These pieces produced neither a stem nor 
roots from the apical end. The results show that the presence of 
roots at one end has an influence on the regeneration at the other 
end. The same thing was shown in one case in which a short piece 
sank to the bottom of the dish and, developing roots at its basal end, 
became fixed: a stem grew out of the apical end. 
. A number of other experiments that I made, in which pieces of 

antcnnularia were fixed to a rotating wheel, gave negative results, 
since neither roots nor stems appeared on the pieces. The rubbing 
of the ends of the piece against the water as the wheel turned round, 
or else the agitation of the water, prevented, most probably, the 
regeneration from taking place. 

How gravity acts on antennularia has not as yet been determined. 
The only suggestion that we can offer at present is that it brings 
about a rearrangement of the lighter and heavier parts of the tissues. 
A rearrangement of this sort has been demonstrated when the egg of 
the frog is inverted, and in consequence certain changes are brought 
about in the development that will be described ih another chapter. 

EFFECT OF CONTACT 

The contact ~f a newly forming part with a solid body has been 
shown by Loeb in a few cases, at least, to be a factor in regeneration. 
If a piece is cut from the stem of the tubularian hydroid T ublt/aria 

D 
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1ItCSCmblyallthm'lIIn, and the piece held so that its basal end comes in 
contact with a solid body, a root develops at that end. If a piece is 
held in a 5imilar position, but with its apical end in contact with 
a solid body, a root does not develop from this end. Evidently the 
development of a root in this form is also connected with an internal 
facto~-; hut that there is in reality a reaction in this case, an~ not sim~ 
ply the development of a root at the hasal end, is shown by the follow-

A 
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FIG. Is.-After Loeb. A. A pif'ce of the stem of margelis placed in a dish. Roots come off 
where stem touches dIsh, and polyps at other points. B. PIece of the stem of tubularia pro
~lucint! ,1. hvdr,tnth at e,lch t'nd. (', Cerianlhus 1Jlembranaccus, Piece cut from side produc
mg knt.ldes only all orai side of cut. 

ing experiment: If a piece is cut from the stem and suspended so that 
both ends are surrounded by water - it makes no difference whether 
the piece is vertical or horizontal - a hydranth develops first on the 
apical end, and then another on the basal end (Fig. 15, B). When 
the apical end of a piece is stuck in the sand, leaving the basal end 
free, a hydranth develops on the latter, but not on the end in the sand. 

In another hydroid, lIfargdis carolillensis; studied by Loeb, the 
effect of contact is more ea~iJy demonstrated. If a branch of margelis 



EXTERNAL FACTORS OF REGENERATION IN ANIMALS 35 

is put into a dish of water and is kept from all motion, the parts that 
come in contact with the dish produce roots that attach themselves. 
Even the apical end of the stem may grow out as a root, as sho\"'n in 
FIg. 15, A. Those parts of the branch that are not in contact with 
any solid object give rise to new hydranths. Another hydroid, Pm
naria tiard/a, also shows, according to Loeb, the same response to 
contact. In this connection it is interesting to find that a growing 
hydranth of pennaria, if brought in contact with a solid body, turns 
away from the region of contact and bends at right angles to the body 
which it touches. \Ve find, once more, that a factor having an influ
ence on the growth of the animal has also a similar influence on the 
regeneration. 

Loeb has found that if pieces of the hydroid Campamtlaria are cut 
off and placcd in a dish filled with sea water, all the hydranths that 
touch the bottom of the dish are absorbed and transformed into the 
substance of the stem. The crenosarc may creep out of the stcm 
wherever it comes in contact with the glass, and produce stolons that 
give rise to new polyps on their upper surfaces. Loeb shows that 
growth takes place at thc end of the stolon that pushes out of the 
perisarc, and this growing region draws the rest of the crenosarc after 
it. If a new hydranth appears along the old piece, the c",nosarc is 
drawn towards the hydranth. 

EFFECT OF CHEMICAL CHANGES IN TIlE ENVIRONNENT 

Temperature, light, gravity, and contact are the most familiar kinds 
of. external physical agencies that have a direct influence upon the 
growth of organisms. Food, though coming from the outside, yet acts 
only after it has entered the body. Organisms that live in water may 
be affected by the quantity and the kinds of the salts contained in the 
water, and also by the dissolved gases. The only experiments te at 
have been made to sholY the influence of this last class of agents on 
animals are those made by Loeb. He placed pieces of the stem of 
tubularia in sea water of different dcgrees of concentration. After 
eight days the pieces, that had meanwhile produced hydranths, were 
measured. It was found that the maximum growth in length takes 
place, not in normal sea water, but in a much diluted solution. Loeb 
interprets this result to mean that the cells of tubnlaria must have a 
certain amount of turgidity in order to grow, and this is possible so 
long as the concentration does not pass a certain limit. This limit is 
reached by the addition of 1.6 grams of sodium chleride to each 100 

C.C. of sea water. With a decrease in the concentration, the cells 
become more turgid, the maximum point corresponding to the 
maximum amount of growth. Below this point the solution is sup-
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posed to act as a poison. The most important result of this experi
ment is to show that the maximum growth does not take place in sea 
water in which the animal is accustomed to live, but in a much more 
dilute solution. Xormal sea water contains about 3.8 per cent of 
salts; the maximum growth takes place in a solution containing only 
2.2' per cent. )iot only is thr..! length of the stem greater in the latter 
solution, but the thickness of the stem is also greater. The stem 
is smalkr in a solution containing more salt than that contained in 
onlinary st!a water. 

There is another variant in these solutions which Loeb takes into 
account. \Vith the increase in concentration of the solution its po\ver 
of absorbing- oxygen decreases, but the difference is too slight to 
affect the main result. 

Not on1\'- cloes the amount of sa)ts in solution affect the osmotic 
condition of the cells, but the salts also playa part in the metabolism 
of the animal. As the result of a series of experiments, the details of 
which may be here omitted, Loeb has shown that the regeneration of 
tubularia takes place only when the salts of pOlassium and of magne
sium are present. A \Tcry little of the potassium salt is necessary, 
too much retards, and still morc pn:Yt~nts regeneration. 

There must be also a certain amount of oxygen dissolved in sea 
water in order that regeneration may take place. If a piece of the 
stem of tubularia is cut off and one end pushed into a small tube 
thelt fits the stem closek, and if the tube is then stuck into the sand 
at the bottom of an aq~arium, a hydranth develops only at the free 
end of the piece, and none at the end in the tube. The result 
appC'lrs to be due to the lack of m:ygell. If the piece is then taken 
from the tube, a hyclranth may appear at the end that has been in 
the tube. 

Another experiment shows the same result even more clearly. If 
a piece of the stem is suspended freely in the water, so that its lower 
end is almost in contact with the surface of the sand, but does not 
quite touch it, no regeneration takes place at the lower end. Thi,; 
result is interpreted by Loeb as due to the lack of oxygen in the 
water near the surface of the sandI 

GEKER • .JL CO.VSlDERATIONS 

In connection with the action of external factors on regeneration it 
is evident that in some cases they may not be in themselves necessary 
for the growth of a new part, yet when growth takes place they may 
determine what sort of a part is produced. For instance, if gravity 

1 JacQb<;;on has shown that the layer of water just above the sedimentary layer at the 
b,)ttom is poor in Vllygen. ~ • 
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determines the kind of reg-eneration in antenl1ularia, it is possible that 
if the regenerating piece were placed on a rotating wheel. the pi~cl' 
might still produce a new stem at the apical end. and roots at the 
lower end. In an experiment of this sort that I made. the pieces did 
not, it is true, regenerate at ali, but tbis was probably due not to the 
change of position in regard to gravity, but to agitation of the water, 
or to the rubbing of the cut~end against the 'vater. It is also possible 
that in this form the attachment of the pil~CC at one eIld may be a 
factor that may counterbalance the action of gravity. Other factors, 
such as food, or temperature, or oxygen, appear not to determine the 
J..iild of product that results, but only the rapidity with which the 
change takes place. The salts in solution seem also to act un 
the rate and extent of the new growth, but possibly other ca:-;cs may 
be found in which the kind of regeneration may also be affected by 
the salts. 

It is important to find that those animals whose growth and regen
eration arc influenced by such extern,-ll factors as li~ht, gravity, and 
contact are attached animals that stand in a constant relation to these 
physical agents. They form only a very small part of the entire 
number of animals in which regeneration takes place. Animals 
that constantly move about arc not, as a Tule, influenced during 
their growth and regeneration by gravity and contact, and under 
natural circumstances they arc always changing their position in 
regard to these agents. Temperature, and food, and substances in 
solution act alike on fixed and free forms, and they are, it appears, 
both influenced in the same way by these agents. The most signifi· 
cant fact that has been discovered in connection \vith the influence of 
external factors on regeneration is that the same factors that influ· 
ence the normal growth of the organism also affect in the same way 
the regeneration. 

As yet an analysis of the external factors that influence growth has 
not been made out as completely for animals as for plants, especially 
in those cases in which the result is determined by several factors 
at the same time. An examination of the factors that influence 
regeneration in plants will be made in a later chapter. First, how
ever, the internal factors of regeneration in animals will be consid· 
ered. 



CHAPTER III 

THE INTERNAL FACTORS OF REGEr\ERATIO:-I IN ANIMALS 

THE comparatively few cases in animals in which regeneration has 
been shown to be influenced bv external factors have been given in 
the preceding chapter. In all ~othcr cases that are known the factors 
arc IntL!rnal. By this is meant that \ve cannot trace any direct 
connection between the result and any of the known external agents 
that have he en shown in other cases to have an influence on regener
ation. Certain external conditions must, of course, be present, such 
as a supply of oxyg-en, a certain temperature, moisture in some cases, 
etc., in order that the process may go on, but they are without 
influence on the kind of regeneration, and are necessary for all parts 
alike. 

POLARiTY A.\'lJ 1/ET'Eli.'O"VORPHOS1S 

Trembley, Spallanzani, and Bonnet knew that, in general, at the 
end of a piece of an animal from which a head has been cut off a 
new head develops, and from the posterior cut-surface of a piece a 
nc,v posterior part is regenerated. Allman was the first to give the 
namc .\ polarity" to this phenomenon.1 

In several animals regeneration takes place more readily from one 
end than from the other of the same cut, and this difference seems 
to be connected with the kind of new part that is to be regenerated, 
and not with the actual power of regeneration of the region itself. 
For instance, if a short piece is cut from the anterior end of an earth
,vorm, a new anterior end is quickly regenerated from the anterior 
cut~surface of the posterior piece, but no regeneration takes place, or 
only after a long time, from the posterior cut-surface of the anterior 
piece. These relations are reversed if the posterior end of a worm 
is cut off. There regenerates very quickly a new posterior end from 
the posterior cut-surface of the anterior piece, but no regeneration 
takes place, or only after a long time, from the anterior cut-surface of 
the posterior piece. The new structures that develop after a long 
time from the posterior surface of a short anterior piece, and from 

I "There is thus man~ftstl!d in the /orma/itll! .foru 0/ the tubu/aria·stoll a w;1!~111a"ktd 
polarity. which is r(.'nderen very apparent if a segment be cut out from the centre of the 
stem." Allman ('G-1). 
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:he anterior surface of a short posterior piece, correspond to a differ. 
,nt part of the worm from that whicH would be expected to de\"elop. 
f the polarity of the piece is taken into account. Another reversed 
lead develops on the posterior cut-surface of the anterior piece, and 

rIG. r6. - A. Head of Planaria lllgubri! with line indicating level at which Al was cut off'. 
AL, Head of last regeneTatmg a new head at its pOSll;'!nor end. B. Plt:CC of P. tnaculata Te~ 
generating head at each end. C. Posterior end of Allolobophora fIXtlda regenerating a ncw 
tail at its anterior end. C1, Enlarged anterior end of last wIth ncw tail. C:( Tip ot new tail. 
D. Anterior end of one individual of A. _fa:/ida, grafted to anterior end of another worm, 
leaving posterior end of piece exposed. This has begun to regenerate, E. After Hazen, 
Similar experiment in which a new head regenerated at posterior end of grafted piece, 
F. Two longf'r pieces of A. fptida unikd by anterior ends. One <'nel was subsequently cut 
off and a new tail regem!rated. G. End of a developing piece of 1ubula-ria mesembr),allthe
mum that bad been cut off; it has regenerated, at its proximal end, another proboscis. 

mother tail on the anterior end of the posterior piece. The polarity 
)f the new part is in this case reversed. as compared with that of 
:he piece from which it arises. In the earthworm there is a marked 
lelay in the regeneration of these heteromorphic parts. Even in 
:ubularia in which heteromorphosis takes place, there is usually a 
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delay of twenty-four hours in the formation of the reversed head. 
In rlall(lria IU,f.,rlltris, in \vhich ~ reversed head develops, if a piece is 
cut from the anterior end just behind the eyes, the delay in the for
matioll of the rt;\·crsed head is yery slight, if indeed there is any 
dela \' at all.-

in the eartlrworm and in the pbnarian the production of reversed 
structures apJ1cars to l,e connected with the part of the body through 
whkh the: cut is mack, and to be due to intl.:rnal factors. The ques
tioll ari:.-.es whether the pr~scncc of rcrtain organs at the exposed 
surface can account for the result. It is concclvable that if such 
organs arc presellt, and produce new cells that go into the new 
part, the presence of such cells may be the factor that determines 
what the new part wiil become; and in cons~quen('e the polarity 
of the p::ut rnay be rc\'ersed. For example, the presence of the 
cLit·cnd of the n~sophap;us or of the pharynx at the posterior sur
face of the anterior piece of the earthworm may determine that a 
nc\v pharynx dc\'Clops at the cut·end, and this may in turn act on 
the rest of the Ilt_'\\' tissues ill sllch a way that a head rather than a 
taii i:-.; formed. \Vhcn a postedor piece js cut off, the prcsence of the 
stomach·inh::stinc at the cut·cncl may influence the ne\\! part, so that a 
tail is produced. It can be shown, however, that a new head may 
arise at the anterior end of a piece that contains only the stomach
intestine, af.: sometimes occurs when the worm is cut in two anterior 
to the middle; and it is not improbable that a tail can be produced 
from the posterior end of a piece that contains the old cesophagus, 
and perhaps even the old pharynx. In the planarian I have espe
cially examined this point, but I have not yet found that the result 
can be referred to the cut-surface pass~ng through any particular 
)rgan, or to the absence of any organs at the cut-end, 

If, instead of referring the result to anyone organ, we assume that 
he tissues ncar the cut-cnds arc specialized in such a way that they 
:an only produce their like, and that the sum total of tissues of this 
ort m.aking- up the new part determines the result, we can only sug
;e8t that this may be so, but we cannot show at present that it is so, 
r that the result could be brought about in this way_ 

We might make an appeal to the hypothesis of formative stuffs, 
nd assume that there are certain substances present in the head, and 
thers in the tail, of such a sort that they determine the kind of dif
~rcntjation of the new part; but this view meets also with serious 
)jcctions. In the first place, it gives only the appearance of an 
'planation because it assumes both that such stuffs are present, and 
at they can produce the kind of result that is to be explained. 
ntil such substances have been found and until it can be shown that 
is kind of ac~ion is possible, the stuff-hypothesis adds nothing to 
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the facts themselves, and may withdraw attention from the real solu
tion of the problem. 

Bonnet, who first proposed the hypothesis of specific stuffs, went 
further and assumed also that they move in definite directions in the 
bodY, the head-stuff flowing forward and the tail-stuff flowing hack
war~L It was ncccssarv to assume definite movements of the stuffs 
in order to account fa; the development of the head at the anterior 
end of a piece and of a tail at the posterior end. In cases of hctcro~ 
morphosis of the sort described abon:~, these stuffs, if they brought 
about the results, would have to move in ojjosite directions from those 
",sumed in the hypothesis; or else that part of the hypothesis that 
postulates the movement of the substances must be dropped, and in its 
place there must be substituted the idea of the excessive amount of 
~llch substances in the ends accounting for the heteromorphosis. An 
hypothesis that must be changed in this fundamental way to explain 
both classes of facts cannot be given very serious consideration. Of 
these possihle ways in which it has been 
attempted to account for the phenomenon 
of heteromorphosis, thc first onc suggested 
seems to me simpler and more probable, but 
\vhich organs are to be made responsible 
for the result cannot at present be stated, 
The fact that both Bardeen and I have ob
tained heteromorphosis in planarians in 
other regions than in the head indicates 
at least that other factors than the presence 
of head tissnes or of head substa'lces may 
bring about the development, and if it can 
be disco,'ered what produces the result in 
regions remote from the head we may be 
in a position to explain the result in the 
head region in the same way, although it may 
be, of course, that the same result may be 
brought about bv different factors, when the 
internal conditi~ns arc somewhat different. 

Another phenomenon connected with 
the polarity of a piece is shown by Cen'- FIG. I7.-After Voigt. Planarian 

allthlls membranaceous. When a triangular ;:1~~ t~~~tO~~;~r~o~Ui~u~t sf~~t 
piece is cut from the side of the body, a ha1f side). directed forward, pro-

circ1e of tentacles appears around the lower ~~fl~~i~e~agireJ~J b~~k~~r~~: 
edge of the cut, as shown in Fig. 15, C. ~:~e~lc~~ c~th(~~~. Si~::t :a~! 
The presence of a free distal edge on the a head with pharynx, and also 

lower side of Loe opening is a sufficient a tail-like outgrowth. 

stimulus to call forth the development of tentacles, 
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A somewhat similar result is obtained when an incision is made il 
the side of the body of a planarian. A lateral head may grow ou 
from th,e anterior e(h;c of the cut-surface, as shown in Fig. 17. 

It has been show,; by Loeh that if the incurrent siphon of the ascid 
ian ('imla illtcstinaZis be partially cut off, new eye-specks develo} 
aroun() the margin of the cut. as shown in Fig. IS, A. I have repeatec 

B 
FIG. lB.-A. After Loeb. Anterior end of eiona inlestinalis with oral-siphon partially cut off. 

Eye-specks regenerate, hoth on oral and aboral edge. B. Same (aftt!r T. H. M.), showing 
simIlar result on excurrent siphon. 

:his experiment and obtained the same result, and found, as had 
Loeb also, that the same holds true for the excurrent siphon (Fig. 
[8, B). In these cases the new eyes appear hoth on the anterior 
LOd posterior edges of the cut. Most probably the result is con
lected with an external stimulus, rather than with an internal one. 
~his may be true also for cerianthus, but' probably not for the 
llanarian. 
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LA TEA'AL A'EGENERA TiON 

Since the most familiar cases of regeneration arc those that take 
place at the anterior and posterior ends, we not unnaturally come to 
think of polarity as a phenomenon connected only with the long
axis of the animal; but there are also many cases of lateral regenera
tion in which a similar relation can be shown. In such a case as the 
regeneration of the leg of a salamander, or of a crab. \ve find 
instances of lateral regeneration, but since the development takes 
place in the direction of the long axis of the leg, the polarity of the 
lei': may be thought of as substituted for that of the body. In '(Jther 
animals, however, the regeneration is strictly lateraL I have found 
that if the anterior end of an earthworm, or even of lumbriculus, is 
split lengthwise in halves, and then one of the half-pieces is removed, 
the missing half is replaced by the half left attached to the rest of 
the worm. Trembley split a hydra lengthwise into two pieces, and 
each piece bent inwards to make a new tubular body. Bickford, 
Driesch, and I have obtained similar results with pieces of the stem 
of tubularia. 

In planarians which have a flat, broad body, lateral regeneration 
takes place readily. If a worm is split in two along the middle line 
of the body (Fig. 13~, A), each half regenerates the missing half. 
This is brought about by the development of new tissue along the 
cut-side, and the extension into the new part of outgrowths from the 
digestive tract. Lateral regeneration also takes place if the worm 
is split lengthwise into two unequal parts. In this case the larger 
piece produces new material along the cut-side, and into this new 
part the branches of the old digestive tract extend. The smaller 
piece also produces new material along the cut-side, a new pharynx 
appears along the line between the old and the new tissue, and a new 
digestive tract is formed out of the remains of the old one (Fig. 
19, a, b, c). New branches grow out of the fused part into the 
new tissues at the side. The new worm that develops from a piece 
that is less than half the width of the old worm is about as wide as 
the piece that was cut off, for what is gained at the cut-side is lost 
in the old part. The piece loses in length also during regeneration. 
If the new worm is fed, it increases in size, gaining in breadth both 
on the old side. as well as on the new side, and in time it becomes a 
full-grown, symmetrical worm. 

In the formation of the new part in these cases of lateral regenera
tion it is not difficult to understand how some of the old organs, as 
the digestive tract, grow out laterally into the new part; but it is 
more difficult to see how longitudinal organs, such as the nerve-cord 
and genital ducts, are formed anew. Bardeen, who has examined 'the 



44 REGENERATION 

dcYclopmcnt of the new nerve-cord in lateral pieces, thinks that the 
ncw nerve-cord grows backwards in the new part from the brain that 
develops at the anterior end, either out of the old brain. if it, or any 
part of it, is left, or out of the ncw brain that deyelops from the 
antl.:riOl- end of the lateral cord that is present in the piece. \Vhat 
takes place in pieces cut so far to one side that nonc of the old cord 
is pn::scnt in the piece he did not make out; but I can state that a 

new brain develops eyen when none 
of the lateral cord is present. 

The dc\-e]opment of a new head 
in pieces cut to one side of the old 
median line offers some facts of 
interest. A piece may be cut from 
the side of a planarian of such a 
shape that it has no anterior sur
face at all (Fig. '9, A); yet a head 
develops at the anterior end of the 
new material that appears at the 
side. It stands at first to one side, 

later it assumes an anterior position, In this case an axial structure 
arises in a lateral position, unle~s we look upon the new head as 
arising at the anterior end of the new part, rather than at the side 
of the old, but there is no evidence in favor of such an interpretation, 
since the head arises at the same time as does the rest of the new 
material at the side. In a small piece all of the new material at the 
side may be used to form the new head (Fig. '9, d). Sometimes 
t\\"o heads develop (Fig. '9, c). 

RFO':XER.·ITIOX FROJf A.V OilLIQUE SURFACE 

There are also certain important facts connected with the regen
era.tion from an oblique surface. The first case of the sort was 
described by Barfurth. He found that if the tail of a tadpole is cut 
off obliquely, as shown in Fig. 20, B, the new tail that develops stands 
at first at right angles to the oblique surface. The angle that the 
new tail makes with the axis of the old tail will be in proportion to 
the obliquity of the cut-surface. The notochord that occupies the 
centre of the new tail begins at the end of the old notochord, and 
extends to the tip of the new tail, dividing it in the same proportion
ate parts as does the notochord of the normal tail. The other organs 
occupy corresponding positions. As the new tail becomes larger it 
slowly swings around into line with the old part. This phenomenon 
of regeneration from an oblique surface has been found in a number 
of other forms. It has been described by Hescheler, and by myself 



in earthworms (Fig. 20, D), both for the anterior and posterior ends. 
I have shown that it also takes place in the tail of a telcostian fish, 
fundulus (Fig. 20, C), and have offered the following- explanation of 
the phenomenon. The new material that is first laid down is. to a 
certain extent, indifferent as regards its axes. A s),lnn)ctrlcal struc-

FIG. 20. -;-- A, AI. After DriPsch. A. Piece of stem of tubularia cut off obliquely, shO\\ jng oblique 
pos1tion of t('ntacles. AI. Same, later stage. f]. After Barfurth. Tail of tadpole regenerat
ing from oblique surface. C. Tail of fundulus regenerating from ?hltque surface, D. After 
Hescheler. Anterior end of allolobophom regenerating from obllque stlrface. E. PiE'('e of 
planaria, cut off by hvo obiique cuts, regeneri1ting new head and tail. 1,: Fl, F'l.. Three 
stages In the development of a new head (of a piece of bipalium) at anterior end of oblique 
surface. 

ture is then formed, with the old edge as a basis. The median 
point of the cut-edge connected with the median p1>int of the outer 
surface of the new edge, gives the axis of symmetry of the new tail. 
The other regions assume corresponding positions. In the tail of 
the tadpole the position of the new notochord is determined by the 
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cut-end of the old notochord and the median, outer point of the new 
material, and since the new material is at first equally developed 
along- the cut-cdg-c, or at least symmetrically developed, the new tail 
must stand at right angles to the cut~edge. This explanation will 
cover, I think, all cases of regeneration from an oblique surface. It 
assumes a Jaw of symmetry in the new material that is in accordance 
with thL; ohscr\'~d position in which the new structure appears. The 
hypnthesis makes no pretence to explain why the new structures 
s/umfd assmnc a symmetrical position, but given that they do, the 
observed result follows. 

There arc certain peculiarities connected with the regeneration 
from an ublique surface in planarians th«t may be considered in this 
connection. If the worm is cut in two by means of an oblique cut, 
a, ,hown by the oblig ue line in Fig. 21, R, the new head that appears 

;'IG. 2.1. - Planaria lugubr£s. Upper row. A. Part of head cut off ohliquely; a-a( Regenf'ra. 
tlOn of ne-w hea.d. Lower row. B. More of head cut off obliquely; /J-/J'( Regeneration of 
same. 

on the anterior cut-surface of the posterior piece appears at oue side 
.nd not in the middle of the oblique surface (Fig. 21, E, b). The new 
,ead stands at right angles to the cut-surface. The anterior piece of 
he worm produces a new tail at the side of the posterior cut-surface, 
Q the same way that the tail is formed in "Fig. 20, E. The tail 
.Iso stands at right angles to the cut-surface. The new pharynx 
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that develops in a piece of this kind appears in the middle of the pos
terior cut-surface, between the old and the new parts. It may extend 
somewhat obliquely in the new part, and point toward the new tail. 

If a piece is cut from the anterior part of a worm by two oblique 
and parallel cuts, the new head appears at one side of the anterior 
cut-surface, and the new tail at the other side of the posterior cut
surface. The new pharynx appears in the new material of the pos
terior part in the middle line. Thus the middle lines of the new 
head and tail and pharynx lie in different positions, yet these parts are 

A 

FIG. 22..- Two upper rows PL<lllaria lligubris. Lower row 1"lana'-'4 maculala. Upper row. 
T~il-piecc cut off obliquely in front of genital pore. Figures show mode of regenenltion. 
Middle row. Piece including old pharynx cut off by two cross-cuts, regeneraring bead and 
tail. Lower row. Piece cut off as last, regenerating head and tail. 

subsequently brought into the same line. This is done by the head ex
tending more forward and becoming broader, the tail growing backward 
and also becoming broader. The old piece becomes narrower at the 
same time. These three changes going on simultaneously produce a 
new symmetrical worm. In one form, PlafJaria lugltbris, the symmetri
cal form is reached Jargely by the forward growth and the enlargement 
of the head, and the growth backward and the enlargement of the 
tail (Fig. 22, B). In Pla1taria maculata the old part shifts, so that it 
forms a new median line connecting the median line of the new head 
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and new taiL This is best shown when the piece includes the old 
pharynx(Fig. 22, C). The pharynx is also shifted, so that its anterior 
end points towards the side at \\thich the new head lies, and its pos
terior eIld towards the new tail. The result is that a ncw symmetri
cal worm is formed, as shown by the series of figures in Fig. 22, C 
In Flal/{lr/a mantiata the changes take place largely in the old part, 
and the DIll makrial extends throughout the entire 1ength of the new 
worm. In Plana ria IlIcrll/Jris the change takes place largely in the 
new parts (Fi,,;. 22. R). The general method in the latter species by 
which the symmetry is attained can be best shown by cutting the 
worm in two by an oblique cut just in front of the genital pore (Fig. 
22, A). The posterior piece produces a new head at the side, and a 
new pharynx appears along the border behvcen the new and the old 
parts, as shown in these fi~ures. Its posterior end touches the nliddle 
line of the old part, and from this point it extends obliquely across 
the new tissue towards the middle of the new head. As regenera
tion goes on the He\V head is carried farther forward, it becomes 
larger, and the main region of new growth is found to be, in the fig
ure, to the left side of the new part. As a result of these changes the 
new head turns forward, and comes to lie nearer the middle line of 
the old part. The pharynx is also turned more forward. and finally, 
as the new parts enlarge, the symmetrical form is produced. The 
internal factors that are involved in the development of these oblique 
pieces arc vcry difficult to analyze. The position of the new head 
and tail at one side of the cut-edge is the most difficult phenomenon 
of all to explain. We may, I think, safely regard the first new mate
rial that is proliferated along the cut-edge as totipotent. and our spe
cial problem resolves itself into discovering what factor or factors 
determine that the neV,r head is to form at the most anterior end of 
the new materioJ, and the new tail at the most posterior end. If we 
assume that the result is in some way connected with the influence 
of the old payt on the new, and that this influence is of such a sort 
that the more anterior part of the old tissue determines that one side 
of the head must be at the most anterior edge, we have at least a 
formal explanation of the position of the head at the side. Given the 
position of the new head fixed at one side, its breadth will be determined 
by the maximum breadth possible for the formation of a new head. 
This is also in part an assumption, but it has at least certain general 
facts of observation in its favor. The oblique position of the new 
head is the result of its symmetrical development in the new material 
in the same way that the position of the tail of the fish or of the tad
pole is the result of the symmetrical formation of the new tail on the 
oblique surface. The subsequent changes, by means of which a sym
metrical worm is developel,i, are the result of different rates of growth 
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in the different parts. In thb connection the most important fact is 
that the growth takes place most r"pidly where it will bring about the 
new form. This problem, which is one of the most fundamental in 
connection with the phenumena of development and of regeneration, 
will be more fully discussed in a later chapter. 

A number of assumptions have been made in the above attempt to 
gin~ an analysis of tht: formation of a head at the side of an oblique 
surface. That these assumptions are not entirely arbitrary. but have 
a cl!rtain amount of evidence in their favor, can, I think, be shown. 
The new material that first appears is supposed to be totipotent, in 
th sense that any part of it may produce any part of the structure 
that de\'elops from this material. That this is probable is shown by 
the following experiment. If a cross-piece is cut from a worm, and 
then split lengthwise into halves, each half \vill produce a new head 
at the anterior edge of the picce. This result shows, at least, that 
from the tissue lying to the right or to the left of the middle line new 
material may be formed from which a whole head may develop. The 
new head does not stand at first with its middle axis in line with the 
middle of the old piece, i.c. it does not stand squarely at the anterior 
end of the half-piece, but more towards the inner side of the piece. 
It may appear that the old part has sufficient influence on the new 
part to shift the axis of the latter toward the old middle line, but 
while some such influence may be present, it is probable that the posi
tion of the head is in part the outcome of another factor, viz. the 
presence at the inner side of the piece of an nndeveloped new side, 
with which the explanation of the less development of the inner side 
of tbe head is also connected. 

If a cross-piece is cut from a worm and kept until a small amount 
of new tissue appears over the anterior and postedor cut-surfaces, 
and if then the piece is split in two lengthwise, there will develop 
from each piece a new head out of the new material over tbe antcrior 

surface. The result shows ~ 
that the new material is at ¢ fJ " ao 
first totipotent, in the sense 0 G v. 00 

that it may still produce U 
A • .' ., .' "' _, one or more heads accord-

ing to the conditions. It FIG. 23.-Planaria ma,ulala. A. Cw,s-piece. allowed to 
is possible, of course, that regenerate, then cut In two lengthwise, as indicated by 
the formation of the new line. a-a5

, Regeneration of left half. 

head may have begun at the time of the experiment, but if it had, 
the development had not gone so far that a new arrangement was 
impossible. If, however, tbe piece is not cut lengthwise until just 
before the formation of a head (Fig. 23, A), then each half-piece pro
duces at first a half-head, tbat completes itself later at the cut-side. 

E 
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Another experiment shows even more satisfactorily that the 
material over an ant<.!rior cut-edge may produce one or more new heads 
according to the conditiuns, and that the result is not connected with 
th(.; re~ion from which the new material is derived. If the anterior 
end of a planarian is cut off and then an oblong piece is removed from 
the middle of the worm, as shown in Fig. 24, A, it will be found, if 
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FIG. zt. - Planana iUKubrl5. A. Sho ..... mg where a pi<'ce, 4, was removed from llliddle of a 
worm. il, b. Regellt"ration of it single head. c, cl. Regeneration of two heads. D, E. F. Re
generation of "trlall pie(Cc, 4, Ihat was cut out. 

the side parts are kept from fusing together in the middle line, that a 
new head develops at the anterior end of each part, as shown in Fig. 
24, " c'. If, on the other hand, the two sides come together and fuse 
in the middle line, as shown in Fig. 24, a, b, the new material that 
appears over their anterior ends becomes continuous and produces 
a single head. In this case, although the middle part of the old 
tissue has been removed, a single head develops that is normal in all 
respects, and the eyes are not nearer together than when the middle 
part is present, as when regeneration takes place from an anterior 
cross~cut surface. 

The assumption that the lateral position of the head on an oblique 
surface is connected with the more anterior region of the old material 
that is found at that side. can be made at least more intelligible by 
the following experiment: If the head of a planarian is cut off 
obliquely, as indicated in Fig. 21, E, so that one of the" ears" is left 
at one side, the new head arises at the side in connection with the 
part of the old head that lies at that side. The new head does not 
extend over the entire cut-surface, which is longer of course than a 
cross-cut would be. but lies at one side, as in the other cases just 
described. In this case we can see that if the new head cannot, on 
account of certain conditions, extend over th~ entire cut-surface, one 
side of it may be determi!,.ed by the presence of a part of the old head, 
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and this influence may be stronger than any other that might tend 
to locate the new head in the original middle line. If we suppose 
that similar conditions prevail in all cases when oblique surfaces are 
present in these worms, we have a formal solution of the problem. 
The argument cannot be convincing unless we can give a further 
explanation of the nature of this influence that the old part has upon 
the new. 

In other cases, as in the regeneration from an oblique .surface in 
the tail of the tadpole and of a fish, we mllst assume that the factor 
that determines the middle of the new part has a stronger influence 
on the new material than has the most posterior part of the old 
tissue. 

The influence of an oblique cut·surface on the position of the 
new parts is shown in a different way in the hydroid, tubularia. 
The conditions are different in this case inasmuch as there is no 
proliferation from the cut·end, but the old part produces the new 
hydranth. Driesch found that if the stem of tubularia is cut in 
two obliquely, the new tentacles, that develop as two rings around 
the tube near its cut·end, stand obliquely on the stem! as shown in 
Fig. 20, A. In most cases, both the distal and the proximal circles 
of tentacles lie obliquely to the long axis of the stem, but there is 
some variability in the result, and occasionally one or the other, 
especially the proximal circle, may be squarely placed, although, as 
a rule, the influence of the oblique cut-end can be seen. It can be 
shown, I think, that the oblique position of the rings of tentacles in 
tubularia is the outcome of factors different from those that are 
found in the regeneration of the tail of the tadpole and of the head 
and tail of the planarian. Driesch suggested that the distance of 
the tentacle-rings from the cut-end is the result of some sort of 
"regulation" that determines their position at a given distance from 
the region at which the surrounding water acts on the exposed end. 
Hence, if the exposed surface is an oblique one the rings will also 
be formed in an oblique position. On tbe other hand, I have sug
gested that we can imagine the regulation to result from other 
factors. At the beginning of the development, and before the 
tentacles appear, there is a withdrawal of tissue from the cut·end 
that leaves the region from which the proboscis develops quite thin. 
I! this material withdraws at a uniform rate and to the same distance 
at all points from the end of the piece, as observation shows to be 
the case, and if, as appears also to be true, the outer enil of the distal 
ring of tentacles lies at the inner end of the proboscis region, then 
it too will assume "'1 oblique position if the cut-end is oblique. If 
we imagine a similar series of regulations taking place throughout 

1 The same holds good for the basal hydra nth if it arises nea.t all ohlique end. 
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A B 
FIG. 25. - Piece of stem of Tubu/,zria mesembry-. 

a."thc/Ilum splIt in two lengthwise. Forma
tion of whole hvdranth that turned away 
frum contact with old perisarc. -

the piece, we can account for th, 
results. On this hypothesis the 
action of the water on the free 
end need not be a factor in the 
result, but the oblique end is itself 
sufficient to determine the series 
of regulations, or mass-relations, 
that lead to the laying down of 
an oblique hydranth. 

When the hydranth protrude, 
from the stem it assumes an 
oblique position. as shown in Fig. 
20, AI. Driesch supposed the 
oblique position of the hydranth 
to be due to an oblique zone that 
develops behind the hydranth, but 
the result can best be explained, 
as certain other experiments that 
I have made seem to sho\v, as 
due to the negative thigmotropism 
of the hydranth at the time it pro· 
trudes from the old perisarc. It 
turns away from the projecting 
side of the oblique end of the 
perisarc, as it does from any soEd 
body with which it comes in can· 
tact. That this is the case is best 
shown by splitting the stem length
wise into halves. In this case, 
although the two circles of ten
tacles may be laid down squarely 
(Fig. 25, A), the new hydranth 
protrudes at right angles to the 
old perisarc, as shown in Fig. 
25, B. 

THE INFLUENCE OF LVTERNAL ORGANS AT THE CUT-SURFACE 

ON THE NEW STRUCTURE 

In a few cases it has been discovered that the presence of certain 
organs at the exposed surface is necessary in order that regenera
tion may take place. The following experiment that I have recently 
carried out shows, for instance, the influence of the nerve-cord on 
the regenerating part. ~A few of the anterior segments of the earth-
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worm arc cut off, as shown in the left-hand figure in Fig. 26, and 
then a piece of the mid-\'cntral body wall of the worm is cut out, 
a part of the ycntral nerve-cord being removed with tbe piet'\.~. The 
cut-edges meet along the mid-ventral line and fuse, closing- the 
wound. .J'\s a result of the operatlon there is left exposed. at 
the anterior end of the worm, a cut-surface with aU of the internal 
organs present except the nervous system. The anterior end hea l~ 
oyer, but I have not observed the development of a new head at thb 
lc\'cl, although the exposed end is in a region at which, unde! 
ordinary circumstances, a new head readily regenerates. In sC\'Cr;IJ 

cases a new head ck:yclopl':d at the 

point \vhere the cut-end of the ner- ~ ~ 
\'oUS svstem is situated, i,e. at the 
levd B in the figure, 

A variation of the same experi
ment shows still more conclusively 
the importance of the nervous sys-
tem for the result. A few anterior A A 
segments are cut from the anterior 
end as before. A cut is made, as 
shown in the right-hand figure in 
Fig, 26, to one side of the mid·ventral 
line (indicated by the black line in 
the figure at the Jevel A), Then, at 
the posterior end of this cut a piece 
is remov'ed from the mid·v'entral 
line as in the former experiment 
(shown by the stippled area in the 
figure), A portion of the ventral 
nerve·cord is removed with the piece, 
As a result of this operation, two 
anterior ends of the nervous system 
are left exposed (shown by the black 
dots in the figure), At the anterior 
end of the worm, i,e, at A, there is 
one exposure, and at the posterior 
end of the region from which the 
piece Was removed there is another, 
Two heads develop in successful 

B B 

x y 
FIG. 26._ Left-h::lnd figure X sho.\s llOW, 

alter cutl.mg off the <In\~rior entiof AII,,/o
bophora fr}'t~da, a piece of the ventrn1 
wall (includmg a part of the nerve-cord) 
is cut out. Right-hand figure Y I],U.S
lrates a more complicated operalion, 10 
which the piece of Ihe ventml \~all that 
is cut out is a little behind the anterlOT 
end. 

cases, one at the anterior end of the anterior cut-surface, i.e. at A, 
and the other at B, 

The Tesults sbc'" tbat in the absence <>f the cut-e.nd of the nervous 
system at an exposed surface a new head does not develop; and can· 
versely, the development of a new head takes place, when the anterior 
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end of the nervous system is present at a cut-surface, even when such 
a surface is not at the anterior end of the worm. We may perhaps be 
able to extend this statement, and state that as many heads will 
develop as there are exposed anterior ends of the nervous system. 

In two other cases, at least, a somewhat similar conclusion may be 
dra.wn, although it appears that in these cases other organs than the 
nervous system may be the centres around which the new parts 
develop. Tornicr has shown that when the vertebr", of the tail of 
the lizard arc injured, the new material proliferated by the wounded 
surfaces serve as centres 1 for the regeneration of new tails; and 
Barfurth has found that the notochord in the tail of the tadpole plays 
a similar role in the formation of a new tail. These experiments will 
be more fully described in connection with the [ormation of double 
structures, but [rom what has been said it will be seen that the cases 
arc parallel to that of the earthworm. 

Until more has he en discovered in regard to the internal factors of 
regencration, it would be venturcsome to make any general statement 
based on these few cases, but there is opened here a wide field for 
experimental vlork. By eliminating one by one the different organs 
that are present in the old part, it may be possible to discover much 
more in regard to the internal conditions that are necessary in order 
that the process of regeneration may take place. 

THE IA'FLUENCE OF THE AAfOCXT OF NEW l'fATERML 

There are certain results connected with the amount of new mate
rial which is produced during regeneration, that should be considered 
in connection with the question of internal factors. It has been 
pointed out that when one segment only is removed from the ante
rior end of the earthworm only one new one returns; when two 
are cut off two come back, and this holds good up to five segments. 
Beyond this, no matter how many arc removed, only five at most come 
back. The lalter result seems to be connected with the amount of 
material that is formed over the cut-surface before differentiation 
beg-ins. vVhen only one or two segments have been cut off, the new 
material that is formed is soon sufficient in amount for the production 
of one or two new segments, but when three to five are cut off some
what more material is formed before differentiation begins. When 
more than five are cut off the new material is at best only sufficient 
to produce five new ones, and in some cases even a smaller num
ber is formed. This hypothesis assumes that there is a lower limit 
of size for the formation of new segments below which a segment 

1 Although it il' by no means certain that the results may not be due in part, at least, to 
injuries to the nervous syst.em, 
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cannot develop. The interpretation is fully in accordance with what 
we know to be the case for small pieces of hydra and of other forms 
that, below a certain minimal size, do not regenerate. The qllc~tion 
as to how many segments are formed out of the new part is c1ctermini..'d. 
not only by the amount of new material, but also by the number of 
segments to be replaced, at least up to fi\Oc segments. Beyond this 
limit we may think of the maxirnum pussibk number Df ~egrnents 

appearing in the new material. That a rdation of some sort obtains 
between the old and the Ilew parts, that may have an infhH:ncc 
on the number of the ne,\,.' sCf,'l11cnts which are formed, is shO\vn by the 
fact that, when one, h\'0, three, four, or fivc arc cut off, just~ this 
number comes back. A sort of completing principle exists as a 
factor in the result, but when so much has heen cut off that the old 
part cannot complete itself in the new materia.l that is formed, then 
other factors must determine how many segments will be produced. 

In planarians \ve find a similar phenomenon. If much of the 
anterior end is cut off, only a head is formed at the anterior cut
surface of the posterior piece. and the intermediate region is 
absent. I interpret this in the same way as the similar case in the 
earthworm. As soon as enough new material has been formed 
for the anterior end to appear, it begins to develop, and since it can
not develop below a certain minimal size, or rather, since the ten
dency to produce a head approaching the maximum size is stronger 
than the tendency to produce as much as possible of the missing 
anterior end, all the new material goes into the new head. In the 
planarian the possibility of subsequently replacing the missing- region 
hehind the head exists, and the intermediate part is later pro
duced, the head being carried farther forward. The same is true of 
the ne\'v posterior end of the earthworm, in which a growing region 
is established at a very early stage in front of the tip of the tail, 
but no such growing region is present at the anterior end in the 
earthworm. These differences appear to be connected with the 
general phenomena of growth in these forms. In the planarian 
interstitial growth can take place in any part of the body, hence the 
possibility of producing a missing region is present in all parts of 
the worm; but in the earthworm we never find new segments inter
calated at tbe anterior end during normal growth, nor does this 
take place during regeneration. At the posterior end of the earth
worm we find a region of growth in which new segments are pro
duced, and we find the same thing is true in the re?;_eneration of the 
posterior end. In other words, the growing region in front of the 
last segment is al o ') regenerated. 

It has been found in several forms that pieces below a certain size 
do not regenerate. In those cases in which a small piece dies soon 
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after its removal from the rest of the body we have no direct means 
of knowing whether or not the piece has potentially the power to 
rcg-cneratc, but in some other cases, ill which small pieces may be 
kept alive for some time, they may 'not regenerate. Furthermore, 
the n.;g-cncratioll of small pieces that arc just above the minimal size 
is often delayed and is sometimes imperfect. These small pieces 
seem to meet with a greater difficu1ty in regenerating than do larger 
pieces. Peehles has shown that pieces of hydra that measure less 
than t~ TTIm. in diameter (= about 'i(~(r of the ,'oillme of hydra) do not 
rCf,(cllcratc, although if very small pieces arc taken from a develop
ing- bud they may regenerate, c\'en 'when only -~l mm. in diameter. 
Very small pieces that arc, howc\·er, just abo\'c the minimal size, 
while they may a~~l1m..: a hydra-like form, produce only one OT hvo 
tentacles. The failure of the smallest pieces to regenerate is not 
due to their ctying, since they may liYe for a much longer time than 
would suffice for larger pieces to regenerate. Isolated tentacles of 
hydra do not proJuce new hydras, although they may remain alive 
for s()me time. A single tentacle is larger than the minimal piece, 
so that its failure to regenerate is probably connected with the differ~ 
cntiation of the tentacle, rather than with its size. The lack of 
po\vcr to regenerate in the smallest pieces of hydra cannot be con~ 
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nected with the absence of any special organ, 
~ since these pieces contain both ectoderm and 
~ endoderm. In tubularia also, Driesch and 

I ha\'e found that pieces below a certain size 
do not regenerate (Fig. 27). There is likewise 
in planarians a lower limit of regeneration, 
even for pieces that contain all the ele
ments which, being present in larger pieces, 
make regeneration possible. Lillie has found 
that nucleated pieces of the protozoon stentor 
fail to'regenerate if they are below the mini
mal size. He places this minimal size at 80 fl. 
diametcr, which he calculates as -i"r of the 
volume of the stentor from which the piece 
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?,"ce. has come. I have obtained a slightly smaller 
piece that regenerated, and since it came from a larger stentor it repre
sents about ,\ of the whole animal. The lack of the power of devel
opment of these smallest pieces seems to be due to the absence of 
sufficient material for the production of the typical form. \Ve can 
give no other explanation of the phenomenon at present, especially 
since the pieces contain material that we kno\y from other experiments 
has the power of producing any part of the organism. The super
ficial area of smail pieces i.~ relatively greater than that of larger pieces, 
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but there is no evidence that this relation can in any way influence 
the result. \Vhether the difference in surface tension could prevent 
the small piece from assuming the typical form and hold it, as it 
were, in a spherical form is not known, but there is little probability 
that this is the explanation of the phenomena. 

The regeneration of small pieces of animals and of plants may 
often fail to take place, because, as Yochting has pointed out, the 
injury caused by the cutting may extend so far into the small piece 
that its repair may be impossible. In other casL'S there may be an 
insufficient reserve supply of food stuff, although, if a proportionate 
form of any size could be produced. it is difficult to see how this could 
be the casco There can be no doubt, however, that pieces taken from 
parts of the body that are dependent on other parts for their food, 
oxygen, etc., will die fur lack of these things, and c\·en if thcv can 
liv~ for some time their further development may not take place in the 
ahsence of sufficient food to carryon the process. After these pos
sibilities have been giyen due weight, there remain several cases in 
which there can be little doubt that the failure of a small piece to 
regellerate is owing to the lack of sufficient material to produce even 
the smallest possible form for that sort of material, i.c. for the organ
ization to be formed on so small a scale. 

There are some facts in connection with the regeneration of small 
pieces of tubularia that have an important bearing on this question of 
organization size. If long pieces of the stem are cut off, the new 
hydranth, that develops out of the old tissue at the end of the piece, 
occupies, within certain limits, a region of definite length. If pieces 
of the stem are cut off that are only twice the length of the hydranth
forming region, the length of the latter will be reduced to half the 
length that it has in longer pieces, and if still smaller pieces are cut 
off, the hydranth-forming region may be reduced, as Dricsch has 
shown, to seventy per cent of the normal length. The hydranths 
that develop from the smaller pieces have also a reduced number of 
tentacles, as I have found. It was first shown by Bickford, and later 
by Driesch, and by myself, that in many cases very short pieces of 
the stem of tubularia produce Ollly tile distal parts of a IlydYOIztlt. 
This happens most often when the length of the piece is less than 
the average normal length of the hydranth-forming area, but it may 
also take place in pieces that are much longer than the minimal size 
of the least hydranth-forming region. Driesch made the further dis
covery, which I have confirmed, that pieces from the distal end of the 
stem are more likely to produce these partial structures than are 
pieces from the more proximal part. Some of these partial structures 
are represented in Fig. 28, C-G. Sometimes the inner tube, or c",no
sarc, which is composed of the two layers of the body, ectoderm and 
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endoderm, draws away from the chitinous perisarc, as shown in Fig. 
28, II. A hydranth with a short stalk is then produced. In other cases, 
Fig. 28, C. almost all of the ccenosarc is used up to form the hydranth, 
and only a "hort, dome-shaped knob represents the stalk. In still other 
cases there may be no stalk at all (Fig. 27, D), but only the hydranth. 
Forms like the Jast two are more often produced from pieces of the 
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FIG. z8. - TubullTi<1 mcsembr.t'al1thl!fflum. Products of regeneration of short pieces. A. Piece 
thJ.t nX('ner,llcd a hydrdnth in S:lme way as do longer pieces, but With fc\\cr h"Iltac;es. 
B: Plecr'~ \\hose stem drew away from wall of o1d peri>.arc (cylinder in figures). C. Hydranth 
WIll! almost 00 stalk. D. H,dranlh wi1hout stalk. E. Distal part of hydranth with one long 
proximal !('ntacie. E1, Sllniiar, but mOfC reduced. £2, Similar, ,,,jlh two tentacles at side. 
r: PlOboscis With reproductive organs. G. Proboscis without reproductive organs. 

distal end of the stalk. From very small pieces, forms like those shown. 
in Figs. 28, E-E2, that represent only proboscides with a reduced 
number of tentacles, are sometimes formed. Reproductive organs 
may be present at the base of these pieces. A further reduction is 
shown in Figs. 28, F, G, that are proboscides with only the distal circle 
of tentacles; in one of these, reproductive organs are present around 
the base. Partial·forms more reduced than these have not been found. 
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If we examine the factors that determine the production of the 
partial structures, we find, in the first place, that the size of the piece 
is of the greatest importance. The reuuced forms appear most often 
in pieces that are shorter than the average length of the hydranth
forming area. A second factor is connected 'With the region of the 
stem from which the piece is taken. Larger pieces from the distal 
end produce partial structures, especially hydranths with very short 
stalks (Fig. 28, C), or with none at all (Fig. 28, Il). There are cer
tain facts connected with this distal ref(ion, which lies just hehind the 
hydranth, that should be mentioned in this connection. It was first 
disco\-crcd by Dalyell that a hydranth-head lives for only a limited time, 
and that ",hen it dies a new head is regenerated from the region behind 
the old one. The stalk of the new hydranth continues to elongate for 
some time after the new hydranth has been formed. Whether this 
continuous growth in the distal end, or the normal formation of a new 
hydranth by it from time to time, can in any way be connected with 
the development of partial structures from this region cannot at 
present be stated. The distal part of the stem contains more of the 
reel-pigment, that gives color to the stem and to the hydranth, than 
docs any other part. Loeb first advanced the view that the red
pigment in the stem acts as a formative substance in Sachs~ sense, 
and determines the production of a new hydranth by accumulating 
near the cut-end of the piece. Driesch also assumes the red-pigment 
to be a factor in the result, but supposes that it acts quantitatively, 
rather than in determining the quality of the result. If this red-pig
ment acted in the way supposed either by Loeb or by Driesch, it might 
act as one of the factors in the production of these partial structures. 
This red-pigment is contained in the form of reddish granules in the 
cells of the endoderm. The granules are of various sizes, the largest 
being easily seen even with low powers of the microscope. When a 
piece of the stem is cut off, the ends close by the drawing in of the 
cut-edges over the open-end. A circulation of the fluid contained in 
the piece then begins. In the fluid, globules appear very soon that 
contain red-pigment granules like those in the endoderm. The glob
ules appear to be endodermal cells, or parts of cells, that are set free 
in the central cavity. The circulation continues for about twenty
four hours. At about this time one end of the stem becomes reddish, 
owing to the presence in it of a larger number of red-pigment granules 
than before. The ridges that are the rudiments of the tentacles appear 
(Fig. 30, A), and a new hydranth very rapidly develops. At the time 
when the hydranth begins to appear the globules m the circulating 
fluid disappear. They disappear at the time when the red-pigment 
of the forming hydranth is rapidly increasing in quantity, and not 
unnaturally one might suppose that the pigment of the circulating 
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fluid had becn added to the wall where the hydranth is produced. 
The globules disappear in the region of the new hydranth, but, I 
think, it can b~ sho\vn that they do not form any essential part of the 
hydranth. They may be found stuck together in a ball that lies in the 
digestive tract of the new hydranth, and \vhen the hydranth is funy 
formed the pigment is ejected, as Stevens has shown, through the 
mouth. 

The development of the new hydranth beg-ins scycral hours he
fore the rcd-pig-ment globules have disappeared from the circulation. 
The walls ]n the region of the future hydranth begin to thicken, 
11)(1, later, pigment develops in the endoderm of this regiou. The 
:H~W pigment is formed in the new cens of the endoderm, and does 
:1ot come f rom the circulating glob111cs, as shown by the dcvdopmcnt 
If vcry short pieces of the stem. In these the amount of ncw pig-
11ent that develops in the new hydranth Ina y be far greater than that 
n the whole original piece (Fig. 30, IJ), and in this case there can be 
10 question but that new pigment is made in the cndodermal cells of 
:he hydranth. The formation of a hydranth, that usually takes place 
tftcr another bl..'cnty-four hours, from the basal end of a long piece, 
;hOW5 that a hydranth may deyelop when there are no granules in 
:he circulating fluid. These basal hydranths may contain as much 
)igment as do the distal ones. 

Driesch suggested that the red-pigment in the circulating fluid 
letcrmincs quantitatively by its presence how much of a hydranth 
s formed, or the size of the hvdranth in relation to the rest of 
he piece. There seems to be ~no evidence in fayor of this view 
md much against it. Loeb has not stated specifically whether 
le means that it is the pigment in the circulating fluid or that 
n the walls which acts as a formative stuff; the presumption is 
hat he meant the latter. An examination of the piece during regen
~ration gives no evidence in fa\'or of the view that the pigment moves 
nto the rcgion of the new hydranth. On the contrary, it remains 
·onstant in amount at all points except where the new hydranth is 
Icycloping, and there is in this region unquestionably a large develop
nent of new pigment. 

The e\'idencc for and against the idea that the red-pigment of 
ubularia is a formative stuff, or even building material, has been 
onsidered at some length, because it is the only case in which the 
Iypothetical formatiYe stuff has been definitely located in a specific, 
ecognizable substance that can be followed during the process of 
egeneration. It is well, I think, to give the question full considera
ion, especially as the hypothesis often appears to give an easy solu
ion of some of the problems of regeneration. In a later chapter the 
ubject will be more fully treated. 
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Since the red~pigment hypothesis does not explain the phenomenon 
of the formation of the partial structures in tubularia, we 111Ut:'t look 
for another explanation. As the matter stands at present we can only 
assume that there is a pr{'dispositioll of a very small piece to form a 
larger partial structure than a smaller whole one. This prohlem of the 
mdhod of de\'c]opmcnt of small pieces of the stem of tubularia is ft1r~ 
thcr complicated by the development in many cases of double hy. 
dranths, or double parts of hydranths, as shown in Fig. 2<), A-I:.~. 
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FIG. 29. - Tabularia mcsembryonthemum. A. Short piece with hydranth at each end. 11. Double 
piece with one circle of proxImal tto ntacle5. C. Double piece with only two proxlm;ll tentacles. 
D. Double proboscis with two sets of reproductive organs. E_E3. Double probo:.cis. 

The first form (Fig, 29, A) shows two hydranths turned in opposite 
directions, that are united at their bases. Another form has only a 
single circle of proximal tentacles between the two proboscides (Fig, 
29, B-C), In other forms there are only two proboscides, each with its 
reproductive organs (Fig. 29, D), and often there are simply two pro
boscides united at the base (Fig, 29, E_E3), It is the rule, even 
in longer pieces, that a hydrantb appears at each end of the piece, if 
the piece is suspended or even lies on the bottom of the water; but 
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in all these cases the basal hydranth develops about twenty-four hours 
after the apical one. In the short pieces, JlOwever, the two ends 
devdop at the same time, although the development of all the short 
pieces, whatever structures they may produce, whether single or 
double, is delayed, and the hydranths may not appear until after the 
long pieces have produced their basal hydranths. In these double 
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FIG. 30. - Tubulana meu1llbryanthe!num. A. Short piece with reduced hydranth-region. P. Piece 
from distal end oj stalk ploducmg;J. hydranth \\ithout a stalk (see Fig. 27, j). C PIec(' pro-
ducmg hydtanth (lutgro\\ th ot t:nd. (..'1. Later !>tage of las.t. D. Short piece prodndng 
douolt probO!>C1S Fig. 2b, E). 

structures both ends develop at the same time (Fi?;. 30, D). If we 
suppose the influences that start the development of the piece begin 
first at the distal end, the region affected will lie so near to the 
proximal end of the piece that the development at this end may be 
hastened, and under these circumstances the region of new forma
tion will be shared by the two hydranths. The factors that deter
mine that a larg-er, partial structure is formed in preference to a 
smaller whole one will no doubt be found to be the same in these 
double structures and in the single ones. 

THE I1,;PLUENCE OF THE OLD PARTS ON THE NEW 

One of the most striking and general facts connected with the phe
nomenon of regeneration is that the new part that is built up on the 
exposed surface is like the part removed. This suggests that an in
fluence of some sort starts from the old part and changes the part 
immediately in contact with it into a structure that completes the old 
part in that region. We can imagine that the new part that has been 
changed in this way may act on the new part just beyond it, and so 
step by step the new part may be differentiated. It is not difficult to 
show that the phenomenon is really more complicated than this, and 
that other factors are also acting on the new part; but, nevertheless, 
that the old part has some snch influence is probable. Under certain 
conditions, however, this Iniluence may be counteracted by other fac-
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tors, and something different from the part removed may be formed. 
One l;xample of [his sort has already been discussed, namely, that in 
which after the removal of much of the anterior end of the earthworm 
or of a planarian) only the distal end comes hack. Another case is 
that in which something different from the part removed is regcncr· 
ated. If the tip of the eye of the hermit-crab or of other crustaceans 
is cut off a new eye is regenerated, but if the eye~stalk is cut off ncar 
its base an antenna-like organ dc\·clops. Herbst has suggested that 
the presence uf the ganglion at the end of the stalk aCCoullts for the 
regeneration of a new eye, when only the tip of the stalk is cut off. 
In the absence of the ganglion at the cut-edge the stalk does not pro
duce an eye, but an antenna, as is shown when the eye-stalk 1S cut 
off ncar the base. The factors that determine the development uf an 
antenna instead of an eye have not been discovered. Przibram has 
shown that when the third maxilliped of portunas, carcinas, or of other 
crustaceans is cut off near the base, the new appendage that develops 
is different from the one removed, and resembles a leg in many ways, 
but if the animal is kept until it has moulted several times the 
appendage becomes more and more like the part removed. Another 
remarkable case has also been described by I'rzibram for Atplims 
platyn·liY1tclius. In this decapod, the claws of the first pair of legs are 
different from each other, one being much larger than the other and 
having a different structure 1 If the larger claw is tbrown off at its 
breaking-joint, and the smaller one left intact, the latter at tbe next 
moult (or sometimes after two moults) changes into the character
istic larger claw and the newly regenerated claw is like the smaller 
one. If the experiment is repeated on this same animal, i.e. if the 
newly acquired large claw is removed, then at the next ,moult tbe 
smaller claw becomes the larger one and the new claw becomes 
the smaller one - the conditions now being the same once more as at 
the beginning. If both claws of an animal are thrown off at the 
same time, two new claws regenerate that are both of the same size, 
and each is a small copy of the claw that was removed. As yet no 
experiments have been made that sbow what factors regulate the 
development of each kind of claw. 

Returning again to the question of the regeneration of parts simi
lar to the ones removed, there are some interesting results that Peebles 
has obtained in the colonial hydroids, podocoryne and hydractinia. 
Tbese colonies consist of three principal sorts of individuals: the 
nutritive, the reproductive, and the protective zooids. Peebles has 
found that if the stalks of these zooids are cut into-pieces, each pro
dnces the same kind of zooid as waS originally carried by that stalk. 
!,ieces of the stem of the nutritive zooid produce new nutritive zooids 

1 In normal animals some have the right claw the larger and some the left. 
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at the anterior end of the piece. and sometimes also at the hasal end. 
A similar statement may be made for each of the other kinds. 
Anothr.;r mdhod of regC:llcration sometimes takes place. when, for 
instance, a piece of the stalk of a nutritive indivitlual is left undis
turbcu without being supplied \vith fresh water. It senus out root
like stolons instead of producin~ a new zooid. The stolons appear 
first at the ends of the piece, but may later also appear at several 
points along the piece. They make a delicate network, and the origi
nal pic:cc may entirely disappear in the stolons. After several days 
new fcc:ding zooids grow out at right angles to the stolon network. 
Pieces of the stalk of protective zooids may also produce stolons, but 
they spread less sI0\1.:1y, and the formation of new individuals was not 
ohs(:f\'ccl. In one case a piece of a rcproductive zooid made a short 
stolon, anel from it arose a ncw indiddual that seemed to be a nutri
tive zooid. If the latter result proves to be truc, we see that a piece 
may produce a new part that is of a different kind from that of which 
the piece itself ",as once a part, but this is brought about by the forma· 
tion of a stolon that is itself one of the characteristic structures by 
means of which these colonial forms produce new nutritive zooids. 
In this case there is a rcturn of the piece to a simpler form, the stolon, 
and, acting on this, the factors that produce nutritive zooids may bring
about new nutritive zooids. The influence of the old structure is lost 
when the piece assumes a new character. 

Another series of experiments gives an insight into an internal 
factor of regeneration that may prove, I think, to be one of some 
importance and help in interpreting certain phenomena. If the 
head·end of a planarian is cut off. the posterior piece split along 
the middle line, and one side cut off, just above the lower end of the 
longitudinal cnt. as shown in Fig. 31, A, it will be found that, if the 
long and the short sides are kept from uniting along the middle 
line, each half will produce a new head on its anterior surface (Fig. 
31, C). If the two hah'es grow together. and the anterior surface of 
the shorter piece becomes connected with the anterior surface of the 
longer piece by means of the new tissue that develops along the 
inner side of the latter (Fig. 30, B), then a head appears only 
on the anterior half. The development of a head on the shorter 
half is prevented by the establishment of a connection with the 
new side. Sometimes an abortive attempt to produce a head is 
made, but the posterior surface fails to produce anything more than 
a pointed outgrowth. If we attempt to picture to ourselves how this 
influence of the new side on the posterior surface is brought 
about, we can, I think, most easily conceive the influence to be due 
to some kind of tension or pull of the new material which is of such a 
sort that it restrains the development of, a head at a more posterior 
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level. Vie can picture to ourselves the same kind of process taking 
place in the regeneration of the tail of a fi~h from an obliqut.! surface. 
The maximum rate of growth is found over that part of the cut~sur-

A B o 
FIG. 3l.-Planaria lUJ(Ubris. A. Showing how worm was operated upon. B. A single head 

regenerated at anterior cross-cut. It waS united .by a line of new tissue along thl: side of 
the long haif-pi~ce wjth the new tissue at the antenor {-nd of the short half-piece. The two 
hail-pIeces reumted along the middle Ime. C. Two heads f('generated, olle Jrom each half 
cross-cut. The two half-pieces were kept apart along the middle line. 

face that is nearer the base of the tail (Fig. 40). At all other points 
the growth is retarded, or held in check, and it can be shown that 
the suppression is connected with the formation of the typical form 
uf the tail in the new part. If we cannot actually demonstrate at 
present that this is due to some sort of tension between the different 
parts which regulates the growth, we find, nevertheless, that it is by 
means of some such idea as this that we can form a clearer concep
tion of how such a relation of the parts to each other is established. 
In a later chapter this subject will be dealt with more fully. 

THE INFLUENCE OF THE NUCLEUS ON REGENERATION 

The influence of the nucleus on the process of regeneration has 
been shown in a number of unicellular forms. It was first observed 
by Brandt in 1877 that pieces of Actinosphll!riltm eichhornii that con
tain a nucleus assume the characteristic form, but "pieces without a 
nucleus fail to -:10 so. Schmitz ('79) found that when the wall 
of the many-celled siphonocladus is broken, the protoplasm rounds 
up into balls, some of which contain one or more nuclei, while 

F 
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others may be without nuclei. The nucleated pieces produce a new 
memhrane, and later become typical organisms, but non-nucleated 
pieces uo not form a new membrane, and soon disintegrate. Nuss
baum ('84. '86) cut into pieces the ciliate infusoria, oxytricha and 
gastrostyla. Those pieces that contained a nucleus quickly regener
ated a new whole organism of smaller size, that had the power of 
further reproduction, while the pieces that did not contain a vart 
of the nucleus ~howed no evidence of regeneration; and, although 
they continued to move about for as much as hvo days, they subse
quently disintcg-rated. Gruber obtained the same result on another 
ciliate infusorian, ~";t{,lltor nrrnltlls. He found that, although the 
non-nucleated pieces close over the cut-surface, and move about for 
some time, they eventually die. He further showed that a non
nuch.:ated piece containing a portion of a new peristome in process 
of formation will continue to develop this new pcristome, although a 
new peristome is never produced by a non-nucleated piece under 
other circumstances. He believes that if the new peristome has 
beg-un to be formed under the influence of the old nucleus, it may 
continue its development after the piece is severed from its connection 
with the nucleus. A non-nucleated piece containing a part of the 
,,/d peristome does not produce a new peristome from the old piece. 
Gruber obsen'ed that a non-nucleated piece of amceba behaves differ
ently from a nucleated piece, and dies after a time. 

Klebs found that when certain alg'" are put into a solution that 
does not scdously injure them, but causes the protoplasm to contract 
into balls, some of these contain nuclei, others not. If, for instance, 
threads of zygnema, or of spirogyra, are placed in a 16 per cent solu
tion of sugar, the protoplasm of each cell breaks up into one or more 
clumps, some with nuclei, others without. Both kinds may remain 
alive for a time; some of the non-nucleated pieces may live for 
e\"en six weeks. The nucleated pieces surround themselves at once, 
when returned to \vater, with a new cellulose waH, but the non-nucle
ated pieces remain naked. The latter can, nevertheless, produce in 
the sunlig-ht new starch that is nsed up in the dark and is made anew 
on the return to light.' 

Balbiani ('88) found that non-nucleated pieces of cytrostomum, 
trachelus, and protodon failed to regenerate, and Verworn ('89 and 
'92) obtained similar results on several other protozoa. Similar 
facts have been made out by Hofer (,89), Haberlandt and Gerassi
moff ('90). Palla ('90) found that in certain cases non-nucleated 
pieces, especially those from cells in growing regions, can produ,e a 
new cell wall; while more recently Townsend ('97) has shown in 

1 In othe-r plants, fl!maria, for example. non-nucleater! pieces do not seem to be able to 
make new s.tarch after using up ~ha~ '\Vhich they contain at first. 
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several forms that non-nucleated pieces do not produce a new cell 
wall unless they are connected by protoplasmic threads with nu
cleated pieces. The most delicate connection suffices to enable a 
non-nucleated piece to make ~ cell wall, even when the nucleated 
piece lies in one cell and the non-nucleated in another, the two being 
connected by a thread of protoplasm that passes through the inter
vening wal1. 

If we examine somewhat more in detail some of these cases, we 
lind that when a form like stylonychia is cut into three pieces, the two 
cnd-pieces without a nucleus fail to regenerate, while the central 
pi'~ce makes a new entire organism of smaller size. If stentor is cut 
into three pieces, each piece containing one or more nodes of the 
macronucleus, each produces a new stentor. If, however, a piece is 
e'It off so that it docs not contain a part of the macronucleus, it 
fails to regenerate. Verworn ('95) succeeded in removing the central 
capsule with its contained nucleus from the large radiolarian, Th,,//asi
colla lludcata. The nonAlucleated animal remained alive for SOIl)e 
time, but eventually died. The nucleated capsule developed a new 
outer zone with processes like those in the normal anima1. If the 
nucleus is taken from the capsule, the capsule dies, but shows some 
traces of the formation of an outer zone. If the protoplasm is re
moved as far as possible from around the nucleus, the latter does not 
regenerate new protoplasm, but dies after a time. Verworn con
cludes that the protoplasm cannot carry on all its normal functions 
\vithout the nucleus, or the nucleus without the protoplasm. 

These experiments sufficiently demonstrate that non-nucleated 
pieces are unable to regenerate. If we attempt to examine further 
into the meaning of the phenomenon, we lind a few things that 
appear to have a bearing on the result. The behavior of the non
nucleated pieces shows that the metabolism of the cell has been 
changed after the removal of the nucleus. In some cases the 
protoplasm is not able to carry out the process of digestion of the 
included food substances. This process may be due to some inter
change that goes on between the nudeus and the protoplasm, 
which is stopped by the removal of the nucleus, and, in consequence, 
the metabolism of the cell is changed. The lack of regenerative 
power may be due to this change in the metabolism. It cannot be 
claimed, however, that the result is due to a lack of energy in the 
pieces, for the incessant motion of the cilia in some kinds of pieces, 
that goes on for several days, shows that a large store of energy is 
present. Unfortunately, we do not know enough of the relation that 
suhsists between the nndeus and the protoplasm to be able to state to 
what the lack of regenerative power is due. 

Loeb ('99) has suggested that the lack of power of non-nucleated 
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pieces may be due to a lack of oxidation. The nucleus contains 
substances \'lhich, according to Spitzer, arc favorable to the process 
of oxidation. \Vhcn the nucleus is remo\>ed, the oxidation is sup
pused by Loeb to be too low to alJmv the process of regeneration to 
take place. In support of this "ie\v, he points out that while non
nucleated pieces of infusoria live for only t\.vo or three days, non
nucleated pieces of plants containing chlorophyl may be kept ali\'e 
for fi\'c or six weeks. :Kon-nuclcated pieces containing chlorophyl 
caD ohtain a supply of oxygen, owing to the breaking down of carbon 
dioxide in the chlorophyl-bodics, and the consequent sdting free of 
oxyg-cn. It should be pointed out, on the other hand, as opposed to 
Locb's view, that non-nucleated pieces of ama::ba have been kept 
alive for fOllrteen days; and that despite the better oxidation that 
may take place in non-nucleated pieces of plants, regeneration does 
not take place, 

It has been found that non-nucleated pieces of the egg of the 
sea-urchin do not segment or develop, and the result is the same 
whether the pieces come from fertilized or unfertilized egg-so If, 
however, a spermatozoon enters one of these pieces, the piece will 
segment, and, as Boveri and later \Nilson have shown, it will produce 
an embryo. 

Bov':ri also tried fertilizing a non-nucleated piece of the egg of 
one species of sea-urchin with a spermatoloon of another species. 
Hc found that the embryo that develops is of the type of the species 
from which the spermatozoon has comc, and he concluded that the 
nucleus determincs the character of the larva, and that the protoplasm 
has no influence on the form. The evidence from which Boveri 
drew his conclusion is not beyond question. It has been shown by 
Seeli"cr ('95) and myself ('95) that if "'hole eggs of the species 
Sf/uera/lin1ls J:rml1llaris, used by Boveri, are fertilized by the sper
matozo3 of the other species, Eclliu!ls microtltbcrotiatlls, there is 
great variability in the form of the resulting laryce. Most of them are 
intermediate in character between the types of larvce of the two 
species, but a few of them are like the paternal type, Vernon ('99) 
has morc recently shown that the character of hybrids is dependent 
upon the ripeness of the sexual products of the two parents. If, 
for instance, the eggs (sphcerechinus) are at the minimum of maturity, 
the hybrids are more like the male (strongylocentrotus). 

