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AlJTHQR'S PREF~E 

'I'Hmu! is, so m: as I know, no work ~liah which "" ... '" 
giving an accoutJ of tpe pkysiology of the lower organisms. 
Few of those who are aware- ofothc existence of W'mtetatein'8 
monumental work are likely J6 find the time tolbbtain from its 
~c pages a bird:&-eyc view of the ground already'" 
tntvetaed and the Jie.lds that lie ripe for the reeearcb worker 
armed with sufficient familiarity with animal life and under-
8taiding of physiologicel methods of inquiry. Wintetatein '. 
V ergiJJiclteruk (hy~ meeta the needs of the reaearch worker 
who is in search not of problems to tackle 80 much as detailed 
information of ·previous inquiries on eimiIar lines to those 
with which he is concerned. There seems nothing to supply 
any encouragement to those who are not sufficiently advanced 
in their studies to distinguish between linea of inquiry that are 
practicable as well as profitable, to realiee as yet what materiale 
are aveilable for the solution of the problem in which interest 
has l!lready been quickened, or to have gained much inaight 
int6 the methods at our dispoeal for extending our knowledge 
of the physiology of the lower organisms. 

I am well aware that to attempt to supply this need within 
the limite of apace at my dispoeal would be a sufficiently 
embauaMing task lor an author reesaured with a far more 
euJted _ of hie own equipment for the task than I can 
boast. If I have aua:eeded in ttimuJa!iug twenty-one yeas of 
IF (or thereabouts) to dip Into d. immense and at present 
~ literature and find _ &uid'ullields of iDqulry and· 
III:)GRlII8 ~ _ precise information can be ~ 
I"have •• ~prec:iselywhat I _ out to do. 
~ . dIIIpten.tepl'pIOt the materials of a c:oune of 
~.~ ... iahZoolocrl)epartmeat ___ iD ... , 
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the Department of Physiology in Ed.fuburgh University to 
medical students having completed a COUlBC of elementary 
physiology and to science students taking an honours COUlBC 

in zoology. I have in mind the same mixed audienCe tIS 

readers: the advanced student in zoology who knows very 
lftt1e physiolog)\, ~d the student who, having passed through 
a course in ph~ designed to equip biJn.for the pursuit 
of the medical proffWon, may wish to acqtJire information 
about branches of tH\ subject that have at present no such 
remunerative value. In doing this one}laa t1to feeling of fa1ling 
between two atools. The p,Itysiological critic will object to 
dealing with .pies which prad4iOJlers do not regard tIS the 
'buain_ of the physiologist; WJille zoologiata will protest 
againat omission of reference to experimental work which seems 
to them to be tIS important as much that has been treated as 
physiological in the pages which foUow. • 

Since the objective of physiological inquiry ;, the quantita­
tive study of the relation between processee.characteriatic of 
1iving organisms and properties of inanimate matter, in 
attempting to treat the subject with reference to a coherent 
theme one of two counes is open: to illustrate the known 
properties of non-living matter by reference to their operation 
in the ~ of living organisms, or to consider what are 
the characteristic properties of animate systems and inquire 
how.far it is posstble to interpret each in terms of knqwn 
physico-chemicallsws. • 

Against the former course, it is BUflicient to point out: 
first, that this method of treatment has been adopted tIS 

succeeafully and comprehensively tIS posstble in the existing 
&tate of knowledge in such worita tIS thcae of ~ and of 
Roeber ; secondly, that if carried out oonaiatently it nece88iIatea 
the elimination of aU reference to some of the most character· 
istic properties which ~ Jiving systems. Generally 
speaking. thcae who reatrict tile scope of physiology to phd1o­
mena for which ready-made phyIico-chemica txplanaI.ioria .. 
at ~ IIlIIke at!."on for1be ~ of·Mlex adioa. 
By - ~ _ftRfiOn thia gp:e ~ rfty.~ to 
:*'l~~iI\«""trepHduc'(Io, I~_~". 
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reg.lfding the buildfug-up of a new animate system as • proper 
field for physiological inquiry. 

On the other hand, I do not regard the tenns "experi­
mental.. and "quantitative" in the sense employed abo"e 
as co-extensive. Fo~ this reason no reference is made in the 
last chapter to the large' body of work on implantation fPf 
organs and regrneration, much of which is <IiIreat importance, ' 
but like the too,familiar d"escriptions of trac( ~ the mammalian 
spinal cord, not susceptible as yet to ~tment in relation to 
the fruits of inqlliries based pn the use« physiological methoda 
as ordinarily un&rsto&d. 

Generally speaking, ~ hav: borne in miJ¥I the fact that 
Winterstein's Htmtlbuch inakes the literature of comparati"" 
physiology accessible to thOie who care to consult it up to 1912. 

I have therefore aimed at familiarising the reader with what 
has been done during the last ten or fifteen years. Where 
references cannot be obtained by consulting monographs, the 
particulars of"the journals in which they are found are given. 
The completeth of Winterstein's bibliography makes any 
attempt to give further assistance to the student a work of 
supererogation. 

In the selection of materials, one is natural1y expreasing 
one's individual judgment; and it is hoped that the reader 
will appreciate that the author puts forward no claim to be" 
authoritative or encyclopmdic. The material selected ~ been 
chbsen to help the student of zoology to appreciate what is beinr 
achieved by the application of physiological methoda to the 
stuay Of tbdower lIliiuWs, ana to Widen the 'holizon of the 
student of physiology who has not been brought into touch with 
the diversity of problems which are suggested by a conaidera­
tion of function in a wider range of animals than those with 
which he has been ac:cnstomed to deal in the coune of his 
medical studies. • 

My thanks are due to Dr.)1. D. Macdonald and Mr. A. D . 
.Hobson, who read the MS., and to Professor Julian Huxley fof 
.aluable~, 

LANCELOT T. BOGDEN. 
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COMP A~ATIVE PHy&10LOG"Y 

~HAPTER I .. 
MUSCULA;R. CoNTRACTION • 

PHYsIOLOGICAL science is cOncerned with describing those 
properties which distinguish living beings from inorganic 
obj~, and relating the prOcesses speciaJly characteristic of 
the former to ~ more familiar and accessible phenomena of 
which we have 'j,UCt knowledge in the realm of inanimate 
matter. It is not legitimate to be dogmatic regarding the 
extent to which similar principles will be found to hold good 
both in biological and physical science. But the onus of proof 
lies on those who discourage the attempt to further this end. 
There have always been those who wish to set limits upon the 
extent to which the mechanistic approach to vits! phenomena 
can f;OIItinne to yield profitable results. On the very eve Ilf 
Wlihler's synthesis of urea, Henry wrote with reference to the 
artificial production of organic compounds, .. It is not probable 
that we ahsIl ever ~ the power of imitating nature in these 
operations. For in the functions of a living plant a directing 
principle appears to be concerned, peculiar to animated bodies, 
_. superior to and differing from the cause which has been 
termed chemical aftinity." It may ~ said, however, that the 
~ of a mechanistic outIoOIt."mnds quite apart from· the 
~ of manufaeturing animate systm», just as truIJ .. 
. .. ~« ~ the SI1OVeIIIad8 of the heaveDtv 
1Joi&a .. ' ••.. _. . ~ ~.~ relations of immedillte c· , 
..... ~ ofldMdikelihOClCi>that 'We .. em' 
__ .in:~~a.Iiew"""'for<~. 



COMPARATIVE PHYSIOLOGY . . 
For our present purpoae we shaD wh_ possible seek 

to relate the properties of lMng matter to thoee of inanimate 
nature; where this cannot be done in the present state of 
knowledge, we must proceed with the. task of recording our 
observations, 811 in the physiCIIJ sciences. in qulIDtitative 
lerma. 

In 80 doin). we shaD CODSider first tlle character.istic 
activities which living organisms display; setond. the sources 
of energy which lie behind these activities; third, the way in 
which the activities of aD organiam are co-trdinated with the 
changing conditions of the external world; and finally. the 
means by whith a new animate\mit is brought into being. 

• Organi.sma respond to their si;r'roundinga by movementa of 
various kinda _radGr. t:iUy,' tlIIJtJIboit:l; by the elaboration 
of material secretions; by the production of IitJa. eketrical 
tlifduItp; and by changes in bodily coIovr. Structures ~ 
carry out these responses in Metazoa arecollec:tVely refernd to 
as eJ!«tor org_. The first type of effector which will be dealt 
with ia xnuacle. Muscular activity ia a ubiqurtoua ph_ 
in metazoan organisms ; and therefore cannot be excluded from 
the present survey of the physiology of the Iovm- animals, 
although our knowledge of ID1l8C:UIar roechaDiam is latge1y 
dc:riwd from the study of vertebrate animals. 

Of DO form of responae in organisms ia our knowledge more 
extenaive than in the caae of ID1l8C:UIar IlOOtraction. • The 
greater part of this knowledge ja based upon the 8lUdy of 
amphibian akeletal muscle. .Before c:onaideriag the quaatiIa­
\\U~Q{~~~--'~-vmh~ 
in UlUICIe, a brief eIr.etdl IDUIt be giftIl of tboee ~ 
~.whichQUlbe~wheaan"'GI\1IIIIe 
is allowed to lift a weiBhted ""-whoMI.--t ia-W 
on the aIIl'JD of a ~ drum. By thia method ~ 
~)- QUI ~I\-- pnIIrniaaJ, inaiPt.1Ite 
~. __ iD. .. COIItI'aCiiOD ... 

WlIeaa IJIIlIIde ia ~.by ....... eIec:tDe8I ......... _ 
'!,\UmI ~iD. .... -::t:;~ ...... :~::(t.' 
peI'iod "' ..... __ '11 . . ;hoc"'! 0""., • .... __ ........ ;CIf..,.. ... l •. ~.fIt .1$ •. 
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first sight appear a simple issue, it is rea1ly a very complex one, 
and it is only within recent years that the work of A. V. Hill bas 
placed the question on a satisfactory basis. 

(a) 1Iecbantcal BeIpoaae ill JIud;e.-In attempting to 
grasp the significance of the chetpical and thennal I18pects of 
Contraction. it it necessary to measure the potential mechanical 
energy of contrahion. The inevitable limitations of laboratory 
equipment tend to give the beginner a disterted idea of the 
significance to be attached to records of work done by a muscle 
in lifting a lever. Since the tension. of th~ muscle is not the 
same at every stage in the QOnlt'action, there are two obvious 
difficulties ilf' the interpretatidn of observations on isotonic 
contractions: either the muscle. Is too heavily weighted and 
cannot contract fully, or it is Insufficiently weighted at the 
beginning and cannot exert its maximal energy. A more 
subtle difficulty lies in the fact· that the muscle is an eIaatic 
body. When a resting muscle is stretched by,virtue of : load 
it possesses potential energy like that of an extended spring ; 
thus it does not follow that the work it may Se made to perform 
when its tension is increased during excitation is entirely the 
result of the energy so liberated. An analogy given by A. V. 
Hill will make this clear. Imagine a balance with two scale­
pana equally balanced when empty. Suppose that a weight of 
one kilo is placed in one pan, the other being held in its original 
pIl8ition by a spring. The spring is now exerting a tension of 
one kilo. If a amall weigh*-Bay, 10 gIlIID&-is placed on the 
empty scale-pan it will sink, let us say. I cm., and the other 
pan will be raised a corresponding height. thereby doing work 
proportioDal to the product of the weight and the dia1uce 
through which it is raised. Clearly the lC>-gratJl wdght haw 
not contributed more than _lnmdredth of this·eIIIIIJY; the 
remainder is derived from the potential energy of dae1lpriJlf. 
Injustthe same way. ~-,ty1'lbiclI we.getOUt f4. ~ 
III,U8C)e is not. simply the .,uat of energy tiberatad liY:tlae 
LlOIltIactilemec;banian _1Iriao. '. . .... ' '.' 
. The Wllyia1'lbiclIwe .. ~ thCUI __ hClIOUI.4: . 
~wlIich the: ....... ~, et:"" ia ...... ~ 
!JIlIII1Ir':~:\~U Idill1i\IIiIIa·· ......... -~·.~· 



MUSCULAR CONTltACTION 5 . . 
student who ia familiar ~th the ex:preeaion for maximum work 
done by • gas in changing its volume. The condition for 
maximal work done by • gas in expanding from " .to ,,' is first, 
that the internal preasqre P should be opposed at each stage by 
an extertial pressure P -tip d.itJering from it by an infinitesimal 
amount. Then. if the process be carried out lISJ slowly that the 
gas is not allowed to gather momentum and Cfiaipate part of 
its energy aa heat 

W=j"P.dv 

In order to rea1ise :he toW ame:W of potential energy liberated 
in contraetion. one must irnagirte that the tenaio~f the muscle 
does work at every stage ligiUnst a load differing by an in­
definitely amaH amount from'the tension it exerts. Since the 
energy reIeued at each infinitesimsl step is the product of the 
fon;_into the distance. the total ~ergy is the sum of a aeries of 
products T dl ; _expressed analytically : 

W=J:T.tl1 
(E being the extended length and C contracted length of the 
muscle.) 

In this fonn it is not possible to evaluate W directly. aince 
we do not know what funetion T is of L. But the integral 
fonnula at once suggests that the potential energy of the 
contractile mechaniam is represented by the area of a curVe 
expressing the relation of tenainn to length in the UII8tretched 
muscle. We have therefore to construct a tenainn-length 
indicator diagram for the muscular machine analogous to the 
familiar preaaure-volume indicator of the heat engine. 

The accompanying diagram (F'tg. I) will explain to the 
reader unfamiliar with the notation of the calculus the way m 
·Which w isakulated. OC ia the c:onsracted, OE theextended, 
IeDgdl of an uaatretc:bed ~ •.• TI is the initial tension of 

. the~, T I • Ta. T •• etc., the tensiona e:mted when the 
.... - h ;toWed to shorten by equal steps /:;.1. The .......... ~ 1\ md: 'f,. Ts md: '1' •• etc., lin 
,.. 1 :I.'_' Ib " •• ts, de. In ClOIitrIadirlf through the 

. ~: .... Attit 'IIft .... (force X~ iI,'t.ti.1. m 
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contrac:ting through the tIeCOIld step. the work done is ts6.1. 
The total work is the sum of a series of products repre­
sented by the rectangular areas whicll are together equivala!t 
to the area T,EC. '. . 

If T, C is curvilinear. the area enclosed by the curVe may be 
made aa ncar f8 we like to the sum of these rectangles. by 
making 6.1 sufIlciently small.· • 

To construct such a tension-length curve the muscle is 
excited isometrically. i.e. an arrangement is used by which the 
tension is recorded by a spring J~er -,fithout appreciable . . 

• 

• 

,,' l:>.l 
~ __________ l _________ ..s; Q 

Flo. t. 
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Th.; teII8ioa ~ when the mIl8CIe iI atimulated is theA 
recorded. This ~ tho force tho IIWICle aeru when 
it ... contracted through I mm. In a simi1ar way tho tension 
is observed in stages of I mm. till tho IIWICle is 10 alack that 
it aeru'no teII8ioo on tho lever, ;.e. till tho damp ... been 
raised through a distance coiresponding to that through which 
the tnUIICie contlldS in a single twitch. • 

The ~t is only valuable .. a means of arriving at 
a aimple expreesion for CUI. in terms 01 eaIi.Iy detetnlined 
quantities. Now-the ~ energy of an elaetic body 
stretched to a Iaigth J: from. thI uneztendetl condition QI is 
ITJ:(l-tJ:), and we might therefore anticipate tllat the energy 
01 contraction would be of the general form K.Tl, when K' 
is a conRant, T the initial 'tension and I the nonnal1ength. 
According to Hill's determinatiOJl8 the area of the tenaion­
~ curve satisfies tho relation K=I/6 approximately. 
~ the ~ energy libeIated in a single twitch is 

Tl/6. In practice all this energy is not realised, becauae while 
it ... been found"poesible to devise an apparatus by which the 
force opposed to the tnUIICie is ba1aru:ed against the actual 
teII8ioo throughout the act of contraction, we cannot carry 
out the process 10 slowly as to avoid degradation of energy 
through internal friction (i.e. protop1aamic viscosity). For 
an unde18tanding of the mecbanic:s of muscle we are only 
concerned with the theoretical value 01 W, i.e. Tlf6. 