It remains, therefore, still to be shown whether or not the proto
plasm has any influence on the form of larva that comes from a non
nucleated piece, fertilized by a spermatozoon of another species, 
That the nucleus of the male does have an influence on the form of 
the animal is abundantly shown by the inheritance of the peculiarities 
d the father through th .. chromatin of. the spermatozoon. 
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One of the most familiar changes that takes plact.! when a cut~edg-e 
is exposed involves the rapid co\'cring o\'cr of the exposed tisslies. 
This takes place from the margin of the wound, and a layer of cells, 
usually the ectoderm at first, cO"ers the surface. The closing" in is 
brought about in many forms by the contraction of the I1Hlscks of 
the outer wall of the body, This seems to be the case in the earth
worm and in the pianari:m, as well as in other animab, such for in
stance as the starfish, holothurian, etc. But in addition to this 
purely muscular contraction another process takes place, that is less 
conspicuous in forms in which the muscles bring about the first clos
ing, but \\Ohich is evident in forms in ·which th<: muscles are absent 
or little developed. I am able to cite two striking cases that have 
come under my own observation. vVhcn a piece is cut from the stem 
of tubularia, the cnds close in hventy minutes to half an hour. The 
body \vall, the cu::nosarc, composcd of the two layers 01 ectoderm and 
endoderm, withdraws a little from the cut-cdg-c of the outer hard tube, 
or pcrisarc, that covers the stem, and then bep;ins to dra w across the 
open end. A perfectly smooth, clean edge is formed that ad\'anccs 
from all points to the centre, where the final closing takes place. The 
closing is not due to an arching ovcr of the cocnosarc, but the thin 
plate is formed standing nearly at right an~les to the ollter tube. 
This plate is composed of two layers of cells, of which there are a 
number of rows arranged concentrically between the centre and the 
outer edge. In the ahsence of muscle-fibres in the stem, the result 
cannot be due to a muscular contraction, and even if short fibres 
existed thc transportation of ceUs entirely across the open end would 
speak against this interpretation. 1 Since the c10sing o\'er takes place 
\vithout any support, we cannot suppose the process to be due to 
any sort of cytotropic effcct. The closing takes place equally well 
in diluted sea \vater and in stronger solutions. The method of 
withdrawal of the cells, as hest seen when longitudinal pieces arc 
studied, resembles very much the withdrawal or contraction of proto
plasmic processes in the protozoa, and so far as onc can judge from 
resemblances of this sort, the two processes appear to be the same. 

This closing in of the cut-surface, while a preliminary step in the 
process of regeneration, cannot, I think, be regarded as a part of the 
regeneration in a strict sense. That the two processes are not 
dependent on the same internal factors is shown by the following 
experiments: If a bunch of tubularia is kept in an aquarium, it will 

1 I have found ~!::iat the closing in takes place equally well when one per cent of KG is 
added to the sea water. This salt has, as Loeb has shown. an inhibiting effect on muscular 
contractility,_not, however, on amccboid movements. 
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produce new heads two or three times and then cease, and if after the 
Idst-formed heads have dicd, pieces of the stem are cut off, they close 
as readily as do pieces from fresh hydroicls. l\iorcover, at certain 
times of year the species TlIblt/aria (Plll:J'plla) crOCfll lose their 
heads, and only the stalks remain. Pieces of thesl: stalks will not 
regetH .. xatc new heads, at this time, although they cl()se in as quickly 
as do pieces at other times of the year when the heads arc present 
and when new ones regenerate. 

Another equally good illustration of what seems to be the same 
phenomenon is found in the closing in of wounded surfaces in the 
young tadpole embryos. If embryos arc taken from the jelly mem
hranes, or even after they hayc been set free, and cut in half, each 
piece quickly covers ove~ the wounded surface by means of the ecto~ 
dermal cells. A much morc striking illustration of this closing oyer 
in the young tadpole is obtaincd by cutting, with a pair of small scis~ 
sors, a large piece from the side. The area may be a fourth or more 
of the entire side, and yet it may be closed over in an amazingly short 
tirn~. Half an hour or an hour often suffices to coyer a large exposed 
surface. In this case also the wound is covered not by indiYidllal 
cells wandering over the exposed surface, but by a steady advance of 
the smooth edge of the ectoderm to\vard a central point. The process 
is so similar to that which takes place in tubularia that little doubt 
can remain as to the two being due to the same factors. As there are 
no muscle fibres present in the part of the frog's embryo from 'which 
the picc!.! is cut off, the result cannot be due to muscular contraction, 
but appears to be a contractile phenomenon similar to that in tubularia. 
Even the small piece that is cut from the side of the hody shows the 
same phenomenon. At first it suddenly bends outwards owing to some 
ph ysical difference between the inner and the outer parts of the 
piece. Then the edges thicken, bend in, and begin their advance over 
the inner tissues. The process is seldom completed, since there 
appears to be a limit to which the ectoderm can be stretched as the 
edges advance. A most striking phenomenon both in pieces of tubu~ 
laria and of the frog's embryo is the entire absence of dead material 
at the wounded surface. No sooner is the operation performed than 
the advance begins, and there is not a trace of dying cells or parts of 
cells to be seen. 



CHAPTER IV 

REGENERATION 1'\ PLANTS 

THE series of experiments that Vochting has carried out on the 
regeneration of the higher plants ar~ so much more complete than all 
previous experiments, and his analysis of the problems concerning 
the factors that influence regeneration is so much more exact than 
any other attempts in this direction, that we may profitably confine 
Ollf attention largely to his results. l\lany of his experiments were 
made with young twigs or shoots of the willow (salix), which, after 
the removal of the leaves, were suspended in a ghss jar containing 
air ~,lturated with water. U neIer these circumstances the pieces pro· 
duced new shoots frum the buds (leaf-buds) that arc present near the 
point at which the leaves were attached, and new roots, in part from 
root~buds, that are also present on the stem. 

If· the piece is suspended in a vertical position with its apex 
upward (Fig. 32, A), small swellings appear after three or four days 
ncar the lower, i.c. the basal, end of the piece. These break through 
quickly and grow out as roots. If a ]eaf~bud is present near the 
basal end of the piece, the first roots appear at the side of or under 
this; later others appear around the same region. The first roots 
tu appear under these conditions come from pre-formed root rudi
ments, the others are, in part at least, new, adventitious roots. If 
the lower end of the cut is made through the lower part of a long 
internode, i.e. just abo'<)C a bud, the roots appear as a rule only near 
the cut-end, and few if any of the roots develop at the first bud above 
this region. In many cases there is formed over the basal cut·surface, 
in the region of the cambium, a thickening, or canus, and not infre· 
quently from this also one or more roots may develop. The direction 
taken by the new roots is variable, being sometimes downward, 
sometimes more or less nearly at right angles to the stem. 

While these changes have been taking place at the base, the leaf
buds at the apical end have begun to develop. Olle, two, three, four, 
or even five of the higher buds begin to elongate, the number and 
extent of deve;upment depending on the length of the piece. The 
topmost or apical bud grows fastest, and the others grow in the order 
of their position. In the region below the lowest bud that develops 

7I 
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there may be one or more huds that do not grow; but if the piece is 
cut ill two just abo\'(: these buds, they will then grow out. 

The results show that at the base of the piece the same factors 
that bring about the {kvc1opmcl1t of the rudiments of preexisting 
roots ::tlso cause the den:]opment of new roots, if the lower end is 
in a region in which there arc no rudiments of roots present. The 
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FIG. 32. - Afte-l" Vochtjn~. A, Piece of willow cut off in July, suspenoed in moist atmosphere 'with 
apf"X upward. B. Older pIece of wIllow (cut off in March) suspended in moist atmospht're 
\\lth apex downward. C. Piee!;' of willow with a ring removed from middle. Apex upward. 
1~. P!eCt' of root of POpl/l~s dilatata. Basal end upward. Shoots from basal callus. 
.l~. Plcce of rool 01 same WIth two nngs removed. New shoots develop from basal callus, 
and from basal end of each ring. 

influence that produces the new roots is confined to the basal part 
of the piece. In the apical part of the piece there are no adventi
tious structures produced, but a longer region is active, and several 
pre-formed leaf-buds begin to elongate. The topmost shoot grows 
faster than the others, showing that the influence that produces the 
growth is stronger near the apical end than at points further removed. 

If another piece of a willow stem be placed under the same condi-
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tions, but suspended with the basal end uppermost, results that arc 
in many respects similar to the last are obtained. Roots appear 
around the base of the piece, i.e. around the upper end, and the lcaf
buds that develop arc those that stand nearest to the apical, at present 
the lower, end of the piece. 

These results sel!l11 to indicate that, in the main, the chief factors 
that determine the growth of the new part arc internal ones; and 
although internal factors do appear to be the dominating ones, since 
roots appear in both cases at the ba:.;c and shoots at the apex, vet it 
would be wrong to conclude that gra\'ity has no influence at all o"n the 
n.!sult. In fact, other experiments show that it docs have an influence. 

If an older branch (8-12 mm. in diameter) is Cllt (Iff and hlln~ up 
with its bast If!,-uard, the result is somewhat different from that with 
younger branches. The roots appear alon~ the entire length of the 
piece, as shown in Fig. 32, Ii; the largest are those ncar the base, 
and they decrease in size toward the apex of the piece. It is also 
noticeable that a1l the roots come from preexisting [oot-huds, and no 
ad\'cntitious roots are formed, c\"en at the base. The leaf-buds that 
develop arc those arising ncar the apex, as in the last experiments. 
They bend upward as they grow longer. A comparison of the 
results obtained from younger and older pieces may, at first, seem 
to show that the difference in their development is due to the g;rcater 
amount of rescn'e food stuff in the older piece, and Vachting; thinks 
it probable that this influence may account for the strength, length, 
and even for the number of roots that develop, but he believes that it 
is improbahle that their mode of origin and their location can be so 
determined. Furthermore, the development of new roots around 
the base of the younger piece can hardly be explained as due to the 
absmcc of food stuff. The explanation of the production of a smaller 
number of roots in a young piece is that its tissues are less highly 
specialized, its buds less advanced, and the piece itself is in a lower 
stage of development. Another explanation must be found for the 
greater number of roots that develop in the older piece. This is due, 
as Yachting tries to show, in part to the influence of gravity on the 
piece. 

Viichting's general conclusion is that" the force or forces that 
determine the polar differenccs in the piece are most evident and most 
energ;etic in very young twig;s; that this difference decreases with the 
age of the twig whose leaf-buds and root-buds become further devel
oped. It is clear that the new roots of young twigs could appear in 
corresponding number and strength in exactly tbe same regions in 
which they grow out from pre-formed buds of a year-old twig. Since 
this does not occur, and since the roots appear only near the base of 
young twigs, the explanation must be that the innate polar forces 
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act more energetically in young twigs. and the buds that develop 
in the older twigs must arise in antagonism to the action of this 
force." The polar difference between apex and base is present, 
nevertheless, as Vochting's experiments show, even in quite old 
pieces. 

A ~,eries of experiments was carried out with the internodes of several 
plants in onler to sec if, in the absence of pre·formed buds, new buds 

j 
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FIG. 33.-After ,'uehting. A Jnternodd.l pIece of BI'I(Ofua dlscoi;)r Apex upward. B. Same 
with apex downward. C Internodal plece of l!eteroce"tron diverS/foliUm Apex upv.ard. 
D, r;. pj{~ces of leaf of Hdcr(lU'11ff:Olt dlVersifolittm. Apex downward. F. Same :with apex 
upv.ard. D, E, r: Same pbnted In earth. 

would develop. The experiments were undertaken in order to ascertain 
whether the same polarity. exhibited by longer pieces. would be also 
found in internodal pieces. In most plants pieces of this kind do not 
produce new structures, but in HcteroCc1ztron diversifolium an internode 
produces roots at its basal end without regard.to the position of the 
piece (Fig. 33. C). Leaves do not appear on these pieces. On the 
other hand internodes of BC/{OIlia discolor ,give tbe opposite result, as 
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shown in Fig. 33, A. B. In this case leaf-buds appear at the apex of 
the internodal piece (Fig. 33, A), even when the apical end is down
ward (Fig. 33. B). From the bases of the new shoots roots may then 
develop, as also shown in the figure (Fig. 33, H). Vb('htin~ con
cludes that the same polarity that is a characteristic feature of longer 
pieces is also present in internodal pieces. . 

It is not necessary to separate completely portions of the stem in 
order to produce roots ncar onc end and shuots Hear the other. If a 
ring, including the cambium layer, is cut from the piece, as indicated 
in Fig. 32, C, the part above and the part below act indt:.pendent1v of 
each other, and each behaves as a separate piece. In various other 
ways the same result may be obtained, as by simply making an 
incision in the stem. a.t one side, or by partially splitting off parts of 
the stem (Fig. 34. C). 

If instead of a piece of the stem, a piece of a root is removed, 
the results are as follows. 1 It should be remembered that the 
basal end of a root is the part nearer the stem, the apex is 
the part nearer the apex of the root. If pieces of the root of the 
poplar, Popu!us dilatala, arc suspended vertically (Fig. 32, J)) in a 
moist chambt:r, a covering of new cells, a callus, appears over the cut
ends. From the basal callus numerous leaf-shoots may develop_ 
Pieces of large roots may produce over a hundred of these shoots 
from a single basal callus. In some cases adventitious shoots 
may also arise from the side of the root near the ba~al end. 
Roots develop from the callus over the apical end; less often from 
the sides near the end. If a similar piece of root is suspended with 
its apical end upward, the new shoots arise as before over the basal 
end, that is nmv turned down-v,,'ards. 

The leaves of some plants, as has 10ng been known, are able to 
produce new plants. The begonias are especially well suited for ex
periments of this kind. A piece of the stalk of a leaf suspended in a 
moist atmosphere produces roots near its base. In most cases the 
opposite end of the stalk, i.e. the end nearest the leaf, putrefies and 
slowly dies toward the base. N ear the base there may arise, before 
the breaking down of the piece has reached this point, leaf-buds that 
arise just above the first-formed roots. When these new shoots have 
reached a certain size they may produce their own roots at or near 
the hase. If, however, a portion of the leaf is left attached to the 
leaf-stalk (Fig. 35, A), new roots arise near the basal end of the stalk, 
and later shoots grow out near the point of union ot the leaf and its 
stalk at the point where the veins of the leaf come off. These shoots 
produce roots of their own near the base, and roots may also appear 
on the part of the leaf-stalk near its nnion with the lamina. If a 

1 Knight obtained simil3.r results in 180g. 



part of the mid-vein, or of any large vein of the leaf, is cut out, leav
ing a part of the lamina on each side (Fig. 35, B), and the piece is 
su:--pcnclcu. vertically, roots appear on the ·basal end of the vein, and 
in the same region one or more shoots arise. 

Leav(.;~ of hckrocl:ntron with the stalk attached, if kept in diffuse 
lig-ht, prodllce roots along the stalk, especially near the basal end, 
but shoots do not appear, even after five months (Fig. 35, C). 

These experiments show that the lca\Tcs do not exhibit the same 
polar relations that an: shown by pieces of the stem and root. 
Vuehting points out that the results may be explained in either of 
two 'vays. The stem and the root have in general an unlimited 
gn)\vth with a vegetative point at the apex. The leaf has only a 
limited growth. I ts cells form permanent tissue, hence the leaf does 
nut pruduce a new plant from its outer part. The second possibility 
is thl5: the phenomenon is connected \vlth the symmetrical relations 
that different structures possess. Stem and root are symmetrical in 
two or more directions, the leaf on the other hand is a flat structure 
with one plane of symmetry, and even symmetry in one plane may 
be absent. If the leaf could produce shoots at its apex and roots at 
its base, frum the semilunar fibrovasclllar bundle of the leaf, then an 
individual (the leaf) with its single plane of symmetry would produce 
shoots and roots that are symmetrical in two planes. Such a result 
would be so anomalous that one may well doubt the possibility of its 
coming into existence.1 

Later, Vuchting attempted to see if the same relation found in the 
leaf would hold for other organs that have a limited growth. He 
found that such structures, as spines, for example, produce both 
shoots and roots near the base, as do leaves. 

These experiments of Vochting on the regeneration of pieces of 
the higher plants show that a piece possesses an innate polarity, or 
"force," as Vochtin; sometimes calls it (although he explicitly states 
that he does not usc the word" force 11 in its strict, physical sense). 
It docs not follow, of course, that external conditions may not also 
influence the regeneration, but in those experiments in which the 
pieces \\'ere freely suspended ill a moist atmosphere, the external fac
tors are as far as possible excluded, so that the effect of the innate 
tendencies are 1110St clearly Seen. In another series of experiments the 
influence of external conditions on the regeneration was especially 

1 \\ichting points out that a parallel case is found in certain conifers. In these there 
arise from a vertical many-sided main stem whorls of side branches that are symmetrical in 
one plane. These lateral hranches, if cut off and planted, procluce new roots and new 
hranl.:hes, hut the latter are always side-branches, like the parts from which they arise. They 
never procluce a normal main axis. Nevertheless, although these hranches cannot them
selves produce a main shoot, a callus may be formed at the base of the piece, and from 
this a new main stem may ar~ ~ 
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studied. This analysis that V"chting has made of the problem of 
regeneration is in the highest degree instructive, since it shows h(lw 
scn:ral factors. - some internal, others external, --take a hand in the 
result; and it is only possible to unravel the problem by combining 
different experiments carried out in such a manner that one bv one 
the different factors at work are separated. .t 

If a piece of a young stem of Salix 7.'imilUzlis is suspended Ycr
tically in a moist atmosphere, with the lower end in water (for ~ of a 
centimetre), and the piece kept in the dark, the result is, ill the main, 
the same as when similar pieces are slispended in moist air without 
coming into contact with water. Roots arise near the Lase. and 
shoots near the apex, \\'ithout regard to which end is in the water. 

If the same experiment is repeated in ordinary air, i.t·. air not 
saturated with water, the result is somevvhat different. If the twig 
is f-;uspendcd vertically with its atf'x upward, roots soon appear on 
the basal end that is in the water, but no roots develop above the 
\vater. Small protuberances may appear above the water in the 
places at which roots would deyclop if the piece were surrounded by 
a moist atmosphere, but they do not break throug-h the bark. If the 
piece is then covered by a jar containing air saturat~d with moisture, 
these protuberances may become roots. It is clear, therefore, that 
the dryness of the air has prevented their development. 

If a similar twig is suspended (in the air) with its apex dowllward, 
and the lower end in water, root protuberances appear, at first, only 
around the base, i.e. at the upper end. Under the water, at the 
apical end, small and weak roots may develop, or may even not 
appear at all. 

These results ag-ree, in the main, with those in which the piece is 
surrounded by moist air, and give evidence of all inner polarity that 
is an important factor in the regeneration. The results show that in 
a piece with the basal end in water and the rest of the piece in the 
air the tendency to produce roots above the water is suppressed by 
the dryness of the air. In an inverted piece, however, with the apex 
in water, the innate tendency to produce roots at the basal end is 
strong enough to overcome the effect of the dryness of the air to 
suppress their development. The abundance of water absorbed 
by the apex of the piece makes the development of the roots possible 
under these conditions despite the dryness of the air l 

There is another factor connected with the submergence of the 
end of the stem in water that can be shown by putting a longer part 
of the end under the water. Neither roots, if it is a basal end, nor 
leaf-buds, if it :0 an apical end, appear on the deeper parts of the 
submerged end. This is due, in all probability, to the insufficiency 

1 A piece suspended in ordinary air dries up without producing any new structures. 
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of oxygen in the water, and as a result the buds are prevented from 
de"eloping. 

It can be shown that light has also an influence on the regen
eration of pieces, and that it has a stronger influence on some plants 
than on others. In some plants roots develop only on that side of 
the stem that is less illuminated. In Lctismimn rat/ieans, for in
stance, adventitious roots are produced by the plant even in dry air. 
Pieces of the stem can produce roots on either the upper or the 
lower surface, according- to which side is less illuminated. A 
piece of the stem of thi, plant that had been kept in the dark pro
duced two roots, one above and one below, - one, therefore, opposed 
to the direction of the action of gravity, and the other in the direction 
of that action. Even in pieces of the willow. suspended in a moist 
atmosphere, roots devc]op better and over a greater length of the 
stem on the less illuminated side. 

Although the experiments with pieces of young willow-twigs may 
seem to show that gravity is not a factor in regulating the develop
ment of the new parts, the results show in reality only that internal 
factors have a preponderating influence. By means of another series 
of experiments it can be shown that gravity does have an influence on 
the production of the new parts. It is evident that in order to test 
the action of gravity, pieces must be placed in different positions in 
relation to the vertical. It will be found. if this is done, that different 
results arc obtained according to the angle that the piece makes with 
the vertical. If a piece is suspended in a moist atmosphere, with its 
apical end upward, the smaller the angle that the piece makes with 
the vertical so much the more are the leaf-buds that develop confined 
to the upper part of the piece, and so much the more do they develop 
from all sides of the upper end; conversely, the greater the angle 
with the vertical, i.r. the more nearly horizontal the position of the 
piece, so much the more are the leaf-buds that develop found along 
the IIpper side of the apical end (as well as around the end). If the 
piece is placed in a borizontal position, the leaf-buds develop not only 
around the apex, but they develop along the entire length of the upper 
surface, best, however, near the apical end. 

If similar pieces are suspended in oblique positions, with the basal 
md upward, different results are obtained. In the preceding experi
ment the polarity of the piece and gravity act together, while in this 
experiment their action is opposed. Although there is a great 
amount of variability in the results, yet the action of gravity is found 
to have less influence on the result than has the inner polarity, and 
the influence of the latter is so much greater that the action of gravity 
is hardly noticeasle. 

The roots do not show.as markedly. the influence of gravity as 
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do the leaf-buds, yet Yachting has found that the position in which 
they appear varies with the position of the piece with respect to the 
vertical. 

In the preceding cases the rudiments of the leaf-buds and of the 
roots were probably present in most cases, so that gravity only 
awakens them into activity. In other forms, as, for instance, in 

A B 

FIG. 34.-After Voehting. A. End of a piece of Heterocentron diversifolium. Apex downward. 
B. Piece of same bent and suspended" with conc<lvc-side upward." C, Piece of a stem of 
~"ali.t: vi11linalis. Apex upward, A piece of the sIde has been lifted up and two wedges 
inserted. 

heterocentron, it is possible to show that gravity may even determine 
the production of new buds. If pieces of the end of a branch, 
including the growing point, are suspended vertically, some with the 
apical end upward, others with the basal end upward (Fig. 34, A), 
the former produce roots only around the base, but in the latter 
roots appear frequently, not only at the base, but even extending 
along the stem. They appear not only at the nodes, where pre-
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formed rudiments may be present, but also in the internodes, where 
there arc no rudiments of roots. 

Stems of hetcfocentron placed in a horizontal position produce a 
circle of ro()t~ around the base, and later, in several cases, roots from 
the under surface of the stem, both from the nodes and the inter
nodes; hut these roots arc smaller than those at the base. Those 
around the base are often longer on the 10\ver side than on the 
upper side. 

Vochting has also studied the regeneration of pieces of roots of 
the Jloplar and of the elm suspended horizontally in a moist chamber. 
A callus dC\'clops from the cambium region of the basal end, and 
from this a thick bunch of adventitious sprouts grows out. A weak 
callus Illay develop on the apical end also, from \vhich a few roots 
ckye]op. In other cases adventitious shoots are produced also from 
the apical callus, especially from the upper edge of the callus. 
The results are variable, hut show that at times leaf-shoots may 
dcyclop from the apical end of the root. It is also singular to find 
that, while pieces of the root produce new leaf-shoots very readily, 
yet they oftcn fail to produce new roots, or produce only a few that 
arise from the apical callus or from the sides near that region. It is 
difficult to show that gravity has any influence on the result. 

Vbchtin~ recognizes another sort of influence that determines the 
position of new organs on a piece. If a young, growing end of a 
stem of .lfdcroCt'11lroll di7xrs~fo!iltl1l is suspended by two threads in 
a horizontal Jlosition, the ends bend upward as a result of the nega
tive geotropism of the piece. The new roots appear at the base of 
the piece, flIld also 011 tIle C011j_'CX side of tIle bent part of tll[, st{'m, as 
shown in Fig. 34, B. The same result can be obtained by forcibly 
bending a twig, and then tying the ends together, so that it remains 
in its bent position. If a piece of this sort is suspended in a moist 
atmosphere, with the bent inner COllca'll{, side turned upward, the 
roots appear on the base and at the bend, especially on the ""dey 
sirie, both from the nodes and internodes. If now in order to see if 
gravity takes any part in the result the next piece is suspended with 
the ollter (011'l'l'X side of the bent part turned upward, it is found that 
many of the pieces produce roots only at the base, but others pro
duce roots also at the bent portion of the stem, but they are fewer 
than in the last experiment. The roots arise for the most part on the 
?/Iltier side of the arch, and only a few arise from the upper part. It 
is ckar that gravity is also one of the factors in the result. Leaf
buds arise in these pieces with the concave side turned 1Ipward only 
near the apex; rarely one may develop on the lower part of the basal 
end. In pieces with the concave side turned'dowllward the leaf-bnds 
uise for the most part at.the apex, but sometimes they appear on the 



REGEXERA no"\' IN PLANTS 81 

upper part of the basal arm, The results arc due to two factors, 
gravity and an inner" force" that is supposed to be the resultant of 
a growth phC:l1omcnon taking- place ill the bent portion. Vochting 
supposes that a process of growth takes pbce as a result of the bcnd
jug; "the plasma streams to this rCg"iuIl, and a new dl'\'clnpmcnt 
takes place here more casily." Vochtinl; adds that this vicw will not 
explain the morphological charackr of the new organs, and that this 
must be due to quite other causes. The results may, I venture to 
sut(Rcst, find a simpler explanatiun as the re~llit of tIle bClldill~, dis
turbing the tensions of the protoplasm, causing the two arms of the 
l"icce to act as if they had been separated from each other. This 
idea is more fully developed in a later chapter. 

Sachs has criticised Vochting's general conclusion in regard to the 
internal factors that determine the regeneration in a piec~ of the stem 
of a plant. He giyc~ very little \veight to the innate polarity of the 
piece, and attempts to explain the results as due to certain substances 
in the stem of such a sort that, accumulating in any region, they 
determine the kind of regeneration that takes place. Sachs also as
sumes that gravity acts on these substances in such a way that 
the rnot-forming substances flow do\\'nwanl and the shoot-forming
substances ftow upward. In a piece of a stem, the two formath'e sub
stances contained in it accumulate at the two ends, and determine 
the kind of regeneration that takes place, It is e\'ident that Sachs' 
hypothesis fails to explain the method of regeneration of an inverted 
piece suspended in a vertical position, since the roots appear at the 
upper end and the shoots at the lower end, Sachs explains this as 
the result of the previous action of gravity on the piece, while the piece 
'vas a part of the tree and stood in a vertical direction. He supposes 
the longer time that gravity has acted on the piece has determined its 
basi-apical directions, so that this influence is shown in the inverted 
piece, rather than the action of gravity on it in its new position. 
This conception involves quite a different idea from the orig-inal one 
of formative substances fto\ving in definite directions. Moreover, 
Yachting has met this interpretation by using the twigs of the weep
ing willow, that hang downward on the tree, If gravity has acted on 
these drooping twigs in the way that Sachs supposes it can act, then 
we should expect to find, if Sachs' view is correct, that roots would 
develop at the apical end of a piece of the twig, and leaves at the 
basal end, if the piece is hung vertically with its basal end (i,e, the 
end originally nearer the trunk of the tree) upward, The regeneration 
of these pieces shows, however, that they behave in tlJoe same way as do 
pieces of twigs that have always stood vertically on the tree, There 
can be, therefore, no doubt that the distinction between base and apex 
is an expression of some innate quality of the plant itself. That an 
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external factor, grayity, is also a factor in the regeneration of the 
pieces, is abundantly shown by the experiments of Voehting and 
others, but that innate factors are also at work cannot be doubted. 
\Vc find evidence in many animals of a similar difference bet\ .... ecn the 
twu ends of a piece, and we speak of this difference between the ante
rior and posterior ends of a piece as its polarity. \\7hat this polarity 
may be we do not know, and it is even doubtful whether we should be 
justified in speaking of it as a force in the sense that the difference in 
the ends of a magnet is the result of a magnetic forcc. The kind 
of polarity shown by animals and plants does not seem to correspond 
to any of the so-called forces with which the physicist has to deal, but 
a further uiscussion of this question will be deferred to a later chapter. 

The prl.!cecling account of regeneration in some of the higher 
plants has shown that their usual method of regeneration is by means 
of latent buds that arc present along the sides of the stem, or by 
means of ad\'Cntitiolis buus that develop ancw along the sides of 
the stem. In a few cases new buds may de\'c1op from the new tissue 
of the callus that forms ovcr the cut-ends, but in such cases the new 
shoots, or the new roots, arc much smaller in diameter than the end 
from which they arise, and usually severa] or many new shoots de
velop on the same callus. In these respects the regeneration of the 
higher plants is different from that of the higher animals, for, in the 
latter, the new part arises from the entire cut-surface. This differ
ence is no doubt connected with differences in the normal method 
of growth in plants and in animals, and an explanation of the f,;rowth 
would, perhaps, also give an explanation of the mode of regeneration. 
The normal method of growth in higher plants takes place largely by 
the [ormation of lateral buds, as well as by terminal growth, and we 
find that regeneration takes place in most cases from the same lateral 
buds or from others of a similar kind that develop after the piece has 
been separated. 

It is sometimes stated that the higher plants do not regenerate at 
the cut-ends, becallse they produce buds at the sides. The statement 
implies that there is some sort of antagonism between the regenera
tion of a bud at the end, and the development of buds at the side. It 
may be true that the development of a latent bud at the side might 
suppress the tendency to produce a bud at the end, if such a tendency 
exists; but if we remove the lateral, pre-formed buds, new ones 
develop at the sides, and not at the end. That there need not be an 
antagonism between the formation of a bud, or of buds, at the end, 
and also at the sides, is shown in Yachting's experiments with the 
roots of the poplar. In these, leaf-shoots and root-shoots developed 
both from the callus over the cut-end, and at the side of the piece also. 
It has further been show!' that, although a piece of the internode does 
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not produce new leaf-buds at the sides, neither doe~ it regenerate a 
new apical bud at the end. 

A most interesting fact connected with the regeneration of the 
higher plants is, as has been pointed out, that even when a callus is 
formed over the cut·end, and new growth takes place from this callus, 

lJ 0 

A B 
FIG. 3S.-After \\ichting. A. Leaf-stalk of Begonia rex with a portion of the lnmina. Sus

p~ndp<:l with base upward. B. Piece c:f lamina of kaf of same. C. Leaf of Heterocmtron 
dl1JerJl/olium. D. Leaf-stalk of Begonia discolor. 

there is produced, not a single terminal bud, but a number of separate 
buds. The piece does not complete itself, but produces new buds, 
that make new branches. The explanation of this mode of regenera· 
tion in plants is not known. It appears to be connected with the 
production, by means of buds, of all the new structures. Why this 
should Occur we do not know, and the only suggestion that offers 
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itself is that the result may be in some way connected with the hard 
cell walls in plants that make difficnlt the organizatioll of large areas 
into a ncw w hok. As a result, the new development takes place in a 
small g-roup of similar cells, that arc sufficiently ncar together to 
()rl--(aniZl~ thernsch'cs into a whole despite the interference met \vith in 
the ..::e11 walls. 

\'(lchting has also studied the regeneration of pieces of the li\'cr
wort, 1~/lIIII!tlritl 'i.'"~[:an~r. The results have becn already partly given 
in the first chapter. If C[oss-pieces arc taken from the thallus, each 
produces a new bud at its anterior or apical end (Fig.9,A,AI). The 
nc\\' bud arises from the cut-surface, or vcry ncar it. from a group of 
cells of the midrib that lies nearer the under side (Fig-. 9, A'l.). The 
bud g-i\·cs rise tu a new thallus that sprillgs from a narrow base at its 
origin from the old piece. If a pil~CC is cut longitudinally from the, 
thallus :doll~ thl' old midrib, the new bud arises at the anterior end 
from the midrib (Fig. 9, H). It comes either from the anterior cut
surface ncar the inner edge, or from the ankrior end of the inner 
edge, and in some cases two new buds arise, one at each of these 
place,:.;. If the piece is remoycd from one side of the midrib it does 
n()t regenerate as quickly as when a p:ut of the midrib is present, but 
when the new bud develops it arises from the anterior part of the 
inner edge (Fig. <), H 1). If the piece is cut far out at one side, it may 
he a IOllg time before the new bud arises. This difference in the rate 
of development of these pieces is explained by Vochting as due to the 
simpler character of the cells near the midrib. 

If oblique pieces are cut off, with an anterior oblique cut-edge, as 
shown in Fig. 9, eel, thE' nc\v bud arises along the anterior surface. If 
the piece includes a portion of the old midrib at its inner end, the new 
bud arises from this (Fi". 9, C), but if the piece lies to one side of the 
midrib, the new bud arlses near the anterior end of the anterior 
oblique surface (Fig. 9, Cl, C2) 

A number of experiments that were made in order to determine 
what part gravity and light may take in the regeneration gave nearly 
negatiyc results. The regeneration appears to result largely from 
internal factors. 

If a piece of the thallus is divided parallel to its surface, the two 
parts may each produce a new thallus, but this arises much more 
readily from the lower piece. If a piece of the latter is cut into 
small pieces no larger than half a cubic millimetre, and even much 
smaller, each may produce a new thallus. 

Vbchting also studied the regeneration of parts having a limited 
growth. If a gemmiferous capsule is cut o,ff, then split into two or 
four pieces, and these are placed on moist sand, it is found that llew 
buds arise along the bas.al cut-edge, In order to show that this is 
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not due to the new part arising on the basal end because there is no 
other cut~surface, the apical part of some of the pieces was cut nfl. 
The:-;c pieces, with two free ends, prl)duccd new buds only on their 
basal ends. 

The sexual organs of lunularia are borne on the top of erect 
n:producti\'c branchc~ having a limited growth (Fig-. 0. jJ), which 
carry later the sporifcrous branches. The branches han:: a stalk and 
a terminal disk. If pieces of the stalk arc cut off they do not pHi. 

cluce any new parts for a long time, hut ultimately each produces 
from the basal cut-surface, or not far from the basal end, a new bud 
(Fig. 1'.1). If the disk is left attached to the piece, the result is the 
same as before (Fig. D 1). If a twisted part of the stalk is llsed, new 
huds may den~lop at the base and also 1ltar lilt t'i,'isltd n:t;'io1l, as 
~h()\vn in Fig. 9, E 1. If pieces of the stalk are stuck into the sand, 
some with the apical end, others with the basal end in the sand. the 
former produce new buds at the upper basal end, the latter produce 
buds on the sta1k just above the surfacl: of the sand. Pieces that 
retain the old disk when stuck into the sand (Fig-. 9.1) producL: (lne or 
more huds along the stalk above the sand, often some distance abo\'c 
it. The part buried in the sand docs not seem ahle to dcyclop new 
buds, and as a result they are produced at the first region of the 
basal part of the stalk, where the conditions make it possible for 
buds to de\'elop. 

If the (lisk is cut entirely from the stalk amI placed on moist 
sand, it produces adventitious buds in the region at which the stalk 
was removed. Buds are also produced at the bases of the rays that 
[(0 off from the disk. They arise from the under side of the rays 
without regard to the position of the disk, i.c. whether it is turned 
upward or downward. If the rays are cut off they produce new 
huds at the base (Fig. 9, F), and if the outer tip of the ray is also 
cut off, the new bud still arises at the base, as shown in Fig. 9, F'. 
These results on pieces with limited growth agree in every respect 
with those that have been obtained in flowering plants. Vochtin[( 
thinks that the phenomenon is due in all cases to the limited growth 
of the parts. Goebel rejects this interpretation, and thinks that the 
results can be accounted for by the direction of the movement of 
formative or, at least, of building material. In favor of this view, 
he points out that in other liverworts the polarity is not shown in the 
same degree as in lunularia (according to Schostakowitsch), and 
also that in very old pieces of marchantia, as Yachting has shown, 
the polarity disappears. In the latter case the attractive action at 
the vegetative point, to which the building stuff is supposed to flow, 
is less strong; dnd in longer pieces the influence of the apical region 
may not extend throughout the entire length of the thallus, In favor 



86 REGENERATION 

of this interpretation he points out that in young prothallia of os
munda, adventitious shoots do not appear~ but in older plants, that 
ha\'~: hecome longcr, these shoots may appear at the base, because 
this region is no longer influenced by the apex, and consequently it 
is possible for huilding material to accumulate at the basal end. 
It may be granted that Goebel's idea is possibly correct, viz. that the 
apex, or the apical end of a piece, may have some influence in pre
venting the development of shoots at the base, but it does not follow 
that this influence can be accounted for on the ground of a with
drawal of building stuff from the basal part. As 1 shall attempt to 
show in a later chapter, this influence may be of a different nature. 

It h,LS been found by Pring-sheim and others that pieces of the 
stem of mosses may also produce new plants, and this holds eYcn for 
pieces of the stalk of the sporophore and of the wall of the spore 
capsule (Fig. 10) A-D). In this case, hO\vever, there is not produced 
a new moss plant directly from the end of the piece, but threads or 
protonemata grow out, as shown in Fig. 10, A, B, and from these 
ne\\' moss plants are formed in the same way as on the ordinary 
protonema. The threads that arise from the piece grow out from 
single cells in the middle part of the stem. These cells are less dif
ferentiated and are richer in protoplasm than are the other cells in 
the stem. 

The prothallia of certain ferns arc said by Goebel to regenerate if 
cut in two; at least this is true for the part that contains the vegeta· 
th'c point. In a piece without the growing point, the cells are very 
little specialized, and the piece may remain alive; yet it is incapable 
of producing a new growing point. Comparing this result with the 
power of regeneration possessed by lower animals, Goebel states 1 that 
since in a plant new org-ans may arise without the typical form of the 
plant being produced, "therefore, the completion of a leaf, for instance, 
that has been injured, would Of" of no usc to the plant, while in ani
mals that do not have a vegetative point, the loss of an organ is a 
permanent disadvantage in case the org-an removed cannot be regen· 
erated." The" explanation" of the difference in the two cases is 
supposed, apparently, by Goebel, to depend on the usefulness, or 
non-usefulness, of the regenerative act! 

Brefeld has described several cases of regeneration in moulds. 
There is produced from the zygospore of 1I111co1" muccdo a germinat
ing tube that forms at its end a single sporangium. If the tube is 
destroyed or injured, a second one is formed from the zygospore, and 
if this is injured a third time, a new tube is produced. Each time 
the sporangium is smaller than in the precedjng case. 

lf the spore-bearing stalk of Coprinus stcrcorarills is cut off, the 
,. 1 Goebel, '98, page 37. 
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end grows out and produces a new sporangium. If pieccs of thl.' 
stem arc cut off and placed in a nourishing medium, they produce 
f;:-oll1 the ends a new mycelium, and from this uew erect hypha' may 
dcn~lop. In the former case, the cllt~end regenerates the part 
removed in somewhat the same way that an animal regenerates at the 
cutHcnd; in the latter, there is a return to the mycelium stage, as ill 

FIG. 36. -After Goebel. Achimenes Haa/[eana. A leafHcutting of a plant in flower. The ne", 
plant, regenerating at base of leaf-stalk, proceeded at once to produce a flower. 

the piece of the moss that produces a new protonema. If the my
celium and the protonema are looked upon as an embryonic stage in 
the formation of the sexual form, there is a return iQ these cases to an 
embryonic form or mode of development. 

One of the most remarkable and important discoveries in con· 
nection with the regeneration of plants is that the new individuals thal 
develop from leaves cut off from certain plants differ according tc 
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the region of the old plant from which the leaf has been taken. 
Sachs discovered in 1893 that when the leaves of the begonia are 
taken from a plant in bloom, the adventitious buds that develop from 
the leaves vcry quickly produce new flowers. If the leaves are taken 
from ~ plant that has not yet produced flowers, the new plant that 
ck"clops from the Jeaf does not produce flowers until after a much 
longer time. Goebel repeated the experiment with achimenes, and 
found that the new plants that de\'elop from leaves from the flower
ing part of the stem (Fig. 36) produce flowers sooner than do the 
plants that de\'elop from leaves from the base of the same plant. 
The former produce, as a rule, only one or two leaves and the flower 
stalk: the latter, a brge number of leaves. 

Sachs explains these results as due to a flower-forming stuff that 
is supposed to be present in the leaves when the plant is about to 
blossom. This material is supposed to act on the new plant that 
develops from the leaves, and to bring it sooner to maturity. Goebel 
points out that the result may also he explained hy the fact that the 
leaves in thc flowcring region may be poorer in food materials and, 
in consequence, the adventitious buds that they produce are weaker, 
and. a~ experience has shO\vn in other cases, a weakening of the 
tisslles brings about more quickly the formation of flowers. Never
theless, Goebel inclines to Sachs' hypothesis of specific or formative 
stuffs, without. however, denying that there is also an inner polarity 
or jj disposition" that also appears in the phenomena of regeneration. 
But Goebel seems to think that the phenomena of polarity "can 
most easily be brought under a common point of view by means of 
Sachs' assumption that there are different kinds of stnffs that go to 
make the different organs. In the normal life of the plant shoot
forming stuffs are carried to the vegetative points, while root-forming 
materials go to the growing ends of the roots. In consequence, 
when a piece is cut off and the flow of the formative stuffs is inter
rupted. the root-forming stuff will accumulate at the hase of the 
piece and the shoot-forming stuffs at the apex. In the leaf the flow 
of all formath'e substances is toward the base of the leaf, and it is 
in this rep;ion that the new plants arise after the removal of the leaf." 
A confirmation of this point of view, Goebel helieves, is furnished hy 
the following cases. Some monacoty ledonous plants seldom set seed 
because the vegetative organs, the bulhs, tubers. etc., that reproduce 
the plant, exert a stronger attraction upon the building stuff than 
do the young seeds.I Lindenmuth has shown in some of these 
forms that pieces of the stem produce, near the base, numerous 
bulhlets, hecause the huilding stuff moves' toward the base. In 
Hj'acilltillls o,.;elltalis, on the other hand, bulhlets are produced at 

1 Ex-amples of this Ale fOWld in Lilium candidumJ Laclunulia luleola. 
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the apical part of a piece of the flowering plant. I n this plant the 
seeds ripen normally, presumably because of the migration of stuffs 
toward the deYdoping seeds. The results in all these cases are due, 
Goebel thinks, to the direction of the flow of formative stuffs, and 
cannot be explained as connected in any way with the limited 
growth of the part. 

These cases, cited by Goebel, are not in my opinion altogether to 
the point; and they fail abo to establish cOllyincingly the conclusion 
that Goebel dra\ys from them. It may be granted that starch is 
stored up in certain parts of the plant, and if these parts are rc
mon!d the starch may be stored up in other parts, as Vochting 
('87) has shown; but that the movement of this starch to the base 
can account for the lack of development of the seeds in certain cases 
seems to me improbahle, or, at least, far from beir.g established by 
the cases cited. It may be granted that the presence of starch in a 
region may act on the organs there present and determine their fate. 
Yachting has shown in the poUto that by removing the tubers the 
axial buds, especially in the basal leaves, become tuber-like bodies, 
but it should not be overlooked that the tubers themselves are formed 
from underground st()lons, that arise in the same way as do those 
in the axils of the leaves. It would be erroneous, I think, to con
clude from these cases of the effect of food stuffs on certain re
gions that there are formative stuffs for all tbe organs of the plant, 
and that these stuffs migrate in different directions and determine 
the nature of the part. Even the migration of such substances in 
dcjinite directions ill tile tissue is itself in need of explanation, since 
it has been made highly probable by Yachting's experiments that 
this is not produced by agents outside of the plant. Furthermore, 
Vochting has shown that the tendency of starch to accumulate in the 
tubers and the formation of the tuber are separate phenomena. 

This hypothesis of formative stuffs held by such able botanists 
as Sachs and Goebel demands nevertheless serions consideration, if 
for no other reason than that if it is true it offers guite a simple 
explanation of many phenomena of growth and of regeneration. We 
should, I think, distinguish between specific or formative stuffs and 
building or food stuffs. By specific stuffs is meant a special kind of 
substance which, being present in a part, determines the nature of the 
part. Sachs supposes, for instance, that a specific substance is made 
by the leaves of a plant which is transported to the vegetative, growing 
region (which has so far produced only leaves), and changes its 
growth so that flowers are produced. Goebel doeS not commit him
self altogether to specific stuffs of this sort, but speaks also of 
building stuffs. By building stuff we may understand food material 
that is necessary for growth, and from which any part of the plant 
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may be made, Its prcsence in larger or smaller quantities may 
determine \l'hat a particular part shan become, but further than 
thi~ it exerts no specific action. This means that the presence of a 
certain amount of food substance may determine what a giycn region 
shan produce, but it is not supposed that there arc different kinds of 
f oDd materials that correspond to each kind of structure, If there 
were such, they would not differ from specific substances, unless we 
wish to make subtle distinctions without any basis of fact to go upon. 

Goebel points out that there is evidence to show that the greater 
or less quantity of food substance contained in a plant often deter
mines the nature of its growth, as for instance the production of 
flowers \"hen the food supply runs low and the production of foliage 
when the food supply is abundant, This difference may cxplain 
Sachs' experiment with begonia leaves; and if so, there is no need 
for supposing specific flower stuffs to be made in the plant. 

There is another point of view which has been, I think, too much 
neglected, viz. that the production of food stuffs is itself an expression 
of changes taking place in the living tissues, and if the structure 
is changed so that it no lOI1f(cr produces the same substances it 
may then lead to the ckvdopmcnt of different kinds of organs. The 
difference in the regeneration of an apical and a basal leaf of begonia 
may be due to some difference in the structure of the protoplasm. 
Th~ greater or smaller amount of starch produced in these leaves may 
be only a measure of, and not a factor in, the result. 

In this same connection another question needs to be discussed. 
It is assumed by several botanists that in a normal plant the latent 
shoots or buds along the stem do not develop so long as the terminal 
shoots are growing, because the latter use up all the food material 
that is carried to that reg-ion. If the terminal bud is destroyed the 
lateral shoots then burst forth, in consequence, it is assumed, of the 
exccss of food stuff that now comes to them. I do not believe that 
the phenomena can be so easily explained, If a piece of a plant is 
cut off, the Jea\'cs removed, and the piece suspended in a moist 
chamber and kept in tlte dark, the lateral buds at the apex will begin 
to de\'elop, If we assume that the piece cannot develop any new 
food substance in the dark, then it contains just the same amount 
as it did while a part of the plant, and yet that amount is ample for 
the development of the lateral buds, Moreover, only the more apical 
buds develop; but if the piece is then cut in two, the apical buds of 
the basal piece, that had remained undeveloped, will now develop. 
How can this be explained by the amount of food substances in the 
piece? If it is assumed that in the normal plant the food substances 
flow only to the growing points, and the buds are out of the main cur
rent and fail in consequence to develop, it can be shown that this 
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idea also fails to explain certain results. Y urhtin" has found, for 
example, that if an incision is. made bd(lZl..' a bud and the piece con
LLining the bud be lifted up somewhat from the rcst of tht..' ph.TC. 
remaining attached only at its anterior end, the bud will begin to 
uC\'clop. In thi!' case the conditions preclude an accumulation of food 
substances in the piece, and the bud is even farther remo\'cd than at 
first from the main current, yet it begins to develop. 

We shall find, I think, that the idea of food stuffs rails to explain 
some of thc simplest phenomena, and while it nl2ed not he denied 
that under certain conditions the presence or accumulation of food 
materials may produce certain definite results, yet such food stuffs 
seem to playa \'cry subordinate part as compared with certain other 
internal or innate factors. 



CHA.PTER V 

REGE1\'ERATION A:\D LIABILITY TO I1\'JURY 

THERE is a widespread belief amongst zoologists that a definite 
relation exists between the liability of an animal to injury and its 
power of regeneration. It is also supposed that those indiviclual 
parts of an animal that arc more exposed to accidental injury, or to 
the attacks of enemies, are the parts in which regeneration is best 
developed, and conversely, that those parts of the body that are rarely 
or nc\'(:r injured do not possess the power of regeneration. 

~()t only do we find this belief implied in many ways, but \VC find 
this point of view cklinitely taken by several eminent writers, and in 
some cases carried so far that the process of regeneration itself is sup
l""cd to be accounted for by the liability of the parts to injury. In 
order that it may not appear that I ha\'e exaggerated tbe widespread 
occurrence of tl;is belief, a few examples may be cited. 

Reaumur in 1742 pointed out that regeneration is especially char
acteristic of those animals whose body is liable to be broken, Of, as in 
the earthworm, subject to the attacks of enemies. Bonnet (1745) 
thought that such a connection exists as has just been stated, and 
that the animals that possess the power of reg-eneration have been 
endowed with germs set aside for this very purpose. He further 
belie\'ed that there would be in each animal that regenerates as many 
of these germs as the number of times that it is liable to be injured 
during its natural life. Darwin in his book on Animals alld Plants 
!mdt'r ])(!1Jlcst;catioll says: "In the case of those animals that may 
be bisected, or chopped into pieces, and of which every fragment will 
reproduce the whole, the power of regrowth must be diffused through
out the whole body. Nevertheless, there seems to be much trutb in 
tbe view maintained by Professor Lessona 1 that this capacity is gen
erally a localized and special one serving to replace parts which are 
eminently liable to be lost in eacb particular animal. The most strik-

1 Delage am! Giard give Lessona ('69) the credit for first stating that the phenomenon 
of regeneration is an adaptation to Jiahility to injury; but Reaumur first suggested this idea 
in 1742, an{l Bonnet in 1745. Delage's interpretation. viz. that Lessona ascrihed this to 
a prh//)),{111Cr de //1 lIature, has been denied by Lessona's biographer, Camerano (La Vita 
di .1/. It'SSOIIG, ..lead. R. d. Toyin{J, 2, XLV, 1896), and by Giard (Sur L'autotomie Para
sitair.-. etc., Com/,!. Rmdus de Seanas de fa SuiNt de pic/ogie, May, 1897)' 
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ing case in favor of this vic\v is that the terrestrial salamander, accord
ing to Lessona, cannot reproduce lust parts, whilst another species 
of the same genus, the aquatic saialnanc.h::r, has extraordinary powers 
of regrowth, as we have just seen; and this animal is eminently liable to 
hayc its limbs, tail, eyes, and jaws bitten off by other tritons." 

Lang. referring to the brittleness of the tails of lizards, poillts OLit 
that this is a very useful character, since the bird of prey that has 
struck at a lizard gets hold of only the last part of the animal to dis
appear under coycr; the lizard escapes by breaking off its tail. The 
brittleness of the tail is, therefore, an adaptive character that has 
becom.c fixed by long inheritance. 

To this example may be added that of certain lanel snails in the 
})hilippinc Islands. The individuals of the genus helicarion live on 
trees in damp forests, often in ~reat droves. They an: vcry active, 
and creep \vith unusual swiftness over the stems and leaves of the 
trees. Scm per has recorded that all the species observed by him 
haye the remarkable power of breakin,,; off the tail ([aot) close behind 
the ;-,hell, if the tail is roug-hly grasped. A convulsive movcrncnt is 
made until the tail comes off, and the snail drops to the ground, where 
it is concealed by the leaves. Semper adds that in this way the snails 
often escaped from him and from his collectors, leaving nothing behind 
but their tails. The tail is saiel to be the most obvious jJart of the 
animal, and it is assumed that this is, therefore, the part that a rep
tile or bird would first attack.! Lang states that in this case external 
influences have produced an extraordinarily well~dcyeloped sensitive
ness in the animal, so that it reacts to the external stimulus by volun
tarily throwing off the tail. It would be, of course, of small advantage 
to be able to throw off the tail unless the power of regenerating the 
lost organ existed, or was acquired at the same time as the extreme 
sensitiveness that brings about the reaction. Lang does not state, 
however, explicitly that he believes the regenerative power to have 
arisen through the exposure of the tail of the lizard and the tail of 
the snail to injury, although he thinks that the mechanism by means 
of which these parts arc thrown off has been acquired in this way. 
Several other writers have, however, used these same cases to illus
trate the supposed principle of liability to injury and power of 
regeneration. 

\Veismann in his book on Tile Germ Pl"sm has adopted the 
principle of a connection between regeneration and liability to in
jury and has carried it much farther than other writers. \Ve can, 
therefore, most profitably make a careful examination of Weismann's 

1 \Vhetber, having once failed in this way to obtain the snail, the bird or lizard would 
not learn to make a frontal attack is not stated. Or shall we assume that the tail is all that 
is wanted? 
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pOSltlon His general idea may be gathered from the following 
quotation: 1 ., The dissimilarity, moreover, as regards the power of 
regeneration in ,'aritiIlS 11lonbtrs of tlte same species, also indicates that 
adaptati(}Il is an impurta.nt factor in the process. In proteus) which in 
other respects posses~es su slight a capacity for regeneration, the gills 
grow af,(ain rapidly when they have been cut off. In lizanls again this 
power i:-. l'onfluctl to the tail) and the limbs cannot become restored. 
In these animals, huwever, the tail is obviously far more likely to 
become mutilated than are the limbs, which, as a matter of fact, are 
seldom lost\ although individuals with stumps of legs are occasionally 
met \",ith. The physiological importance of the tail of a lizard con
sists in the fact that it presefvl;s the animal from total destruction, for 
ptlrsu~rs will g:cnerally aim at the long trailing- tail,2 and thus the 
anima! often escapes, as the tail breaks off when it is firmly seized. 
It is, in fact, as Leydig- was the first to point Ollt, specially adapkd for 
breaking" off, the bodies of the caudal vertebr~ from the seventh 
onward being prodded with a special plane of fracture so that they 
c~sily break into two transversely. Now if this capability of fracture 
is proyidcd for by a special arrangement and modification of the parts 
of the tail, we shall not be making too daring an inference if we 
regard the regenerative power of the tail as a Slt'cial adaptation, pro
til/ccd I~J' sekelioll, '?f tltis particular part of flu: bod)'1 tlte frequent loss 
(if 10/,ieil is iu a n'r/aill measure tro'i1iticd _for, and not as the outcome 
of an unknown' regenerative power' possessed by the entire animal. 
This arrang~ment would not have been provided if the part had been 
of no, or of only slight, physiological importance, as is the case in 
snakes and chelonians, although these animals are as highly organized 
as lizards. The reason that the limbs of lizards are not replaced is, I 
believe, due to the fact that these animals are seldom seized by the 
leg, owing to their extremely rapid movements." Overlooking the 
numerous cases of the regeneration of internal organs that have been 
known for several years, and basing his conclusion on asman, un con
vinting- experiment of his own on the lungs of a few salamanders, 
\V~lsmann concludes: "Hence there is no such thing as a general 
power of regeneration; in each kind of animal this power is graduated 
according to the need of regeneration in the part under consideration; 
that is to say, the degree in which it is present is mainly in proport~on 
to the liability of the part to injury." 

After arriving at this conclusion the following admission is a 
decided anticlimax: "The question, however, arises as to whether 
the capacity of each part for regeneration results from special process 
of adaptation, or whether regeneration occurs all the mere ontcome-

I TJu Germ Plasm. Translation by W. Newton Parker, 1893. page 116. 

:l There are no facts that show thaftbis statement is ,I)ot entirely imaginary. T. H. M. 



REGEA"ERATION AND LIABILITY TO IN/CAT 95 

which is to some extent unforeseen - of the physical nature of an 
animaL Some statements which have been made on this subject seem 
hardly to admit of any but the latter explanation." After showing that 
some newts confined in aquaria attacked each other, II and several 
times one of them seized another by the lower jaw, and tu~gt:d and 
bit at it so violently that it would IlaZ'l' bt'cll torll off had /11(1/ St/,£lt"t1h:d 
t/u' animals," 1 and after referring to the regeneration of the stork's 
beak, Weismann concludes: "Such cases, the accuracy of which can 
scarcely be doubted, indicate that the capacity for regeneration does not 
depend only on the special adaptation of a particular organ, but that 
.:'.. general power also exists which belongs to the whole organism, and 
to a certain extent affects many and perhaps even all parts. By 
virtue of this power, moreover, simple organs can be replaced when 
they are not specially adapted for regeneration." The perplexity of 
the reader, as a result of this temporary vacillation on Weismann's 
part, is hardly set straight by the general conclusion that follows on 
the same page: "\Ve are, therefore, led to infer that the general 
capacity of all parts for regeneration may have been acquired by 
selection in the lower and simpler forms, and that it gradually 
decreased in the course of phylogeny in correspondence with the 
increase in complexity of 'Organization; but that it may, on the other 
hand, be increased by special selective processes in each stage of its 
degeneration, in the case of certain parts which are physiologically 
important and are at the same time frequently exposed to loss." 

There are certain statements of facts in the same chapter that are 
incorrect, and the argument is so loose and vague that it is difficult 
to tell just what is really meant. As a misstatement of fact I may. 
select the following case: It is stated that lumbriculus does not have 
the power of regenerating laterally if cut in two, and it is argued that 
a small animal of this form could rarely be injured at the side without 
cutting the animal completely in two. As a matter of fact, lumbricu" 
Ius can regenerate laterally, and very perfectly, as anyone can verify 
if he takes the trouble to perform the experiment; but, of course, if 
the whole animal is split in two lengthwise the pieces die, or if a very 
long piece is split from one side the remaining piece usually dis in" 
tegrates. If, however, the anterior end is split in two for a short 
distance, or if a piece is partially split in two, the half remaining in 
contact with the rest of the piece completes itself laterally. The 
same result follows also in the earthworm. 

As an example of looseness of expression I may quote the follow
ing from Weismann: "A useless or almost useless rudimentary part 
may often be injured or tom off without causing processes of selection 
to OCCur which would produce in it a capacity for regeneration. The 

1 The italics are, of course, my own. T. H. M. 
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tail of a lizard again, which is very liable to injury, becomes regen~ 
crated because, as we have seen, it is of great importance to the indi
vidual and if lost its owner is placed at a disadvantage." And as an 
example of vagueness, the following statement commends itself: 
.. Finally the complexity of the individual parts constitutes the third 
factor which is concerned in regulating the regenerative power of the 
part ill question; for the more complex the structure is, the longer 
anll the more energetically the process of selection must act in order 
to provide the mechanism of regeneration, which consists in the 
equipment of a lar[!;e number of different kinds of cells with the sup
p1cmLntary determinants which are accurately graduated and regu
lated as rcg-ards their power of multiplication." 

\\'ilhollt attempting to disentangle thc ideas that are involved in 
thesl: senlences, let lIS rather attempt to get a general conception of 
\\'cismann's views. In a later paper (1900), in reply to certain criti
cisms, he has stated his position sOl11c\vhat more lucidly, In the 
followillg' statement I have tried to give the essential part of his 
hypothcsl:s: \Veismann hclicyes the process of regeneration to be 
rcgu1ated by " natural selection "; in fact. he states that it has arisen 
through stich a process in the lower animals - since they are more 
subject to injury - and that it has been lost in the higher forms 
except where, on account of injury, it has been retained in certain 
parts. Thus when \Vcismann speaks of regeneration as being an 
adaptation of the organism to its environment, we must understand 
him to mean that this adaptation is the result of the action of natural 
selection. We should be on our guard not to be misled by the state
ment that because regeneration is useful to the animal, it has been 
acquired by natural selection, since it is possible that regeneration 
might be more or less useful without in any way involving the idea 
that natural selection is the originator of this or of any other adapta
tion. It will be seen, therefore, that in order to meet \Veismann on 
his own ground it \vill be necessary to have a clear understanding in 
regard to the relation of regeneration to Darwin's principle of natural 
selection. \Vith \Veismann's special hypothesis of the" mechanism," 
so-called, by which regeueration is made possible we have here noth
ing to do, but may consider it on its own merits in another chapter. 

In order to have before us the material for a discussion of the 
possible influence of natural selection on regeneration, let us first 
examine the facts that bear on the question of the liability of the 
parts to injury and their power to regenerate, and in tbis connection 
the questions concerning the renewal of parts that are thrown off by 
the animals themselves in response to an external stimulus are worthy 
of careful consideration. A comparison between the regeneration of 
tkse parts with that of other parts of the same animal gives also 
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important data. Furthermore. a comparison may be made between 
different parts of the same animal, or between th~ same parts of 
different animals E\"ing under similar or dissimilar conditions. 

There are only a few cases known in which a syskmatic: exami
nation has been ~arried Qut of the power of rcgcne~'ation of the dif
ferent parts of the body of the same animaL Spallanzani's results 
show that those salalnandcrs that can regenerate their fOrL' leg's can 
re~ellcratc their hinel leg's also. Towk, who has examined in my 
labora.tory the regeneration of a number of American newts and ~ala
manders, fillds also that both the fore and hind legs n:gcncrate in the 
same forms. The tail anel the external gills, in those newts with 
gills, also regenerate. It has also been shown in triton that the eye 
regcnerat~s if a portion of the bulb is left. BrmJ~~onct nr:-.t showeLl 
(1 i86) that the fins of fish have the power to regenerate, althollgh, 
strangely enough, Fraisse and \\'ejsmann state that \'cry little power 
of n:gcneration is present in the fins of fish. I have fOllnd that the 
fins of sc\'cral kinds of fish regenerate, belonging- to widely different 
families. l In FundJiIl/s hctcroditlts I have found that the pectoral, 
pelvic, caudal, anal, and dorsal fillS have the power of regeneration. 
In reptiles the feet do not regenerate, - at least no cases an~ known,
but the tail of lizards has this power well de\'eloped, In birds neither 
the wings nor the feet regenerate, but Fraisse has described the case 
of a stork in which, the lower jaw being broken off, and the llpper 
l)':ing cut off at the same level, both regenerated. Borda~e has 
recorded the regeneration of the beak of the domesticated fighting 
cocks (of the Malay breed) of Mauritius. In the mammals neither 
the legs, nor the tail, nor the ja\vs regenerate, although several of 
the interna.l organs, as described in the next chapter, have extensive 
powers of regeneration. 

The best opportunity to examine the regenerative power in simi
lar organs of the same animal is found in forms like the crustacea, 
myriapods, and insects, in which external appendages are repeated in 
each or many segments of the body. In decapod crustacea, includ
ing shrimps, lobsters, crayfish, crabs, hermit~crabs. etc., regeneration 
takes place in the walking legs of all the forms that have been exam
ined, and this includes members of many genera and families. I have 
made an examination of the regeneration of the appendages (Fig, 37) 
of the hermit-crab. In this animal, whicb lives in an appropri
ated snail's shell, only the anterior part of the body projects from the 
shell. The part that protrudes is covered by a hard cuticle, while the 
part of the body covered by the shell is quite soft. Three pairs of 
legs are protruded from the shelL Tbe first pair with large claws 

1 Fundulus Juteroclitus, Stenopus chrysops, Duapterus macrelln., ,lfenficirrltus 1Jtacrella, 
Carassius aura/us, Ph())(inus fundttloides, ll/oturur sp" awl a few others. 



REGENERATION 

are used for procuring food, and as organs of offence and defence 
the second and third pairs are used for walking. The following twc 
pairs, that correspond to the last two pairs of walking legs of crab5 
anc1 cravfishcs, are small, and arc used by the animal in bracing it· 
self against the shell. The first three pairs of lcgs have an arrange· 
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FIG_ 37.-Appen~lages of Hermit-crab (EupaKlu'lIs lrmgicarpu.r). A. Thi:d walking leg. B. Next 
\0 la~t thOr.ICIC I~~g. [fl. Last thoracic leg. C, C1, C2, Three abdommaJ8ppendages of male 
I), 'I elsl~n ,tnti sixth segnH'nt with last pair of abdominal appendagt's. E. Regenerat!on oj 
n~'w leg- tr:ltn :ut-t·nd outside of" hreak!ng-joint." j<~ Leg regenerating from cut made- Inside 
of" bredkmg·Jomt." G. Leg fl'generatmg from cut made very near the body. 

mcnt at the base, the "breaking.joint," by means of which the leg is 
thrown off, if injured. The last two pairs of thoracic legs cannot he 
thrown off. The first three pairs of legs are often lost under natural 
conditions. In an examination of 188 individllals I found that 2 I (or 
I I per cent) had.lost one or more legs. If one of the first three leg' 
is injured, except in the outer segment,)t is thrown off at the break· 
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ing-joint, and a new leg regenerates from the broken-off end of the 
stump that is left. The new leg docs not become full size, and is of 
little use until the crab has moulted at least once. The leg breaks 
off so close to the body, and the part inside of the breaking-joint is 
so well protected by the bases of the other legs, that it is scarcely 
possible that the leg could be torn off inside of the breaking-joint, 
ana, as a matter of observation, all crabs that arc found regenerating 
their legs under natural conditions do so from the brcaking"}oint. 
If, h()\vcvcr, by means of small scissors, the leg- is cut off quite near 
the body, a new leg regenerates from the cut~end, even when the leg 
is cut off at its very base. The breaking-joint would thoroughly pro
tect from injury the part of the leg that lies nearer to the body, and 
yet from this inner part a new leg is regenerated. Moreover, the 
ne\V leg is perfect in every respect, even to the formation of a new 
breaking-joint. In this case we have a demonstration that there need 
be no connection behveen the liability of a part to injury and its 
pmver of regeneration. 

In still another way the same thing may be shown. If the crab 
is anaesthetized, and a leg cut off outside of the breaking-joint, it is 
not, at the time, thrown off - the nervous system, through whose 
action the breaking off takes place, being temporarily thrown out 
of order. After recovery, although the leg is thrown off in a large 
number of cases, it is sometimes retained. In such cases it is found 
th:lt from the cut-end the missing part is regenerated. In this case 
also we find that regeneration takes place from a part of the leg that 
can never regenerate under natural circumstances. 

The third and fourth legs of the hermit-crab cannot be thrown 
off, but they have the power of regeneration at any level at which 
they may be cut off. They are in a position where they can seldom 
be injured, and I have never found them absent or injured in crabs 
caught in their natural environment. The soft abdomen is protected 
by the snail's shell. At the end of the abdomen the last pair of 
abdominal appendages serve as anchors to hold the crab in the shell. 
These appendages are large and very hard, and can seldom be in
jured unless the abdomen itself is broken, and under these circum
stances the crab dies. Yet if these appendages are cut off they 
regenerate perfectly, and after a single moult cannot be distinguished 
from normal ones. 

The more anterior abdominal appendages are present only on one 
side of the adult, although they are present on both sldes of the larva, 
and, to judge from a comparison with other crustacea, these append
ages have dege"~rated completely on one side, and have become 
rudimentary in the male, even on the side on which they are present. 
They too will regenerate if they are cut off. In the female these 
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appendages arc used to carry the egg's, and arc} therefore, of use. 
They also have a similar power of regeneration. The maxill::e and 
maxillipccls of the hermit-crab have likewise the power of regenera
tion, as have also the two pairs of antenna: and the eyes. 

III other (kcapod crustacea also it has been shown that the power 
of regeneration of the appendages is well deycloped. It has been 
long- known that the crayfi~h and the lobster can regenerate lost 
parts. The first pair of legs, or chela:, in these forms has a breaking
joint, at which the leg can be thrown off, yet in the crayfish I hayc 
seen that if the leg is cut off inside of the breaking-joint it will regcll
crate. The four pairs of walking lcgf.; do not possess a breaking-joint, 
but may be thrown off in some cases at a corresponding level. They 
regt:ncra.tc from this level, as \\.-'ell as nearer the body and farther be
yond this region. Przibram has recently shown that, in anum ber of 
crustacea, regeneration of the appendages takes place, even when the 
entire leg is extirpated as completely as possible. 

Newport has shown that the myriapods can regenerate their legs, 
and it is knO\vn that sc\"eral forms havc the power of breaking off 
their legs in a definite reg-ion at the base if the legs are injured, and 
I have observed in lerlJlatia j(lra/,s that this takes place even when 
the animal is thrown into a killing fluid. Newport ('44) has also 
shown that when the legs of a caterpillar are cut off new ones regen
erate during thc pupa stage. It has been long known 1 that the legs 
of mantis can regenerate, and Bordage, who has recently examined 
the question more fully, has shown that a breaking-joint is present at 
the base of the leg. The tarsus of the cockroach also regenerates, 
producing only four, instead of the five, characteristic segments.2 

A numher of writers have recorded the regeneration of the legs of 
spidcrs. 3 Schultz, who has recently examined more thoroughly the 
regeneration of the legs in some spiders, finds that the leg is rene\\'ed 
if Cllt off at any leye!. He removed the leg most often at the meta
tarsus, but also at the tibia, and generally between two joints. In 
some cases the leg was cut off at the coxa, at which level it is gen
erally found to be lost under natural conditions. Wagner observed 
in tarantula that when the leg is remO\'ed at any other place than at 
the coxa, the animal brings the wounded leg to its jaws, and bites it 
off down to the coxa. In the E,"ci1Z"dm, that Schultz chiefly made use 
of, this never happened. He observed, however, even in these forms, 
that when the leg is cut off at the coxa it regenerates better than 

1 See !'\ewport and Scudder. 
2 Brindley, '97. 
3 Lepelletur, j\·{1u,'eau Bulletin de fa Societe philomptique, 1813. Tome III, page 254; 

Heineken, ZO{J/ • ./{1l1rnal, 1828, Vol. n', page 284 (also for insects, ibid., page 294); 
Miiller. Af<lIlUu/ d~ Ph;,,ri17/., Tome I, page 30; 'Vagner, W'J BrIll, Soc. bnp. J.\~atural., 
'Moscow, .'87. 
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when cut off at any other Ic,'eL Schultz states that we sec here an 
excellent example of how regeneration is influenced by naturai selec· 
tion, since regeneration takes place best where the leg is most often 
broken off. On the other hand, the author hastens to add that since 
regeneration also takes place when the leg is Clit off at any other 

B 
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FIG. 38.- A-F. Aftf"r King. A. Starfish with four arms regf"nerafing at different levels. B. Three 
arms regenerating from disk. C. Arm spht In two producmg two arms. D. Arm cut off 
obhquf"]Y, regenef<lting at fight R!lgles to cut-surface. E. Starfish split ,between two alms, 
producing two new arms from spilt. F. An arm, with a small piece of disk attached, regen
erating three new arms, G. After P. and F. Sarasin. Starfish (LI1l(.:kla "'UJt~rorIllIS) \~lth 
four new ~lfms springing from tnd of one ann. Interpreted as a new starfish, but probably 
onl} multiple arms (see C, above). 

level, this shows that the power to regenerate is characteristic of all 
parts of the organism, and is not merely a phenomenon of adaptation, 
as Weismann b"lieves, It seems highly improbable that a spider 
could eVer lose a leg in the middle of a segment, i,e, between two 
joints, since the 'segments are hard and strong and the joints mnch, 
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weaker; but nevertheless the leg has the power to regeneratE also 
from the miudlc of the segment, if cut off in this region. 

The formation of the ncw part takes place somewhat differently, 
-acc()rding to Schultz, when the leg is amputated between two seg
ments thall when ellt off at the coxa. In the latter case, there is pro~ 
duced from thc cut-end of the last segment a solid rod which, as it 
grows l(ln~cr, bends on itself several times. Joints appear in the 
rod, beg-inning at the base. The leg is set free at the next moult. 
IJ the leg is cut off nearer the distal end a smaller rod is formed, 
that extends ~traight forward, or may be thrown into a series of folds. 
It lies, howcyer, inside of the last segment, since the surface exposed 
by the cut is quickly covered over by a chitinous covering. The piece 
is set free at the next moult. 

Loeb has. found that if the body of the pycnogonid, Pltoxicltili
diuIJJ II/fl.nllart, is cut in two there regenerates from the posterior 
end of the anterior half a new body-like outgrowth. 

\\'ithout attempting to describe the many cases in worms and 
mollusks in which there is no obvious connection between the power 
of the part to regenerate and its liability to injl1ry, but where it is 
lTI(lj"12 difficult to show that it may not exist, let us pass to an examina
tio!l of the regeneration of the starfish. It has been known sinee the 
time of Rcaumur that starfish have the power of regenerating new 
arms if the old ones are lost. It has been stated that in certain 
starfishes an arm itself can produce a new starfish, - Haeckel ('78), 
P. and R. Sarasin ('88), von Martens ('84), and Sars ('75, - but this 
has been denied by other observers. In several species of starfishes, 
the separated arm does not regenerate; but if a portion, even a small 
pit~ce. of the disk is left with the arm, a new disk and arms may 
devdop (Fig. 38, F). \Vhen the arm of Astcrias 1'11/garz~'i is injured 
it pinches off in many cases at its base, and a new arm grows out from 
the short stump that remains. \\'hen these starfishes regenerate 
new arms in their natural environment, the new arms almost always 
arise from this breaking region. l Thus King found out of 1914 
individuals of Astcrias 'i.1ulgaris collected at random, 206, or 10.7 
per cent, had onc or more new arms, and all these except one arose 
from near the disk. In other species it appears that the outer por
tions of the arm may be broken off without the rest of the arm being 

1 The Sarasins have described several cases in Lil1ckia multz/ormis in which an old ann 
has one ur more new arms arising from it. In one case (copied jn Ollr Fig. 38, G), four rays 
arise from the end of une arm, producing the appeamnce of a new starfish. In fact the 
Sarasins interpret the result in thi .. way, although they state that there is no madteporite on 
the upper surface, and they did not oetermille \\ bether a mouth is fanned at the convergence 
of the rays, hecause, they did not wish to destroy so unique a specimen - even to find out 
the meaning of It. - There seems to mt" little probahility that the new structure is a starfish, 
but the old arm has been so. W}1ired that it has pr?duceti :l, number of new arms. 
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thrown off. King- has found that in asterias. regeneration takes plac 
more rapidly from the base than at a morc distal level. It 111<1 

appear, at first thought, that the more rapid reg-eneration of the ar~ 
at the place at which it is usually thrown off rna)' be associated witl 

. its more frequent loss at this region ~ in other words, that the mO[l 

rapid regeneration has been acquired by the region at which the arn 
is g~nerally broken off. This interpretation is, however, exclutkd b~ 
the fact that, in general, the nearer to the base the arm is cut off, s{ 
much the more rapid is its regeneration. In other words, the mort 
rapid reg-encratiol1 of the arm at the base is only a part of a g-enera 
law that holds throughollt the arm. If the proposition is rl·verscd 
and it is chimed that the arm has acquired the property of brcakillf 
off at the base, because it rcg-enerates more rapidly at that level, th~ 
following fact recorded by King is of importance, ylz. that, althoug-l 
the arm regenerates faster at the base, yet a new arm is not an~ 
sonner produced in this way, since there is more to be produced an< 
the new arm from the base may never catch up to one growing les 
rapidly from a marc distal cut-surface, but haYing a nearer goal t( 
reach. 

The results of our examination show that those forms that an 
liable to have certain parts of their bodies injured are ablc to regener 
at(! not only these parts, but at the same time othlT parts of the bod~ 
that are not subject to injury. The most remarkable instance of thi, 
sort is found in those animals having breaking-joints. In these 
forms, we find that regeneration takes place both proximal and dista 
to this region. If the power of regeneration is connected with the 
liability of a part to injury, this fact is inexplicable. 

Turning- now to the question as to whether regeneration take, 
place in those species that are subject to injury more frequently 0 

better than in other species, we find that the data are not very com 
plete or satisfactory for such an examination. It is not easy to ascer 
tain to what extent different animals are exposed to injury. If we 
pass in review the main groups of the animal kingdom, we can a 
least glean some interesting facts in this connection. 

In the protozoa nucleated pieces have been found to regenerat. 
in all forms that have been examined, including am reba, diffiugia 
thalassicolla, paramrecium, stentor, and a number of other ciliat, 
infusoria. 

In the sponges it has been found by Oscar Schmidt that piece: 
may produce new individuals, but how widely this occurs in the groul 
is not known. In the crelenterates many forms are' known to regen 
erate, and it is n"t improbable that in one way or another the proces: 
occurs throughont the group. The hydroid forms, hydra, tubularia 
parypha, eudendrium, antennularia, hydractinia, podocorync, etc. 
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the jelly-fish, gonioncmlls, and certain members of the family Thau
Jlumtidm. have been found to reg-enerate. Amon~st the Sc),/,Iw'::oa, 
metriciiulll, ccrianthlls, and the sc),phistoma of aurelia regenerate, 
and the jelly-fishes bt.::longing to this group have a limited amuunt of 
n:gcnerati\,c power. 

In the platodes we find that all the triclads, thus far examined, 
incll1ding planaria, phagucata, dendrocc.elul11, and the land triebel, 
bipalillm, regenerate. It has been shown that the marine triclads 
also regenerate, but less rapidly and extensiyely, while the marine 
polyclads ha\'c \Try lirnited powers of regeneration. The regeneration 
of the trc111atodcs and ccstodes has not, so far as I know, been studied, 
neither ha\'c the nematodes been examined from this point ()f view. 

Some of the nemerteans rcg-cnerate, others do not seem to ha\'c 
this power. A small fresh-wat(.;r form, tetrastemma, that I examined, 
did not re~cncratc, although somc of the pieces, that \vere filled with 
eggs, remained ali\'e for sc\'eral months. 

In thc annelids we find a great many forms that regenerate
many marine polychzeta ha\'e this power; all oligochxta that have 
been studied regencrate; both land forms, like lumbricus, allolobo
phora, etc., and frcsh-water forms, like lumbriculus, nais, tubifex, ctc. 

I n the crustacea thc appendages have the power to regenerate in 
all the forms that have been examined. 

Scyeral kinds of myriapods, as well as a number of spiders, are 
known to regenerate their legs. In the insects, however, only a few 
forms arc known to have this po\ver, - caterpillars, mantis, and the 
cockroach. The large majority of insects, in the imago state, do not 
seem to be able to regenerate, although in a few cases regeneration 
has been found to oectu.1 

In the mollusks, regeneration of the head takes place under certain 
conditions. Spallanzani thought that if the entire head is cut off a 
new onc regeneratcs. This conclusion was denied by at least eleven 
of his contemporaries, and confirmed by about ten others. It was 
found later that the result depends in part on the time of year and in 
part on the kind of snail. Carriere, who more recently examined the 
question, found that even under the most favorable conditions regen
eration docs not take place if the circumresophageal nerve-commissure 
is completely removed with the head, but if a part remains, a new 
head develops. It has been stated that a new foot regenerates in 
helicarion, and I have found that the foot regenerates also in the fresh
water snails, physa, limn",a, and planorbis. If the margin of the 
shell of a lamellibranch or of a snail is broken off, it is renewed by 
the mantle. The arms of some of the cephalopods are known to 
regenerate, particularly the hectocotylized arm. 

1 Fora f~iew of the literature see Brindley. '98, 
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In all the main groups of echinoderms, with one possibk exccp
tion, rCl;cncration has been found to take place. Probably all ~tar
fishes and brittle-stars regenerate their arms, and even if ClIt in twu 
or more pieces, new starfishes cit:vdop. The crinoius regenerate lost 
arms, and even parts of the disk; also the visceral mass. The hulo
thurians have ycry remarkable puwers of regcllt.:ratioll. ]n sOl1le 
forms regcneration takes place if the animals arc cut in two, or c\'cn 
in more than two pieces. The remarkahk phenomenon of c\'isccra
tion that take place in certain hulothurians, if they arc roug-hl)' 
handled, or kept under unfavorable conditions, arc well known and 
h.tvc been described by a number of writers. It has even been sug
gested that the holuthurian may save itself by offering lip its ybcer:1 
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FIG. 39.- A. Amphw1IIa mrans with left fore and hind leg regenerating. B. Numrus macula/us 
v.ilh rlghl fort" l!·g twglnlling to regenerate after eight months. C Pldhedon cmereu.'. A, 
B, C. brawn to same scale. 

to its assailant! Unfortunately for this view, it has heen found that 
the viscera are unpalatable, at least to sea-anemones and to fishes. 
Ludwig and Minchin suggest that the throwing off of the Cuvierian 
organs, which are attached to the cloaca, is a defensive act, and if car
ried too far, according to the latter writer, the viscera may also be 
lost. The holothurians have remarkable recuperative powers and 
may regenerate new viscera in a very short time. The sea-urchins 
form, perhaps, an exception in this group, since there are no records 
of their regenerative power, but no doubt this is -!:>ecause they have 
not been as fullv investigated as have other forms. 

In the vertebrates the lower forms, amphioxus, petromyzon, and 
sharks, have not been studied in regard to their regenerative power. 
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In the teleostean fishes the fins of a number of forms are known to 
regenerate. It is probable that this takes place in most members of 
the group. 

In the amphibia we find a large number of forms that regenerate 
their limbs and tail, and other parts of the body, but limitations appear 
in certain forms. The rapid regeneration of the legs in the smaller 
urodcles has been often described. In larger forms it takes place 
more slowly, at least in large forms having large legs. In proteus 
the reg-cncration may extend uver a vear and a half, and in ncctuTuS 
it takes mon.: than; year to make ~ new limb, at least in animals in 
confinement. In the large form, amphiuma, that has extremely small 
lep;s, regeneration takes place much more rapidly than in a form like 
ncctuTllS having much larger legs (Fig. 39). 

In amphiuma the fect are not used by the animal as organs of 
lQcomotion, since they arc too small and weak to support the heavy 
body. They can be moved by the animal in the same way that the 
fed are moved in other forms, and yet are useless for prog-ression. 
It is ,<lid by Schreiber that the regeneration of the legs of Triton 
JIlllnlhlratlls is relatively very slight as compared with that of other 
furms. Fraissc also found in this form that an amputated leg did 
not grow again, onlY a deformed stump being produced. The tail 
also is said to re~encrate to only a slight extent, but, so far as I know, 
there is nothing peculiar in the life of this form that makes it less 
liable to injury than other large urodcles.' \Veismann cites the case of 
proteus, '\vhich is said also to regenerate less well than do other forms. 
It lives in the caves of Carniola, where there are few otber animals 
thoc\ could attack or injure it, and to tbis immunity is ascribed its lack 
of power of regeneration; yet Goette states that he observed a regen
erating leg in this form, but that the process was not complete after 
it year and it half. In necturus also, which is not protected in any 
way, regeneration is equally slow. Frogs arc unable to regenerate 
their limbs, although they are sometimes lost, but the larval tadpole 
can regenerate at least its hind legs. In the lizards the tail regen
crate~. but at present we do not know of any connection between 
this condition and the liability of certain forms to injury. Turtles 
and snakes do not regenerate their tails. I do not know of any 
observations on crocodiles. 

In birds, the legs and wings are not supposed to have the power 
to regenerate,' but in two forms 3 at least the beak has been found to 

1 I dn not know ....... hether this animal was kept long enough to make it certain that the 
legs do not regenerate. v 

:l A statement to the contrary quoted in Darwin's Animals and Plants under Domesti
ca/£(m is doubted pv·Darwin him.;elf. 

i. The stork and the fighting '"Cocks. 



possess remarkable powers of regeneration. There are a few very 
dubious observations in regard to the regeneration in man of super
fluous digits that had been ('ut off. 1 

These examples might be added to by others in the groups cited, 
and also by examples taken from the smaller groups of the allimal 
kingdom, but those given will suffice, I think, to show that the powcr 
to regenerate is characteristic of entire groups rathcr than individual 
species. \\'hen exceptions occur, we do not find them to be forms 
that arc ob\Tiously protected. but the lack of regeneration can rather 
be accounted for by some peculiarity in the structure of the animal. 
If this is borne in mind, as well as the fact that protected and unpro
tected parts of the same animal regenerate equally \vcll, there is 
established, I think, a strong case in fayor of the vicw that there is 
no necessary connection between regeneration and liability to injury. 
We may therefore lea,'c this side of the question and turn our atten~ 
tion to another consideration. 

1t will be granted without argument that the power of replacement 
of lost parts is of usC to the animal that possesses it, especially if the 
animal is liable to injury. Cases of usefulness of this sort arc gener
ally spoken of as adaptations. The most remarkable fact in connec
tion with these adaptive responses is that they take place, in some 
cases at least, in parts of the body where they can never, or at most 
very rarely, have taken place before, and the regeneration is as per
fect as when parts liable to injury regenerate, Another important 
f~ct is that in some forms the regeneration is so slow that if the 
competition amongst the animals was very keen those with missing 
legs, or eyes, or tails, would certainly succumb; yet, it' protected, they 
do not fail to regenerate, If, therefore, the animal can exist through 
the long inlen·al that must ehipse before the lost part regenerates, 
we cannot assume that the presence of the part is of vital importance 
to the animal, and hence its power to regenerate could scarcely be 
described as the result of a "battle for existence," and without thi~ 

principle" natural selection" is powerless to bring about its supposed 
result. 

It is extremely important to observe that some cases, at least, of 
regeneration are not adaptive. This is shown in the case where a new 
head regenerates at the posterior end of the old one in P iana!'i" 
lllgubn·s, or where a tail develops at the anterior end of a posterior 
piece of an earthworm, or when an antenna develops in place of ar 
eye in several crustacea. If we admit that these results are due tc 
some inner laws of the organism, and have nothing to do with the rela 
lion of the org-anism to its surroundings, may we not apply the samE 
principle to other cases of regeneration in which the result is useful; 

1 See Darwin, loe cit. 
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So firm a hold has the Darwinian doctrine of utility over the 
thoughts of those who have been trained in this school, that whenever 
it can he :.hmnJ that a structure or a function is useful to an animal, 
it is without further question set down as the result of the death 
stfUgg-le for existence. r\ number of writers, being satisfied that the 
process of regeneration is useful to the animal, have forthwith sup
posed that, littn/(Irc, it must have been acquired by natural selection. 
\Vcismann has been cited as an example, but he is by no means alone 
in maintaining this attitude. It would be entirely out of place to 
cntt:r here into a discussion of the Darwinian theory, but it may be 
well worth while to cOllsider it in connection with' the problc~l of 
regeneration. 

\Ve might consider the problem in each species that we find 
capahle of regenerating'; or, if we find this too Ilarrow a field for our 
imagination, we might consider the process of regeneration to have 
been" acquired by selection in the lower and simpler forms," and 
trace its subsequent progress as it decreased in the course of phylog
env "in correspondence with the increase in complexity of org-aniza
tio-n," or \vith the decrease of exposure to injury. At the risk of 
adopting- the narrower point of view I shall confine the discussion to 
the possibility of regeneration being acquired, or eycn augmented, 
through a process of natural selection in any particular species. 

The opportunity to regenerate can only occur if a part is rcmoved 
by accident or othenvise. On the Danviniall theory we must suppose 
that of ,tll the individuals of each generation that are injured, in 
cxact(1' tit£' same part of tILe bod)l, only those have surviyed or have 
left morc offspring that have regenerated. In order that selection may 
take place, it must be supposed that amongst these indiYiduals injured 
iJl {Tact~l' tILe same r{'..._r;ioll, regeneration has been better in some forms 
than in others, and that this difference is, or may be, decisive in the 
competition of the forms with each other. The theory does not 
inquire into the origin of this difference between individuals, but 
rests on the assumption of individual differences in the power to 
reg-enerate, and assumes that these differences can be heaped up hy 
the sun-ivaI and inbreeding of the successful individuals; i.c. it is 
assumed that, by this picking out or selection through competition in 
each generation of the individuals that regenerate best, the process 
will become more and more perfectly carried out in the descendants, 
until at last each part has acquired the power of complete regeneration. 

There are so many assumptions in this argument, and so many 
possibilities that must be realized in order that the result shall follow, 
that, even if the assumptions were correct, 'one might still remain 
sceptical in rcga.rd to the possibilities ever becoming realized. If we 
examine somewhat more in detail the conditions necessary to bring 
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about this supposed proccs~, we shall find ample g:rollncis for doubt, 
and even, I think, for denial that the results could C\~cr ha\'c been 
brought about in this wa\', 

I~l the first place. the assumption that the regeneration of an 
orhan can be accounted for as a result of the sdection of those indi
yidual variations that are ~()l11c\\'hat more perfect, rc.st~ on thL: 
ground that such y,uiations occur, for the injury ibdf that ~lcts as a 
stimulus is not supposed to b<1\'c any direct influence on the result, 
i.{'. for better or worse. ;\11 that n~;tural selection pretends to do is 
to build up the complete power of regeneration by selecting the most 
slIccessful results in the right direction. In the end this really goes 
back to the assnmption that the tis~ue in itself has power to regen
erate more completely in some individuals than in others. It is just 
this c11fferencc, if it could be shown to exist, tklt is the scientific 
problem. But, even leaving this criticism to onc side, since it is vcry 
generally admitted, it \Yill be clear that in many cases most of the 
less, complete stages 01 regeneration that are assumed to occur in the 
phyletic series could be, in each case, of very little use to the inoi
vidual. It is only the completed or~an that can be used; hence the 
vcry basis of the argument falls to the ground. The building up of 
the complete regeneration by slowly acquired steps, that cannot be 
decisive in tbe battle for existence, is not a process that can be 
explained by the theory. 

There is another consideration that is equally important. It is 
assumed that those individuals that regenerate better than those that 
do not, survive, or at least have more descendants; but it should not 
be overlooked that the individuals that are not injured (and they will 
belong to both of the above classes) are in even a better position than 
are those that have been injured and have only incompletely regen
erated. The uninjured forms, even if they did not crowd out the 
regenerating ones, which they should do on the hypothesis, would 
still intercross with them, and in so doing bring back to the average 
the ability of the organism to regenerate. Here we touch upon a 
fatal objection to the theory of natural selection that Darwin himself 
came to recognize in the later editions of the OrigiN of Spaies, 
namely, that unless a considerable number of individuals in each gen
eration show the same variation, the result will be lost by the swamping 
effects of intercrossing. If this be granted, there is left very little 
for selection to do except to weed out a few unsuccessful competitors, 
and if the same causes that gave origin to the new variation on a 
large scale should continne to act, it will by itself bring about the 
result, and it ceems hardly necessary to call in another and question
able hypothesis. 

Finally, a further objection may be stated that in itself is fatal to 
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the theory. We find the process of regeneration taking place not 
only at a few vulnerable points, but in a vast number of regions, and 
in each case rCg"cneratin_g- only the missing part. The leg of a sala
mander caIl regenerate from every level at which it may be cut off. 
The leg of a crah abo n:g"cnerates at a larg-e number of different 
leve]s, and apparently this holds for all the different appendages. If 
this result had been acquired through the action of natural selection, 
what a yast process of selection must have taken place in each species! 
lVloreovcr, since the regeneration may be complete at each lcycl and 
in each appendage without regard to \,,"hether one region is more 
liahle to injury than is another, we find in the actual facts themselves 
nothing to suggest or support such a point of view. 

If, ICa\'ing the adult organism, we examine the facts in regard to 
regeneration of the embryo, we find again insurmountable objections 
to the view that the process of regeneration can have been produced 
by natural selection. The deve10pment of whole embryos from each 
of the first two or first fonr blastomeres can scarcely be accounted for 
hy a procc,<..,s of natural selection, and th~s is parti~ularly e\·ident in 
those cases in which the two blastomeres can only be separated by a 
difficult operation and by quite artificial me'tns. If a whole embryo 
can develop from an isolated blastomere, or from a part of an embryo 
without the process having- been acquired by natural selection, why 
apply tbe latter interpretation to the completing of the adult organism? 

Several writers on the subject of regeneration in connection with 
the process of autotomy (or the reflex throwing off of certain parts of 
the bod\') ha\'e, it seems to me, needlessly mixed up the question of 
the orig-in of this mechanism with the power of regeneration. If it 
should prove true that in most cases the part is thrown off at the 
reg-ion at which regeneration takes place to best advantage, it does 
not follow at all that regeneration takes place here better than else
where, because in this region a process of selection has most often 
occurred. The phenomenon of regeneration in the arm of the star
fish, that has been described on a previous page, shows how futile is 
an argument of this sort. If, on the other hand, the autotomy is 
supposed to ha\'e been acquired in that part of the body where regen
eration takes place to best advantage, then our problem is not con
cerned with the process of regeneration at all, but with the origin of 
autotomy. If the attempt is made to explain this result also as the 
outcome of the process of natural selection acting on individual vari
ations, many of the criticisms advanced in the preceding pages 
against the supposed action of this theory in the case of regeneration 
oan also readily be applied to the case of autotomy. In Chapter 
VIII, in which the theories of autotomy are dealt with, this problem 
will be more fully discussed. 



CHAPTER VI 

REGENERATION OF INTERNAL ORGANS. HYPERTROPHY. 
ATROPHY 

1 T is a more Of less arbitrary distinction to speak of internal in 
contrast to external organs, since the latter contain internal parts; but 
the distinction is, for our prt::scnt purposes, a useful onc, especially in 
regard to the question of regeneration and liability to injury. III this 
connection we shall find it particularly instructive to examine those 
cases of regeneration of internal organs that cannot be injured, ullder 
natural conditions, without the animal itself being destroyed. An 
illustration of this may be given. The liver, or the kidney, or the 
brain of a vertebrate can seldom be exposed to accidental in jury with
out the entire animal heing destroyed, although, of course, diseases 
of variolls kinds may injure these organs without destroying the ani
mal, but cases of the latter kind are not common. 

The experiments made by Ponfick ('90) on the regeneration of the 
liver in dogs and in rabbits gave the most striking results. Paulick 
found after removal of a fourth, or of a half, or even, in a few success
ful operations, of three·fourths of the liver, that, in the course of four 
or five weeks, the volume of the remaining part increased, and in the 
most extreme case, to three times that of the piece that had been 
ldt in the body. The first changes were found to have begun as 
early as thirty hours after the operation, when the liver cells had 
begun to divide. The maximum number of dividing cells was found 
about the seventh day, and then decreased from the twentieth to the 
twenty-fifth day, but cells were found dividing even on the thirtieth 
day. These dividing cells appeared everywhere throughout the liver, 
and were no more abundant at the cut-edges than elsewhere. There 
takes place, in consequence, an increase in the volume of the liver, 
rather than a replacement of the part that is removed. The increase 
takes place in the cells of the old part, the lobules swelling up to two, 
three, or even four times their former size. No new liver lobules 
seem to be formed. The old tubules of the liver also become larger, 
owing to an increase in the number of their cells. Since the change 
takes place in the old part, and is due to an increase in size of the 

III 



112 REGE.'VEA'ATIO.V 

lobules, tubes, etc., tbe process is spoken of as one of bypertropby 
rath~r than of rc~cneration. 

KrL'tz found a case ill which the entire parenchyma of the liver 
seemed to have been destroyed, presumably by a poison from some 
micro-org-anism, and later a regeneration of the tissue had taken 
place. If this conclusion is correct, it shows that sometimes an in
ternal org-an may meet with an injury that does not directly destroy 
the fest of the body, and the animal may survive. 

The rCg'cneration of the salivary gland of the rabbit des::::ribcd by 
Ribbert is another example of an internal organ that can seldom be 
injured, and yet can be replaced after artificial removal. \Veismann 
('93) has recorded an experiment in which half of a lung of triton 
was cut off. After fourteen months the lung had not been restored 
in four indi\'iduals, and in one" it was doubtful whether a growth of 
the lung had not taken place, but even in this case it had not recov
en:d its long, pointed form." 

The regeneration of the eye in triton was first made known by 
Bonnet. The right eye was partly cut out, and after two months it had 
completely regenerate.d. Blumenbach, in 1784, removed the ante.rior 
part of the bulb of the eye of " Lacerta laotslris." Six months later 
a smaller bulb was present. Phillipeaux ('80) found that if the eye 
of an aquatic salamander was not entirely remoyed, a new eye regener
ated; but if the eye was completely extirpated a new eye did not 
appear. Colucci, in 1885, described the regeneration of the lens of 
the eye of triton from the edge of the optic cup. Wolff, later, inde
pendently, discovered the same fact, and it has been more recently 
confirmed by E. MUller ('96), W. Kochs ('97), P. Rothig ('98), and 
Alfred Fischel ('98). The most important part of this discovery is 
that the new lens develops from the margin of the optic cup, and not 
from the outer ectoderm, as it does in the embryo. This result will 
be more fully discussed in a later chapter. It is highly probable in 
this case that the regeneration stands in no connection whatsoever 
with the liability of the eye to injury, for of the large number of 
salamanders that have been exanlined, none has been found with 
the eye mutilated. The position of the eye is such that it is well 
protected from external injury, and the tough cornea covering its 
outer surface would also further protect it from accidental injury. 
When we recall the high degree of structural complexity of the eye, 
its capacity to regenerate, if only a portion of the bulb is left, and its 
power to replace the lens if this is removed are certainly very remark
able facts. We find here, I think, an excellent refutation of the 
incorrectness of the general assumption of· a connection between 
regeneration anp. liability to injury. Moreover, since there is nO 

evidence whatsoever to shQW that the e:)_'es in these animals are ever 
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subject to diseases caused by bacteria, and much cvjd~ncc to show that 
they arc not so injured, we arc still further confirmed in our general 
conclusion. 

It has been known for a long time that even in man the lens of 
the eye is sometimes regenerated after its removaL The reg:eneration 
has been supposed to take place from the old capsuh.: of the lens. or 
possibly from a piece of the lens left after the operation; but what
ever it~ origin, the fact of its regeneration in man, and in other nlam
mals also, is a point of some interest in this connection. 

Podwyssozki ('86) found that regeneration may take place in the 
kidney of certain mammals,- best in the rat, more slowly in the rabbit. 
The restoration of the lost part takes place first by replacement of 
the epithelium, The old canals may then push out into the connec
tive tissue that accumulates in the new part, but t!1erc is no new for~ 
mation of canals or of glomeruli. According to Podw)'ssozki the 
reg-eneration of the kidney is less complete than that of any other 
g-land. Peipers has reinvestigated the subject, and his results agree 
in the main with those just given. He finds in addition that new 
canals may grow out from the olel ones into the new part. 

Podwyssozki and Ribbert ('97) have found that the salivary gland 
has a remarkable power of regeneration. Ribbert removed a half 
(or even more than this) of the salivary gland of the rabbit. In the 
course of two or three weeks new material had de\'eloped over the 
cut-surface. In one case at least five-sixths of the gland had heen 
taken out, and at the end of three weeks the gland had regenerated 
to its full size. Microscopic examination showed that the greater 
part of the gland was made up of new lobes, some of which were as 
large as, others smaller than, the normal lobes. The new part con
tained new tubes \vith terminal acini. These had arisen ~from the 
tubes of the old part. The connective tissue of the new part also 
came from that of the old, In this case a true process of reg-enera
tion takes place from the cut-surface; in addition a certain amount of 
enlargement, or hypertrophy, also takes place in the old part. Rib
bert believes there is a connection between the process of hypertrophy 
and of regeneration of such a kind that the more active the one, the 
less active the other. 

Regenerative changes are known to occur in other internal organs 
besides these glandular ones. Broken bones are united, if brought in 
contact, by a process that involves a certain amount of regeneration. 
Althongh new bony tissue may be formed at the region of union, the 
bones of mammals and of birds do not seem able'to complete them· 
selves, if a part is removed, except to a limited extent. While the 
broken bones of the leg or of the arm have the power of reuniting if 
held for some time in place, yet in nature this condition can seldom 
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be fulfilled, and the animal with a broken leg or wing will most prob
ably be killed. Nevertheless, since the bones have this power at 
whatever Icvel they may be broken (but only if they are kept together 
artificially), the process can scarcely have been acquired through the 
liability of the parts to injury. We find here another instance of a 
useful process existing in animals, but one that could not have been 
acquired hy exposure of the part to injury. It is probable that this 
same property is found in all the bones of the bociy,-in those that 
may occasionally he injured, and in those that arc not. 

The muscles have also the power of regenerating, although few 
experiments hayc been made except in those forms in which the 
whole kg can regenerate, yet there are a fe\v observations that show 
that even in mammals, in which the leg Of the arm cannot regenerate 
as a whole, a certain amount of regeneration of the muscles them
selves may take placc. 

It has been known for a long time that if a nerve is cut a new 
nerve grows out from the cut-end, and may extend to the organs sup
plied by that nerve. The process takes place more successfully if 
the peripheral part is left near the cut-end from which the new nen'e 
grows. \Vhether this old part only serves to guide the new part to 
its proper destination, or whether it may also contribute something to 
the new nerve, as, for instance, cells for the new sheath, is not finally 
settled. The g-eneral opinion in re~ard to the origin of the new nerve 
fibres is that the central axis or fibril grows from the cut-cnd. That 
this power could have been acquired for each nerve as a result of its 
liability to injury is too improbable to discuss seriously. 

The central nervolls system of the higher vertebrates seems to 
ha.\"c vcry little power of regeneration, and although in some cases 
a \\olll1ded surface may be covered over and a small amount of con
nective tissue be formed, the development of new ganglion cells does 
not seem to occur. In other animals, as the earthworm, planariap, 
and even in the ascidian, as shown by Loeb, a new entire brain may 
develop after the remoyal of the old brain, or of that part of the 
body in which it is contained. 

This examination of the power of regeneration of internal organs 
in the vertebrates has shown that it is highly improbable that there 
can be any connection between their power of regeneration and their 
liability to injury. That the internal organs may be occasionally 
injured by bacteria, or by poisons made in the body, may be admitted, 
but that injuries from this source have been of sufficient frequency 
to establish a connection, jf snch were indeed possible, between their 
power of regeneration and their liability to injury from these causes 
is too improbable a view to give rise to much doubt. These results 
taken in connection with _.those discussed in the preceding chapter go 
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far tmvard disproving the view that the power of regeneration has a 
connection with the liability of a part to injury_ 

HI'l'ElIT1Wl'IlY 

The hypertrophy, or unusual enlargement, of organs has long 
attracted the attention of physiologists, and the extremely interesting 
observations and experiments that have been made in this connection 
have an important although an indirect bearing on th<: problem of 
regeneration_ Ribbert, as has been pointed out, holds that the 
Frocesses of hypertrophy and of regeneration stand in a sort of 
inverse relation to each other, but it is doubtful, I think, if any such 
general relation exists. Two kinds of hypertrophy arc no\',' g:c;1crally 
distingui<;hed: functional hypertrophy, which takf's place when a 
part becomes enlarged through use; and compensating- hypertrophy, 
which takes place when one organ being removed another enlarg-es. 
The enlargement in the latter case may, of course, be brought about 
by the increased usc of the parts that enlarge, but as this is not 
necessarily the casc, the distinction bctween the two processes is a 
useful one. The causes of compensating hypertrophy arc by no 
means simple, and seycral possibilities have been suggested to 
account for the enlargement. The best ascertained facts in con· 
nectiol1 with hypertrophy relate almost entirely to man and to a 
few other mammals.' 

By hypertrophy is meant an increase of the suhstance of which 
an organ is composed. Swelling due to the imbibition of water or 
of blood-serum is not, in a technical sense, a process of hypertrophy_ 
Virchow distinguishes two kinds of hypertrophy: (J) Hypertrophy 
in a narrower sense in which the enlargement is due to an increase 
in the size of the cells of which an organ is composed. This en
largement of the individual cells leads of course to an increase in 
the size of the whole organ. (2) H yperpJasy due to an increase 
in the number of cells of which an organ is composed, which also 
causes an enlargement of the whole organ if the cells retain the 
normal size. The division into functional and compensating hyper
trophy given above is a physiological distinction, and both of these 
processes might occur in Virchow's subdivisions. 

Giants may be looked upon as hypertrophied individuals, since all 
the organs of the body are larger than the normal. The enlargement 
is, in this case, not due to external influences, but to some peculiarity 

I The more generally accepted results are given in Virchow's Cellular Pathology and 
in Ziegler's Patltological Altatomy. An excellent review of the suhject down to 1895 
is given in a summary by Ludwig Aschoff in the Ergebnisse d. allgem. pat/tolog. Ilfol'phol. 
und Ph)lsi%gie, 1895, ~< Regeneration und Hypertrophie," in which thete ale two hundred 
and eighteen references to the literature. 
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of the ore:anism itself. 'Nhether the size is due to more cel;s heing 
present, as seems probable, or to the 'cells being larger, or to both, 
has not, so far as I know, been determined for man. In a mollusk, 
CnJidllla /0J711rata, in which large and small adult individuals occur, 
it has been shown by Conklin ('98) that the difference is due entirely 
to the larger numher of edls in the larger individual. In this case 
external conditions, in so far as they retard the maximum possible 
growth of the individual, arc responsible for the differences in size. 
The dj~tinction is, in this casc, rather between large norma1 indi
viduals and dwarfs, than bct\vcen giants and normal or average 
indi\'iclua]s. 

The voluntary muscles of the body of man grow larger, and may 
he said to hypertrophy, as a result of doing certain kinds of 'York. 
The mu~cles of the hand and arm gro,,,,' large through llse, and 
h~come smaller a¥;ain if not used; hut the muscks of the fingers of a 
musician do not hypertrophy, although the total amount of \\"ork done 
may be yery large. It is only when muscular \york is done against 
g"n~at rLsistance th:1t enlargement of the muscles takes place. The 
factors that may bring about the enlargement will be discussed later. 

The kidneys seem to give the most satisfactory evidence of com
pensating hypertrophy. Nothnagel 1 states that it has been shown 
in man, in the rabbit, and in the dog, that when one kidney has been 
remoyed the other enlarges; and that this takes place both for young 
animals, in \vhich the kidneys have not reached their full size, and in 
adult animals, in which th~ remaining kidney becomes larger than 
normal. In the adult the enlargement is due to hypertrophy, in 
Virchow's sense, in the tubules and in the epithelium of the canals. 
In the young animal there is, in addition, a hyperplastic growth that 
leads to an increase in the nun1ber of glomeruli, etc. 

Experiments haye shown that the same amount of urea is excreted 
by the animal aiter the removal of one kidney as before; in fact, this 
is true immediately after the operation, before any increase in the 
size of the organ has taken place. This means that, under normal 
conditions, the kidneys do not perform their maximnm of work. It 
is important to observe in this connection that the remaining kidney 
gets more blood than it would get if the other were present. N oth
nagel sums up the changes that take place in this way: First, the 
removal of one kidney; second, an increase in the flow of blood in 
the remaining kidney j third, an increase in the functional activity and 
excretion of this kidney; fourth, along with the increase in the flow 
of hlood, there is a necessary increase in the amount of food that is 

1 Xoth.nagel gives a review of the suhject down to 1886 in an article entitled 10 ObeY' 
AfZ/,assu1Ig u"d:"lt1sg/eid1lt~ bei patlzologischen Zustimden. Zdtsch. f. klinische ~fedicin." 
1886. Vols. X and XL " 
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brought to the kidney in the blood; fifth, this food is taken up in 
larger amount than before by the cells. which leads to an illcrca~e in 
thl' growth of the cells, which produces hypertwphy. The increase 
in size, looked at from this point of ,·jew, J'\othnagd says, has nothing 
mysterious about it. The enlargement seems to be an adaptatioll ; but 
the enlargement does not take place because it is an adaptive proCt!'s, 
but beGlllSe it cannot be helped under the conditions that arise. \Ve 
shall return again to :Xothnagel's interpretation, when we c(nne to 
consider other views. 

Experiments of the sort just described afe most easily carried Ollt 

nll the paired organs of the bud),. such as the saHyary glands, the 
tear glands, the mamma:' of the female, and the testes 01 the male, 
I n regard to the latter two orl2:~lns the c\'idencc, especially in the case 
of the testes, is conflicting, but the recent experiments ot Ribhert 
seem to give definite results. Nothnagel had found that after the rc-
111o\'al of one testis there is no hypertrophy of the other. He pointed 
out that this result does not stand in contradiction to his hypothl:sis 
in regard to the kidneys, for the loss of one testis docs not lead to 
a greater functional activity in the other. Each acts for itself alune, 
The result shows further, he adds, that the process of hypertrophy 
is not an adaptive one, but a physical or a physiological process. 
Ribbert on the contrary thinks that even Nothnagel's statistics give 
evidence of hypertrophy, and Ribbert's own experiments give un
mistakable c\'idcnce of a considerable enlargement of the remaining 
testis. In his experiments, young rabbits were used that were born 
of the same mother and in the same litter. One of the testes was 
removed from some of the indi\'iduals, and after some months the 
remaining testis was taken out and its weight compared with that 
of the control animal. In sixteen out of seventeen experiments there 
was found to be a noticeable increase in the single testis as compared 
with either testis of the control animal. The results show that in 
some cases the single testis weighs almost as much as the two to
gether of the control animal. It is important also to notice that 
in this case the enlargement has taken place in an organ that has not 
been active, as was the case with the kidney, 

Ribbert has also shown that hypertrophy takes place in the 
mamm<e of the rabbit after the removal of some of them. Five out of 
the eight mamm<e were removed in three cases, and seven out of the 
eight in two other cases from young rabbits ahout two months old, 
Ribbert found that if the operator is not careful to remove completely 
all the tissue of a mamma an active regenerative process takes place 
from the part the' remains. After five and a half months the single 
remaining mamma of one animal measur"d six and one-half hy three 
and four-fifths centimetres, and the corresponding one in the control 
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animal five and three-fourths by three and one-half centimetres. The 
glandular tissue was also found less developed in the control animal. 

In another experiment the rabbit experimented upon bore young 
when it was six and a half months old. Soon after the birth of the 
young and before the mamma had been used the animal was killed 
and the single mamma that had been left was measured. It was 
much enlarged and projected more than the normal mamm",. It 
measured nine by five centimetres. In a normal control animal 1 the 
corresponding mamma measured seven by five centimetres. The 
number of acini was in the proportion of sixteen in the animal oper
ated upon to ten in the normal. The results show a distinct com
pensating hypertrophy, due to a hyperplastic increase in the number 
of elements of the r;land. 

A further example of compensating hypertrophy has been found 
after the removal of the spleen, when the lymphatic glands of other 
parts of the body become enlarged. There arc also observations 
which go to show that after the removal of some of the lymphatic 
glands others undergo an enlargement. 

Ziegler 2 has given a critical review of the \'arious opinions and 
hypotheses that have been advanced to account for the process 
of hypertrophy. According to Cohnheim 3 hypertrophy in bones, 
muscles, spleen. and glands is due to hyper~mia, i.e. increased blood 
supply. He thinks that neither mechanical nor chemical stimuli can 
cause directly new processes of growth. Recklinghausen 4 thinks 
that hypertrophy is not due to any extent to an increase in the food 
supply. Samuel' explains hypertrophy as due to a removal of, or 
to a decrease in, the resistance to growth and also to tbe influence 
of the nerves. Klebs· thinks that three factors enter into the prob
lem, (a) inherited peculiarities, (b) overfeeding, (c) a removal of the 
controlling influences. Weigert believes that reparative processes 
are due to the removal of influences that prevent growth, and not 
to a direct stimulus. He thinks that a stimulus may start a func
tional act, but can never start a nutritive or a formative one. Good 
nourishment, for instance, may bring a tissue to a maximum develop
ment that is predetermined by innate pecnliarities, but "idioplastic 
forces" are not thereby incre·ased. Pekelharing 7 thinks that hyper
trophy is due to a disappearance of a resistance to growth, and also 
to a stimulus causing proliferation. 

We see from these various opinions how little is really known; 

1 Not, however, from the same litter. 
2 Inlt·rl1at. Beitriig~ zu wissmsck. Medici1t. F~stsdi.rifl for R. Virch{JW, Yo1. II. ISgI, 
3 VorieJlIngm iiber allegmuine PatllOl"gie, Vol. I, 1882. • Handbuch. 
(> E(andbudf-'d. al/gem. Pathologie, 1879. 6 Allgemeine Palh%gie, Vol. II, 188g. 
7 llhr En~Jww4trl'l'ltJ:tn in Artt:rien', .. Beitr. z. palhoi. Anal., Vol. VIII, ISgo. 
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how little has been determined as yet by experiment as to the canses 
that bring about hypertrophy. IVlany of the views arc more or less 
pbusible in the absellce of direct, experimelltal c\'icIence, but it 
remains for the future to decide as to the correctness of all of them. 
They are valuable as suggestions, ill so far as they show the different 
possibilities that must be taken into account. 

Ziegler first advocated tht._; \'i~\\') in the ftrst edition of hi~ [,cfuhndl, 

that hypertrophy is due to a lessening of the resistance to gro\\ tho 
Ht:: thinks that while hyperzemia and transudation may support the 
new growth, they arc never the only cause of the formation of IlL'W 

tissue. \Vhile Virchow's view that any injury to the body or to an 
organ excites proliferation finds support in the work of Stricker .mel 
Grawitz, yet the view has been combated by Cohnhcim and hy \\'ci
gert, and is no longer held hy many pathologists. Ziegler points out 
that as a result of his O\vn work, and that of his students, traumatic 
and chemical lesions are not followed at once by new growth of the 
tissue, hut by degeneration of the tissue, and by changes in the cir
culation that lead to exudations. The new growth begins, at tbe 
earliest, eight hours after the operation, and generally only after 
twentv-four hours. Also after mechanical, chemical, or thermal 
injuri~s, a long interval elapses before phenomena of growth begin. 
The injury itself does not appear to produce the growth, but brings 
about those conditions that lead to cell-multiplication. Ziegler dis
cus:,es what is meant by the idea of a lessening of the resistance to 
growth. He himself does not mean by this that hypertrophy depends 
on changes in the physical conditions, because it is known that living 
phenomena are the outcome of chemical processes and it is, therefore, 
a i',·iori probable that the effect is brought about by chemical sub
stances in the fluids of the tissues. These substances affect func
tional actions, and may even bring about regenerative changes. This 
action of chemical substances on the formati,'e activity of the cell is 
theoretically possible in either of two ways; first, chem"'ical substances 
of definite concentration are set free, or, second, chemical substances 
are present in the normal condition that prevent proliferation, but if 
their influence should be counteracted by other substances the condi
tions become favorable to growth. It is' known in the case of certain 
unicellular organisms, that derive their nourishment from the surround
ing medium, that their increase in number may be retarded by the pres
ence of certain chemical substances. I t is also known that certain 
organisms may themselves produce chemical substances that prevent 
their own multiplication. It is, therefore, at least conceivable that after 
a part has been injured a new substance may be produced that acts 
upon and destro,'s in the organ itself the substances there present that 
have prevented -its further growth. The other interpretation is that 
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in the breaking down of the tissue of the organ a substance is pro
duced that excites the cells to proliferation. 

Klebs sug~csted that the accumulation of the leucocytes at the 
wounded surface may act as a stimulus to growth, and that the chro
matin of their nuclei might be absorbed by the cells of the tissue, and 
comhining with the nuclei of these cells bring about the new growth. 
But Zie~lcr points out that we now know that although the leucocytes 
are dissolved and absorbed oyer the wounded surface, no process of 
absorption, of the sort postulated by Klebs, takes place. Ziegler thinks 
that ::'\othnagel is wrong in supposing that an increase in the blood 
~tlpply, bringing \",ith it an increase in the nourishment, can account 
for the hypertrophy of the kidney. On the contrary he belie\'es 
that the growth is the result of an increase in the function of the organ 
due to the increase of the chemical substance, urea, that is brought to 
the secreting cells. The muscles of the body also hypertrophy as a 
result of their activity and not as a result of tbe additional blood supply. 

In connection with these problems of hypertrophy it may be pointed 
out that, under certain conditions, blood vessels may enlarge and 
their \valls become thickened. To cite a single example, Nothnagel 
found that if the femoral artery of the rabbit is tied, the blood vessels, 
that come off immediately above the ligature, and which have already, 
through their subdivisions, connections in the muscles with other 
branches of the same femoral artery (that come off below the liga
ture), grow larger after a time. This he believes to be due, in 
the first instance, to the increased speed of the blood in tbe ves
sels, and tbereby the bringing to these arteries of an increased food 
supply. Other writers have given different interpretations. Ziegler 
himself believes that several factors may be capable of bringing about 
the resnlt. He thinks it improbable that the increase in the food 
snpply can alone be the canse, and thinks it much more probable that 
the increased work that the vesseis must perform while carrying morc 
blood will account for the enlargement. 

In connection with this discussion it may not be unprofitable to 
recall that in the regeneration of the lower animals \ve find simpler 
conditions in which proliferation of the cells takes place under cir
cumstances where many of the factors suggested in the above discus
sion are absent. In the first place we find that new growth may occur 
without any increase in the nourishment that is brought to the organ. 
Regeneration takes place in the entire absence of food, except so far 
as it may be stored up in the tissues. Even in a planarian that is 
starving and decreasing in size, proliferation of new cells will take 
place if a part is removed. In many of the lower forms there may 
be proportionately even a much greater proliferation than in the 
regeneration and hypertrophy in the mammalian organs. It is true 
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that proliferation may be more active if the tissues are well fed, hut 
this does not show that the presence of food is a factor in the pro· 
liferation except so far as it keeps the proliferating C'ell~ in their bl.:st 
condition for growth. It is possible in many anima]:-;, more espe
cially in some of the lower forms, to force them to g-row rapidly by 
supplying them with a large amount of food, and conycrsciy hy de
creasing the food to delay the growth. \Vhile this shows th~lt the 
rate of growth is, \\'ithin certain lirnits, a function of the amount of 
food, there may be also other factors that enter into the re~1I1t, and 
in all cases th~re is an upper limit beyond which it is not possible to 
make the animal grow any larger. 

That the presence of certain substances may bring about the 
enlargement of a part must be admitted as prubable. It has been 
sho\\ 0, for instance, that after the remoyal of certain lymphatic 
glands other f41ands may become larger. This appears to be due to the 
greater actiyity of the gland, brought about probably by the pre~enec 
of an increased amount of some specific substance. In this instance 
the result can scarcely be due to a decrease in the physical resistance 
to grO\vth or to an increase in the blood How, except so far as this 
is brought about by the increased activity. It is, of course, possible, 
even if it cannot be positively shown in the case of the lymphatic 
glands, that a substance in the blood causes the hypertrophy in cer· 
tain organs, while in others, as in the kidney, an increase in the bluod 
flow may be also a factor in its hypertrophy. 

The view held by several pathologists, that hypertrophy and 
regeneration may be caused by the removal of a physical resistance 
to growth, cannot be looked upon as a very probable hypothesis. 
The experiments in grafting of hydra and lumbriculus show that 
regeneration may still take place when the physical resistance has 
been reestablished by grafting two pieces together. These results, 
which are more fully described in a later chapter, demonstrate that 
the growth is due to other influences. 

A comparison with the lower animals shows that proliferation 
takes place when all but three of the factors considered in connection 
with hypertrophy and regeneration in the higher forms have been 
eliminated. These are, first, the action of substances that act either 
directly or as counteracting some substance already present, as Zieg
ler suggests; second, an innate tendency in the organism to complete 
itself; and, third, the use of the organ. It is impossible that the sec· 
ond factor enters into the problem of hypertrophy. In those cases 
in which regeneration takes place when a part of an organ is removed, 
as in the case of the liver, for example, the result may possibly also 
involve the second of the two factors, for the process is much like 
that of morphallaxis in the lower animals. 
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If it be granted that the growth in a hypertrophied organ i. 
brought about by some substa.nce that increases the function of that 
organ, caO we suppose the phenomenon of regeneration to be due 
to similar factors? In other \\'ords! Can we reduce buth phenomena 
to the same principle? The case is complicated by two facts that 
may he illustrated hy concrete examples. If a piece is cut from the 
middle of the body of lumbriculus new cells are produced at both 
ends of the piece. If we suppose the proliferation is brought about 
by the accumulation of certain substances in the piece, we must still 
in\'oke other factors to account for the differentiation of the prolifer
ated material, since a head forms at Olle end and a tail at the other. 
All the hypothesis can do in itself is to account for a proliferation, 
not for the differentiation, and, both in the cas" of hypertrophy and in 
that of rcp:encration, it is the formation of new structures that we are 
chieHy concerned with, rather than the simple act of grmvth or of 
proliferation. If a piece of a hydra is cut off, the whole piece changes 
into the typical hydra form. Here there is no extensive process of 
proliferation, and' the change is in the old part. It seems highly 
improbable that the production of suhstances in the piece could account 
for its changt.· of form. These examples ,vill ~ufficc to show that in 
the process of feg-cncration it is very improbable that the change is 
brought about by special substances that may develop or be present 
in the part. \\'e must suppose that during regeneration the forma
tion of the typic'il form is not the result of a stimulus originating in a 
chemical substance acting lIpon the lhring material, but due to changes 
brought about directly in the living part itself. \Ve must conclude, 
theordore, that despite the apparently close connection between the 
phcnomcna of hypertrophy of uninjured organs and of regeneration, 
the" may often in\"o]ye different factors. 

~If sp~cific substances can bring about the hypertrophy of an organ, 
it is still not clear at present whether they do so by directly causing 
new growth, or wpether t~ir presence only stimulates the organ to 
g-rcatcr activity and the acth'ity of the organ is the cause of its 
growth. Since it must be supposed that in each organ a different 
specific substance brings about its activity and the consequent hyper
troph\', it seems more probable that the result is due to the activity 
itself rather than to a stimulus from the substance. This view is fur
ther supported by the fact that in the case of the muscles and of the 
blood vessels the hypertrophy is directly connected with their use. 
The greater use brings about a larger supply of blood, but the blood 
is only different in amount and not in its quality. It must be con
fessed that it is difficult to see how the use of a part could make its 
growth increase, for by use the tissues break down; and we are not 
familiar with any other processes within the body that make for the 
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building up of an organ in morc than an inycrse rJtio to its breaking 
uu\vn. \Ve are, however, familiar with ph<:nom~nii of building up 
due to an increase ill th~ food supply. It might appear from this to 
be more in accordance with what we fiml, to assume that thl' hyper. 
trophy is solely due to an incrcase in the food supply; yet then: arc 
other facts known that _-;;huw that an organ does 110t inCTl.':lSl' in size 
simply because it gets mon: bloDu, and that thi~ occur~ onl\" when 
the ol:gans have a grcater functional acti\-ity. It is a safer 'conclu
sion, I think, at present to assume that both the Jcth-ity of the 
org-an and the increase in its supply of food acting tog~ther arc 
L.:.l'tofs in the result. On the other hand we are so much in the 
dark concerning the functi.oning and growth of organs that we I...·an do 
little more, as the preceding- pag-e~ shmy only too ('karly, than specu
late in the yaguest sort of \\'ay as to what challge~ take place; hut 
:,ince the processes seem to be within reach of experimental methods 
\n~ can hope in the m:ar future to learn mon.~ of how the pro
cesses of hypertrophy are brought about. 

A]'ROf'fIY 

It would not be profitable to enter into a general discussion of 
the many cases of absorption, or of atrophy of parts of the organism, 
but a few examples may be given that have a general hearing on the 
topics discussed in this chapter. The more noticeable cases arise 
through disuse of an organ, a~ shown, for example, in the decrease 
in size of the muscles of man when they are not used. Since this 
may take place in a single group of disused muscles, when no such 
change Gceers in other muscles of the same individual that are in 
use, the most obvious explanation is that the decrease is due directly 
to disuse. Since the blood that goes to all the parts is the same, 
the diminution cannot be ascribed to any special substance in the 
hlood. The flow of blood into the disused'muscle is less than when 
the muscle is used, and it might be supposed that atrophy is directly 
caused by the lessened nourishment that the muscle receives. There 
is also the possibility that the decrease is brought about by the 
accumulation of certain substances in the disused muscle itself, but 
since, in general, the breaking down of the muscle is most active 
when it is used, it seems improbable that the result can be due 
directly to this cause, unless indeed it could be shown that the sub
stances produced by a disused muscle <are different from those in an 
active muscle. 

Lack of food, as is known, may cause organs to decrease, the fat 
first disappearing, and then in succession in vertebrates, the blood, 
the muscles, the glands, the bones, and the brain. Certain poisons 
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rna y also affect definite organs and bring about a decrease in size, 
as when the thymus and mamma: decrease from iodine poisonin~, and 
Cl..:rtaill cxknsor muscles a{kr lead puisoning. Atrophy may als.o be 
brought about by pressure on a part, as when the feet or waist are 
compressed. III old age there may be a decrease in some of the 
organs, as in tht.: hones, the testes and ovary, and even in the heart. 

lJegt:l1crativc changes appear even in the young stages of some 
animals, as when the tail of the tadpole is absorbed and the arms of 
the pluteu, of thl· sea-urchin are absorbed by the rest of the embryo. 

Especially interesting are the cases of absorption that take place 
when organs arc transplanted to UIlllsual situations in the body. 
Zahn transplanted a f(etal femur to the kidney, where it continued to 
grow but was bter absorbed. Fischer transplanted the leg of a birers 
embryo to the comb of a cock, where it continued at first to grow, but 
afkr.l ~umc months deg-cnerated. The spleen, the kidney:- and the 
testis ha\'c been transplanted, but they degenerate, and, in general, 
the larg"cr the transplanted piece the more probable its degencration. 
Small pieces of the skin ha,·c been transplanted from one indi\'idual 
to another, and it has hecn found that small pieces maintain them
sch'cs better than large pieces. Ribbcrt's recent experimcnts in 
transplanting small pieces of different organs have been more success
ful than carlier experiments in which larger pieces were used, The first 
difficult)' seems to be in establishing a blood supply to the new part, 
in order to nourish it. If the piece is quite small, it can absorb the 
substances, necessary to keep it alive, from the surrounding tissues, 
until the new blood supply has developed. 

In the lower animals grafting experiments have been more success
ful, because the parts can remain aliye for a longer time. It is 
important to fincl 1 howe\'cr, that evcn in these cases, a part grafted 
upon an abnormal rcgion of the body is usually absorbed. Rand 
,hows that if the tentacles of hydra become displaced, as sometimes 
happens when a piece containing the old tentacles regenerates (Fig. 
~g, A_A3). the misplaced tentacles are absorbed; and I can confirm this 
-esult. In hydra, the hollow tentacles are in direct communication 
,dth the cent~al digestive tract, and a displaced tentac1e seems to be 
n as good a position as a normal one, as far as its nourishment is 
concerned, yet it becomes absorbed. 

Rand also found, in other experiments, that when the anterior end 
If a hydra is grafted upon the wall of another hydra, the piece may 
l1aintain itself if it is large; bilt it is slowly shifted toward the base 
If the hydra to which it is grafted, and then the two separate in this 
·e:;ion. If the graft is small, it may be eJltirely absorbed into the 
,vall of the aniJ;nal to which it is attached. 

Marshall found that i.f the head of ~ hydra is partially split in two, 
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each half-head completes itself (as Trem blcy had already shown). The 
body then begins slowly to separate into two pans, beginning at the 
angle between the two heads, until finally the two parts completdy sep
arate. King (1900) has repeated the experiment in a large number of 
cases with the same result. It seemed that the di\'ision mi(rht he 
brought about by the weig-ht of the halves causing the g-radual sepa
ration of the body, but King has shown that this is not the case, lor, 
when a double form remaineu hanging with its head down, it f'ti1l 
divided into two parts (Fig. 47, .. :1). In this case, the weight of the two 
heads would cause the parts to come together rather than to separate, 
if gravity had any influence of the sort suggested. Marshall and 
King have also ShOWll that if the posterior end vf a hydra 1"; split in 
two, the two parts do not continue to separate, but one of the two, if 
the pieces ha\"C been split some distance fonvard, may become con
strictLd from the other, and, producing new tentacles at its apical 
end, become a new individual. 

I have carried out a series of experiments on planarians of a some
what similar nature. If the posterior end is split in two, the separa
tion extending into the anterior part of the worm (Fig-. 44, C), 
each half completes itself, but the halves do not separate unless they 
happen to tcar themselves apart. If one of the pieces is cut off, not 
too near the region of union with the other half, a new posterior end, 
replacing that cut off, regenerates. If, however, the piece is cut off 
quite near the region or union of the halves, the piece that is left 
may be absorbed. 

The absorption of misplaccd parts in the lower animals cannot be 
explained, I think, by any lack of nutrition, especially in the case of 
the tentacles of hydra. The result may be due either to the displaced 
part not receiving exactly those substances, perhaps food substances, 
that it gets in its normal position, or it may be due to some formative 
influence. At present we are not in a position to decide between 
these alternatives, and, \vhile the former view seems more tangible, 
and the jatter quite obscure, the latter may nc,·ertheless be found 
to contain the true explanation. If the view that I have adopted in 
regard to the organization -namely, that it can bc thoui(ht of as 
acting througb a system of tensions peculiar to each kind of proto
plasm - is correct, it may be possible to account for the absorption of 
misplaced parts by some such principle as this. 

INCOMPLE TE REGENERA TIOP 

A somewhat unusual process of regeneration takes place when 
the jelly-fish, GOlliOllC""'S vertms, is cut into pieces. As first shown 
by Hargitt, the cut-edges come together and fuse, and the pieces 
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asslIme the form of a bell, but the missing parts are not replaced1 

havf.; worked on the same form and obtained substantially the same 
r~suJts. If the jelly-fish is cut in two, as indicated by the dotted line 
in Fig. 39.L.Ii and AI, each half clost:s in and assumes the form 
shown in ii, fl. Each neV,! jelly-fish has only the two original radial 
canals that each half had when separated from the other. A faint 
line along the region of fusion of the pieces seems to represent a 
new raJial canal, - it is not represented in the figures, - and each 

AI. SLue ~iew of same. Dotted line in each 
cut Into halves. B, B. I\ew individual from a half. As seen 

C. ct. !\ew individllais from a! piece. As seen from above 
mdlviduaJ from a piece less than 1. It contained il part of one 

nt·w proboscis with mouth regenerated in all pieces, but no new 

half-proboscis has completed itself. There are not formed any new 
tentacles, except perhaps one, or a few more, where the cut-edges 
meet. Thus there is actually very little regeneration, although the 
typical jelly-fish form is assumed by the half-piece. If a jelly-fish 
is cut into four pieces, each piece containing one of the radial 
,anals, the pieces also assume the bell-like form, as shown in 
C, C. A new proboscis develops from the . proximal end of the 
,ld radial canal, and since this end is often carried to one side 

1 Haeckel (1870) first showed. ib: another medusa~Jhat pieces produce new medusre. 
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during- the closing in of the piece, the ne"·; proboscis lies not at the 
top of the sub-umbrella space, but, as seen in tht: figure, quite to one 
side. Pieces even smaller than these oll~-follrth jelly-fish will a~sume 
the bell-like form, especially if they contain a bit of the margin of the 
old bell and a pitrt of on" of the radial canals, as shown in Fig-. 39J. D. 
Although I hayc kept these partial mcclusx for several weeks, and 
have fed them during this time, I have found that the missing organs 
do not come back. That these pieces do undergo a certain amount of 
regeneration is shmvn by the formation of a new proboscis, and, in 
certain cases, a new radial canal. Even the tentacles may be par
tially regenerated, as Hargitt has shown, -especially, as I have found, 
if the margin of tbe bell is cut off yery ncar the base of the line of 
tentacles. Small knobs appear along the cut~edgc, but the pieces die 
before rcgcn~ration goes yer\, far. If, howevcf, the margin is cut 
off in only one quadrant, nc~ tentacles may be produced along the 
cut-edge. 



CHAPTER VII 

PHYSIOLOGICAL REGE~ERATJO~, REGEXERATIO:-.i AND 
GROWTH, DOUBLE STRLTCTL:RES 

Dl'RING the normal life of an indiddual many of the tissues of the 
hody arc being continuously renewed, or replaced at definite periods. 
The replacement of a part may go on by a process of continuous 
g-rowth. such as takes place in the skin and nails of man, or the re
placement may be abrupt, as when the feathers of a bird are moulted. 
It is the latter kind of process that is generally spoken of as physio
logical regelleration. In the same animal, however, certain organs 
may he continually worn away, and as slowly replaced, and other 
or~:1.t1s replaced only at regular intervals. 

Bizozzcro has made the following classification of the tissues of 
man, OIl the basis of their power of physiological regeneration. 
(I) Tissues mildc up of cells that multiply throughout life, as the 
parenchyma cells of those glands that form secretions of a definite 
morphological nature; the tissues of the testes, marrow; lymph 
glands. ovaries; the epithelium of certain tubular glands of the 
digestive tract and of the uterus; and the wax glands, (2) Tis
sues that increase in the number of their cells till birth, and only 
for a silort time afterward, as the parenchyma of glands with fluid 
sccretions. the tissues of the liver, kidney, pancreas, thyroid, con
nectiyc tissue. and cartilage. (3) Tissues in which multiplication of 
cells takes place only at an early embryonic stage, as striated muscles 
and nen'c tissues. In these there is no physiological regeneration. 

There are many familiar cases of periodic loss of parts of the body, 
The hair of some mammals is shed in winter and in summer. Birds 
renew their feathers, as a rule, once a year. Snakes shed their skin 
from time to time. The antlers of deer are thrown off each year, 
and ne\v ones formed accompanied by an increase in size and branch
ing of the antlers, In other cases similar changes may be associated 
with certain stages in the life of the animal. The milk-teeth of the 
mammals are lost at definite periods, and new, teeth acquired,' The 
larval exoskeleton of insects is thrown off at intervals, and after 

1 In rodents, however, the inc~Of3 continue to grow throughout the life of the animal. 
128 '" 
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each moult the body increases in size; but after the pupa stage is 
passed and the imago formed, there is no further moulting. 111 the 
crustacea, on the other hand, the adult animals moult from time to 
time, and the upper limit of size is less well defined than in the insects. 
The laf\'~ also pass through a series of moults. 

An interestinf{ case of physiological reg;encration has been de
scribed by Balbiani in a unicdlular form, stt:utor. From time to time 
a nc\V peristol11c appears along the side, moves forward and replaces 
the old peristomc, that is absorbed as the new one comes int(l position. 
In other infusoria the peristome may be absorbed before encystment, 
and a new one appear when the animal eml'rges from the cyst. 
Schubcrg staks that when division takes place in bursaria the J~CW 
peristome develops on the aboral piece in the same way as after 
encystment; and Gruber observed that, when an ~boral pi~ce of an 
infusorian is cut off, a new pcristomc develops in the same way as 
after normal division of the animal. These observations indicate that 
the process of physiological regeneration may follow the same course 
and probably involves the same factors as the process of restorative 
regeneration. 

Tubularia absorbs its old bydranth·hcads if placed in an aquarium, 
and regenerates new ones. It may even absorb the hydranth while 
growing in an aquarium, as Dalyell has shown, and presumably, there
fore, also under natural conditions. After each regeneration the new 
stalk behind the head increases in length. 

In plants, in which there is a continuous apical growth, new parts 
are being always added at the end of the stem, and old parts are con
tinually dying, as seen in palms. Most trees and shrubs in temperate 
climates lose their leaves once a year and produce new ones in the 
spring. Since the new leaves develop from the new shoots at the end 
of the stem and branches, the old ones can, only in a general way, be 
said to be renewed. 

That a very close relation exists between the process of physio
logical regeneration and restorative regeneration will be sufficiently 
evident from the preceding illustrations. We do not gain any insight 
into either of the processes, so far as I can see, by deriving the one 
from the other, for the process of restorative regeneration may be, in 
point of time, as old as that of physiological regeneration. This does 
not mean, of course, that the same factors may not be present in both 
cases. So similar are the two processes that several naturalists have 
attempted to show how the process of restorative regeneration has 
been derived from physiological regeneration. Birfurth, recognizing 
the resemblanc~ between the two processes, speaks of restorative 
regeneration as a modification of physiological regeneration, and 
Weismann also supports this point of view. He says: " Physiological 

K 
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and pathological regeneration obviously depend on the same causes, 
and often pass one into the other, so that no real line of dcmarca.
tion can be drawn between them. \\'c nevertheless find that in 
those animals in which the power of regeneration is extremely great 
physiologically, it is vcry slight pathologically. This proves that a 
slight power of pathological regeneration cannot possibly depend on 
a ~cllcral regenerative force present within the organism, but rather 
that this power can be provided in those parts of the body which 
require a continual, periodic rc~eneration; in other words, the regen
\...rativc power of a part depends on adaptation." It is, I think, 
erroneous to state "that in those animals in which the power of 
regeneration is extremely great physiologically. it is very slight patho
log-ically." All that we arc justified in concluding- from the evidence 
is tbat in some cases in which physiological regeneration takes place, 
as ill the vcrtebrates, pathological (rcstorati\'e) regeneration may not 
be well developed; but even in these forms restorative regeneration 
is certainly present, and present especially in internal organs, as in 
the salivary "land, in the liver, and in the eye, which are little exposed 
to injury. How far physiological regeneration takes place in the 
tissues of the lower animals we do not know at present, except in a 
few cases, but far fro111 supposing it to be absent, it may be as well 
devclolJcd as in higher forms. v\,Teismann's further 'conclusion, that 
because in some animals physiulogical regeneration is very great and 
restorative regeneration very slight, therefore the latter cannot "de
pend on a general regenerative force within the organism," is, I 
think, quite beside the mark. In this connection we should not fail 
to notice a difference between these t""o regenerative processes that 
several writers have also cal1ed attention to, viz. that the power of 
cell-mUltiplication and the formation of new cells in each kind of 
tissue does not carry with it the power of restorative or even of phy
siological regeneration, in cases where several kinds of tissue make 
up an organ. For instance, if the leg of the malnmal is cut off, the 
old cells may give rise to new ones, but the processes that would 
bring about the formation of the new leg are not present, or, rather, 
if present, cannot act. Thus, although the production of new cells 
from each of the different parts of the leg of a mammal may take 
place, yet the conditions are unfavorable to the subsequent formation 
of a new leg out of the proliferated cells. We should not infer that 
this power does not exist, but that under the conditions it cannot be 
carried out. The assumption that physiological regeneration is the 
forerunner of restorative regeneration, in the sense that historically 
the former preceded the latter and furnishe'd the basis for the devel
opment of the latter, cannot be shown, I think to be even probable_ 
This way of looking at "the two proce~ses puts them, I believe, in a 
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wrong relation to each other. We find both processes taking place 
in the simplest forms as in the unicellular protozoa, and present 
throughout the entire animal kingdom without any connection, 
excepting so far as they both depend on the general processes of 
growth characteristic of each organ and of each animal. This leads 
us to consider the general question of regeneration in its relation to 
the phenomena of growth. 

REGENERATION AND GROWTH 

It has been pointed out in several cases in which external factors 
influence the growth of a plant, or of an animal, that the same factors 
playa similar part in the regeneration. The action of gravity on the 
grvwth of plants has been long known, and that it is a factor in the 
regeneration of a piece of a plant has also been shown. The only 
animal in which gravity has been definitely shown to be an important 
factor during growth is antennularia, and it has been found that 
gravity is also a factor in the regeneration of the same form. Not 
only is this influence shown in the growth of the new part that has 
developed, but the same influence seems to be one of the factors that 
determines where the new growth takes place. This latter relation is 
known in only a few cases, for instance in plants, according to 
Vbchting, and in antennularia, according to Loeb, so that, until 
further evidence is forthcoming, it is best not to extend this general
ization too far; but it seems not impossible that it may be generally 
true. How an external factor may determine the location of new 
growth, as well as the subsequent development of the new part, we 
do not know at present. 

In regard to the internal factors that influence the growth and the 
regeneration of new parts, we are almost completely in the dark. In 
cases of hypertrophy of the kidney, etc., the evidence seems to show 
that a specific substance, urea, that is normally taken from the blood 
by this organ may, if present in more than average amounts, excite 
the cells to greater activity and to growth, but whether the nrea itself 
does this directly, or only indirectly through the greater functional 
activity of the cells, has not, as we have seen, been ascertained. That 
growth is influenced by.internal factors can be shown, at least in 
certain cases, even although we cannot refer to the definite chemical 
or physical factors in the process. Some experiments that I have 
made on the tails of fish show very clearly the action of an internal 
factor. If the tail of fundulus is cut off obliquely; as indicated by 
the line 2-2 in Fig. 40, A, new material appears in a few days along the 
outer cut-edge. It appears to be at first equal in amount along the 
entire edge. As the material increases in width, it grows faster over 
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that part of the eelg-e that is nearer the base of the tail (Fig. A.O, C). 
This growth continues to ~o 011 faster on the lower side, until the 
rounded form of the tail is produced. If we make the oblique cut so 
that thL' part nearer the base of the tail is on the upper side, the result 
is th(· same in principle; the upper part of the new material grows 
faster than any other part. If we make two oblique cuts on the same 
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FIG. {o.-A. T<dl of hll1dulus ketrroclitus. Lines indicate levels at whIch Band Cwere cut oft 

H Regenerating from cros~-cut. C. Regenerating from ob!Jque cut. D, E. Regeneratio! 
from two oblique surface~. G. Tail of sleflopus. H, 1. Tail of last cut off squarely an, 
obhgudy. 

tail, as shown in Fig. 40, D, Of as in E, the new part grow 
faster in each case on that part of the cut-edge that lies nearer th 
base of the tail. These restllts may be supposed to be due to the bette 
nourishment of the new tissues nearer the base of the tail; but it i 
not difficult to show that the difference in the rate of growth ove 
different parts of the" cut-edge is not due to this factor. If, fa 
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example, we cut off the tail of one fish squarely near the oukr end, 
as shown in Fig. 40, F, I-I, and the tail of a second near thl' bJ:.-.e of the 
tail, as shown in Fig. 40, l~~ 2- 2, and uf a third by an obliquc cut that 
corresponds to a cut extending from the Ll ppcr side of the cut-edg-c of 
the tail of the first fish to the lower cut-edge of the tail of the secund 
fish, as shown in Fig. 40, J'~ we find that the rate of gro\ .... th oycr the 
first and second tails is about the same as that of the lowl'r side 
of the third tail. In other words, the ma'ximum rate of growth that 
is possible for the entire oblique edge is carried out onl~v near the 
lower edge, and the growth of the rest of the new material is beld in 
('heck. Ry means of another cx!)crimcnt a similar phenomeno!l can 
b(: shown. If the bifurcatt:d tail of a young scnp (S'telwpns clu)'S(Ts) 
is cut off by a cro,,-cut (Fig-, 40, G, 1 - I), it will be {ounci that at lirst 
the new material is produced at an equal rate along the entire cut
edge; but it soon begins to grow faster at tv\'O points, one abO\T and 
the other below, so that the characteristic swallow-tail is formed at a 
vcry carly stage (Fig. 40, jf) and before the ne\v material has g"fown 
Ollt to the level of the notch of the old taiL 1f the tail of another 
individual is cut off by an oblique cut (Fi[,;, 40, G, 2-2), we find, as 
shown in Fig. 40, I, that at two points the new tail grows faster, but 
the lower lobe faster than the upper one, 

These results show vcry clearly that in some way thc development 
of the typical form of the tail influences the rate of growth at different 
points. The more rapid growth takes place in those regions at which 
the lobes of the tail are developing, In other words, although the 
physiological conditi( ns would seem to admit of the maximum rate of 
growth over the entire cut-edge, this only takes place in those parts 
that give the new tail its characteristic form, The growth in other 
regions is held in check, The same explanation applies to the more 
rapid growth at that part of an oblique cut that is nearest the base 
of the tail, for by this means the tail more nearly assumes its typical 
form. 