(It) a..tcal fteaoaaa ill " .. " ot'v 01 .... -The 
~ lacIlI as regards skeletal muaclc are two: first, that 
the muscle can contract and max in tho total abeeoce 01 os.ygen. 
thougIt the preseoce of qxygen delays the 0Jl8et of &tip ; 
secondly, that Jaetic: acid is produced in the process of con­
UIIc:tion, opidly c1isappesriag in the presenee of ~, but 
~ if ~ is ududcd. The elucidation of tbis 
aspect of the COIltIaI:tik ~ ~ due in tho first place 
to the'lll'llll of Fletcher and HopCina. The CIIIIdutioat which 
_ .. ~from IIbeir ~ are that the prodUctian 
of"'acld~ ........ of 0I:fIIII1 ia the as.Iieftt __ . 
....... the 1c.ion which tMIta in ~ .ClO8-
~~~:CC~d~.C' . ' 'NQ .0( Jaetic: ....... the 
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phenomenon of fatigue, in which the' ~ is unabie to 
recover ita original reactivity between' sucoesaive stimulation ; 
and that the oxidative removal of lactic acid is an essential 
feature of the recovery process by which the &tate previous to 
excitation is restored. More recently Meyerhoff has shown 
that the appearance of lactic acid in muscle is correlated with 
the disappearance of a correspondipg amount of glycogen, a 
hexose diphoaphate being an intermediate C9ffipound in the 
transformation. The appearance of the lactate ion in the 
contraction process must not be. taken to ialply that there is 
any observable increase in Wdfogen' ion loncentration in a 
single twitch if short tetanus ; ·~tchie finds that there is not. 
'The presence of free lactic acid must ordinarily be instan. 
taneous, as one would expect in It buffered system such aa that 
which exists in tissues. Since the mechanical relaxation of 
muscle OCcutS as wen in the absence of oxygen, thia part of the 
recovery may be assumed to correspond with the lmme&ate 
neutraliastion of the lactic acid set free at excitttion. Further 
light can be obtained on thia question by' considering heat 
production in musc:ular contraction. 

(c) Beat ProducUoD in lIDIIoIe.-That the temperature of 
a muscle rises during contraction is easily demonstrated by 
stimulating living and dead muscle in contact with the metallic 
"junctions of a thennopyle placed in circuit with a sensitive 
galvanometer. The extension of our knowledge of the heat 
production of muscle in recent years is chieBy due to the work 
of A. V. Hill. Two questions are of pre-eminent interest 88 

throwing light on the mechanism of muscular contra£tion, 
namely, the relation of the heat produced to the chemical __ 
of the contraction cycle. and the telation of heat-production 
to the potential energy for mechanical work set free at 
excitation. 

Hill has fortnuIated the fimt of these two issues m the 
£ollowiDg way: Ia the heatJprodnctjon of muscle gi¥en oat 
in _ proo;esa by which the tension of muscle is·~ 0(. ~~ f.ll'!ICCIIB by .. :wIIioh •. IIlMIljm!a iu ..... ". 
tD •• ~·~·i.iA ~.~."#l';. 
~.k4~e~.11;.~"~~i~f.·· 
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production mel ~ the dfecta of stimulation upon beat­
production in conditioIIlI promoting or impeding the recovery 
procesa. 

According to HiIl'1t data three definite conclusioll8 can be 
drawn. . Firstly, when' a muscle is excited directly or indirectly 
in oxygen by either a single shock or a short tetanus, the 
liberation of heat continuqI foe some time after the mechanical 
respon8e is over, Secondly, the amount of heat so liberated 
after mechanical response is over is, in oxygen, at least as great 
as that evolved m. the contraction and relaxation itself. But 

• . . 

Heat production in N. 
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Thus part of the heat genemed in muscular eontmction arisea 
in the procesa which reauIta in tensioJi, part in the procesa by 
which the substance liberated at excitation is reinstated 01' 

rCmoved. 
When the muscle is stimulated isOmetrically 110" work is 

done. All the energy must disapPear as heat. By subtracting 
the best-production of isometric contmction in nitrogen from 
the beat-production of isometric contraction. in oxygen, that 
of the oxidative recovery process is obtained. The heat­
production in pure nitrogen representa, en the bypothesis 
advanced above, at least two processes': the "liberation of lactic 
acid and ita> subsequent neutralisation during relaxation. 

"The formation of one gram of lactic acid from glycogen in 
vitro is accompanied by the Iibeiation of I«)O calories. The 
appearance of one gram of lactic acid in muscle is asaociated 
with the evolution of total energy-equivalent to nearly 400 caIa. 
The beat of neutraliaation by bicarbonates or p~osphates A far 
too small to account for the excess. Meyerhof suggests that 
the remainder may be due to the beat of diaaociation of the 
muscle proteins. This has recently received some experimental 
confirmation from the work of Hartree and Hill, who have 
shown that to keep the hydrogen ion eoncentration inside the 
muscle within reasonable IiInits, we muat assume the existence 
of some buffer in it more effective than a bicarbonate or 
pboapbate solution. As in the case of blood, this is presum­
ably brought about by alkali proteinatea capable of forming 
neutral salts and undisaociated protein. 

The best-production of oxidative recovery. on the other 
hand, only accounts for a amaU fraction of the lactic acid which 
disappears. Hartree and Hill estimated that in oxygen the 
delayed best-production is one and a half timea the iniUaI 
heat-production, vibicb repreaents about 400 cala •• as stated, 
per 1 gmt. lactic acid. TLe c:on1bustion of J gmt. of lactic acid 
is accompanied by an evoInti~ of 3661 calories in vitro. Since 
now, aa:ording to Meyerhof. the diaappearaace of lactic acid 

~-t1leieDetV_.~~" ~~ .. ~ ~ __ : 
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lItis-t in part for the resynthesis of the remaining Iacti( 
acid. About one-tifth 'of the lactic acid removed appeara til 
be oxidised. The sequence of phenomena is repreeente(l 
diagtammaticaUy in Fig. z. 

(J). lWan ei &be .1Itnban1sm In considering tIM 
heat-production of muscle in relation to the chemical event! 
of the ccmtracIion cycle~ the muscle baa been lI88UJIled tc 
respond under .conditions in which no mechanical work iI 
done, ao that all the energy set free at excitation is meaaured ill 
heat units. It hat been &hown, however, that we can determine 
how much of thiS enetiY ia .aVlli1able for the performance oj 
mechanical work in appropriate circumstances •• The potential 
energy available for the performance of mechanical work in I 

single twitch is TI/6. When the value of H for initial heat· 
production (heat-production without recovery) in isometri< 
~on is reduced to the same unita, the ratio Tl16E 
expresses me.absolute mechanical efficiency of muscle; and 
ita value is found to approximate to unity (aa high aa 0'91 in a 
series of A. V. H!ll's experimenta) in a snitable muacle such 81 

the frog's sartorius. This implies that the whole of the ener&l 
liberated at excitation is free energy, i.e, capable, unlike heat, 
of being tranaformed entirely into mechanical work. 

Heat, lIS implied in the Second Law of Thermodynamica, 
cannot be tranaferred into mechanical work without waate, 
No heat engine can be more efficient than a reversible engine 
working between the same temperature-limita. ;.4. with I 

maximal efficiency of T - T' IT on the gas thermometer acale. 
i'lUIIJ m orcrer lIlat' a Iiog-a sartbnWrmay-daveat£~.n' 
O'sS (which is aetually realisable). it would be neceuary. on 
the IIIlIIUmpIion that the energy was derived from the heat 
proctuced. for the muscle to be raised to a temperature above 
the boiIing-point of water. The muscular machine is not 
theref_ a heat engine; ancf the 4ct that all the energy set 
freeat~ is avaiJabIe for doing mechanjaa) work aignifiea 
that ." /Ie ~ 4t the -'of'_': 

IibenIted -.lei be 
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how the application of acid to a colloidal system may give rise 
to a considerable quantity of mechanical energy. Thin strands 
of catgut immersed in acid undergo quick and extensive 
shortening; the process is completely reversible when the 
acid is removed, and can be repeated indefinitely. Shortening 
in the length of a muscle-fibre could occur without a change in 
volume by increased curvature of t.\te 8urfaCe'l as regards the 
muscle as a whole, this as a matter of fact is what does happen. 
Now Hartridge and Peters have shown that increase of hydrogen 
ion concentration increases the surface tension at an oil-water 
interface, and Neuerschloss Jinds that anafogous phenomena 
occur with IQCithin sols. Ther~ is very good reason, based 

'on the penetration of dyes into living cells, to hear out the 
conclusion that lipoid substances accumulate at the cell surfaces 
and interfaces. Hill has shown that, provided that the muscle 
is allowed to shorten helot'e maximum tension has been 
developed, the heat-production of a muscle w4ich is rel~d 
after stimulation so as to shorten (without lifting a weight) 
is less than in a rigidly isometric twitch; this~ so if the muscle 
shortens while the processes which give rise to tension are 
still at work, but if the muscle is liberated after maximum 
tension has been attained there is no diminution of heat­
production. Were the heat-production uniformly distributed 
through the substance of the muscle one can See no reason why 
this should occur, since the muscle does not change its volume. 
But if the heat production is located at definite interfaces, it 
must tend to become smaller if the area of these interfaces is 
reduced, as it presumably must be, when the muscle shortens. 

(e) BIectrieaI. PbeaomeDa in III111C1e.-\'Vhen the cut end of a 
muscle is connected with one lead of a delicate galvanometer 
and the uninjured surface with the other, there is found to be 
a difference of potential between the two surfaces, the cut end 
being negative to the unUfjured ~ace of the muscle. When 
the latter is stimulated, there'ls a diminution of this potential. 
This diminution or .. negative variation" is referred to as 
current of octMm, and flows in the opposite direction to the 
normal or demarttdioft &1Im!1II which is 'tram the cut to the 
uninjured aurface of the resting~. tlt is not a Bpf.dfie 
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Ittribute of the muscular mechanism, but is a phenomenon 
!bared by other excitable tissues. It has been the subject of 
~ve research partly because of its practical application 
:0 the diagnosis of heArt disease (electrocardiography), partly 
JeCaU8e 'it provides a' "elY, delicate means of detecting the 
!Xistence of an excitatory process, where mechanical appliances 
fail, and to some extent because it has been customary in the 
~ast to seek for an explanation of colloidal behaviour, and 
therefore the processes which occur in the living organism, in . 

FIG. 3·-Time relatione of the electrical \"Briation in the isometric 
respo .... 10 two IUCceaive stimuli (after Fulton). 

• 

Responses of the intact KUtrocnemiua of a decerebrate frog at 16'5'" 
Time indicated above, 0'0% sec. The horizontal shadow. from above: 
downwards are: the signal denoting the moment of the aecond stimulus 
1_); the I11)'Ogf8pb; the airing of the galvanometer; .;pal for the 
first .timuJua (break); line of zero tension. :19 nun. movement of the 
m)'Ognlpb ~r bei.og"luo) 10 5co_ ti!mWn. SWn& tmaitm 5_ 
per m.v •• the magnifi<:ation beine :085. Stimuli delivered to the cut n ..... , 
the cathode ~ at a point 1'9 em. from the entry of the nerVe into the 
muscle; atimuli Jua ... maximaI induction &boclta. Initial ..... ion 90 __ 
F_ of ,be myograph .00 per _. 

terms of electrical phenomena rather than the stoichiometrical 
relations which form the· subject-matter of traditional 
chemistry. • 

.There is little doubt that the demarcation current arises 
from the disln"btttioa of electrolytes in the muacle system; it. 
relation to ~, according to the work of Bernstein, 
£oBows the therul4IdinamtcaI relation whkh _lies to the 
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concentration cell. The action-current 0CCUtlI in denervated 
(Adrian) .. well as nonna! mU8Cle. It' travels as a wave a10ng 
the length of the muscle like the mechanical response itself. 
Any ettited region becomes momentarily electronegative to an 
unexcited part. The existence of this" potential indicates a 
redistribution of ions within the system in which the potential 
difference is developed. One explanation, olfered by Mines, 
is that the sudden concentration of hydrogen ions at the 
sensitive surfaces of the fibres sets up there a condition which 
may be likened to that of a concentration battery. There are, 
however, two very cogent obj,!ctions ot a g~era1 nature to this 

~ . . proposal. One is thst the 
.. - . '_.- - - . electrical change in striped 

'" Sm.·' muscle (see Fig. 3) is 
practically complete before v-v1 ~~r:' the mechanical response 

if I begins ; the pegative vana-
tion occurs in the latent 

m period a1ld begins con-
temporaneously with the 
application of the stimulus. 

FIG. +-Mecbanical beat (m/ and olec- It is thus probable that 
tro-cardiagram (e)ofbeortofHom&l'IIa. the electrical phenomenon 

is associated with events 
antecedent to those with which Hill's hypothesis is concerned, 
since Hill has shown that the production of acid continues 
up to the point at which maximum tension is developed. This 
conclusion is strengthened by the close similarity (Chapter VIII) 
between the electrical accompaniments and physical conditions 
which are associated with the initiation of the excited state in 
nerve and mu.scle. Therefore the electrical response may be 
considered more conveniently in relation to excitation in the 
more restricted sense (Cllapter· VIII). It is of inten:st in 
connection with Mines' hypothesis, however, to note that the 
phase of negative variation is often succeeded by a _d 
phase which is developed at the ~ of the mechanical 
response. Possibly the origin of-ihe~ phomomena is 
itself QOlJIPlu. It is diftic:ult to betie¥i tiIat a ~ 
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of hydrogen iona,auch .. Hili'. hypo!heais demands, prod.uces 
no measurable bio-electric effect. 

(j) 'l'he~ 01 bu.-An aspect of mueeular 
contraction which is still very obscUIe is exemplified in a ra!hel 
striking manuel by certain contractile mechanisms of invertc 
brate8. In the living 3IIimaf a skeletal muscle is not nonnall­
reJ8xed compl~, as in ~ iaolated nerve-muscle PrepanltioO 
The partial contraction ()f skeletal muscle in situ is maintaine< 
by !he C.N.S. The opposite is !he case wi!h smoo!h muacl, 
which when isolated frolll the body remains in a state of tonus 
and in !he intact ariim.aI is subject.almost univeISal!y to contro 
by nerves whose action is inhibitory. Smooth muscle ~ 
capable of maintaining this state of tonus for very long period 
without any appreciable sign'<)f fatigue. Thus Parnas (1910 
found that !he adductor of !he mollusc Dioxinia can keep it 
shell closed for twenty or Ihirty days at a stretch against : 
tensi~n per sq .. cm. of lIluscle attachment of about two and , 
half million dynes-a t"nsion exerted in virtue (!f !he eiasti. 
cushion which ca&es the shell valves to fly apart when tru 
muscle is relaxed. This can be brought about, in !he freshwate 
mussel Anodon at least, by stimulating !he inhibitory neIVe 

from !he pallial gangliOll; section of !he nerve supply of !h, 
adductors does not lead to relaxation. In Pecten a raIhe 
curious phenomenon rt;sults from the co-operation of tw( 
separate constituents of the adductor muscle, one composec 
of striated fibres and the other of smoo!h muscle fibres. Whet 
scallops (pecten) are taken out of !he watel they usually giv. 
one or two lIaps of the flhell-valves and then close tightly; t 
a solid object is inteIp08ed between the valves !hey close on il 
like • vice. But if the foreign body is then made to slide OUI 

of poRtion. the valves remain set fast at the same degree 01 
closure. Uexkull (I9IZ) has shown that on cutting away till 
emooth muscle, the renlaindel" can & excited to contractioI 
by nervous &timulation; hut thC contraction of the Btriateci 
1ibree of the ~ pemm only ao long 88 stimulation laam 
The motor portioA (~ fibres) of the adductor aervl!& tc 
bring the '¥lIIves tole!her rapid1y. while the more alowIJ 
'nIIIIIItiH" .catch tnu8IIe ... l-...lh fibrea) beoi. the va1vea c:loIe<I 
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by its sustained tonus. A double neuromuscular mechanism 
probably of the same type exists in the adductor of Astacus, 
Homarus, Carcinus and other decapod crustacea (Lapicque, 
Keith Lucas). The economy of such' an arrangement, which 
combines the rapidity of action of, striped muscle with the low 
energy output of the tonus mechanism, is evident. Tonus is 
not associated with increased metabolism, and cannot there­
fore be of the same nature as a low-grade tetanus. 

The tonus of a catch muscle may be looked upon as a natural 
form of isometric response. We are l.'robaltly dealing here not 
with a change in the intensity'£actor but with the capacity factor 
of the surfac( energy of the cell. It is possible to think of a 

, mechanism of isometric response by which a mechanical stress 
sets up in some part of the protoplasmic system a change in 
phase relations of the colloidal constituents such as to oppose it 
by a virtual tension co-extensive' with the maintenance 'If the 
external force. The coagulation of liquid silk;" stretching is 
possibly analogous. 

(g) Relation 01 the lIIl1l!lcle Cell to ElOOtrolytes.-Certain 
phenomena, notably those associated with the maintenance of 
tone which has just been discussed, raise difficulty in the way 
of any attempt to extend to plain muscle the conclusions 
respecting the contractile mechanism in striped muscle. This 
is also the case in considering the role of the hydrogen and 
calcium ions respectively in the contractile process. The 
effect of adding acid to a saline medium in which a preparation 
of striped muscle is immersed is to produce contraction; on 
the other hand, it is found both for the cardiac muscle of the 
vertebrate heart (frog, dogfish, skate), and the unstriped muscle 
of the molluscan heart (Pecten) (Mines, 1913), as well as for 
various forms of mammalian plain muscle which have been 
recently studied with great care by Lovatt Evans (1923), that 
increased hydrogen ion concentration produces arrest, at first 
reversibly and beyond a certain point irreversibly, in the relaxed 
condition. The action of calcium on striped muscle has been 
carefully studied by Overton (1904) and Mines (1912); in a 
medium containing sodium ions but n; calcium the muscle 
displays rhythmical spontaneous ~itchln~; the addition of a 
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small trace of calcium suffice:; (0 prevent these spontaneous 
movements and bring about stoppage in the relaxed condition. 
Similarly, removal of calcium brings about systolic stoppage 
of the' crustacean heart·(Hogben). Mines also showed that 
addition 'of Ca dimiriishes excitability of muscle towards 
electrical currents of long duration. On the other hand, the 
effect of increased calcium iB to diminish relaxation in the plain 
muscle of the crop of the fowl (Fiengs) and the pharynx of 
Aplysia (Hogben), while complete absence of calcium produces 
diastolic arrest of ~)e h~rt in Pecten (Mines), Raia, Scyllium 

FlO. s,-Effect of e:lcesa of calcium on the perfusf'd hcar(of the 
lobsttr. Homarus (Hogben). 

and Rana (:\'Jines) ; on the other hand, Lovatt Evans describes 
; diastolic arrest in the heart of Helix by excess of calcium. 

So far we have little information with respect to the specific 
role of anions, though certain bf these have very characteristic 
ifeels, as illustrated in the udlversaf action of cyanides in 

ressing oxidative processes. The fact that proteins appear 
o behave as amphoteric electrolytes and are found in the cell 
n general on the alkliline side of their isoelectric point, thus 

. ring as metallic pr~t!,inates, is a valid reason for attach­
ing l'pecial lIignifican~ to th~ relation of karions to biological 

c· 

• 
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processes. On the basis of a prolonged series of experiments 
on the cardiac and striped muscle of the frog, the heart muscle 
of Pecten and several species of elasmobranch fishes, Mines 
has attempted the classification of kations under three headings, 
combining, nomadic, and pofarifing i~ns. Mines JXlstulated 
(I) that the normal activity of the muscular apparatus depends 
on the maintenance of a certain degree of petmeability at some 
cell-surface; (2) that the permeability of the cell-membrane 
depends partly on the chemical composition determined by the 
combination (inter alia) of Ca (an.d Sr )'nder experimental 
conditions) with some conMituent of the cell; and partly on· 

c the electricaf potential between the two sides of the membrane 
itself. This latter is supposed t<) be modified by (a) the ability 
of certain ions (Na and K), the' nomadic ions, to pass through 

" .. ,. ,(I "')~n~ i# 

., ·'''"''lIt",· ".:~·!'I!'. 

I! 'f I , I I I r 
A B I~ 

FIG. 6.-Effect of removal of magnesium (a-A) on the perfused heart 
of Pecten (Mines. Jount. Physiol. 43. 19U). 

it selectively; and (b) the adsorption of certain other ions, 
e.g. Mg, La ... and Ce. •. to the surface itself, thereby 
reducing or reversing its normal charge. The hydrogen ion 
is regarded as acting sometimes in one way, sometimes in the 
other. 

On the whole the indications of recent work are distinctly 
favourable to the role which Mines postulates for calcium. 
The effects of the other polyvalent ions are more obscure, since 
Mg .• , Ce •.. , La •• :, etF.,'agree ",~th Ca in depressing the 
striped muscle of the vertebrate, and that of the crustacean 
heart; while their action is opposite to that of Ca in a large 
number of instances in the case of cardiac and plain muscle. 
Thus in Pecten, removal of Mg, which is apparently essential 
to the heart-beat, produces systolic atl:est, while removal of 
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Ca produces diastolic stoppage of the heart. In his conception 
of the action of the "POlarising" ions Mines was unduly 
influenced by the work of Schulze and of Linder and Picton 
on precipitation of atsenious sulphide sols. The relation 
of valency to coagulabon p.henomena in hydrophile sols of 
sulphur (Oden), lecithin (Neuerschloss), and gelatin (Loeb) 
differs very considerably frnm that described by the Schulze­
Linder and Picton law, and gives evidence of antagonism 
between divalent and monovalent ions which is suggestive in 
relation to certain '\'ital p'henomena described below. Loeb's 
work makes it very ~oubtf"ul if the ~tion of hydrion and trivalent 
ions on membrane potential depend on the sam. mechanism, 
and the degree of reversibility of the effects of one or the other • 
on the vertebrate heart reinforce this conclusion. As regards 

• 
~ "" . .,,(,;;:, 

, 
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FIG.-7.-Efl'ect of removal of calcium on the perfused heart of Pecten 
(Mines, loco cit.). 

the " nomadic" ions, Mines' hypothesis gives no explanation 
of the opposed action of Na and K in certain cases and their 
relative potency in others; moreover, the extent to which these 
ions are actually capable of penetrating the muscle cell is an 
open question. 

Thecombining nature of the Ca ion, on the other hand;finds 
considerable confirmation in the work of Clark (1912) on the 
frog's heart, and is reinforced by very diverse lines of inquiry 
into cell physiology which will be a~bed in connexion with 
ciliary activity. Clark showed th'l.t increase in the CafNa+K 
ratio revives the amplitude of the frog'. heart when it has 
become diminished by prolonged perfusion, this loss being 
associated "ith the 'rqnoval of a substsnce of lipoid nature. 
He suggests that Ca Which precipitstes lecithin, a normal 
constituent of the eel'l memgrane, maintains th normal semi-
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permeability of the nwscle cell by its action on the colloidal 
lipoid constituents of the surface layer. The work of Clowes 
affords a crude model of how this effect might be produced. 
In an oil·water emulsion addition of ca salts produces a reversal 
of phase so that the water becomes the internal and the oil the 
continuous phase, i.e. SO that the system as a whole becomes 
impenetrable to water soluble substances. For a more realistic 
conception the work of N euerschloss on lecithin sols should 
be consulted. If Ca determines the condition of the lipoid 
constituents of the cell surfaces, the assum~ti01i that Na and K 
are nomadic ions in Mines' olletlae provides lor a ready explana. 

• tion of the widespread antagonism of Ca to Na as illustrated 
by the work of Mines on striped muscle and that of Clark on the 
vertebrate heart. Such antagotlism might be regarded simply 
as the opposition to the penetration of Na ions set up by surface 
action of calcium. 

An example drawn from the field of invert~rate ph~ology 
is afforded by the work of Lillie (I909) on the larval of Areni­
cola. The Jarva, of this polycluete in isot8nic solutions of the 
chlorides of Na.,K., Li .• and NH4 undergo contraction to about 
half their normal length in a few seconds, and simultaneously 
the yellow pigment enclosed in the cells of the organiam 
diffuses out into the medium, showing that the normal semi­
permeability of the cells has been suspended. Solutions of 
the chlorides of Mg. • and Ca. • do not have this action either 
as regards the contracture or discharge of colouring matter; 
and addition of a small quantity of Ca.. ions to a solution of 
isotonic sodium chloride prevents the contracture and pigtnent 
extrusion produced in a pure solution of the latter. On the 
other hand lipoid-solvent anJI!Sthetics such as chloroform 
produce contracture and discharge even in pure magnesium 
chloride. This antagonism is by no means confined to muscular 
phenomena. Thus LOeb !I9IZ} showed that if eggs of the 
Atlantic minnow (Fundulus) are placed in hypertonic aea-water 
they remain alive for days. floating on the surface in an 
apparently impermeable condition. If for sea-water hyper. 
tonic Naa is substituted, they sink fa the bottom, undergo 
ahrinkage and.:f8Pidly perish. The addition of a small qwmtity 
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of calcium to the sodijun. chloride solution prevents the 
untoward effects of the latter alone and maintains the nonnal 
impermeability of the e~-membrane. The work of Osterhout 
on the electrical conduCt}vity of plant tissues affords interesting 
parallels •. 

Clowes has in fact constructed a model in which the inter­
stices of a partiti~n of filter-paper fixed by rubber rings in a 
U-tube are filled with an emulsion consisting of oil and a 
saline medium containing sodium, potassium, and calcium 
chlorides in roughJt the pme proportions as they occur in 
living tissues. nle conductivity 'Of the artificial membrane 
varies in the presence of electrolytes in the mediutrl'ln a manner 
closely analogous with the Conductivity of protoplasmic sur­
faces in plant cells, as in Osterhout '8 experiments. In pure 
NaCI conductivity increases; in pure CaCl2 it decreases, owing 
preswpably to reversible chatiges of phase in the interstices 
of the filter pap.-. 

Some light is thrown on the relation of electrolytes to the 
contraction of musc'e by a study of the concomitant electrical 
phenomena. Thus in vertebrate heart-muscle the absence 
of calcium does not prevent electrical changes after mechanical 
response has ceased. To have a clear appreciation of the 
relation of muscle to electrolytes it is essential to recognise 
not only that muscle is the seat of a state of tension which in 
appropriate circumstances results in mechanical work being 
done, but that it is also the seat of a propagated diaturbance 
leading up to the events which condition this state of tension. 
T\lIe~\'ta=.tm:tht.~=~~\I.1I!.~ 
focussed on the events which succeed the explosive breakdown 
of some substance intermediate between glycogen and Iactk 
acid; but, as we have seen, the electrical phenomena must be 
referred to phenomena ind~dent. of the nature of the 
contraction process itself. Th~ Pisturbance which travels 
along the muscle initiating the breakdown of glycogen has so 
many points in CGlnI!lOJl with excitation and conduction in 
nerve that there ia ~t justification for extending to the 
action-current of musclt an interpretation analogous to thaI 
IIUggI!8ted for the ~di~ phenomenon of nerve diecuased 
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in a later chapter. Excitation in nerve depends on aurlacc 
phenomena which are characteristicaily sensitive to changes in 
the ionic composition of the external medium; it is highly 
probable therefore that the effect or. any given ion may be 
independently related to the initial and final stages in the 
contraction cycle; and we $hould therefore be wrong in 
drawing from the different behaviour of Striped and plain 
muscle to electrolytes the concluaion that the contractile 
mechanism is fundamentally different. This is clearly the 
case with the calcium ion. Diastoli~ arresl of the heart of the 
frog (Daly and Clark) in the absence of Ca ions is not due to 

( any failure of the excitatory meChanism: the electrical response 
continues. On the other hand; 41astolic arrest of the heart of 
the lobster (Hogben) by excess of calcium ions is associated 
with cessation of the electrical change, and is probably due to 
the depressant action of calcium on the excitatory p~ 
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CHA1>TER II 

ClUARY ACTIVITY, AM<EBOID MOTION AND COLOUR IUISPON'SlI 

IN the previous ch:!pter we have considered a form of response 
which has several aclvantaies for ex,perimental treatment. 'The 
activity of skeletal muacle is not spontaneous, it can be made 
ac:cesaible at win. Further, muscular tissue can be obtained in 
sufficient bulk to facilitate very considerably the measurement 
of the energy changes which accompany its activity. On the 
other band; all that we know of the muscular mechanism is 
of a stwstical .pature. In the case of ciliary, ama:boid; and 
chromatophore movements, however, it is poaslble to make 
direct observatioruf on individual cellular units. To these 
forms of response, which are more conveniently studied in the 
lower organisms, we shall now tum, taking first of all ciliary 
activity. Of this, our knowledge has been lately advanced by 
the extensive investigations of Gray (I<)ZZ-I92f), which will 
form the baais of tlIe present treatment. 

CiIiar7 IIoIiioIl.-For a clear appreciation of the issues 
raised by a consideration of the mechanism of ciliary motion, 
a few remarks must be introduced concerning the contractile 
~ n£ • .ciliattd mL YJvDUah1c.material Jor observa­
tions of this kind are alforded by tbe gilla of the common 
mlael Mytiltu. The face and sides of each filament are 
respectively lined with frontal and lateral ciliated cells, wbose 
movement maintains an efficient stream of water and mucus 
(see Chapter V) easily detected ~ the "naked eye if a little car­
mine is added to the medium. ~oscopic observation shows 
t1Iat tbe mainteD¥ce of tlIese currents in a definite direction is_ to tbe ~ manner in which the cilium moves. 
The ___ of a ~ cilium is divisiblo into two phases, 
• ver:y npid fvtwvd., clfeedore stroke, and a lIIower baI:tward 

a3 
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or recovery stroke. The form of the beat suggests that it is 
during the rapid effective stroke that the cilium performs work 
on the surrounding medium. At the conclusion of the forward 
movement, it csn be seen that the cilium, which at the beginning 
of the effective stroke is a more or Jess rigid rod moving forward 
on a pivot at its base, becomes limp; a stress is set up which 
starts at its base and is transmitted thence to its free end. For 
the purpose of forming a working hypothesis, it may be assumed, 
as suggested by Gray, " that the energy which is expended by 
the cilium is stored as tension enerp." ':N e are entitled to 

. • surnuse that this energy has 
+- Forward i'r Effecttve Beat . its origin in some chemical 

~ ) coinpound either in the cilium 
~"'-. \ ), itself or in the cell to which 

._~\,. / / / it is attached. The problem 
,---- ',<y/"---< __/ to be faced is the elucidation 
~ Backward or Recovery Beat of the sequencr of evdits by 

which chemical energy is con­
verted intb kinetic energy; 
or-as implied above-the 

FIG,8.-Diagramofciliarymotion chemical processes by which 
(after Gray). the state of tension in the 

cilium is relieved. 
We shall here accept Gray's hypothesis as a basis for 

discussion. The results of the foregoing survey of muscular 
contraction have led us to conclude that the physical changes 
which result in contraction are associated with the production 
of lactic acid from carbohydrate without intake of oxygen, and 
that oxygen is employed in the recovery process to restore the 
mechanism to its original condition. Though ciliated 
epithelium is structurally very different from muscle, there are 
two sets of considerations which suggest the possibility that a 
similar sequence of che.ru<i,al 'phenomena might be found to 
underlie the changes of physical state, which in both cases 
result in liberating contractile energy. One is that laetic 
acid is an obligatory intermediary in tI)e breakdown of carb0-
hydrates in all aninial tissues. The qther is that the physical. 
properties of proteins,~ pro~bly dtpendent ~ ~ 
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defined by the Donnan membrane equilibrium, are intimately 
aft'ected by the acidity df the medium with which they are in 
contact. 

Gray has outlined 'all hypothesis according to which the 
chemical: events of the' contraction cycle in muscle and ciliated 
cell are closely analogous. It may be considered under three 
headings: (a) lite possible production of an acid substance 
during the contractile process; (6) the relation of oxygen 
consumption to the events of activity and recovery; (c) the 
nature of the suhstances uaed up in the transformation of 
chemical into kinetic enb-gy by toe cell. 

The production of acid .may be taken fi~t. The only 
method at present available for obtaining any evidence on thi: 
question is derived from studying the relation of ciliary activity 
to the ionic constituents of its surroundings. Ciliary motion 
of M~us gill-filaments can 'be preserved for many hours in a 
Van t Hoff ~ution containing chlorides of Na, K, Ca; and Mg 
in the same proportions as sea-water at a pH. about ,.8. On 
addition of acid the cilia on the gill of M ytilu8 cease to move 
when the hydrogen ion concentration of the solution reaches 
a limiting value on the acid side of neutrality. What is 
especially interesting is the way in which this stoppage is 
brought about; the cilia come to rest in an acid solution by 
a gradual slowing of the rate, without reduction in the amplitude 
of the beat, till finally movement is arrested at the end of the 
effective stroke, i.e. in the relaxed condition. This fact, while 
suggesting that the acid does not exert its effect by damaging 
the contractile fibrils of the cilium itself-eince the llIllplitude 
is not directly aft'ected--at first sight points to the conclusion 
that the effect is a surface one, concerned only with the rate at 
which the excitation state is generated. 

That the action is not a surface one, however, Gray has 
proved by several lines of ~'tati.on. The first depends 
upon the fact that the weak' organic lipoid-saluble acids 
penetrate the lipoid membrane of the cell more readily than do 
strong. acids. ~ly, weak bases like ammonium hycQte 
are _ penetrative than strong bases like sodium hydroxide. 
If the.ceaaation of IiIiarv n!otion in acid medium were a,aurIace 
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effect the pH. limits with both types of acid would be expected 
to be the same. A number of experilnents were carried out 
by Gray to determine the critical concentration of hydrogen 
ions in the external medium which would produce arrest in 
one minute. The results are given beloW. 

Acid. Critical PH'j Acld. Critlc&l pH. 
Hydrochloric . , 3'. Formic , , "'0 
Sulphuric " ,,3'I Acetic , , .'S 
Nitric " 3'4 Butyric " 5" 

It will be noticed that the mineral acids are of practically 
uniform efficiency; while the fatty aci4s fom. a series of which 
the higher members are more effitient, all being more efficient 
than the mineral acids. This result strongly suggests that the 
acid enters the cell, since the effect is related not to the absolute 
hydrogen ion concentration of the medium but the penetrative 
power of the acid employed, The value of those observations 
are, moreover, reinforced by considering the phenomen09 of 
recovery of pieces of gills exposed to acid for the &dIlle length of 
time, when transferred to sea-water made alkaline with weak 
and strong alkalis. The time (in minutes) for recovery in 
such an experiment is given in the following protocol ;-

Sea·water, Sea-water+NaOH, Sea"Water+NH.,OH, 
pH. ,'S. pH. 8'4. pH. S'4. 

Movement begins . . 12 7 1 
FuU recovery, , '5 19 3 

The experiment may be varied by determining the time for 
recovery on transference to sea-water raised to a known 
alkalinity by addition of NaOH and NH40H, respectively, as 
given bilow. 

pH. N,!:!H. NaOH. 

9'5 t 5 

::~ t A 
S'7 &-10 
8'5 10-12 

8'4 5 12-'5 

To sum up in Gray's own "words, "Theweak acids which 
enter the cell are more efficient inhibitors of ciliary movement 
than the strong acids which do not entpr readily. and c0n­

versely the week aIbIis are nmch mort efficient restoratives 
than the IItrDrIg .aIbIis." 
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Citc:umatantial evidence also pointing to the concluaion that 
the acid enters the cells' is gained from a study of the effects of 
removal of calcium. Lillie (J9OO) originally showed that the 
toxic' effect of pure sOdium sal~ on ciliary movement, as on 
muscuIar contraction imd on irri~bility in nerve, is prevented 
by the presence of the alkaline earth metals. In the case of 
the cili2ted celt either magnesium or calcium will serve in 
adequate proportions to maintain the normal semipermeability 
of the cell membrane, but magnesium must be present to 
ensure recovery (4ccordipg to Gray).after exposure to a solution 
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Flo. 9.-Relation of hydrogen ion concentration to ciliary movement 
(after Gray). 

containing no divalent ions. On the other hand, if calcium 
is replaced by an equivalent amount of magnesium, cessation 
of ciliary movement is brought about unless the pH. is kept 
well above absolute neutrality. 

In other words, the cell is more ~ble to the action of 
hydrogen ions if the calcium JOM, which confer upon the 
membnme its normal semipermeability, are removed. More 
direct evidence m,.t the acid enters the cell is obtained by 
iaIrtz ~ staining. with an indicator. such as neutral red. 
Before drawiDg eonclusions from these >data one other fact 
may be meatio.oed!' At tIfe C:ritical point the cilia are btought 
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to rest at the end of the forward stroke. If the hydrogen ion 
concentration is increased suddenly to a much lower pH. 
than that which suffices to bring about cessation of movement, 
the cilia come to rest not at the end of the forward atroke but 
in the contracted condition, i.e. at the end'of the recoverY stroke. 
We see then that the cilia are brought to rest in the relaxed 
condition at a certain degree of acidity dqJending on the 
penetration of the cell by the acid; but if a greater quantity of 
acid is present, they are brought to rest in the contracted 
condition. This Gray interprets as 4ue to: the fact that the 
cell itself is more permeable tOoaciei than the cilium. In hyper­
~nic solutions arrest is brought. about by a reduction not of 
the rate, as with stoppage in acid medium, but of the amplitude 
of the beat; and the fact that the amplitude is affected by an 
increase in the osmotic pressure of the external medium 
suggests that withdrawal of water' from the cell interfer~ not 
with the periodic liberation of energy but with.some part of 
the contractile mechanism. 

To bring all these phenomena within the scope of a 
single hypothesis Gray has suggested that the cilium flies 
forward owing to imbibition resulting from periodic libera­
tion of acid. This is not essentially very different from a 
suggestion put forward many years earlier by Schafer. But 
direct proof of the production of acid in ciliary movement is 
lacking. 

Turning now to the second aspect of the problem, that is, 
the relation of oxygen to the contractile mechanism, there is 
now satisfactory evidence of a close analogy between the ciliary 
and muscular tissues. The mechanical activity of cilia can 
be treated quantitatively by timing across a atandard diatance 
of gill filament or other ciliated epithelium the movement of a 
minute circular plate of platinum. The oxygen consumption 
of ciliated epithelium caD ~ cOnveniently measured by the 
Barcroft manometer. When the rate of oxygen conaumption. 
and mechanical activity are plotted for various temperatures. 
and reduced to the same scale of (\!dinates, the CIlr'1CII 

correspond closely (Fig. 10). showing that the tate at which 
oxygen is CXIIl6\UI'led is normally a runctiof< of the "'!"'hlllka' 
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activity of the cell. But the same is true of a rhythmi<:aUy 
contractile muscle such'as that of the heart. 

Engelmann maintained many years ago that the ciliated 
epitlrelium of the frog's resophagus remains active for ss long 
ss two hours in an atmosphere of hydrogen, but regarded this 
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Flo. 10.-The relation of oxygen conaumption end mechaniall activity of 
cilia to trempetature (after Gray). 

as evidence that the cell stored ol-Ygen in some intramolecuJar 
form. By spectroscopic examination of water in which 
'-nogIobin _ diSl!Olved, Gray baa proved conclusively that 
\n \be y;\\h. 0i M.~ ci\\arj m<N<=en'- <:<m.tm.ua ~ afte1: 
all oxygen bas been, removed from the medium. When 
tI1Iimatcdy brought ... rest by this means recavery is very .low, 
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though intra flilTam 8taining with methylene blue shows that 
the diffusion of oxygen back into the depleted tissues is rapid. 
The conclusion seems justified that while the ciliary mechanism 
is ultimately dependent on the presence of oxygen, oxygen is 
not a necessary factor in the contractile procesa, but 'only for 
the maintenance of the requisite conditions for prolonged 
activity. In other words; oxygen would seemoto be concerned 
with the recovery process, as in muscle. When movement is 
abolished by deprivation of calcium or increased osmotic 
pressure of the medium, the amount of oxygen consumed is 
not affected for a considerablt period 1>£ time. 

r By meanso of Barcroft's nurnometer it is also possible to 
obtsin light on the nature of the substance on which a supply 
of chemical energy available for transformation into mechanical 
energy depends. If the ultimate fate of the substance is to 
be oxidised, the .. respiratory quotient" or ratio of CO. 
evolved to O. consumed must be unity for carlwhydrateS', and 
about 0'7 in the case of fats and proteins. Gray finds that the 
respiratory quotient for ciliary activity is" about 0'8, which 
implies that the substance used in ciliary activity is not 
exclusively or mainly of carbohydrate nature, a conclusion which 
agrees with the failure of micro-chemical methods to detect 
glycogen in the cells. Since fats are not stored by the ciliated 
epithelisl cell, it would appear that the substance on whose 
energy the contractile mechanism depends is of a protein 
nature. 

To sum up, the mechanism of ciliary activity may be 
analysed on the basis of Gray's experiments into three com­
ponents ; a reaction by which free energy is liberated from some 
chemical reserve, sensitive to monovalent ions (especially the 
hydrogen ion), a mechanism by which this free energy is 
transformed into mechanical energy, presence of OI1cinm and 
a certsin osmotic presSure itt the extemal medium being 
e.ssential to its efficient wolking; and, fina1Iy, an oxidatiVe 
recovery process which is necessary only for a!18tsined actMty • 

.baIIoId ~-Amcdxrid ~tis thcdaaracler­
istic means of progression in cert:aiJl Protista (RIIimpoda, 
MycetlOIOa, fltC.) and the wandeting cells. present in DWlY 
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M~. Reference to the behaviour of I~. pblgo­
cytea. dc., will be found in worb on bacteriology and medical 
aspects of physiology. Attention will here be confined to the 
phenomena of amreboid movement, as they can be studied in 
free-living forms. For quantitstive treatment of ama:boid 
activity the only accessible criterion of the energy of movement 
is the rate at ... hich the·animal progresses. This has been 
studied in relation to changes in extemal conditions in a 
recent series of investigations by Pantin (1923-1925). Marine 
ama:ba: were uled in these experiments. Two species 
(referred to as tYPe A and II) were used, both being of the 
.. Iimax" form which progrc!S8eS by protrusi-'ll of a ainA 
anterior pseudopodium. thus tending. in the absence of external 
interference. to move in a stnight line. If the conditions of 
the medium were kept constsnt, Pantin found that the velocity 
of an individual ama:ba was Constsnt to within 5 per cent. for 
peritds of as ~ng as twenty-four hours, and if the conditions 
are changed without irreversibly damaging the organism, the 
original velocity ftI regained when the initial state of affairs 
is restored. This velocity is readily observed by timing with 
a stop-watch the period which is required for an ama:ba to 
traverse a given number of divisions of the micrometer scale 
of the microscope ocular. 

By this method Pantin has described the relation of ama:boid 
activity to osmotic pressure, temperature, and hydrogen ion 
concentration of the external medium. The ama:bz studied 
were, like many other contractile mechanisms, very insensitive 
to OH ions. On the other hand, ama:boid activity is reduced 
with mineral acids to zero immediately on the acid side of 
neutrality, to be precise at a pH. of 6'8. As long as the 
hydrogen ion concentration is kept at a level above pH. +'0 
the stoppage is reversible, movement recommencing when the 
organisms are tranaferred to a1! ~ medium. But below 
this. pH. limit cytolysis occun. The velocity of progreaaion 
mc::r- contUmouaJy up to pH. 9'6; and the velocity curves 
for hydrochIorie, sui>huric. butyric. lactic, and acetic acids 
daIeIy 111M (F'lg. u).. • 

It ... .tread:y '-t ~ that production of acid in the 
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:ilium, as in muscle, is an essential part of the contractile 
nechanism. The same appears to be the case with ama:boid 

2 

pfl8"O 

pH 6'0 

V.loeitt euJ'ftI ob-

::'linM1~ :2aiu! 
acidified with citric 

• or t;&rtaric acids,. Th. 
citric curve marked 
th1ll EJ -"_ -,'" 
O'btafned with car'" 
bonat.·fr1!e seawa.ter. 
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wile 1'ype B amC2ba.., 
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witba fresh.eid,.rter­
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FIG. II.-Relation of hydrogen ion concentration to the velocity of 
Amcehoid movement <after Pantin) • • 

lOvement. Bethe, Harvey, and othen have used dyes Whlch 
lain ~ living cells and are themgelves ~cators of ~ 
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Ion concentration, to detennine the penetration of cells b~ 
acids and alkalis. Pantin has applied the same method 0 

attack to test whether there is an increase of hydrogen iOI 
concentration within the" cell during pseudopodium formation 
The dye 'succeasfully einployed for this purpose was neutnL 
red, which has its turning point in the neighboUlhood 01 
absolute neutrali1!y (becoming red on the acid side), is non· 
toxic, readily absorbed by protoplasm, and has a negligible 
protein error. The colorometric determination of proto­
plasmic pH. is facilltated by focussing an image of the standard 
indicators on the obseml.tion .slide by aid of the achromatic 
condenser. • 

By this method Pantin found that the hydrogen ion concen· 
tration of the normal endoplasm and ectoplasm respectivel}' 
corresponded to a pH. of about 7'6 and 7'z (in the resting 
amreba the difference between ectoplasm and endoplasm 
tended'to be 1'4Ither less than dllling active progression), but 
the formation of a pseudopodium is preceded by a local 
intensification of tlfe red tint, indicating increased hydrogen 
ion concentration; while retraction of the pseudopodium is 
accompanied by a local reduction of hydrogen ion 
concentration, 

Such considerations have led the above-named author to 
suggest an hypothesis of the mechanism of amreboid action on 
rather different lines from those advocated by previous workers, 
These for the most part have sought to interpret pseudopodium 
formation as the consequence of a local lowering of surface 
tension in a system which is for the PUlpOse regarded as a 
fluid drop in an intmiscible medium. There are in the surface 
phenomena exhibited by simple fluid systems remarkable 
analogies to the behaviour of the amreba. Bayliss quotes from 
Rhumbler a pictUlesque phenomenon which OCCUIS when 
particles of glass fibre coated ~th sliellac are brought into 
contact with a globule of chlorolorm suspended in water. 
The chloroform dJ:op first envelops the particle, then, after 
IUlficient time base ~ to permit of the shellac being 
ttisaolved _yo .rejects ~ gla.s& remainder, thus resembling 
III ,amo:ba awaUowmw a diatdm and defalcating the insoluble 
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materials of the cell·wall. The disadvantage of surface tension 
theories is that the results of microdiaaection studies reveal the 
gelated character of the ectoplasmic membrane. In the 
" limax " form the body of the orgmism is to be regarded, 
according to Pantin, as a contracting 'tube of ectoplasmic gel 
closed at its hind end. Endoplasm is continuously streaming 
from a point of liquefaction on tho inner side of the ectoplasm 
at the tail end, while the fluid ectoplasm at the anterior extremity 
is continuously adding to the contracting tube by becoming 
gelated round the sides of the advancing plfeudopodium. The 
outer layer of the amceba is. apparently a I[poid-protein syatem 
'in the gel state, undergoing liquefaction, as Pantin's observa­
tions indicate, in consequence of a local increase of hydrogen 
ion concentration. Pantin argiles that it is natural to regard 
the swelling and liquefaction of the advancing tip of the 
pseudopodium as a process' of imbibition. By aurface 
coagulation the tube is always adding to citseJf inc front, 
and always contracting by synerezis (withdrawal of water) 
as the hydrogen ion concentration falls inC the region furthest 
behind. 

The variation of amceboid activity with temperature is" 
seen in Fig. 12. The optimum temperature for the amceha: 
which Pantin studied is remarkably Iow-about ZOO C. The 
effects of changes in temperature below 15° C. are completely 
reversible. But when raised from a lower temperature to one 
near the optimum or one above it, the previous rate is not 
regained when the amceba is brought back to.a lower tempera· 
ture. One of the factors upon which amceboid activity depends 
is therefore some substance or structural arrangement of 
substances-probably an enzyme-which is progressively 
destroyed near or above the optimum temperature. If the 
temperature is raised from, say, 10° to TO (above the optimum) 
and then rapidly lowered \0 foo

, the resulting velocity has a 