These results demonstrate some sort of a formative influence in 
the new part. We can refer this factor at present only to some 
structural feature that regulates the rate of growth, We find here 
one of the fundamental phenomena behind which we cannot hope to 
go at present, although it may not be beyond our reach to determine 
in what way this influence is carried out in the different parts, This 
topic will be more fully considered in a later chapter, 

Another illustration may be given from certain experiments in 
the regeneration 0f Planaria lugubris, If the pasterior end is cut 
off just in front of the genital pore, as indicated in Fig, 41, new 
material develups at the anterior cut-edge, and in a few days a new 
head is formed out of this new material. A new pharynx appears 
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in the new tissue immediately in front of the old part. It lies, 
therefore, just hehind the new head. The proportions of the new 
worm arc at this time very different from those of a typical worm, 
since the head is much too near t(' the ncw pharynx and to the old 
gcnitai porco New material is now produced in the region behind 
the Jlcad and in front of the pharynx, so that the head is carried 
further forward until the new worm has fully assumed the character
istic proportions. As the f1ew head is formed the old part loses its 
material, so that it hecomes flatter and narrower, and if the worm is 
not fed the old part may Jose also something of its former length. 
It the worm is fcd, howcycr, as SOOl) as the pharynx develops the 
old part loses less and the new part grows forward more rapidly. 

u 

u 

FI(;. 41.- Posterior cnd of Pl(lllana IU<~lIbri.r, cut off bt'tween pharvngeal and genital pores. 
Fig-Uft' 10 ll'lt ~h(l\\~ 11w P1Ct'C atter H!1ll0\'.t1. The four figmcs to lilt" right show the regenera
two ot tht' S,UIlt' pIPet', drawn to bc:ale. As soon as the new pharynx had developed, the 
worm was ktl. The experiment extended from ~ovcmlx:r 17 to January 8. 

The most striking phenomenon in the growth of the new worm is 
the formation of new material in the region behind the head. The 
result of this growth is to carry the head forward and produce the 
characteristic form of the animal. This change is all the more in
teresting since the growth does not take place at a free end, but in 
the middle of the new material. It is only by the formation of new 
material in this region that the head is carried to its proportionate dis
tance from the pharynx. It appears that in some way the growth is 
regulated by influences that determine the form of the new organism. 

Another experiment on the same animal gives also a somewhat 
similar result. If a worm is cut in two opliquely (Fig. 21, B) and 
the regenerati9n of the posterior piece is followed, it is found that 
the new material appearJi at first evenly along the entire cut-surface. 
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It then begins to grow faster on one side (Fig. 2 I, b), and a head 
appears in this region with its axis at rig-ht angles to the cut-edg-c. 
As the heaJ ~rows larger the grO\vth is more rapid 011 Ollt' .'il'dt', and 
as a result the head is slowly turned forward (Fig. 21, /1). This 
more rapid growth on one side brin~s the new head finally into its 
typical position with respect to the fcst of the piece. The end result 
of these changes is to produce a llC\V WON11 having a typical form. 
Jf the oblique cut is made behind the old pharynx, as in Fig. ~2, A, 
the new pharynx that appears in the new material along the cut-edge 
lies obliquely at first, indicating- that the nc'" median line is vcry 
early bid down in the new part, and connects the middle lille of the 
old part with the middle of the new head. As the region behind the 
new head grows larger and broader the pharynx comes to jie more 
and more in an antcro-posterior direction, and finaHy, when the new 
part is as broad as the 01d,1 the pharynx lies in the middle line of 
a symmetrical worm. 

-These results show that the new growth may cycn take place 
morc rapidly on onc side of the structural median line than on the 
other, and on that side that must become longer in order to produce 
the symmetrical form of the worm. Here also we find that a for
matiyc influence of some sort is at work that regulates the different 
regions of gn)\vth in such a way that a typical structure is produced. 
The more rapid growth on one side is, however, in this case clearly 
connected with the relatively smaller development of the organs on 
that side, and perhaps this same principle may explain all other 
cases. If so the phenomenon appears much less mysterious than 
it does when the growth is referred to an unknown regulative factor. 

DOUBJ:E STRUCTURES 

A structure that is single in the normal animal may become 
double after regeneration, and in some cases the special conditions 
that Jead to the doubling ha,'e been determined. Trembley showed 
that if the head of hydra is split lengthwise into two parts, 
each part may complete itself and a two-headed form is produced. 
If the posterior end of a hydra is split, an animal with two feet is 
made. It is true that the two,headed forms may subsequently sepa
rate after several weeks into two individuals, and even the form 
with two feet may lose one of them by constriction, as Marshall and 
King have shown. Driesch has produced a tubularian hydroid with 
two heads by splitting the stem partially into two pieces. Each head 
is perfect in all respects, and although each has fewer tentacles than 

1 If the young worm is fed the new part becomes almost as broad as the old piece, but 
if the worm is not fed the: old part decreases in breadth and the new part does not grow as 
broad as in the former case. 



the ll",',td that rl'gL:nerat~s from an undivided stem, yet the number of 
klltacks ull each head b more than half the an::rage I1llmber. This 
i~ c()ll11eckd apparently with the fact that the circumference of each 
h:11t i:-, grcakr than ball' the circumference of the ori;;inal skm. 
Pl.llldrians with dnuhlc tails, produced by partial splitting, have been 
(k:-.crlb~·d hy })UgL':-- and by Faraday, and it has abo been shown 
tl1:1t hy partial splittillg' of the anterior end of the worm t\\'o heads 
l·.ltl he produced. Yall DlIYl1e, Randolph, ar1l1 BanlccIl and I have 
oj)tlilll'd the ~aIl1L' result. Each half completes itself on thc ('ut~side 
and produces a .-';V!llllh:trical anterior end. IJ onc of the heads is cut 
(Iff, it will he a;.:;afll rt..'gcnt.:ratcd. If the heads are united \'cry !kar to 
the trunk, as in Fih . 4~, ~~l. they may never gro\'\" to the full size of the 
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FlU . .J.~. ~ P/,J/Idrl<[ iIlAr/(/WlJ. A. Two heads produced af!!'r operation similar to that in Fig. 24. 
EdVII Iw,tti ~lb(ltll Ii.ll! ~lZt'. n. \\'orru spilt m hall through kve! of pharynx. :-;ew half-\\'orms 
i.Hgn lh.1Il hall 01 llormal worm. 

original head, a~ I h::1\,c found; but if the pieces haye been split poste
riorly, so that each head has a long anterior end, then each one may 
beCl)-mC ncarly as large as the original head (Fig. 42, B). \Ve se~ 
in tht.'se cases the influence of the region of union on the growth of 
the new part. If the new part is near the region of attachment, the 
smaller size of the latter restrains the growth of the new head; but 
if the reg-ion of union is farther distant, the head may grow more 
nearly to its full size despite the influence of the region of union. 
King- has found in the starfish that if the ar.m is split lengthwise, each 
half rna\' complete itself lateralll' and a forked arm result. An addi
tional c~tire arm may be formed by splitting the disk partially in two 
between two arms. If the cut-edges do not reunite a new arm will 
grow out from each cut:surface (Fig ... 38, E). In this case the de-
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\'clopment of the ncw arm cannot be accounted for un the as:';lllllp, 
tion that the typical form completes itself. since a si\th arm cannot 
b:~ supposed to be a typical structur~ in the startl~h. Thl' result JlllJ~t 
dCPl·IHJ. on other factors. ~uch as the prcs(';llI.:c of all op~'n slirLitT in a 
fl..·g-ion \\'here the cells have the power (If makin~ new arm~, 

Ihrfurth has bL'l'1l able to produce a d(luhk tail in the tadpuk hy 
the followin~ method: A hot nccd!t: i:-. tilru:-;t into (lIlt: side ot the 
L1..11, ;"l) that the Jllltnchonl and thl' nl'fYO\lS ~\'sklll art' injllred. The 
tail is then cut off just posterior to tbe rcgil;n injured hy' thl' needle. 
A !lC\\' tail gTO\YS out from the cut-end, and also jn some ca~l'S iln
()ther bil grows out at the t;idc \yhcrc th(' notochord wa:-- injured hy 
tbt~ l1Lt'dll'. The injury to the lwtuchord and the rl'llw\'al 01 ti:-'SllC 

immediately ahout it leads to a proliferation (If ('L'lb, an)tl!ld \\ hil'h 
other tis:-.tlcs ar~ added and the 11~\\' tail produced. 

Lizards with douhle tails h;n'~ (lftCl1 been dcscrih,_:d,l alld it now 
appears that all these cases arc due to injuriL's to the normal tail. 
Tor-nier has succecck'd. cXflr:rimnltally, in produci!lg- d(luhle and 
cycn trip!c. tails. If the end of the tail is hroken off, alld the tail 
i~ tl1C11 injured ncar the ~ncl. t\\'o tails may regL'IlCratc. one from 
the broken end and (Inc from the rL"gion of injury (Fig. 43). l'llder 
natural conditions this mig-ht occur if the tail were partially hittcn off 
and the end of the tail lust at the same time. A rcg-cncrated tail may 
prociuce another tail if it is wounded. A thrc{.;~tajled lizard may be 
mack by cutting off the tail and then making two injuries proximal 
to the broken end. Two of the new tails may be included in the 
same outer covering if they arise ncar together, as shown in Fig. 
43/ B. Lizards \vith two or three tails may be produced in another 
way. If the tail is cut off very oblique1y, so that two or three n:rtc
brx are injured, there arises from each wounded vertebra a cartiIagi
n(}us tube that forms the axis of a new taiL Tornicr thinks that 
the regeneration is the result of o\'ernourishment of the region where 
the injury has been made, but this does not seem in itself a sufficient 
explanation. Tornicr has also been able to produce, experimentally, 
double limbs in TritCJlt cristatlls in the following \l,.·ay: The limb is 
cut off near the body, and, after the cut-end has formed new tis~uc, 
a thread is tied over ~the end in such a way that it is diyided into two 
parts. As the new material begins to bulge outward it is separated into 
halves by the constricting thread, and each part produces a separate 
Jeg (Fig. 43, D). The soles of the two feet in the individual repre
sented in Fig. 43, D, are turned toward each other. The femur is 
bifid at its outer end, and to each end the lower part of one leg is 
attached. To" bones in this part are fused together at the knee, so 
that only the foot portions can be separately moved. 

1 See Fcaisse for literature. 
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The same method used to produce double tails in the lizard can 
also be used 10 produc:c double legs. The femur is broken in the 
vicinity of the hlp-joint, and the soft parts arc cut into over the break. 
Then, or better somewhat later, the leg is amputated below the 
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FIG. 43.- A.fter TOTnlt.'r. A. Lacerta agihs. Produ~ed bv partly breaking off old tail. New tail 
<irises a,l place 01 hreakmg. Old L"lil also remains. B. Thre€¥tailed form - two tails being 
umt\·d In a comlllon covering. Old tail had been cut off (it regenerated the lower branch 
from cut-end) and t\\O prOXimal vertebrre that had been iniured. C. Additional limb of 
Iriltt,! cnstJfu.f produced by \~'ounding femur. D. Double foot of Triton crislatus produced 
by tymg thrt'.ld owr regeneratmg stump. E. Foot of Tn/oil cri.status. Dotted lines indicat
ing 1101\ foot was cut o~. F. Regeneration of same. G. Another way of cutting off foot. 
H. Rt"sult ot last operatIon. 

broken part. A new limb regenerates from the cut-end, and at the 
same time another limb grows out from the broken femur (Fig. 43, C~ 
The same result is reached if the femur has 'a slit cut into it in the 
region of the hip-joint, so that it is much injured. Later the leg is 
cut off below the place of injury. A doyble leg is the result. 
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Fect \vith supernumerary digits can also be produced by artificial 
wounds. If the first and second and then thl! fourth and fifth tOCB 

are cut off. as indicated by the lines in Fig. 43. E. so that a part of 
the tarsus and a part of the tibia and tlhula arc cut away (the 
third finger being left attached to the remaining middh.: portioll). more 
toes grow out from the wounded surface than were rcnwn:d. as shown 
in Fi~. 43. F A similar result may be obtained in an()thl.~r way. If 
the first and second toes are cut ~ff by an ohliquc cut (Fig. 4"3. (;). 
and then after the wound has healed the third, fourth, and flfth tot'S 

aTC abo Cllt off by another oblique cut (a part of the tarslis hl'ing
rcmo\'ed each time). more toes ~re regenerated than were cut ofT 1 

(Fig. 43, 11). 
Tornier suggests that the double feet that arc sometimes formed in 

embryos~cvcn in the mammalia-haye resulted from a fold Ilf the 
amnion constricting the middle of the beg-inning of the young leg, in 
the same way as is brought about artificially by tying a string oycr 
the growing end of the regenerating- leg of triton. 

In many of these cases, in which the doubk structure is the rcsult 
of splitting the part in the middle line, the completion of the new 
part is exactly the same as though the parts had been entirely sepa
rated. The only special problem that we meet with in these instances 
is that this doubling is possible while the piece remains a part of the 
rest of the organism. This shows that there is a great deal of indc
lJcndence in the different parts of the body in regard to their regen
erative power, and that local conditions may often determine the 
formation of double structures. 

It has been shO\m during the last decade that double embryos may 
be produced artificiallv bv incomplete separation of the first two 
blastomeres. Driesch, -Loe'h, and others have demonstrated that if the 
first two cells of tbe egg of the sea-urchin be incompletely separated, 
each may produce a single embryo and the two remain sticking to
gether. \Vilson has shown in amphioxus that the same result occurs 
if the first two cells are partially separated by shaking. Schultze has 
shown in the frog that if at the two-cell stage the egg is held in an 
inverted position, i.e. with the white hemisphere turned upwards, each 
blastomere gives rise to a whole embryo - the two embryos being 
united, sometimes in one way, sometimes in another, as shown in Fig. 
63. In this case it appears that the results are due to a rotation of 
the contents of each blastomere, so that like parts of the two blasto
meres become separated. In the egg of the sea-urchin, and of am· 
phioxus, gravity does not have a similar action on the egg, but the 
results seem te be due to a mechanical separation of the blastomeres. 
These cases of double structures, produced by the segmenting egg, 

1 In the figure one double or forked toe is present. 
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appear to helong to the SJ.n1C category as those described above for 
ndlllt jl>rm~"--t:,"'pL'cialJy in those cases where piece.s regenerate by 
morph;ll taxis. 

I!l COll11 t.'Ct i()!l \\'jth the production of double strllctures there 
~h()lllcl be mentioned a peculiar method of formation of new heads, 
flrst di'scl)"cred h_v Yall lJuyne in a planarian. He found that if the 

Q 0 

FIG. +t -:- A. l'l,:m.ll"I~1 it'Xubris, cut in two as far forward as region between eyes, regenerating 
h.lll-\w.Hh. R. ~.\lT\e cut m two at one sid!: of nnddle hne. Smaller piece produced a new 
\wad. l', I'iull./rttl mit(u/,lt,l, ",plit III two. It produced two heads in angle. D. Another, 
th.l.t proJuct"d a smgk hCHLlItl angle. 

anima! is cut in two in the middle line, the hah"es being left united 
only at the head-encl, as shown in Fig. 44, D, C, there may appear one 
or two new heads in the angJe between the halves. I have repeated 
this experiment with the same result, and have found that it may also 
occur when only a piece is partially split from the side of the body, 
as shown in Fig. 44, B. In Van Duyne's experiment the two new 
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h~3.d~ do not appear unless th~ cut t!xtcnd:-:; far forward. hut if the 
di\"isioll extends into the regioll between thL' tW{) eYes there Ill:!\' he 
iunned, as I ha\"c found, a sin~k eye on each ~i(.h_, t-hat makc:-. ~\ 'pair 
with tht.: old eye of that side (Fig. 44. ~·l). It is l'yitil:nt in this C:I!->C 

that each hL'ad has completed itself 011 tlh: cut-sick, the ('(lll)pldIOll 

iIlL>jurling- the eye and th<: side of the head also with its" car·Johe." 
The result, in this l'a~c, is the.: same as though the pkcl's h~ld heen 
completely ClIt in two. If the ent docs not extelld qllik ~() jar to1'
ward thnc are usually formed one or two heads Ileal" the angk. each 
,,'ith a pair of eyes and a pair of car~lobl's (hg. 44, C). SOIlIl.'tiIllCS 

a ~in;..;lt' head (kye]ops in the allg-Ie itself (Fig ... 1.4, J). and it i:-. diffi
cult to tell whether it bel()ll~s to one or to the otru:r :-.idc, ur whether 
it is common to hoth sjdl'~. Yan Duyne spokc of the dllul>k tllHI 

sin;,.;lL· head of thr: btkr kjnd which he ohtajllt:d as hClcromorphic 
structurC2S in Locb's use of the term. Ac(ording to this ddlnition, 
heterolllorphosis is the replacement ni an organ by Olle that is rnorpho
logically and physiologically unlike the original OIlC, but this statement 
has th:Cll made to coyer a number of different phenomena. The 
cx:unpJes of hekromorph()sis that Loch gives hy way of illustration of 
the phenomenon arc: the production (If a hydranth 011 the ahoral end 
of tubuJaria, and the formation of roots in place of a stem in antcn
nul aria, etc. The formation of the heads in the angle in planarians 
does not appear to me to belong in this category. It seems rather 
that the phenomenon is of the same sort as the formation of a new 
head at the side of a longitudinal picce, and if so the new heads in 
the angle are, therefore, in their proper structural position for new 
heads belonging to the posterior halves. Even if it should prove 
true that a single head may develop exactly in the angle itself, and 
belong to both sides, it can be interpreted by an extension of the same 
principle.l The position of this median head turned backward sug
gests an obvious comparison with the production of the heteromur~ 
phic head in Planaria Illgubris, but a closer examination will show, 
I think, that the two cases are different. The heteromorphic head 
is produced only when the head is cut off close behind the e)'es. If 
cut off slightly behind this region, a posterior end is generally 
formed. But in the worms split lengthwise the head in the angle 
may be formed at a le\'el much farther posteriorly than the eyes. If 
the split extends into the head, then the eyes that develop are the sup
plements of those of the old part. Our analysis leads, therefore, to 
the conclusion that the heads, or parts of heads, in the split worms 
are not heteromorphic structures but supplementary heads. 

1 A parallel case is found when a piece partially split in two at the anterior end (Fig. 24) 
produce:; one or two beads on each half, according to the extent of fusion of the new mate
rial that goes to form the new head or heads. 



CHAPTER VIII 

SELF-nI\"ISJON A)I;D REGE:-':ERATION. Bt:DnING AND REGE0f
ERATJO". AlJTOTO:\IY. THEORY OF Al'TOTOMY 

SELF-Dn'ISfO;\l, as a means of propagation. is of widespread occur
rence in the animal kingdom. In some cases the animal simply 
breaks into pieces and subsequently regeneration takes place in the 
same way as. when the animal is cut into pieces by artificial means. 
In otht:r cases the parts are gradually separated. and during this 
time nc\\..' parts arc formed by a process resembling that of n:genera
tion after separation. A few zoologists have tried to sho\v how the 
process f regeneration before separation has bt.;en derived from 
regeneration following- self-division. It is our purpose to examine 
here the evidence in favor of this hypothesis. 

A stuely of the forms that propag-ate by means of self-division 
shows that the process is present in many groups of the animal 
kingdom. In the unicellular forms this method is unh-ersally present; 
and in the multicellular forms the division of the individual cells is 
looked upon as a process similar to the method of propagation in the 
pn>tozoa. The sponges co not multiply by self-division. In the 
cu,lenteratcs, on the other hand, we find this mode of propagation 
present in most forms. Hydra appears rarely, if at all, to dh'ide by 
a cfoss-division. and, although one or two cases of longitudin::tl 
dh'ision have been described, it is not improbable that they have 
been started by the accidental splitting of the oral end. The hydro
medusa', ..._)'tomobracllium mirabik, Pltialidium ';.'ariabilc, Gastrob/asla 
Ratfa:ki, arc known to increase by division,l Several actinians and 
m;ny corals divide longitudinall;', while the scyphistoma of the 
scyphomedlls:x produce free-swimming ephyras by cross-divisions 
of the fixed strobila stage. The ctenophors do not divide. 

It is known that several fresh-water planarians propagate by 
division, the tail-end breaking off in the region behind the old 
pharynx. In one form,' and possibly in others, regeneration may 
beg-in before the separation takes place. Many of the rhabdocce
lOllS planarians increase by cross-division -the separation taking 
place more nearly in tbe middle of the body. In these forms the 

1 See Lang ('1l8): '!';ce Zacharias ('86). 
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parts develop new organs more or less completely beforc th"y sepa
rate. In the trem'ltodes self-division does not take place. The 
dh'isioll of the body of the tapeworm into proglottids may represent 
.1 process of sclf·division, but the proglottids do not regenerate after 
separation. 

The nemertians break up readily into pieces, if roug-hlv treated 
or if the conditions of life are unfavorable, but this can sC~lrrelv be 
spoken of as a process of \Toluntary sdf·division. l{egcncn~ti()n 
takes place in some species, b!:t imperfectly or not at all in others. 

In the group cf annelids we find many ca:ses of self-dh'isjan, 
e:-:;peci~~ly in marine polych;rtes and in freshwwatcr oligochxtes. One 
of the most interesting- forms, belonging to the first group, is the palolo 
w(lrm in \I,:hich the swimming headless form, that is set free by divi
sion, sef\'CS tf' di~tributc the sexual products. Subsequelltly it appears 
that the piece dies without regen crating a new head. If we cxamine 
more in detail some of the cases of self-division in annelids, we find 
the following- inten:sting facts. In nt!rcis the posterior reg-ion of the 
body undergoes great changes of strllcture, the new worm being
known under a different name, viz. heteroncrcis. In this part of 
the worm, eggs (or sperm) arc produced, but it does not separate 
from the anterior end as a distinct individuaL In the family of 
scy llids the changes that takc place in the posterior or sexual end of 
the body are often accompanied by non-sexual modes of fl~sion. 

In some species the changes that take place are like those in 
nereis, and no separation occurs; in other species the sexual region 
becomes separated from the anterior or non·sexllal regions. In 
scyllis a new head develops, after srparation, on the sexual or pos~ 
tcrior piece. A new tail is aha reg-enerated by the nonwscxual or 
anterior piece, and as many new segments are formed as arc lost. 
The new posterior region may again produce sexual cells, and again 
separate. In autolytus a new head develops on the posterior picce 
bc.fore it separates. A region of proliferation is also found at the 
posterior end of the anterior part. In some species new individuals 
develop in this zone of proliferation, and a chain of as many as six
teen worms may be present before the one first formed drops off. A 
still more complicated process is found in myriana. The region just 
in front of the anus elongates, and gives rise to a large number of 
segments. These form a new individual with the head at the ante
rior end. Then another series "f segments is proliferated at the 
posterior end of the old, or anterior worm, and just in front of the 
first-formed individuaL This region also make§ a new indiddual. 
The process continuing, a chain of individuals is produced, with the 
oldest indivi';ual at the posterior end and the youngest at the ante
rior end of the series. Each individual grows iarger, and produces 
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more segmcnt~ at its posterior end. Reproductive organs appear in 
each indidduaJ, and when the ~erm-cells are mature the chain 
breaks up. 

;\orlt' of the earthworms propagate by self-division, although occa
sionalh', under ullfavorable conditions, pieces may pinch off at the 
postt'rrnr CllJ.l Lumbriculus, on the other hand, jJropagatcs by self
division, although it has heen disputed whether the division takes 
place \\'ithout the intcrn:ntiol1 of an external injury or disturbance of 
some ~ort, Pf whether the diyision mar take place cntireh' from inter
Hal ClU:-;L'S, that is, spontaneoLisly. \TOll \Vagncr has shown that at 
certain sca~()ns lumhricuius breaks up much more readily than at 
other til1lt~s, \vhich may only mean that it is more sensitive to stimuli 
at one timL' than at another. 

The pieces into which lumhriClllus breaks up reg-eneratc after 
separation. In another form, Ctowdn1l1s 1l1ll1l0s!_1'!os, didsion takes 
pLlCL' tlrst in the micldk of thc body behind a cross-septum. Each 
half m,~y aplin divide in the same v,'ay, and the same process may be 
repeakd again and a!;ain until some of the pieces are reduced to a 
sing-k segment. A nl!\\' anterior and posterior end may then develop 
on each piece. In (towtirillls panialis each segment of the middle 
reg:iut1 of the body constricts from the onc in front and from the one 
lw'hi[Jd, and each produces a new head at its anterior end and an anal 
opening at its posterior end. The worm then breaks up into a num
her (If separate worms. In this series, selfMdiyision of the individual 
is not associated with the development of sexual forms, but seems to 
be a purely non-sexual method of reproduction. In the leeches self
division doe~ not occur, and no cases arc known in the mollusks. 

Ill. the echinoderms several forms reproducc by voluntary self-di
VISIOn. In the brittle-stars some forms divide by the disk separating 
into two parts. one hadng two and the other three of the old arms. 
Each piece of the disk then regcnerates the missing part of the disk 
as well as the additional arms. In the starfishes the arms may be 
thrown off if injured, and, \vhile in certain forms the lost arm does 
not regenerate a new disk, yet, according to several writers, it 
ma:· ill other species rcgcner,:;te a ncw animal. Dalyell observed a 
process of self-division in a holothurian, each part producing a new 
indiddual, and more recent observers have confirmed this disco,"ery. 

XO cases of self-division arc known in the groups of myriapods, 
insects, crustaceans, spiders, polyzoans, brachiopods, enteropneusta, 
or vertebrates. 

Before discussing the general problems connected with the pre
ceding cases, I should like to point out that !t is certainly a striking 
fact that in all, or nearly all, of these cases of self-division, the sepa

~See Hescheler ('97). 
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ration takes place in the shortest axis, without rt:gard to the strtlctur 
of the animal. A law similar to that cnunci3.ted in connection wit 
tht.: division of the cell seems to hold fnr the organism as a \\'hok 
namc!\', didsion takes place, as a rule, in the shortest diamctl:r of til 
form .. The protozoa are, in a sense, excluded. since being unicdllll~~ 
forms the\' come under the ru1e for the divLsion of the cell. In tIl 
c(clcntcra'tes we find the actinians and corals, that hav(' slwrt, ('vIiI 
drical bodies, dividing from the oral to the aboral end, whill' the IO;lg-t 
scyphistoma dh'idcs transversely. The flat, bell-shaped medusa, g-a 
troblasta, divides in an oral-aboral plane. The Hat-worms and al 

nclicls didcle transversely, and, therefore. in the plane of least rcsis 
once. The most important illustrations of this principle are furnbht: 
br the echinoderms. Those brittle-stars that divide through the dis 
cl.;) so in the shortest direction, that is. from the oral to the aboral sidl 
whibt the holothurians that arc long. cylindrical form!'> di\'ide aerm 
the body and, therefore, in a structural plane at right angles to that { 
the brittle-stars. It may be claimed that in all these cases the phlI: 
of di\"isioll is that in which the animal is most like!v to be broke 
in two bv external ag-cnts, hut this is, I think, onl~' a coincidel1C1 
and the ;esllit is really clue to internal conditions. "The division 
brought about in most cases, and perhaps in all, by the contractio 
of the muscles; and the arrangement of the muscles in conncctio 
,,"ith the form of the body is the real cause of the phenomenon. 

Returning to the g-eneral question of the occurrence of the procc! 
of division in the different groups, we find that in ncarly all of thet 
in which self-division occurs it is found in a number of cliffercr 
forms in the same group. The process seems to he characteristi 
of whole groups rather than of species, and so far as evidence of th 
sort has any value it points to the conclusion that the process is n( 
necessarily a special case of adaptation to the surroundings, becam 
the species that diyicic may Jive uncler very diverse conditions. 

A further examination of the facts throws a certain amount, 
light on the relation between the processes of self-divbion and ( 
regeneration. The following questions may serve to guide us in ot: 
examination: -

(i) Is regeneration found only in those groups in which self-div 
sion takes place as a means of propagation; or, conversely, doc:; 
self-division only occur in those groups that have the power ( 
regeneration? 

(ii) Is regeneration confined, in the groups that make use of sel 
division as a means of propagation, to those regions of the bod 
where the self-division takes place? -

(iii) Is re,;eneration as extensive in the groups that do not prop: 
gate by self-division as in those that do ? 
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(iv) Can we account, in any way, for the presence of self-division 
in certain groups, and for its absence in others? 

(\.) What relation exists between the forms that prepare for sub
sequent self-division and those that do not? 

The first quc:-;tion is easily answered. Regeneration is also found 
in nearly all the other groups that do not propagate by sclf-di\'ision, 
-- as, for instance, the mollusks, Ycrtebratcs, ctc. The second half of 
the question may also be answered. All the groups that propagate 
hy self-didsion h~\'c also the power of regeneration.1 

In ansv·:cr to the second question there is ample evidence showing 
that r(,generation is by no means confined to those regions of the 
hodv in which the self-diyision occurs. 

in answer to the third question, it may be stated that although, 
in the groups that propag-ate by self·division, regeneration may be 
pre~ent in ncarl), all parts of the body, the same phenomenon occurs 
in other ~roups that do not propagate by division, 

The fourth question offers many difficulties, and our answer will 
depend largely upon what we mean by" accounting for" the process 
in certain gTlHlpS. 1f the question is interpreted to ask, \Vhy does 
an animal divide? no answer can be ~i\·en. If it is meant to ask, Can 
we see how the proccss woulcl be difficult, or cven impossible, in cef' 
tain groups and not in others? then an approximate answer may be 
ghreJ). or at ]~ast" an hypothcsjs formed. In the first place, the pO'vver 
of regeneration must bl.! present in thc region at which the self· 
di\'isioll takes place in order that the result may lead to the formation 
of new individuals. or else be acquired in that region along with the 
acquirement of the means for di\·ision. A leech is not much more 
complicated than a marine annelid, yet it has little or no power of 
rcg-cncratioll; hence. perhaps. propagation by division could not be 
acquired bv the leeches until they had first acquired the power to 
rc~eneratc. In the second place, in certain form.s a separation of the 
body into two parts would lead to the death of one or of both parts, 
owin::; to the dependence of the different regions upon each other. 
In forms like the vertebrates, insects. crustacea, etc., we can readily 
sec why this. would be the case. Hence propagation by means of 
self-dh'ision could not be acquired, since the division itself would 
lead to the destruction of the organism. In the third place, the 
structure of the body may be such that the process of self-division 
would be mechanically impossible. A hard outer coat, like that 
of the sea-urchin, combined with a weak development of the mus-

1 The proglottirls of the cestodes seem to be an exception, but they are little more than 
sacs filll"d with embry,)s at the time of their separation. )-{ow far regeneration mar take 

place in the scolex. Of' young proglottirls, is not known, but it is not improbable that some of 
the abnormal forms that bave been. described may be due to regeneration. 
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culature of the hody, would effectively pre\'ent the self-dh'ision of 
the animal. 

The fifth question has many sides. It itl\'olves us 011 the one 
hand in a historical question of the origin of self-division. and on the 
other hand in a discussion of the stimulus that brings about, not onlv 
the division, but the changes that precede the dh'isioIl in those cas;s 
in which the new part dcvdops before di\'ision takes place. 

Several zoologists have held that the process of self-di\-ision fol
lowed by regeneration has been the starting-point for the process of 
propagation preceded by regeneration. Von Kennel. for instance, 
111aintains that sclf~division in ~ome of the annelids has arisen in this 
way. He says:" We ret.·o~nizc everywhere in the animal kin~dom the 
power of organisms to replace lost parts, and we call this rcgcncra
tiun. It may be developed in very different degree.:.;. in animals, and, 
as a rule, only those parts of the body have the power of regenera
tiun that still possess the organs that are essential for independent 
existence. The higher the organization of the animal, so much the 
less is its power of regeneration, perhaps, because the division of 
labor of the different organs has gone so far that extensive injuries 
cannot be repaired. . .. There is no doubt that this power is adap
tive, in a high degree, to preserve the species under unfavorable con· 
ditions, so that they are much better off in the battle for existence 
than are the anim~ls that live under the same conditions but have 
n0t the power of regeneration. .. The power of regeneration that 
g-ives the animal a bettcr chance in the battle for existence and, there
fore, makes more certain the continuance and the distribution of the 
species win be, as is well known from numerous observations, in a 
high degree inherited, indeed even increased so that its descendants 
will possess that po\ver in a higher degree than their forefathers; and, 
in consequence, a much s.maller stimulus (motive) suffices, than at 
first, to hring abollt the division of the parts." After showing, accord
ing to the usual formula, that the process of regeneration is useful, 
and, tlterefore, would come under the guidance of natural selection, 
von Kennel proceeds to show how the result is connected with an 
external stimulus! He asks: "Can accidental injuries account for 
the result (viz. for the division in lumbriculus, planarians, and star· 
fish), since how few starfish are there with regenerating arms in com· 
parison with the enormous number of uninjured individuals? Should 
we not rather look for the external stimuli that have initiated the pro
cess of self-division?" "Animals that have developed the power of 
regeneration by a long process of inheritance will have acquired along 
with this the property of easier reaction to all external adverse condi
tions. In a sense the sensitiveness for such stimuli is sharpened, and 
the animal responds at once by breaking up, In the same way the 
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car of a good musician hecomcs mOTe sensitive through practice. If 
\\'l" think of the haOl~ stimulll~ as regularly rC('t1rrin~, and as always 
answl'n:d in the saIne \\"ay, then Wt' may look upon it as a normal 
(.'(l11<1itll)11 of the lik of the animal and its response as also a normal 
Jlrol'i.:~:-; in the animal. 11, Jor in~tancc, the breaking into pieces of 
IUTllhricuius is a COllSL'ljUClllT of the approach of cold wt:ather ~)r ()f 

other external conditions. then the org-anization of this animal mn::-,t 
rt';lcl hy brC~ikillg up in Ctll1scquetlcc of its adaptatiun to the COIHli· 
ti(jll!:o acquired throLl~h hcn:dity. The sdf-cliyision h.:comcs a normal 
pr(lcL'~s \lllcler llormally recurring conditions. If the ()rK~ll1ism ha~ 
heen accustoll1ed t() rt,;spond through numerous gt_;n~rations, and, 
thcr\.'fon:, its st_;nsiti\'CllCSS has hecomc highly dc\'cioped, it will be 
Sl:cn that it may h~ influenced by the slighte:-t chang-e in tht_; unfayor
ahk l'nndition::., and although, at first, the change may not be suffi
cielltly strong to cause the animal to Jh'idc, yet the jntroductory 
chan~cs leading to the dh'i . .,jon may be started. which will in turn 
Ill,lke thL: dh'isiOT1, whcn it OlTurs, easier and the animal that pus
SCsSl'~ this l"L:SPO!l:,i\'CIlCSS l1lore likely to sun'i\·c. Thb would be the 
C,lSL' if a s]u\,.· pn)l'L'SS of constrictinn took place, so that, at the time 
of sl'p:lratiot1, no wounds ot allY size arc formed." ,. By a further 
tral1~kr of the phc.nomcnon, a partial, or even a complek, regeneration 
may sL't In bdore division takes place." ., \Ve find changes like this 
ill thl' series of forms, J~lll1lbri(lIllls, Ctowt/rilus lIl()Jl(JStj'I,)S, CtolO
dri/ns fartlalis, .. \'ai.r, C/urttIJ,"'Il.\·/cr. It appears in a high degree 
probahle that the series has ori~inatcd in the wav described. Per· 
ha 1);:-. zuolo~ists will find after sOI~e thousands of ydars that lumbricu
illS propag'ates as dol'S nab at present." In this way Yon Kennel 
tries t\) shuw h(lw tht: process of rcgcl1t:ration, that takes place before 
di\·ision. has been e\'oln-:d from a simple process of breaking up in 
response to unfa\'orahle conditions. The imaginary process touches 
on debatabk ground, to say the least. at eyery turn, and until some of 
the principles ill\'oln:d have been put on a safer basis, it would be 
unprofitable to discllss the argument at any length. 

\Vc should nC\'er lose sight of the fact that the arrang-ing of a series 
like that beginning with lumbrkllllls and ending with ch~togaster is a 
purely arbitrary process and does not rest 011 any historical knowledge 
of how the different methods originated or how they stand related, and 
no one really SUPPOSeS, of course, that these forms have descended 
from each other but at most that the more complicated processes may 
hayc been at first like those shown in other forms, E,'en this involves 
assumptions that are far from being established, and it seems folly 
to pile up assumption on top of assumption in order to build what is 
little more tha,n a castle in the air. 



Ll(J 

In sC\'craI g-r(lups of animal:, a procL'!'s of hudding- tah:L':-: pbcc:.: 
tLat pn.'sent:-:. certain features not unlike those of ~elt-di\·isit)ll. It 
j:.; difficult. in fact. til draw a sharp linl' hl'twL't'll hllddill~ and :-:.e1f
di\'i:;;inT1, and although sCYL'raJ writers h:ln: atklllpt(.,_·d to mak(,_· a di~ 
tinctioll between the two pro('(':.;."(.'."'. it Call!!!)t he: said th:tt their 
dcfll1itiullS han: bccn clltirL'ly :-;\1tTc~sfl\L It is p()~sihk tu lll:!kc a 
di~tincti()n in certain C;L:-,CS that may he adilp1t:d a.'-' typic,li, hllt the 
~zlme diffcrcnct:s may nut suffice in nt!"k:r C:t~l:S. For insLLIH'l', thl' 
rlC\TJpp!llent of a ne\~' jndividuaJ at the .side of tht~ hudy oj hydra ; ..... ;1 
tvpicall.>xampk of budding, while the hn.'aking lIJl (lj IU~llhrk{dll!- (Jrof 
~; pLllurian into pieces that form ncw indi\'idu,ds is a typicall'x:llll\l]c 
of dh·i:-.i(Jll. In a ,(.;eneral way the difi\:rcllcc in thc two l)fOlT:"!'>l's 
in\'\l]\'es the idea that a bud l)t_'gin:-:. as a small part of the parent ani
ma!, and increaSl'S in SiZl~ until it attains a tvpil'al form. 1 t mav 
remain permanently connected with the pan:nl, or be sepanltl'd off. 
By di\'isioll \n: mean the breaking- IIp of an organi:-111 into tW(/ or 
more pi~ces that become new indl\'iduals. the ~lIrn-t()tal of the 
products of the diyision representing the original I)rg-anism. Yon 
.Kennd first sharply formulated this distinl'tioll, and it has been also 
supported by yon \\'agner, who has attcmptccl to make the distinc· 
tion a hard and fa!:_.,t one; 1 hut as yon Bock h~lS pointed out, there 
arc f(lrm~ like pyrosoma and salpa in which the non-sexual method 
of prupagation partakes of both peculiarities. and ill ~\l'/h<; rallll)sa the 
indi,"iduals appear to bud from the sides, while in other <lllflclids a 
process of division takes place. Von Hock assumes, therefore, as 
more probable, that budding and seH·divisicH1 are <mly uiffcrcnt phe
nomena of the same fundamental process, It might he better, I 
think, to g-o even further in order to clear this statemellt from a pos
sible historical implication, and state only that the t,\,O processes 
invoh'e some of the same factors. 

Buddinh occurs in severa] g-roups of the animal kingdom. There 
arc numerous cases in the protozoa, such, for instance, as that in 
noctiluca. In the sponges buds are formed that ~() to huild up a col
ony in most instances. In the ccdenterates cases of btend budding are 
found in nearly all the main groups, and in onc and the same iodi
yidu,n, as in the scyphistoma of aurelia, in fact both budding and 
division occur. In the polyzoa, in the ascidians, and in cephalodiscus 
lateral budding takes place. In the rhabdocoel turbellarians, and in 
some of the annelids. we find chains of new indiyiciuals produced by 
a process that is often spoken of as buddin~. It IS convenient, how
ever, to distin;,uish these cases of axial budding from those of lateral 

1 Except for the protozoa. 
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budding; for, while they both involve an increase in the products 
over that of the original animal, the axial relations in lateral buds are 
established in a ncw plane, while in axial budding the main axis of 
the nt;w animLlI is a part of that of the old, and this difference may 
involve different factors. The process of budding docs not occur i~l 
the insects, spiders, crustaceans, mollusks, ctenophores, brachiopods, 
nematodes, vertebrates, or in several other smaller groups. 

This examination ~ho\vs that there arc groups in which both pro
cesses take place, viz. ccclcnteratcs, planarians, annelids; and others 
in which budding alone takes place, viz. asciciians, polyzoa, ccphalo
discus; and one RfOUP at least in which division, but not budding, 
takc~ place, the echinoderms. It is obvious that from the occurrence 
of the pro(.'Lss of budding in the animal kingdom we cannot infer 
anything a;, to its relation to division or to regeneration. 

~ It has been pointed out that in the flowering plants, in which the 
g-rowth takes place by means of buds, the power of terminal regen
eratioll is very slig-htly developed, and its absence is sometimes ac
counted for on the g-round that the nc\\' growth takes place by means 
of the development of lateral buds. If by this statement it is meant 
that buds being- present the suppression of regeneration in other 
reg-ions may occur, then there may be a certain amount of truth 
in the statclnent. Ie however, it is intended to mean that be
callst a plant has acquired the power of reproducing new parts by 
mcans of buds it has, therefore, lost the power to regenerate in other 
ways (or has never dcveloped the power to regenerate). then the 
argument is, I think, fal1acious; for we find even in flowering plants 
that the new buds sometimes arise from the new part, or callus, 
that forms over the cut-end, and this process resembles a real regen
erative process. \Ve also find that hydroids that produce lateral 
huds also regenerate freely from an exposed end. But we are at 
present so much in the dark in regard to the causes that bring about 
budding in organisms that a discussion of the possibilities would 
hardly be profitable. 

Al'TOTOMY 

The process of autotomy differs on ly in degree from the process 
of self-division. In autotomy the part thrown off does not produce 
a new animal. The breaking off of the tail of the lizard at the "base, 
if the onter part is injured, is an example of a typical process of 
autotomy. The throwing off of the crab's leg, if the leg is injured, is 
also another typical case of autotomy. There is a definite breaking
joint at the base of the crab's leg at which the separation always 
takes place (Fig. 45, A I-I). The breaking-joint is in the middle of 
the second segment from the base of the leg. where there is found. 
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on the outside of the leg, a ring--like g-roovc that marh the place of 
Tupture. A comparison of the kgs of the crab with the walking
l'~gs of the crayfish, or of the lobster, shows that the groove in the 
crab's legs corresponds to a joint in the legs of the two other fnrms. 
In the crayfish and lobster the walking legs generally brl~ak off at 
tbis same 1cyd, although by no means as easily or with as mud) 
certainty as in the crab. The first pair of legs of the craytlsh and 

B 
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FIG. 45.-A. After Andrews. Base of leg of crab to show breaking.joint. I-I. 8. After Fre
dericq. Dl3gmm of leg of crab to show how autot0'!lY take!> pJace. C ,After Andrews. 
Longnudinal section of base of leg to show in-turned chltmous pldte at breakmg-joint. 

lobster, carrying the large claws, have also a breaking-joint at the 
base of the leg similar to that in the crab's leg, and these legs break 
off in the living animal always at the breaking-joint. 

Reaumur first recorded that if the leg of a crayfish or of a crab is 
cut off outside of the breaking-joint it is always'thrown off later at 
the breaking-!')int. Fredericq has made a careful examination of the 
way in which the leg is thrown off in the crab, Carc;1tus nu1!nas. 
He found that the breaking does not take place at the weakest part 
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of the leg; for the le~ ()f a dead crab will support a weight of 31 to 
5 kilograms, which rcpre:-:cnts abollt one hundred times the weight of 
the crah's hody, \Vhcn the \\'cj~'ht is increased to a point at which the 
kg hn'aks, it docs t-I) bdwccn the hody amI the first segment or 
hd\\ ,,'ct! the f1r!--t and second st.:grncnts. \Yhen it breaks off in this 
way, the L'dgc~ arLO ra;.:;gcd and arc kit in a lacerated condition; hut 
\"hell the le;:, is thrown off by the animal at the breaking-joint, there 
i:-. left a ~rn(}()th ~urfacc covered O\'cr, except ill the centre, hy a 
thin cutick. Through the opening' in the centre of this cuticle a 
Ilt.:rn.: ;llld a hlood \'L'SSe} pass to the distal part of the leg. Yer)' 
link hlt_~L'ding takt.:s plaCl~ when the leg is thrown off, bl1t if the leg 
i~ (,Lit off or hroken off at any other levd the blccdin;,; is much 
grea1L'r. Frcckrit'y. studied the physio]og-ical side of the process and 
(ounc! th~t it is the result of a reflex nervous act. He found that if 
the hr:tin of the :lllim,d is destroyed the leg' may still be thrown off, 
but if thl' ycntral corel is destroyed the reflex action does not take 
place. The retlex is hrought abo lit ordinarily by an injury to the 
kg- th,lt start:-. a ncrYc impulse to the Yt.:ntral ncrn>cord, and from 
this a rdurnlIll-!: impulse is sent to the muscles of the same leg, 
causing the muscles in the n:g-iol1 of the breaking-joint to contract 
Yiulcntl\', and the result of their contraction is to break off the leg. 
If the n~l1sch:s arc first illjured, thc lc:g cannot be thrown off. Andrews, 
who has studied the structure of the breaking-joint in the spidcr
crah, has found that there is a plane of separation extending inwards 
from the gro(wc OIl the surface, This plane is made by a narrow 
space betwl'cn hyo chitinous membranes that are continuous at their 
oukr ends with the ~cncral chitinolls covering of the ICh (Fig. 45. C). 
\\lhl.'l1 th..: leg- breaks off, one-half of the double membrane is left 
attached to the base of the kg and the other to the part that is lost. 
Thi:- in-turned membrane seems to correspond to the in·turning of 
thc surface cutick in the region of the joints. The arrangement of the 
mU$c1es at thC' breaking--joint is shown in Fig. 45. n. The upper 
muscle is the extensor muscle of the leg, and through its contraction 
the hreaking off takes place. \\"hen it contracts the leg is brought 
against the side of the body, which is supposed to offer the resistance 
necessary to break off the leg. If the leg is held by an enemy. 
this may offer sufficient resistance for the muscle to bring about the 
breaking. 

In many crabs the leg is not thrown off if simply held, but only 
after an injury. E,-en the most distal segment may be cut off and 
the leg remain attached, and sometimes it is not lost after the distal 
end of the next to the last segment is cut off. If a crab is tethered 
by one leg it will not throw off its leg in order to escape, unless. in 
the crab's excitement, tbe leg is twisted or broken. How generally 
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this holds for all crabs cannot be stated. lh'rrick says: "Pninten
tional experiments in autotomy ha\"l~ oftcil been mad~ by h.,thcrint!, 
a loh~tcr or a crab by its larhc cbws. fbc animal, oj l'oltr~c. l'~cap\"':,;, 
k:n'illg only its leg behind. \\'hcn lobsters arc orawIt out of thl' walL'r 
b\' the cbws, or when a daw i:- pinched by anothlT lub:-;tcr, or whik 
tl;cy afC handled in packing. c~pccially i{'Jf the winkr ll1arkl't. the\' 
often' La:.t a claw,' and the transportation of illbstcr~ at this SCaS\l;l 
is said tn be attended by considerable loss in COI1SL'q UL'nce." Thl~ 

large claws of the lobskr arl~ quite heavy, the base ft:!ativcly small 
at the breaking.joint, and it may be that simply tht: wcig-ht of the 
claw, when out uf the water, m'l)' strain the kg so that it breaks 
off, - the kg bt..:ing injured by it:-. OWJl weight. The- lohster ~cems to 
lost..: its claws Yllite often under natural conditions. Rathhurn} states 
that .. out of a huntln:d specimens collcctecl for natural hbtory pur
poseS in );arragansctt Bay in IRSo, fully 25 per cent had lost a claw 
each, and a few hoth cla\\'s." Herrick 2 records that .. in a total 01 

725 lobsters captured at \\'oocls J loll in December and Januarv, 
1R93-1894, fifty-four, or 7 per cent, had thrown off one or both 
C\;1\\'5." 

Tht..: autotomy of the arms of thc starfish has been often ob
scrn:d.:l Thc ar-ms arc thrown off ycry ncar thc base in many forms. 
If the animal is simply held by the arm it does not break off, but il 
injured it constricts and falls off, The lost arm does not regenerate 
a ne\\{ starfish in most forms, but, as stated on pa~e 102, there arc 
recorded some cases in which the arm seems to have this power. 
King has found that out of a total of 1914 starfish (As/rrias "II/garis; 
there were 206, or 10,76 per cent, that had new arms, and all of 
these, with one exception, arose from the base of the arm. The 
growth of the new arm from the base takes place more rapidly, m 
shown in Fig. 38, A, than when the arm is regenerated from a more 
distal level; but in the latter case the arm, despite its slower growth, 
may complete itself before another does that originates at the same 
time from the base of the old arm. There is, therefore, in this 
respect no obvious advantage, so far as regeneration is concerned) 
in throwing off the injured arm nearer to the disk, 

In the brittle-stars (ophiurians) the arm breaks off with greatel 
ease and at any Icye!. If the arm is simply held and squeezed, it 
will, in some forms, break off just proximal to where it is held, If 
the broken end is again held, another small piece breaks off, and in 
this way the arm may be autotomized, picce by piece, to its \'ery base. 

1 The Fi!luries and Fishing- /ndzutrin of the Unitd StattS, Washington, 1887. 
~ "The American Lobster," Bull. U_ S. ris/t Comm .• 1895. 
a Reaumur in 1742 records the first observations. Spallanzani also descrihed the pro. 

cess,. aDd many later wrjters have examined it. 
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Regeneration may take place from any region, but, as yet, no obser
vations have been made on the relative rate of growth of the new 
arm at different levels. 

One of the most remarkable cases of autotomy is that in holothu
rians, in which the Cuvit::rian organs, and even the entire viscera, may 
be ejected when the animal is disturbed. A new digestive tract is 
regenerated. 1 

It is known that sc\'cral of the myriapods lose their legs at a defi
nite region ncar the base, and that they have the power of throwing 
off the leg in this region if it is injured. I have often observed that 
the kgs of ~""'C/lt/~!.."lTr7 /fI1'UPS are thrown off if they arc held or injured, 
and c\'en when the animal is thrown into a kiJling fluid. Amongst the 
insects the plasm ids or walking-sticks also thnm: off their legs at a 
definite joint, as described by Scudder, and more recently hy Bor
da~e, and still later hy Godeln1ann. New ieg~ are regenerated 
from the stump of the old lc~, as has 101114 bet.:n known.:! Other 
insects do ]1ot han: the power of thro\ving off their legs, and \ve haTe 
only a few obs!.!n·ations that show that the legs if lost can be regen
erated. It is known ill the cockroach tha.t the tarsus can regenerate 
iJ l(l~t or if ntt off, and that fewer segments are regenerated than are 
present in the normal animal. Newport found that the true legs of a 
caterpillar arc regenerated during the pupa stage if they hayc been 
prc\'iollsly cut off. 

A further example of autotomy is found in the white ants, which 
break otf their wings at the base after the nuptial flight. There 
exists a definite and pre-formed breaking-plane in this region. 
The true ants also lose their wings after the nuptial flight, but there 
docs not seem to be a definite plane of breaking, so that the process 
C3.Il scarcd\' be called one of autotomy. These cases also differ from 
the other ('~ses of autotomy in that the lost parts are not renewed. 

It has been obsen'ed 3 that if the leg of tarantula is ellt off at any 
other place than at the coxa, the animal bites off the wounded leg with 
its jaws down to the coxa. In other spiders this does not occur, 
although Schultz has observed that \\-'hen the lef{s are lost under nat~ 
ural conditions they are found broken off in most cases at the coxa. 
Schultz has also found that the legs regenerate better from this 
region than from any other. It would be rash, I think, to conclude 
without further e\'idence that the habit of tarantula to bite off a 
wounded leg down to the coxa has been acquired in connection with 
the better regeneration of the leg at this place. It is possible that 
the injury may excite the animal to bite off the leg as far as possible, 
which might be to the coxal joint. It would certainly be very remark-

1 The phenomenon has been observed by DalyeU, Semper, '.\Iinchin, and others. 
• Mull." EI"""", 'I F"'s~, 1837. 8 By Wagner ('87)' 
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able if this spider had acquired the habit in connection with the better 
regeneration of the leg at the base, since the h:g can prcslll1iahly also 
regenerate at any levd, as in the cpcinds. 

In this same connection I may record that in the hermit-crab I 
ha\'c oftL'n observed that when a kg is cut off outside of the break· 
ing-joint. if the Jc~ is not thrown off at once, the claws of the tlrst 
kgs catch hold of the stump and. pulling at the kg, ofkr su!1lcient 
n:sistancc for the leg- to break off at the brcaking~j()int. I vall not 
belieyc that this instinct has anything to do with thl; better regenera
tion of the leg at the coxal joint, howc\'er attractive such an hypothesis 
may appear. 

TIIIU!t'IE'; OF _·ll"TcJ/,OJ/l" 

A number of writers have pointed out that under certain c(lndi~ 
tions it is an obvious adyant,q.~e to thc allimal to be ahle to throw off 
a portion of the body and thereby csc3pe from an enemy. I t has 
~)eL'n suggl:sted that if a crab is seized by the kg, the animal may 
sa\'c its life at times at the expense of its leg; and silKe till.: crab has 
the power of regeneratiIlg' a new leg, it is the gainer in thl: long run 
by the sacrifice, The holothurian, that ejects its "iscera, has hl"l'll 
supposed to offer a sufficient reward to its hungry enemy, and escapes 
paying the death penalty, at the expense of its digestive tract. Thus, 
hadng shown that the process of autotomy is a useful one, it is 
claimed that it must have been acquired through a process of natural 
selection! An equally common opinion is that autotomy is an adap
tation for regeneration, since in certain cases, as in that of the crab's 
leg, better conditions for subsequent regeneration occur at the break~ 
ing-joint than when the amputation takes place at any other region. 
Since less bleeding takes place when the crab's leg is thrown off at 
the breaking-joint, and since the wound closes more quickly when 
the arm of the starfish is lost at the base, it is assumed that we have 
in both cases an adaptation to meet accidents, and that the adaptation 
has heen acquired by natural selection. 

A consideration of these questions involves us once more in a dis
cussion of the theory of natural selection. An attempt has been made 
in another place (pages 108-110) to show that we are not justified in 
assuming that because a process is useful, therefore it must have been 
acquired by means of natural selection. Even if it were granted that 
the theory of natural selection is correct, it does not follow that all 
useful processes have arisen under its guidance. \Ve may, tberefore, 
Leave the general question aside, and inquire whether the process of 
autotomy could have arisen through natural selection (admitting that 
there is such a process, for the sake of the present argument), or 
whether autotomy must he due to something else. 
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If \\'c aSSllllle that the leg- of some individual crayfishes or crabs, 
for L'x;uHpk, broke off, \I,'ben injun:d. more easily at one place than at 
an(lther, and that n:generation took plaCl~ as well, or ('\"en bdter, from 
this re~i()11 th;Ul from any other, and if we further assume that those 
aninnl~ in which this h~;ppcned would have had a hetter chance of 
sur\'ival than their fellow!';, then it might Sl'l'm to follow that in time 
there would he 1l1OfC of this kind of animal that sun"hOed. But c"cn 
tht?~(.' ;l;';SllIllpti(1I1S arc not cnnug-h, tor wc must abo assume that this 
particlIbr "ariation was more likely to occur in the descenda.nts of 
th():-,c that had it best clL'\"f.~Jtll)l~d, ,;nd that among-st those forms that 
sliITin.:d, some bad the same mechanism dcYeloped in a stil1 higher 
dl'grcc, an(l, the process of selection ag-ain takin~ plac~. a further 
ad\'ance would be J11ade in the dircction of autotomy. This, I think, 
is a fair, although hrief, statement of the con,·cntiOI;al argument as to 
how tl1l.: process of natural selection takes place. But let us look 
further and SeC if the results could be really carried out in the way 
imagined, shllttin~ our eyes for the moment to the number of suppo
sitiolls that it is necessary to make in order that the change may 
occur. It will not he difficult, I bclievc. to show that even on these 
assumptions the result could not be reached. In the first placc, the 
crahs that arc llot injured in each generation are left out of account, 
and amongst these there will be some, it is true, that have the particu
lar variatioll as well developed as the best amongst those that were 
injured, and others that havc the ayerag-e condition, but there will be 
still others that ha\T the possibilities less highly developed, and the 
two latter classes will be. on the hypothesis, more numerous than 
those in the first class. The uninjured crabs will also hayc 
an advantage, so far as breeding and resisting the attacks of their 
enemies arc concerned, as compared with those that ha\·e been injured) 
and in consequence they, rather than the injured ones, will be more 
likl'lY to lcan~ descendants. Even if some of those that have been 
inju;ed. and have thrown off the leg at the most advantageous 
place, should interbreed with the uninjured crabs, still nothing, or 
Yt~ry little. can be gained, because, on Darwinian principles, inter
cr()ssin~ of this sort will soon bring back the extreme variations 
tn the average. 

The process of natural selection could at best only bring about 
the result provided all crabs in each generation lose one or more of 
their le~s, and among-5t these onl\" the ones survive that break off the 
leg· at the most a(h'~ntageous pI~ce; but no such wholesale injury 
takes place, as direct observation has shown. At any one tim~ only 
a small percentage, about ten per cent, have regenerating legs, and 
as th~ time required completely to regenerate a leg, even in the sum
mer, is quite long, this p¢rcentage must give an approximate idea of 
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the extent of exposure to injury. It is stran~~ that th()~~' who assert 
()ff-hand that, because autotomy is a useful process. thcn.~fort,_' it mllst 
r<tYc been acquired by natural ~ckctioll, have not takell the pain~ to 
work uut ho\\' thi:-; could ha\'c come about. Had they done ~(\, 1 loan· 
not but bdic\'c they \votlld han.:: seen how great the ditEcultics are 
that stand in the wa\'. 

:\ further difficuity is met when \\"1: find th3t each leg of the crab 
hJ~ tIll' samL' mechanism. If we reject as preposterous the idea thaI 
natural selection has dC\'c]oj>cci in each k~ thl' same structure, thl:n 
we mllst suppose that a crah vari(.~s in the s:ttnc direction ill all its legs 
at thl" same time; and if this is tnti: it i:-. obviolls that th..:: principle nf 
y:triation mu~t he a far nwre important factor in the le~l\1t than the 
picking out of the most extrcmc yariations. The sanK letWS that 
determine that onc indh"idual \'aries in a useful direction farther thall 
do other individuals m~lY) after all, account fnr the entire seril:s of 
changes. If it be rcpli~d that natural selection does not take into 
account the causes of the differenccs of individual Yariation, this is 
to admit that it avowedly ka\'es out of account the vcry principles 
that ma\' in themselves, and without the aid of an\' such supposl~d 
process ~s natural selection, bring about the result. 1'hc Lamarcki;ll1 
principle of use and disuse docs not give an explanation of autotomy, 
since the region of the breakin:..;-]oint is not the weakest region of the 
le~. or the place at \vhich the leg would be most likely to be injllred. 

\Ye cannut assume autotomy to be a fundamental character of liv
ing things, since it occurs only under special conditions, and in special 
regions of the body. While it might be possible to trace the autot
omy of the legs of the crustacea, myriapods and insects, to a common 
ancestral form, yet this is extremely improbable, because the process 
takes place in only a relatively few forms in each group. The au
totomy of the wings of white ants that takes place along- a preexisting 
breakinkline must certainly have been independently acquired in this 
group. The breaking off of the end of the foot in the snail helica
rion is also a special acquirement within the group of mollusca. 

Bordage has suggested that the de,'c\opmcnt of the breaking-joint 
at the base of the leg of phasmids has been acquired in connection with 
the process of moulting, He has observed that during this period the 
leg cannot, in some cases, be successfully withdrawn through the 
small basal region; and hence, if it could not break off, the anima} 
would remain anchored to the old exoskeleton. It escapes at the 
expense of losing its leg. The animal, having acquired the means of 
breaking off its leg under these conditions, might-also make use of the 
same mechap'sm when the leg is held or injured, and thereby e.o:;cape 
its enemy, The fact that the crayfish has a breaking-joint only for 
the large first pair of legs would seem to be in favor of this interpre-
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tation, but the crab has the same mechanism for the slender walking 
lei(s, that one would suppose could be easily withdrawn from the old 
covering". It should also be remembered that we do not know 
whether the brcaking--joint at the base of the leg of the crab and 
of the crayfish would act at the time when the leg is being with· 
drawn fr()~ the old exoskeleton, unkss the leg were first injured 
oUhick of the joint. 

Our allaJ\'~i:-. leads to the conclusion that we can neither account 
for th(' IdlCn;HlleJlOll of autotomy as due to internal causes alone in 
tht.: sense of its being a p;cllcral property of protoplasm, nor to an 
cxt\.._~rllal cause, in the sense of a reaction to injury Of loss from 
accident. There would seem then only one possibility left, namely, 
that it i:- a result of both tog-ether, Of in other words, a pr(lCt~ss that 
the animal has acq uired in connection with the conditions under 
which it lives, or in other words, an adaptive response of the organism 
to its conditions of life. 

\\'1: an; not, however. able at present to push these qUl':'itions 
farther. for, howc\'cr probable it may seem that animals and plants 
may at'qui[l~ characteristics useful to-them in their special conditions 
of life, and yet not of sufficient importance to be decisive in a life and 
death strug-g1e, still we cannot, at pr:.csent, state how this cou1d have 
taken place in the course of evolution. For, however plausihle it 
may appear that the useful structure has been built up througb an 
interaction between the organism and its environment, ,,-e caIlnot 
afford to lea"e out of sight another possibility, viz. that the struc
ture or action may have appeared independently of the enyiron
mcut. \)ut after it appeared the organism adopted a new environment 
10 which its new characters made it better suited_ If the latter alter
nath'e is true, we should look in vain if we tried to find out how the 
interaction of the environment brought about the adaptation. The 
rdation would not be a causal one, in a physical sense, but the out
come of a different sort of a relation, viz. the restriction of the organ
ism to the eIlvironment in which it can remain in existence and leave 
descendants_ 
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GRAFTIl\G Al\D REGEXERATJO;\" 

Bs uniting parts of the same or different animals, or of plants, 
there is given an opportunity of studying a number of important 
problems connected with the regeneration of the grafted parts. 
Trembley'S experiments in grafting- pieces of hydra arc amongst 
tht: earliest recorded tases of unjtjn~ portIons of different animals, 
althoug-h in plants the process of grafting has been long known. 1 

Trembley found that if a hydra is cut in two, the pieces can be 
reunited by their cut-surfaces, and a complete animal results. )Jo 
regeneration takes place where the union has been madc. lie also 
succeeded in uniting the anterior half of one individual with the 
posterior half of another individual, and again produced a sing-Ie 
indi\·idual. He failed to obtain a permanent union between different 
specit:s. 

1\lore recently, 'Netzel has carried out a number of different 
experiments in ;'niting pieces of hydra. He found that if two 
hydras are cut in two, the two anterior pieces may be united by the 
aboral cut-surfaces (Fig. 46, B), and the two posterior pieces may 
also be united by their oral cut-surface;; (Fig. 46, A). The fusion 
of these" like-ends ,. takes place as readily as when unlike ends arc 
brought in contact, as in Trembley's experiments, Subsequently, 
howe\·er, regenerative changes take place, When, for instance, two 
anterior pieces are united by their aboral ends, there develop after 
h\"o or three days one or two outgrowths, at or near the line of union, 
that become new feet, and the two indi\'iduals may subsequently 
separate. When two posterior pieces are united by their oral sur
faces, a double circle of tentacles generally develops, one on each 
side of the line of union. The pieces then pinch apart and produce 
two hydras. In another experiment the head and a part of the foot 
were cut from a hydra, and the head was turned around and grafted 
by its aboral surface upon the aboral surface of the middle piece. 
Another animal was cut in two in the middle, alJ.d the posterior half 
was grafted by its oral end to the oral end of the middle pi,.r". In 

1 For references to the literature on grafting in plants see Vochting ('84). 
, In one case they separated only after three months. 
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this way a new, artificial individual was made, as shown in Fig. 46, C, 
.... :jth th~ middle p,trt ot the hody iu a rc\'er~e direction as compared 
\vith thl' (Iril'lltatioIl of thl.: tW(! cnd-pieces. 1 The unioJl of the three 
pil'(,l'~ \\'a~ !'-I) perket that not C\'cll a swelling or a constriction indi
catctl the ph(T~ ()1 fu~lon. After six days a normal bud appeared at 
the (t'gioll ot unioll uf the posterior and middle Jliece~, that gave 
risc to a IlCW hydra, which !->cparated after a few days. The C0111-

c ·U 
c~~ 

[ 

[l(~ 
pin'':::' of hl'dr<l Ullil~d by tlwlr or,I! ends. Fl. Two anterior pieces 
abofdl en,\s. t: A" long hnlra " m.,de by \lni!in~ three PI<'CPS; the 
i). Afkr PeelJ;l'~. lw(l jlo'oief!Of pieces of brown hvdn \lnilecl hy 
n,'ar 1Il\l~ln. A 11\::\\ ~nh'nor end ~t'velopt'd from the C(~t, "bora; 511f
t"niun 01 a nlllriuI'<-' and a nroleclll'e polyps of hydr.-lC'tlf11,t, ~uh"e

:11 lull'. _I-I, 1!. l'D!on of Iwo p051{"rinr piecr<; of hydra I)\' or.11 ends. 
eu! off nl liTlt'. 2~::!, El, :\'ew head regeneratt"d in region of UOlon, 

l'ul-enJ, E::!., E3, Fusjon of Iwo parIs with a single hydra, 

pOllnd animal ,,"as healthy and ate many daphnias. It was kept under 
obSCITation for twenty-four days, and appeared normal, giving off 
sen:ra 1 morc buds, 

In other experiments of this same sort a foot generally developed 
where the two aboral surfaces came together, and the head-end sepa
rated from the rest of the piece. In another. case a mouth and tenta
cles appeared at the place at which the oral ends had united. 

1 This and other experiment£. were carried out ~Y pushing the pieces on a bristle. 
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In a different kinll of experiment, the antcri(lT ends of tWI) hydras 
were cut off and united hy their aboral !'-urI:1CCS; thcll one oj till' 

compnnents was cut in two. jllst !;;H'k of the ~'jr('k u[ tL'nlacks. 
After fi.n.~ days two short. hook·like pr()c~ssc~ appt~:trL'd at thl..· (ut. 
Deil end. They produced a foot, by mC:Il1~ 01 which th~ anillw\ 
tixcd it::-e!f. In- this case it wi!! be S~t'll th:1t a {not dn'dnped from 
an nral end. The result mi~ht not in itsd! he cOllsidcrcd suHicil..'nt to 
show whether the de\'i.~lnpn~el1t of a foot at the oral end 01 a pitT\.' is 
dtle to the influence of the otht~r curnpllllcllt, or is !:iimpl\" a C;1' ... (' 01 

hctcrl)ll1orphosis haying no CI)I1l11Xtillll with the presenn' ('If the othL'r 
~ omjluncnt. Since heterumorphosis has nevcr ht.!l.'n ohsl'rn'd ill i:-.()~ 

1akd pk~c~s of hydra, the probability is that th!.: n:sult is ill SO!lh,' wa\" 
connL:ctcd ,\:ith the prescnc~ of tht.: other C'o1Hl)OnL:nt, Pel'l1]es h;;s 
made a number of expL:riments, in which special atteIltion wa:-. paid 
to this point. Fifteen anterior pieces were l1nited in p,lirs by their 
abor,d cut~surfaccs. and then one component wa.'" cut in ball, lc;n'ing 
an exp(Jsed oral end. Out of this number fi\'c pieces furmed a new 
ht.:ad at the cllt~surface, and the pieces became attacht.:cI hy a foot. 
that denJoped at the region of union. Two others did not regener
ate at the cut-surface, but became fixed as heJore, antI neither regen
cratecl nor became fixed at the cut-end. Three became attached at 
the cut. oral surface, but none of these dc\'doped a characteristic 
foot. The result shows, nevertheles .... , that some influt:nce was present 
that inhibited the development of a mouth and tentacles at the oral 
cut-end, since these always develop in isolated pieces. In another 
se;ics of experiments posterior ends were unikd by their oral sur
bees, and then one of the two piece~ was Cllt in two (Fi~. 40, F). A 
nc\\' hypo~tome and tentacles developed at the n.!~i()n of union, and 
a foot at the aboral cut-surface, as sho\\.rn in Fj~. 40, };-1. An organ~ 
i~m, with one mouth and a circle of tentacles, and two hodies and 
two feet, resulted. The bodies soon began to fuse together (Fig. 46, 
li2) into a single one, and when the fusion had extended to the region 
of the feet, they also fused into a single structure (Fig. 46, 1':3), so 
that a sini!;le hydra was produced. 

In another experiment, twenty-two posterior ends were united in 
the same way, and then one of the two components was cut in two. 
In five cases a single head developed on the aboral end of the smaller 
piece (Fig. 46, D). It is evident in this case that the union of the two 
pieces has been a factor in bringing about the development of an 
aboral head. Another of the grafts produced an aboral head, and also 
one in the region of union. The remaining sixteen grafts produced 
new heads, if they developed at all, only in the region of union. Pee
bles states that the regeneration of aboral heads takes place only when 
one compDnent is cut off near the region of union of the two pieces. 

M 



REGENERATION 

In general. it may be stated in regard to these experiments in 
hydra that when pieces are united in the same direction, that is, by 
unlike surfaces, a single indidJual is formed and no regeneration 
takes place where the union has been made, but when like surfaces 
are brought tog-dher, although perfect uniun may result, a process of 
rcgclleratioI1 takes place later, at or near the line of union. Even 
the presence of cut-surfaces at one or both cut-ends of the united 
components does not generally affect the result, although, in a few 
cases, it may change it, in so far that heteromorphic regeneration may 
take place from one piece. This sometimes leads to a suppression of 
regeneration at the line of union. The experiments do not sh()\v, 
perhaps, conclusively whether the heteromorphosis of the smaller 
component is due to the polarity of the larger component effecting a 
chan~c in the smaller one, or whether the closing of the oral end of 
the slnallcr component \ by its union with the other) brings about the 
result. All things considered, it seems to me that the larger compo 
nent has dircrtlv influenced the other. 

King has fO~llld that if two posterior pieces of hydra arc united 
by the oral cut-surfaces, and then after they have fused botll pit_'(t·s 
arc (ut off IIn',- the line of fusion, there develops from the small 
piece a si1JK/c 1t)ldra, with a foot at one end and tentacles at the other. 
If only one of the pieces is cut off ncar the line of fusion, a new 
head develops from its oral surface. as Peebles bad found. If two 
anteriur cnds afC united by their aboral cut-surfaces, and then later 
both arc cut off near the line of fusion. a single hydra develops from 
the small. double piece. If one of the components is cut off near 
the line of union. a foot develops from the oral cut-end. If in any 
of the cases the cut is made some distance from the line of unionJ 

then each cllt-surface dcyclops its typical structure. These experi
ments leave no doubt as to the influence of the larger piece on the 
smaller one. Especially interesting is the formation of one individual 
from two short pieces united in opposite directions. In this case we 
mllst suppose that one piece has the stronger influence on the combi
nation (perhaps because it is a little larger). and determines the polari
zation of the other piece. 

King finds .that when two posterior pieces are united by their oral 
ends, regeneration of one or of two heads often takes place at the 
line of union (Fig. 47. £. £1. £2). as Wetzel bad found. If a dark 
green individual is united to a light green one. it can be seen that in 
many cases the new heads are formed by both components. as shown 
in Fig. 47. £ '. Later one of the posterior ends is absorbed. and 
the halves may then separate (Fig. 47. £'; £2). If a number of 
pieces are united. as indicated in Fig. 47. E. a number of heads may 
be formed, and one or more of these m!'y have a double origin. No 
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evidences of separation of the pieces was obs~r\"cd in cases of this 
sort. 

In one experiment two posterior pieces were united by ohliq~lc 
surfaces, as shown in Fig. 47, C, and one of the two was afterwards 
cut across, as indicated by the cross·linc. The subsequent re
generation that took place is shown in Fig. 47, Cl. A head, COnJ-

FIG, 47. - Aftt'r Kinrt. A. Hydra split in two, hanging vertically downVtard". Lntl.'r lh~ halves 
complt'tf'h' !>ep:lTated. 11. T\\o posterior end" united by orill surfa{;f"~. Hi, Same;, It Tf'j.?;{·P
{'rated two heads, earh composed of parts of both plCces. /fl. Al ,sorption of one pIece It-ad
ing tf) a later sennmtion of halve, C Two posterior ends unlt('d bv ot,llqup "SlIrface!>. I.!ltt'f 
orw niece partial]\' cut off, 11<; indirated hy 1in{~. ('1. Lakr still, two h~'ad" developed, one at 
1\', tht> ('ther at ilf. D. Similar t'xperilTlt'nt in ",hich only one hpad dt'v('lopf'd, at AI. 1:.:. Fn'e 
piCCf"5 united as shown by arrows. Four heads regenerated, one b("ing composed of pans of 
two pieces. 

posed of parts of both pieces, developed at the cut-surface 111, and 
another in the region N in Fig_ 47, C, composed of material of one 
component. In another case, shown in Fig. 4;, D, a head deveI
Dped only at toe cut-edge, hut it was made up of material from bLth 
components. 

A series of grafting experiments of another sort has been made 



by Rand. A part of one hydra is grafted upon the side of another 
one in the following way. A groove is scratched in a film of soft 
paraffIne con:ring the buttom of a dish filled with water. Another 
~ro()vt.' is madc at right anp:le~ to the first onc, and opening into it. 
A hvdra (the stock) is placed in the first groo\'c, and a wound made 
in it~ side with a knife. Anuther hydra is cut in tv·;o, and one piece 
(thl: graft) placed in the other groove, and its cut-surface brought 
into contact with the wound ill the side of the first illdividual. If 
tht.= operation is successful the expused surfaces of the t\vo hydras 

~~:~'0?~ ...... A,~L 
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FIG. 48.-.A.lteT R.md. A. iIead of Hydra cut off. Af(t'T cig"ht da~:,. AI. Sdme after thirteen 
d,Lrs. Tllll't' knt,lcit'!> mlspi,u:ed. ...12, S.mH:' after e!ghteen days. A8. ~ame after twenty
one d;H!>. :\11~p!,\1.·cd tentacies absorlwd. H . .Ar.ntenor end of Hl'dra (7lJea, grafted upon 
sJ(k ll! body of .mother md:vi.lnal. H.df an hour after operation. Hl. Same after four days. 
R2. ::-.ulle .liter !lllrty-eigilt lLl\;'. [rJ. !:_,ame, foOl-regIOn after fort\'-nine days. B4. Same 
after separ.ltlng. Flhy"sl'cond dd.~·. -

quickly unite, and the combination may be taken out of the groove. 
If the piece grafted au the stock included about the anterior half 
of a hydra. a two·headed animal results, as shown in Fig. 48, B. 
Althouf:h the graft has been united to the side of the stock, it soon 
assumes an apparently terminal position (Fig. 48, B 1). This is due 
to the graft sharing with the anterior end of the stock the common 
basal portion of the stock. A slow process of separation of the two 
anterior ends.now begins, brought about by a deepening of the angle 
between the halves (Fig. 48, B2). :rhis leads ultimately to a com-
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plett- separation of the two indi\'idual~ (Fig. 4S, nC'., /.' t). Each ma) 
get a part of the original foot. or a IlL'W foot may arbc on the graH 
a~ the division approacht:s the ha~e. 

In other experimt.:nts only a small part uf the foot-cnd Was cut 
trom the animal that ser\'ed as the gral t. The Inllg anterior piece 
was grafted as before upon thl..: side 01 the stuck. AItL-rthe t\·,;o had 
ldlilt.:d. the graft was cut in two, ka\'ing- a part of the graft ;Htachl'd 
toJ the stock. The part regenerated kntacles, :tnd in tW() cases s([h~ 

~~'quetltly ~cparated from th~ stock as ill the first experiment. In a 
third case the graft was absorbed by the stuck as far as the circle 
of new tcntacJcs, but its subseqllent fatc was not dctL'rmjllL'd. In a 
tourth ca~c the gTaft did not rL'gTllcrate its telltacks, and was com
plctl:lyabsorbed into the wall of the stock. The !->maller thl~ piecc 
that is grafted on the stock the gn:akr the challce that it wilt be 
absorbed, and furthermorc short, broad rings are more likely to 
be ah:;,orbed than long, tubular pieces of the same \'OlunH:. 1 

Rand's results sho\\' in general that when hydras are grafted 
t(lg"ether they regain the typical form in one of t\n) ways, - either 
by separation into two incliyiduals, or by the ahsorption of the smaller 
into the larger component. In the former case the result is brought 
about in the same way as when the anterior end is partially splft in 
t\\"o and the halves subsequently separate. \Vhen the "ralt is ab
sorbed it is not clear ,vhethcr the absorbed piece disappears or, as 
seems not improbable, forms a part of the \vall of the stock. 

It is important to notice the difference between lateral buds and 
lateral grafts. The buds separate in the cours;c of four or five days 
by constricting at the base, but this never happcns ill lateral g-rafts. 
Rand has also made some experiments with buds. He cut off the 
outer oral end of a bud, and grafted it back upon the stock in a new 
place. It did not separate from the stock as docs a bud, but by 
a slow process of division it was set free in the same way as arc 
lateral grafts. The proximal end of the bud, which was lelt at
tached, developed tentacles at its free end, constricted at its base, 
and was set free. The separation was, however, somewhat delayed. 

In another experiment a bud was split in two lengthwise, and the 
cut was extended so that the body of the parent was separated into 
two pieces. Twenty-four hours later it was found that each half·bud 
had closed in, and was much larger than when first cut. The half
bud, that was attached to the posterior end of the anterior piece, was 
constricting at its base, and subsequently it separated at its point of 

1 Rand found that when a posterior picce wa..<; grafted by its cut, oral end to the side 
of another hydra that it was ahsorbed into the stock. In one case i.t moved down the whole 
length of the body of the stock and finally disappeared by absorption into the foot of the 
stock. 
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attachment. The other half of the bud, that had been left attached 
to the anterior end of the posterior piece, had swung around, so that 
its lOllg axis corresponded to that of the posterior, parental piece. 
At first a slight constriction indkated the line of union of the two, 

A B c D E f G 
FIG. 40.-After Peebles. A. Grafting in Tubul,vi,l 11Icu'loryanthc·JnliJfl. A small piece of the 

stock 1,J.kt'n from Iht' r{"glon near the base, and grafted in a n'versed direction on the oral end 
oj ,l long piet.:c. 11. Same wlth dl,>lal tentacles In small pir-'ce. and proxunal tentacles in large 
PI('O: (nlOdllied frol1\ Peebles). C Same. Formation ot hydranth {onginal). n. LIke A. 
Both pieces produce hydranths. E. ProtrusIOn of hydranths of last. F: Piece of oral end 
ellt off, turned around and gr:lttNi on oral end of 10n,1; pier!". A smgJe hydJanth produced. 
DJst,l: tent.lde {rum both components. G. A short picco: from dist.li (oral) end of long piece 
cut off, and grafted by ItS proxlmai end to proxImal end of tht, same long piece. 

but later this disappeared and a single hydra resulted. Whether 
the difference in the fate of the two half-buds is connected with their 
different polar relations to the parts of tbe parent, or is due to some 
other difference in the absorbing power of the anterior and posterior 
pieces, is not knoWIl.·-
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Tuhularia is not so w~ll suited a!' hydra to :.;hnw tht' illl1ul'llCl;" 

of ~raftillg un the unikd part:.;. since piel"!:s ul tubufaria product" 
hvdranths, both at the oral and aboral ends, althUll!.Jl the latter 
h~ drallth:- take lOI1f!:er to dL'n.-:\op. 1\.·chk·s ha." showlI,' llcn:rthL·!t-:-;:--, 
tl;:1,t ).::rafting has an infhwllce OIl thL" bl'hayior of a piece, I tl onkr 
t{l :-.hl)\.\' that the polarity of a smaJl pit:CL~ {'(lllld he affvclL'd hy :1 
br ~er piL'l'e, the followin~ experiment wa:-. carried out. After cutt'il1g 
(Iff the old hydranth frOIll the end of a stL:m, a short i1icl'e \\':1:-' thcll 
Ct,! from tbL' distal end of the :-,amc .stem. turned around. and it,..; ora! 
end brought in contact with the oral end of tht: original JliL~ .:, as 
ilh!iratcd in Fig-. 49, F The two pieces, heing held together j or a 
k\\- fllinutt.:~, stuck tOg-~thlT and slIbst:qllt.:mly ullited perfel't!~'. 

Fr()m eighty-eight piect:s twited in this way the folluwillg rCS111t~ \\'L're 
\,htained. Thirty~six formed a. single hydranth at the cud at which 
thl' ;.::rafting had been made, Th~ distal row of kntaclcs appl:an:d 
i:l tIlt' smaJiL::r rcycrsed ('umponent, the proximal row ill th l ' larger 
piect.: (Fig-. 49. f}). Tht.: new hydrallth pu~hecl out latt.:r through till: 
pl·ri:-':lrc: of the smaller piece (Fig. 4<), C). In thi::; experiment the 
...,rn.:iJler cOll1pOllent was ...,horkr than thc avcragc length of the hy
dranth-forrning; reg-ion. III two cases, in which the :-.maller compollent 
\Va:; larger, both circles of tentacles appeared ill this piece. III six of 
the experiments the tips of the proximal tentacles aro;:;;e from it part 
(If th.: wall of the sma11er piece. hence these tentacles hau a double 
origin (Fig. 49. F), In five of the unions the smaller a;-; well a:-. the 
brgcr component produced a hydranth; the two were stuck together 
h~' their oral enels (Fig. 49, I), E). The remaining four uniulJs gave 
somewhat different results. In three of these the smaller piec(.: pro
duccd only a part of a hydranth that remained sticking to the end of 
the hydranth formed by the larger component. In the thirty-six 
cases in which the minor component took part in the formation of 
the single hydranth, the influence of the larger component was :-.hown 
,not only in reversing the polarity of the smaller component, although 
this might in part be accounted for by the closing of the oral end (If 
the smaller piece, but also in the time of development, since the 
hydranth appeared sooner than does the aboral hydranth and at the 
same time as does the oral hvdranth. 

In another series of exp~riments, a short piece was cut from the 
basal end of a long piece (three to four centimetres) and brought 
forward and grafted in a reversed position on the anterjor end of 
the same long piece (Fig. 49, A). Of til-e unions C)f this sort, one 
produced a hydranth in each component, neither being re,·ersed. 
Another of the pieces produced a hydranth partly out of each com
ponent (and at the same time another at the aboral end of the larp;e 
piece). The other two pieces produced a single hydranth, a part of 
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which came from the minor component and appeared before the 
ab()r,tI hydranth on the aboral end of the larger piece. This last 
result ~ho\\'s that the small piece from the basal end has been affl!ctcd 
bv the oral end ill ~uch a way that it de"clops more rapidly than it 
\\~()tJld ha\'c dO!le had it remained a part of the basal end. 

1 n a third scrie . ., of experiments a short piece (about a half of a 
millimetre) was cut from the anterior end of a long Jliece (one and 
flYt.:-tenths 10 two \:entimetre~) and ~rafted t"1l a rt':'lTscd position on 
the posterior cud of the same long piece (Fig. 49, D-). In four cases 
a hydranth dcn.:lopcd only at the ural end of the long piece and nOlle 
frolll the aboral end Of from the short piece. Eight unions produced, 
h{)wen~r, ill the reg-ion of the gTaft, a hydranth formed partly by 
each c()rnpon~nt. Lakr another hydr;.tnth developed at the oral end 
of the lar~er piece. The latter results arc not l'ollvincing-, but they 
may :;ho\\' that the small piece has hastened the development of the 
hydrallth at the aboral end. 

l'eebks has also made some experiments in grafting pieces of dif
ferent memhers of the colunies of hydractinia and podocorync. The 
cololl\' of the former is made tip of three different kinds of individ
uals: - the nutrl'liYt.', the reproductive, and the protective hydroids . 
.i\ series of pn:liminarv experiments sho\ved that if these individuals 
arc cut into a number ~)f pieces each piece regenerates the same kind 
of indi\'idual as that of "hich it had been a part. It was also 
ohsen'cd that if pieces of the nutritive individuals were allowed to 
rCH1ain quietly on the bottom of the dish they sent out branching 
stolons, which stllck to the bottom of the dish, and from these stolons 
therc arose later nutritiyc hydranths that stood at right angles to the 
surface. \\'hen pieces of the same kind of indidduals are grafted 
tl)g-cthcr, the results arc essentially the same as with tubularia. If 
pieces of different kinds of individuals are united, the opportunity 
is gi\'t~n of testing the possible influence of one kind on the other. 
Peebles united a nutritive and a protective polyp by the cut, aboral 
ends (Fig. 46, E), and after they had grown together one of the 
polyps was Cllt off near the region of union, so that a small piece 
of a nutritive polyp was left attached to a protecti\,e polyp. When 
the piece of the nutritive polyp regenerated, it made a new nutritive 
polyp. The influence of the protective polyp was not apparent. If 
1 nutritive and a reproductive polyp are united in the same way, and 
the latter cut in two near the line of union, a new reproductive polyp 
de,·e]ops from the piece left attached to the nutriti\·e polyp. Again 
therl._~ is shown no influence of the one on the other kind of polyp. 

Hargitt has also made a number of grafting experiments on other 
1ydroids. His most interesting results are those in whicb parts of 
cwo medusoe were united by holding their cut-surfaces together by 
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means of bristles passing- through the individllals. Hargitt also finds 
that while in certain hydroids it is possible to bring about a uninn of 
oral with oral end, or aboral with abl.)i"~l. or oral with ahoral t.:'nd of 
the same species, L yet a permanent union bdwct.:'11 different spt.'cics 
cannot be brought about. These results aTC ill a.greement \\·ith those (,f 

a number of writers who have recorded the difficulty Of impossibility 
of uniting parts uf different species u1 hydra. III a few instances it 
b.ts been possibk to unite temporarily a piece of a brown hydra with 
a pit:cc of a green oaC,-<lS I have also seen accomplishl'd.- "yct the 
pieces subsequently separate. \Yetzd ,:,;uc(,cl~(kd in obtaining hL'ttl..'f 
n.:snlts with two species of brown hydras, ll..l'drd fustrl and ll)'drtl 
A''''l~,.{'a. In one experiment the head of l!_~'dr(f ;';N~\'O~ was grafted on 
the body I from which the head had he en cut off) of /I_Fdm ji/slIl. 
After h\'e hours the pieces seemed tn ha\'e united. Later a cOllstric~ 
tion appeared at the place of union, ano the head~pil.'cc produced 
a f(lot ncar the line of union, and the posterior pien.: produced 
a circle of tentacles at its anterior end. Eight days later, whell the 
animal was being killL;d, it fell apart into tW(: pil.'ce~. It was observed 
that during the period of union a stimulus to one piece was not car
ried over to the other. 'Yct2cl's results seem to show that pieces of 
these two species of hydra unite at first, \vhen brought tORether, as per~ 
fcetly as do pieces of the same species, but the union neYer becomes 
permanent, a constriction appearing later at the line of union, and the 
pjcces separating in this region. These results indicate, it seems to 
me, that the factors that bring about the first union are different from 
those that make the grafted pieces one organic whole. Other results 
indicate that the union of oral to ora] end, or aboral to aboral end, 
while at first as perfect as between unlike surfaces, nevertheless is 
less permanent than when unlike surfaces are united; at least, sub
sequent regeneration is more likely to occur in the former than in the 
latter, and after this occurs the separation of the individuals often 
takes place. It seems, moreover, not improbable that a more pcr~ 
manent union results when similar regions are united by unlike Sllr~ 
faces, than when the union is at different levels. If, for instance, 
the anterior half of one hydra is united to the posterior half of 
another individual, the union is generally permanent; but if one or 
both of the pieces are longer than half the length, so that a "long 
animal" results, new tentacles are more often formed at the oral 
end of one component, and the parts subsequently separate. It 
may be that, at present, the data are insufficient to establish this 
general rule, and no doubt other modifying influences must be a1so 
taken into account; but it is important that attention should be 
drawn to this side of the subject. 

1 Pieces from male and female colonies of the same species also unite. 
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Grafting experiments in planarians have so far been carried out in 
only the two cases which I have described. In one of these the ante
rior ends of two short pieces of Bipalium kcwetlse were united (Fig. 

A 

50, A). Neither picce produced a 
head at the region of union. Later 
the pieces were cut apart by an 
oblique cut that passed across the 
line of union (Fig. 50, C), so that 
each piece retained at its most an
terior end (at one side) a piece of 

FIG. 51. - Two pieces of Bipa/ium kt:1J.)eRSe 
united by posterior ends. Each regen
erated a head at anterior end. 

the other individual in a reversed 
pOSItIOn. A head developed at the 

o anterior (and lateral) end of each 
piece, in such a way that a part at 
least of the small reversed piece 