precisely similar relation to the initial velocity at 10·, 811 baa 
the observed velocity at T" to the velocity that would a­
been observed at T" if no destructi!U\ had taken p_lIiIIct 
the amount of de8trUetion is identiql in both alia. In." 
way' ~ ~ te.r.uperat:uJ curyeeo _ be .~~ 
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(Fig. 12). Analogous phenomena are seen in the heart of 
the crab Maia. The low temperature at which irreversible 
changes in the physical state of protoplasm are produced in 
many marine organisms is well worth studying in its ecological 
bearing on problems of iiistribution. 

The relation of electrolytes to the ama:ba has recently been 
studied with mierodissectiQn technique by Chambers and 
Reznikoff (19z5). Their results present a remarkably close 
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FlO. 12.-:Eft'ect of temperature on velocity of Amreboid movement 
(Pantin). 

analogy to the phenomena described by Clowes in oil-water 
systems. When solutions of NaCl and KCI are injected into 
the living ama:ba a liquefaction of protoplaam takes place in 
the neighbourhood of the injected area. • When the chlorides of 
calcium. or magnesium are inj~ there is, however, an 
immediate aoIidiiefion. of the adjacent protoplasm, the 
afleeteci. por\ion .• beiW' ,inched oft' when calcium. chloride is 
used. .In suUable p~ons mixtures of sod,ium and cal!:ium 
chltlddes hawe IlI:ithopl tbeIe dfects (ICa : saNa). . There 
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is complete antagonism between the sodium and calcium iOllS. 
This is also true of potassium and calcium, but the critical 
ratio is not the same. 

When amcebre are torn in water by Chamber's technique 
the surface is rapidly repaired after oulflow of some of the cell 
contents. Slight tearing in NaCI or KCl prevents any repair 

in solutions of ~ concentration. With' weaker solutions 
13 

repair takes place with increasing ease in NaCI as the dilution 

is increased. In solution!> of. >:~ CaCl2 or >J'.:f MgCI2 
~. c • 5 52 
• repair does not occur; the surface sets into a solid mass. 

The antagonism between the monovalent and divalent ions is 

seen again in this process: in a solution of NaCi J'.:f . CaCI2 J'.:f . 13 52 
M M M C 

or of KCI -~ . CaCI2 --8--6- repair of a toll'n surface takes 
13 20 41 

place in the normal manner. 
Pantin (1925) has also investigated the relation of electrolytes 

to the velocity of amreboid movement, and has obtained 
somewhat analogous results. The marine amceba is destroyed 
in isotonic solutions of the chlorides of the four principal 
kations present in sea water (i.e. sodium, magnesium, potassium, 
and calcium). For actual movement to take place calcium 
must be present. The addition of a minute trace of calcium 
to a solution of sodium or potassium alone permits movement 
to continue for a short time. Movement can be prolonged 
indefinitely by increasing to a certain optimum value the 
proportion of calcium to sodium in a solution containing theae 
two kations alone. In this relationship calcium can be 
replaced by strontium! but not by any other kation. In a 
mixture of sodium and calciUm, sodium may be replaced by 
any alkali metal; but it is found that the optimum ratio of 
calcium to monovalent ion with respect to the velocity of 
amreboid movement differs for different. alkali metals, increasing 
with the atomic weight of the latter. .In the preSence of a tnM:e 
of. calcium the addition of magnesiumoto a certain optimum 
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ratio antagonises the effect of pure solutions of the monovalent 
ions on the velocity of am<eboid movement, the optimum ratio 
differing again with the monovalent ion used. Nevertheless, 
amreboid movement, wliich, as stated. ceases in pure solutions 
of either calcium or magnesium, can be prolonged in mixtures of 
the two, this antagonism being evidently of a different nature 
from the antagonfsm of either to monovalent ions. 

TIle Pigmentary EI!ector BJstem.-Colour response in cold­
blooded vertebrates and crustacea has been regarded by some 
investigators as a form of amreboid activity. The power to 
respond to environmen~l intluetlces in changes in bodily 
colour is also met with in molluscs where th .. pigmen~ 
organs are muscular structures. In vertebrates and crustacea 
colour response is brought about by the dispersion or aggrega­
tion of pigment granules in special cells or groups of cells 
which,.may be described as pigmentary effectors to distinguisl 
them from theochromatophores of molluscs. The pigrnentar] 
effectors of vertebrates (reptiles, amphibia, and fishes) ar, 
unicellular organs ~harged with pigment granules. Only on, 
type has been subjected to careful experimental investigation­
the rnelanophores or black pigment cells. According to som, 
authors the concentration of pigment granules in th. 
" contracted" condition is associated with the active with 
drawal of the cell processes, which are supposed to lie il 
preformed lymph spaces. The majority of recent observers 
with the notable exception of Graham Kerr, however, do no 
regard the process as analogous to arnreboid movement, bu 
consider that the pigment granules stream to and fro witbil 
fixed cell processes. 

The co-ordination of vertebrate pigmentary response wit! 
environmental agencies will be considered in a later chapU 
(Chapter VII). Here we are con~ed chiefly with til 
properties of the pigmentary eTfec,j:or as an isolated organ. I 
the contracile mechanism is one of dispersion and aggregatio 
of granules, it is l'pOSSible that the visible responses of p~ 
mentary effectors are'11lore direct1y related to known properti€ 
o{QoHoid systems than.those of any of the mechanisms so 6 
discussed. Up to tIe presmt there has been little quantitati'l 
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work on the responses of pigmentary effectors. To Spaeth 
(1914-1918), however, we owe the elaboration of an ingenious 
method by which such observations may be made. Spaeth 
fixes scales of the Atlantic minnow Fundulus in a glass container, 
through which water circulates, on the mechanical stage of a 
microscope. By connecting the adjusting screw of the latter 
to a lever writing upon a smoked surface, th1= migration of the 
pigment granules is recorded as the observer adjusts the screw 
so that the distal extremity of the pigment mass is in alignment 
with a particular scale mark on the mifrometer (Fig. 13)' 
M elanophores of F undulu5 do not • react to visible light, but 

~tbey resporta to electrical ana chemical stimulation. Single 

-.rlill 

1\ 

make shocks do 
not induce complete 
contraction, but a 
tetanising ~ent of 
mod£."ate intensity 
produces a complete 
contraction, in which 
the contraction phase 
occupies 25-30 
seconds and reJaxa-

FIG. I3.-Me1anopho,es of Fundulus (Spaeth). tion about 65-90 

(A) expanded; (D) contracted. seconds. There is 
a latent period of 

about 5 sees. before contraction begins. Single make shocks 
successively applied produce a summated effect if the inter­
vening period is not more than 2-3 sees. 

According to Spaeth, neutral electrolytes exert a specific 
physiological action upon fish melanophores. Sodium chloride 
(normal saline) promotes melanophore expansion; while 
potassium salts and salts of the alkaline earths bring abo~ 
immediate contraction. Djstilled water always produces this 
latter response. . By combining .these salts in such proportions 
that their characteristic effects are balanced, Spaeth p!'OIiuees 
a medium in which, after a preliminary ~ntraction, the meJane.. 
phores display ~ expansion, 60 that, when a ~ 
logical. reagent ia dissolved in sUch a I9alanced solutiGl!... 
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specific action of the added substance in either direction an 
be conveniently observed. He recommends the following 
formula for Fundulus: 6 vola. N /10 NaCl, I vol. N /10 KCI, 
0'35 vol. Nj10 CaCI2• • 

The most remarkable result which emerges in this con­
nection from Spaeth's experiments is the effect of barium salts, 
which, as is weJlltnown, exercise a very characteristic excitatory 
action upon true contractile tissues. After treatment of scales 
for ten minutes in N /10 BaCl2 no sign of recovery may appear 
for as much as haft" an hour, during which the melanophores 
remain completely ~ontra~ted .. Aiter this period of quiescence, 
the melanophores in the periphery of the scale ablOUptly expaM-: 

FIG. I4.-Melsnophores of Fundulus (Spaeth). 
Effect of adrenaline (a) on the partially contracted pillIllentary effectors Ib) ; 

e6ect of adrenaline after previous immersion in ergotoxme (c). 

and contract almost at once. After a hrief interval a second 
expansion wave appears at the periphery, and melanophores 
lying nearer the centre begin to behave in a similar manner. 
This time, however, the peripheral melanophores expand more 
completely. Eventually after about an hour the wave of 
rhythmic expansion and contraction extends to the centre of 
the scale so as to include all the tpelailophores. which pulaate 
between the attremes of cOntraction and complete expansion. 
'I'bia pulsation.may continue for several hours • 
• ~ The Crusl:aceap ~ophore conaists essentially of a 
~ brancllea radiatUJg therefrom in a Iwgniantly ramifying 
ay&teai. In the adultoforma of most Crustacea which have been 
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thoroughly investigated, the chromatophores are highly complex 
structures of a multicellular or crenocytic character. However, 
the structure of the Crustacean chromatophore differs very 
widely in the different groups and iIi different regions of the 
same individual. A necessary prerequisite to quantitative 
treatment in this case is a clear recognition of the normal 
behaviour of the pigmentary effecttlr organs.' The phenomena 
of colour response in Crustacea may be illustrated by reference 
to the Schizopod Macromysis and the Decapod Hippolyte, as 
described by Gamble and Keeble (I900-I<).b6). 

In Macromysis the chromatophores are localised in definite 
~gions lyin~ for the most part in a deep situation where their 

action is rendered visible by the translucent nature of the 
integument. The majority of ·the chromatophores contain a 
large amount of dark brown pigment and a smaller quantity 
of a substance which by reflected light has a white or .. sellow 
hue, but appears greyish by transmitted lighl-. On a sandy 
shore the animal appears transparent and colourless or greyish 
in tint; amid dark surroundings and ih deeper water. its 
colour deepens and a pattern becomes manifest in the form of 
paired arborisations of yellowish-white upon a brown back­
ground corresponding to the chromatophore centres. In the 
transparent, colourless, or greyish form the brown and yellow 
pigment is withdrawn into the central body of the chromato­
phores; in the dark condition the brown and yellow pigments 
diffuse along separate paths throughout the interlacing tracery 
of branches; the yellow pigment does not mix with the broWll, 
and it responds to stimuli at a different rate. 

In Hippolyte we have to draw a distinction between two 
modes of colour response occurring normally in nature. By 
day the adult prawns are of a reddish-brown or bright green 
hue according to the tint of the seaweeds to which they are 
attached. Whatever the d\unfal colour of Hippolyte may be, 
however, it changes at or soon after nightfall to a beautifulJy 
transparent blue or greenish-blue. The depth of the nocturnal 
blue corresponds to the intensity of tiap diurnal colour;. that 
is to say, dark brown prawns become deep blue and light 0D.aJ 

beco~ pale blue. The noctunial tint.rdinarily pet'IIiBttI tlI1 
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daybreak, when the green and brown varieties represent inter­
changeable states. Green Hippolytes placed on brown weeds 
may conserve the green colour for about a week before assuming 
the brown condition. The extent and rapidity of the change 
varies very much from one individual to another. There are 
three chromatophore pigments involved: red, yellow, and 
blue. In additifln to the· more deep-seated elements in the 
nerve cord, viscera, and principal muscles, the epidermis is 
itself in Decapod Crustacea richly charged with chromate­
phores. These cllnsist of groups of as many as eight pear­
shaped cells with ;'bular'branchea, each containing pigment of 
one colour, yellow or red. Blue pigment is present in tlr.;: 
tracts along which the red pigment flows, but is also found in 
branched cells lying among the pear-shaped cells which contain 
the yellow or red pigments. The reddish-brown tones are asso­
ciated with the extension of the red pigment into the tubular 
proce:ses of IRe chromatophores. In the green condition the 
yellow pigment extends throughout the branches of the cells in 
which it occurs, b1!t the red pigment is retracted, ita place being 
occupied by the blue substance. Finally, the nocturnal blue 
colour is produced, when both yellow and red pigments are 
withdrawn from the branches, but the blue substance diffuses 
along them. 

The bulk of recorded observations on Crustacean chromato­
phores .are concerned with the more immediate problem of 
analysing what forces incident to the animal's environment 
promote colour response, and the channels through which the 
tiiliererit snmWi. g:im access. llo'in 'Cru&acean ana 'tisCme 
chromatophores, however, offer admirable material for studying 
the physical chemistry of the celt 

Whereas in Fishes and Amphibia, though possibly not in 
Reptiles, light and dark backgrounds appear to act merely by 
modifying the intensity of ilIudUnftion, in the case of Crustacea 
it would seem from Gamble and Keeble's researches thaI 
something beside&! intensity is involved. To detail the chiel 
.colour phases ind~ various light conditions in Macromysis 
and Hippoiyte, it will be necessary to ca1l attention to a 
~ce between tile twO genera. Freshly-Caught Mysids 
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and some shrimps, e.g. Palzmon, generally have their pigments 
moderately expanded; and this represents the condition of 
the chromatophores of the same animals when kept in the light 
in glass containers. In Hippolyte, on the other hand, the 
yellow and red pigments are always fully expanded in the day 
and fully contracted at night. In darkness the yellow, red, and 
brown pigments of both Hippolyte and Ma't:romysis become 
completely retracted into their chromatophore centres, which 
then appear as minute dots so widely separated that they do not 
interfere with the translucency of the body as a whole; the 
time required to produce the contnlction 'ranges from a few 
~nutes to at. hour or two, varying considerably with the time 

of day and the condition of the animal. 
Paradoxically enough, the saine result is brought about by 

exposing Crustaceans to a pure white reflecting background, 
such as a porcelsin surface. When subjected to suc4. treat­
ment there occurs a condition essentially th(' same as the 
nocturnal state accompanied in Hippolyte by diffusion of the 
blue' pigment already referred to, and ct>nditioned in both 
Macromysis and Hippolyte by the complete retraction of the 
other pigments into the chromatophore centres. This response 
is exceedingly rapid, being accomplished in about a minute or 
even less. The effect of a dull black, light-absorbing back­
ground is no less surprising. In Hippolyte itself it cannot be 
demonstrated because the red and yellow pigments are, as 
stated, always expanded fully in daylight; but in Macromysis 
and Palremon, where expansion on a neutral background is 
incomplete, th~ normal accompaniment of transferring indi­
viduals to dark-bottomed vessels is to induce a condition of more 
extreme outward migration of the chromatophore pigments 
from the chromatophore centres into the branching processes, 
so that the animal assumes in the case of Macromysis nigra 
a black aspect and in the ClJIIe (if Pahemon serratus a speckled 
brown coloration. These colour phases peraist so long as 
the light conditions remain unchanged. At nightfall the 
pigments which have expanded in tIAe "dark baekgro1ind 
phase," are withdrawn; but the ~ded phase is again 
resumed on the, morrow. The White "*=kground 0IlJltt'II0ted 
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pnase anu me mack background expanded phase are produced 
no matter whether the light intensity is high or low, variable 
or constant. 

The chromatophoft<s of isolated strips of the integument 
of the shtimp react to Bright light by expansion. This suggests 
that there is a direct response of the chromatophores in 
Crustacea. MU!t amputation of the eyes in Macromysis or 
Palamon the chromatophore pigments, instead of assuming 
the contracted phase, expand when the animal is placed on a 
light-reflecting bottom; in fact, in the case of Palremon, a 
deep chocolate cofour even dsrkel" than the normal expanded 
condition associated in the intact animal with • black ba,*,-' 
ground is produced. But the contracted phase characteristic 
of the nocturnal state occurs 'at night in Hippolyte even after 
the eyes have been removed. These data permit the inference 
that the nocturnal-diurnal rhythm depends on tbe direct 
reacti~ty of tlte chromatophores to the intensity of illumination, 
and the white and black background responses are determined 
by events conditiohed by photic stimulation of the organs of 
vision. 

The supposition that the eye exerts its influence upon 
colour response in virtue of the intensity of illumination alone 
is adequate to explain the peculiar reversal of response in seeing , 
and blinded salamander larvre as described by Babal< and 
Laurens. But it offers no explanation of the fact that a bright 
white background which scatters light produces in the intact 
shrimp a response similar to darkness, while a dull black back­
ground which reduces the intensity of illumination aets in the 
direction of intensifying the diurnal state. Some other factor 
besides intensity of illumination is involved, and the 
transcending importance of this factor is clearly seen in experi­
ments which -are described as follows in Keeble and Gamble's 
own words ;- • • 

.. To show how, compared with this influence of background, 
that of light intenIity iSl-of small importance, we mention the 
foJlowing experiment'.which we have often performed with 
Hippolyte and~. We take with us on a collecting 
expedition four jars,two 0( glass wrapped round with black 
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cloth and two of porcelain. For one of the former and two of 
the latter we provide covers of white or black paper pierced 
with several pin-holes. As the animals are caught they are 
distributed between the four jars. When brought into the 
laboratory and examined, the animals' in " open" porcelain 
and in "pin-hole" porcelain are found to be in the fully 
contracted phase. Now the light .intensity ~n the open jars 
is far higher than that to which the animals are subjected before 
capture, and the intensity in the pin-hole jars is probably far 
lower. Any effect which a raised or lowered light intensity 
might produce is swamped. by. the backgTound effect. The 

OI:!Rter is of su;;h a nature that an absorbing (black) background 
induces expansion,and a scattering (white) background produces 
complete contraction, and these effects are produced in the 
faintest (pin-hole) light." 

Apart from the intensity of illumination, an essential 
difference between the condition of a shrimp eYposed t8 black 
(absorbing) or white (scattering) background is to be sought in 
the direction of the incident rays impinging upon the eyes, which 
as we have seen are the receptor organs involved in the back­
ground response. When placed against a mirror background 
which reflects incident light mainly in one direction, the animals 
.display a state of partial expansion and not the complete 
contraction characteristic of exposure to a white surface which 
scatters light rays in all directions. It would appear, then, to 
quote the same authors once again, that " it is, in some way or 
other, the ratio direct/scattered light which determines" the 
background reaction. This interpretation implies a dorsi­
ventral differentiation of the photoreceptive elements of the 
eye. But whatever be the nature of this dorsiventrality, it 
does not reside in any permanent structural arrangement of 
the retinal elements, for illumination of the animal from below 
against a white surface calls fprtH: the characteristic transparency 
of the contracted phase. 

Keeble and Gamble have, in addition to the foregoing 
analysis of the more rapid responses \P light, darkness, and 
light or dull backgrounds, attempted. to analyse the factors 
involved in the. production of' tAe diffeIoent colour forms of 
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Hippolyte. Hippolyte, as we have seen, displays a remarkably 
close resemblance of bodily colour to the hue of the seaweeds 
on which it resides. While this similarity is striking, there are 
in reality two sharply de'fined categories of colour forms, greens 
on the one hand, and reds or browns on the other. The green 
state corresponds to an " expansion" of the yellow pigment, 
the red being wlthdrawn into the cell bodies whose branches 
are suffused with the blue " nocturnal" substance; and the 
brown or red colour forms display " extension .. of the red 
pigment into the 'cell branches; we should be tempted to 
presume that syIDpathel\c celoration depends on the wave­
length of the light reflected respectively by green or brown" 
weeds; this interpretation is not, however, compatible with the 
results of experiments in which the effect of light of different 
wave-lengths has been put to the test. 

In ~ng out experiments on the effect of monochromatic 
light ;f different qualities, it is evident from what has already 
been stated that the direction of the incident rays must be taken 
into account by cOhtrolling each experiment by comparison of 
the response evoked both by absorbing and dispersing back­
grounds. Monochromatic lights, whether red, yellow, green, 
or blue, acting on a black background, produce pigment 
expansion, the yellow pigment reacting more readily than the 
red. Monochromatic lights, whether red, yellow, green, or 
blue, acting on a white background, induce, like white light, 
the transparent condition. Thus the quality of the light does 
not seem to be the effective factor which evokes" sympathetic .. 
coloration in Hippolyte. It would, therefore, seem that the 
slowly effected transition from one colour to another, when 
individuals are transferred from green to red weeds or 'Dice 
versa, is in all probability a reaction to the different intensities 
and not to the predominant wave-lengths of the light reflected 
from the differently coloured' surfaces of the green, red. or 
brown weeds. It should be added, however, that the diurnal­
nocturnal rhythm Iof ,colour change is in part an automatic 
process whose periocficity is independent of external stimuli 
once there is an appre.;iable tendency to contract by night or 
~d by day, wh_ the aWma1s are kept in rontinuous light 
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or darkness. It is to be hoped that in the near future the 
physicochemical properties of chromatophores will be the 
subject of investigations analogous to those on ciliary and 
amreboid activity described at the be~g of this chapter. 
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CHAPTER III 

SECRETION 

THE last form of re§ponse"which w" shall consider is secretion. 
The phenomena of secretion have been studied f. more frolll •• 
the standpoint of their relation to other functions than with a 
view to throwing light on the mechanism by which the gland 
cell elaborates and discharges its specific products of its activity. 
In vertebrates secretion has been studied especially in relation 
to the ~gesti~ processes (which will be discussed in a later 
chapter), to the elimination of waste products (renal secretion), 
heat regulation (SWtlRt glands), and reproduction (the mammary 
apparatus, oviducal secretions, etc.). Slime-secreting skin 
glands have also received some attention. But the study of 
other animal groups opens up an immense variety of secretory 
mechanisms, some of which are doubtless of considerable 
bionomic interest as a meana of defence or attack. Our know­
ledge of a few of these will be briefly indicated by reference to 
such phenomena as bioluminescence, gas secretion, silk forma­
tion, etc. Others such as the secretion of ink in cephalopods, 
of calcareous matter forming the tubes of sedentary animals or 
the exoskeletons of mobile forms, etc., can only be mentioned 
in passing. The importance of mucous glands in relation to 
digestion will be touched on under that heading. There is a 
vast field for biochemical research awaiting inquiry in connexion 
with the comparative physiology of secretion. 

BIu1 IIeI!ntion.-Concerning the mechanism of secretory 
activity, perhaps the;study of the vertebrate kidney has yielded 
more valuable infottnitien than any other secretory organ. 
The c1wv.cteristic ~ of each glandular element of 
~ ~ kidntr into·a capsular portion. and .. t«Jal 

47 
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tubule" has focussed an immense amount of research on the 
attempt to define the rOle of these two structures in the process 
by which non-volatile waste products are eliminated from the 
body. Since the secretion includes practically all the crystal­
loidal constituents of the blood plasma, though these are 
neither individually nor collectively present in the same con­
centration as that in which they. occur in' the blood, it is 
attractive to explore the possibility that the whole process is 
composed of two distinct phases, one consisting of the separa­
tion of a fluid identical in crystalloidal constitution with the 
blood-a deproteinised plasma filtr'ate formed by exudation 

--.,frl}m the capillary walls of the glomerulus, and a subsequent 
process involving the specific activity of the glandular epi­
thelium of the tubule and resulting in the differential con­
centration of each of the crystalloidal constituents, either by 
secretion or by reabsorption or both. 

Some colour is lent to this interpretation, by a 'line of 
experimentation which is possible owing to the peculiar 
vascular arrangements which exist in the<amphibian kidney, 
where the glomerular blood supply is derived from the aorta 
(via the renal arteries), while the renal portal veins only supply 
the tubules. It is thus possible in the frog, to cut off the 
glomerular blood supply while leaving intact that of the tubules, 
or to perfuse separately the vessels of the capsules and renal 
tubules. 

When the glomerular blood-supply is cut off the secretion 
cf ,. .. rim: st~. It ;$ stl.1J ~\We, bJ' ;,.,}ectio.'1 cf .'1 ao.~ cf 
urea, to induce a flow of acid urine containing chlorides, 
sulphates, and urea, but the quantity is small compared with 
the diuresis produced by the same method in the intact kidney. 
Perfusion of the arterial (glomerular) supply of the kidney 
with Ringers' solution at normal aortic pressure (zo-2.j. em. 
in the frog) induces a' cop'io\lll How of urine (of somewhat 
more dilute concentration llian the perfusion fluid). Perfusion 
of the renal portal system at normal venous pressure does not 
result in production of urine. • 

Further support for the belief tha.t the initial stage in the 
process of reaal &eretion is the'separation of a d~ 
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plasma filtrate is deri~ed by studying the physical conditions 
under which urine is produced. If the capsular membrsne 
is impermeable to the colloidal constituents of the blood, work 
niust be done (I) agsinst the osmotic pressure of the proteins, 
etc., in removing a filtrate of identical crystalloidal composition; 
(2) in driving the filtrate along the narrow lumen of the tubules 
at the observed mte of flow. From the first consideration it 
follows thst no secretion of urine can take place when the blood­
pressure falls to a value below the osmotic pressure of the 
serum proteins. .A8 a matter of fact, secretion of urine has long 
been known to ce~e in tile malIlIij.ai when the arterial blood­
pressure faUs below about 33 mm. of merclllY. Starlip,g. ' 
(1899) was the first to recognise the theoretical significance of 
this fact, and on comparing the osmotic pressure of a 
crystalloidal filtrate separated from blood by a gelatine filter 
with the osmotic pressure of the original serum, showed that 
the ost!lotic Nessure of the blood colloids is actually about 
30 mm. of mercury. Conversely, urinary secretion can be 
prevented by incre3jling the pressure in the ureter so that the 
difference between the pressure of the arterial blood and that 
of the fluid in the capsule is of the same order as the osmotic 
pressure of the serum proteins. Later it was shown by 
Barcroft and Straub (19 II) thst a great increase of urinary 
secretion follows replaceme~t of normal blood by a suspension 
of red corpuscles in Ringers' solution without any rise in 
arterial pressure or increase in oxygen consumption by the 
kid.rrey-. 

However, the possibility thst the first stage of renal activity 
is a process of simple filtration deriving its energy from the 
heart beat, does not throw any light on the essentially secretory 
function of the kidney, namely, thst of modifying the composi­
tion of the filtrate in such a way thst the concentration of each 
of the crystalloidal constituents is fu1a1ly different from its 
concentration in the plasma. To' effect this, work must be 
done by, the epi.thell,l pqrtion of the tubule. Barcroft and 
Btudie found in ~ on the gaseous metabolism of the 
active lddney that the rqpiratory quotient (ratiI> of CO, given 
oiftpoxygen ~ is practically unity; i.e. thst the activity 
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of the kidneys involves Oxidation of 'carbohydrate material, 
as in the case of striped muscle. 

It has been seen in a previous chapter that activity of muscle 
and cilia depends on an anrerobic reaction, oxidative processes 
being associated only with the recovery process. That this 
is true of secretory response is not easily demonstrated in an 
organ which secretes more or less continuously like the kidney. 
But in the case of salivary secretion, which can be controUed 
for the exigencies of experiment by means of its nervous 
connexions, Barcroft and Piper (191Z) were'able to demonstrate 
that the maximal rate ef oxygen consumption occurred 

, appreciablyalater than maximal rate of flow from the gland; 
and that the increased oxygen consumption accompanying 
secretory activity in the salivary gland of the mammal outlasts 
by a considerable interval the cessation of active secretion. 
This clearly points to the probability that in the mechanism 
of secretion as in that of muscular and ciliary,activi~ oxida­
tive reactions are especially. characteristic of the recovery 
phase. 

For a detailed discussion of the evidence concerning the 
way in which the adjustment of concentration of each of the 
constituents of the urine is carried out in the renal tubnles, the 
reader should consult Cushny's monograph on the secretion 
of urine. Two rival hypotheres have been advocated. 
According to one the renal tubules selectively absorb from 
the tiltrate; according to the other they differentially remove 
from the brood appropriate quantities of the urfuary consti­
tuents. It is certain that dyes are excreted by the cells of the 
renal tubules, and innumerable researches of this kind have been 
prosecuted in connexion with the segmental excretory organs 
and malpighian tubes of Arthropods and the nephridia of 
worms. But it is difficult to see what light they throw on the 
normal eliminstion of'salts afid nitrogenous waste Crain the 
body fluids. The fluid dE the excretory glands of moIlwtcs 
is particularly rich in uric acid and other purine bodies. A 
tiltratiou mechanism in these aniJnaltI is, however, excIlnded 
by the very low blood.-pres&ures wbicIl are found in all ~, 
brates except Cephalopods. It m possiblt that ~aM 
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secretion in the ordinary sense each play a part in the activity 
of the renal tubules of the Vertebrate, and evidence relating to 
one constituent of the urine is not necessarily valid as regards 
another. . 

NITROGENOUS ExCRETION (after v. der Heyde, J. Bio!. Chern. 46). 

Anlmal. TO~ ~::.%)~&l) Urea {ma.%). U,lcaold( .... %l. 

Mammal (Homo) : .. / =:~aI IS'S 2'25 

"3 4'6 

Amphibian (Rana) . . { Blood, '16 • 35 1'3 
Urine, 201 39 " 0', 

.. { Blood,4O '7 0'9 
, 

Teleoat (Lophiual Urine,830 258 2'15 

Elasmobranch (Mustelual{ Blood, "000 1720 0 
Urine, 420 729 0 

Loo"lting at> the alternative of secretion and reabsorption 
from the standpoint of comparative physiology, it seems likely 
that a thorough comparison of the state of affairs in fishes with 
that which exists in land vertebrates would well repay investiga­
tion. For in fishes the blood from the heart encounters the 
resistance of the gill capillaries before reaching the kidneys by 
way of the dorsal aorta; the pressure of blood in the dorsal 
aorta is therefore extremely ~ow even as compared with that of 
the frog. Exact data are unfortunately lacking, but it seems 
unlikely that there is ever a blood-pressure in the renal vesaels 
of the fish sufficient to overcome the osmotic pressure of the 
blood colloids. If this is really the case, filtration clearly plays 
no part in the renal function of fishes; and the hypothesis of 
reabsorption cannot be applied to them. The amount of 
urine secreted is, according to Denis, about I C.C. per kilo 
body weight per hour in the eIasmobranch; and destruction 
of the cord, which would presulflablr lower the blood-pressure, 
does not reduce the output. At the same time, the distribution 
rn aitrogenous (non"Pl'9tein) materials in blood and urine ill 
not very different in t'~ from the condition found in land 
vertebrates (see table).. In EIasxnobrancruli an anomaloua 
feature ill the'large ~ of urea present in tlie blOOd and 
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tissues. According to Baglioni (1903) and Mines (1912), 
addition of urea to the saline medium is essential to the mainte­
nance of activity in the artificially-perfused heart of Elasmo-
branchs. . 

Biol1lJllinescence.-Of all fonns of secretion which are of 
interest from a bionomic standpoint none have received so 
much attention as the phenomena of· light-production. 
Bioluminescence is widely distributed throughout the animal 
kingdom, and is also found among bacteria and fungi. It is 
met with in many Protozoa (e.g. N octiluca:r; in representatives 
of all groups of Ccelenterates~ several Polyzoa (e.g . 

• ~embranipera) ; Polychretes (e.g. Chretopterus); Ophiuroids, 
Urochorda, many crustacea (e.g. Cypridina), Myriapods and 
Insects (e.g. Lampyris), many Cephalopods, a few other 
molluscs (e.g. Pholas), and, among Vertebrates, in some genera 
of fiahes. 

The actual intensity of illumination prodooed by" animaJs 
is hardly ever such as to bear the scrutiny of the light-adapted 
eye. In some forms the oxidative process involved proceeds 
more or less continuously, independently of stimulation, as in 
bacteria and a few fish. More generally it is an intermittent 
form of activity, luminescence occurring only in response to 
stimulation. In some cases, e.g. among Ctenophores, light 
has an inhibiting influence. Previous exposure to illumination 
is not essential to photogenic response in animaJs. The most 
interesting physical aspect of the phenomenon is that the light 
emitted is cold. Within the limits of experimental error a 
hundred per cent. of the radiant energy emitted is light. Thus, 
though feeble in quantity, light-production in animaJs is 
prodigiously more efficient than any ordinary artificial source 
of illumination. 

The organs concerned with light-production may be divided 
into two categories, acCo!(Jing" as the production of luminous 
material is extra-ce1lular or intracellular. In the former 
category, exempli1ied by Pholas, Chretopterus, Cypridina, and 
Myriapods, are included those cases iI\, which a slimy seaetioi1 
containing the phosphorescent substance is produced by 
lll!iceIlular ~. These maY be eidler scattered ~ 
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over the whole surface of the body (88 in Chaltopterus); 
restricted to various regions-narrow bands on the siphon 
and mantle and a pair of triangular regions near the retractor 
muscle in Pholas; or more definitely localised, as in Cypridina, 
which poSsesses on the upper lip above the mouth. a luminous 
gland, made up of spindle-shaped cells each opening by a 
separate pore witli a kind of· valve. 

Intracellular light-production is characteristic of the more 
specialised types. In this category are the complex photogenic 
organs of insects, 'some crustacea, cephalopods and fishes. 
In the fireflies the' photogenic organ develops from the fat­
body and consists of a mass 'of granular lumiJl.escent cdls. ~ 
abundantly supplied with nerve fibres and tracheae, and 
enveloped above by a layer of supposedly reflecting cells which 
probably scatter incident light on account of the crystals of 
xanthin. urates, or other purine derivatives contained in them. 
In some of the shrimps (Sergestes), Cephalopods (Sepia), 
and fishes (Stomias) the photogenic organs are still more 
elaborate and difft1!lely scattered over the body. In these 
forms the photogenic organ possesses not only a reflector 
behind the photogenic cells, but in addition a cuticular lens, and 
in one genus of fishes it is even endowed with an iris diaphragm 
by which flash effects are produced. In general, photogenic 
organs are richly innervateil, and there is no special phyletic 
or bionornic significance to be attached to the particular 
structural arrangement. Both intracellular JUld extracellular 
types occur within the crustacea. 

For the production of light by the organism it has long been 
known that oxygen and moisture are essential. Robert Boyle 
(1665) showed that rotten wood infested with luminous fungi 
ceases to glow if placed in a vacuum; and SpalIanzani lifted 
the subject out of tlxe domain of vitalism by showing that 
tlxe hIminous materiaJ of medtJsre. if dried, would emit light 
when water was added. Pyrosoma, Pholas, Phyllirhre, fire­
flies, Pyrophorus, ~JlPOds, ostracods, pennatuIids can all 
be desiccated witlxolft lidtruction of tlxe Iuminescent material. 
DeIIiocated oetracods and ~ will lumineeee in the 
pt'e8eQCeof moisture ... beiDg kept for several years. 'I'houah 
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total absence of oxygen brings about cessation of luminescence 
in the moistened material, a very low tension of oxygen (3 rom. 
in the case of Cypridina) suffices to maintain the emission of 
light. Measurements of the e1ectricil conductivity of lumi­
nescent solutions prepared in this way'by E. N. Harvey show 
no progressive increase in H-ion concentration indicative of 
CO2 production. ' 

Bioluminescence, like the secretion of digestive fluids, 
affords an instance of the production of the substances known 
as enzymes for specific ends. And a few ;words may here be 
inserted with reference t6 the conception of an enzyme. 

• , A<1cording ft> their velocitieS, 11Jl)/ecu/aT reactions may be 
divided into two categories, those involved in the familiar 
methods of volumetric analys.iS, where the combination of 
reacting substances is practically instantaneous-e.g. precipita­
tion of barium salts in the presence of SO 4 ions or thI union 
of hydrochloric acid gas with ammonia-and ;l'large class of 
organic reactions, such as the saponification of esters or inversion 
of cane sugar, for which an appreciable interval must be allowed 
to elapse if a condition of equilibrium is to be attained. 
Reactions in the living body are for the most part of the latter 
type. It is a familiar fact that many reactions which ordinarily 
proceed at an immeasurably slow rate take place with great 
rapidity in the presence of subltiances known as catalysts, 
which though influencing the velocity of the reaction do not 
enter into the composition of the end-products or in general 
shift the point of equilibrium for a given set of conditions. 
The facility with which the organism is able to disintegrate 
highly stable compounds is due to the agency of a special type 
of catalysts known as enzymes, characterised especially by their 
extreme instability (which is illustrated by the fact that 
practically all enzymes are rapidly destroyed at temperatures 
well below the boiling-j.oi1\t of water), and by the extremely 
minute quantities in which they act. Thus the preparation 
known as rennet, of which the active constituent reptesems 
a very small fraction of the total buIk,ois. able to clot ~poo 
times its own weight of the milk protein caseinogen. 

. Of the ~ catalytic properties d£ CIIlZJIDC8t tbe mo.t .. 
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important for an understanding of chemical equilibrium in the 
organism is the complete reversibility of their action, first 
shown by Croft Hill (1898). The same is true of inorganic 
catalysts; thus in the preparation of ethyl acetate, to take an 
illustration fram the historic researches of Berthelot and Pc!an 
de Saint Gilles. if molar equivalents of acid and alcohol are 
mixed. equilibrium is reached when two-thirds of the acid and 
alcohol are converted into ester. and precisely the same 
equilibrium point is reached when a molar solution of ethyl 
acetate is subjected: to hydrolysis. It is usual to regard both 
reactions as contemporaneOus and equilibrium as the equalisa­
tion of their respective velocities. The catalyst,.in this ~e. 
usually a mineral acid, acts by accelerating both reactions; 
the actual point of equilibrium is unchanged and the total 
energy of the system unaffected. This is also the case with 
enzyme .. catalysis. Thus maltase acceleratea both reactions 
symbolised b, maltose ~ d-glucose. As with inorganic 
catalysts (e.g. finely divided platinum) an enzyme is often 
reclaimable at the e~d of a reaction; this is well illustrated in 
the case to be discussed immedistely. Another aspect of 
enzyme reaction illustrated by the phenomenon of biolumi­
neacence is specificity. Any enzyme is able to catalyse only 
a restricted range of reactions. usually all of a well-defined type. 
The recognition of separate .lnZymes in a tissue-extract depends 
on the possibility of differential destruction of one or other of 
the catalytic activities of the extract. When different tissue­
extracts have different optima of temperature or hydrogen­
ion concentration. etc •• for cata1ysing precisely the same reaction. 
there is good reason to believe that their enzymes are distinct 
chemical entities. 

The term" enzyme" was introduced by KUhne (1878) to 
obviate the confusion resulting from the use of the older term 
.. ferment." a term originally Used.to include the activities of 
IIIicr&-organis 1ilte yeast. Pasteur's researches led. to a 
distinction being dAwp;between the fermenting action of 
gastric juice (" ~ ferment") and that of mitto­
organisms (" organised. fenpents "). This 'co¢usion :\918 

finltJIy 4iaaipIrtcd whee Bucbncr (1903) ext:racted from crushed 
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yeast cella an .. unorganised .. ferment. zymase. capable of 
effecting the same transformation previously identified with the 
intact orgomisms. 

The foundations of modern knowledge of bioluminescence 
were laid by Dubois in the eighties. Dubois' studies elicited 
the following facts; (i) when a preparation of the photogenic 
organ of Pyrophorus is dipped in hot water; light-production 
is irreversibly stopped; (ii) when the fresh organ is ground 
up the mass only glows for a short time; (iii) if a hot-water 
extract of the gland is added to a c,?ld-wa\er extract in which 
all luminescence has cease\! the production of. light begins 

~ .age,in. Thi~was also found to'be the case in Pholas. Dubois 
therefore advanced the hypothesis that the hot-water extract 
contains 11 heat-stable substance, luccferin, which is oxidise<! 
in the presence of an enzyme, luciferase, present in the cold­
water extract. The latter can only go on glowing as )ong as 
any luciferin remains unoxidised. Boiling the'mixed extract 
brings about cessation of light-production. Luciferin can be 
obtained from Pholas by heating the viscllus luminous secre­
tion to 70° C. or extracting for some hours in 1)0 per cent. 
alchohol. 

Similar phenomena have been studied by Newton Harvey 
in luminous bacteria, fireflies and other forms, especially in 
the ostracod, Cypridina. The protess involved has its parallel 
in other biochemical reactions which can be carried out in 
vitro. The glucoside, escnlin, in horse-chestnut hark is 
oxidise<! in presence of luemoglobin and hydrogen peroxide 
with production of light, and hrminescence is also characteristie 
of the oxidation of pyrogallol by the peroxidase of potato or 
turnip juice. The oxidation product of luciferin can be re­
converted into its precursor by inorganic reducing agents. 
We must recognise. the,refore, three entities: (a) luciferin, an 
oxidisable substance. heat,atable and dialysable; (6) luci­
ferase. non-dialysable, destroyed by temperatures PVC 60· 
and by tryptic digestion. an enzyme. probably of proteiD­
like constitution; (c) oxyIuciferin fORDed from (a) in pre­
sence of (6) with ~ of Ijght.· All atated, oqJuciferia 
can ~ ~ by reducing .,_ into laeiferin. 
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Convenely the luciferin of Phola8 can be oxidised with emistjon 
of light by various inorganic oxidising agents, e.g. hydrogen 
peroxide, potassium permanganate. Thia is not true of the 
luciferin of Cypridina; which differs in other respects from 
that of Pholaa, being in particular more heat-stable. Whether 
the luciferaaes of different animals are identical is not wholly 
certain; in CypJidins the presence of luciferasc is confined 
to the photogenic organ. Apparently luciferase-or luci­
feraaes, if there are several of such substances-belongs to 
the category of ~es known as oxidases which catalyac 
other oxidative proceases in the hotly. 

To sum up. photogenic response in at least tthree groJlJlllo 
of luminous animals, beetles, molluscs, and crustacea, involves 
the interaction of two readily separable components which 
have entirely different chemical properties. Probably, how­
ever ~ .. luciferins " and .. luciferases " of different animals 
are not idelftical. Thus the luciferin of Cypridina differs 
from that of Pholas in that it cannot be oxidised with light­
production by H,(). and KMnO,. The luciferase of Cypri­
dina differs from that of Pholas in being less readily destroyed 
by lipoid solvents. When the luciferin of Cypridina is 
oxidised, no dissolution of the molecule takes place. since the 
product can be readily reconverted into its precunor by such 
reducing agents as H.S eor nascent hydrogen. The luci­
feraaes are destroyed by proteoclastic enzymes, and are to be 
regarded as oxidases either themselves of protein constitution 
or adsorbed to proteins in solution. 

IIIeetrIe ()qaDs.-Under the heading of secretion reference 
may conveniently be made to the electrical organs which are 
present in several genera of fishes, since in one genua at Jesst 
(Malapteruru8) the electric organ is a modified gland, though 
in other cases the cellular elements have been derived from 
DllI8CIe fibres. These phenothenf sei-ve to draw attention to 
a property which gland cells a4are in common with other 
excitable __ , IUI'DlfIY an electrical response accompanying 
escitatioa. The esIsleDCe of an electrical charge accompany­
inI e.sdDtion is 'IftJl illustrated by the esperimeata of Annp 
ADd u.m. GIl ~ iecretion indu«d bj.ACtIItiu, UId 
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therefore independent of any concomitant nervous <listurb­
&nee. In the electrical organ. the P.O. which accompanies 
muscular or glandular activity has been elaborated into a 
weapon of defence or aggression. The E.M.F. of each cellular 
element in a gland or muscle is of very' small dimensiOns. In 
a frog's sartorious, where the parallel arrangement of the 
elements eliminates any summation of potentials. the cur­
'ents of action or injury are rarely greater than 0'05 volt. But 
t has been sho\\n that by arranging several frog's muscles 
n series with the cut surface of one oppoS¥ to the uninjured 
iurface of the other, a summation of the potential difference 
III(. to injury'01ll be obtained up to a volt or more. 

Electric organs have been studied in three genera of fishes 
-a Mediterranean ray, Torpedo, Malapterurus, a catfish 
.f North Mrican rivers, and Gymnotus. the electric eel of 
he tropical zone of S. AmeriCa and Mm. They .. consist 
:asentislly of disc-like cellular elements richly wpplied with 
lerve-endings on one surface and arranged in columns in a 
nanner reminiscent of Volta's pile. In 1'orpedo there is an 
lectrical organ on either side of the head. consisting of bori­
onta] rows of discs which represent functionally modified 
nuscle fibres. In Malapterurus the electrical organ ill 
ieveloped from unicellular glands situated beneath the skin 
n the middle region of the body. -In Gymnotus it is located 
n the tail. 'The columns are arranged t:ranavemeIy in 
rorpedo and longitudinaIly in the other two genera. The 
hock delivered by the electric organ of Torpedo is equivalent 
~ that obtained from about thirty Daniell cells. Bernstein 
nd Tachermack. who studied the variation of the P.D. with 
ooling and heating. found it to be (within phyliological 
imits) dim:tly proportional to the absolute tempetature, .. 
muld be expected from Nernst's formuls for the E.M.F. a[ • 
onoentration cell. '.' 

IIIIaNIoD. of 1'cJiIou.-Secretion a[ poisonous subatan<:o 
vhich are undoubtedly _ a[ attack or defence ia met with 
Iuoughout the animal kingdom; and. their study niIICS • 
IUIIlber of points a[ general ~ ~ nocably .­
:uestioaa .. ~ and iIiunumt,. Many"_' 
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substances of colloidal nature produced by aWmaI tissuee 
when introduced into the body in sublethal d_ call forth 
a wndition of reduced susceptibility as compared with their 
eHect after an initial doge. This condition is known 88 immu­
nity. While this mooe of reaction to toxic substances is in 
some cases of undoubted utility to the organism, it must be borne 
in mind that th.! phenomena of immunity are by no means 
exclusively of an "adaptive" significance. Thus tbe blood 
of the crayfish when injected into the mouse renders the latter 
immune against ~ venom of scorpions. though the crayfish 
itself is more susceptible'to srorpion venom than the mouse. 
Frog serum injected into the body cavity of the<ICrab ape9fi, 
cal1y protects the latter against the poisonous secretion or the 
pedkellarile of certain Echihodenns. The mechanism of 
immunity is exceedingly complex; in addition to immunity 
to ~ns produced by secreting gLanda of 1arger animala or 
by mi~o-organisms the blood of some animals produces 
specific lysins which directly destroy micro-organisms. and 
substances. opwnin#, which favour phagocytic activity. 

The poisons produced by the nematocysta of Crelenterates 
illustrate a phenomenon which may be described as the reverse 
of immunity and is referred to as aItIlphyloxis. If extract of 
the tentacles of a sea anemone are injected into a dog intense 
vascular congestion in the.viscera resulting in death follawa 
after a few hours. When a sublethal doae is given. it ill 
found that the adrniniatration of a very much smaller quantity 
of the poison after a certain minimum period of about ten days 
has much more aevere consequences. This supersensitive­
net!II. according to Richet, involves the co-operation of two 
factnrs. From extracts of sea anemone tentacles two toxic 
subItanees can be obtained. one amgeniIc when injected fint 
mer- the sensitivity of the dog to a subsequent doae of 
the nther known as t/JaIauin. If t4e order is reversed thaIaaaia 
acI!I as an antitoxin,diminishing the senaitivity to the poiIonout 
acdoe of ~ J'ieither the phenomena of increMed 
feIIIIi1ivity or ~ nor of dec::r-t teIlIIitivity or 
~ rollpllCifiepoiatons _. as the importmt -.yrt of Ne, GuuI.--- "'_"due Iimplyro the ~ of 
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substances analogous to or antagonistic to the effects of the 
poison in the blood itself. The supersensitivity in the one case 
and increased resistance in the other in part reside in the cells 
of the organ affected. Thus Dale (IIJI2) has shown that the 
isolated virgin interus of the guinea pig "from an animal treated 
with horse serum as the anaphylactic reagent shows specific 
supersensitiveness to the reagent .. Again, Gunn and Heath­
cote (1921) have shown the greater resistance of the cst as 
compared with the rabbit to cobra venom is shown by isolated 
organs of the two species. The minimhl lethal dose per 
kilo of cobra venom for the cat is twenty' times that for the 
oraq,bit. Boa the isolated heart and gut muscle of the cat 
can withstand much higher doses of cobra venom than corre­
sponding preparations from the rabbit. Of the venoms of 
Arthropods the most important are those of the spiders, scor­
pions, and hymenoptera. Neatly all spiders possess poison 
glands connected with the mouth parts, the cpoiso; being 
instantly fatal to the small animals on which they prey. The 
toxin is destroyed by heat, and like the venom of viperine snakes 
displays both coagulant and hremolytic properties with refer­
ence to vertebrate blood. Scorpion venom more closely re­
sembles the venom of the Colubrine snakes (vide infra). The 
poison glands of bees contain at least three toxic substances, 
one of which possesses hremolytiet properties and acts on the 
nerve centres, but like viperine venom produces marked local 
effects. A particularly interesting case from the pharmaco­
fogicaf standpoint is the presence of a substance affiecf to 
tyramine (parahydroxyphenylethylamine) in the salivary secre­
tion of the cephalopod (Henze). By means of it the cutt1e­
fish paralyses its decapod prey. Tyramine is closely related 
to tyrosine, as is the latter to the melanic secretion of the ink 
sac in cephalopods. It is one of a class of compounds allied 
to " adrenaline," the hormpne·of the mammalian suprarenal 
glands,· prepared synthetically by Barger and Dale. Adrena­
line itself has been isoisted by Abel and Macht in asso<:iation 
with an alkaloid bufagin having an a~_on akin to digitalis in 
the poiSonous parotid and akin glandseOf the toad, Bufo agna. 

The venoms-of mlIlkes may'be divioied into two_ gtoupa. 
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That of the colubrine forms (including the cobras) has, like 
the salivary secretion of the leech (hirudin) and mosquito, 
anticoagulant action on the blood, and produces death chiefly 
by asphyxiation through paralysis of the respiratory centre. 
Cobra venom is also luemolytic, i.e. it disintegrates the red 
blood corpuscles. The venom of the viperine snakes (including 
rattlesnakes) is ruso hremol:Yric, and differs from cobra venom 
in the more marked local inflammatory reaction and the pre­
sence of a substance which promotes coagulation of the blood; 
its effect on the rterve centres is less marked. Alkaloids are 
present in snake venom§, but their toxicity is slight. The 
poisonous action is due to constituents of a simple protein.,. 
like structure. Mammals may be artificially immunisea' by 
injection of sublethal doses'in increasing quantities. The 
serum of animals so treated may be used as anti-toxin. It 
is interesting to note that the blood of snakes (which are 
imrnun~to smite venoms), and that of animals like the hedge­
hog, which prey on snakes and also possess a high degree of 
natural immunity, ~is toxic to animala which are relatively 
susceptible to the poisonous effects of snake-bite. 

The phenomena of poison secretion are illustrated in all 
large groups of the animal kingdom, and a more extensive 
discussion would take us beyond the scope of the present 
volume. 

Seeretion of Acids.-An aspect of the comparative physiology 
of secretion which opens up a fascinating field for experimental 
investigation that Illltv throw light on the bionomics of some 
boring animals is the production of strong acids by the diges­
tive glands of ~ animals. More than half a century ago 
Troschel noticed that the gasteropod, Dolium galea, squirts 
from its mouth a liquid of strongly acidic reaction capable of 
producing effervescence on coming into contsct with the lime­
stone of the soil. This fluid" is the ~cretion of the salivary 
glands and contains as much as 4- per cent. free sulphuric acid 
and about 0'5 per <t:ev.ti hydrochloric acid. Schulz (1905) 
has also studie4 the p~Omenon of acid secretion in an opistho­
branch, Pleurobranchia meckelii. This ~ not only 
t!iecbllUl acidil: fluid. &om its pharynx but produces with its 
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skin glands a very acid slime. Little is known of the 
mechanism by which sucK a very high concentration of acid 
can be attained in the cells which secrete it. We are stilI 
in the dark as to the mechanism of acid secretion in the stomach 
of the mammal. It may be presumed that the ~ource of 
sulphuric acid must be the sulphur of either proteins or suI­
phates of the food. The bionomic significance of acid secre­
tion in the lower organisms has been interpreted as a means of 
softening the calcareous skeletons of animal prey or as a pro­
tective device. Neither interpretation is proved; but the 
subject would well repay investigation. • 

The Seclation of Gas. - :Among those fishes (Ganoids 
and Teleosts) in which a gas bladder is present a peculiar 
form of secretion is often met with. The bladder (homo­
logous with the lungs of air-breathing Vertebrates) is in some 
cases a true respiratory organ. . In those teleosts which dwell 
in deep water and habitually move over a collJlhlerame range 
of depths, it subserves the function of facilitating movements 
from one level to another by altering th., specific gravity of 
the fish. It was shown over a century ago that in those teleosts 
which have a closed duct (physoclistous condition) the bladder 
contains oxygen only. The oxygen content of the bladder 
changes during inflation and deflation. Though the tension 
of oxygen in sea-water is about a Qifth of one atmosphere and 
in the capillaries of the bladder considerably less, the tension 
in the gas bladder may rise to about a hundred atmospheres. 
8<'1.:reUUrr .mu' .roo'Ul'}1litnT Ul& oxygen: (.iT .fur J'l'lysUl:mn.t1ll!f 
forms) provide an auxiliary mechanism to promote sinking 
and rising in the water. Deflation in physoclistous fishes is 
apparently effected by means of the oval, a thin-walled area 
on the dorsal wall of the bladder overlying the cardinal 
sinuses and enclosed by a sphincter. That oxygen is re­
absorbed into the blood J>y tlifl'usion through the oval· is 
indicated by the fact that during active gas-secretion the 
sphincter is completely closed so that the thin-walled area is 
invisible, while it opens widely whep. the bladder is comi-
pletely inftated. . • . 

.t}s fairly cil!!tliin that the inJJation istbro. about by tile 
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activity of the gu gbnd. The fqrm of the gland varies in 
different fishes. Typically it is al local proliferation of the 
lining epithelium of the bladder, elsewhere composed of 
squamous cells. The cells of I the glandular region are 
colullllllll' where in contact with the endothelial lining of a 
peculiar arrangement of blood-vessels called the rete mirabile. 
This consista of a closely. packed bunch of fine capillaries ; 
its essential feature is the juxtaposition and intermingling of 
capillaries carrying blood in both directions. It has been 
shown by Bohr that the gas gland, like the salivary gland 
of the mammal, is"under'nervous,control; and Dreser states 
that oxygen secretion can be induced by the a<'iion of pilo-. 
carpine which provokes activity. of salivary and skin gl:tfids. 
In appearance the gas gland is a bright red diffuse mass typi­
cally situated on the ventral wall of the bladder. Little is 
known of its intimate mechanism. Artificial activation of 
the gIaml ca., be achieved by attaching a weight to the fish. 
A load of about five per cent. of the body weight is convenient 
for the purpose. :r,n experiments upon the Pollack, Wood­
land found that when the weight is first attached, the fish sinks 
immediately to the bottom of the tank. Soon it begins to swim 
upwards by active movements. After about twelve hours 
or rather less it regains, owing presumably to the activity of 
the gas gland, its normal lIuiescence c;ompletely. It is able 
to float easily near the surface without the aid of caudal move­
ments. Exposure of the viscera at this stage reveals the 
bladder in a distended condition. If instead the weight is 
removed and the fish allowed to resume its former stste, it 
floats at first to the surface; and has to swim downwards 
vigorously in order to keep away from the surface. 

SWAUl YDICIINT. An It~ 10 the Stucly of Secretion. Arnold. 
a-mw. EIektrobio1,9~., Vieweg. 
~. The Secretion oWrine. Longmaruo, Green. 
~JWmrr. The Nat"'" of Animal Light. Lippinrott. 
~. Ve_ l!ale"~. 



CHAPTER IV 

RESPIRATION 

,FROM the ~owledge whi~h ~e have gained concerning the 
nature of response in animals we have learned that the utilisa­
tion of oxygen is an essential feature of the processes by 
which effector mechanisms are restored to their original 
condition after a state of induced activity. The intake of 
oxygen by the organism will be our first cQPSidllFdtion in 
dealing with the sources of vital energy, since the necessity 
of oxygen for the maintenance of aniIlliI life is a universal 
phenomenon. 

Under the heading of respiration it is customary to include 
not only the intake of oxygen, but the removal of carbon dioxide 
which is associated with it. Except where we have to deal 
with tissues like ciliat~ epitheliu:y;t in immediate contact with 
the external world, the intake of oxygen involves: (i) the 
absorption of oxygen by the tissues from the body fluids; 
(ii) the absorption of oxygen by the body fluids from the 
external medium. It will be convenient (though less logical) 
to treat the latter before passing on to the special arrange­
ments for the transport of oxygen to the tissues by the 
body fluids, and CO2 from the tissues to the external 
medium. 

(a) Localised Besplmtion.-ln many animals the absorp­
tion of oxygen takes place t6 sorne extent over the entire surface 
of the body. Though this is not true of mammals, birds, and 
probably reptiles, it is certainly the case with most cold­
blooded vertebrates. Thus Paul Ber!:" showed that the asolotl 
larvu of the Mexican salamander<survivli after removal of ~th 
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the lungs and iills with but little ~ution of total respira­
tory activity. The following <!tta from Krogh's (190+) 
experiments show that the skin it a very important factor 
in the respiration of the frog, esjfecially when it is pointed 
out that ·the total surface of the skin is only about one and 
a half times the internal surface of the lungs. 

Rana esculenlll , , 
Rana fusca 

CutadeOUI respin,tlon. 
CO. 0, 

u II9 : 6a: 
··l2g:sz 

Putc8:uy reag:t~ 
19 : 59 
45 : 105 

Where a respiJutory .pigment is present it is sometimes 
possible to recognise its respiratory function bl the colour 
of the blood which enters and leaves an organ. This is.ArU~ 
of courae of the lungs and gills of vertebrates, from which the 
blood issuing is a brighter red owing to the formation of 
oxyhmmoglobin to be discusaed below. Analogous evidence 
points ~ th£, conclusion that the gills of the cephalopod­
whose arteriar blood is of a more bluish complexion than that 
in the veins-are to be regarded as structures specialised for 
the intake of oxyg~ from the surrounding medium. This 
is confirmed by direct measurements of Winterstein (lgoS) 
on the oxygen and carbon dioxide content of arterial and 
venous blood in Octopus vulgaris. 

ARTBRIAL AND VENO". BLOOD IN CIVING OcTopus 

NO,ofaniQl.al. 
8 
9 
II 

12 
16 
17 

Cephalic aorta (per cent.). a. ca. 
.f7 : 6'3 1 

4'66 7'09 

Abdomtnal vein (per cent.). a. co, 

0'09 5'6. 
0'31 9'13 
0'26 7'83 

It is highly probable, but not proven, that the gills 0 

Cruatacea are to be regarded in the same light. But it is no 
wise to _ that all structures tabeHed gills by systematist 
are special ~ to facilitate respiration. This i 
well illustrated by ~ of Fox (1930) on Chlronomus 
'l'iIia~ ~ fIl ingenious method.tG investigate 1h 
localisation ,of respiratory extlbange in minute b~, ~ 
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making use of the fact thft the flagelllite Bodo migrates to a 
region having a certain oPlimum oxygen tension. Fox found 
that when pupa: of Sim~lium, which respire by means of 
filamentous appendages at, the junction of head and thorax, 
are placed in a suspension of Bodo, the micro-organisms collect 
at first round the filaments in a dense congregation, and then 
migrate outwards in a crescentic cpnfiguration, as the oxygen 
concentration falls through absorption to a lower level than the 
optimum. When Chironomus larva: are similarly placed in 
a suspension of Bodo, the flagellates show. no special concen­
tration with reference to th.e so-,calIed anal 'gills; furthermore, 

,as this speci .. possesses ha:moglobin, it was possible to obtain 
in~pendent confirmation by spectroscopic observation for the 
conclusion that these structures have no special respiratory 
function. It will be seen later that the so-called gills of 
lamellibranchs are to be regarded primarily as apparatus for 
entrapping food-particles. Bounhiol (1902) br~JgllPforward 
evidence that respiratory exchange in some Annelids falls 
from 25 to 75 per cent. after removal- of the gills; and 
Winterstein's (1909) observations on the effect of occluding 
the anus in Holuthurians seem to indicate that either the 
" respiratory "tree or the alimentary canal is responsible for 
about fifty per cent. of the respiratory exchange which occurs 
in these forms., , 

Of localised respiratory organs among Invertebrstes the 
most fascinating arrangement is the tracheal system of Arthro­
pods. Though the tracheal system . of insects was fully 
described by Malpighi in IM9, it is only comparatively re­
cently that the respiratory significance of the tracheal apparatus 
has been put to conclusive experimental test, initiall)l by the 
work of Krogh (1915). Krogh demonstrated the respiratory 
function of the trachea: by two methods of attack. The first 
consisted in analysing 1!he gaseous contents of the trachea! of 
the limbs in grasshoppers which had remained for some time 
in a quiescent condition, as compared with the carbon ~ 
and oxygen in the trachea: of individuals which had been 
chased to exhaustion to increase ~ respiration. ·F« thiS 
purpose the ~ legs were-.qu~ out under ~e 
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for gas analys~ by Krogh's mitmethOd. The following 
table indicates the reaultJ obtained percentages ;-

QuloIeent. E>ba .... d. 

co, 0, N, co, o, N, 
._ ~ ~ " p ~ 

::t :n :::~ n ~:~ :~:~ 
3'0 • ,6'0 ·8"0 2'3 4'5 93'-

6'0 6'4 8,'6 
Mean "9 '5" 8_'4 4" 5'4 90'4 

In a second series of experiments the animals were placed 
in a mixture of pule O2 and CO2 till no nitrogen remained in 
the trachere, The requisite time previously dotermined b)\ 
trial was found to be about 10 minutes, Analysis showed'that 
about one minute after being' allowed to breathe ordinary air 
the normal nitrogen content of the trachere is restored, Even 
after one second there is z' 5 per cent, of nitrogen in the tracheal, 
while hl1'lf a .inute suffices to bring the percentage of nitrogen 
up to 62'S, From the first set of data it is clear that oxygen 
disappears and carbpn dioxide increases in the tracheal tubes 
during enforced respiratory activity, From the second it is 
clear that gaseous diffusion takes place within the tracheal 
system with a surprising rapidity, when one considers the 
internal friction encountered by the gases in passing along the 
lumen of tubes of such min\lte dimensiQlls, If the rhythmical 
movements of the abdomen which have been supposed to 
facilitate the renewal of air in the trachere are truly acts of 
'inspiration ana exp'ira6.on, 'It seeIns,1rom the rate at whiCh these 
succeed one another, that the air within the tracheal system is 
renewed to the extent of about twenty per cent, at each move­
ment, 

An admirably thorough'investigation of tracheal respira­
tion in insects has recently been carried out by Buddenbrock 
and Rohr (1923). The speci_ empldyed in their researches 
was Dixipus morosus, the familial stick insect, whose barrel­
lib: OODfiguration rtIn~ it specially suitable for some £01'l1li 

of 'lIWIipulation. U. Krogh'II microrespiration methods, 
they fiat deaIoutrated.the fact that c10sute 1# the orifices 
<"'ta) of the trac:eeaI system reducell respiratory exchanp 
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to about a quarter of its n!rmal dimen~ions. 'The remaining 
twenty-five per cent. migh be effected through the mouth or 
anus, or by the skin. Bud enbrock and Rohr investigated this 
point and found that occlus on of the mouth and anus does not 
reduce the total exchange of gas. The alimentary tract does 
not therefore contribute materially to the respiratory process. 
The oxygen content of the tissues was found"by Buddenbrock 
to be in equilibrium with a partial pressure of about 76 mm. of 
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FIG. ls.-(After Buddenbrock and Rohr.) 

mercury. It might be surmised, therefore, that no effects 
would accompany reduction of the oxygen content of the air 
so long as there rernaiIi'ed \It lesst ten per cent. This proved 
to be the case. Below this point physical diffusion does not 
compensate for the rate at which oxygen QIIl be used up, and 
the respiratory exchange falls. .' 

Very remarkable results accompal\y variation of the, CO,. 
tension of the it\1!pired air (Fig: 15). Cfhe intake of .oggeiJ . '. '; 
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diminishes as the carbon diOX1~ is increased, down to a 
miminum (at about 25 per cent. 2)' With further increase 
of CO2, it then suddenly increas till it actually exceeds the 
oxgyen !X>nsumption ~ CO2-free air. Finally, after attaining 
a maximum, the intake of oxygen rapidly falls to zero under 
carbon dioxide qarcosis. This surprising phenomenon sheds 
a new light on the significance of the abdominal contractions 
extensively studied by Babak (1912) and regarded by hint as 
respiratory movements. Babak had shown that phenomena 
analogous to Cheyne-Stoj<es breathing and asphyxia could be 
induced by varying the contents or the inspired medium; but 
crucial evidence that such disturbances of the norbl rhytlJ.m o'f 
abdominal movements had ~y compensatory value was lack­
ing. In DOOppus, however, when the normally spasmodic 
contractions of the rump aI).d abdomen became rhythmical 
in lack<llf o&gen or excess of carbon dioxide, the increased 
rapidity of 1he movements corresponds with an increase in 
oxygen consumption, and it is difficult to escape the conclusion 
that they actively facilitate the renewal of air in the tracheal 
system. There is, moreover, a correlation between the opening 
and closure of the stigmata and the respiratory movements. 
In DOOpus, according to the observations of Buddenbrock 
and Rohr, the thoracic stigmata open with each expiratory 
movement and close with felaxation of "the abdominal muscle, 
thus, seemingly, promoting the passage of a current of air 
from behind forwards. 

Lee (1924), working on severaf otfler genera of Ortb.optera, 
has recently observed in their respiratory movements a definite 
sequence of valvular motions of the thoracic and abdominal 
spiracles (stigmata). According to Lee's account the external 
valves or lips of the thoracic and first two pairs of abdominal 
orifices of grasshoppers open when tIv! abdomen enlarges and 
dose when it contracts. Th~ orifices of the last six pairs of 
abdominalspiraclCf are open during expiration and closed when 
t1te abdQmen enlaJg<!s" Hence if the abdomen of a normal 
grasshopper is submerged while the hea4 and thorax are 
kept above t1te ~l &f the water, minute bubbles escape 
liom the posterior \bdoIDinal spiracles; when the. whole 
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animal is put under watel· no bubb~ escap~ lILy -l'"J-
results. ' 

Thus in insects there 'as been evolved-and in passing 
we may note that analogous structures have appeared indepen­
dently in at least two other groups of Arthropods (isopoda 
and arachnida)-a system by which oxygen.is brought direct 
to the tissues by a ramifying system of minute tubules which 
penetrate even to the individual cells of the lining epithelium 
of the gut, The evolution of this remarkable arrangement 
is correlated with a very d«;generate condi~on of the vascular 
~ystem, ThF efficiency of'the:: 'tracheal system, which as we 
han seen accounts for the greater part of the respiratory 
exchange of these animals, mus~ be extremely high when it is 
remembered that insects in muscular activity surpass all other 
invertebrdtes and many vertebratllS also. It is interesting, how­
ever, to note that a limit is set to the efficiency ~f tJjj.. device 
by the size of the organism, since the interual surface of the 
tracheal system cannot increase proportionately to the body-
weight. r 

Respiratory Pigment&-The body fluids of many animals 
are known to contsin substances whose affinity for oxygen 
enables them to take up far more of this gas than is contsined 
by serum or sea-water in physical aoJution. The most familiar 
example of a respiratory pigment is provided by the substance, 
hle!noglobin, present in the erythrocytes of all craniata and in 
the serum of some invertebrates, especially annelida. 

As is well known, hremoglobin on taking up oxygen assumes 
a . different colour; reduced hremoglobin is of a purple tint, 
whereas oxy-hremoglobin is bright scarlet. The difference 
is correlated with characteristic absorption spectra. Oxy-
1uemoglobin has two abaorption bands in the green; reduced 
hremoglobin has one which ovetPpB the space included by the 
outer edges of the oxy-hamioglobin bands. Hremoglobin also 
combines very readily with carbon monoxide to form carboxy-
1uemoglobin •. a much more stable compound than the oxygen 
derivative. This also has two bands Yn the green; it is._ 
of II1ch a bright ~ colour. Oxy-tueI'nogIobin I)IUl be .~. 
to ~. by espoeure to a vacuu1':D <It neutral .... 
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by various reducing agents. w~. potassium ferricyanide it 
yields up all its oxygen, but the oglobin is speedily re-
oxidised by the reagent to form a br isomer metluemoglobin 
with a C<?nspicuous a~rption ban ~ the red. HlImloglf)bin 
is a compound of a protein and a nitrogenous pigment called 
ha:mochromogen. The nature of the protein differs in 
different animals. HlImlatin, which is the oxidised form of 
ha:mochromogen, is known to contain four pyrol ringa and 
one atom of iron in its molecule. The constant relation 
between the iron-content and the oxygen-capacity of a solution 
of hIImloglobin, established by Peteb, shows that the formation 
of oxy-hIImloglobin is an essentiiilly chemical unioA. ~titt 
is separated from its conjugate globulin by dilute alkalis and 
acids. The brown solutions' formed in the two cases have 
slightly different absorption .spectra. On reduction of the 
alkaline<..I!&rivative with ammonium sulphide the red pig­
ment ~omogen is found. HlImlatoporphyrin is the 
purple substance formed by splitting off the iron from the 
molecule with stroxfg acids, and is isomeric with the bile pig­
ment bi1irubin. 

HIImloglobin and oxy-hIImloglobin respectively take up or 
give up oxygen according to the partial pressure of the gas 
in the medium with which they are in contact. In the case 
of man 100 c.c. of blood 'take up aMut IS' 5 C.c. of oxygen 
when fully saturated. Human blood is fully saturated at 
a partial pressure of 100 rom., which is less than the 
partial pressure of oxygen in the atmosphere. The curve 
relating oxygen tension to oxygen content (or percentsge 
aatutation) in a hIImloglobin solution is a rectangular hyperbola. 
Complete aatutation of the blood occurs at the same partial 
pressure, but the initial part of the curve is steeper in a pure 
hIemogI.obin solution, so that at low .ons its oxygen-content 
is higher than in blood at the· same partial pressure of oxygen. 
Amongfactors whpt influence tile form of tile oxy-hIImloglobin 
dissociation curve ~/; t\wse which affect the physical chemistry 
of proteins geaeraIJy...aneutral salts, hydrogen-ion coneeri.tra­
_ '.ad.~ •• Inaieased hydrogen-iOB con,centratien 
~6ediaaociAioa of oxygen at low tellaionI-i.e:&ttou 
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the initial part of the cu~;. and differences in salt-content 
and pH. playa part in de ernurun. ., g differences in the fonn of 
the dissociation curve fr the blood of different species. 
The effect of acid is of phymological imp'ortance, since ~t implies 
(see Fig. 16) that the readiness of the blood to give up oxygen 
is greater under the conditions-presence of COr-normally 
associated with oxygen want. Rise in temperature also 
increases the dissociation of oxy-luemoglobin at low tensions. 
Thus the warm blood of the mammal or bird is better suited 
as a carrier of oxygen to t~e tissues than ,.a pure solution of 

FIG •• 6.-Dissociation curves of mammalian blood (after Parsons). 

luemoglobin at atmospheric temperature in the absence of 
salts. Seeing that the hremoglobins of different species are 
not identical, it is of interest to inquire into the extent to which 
the properties of different luemoglobins can be correlated 
with the conditions in ~hich a given species pursues its exist­
ence. Investigations with ~ and in view have been carried 
out by Krogh and Leitch (1919) on fishes, and by Barcroft 
and Barcroft (19Z4) on the poly<;ha:te, Arenicola; 

Krogh and Leitch compared the oxygen dissociation curves 
of the blood of several species ofJishd between 10°.,-zo° C. jlj, 
the p~andibiaence of COl to niakcf'the data as complete 
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as necessary tOr the putpOSe. In th~absence of carbon dioxide 
the blood of such fresh-water gene as the eel, pike, and carp 
is halfsaturatedata partial oxygen p ureof:z-3 mm.(lsO C.). 
In the marine species, ~epresented y the cod and plaice, and 
also in the trout, 50 per cent. saturation at 15° C. requires 
an oxygen-tension of considerably greater dimensions, viz. 
18 mm. with the 'cod, and' about II mm .. with the plaice or 
trout. In both cases the presence of CO2 greatly diminished 
the oxygen affinity of the blood at low tensions. In fresh water 
the oxygen content.is very variable and may sink to extremely 
low values. The low loading tensi<1n of the blood in the fresh­
water fishes is thus appropriate to their medium, lnd accounts­
for the low oxygen pressure to which Leuciscus (the miruiow) 
can, according to Winterstem's data, be subjected without 
harm. In sea-water the dissolved oxygen is practically always 
present i,I,l abundance at all depths. The water of the sea is 
practicall~rated with oxygen; it therefore has an oxygen 
tension above the 70 mrn. which represents the tension below 
which (at IS° C.) a ~d suffers from oxygen-want. In associa­
tion with this is the fact that sea-water fishes are very sensitive 
to oxygen-want. The oxygen dissociation curve explains the 
sensitiveness which makes sea-water aquaria more difficult 
to maintain than fresh-water. The trout, which, as we have 
seen, has a higher oxygen 10ading tenSion than such typical 
fresh-water fish as the pike and carp, will only live in well­
aerated water, and is easily killed when the water is not 
renewell or is insufficiently aerated. 

Barcroft and Barcroft investigated not only the entire 
range of the dissociation curve for hlmnoglobin in Arenicola, 
but compared its chemical and physical properties with that 
of human hlmnoglobin. As regards the first, which are 
graphically set out in Fig. 17, it is to ~ noted that the blood 
of Arenicola has at low tension! a vpy much higher affinity for 
oxygen than m~ian blood. The oxygen loading tension 
is of the same ordc;,r is ~t descn'bed by Krogh and Leitch in 
fresh..water fish. CoInplete saturation is obtained at an oxygen 
teI:\fJion; of lei nun. ntere~, apart fronl this, two chatac­
tediiti¢ difretences between the bamoglobins of ~ and 
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man. The former has ~ much lower affinity for carbon 

point of 50 per cent. satura­
tion under exposure to a 
mixture of oxygen and 
carbon monoxide; the par­
tial pressures of CO and 
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. O2 were not 250: 1 as in 
the case of man, or 140: 1 
as in the mouse, but more 
nearly .40 : 1. Again, as 
regards the blood spectra, 
it was found that the (1,­

oxy-hremoglobin band is 
18 Angstrom units nearer 
the violet end, and the a­
carboxy-hremo~in band 
is I I Angstro~ units nearer 

FI~~'hl~'ll~::'ft :d'll'a~fti~- the violet end than are 
those' of human blood. 

Further, Vies has shown that the methremoglobin of Areni­
cola has not the typical bands in the spectrum of mammalian 
hremoglobin. There is a quantitative relation (Barcroft) 
between the affinities of the different hremoglobins for carbon 
monoxide and oxygen, on the onl. hand, and the position of 
the bands in their absorption spectra on the other. The 
logarithm of the reciprocal of the pressure at which the pigment 
is half saturated with each is a linear function of the situation 
of the a-band. The further the band is situated towards the 
violet end. the greater in each case is the affinity for the 
gas. From measurement of the blood-volume and oxygen. 
consumption of ArenicoJa, it appears that Arenicola blood 
can store just about enpugh oxygen to last when, sealed up 
in its burrow at low tide, it 'has temporarily no acceas to 
water. 

We may now turn to the consideration of the respilatory 
pigment of mollusCs and crustacea. Ha:mocyanin is a term. 
given to a family . of ~ wlfich in the p~ of 
~.~y .•• bJui$h hue.areJiko:tW'~w".. 
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tein nature, and contain in orga' combination a metal 
which, however, is not iron but c_opVer. 

There is no doubt that the ~ocyanin of molluscs and 
crustacea_is a reversibly oxidisable pigment. Octopua blood 
saturated with air was found by Winterstein (1908) to take 
up 4-5 per cent. oj oxygen. The oxygen capacity of the blood 
of Palinurus was decidedly'less-about 1"5 per cent., a differ­
ence possibly correlated with the lower hremocyanin content 
of the blood in Crustacea. The blood of the Arachnid, 
Limulus, like Cruitacean blood contains a bluish pigment 
which is a colloidal compound of t:opper, to which the term 
hremocyanin has also been eXtended. Alsberg and Clarl~ 
(1910-1914) have, however, st~ted that the oxygen capacity of 
the blood of Limulus or of a lo-per-cent. solution of Limulus 
" hremocyanin " is not signifi<;:antly greater than that of sea­
water. ~ observations have further shown that the com­
position ofLimulus hremocyanin is not the same as that 
of the hremocyanin of Octopua as determined by Henze 
(1904)· • 

Carbon 
Hydrogen .. 
Nitrogen 
Sulphur 
Copper 
Oxygen 

Octopus (Henze), 
53'66 per cent. 
7'33 

,6'09 
0'86 " 
0'38. " 

21"68 

Lhnulus (Alsberg and Clark). 
48'94 per cent. 

7'10 
,6",8 

1'16 
o'z8 

25"94 

Notable additions have recently been made to our know­
ledge of hremocyanin as a respiratory pigment through the 
researches of Dht!re (I916-192I), and of Quagliariello (1910-
f923), who have obtained hremocyanin from a number of species 
in crystalline form. HIemocyanin of cephalopods can be 
prepared by precipitation with concentrated (NHJ2S0., 
that of the anail and rock-lobster qy crystallisation of the 
supernatant serum dialysate ill ice~ Oxy-hremocyanin so pre­
pared in crys~ for,m is a protein, completely precipitated 
by diaI.ysi8, cOaguIatM by heat and alcohol, behaving as an 
aD!photeric electro~ with a minimal. solubility at ita 
ieoe1ectric point (pH. 4'7 in the case of OctopllS). The oq­
~.of~erystalIisesinneedlesofa~ 
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blue tinge. Reduced ~anin do~ not ~how any absorp­
tion bands. The spe~f oxyh!EID.ocyanin from molluscs 
and arthropods shows one and in the yellow and the beginning 
of another in the blue in . e of the copper-pyno.l complex 
in the hretnocyanin molecule. The position of the yellow 
band in molluscs is about )..5791"1", and ip crustacea about 
A5631"~· . 

As regards the properties of h!EID.ocyanin as a respiratory 
pigment, Dhere finds that oxy-hremocyanin of both crustacea 

Olssoc/ot/on Curves or H8emocyanin rn Crustacean Blood, .' . 

Cancer -
Pa/iiwl'/Js' 

Raia 

HomarU$ 

FIG. r8.-(After Stedman and Stedman.) 

and molluscs undergoes dissociation by lowering of the oxygen 
tension, exposure to an inert gas or heating. There is no 
combination between carbon monoxide and hretnocyanin. 
which however (snail. 10b~er) "form a green compound with 
N 202' The physiological r(lle of hremocyanin in the respira­
tory processes of crustacea and molluscs is not comp1etely 
established; but is strongly suggeste4 by comparison of the 
hremocyanin content (as measur;d b, the amount of ooppet: 
present) with th!I oxygen capacity of 191e bloOd in' ~ 
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species. The following table from' Dhere's data shows how 
close the correspondence is : l 

Animal. 
Octopua 
Helix 
Homarus 
Cancer 
Astacus 

yJ:ygetlc.c. 
Temperature. per lOO c.c. blood, 

,S' I .'05 
17°-19° 1'82 
IS'S· 3" 
,So ,'6 
22" 2'4 

Copper mg. 
per 100 c.c. blood. 

25'6 
9'0 

10'S 

5"5 
8'0 

From the recent work of Fox (1924) it would appear that 
the green pigment, chlorocruorin, of certain polychietes is 
like hremoglobin and hremocyanin a substance which may 
facilitate the carriage of oxygeft to the tissues or its temporary 
storage in the body, Chlorocruorin occurs in tile Chlorhlll-. 
midre and the Sabelliformia, The blood of these WOl'Ilfs is 
green by transmitted and red by reflected light, It was first 
observed by Milne Edwards (1838); and its spectrum was 
later studied by Ray Lankester (180-1870). Oxy-chloro­
cruorin hnwo absorption bands, the limits of which were 
given as 618-593P.P. and 5']6-554P.P.. By reduction with 
ammonium sulphid. a derivative was obtained which had 
only one bahd situated between 625 and 596P.P.. As this 
reduced form reassumed the oxy-chlorocruorin spectrum on 
shaking with air, Lankester concluded that it was respiratory 
in function, 

The fact that chlorocru.dn is reduced by reducing agents 
and reoxidised in air is, however, insufficient reason for be­
lieving that reduction can take place in the body of the worm. 
It has now been shown by Fox that oxy-chlorocruorin is reduced 
in a vacuum, that is to say, it both takes up and gives up oxygen 
according to the oxygen tension of the surroundings. Further­
more, its r«iuction by living tissues can be demonstrated by 
spectroscopic observation of the blood of Spirographis in 
contact with a piece of living muscle under a sealed cover­
slip. On removing the ~er-slip "the oxy-chlorocruorin 
bands reappear. Assuming that the gas liberated by potas­
sium ferricyanide fs "xygen, the oxygen capacity of the blood 
of Spirographis was foq,nd by Fox to be about 6'17 per cent. 
or 10'3 times the quantity ~lved in sea-water. This is 
~y higher thaJiethe figure for the blood of Cephalopods 
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and about twice or three tbes the ~n cap~ty of the blood 
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FIo.19.-Absorptionspectra. I: oxycluorocruorinin three'concentrations; 
II and III give the spectrophotometric ax .. of the hands of the luemogIobin 
of the horse (Ill and Arenioola (III) (after Fox). -
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FIG. 2o.-Abserption .pee!:ra. I: chlo!ocruorin redueed by N.,CO+ 
N.,S,O,; IIchloroc:uorinre<{uced by Am,S' IIlareni<:olan\mmo8l<lbill 
redueed by N .. ~.+N .. S.O'i. IV aretlUlOfa,; JuemogIabin reduced by 
Am,S; VmammaIian ha!moglOmn (after F.,q. 

in crustacea lQId other taollU8l!s. I;. a1~ eIllJIlI~ ~ *'. 
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oxygen capacity of Areflicolan brood. Bounhiol (1902) found 
that the polycluetes with luemogIobin have a more active gas 
exchange than those without hremoglobin. It cannot be 
stated as yet with confidence that ;hiorocruorin performs an 
essential tole in the life of the worm; for the blood circula­
tion is poorly developed and there appears no danger of oxygen 
deficiency in the W'ater in the life of Spirographis under normal 
conditions. It is interesting to note that the earthworm will 
survive perfectly well after all its hremoglobin has been con­
verted into carboxy-luemoglobin so that the blood pigment can 
no longer function as a vehicle for tlte transport or a means for 
storing oxygen. Chlorocruorin in many respects rl!ilembles the. 
luemoglobins. It forms a compound with carbon monoXIde. 
The oxidised form is reduced 'by potassium ferricyanide. It 
acts as a peroxidase. It is possible to prepare a parallel series 
of derivatives of chlorocruorin analogous to met-hremoglobin. 
hrematopo~. luemochromogen, etc. 

Finally, mention must be made of a pigment allied to 
hremoglobin in the liver of the crayfish and the gut of all 
pulmonates except Planorbis, a genus in which hremoglobin 
itself occurs in the blood. Helicorubi'n, as this pigment is 
called, has been investigated by Anson and Mursky (1925). 
who find that it combines loosely with oxygen. its affinity for 
the latter being increased,.at as in the case of luemoglobin 
decreased, by the acidity of the medium. These authors have 
put forward a rather different view of the biochemical and 
phyletic relationship of the hremoglobins from that hitherto 
accepted and indicated earlier in this chapter. They regard 
hremochromogen and its oxidised form hrematin as themselves 
conjugated proteins of which luemoglobin and oxyluemoglobin 
are respectively polymers. To the iron-pyrrolllart of the 
molecule Anson and Mirsky apply the term htetn. Hremo­
chromogen is a compound of ulI} add a nitrogenous sub­
stance. protein or otherwise. The hrems of different hlieino­
globina and of heIftoxubin are identical; the specificity of the 
luemogtobins depends oa the nature of the conjugate globin 
or the degree of polymerisation of_the luemochromogen. The 
8ep!1r11tion of· hem. from i~ conjugate protein (or other 
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nitrogenous compound) takes place in acid medium. At 
present the physiological significance of helicorubin is obscure. 

The Transport of Carbon Dioxide.-We have seen that in 
the recovery phase of mi'scle the intake of oxygen is accom­
panied by an evolution of carbon dioxide. The removal of 
carbon dioxide is generally considered under the heading of 
respiration, though it cannot be assumed Without direct evi­
dence that the intake of oxygen and the excretion of CO2 
always takes place in the same organs . .. 
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FIG. :n.-Curves relating the amount of COt taken up by a given 
volwne of blood to CO, pressure, showing that oxygenated blood takes up 
less COs, and that therefore oxygenation has made the blood more acid 
(after 1. S. Haldane). 

If the carriage of carbon dioxide in the blood of the mammal 
is studied by analogous methods to those employed for plotting 
the dissociation curve for hremoglobin--i.e. exposure of the 
blood to different tensions of carbon dioxide and estimation 
of the carbon dioxide' absorbed,-it is found thst the amount 
of carbon dioxide which Can be taken up by the blood is con­
siderably greater than thst which would be dissolved by 
physical solution even at comp~vely high tensions. At 
a partial pressure of +0 mm., whichecorresponds to the lowest 
tension of COil with which the arterial blood of the' ~ 
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is in equilibrium; 100 c.c. of blood cohtain over 50 c.c. of carbon 
dioxide. This combined carbon dioxide exists in the blood 
in the fonn of sodium bicarbonate. It has been shown by 
Parsons that the alkali comes from ;he dissocistion of bremo­
globin, which exists in the blood on the alkaline side of its 
isoe1ectric point as a sodium salt. H~moglobin is a weaker 
acid than its oxygen derivative, and oxygenation therefore 
favours the displacement of CO2 in the competition between 
the weak carbonic acid and the protein anion for a fixed amount 
of base (Fig. 21). 

The conditions 1:lf carbon <,liox4ie in the blood of marine 
invertebrates have been recently studied by ColliJ.t (1920) and. 
by Parsons and Parsons (1923). The state of affairs exiating 
in these animals is different in. some respects from that which 
is found in the mammal. Collip's investigations, on repre­
sentatives of molluscs, arthropods, annelids, and ccelenterates, 
indicate th~ general the amount of carbon dioxide taken up 
at pressures greater than the low tension of CO2 in ordinary 
atmospheric air are ,,,nly such as would be accounted for by 
physical solution. Practically all the available alkali is com­
bined to fonn bicarbonate at a carbon dioxide tension far 
below that found even in the arterial blood of the mammal, 
where the alkali reserve is not used up until comparatively high 
tensions are attained. ~ peculiarity ,is of interest, firstly, 
in relation to the part played by hremoglobin as an alkaline 
salt in the blood of the mammal; secondly, in relation to the 
rate of metabolism which such an arrangement permits; and 
thirdly, as affecting the reaction of the blood which in the 
norma1life of the mammal is kept constant within fairly nartow 
limits by the buffer action of the dissociated protein. 

These points have been investigated in several genera 
by Parsons and Parsons (1923), from whose observations 
emerges a very significant difference eetween the conditions 
of carbon dioxide transport in tlfe blood of comparativdy 
active free-living fhrvxs' such as the crustacean genera Maia 
and Palinurus or 'the C!lPhalopod Octopus, and sluggish or 
sedenQry forms such as· the mollusc Aplysis aqd the tunicate 
Phallusis. In Aplysilj, and Pballusia the uptake of CO: is 

. G • 



82 COMPARATIVE PHYSIOLOGY 
! 

practically a linear functi.on of the partial pressure for all 
values of the latter, and the carbon dioxide capacity of the 
blood is not greater than that of sea-water. In the case of 
the tunicate that of the wpole blood is rather less; but the 
capacity of the plasma is somewhat higher than that of the 
whole blood, and the difference is probably correlated with 
the distinctly acid reaction of the corpuscle&'which, according 
to Henze, may contain as much as 3 per cent. free sulphuric 
acid. In marked contrast with the carbon dioxide capacity 
of these comparatively inactive forms are the curves derived 

r 

from the blood of the crustacean and cephalopod (Fig. 22). 
Here the uptake of CO2 by the blood increases steeply up to a 
tension of about IS rom. Hg; and within this 1inIit the reaction. 
remains well on the a1kaline side of neutrality. The steep 
portion of the curve is much less protracted than in the 
mammal; but according to Parsons and Parsons there is never 
more than about 3-10 C:I:. of 002 per 100 c.c. of blood in th_ 
animals as against So c.c. 'in 100 c.c. of mammalian armUt 
blood. The more stable reaction and greater carbon dioxide 
c:apacity of the blood in the ~ and cephalopod as 
::ontrasted with the eondition in Aplfsia is that the blood of 
:he former. is 'rich in ba!.rD.ocyaPin andoother proteiQl. the 
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body fluid of Apl}rsia (Bottazzi) con4ns less than 0'01 per cent. 
of protein nitrogen. The isoelectric point of 1uemocyanin is 
well below absolute neutrality, being according to Quagli­
ariello about pH. 4'7, so that in the sIghtly alkali.ne blood of the 
invertebrates which possess it, it should be dissociated as an 
anion; and Quagliariello finds, as might be expected on the 
assumption that ptoteins are amphoteric electrolytes, that the 
acid-neutralising power of invertebrate blood is roughly pro­
portional to its protein content.. Thus it would appear that 
the proteins of the blood of invertebrates, as in the ~. 
exist normally as sodium salts capable of giving up their 
kation for the carriage of carbon ·dioxide away from the tiSsues. 
as sodium bicarbonate, and that the steep initial portiOI! of 
the carbon dioxide dissociation curve exhibited by those 
forms which possess luemocyanin is due to the competition 
of CO2 and protein anions for the alkali kations of the blood . 
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CHAPTER V 

NUTRITION 

WHEN a muscle contracts gly'cog:m disappears. Only PII!\ 
of this glycogen is reinstated in the recovery phase of muscular 
contraction, and probably an .analogous phenomenon occurs, 
as already indicated, in the case of ciliary and glandular activity. 
It is necessary, therefore, that the supply of materials in the 
effector o1'51Jl should be replenished. In the case of growing 
organisms, it is necessary also that a supply of the materials 
concerned with the manufacture and growth of cells shall 
be maintained. In this chapter we shall deal with the means 
by which a supply of necessary material is ensured. 

It is more than a century since Lavoisier and Laplace 
showed that the bodily heat of warm-blooded animals is a 
form of slow combustion. and that the amount of oxygen 
used up and of carbon dioxide liberat~d has a definite and 
ascertainable relationship to the heat that is generated. By 
applying the balance and the thermometer to the phenomena 
of life, Lavoisier founded the modern science of nutrition. 
By the middle of the following century Liebig had shown 
that the three categories of organic compounds known as 
proteins, carbohydrates and fats are the substances whose 
decomposition and oxidation form the basis of those chemical 
changes which occur under the influence of living cells and are 
collectively referred to under fue term "metabolism." AsignsI 
advance was ~ 9Y the researches of Voit and others in the 
'sixties. when it was'llhown that muscular activity does not 
increase protein metab'QIism (estimated by !he nitrogenous 
content of the urine) '. that the complete combustion of a given 
weight of each clasS of compounds is associated willi the 
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intake of a definite amount of oxygen; and that the ratio of 
carbon dioxide evolved to oxygen used up is different for 
carbohydrates, fats, and proteins respectively. This ratio is 
known as the respiratory q(,otient. It is, as would be. expected, 
unity in the case of carbohydrates, and less than unity for 
fats (0.71) and proteins (0"78). The investigations of Liebig 
coincided with the formal statement of the conservation of 
energy by Mayer on the basis of Joule's determination of the 
mechanical equivalent of heat. The general applicability of 
the first law of therm{\dynamics to li,~ng organisms was 

,.universally ,.ccepted as the bllSis of physiological research by 
the .!lnd of the nineteenth century. 

For the greater part of this period, however, the impossi­
bility of oxidising animal foodstuffs at such temperatures as 
are consistent with organic existence as we know it, or of 
stimulating the digestive reactions in vitro witllsut recourse 
to reagents which would be fatal to the organism, presented 
an i1lfIexible barrier to the probability that the mechanism of 
living organiSIll$ conforms to the knowrt laws of energetics. 
To-day the position has changed in two ways. The study of 
those more complex chemica-physical systems which are for 
convenience described as " colloids," and the role of surface 
tension, osmotic pressure, and electrolytic dissociation in 
modifying their properties, opens up a new horizon of possi­
bilities, while the extension of the principle of catalysis to 
enzymes, and ita clarification by Ostwald and others, has 
thrown a Hood of light on the chemical equilibrium of the 
organism. 

SoumIs of Animal FoocL-Fats, proteins, and carbohydrates 
are the principal constituents of a healthy diet. There ill a 
certain amount of evidence that fats and carbohydrates 
are convertible into oBe ano~er, and that carbohydrates can 
be manufactured from the dtiaminised products of protein 
metabolism. Protein as such is not neceasary; but it _ 
that it can only be replaced by its hydr~lysis products,· the 
amino-acids. In this connection rv;/ine interesting bionooIic 
problems arise. 't •. 

It.was found by Loeb (1915) that the banana By ~ 
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1' ...... , ...... ""'UI''''''' 'Ib larval stage in a solution of cane sugar 
and salts adsorbed in filter paper. The Iarvre groWl! quickly, 
and on addition of ammonium tartrate, glucose, and citric 
acid, sU<:eeSSive generations can.be reared. Here at first 
sight appears to be an organism that can flourish in a medium 
deficient in nitroem compounds of the degree of complexity 
hitherto thought to be required by animals invariably. This, 
however, is not the case. 

The nitrogen supply of Drosophila has been made the 
subject of recent investigation by Baumberger (1918). The 
alimentary tract in DrosophiIa !arVre teems with yeasts. In 
order to explore a possible relation between the ye:st orgallism: 
and the nutritional processes. of the fly, Baumberger Steri­
lised eggs and pupre by immersion for a short period in 85 per 
cent. alcohol. Sterile indiviquals having been so obtained, 
both steriitt,and normal individuals were placed on (a) sterile 
banana-agar culture media, and (b) a sterile synthetic medium 
containing mineral salts, sugar, and ammonium tartarate as 
the sole source of nftrogen. The consequences of this treat­
ment on the two classes of individuals were striking. Normal 
(i£. unsterilised) individuals deposited eggs which grew into 
lame that pupated normally on both banana-agar and synthetic 
media. The larvre which developed from sterilised eggs and 
as the offspring of steriiisld pupre failed either to grow or 
pupate on a sterile medium of either type; they only survived 
a few days. When, on the other hand, similar sterilised 
individuals were placed on media of the same nature which 
had been previously infected with yeasts, they at once began 
to thrive, pupating as usual. ThuS in the presence of yeasts 
Drosophila can grow on an artificial medium.with ammonium 
tartarate as its only source of nitrogen. 

It may now be asked whether the. food requirements are 
met .by any by-products of f&meAtation. This Baumberger 
tested by boiIing"th, ~t before adding it to the sterile cul­
tures; fermentation was in this way prevented. The Iarvre, 
howeYer. grew steadi1y:JIIld the possibility that the fly larva 
actually ingests the JFlts al&ne remained. 'On cultures of 
cOnlptessed yeaat-agar with yeast nucleo-prote.ins as d!e sole 
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nitrogen supply, the sterile Iarvre were able to grow and pupate 
nonnally. It thus appears that yeasts are the nitrogenous 
food of Drosophila; the simplest nutrient solution suitable 
for the yeasts (and certain (3ther micro-organisms) w~lI replace 