B D was contained in the new head 
FIG·ti'~it~AbyT:~t~~~~:seo~ts~P~B~~:keu~:; (Fig. 50, D). In the other case two 

~~~~~~ ~e~~n~e~t ;~~~!n .b.In~~c~t~O~l~ pieces of bipalium were united by 
produced by these pieces. All drawn to their posterior cut-surfaces. Each 
scale. piece produced a new head at its 

free end, and the pieces greatly elongated, but remained sticking 
together (Fig. 5 I). 

A large number of experiments have been made by J oest in graft
ing pieces of earthworms. The cut-surfaces were held in contact by 
means of two or three threads passing through the body wall of each 
piece and tied across, so that the pieces were drawn together and 
held firmly in that position. J oest found that pieces of the same or 
of different indidduals could be united in various ways, and the 
union become permanent. If the anterior end of one worm is united to 
the posterior end of the same, or of anotl,er worm, a perfect union is 
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formed, and no subsequent regeneration takes place (Fig. 52. A). 
Long worms can be made by uniting two pieces, each more than haH 
the length of a worm, or by uniting three pieces, as shown in Fig. 52, C. 
Short worms Can be formed by cutting a middle piece from a worm. 
and uniting the anterior and posterior pieces (Fig. 53, D). Joest 
found that when a short worm is made in this way. so that no repro
ductive region is present, the new worm does not produce new repro
ductive organs. It is conceivable that new reproductive organs might 

FIG, 5:;J. - After Joest. A. Union of two pieces of AllnloMphora terrestris in norma! position. 
Twenty~two months after operation. B. Union of two pieces Lumbricus rubellus. Pieces 
turned 180" with respect to each other. C. Union of three piecf's of A. terrestris to make a 
"long worm." D. Union of !WO worms (by anterior ends) from each of which eight lln~ 
teriar segments had been removed. After three monlh~. Regenemtmg t~o new beads. 
E. A small piece of Lumb~icus rubellus grafted upon Alloloboph(lra tClustr:S. Former re
generated an anterior end. 

have been produced either in the old segments, or by the formation 
of a new reproductive region hetween the two united pieces. but 
neither process takes place. In the long worms two sets of repro
ductive organs, etc., are present. This sort of union is, however, 
less permanent, as the worms often pull apart. 

Joest also united two posterior ends by their- anterior surfaces. 
In many cases no regeneration took place, and, in the absence of a 
head, the combination is destined to die. although it may remain 
alive, without food, for several months. When two ,'ery long pieces 
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were united by their anterior ends, - only eight segments being 
removed from each worm, - although perfect union took place at 
first, later one or two new heads generally developed at the region of 
union (Fig. 52, D). When only one head developed it did not seem 
to belong to one of the components rather than to the other, and 
originated in the new tissue that appeared between the two pieces. 
These experiments, in which the anterior surfaces of two pieces are 
united, show also that the new head arises between the two pieces 
most often, jf not exclusively, when the union is in the anterior ends 
of the worms. This corresponds with what is now known in regard 
to the development of new heads by isolated pieces, since there is less 
tendency to produce a head the farther posteriorly the cut has been 
made. At more posterior levels a tail and not a head is often regen
erated, as has been stated, on the anterior cut-surface. This forma~ 
tion of a heteromorphic tail seems to have been suppressed in the 
pieces united in this region, except in onc casc,I in which it appears, 
from Joes!'s account, that a tail probably regenerated, although Joest 
speaks of it as a head. 

I t is more difficult to unite two anterior ends by their posterior 
cut-surfaces, not because the surfaces refuse to unite, but because the 
two pieces crawl away from each other and pull apart. In one case, 
however, union of this sort was brought about. 

In all the combinations that have been so far described, the 
dorsal and ventral surfaces of both components were kept in' the 
same direction, so that the ventral nerve-cord of one piece came in 
contact and fused with the nerve-cord in the other piece. Sometimes 
it may happen that the components are not quite in the same position, 
and the end of one nerve-cord may faiJ to abut against the other one. 
In such cases Joest thinks that regeneration is more apt to take place 
in the region of union, and he has carried out a series of experiments 
in which the pieces were intentionally united, so that they are not in 
corresponding positions. It is found that if one piece is turned so 
chat the nervous system lies 90 degrees, or even 180 degrees (Fig. 52, 
B), from that of the other piece, the union takes place just as when 
:he pieces have the same orientation, except that the ends of the 
1erve-cords do not unite. Subsequent regeneration from one or from 
,oth components generally takes place in the region of union, 

It is more difficult to unite pieces of different species of worms, 
let Joest has succeeded also in making combinations of this sort. 
)ne union between the anterior end of Lumbricus mbel!2ts and the 
losterior end of Allo!obophora ten-cstris was permanent, and the new 
vorm reacted as a single individual, and lived for eight montt.s. 
'<;ach piece retained its specific characters, and showed no influence 

1 See Toest's Fh!. 14. 
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of the other component. By means of a similar experiment we hav 
a way of finding out if one component can influence regeneratioJ 
taking place from the other piece. Although J oest made only a fe, 
observations of this sort, the results show that no such influence i 
manifested. 

By me"ns of grafting it is possible to keep alive small pieces of 
worm that would otherwise perish. For instance, pieces of a worn 

~cfi'm 
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FIG. 53. - After Joest. A. Small piece of Allolooophora terrestris from posterrol' en? grafted npa 
anterior end of another individual. Oral end free. Four weeks after graftmg eight ne 
segments formed. B. Same fourteen days later. A new part of thirty~st'ven segments ha 
appeared at .end of (ormer eight segmen~s, C. A piec<; of the body w~1l of Allolooaphof 

!I;;~::i~ ~~~::~ a u~e~nd t~:d c~:;e;~ ~~n~e:jl~;)c~~~;::~~~:cuD~1~;~~~~r ~n~o p~~t~~~~rl~~eJ~ ~ 
A. terrestris united to make a" short worm," E. A piece of body wall of A. cyafll'a grafte 
on side of body of l.umbricus rubellus. F. Piece of L. rubellus grafted on side of body ( 
another individual to produce a double~tailed worm. 

containing only three segments are not capable of independent exisl 
ence, except for a short time, and even pieces of from four to eigh 
segmen ts die in most cases. It is not possible to unite small piece 
of this size directly upon larger pieces, since -they will die, ordi 
narily, as a ; "suit of the operation, but larger pieces can be unite, 
and then after union has been effected, one of them may be cut of 
near the place of union. The same result is sometimes brough 
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about accidentally by the worms themselves pulling apart and leav
ing a small piece of one component attached to the other. J oest 
found that in several cases these small, attached pieces regenerated. 
In one case, after two long pieces had pulled apart, a small piece, left 
by one of the two, regenerated a single new segment with a mouth at 
its end. In another case, after one of the components had been cut 
off, leaving two segments attached, a new part of seven segments 
regenerated I Especially interesting is the case in which two indi
viduals (A. tcrrcs/l'is) had been united to form a long worm. The 
anterior component extended to within two centimetres of the anus; 
the posterior piece had had the first four segments removed. Three 
days later the anterjor piece was cut off three segments in front of 
the region of union. About a month later a small part of eight seg
ments had regenerated frum the cut-end (Fig. 53, A). Fifteen days 
later another new part of thirty-seven segments developed at the end 
of the first new part (Fig. 53, B). Joest speaks of the first eight seg
ments as a head, and the second simply as a regenerative product. 
There can be little doubt, I think, that both parts represent a hetero
morphic tail. The region from which the regeneration took place 
would make this interpretation highly prohable, and Joest's figures 
also indicate that the structure is a tail. The result is very interest
ing-, if my interpretation is correct, as it shows that the major com
ponent did not influence the kind of regeneration, although the 
surface of regeneration was separated by only three tail-segments 
from the anterior end of the major component. 

In another experiment a long animal was made by uniting Lum
brims rubelilis (whose posterior third had been cut off) and Allolo
bo/,hora terrcstris (whose first six segments had been cut off). Four 
days later the two components had torn apart, but a small piece of 
the anterior worm remained attached to the anterior end of the pos
terior component. The small piece consisted of the dorsal part of 
two and a half segments without any ventral part, so that the anterior 
end of the posterior component was partially exposed. The small 
piece of lumbricus was much lighter in color, and this difference 
made it easy to distinguish between the two. In less than a month 
the small transplanted piece had replaced its missing ventral part, so 
that the entire anterior surface of the larger component was covered 
over. The small piece, in addition to regenerating its ventral part 
of four segments, had also begun to make new segments. After a 
month and a half six new segments were present (Fig. 52, E), with 
a mouth at the anterior end.2 Even after tel) months the color of 

1 It is not certain whether this is a head or a tail. 
2 Joest states that this ne-w pact is-a head, as shown by the presence of food maHer in the

digestive tract of the posterior piece. 
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the small piece was strikingly different from that of the major com
ponent. The new head had the typical red-brown color of L. rllbel/lls, 
that forms a strong contrast to the grayish blue color of A. tCI7'l'Stris1 

The result shows that the color of the regenerated part has not been 
influenced by that of the posterior component, and this is all the more 
interesting, as J oest points out, because the small piece that was left 
after the worms pulled apart was too small to have lived independently 
for any length of time, and must have derived all its nourishment 
from the larger piece. 

In other experiments pieces of one species were cut from the side 
of the body and grafted upon the cut-surface of the anterior end (or 
elsewhere) of another spedes. In one of these experiments a piece 
from the side of A. terrl'Stn's, that extended oyer fiye or six segments, 
was sewed upon the anterior cut-surface of L. mbc!/lts (from which 
the anterior five segments had been removed). In about a month new 
tissue appeared on the ventral side between the two pieces, and a 
little later a complete head developed, whose dorsal side was made up 
of the small piece (Fig. 53, C). The grafted piece was dark, and the 
new, regenerated part light in color and continuous with the hro'\vn 
color of L. mbc!!lIs, from which the new part had arisen. It is 
important to notice that the four segments of the graft are completed 
by four segments of the new part. After three months the new part 
had assumed the red-brown color of L. rubel/us. The color of the 
grafted piece had not changed. We see in this case that even the 
presence of a part of another worm in a regenerating region does not 
have any influence, at least so far as color is concerned, on the new 
part, even though its segments supplement some of those of the 
new part. The new tissue seems to have come entirely from the 
major component, and to have carried over the color characteristics 
of the old part. 

It has been shown that when two posterior pieces are united by 
their anterior ends the combination must sooner or later die, since it 
has no way of procuring food. The question arises: 'What will hap
pen if one of the two components is cut in two near the place of 
union? Will a head then develop on the exposed aboral surface, 
because a head is needed to adapt the worm to its surroundings, ot 
possibly, if it occurred, because the major component exerts some 
sort of influence on the short, attached piece, as happens in hydra 
and in tubularia? Both Joest and I carried out an experimenl 
of this sort, and found that a tail and not a head regenerated, a, 
shown in Fig. 16, F. The experiment is, ho\vever, insufficient te 
answer the y_uestion, since the region in which the second cut Wa! 

made is a region from which only a tail (and not a head) arises, ever 
1 The prostomium was misshapen, so that its specific character could not be made out. 
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when the oral end of a piece is exposed. In order to avoid this diffi
culty I carried out another experiment. Two worms had the first 
five or six segments cut off and the exposed anterior ends of the 
worms united, as shown in Fig. 16, D. Then one of the components 
was cut off, leaving three or four segments attached to the anterior end 
of the other component. Although regeneration began in one case, it 
did not go far enough to show what sort of a structure had developed, 
btlt Hazen, who took up the same experiment, succeeded in one case 
in obtaining a definite result. At the exposed aboral end of the 
small piece a head and not a tail developed (Fig. 16, E). At first 
sight it may appear that the result shows the influence of the major 
component on the small piece, causing it to produce a head and not a 
tail at its aboral end, but I think tha: this conclusion would be 
erroneous, because it seems much more probable that we have here a 
case of heteromorphosis, similar to that in Planaria 11lgltbris, and that 
the result depends entirely on the action of the smaller component. 
It is hardly possible to demonstrate that this is the correct interpre
tation, since if a small piece of this size is isolated it dies before it 
regenerates. The result is paralleled, howe"er, by the regeneration 
of a tail at the anterior surface of a posterior piece. 

The process of grafting has long been practised with plants, but 
the experiments were made more for practical purposes than to study 
the theoretical problems involved. Yachting has, however, carried out 
a large number of well-planned experiments. He finds that a stem 
can be grafted upon a root, and a root upon a stem, a leaf upon 
a stem or upon a root. Even an entire plant can be grafted upon 
another. The results show, however, in general, that, whatever the 
new position may be, the graft retains its morphological characters
a shoot remains a shoot, a root is always a root, and a leaf a leaf. 
Yachting concludes that there is in the plant no principle or organi
zation that conditions an unchangeable arrangement of the main 
organs. "The inherited order of the parts, acquired apparently on 
physiological grounds, may be altered by the experimentator; it is 
possible for him to change the position of the building blocks within a 
wide range without endangering the life of the whole." "It is essen
tial, however, for the success of the experiment that the grafted 
parts, or tissues, retain their normal orientation. If this condition is 
not fulfilled there mav take place, it is true, a union of the parts, but 
sooner or later disturbances set in." Yachting transplanted pieces in 
abnormal positions, sometimes reversing the long axis of the grafted 
piece, sometimes the radial axes, and sometimes both together. In 
some cases this led to the formation of swellings that interfered with 
the nourishment but carried with it no further consequences. In 
other cases the changes went so far that the vital processes were inter-
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fered with. At times an incomplete union took place between the 
parts; at others, even though the first union was perfect, death later 
ensued. 

On the other hand, when similar pieces were grafted with their 
original orientation, a perfect union took place and the piece became 
a part of the stock. The results establish, V Gchting claims, that 
every part and every portion of a part has a polar orientation in one 
direction, and furthermore, in a body having a radially symmetrical 
form, there is also a radial polarization; that is, the inner side of 
each part is different from the outer side of the same surface, even 
though no such difference is apparent to us. The properties of the 
tissue-complex rest, in the last analysis, on that of the cells; the 
properties of the whole being only the sum total of the properties of 
its elements, so that we may say that every living cell of the root 
is polarized, not only longitudinally, but also radially; each has a 
different apical and root pole, a different anterior and posterior pole, 
and also right and left polar relations. These results, deduced from 
the experiments in grafting, lead Yachting to formulate the follow
ing rule: "Like poles repel, unlike poles attract." This rule is the 
same as the law of the magnet. In fact, Yachting' states that the 
root and the stem relations show a remarkable resemblance, despite 
many differences, to a magnet. 1£ the magnet is hroken into pieces 
it may be reunited by bringing unlike poles together, but not by unit
ing like poles; the same statement holds for the root and the stem. 

Exception may be taken, I believe, to parts of Yachting's conclu
sions, especially in the light of the recent experiments in grafting in 
animals. It is by no means to be granted without further demonstra
tion that the properties of the whole organism are only the sum
total of the action of the individual cells. If, as seems to be the case, 
the cells are organically united into a whole, the properties of this 
whole may be very different from the sum of the properties of the 
individual cells, just as the properties of sugar are entirely different 
from the sum of the properties of carbon, hydrogen, and oxygen. 

The statement that like poles repel and unlike poles attract is, I 
believe, a conclusion that goes beyond the evidence. The experi
ments show that like poles do often unite in plants, and this has 
been abundantly shown to be the case in the lower animals, and even 
in forms as high as the earthworm and the tadpole. Even if when like 
poles are united subsequent changes take place, that in some cases, 
although apparently not in animals, lead to the death of the graft, it 
by no means follows that this has anything to do 'with the attraction 
or repulsion c: the parts, but rather with some difficulty in obtaining 
food, or with the transportation of substances through the plant. In 
the lower animals we have seen that when like poles are unitec 

N 
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there is sometimes a stronger tendency to produce new organs at or 
near the place of union than when unlike poles are united, but it 
would be going too far, I think, to state that this is due to repulsion 
of the parts, especially in the sense in which the like poles of a 
magnet repel each other. It seems to be due rather to the two parts 
failing to unite into a whole organization, each retaining the same 
structural basis that it had before grafting, but this is a very different 
principle from that of an attraction and repulsion of the parts, and 
the question of the union of the parts appears also to be a different 
question from that of the organization of the parts themselves, 

In the mammals, and in general in all forms in which there is a 
dependence of the parts on each other, it is impossible to carry out 
grafting-experiments on the same scale as those described in the pre
ceding pages. The principal difficulties are to make the parts unite, 
and to "'pply nourishment and oxygen to the graft. Owing to the 
dependence of the parts of the body on each other for a constant sup
ply of oxygen and food derived from the blood, as well as for the 
removal of the waste products, the parts cannot remain alive, or even 
in good condition, while new connections are being established. For 
this reason, as irell as for others, it would not be possible, for instance, 
to graft the arm of a man upon another man. The tissue may have the 
power of uniting even in this case, as is seen when the bone is broken 
and subsequently reunited, but the difficulty would be in supplying the 
grafted arm with nourishment, etc., during the long time required for 
the union to take place. Smaller parts of the body may be success
fully grafted, and there are several recorded cases in which parts of a 
Jinger, or of the nose, are said to have been cut off and to have reunited 
lfter being qUickly put back in place. Pieces of human skin may be 
grafted without great difficulty upon an exposed surface, and it has 
Jeen said that small pieces succeed better than larger ones, owing, 
most prohably, to their being able to absorb sufficient oxygen, etc., and 
keep alive until new blood vessels have grown into the grafted piece. 

There are a number of old and curious observations in regard to 
~ases of grafting in higher animals. It was found by Hunter and by 
Duhamel that the spur of a young cock could be grafted upon the 
comb, when it continued to grow to its normal size. The comb, being 
-khly supplied with blood, furnished the nourishment for the growth 
)f the spur. Fischer transplanted the leg of an embryo bird to the 
,omb of a cock, or of a hen, where it grew at first, but after some 
nonths degenerated. Zahn transplanted the fretal femur to the kid. 
ley, where it grew for a time, but later degenerated. Bert transplanted 
:he tail of a whit" ",t to the body of 1J1!lIs decumalUts, where it continutd 
dive; but he found that the tail of the field mouse, Mus s)'lt'aticJJs, 
lid not grow so well on the rat, and the tail of a rat would not unite 
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at all with the body of a dog or of a cat. Bert bent over the tip of 
the tail of a rat, and grafted the distal end into the skin of the back 
of the same animal. After the tip had established union with the 
surrounding tissues, the tail was cut off at its base. The grafted tail 
remained alive, but did not regenerate at its free end. 

There are several cases described by pathologists in which the skin 
of one mammal has been transplanted to another. The transplanta· 
tion of the skin of the negro upon a \vhite man has been br(Jught 
about, but the e\'idence as to what subsequently happened is contradic
tory. It appears that while in many instances the transplanted skin 
has remained allve for a time, yet later it was thrown off by new skin 
growing under it and replacing it. ' 

Leo Loeb has described a curious instance of grafting pieces of 
skin of different colors in the guinea pig. If a piece of black skin 
from the ear of a guinea pig is grafted upon the white car of another 
animal, it unites and continues to Ihre, but if a piece of white skin is 
grafted upon a black ear, it is slowly thrown off and replaced by 
new black skin that has regenerated around the edge of the graft from 
the tissue of the black ear. 

In the literature of pathology there are many cases described in 
which parts of the body of mammals, particularly internal organs, 
have been grafted in unusual legions. The results have not 
always been the same, for while in some cases it appears that the 
operation has succeeded, in others the grafted part is subsequently 
absorbed, and in still other cases the graft may be at first partly 
absorbed and later begin to grow again. It appears that the estab
lishment of an adequate blood supply is the most important element 
of success. Ribbert, who has made an extensive and successful series 
of experiments, has stated that the grafting takes place better when 
small pieces of an organ are used, since these can draw immediately on 
the surrounding regions for their oxygen, etc., while larger pieces are 
found to break down in the interior, owing to the fact that this part is 
too far removed from the supply of oxygen, food, etc. After the grafted 
piece has established a blood supply of its own, it may continue to 
grow. Ribbert transplanted small pieces of different tissues of the 
rabbit and guinea pig in, and upon the surface of, the lymph glands 
of the same or of another indh1dual. The lymph gland was chosen 
because small pieces of tissue can be afterwards easily detected. A 
small piece of tissue about as large as a pin's head is cut off from 
whatever tissue is to be grafted, and as quickly as possible placed in 
a small cleft made in the lymph gland. After several days, weeks, or 
months, the glo.nd is removed and the graft examined by means of 
serial sections. 

Most of the experiments were made with" epithelial organs," and 
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according to Ribbert, if pieces of such organs are composed of 
epithelium only, they cannot be successfully grafted. For instance, 
the cells of the cornea can be readily separated from their under
lying connective tissue, and can be kept alive in the lymph gland, 
but the cells diminish in number, show retrogressive metamorphosis 
in the direction of atrophy, and are finally absorbed. It seems that 
epithelium by itself cannot extract nourishment from its surround
ings. Nothing is easier, however, than to transplant epjthelium, 
if its connective tissue is present. The connective tissue furnishes 
so good a basis for nourishment that the epithelium not only lives, 
but may continue to proliferate. Ribbert finds that pieces of skin 
roll in after tbeir removal. Then a process of growth takes place 
corresponding to that which follows a wound in the skin. The 
surface is closed and a small cyst is formed with a central cavity. 
The epithelium undergoes no changes during the first days or weeks. 
I t remains stratified and shows an active process of cornification and 
desquamation. Similar results were obtained when pieces of the 
conjunctiva \vere transplanted, either under the skin in the anterior 
chamber of the eye, or in the lymph gland. 

A small piece of the lining epithelium of the trachea with its 
underlying cartilage was also placed in the lymph gland. The epi
thelium grew, and covered over the wounded surface, forming over it 
only a single layer of cells. The old many-layered epithelium also 
became arranged in a single layer. 

The wax glands, found in the inguinal folds of the rabbit, were 
also transplanted. The gland is composed of closed, compressed 
alveoli, surrounded by large, polygonal, clear cells. Small pieces of 
a gland, transplanted upon the lymph gland, underwent character
istic changes. The cells of the alveoli were changed into a stratified 
epithelium; and broken-down cells, and wax, were found in the interior 
of the alveoli. The central alveoli underwent the greatest change, 
while some of the peripheral alveoli that were in contact with the 
lymph gland remained unchanged. It seems that the difference is due 
to the better nourishment of the Ollter alveoli. After several months 
the alveoli swell up and degenerate. Transplanted pieces of the 
salivary glands also change, the alveoli producing a lining epithelium 
like that of the transplanted wax gland. The same change was ob
served in a piece of a salivary gland transplanted in the hody cavity. 

Small pieces of the liver were cut off and placed in the lymph 
gland. They did not always grow as well as did the preceding 
tissues, but often went to pieces. If they healed, the liver tissue 
often remained unchanged for several weeks. After two or three 
weeks connective tissue appeared between the peripheral liver cells, 
separating the cells from each other. The cells grew smaller, their 
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protoplasm disappeared, and they at last disintegrated. Pieces of 
the gall duct behaved differently. They sometimes showed active 
growth, leading to the dcyelopmcnt of numerous branched canals. 1 

Pieces of the kidney, when transplanted, suffer~d a great change, 
and were subsequently absorbed. Transplanted pieces of a testis 
also changed. After six days, Sertoli's cells and the spermatozoa 
disappeared. A kind of indifferent cell remained, characterized bv 
clear protoplasm and by a large nucleus. After seYentecn day-s 
further changes were observed, and later the pieces were com
pletely absorbed. Pieces of the ovary rapidly disappeared, leaving 
only a mass of interstitial connective tissue. 

The connective tissue underwent, in all tbe transplanted pieces, 
characteristic changes. The tissue became less dense, the protoplasm 
and nucleus of each cell enlarged. Tbe cells multiplied, but only 
very slowly. These changes took place after one or two days. After 
a month or two the cells became more compact, their processes more 
numerous, and the nucleus small and long. Later degeneration set in. 

Small pieces of bone from the caudal vertebr;:e were also trans
planted, care heing taken that each piece should contain some of the 
periosteum and marrow. The bone tissue goes to pieces, but the 
periosteum and marrow develop further. New bone is formed from 
the cells of the marrow as well as from those of the periosteum. 
Finally the entire piece, both its old and its new parts, is absorbed. 
Pieces of muscles were also absorbed. 

These experiments of Ribbert show that transplanted pieces of 
tissue do not increase in size by growth, but undergo changes 
which he describes as a return to an earlier condition of develop
ment. The abnormal condition of their existence seems to be the 
cause of this change. The transformation may be due to a change 
of nourishment, or to a loss of nerve influence, or to lessened func
tional activity. 

These results have a direct bearing on the problem of regenera
tion. They show that all kinds of tissue may continue to live, and 
the cells multiply in different parts of the body, but there seems to 
be nothing in these cases comparable to a regeneration of the entire 
organ. In the new situation the cells often assume an entirely new 
arrangement. After a period of activity, a process of degeneration 
commences, and the piece atrophies. Ribbert thinks that the atrophy 
is due to lack of nourishment, yet it is not clear how this could be 
the case, since for the first few weeks after transplantation there is 
an active growth, and in some cases, as in that of the bone, there is a 
formation of "-,;:w, characteristic tissue. It may be that the trans-

1 It is known that the process of regeneration of the liver takes place especially from 
the gall ducts. 
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planted tissues can no longer manufacture the substances necessary 
for their specific growth, and after the materials that have been 
brought along with them have been used up, the growth of the piece 
is stopped and its subsequent degeneration begins. It would be 
interesting to see if pieces transplanted to the same kind of organ 
as that to which they belong will become permanently incorporated 
in their new position. 

The grafting-experiments that have been described in the preced
ing pages were carried out with pieces of adult organisms. Some
what different conditions are present when parts of the developing 
egg or embryo are united, inasmuch as a process has been started 
in them that may go 011 independently, to a certain extent, of the union 
of the pieces. Born has carried out a large number of experiments 
in grafting parts of tadpoles of the same species, and also of differ~ 
ent species. The union is brought about at the time when the tad
poles are about to leave the jelly membranes. The cut-surfaces are 
brought in contact and the pieces pushed together and held in place 
for an hour or two bv means of small silver blocks or pieces of wire. 
The pieces readily ~tick together, and the union is a permanent one. 
Before describing Born's results, it may be well to consider the power 
of regeneration of young tadpoles. If the tail is cut off a new one is 
regenerated by the tadpole, but all parts of the body do not have 
this same power. Schaper found that if a part of the brain, or even 
the entire brain, is removed, no regeneration takes place. I have 
found that if the region where the heart is about to develop is cut 
out from a young embryo, a new heart is not formed 1 If a tadpole 
is cut in two across the middle of the body, neither piece regenerates 
the missing half. Byrnes has found, however, that if the region from 
which the posterior limb develops is cut out a "ew limb regenerates. 
In older tadpoles, Spallanzani found that if the hind limb is cut off 
it will regenerate, and Barfurth has more recently confirmed this 
result. The end of the tail that has been cut off from a young tad
pole, before the tail has begun to differentiate, may continue alive for 
several days. It grows larger and flatter, and the V-shaped meso
blastic somites are formed. A slight regeneration even starts at its 
anterior end, as first observed by Vulpian and later by Born. The 
notochord and nerve~cord may send new tissue into the new part, and 
even some of the muscle cells may extend into this part, but the piece 
dies before regeneration goes any further. If, however, the tail is 
grafted in a reverse direction on the body of another tadpole, the 
regeneration may go further and produce a tail-like structure, as 
Harrison discovered and as I have also seen. 

1 In one case I observed rh!ltbmic pulsatiOns in a vessel on one side of the neck, in the 
region above the phar)·nx. 
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Born found that if the anterior half of one tadpole was united to the 
posterior half of the same or of another tadpole a single individual was 
formed which he kept alive in several cases until the time of metamor
phosis. If the head of a tadpole is cut off and grafted upon the side 
of the body of another tadpole, the head will remain alive and con
tinue to develop in its new position, and, if 'well nourished by means 
of the connecting blood vessels that develop, it may grow to be as 
large as the head of the tadpole to which it is attached. Similarly, if 
the tail of one tadpole is grafted upon the side of the body of another 
tadpole, it also continues to develop, and at the time of metamorphosis, 
when the normal tail is absorbed, the additional or misplaced tail also 
shows signs of breaking down. Even the posterior half of one tad
pole, if grafted to the ventral side of another, may continue to develop, 
producing legs. etc. 

Born succeeded in uniting tadpoles of different species in several 
different ways. They were united by their heads or by their ventral 
surfaces, or longer and shorter tadpoles made by using pieces longer 
or shorter than a half. In all of these cases there is no regeneration 
at the place of union, and the internal organ, the digestive tract, ner
vous system, and blood vessels unite when brought into contact. 
When pieces are united end to end, like organs unite to like, the 
nerve-cord with the nerve-cord, digestive tract with digestive tract, 
segmental duct with segmental duct, crelom with coelom, and although 
less often, the notochords sometimes join together. The lack of 
union of the ends of the notochord is explained by its frequent par
tial displacement at the cut-end, for when the cut is made the noto
chord, being tougher than the other structures, is often dragged out of 
place in one or in both pieces, so that the ends do not meet when the 
pieces are put together. ~Then like organs are brought together the 
substance of one unites directly with the substance of the other, and 
if the organ is a hollow one, as is the digestive tract or the nerve-cord, 
their cavities also become continuous. There is also, Born states, 
some evidence to show that if similar organs are not brought exactly 
in contact their ends find each other and unite, and if they do not at 
first meet squarely they may do so later. When the ends of unlike 
organs are brought in contact, as, for instance, the nerve-cord and 
notochord, they do not unite, but connective tissue develops between 
them. The union of like parts, Born snggests, may be dne to some 
sort of cytotropism, the outcome of a mutual attraction between simi
lar cells like that which Raux has observed between the isolated 
cells of the segmented egg of the frog. Born tThinks that the first 
rapid union 0; the pieces is due to the attraction of the ectoderm of 
one component for that of the other. 

Born succeeded also in uniting pieces of the tadpoles of different 
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species, even when they belonged to different genera. It is found, 
however, that some of these combinations can be more easily made 
than others, but it is not clear whether the difference depends upon 
differences in the sizes of the pieces, or the rate of growth of the ecto-

[ 
FIG. 54. - A. After Harrison. Union of two tadpoles by posterior ends. Two days after opera

t1On. The line to the left of plane of union indicates where the two were cut apart. B. Tail 
of right-hand tadpole in A. Five days after cutting apart. C. Same. Nine days a~er cut
ting apart. D. Same. Ninety-five days aftt;r cutting apart. E. After Born. Combmation 
of Rana es(;u/mta (anterior) and Ra"a arvahs (posterior). Thirteen days after the operation. 

derm over the cut-surfaces, or to a deeper-lying lack of affinity between 
the tissues. A combination of Rana esculenta (anterior) with Bombi
nator igneus (posterior) was made_ The combination lived for ten 
days, and then showing p"thological changes, it was killed. Another 
combination is shown in Fig. 54, E, in which the anterior part of Rana 
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esc1t1ntla nras united to the posterior part of Ralla aJ7!alis.l The blood 
of the posterior component was driven through the vessels by the 
action of the heart of the anterior component. The animal lived 
for seventeen days. 

In all these combinations between different species, eacb develop· 
ing part retains its specific characters, and, although in several cases 
one part received its nourishment from the other through the com
mon circulation, yet no influence of one component on the other 
could be observed. 

Harrison has succeeded in keeping an individual made up of two 
species, Rana vircscens and Rana palustris, for a much longer time,
until, in fact, the transformation of a tadpole into a frog had taken 
place. Each half retained the characteristic features of the species 
to which it belongs. 

The absence of regeneration after the union of the pieces may 
be attributed, in several cases, to the absence of this power in the 
region through which the cut has been made; but in other experiments 
this cannot be the explanation, since the power to regenerate can be 
shown to exist in the part. This is the case in an experiment car
ried out by Harrison and repeated later by myself. If the tips of 
the tail of two tadpoles are cut off and interchanged (Fig. 55, A, B), 
a perfect union takes place between the two parts, and a single tail 
develops. Each of the cut-surfaces has the power to regenerate, 
but the union of the parts has suppressed the regeneration. If, 
however, like parts are not brought in contact, regeneration may take 
place in the region of union (Fig. 55, D). 

Both Harrison and I have made a number of experiments, in 
which the end of the tail of a tadpole of one species was inter· 
changed with a similar part of another species. It is found that as 
the new tail grows larger the ectoderm of the grafted piece is car· 
ried out to the tip of the new tail, as shown in Fig. 55, C, and does 
not cover all the inner tissues that belong to the same piece, the 
rest of the tail being covered by the ectoderm of the major com· 
ponent. If the tip of the tail is now cut off, as indicated by the line 
b-b in Fig. 55, C, there are left at the exposed edge two kinds of ecto
derm, and from the cut.edge a new tail regenerates, covered in part 
by each of the two kinds of ectoderm. I made this experimen t in 
order to see if the new ectoderm would show any influence of its 
dual origin, especially along the line where the two kinds are in con
tact, but no influence could be detected. In another series of experi
ments the grafted tail was cut off, as shown in Fig. 55, A, or in Fig. 
55, B, or in Fig. 55, C; a-a. In these cases there is left exposed, at 
the cut-edge, the internal tissues of the two species. The new tail 

1 The figure was drawn fifteen days after union. 
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that regenerates is composed in part of material derived from one 
specics and in part from that of the other, but each tissue remains 
true to its kind, and there is found no evidence of an influence of one 
on the other (Fig. 55, E). These experiments show that even when 
the two kinds of tissue regenerate side by side, and unite to form a 
single morphological organ, there is no influence of a specific kind 
of one tissue on the other. 

a cJ:' 
a 

. a 

A 8 

c 

D 

E 
FIG. SS.-A. Rana sylvatlea with grafted tail of Rana palustris. Line a-a indicat{'s where tail 

wa!. cut off. JJ. Nana palustnr with grafted tail of Rana syh!atica. Lint' a-a indicates where 
tail \\as cut off. ~:. Older stage of a graft like B. Lines indicating two possible operations. 
D. Another mdivldual with two tilils, one composed of both component!.. E. Later stage of 
last, when tall was. cut off at level a-a. 

Another series of experiments in grafting, similar to one of those 
made by Joest and myself on the earthworm, has been made by Har
rison on the tadpole. I have also later made similar experiments. 
Two tadpoles are united by their posterior ends, as shown in Fig. 54, A, 
and a day or two after union one of the tails is cut off near the line 
of union. There is thus left attached to the end of the tail of one 
tadpole a part of the tail of the other united in a reverse direction, so 
that the exposed cut-end is the anterior end of the small piece. 
There grows out from this cut-end a structure that resembles a tail 
(Fig. 54, B, C, ])). It contains a continuation of the notochord and 
nerve-cord, that taper in i! characteristic way to the end of the new 
structure. The tail is flat and has a central band of muscle tissue, and 



GRAFTING AND REGENERATION 

a dorsal and ventral fin. The muscles of the uormal tail have a 
characteristic V-shaped arrangement with the apex of the Y's turned 
forward, but unfortunately in the new tail the muscles are so 
irregular that it lS impossible to make out their arrangement 
(Fig. 54, D). If the new part is in reality a tail, the V's ought 
to stand in the same way as do those in the major component, and 
opposed to the Y', on the part from which the new material arises. 
If the new structure is not a tail at all, b'ut a new growth, or even a 
,uppressed trunk, then the V's should stand as in the small part itself. 
It has not been possible as yet to obtain a decisive case. Harrison 
obtained one case in which the arrangement of the muscles in the 
new part seemed to be more as it should appear if the new part is 
a heteromorphic tail (Fig. 54, D). Even if this could be shown to be 
the case; it may be that under the conditions of the experiment the 
arrangement of the muscles is determined hy the use of the tail, 
although this does not seem very probable. Harrison, after a careful 
analysis of the question, left it undecided, hut seemed more inclined 
to the view that the result is due to the development of something 
new rather than a heteromorphic growth. On the contrary I am 
strongly inclined to believe that the latter is the true explanation. In 
another way I have been able to bring about the development of the 
same structure. A small triangular piece is cut from the upper part 
of the tail, as indicated in Fig. 56, A, one point of the triangle passing 
through the notochord, or even through the aorta. If the cut-surfaces 
are kept apart for a few hours, until the exposed end has been covered 
over by ectoderm, they may not unite afterward, and two exposed 
surfaces are left,-one at the distal end of the base of the tail, and the 
other at the proximal end of the outer part of the tail. The latter 
snrface corresponds to that in the grafting.experiment. Regenera
tion may take place from the two surfaces; both new parts seem to 
be exactly alike, and both resemble a regenerated tail. The one from 
the proximal surface of the outer part of the tail contains a notochord, 
nerve-cord, connective tissue, pigment cells, and muscle tissue (Fig. 56, 
B). The arrangement of the muscle fibres is generally very irregular, 
and the characteristic V-shaped arrangement cannot be detected. 

In only a few cases have attempts been made to unite two eggs 
or two very early embryos, although there are a few casual observa
tions I in which such a fusion has been observed. The problems that 
arise in connection with the union of two eggs are full of interest. 
Each egg has the power of producing an embryo of normal size. If 
two eggs are united into one, will a single giant organism result, or 
two organisms! If the former, we must suppose that a new organi
zation is formed of double size. Whether an upper limit of organiza-

1 Metschnikoff ('86), Herbst ('9~). 
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tion exists can only be determined by such an experiment. If two 
fused organisms result from the fusion of two eggs, it would show 
the structure of the egg is of such a kind that two organizations can
not readjust themselves into a single one of double size. Moreover, it 
is important to discover whether any difference exists as to tbe stage 
of development at which the union is brougbt about, for it is conceiv
able that while a rearrangement is possible at one stage, it might 
not be at another. 

A 

FIG. 56. - A. Tadpole to show where the V~shaped piece is cut from the tail. B. Later stage of 
same with a new tail-like outgrowth from the antenor end of tail. 

It has been shown that two blastulae of the sea-urchin can be 
united to form a single embryo. I found ('95) that occasionally two 
blastulae stick together and fuse, so that a single sphere of double 
size is formed. As a rule two gastrulae and two more or less com
plete embryos develop from each double blastula, but in a few cases 
I found that a single embryo may be formed, that shows, however, 
traces of its double origin. Driesch has more recently (1900) suc
ceeded 1 in bringing about more readily a union of two segmenting 

1 Eggs without membranes were placed in sea.,water without calcium, to which a few 
drops of sodium hydroxide ~e been added, 
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eggs or blastul<e, and obtained perfect single individuals from two 
fused blastul<e. He finds that if the fusi('n takes place at an early 
stage the resulting embryo is less likely to show its double origin 
than when older blastula stages are united. Zur Strassen has also 
observed giant embryos of ascaris that arise by a fusion of two egr;s. 
Locb has found that the eggs of ch<etoptcrus, which can be made to 
develop parthenogenetically in certain salt solutions, often stick to
gether and produce giant embryos. 



CHAPTER X 

THE ORIGIN OF KEW CELLS AND TISSUES 

THERE are many difficulties in the way of determining the origin 
of the cells that make up the new part. The only means at present 
at our command for studying their source is by serial sections of a 
number of different stages taken at intervals from different animals. 
Since there may be differences between the processes in different in
dividuals, and since we can only piece together the information gained 
from successive stages, much uncertainty exists in regard to the 
changes that take place during regeneration, even in some of those 
forms that have been examined over and over again. Were it possi. 
ble actually to follow out the movements of the living cells in one and 
the same animal, the problem would offer fewer difficulties, but this 
cannot be done. It will be more profitable to consider first the bet
ter-known and simpler processes, and afterward those that are less 
well-known. 

The regeneration of the head and tail of lumbriculus and of cer
tain naids is a comparatively simple process, and has been studied by 
several investigators, whose results agree, at least in regard to the most 
essential features. Semper ('76) described the origin of the new 
organs in the formation of new individuals by budding in nais. He 
found that the new brain and nerve-cord develop from the ectoderm, 
the new mesoderm also from ectoderm, and the new digestive tract from 
theoldone,except the pharynx, which arises by the fusion of two meso
dermal" gill-slits." BUlow ('83) studied the regeneration of the tail of 
lumbriculus. He found the ventral cord in the new part arising from a 
paired ectodermal thickening, the mesoderm arising from a prolifera
tion of cells. These cells are invaginated in the region between ecto
derm and endoderm - the in-turning of the proctodaeum being looked 
upon as an endodermal invagination.1 The more recent work of Ran
dolph, Rievel, Michel, Hasse, Hepke, and von Wagner on the same or 
related forms has served to point out certain errors in the earlier work 
of Semper and BUlow, and has added some new and important facts, 
especially in connection with the origin of the mesoderm in the new 
part. Without attempting to give a detailed account of these results, 

1 The usual interpretation at present is to regard the proctodreal ingrowth as ectodermal. 
19o 
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I shall describe the principal changes that have been found to take 
place. When the anterior end of lumbriculus or of tubifex is tut off, 
the cut-surface very quickly closes, as a result of the contraction of 
the body wall. According to some investigators, the circular muscles 
are chiefly concerned in the closing, but according to others the lon
gitudinal muscles bring about the result. The cut-end of the diges-

FIG. 57. - After Hasse. Regeneration of !lead of Tubi/ex ritwlorum. A. S8gittal section of an
terior end. Six days after cutting in two. lJ, E!ev .. n days after cutting in t\~o. C. Cr~)ss
section through new part. Five days after operation. D. Fourteen days after operatlOn. 
E. Sixteen days after operation. 

tive tract is pulled a little inward, and its end also closes (Fig. 57, A). 
For a day or two no important changes can be observed to take 
place, but new ectoderm soon appears over the cut-surface. This ecto
derm arises in all cases from the old ectoderm, and-as it increases in 
amount the old ectoderm is pushed back from over the cut-end, leav
ing a layer composed of a single row of cells over the end. Since 
nuclei in process of division are rarely present before these initial 
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processes begin, it is probable that the changes are due, in large part, 
to an out-wandering of ectodermal ceJJs, or, what amounts to the same 
thing, to the leaving behind of ceUs as the old ectoderm withdraws from 
the cut-end. In the new ectoderm over the end, an active process of 
proliferation takes place (Fig. 57, B), that leads to the production of a 
large Eumber of cells lying within the new part. The ectoderm has at 
this time begun to bulge outward, so that the proliferated cells come 
to lie within the dome-shaped beginning of the new head. There 
appears to be some difference in the number and in the location of 
the proliferations in different species. In general, the new cells arise 
from the ventral and ventra-anterior region of the dome-shaped ecto
dermal cO\'ering of the new part. Most of this new material gives 
risc to the brain, commissures, and ventral nerve-cord (Fig. 57, C). 
The cells giving rise to these structures in tubifex come from two ven
tral regions of proliferation that extend along the sides and dorsally to 
the anterior end in front of the digestive tract. Where the two masses 
meet abo\'e and in front, the brain is formed.' The cells that do not 
take part in the formation of the nervous system give rise to the mus
cles and connective tissue of the new head. These cells lie especially 
at the outer sides of the proliferated mass. The origin of the new 
muscles from ectoderm stands in sharp contrast to the current ideas 
in regard to the origin of new tissues, and yet it is a point on which 
the more recent investigators are entirely in accord. Michel, Bepke, 
and von \Vagner have arrived at the same conclusion after a careful 
examination, and there seems to be no reason for refusing to accept 
their results. The theoretical importance of this discovery will be 
discussed later. 

Soon after the proliferation from the ectoderm has begun, the 
blind end of the digestive tract starts to push forward (Fig. 57, D). 
The cells in the most anterior part of its wall begin to divide, and the 
end grows in an anterior direction as a more or less solid rod. This 
rod extends, in some species, as far forward as the ectoderm, meeting 
the latter on the inner side of its antero-\'entral surface. At this 
point an in-turning of ectodermal cells, in the form of a blind pit, 
develops, and later this pit, deepening to become a tube, forms the 
mouth cavity. Its inner end is from the beginning in contact with 
the anterior end of the digestive tract, or else it connects with the 
latter soon after its formation. The two flatten against each other, 
the cells draw away in the middle of the region of contact, and the 
cavity of the new mouth becomes continuous with the cavity of the 
old digestive tract. The mouth lies at first nearly terminal in posi
tion (Fig. 57, E), but by the forward growth of the body wall over 

1 In some species the two pwliferating regions seem to be in contact above from the 
beginning (Hepkt, cn i1lais). 
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and in front of the mouth to form the prostomium, the mouth comes 
later to lie more on the ventral surface. The short tube produced by 
the in-turned ectoderm forms only a short part of the digestive tract. 
It leads from the mouth opening to the new pharynx, and forms, 
therefore, only the buccal cavity. A similar ectodermal tube, the 
stomoda;um, which develops in the egg-embryo, becomes not only 
the buccal chamber, but also the lining of the pharynx. The latter 
is, therefore, considered an ectodermal structure in the embryo. On 
the other hand, in the regenerated head the lining of the nc"" 
pharynx arises from the anterior part of the endodermal digestive 
tract. We find, therefore, that the same organ, the pharynx, may 
arise in the same animal from distinct "germ-layers." This result 
also has an important bearing 011 Ollr ideas concerning the value and 
meaning of the so-called "germ-layers," and has helped to bring 
about a revolution of current opinion as to the importance of these 
layers. 

The preceding account of the development of the head has shown 
that while certain of the new organs and layers arise from the same 
organs of the old part, yet this is not true for all of them. Thus 
while the ectoderm gives rise to ectoderm, the new muscles do not 
appear to come from the old ones, or even from other mesodermal 
tissues, but from the ectoderm. The old digestive tract gives rise to 
the greater part of the new one, but the new pharynx comes from 
the old endoderm, and not from the in-turned ectoderm. The nen-ons 
syotem does not arise from the old ventral cord, but from a prolifera
tion of ectoderm. It has, thus, the same origin as the nervous sys
tem of the embryo. The origin of the new blood vessels has not 
been satisfactorily made out. The seta sacs arise from ectodermal 
pits as in the embryo. 

In regard to the origin of the new mesoderm, the evidence is still 
insufficient, I think, to show that cells derived from the old muscles 
or peritoneum take no part in the formation of the new muscles and 
peritoneum; but that the greater part of the new muscles, etc., comes 
from the proliferated cells can scarcely be doubted. This latter dis
covery loses none of its significance, however, even if it should prove 
true that the old muscles, etc., contribute something to the new part. 
It is also not entirely disproven that the ventral nerve-cord does not 
take a small share in the development of the new cord. 

The regeneration of a new tail-end in these same forms appears 
to take place in much the same way as the head. The cut-end 
quickly closes; later a layer of ectoderm appears over the posterior 
surface, and the new part bulges out and bec9mes dome-shaped. 
A paired, or in some species a single, region of proliferation develops 
from the ectuderm, that gives rise to the new ventral nerve-cord. 

o 
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Lateral proliferations of ectoderm produce, according to some 
writers, the material out of which the mesoderm of the new tail is 
formed. Randolph, on the other hand, has descrihed the new meso
denn as arising from the old, especially from certain large peritoneal 
cells that are found throughout the hody. The cut-end of the diges
tive tract closes, and later new cells develop at its posterior end. An 
in-turning of ectoderm, in the form of a pit, fuses with the posterior end 
of the digestive tract and establishes communication with the outside. 

B 

c 
D 

FIG. sa.-After Heseheler. Regeneration of anterior end of earthworm. A. After fouT days. 
J( Afkr eleven days. C. After twenty-five days. D. After twenty-one days (younger in
dIVidu,\I). 

The regeneration of the anterior end of the earthworm has been 
carefully worked out by Hescheler, and although on account of the 
greater complexity of the process the results are not so decisive as 
those just described, yet in many respects they are in agreement. 
In Hescheler's experiments only four or five anterior segments were 
cut off. The Closing of the cut-end is somewhat different from that 
in lumbriculus_" A plug of cells soon forms over the end (Fig. 
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58, A). The new cells appear to be lymph cells. Although this 
mass of cells may be quite large, the cells do not seem to form 
later any of the organs in the new head. The presence of these cells 
makes it very difficult to work out the origin of the other cells that 
appear later. Owing to the absence of this lymph plug in lum
briculus and nais it is easier to follow in them the regenera
tive processes. In the midst of these lymph cells spindle-like cells 
soon appear whose origin is obscure, but Hescheler thinks it im
probable that they are transformed lymph cells, although they are 
completely intermixed with the latter. The spindle-cells arrange 
themselves later in regular bands, that appear to be extensions of the 
longitudinal muscles. A few days after the operation, the lymph 
plug is coycred over, beginning at the edge, by the ectoderm. The 
new ectodermal cells arise from the old ectoderm, and seem to extend 
over the lymph plug by a sort of migration process. Division of the 
cells docs not occur at this time. These covering cells arc at first all 
alike, the characteristic gland cells of the ectoderm being absent. 
The digestive tract '\vithdraws somewhat from the outer cut-surface, 
and its end closes. The closed end abuts against the inner surface 
of the lymph plug. The next changes are initiated by the appear
ance of karyokinetic divisions in all the tissues of the new part, which 
lead to a rapid growth and elongation. Dividing cells are found in 
the new, as well as at the border of the old, ectoderm, where the 
new and the old parts are continuous. At this stage there appears 
in the lymph plug another kind of ccli, that seems to arise, in part 
at least, from the ectoderm by an in-wandering of new cells. Other 
new cells mav come from the edge of the old muscles, but it is 
not clear whether they come from a transformation of muscle cells, 
or from undifferentiated cells lying in the old muscles. In addition to 
these sources of new cells, it appears not improbable that cells may 
separate from the end of the digestive tract. 

Nerve fibres push out from the end of the ventral ner\"e-cord into 
the new part, and groups of cells, often in process of division, appear 
in the old ganglia, even in those that lie a long distance from the anterior 
end. It is not improbable, Hescheler thinks, that new cells, as well 
as fibres, grow forward from the most anterior end of the nerve-cord 
into the new part. A mass of nerve cells and fibres appears in front 
of the old nerve-cord, and extends upwards and around the digestive 
tract, to meet over the anterior end of the latter in another mass of 
cells that have arisen from an early in-wandering of ectodermal cells. 
It is not improbable that the masses around the digestive tract (the 
commissures) and also the new ventral cord may also include cells 
that have hac the same origin. 

A tubular invagination of ectoderm is formed at this time at the 
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anterior end. It meets the anterior end of the digestive tract; the 
two fuse, and the communication of the digestive tract with the out~ 
side is established. The pharynx develops from the anterior part 

of the digestive tract, which 
after Hescheler's operation 
rna y contain some of the origi
nal ectodermal stomoda:um, 
since only five of the anterior 
segments '''ere cut off, and 
the embryonic stomod~um 

extends somewhat behind this 
region. In another experi
ment, carried out by Kroeber, 
somewhat more of the anterior 
end was removed, but the re
sult was the same (Fig. 59), so 
that it is clear that the new 
pharynx may be formed from 
the old endoderm. 

Hescheler leaves several 
points still unsettled, more 
especially the origin of the 

FIG. 59. -After Kroeber. Regenemtioll of anted?,. cells that give rise to the new 
~;:1ll~>~j;:."Dl;?;re//l1~~s{r1-'~I~~~~I~r:d.re~~~~~in~~tj~~ musculature, but it is almost 
~~1n~tf~~n;1;~~~~~~~de;~.e new pbarynx I" devel~ impossible to make out their 

origin in this animal, owing to 
the presence of the lymph cells. Hescheler's discovery that the cells 
of the lymph plug do not themselves, in all probability, contribute to 
the new part, is an important result, and shows that these seemingly 
undifferentiated cells do not possess the power of giving rise to the 
different kinds of new tissues. The in-wandering of cells into this 
solid plug from the ectoderm, and perhaps also from other sources, 
and their subsequent union to produce the definitive organs, is also a 
point of capital importance, especially as it puts us on our guard 
against a too ready acceptation of the view that all cells in a mas~ 
that have the same general and undifferentiated appearance have hac 
a similar origin, and in showing that apparently indifferent cells rna) 
really carry with them into the new part those characters that deter 
mine their fate. Other cells, apparently equally undifferentiated 
and lying in the same position, may have quite different possibilities 

In the vertebrates, the regeneration of the tail and limbs of am 
phibia and of the tail of lizards has been studied by a number a 
investigators: The regeneration of the tail of several urodele 
and of the larva <If dle frog was investigated more fully by Fraiss 
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('95) and by Barfurth ('91). If we examine first the results of 
Fraissc's study of thl.! tail of urodeles, which have bony vcrtcbra~J we 
find the following changes take place. The cut-surface is covered by 
the skin bending over the exposed part, accompanied by a migration 
of cells from the edge of the ectoderm. Only the un specialized 
cells leave the old ectoderm to wander out over the cut-surface; 
gland cells and sense cells are entirely absent from the new ectoderm. 
These kinds of cells develop later out of the undifferentiated cells 
over the new part. The development of new vertebra' does not fol
low the embryonic method of development. In the embryo the 
endodermal notochord is first laid down, and around this and the 
nerve-cord mesodermal cells accumulate to form the skeletal tissue. 
Later the notochord is largely obliterated, as the "ertebra" develop, 
pieces of it being left along the vertebral column. In the regeneration 
of the tail of the adult animal, the remnants of the old notochord 
(even if exposed by the cut) do not take any part in the formation of 
new tissue. In fact, there is no notochord formed at all. From 
the injured Yertcbr"" or at least from their cO\'ering of skeletal tis
sue, cells are proliferated, out of 'which a cartilaginous tube develops, 
enclosing the ne\V nerve-cord, which is growing out from the cut
end of the old cord. In this tube centres of deposition of calcareous 
material are formed, and the new vertebra; are produced in this way. 
The new nerve-cord develops from the cut-end of the old cord, and 
more especially out of the cells of the lining epithelium of the canalis 
centralis. The new muscles develop from cells that arise from the 
old muscles. 

In the tadpole of the frog the regeneration of the tail takes 
place essentially in the way just described for the adult urodele, 
except that, there being only a notochord in the tail, only a notochord 
is regenerated. According to Fraisse, the new notochord develops 
from cells that arise from the sheath of the old notochord, and not 
from the vacuolated cells of the notochord itself. The notochord 
cells are, he states, derived from the endoderm of the embryo,l while 
the sheath arises from the mesoderm; hence the newly regenerated 
notochord that arises from the sheath of the old one comes from a 
different germ-layer. Exception may be taken to this statement, 
because in the frog's embryo the notochord develops from tissue that 
is at first perfectly continuous with the mesoderm, and, in fact, may 
be called mesoderm; also because it is probable, in the light of more 
recent research, that both the notochord and its sheath have exactly 
the same origin. 

1 This seems to be true for urodeles, but whether it is true for the anurans is rather a 
question of definillon, as I have pointed out in my book on The Development oJ the rrr:>g's 
Egg. 



REGENERATION 

I t is known that the tail of lizards breaks off generally at a definite 
region near the base, and that the break does not occur between the 
vertebr"" but in the middle of a vertebra-in some species the seventh 
caudal. The vertebr", are thicker at their ends than in the middle, 
and are firmly held together by intervertebral cartilages. The cen
tres of the caudal vertebr", are the weakest Jinks in the chain, or at 
least the place at which the vertebral column is most easily broken in 
response to the contraction of the tail-mnscles'! Fraisse and others 
speak of this arrangement as an adaptation for breaking off the tail. 

The new tail that regenerates docs not contain a new series of 
vertebr<:e, as does the new tail of the salamander, but, instead, a car
tilaginous tube that is attached to the half of the broken seventh 
caudal vertebra. 

The regeneration of the new tissues of the tail of the lizard takes 
place as follows: A scab forms over the cut-surface, composed in part 
of clotted blood, in part of broken-down tissues from the injured cells. 
In the course of a week the necrotic tissue falls off, and a smooth sur
face of ectoderm is found coveriug the end of the tail. The new ecto
derm appears to come from the old, but its method of development 
has not been studied. The deeper layer of the skin of the lizard is 
composed of mesodermal connective tissue, and in the new part this 
layer arises from the connecti"e tissue of the old part. The tissue 
that forms the cartilaginous tube of the new tail develops from the 
skeletal tissue of the broken vertebra. The remnants of the old noto
chord, that are present in the vertebra, have nothing to do with the 
new structure, nor does the new tube represent in any way a noto
chord, but it appears to be a structure sui J[cllcris. In later stages, 
osseous plates may be formed in the cartilage, but these are too 
.irregular to be compared to vertebrre. A tube grows out from the 
cut-cnd of the netve-cord, \\'hich in some forms, as Fraisse shows, 
is only an extension of the lining epithelium of the nerve-cord. In 
other forms it is possible that other cells of the old cord may also grow 
backward, divide, and produce new cells. The fine thread that is 
formed in this way does not send out any nerve fibres into the sur
rounding parts. In Angltis fragilis, however, a few ganglion cells are 
present in the new cord. It is probable, Fraisse states, that while the 
new tube is morphologically a nerve-cord, yet physiologically it is not 
fnnctional in any of the reptiles. 

The new muscles come from the old ones. Fraisse thinks that the 
new muscle fibres come from the so-called "spindle fibres" that split 
off from the primitive muscle bundles. These fibres, Fraisse believes, 
originate normally during the process of physiological regeneration of 

I The attachments of the muscles may be the cause of the break in the middle of the 
'\'ertebrre, rather than wetweetl two vertebrre. 
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the muscles, and also after injury to the muscles. From these spindle 
cells the new muscle fibres de"e]op in the same way as the muscle 
cells of the embryo. 

Fraisse sums up the results of his ~tudies of regeneration as fol
lows: (I) Both in amphibians and reptiles, injured tissues can only 
produce new tissues like themselves. The lcucocytes assume only 
the function of nutrition and of dcyouring the broken-clown parts of 
tissues. They never become fixed tissues - neither connective tissue 
nor any other sort. (2) All tissues are capable of regeneratin" them
selves, either directly out of their differentiated clements, or out of a 
matrix. As a matrix for the epidermis, there is the Malpighian layer 
of the skin; for the central nervous system, the epithelium of the 
central canal of the nerve-cord; and for the musculature, the spindle 
fibres. 

Fraisse also formulates the following general statements; (17) Re
generation is neither a pure recapitulation of the ontogeny nor of 
the phylogeny. The process is rather a hereditary one, with which 
complicated adaptations of the tissues are often involved that fol· 
low the laws of correlated development. (b) \Ve cannot explain the 
phenomenon of regeneration, as the result of wounding the tissues, 
or as the outcome of an increase in the food supply, or as due to the 
removal of a resistance to growth. Far more important are the prin
ciples covered by the former paragraph, (a). 

Barfurth has studied in detail the regeneration of the tail in some 
amphibia; and his results, while not covering as much ground as do 
those of Fraisse, yet give a more detailed account of the origin of the 
new tissues. Barfurth's results on triton and siredon are not essen
tially different from those of Fraisse. In the tadpole of the frog, Bar
furth finds that the notochord regenerates from the sheath of the old 
notochord. In the larval urodele, he finds that the new notochord 
arises as in the tadpole, and not from the skeletal sheath, as Fraisse 
maintains. In very young larvae of sired on the chordal cells them
sel"es seem to give rise to the cells of the new notochord. In older 
larvie, in which the skeletal tissue is developed around the notochord, 
regeneration takes place both from this tissue and also from the sheath 
of the notochord. He concludes that in the regeneration of the new 
notochord, and also of the skeleton, the origin of the cells depends 
upon the developmental stage of the supporting tissues. 

In regard to the regeneration of the muscles, Barfurth comes to 
the following conclusions: In very young larvie of sired on, the de
generative changes in the muscle cells are often very slight. Regen
eration takes place by growth from and the displacement of the old 
muscles. During this time hud-Iike terminal and lateral formations 
occur in the muscle fibres. These outgrowths contain nuclei and 
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j orm sarcoblasts; and these pass into the new part, where they make 
the nc'lY mu~cJe flbre, .... jn the same way as do the cell~ of the embryo. 
1 n (lJdCT larva' of the frog-, and jn ;11atllrc animals in genera], the 
chafl;..(cs arc more complica1<.:(.L Tw() processes can be distinguished: 
(If) dC;:'t'nl'rati\'l~ and (b) rCg'cl1ctatin:!. (a) Broken-down muscle 
fihrc~ that !la\'c h...:cn cut, and torn-off pieces of musc1e fibn.::s, are 
found llrcscllt" Then~ follows an acrumu1ation of kucocytc~ and of 
gi,Ult ('I_'lls. Tht; nucki in the dcp;cnerating muscle fibres atrophy, 
and the substaucc of the fihres hreaks dowll. (b) Tht.: muscle flbrcs 
split lengthwise to form spjndk fihres, and there js an jncfeaSl' in the 
numher of nuc1l'i at the same time. SJ.rcobbst-Jike outgro\\"ths of the 
(lId mw,clt: nbn:~ arc {(wmcd, which produce the sarcoblasts that 
become ne'\\' musL'le fihres. 

Harfnrth agrt.·cs with Fraisse in two main points, yIz. that all the 
tis~lles of the tail haye the power of regeneration, and that each tissue 
pruduces only tissue like itself. The law which K611iker attempted to 
estahlish. viz. that the clements of the furmed tissue~ hayc lost the 
power of prnducing other kinds of tissue, - the law of the spedncation 
of t)l<.: ti;.;, .... uc, - is supported by these results of Fraissc and of Bar
furth, but is contradiL-tcd, as has heen shown above, b\' the results on 
the earthworm, and also a:;; we shall see c'-cn in the amphibia, as for 
instarH."l: in the regeneration of the lens of the eye. 

SpalJanzani 1 was the first to study the' regeneration of the 
limb in sa1alnanders, and found that the skeleton in the new part is 
likt: that in the normal lirnb" Bonnet, Philipcau:x} as well as other 
naturalists,;: also examined the ref;cneration of the limbs of saJaman~ 
ders. Gi)tle ('79) has studied the embryonic dc,'clopment and the 
rcgL:ucratiun of the limb of triton, especially in regard to the origin 
of the new bones. He found that the skeleton develops in much the 
same way in thc embryonic limb and in the regenerated limb, and the 
pr()('t~SS in the latter may be said to repeat that in the former. This 
is cS}H.':cially true for the regeneration of the limb of a very young 
Jan·", but the older the br"'l the more it departs from the embryonic 
type of dc,'elopmellt. If the limb is cut off through the upper arm, 
or through the thigh, new tissue develops o,'er the cut-end. If the 
lan'a is quite yonng, so that formation of the cartilages in the leg has 
not gone very far, the new tissue differs very littIe from the old; but 
if the kg of an older larva is amputated, the difference between the 
old and the new parts is more striking, If the bones of the leg have 

1 Prot/l"P!Jw, 1768. 
~ PhiHpeaux, Com}les ,"wdus dr! l'Acad. des sciettces de l'Im/itll! de France, Annee 

1866.186,. 
S T()dd (Quar/crly '/our11al of Seima, Literature, (HId Arts, Vol. XVI), Blum,~nhach. 

Tre"iranus, Yon Siebvld. 
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become ossified, the transition from the oId tt) the new part is at fint 
very sharp. The new tissue, that will make the new cartila"cs of the 
ne\~' limh, de\·f.:lop~ as a cap U\'t.'r the \,_'nt'l~lld nf the 7dd h(ll1l', 

Gutte doL's not I-(i\'c an explicit ~tatcment in regard tn the origin 
of the nL'W cartibg;e, but hi:::: acCOunt 11.~ads Ont' to ~\IPl111~L' that it 
(k\"t:lops from thL' old cartibgc or from ~ome part pf the hOll!..'. 

This is, jll faCi, the Clse. as I haYe tlh.sl'r\'t~d in prcp:lr:dinlls of the 
regeneratillg" kg of l'ktll{!t/(III !';"iI('/tS. ill which the new cartilaginous 
tissue comes from the perluSkUllJ of the old hOlle. Cuttl' ~ho\\'s 

that two long- r(lds of tissue arc f(lrnlt.;d. that are St~parat(.' tllr the 
greater part of their kngth, They gi\'c rise to till' {\,'O hUllL'!' of the 
lo\\'cr leg, or forearm, as the cast: may he. Thl'- broken end of 
tht.: femur or humerus al~(l compldl."s itself hy a ~h(lrt cartilagillous 
cap. which is at tlrst continuou~ with the two n)tis ju:---t d('~crih('d, 

The ends of thc:-.e two rods break IIp into a sl'ril'~ of PleCl'S that 
form the tarsalia, or the carpalia, and thl' di,~its. Two digits an.' iirst 
formed, and the othl.'rs arc adell-'(l as ()utgnw:ths from the sjdi..~ ot nne 
of the two rods. It is important to note that the ne"-\' cartilages. arc 
formed, in Jarge part, nut of a continuo-us substratum (or rath{.:'r of 
two) which scparaks into proportionate parts to produce the dements 
of the new limb. 

The regeneration of the muscles of the limh of an adult anirnal, 
plethodon, has been recently worked out by Towle. The leg was 
cut off in the middle of the forearm. Extensi\'c changt:s take place 
in all the muscles that extend across the level of the cut. The old 
hbres h1 the lower end of the muscle, i.e, those ncar the cut-end, 
disintegrate, and the number of nuclei greatly increases. The divi
sion of the nuclei seems to be direct, each retaining- !-tome of the 
old muscle substance about itself. From some of these cells the new 
muscle tissue is formed in the new part. Higher up in the forearm 
the muscle fibres break down to a smaller extent, and still hi"hcr lip 
some of the old fibres may remain intact. New muscle fibres are also 
formed in the old muscle, especially in the region ncar the cut-end. 

The process of regeneration h~s not been So fully worked out in 
any other vertebrates as in those described in the preceding pages, 
although the regeneration of sill:;!c tissucs or organs in the verte
brates has been extensively investigated. In all such cases it is found 
that like tissues give rise to like. 

In the planarians it has been found that during regeneration the 
ectoderm covers the exposed surface, and from it arises the nen' ectow 

derm; the digestive tract appears to come in part from the old tract 
and in part from the middle-layer cells; the nervous system appears 
also to develop out of the middle-layer cells th~.t are found scattered 
through th~ body. These cells seem to form a sort of reserve supply 
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that gives rise to the digesth'c tract, nervous system, and middle-layer 
cells in the new parts. From them also arise the nc\\! pharynx, and the 
lining- of the pharynx chambers, as ,,"'ell as some other structures. It 
is imp()s~ihle to say at present whetht:r one and the same kind of cell 
may ~ivc rise to all these structures, or whether different kinds of 
cells arc present in the middle layer, that cannot be distinguished 
from each other hy the methods at present at our command. 

The chang'c~ taking- place in the tisslles of those animals that 
regenerate by rnorphallaxis h:t\"c been only quite recently carefully 
in\'c~tigated. Bickford stated that jn tUDularia the old differentiated 
tbsue changes over directly into the tissue of the new part, and 
Driesch conflrmed thi~ statement. Stevens has studied bv means of 
s(.;riaJ sL·ctions the different chang-es that take place. Di\"is·ion of both 
cct(l(krmal and endodermal cells is found to oCt.'ur, but especially the 
ectodermal. \\'hether all the ectodermal cells divide, or on Iv sorr:~ of 
them, is difficult or impossible to state, but whether this h~ppcrls or 
not. all the old region goes O\'l.T into the nc\\' hydranth. 

The changes tbt take place in hydra have been recently worked 
out in my laboratory by Rowley, \vho finds that a certain amount of 
division takes place in the old cells, especially in the ectoderm. The 
didsiot1 of the cells is not a very actiye process, and it seems not 
improbable that many of the old cells go over without dividing into 
the fleW pa tt. 

One of Trembley's most celebrated experiments was that in which 
hydras were turned inside out (Fig. I, AJ B), so that the ectoderm 
came to line the inner cad tv and the endoderm to cover the outer 
wall. The tentacles were Il(;t e\'ertcd but remained sticking out of 
the mouth of the c\'crtcd animal. Their openings, or arm-holes, 
therefore, appear on the outer surface of the body. In order to 
prevent the everted hydra from turning itself back again, as it tends 
to do, Trembley pushed a small bristle crosswise through the wall of 
the body. Finding the hydras still sticking on the bristles the next day, 
he concluded that th~y had not returned to their former condition, but 
that the outer layer (the endoderm) had changed its character so that 
it became ectoderm, and the inner laver (the ectoderm) became 
endoderm l The experiment seemed to" show that the two hyers 
could change their specific character and be transformed into =ach 
other according to their position in the animal. These remarkable 
results were not challenged until 1887, when ~ussbaum repeated the 
experiment and showed that Trembley had overlooked an important 
fact. It was found that even the bristle pushed through tbe body 
does not prevent the hydra from regaining its original condition, 
although it may deJay the turning back, If ,the turning back can be 

1 How the tenta.cles could have gotten into their normal position is not explained. 
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prevented, the animal dies. Nussbaum showed h()w the turning back 
takes place in an animal \vhilc it remains on the bristll!. The e\'erted 
foot~cnd begins first to turn back, pushing into the central cavity. 
\\'hen it comes to the bristle it passes to one sick of it, and continuil;g 
to t~[rn back the foot passes out of the mouth, drawing; the rest (If the 
body after it. l The last act of the turning can takt.~ place only by 
tearing away through one or both sides, and thb is often done. Tht~ 

bri:;;tlc may ~tiU remain ~tickillg to the body thmug-h one side, or ,,_'\TIl 

remain through both sides if the hody has. after tearing throllg"h, 
healed up around the bristk. The process of turning back may takL' 
place quite quickly, and had been overlooked by Tremhley:, who 
tru~ted too confidently to the presence of the bristle ~tickjng throug-h 
the animal. 

The method by which the turnjn~ hack of the layers takes place 
was not, it appears, clearly described hy ~ us~baHm in his fir~t paper, 
for his account seems tn imply, in certain passages, that the ectoderm 
may sljde over the endoderm during the process. rather than that 
both layers always turn together. Ischikmva, who studied the prohlem 
later, gave a clearer account of the method of turning- back. 1'iuss· 
haum has stated in a later paper that he had d,,"cribed essentially 
the same process. 

In conclusion, it can be definitely stated that a transformation of 
ectoderm into endoderm cannot take place in hydra. Ischikawa also 
tried removing the endoderm from a piece by spreading it out and 
then killing the inner layer by weak acid applied with a brush, but 
pieces of this sort failed to regenerate a new endoderm. 

Tower has recently stated that if a living hydra is put into a 
strong light from an arc lamp of 52 volt 12 ampere capacity, that 
is focussed on the animal (after passing through an alum ccli), the 
ectoderm cells fly off, but if the animal is kept, it subsequently pro
duces a new ectoderm, ,Vhether alJ the ectoderm is lost, or only the 
larger neuro-muscular cells, was not made out. 

One of the most unexpected discoveries of recent times in con
nection with the problem of regeneration is the renewal of the 
extirpated eye of triton and salamandra, Colucci first discovered 
in 1891 that if the eye is partially removed a new eye develops from 
the piece that remains and that tlte new Inzs d",'CIo/,J'fro1fl tit" margill 
of tlte bulb, Wolff, a few years later, not knowing of Colucci's 
results, also found that after extirpation of the lens of triton, by 
making an incision in the cornea, a new lens de\'clops from the edge 
of the old iris, Wolff pointed out the great theoretical importance 
of this result, The experiment has been repeated and confirmed by 

1 The foot sometimes pushes out througb one of the slits made "by the bristle instead of 
out of the mouth. 
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a numhcr of more recent workers, so that there remains no question 
as to its accuracy. 

Alter tbe rcmoml of the old lens the wound in the cornea 
quickly h~als, and in the course of two or three weeks a thickening 
app\._~ars at one point at the edRe of the iris (F'jg. 60, A). The cells 
that produce this thirk~ning- are the ordinary deeply pig;rnentcd cells 
of the iris, wh~n: the outer layer of cells of the iris b\.'L'(lme:-; contil1u-

F1(:, 6o.~ .\ltcr \Volff. Rf'g"€"npr;Hion of lens of eve of Triton. A. Edge of iris with beginning 
lens. b', L: D. Utter st..lg.:s of sa.me. E. After Fischel, YVhole eye wilh regenerating lens. 

ous with the inner layer. The cells increase in number and produce 
a spheroidal ban that hangs down into the space formerly occupied 
by the lens (Fig. 60, E). The cells become clearer by absorbing 
their pigment and arrange themseh'es concentrically as in the normal 
lens. \Vhen fully farmed the new lens separates from the iris and 
occupies the normal position. 

The most surprisjng fact in connection with the development of 
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the new Jens is that it arisl!s from a part of the body from which the 
kns of the eye never develops in the emhrYo of this fDrm Of (If an\' 
other vertebrate. In the embryo the lens -dcvc{oj)!' from the cctc;_ 
dcrm at th~ side of the head and only )o;ccondarily unitt-'s with the 
optic cup, that has come frorn an evagination oj the anh'rior wall of 
the fOfe brain. In the regeneration of tht..' adult len~, hn\\'c\'l.~r, thl: 
ectoderm con~ring the t'Yc takes no part in thl: fOflllatiOll 1)1' the 11l:W 

kos, - in fact, it is separ;Itcd from the LTC b\· till' thid" inner, n1L"SO 

dLrmal layer of the cornea. The lens d~\'el~~ps, as has hl~l'Jl stated, 
from the alrcady differentiated layers of the iris. 1t i~ a point of 
Jurthcr inten:st to notice that the cells that form the tran~parl'llt kns 
('~1I1lt: from the iris cells that arc ill part at lcast filled with black pig-
ment. If this pigment r~mained in the c~l1s the new lens, whik it 
might he structurally perfect, would he:.: physinlog-il';llly lI~dcss. Tilt.! 
pif!:ment disappears, ho\';;cn.:'r, as the lens develops. In this C~IS(' WL' 

fmd a highly specialized o q.,(an , thl! lens, d\_~\'cJ\)piIlg- out of tissue 
also specialized in another direction. It does not si{Jlldi[~ the proh
lem to point out that the len::. and the iris arc hoth parts of the <..:ye, 
since they have arisen from different parts of the hudy and han~ 

only secondarily come into appositioll with each other. Colucci was 
contented to point out that both the (~mbryonic lens and the regen
erated onc come from ectoderm and that the result cun be brought 
into harmony \vith the" germ layer" hypothesis. 

,\'olff has called attention to the fact that the new lens arises 
from the upper eclg-c of the iris, and that this is olH'iowdy the most 
ad\'antageous position in which it could develop from the iris, since 
b)' its own weight it falls into place as it develups. If the lens had 
developed from any other pojnt of the margin, its po:-;itioI1 .. vouJd he 
less advantageous, as it might not be brought into its proper position. 

Fischel, who has more recently studied the regeneration of the 
lens in the larvae of Sai(lmalld,;' mamiattl, finds that after the 
removal of the lens the iris is thrO\\'n into wrinkles or folds and may 
stick at first to the cut-edge of the cornea. After the cornea has 
healed, the iris returns to its normal position. He finds that the 
first chang-es are more or less alike around the entire rim of the iris 
and im'ol\'e a partial absorption of the pigment, a separation of the 
inner and outer layers at the edge, and a swelling of the margin. 
These changes go onl), a little way in those parts that do not pro
duce a lens, but at the upper edge of the iris they go farther and 
lead to the formation of a lens in that region. He finds also that a 
new lens develops in animals kept in the dark as well as in those 
kept in the light, and in the same way. 

Fischel also tried the effect of removing a par1 of the upper edge 
of the iris at the time ",hen the Jens was extirpated, in order to see 
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if, ill the absence of this part, the lens would develop from other 
parts of the uninjured margin of the iris. He foulld that the new 
lens still comes from the upper edge of the iris from the part ldt 
aft(.'r the operation and nut from the intact edge in other parts. 
This seemed to show that an injury to the iris is in itself a stimulus 
that starts the formatioll of a kns. This conclusion is made prob
able oy the resuits o( other experiments in which the iris was stuck at 
several points, when new lenses be~an to develop at se\'eral of these 
regions of injury. III some cases Fischel found that two or more 
lenses heg-an to develop when the iris had not been intentionally 
injured ~ but it is not improbable that some sort of injury may have 
been effected when the lens was removed. Fischel. as has been said, 
removed extensive p()rti()n~ of the upper part ot the iris and found 
that a nc\v ]cns could be formed ;]t the cut-edgc, even in the reg-ion 
of the Ian cilidri.i'" and, en:n after the remond of the entire upper 
part of the iris, lens-like structures may appear in the inner or retinal 
layer of the remaining region. 

If instead of removing the lens it is displaced by pressing on the 
cornea until the lens ]c<!Yl:S its normal position and comes to lie in 
the \"jtreous humor, a llC\V lens de\Tc1ops frorn the edge of the iris, as 
though the old lens had been entirely removed from the eye, but in 
the experiments in which this \vas done the new lens was not \vell 
de\·cloped. The result shows that it is not necessary that the old 
lens be removed frvm the eye in order to induce the regeneration of 
a new OIlC, but only that the lens lose its normal position in the eye. 

In regard to the stimulus that determines the development of the 
]en~, Fischel agrees with Wolff that gra\'ity has a share in producing 
the result. The ahsence of the old lens from its normal position, 
as well as the wrinkling of the cornea. may also enter in as factors. 
Fischel takes issue with Wolff as to the interpretation of the result 
as an adaptation. and states that" the organism always responds to a 
change of relation in only one way. \\Those direction is already deter
mined by internal structural relations, \vithout regard to \vhether 
the result is adaptive or not. The response follows each stimulus in 
a way determined by the limited possibilities of the cells. With 
such a uniformity in the reaction, the idea of a fundamental adapt
ability cannot be connected, since the reaction that appears to us to 
be adaptive in a series of complicated changes may be non-adaptive 
in another series." 

Whether Fischel has here really met Wolff's argument is, I think, 
open to question. It does not alter the result to show that factors 
a1ready existing enter into the process, so long as the organism is so 
constructed that just those factors are present that bring ahout a use
ful response. That th."e response may be sometimes imperfect does 



TilE GERM-LAYERS hV RE<?EXERATIOX 207 

not affect seriously the argument ~ in fact, it makes the case all the 
more remarkable if thesl! implTfcct attempts arc in the dircl'tion of 
useful responses. Fischel SU\1}S up his conclusions as follu",s: •. It is 
not necessary) and it is irreconcilable with the facts. to descrihe the 
formation of ~ the lens in a teleological sense, and tl) hring; this case 
forward as a proof of the uni\'crsal applkation of a tekologlcal 
principle. As has been already stated. the facts in regard to this 
case show much more clearly that the organism reacts to each 
change always in a manner that correspunds to its limited pt)ssibili
tks without regard to a teleological principle. A planarian. for in
stance, responds to a stimulus and makes a new lH~ad. en.!11 whcn 
it pos~cssc~ one or more already; a tubularian prudlH_'I.:S a hydranth 
at its basal end, if this end i~ heel\' surrounded by \\-'at(.'r; all actill
ian forms a nc\\' mouth on the ~ide" of its bod\', ct-r,; so also do the 
cells of the pars (iharis, and the pars lridir{l l~,tilt'-{· differentiate illto 
lcns fibres. \\'orking- blindly, without respect to the consequences 
dS far as they concern the whole, the one thinh only is pro~ 

auced for which the conditions 2..rc present that bring abuut its 
furmation in the cells." 

THE PART PLA rED BY 7I/A "(/EA'.JI-L,1}'ERS" IX REG'EXIRA TJO.\" 

Our examination of the origin of the tissues and organs in the 
new parts has shown that in most cases the old tissues gi\'c rise to 
the 5ame kind of tissue in the new part; or in some other cases, 
as in the nen'OllS system, the regenerating organs arise from the 
same "layer" as that from which they de\'elop in the embryo, 
These facts have led many writers to state that the tisslIes and 
organs in the regenerated part arise from the same germ-Ia yers as 
do the same parts in the embryo. It is slIpposed that ectoderm 
gives rise to ectoderm, and to those structures that arise from the 
ectoderm in the embryo, as, for instance, the nervous system, stomo
da:,um, etc, The endoderm is supposed to give rise to endoderm, and 
to endodermal structures, and the mesoderm to mesoderm and its 
derivates. So fixed has this opinion become that it is not un(;olTI

mon to find investigators proclaiming the triumphant success (If their 
results, because they have been able to trace the organs in the regen
erated part to the same germ-layers that give rise to these organs in 
the embryo. Before deciding as to the value of this point of "iew, 
let us examine briefly the foundations of the so·called germ-layer 
hypothesis. 

The origin of this hypothesis goes back at l!,ast to 1759, when 
C. F. Wolff maintained his thesis that the digestive tract of the chick 
exists as a flat, leaf-like structure that subsequently rolls up into 
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u tuhe. He thought it probable that other embryonic organs might 
ari:-'L: jn thl: ~amc way. His views made at the time no imprcs
silll1 on hi~ contemporaries, and lay buried unti118I2. wh(:n I\leckel 
rcpuhli:-.hed \\'olff's work in a German translation. Pander, in ISI7, 
uistin~llbhcd two lay as in the early embryo, a Sl;nms and a mucous, 
and st~Itl:c1 that later a third, vascular layer appears hetween the 
other two. Yon BacT published in Z829 his celt:brated memoir on 
thc di.'vd()pmcnt of the chick, in which he made out two primary 
layers in the g"erm. the animal and the \'cg-etativc layer, and held that 
each of these separates into two to produce the four embryonic 
hIYCr::... Remak, in 18S1-IRS5, Rave a more precise description of the 
g:nn-layers, and stated that from the innermo5t layer, the epithelium 
and g-landular cells of the digesti\'e tract arise (including the lining 
of t he glands that open into the digestive tract}. From the untcr~ 
mo~t layer he showed that the intcg-ument and sense organs and the 
llC1'\'{)US system dc\'(~lop, and from the two middle layers develop the 
mu:-c\cs, blood, excretory, and reproductive organs. By the term 
j' germ-layers " was meant at this time only that the embryo is formed 
out of sheets. 

Huxley in rB49 pointed out that a medusa is made up of two 
lavers. an outer and an inner, and called attention to their possible 
C(Iui\'alcncy to Vall Baer's serolls and mucous layers. This idea of a 
resemblance between the layers of an embryo and of an adult of 
a lower form furnished the starting-point for the more modern for
mulation of the germ-layer hypothesis. Ko\valcysk:r's work all the 
uevelopment of a number of the lower animals showed tha.t there is 
pr~sent in mall)' forms a two-layered stage, or gastrula, fonned hy 
an in-turning of tlJC \val1 of the hollow blastula. In this ,"vay t"",·o 
genl1-lay~rs are established, an outer and an inner, that corre~pond 
to tb" ectoderm and to the lining of the digestiYe tract, or endoderm. 
\Vhile Kowalel'sky's work did much tml'ard laying the foundation of 
the modern stud\' of embryology, he himself indulged in very little 
of the sort of speculation that came into vogue a few years later. 
Kowalc\'sky's disco\'ery of the g-astrula stage in the embryos of many 
different groups has been fullv confirmed and extended, but the elabo
rate speculations that have been built up on this as a basis have 
gone far beyond the evidence, and, for a time, drew the attention of 
embryologists away from more important problems. Haeckel took a 
more extreme position thun most of his contemporaries, and assumed 
that the gastrula stage that occurs in so many of the groups of meta
zoa corresponds to an ancestral, two.layered adult animal, the gas
tr",a, from which all the higher forms haye descended. The presence 
of the gastrula in the development was interpreted as a "repetition" 
of this ancestral a<lult stage. Thus the two primary layers are sup-
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posed to ha\"(,~ all historical meaning.1 Embryolog'ists ::;0011 bl..'g-an ;l 

search for a similar mode of intcrpretjng- thL' midt.1le germ-la,'er. nf 

la\'crs, which led, amongst other \·jews, to the formubtioll ~f tht: 
<, gut-pouch hypothesis." From thb point of \"il.."\\' thl' hody C'Jvi
ties, or (ceiomes, arc supposed to ha\'e heell originally sac-like out
growths from the dihc~ti\'e tract of an ancestral adult a'nimaL Later, 
these caJomc sacs are :;upposeu to have beel) shut off Jrom connec
tion ,",:ith the digcstin; tract - their cadties becuming- the held\' cad
tics. and their walls g"idng rist: to the mL'soderm,;l organs: The 
formation of pouches from the waIls ()f the archenteron of the embryo 
in several g;roups of animals has been interpreted as a rl'pctitioll "'of 
the ancestral adult animaL 

A comparison of the germ-lavers in different forms ,'err soon 
leJ to an attempt to Ii hOl1lo1og'iz~" the hlYt;rs in diffl'rcnt a;11mals. 
If th~ layers have had historicaIly the san~c origin, or appear in the 
same way in the embryos, or give rise to the same or12:ans, they aTC 

said to be homolugous. In the abst.'ncc of a knowledge of the first 
two of these conditions it is gene-rall\' considered. sufficient, if it can 
be sho\\'n that similar organs arise from a layer, to "homologize" 
that layer in the two forms. The study of emhryology soun hecame 
a search for homologies. The results led to inextricable difficulties 
and innumerable contradictions until, a reaction setting in, many 
embryologists became sceptical in regard to the \'alue of this entire 
method of study. 

The results of a detailed study of the process of clem·ag-e in a 
number of groups have helped, perhaps, to clear the way for a sounder 
conception. It has been found that the cleayage of the egg in mem
bers of the groups of annelids, mollusks, and turbellarians is ex
tremely similar - so similar, in fact, that it seems hardly possible that 
they could be due to chance, especially as the serics of ckavages is 
quite complicated. The discovery of these similarities led at once 
to comparison, and comparison to the establishment once more of 
homologies, and the homologies led again to contradictions, llntH at 
present scarcely any two workers agree as to a criterion of homol
ogy.2 Leaving this question aside, however, and fixing our attention 
only on tbe similarity of the process of cleavage, we arc justified, r 
think, in looking for an explanation of the similarity in some sort of 
an historical connection. We can eliminate, I think, without discus
sion the possibility of this type of cleavage representing an ancestral 

1 I have given elsewhere (The International ,MolI/h(lI. )'larch, 1901) a fuller treatment 
of the gastr<ea theory from the historical p{)int of view, 

2 It may be pOinted out that there may be realty several kinds of homoiogy. such as 
homology due to similar origin of the blastomeres, or to their pt)~tiOIl, or to their fatc, etc. 
The confusion thf" has arisen may in part result from the attempt t(l make hQIDologQUS 
parts agree in all points. 
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adult animal. So far as the question of descent enters the problem, 
we can infer with some degree of probability that the groups in ques
tion may have come from a common group in which the egg di\·ided 
in much the same way as we find it dividing at the present time. As 
a formal hypothesis this view meets with no serious difficulty, since a 
chain of forms, or a l'ontJnuous Ji"ing substance, connects the present 
animals with thuse living in the past; and we may assume that the 
saIne factors peculiar to the egg of the ancc~tors are still present in 
the eggs of their descendants. This sort of explanation gives. us no 
causal knowledge of the ·way in which the egg divides, nor does it 
preclude th~ possibility (If new chang-cs coming in that may entirely 
alter the form of the clc;n'age, Moreover, sjnce we are dealing with 
a yucstion of historical probability only, \ve cannot be certain that the 
!->aDll' type of clcava~c may not have arisen quite independently in 
each group. 

The argument in favor of the gastrula stage also representing an 
ancestral larval sta~e may be admitted as a remote possibility, but 
on l'vjdence even far Jess satisfactory than that for the similarities of 
deavagt; being accounted {or by a ~ommon descent. That this gas~ 
trula was en:r an adult form we have no means of deciding, even as 
a matter of probability, and e\'Cn if this could be made plausible it by 
no means follows that such an adult stage would become an embryonic 
sta"c of later forms, Cmscquently that part of the germ-layer theory 
that rest:_.;, on such a supposed connection cannot be looked upon as 
much rnore than a fiction. 

But even granting that there is an historical, embryonic 1 connec
tion, its small importance for the scientific problems connected with 
embryonic d~vclopf11ent, antI budding and regeneration has been 
shown by a number of recent discoveries, and nowhere more dearly 
th'"l in the cases of the formation of new individuals by budding. 
As an example may be cited the method of development of the 
ascidian from the e~g, and by means of buds. The ,,,ork of Kowa 
kvsky, Della Valle, Seeliger, and \'an Bencden on the budding pro 
cess of ascidians sho\ved that there are some discrepancies bctweer 
the bud development and the embryonic de\'elopment. The man 
recent papers of Hjort, Oka, Pizon, Salensky, Lefevre, and other 
have shown very clearly that the germ-layer theory is inapplicable tl 
the bud development in this group. The bud arises as a doubl' 
walled tube, or rather a tube within a tube, with a space betwccr 
The outer tube comes in all cases from the ectoderm of the animal 
the inner tube has a different origin in different species, In perophor; 
didcmnum, and clavellina, the inner tube comes from endoderm; i 
botryllus it arises from the ectoderm of the larval peri branchial ( 

1 That is,. 0"'; not depending ort inheritance through adult forms. 
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atrial cadt)". In all thes~ furms the inner tube giye~ risc to the new 
pharyngeal cadty of tht: bud, whilt: this samt: cayity 1..~()IllCS from the 
endoderm of th~ archenteron of the embryo. In the bud cmhn'o the 
pcribranchia! space is also derived from' the inllt:f tube; hCl1l:C it is 
cnuodennal in the first series, and cctotkrmal in botryllus. ]n the 
egg embryo it is ectockrmal. In r<:gard to the dcydopnwnt (If 
the nClTuUS sy~tem tht:re is some difference of (lpillioTl. A number 
of in\'cstil:~:aturs ha\'c fuund that the Ilew brain arises frolll the outer 
part of the lnner or branchial tllhc, which has jn most cases an 
cndodcrmal origin. Scdiger and tdcyrc bclil..'\'(.' the ncn'ou~ 5\'S

tem to ari~c from mesodermal cells that lie bctv.;ecn the two tuh·cs. 
It appears, ncyerthckss, that in several forms the brain Tcally comes 
from the inner tube, which also gh'cs rise to the branchja! sac. There
fore, in those Cases in which the inner tube is t:nclodcrmal the brain 
has the same origin, and in the case in which the inner tube is ccto~ 
dermal, the brain is ectodermal, hut the pharyngeal sac has also an 
ectodermal origin. There js oln'iously no definite relation hetween 
the origin of thcs(: structures in the bud and in the egg embryo. 

/\. similar uiffieulty i~ met v,·jth in the Bryozoa in rcgani to the 
dcyelopmcnt of the egg embryo alld the bud embryo. 

Braem, \\'ho has made a critical examination of the hCrf11~la.ycr 

theory,l has found it impossible to g-ivc a morphological dd'1nitiol1 of 
a germ-layer, and has adopted a physiological criterion. Hc thinks 
that in whatever way a germ~laycr arises, \vhether by folding-, or hy 
delamination, etc., it exists independently of its method or place of 
origin. A layer is not endodermal becallse it forms the inner wall 
of a gastrula, but it is endodermal because it dc\'elops into the diges
tive tract. The germ-layers of different forms are only similarly 
placed, but whether they are homologous will depend on other 
things. On this view the inner tube of the ascidian bud that ~i\'es 
rise to both digestive tract and to the nervous system is simply an 
indifferent layer until it gives rise to these structures. Its cells 
may be looked upon as indifferent, as arc those of the blastula. 
Thus the difficulty of the morphologist is not solved, but the knot is 
cut, For Braem the germ-layers are conyenicnt terms, since he 
rejects any historical significance that they may havc, and it is just 
this side of the question that the morphologist has attempted to work 
out. While the e\'idence shows that the germ-layers cannot have 
any such final attributes as embryologists have attempted to assign 
to them, and that Braem has called attention to the real and impor
tant problems connected with the study of development, yet it may 
still be admitted without endangering the newer .point of view, that 
there may be also an historical question in connection with the germ· 

1 BioJogisches Cmtralbkltt, XV, '95. 
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layers, if not in the scn!'c of a repetition of an ancestral adult gastr;;ea, 
yet jn thl' sense that similarity in embryonic dcYc10pment may in 
sume cases find its hi~torical c;...piallation in a common cil2sccnt. 

1 f in the light of this discussion 'we turn to the phenomena of 
regeneration, We a~ajn l1nd evidence showing that the germ-Iayer 
theory fails to apply in all cases. It has been pointed out that in 
lumhrictdus, and in the naids, the ncw mesoderm is deriycd from the 
ectoderm, and docs not come from the old mesodermal tissues. The 
mes()derm of the embryo in annelids is derived from one, and later 
from t\VO, sllpcrtlcial c~lls of the blastula,l that push ill about the time 
of !.;:lstruiatiun. They cannot .. at this time. be referred to one laYer 
rat'her than to the ot-her. It cann(lt be affirmed, therefore, that in 
reg~ncrati()n. the mesoderm arises from a different layer from that in 
the emhryo) but neither can this be denied. The most important 
point in this connection is that the new mesoderm comes from the 
cctodL'nn that is alreauy differentiated, and not from the mesodermal 
tissnes, It is clear, howcycr, that while the lining of the pharynx in 
the embryo is ectuJ~rm3.1, it is endodermal in the regenerated part. 

It b:. trul' that these cast's are very cxceptional, and that generally 
the new ()r~ans corne from similar organs in the old. part, but onc 
c!'tablishcd exception is sufficient tn show that the traciitjonal concep
tion of the germ-layers may be of little ,'alue, and since the hypothe
sis itscH. out of which the idea in regard to regeneration from definite 
germ-layers has been formed, has been proven to be insufficient in 
other directions, the time lS ripe to look for a more secure footjng, 
It need hardly be add"d that the idea of a supposed necessity for an 
ofg"lln to arise from a definite germ-layer is so empty of all signifi