fermenting fruit in the ecology of Drosophila larvre. These 
experiments of Baumberger are extremely sUl(gestive in relation 
to the diet of wood-boring animals, the significance of fungus 
gardens, the curious habitat of such organisms as the vinegar 
worm, and a host of other bionomic problems. 

Researches have also been carried Qut on Drosophila 
larvre in relation to the accessory food-factors or vitamins. 
t;rhe term "vitamin" is one which at present can hardly be said 
to convey more than a recognition of our failure to induce 
mammals to grow healthily on a diet of purified carbohydrate, 
fat, protein, etc., and our almost complete ignorance of those 
constituents of natural foods which must be added to such a 
diet to preserve health and normal development. The necessity 
for recognising accessory food-factors was first clearly recognised 
by Hopkins (H)06), and the conception b'ecame more concrete 
when Funk (1911) extracted from 100 kilograms of yeast 
2'5 grms. of a material of which a dose of 2 mg. sufficed to cure 
the polyneuritis induced in pigeons by an exclusive diet of 
polished rice. There are at least three chemical entities 
included under the term" vitamin." A is present especially 
in animal fats, B in yeast, and C in fruit jnices; but in fresh 
animal or vegetable food all three are represented to some 
extent. The separate identity of these substances is inferred 
from the different clinical results of eliminating one or the 
other. 

Bacot and Harden (1922) have investigated the extent 
to which vitamins are essential to the diet of Drosophila. 
Successful growth of lafvre can apparently proceed in a nutrient 
medium composed of pure caseinogen, starch, sugar, and salts 
only if small quantities of yeast extract (as a source of" B ") 
and traces of butter Jat (" A ") are included. "C" was not 
found to be essential, though amply: available in the normal 
diet (fermenting fruit-juice).. '. 

-'I1re bclvaviour of Drosophila in fegard to yeasts more-
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few words may be inserted here with reference to the methods 
adopted by animals of sluggish and sedentary habits for 
maintaining a supply of food. Most widespread of such feed­
ing mechanisms are thoseo which - involve the entaQ-glement 
of food particles, such as organic debris and micro-<:>rganisms 
of the plankton, in mucous slime througl;). the production 
of ciliary currents to maintain a constant flow of water over 
the slime-glands and to propel the entrapped food-particles 
towards the mouth. In Amphioxus, for example (Orton), 
water flows from the pharynx into the atrium by the lashing 

of _ cilia which line the sides of 
the pores in two lateral rows; 
these cilia do not play a direct 
part in the collection of food­
particles, which are caught in a 
fine sheet of mucus secreted by 
the endostylar gland cells and 
thrown on to the sides of the 
pharynx by' the cilia of the 
ventral groove. This sheet of 
slime with its entrapped food­
particles is worked up into 
cylindrical masses driven to­
wardA the dorsal groove by 

FIG. 23.~ currents on the cilia which line the inner wall 
Lomellibranch gill. of the pharynx. The cilia of the 

hyperpharyngeal groovemaintain 
a current of this slimy suspension in the direction of the in­
testine where digestion and absorption take place. Essentially 
similar arrangements exist in Tunicates, Amphioxus, and in 
at least one Vertehrate, the .Anunocrete larva of Petromyzon. 
In the bivalve mollus~ it is again the structures which 
descriptive anatomists have lallelled gills which constitute 
the ci1iary net. Water laden with organic debris and micro­
organisms filters between the filaments of the gills through 
the action of currents produced by" the lateral cilia. A 
ventraIly directed current due <to the v frontal cilia _ wlIShea 
the ~particles entangled in IIfur:le dOwnwards ~. II 
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ciliated groove formed by the distal ends of the filaments. 
In this food - groove a strong anteriorly directed ciliary 
current washes the mucous stream on to the labial palps, 
whence. they are propelled-st;ll by ciliary action-into 
the mouth (Orton, Kellogg, Yonge). There are often special 
arrangements for excluding coarse particles, sand, etc. In 
the primitive gastropod Crepidula - and probably other 
marine prosobranchs - we find analogous phenomena. 
According to Orton (19 13) in Crepidula an ingoing and 
outgoing current. is established along a definite pathway 
and the single gill acts as it striuner between them. The 
filaments lie parallel in a horizontal line exten!Ting along th~ 
left side of the mantle cavitr, dividing it into a left v~tro­
lateral inhalent chamber and a right dorsventral exhalent 
chamber. In feeding, the front end of the shell is raised 
slightly, water is drawn in along the anterior half of the shell 
on the left, passed through spaces between the gill-filaments, 
and expelled along the front half of the right edge of the shell. 
Upon reaching th~ tips of the filaments, the food-particles, 
driven along in a mucous stream by the frontal cilia, are 
deposited in a food-groove, like that already seen in lameJli­
branchs, running along the right side of the body. Eventually 
the food-masses are seized on by the radula. Ciliary feeding 
occurs in Brachiopods, Pol)'zoa, and sante Polychalta. Entangle­
ment of food-particles in slime is also seen in small crustacea 
such as Daphnids, where the labial glands exude a stream 
of rnucilaginous secretion which entraps suspended matter in 
the ven:tral current produced' by the thoracic appendages, to 
be seized on by the mouth parts. 

The B.isI:or, of the Foodstuffs.-We may now tum to con­
sider the changes which the three principal classes of organic 
food-constituents und~ in the digestive tract, and their 
subsequent fate in the body: For a detailed treatment of the 
latter, standard? Il¥lnographs on biochemistry must be con­
su1ted; such kJrowledge as we possess is derived very largely 
from clinical sources· and from the study of mammalian 
physiology. • • . • 

As proteins exist in colloidal form, they are ineat?ab1e of 
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passing through the membranes of the digestive tract until 
broken down into diffusible products by hydrolysis. In the 
mammal there appear to be three stages in the process. The 
first takes place through t'le agency of the gastric. enzyme 
pepsin which exerts its optimum efficiency in an acid medium 
which is provided for by the presence of free ,HCI in the secre­
tion of the gastric mucosa. Prolonged digestion in vitro of 
proteins in the presence of pepsin does not carry the process 
to the liberation of amino-acids, which are the end-products 
of protein hydrolysis in presence of inorwmic catalysts. In 
the body peptic digestion probably promotes only the initial 
stsges of splitting into simpler proteins such as proteoses and 
peptones. 

The enzyme trypsin which is supplied by the pancreatic 
juice can bring about the complete hydrolysis of proteins in 
vitro. In the body it seems probable that the reaction is not 
carried beyond the production of the relatively simple and 
diffusible condensation-products of amino acids known as 
polypeptides. The final resolution of theSe into simple amino­
acids is apparently effected with the co-operation of a pro­
teoclastic ferment in the secretion of the intestinal mucosa 
(erepsin). Proteoclastic enzymes have been detected in 
extracts of the digestive glands of all groups in the animal 
kingdom. How far 'mey are iiIentical with those which 
occur in the mammalian gut is not certain. Using the facility 
with which a gelatine mixture solidifies when cooled for a 
fixed period in the ice-bath as a measure of the progress of 
protein hydrolysis, Bodansky and Rose (1922) extracted from 
the mesenteric filaments of the jelly-fish Stomolophus and the 
siphons of Physalia (Siphonophora) a digestive ftuid with two 
pH. optima at 3.0 and 7·3 respectively, roughly corresponding 
to the pH. optima for ,mammalian pepsin and trypsin. A 
rennet-like ferment capable of 'I:oagulating the milk protein 
caseinogen was also found to be present. Yonge (1924) was 
unable to find a pepsin-like enzyme in the digestive gland 
of the lobster; but free amino-acids 'Were obtained from an 
alkaline digest with the extract. • . 

In !he tissues, especially in the live'i: of the Vertebrates. 
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amino-acids are partially decomposed with liberation of 
ammonia. The latter combines with CO2 in the blood to be 
transformed into urea, which is ultimately excreted; the 
residual portion of the amino-acid molecule is a keto-acid 
which forms a common link in t!e intermediate metabolism 
of carbohydrates and fats. This process is known as deamina­
tion. The impdttance of this lies in the fact that in some 
carnivorous animals there is very little carbohydrate present 
in the food, though, as we have seen, the chemical energy 
of carbohydrates is the ultimate source of the mechanical 
energy of molecure contraction. • Thus while most animals 
feed predominantly on nitrogenous food, the ni.ogenous palt 
of the protein molecule is of little constructive impOlltance 
except in growing animals, where new protoplasm is being 
formed. We have to distinguish between endogenous meta­
bolism which is concerned with growth and tissue waste on the 
one hand, and exogenous metabolism which is concerned with 
effector activities and the maintenance of body heat on the other. 

Observations haie been made concerning the deamination 
of amino-.acids in the blow-fly (Calliphora) by Weinland 
(1908), who showed that both the larva: and a pulp made by 
crushing them had the power, in the absence of oxygen, to 
split peptones into amino-acids, deanUnise them with evolu­
tion of ammonia, and j>roduce higher fatty acids with 
evolution of COr-presumably by synthesis from the nitrogen­
free remainder of the amino-acids. The particular enzyme 
reactions which occur on a large scale in the digestive 
processes are not to be regarded as special properties of the 
alimentary secretions, but mther as chamcteristic of what is 
involved., to a greater or less extent, in the metabolism of all 
cells in the body. Among the hydrolysis-products of one 
important class of proteins, the nuc1eo-proteins, purine bases 
are found in addition to ~o-acid!. Purine bases derived 
frOln food or tissue waste are eXcreted in many anima1s as 
uric acid. But~ eftZ}imes are known to exist which oxidise 
purines with fonnati06l of urea; and .uric acid is not an 
invariable excretory product. 

The extent to which fats contribute to the diet varies 
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greatly with the feeding habits (If the organism. In the 
mammal the bulk of the fat is unchanged in the stomach. 
In the duodenum, aided by the churning movements of the 
intestinal wall, bile-salts exert th~ir characteristic effect in 
lowering surface tension tot effect a fine degree of emulsifica­
tion. The emulsion is acted upon by a lipolytic enzyme of the 
pancreatic juice, and broken down completely into its hydro­
lysis products by neutralisation of the fatty acid so formed 
with production of soaps. The soal's of the higher fatty acids 
form colloidal solutions, and are not diffusible like amino­
acids or sugars. They are rbsor.bed by the cells of the mucous 
.r=lmme, ",hkh ue r.icbly gorged with fat-globules after II 
meal, of fat-containing food. Th<: colloidal nature of the 
higher soaps suggests that the same way of dealing with hydro­
lysis products of fat should hold in other groups, as the work 
of Sanford (1918) on digestion ill the cockroaches clearly 
demonstrates. Sanford fed cockroaches on a mixture of sugar 
and olive oil and showed, by follOwing microscopically the 
course of digestion, that after a fatty mea! the cells lining the 
wall of the crop teem with fat globllies. The contents of the 
crop exhibited, like the pancreatic juice of the mammal. a 
powerful lipolytic action. This ptovides good material for 
class experiment. The organ is removed from about a dozen 

, cockroaches, ground iq a mortar 'tlth aand and about 10 c.c. 
of water, a few c.c. of the filtered extract is added to about 
the same quantity of olive oil and ~pt for a few days at room 
temperature, when the amount of !tee acid liberated is deter­
mined by titration and compared with a control tube. For 
microscopic examination sections of the wall fixed at varying 
intervals after the meal are treated with osmic acid or the 

. dye known as Sudan III .• both of which are specific stains 
for fat. Sanford also fed cockroaches on a paste of oil and 
sugar mixed with. Nile Blue sulpltate. which is absorbed by the 
fat-globules and gives a red colol'lltion in presence of free 
fatty acid. On <:otting frozen .sectiI)ns a few hours after SIIch 
a meal, a red 1WIS8 is seen. clinging to ~ wall of the crop wIDeh 
is itself blue owing to the dye adsorbed by the fat. gIIobuIei 
in·the celIt. 
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The fats which ocCur in the animal body are aU derived 
from fatty acids with an even number of carbon atoms. The 
diabetic animal can form glucose from glycerol; and a stage 
in the intermediary metabolism of the fatty acids is the forma­
tion of keto-acids which further link up the metabolism of 
fats with that of carbohydrates. Animals fed on carbohydrate 
or protein diet deposit fat in their tissues, and the study of 
hibernation indicates that the transformation of fat into 
carbohydrates also occurs. In hibernating mammaIs (Pem­
brey) the respiratory quotient may be as low as 0'3, showing 
that there is a con"ll'ersion of sl,lbstances with a small quantity 
of oxygen (fat) into others with a larger amount (c~bohydrate). 

Of carbohydrates, the polysaccharides starch and cellvlose 
are the principal representatives in animal diet. The role 
of the former alone is understood in relation to the metabolism 
of the mammal, where the breakdown of starch (and glycogen) 
occurs in three stages during digestion. An amylase is present 
in the saliva which is capable of carrying the hydrolysis of 
starch in vitro thro"_gh dextrins to the disaccharide malt 
sugar. Actually the acidity of the gastric juice limits con­
siderably the extent of starch-digestion in its initial phase. 
The same process is continued in the duodenum by the action 
of an enzyme present in the pancreatic juice. There are in 
addition present in the s;cretion of .the duodenal glands 
enzymes which complete the hydrolysis of maltose and the 
other disacchacirles llactose JIDd sucros~) into monosaccharide .. 
in which form they diffuse into the body. In the vertebrate 
the blood, enriched with sugar, after digestion, has to flow 
through the capillaries of the liver, where conditions occur 
that permit synthesis of the storage carbohydrate glycogen 
under the inlluence of an enzyme (glycogenase). During 
starvation the reverse reaction prcdominates-glycogen is 
transfon;ned. into sugar, which can be transported by the blood 
to the muscle where it is also ·s.toreti in the form of glycogen. 
Glycogen is the' univers.al storage form of carbohydratc8 in 
ania:IahI. And the stOr;ge of glycogen is also Jl function 
of the ao-caI1e4 Jiver of cruatacea. The &mottnt of glycogen 
in the crab' •. ~ ___ Wore each l11OUlt, and is used 
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up during the period when the new shell is being fonned and 
the animal is temporarily deprived of the power to feed. 

Amylolytic enzymes have been found in the alimentary 
tract of all animals investigated with this end in view. In 
the crelenterates mentionell, Bodansky and Rose found that 
an amylase and a maltase were present but lactase was absent. 
On the other hand, both sucrose and lactose are digested by 
extracts of the digestive gland of the lobster. 

A remarkable phenomenon connected with starch digestion 
in the invertebrate phyla is presented by the structure 
known as the crysta1lin~ sty.le present' in most lamelli-
.. c. 

I?igestive gland 

beart 
FIG. 24.-The crystalline style of the bivalve mollusc. 

branchs and in a few prosobranch gasteropods. The crystal­
line style is an elongated hyaline rod of proteinous nature to 
which is absorbed an amylolytic enzyme. It lies freely either in 
a groove of the intestine or in a separate diverticulum, revolving 
about ita axis in the ciliary current produced by the epithelium 
of its sac. As it revolves its anterior end, which in many forms 
projects into the stomat:h, is wqrn away against a horny plate 
(the gastric shield) in the (torsal wall of the latter, entangJillg 
in ita motion a mucous mass laden with diatoms and inorganic~ 
debris. In some forms it is br~ doWn and reformed 
periodically; in the Eastern oyster (Nelson) it _ppears 
an hour after the faU of tide, aM mayroe reformed in !ifteen~ 
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minutes. In other cases, as in Mya (Edmondson), it is per­
nanent and may take months to regenerate if excised. AB the 
lepato-pancreatic secretion which is poured into the stomach 
~ontains. a proteolytic enzyme ,hich rapidly dissolves the 
Ityle in vitro, the permanence or otherwise of the style 
)ossibly depends.(Y onge) simply on whether it is protected by 
mclosure in a separate diverticulum or lies exposed in an open 
:move of the intestine. Mitra (1901) showed that extracts 
If the style have a strong amylolytic reaction. This is abun­
!antly confirmed ill a large number of genera. Style extracts 
10 not digest fats, proteins, inuun, cellulose, or cane su~ 
fhey break down starch and' glycogen comple1ely with the 
)roduction of glucose. The temperature-optimum (3Z0 (;.) is, 
IS would be expected, lower' than that of the ptyalin in the 
,aliva; on tlte other hand, th~ amylase found in the digestive 
:land of tlte lobster has a very high optimum-about 560 C., 
lccording to Yonge (1924), Temperature optima in enzyme 
'eactions deserve further inquiry as a limiting factor in geogra­
lhical distribution. • 

In connection with the digestion of carbohydrates there 
s one point which will merit further investigation. Cellulose 
s an important ingredient in the diet of all animals living on 
llants, yet in vertebrates no cellulose-splitting ferment has 
leen identified with certain~. Biedemtlnn and Moritz (1&)8) 
Qund a cellulose-splitting ferment in tlte digestive gland of 
he snail; and tlte same autltors also detected a cytase in tlte 
lepatopancreas of Astacus; but Yonge (192+) was unable to 
letect any cellulose-splitting action in extracts of the diges­
ive gland of the Norwegian lobster. In herbivorous mammals 
e1Iu1ose splitting appears to be effected by micro-organisms 
iving symbiotically in tlte alimentary tract. 

For a detailed accqunt of intermediJltc carbohydrate meta­
olism otlter sources must be' consulted. However, mention 
lust be made 01 tge 'JlSft plaYed by the pancreas in verte­
Tates, The m""maUan pancreas contains, in addition to 
lie ~ acini, grdhps of cells known. as "islets ~ 
~." IJl T~ the islet ~ue is wholly Of partly 
epsrste (Rennie) fro" the aciD.ar eleJnents. In l8S9 ~ering 

H 
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and Minkowski produced glycosuria (increase of sugar in the 
urine) by the removal of the pancreas in the dog. Later it 
was shown that ligation of the pancreatic duct produces 
degeneration of the acini; \ extraction of the islet ~ue then 
yields a product which, wheri injected into the diabetic dog was 
found by Banting and Best (1922) to lower th~blood sugar, and 
raise the respiratory quotient. Macleod and his co-workers 
have shown that extracts of the islet tissues in fishes relieve 
the diabetes produced by extirpation of the pancreas in rabbits. 
The exact stage at which insulin, the intemal secretion of the 
pancreas, inflJ.lences carbohydrl!te metabolism is still not fully 
understood. The lowering of the blood sugar produced by in­
jection of insulin in mammals is, accompanied by convulsions, 
which can also be reproduced according to Huxley and Fulton 
(1923) in frogs. Macleod finds that injection of insulin re­
duces the blood sugar content in fishes, and that removal of 
the islet tissue causes hyperglycremia. 

Absorption and PllllS8l!e 01 Foodatufts along the Gut.-The 
motion of food in the mammalian gut liepends upon more 
than one mode of response on the part of the circular 
and longitudinal musculature of its wall. There are rhyth­
mical movements which tend to chum the food without 
moving it predominantly in one direction; these are an 
intrinsic property of' the muscle' itself, though subject to 
inhibitory and excitatory nervous control by the splanchnic 
and vagus nerves respectively. Further, when xnechanically 
stimulated, intestinal muscle shows a relaxation of tODe and 
inhibition of movement on the aboral side of the point stimu­
lated, accompanied by increased force of movement on the 
oral side (law of the intestine). This is generally believed 
to depend on a local nervous mechanism, the myenteric plexus ; 
its function is to keep the food moving on the whole towards 
'the anal end of the gut. • • 

The food is propelled along the gut by the contraction of 
its muscular walls in annelids, molluscs, arthropods, and. 
echinoderms as well as in vertebrate/; The mtrinsic rhythm 
of the inIIscu1ar systeJii of the 'gUt is lfeautifully ~ in the 
"'"~ iIlimentary tract of many worms, sea-urchins, and 



NUTRITION 99 

hoIothurians. Allen observed that the resophagus of a species 
of Syllid pulsates at a rate of 250 per minute. In most cases 
rhythmical movement can be induced by applying gentle 
stretch!ng, e.g. by attaching a ,trip of gut to a light lever. 
This can be shown in the crop of Helix (Ten Cate), Aplysia 
(Brucke), the reftUm of Astacus (Ten Cate), or in ring prepara­
tions of the pharyngeal musculature of Aphrodite (Hogben 
and Hobson). The property very commonly displayed by 
plain muscle in responding to gentle stretching by contraction 
is prohably very. important in the production of churning 
movement in the gut. In L:une'libra.nchs there is very liWe 
muscular tissue associated with the alimentat). tract, which 
is ciliated throughout; an~ ciliary movement is th~ main 
factor in propelling the food from the mouth to the anus in 
these animala. In many Lamellibranchs, however, the rectum 
pierces the ventricle, and by inserting a cannula in the former, 
Ten Cate (1924) has shown that the pressure in the rectum 
of Anodon undergoes rhythmical variation in uniaon with the 
heart beat. It se~ that the heart may here function as a 
means of promoting evacuation of rectal contents. The 
nervous control of defrecation has been studied in the lobster 
(Homarus) by Miller (1912). The radial musculature that 
controls the closure of the anus (there is no true sphincter) 
is supplied by fibres froJ!l the last aMominai ganglion, and 
stimulation of these nerves produces rhythmical defrecation 
movements (incomplete tetanus). It is doubtful whether the 
mechanism of defrecation is simply a segmental reflex, since 
such movements can be induced after section of the nerves. 

There has been little important work relating to the 
physico-chemical aspects of abaorption based on invertebrate 
msterial. However, two points are worth mentioning. The 
phenomenon of intracellular digestiOll., familiar enough in the 
case of ca:lenterates. is muth more widely prevalent in the 
invertebrate phyja than is generally recognised. It occurs 
in animals with very elaborate digestive systems such as 
Gasteropoda and L~llibrancha. Yonge has photographed 
inge8ted diatoIns in tie cells &ing the stomach of the bivalve. 
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The structure of the alimentary canal in Arthropods has 
prompted several investigations into the localisation of absorp­
tion in these animals. The greater part of the tract is lined 
with chitin. In the case of the cockroach Sanford's observa­
tions conclusively prove that absorption can take place in the 
fore-gut of some insects. On the other haI)d, the work of 
Murlin, Cuenot, Jordan, Yonge, and others clearly shows that 
in crustacea absorption is confined to the mid-gut and the 
tubules of the digestive gland. Direct experiment shows that 
the fore and hind gut behave as semiperme;U>le membranes to 
glpcose and salts, which, h~wever, penetrate the wall of the 
mid-gI,lt.· . 
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CHAPTER VI 

THE CIRCULATION OF BODY FLUIDS 

. . 
INASMUCII as most activities .of an organism liSe intermittqlt, 
and the intake of material sources of energy localiseq, there 
is usually in Metazoa some lpTIIIlgement for keeping in motion 
the body fluids and regulating this motion so as to meet with 
the constantly changing requirements of the tissues. Thus 
a consideration of the circulatory system may be conveniently 
inserted in connexion with the sources of vital energy before 
turning to the more specialised aspects of co-ordination in 
the chapters whicltfollow. 

The circulatory system subserves two functions: it dis­
tributes food to the tissues, and it supplies oxygen to them 
removing carbon dioxide at the same time. The fact that 
such intensely active organisms as dragon flies, being provided­
with a respiratory appar1tus which supplies oxygen directly 
to the tissues, are able to exist with a circulatory system that 
is practically vestigial, indicates that the primary importance 
of the latter lies in meeting what Barcroft terms the call of the 
tissues for oxygen rather than in distributing foodstuffs and 
products of intermediate metsbolism. It is also interesting 
to note that the smaller representatives of groups the majority 
of which possess a vascular system are those which are more 
often found to be without a well-delldoped circulation. That 
is to say, the necessity for" a cittculatory system seems to be 
greater whert!' ~ surface for intake of oxygen is relatively less 
C01llpIIred wifb. the mass of the organism. The regulation 
of the oxygen supply~ the tissues 1>1 th!l blood is a subject 
which has been inVfStigatell very littIe except in the higher 
~. Most of the work on the circulatory system of 

'0' 
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invertebrates deals with the action of drugs and nervous 
stimulation on the heart. Molluscs, Arthropods, and Annelids 
are probably the only invertebrate groups in which the cir­
culatory system plays an impyrtant role. 

Other things being equal, the rate at which a tissue can take 
up oxygen depends upon the amount of blo9d which flows 
through it in unit time. The flow of liquid through a tube 
depends upon the force propelling it, the viscosity of the fluid, 
the sectional area of the tube, and the length traversed. The 
last can be regarded as a constant for present purposes. The· 
se}()nd is probably an import~t but little known factor in the 
circulation. Attention has mainly been focussed on the propel­
ling force, supplied in vertebrates, arthropods, and mulluscs, 
by the heart beat, and on the sectional area (constriction or dila­
tation) of the vessels. As the activity of the heart is an inter­
mittent force, the average force exerted by its action depends 
upon two variables, the amplitude or force of the individual 
beat, and the frequency with which the beats occur. The 
output of the heart in the vertebrate depedds partly upon the 
resistance against which it works, being in so far a self­
regulatory mechanism, and is partly determined by a' double 
nervous control-that of the vagus, which is present in all 
craniates including cyclostomes and is inhibitory, and that 
of the sympathetic, wlfich is an abgmentor factor specially 
well developed in the warm-blooded vertebrates. Variation 
in the diameter of the vessels determines the resistance against 
which the heart works as well as contributing directly to the 
rate of flow through, and therefore the oxygen supply of any 
given organ. It is provided for by the fact that the amries, 
veins, and capillaries possess contractile elements, plain 
muscle in the case of arteries and veins and a special type 
of contractile tissue, the, cells of Rouget, in the case of the 
capillaries. The relaxation md cbntraction of the contractile 
elements investing the walls of the vessels is brought about· 
by ext+insic agencies (nerves and hormones) and by the local 
action of metabolites produced duritfg the activity of a$l, 

organ, as illusIr.ated by'the wolt <Jf BlI[croft upon ~ 
lIeCl"et:ioq. (see Chapter ill). The influence of homlones is 
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exemplified by' the recent work of Krogh (19zz), who has 
shown in Amphibia that the pituitary is necessary for the main­
tenance of capillary tone, and that injection of pituitary extract 
leads to capillary constriction. 

Nervous control of the periph'llral circulation in vertebrates 
is complex. The constriction of arterioles is brought about 
by stimulation M sympathetic fibres which have their cell­
stations in the chain ganglia. Dilatation is probably produced 
in the main by a peculiar mechanism which is nervous but 
not reflex in the strict sense of the term. It is believed that 
certain sensory fib'res have brancl!es with motor tenninations 
in the peripheral vessels, and- may thus prop~ate local die­
turbances such as arise through mechanical irritation -(anti­
dromic action). 

The state of constriction of arteries and capillaries has 
been studied by the three principal methods: manometer 
measurement of the blood-pressure, volume-changes of in­
dividual organs, and rate of flow from vessels artificially per­
fused. The recogIlition through the work of Krogh that the 
capillaries are active agents in detennining the resistance to 
the flow of blood in the peripheral circulation shows that none 
of these methods is wholly satisfactory; and our views on the 
regulation of blood-flow may require considerable revision in • 
the near future. Stimubtion of the, central ends of most 
sensory nerves produces reflex rise of blood-pressure in 
Vertebrates, by exciting the nerve-endings of vaso-constrictor 
padnJ wlridr. c:merge funn tfre ~_r centre iII tfre wIlT. 
In mammals there is a special afferent nerve from the heart 
exerQsing an inhibitory influence on the vasomotor centre 
(the depressor branch of the vagus). 

Our knowledge of the circulatory system of invertebrates 
is very slight. Practically nothing is known of the peripheral 
circulation, so that the foll~winli act:ount must be confined 
to, the propertites ,0{, the circulatmg fluid and the control of 
<:atdiac rhy1:hm. • 

'B1OOI1 of rn~-The occuvence of respiratory 
plgments in the hlcod of invertebrates has already been treated 
UlJ(j,C!t tIlat heading •• Two further points are of special in~t 
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from the standpoint of comparative physiology, namely, the 
osmotic pressure and coagulative power of blood. The osmotic 
pressure of the blood is important as part of the mechanism 
of co-ordination. Thus the low blood-pressure of crustacea 
makes it inconceivable tha~ simple filtration could play any 
role in their excretory processes (as in the glomerular function 
of vertebrates), because of the high content of proteins whose 
osmotic force must be overcome in some way in order to 
effect any separation of water and diffusible salts from the 
blood. In land vertebrates the osmotic pr~ure of the blood 
is a constant quantity for atly species. The following figures 
(ti. Bayliss' .. General Physiology") for the freezing-point 
depre>sion (Bottazzi) bring out a f~ct of great bionomic interest: 

Mammal (whale) •. 
Reptile (turtle) 
Teleost .. 
Elasmobranch 
Sea water .. 

.. 0'65°-0'7° 

.. 0'61" 

.. 0'76°-1'°41) 

.. 2'26° 

.. 2'3 0 

The osmotic pressure of the blood of elasmobranchs is the 
same as that of the sea water in which the.tlive; and the same 
is true of all marine invertebrates; and, as was first shown 
by Fredericq (r88S), this is. not a mere coincidence, for the 
osmotic pressure of the blood adjusts itself to that of the 
medium over wide changes of concentration and dilution. We 
have already mentioned temperatu~ optima of body proteins 
and loading tension of respiratory pigments as possible physio­
logical factors in geographical distribution. The extent to 
which an animal can rapidly adjust itself to change in osmotic 
pressure is doubtless an important aspect of the ecology of 
estuarine forms. Some modification in response to chinged 
conditions was shown by Dakin in Teleosts, in which we see 
the beginnings of a fixed osmotic condition of the body fluids. 
It may be noted in p~g that the saline constituents of 
elasmobranch blood are net mach more coneentrated than 
those of the blood of Teleostei; the difference depends upon 
the high concentration of urea in selachian blood. Mines 
found that the presence of urea waI necessary to. ensure 
successful perfusion of the elasmobran~ heart. The hearts 
of ~ iltVettebfatts in all cases that have been tried .m 
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beat in sea ware'r. Adjustments of osmotic pressure of body 
fluids to that of the medium probably takes place through 
the gills. There is no known advantage in this arrangement; 
on the contrary, the extreme sensitivity of colloidal systems to 
electrolytes implies the advantage t.f a fixed osmotic pressure 
for the delicate adjustments of colloidal equilibrium which 
underlie the phys~cal processes of life in any medium. In 
this connexion reference may be made to the fact that, 
while there is a paucity of reliable analyses of the electrolyte 
content of the blq,od in invertebrates, such figures as are 
available indicate a rather higher 'percentage of magnesium 
than is present in the blood of the higher vertebt!ltes. It wiW 
be remembered that sea water is richer in magnesium than in 
any other kation with the exception of sodium. 

A few words may now be said about coagulation, which also 
has some bionomic interest; for while the greatest care should 
be exercised in interpreting biological phenomena as protective 
mechanisms, it is difficult to deny any utilitarian significance 
to the fact that tht phenomenon of blood coagulation is 
exemplified in no more striking manner throughout the animal 
kingdom than in arthropods, whose segmental structure 
renders the loss of limbs a common occurrence. The blood 
of molluscs has little coagulative power. That of crustacea 
clots with remarkable rapidi!y ; and the process is often a com­
plex one, taking place in some species in two stages. The first 
stage in the clotting of crustacean blood corresponds more or 
less to the coagulation process in that of the Arachnid, Limulus, 
whose blood also clots rapidly. In Limulus the protein con­
tent at the blood is almost exclusively made up by the bremo­
cyanin and white blood corpuscles. Coagulation is essentially 
a phenomenon of cytolysis (Alsberg and Clark), and can be 
prevented by reagents which hinder cell agglutination. For 
the first stage of coagulatio~ in r;rustacean blood, which is 
brought about by she cytolysis of special" explosive" cells, 
first recognised ~ Hardy (1892), immediately they come into 
contact with foreign suhstsnce, it has beeJl shown by L. Loeb 
thai; eaICium ions ate not necc:ISary, though tIiey are necessary 
fur the second, Whidf takes place in lobster blood ~. a 
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quarter of an hour later. This consists of a jellying of the 
plasma, but according to Tait (1918) it is accompanied by 
a further cytolysis of corpuscles, which he designates thigmo­
cytes. Loeb states that lobster tissues yield specific coagu1ins 
for the blood of the same I~pecies. According to Tait all the 
corpuscles of crustacean blood are actively phagocytic. The 
subject has attracted a large number of fnvestigators since 
attention was focussed upon it by the pioneer labours of 
Fredericq; but much still remains to be done, especially 
from the standpoint of a more modem appreciation of colloidal 
behaviour. '. ' 
~ The Ostide Hearl of Limulus and Crostacea.-Investi­
gatililn into the circulatory system of Arthropods has been 
chiefly focussed upon the task of elucidating the origin and 
conduction of the cardiac rhythm. The essential characteristic 
of the arthropod circulation is the ostiate heart. Generally 
speaking the heart is composed of striated muscle fibres, and 
lies in a capacious sinus into which, in those forms which lead 
an aquatic life, there discharge the lacunar spaces of the gills ; 
in the tracheates the circulatory system is poorly developed, 
though an ostiate heart is present. 

There is no division of the heart into auricular and ventri­
cular portions. It is filled by way of valve-like apertures, 
the ostia, which con;ununicate directly with the pericardial 
sinus during diastole, but remained closed during the systolic 
phase. From the heart proceed the larger arteries. In 
crustacea, at least in Decapods (Baumann), there are valves 
at the cardiac end of the larger arteries, so that the pressure 
in the arterial system does not faU to zero in diastole. J.. well­
developed arterial system is found in Limulus, scorpions and 
decapod crustacea. In those forms in which the arterial 
system is well developed the heart is a powerful organ, ,and 
beats with a frequency' coppaf\ble to that of the cephalopod 
heart. 

Nevertheless, from such data as we have at our dispQsal, 
it would seem that the peripheral resistance is very low, doubt­
less on accotmt of the fact that the arteries discharge into 
lacunar spaces and not into a n'ctwork 1.Jf~. ~" 
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and Satacke (1912) measUred the pressure of the blood in the 
abdominal aorta of the lobster by means of a water mano­
meter, using hirudin as anticoagulant, and found that with 
the heart beating at a rate of 51 per minute the average 
pressure-reading was only about 8 n;m. of mercury. 

The most extensive studies on the circulatory system of 
any invertebrate are the investigations of Carlson on the heart 
of the king-crab, Limulus. In this araclurid the heart retains 
the original segmental character. It attains to a length of about 

. six inches in a full-sized animal, and thus provides excellent 
experimental material. There are etght pairs of ostia. The 
major arteries are located towards the anterior <end of the. 
heart. Histologically it is a syncytium of striated fibres. On 

FIG. 2s.-Innervation of heart of PalinuruB (Caclson). 

its dorsal aspect there is an elongated madian nerve-ganglion, 
which can be easily detached. There are also a pair of laterally­
disposed nerves connected with the abdominal ganglia and 
with the cerebrothoracic ganglion of the central nervous 
system. Electrical stimulation of the extrinsic cardisc nerves 
from the abdominal ganglia leads to acceleration of the normal 
Thythm ; the same result may be prodw:ed by stitmJiating 
the ventral nerve-cord or abdominal ganglia themselves after 
transection of the cord behind the brain. Stimulation of the 
brain or its nerVe-connections lovith the heart leads to diastolic 
am:st. Therem dllijl a"double augmentor-inhibitor mechanism 
by which the activity of the heart is subjected to control by 
the eentrlI1 nervous systMl, as in vertebrates. The same has 
been s40wn to be the case in.Maia (B6tta.zzi:Polirnanti) and 
Palimu:us (Carlson) anf,ng decapod crustacea.· • 

• 
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However, the origin and conduction of the heart-rhythm 
in Limulus at all events, is quite different from what is generallJ 
accepted to be the case in vertebrates. In Limulus eacl 
contraction starts at the posterior end of the heart, and travel! 
forward to the region ftom which the main arteries havf 
their origin. When the heart is remov~d from the body 

9 
FIG. 26.-Heart and nerves of Limulus (Carlson). 

7-8 Cardiac nerve from brain; 9-1 I cardiac nerve from abdomina: 
ganglia; n.c. cardiac ganglion; p.n.c. lateral nerves. 

so that all its connexions with the central nervous system an 
severed, it still continues to beat with"its normal rhythm oj 
about twenty to thirty a minute. From this it might be thoughl 
that the heart-rhythm is an inherent property of the cardia( 
muscle, as in vertebrates. From two lines of experimenta 
evidence, however, Carlson has shown conclusively that thi! 
is not the case. He first investi'gated the effect of strippi~ 
off the ganglion referred to above. When the cardiac ganglior 

FIG. 27.-Inhibition of heart beat of Limulus by electrical sti&1latioA 
of brsin with weak current (Carlson). 

is removed the heart ceases to beat. The normal isolate<! 
heart will only beat iP. plasma or sea water if the gangtidll 
is left intact; after removal of"the ganglion the heart may 1M 
made to contract rhythmically in isotonic sodium chloricU 
after immersion for half an hour; in this respect it agtee&, 
however, with vertebrate striped tltuscle, which acquires· I 

regular conttactile rtiythm in' the ~ce of caIclum t8ItII: 
If, iJ'!. the isolated heart, the ganglion is divided into fow 

.~:: 
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portions, altema~ segmomts being then stripped off, the heart­
beat continues only in those portions to which the remaining 
ganglionic tissues adhere, the rhythm of the pulsating regions 
being now unco-ordinated. 

The laSt-mentioned experiment leads to a consideration of 
another peculiarity of the cardiac rhythm in Limulus. In 
vertebrates, not only is it true that the beat arises spontsneously 
in the muscle-cells of the sinus venosus, or cardinal sinuses 
(Fishes) ; but the conduction of the excitation from one part of 

. the heart to another .takes place through the muscular tissue. 
The muscular continuity of the' audcles and ventricles in the 
higher vertebrates is effected th'rough a bundle "'f modified· 
muscle fibres, the bundle oj His. Carlson has shown that 
section of the heart of Limulus 'without damage to the median 
ganglion does not interrupt the synchronism of the two halves ; 
but section of the median ganglion alone abolishes' the. co­
ordination of rhythm, each half now beating with a rhythm of 
its own. It appears fairly certain, therefore, that the origin 
and co-ordination of tke heart beat in Limulus depends upon 
the rhythmical discharge of nervous stimuli from the cardiac 
ganglion; there is no precise parallel to such a mechanism 
in vertebrates outside the central nervous system it8e;lf. It 
is to be noted that stimulation of the heart-muscle or median 
ganglion itself with an internpted current produces a tetsnus ; 
the period during which the heart remains refractory to a 
second stimulus is not protracted to the extent so charac­
teristic of cardiac muscle in the vertebrate. 

Some investigat<)rs have sought to apply the same interpre­
tation of the origin and conduction of the heart-beat to decapod 
Crustacea. It is to be noted, however, that the median gang­
lion of Limulus is an organ sui generis. There may, of course, 
be ganglion cells in the heart-muscle of crustacea; but there 
is no ~ comparable to ~ ay:ruac ganglion of Limuius 
in their. gtQ88 andlOVlY, Limulus is not very closely related 
to Q'lI8tacea in the phyletic scale. Moreover. the embryonic 
heart of Limulus, which ts at first composed of smooth muscli, 
__ .~ any nerve-fibres.,reach it~ onrogenetically it is 
a myogenic heart. kli it is quite likely that one wonld find 
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the common ancestor of Limulus and the crustacea in a form 
which, like Peripatus, possessed only smooth muscle, and 
therefore, presumably, a heart whose rhythm was myogenic. 

In support of the neurogenic interpretation of the crustacean 
heart beat Hoffmann (191-2) has emphasised certain peculiari­
ties which are shared by the electrical respo9-se of the crustacean 
and arachnid heart. In both cases each major variation 
corresponding to a single mechanical contraction displays 
small superimposed oscillatory deflections. It is, however, 
to be noted that the exposed heart of the crustacean beating 
in situ often shows twitching' movements superimposed upon 

, the regular "eats; and the same is true of the isolated heart 
beating in sea water or other suitable media. In connexion 
with the supposed neurogeni~ origin of the heart-rhythm in 
crustacea, it is worthy of note that the frequency of the beats 
has a temperature coefficient which is fairly high, as may be 
seen from the following data taken from Brailsford Robertson's 
paper on Ceriodaphnia : 

" 1·02. 
"1)0 

.. 2'20 

.. 2'18 

The CirculatorJ S,-stem in :Bolluscs.-Among the Cepha­
lopod molluscs the' circulatory (system reaches the highest 
degree of specialisation met with among the invertebrate 
phyla. The anatomical relations are briefly as follows. 
Venous blood is collected by the caval vein which bifurcates 
to form two branches supplying the gills. These afferent 
branchial vessels dilate at the baSe of the gills into rhy&nicaIIy 
contractile branchial hearts, which drive the colonrless venous 
blood through the gill-capillaries. Oxygenated blue blood is 
collected by the efferc;nt vessels directly to the auricles of the 
systemic heart, the ventriale (wruch may be divided) pumping 
the arterial blood into the aorta. This would seem to be:& 

. IIIUdl more efficient device for supplying oxygenated. 1>19od (0 

the tiasues at lUgh pressure than the <arrangement 'which exisIa 
in &bes, whlIro the &m:e of the heart'e heat hano ~ 
~ resistaace of the gill--capilIariee as Well as that ..,1 the body 
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capillaries. And it Is an experiments! fact that the blood­
pressure in the arterial system of the Cephalopod is much 
higher than in that of the fish. The aortic pressure 
of the octopus has been determined by several observers, 
first by Fuchs, who found that it ..,wed between 25-80 mm. 
Hg; probably the latter figure is more representative. But 
the efficiency of the mechanism becomes even more striking 
when the relation between the rhythm of the branchial hearts, 
of the systemic hearts, and of the respiratory movements is 
studied. The pu~tion of the branchial hearts precedes 
that of the systemic hearts, but at th~ same rate (about 30 beats . . . 

FIG .• 8.-~ of Cephalopod. 

per second), and the frequency of the heart-beats is almost 
identical with tbat of the respiratory movements. The means 
by which this synchronism is maintained is a fascinating field; 
and se«eral investigations ha'Ve been made into the innerva-' 
tion of the cephalopod heart, notably, with modern methods, 
by Carlson and by Fry. The later work of H. Fredericq 
provides the clearest account of the c,o-ordination of cardiac 
rhythm in this group. Fredtricq', experiments were csrried 
out on the octopds,.and deal with the relation of the branchial 
and Systemic heatts. When the ventricle is cut oft' from the 
auricles by a ligature, tile ventricular beat'~ immediately. 
This apparently ia hot due til a seveting of the functional 
coniinuity of the con3.ucting tissue, if any, as in the ~ of 
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the Stannius experiment on the heart of the frog, where the 
rhythm originates in the sinus. Several considerations which 
are borne out by the behaviour of the isolated heart point to 
the contrary. When the isolated ventricle is perfused with 
sea water or a suitable sa~e medium, it ceases to pulsate at 
once when the pressure falls below about 20 mm. of water, 
but starts again when the pressure is raisea above that level. 
The increase of pressure beyond this point does not lead 
to any augmentation of the amplitude; a certain minimum 
driving force is necessary to initiate the rJ:lythm. The cessa­
tion of ventricular movement on ligation of the auriculo­
~entricular j&nction is due to the fact that the auricles can no 
lon~r maintain the requisite critical pressure necessary to set 
the ventricles in action. If, however, the auricles are separated 
by a ligature from the efferent branchial vessels they continue 
to beat synchronously with one another and in unison with 
the branchial hearts. This co-ordination might reside either 
in the nature of the contractile tissues, which is unlikely; or 
in some reflex mechanism. That a r~ex mechanism may 
:o-ordinate the pulsation of one auricle with its fellow is 
:ndicated by the fact (Fredericq) that while stimulation of 
either intact visceral nerve brings the heart to diastolic stand­
ltill, stimulation of the peripheral end of the cut nerve pro­
iuces inhibition of the auricle on <the same side only, whereas 
ltimulation of the central end produces inhibition on the 
)pposite side. Here, then, is a mechanism by which one 
mride may reflexly inhibit its fellow, by afferent nerve-eon­
~exions which recall in one respect the familiar depressor 
wrve of the mammalian hem. That a reflex medwtism 
mderlies the co-ordination of activity of auricles and branciUal 
learts is suggested by the effects of direct electrical .timnla. 
:ion, when the beating of the heart has been stopped by the 
iltadisation of the inhibi$ory AWVes. If in this condition 
)ne branciUal heart is stimulated, it contracts, and its contraQ. 
ion is foJlowed first by that of the branchisl heart of the 
)pposi~ gill, and SCI;OIldly by that oDothe two amides, wbieh 
8 the ~ aequ~ of card,jac; rhythm. It ~ ., fowl;l 
~ if ~ similar ~ns the re4W.vllin .. ~. 
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ontl'llCtion of the b~chial hearts followed by that of the 
_ystemic auricles results. There is thus reason to believe 
that there exists in cephalopods, as in vertebrates, a complex 
reftex mechanism co-ordinating the constituent parts of the 
circulatory system. _ 

The dependence of ventricular rhythm on the stretching 
force of the auricUlar beat in Octopus is a phenomenon which 
is characteristic of the ventricular muscle of other mulluscs, 
e.g. Anodon, Pecten, Helix, Aplysia, etc. The empty heart 
of the mollusc does pot beat. This fact depends upon a wide­
spread characteristic of plain mtiscle, studied by Straub. 
Buddington, and others in denervated prepadtions of the 
integumentary muscle of the earthworm. Stretching suffices 
to induce rhythmical contraction in isolated rings of the seg­
mental muscles of Lumbricus. In the mammalian bladder, 
distension is the normal stimulus for contraction; and Carey 
(1921) has recently found that by introducing fluid into a dog's 
bladder under considerable pressure, the walls of the latter 
gradually become thicker, come to simulate microscopically 
those of the heart and pulsate rhythmically at a rate of two 
hundred per minute. Carlson (1906) has utilised the fact that 
the empty heart does not beat in seeking for evidence of 
cardiac augmentor nerves in his investigations on numerous 
molluscan genera. Inhibitdly cardiac I1erves appear to exist 
in all groups (lamellibranchs, cephalopods, and pulmonates) 
with the possible exception of marine gasteropods (e.g. Aplysia). 
There is a well-developed augmentor nerve supply in Aplysia. 

Straub (1904) has made a careful study of the effect of 
presWr. on ventricular rhythm in Aplysia. Between the 
pressures 4-20 mm. of water the pulse volume is almost 
directly proportional to the pressure applied, and as the auricle 
supplies a pressure of about 30 mm. (wa\eT), the heart normally 
works under approximately the optimum conditions for ven­
tricular contractiofi.. • In gasteropods, however, the peripheral 
cireu1ation is pooHy developed; a few ~ vessels empty 
into ill-defined lac:tuuly which finally converge _upon the gill­
Bio._. The total reaistance. of the "peripheral circulation 
is so small that the bI&d-pressure is not of the same \)1'der 



114 COMPARATIVE PHYSIOLOGY 

of magnitude as the maximal force which the heart can exm 
(Straub). 

The same is true of Lamellibranchs. Willen and Minn~ 
found that the ventricular pressure rises from 10 mm. (water) 