cance that we may weIl rejoice to be able to set it aside as a nar\"e 
view that has had its day. Furthermore, a new series of problems 
has arisen in connection with the experimental work to be described 
in a later chapter. If, as seems probable, the question of the germ
layers will be merged into the much broader question of the origin 
of the specification of the tissues, we can in the future more profitably 
direct our attention to the experimental evidence that bears on the 
hitter question. 

THE SCFPOSED REFETTI/ON OF PllYLOGE,\-ETTC AXD ONTOGENETIC 
PROCESSES IX REGEXERA TfON 

It has been claimed that at times ontogenetic, and even phyla 
genetic, processes are repeated during regeneration. Fraisse, fo' 
instanc.:, who advocates this point of view, thinks that it has beel 

1 A small amount of embryonic mesenchyme may come from some of the ect()rleTro" 

qu:uteites of the embryo and produce the branching muscles of the head, but no' the char 
acteristic muscles of the·tntnk. 
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too much neglected, and call~ attention til sc\'Cral in~tallcc:-; of what 
he hdieycs to be ca~es in point. He thjnk~ that Billow j ..... cnrn.'ct in 
his compilrisoJ) between the method of dcyc]opmcnt of the nen' ti~slle 
at the end 01 the tail in certain naids, ;ll1d the fm:thod of g;tstrula 
tiun and furmation of the mesoderm ill the emhryo. Later re!'>u!t:-. 
han,: shown. hn\\'cn:r, that in scn:ral points Hulow':- uhs<':ITatj()flS arc 
i1lcorrect. The in-turning- (If ect{)d~nll th~lt Ihilo\\' cOlllparL'~ with thl! 
process of ga:-.trubtioll. is connected with thl> forlll,ltilln nf the L'c1o
dermal proctodx·um, and is not comparable witb the dL'\,dll\ll1lcnt of 
the endoderm in the L~Tnhry(J. 

Gotte also, as we hayc 'seen, cites a case of rc~t:mh1ance lH't\YcL~n 
th ..... regeneration of the limhs of the salamander and their tHode of 
ernbry(\nic den:lopmcnt. He hnds the resemblances less marked as 
thl.: animal becomes older. The resemhlance is, howen~r, not \'cry 
close and of a rather general sort, and since thl.: same strlldlln~'s 
den~lop jn both cases out of the same kind of sllbstann:, it i,s nol sur
prising that there should be some resemblances in the processes. This 
c\~id<.:ncL' is counterbalanced hv the mode of regeneration of the tail 
in the adult of certain forms, ~incl in the regeneration (If the lens of 
the eve from the iris. 

C;rricre finds that the eve of snails rep;cneratcs from the ectoderm 
in much the same way as the young eye ~le\'c!ops. Granted that the 
eye is to come from- the ectt;derm i~ both cases, anti that the ~alne 
structllre dC\'clops, it is not to be wondereu at that the two processes 
ha\'c much in common. 

The mistake, I think, is not in statinR that the two prnccsscF> arc 
sometimes similar, or eyen identical, but in stating the matter as 
though the regenerative process repeats the embryonic method of 
dc\·e]opment. If the same conditions prcyail. then the same factors 
that bring about the embryonic development may be active in bring
ing about the regenerative processes, In fact, we should expect 
them to coincide oftener than appears to be the case, but this may 
be due to the conditions being different in the young and in the 
adult. 

It has been claimed also that in some cases there is regenerated a 
structure like that possessed by the ancestors of the anim<li. The 
stock example of this process is Fritz Muller's result on the rq;ener
ation of the claw of a shrimp, A(l'poida proti1llirIl11l.! Fraissc and 
Weismann and others have brought forward thi, case as demonstra
tive. The animal is said to regenerate a claw different from any of 
those in the typical form, and one that resembles the claw of another 
related genus, Carodilla. The value of evidence of this sort is not 
above question. Przibram has shown in other crustacea that when 

1 Cosmos, \rot \'II, P.388. 
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a maxillipcd is cut off a structure different in kind often regenerates, 
but that after 5l:vcral months the typical structure returns. Do we find 
hen.: an anct:stral oTf_(an that tirst appears, and then gh-es way to its 
more modern rL"prcscntativt:? If it rO"l'lllbkd the maxilliped of any 
nthl'r crustacean, the cyiucncc would, no doubt, be accepted by those 
who a('cept the evidence furnishl'd by Muller. 'What then shall we 
.sa\' to the case. first discon:rcd bv }-it:rbst, in which the eve of cer
tain prawns bcinf( ellt off, an antc;1na-likc orban reg-encrate~? Since 
these antenna:: arc simllar to thosl.: possessed by the same animal, 
shall we assume that it OlIce had antcnnze in place of eyes? 

Another cornparison, that Fraissc has made, is worth quoting as 
showing how far cnxlulitv may he carried. In the regeneration of the 
tail of certain lizards pign;cnt ;-l[st appears in the ectoderm of the new 
part and then sinks deeper into the layers. Fraisse found a lizard on 
Capri in which the tail is pigmented throughout life, and although he 
did not know whether or not the pig-ment is in the skin he suggests 
that this lizard represents an ancestral condition, that is repeated by 
the regenerating t~.li}s of other form:;. 

Hut!k:ngcr ('88) lwinted out that the scales over the regenerated 
tail of sC\'l~ra] lizards have a different arrangement from that of the 
normal tail, and furthermore, the ncw arrangement is sometimes like 
that found in other species. He claims that this shows that such forms 
are related, cycn where no e\"idcnce of their relation is forthcoming. 
That the conditions in the new tail may be different from those in 
the normal tail is shown by the absenc~ of a vCltebral column. etc.; 
therefore that the scales al~o should have a new arrangement is not 
sllrpri~ingf but the facts fail, I think. to show that there need l)e any 
g-enetic relation between tbe forms in question. That the conditions 
in the new tail might be like those in an ancestral form may be 
admitted, but this is vCIT different from assuming that the results 
show a genetic rdation actually to exist. The main point is that, 
C\'en if the results should be nearly identical, it may be entirely mis
leadinf!: to infer that anccstral characters have reappeared. 

I n some cases an extra digit or toe may regenerate on the leg of 
a salamander, and this too has been interpreted as a return to an 
ancestral condition. But Tornier has shown, as has been stated. 
that several additional digits, or even a wbole extra hand, may 
be produced by wounding the leg in certain ways, and these too 
would have to be interpreted as ancestral, if the hypothesis is carried 
out logically, It has been shown by King that one or more additional 
arms may be produced in a starfish by splitting between the arms 
already present, and if we accepted evidence of this sort as having 
any value in interpreting lines of descent we sbould conclude 1 that 

1 Kittg,pointed out the fallacy of this argument. 
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the ancestors of the starfish had six, seven, or more arms acc(lr<ling" 
t(1 the number that can be produced artifidally. etC'. Tlh:rclon:, until 
furthn cyicknce of a more l.'On\'illcin~ kind i:-> fonilcPl1ling, we call 
safch', I think, dec lint.:: to accept the rl·:-::.uit~. :;;'0 far known, as ha\'in~ 
any ~'aluc in intcrprdin~ the rdationships of the descent (If the 
animals. 



CHAPTER XI 

REGE:'\ERATJO:" J:'\ EGG .'\:\J) E:\!llRYO 

NOT only do adult ()r~anisms have the power of regeneration. but 
emlwyos and larval fm-ms possess the same power, and eyeD portions 
of the segmenting, anu a\!-;() the un~cgmented, egg- may be able Dot 

only to continue their den.'lopment, but in many cases to produce 
whole oq.:;-anisms. I Iacckd observed in 1869-1 k70 that pieces of the 
cili;ltetl larva:' of certain mcdusx, and even pieces of the segmented 
egg, cOlJld product' \vho]e organisms. The more reccnt experiments 
of 1'11uRcr {'~3) and of Roux ('831 on the frob's egg mark, howcl,Tcr, 
the hc~jll!lin~ ()f a ncw epoch in embryological study. The cxpla~ 
nation of this is to be found, I think, not onlv in the introduction of 
experimental methods, but also jn the fact -that })fhigcr and Roux 
realized the important theoretical questions involved in their results. 

Pflu~c:r's experiments were made by chang-ing the conditions 
under which the egg develop::; in order to determine what factors con
trol the development. Since these experiments were made with whole 
eg-g-s. the problems of reg-cncration were not directly invoked in his 
results. although his conC'lusions are of great importance in connec
tion with questions concerning the regeneration of the egg. A part 
of }{OllX'S work dealt directly with the development of a new organ~ 
ism frum a piece of the egg or of the embryo. Raux's principal dis
eO\'ery 1 ('88) was that a half.embryo develops from either of the first 
two blastomcres of the frog's egg, if the other blastomere has been 
injured or destroyed, but that subsequently the missing half of the 
embryo is I. post~generated." Roux was Jed to this experiment by his 
di~coyer)' that the plane of the first cleavage of the egg corresponds 
very often to the median plane of the body of the embryo2 This 
relation sug-gested that there might be some causal connection be!\\'een 
the two phenomena in the sense that the first cleavage plane divides 
the material for the right side of the hody from that of the left side. 
In a descriptive sense this would be, of course, true if the two planes 
do really correspond, and if there was no later shifting of material 

1 Roux's earlier experiments in 1885. in which the unsegmented or segmented egg was 
stuck and a part of its contents removed, the remllining part making a whQle embryo, \,-'ill 
be considere1:i in anl)ther connection. 

~This had been first.otiiscllvered by Newport in 1851, 
'"zI6 
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across the middle line, but whether the two phenomena ar~ causally 
connected, or arc merc]v due to a coincitl~n('c, could onh he t1dcrmjne~l 
by further experiment.' The onSeTYations th~mseIYcs' are nnt b .... ulnd 
q;Jl'stinJl, for the two planes do not always coincide. and J)J:IY be "('ycn 

D 

A 

FIG. 6r. -After Raux. A. Section of semi-blastula of frng's egg. P. Half.emnryo. C. Cross
sect jon of last (reversed dght and left in IJ ant! C). D. Anterior halt·emllryo. 

ninety degrees apart. These cases of divergence were thought by 
Roux to be due to an unobserved shifting of the developing embryo, 
but it is improbable that all cases can be accounted for in this way, \ 

Raux carried out his experiment by plmlging a hot needle into 
one of th" first two hlastomeres, so that it is injured to such an extent 
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that its development is prevented. The same needle, without heating 
again, was used for one or hvo other eggs, for, if the needle had been 
so hot in the nrst instance that both blastomeres had been injured by 
the heat, this might not happen in the second or the third egg. It 
·was found that among-st the e~gs that had been operated upon in this 
W:ly. some had been so much injured that neither hlastomere dC\'cloped, 
others had been so little injured that both blastomeres developed, hut 
in the sllcce::;sful operations the uninjured blastomere developed, while 
the injured one did not. In the last case the uninjured blastomere 
divided, and produced a large number of cells. A segmentation 
cavity was present in the upper part of the hemisphere (Fig. 61, A). 
The injured hall remained in contact with the other, completing the 
sphere, but it did not segment. A half-embryo developed from the 
uninjured half, as shown in Fig. GJ, B, C. This embryo has a half
medullary fold along the side in contact with the injured half. At the 
anterior end somewhat more than half a head is present, and at the 
posterior end there is a half-blastopore. The cross-sections l (Fjg. 61, 

C), through the embryo, show that beneath the half-medullary fold a 
rod-like notochord is present, which is made up apparently of fewer 
cells than the normal notochord, but it has, in cross-section, a round 
and not a half form. At the side, the mesoderm is present, as in the 
normal embryo, and it has produced the characteristic mesoblastic 
somites. An archenteron is formed in the half-embryo, and, since it 
is smaller than the normal, it may, perhaps, be called a half-archen
teron. The embryo is, therefore, in most respects a half-structure. 
The head is, however, nearly a whole head, but whether this is due 
to a whole head developing out of material derived entirely from one 
of the two blastomeres, or whether, as Raux supposes, a portion of 
the material of the injured blastomere has been worked over, i.e. 
"post-generated," remains, I think, an open question. 

The results of this experiment seem to confirm Roux's conjecture 
that the material of each of the first two blastomeres is of such a sort 
that it gives rise to half the embryo, and, if so, there would he some 
probability that there is a causal connection between the first cleavage 
and the separating out of the parts of the embryo. In fact, Roux drew 
this conclusion, and even attempted to show how such a qualitative 
division is brought about. It should not be overlooked, however, that 
this conclusion goes beyond the legitimate bounds of deduction from 
the results, since the half-development takes place while the injured 
half retains its connection with the developing half, the former still 
remaining alive. On the other hand, the presence of the injured half 
makes the experiment more suitable to demonstrate that each of the 
first blasto!lleres gives rise, under normal circumstances, to half of the 

1 The cro.-sc..~n C ~ reversed as compared with the half-embryo B. 
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embryo. If one half had been removed, we can foresee that its 
absen'ce might lead to other complications that would affect the 
result. 

The most important outcome of this experiment is, I think, to show 
that a half-structure may develop by itself, i.e that there is a certain 
amount of independent power of development in the parts of the ep;g;. 

Roux also tried to show that if, after the second cleavage has been 
completed, the two blastomeres that lie on opposite sides of the fir~t 
cleavage plane are killed by a hot needle, the remaining two produce 
elther an anterior or a posterior half of an embryo. An embryo 
deri\"ed from the two "anterior" blastomcres is represented in Fig. 
61, D. The anterior half of the body is present. Posteriorly the 
half-embryo abuts against the injured half. It is possible, I think, 
that this embryo may represent the anterior half of a whole embryo 
of half size that has been prevented from closin~ in posteriorly by the 
mass of injured material of the undeveloped blastomere. Roux did 
not determine positively whether the t,\'O "posterior" blastomcrcs 
could give rise to posterior half-embryos; one embryo in his opinion 
appeared to bear out this interpretation. This part of Roux's work 
is, it seems to me, not so satisfactory as the part dealin~ with the 
first two blastomercs, and we may leave it, for the present, out of the 
discussion, and consider only the result of the first experiment, in 
which one of the first two bl"stomeres was injured. Since the prob. 
lems involved in the two cases are essentially the same, nothing will 
be lost by dealing with the first case alone. 

The uninjured blastomere first gives rise to a half-embryo. After 
this has been accomplished, other changes take place that "reorgan
ize," according to Raux, the material of the injured half in such a way 
that the missing half of the embryo is formed by a process that Raux 
calls" post·generation." This process can be studied only by means· 
of sectioning the embryos, and since the eggs may be injured to a 
varying extent, there must be some uncertainty in making out the 
sequence of events. It is found that the yolk of the injured blasto
mere is vacuolated in places, and that the protoplasm in tbe path of 
the needle has been killed (Fig. 61, A). Irregular pieces of chromatin 
are found in the protoplasm, which seem to come from an irregular 
breaking up of the nucleus. 

The changes that lead to the reorganization of the injured half 
may take place at different times in different eggs. Raux describes· 
three kinds of reorganization phenomena. The first includes the 
formation of new cells in the injured half. Nuclei, surrounded by 
finely granular protoplasm, appear in the protoplasm of the injured 
blastomere. These nuclei arise from two 'sources : in part from the 
scattered chromatin of the injured blastomere itself, and in part from 
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nuclei, or from cells without walls that have emigrated from the 
developing halL Around these nuclei, as centres, the protoplasm 
(with its contained yolk)of the injured half breaks up into cells. This 
cel1ul"tion of tbe yolk may take place in different eggs at different 
times. In some cases it may not have appeared as latc as the gas
trula stage of the uninjured half; in others, it mly take place at the 
time when the uninjured half is segmenting. l The formation of the 
cells in the injured half begins always near the developing half, and 
extends thence into the injured parts. The new cells are of different 
sizes, but are larger than those of the uninjured half. 

The cellulation of the yolk takes place only in tbe least injured 
parts of the protopbsm. Where the protoplasm and yolk have heen 
much injured, the:y are changed over by the second method of reor
ganization. This part of the blastomere is either actually devoured 
by wandering cells, or is slowly changed under the influence of the 
neighboring cells, so that it becomes a part of these cells. 

The surface of the injured half is covered over by ectoderm that 
grows directly from the developing half (third method of reorganiza
tion), - at least this ha ppens where the protoplasm has been much 
injured. In other parts of the injured half the new cells that ha,-c 
appeared in this part, and that lie at the surface, become new 
ectoderm. 

Post-generation now begins in the reorganized and cellulated 
half; the cells become changed over into the different layers and 
organs that make the new half-embryo. A few hours or a night is 
sometimes sufficient to change a hemi-embryo into a whole embryo. 
The new half-medullary fold develops from the new ectoderm to 
supplement the half already present. The mesoblast appears over 
the side. Its upper part seems to come from the uninjured meso
derm that has grown over to the other side, but this is added to at the 
free edge by cells tbat belong to tbe newly cellulated part. The new 
differentiation is, in general, in a dorso~ventral direction. The lack
ing half of the archenteron arises in connection with the half of the 
archenteron already present in the hemi-embryo. The yolk cells 
arrange themselves radially, and a split appears in the post-gen
erated part, extending from the archenteron of the hemi-embryo. 
The split opens, and tbe new half-archenteron appears. In general, 
Raux states, the post-generation of the organs of the inj ured half 
proceeds from the already differentiated germ-layers of the hemi
embryo. The post-generation begins where the exposed surfaces of 
the germ-layers of the hemi-emhryo touch the newly cellulated regions 
of the injured half. 

I This" difference is !iue, I suppose, to the amount of injury that the nucleus of the 
injured half may ha.~e~ffered. 
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It is most difficult to account for these post~generative chang-cs, 
since the new part has, according to Roux. a double and even a three~ 
fold origin. The pieces of the old nucleus, he admits, may take a part 
in the formation of the ncw cell~, wandering cells migratt: from the 
yolk mass of the old half into the new, and the cells of the ["nncd 
germ-layers may be pushed over to the other side. Since a certain 
share, and perhaps a large share, of the new cclls comes frnm the 
hemi-cmbryo, it is clea.r that, in addition to the power of self-differen
tiation shown by the uninjured blastomere, we lTlust also ascribe to it 
certain rcgolcrati7'c powers, at least to the extent that cae h kind of 
cell that comes from it can give risc in the injured half to cells like 
itself, and produce similar st":,,ucturcs in the other half. 

If then, as Raux supposes, the development of the egg consist!'; in 
an orderly, qualitative series of changes that lead to the subsequent 
differentiation, we must also St1PpO~C that the new parts arc gifted 
with latent powers by ,-irtue of which they can re-create all parts of 
the other half. Roux supposes, in fact, that each ccli carries with it 
a sort of reserve-plasm, that is dormant in ordinary devcloprncnt but 
is awakened when any disturbance of the norma1 dCYC]op111cnt takes 
place. Objections have been made to this subsidiary hypothesis, 
since the addition of this to the original assumption of a series of 
qualitative changes involves such complications that the view can 
hardly be considered a probable one. This objection is, I think, not 
as strong as certain critics believe, since the facts of development 
show beyond a doubt that although the egg has the power of pro
gressive change it has also, as certain experiments shovt', the pc)\ver 
of reorganization, if the ordinary course of events is interrupted, 
This admission by no means throws us hack upon Raux's hypothesis, 
for, as will be shown later, a different conception of the development 
may better account for both phenomena. 

Inasmuch as a good deal of discussion has taken place in regard 
to the process of post-generation described by Raux, it should be 
stated that Endres and Walter reexamined the process, and found, as 
had Roux, that the reorganizing cells migrate from the uninjured to 
the injured side, and around them the protoplasm of that side makes 
new cells. They found that the injured half is directly overgrown 
by the ectoderm from the developing half. When the material of the 
injured blastomere is only incompletely reorganized, there is formed, 
after post-generation, an embryo that has a protrusion of yolk in the 
dorsal part of the body. When the injured material is completely 
worked over, a perfectly formed embryo may result. The typical 
half-embryos that Raux obtained were al~o obtained by Endres and 
Walter They deny that whole embryos develop from one of the 
first two blastomeres, as Hertwig affirms, 
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Hertwig repeated Roux's experiment and obtained results entirely 
different from those of Roux. He injured one of the first two blasto
meres of the frog's egg with a hot needle, or by means of a galvanic 
current. H ertwjg states that after the operation the egg turns so 
that the uninjured part lies uppermost. This is owing, he thinks, to 
the appearance of a blastula or of a gastrula cavit), in the developing 
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FIG. 62. -After O. H~rtwig. A. Section through It frog's egg (bldstula stage) in which one blasto
mere h~d bet~n kIlled. B. S,ll!Ie, Ga~trt1la stage. C, Later gastrula stage, D, E. Surface 
view of embryos flOm one 01 first two biastomercs, F. Sa1l1e as last (E). Dorsal view. 
G. Ventral vIew of last. H. Dorsa! view of another embryo, lying in a very eccentTlcposition, 
I. Lilter SInge of embryo from one blastomere. Other injured blastomere ne:trly covered 
over. y. Section through ga.,trula stage of embryo from one of first two blastomeres. 
A: Cross-section of the embryo shown ill F alld C. 

part. The segmentation cavity is found in many Cases surrounded by 
the cells of the segmenting half (Fig. 62, A), but at other times at the 
border between the new and the old parts. In still other cases the 
cavity may lie eccentrically, and in some cases the floor of the cavity 
may be bounded by the yolk substance of the injured half. An em
bryo appears on the upper, uninjured part, though it is not, according to 
Hertwig, a half-embryo, but a wh~le embryo, or at least one approach-



REGEXERATfON LV EGG AAYJ EJf8RYO ZZ3 

ing- that condition (Fig-. 62, D, E, F, G, H). It is shorter than the 
normal embryo, and its pOf'tcrior end i~ jJ)rompletc. \\"hcn these 
embryos are cut into sections, it is found that the part that has 
developed corresponds to the dorsal part of a normal embryo, but 
the ventral part is continuous with the yolk substance of the injured 
half (Fig. 62, li, C, J, l\:). Hcrtwig interpret:.; these embryos as 
forms in which the yolk portion of the developing half, together with 
the whole of the injured hlastomere, represents a yolk ma" that has 
not yet been enclosed bv the margin of the developinl!; part. 

In nearly all the embryos that Hertwig has described, the medul
lary folds appear eccentrically on the developing half (Fig. 62, D, J.~ 

K), and in some cases the) may lie so far to onc side that they are 
situated almost at the edge; and the less deveJopment of one of the 
folds makes the embryo appear almost like the hemi-embryos obtained 
by Roux. In fact, one embryo seems to have been a true hemi
embryo. 

Hertwig attributes the eccentric position of the embryo to the 
eccentric position of the blastopore of an earlier stage, but he does not 
attempt to account for the eccentricity of the latter. 

It is significant in this connection to find that Hertwig obtained 
other embryos that show a condition of "spina bifida." In these 
there is an exposure of yolk in the mid-dorsal line between the halves 
of the medullary folds. Still other embryos in the same series of 
experiments were only slightly injured, and developed nearly nor
mally. In these cases, Hertwig thinks, the blastomere that was 
stuck had been only slightly injured, and had partly developed. I 
have also often observed in this experiment that the injured blasto
mere may segment and add cells to the developing half, but in such 
cases the development of the injured half may be less regular than is 
that of the uninjured half. It seems to me not improbable that in sev- -
eral of the embryos described by Hertwig both blastomeres have taken 
part in the de,'clopment. The main points of difference between 
the results of Roux and of Hertwig cannot, however, be explained 
in this way, and the explanation is to be found in another direction. 

Hertwig emphasizes the view that the injured blastomere is not 
dead, but exerts an influence upon the other half - an influence of 
the same kind as that which the yolk of a meroblastic egg has on the 
protoplasmic portion of the egg from which the embryo arises. He 
ventured to prophesy that if the injured yolk mass could be entirely 
removed, the uninjured blastomere wonld produce a normal embryo 
witbout defect, and one like the normal embryo in every respect 
except in size. l 

1 The development of isolated blastomeres of the ctenophore egg shows that this need 
not be the case, 
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Roux interprets Hertwig's results as due to the sudden partial 
post~gcncration of a part of the injured half of the egg. He thinks 
that a half-embryo had first developed, and then to this there has been 
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FIG. 63.-::-A. After VvT etzel. Section through an egg (blastula stage) reversed at two~celJed stage. 

B. After Schultze. Douhle embryo, from reversed two-celled stag"e, united ventra.lly. 
C, (,'1. TWD vj!!ws' .of anot}ler double embryo (united dorsally). C2, Cf{ls5-section through 
last. D. After Wetzel. Double embryo united laterally. Dl, Section through same. 
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quickly added a part of the missing side. This reply fails, however, 
to meet Hertwig's description of the methOllof development of the 
embryos. Later work, how eyer, has put us in <1 position to give do 

more satisfactory account of the differences between the results of 
Raux and Hertwig. 1t seemed to me that the two kinds of embryos 
might be due to the different positions of the eggs after the operatioll. 
It had been shown by Schultze ('94) that if a normal egg in the two
celled stage is turned upside down and held in that position two 
embryos develop from the egg (Fig. 63, il, C, I)~. These embryos 
arc united in \-arious ways, and arise presumably one from CJch of 
the first tW() blastomeres. These results ha\'c heen confirmed by 
\Vetzel, who examined more fully into the early development of the 
twin embryos. He showed with much probability that the proto
plasm rotates in each blastomere, so that in man}' cases the lighter 
part flo\vs, or starts to flmv, toward the upper hcmi:-;phL:rc of the egg. 
In this way similar protoplasmic rCf,(ions of the two blastomcres 
may become separated, and under these circurnstanccs each blasto
mere gives rise to a whole embryo. A cross-section through OIle of 
the segmentation stages of one of these eggs is shown in Fig. 63. A. 
The smallest cells are found at the outer side of each half, and the 
two segmentation cavities lie one in the upper region of each hemi
sphere. Some of the different kinds of embryos that develop from 
inverted eggs are sho\vn in Fig. 63, B, C, D. They arc united in Fig. 
63, E, by their ventral surfaces, and in Fig. 63, C, Cl, C', b}' their 
dorsal surfaces, and in Fig. 63, D, D \ at the sides. These differences 
are probably accounted for by the different ways in which the proto
plasm of the first two blastomeres rotated before the egg divided. 

A consideration of these results led me to carry out the following 
experiment on eggs operated upon by Roux's method. After stick
ing one of the first two blastomcres, some of the eggs were placed 
so that the nninjured blastomere kept its normal position, i.e. with 
the black hemisphere upward. Otber eggs were turned, so that 
more or less of the white hemisphere was upward. From the two 
kinds of eggs two kinds of embryos were obtained. From those with 
the black hemisphere upward the embryo was a half-embryo like that 
described by Roux, while trom the eggs with the white hemisphere 
upward embryos developed that were in many respects whole embryos 
of half size.' The explanation of this difference will be obvious from 
what has been said. When the black hemisphere is uppermost the 
contents of the uninjured blastomere remain as in the normal egg, 
and a half-embryo results. VI'hen the white hemisphere is uppermost 
the contents of the uninjured blastomere r.atate, so that it generally 
shifts ito relation to the protoplasm in the other injnred half, and a 

1 In one case a half-embryo resulted. 
Q 
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whole embryo develops, as in Schultze's experiment. In one case I 
obtained a half-embryo from an inverted egg. The result did not 
appear to be due to a lack of rotation of the protoplasm, because the 
medullary folds were white, showing that the protoplasm must have 
changed its position. The result can possibly be explained as dlle 
to the protoplasm rotating- in each blastomere along the line between 
the halves, so that it still retains the same relation as that of the 
normal two-celled stage. 

The whole embryos of half size arc generally imperfect in certain 
respects on account of their union with the other half. They resemble 
in all important points the embryos described by Hertwig, and I see 
no grounds for interpreting them as embryos of a meroblastic type, 
but rather as whole embryos of half size, whose development pos
teriorly and ventrally has been delayed or interfered with by the 
presence of the other blastomere. 

It has not been possible to separate the first two blastomeres of 
the frog's egg, for if one is removed the other collapses. In the sala
mander, that has a mode of development similar to that of the frog,l 
it has been possible to separate the first two blastomeres. Herlitzka, 
who carried out this experiment, found that each blastomere gives rise 
to a perfect, whole embryo of half size. 'We cannot doubt, I think, 
that the same power of producing a whole embryo is also present in 
each of the first two blastomeres of the frog's egg. When the two 
remain in contact in their normal relation to each other, each produces 
only a half; when like regions of the two blastomeres are separated, 
each produces a whole embryo. Thus we see that whatever the fac
tors mal' be that determine the development of a single embryo from 
the egg, still each half, and perhaps each fourth also, has the power of 
producing a whole embryo. 

In later papers Roux has stated that he had also, even in hh 
earlier experiments, found other kinds of embryos than the half-em 
br)'os that he described. Some of these were whole embryos tha' 
had developed from the uninjured blastomere without the injured on. 
taking any part or only a very small share in their formation. H. 
found, he states, all stages between those embryos that had used uJ 
all the yolk material of the injured side (though post-generated) an, 
those that had not used any part of it. The latter kind of embryo h 
does not recognize as a whole embryo of half size in the sense that 
single blastomere has developed directly into a smaller whole embry' 
but he believes that there must have been formed at first a half-bla, 
tula, half-gastrula, half.embryo, and that the last stage complete 
itself .laterally without using any- material from the injured hal 

1 The plane of t~~ first cleavage has been shown in two urodeles to correspond, nottot.' 
median longitudinal plane, but to a cro,§s.plane of the embryo. 
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That the uninjured blastomere may at first segment as a half is not 
improbable, but that whole embryos are formed only by the formation 
of new material at the side of a half-embryo is, I think, hardly possible, 
since the results of Schultze, Wetzel, Hertwig, and myself show that 
a whole embryo may develop directly out of the material of a single 
b lasto mere. 

Spemann (1900) has carried out some novel experiments on the 
eggs of triton, and has shown hO\v in another way double structures 
may be produced. If a ligature is tied loosely around the egg at 
the first cleayage exactly along the division plane between the first 
two blastomeres, it will be found later that the long axis of the single 
embryo Jies, in the great majority of cases, across the ligature, and 
only in a small percentage of cases does the median plane correspond 
with that of the ligature, and, therefore, with the first cleavage plane. 

If one of the latter eggs is allowed to develop to the hlastula 
stage, and the ligature is then drawn tighter, so that the blastula 
is completely constricted, an embryo de\·e]ops from each half. 

If one of the former eggs is allowed to develop to a stage when the 
medullary plate is laid down, but is not yet sharply marked off, and 
the ligature is then tightened, there will be formed (the plane of con
striction being across the medullary plate) from the anterior part a 
normal head with eyes, nasal pits, ears, and a piece of the notochord, 
and from the posterior part there will be formed, at its anterior end, 
another new head just behind the ligature. Ear-vesicles develop in 
this part at the typical distance from the anterior end. The brain 
that develops has a typical cervical curvature, and eye evaginations 
appear at the anterior end. The chorda, that extended at first to the 
anterior end of this region, is partially absorbed. 

If the ligature is drawn tighter at a later stage, when, for instance, 
the medullary plate is plainly visible but is still wide open, a different 
result is obtained. The posterior part no longer forms a new head at 
its anterior end, but develops into those structures that it would form 
normally. In some cases it was found that the region from which 
the ear develops had been pinched in two, and in consequence a 
small vesicle appears in front of the constriction and anotber behind it. 

In those cases in which the ligature lies in the median plane of the 
embryo, it is found that a double anterior end is produced. As the 
embryo develops it tends to elongate, and in consequence the mate
rial is pushed forward on each side of the ligature. A double head is 
the result. The extent of the doubling depends on the depth of the 
constriction between the halves. In the most extreme cases two com
plete heads are formed with an inner nasal pit, eye, and ear on each 
head, as ",ell as the normal outer ones. The results sbow that even 
such complicated structures as the eyes and ears, etc., may arise 
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rom parts of the body where they never appear under normal 
'onditions. 

A series of experiments that have been made on the eggs of sea
orchins has led to egually important results. The earliest experi
ments are those of O. and R. Hertwig, who, in addition to studying 
the effect of different drugs on the developing egg, found that 
fragments of the eggs of sea-urchins, obtained by violently sbak
ing the eggs in a small vial, could give rise, if they contained a 

G H 

FIG. 64. - ~ea-l1rchin egg anu embryo. A. Two-cell stage. R. Same, with blast~n1Pres. st-'parated. 
G. Two half-."lxleen-{'eJ.l stages. C. Open half-blastula Sfages. D. One of last, later stage, 
closed blasttlla of h!l!f SIze. E. Gastrula of half size. F. Whole plurells of half size. H. A 
hall-sixteen (!ell diViding in same way as a whole egg (eight cell). I. \'V'ho!e egg at sixteen
cell !>tage. 

nucleus, to small whole embryos. Boveri made the important discov
ery in 1889 that if a non-nucleated piece of the egg of the sea-urchin 
is entered by a single spermatozoon, the piece develops into a whole 
embryo of a size corresponding to that of the piece. Fiedler, in 1891, 
separated the first two blastomeres by means of a knife, and found 
that the isolated blastomere divides as a half, but he did not succeed 
in obtaining embryos from the hillves. Driesch has made manyex
periments, b~inning in 1891, with the eggs and embryos of the sea
urchin. He separated the first two blastomeres ('91) by means of 
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Hertwig's method of shaking the eggs, and studied the development 
of the isolated blastomeres. He found that the clea\'agc was strictly 
that of a half, and not like that of a whole egg. The normal egg 
divides into two, four, and eight equal parts. At the next didsion, four 
of the cells di,·ide very unequally, producing four very small cells, 
the micromeres, at one pole. The four cells of the other hemisphere 
divide equally (Fig. 64, f). The isolated blastomere di,'ides at first 
into two equai parts, then again into equal parts. At the next divi
sion two of the cells produce micromcrcs and two divide equally (Fig. 
64, G). This is exactly what happens at this di\,ision in each half, if 
the blastomeres arc not separated. In later stages a half-sphere is 
formed that is equivalent to half of the normal sphere (Fig, 64, C). 
The open side corresponds to the side at which the hal[ would have 
been united to the other half. Thus up to this point a hall-cleavage 
and a half-blastula have appeared l 

In later stages the open half-blastulae close i~, producing a whole 
sphere that becomes perfectly symmetrical (Fig. 64, D). A symmetri
cal gastrula develops (Fig. 64, E) by the invagination of a tube at one 
pole, and a symmetrical embryo is formed (Fig. 64, F) that resembles 
the normal emhryo except in point of size, 

Driesch has also found that a number of twin embryos arise from 
the shaken eggs. They arise from eggs whose blastom~res have been 
disturbed or shifted, so that each produces a small whole embryo, the 
two embryos being united to each other in various ways, 

In a second paper, published in the following year, Driesch ex
tended his experiments, and attempted to discover how far the" inde
pendence" of the blastomeres extends; i,e. he tried to find out if all 
the blastomeres resulting from the cleavage are alike. 'A'hen one 
of the first four cells is separated from its fellows by shaking, it 
continues to divide, in most cases as a quarter, and produces later 
a small spherical blastula, Many of these blastulae, although 
apparently healthy, never develop further, although they may remain 
alive for several days, In one experiment only eight out of twenty
six reached the pluteus stage, with a typical digestive tract and 
skeleton. 

From these experiments Driesch drew the important conclusion 
that the cleavage cells or hlastomeres of the sea-urchin's eg" are 
equivalent, in the sense that if they were interchanged a normal em
bryo would still result, A somewhat similar view is expressed in the 
dictum that the position of a blastomere in its relation to the others 
determines what part it will produce, if its position is changed it 
gives rise to another part, etc., - OT, expressed more concisely, the 

1 In some cases, especiaUy in sphrerechinU!;, even at th~ eight-celled stage, the blasto
meres seem to shift their pOSition, so that a whole sphere of half size is formed. 
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prospective value of a blastomere is a function of its position. 1 

Vriesch extended these experiments further in 1893. His aim was 
to :;cparak different groups of cells at the sixteen-cell stage in order 
to see whether the cells around the micro mere pole (or" animal pole") 
if separated from those of the opposite (or "vegetative pnk") could 
produce a \l'hole embryo, etc. Eggs whose membranes had been reo 
rnon:d hy shaking immediately after fertilization were allowed to 
devdop normally to the sixteen-cell stage and were then shaken into 
pieces. Amongst the groups of cells that were present those that con
tained the micromeres were picked out. It was found that they give 
rjse to whole emhryos. In order to obtain cells that belong to the 
vcgctath'e hemisphere, the blastomeres were shaken apart at the 
eight-cell stagl:, and those groups of cells that in later di\Tjsions did 
not produce micro meres were isolated. From these also whole em
bryos develop. The results show that the cells of both hemispheres 
ar~ able to produce whole embryos, and that at the sixteen-cell stage 
the different parts of the egg are still capable of producing all parts 
of the embryo. It is important to observe that the results of the 
experiment do not show that if the normal de,"c]opmcnt goes on 
undisturbed any part of the egg nny become any part of the em· 
bryo, for it is highly prohable that a definite region of the egg nmy 
always produce a definite part of the embryo. The results do show, 
however, that, even if this is true, any cell has the power of produc. 
ing any or all parts of the embryo if the normal conditions are 
changed. 

In connection with these experiments Driesch discussed the fac· 
tors that determine the axial relations of the emhryo. If all the cells 
have the power of producing all parts, what determines in the normal 
development, and also in the development of a part of the whole, the 
axial relations of the embryo? Driesch assumed that the egg has a 
polar structure, and that the same polarity is found in all parts of the 
protoplasm. Around this primary axis all the parts are alike or 
isotropous? The origin of the mesenchyme and the position of the 
archenteron, that develop at one pole, are determined by the polarity 
of the protoplasm. The plane of bilateral symmetry may appear in 
anyone of all the possible radial planes around the primary axis. 
The selection of a particular one is due to some accidental difference 
in the structure of the protoplasm, or to some external factor. In 
later papers Driesch modified this view, and assumed that along with 
the primary polarity a bilateral structure also exists in the proto. 
plasm. 

1 Hertwig had a year before expressed a similar view in regard to the equivalency of the 
blasto'meres. 

2 A "iew ~v;mced by PflUger. 
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Wilson ('93) studied the development of isolated blastomeres of 
amphioxus, and found that it a~reed in all essential respects with 
the mode of development of the blastomeres of the sea-urchin. The 
isolated blastomeres of the two-cell and four-cell stag-es produce whole 
embryos) but the blastomeres of the eight-cell stage develop only 
as tar as the blastula. The blastomeres segment, after separation, 
in most cases not as a part, but as a \vhole egg would divide. 
although the cleavage of the one-dghth blastomere only approaches 
that of the entire egg, but is never identical with it. Incomp\etely 
separated blastomeres give rise to twins, triplets, etc. \Vilson a~reed 
with the Hertwig-Driesch conception of the value of the earl)' blasto
meres, and accepted the view that the fate of each is a function of 
its position, and that at first the), are qualitatively alike. During- the 
early dcavage he supposed that a change takes place that is slight 
at the two-cell stage, greater at the four-cell stage, and in the ejght
cell stage the differentiation has gone so far that the blasto_mere can 
no longer return to the condition of the ovum. "The ontogeny 
assumes more and more the charact(.;r of a mosaic work as it goes 
forward." 

Loeb ('94) showed that if the eg-gs of the sea-urchin are placed in 
sea water, diluted by distilled water, the egg swells and bursts its 
membrane, so that a part of its protoplasm protrudes. Into this pro
trusion some of the first-formed nuclei pass, and from both the part 
remaining in the egg membrane, as well as from the protruding part, 
an embryo is produced, the two emhryos often sticking- together. In 
several cases two to eight separate groups of blastomeres are formed 
from one egg and develop into whole embryos.' 

The question of the number of cells which are produced by the one
half and one-fourth embryos had not up to this time been determined_ 
Until this was known it could not be stated whether the smaller 
embryos were miniature copies of the normal embryos in all respects, 
or whether they assumed the typical form with fewer cells. I found 
('95) that the blastula from one of the first two blastomeres contains 
half the number of cells produced by the whole embryo, and that in 
the later stages also it contains only about half the normal number. 
The one-fourth blastomere produces only a fourth of the whole num
her of cells, and yet can develop with this number, in many cases, 
into a whole embryo. The one-eighth blastomere produces one
eighth the normal number of cells. In most cases I found that these 
one-eighth blastomeres do not produce embryos, but occasionally 
they produce a gastrula, and probably a youn~ pluteus stage. 

1 The evjrlencc to shaw that more than four and certainly more than eight such grours 
~:~~~l~~~h from a single egg can produce a pluteus is, I think, insufficient, and the result 
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The development of nucleated fragments of the egg was also 
studied in order to find out if they too produce a smaller number of 
cells than docs the whole c~g, and a number in proportion to their 
size. The problem is different in this case, because the nucleus has 
not divided before the piece is separated, and the results ought to 
show whether there is a prescribed number of divisions for the egg 
nucleus, or whether the number of times it divides is regu1ated by 
the amount of the protoplasm. It was found that the number of 
cells produced by each fra~ment is in proportion to the size of the 
piece. This shows that the division of the nucleus is brought to an 
end when the protoplasm has become subdivided to a certain point. 

A fnrther examination of the number of cells that are invaginated 
in these smaller" partial" larva:" to produce the archenteron seemed 
to show that they often use relatively more than their proportionate 
number. The normal blastula of Sp/[(erecltinlts granularis contains 
about five hundred cells and turns in fifty cells, or one-tenth the total 
number. The one-half and one-fourth embryos, and some of the 
small embryos from the egg fragments, seemed to invaginate more 
than one tenth of their total number of cells. 

Driesch (1900) reexamined this point, and found that the em
bryos from isolated blastomeres may use the proportionate number 
of cells. I have made a new study of the problem on a larger scale 
and have found that my earlier statement, as well as that of Driesch, 
is substantially correct, and that the difference that we found is due 
to the time at which the embryos gastrulate. Thus the one-half 
embryos and even the one-fourth embryos, that gastrulate as soon as 
(or only a little later than) the normal, whole embryos, turn into the 
archenteron about one-half and one-fourth the number of cells 
inva~inated in the whole embryo; but those partial embryos that 
gastrulate later (as most of them do) turn into the archenteron more 
than a half or a fourth of the number of cells turned in at first 
by the whole embryo. This difference between the early and the 
retarded partial embryos is in large part due to a slow increase of 
cells that takes place during the delay in development. 

Driesch ('95) found that pieces of the blastula wall of the sea
urchin, if la'-ge ellouglt, can also produce a gastrula and embryo. I 
found that the number of cells in these pieces does not increase 
appreciably after they are cut off (if the operation has been carried 
Ollt at the end of the cleavage period), and that the new embryo is 
organized out of the cells present at the time of removal of the piece 
from the wall. There is, therefore, in this case no chance for" post
generation" by means of new cells produced at the side, which Roux 
has supposed to take place in the frog embryo. 

The development of pieces of the blastula wall, if they are not too 
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small, also shows that the lack of power to dCI'clop, found in some 
of the one-fourth and in many of the one-eighth blastul::e, is not 
the result of any special differentiation that they hal'C undergone 
during the cleayagc period, but is due to their size. 

A recent series of experiments by Driesch (1900) on the develop
ment of isolated btastomeres of the sea-urchin's egg has given more 
exact data in regard to their limit of po'wer to produce enlbryo5, and 
has shown the possibilities ill these respects of different parts of the 
egg. By means of a method discovered by Herbst (1900 J it is pos
sible to obtain isolated blastomeres more readily than by the some
what crude shaking process. If the eggs, after fertilization and after 
the removal of the membrane by shaking, are placed ill all artificial 
sea "vater, from which all calcium salts have been left out, the eggs 
divide normally, hut the blastomeres are not held firmly together. and 
readily fall apart if the egg is disturbed. By means of a fine pipette 
any desired blastomere or group of blastorr,eres can be picked out. 
If these are returned to sea water they continue to devdop. 

Driesch faulld that the olle-half and one-fourth blastomeres 
develop lDto propor6onate gastrul;:_e and larv::e; that the onc-ejRhth 
blastomeres, both of the animal and the vegetative hemispheres, some
times produce gastrulce, and even the beginning of the larval stage 
with the rudiments of a skeleton. There are certain differences 
between the one-eighth lar,,::e that come from the animal hemisphere 
and those from the vegetative half. More of the one-eighth 
blastomeres from the animal part of the egg die than from the 
opposite part, but of those that remain alive a larger percentage 
reach the gastrula stage tban in the case of tbose from the vege
tative pole; their protoplasm moreover is not so clear as is that of 
the larvce from the other hemisphere. These" animal pole" hlasto
meres develop faster than tbose of the other sort. The gastrul~ 
from the one-eighth blastomeres of the vegetative hemisphere do 
not die so often after separation, the protoplasm of the larvce is 
clearer, and they often produce long-lived blastulce with long cilia. 
The blastulce often develop into gastrulce without mesenchyme. 
These results show that although whole larv", may be produced from 
the one-eighth blastomeres of both hemispheres, yet there are certain 
characteristics that may be referred with great probability to differences 
that are present in the protoplasm of the two hemispheres of the egg. 
The differences are not in all cases sufficient to interfere with the 
production of all the characteristic structures of the embryo, yet 
traces of the origin of the larv::e can be found in their structure. It 
is probable that the so-called animal (or micromere) pole corresponds 
to that part of the egg from which fhe archenteron is produced. 
Hence the one-eighth blastulre from this hemisphere gastrulate 
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sooner and in proportionately larger num bers than do those from the 
opposite hemisphere. The ,'cgetativc hemisphere would correspond 
to that part of the egg from which the wall of the normal gastrula is 
derived, alld this may account for the clearer protoplasm of these 
emhryos, their inability jn many ca::;cs to gastrulate, their larger cilia, 
ancl the absence of mesenchyme in some of them. Driesch finds 
that the number of cells that ~go into the mesenchyme of the partial 
larne is in proportion to the total number, and that the number of 
cells in the archenteron is probably also proportionate.] 

The smallc:c;t blastomeres that produce ga'Strul~ are the onc
sixteenth products. Out of a total of 139 cases only 3 I produced true 
gastrLlla~J 5 produced gastrulLe with evaginated archenteron, and 103 
remained blastula: with long cilia. The one-thirty-second blasto
meres were not observed to g3_strulate. 

Dricsch ('95) has also made a study of the potentialities of the 
blastula and gastrula stag~s of sph~rechinus, echinus, and asterias. 
If a blastula is cut in half before the mesenchyme cells are produced, 
both pieces produce gastrul;r and larv~. Since some of the pieces 
probably come from the animal hemisphere, and others from the vege
tative hemisphere, it follows that all parts of the blastula possess the 
power of producing whole embryos, and in this respect the potentiali
ties are the same as for the blastomercs. If the experiment is made ~ .... 
at a stage just before the archenteron has begun to develop (Fig. 65, 
A), the results may be different. A half that contains the region 
from which the archenteron is about to develop will produce a gastrula 
and a larva (Fig. 65, A, lower row to right of A). A half that contains 
only the opposite regions of the egg (Fig. 65, A, upper row) may in 
some cases gastrulate? often abnormally, but as many as half of the 
pieces do not gastrulate. They may remain alive for a week or more, 
and even produce a typical ciliated ring with a mouth in the centre, 
but do not form a new archenteron, These important results show 
that after the formation of the mesenchyme and archenteron at one 
pole, the other cells of the blastula wall are no longer able to carry 
out a process that the same cells were able to carry out at a slightly 
younger stage, but whether this loss of power is connected with the 
previous formation of the archenteron, or due to some other change 
which has by this time taken place in the cells, cannot be determined 
from the experiment, It is also important to note that these small 
ectodermal blastulae can still develop whole, typical, ectodermal 
organs, the ciliated ring and the mouth, and that the former especially 
has the characteristic structure of the whole normal ring. 

1 Driesch's figures seem to show, nevertheless, that the archenterons are proportionately 
too large. 

;/: These may be pieces that were cut obliquely, as Driesch suggests, so that they con
tain a part of the archenteric region. 
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Similar phenomena haye been made out bv Dricsch in the devel
opment of the archenteron of the same forms. • At the end of the nor-
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FIG. 65.~A. Blastula of sea-urchin beginning to gastrulate. Cut m h<lif as indicakd IJ~ iine. 
Two rows of figures to right show development of upper ~nd lower iJalves. H. Later gastrula 
cut in half. '1\'0 rows of figures to right show lat~r development. C. End of g<'lstrulation 
process. ~mbr_vo cut in half. Two rows of. figures to right show later !>tages of each half. 
D. Form<1tton of endodermal pouches from mner end of archenteron. Embryo cut in two. 
Two rows of figures to right show later stages. 

mal gastrula period of the starfish embryo, there is produced from the 
inner part of the archenteron two outgrowths, or pouches, that later 
c.onstrict off to Q'ive rise to the crf':1om sac and water-vascular system. 
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If the gastrula is cut in two in such a way that the inner end of the 
archenteron, i.e. the part from which the pouches develop, is cut off 
(Fig. 65, C), it is found that the piece containing the posterior part 
of the archenteron closes in, forms a new sphere, and from the present 
inner end of the archenteron (that has also healed over) a pair of 
pouches is produced (Fig. 65, C, lower row to right of C). These 
pouches have arisen, therefore, from a more posterior part of the 
archenteron than that from which the pouches normally arise. 

H the same experiment is made at a later stage, when the pouches 
have been given off from the archenteron (Fig. 65, D, lower row to 
right of D), no new pouches are formed. This means that after the 
archenteron has once produced its pouches it loses throughout all its 
parts the power to repeat the process, although these parts possessed 
this power at an earlier stage. It is a very plausible view that the 
result is directly connected with the formation of the normal pouches, 
although it is of course possible that some other change has taken 
place in the archenteron that prevents the formation of the pouches. 

In order to give as nearly as possible a consecutive account of the 
experiments on the eggs of the frog and of the sea-urchin, a number 
of other discovedes have been passed over. Let us now examine 
some of the results on other forms. 

Chabry, as early as 1887, experimented with the eggs of an ascid
ian. By means of an ingenious instrument he was able to prick and 
kill individual blastomeres. The results of his experiments were not 
described very clearly, and later writers have interpreted his results in 
different waysl Chabry stated that he obtained half-embryos from 
one of the first two blastomeres, but his figures show, especially in 
the light of later work, that the embryos were whole embryos of half 
size, although certain organs, as the papillce and the otolith, may be 
lacking. 

Driesch ('95) reexamined the development of isolated blastomeres 
in one of the ascidians, Pilat/usia mamma/ala, and found that the 
cleavage of blastomeres, isolated by shaking, .is neither like that of 
the whole egg, nor is it like that of half the normal cleavage, although 
it shows some characteristics of the latter. A symmetrical gastrula 
is produced, and from this a typical whole larva of half size. These 
larv", lack, however, one or more papill"', and the otolith rarely 
develops. The absence of these organs Drieseh ascribes to the 
rough treatment that the egg has received, since embryos from whole 
eggs may sometimes lack these organs if the development has taken 
place under unfavorable conditions. The isolated one-fourth blasto
mere may also produce a whole larva. 

Crampton ('97) has also studied the development of the isolated 
1 Driescb, Hertwig, Roux, Weismann, Barfurth. For review see Driescb ('95). 
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blastorneres of another ascidian, J1()lgllla mallhat/{'ll,ris. He has more 
fully worked out the cleavage, and finds that the isolated hlastomere 
segments as a part, i.i'. as it would have segmented had it remained 
in connection with the rest of the eg-g. In general appearance 
the half'c1eavage seems to differ from the half of the complete 
cleavage, because rearrangements of the blastomeres occur, but 
despite these shiftings the form of the division is always like that of 
a part. A whole embryo develops, although there may be defects 
in certain organs, which are clue, he suggests, to the smaller amount 
of material available for the development of the larva. 

Zoja showed in 1894-1895 in a number of jellyfish that the iso
lated blastomeres produce whole larv~ of smaller size.1 In one form, 
liriope, the endoderm that forms the digestive tract is normal1y de
laminated at the sixteen-cell stage, each cell of the blastula wall 
dividing into an inner and an outer part. In the blastula from the 
one-half blastomere this delamination also takes place when sixteen 
cells are present, and not at the preceding cleavage when only eight 
cells are present. In this form, therefore, the whole number of cells 
develops before the delamination takes place, and the one-half larva 
is composed of the same number of cells as is the normal embryo at 
this stage, but the cells arc only half as large. In other species the 
endoderm appears to begin to develop in the half-Ian'"" when only 
half the total number of cells is present. 

The conditions in the egg of the bony fishes arc very different 
from those in the preceding forms. The protoplasm, from which the 
embryo is produced, accumulates at one pole to make the hlastodisc. 
After the cleavage of this blastodisc, the blastoderm that has resulted 
grows over the yolk sphere at the same time that the embryo is form
ing along one meridian. I carried out some experiments, in 1895, 
on the eggs of FUIldu!us hctcroc!itlts. If one of the first two 
blastomeres of the egg of fundulus is destroyed, the remaining ·one 
produces a whole embryo. If three of the first four blastomeres are 
removed, the remaining one may produce a whole emhryo of small 
size. The problem of development is, in the Case of the fish, different 
from the other cases described, inasmuch as the whole yolk sphere is 
left attached to the remaining blastomere and is covered over by cells 
derived from this blastomere. The smaller embryo that is formed 
lies on a yolk of full size? 

\Vilson's work on amphioxus has been already described in con· 

1 Bunting ('94) also (\lund that isolated blastomeres of hydractinia make whole em· 
bryos. 

2 If the yolk of the dividing egg is partially withdrawn without disturbing the blasto
meres, the form of the cleavage may be altered, hvt a normal \ .... hole embryo develops over 
the smaller yolk sphere. 
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nection with the experiments on the sea-urchin's eggs. Later I ('<)6) 
also obtained whole larv", from one-half and one-fourth blastomeres, 
and I also found that the one-eighth blastomeres do not develop 
beyond the blastula stage. The number of cells of which the one
half larva is composed is half that of the normal larva, and the one-
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FIG. 66.-Ctf'oophon·-egg and embryo. A. Normal sixteen-cell stage. B. Half_sixtern_C'ell 
stage. C, Later half-segmentation SLlgC. D. Later half-embryo. E. Correspondmg whole 
('mbrvo. .f.: Half-embryo seen from side. G. Same seen from apic,1l end. In F and (;, 
four rows of paddles present, thlce endodermal sacs and ectodermal stomach. 

fourth larva is made up of one-fourth of the total number of cells. 
In all the preceding cases in which the blastomeres have been sepa

rated, a whole embryo has developed, although the cleavage was 
often like that of a part. In one form, however, it has been found 
that a whole embryo does not develop. Chun ('92) first showed that 
the isolated one-half blastomere of the ~tenophore egg produced a 
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~alf-Iarva. He also inferred from certain incomplete embryos callght 
m the sea, that these Incomplete larv:?e could subsequt.'l1tJy regellt'r~ 
ate the missing parts. Driesch and Morgan ('95) studied the dcn~l
opmcnt of the isolated blastomcres of another ctenophore. Bl')'O? O'i!dtll. 

They found that the isolated one-half blastomere (hides exactly as a 
half of the whole egg (Fig. 66, A, R, C). It remains more or less a 
half-structure, even after the ectoderm has grown o\"er the whole sur
face (Fig. 66, D). The invagination of ectoderm, to form thl' so-called 
stomach, that takes place at the lower pule of the whole embryo, is 
formed at one side of the lower pole in the half-embryo (Fig. 66. f·; (,'). 
It pushes into the endociermal yolk mass, and lies not in the middle, 
but somc\.vhat to one side. In the l1orm~] cmhrvo there arc formed 
four enclodermal sacs Of ponches in the central v~)lk mass that become 
connected with the inner end of the ectodc;mal stomach, around 
which they lie symmetrically. In the half-embryo two sacs a[c 
formed, and in addition a smaller third sac, which always lies on the 
side of the stomach that is nearest the aliter wall (Fig;. 06, I'~ G). The 
embryo is, therefore, somewhat more than half the normal embryo in 
regard to the number of its cndodermal sacs. 

There are present eight meridional rows of paddles in the normal 
embryos of the ctenophore. They lie symmetrically all the sides, 
converging towards an apical sense organ. In the one-half lan"a 
there are always only four of these rO\'>'5 of paddles that arc Bot 
equally distributed over the surface, since \)ll one side there is a wider 
gap between two of the rows than elsewhere (Fig. 66, (,'). The 
sense plate also lies somewhat eccentrically, i.e. more towards the 
side corresponding to that at \\'hich the other blastomere lay. 

If the one-fourth blastomeres are separated, each continues to seg
ment as thou!'h still a part of the whole. A one-fourth embryo 
develops that has an unsymmetrical stomach, with two endodermal 
sacs. There are only two rows of paddles. The embryos arc, thet;:e
fore, in several respects one~fourth embryos, but the presence of two 
endodermal sacs, instead of only one, shows that in this particular, 
at least, the embryo is more than a fourth of the whole. 

The part of the work of Driesch and Morgan, that has a special 
bearing on the interpretation of the one-half and one-fourth develop
ment of the isolated blastomeres, is that in which some experiments 
are described which consisted in cutting off portions of the unseg
mented egg. If a fertilized but unsegmented egg is cut in two by 
means of a small pair of scissors, the part that contains the nucleus 
may segment, and give rise to an embryo. The division is generally 
like that of a part, and in such cases an incomplete embryo develops. 
The embryo may have fewer rows of swim-plates than bas the normal 
embryo, and fewer endodermal sacs, and the stomach may be in an 
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eccentric position. The embryos resemble in every respect the incom
plete embryos from isolated blastomeres. It is important to note that 
although the embryos from isolated blastomeres resemble those from 
pieces of the segmented egg, in the former case the nucleus has 
divided once, and each blastomere contains half of the original 
nucleus, while in the latter case the entire segmentation nucleus is 
present in the piece. These facts seem to show that in this egg the 
incomplete development is directly connected with the protoplasm, 
and not with the nucleus, - a "iew that is maintained by Driesch and 
.Morgan in connection with these experiments. 

It \vas found in one or two instances that the nucleated pieces 
dh'ided in the same way that the whole egg did, except that the blas
tomeres arc proportionately smaller. From pieces of this kind whole 
embryos of small size developed. In this case we must suppose that 
the protoplasm has succeeded in rearranging itself into a new whole 
of smaller proportions.] 

Crampton ('96) has shown in a mollusk, Jlyal/assa obsolcta, that 
when a blastomere is separated from the rest, the cleavage proceeds 
as though the blastomere or its products were still present, and the 
larva is defective in those organs that are normally derived from that 
blastomere. These results are in line ·with those on the ctenophore 
egg-. Fischel (1900) has also made some experiments on the seg
mented egg of the ctenophore, and has confirmed several of the results 
obtained by Driesch and Morgan. In addition he has tried the effect 
of disturbing the first-formed cells by pushing them over each other, 
so that their relative positions are changed. He finds as a result 
that the paddles, sense organ, etc., appear in unusual positions, and 
the latter may be doubled. This shows that we must regard the 
material or structural basis of the organs as present very early in 
the different parts of the egg, and that the organs develop without 
much regard to their relation to other organs. 

Ziegler ('98) has also made some observations on the egg of this 
same ctenophore, that bear directly on some of the questions here 
raised. His study of the cleavage shows that the micromeres arise 
from the part of the egg that is opposite the pole at which the 
first cleavage furrow appears - the animal pole. Fischel's results 
have shown that the paddles and the sense organs arise from these 
micro meres, for, if the latter are displaced the former are also. 

Ziegler performed the experiment of cutting off that part of an egg 
(which has just begun to divide) lying opposite the region in which 
the first furrow has appeared. In this way there was removed 
from the unsegmented egg the part from which the micromeres 

1 We offered as a possihle explanation in this case that the egg had been cut in two 
symmetrically with reference to the eccentric nucleus. 
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develop. Ziegler found that the micromeres still arise, and that from 
such pieces larv", develop that have cigfll rows of paddles and jOllr 
endodermal sacs. In one case two of the sacs were smaller than the 
others; in another case one of the four was verv much smaller than the 
rest. In another operation a large piece was C~lt from the egg, leaving 
a small nucleated piece that diyidcd into two bla~tomercs of unequal 
size. An embryo developed from this small piece with four cndodcr
mal sacs, and only fOllr well-developed rows of paddles. The fonr 
rows of paddles that ,vere lacking were represented by two groups of 
a few plates each. 

Ziegler gives a different interpretation of these results from that 
which Driesch and Morgan have offered. He interprets the last ex
periment, in which after the operation the piece divided into two 
unequal parts, and only faur rows of paddles appeared, as meaning 
that the de\'elopment of these organs on the smaller part is sup
pressed on accollnt of the small size of the part. If the part had 
been still smaller all trace of the missing paddles might disappear, as 
he thinks was the case in certain experiments of Driesch and J\..1organ. 
There can be, I think, little doubt that if a piece is small enough, the 
result would follow as Ziegler supposes. It does not seem probable, 
however, that the pieces were really below the lower limit in the 
experiments of Dricsch and l\iorgan, since the smaller blastomere 
was in one case as large as the whole piece (i.r. as both blastomeres 
taken together) in one of Ziegler's experim~nts. 

Ziegler's results show very clearly that we are not obliged to 
think of the substance of the micromeres as laid down in the proto
plasm of the egg, and hence there is no ground for supposing the 
substance of the paddles is IIcassarily present in the vegetative 
hemisphere of the egg. His results show that if the vegetative part 
is cut off, micro meres and paddles are still formed, although that 
part of the egg substance from which they normally arise has beel)
removed. It should be pointed out, in this connection, that Driesch 
and Morgan did not suppose that the bases of the micro meres, or of 
the paddles, are actually laid down in a definite part of the proto
plasm of the egg. They had also observed that in some cases whole 
embryos arose after a part of the egg had been removed, and this 
they attributed to the symmetrical position of the cut in relation 
to the organization of the egg. Ziegler's operations were made more 
or less in this symmetrical plane, excepting the one that gave rise to 
an incomplete embryo. Driesch and Morgan held that the formative 
factors become localized in the protoplasm, rather than arise from 
the nucleus, but pointed out that these observations do not lead to 
His's conclusion of localized germ areas in the egg. 

It 



CHAPTER XII 

THEORIES OF DEVELOPillENT 

THE experimental work that Pfluger carried out in 1883 on the 
effect of gravity on the cleavage of the frog's egg, and the con
elusions that he drew from his experiments, mark the starting
point for the modern study of experimental embryologyl We can 
trace the influence of Pfluger's results through most of the more 
recent work, and onc of the conclusions reached by Pfluger, namely, 
that the material of the egg may be diYidcd by the cleavage planes 
in any way whatsoever without thereby altering the position of the 
embryo on the egg, is, I thjnk, one of the most important results that 
has yet been reached in connection with the experimental work on 
the eg". Pfluger's analysis of the factors that direct the develop
ment has also an important bearing on the interpretation of the 
development of a whole embryo from a part of an egg. 

Pfliig-er found that in whatever position the frog's egg is turned 
before it begins to divide, the first two planes come in vertically, and 
the third horizontally, and that later the smallest cells are always 
formed in the upper hemisphere. He concluded, therefore, that 
gravity has some sort of influence in determining the position of the 
planes of cleavage. Pfluger observed that the position of the median 
plane of the body of embryos that have developed from eggs turned 
into unusual positions does not, as a rule, correspond to the plane of 
the first cleavage, but that the embryo generally lies on that meridian 
of the egg that passes through the primary egg axis and the highest 
point of the egg in its new position. Since any meridian may happen 
to be placed uppermost, the embryo may, therefore, develop upon 
anyone of the primary meridians, and hence the material must be 
isotropous around the primary axis. Furthermore, since the embryo 
appears always below the middle of the e"g, in whatever position 
the egg mav lie, we must conclude that in each meridian the material 
is also isotropic. 

It may be pointed out that while more recent work has substanti
ated, on the whole, the latter conclusions 2 of Pfluger, just stated, still 

1 These experiments have been quite fully described in my book on The Development ()f 
the Frog) s Egg. 

2 Not, however, the supposed action of gra"ity on the egg. 
242 
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the results of studies of regenerative phenomena of org-anisms show 
that the conclusions are not necessarily the only ones deducible from 
the experiments; for, although it may be true that any possible primary 
meridian of the egg may become the median plane of the body of the 
embryo, it does not follow that there is no one organized plane always 
present in the normal egg, i.e. the egg may not be entirely isotropic. 
That this may be the case is shown in the reg-eneratioll of pieces 
of adult animals in which a piece cut to one side of the old median 
plane may de\'elop a new plane of symmetry of its own. This possi
bility must be also admitted for the egg. If we suhstitute the term 
"totipotence," meaning that any meridian of the c~g has the possi
bility of becoming the median plane of the embryo, in place of 
PflUger's term ,. isotropy," we remove this clement of possible error 
from his statement. 

Roux and Born have shown that the only action that gnn·jty has 
on the frog's egg is to bring about a rearrangement of the conteuts 
of the egg, a phenomenon that Pftllgcr had not ohserved. The lighter 
part flows to the highest region of the egg, and the hea\'iest to the 
bottom of the egg, hence the change in the position of the cleavage 
planes observed by Pfluger that begin in the upper, more protoplasmic 
part of the egg. 

Another series of experiments, that '''e also owe, in the first place, 
to PflUger (,84), consist in compressing the egg before and during 
its cleavage. The position of several of the clea\'age planes may be 
altered, yet a normal embryo develops from the egg. The same 
experiment has been repeated by Hertwig ('93), and by Born ('93), 
on the frog's egg, and by Driesch ('92), Ziegler ('94), myself ('93), 
and others, on the egg of the sea-urchin, with substantially the same 
results. The value of the experiment lies not so much in showing 
that the coincidence between the first cleavage planes and the orient
ing planes of the body may be lost, as in showing that under these· 
circumstances the nuclei have a different distribution in the proto
plasm from that which they hold in the normal egg; Any theory of 
development that depends on the qualitative distrihution of nuclear 
products during the cleavage period meets with great difficulties in 
the light of these results, and in order to overcome them will be 
oblh;ed to add qualifications of such a kind as materially to alter 
its simplicity. Raux's theory, for instance, comes into this category. 
Raux ('83) suggested that since the complicated karyokinetic division 
of the nucleus is carried out in such a way as to insure a precise divi
sion of the chromatin, and since the qualitie's of the male are transmitted 
to the egg through the chromatin of the spermatozoon, it is probable 
that the division of the chromatin is a qualitative process, by means 
of which the elements are distributed to different parts of the egg. 
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According to Roux, the first division of the frog's egg divides the 
material of the right half of the embryo from that of the left; the 
second division separates the material of the anterior half from that 
of the posterior half. Roux limited, to a certain extent, his hypothesis 
to these two divisions of the frog's egg, and stated further that it is 
not improbable that during the later stages of development there may 
take placc an interaction of the parts on each other, and this inter
action would be another factor in the clc\Telopmcnt. vVeismann has 
adopted Roux's hypothesis, and has extended it to all organisms, and 
to most of the divisions of the developing eg~! at Jeast to al] those 
di\Tisions in \\-hich the qualities of the layers, tissues, organs, etc., are 
separated. On this slight basis he has constructcd his theory of 
development and of regeneration It is important, therefore, to 
examine critically the evidence furnished by experimental embryology 
for Of against this hypothesis of a qualitative division of the egg dur
ing the cleavage pedad. 

The development of a half embryo from one of the first two 
blastomeres of the frog's egg. in Raux's experiment, seemed to sup
port Raux's hypothesis, but it \vas not long before it was seen that 
the presence of the other blastomere vitiated the evidence to such 
an extent as to render it \vorthless, so far as this hypothesis is 
concerned. Then followed the experiments with the isolated hlasto
meres of the sea-urchin, amphioxus, jelly-fish, teleost, ascidian, triton, 
etc., in which each blastomere, when completely separated, gives rise 
to a whole emhryo. From these experiments Driesch and Hertwig 
drew the opposite conclusion, namely, that during the cleavage there 
is a quantitath-e division of the egg -into blastomeres that arc equiva
lent, or at least totipotent. Raux attempted to meet the results of 
these experiments in two ways. He pointed out that in several of 
these cases the isolated blastomere divides as a half or as a fourth 
of the egg, and that in the sea-urchin this leads to the formation of an 
open half-blastula. In the second place, Raux brought more to the 
front his subsidiary hypothesis of the reserve germ plasm. He sup
posed that along with the early qualitative division of the nucleus, 
by means of \vhich each part receives its particular chromatic sub
stance, there is also a quantitative division of a sort of reserve germ 
plasm contained in the nucleus. Each cell m,,-y receive also a part 
of this material, and hence each cell may contain the potentialities 
of the whole egg. This reserve plasm may be awakened hy any 
change that alters the normal development, as, for instance, when 
the blastomeres are separated. It may take some time for this 
reserve stuff to wake up, as shown by the half-development of the 
sea-urchin's egg that goes on for some time after the separation 
of the hlastomeres. This hypothesis cannot be objected to on purely 
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formal grounds, but we are not so much concerned with a purely 
logical hypothesis as with a verifiable one. 

It has been pointed out that the experiment of compressing the 
egg in different planes that leads to a new distribution of the nuclei 
is a formidable obstacle to Roux's hypothesis. If the nuclear divi
sions in the compressed egg are of the same sort as in the normal 
egg, we should expect to find as a rc!'ult either a monstrous f OflTI 

with all its parts misplaced, or, if the parts arc mutually dependent, 
nothing at all. Roux has attempted to meet this case by sUPP(lsing 
that the nucleus itself responds to the change in the protoplasm and 
alters its divisions in such a way as to send to each part of the com
pressed egg the right sort of material for that part. This means 
that the nucleus can So entirely change the sequence of its di\'isions 
that instead, for instance, of sending to each polc of the first spindle 
the material of the right and left sides of the body, as it docs nor
mally, it may divide under compression in such a way that the 
material for the anterior half of the embryo is separated from that 
of the posterior half. That a change involving slich a vast number 
of qualities could take place, as a result of the slight compression on 
the egg that brings about a change in the position of the spindle, 
seems highly improbable. It is, of coursc, not a disproof of the 
hypothesis t~ show that it invoh-es vcry great compIications, for the 
vcry assumption itself of a qualitative dh'ision of the nucleus, in 
the Roux-\Veismann sense, invoh'cs us in great complications. 

A more damaging criticism of the hypothesis of a qualitative 
division of the nucleus is found in an appeal to direct observation, 
which shows that the chromatin diYides always into exactly equal parts. 
In many cases we know, from the subsequent fate of the cells, that 
two cells arising from the same cell play very different roles in the 
subsequent development, yet the chromatin of the nucleus is always 
divided equally. . 

The development of the isolated blastomeres of the ctenophore 
egg may seem at first sight to give support to Raux's hypothesis, for 
in this case the first two cells are completely separated, and yet give 
rise to half-structures. Crampton's experiments on the eggs of 
ilyanassa may also appear to be evidence in favor of this view. 
In fact, however, they give no more support to the idea of a qualita
tive division of the nucleus than they do to that of a qualitative divi
sion in the protoplasm, and there are some further experiments on 
tbe ctenophore egg which indicate that it is the latter rather than the 
former sort of division that takes place. As stated in the preceding 
chapter, Driesch and Morgan found that. if a part of the protoplasm 
of the unsegmented egg of the ctenophore is removen, an incomplete 
embryo develops, although the whole of the segmentation nucleus is 
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present. Ziegler's results show that, even after the removal of that 
part of the egg from which the micromeres develop, the segmenta
tion may still be like that of the whole egg, and this shows that the 
egg has great powers of recuperation (at least in a symmetrical 
plane), so far as its protoplasm is concerned. If, however, it is true 
that when a part is cut off unsymmetrically the protoplasm cannot 
reorganize Hself, then the conclusion that Driesch and Morgan drew in 
rep;ard to the protoplasm will hold, provided, as seems to be the case, 
the smaller blastomere of the first two is large enough to produce the 
typical structures. The main point is this: If the protoplasm re
adjusts itself after the operation, so that the piece divides as a whole, 
a complete embryo develops; if, however, the protoplasm does not 
readjust itself, and the piece divides as a part, an incomplete em
bryo is formed. Since in both cases the same nucleus is present, 
and since the difference is obviously connected with a change in the 
protoplasm, it seems much more probable that the phenomenon of 
whole and half development is connected with the protoplasm and 
not with the nucleus. 

The hypothesis that PflUger, Hertwig, and Driesch have adopted, 
namely, that the cleavage divides the egg into potentially equal parts, 
stands in sharp contrast to the Roux-\Veismann conception of devel
opment. There arc two ideas in the former view which should be 
kept, I think, clearly apart: the first is, that the blastomeres are 
potentially equal (isotropous), because they are exactly alike; the 
second is, that despite the differences that may exist amongst them 
they are still potentially able to do the same thing, i.e. they are toti
potent. The former alternative is that adopted by Pfluger, Hertwig, 
and Driesch; the latter view, to which Driesch seems more inclined 
in his later writings, is the one that I should prefer. 1 The first 
four blastomeres of the sea-urchin's egg appear to be exactly alike, 
and we find that each can make a whole embryo. If we assume, 
howe"er, that despite their likeness and their totipotence they are 
different in so far as there is present in the protoplasm a bilateral 
structure, we arc nearer, in my opinion, to the truth; for, unless we 
assume the bilateral structure to be determined later by some exter
nal factor, of which there is no evidence, we must suppose that after 
fertilization, at least, there must be a bilateral structure to the proto
plasm, and this view is borne out in one sense by the subsequent 
mode of cleavage of the blastomeres if they are separated. Whether 
this bilaterality of the fertilized egg leads to the bilaterality of the 
cleavage is, however, a different question. In some cases this 
appears to be the case, in others it is clearly not the case, and we 
must suppose that some other condition determines the bilaterality 

1 As stated in my article on " The Problem of Development," 1900. 
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of the later stages than that which influences the cleavage. ]IT any 
facts of experimental embryology and of regeneration show, m()rc~ 
over, that a new bilateral structure may be readily assumed by 
pieces that have lost their connection with the rest of the organi~m. 

After the third dh'ision of the egg of the sea-urchin, fOllr of the 
blastomeres are somewhat different. so far at least as the material of 
which they are made up is concerned, from the other four; yet any 
one of the eight blastomeres, or groups of blastomcrcs, can produce 
a whole embryo. The same statement can be made for much latr.:r 
stages, since it has been found that fragments from any part oi the 
blastula wall can give rise to whole emhryos, and we may safely attrib
ute this property to all the cells, although on account of the size of the 
cells of later stages they cannot individually produce a whole embryo, 
but each can produce any part of an embryo, which amounts to the 
same thing. If we assume that all of these cells are exact1v alike, 
as Hertwig has done, we fail to see how the next stage in th~~ de\'el
opment could take place. unless some external factor could act in 
such a way as to change the different parts of the egg. V\.Tc have. 
however. no reason to suppose that all the cells are alike because 
they are all potentially equal. Even pieces of an adult animal- of 
hydra or of stentor, for example - can produce new whole organisms, 
although we must suppose these pieces to be at first as unlike as aTC 

the parts of the body from which they arise. Moreover. we do not 
know of a single egg or embryo in which we cannot readily detect 
differences in different parts of the protoplasm. 

Can these gross differences, that we can sec, ill the materials of 
the egg explain the different development of the parts of the eg>(? 
It can be shown, I think, that they do not ncussari~JI determine the 
result. If we cut in two a blastula, so that one piece contains only 
the cells from the animal half and the other piece cells from the 
vegetative half, each produces a whole embryo; yet the one half 
lacked just those parts which by hypothesis were supposed to 
determine the gastrulation of the other half. If we suppose that 
the materials or structures that are characteristic of the vegetath'c 
half are gradually distribnted from the vegetative to the animal pole 
in decreasing amounts, then any piece of the egg will contain more 
of these things at one pole than at the other. If, then, it could be 
shown that the gastrulation depends on the relative amounts of these 
materials in the different parts of the blastula, the difficulty met with 
in the former view disappears in part. I say in part, because the rela
tive amount of materials that produces the results implies a connect
ing substratum that is acted upon and determines the result. Even 
if we suppose that this polar distribution of materi",l could account 
for the polar invagination, we should stilt be at a loss to account for 
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the origin of the bilateral symmetry. In many eggs there is no evi
dence of a bilateral distribution of the material, although in some few 
cases there may be, so far as the form is concerned, a plane of bilat
eral symmetry. Hut c\'en if it is supposed to be present in all eggs, 
and to coincide with the first plane of cleavage (or with any other 
cleavage plane), we still could not explain the bilateral symmetry of 
the one-half and one-fourth whole embryos that come from the corre
sponding isolated blastomcres. If a preexisting bilateral plane exists 
in the egg, it must be reestablished in some way in the isolated blasto
mere and in pieces of the blastula wall. In the latter case this could 
scarcely be brought about by a redistribution of the gross contents 
of the piece, since the presence of cell walls would interfere with such 
a process. 

This analysis shows, I think, that the transformation of a piece 
into a new whole really involves a change in the fundamental struc
ture itself. There cannot be much doubt that both the polarity and 
the bilaterality of the egg, or of a piece of the egg, belong fundament
ally to the same class of phenomena, and we are forced to the sup
position that they are inherent peculiarities of the living substance. 
Driesch thought at one time that it is only necessary to suppose that 
the protoplasm, and eyery part of it, possesses a primary polarity, 
and that some inequality in the material might determine the plane 
of bilaterality; but later he thought it necessary to assume also the 
presence of a bilateral structure in the protoplasm, and in all parts of 
it. This assumption of e,-ery part having a polar and a bilateral struc
ture, and the polarity and bilaterality of the whole being the sum 
total of those of all its parts, is, I think, insufficient to meet the situa
tion. If, for example, the first plane of cleavage coincides with the 
median plane of the body, the right blastomere has a structure that 
leads to the formation of the right side of the body, and similarly 
for the left blastomere. If the two blastomeres are separated, 
and each gives rise to a whole embryo with a new plane of bilateral 
symmetry, we must suppose that a new bilaterality has heen 
produced. It does not make the prohlem any simpler to assume, as 
Driesch has done, that this is brought about by the elements re
arranging themselves bilaterally on each side of a new plane that 
passes through the middle of the isolated blastomere, for what we 
need to have explained is what determines the new median plane. 
It seems to me that the problem is not any simpler, if we assume the 
polarity and bilaterality to be the property of a large number of ele
ments, as Driesch has done, than if we assume at once the polarity 
and bilaterality as characteristic of the whole egg. The difficulty of 
understanding how a new bilaterality can be induced in a piece of the 
whole is as great on the one assumption as on the other. Not only 
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is it, I think, a much simpler idea to suppose the structure is some
thing pertaining to the whole and is not the sum total of smalkr 
wholes, but the jdea is more in accord with other phenomena. 

We meet here, I think, with prt.:ciscly the same problem that we 
meet with in the regeneration of parts of adult animals. If a plana
rian is cut in two lengthwise, along the middle line, each halt produces 
new tissue at the cut-side, out of which the missing half is formed. 
In this case the old median plane remains, more or less, as the median 
plane of the new worm, i.t', the structure of the new part is built 
up on that of the old. Very much the same result follows when the 
worm is cut longitudinally into two unequal part~. The larger piece 
retains its old plane of symmetry and adds to the cut-cdRc a new part 
that completes the symmetry. The smaller piece also builds up new 
material along the cllt-edgc, and a new plane of symmetry is formed 
between the old and the new parts. Here, also, a medhn plane 
is established at the edge of the old material, but in this case the 
material lay to one side of the old middle line, and this involves the 
changing over to a large extent of the old material, so that it fits 
in with the new structures of the new median plane. 

In those forms in which the readjustment takes place entirely in 
the old part, the change of conditions is more difficult to interpret. In 
some respects hydra gives us an intermediate condition, but since it 
is a radially symmetrical instead of bilaterally symmetrical form, the 
transformation is not so obvious. If a cylhdrical piece is cut from 
the body, and is then cut lengthwise into two half-cylinders, each closes 
in and makes a cylinder of smaller diameter. A little new tissue 
may appear along the fused edges, but the missing- half is not re
placed, and a new hydra with a body of half size is formed from the 
piece. It is to all appearances a radially symmetrical form, and we 
must think, in this case, of the new axis of symmetry as having shifted 
to the middle of the piece. As yet no similar experiments have been 
made on a bilateral animal that regenerates by morphallaxis, so that w'e 
have nothing to appeal to for comparison with the bilateral egg, but the 
results, just described for the planarian and for hydra, indicate how a 
change might take place in pieces of adult animals that would lead to 
the formation in them of a new symmetrical structure. If we imag
ine a case of this sort, and suppose that after separating a piece from 
the side the cut-edge closed in and the piece assumed a symmetrical 
form, it is conceivable that a new plane of bilateral symmetry might 
soon appear in the middle of the piece owing to the symmetrical form 
of the piece; or the new plane of symmetry might slowly shift from 
the cut-edge toward the middle of the piece, after reaching which the 
balance or equilibrium 'ruld be attained. This statement, it must be 
confessed, is little more tnan a suppositioQ.. and rest, on the unproven 
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assumption that the internal symmetry may develop in response to a 
symmetrical change in shape of the piece as a whole, which is partly 
the outcome of purely physical factors. At present, however, I see 
no other probable inference from the facts. 

H we suppose a bilateral structure is present in the fertilized egg, 
and that it corresponds to the first plane of clea\"age, a change of the 
sort that we have just sketched above may be supposed to take place 
when the blastomeres are separated. The stimulus is found in the 
new spherical form assumed by the isolated blastomere, and we may 
imagine the change to take place, in the way indicated, by virtue 
of the old bilaterality that is present, the change beginning at the 
side orig-inally in contact with the other half. 

There are several facts which seem to indicate that a change in the 
axial relations of the egg is very easily brought about before any 
(kfinitc org-ans have appeared. The fact that the point of entrance 
of the spermatozoon in the egg of the frog I and of the sea-urchin 2 

may determine the first plane of cleavage points to this conclusion. 
The fact that, in the frog, and also in the triton, the median plane of 
the embryo corresponds sometimes to the first, sometimes to the 
second plane of cleavage, and sometimes to neither one, shows that 
the bilaterality of the embryo-structure mayor may not coincide with 
the plane of cleava?;c. In the fish also there seems to be no corre
spondence between the planes of cleavage and those of the embryo, 
so that different factors may determine the two. \Ve should not be 
justified in concluding from this evidence that a bilateral structure is 
absent, but rather that it is of such a sort as to be independent of 
the clea\"age, and that it can be also easily changed. It is prob
able that the kind of organization that we must suppose to exist in the 
egg is of a very simple sort, and capable of easy readjustment. There 
is certainly no c\·idence in favor of the view that the organization of 
the egg need be anything like the organization of the embryo that 
comes from the egg, although the organization of the egg may be 
perfectly definite in its character. Until we know more of the nature 
of this organization, it is useless to speculate further as to how it can 
be altered. 

Another question of much importance in connection with our 
present topic is the part played by the individual cells in the 
early development of the whole egg, or of any part of the egg. 
Hertwig ('93) thinks that the development is brought about by the 
action of the individual cells on each other. Driesch, when he states 
tInt the fate of a blastomere is a function of its position in the whole, 
does not commit himself definitely one way or the other so far as the 
cell as a unit is concerned. Whitman and others have urged the 

1 According to Raux. 2 According to E. B. Wilson. 
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insufficiency of the cell theory, and think that cell bottndaries play 
no important part in the development, but that the embryo develops 
as a whole. This has seemed to me to be the more probable view in 
the light of certain results of experimental embryology. Dricsch, in 
later papers, has also opposed Hertwig's idea, and ~iilson in his book 
on Tile Ccl! has also, to a certain extent, adopted this point of 
view. The formation of a typical larya in the sca·urchin and in am
phioxus out of one-half or one-fourth the whole number of cells 
demonstrates, I think, the insufficiency of the cell-unit hypothesis. 
The discovery of continuous protoplasmic connections between neigh
boring cells, and the formation of new protoplasmic connections 
between all regions, as found by Mrs. G. F. Andrews,l gh'cs us a 
basis of fact on which to rest the hypothesis of the embryo bein~ a 
whole structure. This view meets with no great difficulty on the 
grounds that the nuclei are distinct centres of metabolic activity, for 
we know at present so little of what sort of action takes place between 
the nucleus and the protoplasm that we cannot rest our argument on 
any demonstrable relation. 

The discovery that pieces below a certain minimum size are inca· 
pable of producing a whole organism is of capital importance. It 
has been pointed out that pieces of the e~g of the sea-urchin less than 
one-sixteenth of the whole do not produce even the gastrula stage. 
In amphioxns the one-ei~hth blastomere seems to be near the lower 
limit of development. It has also been found that there is a lower 
limit for pieces of adult or~anisms helow which they do not regen
erate. This has been shown for hydra, tnbularia, planarians, and 
stentor, and is probably true for all forms. This result is especially 
interesting in those cases in which the parts contain all the elements 
necessary to prodnce a new organism, and come from parts of the body 
that are totipotent in these respects. It seems certain that the 
lack of power of development in these cases is dne entirely to th~ 
smallness of the piece. We can express the idea in another way by 
stating that a certain volume is necessary in order that a piece may 
produce the typical organization. This conclusion is important as 
showing that the organization is something enormously large as com
pared with the size of the chemical or physical molecules, and even 
of the crystal molecule. The size of a piece that is at the lower 
limit of organization is also very much larger than the smallest cells 
of which the embryo is made up, and this relation is a point in favor 
of the view that the organization is not simply the resultant of the 
interaction of the cells, bnt is something much larger than these cells; 
and we may even go further, I think, and add that it dominates the 
cells rather than is controlled by them. 

11897. 
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In the light of the questions discussed in the preceding pages, we 
may nuw attempt to follow out in a more connected way some of the 
modern views and hypotheses dealing with the problem of develop
ment. 

Hertwig, as we have seen, has opposed the Roux~\iVeismann 

hypothesis, and has formulated a view of his own. According to 
Hertwig, the cleavage divides the egg into equivalent parts, - an idea 
vcry similar to that of Pfluger. The cells he regards as units, and 
the de\'elopment as the result of the interaction of the cells, - a 
process that in a way Roux had also assumed to take place between 
the different parts of the later embryo. Thus, while Hertwig's hy
pothesis contains little that is really new, it has selected portions from 
several already existing hypotheses, and united them into a consistent 
whole. It has been objected to Hertwig's ,-iew that the interaction 
of equivalent cells could never account for the introduction of new 
processes in the development; but if we grant that the cells are 
never entirely equivalent, whatever their potence may be, this objection 
can, I think, be met. Hertwig's chief service has been his destructive 
criticism of the Roux-Weismann idea of qualitative nuclear division. 

Hertwig maintains that each stage in the de\'elopment is the cause 
of the next stage, and states that a description of the series of stages 
through which the embryo passes gives a causal knowledge of the 
phenomena of development. He claims that beyond this descriptive 
knowledge we cannot hope to penetrate. Both Roux and Driesch 
have taken issue with Hertwig, and have pointed out that while each 
stage in the development contains within itself the causes of the suc
ceeding stage, yet we gain no idea as to these causes from a simple 
description of two consecutive stages themselves. To state that the 
fertilized eg?; is the cause of the cleavage gives us no idea of what 
sort of a process the cleavage is, or how it arises, or what determines 
the sequence of the divisions, etc. The blastula, for instance, con
tains the factors that produce the gastrula; but to state that, in a 
physical sense. the blastula is the cause of the gastrula is an erroneous 
interpretation of what is meant by causal knowledge. If Hertwig's 
idea were correct, there would be as many causes in each embryo as 
there are stages in its development, and as many causes in the whole 
range of embryology as there are forms that develop multiplied by the 
number of stages in each embryo. \\lhat we should seek to discover 
is the particular cause that brings about each kind of process. If 
we could discover the cause in one single case, it is highly probable 
that it wonld be found to extend to a large number of other cases. 

Driesch formulated an hypothesis of development in his Ana
lytische Theon'e, but has modified and changed it in several later 
contributions. It is difficult to give in a few words the subtile analysis 
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which Driesch has made of the phenomena of development. H is ana
lytical theory rests on the dictum that the prosl'ecti\-e mlue of each 
blastomere is a function of its pusition in the \\rhole. By" function" is 
meant H a rc1ation of dependence of a general unknown kind." This 
idea is connected with the following one, viz. that any blastomere 
could be interchanged with any other one without altering the end
result. A few elementary processes are supposed to be "gi\'cn " in 
the structure, Of in the composition of the egg. Each elementary 
process is the outcome of a cause, and each elementary process mu;t 
release the succeeding causes, - i.e. if the organization of the phase 
A is present, one of the causes of the next phase B is also then present. 
The first elementary process is the cleavage, that is initiated (-' aus
geldst") by the fcrtilizatioll_ After a fixed number of divisions has 
taken place, the cleavage process comes to an end. It has led to the 
production of a number of cells having similar nuclei but haying a 
different plasma structure, anel the result is the blastula stage_ Or
gans whose formation starts from the blastula stage arc called primary 
organs; the archenteron, the mesenchyme, the ciliated band, and the 
mouth of the sea-urchin embryo belong to this class. Secondary 
organs are those that arise from the primary ones, as the crelom sacs, 
for instance, in the sea-urchin embryo. The primary organs arc 
started by the setting free ("AusWsung") of a new elementary process 
in the blastula, and later the secondary organs are started by new ele
mentary processes that arise in the gastrula, »'hich cannot appear until 
the gastrula stage itself is present as a starting-point. In other 
words, the elementary processes that are "given" in the egg can 
only come into action, or be set free after a certain stage has come 
into existence. This means that we must think of each organ that 
responds to a stimulus as having the possibility of receiving that stimu
lus, and also of answering to it. Even in inorganic nature every reac
tion must depend on a specific receptiveness and a specific answer: 
Driesch supposes that the receptivity is in the protoplasm, and the 
power to responel is in the nucleus of each cell. In this way he 
attempts to meet the difficulty that the nucleus is, in every cell, the 
bearer of the totality of alJ the" Anlagen"; but inasmuch as it is sur
rounded by a specific plasma, it is in a position to receive only cer
tain stimuli, and can therefore only respond to certain causes. 

In the specific nature of the cytoplasm of the cell lies the pro
spective potence of every organ, and the possihilities of each cell are 
limited by its plasma; the cell becomes more and more limited as 
development proceeds_ It may be said, therefore, that in the course 
of development the cells become actually limited in their possibilities, 
although they may still retain within themselves, in the nucleus, the 
potentialities of the entire organism_ 
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In the course of development each causal reaction brings about 
not only chemically specific differences, and thereby makes possible the 
introduction of new elementary processes, but the reaction also brings 
about by this very means a lessening of the possibilities of the cell, 
because each cell will now only respond to a more limited set of 
causes. We may say that the elementary process is not only the 
cause of the next change, but by virtue of its specific nature it is the 
beginning stage of the future reactions. Development proceeds from 
a few prearranged conditions, that arc gin:n in the structure of the 
egg, and these conditions, by reacting on each other, produce new 
conditions, and these may in turn react on the first ones, etc. With 