in diastole to 35 mm. in systole in Anodon. The heart-beat 
of Anodon is comparatively slow, as may be seen from th~ 
following table, for which temperature data are not in all 
cases available ;-

Lamellibranchi: 
Mytilus ' .. 
Mya •. 
Cardium •. 
Ano<I6n " 

Gasteropods : 
Helix 

Cephalopods : 

per min. 
•• 10-15 .• Carlson. 
•• 5-10 " 

::. ~:;I(~t IS"·C.) .. Ko~h. 

... S3 .. .. Lang 

Octopus " ., 55.. .. Bauer. 
Sepia .. 3S" .. Fry. 

Koch (19 I 6) has made a very careful study of the heart­
beat in Anodon, which has also beel3 recently investigated 
by Ten Cate (1923). The former investigator describes a 
phenomenon which is of great interest from the biononUc 
standpoint, namely the variation of the pulse-rate with open­
ing and cIosm.g.. of the shell. In the open condition the heart 
of an animal may boot five timet> as quickly as when its shell 
is closed. Saturation of the water with oxygen also increaaes 
the frequency of the heart-beat in Anodon. 

Periodic Reversal of Rh1thm in the 'luDieate Heart.-An 
interesting field for investigation is met with in Tunicates, 
whose circulatory system displays a peculiarity which Bas been 
familiar to zoologists for n~ly a century. The heart in the 
larger ascidians is an elongated cylindrical tube looped round 
the base of the pharyngcal sac, so that one end lies dorsal to 
the gut and may extend. to t1w nerve ganglion, the other end 
being ventral on the opposite side of the pharnyx. The heart­
rhythm is made up of alternating series of beats prog.re&8iag 
respectively from the don!al (advisoeral) and ventral {abviIl­
ceral) ends of the hellrt. In.l\scidia mentula. as ~,1Iy 
Day {l~I}. ~ pulsation_ties lIIsts from. ·two.·fP.fWr 
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minutes and coDsists ot from twenty to forty beats according 
to the size and condition of the animal. In any individual 
the number of beats in each advisceral or abvisceral series 
tends to be approximately constant. Each pulsation series is 
followed 'by a pause of from ten. to twenty seconds before 
reversal of the direction of 
the contraction 'wave occurs. 
Acceleration is caused by sever­
ing the nerves. Extirpation of 
the ganglion or incisions in the 
tunic produce an' increase in 
the number of beats per series; 
a slight acceleration of the pul­
sation rate a.,d a diminution of <Iv 

the pause before reversal. After 
a time varying from an hour ..t 
to a day the original rhythm 
returns. In Ascidia atra, which 
has been investigatec1 by Hecht r.1-=f~"'V 
(1918), the heart has a well- .... -;-~"'-.....-:., 

/), 

marked nodal constriction about 
halfway along its length. Most 
individuals show a marked pre­
ponderance of advisceral ever 
abvisceral beats. Thus in one 

FIG. 29.-Anatomy of Ascidian to 
show circulatory system (after 
Hech». 

series of observations the beats succeeded one another aa 
follows : 

Abvisceral " IS 36 36 
Advjfceral 20 44> S I 6s 

Various hypotheses have been suggested to account for this 
phenomenon of reversal. In particular one may mention the 
suggestion that the significant factor is back-pressure from the 
peripheral circulation. This ~ disqUsSed by Hecht on three 
grounds. First,' ~ it occurs in the isolated heart. 
Secondly, because it can be abolished by rsising the tempera. 
turII to a certain height (about 35° C. in Hecht) experiments), 
'When 'the,din:ction of the con~ction vrave remains constant. 
'J:'hintly,. because the 'Peripheral resistance cannot be. very 

• 
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high on account of the structure of the circulatory system. 
The blood-spaces are continuous; the cavities in which the 
blood flows are derived from the primitive blastocoel of the 
embryo, where the latter is not filled with strands of con­
nective tissue and gelati.nf.>us material. Only in the larger 
ascidians do connective tissue cells lining ,these lacunre limit 
well-defined tubes, such as those fonned by evagination into 
the substance of the test. 

In conclusion, some mention is due to the peculiar character 
of the blood in some Tunicates. In the colourless plasma, 
there are in addition to amreboid and spherical unpigmented 
'corpuscles, &:hers packed with large granules of green colour 
and markedly acid reaction. It is curious to note that the 
green pigment is a compound of Vanadium and a protein. 
The low oxygen-capacity of the blood makes it practically 
certain that this is not a respiratory pigment. Clotting as 
in crustacean blood is brought about by agglutination. 
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CHAPTER VII 

ENDOCRINE CO-ORDINATION 

LIFE as und«stood by the biologist is a term used to denote 
a certain combination of reactions exhibited by organic systems 
under the influence of external stimuli. In the opening 
chapters attention was focussed upon the mechanislns which 
underlie the characteristic manifestations of vital activity in 
animals. From these we turned to consider the material 
exchanges from which the energy of these activities is derived. 
The activities of an organism are related in a definite manner 
to external conditions; and it is this c~ordination or integra­
tion of response which gives rise to the conception of the 
individual as a physiological unit. 

The integration of response presents two aspects. In 
all multicellular ~s other that1 sponges, visible manifesta­
tions of activity involve first a receptive surface upon which 
the stimulus operates; secondly, a structure, the effector organ, 
specialised for the performance of the appropriate response ~ 
and thlrdt". intervening between thes~. a mechanism of 
co-ordination by which the dist\!rbance is propagated {foro the 
seat of stimulation to the region at which the response is 
carried into effect. Co-ordination of this kind .is twofold: 
all multicellular animals except sponges and a few aberrant 
organisms (Mesozoa) m uncertain phyletic relationship possess 
specialised conducting tisSue in' continuity with both receptor 
and effector units, which tissue constitutes the nervous system ; 
in addition stimuli may in some ~ give rise to the pro­
duction of specific cRemical entities which make their way 
tluough the body fluids t9 the· organs .which they· are tapable 
lI(_vatmg. Apart from providing a means for cO-orainating 
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metabolic processes the circulatory system acts as a channel 
through which can diffuse the substances known as hormones. 
Up to the present no clear evidence of the operation of internal 
secretion has been demonstrated outside the vertebrate series. 
AccordiD.gly, to illustrate the natwre of endocrine regulation, 
one cannot select a better instance than the discovery of 
Bayliss and Star~g (1902), who first gave conclusive proof of 
the functional role of hormones in the animal body. 

Secretin.-By the end of the nineteenth century it had 
been established tbat pancreatic secretion was not entirely 
prevented by severance of the nervous connections of the 
gut, though it was well recoghlsed that the setretion of tI'le 
pancreatic juice followed the signal provided by the entry of 
the gastric contents into the' small intestine. Having found 
that the introduction of acid alone into the denervated gut was 
adequate to elicit activity of the secretory cells of the pancreas, 
Bayliss and Starling injected into the circulation an aqueous 
acid extract of the mucous lining of the duodenum, thereby 
activating the pancreas. Subsequent experiments showed 
that the liberation from the enteric mucosa of a soluble product, 
called by these authors secretin, provides the immediate 
stimulus to pancreatic secretion. Carried by the blood-stream 
to the resting gland, " secretin" possesses the property of 
producing secretory activify in the paacreatic cells; the pro­
duction and translocation of the hormone is a mechanism by 
which pancreatic activity is co-ordinated with the entry of food 
into the smaJ1 intestine. 

Nature of Ohemical Co-ordination.-With this example before 
us ~rnay proceed to defi* what is meant by endocrine or 
chemical co-ordination and the kind of evidence on which one 
can rely for proof of its existence. The essential character­
istics of a hormone are illustrated by secretin, in that a hormone 
may be define" as a substance $e1: free in the body by the 
activity of a I+ed organ and capable of evoking a specific 
response in tissues remotely situated from its seat of origin. 
In ~ minor respect't however, the prodllction of secretin 
ditfers from that of some. other \fell-established cases of 
inteQIaI aecretion in that the hormone is not produced. from a 
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glandular structure (endocrine organ or ductless gland) 
specifically concerned with its manufacture. In defining the 
criteria for ascribing to any organ an endocrine function, 
attention need only be directed for our present purpose to 
the regulation of specific r~ponses in effector orgaris. If it 
is known that an organ contains a substance which evokes a 
specific local response in some effector mut (e.g. action of 
adrenaline on the pupil or of pituitary extract on frog meIano­
phares) its endocrine function may be established by one (or 
both) of two methods. In the first plac". it may be shown 
that when responses which-Can be specifically evoked in isolated 
efIectors by <the presence (jf its active material occur 
spont!lIleously in the intact animal, they are associated with 
the liberation into the blood-stream of a substance having the 
same properties as its extract, and in amount significantly 
greater from that which is normally present in the blood. 
One may formulate the alternative as follows. Given the 
fact that an organ contains a specific constituent which evokes 
response in an isolated effector unit, it is l.wtirnate to conclude 
that such an organ is of endocrine function, when the con­
;equences of its removal upon the given effector system may 
)e compensated by introducing the active material of its 
:xtract into the circulation. 

The study of endocrine mecht;nip has been prompt«l 
:0 a very large extent by clinical interests which lie outside 
he scope of the present discussion. Examples of the action 
)f hormones will be found in other chapters dealing with 
ievelopmental and metabolic processes. The pages which 
'ollow will be concerned with lhe part played by iMernal 
;ecretions in regulating response of a type which is not met 
with in the mammalia, and to consideration of such evidence 
IS suggests the presence of hormones in the lower animals. 
Both examples selected for this pprpose deal with the regula­
ion of colour-response in cold-blooded vertebrates. 

In fishes the controlling mechanism has been shown .by 
?ouchet. v. Frisch, and others to be nerv€US. The me1anoplaoreJ 
)f fishes are directly supplied witt! nerve-fibres, and the ... 
>f.loeaIleCtioo and stirmPation of nem..trIlaka ~. 
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indicate that the'melano"phores are subject to direct nervous con­
trol. In Amphibia and Reptiles there is as yet no histological 
proof of innervation of the pigmentary effector system; and, 
as will be seen, there exists an alternative method of interpreting 
the regulation of pigmentsry changes. We shall first consider 
the significance of the adrenal glands to the colour responses of 
reptiles. A word' or two may be inserted with reference to the 
comparative physiology of adrenaline, concerning which there 
are a few observations which suggest further lines of inquiry. 

Adrenaline in tile Animal and Schafer 

(18<)5) first discovered that the adrenal medulla of the 
IJlIIIIUI'Al yields an extract wDich has a powerful pressor action 
on the circulation of the mammal. Later the researches of Lew­
andowsky, Langley, and Elliott showed that in general adrenal 
medullary extracts, or adrenaline, the ~ve substance isolated 
by Takamine, pr~uces the SjIIle eHects upon plain muscle in 
vertebrate ~ lIS the stimulatioo of the sympathetic 
DIIrVe;~.g. iDhibition of intestinal tone and rhythm, dilatation 
of the pupil ad constriction of the arteriQles in all vette­
~. ad acceleratioa of the heart i'n mamzna1s and birds. 
I(ia, b.owe¥er. to be- noted that the action of a~ is 
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not confined to muscles which have a sympathetic innervation; 
and the validity of arguing that an effector organ such as a 
melanophore possesses a sympathetic nerve supply from the 
fact that it is acted upon by adrenaline, may be questioned. 
Adrenaline has a powerful, action on both the ganglion and 
heart-muscle in Limulus (Carlson), the heart of the crab 
Maia (Hogben and Hobson), and the intestine of the crayfish 
(Ten Cate). It also acts in very great dilution as an excitant 
to the plain muscle of molluscs and annelids, as illustrated 

FIG. 3I.-Action of adrenaline on the crop of Aplysia. 

by the !ESophagus of Aphrodite and Aplysia (Hogbtn and 
Hobson) and of Helix (Ten Cate), also the heart of Pecten 
(Hogben and Hobson). The poison with which the cephalopod 
kills its crustacean prey,is a natural base, tyramine (C.H.OH.­
CH2CH2NH2) of closely aliiI'd structure to adrenaline 
(CoHa(OH),CH.OH.CH2NH.CHa) and to certain other 
phenolic arnines for which Barger and Dale have described 
a similar physiological action on rl'Iammalian tissues. In 
this connexion it is interesting to note the presence of adrenaline 
in the .salivary glands of a toad (cf. Chapter III). 
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The adrenaline-secreting cells of the medulla have a close 
ontogenetic relation to the post-ganglionic nerve cells of the 
chain ganglia of the sympathetic nervous system; unlike 
other glands the adrenals are innervated by pre-ganglionic 
fibres. Owing to the characteri9tic chrome-staining reaction 
discovered by H"nle their distribution has been studied in a 
number of groups. In the lower vertebrates chrome-staining 
cells often occur in the chain ganglia of the sympathetic 
nervous system, and in elasmobranchs there are paired chromo­
phil bodies associ:>ted with each 12air of ganglia, the cortex 
of the mammalian gland being represented by a sep~e 
structure, the interrenal body. Gaskell (1914jhas described 
chrome-staining cells in the ganglia of Leeches and of "those 
Polychretes which have a well-developed musculature in 
connexion with the blood-vessels. These chromophil cells 
are, according to Gaskell, the cell-bodies of those efferent 
neurones which supply the vascomotor system. Gaskell 
regards them as the common ancestral representative of both 
the adrenalin-secreling cell and post-ganglionic neurone. 
He obtained from extracts of the sympathetic ganglia of the 
leech an action like that of adrenaline on the mammalian uterus. 
Adrenalin-secreting cells have also been described in the 
mollusc, Purpura, by Roaf. In view of the widespread action· 
of adrenaline in the animal !ingdom its distribution and possible 
function in invertebrates are problems which would well 
repay investigation. 

The Role of Adrenaline in Reptilian Colour-response.-Apart 
from the indications provided by the work of Cannon in 
favou~ of the view that excitement phenomena in the mammal 
are associated with the liberation of adrenaline into the blood­
stream, the only evidence for the functional activity of the 
adrenals so far available is to be drawnirom the study of colour­
response in the reptile. 3'he e!lrly experimental work on 
reptilian colour-reSponse centred round the bionomic aspect 
of the problem, more especially in correcting erroneous 
teleological descriptiotrs of protective colohr-change in the 
chameleon prevalent ~t the tillle and still widely credited.. We 
shall here consider the phenomena of colour-respon~ m the 
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so-called homed toad, Phrynosoma, the only reptile which 
has been made the subject of recent experimental treatment 
in this field. In the horned toad bodily colour varies 
between a fuscous shade (associated with the outward migration 
of pigment granules into the liell processes of the melan~phores, 
which ramify among the yellow interference cells, which lie 
mmediately below the epidermis) and a pal~ cinnamon bluff 
tint (resulting from concentration of the pigment granules in 
the cell-body of the melanophore). When it is kept upon a 
neutral background, there is seen to be JJ. daily rhythm of 
colour-change in Phrynos6ma. At night the melanophores 
a~ contracte~ giving the skin· the appearance of pallor. In 
the early morning the skin becomes uniformly dark through 
.. expansion" of the melanophores. But during the heat of 
the day-in its warm natural surroundings-the melanophore 
pigment contracts, and as evening approaches a second 
expansion supervenes, until night descends. The condition 
of pallor in natural surroundings is, therefore, seen at night 
and at midday. In the cooler parts of othe day the skin is 
fuscous. 

The exact part which light and temperature respectively 
play in promoting this sequence of reactions has been made the 
subject of investigation by Parker (1906) and Redfield (1918). 
From their work it appears that efue melanophores of this 
lizard respond to light. and darkness, warmth and cold, in the 
manner generally characteristic of reptiles, i.e. bright illumina. 
tion and low temperature promote darkening of the skin, 
while warmth and darkness bring about pallor. Light and 
heat interact so that the effect of the latter predominttes at 
extremes of temperature, and it is thus that, in natural condi­
tions, living as these creatures do in a warm climate, pallor 
intervenes during that P.art of the day when the temperature 
rises to a maximum. • 

But in addition to this response to direct illumination, 
the horned toad reacts in bodily coloration to the ,charactet 
of the ~~ $tld to mechanical ifritation or ~ 
Any nocuous Stimulus, Uh as electrical exCitation of the roof 
9f the ~th or the cloaca, evokes pallolin fuscous individuals 
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within a few nUnutes.· After being kept for several days on 
a white background the animals remain fuscous in bright 
light. 

Redfield has recorded the results of careful experiments 
carried but with a view to loca~g the receptors involved in 
these modes of response. He finds that the local exclusion 
of light from and application of heat to restricted areas of the 
skin produce a local contraction of the melanophores in the 
region to which the stimuli are applied, without affecting the 
colour of the skin in other parts of the body. Furthermore, 
local illumination" produces a "local expansion of the 
melanophores without affecting the pigmentaPy effectors 'bf 
other regions, while local reduction of temperature rnaiatsins 
locally a state of melanophote expansion already established, 
though it apparently cannot initiate. These experiments 
admit the p.ossibility that melanophore response to heat and 
to light, in the case of animals kept on a neutral background, 
is propriogenic in character and results from the direct reactivity 
of the pigmentary <Jffector organs to incident stimuli. It is 
not conceivable that these results could be brought about by 
hormonic regulation through the circulatory system. Red­
field states that such local responses can be evoked afrer the 
entire nerve-supply of the affected region has been severed. • 
If this is so, there would s.em to be no.altemative to accepting 
his conclusion that light and temperature can act directly 
upon the melanophores, without the intervention of either a 
freely-circulating hormone or a nicely-adjusted system of 
reflex arcs. 

N.,ertheJess, Redfield is driven to the conclusion that 
there is, superimposed on this primary reactivity of the 
melanophores of the homed toad to light and heat, a c0-

ordinating mechanism which will account for the generalised 
condition of pallor followin~ .. ex.citement," and the peculiar 
modification of'thll normal reaction to light in virtue of the 
background upOn which the animal is kept. For the latter 
resporl8C the; appropriate receptor is the eyI:; since blinded 
imtivlduals no longIlr display. the apparently adaptiw usponse 
to the brightness or'liarkness of the substratum. If horned 
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only to the Craniata, and the existenCe of itS homologue in 
Amphioxus and Tunicates is doubtful (de Beer). • 

The physiological activity of extracts of the posterior lobe 
of the pituitary was, like that of extracts of suprarenal medulla, 
first revealed by the classical researches of Oliver and Schafer 
(1895). Extracts of the pihutary of mammals, birds, reptiles, 
and fishes (teleostean and elasmobranch) 'have a powerful 
excitatory action on the mammalian uterus and upon mammary 
secretion (Herring, 1913; Hogben and de Beer, 1925). 
Extracts of the pituitary of all classes of Amniota, Amphibia, 
and Teleostei exert a pres§or-diuretic action on the mammal. 
'Phis has not 9'> far been obtained from extracts of the elasmo­
branrh pituitary; such extracts, however, are of a much 
lower order of activity than eqwvalent extracts (by weight of 
gland substance) prepared from the teleost pituitary, when 
tested on the virgin uterus (Hogben and de Beer). Extracts 
of the pituitary of fishes, amphibia, and amniota have also a 
specific depressor action on the circulation of the bird. While 
Krogh (1922) has given evidence for ,the conclusion that 
pituitary secretion contributes to the maintenance of capillary 
tone in the frog, it is an interesting fact that none of the above 
responses have any established physiological as opposed to 
pharmacological significance. In fact, the posterior lobe of 
the mammal, while a storehouse of {lrobably several substances 
of prodigious activity and not a little interest to the phar­
macologist, has not yet been proved conclusively to have any 
functional significance. There is,on the other hand, the clearest 
evidence for regarding pituitary secretion as the main factor 
in co-ordinating the pigmentary responses of ampJibia to 
the changing conditions of its environment. 

The anatomical and bionoInic aspects of Amphibian colour­
response may now be summarised briefly as follows. The 
effector organs concern&! ~th colour-response in Amphibia 
are the dermal and epidermal m'eianophores and the dermal 
xantholeucophores. It seems probable that in Amphibia 
the activity of the pigmentary effectollJ depends on ~ 
of pigment-gmnules rather than,the moveIiient of the i:eII as 
a lVhole. The rhythmof colour-response in Amphibia depends 
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on a balance of Ilatural factors of which humidity, temperature, 
oxygen supply, and illumination are the most significant. 
Dryness in the terrestrial species promotes pallor (contraction 
of the melanophores). Complete melanophore expansion can 
only occur in natural surroundings in the presence of moisture. 
Warmth tends to produce pallo!. Most commonly bright 
light has the sarn~effect, at least after continued exposure. 

Colour-responses require periods of several hours or even 
days to reach their maximum intensity. The following 
citation is taken from Laurens' paper on Amblystoma larval :­

" I. Expansion 1>f the melanophores of seeing larval in 
the light one and a half to two hours. • 

" 2. Expansion of the melanophores of eyeless larv, in 
the light two to three hours, and contraction of the melano­
phores of seeing larval in darkness two to three hours. 

" 3. Contraction of the melanophores of eyeless larval in 
darkness four to five hours. 

" 4. ' Secondary' contraction of the melanophores of 
seeing larval in the light three to five days, and ' secondary , 
expansion of the mt!lanophores of seeing larval in darkness 
five days or more." 

Laurens does not give the temperature conditions to which 
such periods are subject. 

" Adaptive" response 10 backgrow;d colour depends on 
stimuli for which the retina is the receptor. The characteristic 
darkeniqg of the skin in the breeding season among Anura 
is probably independent of the internal conditions incident 
to reproduction, and results from exposure to optimum con­
ditions for Ir!elanophore exp~ion during the period of coupling 
and ov1tIation. The normal pigmentary responses of the frog 
are summarised in the table on next page. 

The synchronous charscter of the colour responses which 
occur .in Amphibia implies that a· regulatory mechanism 
con,tf~. theif ~ntary ·reacttons. To earlier work~s 
notbing seemed'lUIl1'e natural than the. assumption that this 
~ •. JlIl,I$t be ~.oervous s~. ]i;very dfort.waB 
~ {o ~ a solution . of the psoilJem alo~ this line. 
'nl,e retlUlt has been • hewil&ring conil.ict of evldence from 

K· 
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NORMAL PIGMENT REsPONSES OF Tru: COMMON FROG 

Background. i ,.0 c. 1 

-L-ig-h-t-b-ac-~---un--d----------I 1---------------
(a) Dry .. !i'allor , Generally pallor 
(b) Moist. . I Pallor (Epiderma! 'I Darkening 

me1anophores ex- ,-

Shade or dark background- i panded) I 

(a) Dry .. ! Pallor II Partial darkening 
(Epidermal ttlelano­
phores contract) 

Da~~~~~t • . .,Darkening I Darkening 

... (a) Dry ..... Pallor I Partial darkening 
(b) Moist.. Darkening Darkening 

NOTE.-U Pallor" implies contraction, "darkening H expansion of 
both dermal and epidermal melanophores. 

equally reliable and competent witnesses on such matters as 
the effects of nerve section and stimulation, spinal transection 
and extirpation of sympathetic ganglia .. Mter the researches 
of Oliver and Schafer (1895) into the physiological effects of 
adrenalin a new horizon appeared. Three years later Corona 
and Moroni noticed the effect of adrenalin in producing 
melanophore contraction in frogs. This observation was 
extended by Lieben,'s researchea (1906). But though the 
action of adrenalin in promoting melanophore contraction 
later suggested to several continental workers, notably Fuchs, 
the possible alternative that endocrine factors intervene in 
the control of pigmentary responses, it was only when the 
action of pituitary extract was tested that it became _.possible 
to envisage a second endocrine system capable of inducing 
melanophore expansion. 

This line of attack was suggested by the researches of 
Adler (1914), Allen (1l)17), and Smith (1916), who developed 
the technique of hypophysectorIlY in Anuran larvre and called 
attention to the condition of extreme pallor which supervenes 
in consequence of ablation of the pituitary rudiment. They 
did not, however, appreciate clearly the effector character of 
the pigmentary change, which was fint pointed out by Allen 



FIG. 32.~ Frog on right injected six hours previously with extract of 
the pituit<>.ry of a f(Etal ox: left, control. 

,------c~-----------------------------------~ 

• 

• 
Frr.. 3::;·~Two fro~s 19 day~ after operation: on left antetior lobe 

• only remond; on righl posterior and anterior lobe remowd. 
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(1919). ShortIY after' it was noticed (Huxley and Hogben, 
1921) that Urodele Iarvz exhibit darkening of the skin after 
pituitary administration, and Swingle (1921) recorded a 
similar effect after implantation of the pars intmnedia in 
tadpoles'. At the same time, thl/i writer initiated a series of 
experiments on the results of pituitary injection to put to 
critical test the hypothesis that these effects were due to a 
freely circulating autocoid of the pituitary gland. 

The results of these preliminary experiments (Hogben and 
Winton, 1922) lI\IIY be briefly summarised under four 
headin~:- • 

1. The pituitary (p. intmnedia and net'f}Osri1 of Mammals, 
Birds, Amphibia, and Fishes, contains a specific stinl\tlant 
capable of inducing contracted melanophores of adult and 
larval Amphibia (Anura and Urodela) to undergo maximum 
expansion. 

2. Thia property is not shared by such drugs (e.g. hiatatuine) 
as simulate the physiological action of pituitary extracts in 
other respects; no. is it shared by other tissue-extracts 
examined, namely those of spleen, brain, testis, ovary, pancreas, 
liver, muscle, adrenal, pineal, and salivary gland. 

3. The melanophore response is a very sensitive indicator 
of pituitary extracts. The gland of a single frog contains 
sufficient to induce darkeniftg in some fifty or more individuals 
of the same species. 

4. The action of the melanophore stimulant in pituitary 
extract is ~ and local, independent of concomitant vas0-

motor c;tfects. Taken in conjunction with the phenomens 
d~ in Anuran tadpol!S by Smith (19~) and Swingle 
(J:~I';'~.data present a strong presumptive case for the 
, . ':'" p¥uitary secretion forms an important factor in the 

,:8{ Amphibian cOIour-respo1)SC • 
. '.~ fi ~ the effects of removal.f>l 
". . it ooatroUed . by eomparison with efec:tII 

of . . the btlIin, .te«ion of optic nerves,1Ind removal 
of~ ___ .tobe aldJne were i1lvestigated in the COIIIIIlOII 

'*~ iIIld W"mton, I~5) anlfabalogous experiments 
~.1hoae,(,tSmitb arul ~Ien on the axolotl Iarva of the M.ex!CIIIl 
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salamander were carried out by the ~ter (Hogben, 19Z4). 
The outstanding results of these researches may be epitomises! 
as follows :-

1. After removal of the whole pituitary in adult frogs, 
as in Axolotls and Anuran ~dpoles (Smith, Allen, and' Atwell), 
the individuals so treated remain permanently pale with the 
melanophores in maximum contraction, although subjected 
to conditions which inevitably induce darkening of the skin 
in normal animals. 

z. Melanophore expansion follows p\tuitary injection in 
h;vpophysectomised individ.uals; but hypophysectomised indi­
Viduals so tret.ted regain their characteristic pallor, although 
subject to conditions which inevitably evoke melanophore 
expansion in the normal animal: • 

3. A comparison of the minimal standardised dose of a 
sample of pituitary extract requisite to induce melanophore 
expansion in normal and hypophysectomised frogs, under 
conditions in which the intensity of external factors tending 
to promote pallor were varied, favours the view that melano­
phore contraction and expansion in the intact animal is 
correlated with the amount of pituitary secretion in the 
circulation. 

The regulation of colour-response by fluctuating pituitary 
secretion is thus adequate to if.terpret all the accredited 
phenomena in adult Amphibia, without invoking a direct 
innervation of melanophores. We may justifiably conclude 
that in U rodeles as in Anura pituitary secretion is controlled 
by various (e.g . thermic) receptors in the skin, and ill refi.Cldy 
inhibited by light acting on thl! retina. This fully FPlains 
why in the salamander DiemyctiliIs (Rogers), within, the 
range of external conditions for which light is the siglai%ant 
factor, section of the optic nerve 'was found to result in, per­
manent melanQphore expansion although transecti~ CJf the 
cord was 'Without ejIect on the r1ythtn of colour-response. 

I.t may here be noted that there is no OOb.clusive evidence in 
favour, pi, ,~·AisteDlle of a direct~nerv0U8 00IiItr0l oE;the 
~~,' ~ amphibia. Contraction 'of ~ 
is Jar~t ~t in frDg$ by inj~n of adrerialin; but< 
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for reasons stated above this is not a sufficient reason for 
~elieving that the meIanophores are under nervous control. 
In tadpoles injection of extract or feeding with substance 
of pine,.! gland produces an extreme condition of pallor 
(McCord and F. Alien). But tIUs reaction does not appear 
to be shown by \p"odele larvre, in which the effects of removal 
of the pineal (Laurens) on colour response were found to be 
negligible. It is of interest to note that pituitary extract does 
not produce expansion in the chromatophoresof the chameleon, 
and in the meIanophores of the .l\tlantic minnow, Fundulus, 
Spaeth found that it produce.d contraction. The subs~ce 
in pituitary extract which produces expansio1! of amphibian 
melanophores has recently bl'en shown by Dreyer and 'Clark 
to be different from the substances which are responsible 
for the mammalian pressor and uterine responses. 

A group of phenomena of general biological interest that 
appear to be subject to endocrine control are illustrated by 
the cyclical activity of the genital ducts (secretory and muscular) 
in the female of IJlIIlllIllalia and their belxaviour during the 
several of gestation. Some advance has recently been made 
by the discovery of Allen and his co-workers (1924) that 
definite changes follow the injection of liquor folliculi into 
ovariotomised rodents. In young rodenta removal of the· 
ovary inhibits the growt:If of the genItal ducts, and in older 
animals produces degenerative changes in the latter with 
cessation of cyclical restrous changes. When fluid contained 
in the ovarian follicle of the normal individual is repeatedly 
injected into a spayed female accelerated growth and secretion 
c~ristic of the cestrouS cycle are induced. 

FURTIIER REFERENcES 
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CHAPTER YIIl 

THE MECHANISM OF NERVOUS CONDUCTION AND EXCITATION 

Bll"ORE attempV,ng to describe the part played by the nervous 
syatem as an arrangement for integrating the response which 
an o~ exhibits in everyday. life, it is desirable to acquaint 
omselves with what is known of the properties of nervous 
tissue as a conducting syatem. It is assumed that the reader 
is already familiar with the elements of nervous histology 
and the distinction drawn between afferent or sensory and 
efferent or motor nerves. The recognition of the excited 
state in nerve depends on the response ~which it calls forth 
in an effector organ, either directly in the case of efferent 
nerves, or indirectly through the C.N .S. in the case of sensory 
fibres. The stimulation of efferent nerves leads either to 
initiating or augmentini activity in lIP effector organ (excitatory 
action) or to diminishing or abolishing response (inhibitory 
action). 

Reference has already been made to the phenOlllenon of 
inhibition, as illustrated by the effects of stimulating the 
cardiac branch of the vagus in the ,vertebrate, or certain nerve­
fibres connected with the heart in crustacea and m8n1lllCS. 
Little is known of peripheral inhibition: the pheqomena 
of excitation, conduction, etc., in. nerve have been chi.eBy 
elucidated through the, study of excitatory motor nerves 
supplying limb-muscles (nerve-muscles preparation):. that 
the phenomena. are essentially· similar in other types of nerve 
is inferred by certaln similarities such,. as the electrical con~ 
ditions which acl:ompany the propagation of the excited·fltate 
in all initable tissues. (; 
'&~tion of a ~uscle through its netVe involves tbree 
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distinct events: (I) the initiation of some local change at the 
pbint of application of the stimulus constituting nervous 
excitation in the restricted sense employed below; (z) the pro­
pagation.of a disturbance of some kind along the nerve-fibre. 
or as it is commonly called the 'COnduction of the nervous 
impulse ; (3) the .production of some change at the junction 
between nerve and muscle. We shall consider each aspect 
of the process separately. 

(a) Excitation.-Nerve. like muscle. may be stimulated 
to activity by means of thermal. ,electrical. mechanical. and 
chemical stimuli. Of these onJy electrical stimuli are apprQ­
priate for the manipulative requirements of qumtitative experi­
ment. In both cases electrical stimulation may be brd'ught 
about either by induced or direct currents. The latter on 
the whole yield more instructive results. Up to the present 
excitation phenomena have been studied pre-eminently in 
amphibian motor nerve. 

For the purpose of investigating the nature of excitation. 
the excitability of ntJrve is usually defined in terms of the 
minimal intensity of stimulus required to evoke an impulse. 
other conditions (duration. etc.) being constant. The first 
thing to note is that the local change which constitutes excitation 
is a reversible one. When two indJu:ed electrical stimuli are • 
sent into a nerve successi~ely. it is found that the effect of 
the second depends on the time which elapses between it 
and its predecessor. The receipt of the first stimulus is 
followed at fust by a brief interval during which the nerve is 
incapable of being excited by any strength of stimulus; thia 
interwl, the absolute refractory period. is followed under certain 
conditions by a restoration of excitability which increases 
beyond its original value. liP that for a further brief interval. 
the ~ phase, the nerve is alpable of being excited 
by .• stUn. ap,reciably less th1In that necessary to evoke 
~ wheJl prese;nted singly. Thus when two stimuli 
which eaceed. the tbre&hold intensity ;for a single shock are 
'a~~ay witl.'IIhe lapse of If1 interval less then the 
absolute refractory peVod, th.! second is completely inelkctive : 
....,$l;_.other~. two,stimuli are apf)1ie4 su~Ve1Y. 
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the first, if adequate to set up a nervous impulse, for a measur­
able interval after the refractory phase leaves the point of 
excitation in a more excitable state, so that with an appropriate 
period intervening between the two stimuli a second one 
of subminimal intensity tmy become an effective agent of 
excitation. The time-relations in the case of the frog's sciatic 
gastrocnemius preparation are represented by Adrian and 
Keith Lucas, as in Fig. 34. Their possible bearing on the 
phenomena of inhibition and summation in the central nervous 
system will be dealt with .Iater. We must first consider the 

:;; 

f! 
~~·L-~~---'~Ol~--~~~.~--~--~.m~~~ 

Tim! sincl preri9U' .tlmu/u. ("oOlf,) 
FIG. 34.-Excitability to second stimulus in the sciatic gastrocnemius 

preparation of the frog (Adrian and Keith Lucas). 

light they throw on the nature of the local change which 
precedes the propagated disturbance in nerve. To account 
for both the refractory period an(i the supernoonal pJ)ase we 
may picture this change as a phenomenon of disintegration; 
if excitation involves dissolution ~f some constituent in the 
neighbourhood ·of the electrode, we should expect 110 further 
stimulus to have any etIect'80 lO1Ig as the latter state persijrts • 
and if the disintegrative process is reversible, it is poesibIe 
to conceive why this period shotlld be followed by one in whii:h, 
re8tonICion Oeing iMo~lete, a less polent sti~ is~ 
to rev_ ·the process. • , " 
~ligAt ~4hed. (mthe.problem. by ~ginto~t 



NERVOUS CONDUCTION AND EXCITATION' 137 

the direction, duration, and intensity of constant currents in 
relation to excitation. The effect of direction was early 
recognised through the work of Pfluger and his contemporaries. 
The action of the constant current is characteristically polar, 
that is definitely orientated witht reference to the surface at 
which the stimulus is applied. By placing a commutator for 
reversing the current in the circuit for exciting a nerve (non­
polarisable electrodes being, of course, used), it is easily 
demonstrated that excitation takes place at the cathode, i.e. 
the point to which positive ions. move through the tissue, 
while simultaneously excitability is diminished it the anode, .e. 
at the surface from which kations move away, when the current 
is made. When conversely the current is broken, stimulation 
again results; but the polar rclations are reversed, excitation 
occurring at what was the anode, i.e. at the point to which the 
kations now tend to revert. The rdation of duration and 
intensity of stimulus to the excitation process has been 
elucidated chiefly through the work of Lapicque and Keith 
Lucas. There existS both a time limit and a limit of intensity 
for effective stimulation. If the stimulus is of an intensity 
less than a certain amount, it cannot excite, however prolonged 
its duration may be; on the other hand, however great the 
intensity of the stimulus may be, it cannot excite, if the· 
duration of the current faIt: below a certain value. Alternating 
currenta of very high frequency may thus be quite ineffective 
in. T>t~ yk..~ l'a'f>Wll>'e!.. 'tMl. \:ri.~ \l'Mailim 
during which a minimal stimulus must operate to produee 
a lDIIJlifest effect varies w~th different nerves in the same 
indivittlal snd with corresponding nerves in different species 
of animals. As a measure of the time-factor Lapicque has 

. introduced the constant cJmmaxie, which is defined as the 
minimal duration required for excitation with a current whose 
intensity is tWice she threshold dcessary for excitation what 
the duration M the stimulus is indefinitely prolonged. The 
significant fact em~ from this line of i!J.quiry is that the 
Iengtb of the reftactory period and the interval which must 
elapse for productioa tf ~tion effects in different tissues is 
greater or less IICC01'dWg as the,chronaJde basa high or low value. 
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These peculiarities of the excitation process and other 
considerations based on the study of currents of varying 
intensity point in one direction. Stimulation results in a local 
change which is associated with the migration of ions to or 
from a surface in the neighlxllrrhood of the point of application 
of the stimulus. The conditions of duratien and intensity 
suggest that a certain minimal concentration of ions at this 
surface is an essential feature of the process. In order that 
such a minimal concentration of ions may be reached there 
must naturally be a minimal quantity of electrical energy 
imparted, and tpere must also be a minimal time during which 
the djrective force of the electrical current may influence the 
migration of ions to and from the surface concerned. The 
consequences of such a hypothesis are susceptible to mathe­
matical treatment, as was first suggested by Nernst, later 
elaborated on the theoretical side by Hill and subsequently 
put to experiments! test by Keith Lucas. We are thus in 
a position to construct a working hypothesis of the excitstion 
process. If, through a solution enclosed between two 
membranes impermeable to ions of a particular kind, a galvanic 
current is for a while allowed to pass continuously in one direc­
tion, there will be a local concentration of such ions at one of 

• the membranes, rea~g a limit coIJoditioned by their diffusion 
constant. A finite time must be allowed to elapse before any 
appreciable increase of concentration can take place at the 
membrane, the duration depending upon the intensity of the 
current. If the current is reversed before the requisite time 
has elapsed the How of ions will Qe correspondingly reversed. 
From this consideration Nernst was led to seek an expYnation 
of the inefficacy of alternating currents of very high frequency 
as agents of excitation. If the zvembranes are indefinitely 
separated, the relations-which must exist between minimal 
intensity of current (J), durition (I), or frequency {II) in ordIIt 
that an arbitrary critical concentration may be reached are 
exprested by the equations l 

Ii_";t (£o~ ~ cur.!) 
£""k'-v'''~t~ cutrents) 



NERVOUS C~)NDU~ION AND EXCITATiON 1,39 

The fonnulre of Nernst account for the experimental data 
relating minimal frequency, duration, and current strength 
necessary to set up an excitation within a restricted range. 
By taking into consideration the conditions arising when the 
membranes at which ions of opposite sign collect are close 
together, A. V. Mill deduced a modified expression relating 
the duration of an exciting current to its least strength 
with greater accuracy than the fonnula: of Nernst. Hill's 
expression is : 

;>. • 
t=--

1~1'9' • • 
In this equation ;>., 1', and 8 a:(e constants depending upol'l the 
distance apart of the membranes (a), and the distance from 
the membrane excited at which concentration changes are 
considered (b), the number of ions (v) by which a given quantity 
of electricity is carried, the diffusion constant of the ions 
involved (k) and an arbitrary factor (C). Thus: 

• 
k c._ ~ 

, V _ ",b Q __ -k.-. 
1\=-- I'_AO cos -, -e • a) .,...... za 

--b 
2 • 

whence it is seen that log 8 is directly proportional to the 
diffusion ronstant of the ions conl:emed. 

Keith Lucas has evaluated the constants of Hill's equation 
and shown not only a remarkable correspondence between 
obeetve4I and ca1cuIated valueS, but that a number of interesting 
phenomena are illuminated by the results so obtained_ The 
evaluation is straightforwar4 if the equation is written : 

il'(JI=i-~ • . . 
'I'hu& in 811 atperiment of Lapicque the corresponding 
thnIshold..values for current &trength and dtu'ation (in 0'001 

_.)-were: • 

'.~ ,'rI3 115 
"s 
76 

z 
$I' 
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To satisfy the above equation the factor pJI' on the left 
must vanish for t=OQ ,so that A is the smallest current which 
will excite at all, i.e. A=6o in this experiment. Substituting 
i, t, and A for any two pairs, I' may be eliminated bY,dividing 
one equation by the other:. IJ then becomes 0·375 and 1', by 
substitution, 0·909. The recalculation of i for corresponding 
values of t by means of the formula gives the following :-

i (observed) '75 lIS 9' 76 68 t4 61 60 
i (calculated) '78 IIS 91"2 75·9 68·9 65·' 6'·4 60 

For instances of speQfic phenomena on which further 
light is shed by Hill's analysis, the paper by Keith Lucas may 
be consulted. It is of considerable interest to note that the 
equation holds equally for dire~t excitation of muscle, so that 
we may infer that the event which initiates the changes 
described in an earlier chapter is of the same type in both 
tissues. This is a fact which it is most important to bear in 
mind when discussing the origin of the electrical variation 
in muscle; and in any attempt to unravel the anomalies which 
beset the study of the relation of ele"trolytes to muscular 
activity (c/. pp. ZI, zz). 

MINIMAL DURATION OF STIMULUS FOR EXCITATION IN MUSCLE (Lapicque). 

Gastrocnemius of Rana temporaria .. 
Foot of snail, Helix romatia . . f_ • 

Adductor of claw of crab. Carcinus mrenas 
Mantle of sea-slug, Al'lysia punctata 
Ventricle of tortoise, Testudo grreca 

0'003 sec. 
.. 0'°48 " 
.. 0'300 tJ 

•• !I)'SO " 
•. 0'82 

(b) Conduction.-When a nerve is stimulated the dis­
turbance set up at the seat of stimulation is propagated along 
each neurone at a measurable tite. The rate of coaduetion 
can be determined directly by observing the difference' in the 
latent period of muscular contraGtion, when a nerve-muscle 
preparation is stimulated at points along the nerve separated 
by a measured distance lIpart:. the difference in the latent 
period of contraction then represents the interval taken for 
the nervous impulae to traverse -this distance. 'this 1\011' 
familiar c1ass experim~nt was first Performed by lJ~ 
(1852), before whose time it has been supposed that the nervous 
imp_:~Ued at i!, rate comparable with the ~ of 
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light; and the' train of thought which prompted Helmholtz 
tp experiment is instructive, "As long as physiologists thought 
it necessary," he argued, " to refer nerve-actions to the I1l()ve­
rnents of an imponderable or psychical principle, it must 
have apPeared incredible that the velocity of the movement 
could be measured within the stort distances of the body, 
At present we know from the researches of du Bois Ra~nd 
upon the electromotive properties of nerve that those activities 
by means of which the conduction of an excitation is 
accomplished are in reality actually conditioned by or at least 
closely connected with an altered arrangement of their material 
particles, Therefore conducti'on in nerves Itmst belong eto 
the series of self-propagating reactions of ponderable b.dies, 
, . ," Only six years before Helmholtz' experiment Johannes 
MUller had denied the possibility of ever attaining the means 
of measuring the velocity of nervous transmission; the history 
of mechanistic thought is paved with such denials, 

The rate of propagation of the excited disturbance varies 
greatly in . different JUlimals, In the following tables some 
examples are given :-

i Rate in metres per I Observer ! Method 
I second. . I '. 

______ ,1, -----.----i----
" Frog" .. I '7 I' i ~f.~:~,and 
" Snake" " i 14 Carls"", 19Q4 I' Graphical. 
Fuhu- II 
Esox (olfactory) '" 0' 12"9" Nicolai. 1903 Electrical, 
TOrpedo , , ' '4-30 I Schoenlein. ,895 I " 
Malapte/urus "II 33· \ Gotch and BUIch. I 

I I 18'16 

~ ". I ,n mandib.u18I' I Car.lson. '904 I GI'l1phical, 
MtDJur- 1"5 V8!!W' I 

'. \' , 4.' J~ and Carl- \ GI'l1phical. 
, • • :2 • I IOn, 190 3 
.• <t# 

~ ". "24 ' 
~ "I ,,'" t Fick. ,86, - I GI'l1phicaI. . 

~. '.. I 6 I: Frederic.q and Graphical. : _ • Vandevelde 
,I ' 

Animal. 
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In addition to observations on those ~ in which it is 
possible to isolate suitable lengths of nerve-axons, the ob5eml­
tions of Jenkins and Carlson (1903) on conduction through 
the nerve-cord of various wonns are interesting, th<?ugh the 
values given are not neces~arily comparable with the above, 
since they involve conduction across syna~es in the CN .S. 
All these data are derived from direct (graphical) observation. 

Nemertinea: 
Cerebratulus 

Hirudinea : 
Aulastomum 

Pog~:~~s 
Arenicola .. 
Bispira 
Aphrodite .. 
Polynoe .. 
Sthenelais .. 
Eunice 
Nereis .. 
Lwnbriconereis .. 
Glycera 

em. per sec. 

5'4 

S6 

90 

.. 126 

.. 606 
S6 

.. 230 

.. 205 

.. 475 
•• 133 .6. 
.. +41 
(, 

From these data it would appear that the rate of conduction 
in annelids may be higher than in the lower vertebrates as 
exemplified by the hagfish, Bdellostoma. Parker found that 
the rate of transmission in the nerve-net of the sea-anemone 
was about 13 em. per !Jecond. 

Propagation takes place on either side of the point of 
stimulation in opposite directions. This is shown by the 
effects of stimulating the cut ends of fibres which bifurcate, 
and by study of the electrical response which is an invariable 
accompaniment of the nervouS impulse. In seeijng fur 
further light on the nature of the. propagated ~ 
certain facts clearly emerge from experimental investigation 
upon the nerve-muscle preparatiBn. These are: first, ',~ 
the disturbance dependS upon a supply of energy ~' 
along the whole course of the neurone, 80 that if an impuIIe 
is once set up, its intensity is independent of that of'ttie 
stimulus which initiates it so long as other fact0t"8 ,t'en'iIm 
coll8tBnt ; 'second, that"the transmission of the excited &tate 
is ~ted with an electrical variatiJn which travels along 

... , '< : .. -1 
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the nerve at the same rate as the propagated disturbance 
itself. 
• The first proposition implies that a means of treating the 
intensity of the nervous impulse by quantitative methods is 
availab~. Adrian (I912) has sought to establish this on the 
assumption that the nervous UApulse suffers decrement in 
passing through II region of narcosis. .H a nerve is narcotised 
in a gas chamber, a stimulus applied within the region subject 
to narcosis (inside the gas chamber) will evoke a response in 
its attacbed muscle after response to stimulation on the far 
side of the gas chamber has bee1'l. abolished; the depth of 
narcosis, as measured by the· time of exposare, required "to 
abolish response becomes continuously less as the len&th of 
nerve exposed is increased. . Thus the ability of the nervous 
impulse to traverse a region of narcosis can be employed as 
a measure of the strength of the impulse. By arranging 
electrodes at intervala along the course of a nerve, enclosed 
at intervala along its course by gas chambers in which 
measurable lengths are subjected to narcosis, it can be shown 
that, when a length ·of nerve is narcotised until its power of 
conduction is almost abolished, it retains its ability to tranSmit 
an impulse through a second region of narcosis of length just 
sufficient to abolish response to a stimulus applied immediately • 
outside the latter. If. the impu~ is not completely 
extinguished in passing through a region of decrement, it 
recovers its full capacity to face exposure to the same degree 
of narcosis; on re-entering a normal region it regains its 
original intensity. Nervous conduction is thus an all-or­
none phenomenon, i.e. its enlrgy of propagation is independent 
of the -strength of the stimulus which initiates it, being dis­
tributed along the whole course of the neurone. 

To.avoid undue abstraoIlon an experiment of Adrian (1912) 
.IDI!f.be.~in detail .. Four jlII8'chambers as in Fig. 35 
are amnged. ~ arfd B. han a diameter of .n mlXI. The 
dlameter of C is 9'0 mm. Nerves are amwged for the esperi­
meat as indicated. U. an chambers the deJlth of D8tcolis 
for the leQgth fi nerve uavpd is identical. The ~ 
uaec1 by Adrian was alcohol vapour. In each experiment.the 
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depth of narcosis (measured by the tiine of exposure) which 
was just sufficient to prevent the transmission of a stimul~ 

FIG. 35.-(After Adrian-see text.) 

through A or B alone, through C alone, or through A and B 
successively. 

TIME TO NARCOSIS. 

Through C alone, 
9 rGtp. Expt. No. I TbrO~,!~hu!n~Y' s=r~el~. ~n~!. 

_______ --'--- ___ -'c',-. ____ 1 _____ _ 

r. 
z. 
3· 
4· 
5· 
6. 
7· 

10 min. 
10'5 " 

13 " 
12'5 H 

16 " 
tS'S " 
Z4 

1"0 min. 
10 

13 
I2 
16 

<il7 
2f 

6 min. 
6'S " 

~ 
8'S " 

10 H 

16 9." 

, Inspection of these figures slzows (I) that the depee of 
narcosis which e~es a nervous impu1se 1:QI!JI!IDitted 
through a region of narcosis 9 1bm. long is quite. inadequate 
to extinguish it if the section is divided iatotwo halves ~ 
by 1IftIlIf~ .nerve, i.e. ,-recovery oof intensity ;0CCUf!I.,,1IIl 

emetgencti'frolll. the'l'~n ,of tprcosis ;. (ii).that Ih& depth-of 
__.~ ~ wffices to extinguisIlaa impulse· is praC1iicaBy 
, ~ "" 
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identical whether the impulse traverses a given distance of 
narcotised nerve (A), or double the distance (A+B) when 
tnere is an intervening region of unaffected nerve between 
A and B. This indicates that the impulse emerges from the 
region of decrement with fully recovered intensity. 

The second point can be derll.onstrated by observing the 
interval between' the galvanometer deflections obtained by 
the use of non-polarisable electrodes, separated by a measured 

. distance of nerve. The electrical variation recalls what has 
already been observed in muscle; the excited part at a given 
instant is electronegative to a non-excited region. The 
electrical variation is an invariable accompaniment of ttJ.e 
transmission of the nervous impulse; and its existence. may 
be taken as indicative that reversible movements of ions occur 
along the track of the nervous impulse. This suspicion is 
strongly reinforced by the fact that the propagation of a nervous 
impulse is completely blocked by a region through which an 
ascending (but not a descending) constant current is passed 
(Bernstein's experiment). 

Taking into consfderation the fact that the energy of the 
impulse is distributed along the whole length of the fibre, we 
might picture the propagation of the nervous impulse in one 
of two ways: either by comparing it to the ignition of a train • 
of gunpowder, regarding it is a process Vihich is in the thermo­
dynamic sense irreversible, or interpreting it as a succession 
of local reversible changes of colloidal equilibrium along the 
course of the neurone. In the first case, it would be predicted 
that the nerve would be fatiguable, since it could not have 
inexhaustible supplies of the material sources of its energy 
of t:raxJmission. Conduction would be accompanied by in­
creased metabolism. In the second case, the bioelectric currents 
propagated along the i:OU_ of the nervous impulse would 
be the only physic_a1ly measurable lccompaniments of its 
passage. The facts" that netves aie not fatiguable; and that 
nervous conduction is not, according to the extremely delicate 
determinations of Hill, ¥SQciated with ariy meaSurable increase 
of heat-productlPn, favout \he secolld alternative. At the 
same time certain olilBervers, Tashiro among others, have 

L' 
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claimed to demonstrate increased respiratory aCtivity of nerve 
during the propagation of the impulse. It remains to be seen 
whether these claims will be sustained by further research. ' 

In its most recent form the theory of excitation propounded 
by Nemst and extended by Hill and Keith Lucas is amplified 
by Lillie as follows. The' surface-membrane of a resting 
neurone is supposed to be impermeable to certain anions 
which are present in greater concentration inside the fibre 
than outside it. The kations are free to pass through the 
membrane, but the electro attraction of the anions forces 
the kations to remain close to the membrane, forming an 
electrical doubl~ layer. The change in ionic concentration at 
the membrane during excitation implies the removal of anions 

+ + _ + +....__ and therefore the re-
+ + __. + + moval of the double 

O 
i - 0 layer (Fig. 36). This 

depolarisation is accom- , 
panied by an increase 
of permeability at the 

+ + + + + + + + + + kathode, and escape of 

() 
- () anions at the permeable 

" _ area initiates an action 
FIG. 36. current. The local bio-

, • electric current leads to 
a depolarisation of adjacent parts of the membrane which 
in their turn become permeable and the seat of a bio­
electric current. Thus the change is propagated along the 
nerve-fibre, the action current in one section becoming the 
stimulus for the setting up of a similar condition in ~ next. 
According to this view all stimulation is electrical. It is 
of interest therefore to note that inciclent light produces an 
electrical variation (Piper) in the denervated eye both of 
Vertebrates and C~. . 

The balance of evidence is at present in favour of the 'View 
that in the phenomenon of nervous conduction we have to 
deal with a pror:es8 which is' ~y of the same oatiJte 
as the .excitation procesaoitBeIf. It might therefore be ~ 
_ ~ capacity ru:,.~e nerve to conclbct a tecond impuJM 
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following immCdiately'after a preceding one would be character­
ised by phenomena analogous to the refractory and supernormal 
pha!les described above. Such has been shown to be the case 
by Keith Lucas and Adrian. The method for measuring 
the conductivity of a nerve after the passage of a previous 
impulse was the same as that ~ployed for demonstrating the 
all-or-nothing Jaw. The passage of a nervous impulse is 
followed first by a refractory period in which the impulse is 
more easily extinguished by narcosis, and then by a supernormal 
phase in which it is able to traverse a longer distance through 
a region of decrement than in the resting state. These facts 
are of great interest in conilexion with tht: phenomena· of 
summation in the central nervous system and in peripheral 
tissues. . 

Summation in Peripheral Tissues.-So far we have dealt 
exclusively with excitation and conduction in nerve-trunks. 
The phenomena of propagation of nervous impulses in reflex 
arcs show two outstanding peculiarities differing-one in kind, 
the other only in ~gree--from the phenomena of nervous 
transmission hitherto described. When a synapse intervenes 
in the path of the nervous impulse, conduction can take place 
only in one direction-from the afferent to the efferent side. 
Furthermore, a single stimulus of any strength whatever usuall,. 
proves inadequate to induce a respoose, although sufficient 
to set up a disturbance (measured by the electrical variation) 
in the afferent nerve. Thus Sherrinltton, to whose labours 
we owe 80 much of our knowledge -of reflex mechanisms, 
records ca&8II in which the scratch reflex (alternate responses 
of th~exors and extensot'll of the hind-limb on stimulating 
an area of the back in the spinal dog) did not appear till the 
fprtieth shock lIad been administered. The significance of 
this phenotnellOD receives~me light from a consideration of 
the phenomena of f1Ull1Jl8tion in pertpheral tissues. We have 
already considered a coruIttion in the sciatic g3str0cnemius 
preparation of·the frog in which the minimal intensity for a 
_,.;md ~ is low. than for the initial one. Thill depends 
upon" the meclIaniam· of euitation lit the seat of applicarion 
of die atimuIus: a fa-obabJe exp1anation is that ~ 
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of this type occurs when the first stimultis sets tip a concentra­
tion of ions at the point of excitation which does not subside. 
till the second comes into operation. Summation of this Idnd 
can obviously take place only when the nerve is stimulated in 
both cases at precisely the s!plle point. But the phenomena 
of the refractory and supernormal states in muscle and nerve 
allow for at least two other types of summation. These 
summations can occur when the electrodes for the successive 
stimuli are not at the same point: that is, when the first stimulus 
initiates a disturbance in the nerve itself but does not lead to 
resI10nse in the peripheral' organ. This may occur, either 
because the secend stimulus fell in the supernonnal phase 
of exchbility of the peripheral tissue; or because the second 
impulse falls in the period in which the nerve itself conducts 
with supernonnal intensity, so that if the intensity of the 
first impulse were just insufficient to penetrate the junction 
of nerve and muscle the second may succeed. 

An example of the latter is provided by the work of Richet, 
Lapicque, and Keith Lucas upon the ~rayfish claw. The 
phenomena in this case are complicated, it may be remarked, 
by the existence oLa double neuromuscular mechanism; one 
concerned with sustained contraction, and the other with 
o:-apid closing of the pincers. This is shown by the fact that 
a different type of respouse is given ty strong currents of short 
duration (twitch-like movement) from that elicited by weak 
currents of long duration (protracted closure). A similar 
state of affairs was shown by Keith Lucas to exist in the 
lobster, Homarus, where the curve relating dura_on of con­
denser discharge to the minimunf potential requisite t& pro­
duce contraction of the adductor showed a discontinuity on 
one side, of which the response was a rapid twitch and on the 
other a sustained movement. Latftcque showed a somewhat 
similar phenomenon in tk claw of Carcinus. Richet showed 
that when the abductor nerve of the claw in Astacus is initially 
stimulated a small twitch results. If this is followed by two 
1.!hoclts deliVered in rapid succession ~ more powerful ~ 
tractiQn results. If the l>reparation is stimullted every 'hIiI£­
.mirl'lm! ~Iv hv .. Rit:tgle shock alid by two successive 
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shocks at an interval of 0'0036 second, the response to the single 
..,hock soon vanishes, while the response to the successive shocks 
perSists (Fig. 37). At this stage we have therefore a summation 
of stirn.uli individually inadequate to elicit a response, and that 
this summation does not depencl upon polarisation at the seat 
of stimulation i~ shown by several facts; in particular, first, 
that it is obtained by alternating make and break shocks, in 
which case the effect of the second stimulus must be to prevent 
the persistence and extent of 
the polarisation due to the 
first; and second, that it is 
equally well seen when the 
successive stimuli are applied 
at different points along tli.e 
course of the nerve. The 
interval which must elapse FIG. 37.-(Mrer Keith Lucas.) 
between successive stimuli if 
summation is to occur was found by Keith Lucas to have 
about the same rlVlge as the supernormal phase for con­
duction in the nerve itself. 

Integrative Action 01 the Central Nervous 8JBtem.-Con­
siderations of the kind which have been advanced already 
open to us, in the words of Keith Lucas, " a whole range o£ 
possibilities in the regubtion of nerv.us activity. According 
as we time impulses in the nervous system to follow one another 
at a shorter or a longer interval, we can make them less or more 
capable of being conducted through any regions of decrement 
which the system may contain. IT there is a region of decrement 
such ~t normal impulse lust cannot pass, then impulses of 
moderate frequency may pass it successfully, while impulses 
of high frequency may not only fail to pass it, but may by their 
frequency prevent other iftlpu1ses finding their way through." 
The last sentence .offers a possible' interpretation of a very 
important phenomenon o~ which Sherrington lays emphasis 
in . discussing the integrative action of the_ central nervous 
~. The nonnat organism is subject to an infinite 
~ of llti.tbuli: at an., momel1t it is undet the inilu.­
ence of not one !lrt many stimuli, each adequate; under 
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appropriate conditions to elicit a c~teriatic 'response. Yet 
in fact its responses are at any minute definite and restri<;ted, 
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:HAPTER IX . 
THE ANALYSIS OF BEHAVIOUR IN ANIMALS 

IN the last chapter the attempt has been made to indicate 
some of the evidence available for an und8rStanding of \he 
nature of the processes involved in the transmission j)f the 
excited state. It will now be necessary to inquire into what 
is known regarding the way in which stimuli normslly present 
in the surroundings operate to produce the characteristic 
and more or less appropriate sequence of responses which 
constitutes an animal's behaviour. It will coincide best 
with our present trptment to consider the question from a 
phyletic standpoint. 

The simplest form of response is the direct reaction of 
an effector organ to external stimuli. This has been already 
met with in the pigmentary effector organs of the shrimIlo 
and lizard. The reactiot9 of the iris· to light in vertebrates 
and cephalopods is another instance. But in both cases we 
find a co-ordinating mechanism superimposed upon the local 
form of reaction. In the osculum of the sponge with its collar 
of primitiveomuscular elements we have an apparently purely 
local ~m. No co-1lrdinating arrangement is shown 
by the behaviour of other. oscula when a neighbouring one 
is stimulated. Their normal function is to react to running 
water by relaxation and to still water by closure, response 
occurring after an.interval of several minutes. 

JrIIIft1Iid ...........,..,. ~ndifferentiated protoplasm pas. 
sesses the property of propagating the excited state. This 
is best seen in the Ilb-ordination of ci1iary movement, 80 

impoitant an ~ of beluwiour in 1arge numbers of marine 
animals. Ciliary ~n is metachronial; the cilia do not 

lSI 
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beat simultaneously but in regular succession one after the 
other with reference to the axis along which the ciliary curr~t 
is maintained. It is this that gives the active ciliary epithelium 
an appearance like a field of com blown by the wind. The 
metachronial rhythm of cilia does not depend upon mechanical 
stimulation of one cell by th'e ciliary activity of its neighbour. 
There is abundant evidence for this statement, but perhaps 
the most convincing is provided by experiments of Kraft, 
who showed that by' cooling a zone of ciliated epithelium till 
mechanical activity subsided, effects of mechanical and 
thermal stimulation on one side of the quiescent zone were 
tr.!nsmitted to .the other. There is no clear evidence of 
nervqus agencies at work in connection with ciliary 
mechanisms; and it seems fairly certain that in general the 
disturbance which underlies the metachronial rhythm is 
propagated through the undifferentiated protoplasm of the 
cells. Chambers has shown experimentally that in cells 
with intercellular protoplasmic bridges the effects of an 
injurious stimulus are transmitted from one cell to another. 
Where there are no demonstrable protoplasmic connexions 
this is not the case. Such transmission is usually called 
neuroid, although there is as yet no evidence of its depending 

• upon the same type of mechanism as true nervous conduction. 
The Elementary Nel'V01lB Systel'l.-The simplest possible 

form of neuromuscular system is met with in the tentacles 
of some sea-anemones (e.g. Cerianthus). Here the entire 
complex consists of a sensory cell ending in a process 
which arborises round the underlying muscle .fibres. The 
single cell combines all the functibns of receptor, affere,?t, and 
efferent neurone. The internal processes tend to run towards 
the base of the tentacle, and with this, according to Parker, 
is correlated a polarity in the response to stimulating the 
tentacle at its distal ana basal extremities respectively. To 
quote from Parker, " when the tip of a tentacle is vigorously 
stimulated the whole tentacle is likely to respond, but when a 
part lower down in the side of the tentacle is stimulated, the 
reaction is chieiy from this point proximallY~ . 

, ~. in the,,~ region of Adinoz~ 8I1<d in peW. 
~' .. ,¥,,~ , .;,,' '""<t 
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among Co:elentmtes, ~ more specialised arrangement exists. 
~ucleated cell-bodies intercalated in a reticulum of fibrils 
connecting the sensory cells and muscular elements are con­
tinuous. with one another; there is between the sensory and 
motor apparatus an uninterrupte~ network. 

Ingenious exl?eriments on the physiological properties of 
the nerve-net were performed by Romanes more than half 
a century ago. Romanes worked on ¢.urelia, the common 
jelly-fish of our coast. From the sensory tentaculocysts 
the nerve-net extends inwards over the circular sheet of 
muscular tissue round the mouth' by whose contraction the 
rhythInical pulsation of the swimIning bell ~ brought abott. 
Excision of all the tentaculocysts brings about a cessation of 
the pulsations. If, however, one marginal sense-organ is 
left behind it induces a double wave of contraction-one to the 
right and one to the left-and the rhythInical movements are 
preserved. To ascertain whether special paths of conduction 
exist in the nerve-net, Romanes made a series of incisions 
in the bell. Spiral,. circular, and interdigitating incisif,lns in 
the under surface of the body did not prevent pulsation so 
long as at any point the nerve-net of the parts separated was 
left in continuity, although the muscular coat Inight be com­
pletely severed. Thus one part of the nerve net is as good. 
as any other for the translllission of nervous impulses. The 
same, according to Parker, is true of transmission in the trunk 
region of the sea-anemone. But here definite paths of con­
duction seem to exist in the nerve-net in virtue of the fact 
that the fibr6ls run pre-eIninentIy in an oral-aboral direction. 
Hence ~ the tip of a tongue· of tissue cut from the wall of the 
body in a longitudinal direction is stimulated, generalised 
muscular contraction ensues, while if the tip of a tongue 
of tissue cut in the equatofial plane is stimulsted, no general 
.response is evoked. Such polarisation suggests how the 
separation of a eN.S. may ih the first place have been brought 
about. But the central 1ImIOUS system of ca:l.omate animals 
is fundamentally diffet!nt in that the nervous elements are 
not atm.' cturaIIf'.con conri!l-tinlUOUS .• The efperiments of Romanes, 

. which were ~t of and contemporaneous with.nthers 
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by Eimer, have been amplified and extended by those of Mayer 
(1905), Loeb (1C)06), Bethe (1909), Harvey (19U), and othelll. 
These workers have conclusively shown in various ways' that 
conduction takes place through the nerve-net and not through 
the muscle. This is quite easy to show in the Jelly-fish 
Rhizostoma (Bethe), where the muscle of the bell and nerve­
net are not coextensive, inasmuch as the "sphincter" is 
composed not of a continuous band of muscle as in Aurelia, 
the form with which Romanes worked, but of sixteen separate 
areas with intervening non-muscular tissue across which the 
nerve-net extends. 

"The &,naptioaNervous SJStem.-In contrast with the nerve­
net (If the crelenterate and the generalised modes of re­
sponse associated therewith, we now turn to the synaptic 
nervous system of echinoderms, annelids, molluscs. arthro­
pods, and vertebrates. The unit of response in these anima1s 
is essentially localised; the stimulation of any group of re­
ceptors calls forth response in a strictly limited number of 
effectors. To illustrate more concretely the conception of 
the reflex the following observations of Bethe (1897) on the 
behaviour of the shore crab (Carcinus) will serve. 

I. When the eye is blackened to exclude photic stimuli, 
, gentle mechanical stimulation causes the eye which is touched 

to be drawn under the carapace; cbQth of the antennules are 
simultaneously withdrawn. When the same eye is subjected 
to a more powerful mechanical stimulus, in addition to the 
withdrawal of the antennules and the eye itself the second 
antenna of the same side is withdrawn. TheoOpposite eye 
and corresponding second antenna are not affected. e 

2. When the covered eye is subjected to electrical stimula­
tion, the walking legs of that side are brought into such a 
position that the body tends to be tilted forwards from the 
ground at an 2Ilgle of 45°. If both eyes are stimulated the 
body tilts upward symmetrically/both cbehe being extcaded. 
Only one cbela is involved as a result of unilateral stiJn.ulstion 
of the eye. 0 

3. Weak mechanical stimulation of the~ ~ 
~ 6tIt the 'l¥ithdtawal of the lhtcMUle of the:.ame 
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side and then the stimulated organ itself. Stronger stimuli 
l~ first to thewithdrawal of both antennules,then the antenJllle. 
and finally the eyes of both sides. 

The .unit of structure in the synaptic system is the reflex 
arc. But it should be remembeJ;Pd that the barrier between 
one reflex arc and iJlother is physiological rather than structutal ; 
the injection of strychnine results in a condition in which 
stimulation of any receptive area will e1pt convulsive move­
ments of all the muscles of the body. The simplest reflex 

FIe. .;o3.-D.iog.r.am c.f Bimpk.reBu.an: fsWlate gangIiaD c.f ('~,\, 

path is one.in which the receptor is represented by the 
periphepl arborisations of aIt aHerent neurone whose dendrites 
terminate distally in connexion with the cell-body of a motor 
neurone. Such an ideally simple reflex arc is probably 
~ in thexeflex pathaewhich have their synapses in the 
stdIat.e ~lion of dle Cephalopod tFig. 38). The stellate 
ganglion is cop.ned:ed by the pallial commissures with the 
brain and by the atellar nerves with the musculature of the 
wntle. Frohlich (l'}I" showed that local stimulation ~ its 
~ evokes peralised contractiOlf of the muscu1ature of 
~. JDIIIl~ 110 ~ aI the stellar nerves are intsct. ~f the 
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latter are cut a purely local response is ~oked. 'The geneialised 
response which oceurs when the stellar nerves are intact ,is 
obtained equally well after section of the pallial cotnrniSsures 
so that the stellate ganglion is completely isolated from the 
rest of the C.N.S. It follows that the stellate ganglion is 
a centre of reflex activity. Generally, however, reflexes make 
use of paths in which at least one interme&ate (internuncial 
or proprio-spinal ~ the vertebrate) neurone between the 
afferent and efferent elements is involved. This condition is 
also seen in Fig. 38. 
, The more specialised forms of perception concerned with 

phototropic, gtbtropic, and chemotropic reflexes discussed 
belo'S involve, in practically all cases, separate terminal 
organs, receptors, in connexion with the peripheral ends 
of the afferent neurones. A great deal has been written 
about the anatomy of chemoreceptors, and photoreceptors. 
So little is known of the mechanism of these structures 
in vertebrates that the scope of the present work does 
not permit of more than a reference t<;l Winterstein's "Ver­
gleichende Physiologie" for further information. A brief 
reference is, however, due to the receptors for space orien­
tation, which are essentially alike throughout multi-cellular 
animals (and one might almost add plants where, however, 
they are unicellular 'in structur~. The statocyst is essen­
tially in all cases a sac lined with cells in connexion with 
nervous elements, enclosing a solid body with sufficient 
space to move freely under the influence of gravity, which 
brings it to rest in such a position as to stinaulate one or 
another group of nerve-endings· according to the ~tion of 
the body in space. Kreidl's (1893) ingenious experiments 
in replacing the statoliths of crustacea by iron or nickel filings 
d\Iring ecdysis, showed that wilen the normal mechanical 
effects of gravity are rePlaced by those of the magnet the indi­
vidual behaves with reference to die field of magnetic attradiQIi 
precisely as it should on the hypothesis that equilintation 
depends on the group of receptori' on which the statolith 
impinge$, '. '\ . 

'f!le central nervous system ll8Ualty consistll of tD<Ire w 
,,., ... , 
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less distinct coffimissunu portions composed of internuncial 
ax1lns and ganglionic regions in which the cell-bodies and ceII­
connc!ctions are located. In Vertebrates the conunissural 
part (white matter) encloses the ganglionic (gray) matter in 
the greater part of the C.N.S.; while among invertebrates 
the C.N.S. is built up of discrete ~glionic and conunissural 
parts. A peculiarlty of the Vertebrate C.N .S. lies in the fact 
that all secreting cells and smooth muscle Jibres are innervated 
by motor neurones whose cell-bodies are 10cated in subsidiary 
(autonomic) ganglia receiving efferent impulses from the 
cord but not themselves the centre' of reflex activity. They 

• 

l'ost~·!l3IJgniC:.tl.eUJ'DflJ 

FIG. 39.-Diagram of pedal ganglinn 01 Razor-shell. 

are thus distributive centres for multiplying impulses to be 
relayed to a llj,rge 'number of similar effectors of which simul­
taneous fld identical action ilfrequired. According to experi­
ments by Drew (11)08) on the nervous system of the "Razor­
shell chIm an analogous state of affairs is seen in the pedal 
g;Jnglion of the Lamellibrsnl!! (Fig. 39). Drew's experiments 
indicate that the pedal ganglion of the Ltmellibrsnch only serves 
• a distributive centre for impulses from the cerebra-pleural 
ganglia. But in the gaW:ropod Aplysia, the pedal ganglion 
is,acCotding to Froh'lich "910), a reflex as well. a distributive 
centre.' The i;arJiac ganglion ~f Limulus is a structure which 
_ ptobably nl close \nalogy in Vertebrates~ unless to the 
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myenteric plexus of the gut 'j which is probBbIy in essentials 
similar to a nerve-net, , 

It is possible that many segmental reflexes in CruStacea 
may employ a simple afferent-efferent reflex arc. In Verte­
brates this is rarely the case; the same internuncial 'neurones 
are involved in a multiplicity of reflex arcs. In the adjust­
ment of response an important result 'of Sherrington's 
analysis of the Prollerties of reflex action is the recognition 
of the principle of the final COttUti(}1J path. If two reeeptive 
areas when stimulated evoke response of one kind or another 
in the same set of muscleS, the effect of simultaneous stimula­
tion is in geneml either one of reinforcement, or the complete 
exclq,~ion of one reflex response in favour of the other. When 
it is remembered that in norm3l life the organism is subject 
to a large variety of stimuli simultaneously impinging upon 
reflex systems the majority of which may make use of a common 
path in some part of the C.N.S., the general importance of 
this fact in defining the behaviour of the animal at any moment 
is obvious. 

For the scientific analysis of behaviour in animals possessing 
a nervous system the tertn " tropism" is a convenient label 
for grouping reflexes concerned with bodily orientation in 
response to a particular type of stimulus. According to 
established usage the term is lWended aIao to modes of 
behaviour in metazoa which do not possess a central nervous 
system, as well as to protista and plants. Thus we speak 
of phototropisms, geotropisms, thigmotropisms, chemotropisms 
to classify reflexes concerned with orientation Mth reference 
to light, gravity, contact, or cMmica1 stimuli .. The",analysis 
of behaviour has progressed chiefly bystudying: (i) the isolation 
of tropisms or other reflex systems by experimental procedute 
llJvolving the exclusion of particillar receptOl'S or parts of the 
C.N .S. itself; (ii) troPistic reactions or other reflexes which 
normally predominate over oth« modes of bebsvioor in the 
intact animal; (Ui) the modification of normal mode& of 
response by phyaioo-chemical meaIlfil . 

The sNdy of troflisms, in.animaIs ~ beea ~ 
-....A~u... 001.""','""' ...... w.m .... ~ T.....h_ ...ftnii.o __ w.. 
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contributions cOncern the behaviour of animaI& undeT the 
influence of light. That in many animals response to light 
predominates over other modes of response is proverbial. 
The behaviour of moths, and many other nocturnal insects is 
very widely known. When the organism moves towards the 
light it is said to be positively phototropic. The opposite 
type of reaction: negative phototropism, is well shown by 
blowfiy maggots. Loeb was first attrsjted by the bending 
of sedentary organisms like Tubularia 3r tubicolous worms 
towards the source of illumination, a phenomen<ln which 
superficially resembles the effect of light on the growth of 
plants. He observed that in doing 80 the «nimaI tends to 
take up such a position that its photo-sensitive surfac!;jl are 
symmetrically illuminated; lind advanced the hypothesis 
that orientation depends upon reflex muscular tone maintained 
through the photo-receptors. When the animal bends towards 
the light it does so because the tone of the muscles on the side 
exposed to light is increased by stimulation of the photosensitive 
surface on which the incident rays fall. The consequent 
flexion of the body ev~tually brings it into a position when the 
photo-sensitive surfaces are equally illuminated, 80 that the 
muscular tension on either side of the body is balanced. 
Anthropomorphic bias ascribes the movement of the moth 
towards the candle to the ~reference .f the animal for the 
light. This view does not permit us to make verifiable 
predictions which can be inferred from a more objective 
dti~ t6" tbe ~~. It M>.\\mw t};>p if t.re-~~:, .~re­
meats are mainly concerned with the direction of the rays, 
it will rqpve frotn a strongly tl a weakly illuminated situation, 
when tonditions are so arranged that by doing so it continues 
to move along the path of the incident beam with both eyes 
equally illuminated. Thesd' conditions are easy to arrange 
by projecting on to a tube containing Some positively photo­
~ organism such as ~ilIars of Porthesia a slanting 

. bea$of pm:afle1 rays, the intensity of one half of the beam being 
artific:iaJly reduced, kd in this way the animal is induced to 
mQ¥e £tom the ~t into the silade, wlI!.ch is contrary to what 
the ~ &w would lead us to.anti~. If 
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unequal muscle tension reflexly excited 'by unequal illumination . 
of the eyes leads an animal to tum into the position in which 
(moving towards or away from the source of light) the twa eyes 
are equally illuminated, it follows also that blackening of the 
eye should lead to circus movements. Such circus movements 
have been shown by Loeb 'and many other workers-Parker, 
Hoimes, Lyon, among others-in various' insects, and are 
well illustrated by Gp.rrey's (1919) experiments on the Robber 
fly (Protacanthus). C These experiments support Loeb's 
hypothesis and researches on the unilateral removal of the 

cerebral ganglia in insects (cf. Matula, 1911), 
• and others confirm the view that the ner­

vous mechanism of muscle tonus is pre­
dominantly Unilateral. However, crossed 
reflexes are also involved in the forced 
movements of insects, since Mast (19~4) 
has shown that when the posterolateral 
border of one eye is illuminated the limbs 
of one side move forward and those of the 
opposite side backwards, the front feet 
towards the light and the hinder ones away 
from it, thus showing that the location as 
well as the intensity of the stimulus in the 

FIG. 4O.-Effect of 
unequal illumi­
nation on climb­
ing insect. 

photoreceptors of either side is involved in 
the reflexes which underlie orientation. 
This does not invalidate the fundamental 
conception underlying Loeb '5 contribution 
to the problem, though it .~ws that a 

complete analysis of the pheftomenon is a rath~ more 
intricate task than he himself supposed. 

Flies with nonnal eyes ascend either a plane or cylindrical 
sqrface vertically. When one eye is blackened they ascend 
a plane wrface obliqUely, veering towards the unblackened 
eye (Fig. 40). If made to ascend a cylindricalll1ltfaceequal!y 
illuminated on all sides, the insect with one eye blackened 
ascends with a spital motion towards the seeing eye, the 
,number of spirals deptnding upon the intm\~ty of illumilla­
!ion~ If the eylinder ia obliquely pJac!ed IJO that une _. ,ia 

."-
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in the shade, Uu.ects with one eye blackened move in very 
¥erent paths on the two sides: "On the shaded side the 
spinds are paralld and the pitch is acute, but in the light of 
the oth;r side the fly's path is more nearly horizontal, as 
would Oe expected from the different conditions of muscle 
tonus resulting from light of ditferent intensities " (Garrey). 
Loeb (1890) first' showed that if rotated on a tum-table fiies 
describe circus movements in the opP'fite direction to the 
movement of the table. These, as later s!.own by Lyon (1900), 
do not occur when both eyes are blackened. In Garrey's 
experiments fiies were rotated 'on a revolving cylinder 
illuminated from above. The normal fly chlltles towards die 
opposite direction, in its ascent thus describing a spiral"path. 
If the speed is sufficiently increased a horizontal path may be 
induced. When one eye is blackened, the forced motion is 
intensified if the cylinder is rotated towards the same side and 
the vertical component is nullified with a much slower motion. 
When rotated witlI the blackened eye in the opposite direction 
to the motion the circus movements are diminished and at 
a certain speed the Ify ascends vertically. 

The conclusion that different regions of the eye in 
insects are, as implied in Mast's observations, related to 
different reflexes involved in orientation is of special interest 
in connexion with a phenamenon studied by Parker (1922) 
in young turtles. Newly hatched loggerhead turtles find 
their way from their nests to the sea in consequence of at least 
tlIree factors, one depending on gravity as shown in their 
tendency to #i/love down slopes, one which is a response to 
localisei retinal images in that they move towards regions 
of the horizon which are open and clear rather than interrupted, 
and finally a response to colour, since tlIey move towards blue 
areas. The first of these fIlay be described as geotropism, 
but the last two are types of reaction rather more complex 
than those to. which the tent. " phototropism " is customarily 
applied. . 

In most animalS if is but rarely that one set of stimuli 
predominates QY!r all others 4:0 the ~t that light does in 
many insects. "'More frequendy the normal..orientation and 

M' 
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movement of organisms is dependent on such Ii finely balanced 
interplay of phototropic, geotropic, chemotropic, and thigxno­
tropic reflexes that only careful analysis can evaluate their 
respective influences. Thus the normal swimming move­
ments of Mysids are in ordinary circumstances unaffected 
by removal of either the eyes alone or the statocysts alone. 
If, however, both statocysts are extirpated the mysid swims 
on its back when >illuminated from below. Deprived of 
both eyes and statt.cysts, the animals can effect efficient 
orientation only when in contact With a surface (through touch­
receptors in the appendages). Other factors which underlie 
sel:mingly incoll:lequent modes of behaviour are seen in the 
effect,.of physico-chemical conditions on the sign of a tropism. 
It was shown many years ago by Loeb that the larvre of Poly­
gordius, and various small crustacea, which are in normal 
life negatively phototropic, can be made either indifferent to 
light or definitely positive in their phototropic response when 
certain salts and acids are added to the medium. Similar 
phenomena have been described by. Minkiewicz, Moore, 
Ewald, and others, who have also succeeded in producing a 
reversal of sign in the normal tropism of various animals by 
chemical means. An interesting example is recorded by Kanda 
(1914), who studied the effect of electrolytes on the behaviour 
of Arenicola larvre with referenCf to gravity and light. In 
normal circumstances the larvre of Arenicola are positively 
phototropic, swimming towards the light by ciliary and 
muscular movements. When placed in darkness they swim 
upwards, i.e. they are negatively geotropic • ...,When excess 
of K or Na ions is present (i.e. oIf addition of a certa1J1ollIllOUIlt 
of isotonic potassium or sodium chloride solution to the sea 
water) the larvre cease to swim towards the source of illumina­
tion when placed in the light; theJ tend to swim in the opposite 
directiQIl, becoming negatively phototropic, though fuebly 
so. The geotropic response of the larvle in darkJiese. ia Aot 
affected by such treatment. When, however, there ia . aa 
excess· of Ca, or Mg ions the lame swim downward4 in darlt­
ness; their behaviout towards gravitati~ .~ is 

.. ~ they ha~ become positively ghotropiC; !fhe.~ 
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to light is nOt iirlluen~d to the same extent by excess of Ca 
atvI Mg. As a bionomic illustration of these phenomena 
the following suggestion by Loeb is based on the fact that larvl!) 
of Po~esia, which as already observed are strongly photo­
tropic, become indifferent to ligJ1t after a meal. Porthesia 
lays its eggs on a ~hrub. The larvre hatch out in autumn and 
hibernate on the ground. Provided that the temperature is 
raised sufficiently they can be induced tolleave the nest at any 
time .• When they emerge of their ow! accord they crawl 
directly up the shrubs on whose leaves they feed, always 
moving upwards, i.e. in the direction of the rays reflqd 
from the sky. At the top of the shoot they ~ccunter young 
buds, where they feed, and becoming phototropically 
indifferent in consequence, are free to move downwards and 
thus ultimately find another source of food. 

ConditiODeil or Associative Behaviour.-The phenomena of 
reflex action as studied in a mammal from which the cortex 
has been removed are predictable, and there is reason to hope 
that they will fall int,. line with the phenomena of peripheral 
conduction, summation, and inhibition as suggested in the 
last chapter. We have seen that considerable progress towards 
a knowledge which will enable us to predict the behaviour 
of intact animals has been made by (I) analysing the interaction 
of reflex systems brought "Into play b~ different classes of 
stimuli normally present in the surroundings, (2) determining 
the wa:y in which reflex responses may be modified by physico­
chemical factors in the external medium. There is, ham",", 
a further asfl'ill' of response which has to be taken into account 
in dis~ the behaviour ~f animals. It can be illustrated 
well enough by the feeding of minnows. If food in the form 
of pieces of meat is presented to it the animal behaves in a 
predictable way; it snaps at the food. If paper coloured to 
resemble pieces of meat is presented, for the first few times 
the fish bclmes in a predicUble way by snapping. After a 
number 1lf trials wlUeh can be predicted within limits by 
~, the fish no ~nger snaps lit the paper. To the 
~ wJUt"'COl18WVes tilt eff~ Of previous stimulation 
psychologists still employ the subjectiye tetJn "mempry." 
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It is the essence of scientific method 'that it 'delfts only with 
relations that are the result of external observation, that it aitps 
at expressing these relations in quantitative terms, and' that 
it employs no assumptions that could be eliminated, without 
affecting the verifiability ot its conclusions, We have then 
to ask whether it is possible by objective anal;vsis to obtain any 
further light on the mechanism by which the simultaneous 
application of two c~\Sses of stimuli may enter into the result 
of the simple operlHon of one of them on a subsequent 
occasion, Associative phenomena probably play comparatively 
li\1le part in the lives of 'any animals outside the vertebrate 
series, This sp1!cial development is characteristic of mammals 
in groeral; and is the chief glory of man, Though we are 
here concerned primarily with the lower organisms, some 
account must be given of those properties which pre-eminently 
distinguish mammals from those animals which we elect to 
regard as "lower" than them, creatures which in any case 
appear to have less complex and less flexible possibilities of 
behaviour. " 

In the objective analysis of associative phenomena an 
immense advance has been made during the past two decades 
through the work of Pavlov and his associates. Pavlov studied 
salivary secretion in dogs. In the absence of the cortex, the 
entry of food in the tnouth is an' efficient stimulus for reflex 
salivary secretion, With the cortex intact, sight or smell of 
food also evokes secretion. Further analysis led to a funda­
mental distinction being drawn between a type of reflex which 
is only known in the animal with its higher c~x intact and 
the reflexes which exiSt in both "normal and decereh<:ate pre­
parations. In the intact animal a previously indifferentwmulus 
applied at suitable intervals simultaneously with the applica­
tion of a stimulus w~h uncon(Utionally evokes a particular 
response, eventually acquires the capacity to evoke the response 
unaccompanied by the "unconiiitioned" stimulUs. A new 
non-inherited re1lex has been brought into being, known 
as a conditioned reflel!:; its pre'tiously ineffective' agent 
is known -.s the "conditioned''' Iltineulus.~This .w- to 
~hold _gOcld for a large number of refteXes; tlte salivaty. rdlex 
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is usually ('!hoSen because quantitative measUIement of the 
aplount of secretion can be made by using a cannula. 

As Pavlov's work is still somewhat inaccessible to the 
English.reader, the main points will be outlined. We will begin 
with the fonnation of conditioned reflexes, as follows ;-

1. Any event, in the externaf world which affects a sense 
organ may in the intact mammal become a conditioned stimulus, 
provided that its occurrence coincides ?jth the unconditioned 
stimulus a sufficient number of times. ~ven nocuous stimuli 
such as intense electrical stimulation or burning of the skin 
may, if systematically accompanied by feeding, cease to evoke 
their normal consequences and become a signal for saliv\ry 
secretion. Nocuous skin stimulation may thus be formid into 
a conditioned stimulus for the unconditioned feeding-reflex, 
but not for the unconditioned reflex salivary secretion produced 
by application of acid to the tongue. Nocuous stimulation 
of the skin over the bones, however, cannot be made a con­
ditioned stimulus for either. The response of a conditioned 
reflex is essentially similar to the unconditioned reflex from 
which it is derived. °If a lighted lamp be made a conditioned 
signal for food, the dog not only secretes saliva when the 
stimulus is presented, but makes groping movements appro-
priate to food itself. . • 

2. It is necessary that .he indifferellt stimulus with which 
it is desired to form a conditioned reflex should be rigidly 
isolated; an unnoticed accompaniment such as an extraneous 
smell, sound, sight or movement of the experimentalist may 
otherwise bllll6lIIle a new conditioned stimulus and vitiate the 
interplltation of the phenothena observed. 

3. The indifferent stimulus should operate while the animal 
is in a quiescent condition with reference to the unconditioned 

. system into which it is to be! incorporated, i.e. it should precede 
by a short interval-the unconditioned'stimulus, 

From' what has been saitt, it follows that, since the animal 
is nomWiy subject SO an immense variety of stimuli, formation 
of new conditioned rdlexes could only have chaotic con­
sequences ~ there existodefinabll: factors which tend to 
inhibit the ~tion -or check the operatiol'l of cond!tioned 
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reflexes. The possibility of isolatini a conditloned reflex 
for study implies that some inhibitory agency preserves ~ 
normal surroundings of the laboratory from exerting 'very 
much influence. Inhibition in conditioned phenomena 
presents four distinct aspects depending upon inherent pro­
perties of the central nervous system; these ,are :-

I. Inhibition by extinction. When an indifferent stimulus 
has become a cpnditlsmed stimulus for salivary secretion, and 
is allowed to act alotie on several occasions without the con­
ditioned stimulus, it gradually loses its potency, but recovers 
it after a period. ' 

'2. Conditiond inhibition. If the conditioned stimulus in 
a con,ditioned reflex is accompanied by another indifferent 
stimulus the extinction referred 'to under (I) takes place more 
rapidly than it would if allowed to operate alone. 

3. Differential inhibition. Stimuli which resemble a 
conditioned stimulus fairly closely may at first evoke response 
when applied alone, but lose this efficacy more readily than the 
original conditioned stimulus. 

4. Retardation. If in the formation of a conditioned 
reflex, the new stimulus precedes by a definite interval (from 
a half to three minutes) the unconditioned stimulus, the re­
sponse to the conditioned stimulus when the new reflex is 
established is delayed oily a corresJl!Onding interval of time. 

In addition to the above may be mentioned the generalised 
form of inhibition of the activity of the cortex known as sleep. 
This can be regularly evoked in dogs by application of warmth 
or cold- to an area of the skin. A further ~p1ication is 
introduced by the fact that external agencies not oWy give 
rise to inhibition but to release fcom inhibition. The phenome­
non of "inhibition of inhibition" may be illustrated thus. 
By repeated synchronous action of the sound and presentation 
of food, an organ note of 1000 vibrations per second becomes 
a conditioned stimulus evoldng lalivary secretioo in abaence 
of the food itself. If repeated too often a10ne it sulfet:s 
inhibitioo by extinction, but recoYera irs efficacy with a suftici.Mt 
period of 1-eat. If dunng th~ indift;ercnt '~od. ,tIiiere ~ 
.• n~ ·nn t'\"fIIo ,nMll' inpfFflit"hVfl': Mnnd ~Jlt1 .. " 'fI:HIIMId 
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indifferent IltimUlus such as lighting a lamp before the dog's 
eyes, the sound immediately regsins its efficacy. The sound 
and • the light were each indifferent stimuli; their combined 
effect qepends on the fact that the former had previously 
been a conditioned stimulus, i.e. that the latter breaks down 
the inhibition t~ which the fon,;er was temporarily subject. 
The possible bearing of this phenomenon on the phenomenon 
of " attention" is evident. How uneJf>ected fields may be 
illuminated by study of the conditione" reflex is well seen in 
the phenomenon of experimental neurasthenia. When a new 
internal inhibition is in process 'of formation a preformed 
inhibition is weakened. Suppose a sph.-oidal object· is 
established as a conditioned stimulus for salivary secretion. 
When an ellipsoid differing' only in the length of one axis 
is presented, it is at first an effective stimulus and ceases to 
be so by differential inhibition as already described. Now 
suppose that we successively present ellipsoids approaching 
more nearly the spheroidal form, pushing the process to the 
limit of discrimination, marked changes in the dog's behaviour 
occur, firmly estabIi:hed inhibitions disappear, its excitability 
is greatly increased. After two months' rest the previous 
state is regained and old conditioned reflexes reappear. 

Finally, the study of conditioned reflexes as implied in. 
the last type of experirneat opens up. a new horizon for the 
objective and quantitative treatment of sensation, aside from 
the consideration of the sense-organs as physical apparatus. 
This may be illustrated by employing the conditioned reflex 
to define thioIoimits of discrimination. The sound of a tuning­
fork 04256 vibrations (midale C) is accompanied by electrical 
stimulation of 'the paw until it is established as a conditioned 
stimulus. A tuning-fork of 264 vibrations presented as a 
signal for withdrawal or- the paw evokes response which 
subsides on successive presentation 'before the effect of the 
original 'conditioned stimfllus is extinguished by internal' 
inhibition, as rnay jJe tested by applying it. A series of pairs 
of forks with diminislting differences in tone are now tried 
out jiU no diiferential inhibition (1m be established for a 
given pair. the 1imft of discrimination for.sound in. dogs is 
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represented by a fraction of a tone. Similarly' a filne degree of 
discrimination of time, doubtless connected with the mechanism 
of inhibition by retardation mentioned above, is shoVlil by 
the fact that differential response to a metronome beating 104 
and 100 per minute can be established and maintalned for 
periods of over twenty-four' hours. The application of this 
method of analysis shows, on the other hand, that dogs and cats 
are completely co!oulI,blind, their world being defined usually 
by differences of ligfu:-intensity like an ordinary photograph. 
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~HAPTER X 

TIll! FERTILISATION OF Jrn EGG 

IN the foregoing summary we have taken the existence of an 
animate unit or individual for granted. considering its charac'!:er­
istic properties, their sources of energy and the way in which 
they are brought into working relationship with one ~other 
and with the external world. It is one of the characteristic 
properties of animate systems that they are self-propagating. 
The quantitative analysis of this property is therefore an 
important branch of physiology. In spite of the immense 
volume of careful ql\antitative work in this field, the important 
fact that living organisms reproduce their kind-and that the 
power to do so is one of the most remarkable features which 
characterise living beings-is customarily neglected in physio­
logical text-books or summarily treated from a teleologica1. 
standpoint which betraY"" little sympathy with the advances 
which have been made in the ~t two decades through the 
work of Loeb on fertilisation and the rediscovery of Mendel's 
method in the opening years of the twentieth century. The 
explanatiollollllf this omission is to be sought chiefly in the fact 
that, while exact knowledge of metabolism, muscle, nerve, 
and respiration has been advanced chiefly by studies on the 
higher animals, practically every important discovery in the 
field we are now about t~ consider is based on material of 
too hum!>1e origin to interest the medical man. N evertheleas 
conclllSions derived from these studies are, as will be seen, of 