every effect there is at the same time a new cause, and the possibility 
of a new specific actioo, i.e. the development of a specific receiving 
station for stimuli. In this way there develops from the simple con
ditions existing- in the egg the complicated form of the embryo. 

In this brief summary of some of the essential features of Driesch's 
hypothesis, I have omitted some parts that seem to me to 1);0 beyond 
the legitimate field of a scientific hypothesis, -such, for instance, as the 
causal harmony of the reactions; and other parts have been omitted 
because they are improbable in the light of more recent work. It 
would not be difficult to show that many difficulties beset each stage 
of the argument, or to show how slender a basis of fact there is to 
support some of the hypotheses. In fact, Driesch himself has modi
fied very greatly some of the views of his Alla!ytiscllC Thcorie in his 
later writings. The merits of the analysis should not be overlooked, 
however, since it is one of the first philosophical attempts to show how, 
in the light of recent discoveries, the process of epigenetic develop
ment may receive a causal interpretation. Even if the argument 
should break down, the hypothesis will remain an interesting contribu
tion, opening the way to newer points of view in regard to the process 
of development. In later papers, especially in those dealing with the 
localization of morphogenetic processes, Driesch attempts to show that 
certain experimental results demonstrate that there is a vitalistic prin
ciple at work in the development of the organism from the egg, as 
well as in the process of regeneration. He bases his argument on the 
results of the experiment in which the gastrula of the sea-urchin egg 
is cut in two, as described already on page 234. The archenteron has 
not, at the time of the experiment, subdivided itse.lf into its three char
acteristic parts. The posterior piece, that contains the posterior part 
of the archenteron (the anterior part having been removed with the 
anterior piece), produces a new whole embryo of smaller size, in which 
the archenteron is subdivided into three parts, that are in the same 
proportion to each other and to the whole embryo as are the same 
divisions of the normal archenteron. This proportionate formation t)f 



THEORIES OF DEI'ELOP.lfENT 255 

the parts of the archenteron on a smaller scale cannot, Driesch claims. 
be accounted for on any known chemical or physical principle. 
There must he, therefore, a different sort of principle involved. and 
this Driesch calls the vitalistic principle. 

It may be pointed out that this illustration that Dricsch has se
lected is only an example of all proportionate development. which 
many observers have described as taking place in pieces of em· 
bryos. It is only a striking case of what has been abo known in 
many cases of regeneration, of small pieces producing- whole strut'· 
tures, and there is nothing new or startling in this demonstration of 
a vitalistic principle. The fact may be stated in another way. viz. 
that the proportionate development of an organ is, within certain 
limits, self-determining, or is self-determined by its size. The vital
istic principle that Driesch sees demonstrated in these results is 
the now familiar process of a smaller piece producing the typical 
structure on a smaller scale; a phenomenon that a number of other 
writers had already called attention to as one of the most remark
able phenomena connected with the regeneration of pieces of an adult 
organism, or of an egg. 

It is something of this same sort that the older zoolog-ists must 
have had in mind when they spoke of " formative forces" as peculiar 
to living things. The use of the word" force" in this connection has 
often been objected to, and not without justification; since it seems to 
imply that the action is of the sort for which the physicist uses the 
word" force." The fundamental yuestion turns upon whether the 
development of a specific form is the outcome of one or more 
"forces," or whether it is a phenomenon belonging to an entirely 
different category from anything known to the chemist and the 
physicist. If we state that it is the property of each kind of living 
substance to assume under certain conditions a more or less constant 
specific form, we only restate the result without referring the process 
to any better-known group of phenomena. If we attempt to go 
beyond this, and speculate as to the principles involved, we have 
very little to guide liS. We can, however, state with some assurance 
that at present we cannot see how any known principles of chemistry 
or of physics can explain the development of a definite form by the 
organism or by a piece of the organism. Indeed, we may even go 
farther and claim that it appears to be a phenomenon entirely beyond 
the scope of legitimate explanation, just as are many physical and 
chemical phenomena themselves, even those of the simplest sort. 
To caU this a vitalistic principle is, I think, misleading. We can do 
nothing more than claim to have discovered something that is present 
in living things which we cannot explain and perhaps cannot even 
hope to explain by known physical laws. -
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Wilson ('94) has also rejected Raux's hypothesis of qualitative 
nuclear division, and adopts the view of the totipotence of the early 
blastomeres. He has also advanced the view that there is during 
development a progressive differentiation of the cells. In a later con
tribution ('96), he accepts" the view of Hertwig and of Driesch that 
the various degrees of partial development beginning with the echino
derm egg and culminating in the gasteropod may be due to varying 
conditions of the egg cytoplasm in the different forms." Wilson 
points out that the series of forms represented at one end by amphi
oxus and at the other end by the ctenophore and the gasteropod may 
be brought under a common point of view, "for it is certain that 
de"clopment must be fundamentally of the same nature throughout 
the series, and the differences must be of secondary moment. ,. 

If we reject, as several students of experimental embryology and 
of regeneration have done, the Roux-vVeismann idea of the existence 
of pre-formed germs in the nucleus, and also the idea of Hertwig of 
the equivalency of the first-formed blastomeres, and Driesch's vitalis
tic principle, what position can we take in regard to the problem of 
development? We may at least attempt to formulate our present 
position. 

There must be assumed to exist in the egg an organization of 
such a kind that it can be divided and subdivided during the cleavage 
without thereby losing its primary character. The refusion of the 
cells after each division by means of protoplasmic connections indi
cates how this may be possible. The organization must be thought 
to be of such a kind that the factors determining the cleavage may 
be different from those that determine the median plane of the body. 
This is demonstrated by PflUger's experiment in which the position of 
the cleavage planes is changed, but the embryo appears in relation to 
the primary meridians. The first-formed blastomeres, that result 
from the division of the egg, do not seem to be strictly equivalent, 
bnt they appear to be in most cases, at least, totipotent. The char
acteristics of each part of the protoplasm may be a factor in determin
ing what sort of strncture may come from that part of the egg, but 
back of this lies the fundamental character of the protoplasm itself, 
that determines what each part, in its relation to the whole, can do. 
The division of the nucleus appears to be in all cases an exact quan
titative division, and there is some evidence to show that the early 
nuclei are all equivalent, - or at least totipotent. The division of the 
protoplasm is often into unlike parts, and the kind of cytoplasm con
tained in a part mayor may not limit the potencies of each part. 

One of the most important facts in connection with the organiza
tion is that a part, if separated from the rest, may hecome a new 
wbole, and this appears to be a fundamental peculiarity of living 
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things. Analogies can be found, perhaps, in inorganic phenomena, 
as for instance a storm dividing into two or more parts and each 
developing a new storm centre of its OW11, Of when a suspended drop 
is didded and each half becomes a new sphere; but these comparisons 
lack some of the essential features of the or~anic phenomenon. 

A progressive change takes place as development procl:cds, so that 
a stage once passed through is not rcpeated if a part is separated from 
the rest, as illustrated by Dricsch's experiments with the blast\1la and 
gastrula of the sea-urchin and starfish, and by the method of develop. 
ment of pieces of the adult, that do not pass through the emhrvonic 
stages. As the protoplasm changes new conditions may arise, ~ithcr 
because the protoplasm in its new form Can be ackd upon by those 
internal or external conditions to which it did not respond at first, as 
Driesch has supposed, or, as I think equally probable, because the 
series of reactions that have begun with the first step in the develop. 
ment work themselves out in the same wav that a chemical reaction 
once started may pass through a long- series" of stages depending- upon 
the nature of the substance. The difference between these views lies 
in this, that the former supposes latent substances, or elementary 
processes or forces, whatever they may be called, to be present in the 
egg and to act when a medium that responds to them has come into 
existence; the other idea supposes that the whole process is started with 
the first change and once set going is of such a kind as to continue 
to an end through a regular series of stages, Both views are suppo
sitions, and, it may be, reduce themselves ultimately to the same thing, 

On any theory of development, the nucleus cannot be left out of 
account, since the evidence that we now possess shows that through 
the nucleus even the most trivial peculiarity of one parent, and prob
ably of both, may be transmitted, This has led a number of zoolo· 
gists to look upon the nucleus as a body containing specific clements 
corresponding to those of the individual from which the nucleus has 
comc, but inheritance through the nucleus is no more a demonstration 
of the existence of pre.formed elements of the male than are the gen
eral facts of embryology a demonstration of pre.formation, All we can 
legitimately conclude is that the substance of the nucleus is of such a 
sort that it acts on the cytoplasm in a definite way, and determines, 
in part at least, its differentiation, There has been steadily accumu
lating evidence to show that during development there is an inter· 
change of material between the nucleus and the protoplasm, and it is 
not going far afield to conclude that the character of both nucleus 
and protoplasm is altered hy the interchange in material. If this is 
admitted it is no more remarkable that a hybrid is midway between 
its parents than that a parthenogenetic egg produces a form like that 
of the individual from which it has come, • 
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Several writers, as we have seen, have adopted the view that the 
nuclei are storehouses of the undifferentiated germ plasm, and retain 
everywhere the sum total of the" Anlagen" of the egg nucleus. I do 
not know of any evidence that demonstrates that the nucleus is less 
modified in these regards than is the rest of the cell. On the con
trary it seems to me that a fair case might be established in favor of 
the view that the nucleus and the cytoplasm cannot be contrasted in 
this way, and that a change in the cytoplasm may also involve a 
change in the nucleus. 

The phenomena of regeneration show over and over again that 
differentiated cells may change into structures entirely different from 
what they have been, as illustrated in the development of the lens 
from the edge of the iris, and in the production of a new hydra, or 
tubularian, from a piece of an old one. It is, I think, an arbitrary 
assumption to suppose that this is brought about by a reserve stuff in 
the nucleus, for the pruduction of new eggs and spermatozoa in the 
animal, from cells that have themselves passed through most of the 
early embryonic changes and have been parts of embryonic organs, 
shows that although the .protoplasm may change throughout these 
stages, it may still come back to the starting-point, and there is 
nothing to show that this return is brought about by the nucleus. I 
cannot but think that Driesch was prejudiced by current opinion, 
when he adopted the view, as one of the foundations of his analytical 
theory, that the nucleus contains all the" Anlagen" of the whole or
ganism, and that the protoplasm alone undergoes a progressive change. 

The central problem for embryology is the determination of what 
is the cause or causes of differentiation. Our analysis leads us to 
answer that it is the outcome of the organization; but what is the 
org-anization? This it must be admitted is a question that we cannot 
answer. Looked at in this way the problem of development seems 
an insoluble riddle; but this may be because we have asked a ques
tion that we have no right to expect to be answered. If the physicist 
were asked what is gravity he could give no answer, but nevertheless 
one of the greatest discoveries of physics is the law of gravitation. 
If we could answer the question of what the organization is to which 
we attribute the fundamental phenomenon of development, there 
would perhaps be nothing further left to find out in the development 
of animals. Fortunately there is a different and safer point of view. 
There are other questions to which we can expect an answer. Be
cause the physicist cannot tell what grayjty 1S, he neither rejects the 
term nor despairs of obtaining a knowledge of how it acts. If our 
analysis of the problem of development leads us to the idea of an 
organization existing in the egg, our next problem is to discover how 
it acts during development. Most 0t the results descrihed in seve'al 
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of the preceding chapters have taught us something of how the 
organization behaves. \Ve have found that it can be affected by 
external circumstances, eycn to such an extent that ib polarity may 
be reversed. 'VVc have seen that if an organized structure is t;rnkC;1 
up into pieces, each piece may reorganize itself into a new 
whole. The most familiar, and at the same time the most difficult 
thing to understand, is that the organization is of such a kind that it 
has the property of passing throug-h a definite series of stages leading
to a typical result, and having- reached its goal of throwing off org-an
ized bodies, or germ cells, that begin once more at the starting--point 
and pass through the same cycle. The action of the organism is 
sometimes compared to that of a machine, but \Vc do not kno\\' of any 
machine that has the property of reproducing itself by means of 
parts thrown off from itself. 

These are some of the most characteristic phenomena exhihited 
by the organization. In the final chapter some of the questions that 
have been suggested in connection with the method of action of the 
organization will be further discussed. 



CHAPTER XIII 

THEORIES OF REGE:\ERATION 

IT is significant to find that the theory of pre-formation of the 
embryo in the egg, that was so very \vidcly held during the seventeenth 
and eighteenth ct.:nturics, and during the first part of the nineteenth 
century. was at once applied to the explanation of the regeneration of 
animals when this process became known. Bonnet in 1745 attempted 
to explain the newly discovered facts in regard to the regeneration of 
animals by means of the pre-formation theory. Just as the egg was 
supposed to enclose a pre-formed germ, so he imagined there lay con
cealed latent germs in the adult animal. At first Ronnet thought that 
these germs must be whole germs, like those contained in the germ 
cells of the reproductive organs, and that only as much of anyone 
developed as was needed to replace the missing part. Later, how
ever, he admitted that the germs might be incomplete germs, which 
are so located in each region that they represent the parts of the 
body beyond that region. The pltrpose of these germs is to replace 
any accidental injuries to the animal. He pointed out that some 
animals are more subject to injuries than others, and these animals 
are he thought especially well supplied with germs. Since in some 
animals the same part may be replaced several times, Bonnet assumed 
that on each occasion a new germ is awakened. As many sets of 
germs are present in these animals as the number of times the animal 
is liable to be injured in the course of its natural life. 

Bonnet found that in lumbriculus a new head and a new tail may 
appear at almost any level, if the worm is cut in two, and, therefore, 
he supposed, head germs and tail germs are present throughout the 
worm. But why, if this is so, should a head germ always develop at 
the anterior end, and a tail germ at the posterior end of a piece cut 
from the body! Ronnet's keen mind saw that it was necessary to make 
a further assumption. He supposed that the fluids of the body that 
pass forward carry nourishing substances for the head. When the 
worm is cut in two these substances are stopped at the anterior cut
surface, and there accumulating act on the latent head germ, and 
nourishing it, cause it tD develDp. CDrrespondingly the nDurishing 
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substances for the tail flow backward, and accumulating at the pos
terior cut-surface awaken a tail germ to acth'ity, 

The part of the body in which these nourishing substances are 
supposed to be produced is 110t specifically stated, but in one passage 
Bonnet says that the fluids that flow t<)ward the head arc there 
used up in -'that organ, and we may inf~r that he held a similar view 
fur the posterior reg-ion. He offers no explanation of the cause of 
the fto\v of these substances in a given dircl'tioll, and in this respect 
his hypothesis lacks support where it is most needed. In fact, it is 
no morc improbable that a head germ should always develop at the 
anterior end and a tail g-crm at the posterior cnd. than that head
forming substances should flow in one direction and tail-formjng- in 
another. It is not that it is worth while to object to JlOllllct's hypothe
sis on the ground that it docs not explain ~ver)'thinf!;. but it is worth 
while to point out th<.lt it ~ives only the appeara.nce of an explanation, 
and that it begs the whole question hy the assumption of particular 
nourishing fluids flowing in definite dircctiOJJs. So far as the blood 
is concerned, we know that the different parts of the body take from 
it those substances or fluids that they nmke use of, not that special 
fluids flo\v to particular regions. It is probabk that Bonnet thought 
of the blood rather than of any other subtler fluids passill~ throu~h 
the tissues; and, if so, there is nothing that we know ill regard to the 
behavior of the blood that lends support to Bonnet's idea. 

Bonnet takes care to state that the pre-formed germs may not 
appear to us like miniature copies of the part into which they develop, 
but they are so constructed that, as they absorb nourishment and 
become larger, they assume a characteristic form. 

'Weismann, who has also accepted the pre-formation hypothesis to 
account for the de,-elopment of the egg, has appliecl the same concep
tion of pre-formation to the process of regeneration. He believes that 
partial, latent germs are present in different parts of the body, and -
that these germs are present especially in animals that are liable to 
injury and in those parts of the body that are likely to meet with 
accidents, In these essential respects, VVeismann's idea is the same 
as Bonnet's; but in regard to the location of the germs, and their man
ner of awakening, and as to how the forms, liable to injury, have ac· 
quired their power to regenerate, \Neismann adopts more modern 
standards, He believes that the germs are located in the nucleus. 
Those that bring about the development of the egg are supposed to 
be different fmm those that bring about regeneration, because the 
method of regeneration is generally different from the method of 
development of the egg. 

Regeneration, on Weismann's view, is brought about by latent 
cells containing pre-formed germs in the chromosomes of the nucleus, 
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These germs are called the determinants. Since at each level in an 
animal, or in a. part of an animal, regeneration may occur and re
place the missing part, it is assumed that the germs arc correspond
ingly different at each level, and represent all the parts that lie 
distal to that region. \Neismann does not suppose that there is a 
single germ at each level that represents all the distal parts, but that 
in each layer, or organ, or part there are many cells that contain 
germs corresponding to the distal regions. The qualities of the 
latent cells are sorted out by means of the qualitative divisions of the 
chron'!atic material of the nucleus. .Moreover, since the nc\v part can 
itself regenerate, the further assumption is made that during regen
eration new subsidiary or latent cells are laid down at each level. 
This is supposed to be brought about by a quantitative di,"ision of 
each germ after it has reached its definitive position in the new part. 

\Vcismann's general attitude to\vard the problem of regeneration 
is summed up in the following statements: .. It may, I believe, be 
deduced with certainty from those phenomena of regeneration with 
which we are acquainted, that till' capacity for regeneratio1l is liOt a 
prima;]! quality c:/ tlu: orgentism, /Jut that it is a pllCJlOmOlO1l 0/ adap
tatioll." Again, H Hence there is no such thing as a general pov",'er 
of regeneration; in each kind of animal this power is graduated ac
cording to the need of regeneration in the part under consideration." 
"We are, therefore, led to infer that the general capacity of all parts 
for regeneration may have been acquired by selection in the lower 
and simpler forms, and that it has slowly decreased in the course of 
phylogeny in correspondence with the increase in complexity of 
organization, but that it may, on the other hand. be increased by 
special selective processes in each stage of its degeneration in tbe 
case of certain parts which are physiologically important and at the 
same time frequently exposed to loss." 

The evidence brought forward in the preceding pages leads, I 
think, to precisely the opposite conclusions, and, in certain cases at 
least, it has been shown that there can be no relation bet~een the 
power of regeneration and the extent of exposure of a part to injury 
or to loss. It is unnecessary to enter here further into this question, 
since it has been discussed already in Chapter V. 

Weismann's statement that the power of regeneration has de
creased" in correspondence with the increase in the complexity of the 
part" cannot by any means be entirely accepted. If the complexity 
of a part is of such a kind that the part cannot sustain itself indepen
dently until regeneration has taken place, or if the exposed surface of 
the wound is such that it cannot be closed over, or if the new part 
cannot be properly nourished, or if the tissues have changed in such 
a way that their cells can no longer multiply, then the statement is, to 
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a certain extent, true. On the other hand, when we find that one of 
the most complicated organs of the body, the eye, can rcg-encrak in 
the salamander, if only a piece of the optic cup is left attached to the 
nerve, we may \\tell doubt if there is any such direct and g-cllcral cnn~ 
nection between regeneration and complexity as \Vcismann maintains. 

\Veismann's so-called" mechanism" of qualitativc nuclear divbion 
is the basis of his conception of pre-formatiun. \\'e are, I think, at 
present in a position to reject not only this conception, since it fltlds 
no support either in obsen-ation or experiment, but also his vicw that 
regeneration is brought about by latent cells; for it has been shown 
in a large number (If cases that the new cells come directh" from the 
old, differentiated ones. In a previous chapter it has be~n pointed 
out that \Veismann '5 idea that regeneration has heen acquin:u bv a 
process of natural selection, and is under the influence of this S~lP
posed agent, is jn direct contradiction to a number of knm\"11 betH. 
Under these circumstances we are warranted, I think, in concluding 
that the entire \Veismannian point of view is wrong. 

The process of regeneration has been often compared to the pro
cess by which a hroken crystal completes itself. Herbert Spencer, in 
particular, has elaborated this idea. In his book on the i'rillcipics of 
.Hi%g_)', he says: "\Vhat must we say of the ability an organism has 
to recomplete itself when one of its parts is cut off? Is it of tht: same 
order as the ability of an injured crystal to recomplete itself' In 
either case new matter is so deposited as to restore the original out
line. And if, in the case of a crystal, we say that thc whole agp;rcp;ate 
exerts over its parts a force which constrains the newly integrated mole
c:ules to take a certain definite form, we seem obliged, in the ca~c of 
the organism, to assume an analogous force." Spencer has called 
attention to a superficial resemblance between the rene\val of a part 
of a crystal and the regeneration of an animal, and without further 
inquiry into the profound differences between the processes, assumes 
that H analogous forces" arc at work. Now that we know something 
more of both proccsses, we find so much that is totally different, that 
there remains no basis for Spencer's conclusion, namely, that analo
gous forces must be present. Furthermore, Spencer's statement that 
the whole crystal aggregate exerts Over its parts a force of some kind 
is diametrically opposed to our idea as to the method of "growth" of 
a crystal in a saturated solution. The new material is added always 
at the surface of the crystal, and the growth of each point is self-de
termining. There is no central force that controls the deposition of 
new material in the different regions. Rauber's work on the so·called 
regeneration of. the crystal has given us a clearer conception of how 
the process is brought about. He has shown that when a piece is 
brok"", from a crystal, and the crystal suspended in a saturated solu-
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tion of the same substance, it becomes larger by the deposition of 
new material oz'er a/I its siu/aces. The addition of new material may 
be more rapid over the cut-surface than elsewhere. but it must not be 
supposed that the more rapid" growth " take~ place in order to com
plete the form of the crystal, for the growth over the cut-surface fol
lows precisely the same laws that regulate the" growth ., O\'er all the 
other surfaces, that is taking place at the same time. In this respect 
we find an essential difference between the regeneration of a crystal 
and that of all animal, since in the latter the growth takes place only 
over the cut-surface; and, in forms that regenerate by proliferation, at 
the expense of the old material, "J that the old material is correspond
ingly diminished as the new part grows larger. Regeneration may 
evcn take place in an animal deprived of all food, and also in one that 
is starving to death and diminishing in size. In those forms that rc
generate by a change in shape of the entire piece into that character
istic of the typical form, the process bears not even the remotest 
resemblance to the process in the crystal. It is so ob\'ious from 
eyery point of view that the comparison is entirely a superficial one, 
that it seems useless to point out further differences bctween the two 
processes. 

PtlLig-cr (,83) has given, in brief outline, an hypothesis to account 
for the process of regeneration. He states that since there is always 
replaced exactly what is lost, the new part cannot arise from a pre
existin~ whole germ. If, for instance, the leg of a salamander is cut 
off at any Icyel, as much comes back as is remo\-ed. The assumption 
of a leg germ is insufficient to account for the fact that only as much 
comes back as is lost, and not always a whole leg. Pfluger, there
fore, offers another hypothesis. He assumes that food material is 
taken up at the wounded surface and organized into the substance of 
the new part. The new material is laid down at the surface of the 
old material, and is then organized into the kind of tissue that lay 
just beyond that region in the whole limb. Upon this first layer a 
new layer is deposited that is organized into the next part of the limb, 
and so on, until the whole missing part is replaced. Pfluger does 
not give any idea of how the new material is deposited at the cut~sur
facc, but from what we know of the histology of the process we must 
suppose, if we should adopt Pfluger's interpretation, that· new cells 
are produced by the old ones, and that these new cells form the suc
cessiye layers out of which the new limb is prodnced. Pflugcr speaks 
of an arranging molecular force, which we can only suppose, in the 
light of what has just been said, to act from cell to cell through the 
continuous protoplasm. Pfluger also pointed out that in certain cases 
the organization can take place only in a certain direction, that is, in 
.ome forms regeneration can take place from one side of a ctlt-sur-
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face, but not from the other. He interprets this as due to a polariza
tion of the protoplasm, one surface haYing peculiarities that are 
absent in the other. 

There are certain objections to Pftiig-er's hypothesis that suggest 
thcmsch"c$, In the first place the new part does not, in many cases, 
replace all that has been remm"ed. and hence it is difficult to sec 
how the building up in the way PAi._igcr supposes, could take place. 
In these cascs the nc\, .. ' material forms only the distal end of the 
part rCI11on:d, and the rdation of the old to the new part is of sec
ondary importance. Again, in cases of heteromorphosis, as \\'hen a 
tall develops on an anterior cut-surface of a piece of an earthworm, 
the result mu~t be due to quite different factors from those sug~cstcd 
by Pfluger. The results are, in fact, the reversc of what the hypoth
esis demands. Furthermore, when the entire pi~ce is transformed 
into a whole new organism, there is vcry little in the process to sug
g-est a change like that postulated by Pfilig-cr. On the other hand 
there cannot be muc:h doubt that th~ old part may han~ some influ
ence, and in certain cases a vcry important influence on the ncw part, 
but \yhether this is a purely molecular influence is open to doubt. In 
whatey{;'T way this jnflucncc may act, it is only one of a Dumber of 
factors that take a share in the result. The amount of new material, 
that is formed before the organization of the new part hegins, seems 
to be also a factor; and the onc that determines ho\v much of the 
missing part can be replaced, and this in turn seems to be connected 
with the lowest organization size that can he produced. The distal 
end of the new part forms always the distal end of the organ that is 
to be produced. If enough new material has developed (before the 
organization of the new part takes place) to produce all of the miss
ing part, the latter is formed, but if the material is insufficient to pro
duce the whole structure, then as much of the distal end as possible 
is formed. In some cases, as in the planarians, the missing interme
diate regions may subsequently develop behind the distal part that is 
first produced. 

Sacbs has advocated a view which has many points of similarity 
to that of Bonnet, although, in reality, it is not a theory of pre-forma
tion at all, but one of pure epigenesis. His idea rests on the view 
that the form of a plant, or of an animal, is the expression of the kind 
of material of which it is composed_ Any change in its material 
leads to a corresponding change in the form of the new parts. 
Sachs holds that the idea of many morphologists, that there is for 
each organism a specific form that tends to express itself, and which 
controls the development of the organism, is a metaphysical idea that 
has no ground in science. For instance, Sachs thinks that the flower 
bu~ of a plant develop, not because or some innate, mystical force 



266 REGENERATION 

that causes the plant to complete its typical form, but because some 
substance is made in the leaves which, being carried into the growing 
region, becomes there a part of the material of that region, and from 
this new material a flower is formed. Simple and clear as this 
hypothesis appears to be at first sight, it will be found on more care
ful examination that it fails to account for some of the most charac
teristic phenomena of development and of regeneration. It ma-'i be 
granted at the outset that the presence of certain substances ;nay 
undoubtedly influence the kind of growth of a new part; but, on the 
other hand, onc of the most characteristic things of the organism is 
that it asserts its specific nature within quite a wide range of change, 
and, on the whole, resists the influence of other kinds of substances 
than those connected with its ordinary life. \Vhile Sachs looked no 
farther than the material substratum, and supposed that any change 
in this altered the form, there is, at present, sufficient evidence to 
show that it is the structllre of the material that determines the most 
important chaIJges that take place in it. This means, if we attempt 
to divest the stakment of its somewhat metaphysical appearance, 
that the material of the organism is not simply a mixture of different 
kinds of materials, but a special kind of substance that has a definite 
structure of its own. This structure may, of course, be changed, but 
only by the addition of materials that the structure can take up as a 
part of itself. If the material does not become a part of the struc
ture or organization, it is without effect on the form.1 ¥ y meaning 
can, perhaps, best be illustrated by the method of regeneration of 
the tail of the fish from an oblique cut-surface. The growth of the 
new part is not determined by the kind or by the amount of the new 
material that is brought to the growing part, for, if it were, the new 
part would grow at an equal rate at every point; but the growth of 
the new part is regulated by the form of the tail of each particular 
kind of fish. The structure of the new part controls the growth of 
the material of the nc\v part, and not the reverse. The only inter
pretation that can be given to this result is, I believe, that the new 
material assumes a definite structure, or what we may call an organi
zation, and the subsequent changes are controlled by the kind of 
structure that is present; and since this structure has, as a whole, a 
definite form, we can state that the form controls the material, 
although the substitution of the word "form" for that of "the structure 
of the new material" may give the statement an unfortunate, meta· 
physical appearance. 

In order to explain the regeneration of a piece of a plant, Sachs 
supposes that two substances are produced by the plant,- one a stem
(or leaf-) forming substance and the other a root-forming substance. 

1 Unless it produces a physkal :hange in the structure. 
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If either of these substances combines with the protoplasm of any part, 
a stem or a root is produced from that part. \\'hen a piece of the 
stem is cut from a plant, these two substances accumulate, one at the 
distal end and the other at the proximal end of the piece, and their 
presence in these reg-ions determines that new shoots den:'loJl at or 
near the apex, and new roots at the basco Sachs tried to show that 
the direction of the flow of these t\VO substances is determined by the 
action of gravity,-theJightcr substance flowing to the higher {}arts, 
and the heavier to the lower parts. \Ve find here reprocluecd Bonnet's 
idea of specific substances flowing in definite directions; but Sachs 
goes farther, and gj\,cs an explanation of the cause of the different 
directions taken bv the two kinds of substances, viz, that it is due to 
the action of gravity. Vochting has shown, as we have seen, after a 
thorough examinati~n of the method of development of pieces of plants, 
that Sach~'s hypothesis fails to account for the results: and he shows 
also that an jntcrnal factor, which he calls the polarizatlol1, has the 
most important influence on the regeneration. 

It is not difficult to show that there are many other cases to which 
the stuff hypothesis does not apply. If, as Hom;et attempted to show, 
the regeneration is due to different stuffs, there is no explanation to 
account for the flow in animals of head-forming stuffs forward and 
tail-forming stuffs backward. In animals that re~enerate laterally as 
well as anteriorly and posteriorly, \VC should be obliged to assume 
side-forming stuffs as well as head-forming and tail-forming stuffs; 
and since the kind of structures that are produced at the side are 
different at each level, we should be obliged to assume that there are 
many kinds of lateral stuffs. If regeneration can take place in a 
dorsal and in a ventral direction, as, for example, when the dorsal and 
the anal fins of teleostean fishes regenerate, there must also be stnffs to 
account for their development. \Vhen regeneration takes place from 
an oblique surface, it must be supposed that two or more of these 
kinds of stuff are brought into action. The regeneration of just as 
much of the limb of the salamander as is cut off also offers difficulties for 
Sachs's view. If we assume a leg-forming substance, it fails to account 
for the difference in the result at each level. If we assume that 
different substances come into play according to the amount of the leg 
that has been cut off, the hypothesis becomes as complicated as the 
facts that it pretends to explain. 

A special case, to which the stuff hypothesis has been applied by 
Loeh and by Driesch, is that of tubularia, although the latter writer 
has used tbe hypothesis only to a limited extent as involving quanti
tative rather than qualitative results. There is present in the hydranth 
and stem of tubularia a red pigment in the form of granules in the 
endodermal cells. There is more of the rea pigment in the stem near 
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the hydranth than elsewhere. If a piece of the stem is cut off, it 
closes its cut~ends, and a circulation of fluid begins in the central cavity. 
] n this fluid globules now appear that contain the red-pigment granules. 
The globules appear to be frec cndodcrmal cells, or parts of such. that 
have been set free in the centra) cavity. III the course of twenty-four 
hours the new hydranth begins to appear near onc end of the stem, 
and in this region of the stem a much larger number of granules ap
pear. A little later all the red granules disappear from the circulation. 

Dricsch has supposed that the rcd granules of the circulation be
come a part of the wall of the new hydranth. The disappearance of 
the red granules at this time frum the circulation would seem to give 
color to this \"iew. But, on the other hand, I ha\"e found e\"idence 
showing that this interpretation is incorrect. In the first place, the 
granules that disappear from the circulation can be found lying in a 
ball within the digestive tract of the newly formed hydranth; hence 
their disappearance can be accounted for. and we find that they arc 
not, or at least in large part are not, absorbed into the forming hy
dranth. 1 In the second place) there is a great increase in the number 
of enclodcrmal cells in the region in \vhich the hydranth is about to 
appear, and the thickening that results takes place some time before 
the ~ranules begin to disappear from the circulation. The ne\\" gran
ules appear in the new endodermal cells, and are presumably formed 
by them. Again, the hydranth, that de\"elops later at the distal end, 
appears \\'hen there are no granules in the circulating fluid, and yet 
the hyclranth may contain as much rcd pigment as does the proximal 
one. Lastly, the development of vcry short picces shows that at the 
time of the formation of the new hydranth there is an enormous in
crease in the number of red granules in the piece, for there are many 
more of them contained in the new hydranth than were present in the 
entire piece at the time of its removal. 

Loeb has not referred to the red granules in the circulating fluid, 
but simply to the red pigment which is present in the walls of the 
piece. This is supposed to move forward into the hydranth region, 
and call forth the development of a new hydranth. A study of the 
number of the granules in the stem gives no support to this idea, 
and the method of formation of single and of double hydranths in 
short pieces shows that the increase in the number of granules in 
the hydranth-forming region is not due to migration, but to local 
formation. 

That specific suhstances may have an influence on the growth of 
certain parts cannot be denied, but it appears that in general they 
play a very secondary role as compared with other factors that 

1 Stevens ('01) has found that this hall of red pigment is ejected from the mouth of the 
new hydranth. 
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determine the form of thc organism or the dcvelopment of a part. 
Vbchtjng's beautiful cxperjmcnts ('86) on tuberous plants show that 
the presence of an excessive amount of food so bstances in thl! plant. 
brought about by the artificial rem(_)\-al of the natural storehouses for 
such material, may act Oll ccrt.:tin part.s, such as the axial huds, or on 
the stem, and cause them to produce structures that they do not pro
duce under ordinarv circumstances. The axial huds become swollen 
and produce tuber=like boclies aoo\'c ground, especially if the parts 
are enclosed so as to be in the dark, since the light retards the growth 
Df tubers of all sorts. But it should not be overlooked that these 
buds and stems are structurally the same things as the tuberiferolls 
stolons that have been removed, and hence the excess of rnaterial is 
stored lip in them in the same way as it is under normal circumstances 
in the underground stems or stolons. The reaction is OTIC normal to 
the plant, although it usually takes place in a different part. 

The preceding hypotheses that have been advanced to accotlnt 
for the phenomena of regeneration, draw attention to some of the 
most fundamental problems of regeneration and, even jn those cases 
in ,,\>'ilich the hypotheses ha,"e not given a satisfactory solution of the 
problems, some of them have served the good purpose, both of direct
ing attention to important questions and of leading biologists to ma.ke 
experiments to test the new points of "iew. \Ve should not underrate 
their value, even if they have sometimes failed to g-ive a solution of 
problems, for they have been useful if only in eliminating certain 
possibilities, and tbis simplifies all future work. So long as an 
hypothesis is of a sort tbat it is within the range of obserYational and 
experimental test, it may be of service, even if it prove erroneous; 
for our advance througb the tangled thread of phenomena is not only 
assisted by ad,'ances in the right direction, but all possibilities must 
be tested before we can be certain that we have discovered the whole 
truth. The value of a scientific hypothesis depends, it seems to me, 
first, on the possibility of testing it by direct observation, or by experi, 
ment j second, on whether it leads to advance; and, lastly, on its 
elimination of certain possibilities. 

The experiments described in Chapters II, III, IV, have shown that 
there are many resemblances between the pbenomena of growth and 
Df regeneration. It has been pointed out that when it could be shown 
that certain external agents have a determining influence upon growth, 
these same agents have a similar effect upon regeneration. This 
also holds apparently for internal factors, although it is much more 
difficult to demonstrate that this is true. The presence of an ablm, 
dance of food material in the tissues hastens regeneration in tbe same 
way that growth is more rapid in a well,fed organism. Food may, 
however, be looked upon rather as an external factor than as an 
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internal one. An excellent example of an internal factor is found in 
the interrelations of the parts to each other. This is shown in the 
dcn:1opmcnt of a piece of a plant in which the apical buds develop 
faster than the proximal ones, and it appears that, in some way, the 
development of the latter are held in check by the development of 
the apical ones. Another case is found in the de"elopment of the 
bilobed tail of certain fish in which particular regions are held in 
check, while others grow at the maximum rate. 

It is a curious fact that while we can cite several kinds of external 
influences that affect the development and the regeneration of organ
isms, the on1y internal factors that have been discovered arc the 50-

called polarity and this interrelation of the parts. Perhav; there 
should also be added the specific nature of certain parts, h:niting 
the possibilities of new growth in these parts, and the presence 
of the nucleus as necessary for the growth and regeneration of the 
organism. 

If it be admitted that the same factors that affect the growth also 
affect in the same way the regeneration, we have made a distinct 
advance. It is, moreover, not difficult for us to understand how this 
is possible. If \lre consider first those cases in which growth takes 
place at one or more points at which the cells are tmdifferenti'lted, 
anti compare this condition with that in regenerating animals that 
produce new tissue by proliferation, we can picture to ourselves 
that the same factors would act on the undifferentiated tissue in the 
same way in both cases. This does not explain what causes the 
organism to produce the new cells that appear over an exposed sur~ 
face, and we must search for other factors to account for the out
wandering of cells, and for the local multiplication of the cells at the 
cut-end. We find a parallel to those cases in which the growth of 
an organism takes place throughout the whole body, in those animals 
in which the regeneration also takes place in the old part. This com
parison should not, however, be pushed too far, since, in some forms, 
as, for example, a salamander, the growth of the animal takes place 
throtighout the body, while regeneration takes place by the prolifera
tion of new material. The difference in the regenerative process in 
a salamander and in a form like hydra is not due so much to the 
inability of the old cells of the salamander to increase in number as 
compared with those of hydra, but rather, it appears, to a certain 
rigidity or stiffness of the body of the salamander that prevents the 
rearrangement of the parts; and the reeompletion of the form takes 
place in the direction of least resistance, i.e. at the open or cut-end 
of the body. 

Regeneration by means of morphallaxis takes place only in those 
forms in which the body is not ma,de up of a series of separated 
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parts. This kind of regeneration occurs in those organisms in 
which the normal growth consists only in the enlargement of a sys
tem of org .. ns already present. A piece of an animal of this sort 
usually contains the elements ·of each kind of organ, and from these 
the new parts are produced, both by proliferatiOl; at the cut-ends and 
by the enlargement of the parto that arc present in the picce. In 
forms with separate segments we find, in ~ome cases, re~cmblanccs 
between normal growth and regeneration, as shown, for example, 
in the earthworm. There is present ill the young worm a region in 
front of the last segment, or, rather, a part of thi~ segment. from 
which new segments are formed. In the regeneration of the posteriUf 
end a knob of new tissue is formed, and out of this a few scg-mcnts 
develop, the last one having a growing region similar to that in the 
young worm. The subsequent stages in the regeneration involve 
the formation of new segments from the last one, as in the young 
worm. There is no such growing zone at the anterior end of the 
young worm, and none is formed in the regeneration of an anterior 
end, so that only the segments that are first laid down in the new 
part arc present in the new anterior end. 

An interesting comparison may be made between the phenome
non of growth and that of contraction and expansion 01 the proto
plasm. The bending of heliotropic organisms toward or away from 
the light, and the similar bending of negatively stcreotropic lorms 
away from contact with a solid body, are sup Dosed to be phenomena 
of growth, and resemble in many ways the phenomenon of contrac
tion. In a plant that bends toward the light, it is found that the 
most obvious change involves the amount of water on the two sides 
of the stem, and this is most probably connected with a fundamental 
structural change in the protoplasm, that is too subtile for further 
analysis. In the regeneration of some forms it is found that they re
spond in the same way to light. While it cannot be demonstrated 
that these phenomena really depend on processes of contraction· 
and of expansion, the results are nevertheless suggestive from this 
point of view. Furthermore, I think, one cannot study the regenera
tion of such forms as planarians, hydras, stentors, etc., without being 
struck by the apparent resemblance of the change in form that they 
undergo to a process of expansion. The idea of the expansion of 
a viscid body carries with it, of course, the idea of tension within the 
parts, and the return to the former condition is brought about by a 
r(!!ease from the tension and a return to a more stable condition. 
IT by the intercalation of new material the extended condition is 
fixed, a new state of equilibrium will be established. 

It has been already pointed out that in a piece of a plant suspended 
in a moist atmosphere, the apical buds aEe those that first develop, 
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and also grow faster than the others. The buds situated nearer the 
base may not even begin to develop, although they are at first as 
favurably situated, so far as external circumstances are concerned, as 
the uppermost ones. The roots appear first o\"cr the basal end, 
and those nearer the base grow faster than do those nearer the 
apex. There cannot be much doubt that the suppression of the 
basal buds and of the more apical roots is connected with the devel
opment of the apical buds aud of the basal roots. This can be 
shown by cutting a piece in two, when some of the basal buds will 
grow into shoots and the apically situated root-buds, that arc 
now on the base of one piecc, will begin to gro\v. It seems to me 
this relation can be at least more fully grasped, if we look upon it as 
connected with some condhion of tension in the livjng part. The 
tension can be thought of as existing throughout the softer, more 
plastic parts. As long as the apical bud is present at the end of a 
stem or branch, Of C\TI1 near the apex, it exerts on the parts Jying 
proximal to it a pull, or tension, that holds the development of these 
parts in check; but if the apical bud is removed the tension is relaxed, 
and the chance for another bud de"eloping is given. 

It may be asked, how can it be explained that only the more api
cally situated buds of a piece develop, rather than the basal ones, 
since with the removal of the piece from the plant the tension has 
been removed also. The only answer that can be made, so far as I 
can sec, would be that from the apex of the plant to its base the ten
sion is graded, being least at the apex and increasing as we pass to 
the base. Those buds will first develop that are in the region of least 
tension, and their development will hold in check the other buds by 
increasing or reestablishing the tension on the lower parts of the 
piece. A new system is then established, like that in the normal 
plant. 

There are certain experiments with hydra that can, perhaps, be 
brought under the same point of view. When two long posterior 
pieces are united by their anterior cut-surfaces, each piece regener~ 
ates a circle of tentacles near the region of union, and each may pro
duce a new head; or only one head, common to both pieces, develops 
at the side. Each piece has retained its individuality, which may 
be interpreted to mean that each piece has retained its original con
dition of tension. If, however, after a union of this kind one piece is 
cut off, as soon as the two have well united, near the place of union, 
so that it is relatively small as compared with the other component, 
It may produce a head at its exposed basal end, and neither heads 
nor tentacles may develop at the place of union of the pieces. 

It is probable, in this case, that the larger component has acted 
on the smaller one, so that its polari~y is changed and becomes like 
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that of the larger component. It is possible, I think, to interpret 
this result in terms of our tension hypothesis. The condition of ten. 
sion in the larger piece has overcome that of the smaller picce, so 
that the latter comes to hayc the same orientation that the larger piece 
has; and the de\'elopment of a head at the free end then takes place. 
The development of this head holds in check the development of a head 
at the anterior end of the larger piece in the region of union of the 
pieces. \Vhcn two pieces of hydra are united by unlike poles, i.e. so 
that they have the same orientation, it is found that if the pieces are 
not too long, a head develops at the frc(: end and none in the reg-ion 
of grafting. The result is similar to that in plants; the development 
of the head at the free end suppressing any tendency that may exist 
to produce a new head by the posterior piece at the place of union. 
If the pieces united in this way are very Ion:;, a head develops at the 
apical end l and, in some cases, also near the line of union. This may 
be due to the pieces being so different at the place of unioI1 1 that 
a head develops below this region before the unification of the two 
pieces is brought about, or because the formation of the head at 
the free end is relatively so far removed from the place of union of 
the pieces, that it does not influence the development of a head in 
this region. 

These cases of grafting also illustrate another point of some 
interest. They show that the de\'elopment of a head at the anterior 
end of a piece is not the result of the injury from the cutting or 
due to the action of some external condition on the free end, for 
the regeneration may take place when two anterior ends have been 
perfectly united to each other. The result can only be explained as 
the outcome of some internal factor such as polarity. 

These examples have been chosen from hydra rather than from 
tubularia, in which somewhat similar phenomena have been observed, 
becat:se in hydra the development of heteromorphic structures is of 
rare occurrence, while in tubularia external influence often calls forth· 
a heteromorphic development. There cannot be much doubt, how
ever, that in tubularia the same kind of internal factors are also at 
work. 

A more striking illustration of the possible influence of tension of 
the parts is shown by an experiment with planarians. If the head 
of a planarian is cut off and the posterior piece is split partially in 
two along the middle line, as shown in Fig. 31, A, and then one of 
the halves is cut off just anterior to the end of the longitudinal cut, 
the result is as follows: A new head develops at the anterior end 
of the long half (Fig. 31, B), but no head develops on the posterior 
cut-surface, provided this part has reunited along the middle line 
with the long half, and a line of new tis,sue connects the anterior 
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cut-surface of the long half and the mOre posterior cut-surface of the 
shorter half. At least this happens if the piece is not split too far 
posteriorly, i.e. through the region of the pharynx. If this is done, 
a new head may develop from the posterior cut-surface. In another 
way the development of the more posterior head can he brought 
about. If the shorter side-piece is kept from fusing with the longer 
side-piece in the middle line, it will invariably produce a new head 
(Fig. 3I, C). The lack of development of the posterior head, when 
the two cross-cut surfaces are united by a connecting part of new 
material, can, it seems to me, be best explained by the influence of 
the developing anterior head, or of the new side on the posterior new 
tissue, and this influence can, I think, be better appreciated if we 
suppose some sort of tension to be the influence at work. 

Another example may be cited that shows even more clearly that 
the internal factor regulating the growth in the new part is probably 
some sort of tension. I refer to the development of the tail of 
fundulus from an oblique cut, or of the bilobed tail of stenopus from 
a cross cut. The assumption of the typical form that leads to the 
holding in check of the growth in certain regions, as compared with 
others, can be best understood, I think, as due to some sort of tenw 
sion established in the different parts, that regulates the growth in 
those regions. 

I tis e\'ident that whatever factor will serve to explain the preceding 
cases must also be expected to apply to the development of the whole 
embryo from parts of the egg or blastula, if the position that I have 
taken is correct, namely, that these phenomena belong to the same 
general group. Does the tension hypothesis make clearer the devel
opment of a whole embryo from a part of an egg? This means, can 
we think of the readjustment that takes place as due to the establish
ment of a characteristic equilibrium that expresses itself in the 
tensions of the different regions? There is, so far as I can see, no 
difficulty in supposing that the organization is at bottom a system of 
this kind; indeed, it seems to me that from this point of view we can 
get a better appreciation of the organization and of the series of 
changes that take place in it during development. The example that 
Driesch has chosen as a typical one of vitalistic action, namely, the 
proportionate development of a part of the archenteron of the half
embryo, seems to me to be likewise a case to which we can apply the 
tension view. 

In these, as well as in all other cases, we must think of the ten
sions as existing, not only in one direction, but in the three dimensions 
of space, and of all combinations of these. The material in which 
the tensions exist must be thought of as labile, so that a change in 
one region involves a rearrangemer;t in many cases of the entire sys-
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tern. The new rearrangement appears to take place on the founda, 
tions of the old system. 

It may appear that this idea of a system of tensions is too vague, 
that it fails to point out how the reorganization takes place, and that 
it gives not much more than the facts do themselves. There js a 
certain amount of truth in these objections which I fully appreciate, 
but something further can be said on these points. The view is 
vague in so far as we cannot picture to ourselves in a mechanical 
way just how such a system could bring about the suppression of 
growth in one region and allow the maxjmum amount in another 
region. But this is asking too much, since the hypothesis can only 
claim, at present, to furnish a means by which we can at least 
imagine what sort of a process is involved, and cannot give the 
details of the process itsd!. It can be shown experimentally that if 
the phenomenon is one of tension certain results should follow that 
are observed to take place, as when by kcepinf: the shorter half of 
the planarian from reuniting to the larger half, or by breakinf: the 
union if it has been formed, a head develops also at the posterior 
cross,cut. In the second place, although we cannot understand how 
the rearrangement of the tensions in a piece takes place, yet from 
a causal point of view we can see how a chang-e in one region of a 
labile system may produce, by means of a change of tension, a com· 
plete rearrangement of the parts throughout. It can even be 
claimed for the tension hypothesis that it at least becomes easier for 
ns to see how such a change could take place, because it represents 
the organization as the expression of a system under tension, and 
hence, if the mate.rial is sufficiently flexible, a readjustment will proba
bly take place when the system is changed in any region. It enables 
us to see how the organization of the egg may be divided by every cell 
division, and yet after the reunion of the cells the original equilibrium 
be established. \Ve may perhaps claim, therefore, that in these reo 
spects the hypothesis does give us something more than do the 
facts; and, inasmuch as it brings a large number of phenomena under 
a common point of vie",!, the idea may be worth further consideration. 

In conclusion, I may add that the hypothesis is, I hope, also a legit
imate one, in the sense that being within reach of an experimental proof 
or disproof, it may serve at least as a working hypothesis. Per
haps more fundamental than the idea that a system of tensions 
exists throughont the organization is the conception that the organi, 
zation is itself a system of interrelated parts, and not a homogeneous 
substance or a mass composed of a large number of repeated parts, 
or rather, despite the presence of smaller, repeated units, the organi
zation is not the result of their interaction, but of their regular 
arr'lllgement as parts of a whole structure. If, then, this inter-
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relation of the different parts of the structure can be looked upon as 
the result of a system of tensions, we can at least form a better idea 
as to how a piece of a whole can readjust itself into a new whole of 
smaller size. And it is this po",ibility of rearrangement or regula
tion that is one of the most characteristic properties of living things. 



CHAPTER XIV 

GE:-IERAL CO:\SlDERATIO:\S A:\ll CO:-'CLl'SIONS 

IN the preceding chapters certain matters had to he taken for 
granted, since it was not possible, Of desirable, at the time to discuss 
more fully some of the terms that are in common use, or to aualyze 
mare completely many of the phenomena. It was also not necessary 
to gh'e the general point of view under which the phe1lomena were 
considered In their physkal, chemical, or even causal connection. 
Little harm has, I trust, been done by- relegatjng sllch qucstjons to 
the final chapter. An attempt will now be made to g-iYe more explicit 
statements in regard to the use and meaning of such terms as " organi
zation," "polarit)'," "factors," "formative forces," " vitalistic" and 
"mechanical principles," "adaptation," etc. 

It will be found that the hypotheses that have been advanced to 
account for the phenomena of development and of regeneration may 
be roughly classified under two heads: first, th0se in which the nrg-ani
zation is "explained" as the result of the collective action of smaller 
units; and second, those in which the organization is itself rcg~nded 
as a single unit that controls the parts. Let us examine these points 
of view more in detail, in order to see \vhat has been meant in each 
case by H the organization. n 

A faYorite method of biological speculation in the last forty years 
has been to refer the properties of the organism to invisible units, 
and to explain the action of the organism as the resultant of their' 
behador. The hypothesis of atoms and of molecules, by means of 
which the chemist accounts for his reactions, has pro"cd so exceed
ingly fruitful as a working hypothesis that it has had, I think, a 
profound influence on the mind of many biologists, who have, can· 
sciously or unconsciously, attempted to apply a similar conception 
to the structure of living organisms. The discovery that all of the 
higher organisms are made up of smaller units, the cells, and that 
the lower organisms are single, isolated cells, comparable to those 
that make up the higher forms, has also drawn attention to the idea 
that the wbole org-anism is the result of the action of its units. Fur
thermore, within tbe cells themselves units of a lower order have also 
been discovered, such, for instance, as the, chromosomes, the chloro· 
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phyl bodies, etc., that repeat on a smaller scale some of the 
fundamental properties of the entire organism, as growth and divi
sion. It has been assumed that still farther down in the structure 
there are smaller units having the same properties, and the smallest 
of these are the ultimate units. The organism is looked upon as the 
result of the properties of these minute germs. The gemmules of 
Darwin furnish an example of an hypothesis of this sort; also the 
intracellular pangens of De Vries, the plasomes of \Viesner, the bio· 
phors of Weismann, the idiosomes of Hertwig, and the mieelhe of 
Nageli are other examples of this way of interpreting the organization. 
These elements are endowed by their inventors with certain properties, 
and these are of such a sort that they give the appearance of an explana
tion to organic phenomena. It is useless to object to these hypotheses 
that they are purely ideal, or fictitious, and that those properties have 
been assigned to the germs that wiII bring about the desired explana
tion, and have not been shown to be the real properties of the germs 
themselves. But apart from the arbitrariness of the process, it cannot 
be claimed that a single one of these creations has bcen shown to be 
true, or has even been accepted by zoologists as probable. A more 
serious objection to this point of view is that the most fundamental 
characteristics of the organism, those that concern growth, develop
ment, regeneration, etc., seem to involve in many cases the organism 
as a whole. So many examples of this have been given in the preceding 
pages, that it is not necessary to go over the ground again. It has 
been shown that a change in one part takes place in relation to all 
other parts, and it is this interconnection of the parts that is one of the 
chief peculiarities of the organism. In phenomena of this kind even 
the cells seem to play a secondary part, and if so, we can, I think, 
safely leave out of account the smaller units of which the protoplasm 
is supposed to be built up and we can neglect them, if for no other 
reason than this, that the argument that has called them into existence 
starts out with the cell as the highest unit. If the cell can be thrown 
out, most probably the units of which the cell itself is supposed to be 
made up can be.safely disregarded also. 

l! may be objected that only through a knowledge of the minute 
structure of the organism can we hope to understand the behavior of 
the whole; but my point of view is not that there may not be a funda
mental structure, but that this is not formed by a repetition of ele
ments, which give to the whole its fundamental properties. It can be 
shown, I think, with some probability that the forming organism is of 
such a kind that we can better understand its action when we con
sider it as a whole and not simply as the sum of a vast number of 
smaller elements. To draw again a rough parallel; just as the 
properties of sugar are peculiar to the molecule and cannot }:l.e ac-
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counted for as the slim total of the properties of the atoms of carbon, 
hydrogen, and oxygen of which the molecule is made np, so the prop~ 
ertics of the organism arc connected with its whote organization and 
are not simply those of its individual cells, or lower units. 

The strongest evidence in favor of this vicw is found in the 
behavior of small pieces of an egg, or of a protozoon, (Jr even of a 
many~ceHed organism. A lower limit of org-anizatiotl is \'(,~r\' soon 
reached, helow which the piece fails to produce the charac-teristic 
form, although all the neccs:)ary clements arc present in the piece to 
produce the entire structurc. The sizc of these pieces is cnonnously 
large as compared with the size of the ce1], or of the imaginary e1c~ 
mcnts of Nageli, \Veismann, \Viesner, etc. These results indicate 
that the organization is a comparatively large structure. 

A few writers have either ignored the presence of smaIIcr units, 
or have dealt with the organism from a purely chemic-al and physical 
point of view. They attempt to account for the chan,,;es in the 
organism as the outcome of kno\vn physical and chemical princi
ples. It must, of course, be granted that in a sense the properties 
of the organism arc the result of the material basis of the organism; 
but in another sense this idea gives a false conception of the 
phenomena of life, because, if we were simply to bring together those 
substances that we suppose to be present in the organjsm we have no 
reason to think that they would form an or,,;anism, or show the 
characteristic reactions of living things_ Even from a chemical point 
of view we can see how this result could not be expected, for it is 
well known that the order in which a compound is built up, i.e. the 
way in which the atoms or molecules are introduced into the structure, 
is an important factor in the making of the comJ>onnd. \Vhcn we re
member the immense period of time during which the organisms living 
at present have been forming, we can appreciate how futile it will be 
to attempt to explain the behavior of the organism from the little we 
know in regard to its chemical composition. Its chief properties 
are the result of its peculiar structure, or the way in which its ele
ments are grouped. This structure has resulted from tbe vast num
ber of influences to which the organism has been subjected, and 
while it may be granted that if we could artificially reproduce these 
conditions an organism having all the properties that we associate 
with living things would result, yet the problem appears to be so 
vastly complicated that few workers would have the courage to 
attempt to accomplish the feat of making artificially such a structure. 
To prevent misunderstanding, it may be added that while from the 
point of view here taken, we cannot hope to explain the behavior 
of the organism as the resultant of tbe substances that we obtain 
from. it by chemical analysis (because the organism is not simply 
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a mixture of these substances), yet we have no reason to suppose that 
the organism is anything more than the expression of its physical and 
chemical structure. The vital phenomena are different from the 
non-\'ital phenomena only in so far as the structure of the organism 
is different [rom the structure of any other group of substances. 

Nage1i has stated that each part acts as though it louw what the 
other parts are doing. His idea of the idioplasm im'oh'cs a con
ception of the organism as a whole and not simply the sum total 
of a number of parts. Hertwig, who maintained at one time that 
the development of the embryo is the resultant of the action of the 
cells on each other, admits in his work on IJic Zelle NJlt! die 
C;""'cbc that while this is in part true, yet on the other hand the 
whole also exerts an influence on its parts. Driesch, \vho hypotheti
cally :"ugg-csted at onc time that the nuclei act as centres of con
trol of the cell by means of enzymes, has later adopted a widely 
different view. Whitman has made a strong argument to the effect 
that the cell theory is too narrow a standpoint from which to 
treat the organism, and on several occasions I haye urged that the 
organism is not the sum total of the action and interaction of its 
cells, but has a structure of its own independent of that of the cells. 

This discussion will suffice to show some of the opinions that have 
been held as to the nature of the organization of the organism. Let 
us next ask what properties we may ascribe to it. 

It has been found that certain polar, or rather dimensional, rela
tions are characteristic of the organization. The term" polarity" ex
presses this in a limited way, but refers only to one line having 
two directions, while we now know that the dimensional properties 
relate to the three dimensions of space, and for this idea we might 
make use of the term heterotropy. Thus we find that a piece of 
a bilateral animal regenerates a new anterior end from the part that 
lay nearer the anterior end of the original animal, a new right side 
from the part that was nearest the original right side. and a new 
dorsal part from the region that lay ncar the original dorsal 
part, etc. 

The polarity of a part can be changed in certain forms, as in 
tubularia, by exposing the posterior cut-end to the external factors 
that bring about the formation of a hydranth, or, as in hydra, by 
grafting in a reversed direction a smaller piece on a larger one. In 
Plallana lugub'ris and in the earthworm the polarity of the new 
tissue may be reversed, as compared with that of the part from which 
it develops, if the new part arises from certain regions of the body. 
A curious instance of the effect of the polarity is shown by the regen
eration from an oblique surface in planarians. The new head arises 
from the more anterior part of the new material, rather than from the 
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middle of the anterior oblique surface, and the new tail arises from 
the more posterior part of the posterior oblique surface. As an anal\'. 
sis of this result has been already attemptt:d in an c;uJicr chapter, -it 
will not be necessary to go further into this questioll here. 

The development of a nc\\-' part at right aIlbJ~s to an oblique sllr~ 
face has also been described, and it has been pointed out that the 
result appears to be due to the symmetrical development of the neW 
structure in the new part. This symmetry of the newly forming part 
must be also counted as one of the properties of the organizatioll. 

Finally, the mode of regeneration of a new, bifurcated tail in the 
teleost, stenopus, shows that the new part may vcry cady become 
moulded into the characteristic form, and that the g-rowth of the 
different parts is regulated by the structure assumed at an early 
stage. The new part does not grow out at an equal rate until jt 

reaches the le\'cl of the notch of the old tail, and then continue to 
grow at two points to produce the bilobed form of the tail; but 
tbe bilobed condition appears at the "ery beginning of the develop
ment. 

These illustrations give us nearly all the data that we possess at 
present on which to build up a conception of the organization. That 
we must fail in large part fully to grasp its meaning from these meagre 
facts is self-evident. The main difficulty seems to lie in this, _- that 
when we atkmpt to think out what the organization is we almost un, 
avoidably think of 1t as a structure havlng th,: propertjcs of a machine, 
and working in the way if> which we are accustomed to think of ma
chines as working. The most careful anal)'si~ of the I'machine 
tbeory," as applied to the phenomena of development and of rc
gener~tion, has been made by Driesch. It has been pointed out that 
in his A11ai;'tische rltCl,,-ic Driesch assumed that development is due 
to "given" properties in the egg; that each stage is initiated by some 
substance contained in the egg acting on the stage that has just been 
completed. That is, eacb stage is tbe condition of the following. 
The" rhytbm" of development is accounted for in this way. The 
changes are described as due to chemical processes (including also 
ferment actions). The nucleus is supposed to contain all the different 
kinds of ferments that act, when set free, as stimuli on the protoplasm' 
but since the ferments are always set free at tbe propitious moment, 
Driesch was obliged to assume that tbe cytoplasm acts on the nucleus 
in such a way as to make it produce the proper ferment for the next 
stage. Thus the cytoplasm first influences the nucleus, the latter 
sets free a specific ferment tbat starts a new chemical change in the 
cytoplasm, and tbe changed cytoplasm may then react again on tbe nu
cleus, and a different ferment be set free, etc. Each change is there
fore not only an effect of what has gon~ before, but the cause of tbe 
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next process.1 Driesch points out that it is necessary at this stage to 
make a further assumption, because the cytoplasm must not only be 
acted upon by the ferment, but it must itself be of such a sort that it 
r"spo1lds to the action. This leads to a great complication of the 
phenomena; but the assumption does not depart, in the last analysisJ 

from the idea of the cell as a system in a mechanical sense. This 
assumption of a recci\'ing and an answering station for the stimuli 
carries with it the further assumption of a many-sided "1/ar17l0/~1'." 

\Yitbout a harmony at each step in the development there could be 
no orderly ontogeny. The assumption of this harmony introduces a 
new clement into the series of hypotheses. The appcam1lcc of a causal 
explanation was giYcn in those parts of the argument preceding the 
introduction of the assumption of a harmony, but with the admission 
of this new element into the argument, the causal point of view is left. 
Dricsch says in this connection: "If we cannot gain a singleness of 
view in the way that has been followed, we can reach this in another 
way. Indeed, the way of doing so has been already implied in that 
part of the theory dealing with thl.! harmony of the phenomena. The 
existence of this harmony is inferred, because., in the large majority of 
cases, the ontogeny leads to a typical result. Therefore we must 
assume that the conditions for the end result are givell- the con
ditions are the harmony itself.') Put somewhat less obscurely, if more 
crudely, we may express Driesch's idea by saying that the harmony 
that stands for a hen is given in the hen's egg. 

Driesch adds: "Because a typical result always follows, therefore 
every single step in the ontogeny must be judged, from an analytical 
standpoint, from the point of view of the result itself. The result is 
the pllrpose of the ontogeny. It is as though we visited daily a wharf 
where a ship is being built, ~ everything appears a chaos of single 
pieces, and we can only understand what we see when we consider 
what is to be made. Only from a teleological point of view can we 
speak of a development, for this term expresses the very existence of 
an object to be developed. The term is used fraudulently if it is 
intended to mean that the development is the outcome of (processes/ 
using this term in the sense that a mountain or a delta develops from 
physical processes." "\Ye can only reach a satisfactory view of the 
phenomena when we introduce the word 'purpose.' This means that 
we must look upon the ontogeny as a process carried out in its order 
and quality as though guided by an intelligence. We arrive at this 
conclusion, because the individual whole is 'given,' as the clearly 
recognized goal of the entire process of development." 

1 The importance of this conception is, in my opinion, marred by the fiction of the ferment 
action of the nucleus; hut it should not be overlooked that Driesch avowedly called this a 
pure fiction. 
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In a later attempt to analyze the problem of development, Driesch 
examined it more fully from the point of view of the machine theory. 
This contribution must be looked upon rather as a tOllr fit' forc'( that is 
intended to show how far this idea can he carried in its application 
to development. Dricsch explains that in his analytical theory he 
assumed from '~'hat is "given" in the egg that the cg); can be under
stood causally, as a machine is understood, but what is "giyen " can 
be understood only teleologically. He says: .. What I defended was 
not vitalism, but, so far as the phenomena of life arc concerned, 
exactly the current physico.chemical dogmatism; but I did not fail to 
see and to point out the consequences of this dogmatism, \\'hieh every 
one (except Lotze) has avoided, viz., that the adaptive hasis in wbich 
the living phenomena take place is 'given.'" Driesch defines his 
vie\v as fonnal~teleolog-ical, in contrast to vitalistic. The former may 
also be called a machine theory of life in which the /'l1rpos(' is ti·;I{."JJ, 
not c:rplained. 

III latcr wrltings Dricsch has thrown over some of his earlier con
clusions and adopted a causal·vitalistic philosophy. The basis of this 
new conception is found in the proportional development of parts of 
an origin a] ,"vhole, as has been explained in a prcreding chapter. 
This result belongs to a category of phenomena that is in principle 
not machine·like, but of a specifically different kind. It is something 
that cannot be explained by the agencies of the outer world, such as 
light, gradty, salinity, temperature, etc. j\ ftcr examining other 
hypotheses, Driesch returns to a view that he had previously re
jected, viz. the conception of "position," by \vhich is meant the influ
ence of the location ill the whole. This position has certain directions, 
but nothing in addition that is typical. By the term" location in the 
whole" is meant that the word "location" (Lairc) shall refer not to ge
ometric space, but to the organization of the object that has its own 
directions. A deformation of tbe whole may cbange very little the 
relative location of the parts. 

In his earlier writings Driesch rejected this idea, becaus·e it did 
not seem to satisfy our etiological need, and also because he thought 
that he could reach his goal from the standpoint of initiating stimuli 
(Auslosll1zgnz). Driesch now assumes that the stem of tubularia and 
the archenteron of the starfish, for example, have a polar structure. 
Bilateral forms, as the whole larva of tbe starfish, have a coordinated 
system of two axes with unlike poles and one axis with like poles, 
each of a given length or proportion. The ends of the axes are char
acteristic points of the system. If, in such a system, a typical act of 
differentiation appears, to wbich we can assign a cause, so far as the 
location is concerned, a change will occur as follows: To take the 
simplest case, tbat of a system witb only one al'is having unlike poles, as 
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the archenteron of the starfish, in which differentiation has not begun, 
we can picture to ourselves the formation of the divisions of the archen
teron in a causal way by supposing the end of the axis, or pole, to be 
the location (Si!=) of an initiative" action at a distance" (auslu"sclldc 
hmkr'ifl). This locality, just because it is the end of a system, 
is something special; and it acts in such a way that wherever an effect 
is produced, it is the cause of that effect. This very way of looking 
at the problem postulates a sort of causal harmony. But how, it may 
be asked, can a special point or pole of an axis bring about an action 
in the system? This can be shown by means of a simple case, viz. 
the dividing up of the archenteron of the starfish into its character
istic parts. There are two effects produced, viz. the formation of the 
two constrictions of the walL \Ve need not consider the fact that the 
constrictions are forruccI, for this is established in the potence of the sys
tem, and is awakened by the jnitiating cause, but the place at \vhkh 
tho constrictions are produced is that for which we should account. 
\\T c must think of this cause as 1\ action at a distance," and indeed as 
an i, action at a distance" that works at a determinate, typical dis~ 

tancc. This inherent measure of distance of the action is not one of 
absolutely fixed size, for a ~astrula made shortcr by an operation also 
subdiddes into proportionate parts. The action starts from the poles 
of the system, and acts, not at an absolute, but at a relative distance, 
since it -is dependent upon the length of the axis of the whole differ
entiating system. "The locaHzation of ontogenetic processes is a 
problem slfi ltcllt"l'IJ'. The phenomenon can always be expressed on 
the scheme of cause and effect, if we assume the 'action at a dis~ 

tance' to start from fixed points of a differentiating system." 
In regard to the criterion of vitalistic phenomena Driesch makes 

the following statement: H On the current view we are inclined to 
see, in the formative changes, actual causes at work that even initiate 
those processes that we call stimuli; we do so because we pretend at 
present to know something of the special mechanism by which the 
formative changes work. The effects come into play through a 
causal union of simple processes of a physical-chemical sort that we 
may call a chain of stimuli. From the new point of view, the initia
tory stimulus is not an initiatory cause or the effect of a causally 
united chemico-physical phenomenon. The stimulus is, from this 
point of view, a true stimulus, bnt the effect is not a true effect of 
its initiation, but is rather to be designated a responsive effect, for 
there is no connectin~ chain of stimuli. It is in the place of the 
latter that the vitalistic view appears. The only data of a machine 
sort in the conception are the arrangements for the reception and 
guidance of the stimulus, perhaps also the means for carrying out 
the response effect; for the machine data are only the prerequi-
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sites of the phenomena, but in themselves do not bring about the 
result." 

Driesch finds in this argument a dl'lIlOlIJ'trtllioll of the vitalistic 
doctrine1 but vitalism, of cnurse, of a very special kind, \\'1thout a 
more elaborate presentation of his yicw it is not possible to giYc a 
detailed criticism of his conclusion!); but a few of the more uhvious 
objections that may be broug-ht ap;ainst thi:; vicw may b~ disCllSSl'tL 
The assumption of "action at a distance" does llot, i think, in any 
way help to make the phenomenon clearer. The formation of a 
typical lan:a of normal proportions from a piece of an egg is just as 
mysterious after the assurnption of an ,. action at a di~LulCC" of a 
proportionate 50ft as it was bdon.~. Dric~ch has introdllced into the 
argument to establish a vitalistic standpoint one of the most obscure 
ideas of phvsical science. There is, so far as I can sec, no neccssit\' 
for such an- assumption, since there is present in every case a contiI;
uons medium of protoplasm, which \vauld seem to make thj~ idea at 
least superfluous. Moreover, the additional ekml'nt that Driesch has 
added to his conception of the proce~s, namely, an action in propor
tion to the size of the piece, lS objectionable if for no other reason 
than that it attributes to the unknown principk of H action at a dj:;
tance" a quality that is the very thing that ou;(ht itself to be 
explained. This assumption, it seems to me, begs the entire ques
tion, and we can give no better explanation \vhy it should bcloll~ to 
the principle of "action at a distance" than to anything else. Far 
from having given a demonstration of vitalism, Driesch has, I thi'nk, 
in his analysis simply set up an entirely imaginary principle, which, 
taken in connection with other un demonstrable qualities, is called 
vitalism. 

If we cannot accept Driesch's demonstration of vitalism, from 
what point of view can we deal with the phenomenon of the produc. 
tion of a typical form from each kind of living material? Can we 
find a physico-chemical explanation of the phenomenon? Enough ~ 
has been said to show that this property is one of the fundamen. 
tal characteristics of living things and is, in all probability, a phe. 
nomenon which we certainly cannot at present hope to explain. 
Yet the question raised by Driesch is, at bottom, not so much 
whether we can give a physico-chemical explanation, but whether 
the phenomenon belongs to an entirely different class of phenom. 
ena from that considered by the physicist and by the chemist. Let 
us examine the results and see if we are really forced to conclude 
that there is no other physico.causal point of view possible. 

In many cases in which a response to an external stimulus takes 
place, we must assume a physico-causal connection between the 
stimulus and the eff",ct. The action of {,oisons, for instance, is an 
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example of this kind, and, in some cases, as in the formation of the 
galls of plants, the stimulus of a foreign body may lead to the devel
opment of a structure, the gall, of a definite form. The experiments 
of Herbst on the effect of lithium salts in sea water on the develop
ment of the sea-urchin embryo lead to a similar conclusion. The 
changes in form that result from other external agents, such as light, 
gravity, contact, etc., can be best understood from a physico~causal 
point of "iew, and it seems improbable at least that their action 
within the org-an is transformed into a vitalistic causal action through 
Driesch's principle of an "action at a distance." 1 The effect of inter
nal factors on the change of form is, hmvcycr, much morc difficult 
to deal with, since we know so little at present about these factors. 
Here we find amongst other phenomena that of the proportionate 
formation of a whole organ from a part of an old one, or of an egg. 
,Ve find it difficult, if not impossible, to attribute this directly to 
external causes, yet, as I hm'c tried to show, the first steps through 
which this takes place can be referred to physico-causal principles. 
These are the separation of the piece from the whole; the change of 
the unsymmetrical piece into a symmetrical one, brought about, in part 
at least, by contractile phenomena in the piece, aided, no doubt, in some 
cases by surface tension, etc. These changes give the basis for the 
dcyelopment of a new organization along the lines of structure that 
are already present in the piece. ,Ve find here the beginuing of a 
physico-causal change, and, so far as I can see, we have no reason 
to suppose that at one stage in the process this passes over into the 
vitalistic-causal principle. It should. I think, be pointed out in this 
connection that even in the physical sciences it would not be difficult 
to establish a vitalistic principle, or whate,'er else it might be called, 
if we chose to take into account such properties of bodies as those 
which the chemist calls the affinities of atoms and molecules, or the 
symmetrical deposition of material on the surface of a crystal from a 
supersaturated solution, etc. These phenomena are usually looked 
upon as "given/' that is, beyond the hope of possible examination. 
Until these questions are more fully understood scientists are, I 
think, justified in showing a certain amonnt of self-restraint in regard 
to the solution of such problems. Du Bois-Reymond has summed 
up this point of view in the dictum, "Ignorabimus," which is inter~ 
preted to mean, not only that we are ignorant at present on certain 
questions, but that we know we must remain ignorant. The forma
tive changes in the organism appear to belong to this category of ques
tions. This confession of ignorance need not mean that we cannot 
hope to discover the conditions under which the phenomena take place, 
so that we can predict with certainty what the results will be, but 

1 Not that Driesch supposes this would be the case. 



GENERAL CONSlDERATIO.vS AXIJ cO.\·CU'SlOSS 287 

the meaning of the change itself may remain forever obscure, at 
least from our present conception of physico.chemical principks. 
Shall we, therefore, call ourselves vitalists, because we find certain 
phenomena that we cannot hope to explain as the result of physical 
principles, or for which we must invent an unknown principle? Or 
can we succeed in demonstrating a different kind of principle in liv
ing things? If we could, we might be justified in calling ourselves by 
the name of vitalists. But who has matle such a discovery? Docs 
the well-known phenomenon of proportionate deYdopment give a 
demonstration of the tmknown principle? Would one be justified 
in claiming a different principle that is not a physico-causal one, 
because the nerve impulse is different from any known physical phe
nomenon? The preceding pages have made clear, I hope, that, for 
my own part, I see no grounds for accepting a vitalistic principle 
that is not a physico-causal one, but perhaps a different one from 
any known at present to the physicist or chemist. 

In order to make clear in what way certain terms have been used 
in the preceding chapters, it may not be out of place to indicate how 
it is intended that they should be employed. The word" cause" has 
been used in the sense in which the physicist uses the term. A" stim
ulus" is the chain of effects of a cause acting on a living body. In cer
tain cases the cause itself may be spoken of as the stimulus, but 
only when its specific action on a living body i. implied. A" factor" 
is a more general term and is usually one or more of a number of 
causes that produce a result. It may prove convenient to usc this term 
where a change in form is produced. Thus the size of a piece is one 
of the factors that determines the result; the part of the body from 
which the piece is taken may also be a factor, or rather the kind of 
material contained in the piece, These examples will suffice to show 
that the word is used for an observed connection of a very general. 
sort, especially for those cases in which we have not analyzed the 
factor into its components. The term is especially useful for cases 
in which the change in form is the outcome of the innate properties 
of the organization. The term may be used so that it need not preju-. 
dice the result, either in favor of a physico.causal or a vitalistic· 
causal point of view. It may be convenient to use it as an indifferent 
term in these respects. The word" force" I have attemptetl to avoid 
as far as possible, except in such current expressions as it the force of 
gravity," etc., for, apart from the loose way in which the word is used 
even by physicists, we know so little about the forces in the organ
ism that it is best, I think, to use the word as sparingly as possible, 
and only where a known physical force can be shown to produce an 
effect. 
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Much misunderstanding has arisen in connection with the term 
"formative force." In the tirst place we naturally associate with this 
term the meanings attached to it by writers of the seventeenth and 
eighteenth centuries. They assumed a formative principle in living 
things, that is an expression ot a formative force. ROUK, who has 
more recently used the term, has attempted to avoid misunderstand
ing by using the plural, -" the formative forces of the organism"; 
but e\'en under these circumstances, differences of opinion have 
arisen, as shown by the controversy between Raux ('')7) and Hertwig 
('94 and ',)7 J, on this point A change in form carries with it a 
change of position of the parts, and the latter involves the idea of 
forces, but the nature of these forces is entirely obscure to us, at 
least we cannot refer them to any hetter-known category of physical 
or chemical forces. They may, perhaps, be most profitably com
pared to the forces of chemical union, but whether they are very 
nUmerous or can be reduced to a limited number of kinds of force, 
we clo not know. If it could he shoWIl that the changes in the organ
~sm arc due to molecular changes, then the formative forces might 
appear to be only molecular forces, but we arc not in position at 
present to demonstrate that this is the case, however probable it 
may appear. 

Finally, the usc of the term" organization" may be considered, 
although from what has been said already it is clear that there must 
be a certahl amount of vagueness connected with our idea of what 
the organization can be. The organization, from the point of view 
that I have adopted, is a structure, or arrangement of the material 
basis of the organism, and to it are to be referred all the fundamental 
changes in form, and perhaps of function as welL We also use the 
term as applied to the completed structure, by which we mean that 
the organism consists of typical parts having a characteristic arrange
ment carrying out definite functions. \Vhen applied to the egg, 
or to a regenerating pjece, the term refers to some more subtle struc
ture that we are led to suppose to be present from the mode of be
havior of the substance. As pointed out, we know this organization 
at present from only a few attributes that we ascribe to it, and are not 
in a position even to picture to ourselves the arrangement that we 
suppose to exist. 

REGEXERATIOX AXD ADAPTATION 

One of the most difficult questions with which the biologist has 
to deal is the meaning of the adaptation of organisms to their environ
ment. Pfluger, in an article entitled "The Teleological Mechanics of 
Living Nature," has drawn attention to the teleological character, or 
purposefulness, of certain processes in the living organism. " There 
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has been found only one general point of view, which if not absolute, 
yet is the rule, to account for the eternal transformations of encq.:;y in 
the living body. Only those combinations of causes take place that 
ar" as favorable as possible for the welfare of the animaL This holds 
true even when enti~ely new conditions arc artiflcia\ly introduced 
into the living organism. \Vhat is more remarkable than that, eyen 
in th~ highly organized mammal, there should be a regeneration of 
the bile duct after its removal, or that after a large piece of a nerve 
has been extirpateq by a severe oreration it should be again renewed? 

\Vh.2t is mote surprising than that the organism should become 
accustomed t<i ~he most diverse kinds of organic and inor~anic poj~ 
sons? , , , .• .{\nj), finally,. there are a number of facts that make good 
the law that' dianges . appear to be gO\'cruce] by no other principle 
than the {>\!rRo~~ of making certain the cxigtence of the urganism." 

Pfljjg~es te1~ologi~allaw of causality is that" the ca\lS!2. of every 
need of ~ liVitlg being is at the same timc the cause of the fulfilment 
of the need," PflUger c;.;plains that the word "cause" is here intention
ally chosen in order to Qring out the necessary, Imvful connection in 
which the cause of each need· stands in relation to the fulfilment of 
that need, He adds that it would have been more correct, but less 
pointed, to have said ':motiv'e" or "inducement" instead of ·'cause." 

In order to illustrate what is meant by this law, the following 
examples may be given, Food and water bring- back the organism 
to its normal condition. The absence of food in the bodv leads to 
hunger, and this to the taking in of more food; or, in other "'words, the 
need of food leads tp the search for food, or at least to the taking in 
of food, The sexual desire, or the need to reproduce, brings about 
the condition of the animal that leads to reproduction, A defect in 
the valves of tbe heart leads to the enlargement of tbe right or the 
left ventricle, The removal of one kidney leads to the hypertrophy 
and increased function of the other. And although not explicitly 
stated by 'PflUger in this place, we may add to this list the removal 
of a part of an animal, th.at leads to the regeneration of that part, 
Pfluger fnrther states that we are making no subtle distinction when 
we point ant tbat these phenomena, if looked at from the point of 
view of purposeful acts, appear to have a teleological side, In reply 
to this it may be stated, however l that in certain cases of reg-enera~ 
tion it can be shown that the result is entirely useless, or even injuri. 
ous to the organism; hence the teleological nature of the process is 
entirely lost sight Df, and we are the more ready to accept a simple 
causal explanation of the phenomena, The best example of this 
that I can give is the development of a tail at the anterior end of a 
posterior piece of an .<:arthworm, This process is not an occasional 
one, b':)t is constant. An example of an apparently useful result, so 
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far as the individual's well-being is concerned, but entirely useless from 
the point of view of the continuance of the species, is found in the 
development, in the earthworm, of a new head after the removal of 
the anterior end, including the reproductive region. New reproductive 
organs are not formed, and, although, in virtue of the regeneration of 
a new head, the individual is capable of carrying on its existence, yet 
the race of earthworms is not thereby benefited. The production of 
two tails in lizards, or of two or more lenses in the eyes of newts, are 
examples of the regeneration of superfluous structures. . 

If, however, it is claimed that in the large majority of cases the 
process of regeneration is for the welfare of the individual, and for 
the race also, this must he admitted, and it is this fact which has made 
a deep impression on the minds of many biologists. 

From the causal point of view, we may look upon the formative 
changes as the necessary outcome of strictly causal principles, and 
we may "uppose that they take place without respect to the final 
result. But the question before us is rather to explain, if possible, 
why the changes that take place are in so many cases useful ones. 
That they are not always useful must be admitted, that they sometimes 
are must be granted, and it is the latter alternative that has attracted 
special attention. Now it is undoubtedly the simplest solution to 
claim that the scientist has nothing to do with the adaptiveness of the 
response, that his whole problem lies in a study of the causal phe
nomena involved in each process, but it is unquestionably true that 
scientists have not been satisfied to confine their hypotheses to this 
side of the question. The widespread interest in the theory of natu
ral selection is, I think, due to the fact that it appears to offer an 
exp)anation oi ihe iormation oi aaaptive processes - not tbat it 
pretends to explain the origin of the adaptive structures or processes 
themselves, but that it seems to account for the adaptiveness of the 
fully formed product, i.c. the organism. For it will be 5I,en that if 
only those forms (variations) survive that are useful, and survive 
either because the endronment selects them (and exterminates the 
others), or because new forms that arise find a new place in nature 
where they can remain in existence, then the adaptiveness of the 
form to its surroundings would seem to be accounted for. In this 
case we can see how the causal processes that take place in the organ
ism need have no· causal connection with the envlronment,-except 
in the sense that the environment has acted as a selective agent, and 
appears, therefore, in the light of a teleological factor. But, as has 
been said before, the question is not so much that organisms are 
adapted, as that organisms respond adapth'ely to changes to which 
they can never have been subjected before. It is for the latter fact 
that a solution is to be sought. 
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In this whole question there is danger of extending our own expe
rience as agents in the constructing of products useful to ourselves. to 
the organic world, in attempting to account for the way in which the 
useful characters of organisms have arisen. \Ve see a ship being 
built, and we know that when it is finished it will be usc! ul. \\' c 
explain its building by its future usefulness,- that is, we explain the 
process as the result of human teleology_ But have WI.! any right to 
extend this principle to the organic world, and infer that processes are 
there carried out bl'Calisc they will ultimately be useful to the individual 
in which they take place? Unconsciously we hare shifted our pOint of 
view. The ship does not build itself, and the final result of the build
ing is of no use to the ship. On the contrary, the organis111 does 
build itself and the result is useful only to itself. L'nlcss we suppose 
that some external agent acting as we do ourscl\'cs directs the 
formative processes in animals and plants, we arc not justified in 
extending our experience as directive agents to the construction of 
the organic world; and if we arc not justified in drawing- such a con
clusion, since the organism by no means always responds adaptively, 
and in many cases vcry badly and incompletely, then, it seems to me, 
we must look for another pomt of view. 

In connection with his work on the regeneration of the eye of the 
salamander, Gustav 'Nolf{ ('93) has made some sweepin" statements 
in regard to the phenomenon of adaptation. H Purposeful adaptation 
is that which makes the organism an organisn,. It is this adaptati\Jn 
that appears to us as the most characteristic property of all living 
things. We can think of no organism without this characteristic." 
In ano~her place he states, " ... we recognize that every explana
tion that presupposes the living being, every post-vital explanation of 
organic adaptation, presupposes in every case that which it attempts 
to explain; we recognize that the explanation of adaptation must co
incide with the explanation of life itselL" There is, perhaps, some 
truth in this statement, but, on the other hand, vVolff has, I think, 
shot somewhat over the mark. As Fischel (1900) has pointed out, 
the response is sometimes not adaptive, as when two lenses develop 
in the same eye in the salamander; and, We may add, as when an an
tenna develops in certain crustacea in place of an eye, or as when a 
tail develops instead of a bead, or a head in place of a tail. In the 
light of these facts, it is, I think, going too far to assert that the power 
of living things to respond adaptively to changes in themselves or in 

. their environment is synonymous witb life itself. All that we can 
fairly claim is that in several cases living forms have been shown to 
be able to complete themselves, and this may be interpreted as an adap
tive response. It would carry us far beyond the scope of the present 
volume to discuss the question of adaptation in general, and I think it 
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hi~hly probable that it will prove true that there are many kinds of 
adaptive responses that must be considered separately and each on its 
own merits. Let us, therefore, confine our concluding remarks en
tirely to regenerative changes which, after they have been completed, 
are for the ~ood of the organisms. Our preceding discussion has led 
to the conclusion that the phenomena of regeneration are not pro
cesses that haye been built up by the accumulation of small advances 
in a useful direction; that they cannot be accounted for hy the sur
yival of those forms in which the changes take place bettcr than in 
their fellows, for it is often not a question of life and death whether 
or not the process takes place, or even a question of leaving more de
scendants. On the contrary, it seems highly probable that the regen
erative process is one of the fundamental attributes of living things, 
and that we can find no explanation of it as the outcome of the selec
tive agency of the environment. The phenomena of regeneration 
appear to belong to the general category of growth.phenomena, and 
as such are characteristic of organisms. Neither regeneration nor 
growth can be explajned, so far as 1 can see, as the result of the l1se~ 
fulness of these attributes to the bodies with which they are indisso
lubly associated. The fact that the pr<1cess of regeneration is useful 
to the organism cannot be made to account for its existence in the 
organism. 
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