wille . applicability., For this reason a ~ry brief. outline of 
lllIiIIting lmowl~ of the mechanics of reproduction will now 
be pen. ~S\lbject is fuK ofintetesl: on the bionOtnie side 
in cOnnection with &e possib~ty that living or~ are 
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related by common ancestry, and wifu the attenfpt to tJace 
out the significant factors which have directed their Paljt 
history on the earth in the light of the evolutionary hypo­
thesis. As the treatment of the evolutionary problem forms the 
subject matter of a separate volume in this series, we must here 
confine ourselves solely to thOse questions which are amenable 
to quantitative analysis, leaving out of account issues which 
bear specifically on e~olutionary biology. One may in passing 
legitimately comment, upon the importance still attachdl by 
many physiologists to Darwinian concepts, a fact which is 
sUl;prising when it is remembered that the exact study of these 
prOblems does not begin till the dawn of the present century ; 
that it was not till more than ten years after the issue of the 
" Orig[n of Species " that the fertilisation of the egg by a single 
sperm was clearly established; and that the material available 
for the study of inheritsnce by Darwin's contemporaries was 
largely derived from popular tradition current among stock­
breeders. 

The natural starting-point for a study of the physiology 
of reproduction is the fertilisation of the ~gg. The important 
fact that the normal process of fertilisation involves the union 
of only one gamete of either sex was first clearly established 

,by Hertwig and Fol (1875). The recognition of this fact 
mes two problems. :r'he entry of the sperm into the egg 
norrnally implies (I) the ini.tiation in the egg of active cell­
division culminating in the formation of a new individual; 
(z) the transference to the zygote of something in virtue of 
which the new individl,lal so formed resembles.;tl:le male as 
much as it does the female parent. Kupelwieser r/..I9IZ) 
found that with sufficiently long exposure of the egg and high 
concentration of the sperm, it was possible to bring about the 
development of a sea-urchin egg witft the sperm of the common 
mussel. The offspring reared resembled the former parent 
only. Though the sperm was aISle to penetrllte tneegg"iU 
nucleus was eliminated during the subsequent cell..divitions. 
and it therefure· made no conttibutiort: to the hereditary con­
'8tituti01l of the fertilisstibn prodllCt. Hence, 'tlwugh·lt<.i&;Il(It * ~ in nature that a sperm can supply ~.ulUlI tn.t 

'~jp.;"" "".",' 
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initiates d~elopment' without materially contributing to the 
\tructural characteristics of the individual 80 formed, it is 
legitimate to treat these two issues quite independently. The 
nature. of the hereditary process will be considered later. 

The immediate problem of fertilisation has another aspect 
besides the eluciJiation of the m~hanism by which the cleavage 
process is brought into operation, namely what factors operate 
to bring about contact between thelsperm and the egg. 
Logically perhaps it would be better t consider, first of all, 
the attraction (if any) of the egg for the sperm; but since our 
knowledge of the fertilisation proCess is largely derived from 
elimination of the sperm by the use of. physico-cheffiical 
reagents, it is just as convenient to begin with the mechanism 
which initistes cleavage. . • 

Parthenogenesis exists as a normal occurrence in nature 
in many groups of the animal kingdom, though authentic 
cases in Vertebrates (observed with experimental safeguards) 
are not known. In some species of stick-insects and gall-flies 
the male has been eliminated. The existence of natural 
parthenogenesis has· prompted many biologists to imitate the . 
operations by which the agency of the sperm can be dispensed 
with in nature. The first fruitful work in this field was done 
by Loeb (ISw), whose labours have enriched so many and. 
diverse branches of geDeral physiology. Loeb, who con­
temporaneously with Ringer ~ a pioneer in studying the 
relation of contractile tissues to electrolytes, was impressed 
with the fact that stale eggs of marine animals sometimes 
show signwf cleavage in process of dissolution, and began 
his r~earches in the endeavour to explore the possibility 
of producing artificial fertilisation by an increase in the 
hydrogen-ion concentration of the sea water. This was not 
inc the first place successfuf. The action of other ions was then 
investigated. and successful rearing of swimming pluteus 
larvlle (a Stage which is takeh as indicating completely successful 
~t. sUp the pluteus is. self-su~porting) ~om 
unoontaminated egg8 iff tlre sea-urclrin Arbscra was obtained 
by~ thl eggsior a ~ p!riod to a. mixture f~ 
by adding a"hypertonic solutIon of magn,.estum c~ to 
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sea water. Further experiment showed that 'thi*' was not a 
specific effect of the magnesium ion at all, hut could be r~­
produced by increasing the osmotic pressure of the solution 
with a number of different reagents. Exposure for two 
hours to anyone of the following mixtures suffices to induce 
development up to the plhteus stage in ,eggs of Arbacia 
when transferred back into normal sea water :-

so c.c. sea ~rater, 50 c.c. C2S M, MgCIs; 
90 c.c, sea tater, 10 C.C. 2'S M, NaCI or KCI ; 
100 C.C. sea water, 25 c.c. ::fo M, cane sugar j 
80 c.e. sea water, ~7'S c.c. 2'5 M, urea~ 

The freezing .;Joint of sea water is about of the order ~ 

to 5~'NaCJ. From inspection 'of the above it is clear that 

one salient feature is common to all these mixtures--they have 
an osmotic pressure higher than that of sea water; and since 
the cell is in osmotic equilibrium with its environment, they 
must tend to withdraw water from the egg, The following 
table, taken from experiments of Loeb Ott another sea-urchin, 
Strongylocentrotus purpuratus, indicates the optimum con­
centration and osmotic pressure of sea-water mixtures for 
different reagents : 

Optimum. conoel1~ pouentage Osmotic 
SubstaJz.ce. tzttUon in mob. e, dissociation. pressure in 

Can.sugar ,. o'\}6 "'53 
Grape sugar I'~ 23'33 
Cact. 0'50 64 25'57 
MgCl, 0'49 70 26'47 
LiC) 0'74 66 .,'59 
NaCl 0'79 ,I _ .. 

30'28 
Rei 0'78 77 30'95 

" Less reliable results were obtained in subsequent experi-
ments on Strongylocentrotus than with Arbacia. And osmotic 
ilctivation alone did not produce a hundred per cent, yield 
in either case. The plUtei were in some respects abnormal 
in that they did not swim near the<surface; there was a taitb' 
IUgh mortality; and-most sig:ni1icant of 2ll-the CfJII8 .did 
~ot {otm.. the characteristic investment? known 811 the f~ 
:ion ~ which is'an inva!iable conseqii~ce of ~1 
!ettilieation bv the rurencv of the so'enn. 'bis last fact 



THE FERTILISATION OF THE EGG 173 

SUggested file possibility of a more perfect imitation of the 
lj;Itural process. Inquiry was next directed by Loeb to artificial 
membrane formation. In earlier experiments on the action 
of the .hydrogen-ion, mineral acids were used. It was now 
found that exposure to ethyl acetate induced the production 
of a typical fertil,isation membrat'ie; and further study showed 
that this action was due to the acid hydrolysis product. This 
suggested that the fatty acids might tt successful agents of 
membrane formation. By leaving tha unfertilised eggs of 
Strongylocentrotus in a mixture of 50 c,c. sea water and :1:8 

N b . . . 
C.c. 10 utync aCId at IS° C. for about tw~ minutes, aU. the 

eggs are induced to form me':1l.hranes, when replaced in"normal 
sea water. Eggs of Strongylocentrotus subjected to this 
treatment passed through the early developmental stages. 

The combination of both methods was next employed. 
Exposure to the action of the fatty acid after treatment with 
hypertonic sea water gave better results. When, however, 
the reverse proced'olre was adopted, the eggs being treated 
with hypertonic sea water (for a shorter period) after artificial 
membrane-formation, success was complete. A hundred 
per cent. yield of swimming larva: was obtained; the larva: 
Were normal in their behaviour; and the cleavage proce~ 
precisely resembled that ~ the nonnafiy-fertilised egg. Loeb· 
(1904-5) thus made what must bt: regarded as one of the most 
audacious contributions to mechauistic thought in replacing 
that mysterious cOnlple:x the living spenn by familiar physico­
chemical .,.cies in its r61e of activating the developmental 
pro<:elS. • 

Before pursuing the problem further, it will be as well 
to form a more concrete picture of the ground so far traversed. 
MacLendon (I9U) has ~own ~t fertilised eggs ~Y 
ahrinlr. ill isotonic sugar solutions; but that the unfertilised 
_ do tlOt do 80 with eqUal readiness. From this and other 
~by ¥acLendon and by Gray on the conductivity 
. oft1!e egg bef~ and lft~ fertilisati~n there seems ~ ~ 
to .. ~. ~ 1lIl,. pn . ttat feature of normal fertilisation IS 
~ p&meabiIity of the cell-membrane. A. variety 
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of considerations converge to reinforce this conCluS;on. Lyon 
and Schackell have shown that eggs become more permeabI(l 
to dyes as the result of fertilisation. Harvey (19IO) has not 
only confirmed this, but shown by intravitam staining with 
neutral red a temporary increase at fertilisation of the per­
meability of the egg to alkalies. Again, Lyon (1909) found 
that fertilised eggs of sea-urchins, three minutes after insemina­
tion, liberate about do,_uble as much oxygen from hydrogen 
peroxide as do unferti!li.!ed eggs, a fact most readily explicable 
on the assumption that the intracellular catalases are more 
accessible to the peroxide iIi. the former case. Thus normal 
fertifisation may 00 regarded as a phenomenon of which one 
result is that water tends to be withdrawn from the' cell; we 
can imifute this process either by 'withdrawing water from the 
cell (osmotic activation), or by changing the surface properties 
of the cell-surface so as to increase its permeability, as appears 
to be the effect of butyric acid and of cytolytic reagents. 
According to Carter (1924) the formation of a fertilisation­
membrane is not an essential feature of this change. 

The surface change which accompan~es fertilisation can 
be induced in quite a number of ways. The eggs of the poly­
chrete Nereis (which provides more accessible material for 
1!I'0rkers in this country than sea-urchins, as it spawns all 
through the summer) can be made ro segment (1) by osmotic 
activation (Fischer), (2) by qposure for a suitable period to 
a temperature of 350 -360 C; (3) by standing them for ten 
minutes in the sea-water exudate of Echinoderm eggs or 
Echinarachnus lipolysin, Potassium cyanide, radi.i':'tl emana­
tions, fat-solvents, alcohol, distillbd water, saponins", bile­
salts, sera, mechanical injury-the method which can be used 
for fertilisation of frog's eggs-bave sll been employed 
successfully as substitutes for the ferillising action of the spenn. 
It is not profitable in the limited space at our dispoaal to select 
further instancea from an extensite literature dealii!g_ 
artificial parthenogenesis in. representatives of EcbiAOderms. 
PolYchetes. MonUSC&, Arthropods, Hshes, and Amphibia; 
II) general We may say tIuft sll these ~ M~ in ~ 
"',~ .of.producin& ~ at the ~ of the., 
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F avourable\material is naturally provided by animals which 
svawn into the water eggs which contain relatively little yolk ; 
and' the eggs of marine animals are best for this purpose, the 
physico-chemical equilibrium being in such cases of a more 
mobile· character. From the rapid advances made of late 
years in the tecJmique of tissu~-cultllre it would not seem 
unlikely that the initiation of developmental stages without 
contact with sperm will be accornplishld in our own time in 
mammalian ova. , 

In the Echinoid egg, which up till now has yielded the most 
satisfactory material for experimental manipulation, an im­
portant aspect of the union of the sperm and egg is "the 
immediate increase in oxygen consumption which occurs 
after entry of the sperm. At an early stage in the study of 
this problem, Loeb suggested that the immediate effect of 
the penetration of the sperm might be to promote a series of 
oxidative processes. Warburg's (H)08) determinations of the 
oxygen-consumption of fertilised and unfertilised eggs of 
Arbacia confirmed Loeb's prediction. Warburg found that 
a quantity of eggs (atout four million) in sea water, eqnivalent 
to zS mg. total nitrogen by the Kjeldahl estimation, took up 
4-5 C.c. of oxygen during the first hour after insemination, 
while only about o' 5-0'7 c.mm. were consumed by the uno. 
fertilised egg in the sam. time. Warburg's original experi­
ments were carried out by a titr~tion method (Winkler); in 
later ones the manometer was used for the gas analyses; and 
readings of the rise in oxygen consumption were not taken 
till ten ~es after fertilisation occurred. From the recent 
observjtions of Cresswell ~hearer (l9Zz), using the Barcroft 
differential manometer, there emerges the remarkable con­
clusion that. the mere contact of the spermatozoon with the 
external surface of the egg it capable of increasing the oxidation 
rate of the latter by rather more than 8'000 per cent. in the space 
of 0Ile niiaute. The eggs" were fertilised in the chamber of 
the 1IlItIlIlIJIiet, so $hat tberewJlS no interruption of the readings 
·befose and after fertilisltion. Wrthin a minute of the Jibera... 
~ the apedn the increaae in oxtgen-consumption starts, 

.. ~ tt""_ ~tIVo minutes for the sperm to p~ate 
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the egg-membrane. That is to say, the increaSe begins when 
the sperm is still only in contact with the outside of the egg; 
and the curve for rate of oxygen consumption (and CO2 
production) is steepest during the phase of surface contact. 

That the sperm brings about profourtd changes while still 
in surface contact with the egk is shown by Lillie's experiments 
on eggs of Nereis, in which the sperm does not penetrate 
the cytoplasm till tl:li.rty minutes after the initial phase of 
fertilisation. Meiosisl' is initiated by the surface contact 
of the sperm; but if the jelly surrounding the egg is separated 
from the latter, taking with it the sperm itself, meiosis is not 
folfowed as in tae ordinary course of events by cleavage. 
The chromosomes break down without the formation of the 
first cleavage-spindle derived from the nuclear apparatus of 
the egg. 

Turning now to another side of the problem of fertilisation, 
there is no need to emphasise the fact that the spermatozoa of 
practically all animals (and many plants) are flagellate units. 
We have, therefore, to inquire how the motility of the sperm 
is so regulated that it is brought into cohtact with the egg of 
the same species. In introducing this question it is necessary 
to refer to the normal behaviour of spermatozoa. Spermatozoa 
are almost without exception immobile while they remain in 
the gonad or generatOve duct ofe the male. They usually 
become active in the medi)lID in which fertilisation occurs. 
Generally in marine animals this is the sea; but in some 
starfishes the sperms do not become very active in sea water. 
unless its hydroxyl-ion,concentration is raised, or.ti« secretions 
are added. In mammals the sperm becomes mo~ in the 
secretion of the accessory glands (prostate, etc.); but sperm 
taken from the epididymis becomes active in RiDget l$ solution. 
The sperm appears to possess no theans of taking in nouri$h­
ment--1rt least in marine" forms, though it may be able to do 80 

in animals snch as bees and bats: in which insemination may 
take place months. or even years before fertilisation; 1Illd it 
therefore lma a strictly limited term! of life. Cohn (Ifill) 
has shoWn that the total carbon.dioxide outjl!lt of ~ 
'.~." whether ita life ;. artificlaltY'pr~ cor cmtiiJed 
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by infIuenc}"g its motility. Spennatozoa swim with a spiral 
lI\otion, adhering to surfaces with which they come in contact, 
a fac\ which may be of some significance to the present question. 
There are really two problems that arise in this connection, 
for we tave not only to account for the fact that a sperm may 
eventually make ,Fontact with an ~gg, but also to explain how 
it is that in general eggs are only fertilisable by sperm of the 
same species. It is not necessary to stppose that the same 
agencies are responsible for both phenotnena. 

Considering first the influence of the egg upon sperm 
motility, one has to face the posSibility that the contact of 
sperm and egg is a matter of pure chance,.or more stric~ly, 
that the only provision made to ensure fertilisation is the 
synchronous ripening of the gonads in the two sexes, :nd the 
prodigious fecundity of the species in animals where coitus 
does not occur. Where there is congress of the sexes there 
is nothing unlikely in this. What evidence is available has 
been chiefly derived from studying the effect of egg 
" secretions" on the sperm. In practice this amounts to 
observing the effect e~ercised upon the latter when brought into 
contact with sea water decanted from an egg-suspension, and 
for brevity called egg-water. 

In the case of starfishes the influence of egg-secretion is. 
conclusive. Since it is wghly imp,obable that immotile 
spennatozoa can bring about fe¢lisation, and since in any 
case activity must increase the chance that a sperm will make 
contact with an egg enormously. the fact that immobile sperms 
of Astenas.ne raised to intense activity by addition of egg­
water pta strongly to the belief that. in these creatures 
at any rate, the egg exercises some directive influence on the 
sperm. In the absence of quantitative methods for studying 
the rapidity of motion in !!permatozoa, it is impossible to be 
certain that egg-secretions have 'any action upon the 
spermatoZoa of forms Iike'Arbacia and Nereis in which the 
sperms. lire normaJ1yactive in sea water. Some support is 
~ to.the affirmati"" belief by observations of Loeb Who 
~·tbe ~oroa of sea-urchins. which are immobile 
but "Jive for. &ys in· &atonic sodium chloride. may be made 

N 
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intensely active by addition of egg-w.ter. ''!'Mere is some 
indication-though the evidence is inconclusi--..of specific:jty 
in this reaction, as can be seen from the following table, which 
summarises the effect of egg-water on sperm of different 
genera of starfishes and sea-~rchins :- <_ 

Egg·water. Sperm. 
Asterias Asterino Arbacia Stnmgylo-

i' oentrotus 
Asterias .. VerymQtile No effect Moderate Very.light 

I activity effe<'t 
Astenna .. No effect Very motile Very motile V~ght 

Arbacia .. Slight effect No effect Activity Activity 
Strongylo· Sl~ht Slight Acti,ity Activity 
centrotus effect effect 

However, it would not be justifiable to conclude from this 
line of argument that the sperm is directed to the egg by the 
excretion of substances from the latter whose diffusion sets 
up a gradient in favour of greater motility in propinquity to 
the egg itself. The question has been further attsclted by 
two forms of procedure known respectively as the drop and 
tube methods. The latter was introduced by Pfeffer, and con­
sists of filling capilliuy tubes with egg-water or other fluid 
and observing the reaction of the sperm when the tubes are 

,placed in a sperm-suspension. The data so obtained are 
difficult to interpret. • It is true" for example, that capillary 
tubes containing sea water _ which has been in contact with 
ripe eggs of Echinus esculentus soon become plugged with 
sperm when introduced into a sperm-suspeusion of the same 
species. And Dakin and Fordham (1924) ha~deavoured 
to establish the chemotactic oriedtation of the spcrmJowards 
the egg by comparing the accumulation of sperm in the egg­
water tubes with accumulation of sperm in tubes containing 
other immobilising agents (e.g. acid) which would act aa a 
trap collecting the quiescent sperm. With this partic:uIar 
species the control tubes were al'ways found to cOntain less 
sperm than the egg-water tubes, and it is pointed out by the 
authors mentioned that the sperm uavelIed a greater leagdI. 
in the egg-water tubes: However, ~ inc _ ~ 
for th~ study of other material, both lhiner ancM.oeb obtIDaed 
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resu1t11o whiA do not Jiupport the concluaion that in general 
t¥ egglI of marine animals give off substances which actually 
direCt the movement of the sperm. Dakin and Fordham 
themseges were unsble to demonstrate chemotaxis in the sperm 
of the mollusc Teredo. The drop method employed by 
Lillie and his pllpils yields results which are interesting but 
somewhat difficult to bring into relation with those obtained 
by Dakin and Fordham, though Lillfe himself advocates 
the etistence of chemotaxis. When a ~op of the egg-water 
of Arbacia is introduced under a cover slip into a sperm­
suspension of the same species three effects are manif,rst 
on microscopic examination. There is 'lnomentarily an 
intensification of the norms! motility of the sperm. This is 
followed by an effect which hils the appearance of a pffi:ipita­
tion and takes place in two stages: (0) aggregation, the loose 
associstion of spermatozoa m groups which can be imitated 
by passing CO2 into a sperm-suspension, and also occurs 
spontaneously in dense sperm-suspensions presumably through 
the accumulation ~f their own respiratory products; 
(b) agglutination, in which masses of sperm firmly adhere 
together. This latter phenomenon is reversible, when the 
egg-water is prepared from the same species as that from 
which the open suspension is derived. That is to ssy, after • 
a few seconds or minute!!! the spe~masses separate, but 
individually the sperms remain inuo.obile. Similar phenomena 
have been described in Nereis, Asterias, and EchinarachniuB. 

It is possible to study the agglutinating reaction 
quantitativeiy ,by determining the greatest dilution at which 
an indisputable reaction occuh for given samples of egg-water. 
The properties of the agglutinating substance have been worked 
out by Lillie and others, and it has been shown that the sub­
stance is not excreted by· the fertilised but only by the 
unfertilised egg. It appears to be or' colloidal nature. The 
egg-wateni prepared from Atbacia and from Nereis both con­
tain 1lI1betances capable of agglutinating the sperm of the same 
species. The ~~ Nereis produces no effect on the 
~ Arbaeili. < C?\ the other hanel, sperm-suspelllions of 
Nmit undel'gA" agglutination in presenccr of _ egg-~ of 
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Arbacia, and this reaction is an irreversible 8n~toxio> effect, 
unlike the reversible reaction of the sperm to egg-secretion ,pi 
the same species. According to Lillie's experiments' the 
" iso "--and .. hetero "-agglutinating reagents are 9ifferent 
substances. He infers this from two lines of evidence : (1) that 
egg-water of Arbacia, which originally acted, on the sperm of 
both genera, on keeping lost its action upon the eggs of Nereis 
while retsining its activity with reference to sperm of the same 
species; and (2) afte1 removal of all the agglutinating sub~tance 
which affects Nereis sperm by addition of the Arbacia egg-water 
to. a sperm-suspension of 'Nereis, the agglutinating action of 
the egg-secretionton Arbacia or Arbacia sperm was uninIpaired. 
It was, also found that the sperm of a Teleost would neutralise 
the hetero-active substance. While these phenomena provide 
new materials for the serologist, it is perhaps premature to 
emphasise very strongly the conclusion stated by Lillie that 
"egg substances that thus activate and direct specific 
spermatozoa and render them adhesive are well suited to 
favour the fertilisation reaction." 

Such information as is available ~th reference to the 
specificity of the fertilisation act does not lead to very definite 
conclusions. The sperm of one species will not in general 

, fertilise the eggs of another species. But this specificity 
is not by any means ahsolute, and<'aS illustrated by the rath~ 
extreme example of Kuptlwieser's experiment, it can be 
overcome to some extent by experimental manipulation. 
WbJ:n_ thl.~ <:aD- 1).-. dnwl. it. ~~ ~h1A tA ~ fur. 'Imllf'. f:u:t.m: 
which specially distinguishes the normal Pr<>Cefoll from the 
experimental procedure. The JYroblem still remain.<! to be 
solved. Baltzer, Tennent, Shearer, de Morgan and Fox. 
Fischel, and others have successfully hybridised different 
species and genera of ~; similar experiments hue 
been made on Teleosts"byNewman and Moenkhaus, and on 
Amplu'bia by Batai1lon.· ' 

Careful investigations into this phenomenon by Fox (1916) 
on Ciona failed to throw very mu<9t Jighton the question. 
Gons ezhibits an interesting fOl'rn of ~ty. one 1Iii!t1ttaY 
be common among hermaphrodite ~ and doeS not 
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reinfoa:e th~ teleologiClil view that hemaphroditiam, 80 widely 
SWead. among parasitic and sedentary organisms, is an adapta­
tion'to overcome the impediments to sexual intercourse in 
these f~rms. In the Tunicate the eggs are much more readily 
fertilised by sperm of another individual than by sperm 
derived from thea same individud'l. When a certain number 
of eggs of an individual A of Ciona in a given volume of sea­
water are fertilised by the addition of a \:ertsin quantity B of 
a sperm-suspension of another individua,l, the number of eggs 
which segment is smaller than wheh an approximately 
equivalent suspension A is fertilised by an equivalent amount 
of B in the presence of an extract made froli the ovary on the 
one hand, or from grinding up the eggs either of the individual 
from which the eggs were obtained, the individual froIIf' which 
the sperm was obtained, or a third individual. In the same way 
the eggs of Arbacia and Strongylocentrotus contain substances 
which increase the fertilising power of the sperm of the same 
species. One may say in conclusion that there are a large 
number of data available which suggest that eggs secrete sub­
stances which influedce the sperm; that there are indications 
that these substances are of the same general character as 
" antibodies"; and that possibly the action of some such 
substances may facilitate fertilisation by a sperm of the same 
species, while other substlIlces tend ~o prevent union with· 
sperm of another species. But the last proposition remains to 
be proved. • 
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winged (referred to henceforth as "longs" for Ime sae of 
brevity) flies of the F.x thus differ from the parentaL longs 
in producing gametes some of which are characterised by·the 
possession of a material something-let us call it a gene, with­
out discussing its nature-which leads to the production of the 
vestigial condition of the win!s. If we denotl' the gene which 
determines the long-winged condition by the symbol V and 
the gene which detll:mines the vestigial condition by the 
symbol v, we mayrefc;.r to the F.x longs as Vv, to denote that 
they form gametes ~earing both V and v. By analogy the 
parental long and vestigial types, which since they breed true 
may' be regarded ~~ forming one type of gamete only, may be 
denoted by the symbols VV and 00. Let us proceed to examine 
the pr0t'Cny (F.2) of the F.x longs' mated inter se. One quarter 
are vestigial indistinguishable from the original vestigial, 
breeding true to type when mated with their like Of with 
the original vestigial type. They may therefore be denoted 
by the symbol 'I!'I! as before. The remaining three-quarters 
are longs. They do not all behave in the same way on crossing. 
If they are individually crossed back to the original vestigial 
stock, one-third of the F.2 longs produce, like the original 
longs, only long-winged offspring; and individuals which 
behave in the back-cross in this way, when mated inter se 
breed true to type; they may the&efore be denoted by the 
symbol VV. The remainder when back-crossed to vestigial 
give offspring half of which are longs and half vestigials. These 
impure F.~ longs -when mated inter se behave like the F.~ longs, 
giving a 3 : I ratio of long to vestigial. Thus they .JMy again 
be denoted by the symbol V v. 'Phe constitution of tie F.2 
is therefore I VV : 2. Vv : x 00. Now if we make a very simple 
assumption about the distribution of the genes V and fJ in 
the formation of the gametes the <fIlantitative relations of all 
these crosses fall into lin~ Let us suppose that on the average 
the gametes produced by an individunl consist of equal numbeD 
containing the gene derived from one or the other parent. The 
F.I long receives from its vestigial pareat the gene fl, and from 
its long parent the gene V 0; one-half of the ptes it p~ces 
carry V and the other half 'V. V may fertihse V or... SUnihirly 
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., IIl8¥ fet\iise V or v. Since the probability of two events 
~ppening together is the product of their separate probabilities, 
tile' resulting probabilities of all possible combinations are 
(f)1 VV: (t)1 Vv: (t)2 vV: W' vv. This gives the pro­
porti6ns I : 2 : I for pure longs, impure longs, and vestigials, 
or a 3 : I ratio o/Iongs and vesti~ls. 

In general characters diatinguishing different hereditary 
• 

Vestigial. Long-wing-t. 

OG 88'. PI 

L><-j 
88 88 F, 

~'" 

BB B8··· 88 88 ' • 
• 

VV PI 
VV VV Fl 
~ ~ F2 

• 3 ' 
Long ..... inged. Vcsti,iaL 

FIG. 4I.--t;enetic segregation. 

strains are distributed in hereditary transmission according 
to the assumption that the" depend upon genes derived from 
both parents which segregate in the lormation of the gametes. 
80 that' a gamete either contains the paternal or the 
matemal gene. The individual bearing dissimilar paternal 
_.~ Ffes.{lIIeterozygous ~dition~ is not alwt:ys 
~tly fu one or tile other parent; It may be qwte 
iat'eimediate .. or unJle either. ~n the character. of one 

• 
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parent predominates in the heterozygouS conditionl1t is ~ed 
the dominant character (long in this case) in contradistin.ction 
to the recessive (vestigial in this example). ' • 

An immense variety of characters both in plants and animals 
have been found to follow the rule of segregation. To mention 
but a few, colour of the hair'in mammals, duration of life in 
Drosophila, fecundity and absence of feathers' on the neck in 
fowls, brachydactyly tn man, absence of eyes and wings in 
Bies. These suffice tlf show what diverse types of hereditable 
characteristics, anatofnical and physiological, depend on 
segregating hereditary factors or genes. 

However, factorial analysis, as this method of investigation 
is sometimes called, is not often as simple as in the case cited. 
And thllse who have criticised the universal applicability of 
the gene hypothesis usually do so in the expectation of a text­
book simplicity in every instance. When we cross two strains, 
it may, and often does, happen that the difference which 
distinguishes them depends on more than one gene. The 
applicability of the factorial hypothesis can here be substantiated 
by the possibility of recovering types fdentical with both 
parents in the F.2 generation. Of course, as the number of 
genes involved increases, the number of possible combinations 
iu the F.2 increases, and the likelihood of rec1aiming the 
parental types diminishes. .' 

There is another criterion of segregation which has been 
successfully applied to the analysis of a phenomenon which 
bas heen .held up JJS Jl stumhlinghlock to the general validity 
of the gene hypothesis, namely the inheritance of p. In a 
good many cases clear-cut size differences depending on.,single 
genes have been found out. Very often, however, the F.2 
form a continuous unimodal series. If segregation took place 
in a cross involving a large nwnhet'of factors, it follows from 
quite elementary statistiCal principles that the coefficient of 
varistion in the F.I should not be ~eater than that Of either 
parent; but that the coefficient of varistion of the F.2 should 
be greater than that of the F.I; andcthat the coelficient -0£ 
varistion of every subsequt:nt genention wouJd'be on t:hVhole 
less and never greater than that of tM' F.2. Furthetmd'te. 
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the range 3f VlIriabllitj in F.2 should extend to or beyond the 
limits of the two parental ranges. This has been shown to 
be true in cases worked out by East and Jones. 

W: have next to inquire how the transmission of one gene 
reacts upon that of another; and what results occur when two 
or more pairs of genes are invo~ed in a cross. 

Iildependent AIaortment.-In the wild form of the banana fly, 
Drosophila,which has beenthe materialot a considerablevolurne 
of research by Morgan and his school'f the body is gray and 
the wings extend beyond the tip of the abdomen. Two true­
breeding mutsnts have appeared in Morgan's cultures respec­
tively distinguished by the shade of body colaur known as ebony 
and by a vestigial condition of the wings. Both are recessives 
to the wild condition. On 'crossing an ebony fly with long­
wings with a gray fly with vestigial wings, all the F.l arc of the 
gray-long type; and the F.z the four combinations: gray­
long, ebony-long, gray-vestigial, and ebony-vestigial in the 
proportions 9: 3 : 3 : 1. On the assumption that the pair 
of genes responsible for the ebony and gray characters, on the 
one hand, and the fong and vestigial characters on the other 
are transmitted quite independently, there is a 3 : I chance 
of any individual having either dominant character in the F.z. 
The probability of an individual having both dominan\, 
characters is (1)2, that of it having one dominant but not the 
other and vice 'Versa is i x l,and tqat of having neither dominant 
character (1)2. This gives the 9 : 3 : 3 : I ratio and proves that 
the assumption is correct. This is further borne out by the fact 
that iden~ results follow the mating of an individual of ebony 
colourpd vestigial wings (double recessive) with the wild type. 

Li11Jr;ap.-This independent assortment of separate pairs 
of genes is very common in all organisms investigated. If, 
however. separate pairs dt genes always segregated in this 
way, we should be compelled to postUlate an indefinite number 
of structUral units to provide for the material basis of inheritsnce. 
As a matter of fact, independent assortment is not a universal 
rute~ Association' ~ ~es belonging to different aJIeIo.. 
.~ (i.e. ~egatlng) pars in thl> process of transmission 
in ContradisdItction ~ the independent asso~nt ~ 
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by the experiment just described is known as linRagtf Li!lkage 
may be partial or complete. , 

Both types of linkage are illustrated by the cross between 
the recessive mutants of the fruit fly known respectively as 
black (already mentioned) and vestigial. When a blaCk fly 
with long wings is crossed wifh a gray fly wit4 vestigial wings 
all the offspring as in the foregoing experiment are gray with 
long wings; and the .lame is true if a black fly with vestigial 
wings is crossed with a~y that is homozygous for the gray body 
colour and long-wing\:d condition. But whereas, when the 
F.I,male from the cross between gray-vestigial and black­
long is mated to tke double recessive (black-vestigial) female, 
one-half of the offspring are gray-vestigial and the other half 
black-loi'ig; when the F.l male 'of the cross between black­
vestigial and gray-long are mated to the double recessive female 
one-half of the progeny are black-vestigial and the other half 
gray-long. The genes re-emerge in the same combinations 
as those in which they were present in the original parent. 
Here linkage is complete. 

Partial linkage is seen when the F. 1 fe'inaIes are crossed to 
the double recessive males. The offspring of the mating 
between the double recessive male and F.I female from the 
I'ross between black-vestigial and gray-long are not fifty per 
cent. black-vestigial and fifty per cen.t. gray-long but 41'5 per 
cent. black-vestigial, 41'5 pet cent. gray-long, 8'5 per cent. 
black-long and 8' 5 per cent. gray-vestigial. Similarly the 
offspring of the mating between the double recessive male and 
the F.I females from the cross between black-long.and gray­
vestigial are 41' 5 ~ cent. black "long, 41'5 per cent~ gray­
vestigial, 8'5 per cent. black-vestigial and 8'5 per cent. gray­
long. In seventeen per cent. of the offspring there has been 
" crossing over"; the genes for bIick-gray and long-vestigia1 
have become detached, though not to such an extent as to 
segregate with complete independeI!.ce. . 

Linkage has been studied in several hundred mutants of 
Drosophila, and two important genenll results. emerge from 
these researches of Morgan's scheoi; (1) if a 'gene a iIWinked 
with a ~ene b which is also linked with a gene cpthen a aDd c 



INHERITJ 189 

are also ~ed, and the percentage of crossing-over between 
11 :and & is in linear relation to the percentage crossing­
over between a and b on the one hand, and b and c on the 
other,.; similar phenomena appear to hold in the sweet pea, 
where linkage was first discovered by Bateson and Punnett 
(1900); (2) if \he gene a segregates independently of d, then 
b and c which are linked with a also ~egate independently 
of d. Thus in the fruit fly all the mutan\ genes can be classified 
in four groups such that members of a gi'en group show linksge 
inter se and independent segregation wlth respect to members 
of other groups. The genes of Drosophila thus appear to 
be associated in four pairs of material units. • 

Sex-linked Inheritance.-One group of linked characters 
in Drosophila is of special' importance to a considt'tation of 
the general applicability of the gene hypothesis, and is equally 
important because of the light which it sheds on the problem 
of sex-determination. A single instance will suffice to make 
clear the characteristic feature of this group. In the wild 
fruit-fiy the eye is red; there is a mutant form with white 
eyes. A red-eyed· female crossed with a white-eyed male 
yields an F.1 composed exclusively of red-eyed individuals ; 
but in the F.2, which consists of three reds to one white, all the 
females are red-eyed, and all the whites are male. Now wh~ 
a pure red-eyed male i" crossed with a white-eyed female 
the result is quite different; :¥l the females in the F. I as 
before have the dominant red eye; but the males are white­
J'}'M. Wlm> the F.J .aTJ'.roared ivu.r n,. equal Dumbers of 
white-eylld and red-eyed females and males are produced. 
The iIlability of the male "to transmit red to his offspring of 
the same sex is readily explained on the asumption that the 
red gene is linked to something which, if present in the zygote 
in duplicate, leads to the production of a female, and if present 
in the ;ygote unpaired (diagram) leads to the production of 
a male ;' the red-eyed mare produces sperm of two kinds, one 
bearing the " red " gene destined to fertilise an egg which 
mu.t. become • f~. and one which cannot bear the red 
• dDd which iS~tined ft> lead ufthe production of ~ 
male (Fig, ~). This implies that sex itself i~ prede:ermined 
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by genetical factors for which one sex is heterozy~. st!I that 
a I : I sex ratio is maintained by the normal consequences of Ii 
homozygous-heterozygous mating. Since in this case maleness 
is the state associated with the single condition and femll).eness 
with the duplex state as regards the sex-linked genes. the 
male may be represented symbolically as Ff a"d the female as 
FF. using the symbol F for that which determines femaleness. 

This type of sex-Iihked inheritance occurs in most insects 
Wbit.e-eye,J Rad.e,.-ed t and in mammals; and for reaSons 

& 9 given later may be anticipated to 
Q occur in practically all higher bi-

\&":,, . sl~dal animals( thsexceptd bbirds -",:an)d 
epl optera mo an uttenues . 

M
' J The phenomenon of sex-linked in­

" heritance was first discovered in the 
latter group by Doncaster (1906). 
A variety of the currant moth 

I v F, Ahraxas grossulariata is distin­
I guished by the pale colour of the 

" ' I' wings as /acticohn-. If a Iacticolor 

1(. >(J<2 "O"v '1 ;:n:.:!::t~itt ~!al:o~eamd:~~ 
n winged (grossulariata) male, all the --------• I 

FIG, 42.-Sex-1inked inherit­
ance in Drosophila. 

, offspring 9f both sexes are of the 
gro~ulariata type: in the F.2 there 
is a 3: I ratio of grossulariata to 
Iacticolor, but all the males are of 

the grossulariata type. In the reciprocal mating tb grossu­
lariata female can only transmit t&e grossulariata pattcll1l to 
her sons ; all the female offspring are of the lacticolor type. 
When the F.1 are mated inter se, ~ual numbers of lacticolor 
and grossulariata males and females are produced (diagram). 
Here the female moth' is constitutionally simpl~ with 
respect to the sex-linked genes. TIIis is the exact reverse of 
the state of affairs in sex-linked characters in Drosophila. 
Femaleness is asaociated with the &~ contfition of ~ 
which in the duplex condition gil'tl rise to .maleness. .. "'. 

The predetermination of sex by genetic fact3B does not 
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mean tha~seX is mevocably fixed at fertilisation; like all 
QtIw genes those which ordinarily determine sex require 
appropriate external and internal conditions in which to 
opet'l!te; and we shall return to this question in cODSidering 
sex-cG'fferentiation as part of the physiology of development. 

It is interesJing to note ho* nicely balanced the genetic 
factors influencing sex-differentiation may be. This is well 
seen in experiments of Goldschmidt' on the gypsy moth, 
Lynlantria. Individuals from the same local races of this 
widely distributed form when bred amo\g themselves produce 
a normal sex ratio; when individuals of different local races are 
crossed the relations of the sexes among the offspring may be 
abnormal. If females from a European race a~ crossed with 
males from a Japanese race; the offspring are norntll males 
together with females showing a number of modifications in 
the direction of maleness; the would-be females are intersexual. 
Reciprocally, when a Japanese female is mated to a European 
male the F. I generation is normal but a definite proportion of 
the males in the F.2 are intersexual, i.e. show modifications in 
the direction of fem\leness. Varying grades of intersexuality 
characterise the results of crossing individuals from different 
local races; the grade from the cross between any two given 
races is always the same. In the extreme case all the individu~ 
of such a cross may be o~one sex, but half of these on being 
bred back to a parent stock can ~e shown to have the genetic 
constitution of the alternate sex. By making two assumptions 
Goldschmidt has brought into line the results of a very large 
number oi such racial crosses: (1) in addition to the genes 
for lIllIIeness for which the female has the constitution Mm 
and the male MM (as in Abraxas where the same type of 
sex-linked inheritance occurs) there is something dependent 
on the constitution of the-egg, transmitted therefore through 
the female parent only, thst modifiel the degtee of maleneas, 
and is denoted by the symbol F. Thus a female MmF forms 
gametes MF and mF whlIe the male MMF forms gametes M 
.<lII1y.; ($) it. is f .. ..ft. ... asumed that in different local races the 
~ of M'~F respectively ~ influence ditfereJlliation 
in t1ui. dim:titm of ~eness or femaleness are quantitatively 
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different. By denoting M and F in terms 6f ~ arhitrary 
system of numerical symbols Goldschmidt has elaborate,!l 
a system by which the appearance and degree of intersexuality 
of his crosses between local races can be faithfully preeicted. 

Race A Race B. 

I Ftrf'lcle Ma.lc x Female 

M2 M.F. 102, ~ f •. t>P) 
M2M F. M. M. F, 

f.molt(M<FJ M.t.(M>f) 

, M •• F. M,.~ M.'V • ..._____. 
F,;.J-al&, 
• (M..:F) 

FIG. 43.-Simplilied rep".,.."talion of the results of Goldschmidt'. 
investigation of crouing in the gypsy moth Lymantria. The aufIilrea to 
M and F denote the .. strengths .. of the male and female fsctOrs. When 
the suin of Mis> F, the animal is male; when < F, a female; when -
F. inlmOeXUal. 

Many thousands of indi.Yidua1s have teen ~loyed·in.~ 
crosses. The accompanying $Chc!me is a;simplififd repre-ta­
tion by the author of Goldschmidt's essential ideas (Fig. +3). 
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8kaof;oIIIl BuIs 01 Inheritanee.-Just as it is possible to 

ipentify in the reflex arc the structural basis of neuro-muscular 
cd:ordination in the higher animals, so it is possible for the 
geneti~ physiologist to identify in the chromosomes the 
structural basis of hereditary transmission in animals and 
plants. It is PIPbable that prevliling ignorance of the cellular 
morphology of inheritance accounts in no small measure for 
the neglect of Mendel's work by hi: contemporaries. By 
the thiddle of the latter half of the ninet~enth century the work 
of Hertwig, Fleming, Strasburger, Bov!ri, Van Beneden, and 
others had led to the recognition of the union of the nuclei 
of the male and female gametes as the ess~tial fact of se"xual 
reproduction; of the constancy in number fo. every species 
of the chromosomes or nuclear components in cell-division ; 
and the maintenance of this constancy by the reduction of 
the chromosomes to half the species-number in the production 
of the gametes. By the beginning of the twentieth century 
the studies of Strasburger and Sutton on the sizes and shapes 
of chromosomes, the detailed study of the reduction division 
and its antecedents P>y von Winiwarter, and the study of sexual 
differences in the chromosome complex by McClung, whose 
work was extended and elaborated by Stevens, Wtlson, and 
others, had accumulated sufficient evidence to locate in th& 
chromosomes the anatomical basis of. Mendelian segregation, 
and encourage the belief that the Rrinciples revealed by factorial 
analysis were of widespread applicability. 

Let us now consider separately the conclusions derived 
from expqimental study in the light of microscopic knowledge 
availaJ:¥e to-day. • 

I. Factorial analysis leads to the conception of material 
units present in the fertilised egg in duplicate, and segregating 
before the formation of the' gametes into maternal and paternal 
components, one member of each ~air and one only being 
present m each gamete. As is well known, the chromosomes 
in all animals and plants are present in the fertilised egg in 
t1IIice --bcf iJuod'to be present in the gametes. F~­
more,4n many animals (aIRi plants) from the most diverse 
phYla. the dfrotnoso~ complex of a species ~ characterised 

o 
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not only by a definite numbet but a 'definite· ~tion. 
It is possible to distinguish among the chromosomes .paq-e 
of different sizes and shapes (this is true of man, and malt)' 
mammals); and the maintenance of this constant configl!ratioll 
implies that when reduction takes place one member o~ eac~ 
pair passes into each gamete. 'In other words, dle chromosome; 
are present in the fertilised egg in pairs, segregating in the 
formation of the ganietes into maternal and paternal com­
ponents, one member, of each pair and one only being repre­
sented in each gamete. 

2. The material units on which hereditary transmisaion 
dep~nds are associated in groups, the members of which are 
independentl)l segregated with reference to members of other 
groups.' There are four such groups in Drosophila; and in 
Drosophila there are exactly four pairs of chromosomes. No 
organism is known in which the number of linkage groups 
is numerically greater than the number of pairs of chromosomes. 

3. Lastly, we have seen that with respect to one group of 
linked characters the sexes are differentl] constituted. Sex. 
linked inheritance has been described m several groups of 
the animal kingdom, including mammals; there are several 
well-established cases in man, where, as in Drosophila and the 
r.at, it is the male that produces two types of gametes. In 
several hundreds of animal speci~s from the most widely 
divergent groups it is now es~ablished that one pair of chromo­
somes which is equally paired in one sex is represented in 
the other sex by a single member, or a pair of unequal elements. 
For instance, in the cockroach the male has tbirtY-three 
chromosomes (Mo.me) and the fen'.iale has thirty-four chromo­
somes (Hogben). The female produces eggs which contain 
seventeen chromosomes, while the male produces sperms 
half of which possess sixteen and h~1f seventeen chromosomes. 
Clearly, if a sperm of the former type fertilises an egg the 
resulting zygote will have the ehromosome nuniber (33) 
characteristic of the male, while if the latter type fertilise 
an egg the resu1ting zygote will have<the ~ co.Ustitutlon 
(34). Drosophila, on the other lIand, it a case where QllIi em 
of chromosomes (XX) similar in the female is 1'epresenmd'by 
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two uneqUIII e'lements' (XY) in the male. The same is true 
oJ. IIWl and numerous genera of msmmals. In the vast 
~jority of cases the male is the heterogametic sex. We have 
seen, however, that in moths and birds the female is the hetero­
gametic sex. In birds the chromosomes are too small and 
numerous to p<ovide satisfactory material for investigation, 
though recent work of Hance shows ~t the female is hetero­
gametic. In some moths (Seiler) there is a pair of dissimilar 
elenttnts in the female which are equallx paired in the male. 

The coincidence between the gen~tic and microscopic 
data has been illustrated still further by the phenomeno,p of 
" non-disjunction" described by Bridges in connection with 
several sex-linked nutant characters of whic. our original 
instance of white eye-colour 'will serve as an example~ There 
appeared among the white-eyed mutant stock of Drosophila 
certain strains of which the females when crossed to normal 
red-eyed males gave a certain proportion of red-eyed males 
and white-eyed females in addition to the usual red-eyed 
females and white-t;yed males alone. When the white-eyed 
female offspring of luch abnormal crossings were mated back 
to red-eyed males, they in their tum gave an four classes-­
red-eyed males and females, white-eyed males and females. 
The white-eyed females behaved like their mothers, givinlt 
abnormal results in all cases. Half flf the red-eyed females 
gave normal and half abnormal ,results in crossing. Of the 
male progeny the red-eyed individuals were normal, whereas 
only half the white-eyed individuals were normal, the remainder 
begetting ;aughters whose progeny was exceptional. Bridges 
found that in the F.I abnorlnal white females the chromosome 
complex of the dividing cells showed a Y element in addition 
to the XX pair. This is explicable on the understanding 
that at reduction of the egg in a certain proportion of cases 
the X elements failed to disjain, so thAt the ripe egg contained 
either twOX elements or nofle at all. If we represent the sperma 
of a red male as X' or Y, two additional types of individuals 
wiIl:terult from·~ by a Y or X' sperm respe<:tively ~ 
an XXi' or white f~ andlX'O or red male. This accounts 
for· the exceptional individuals in the F. I, and. accords with 
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the facts elicited. Next consider the results of bccl.-crossing 
these XXY abnormal F.I white females to a normal X'Y malSO. 
According to whether the X elements segregate with respc!ct 
to one another or the Y chromosome, the F.I white females 
will lay four types of eggs: XX, Y, XY, X. If th~ are 
fertilised by a Y sperm (whid\. cannot bring i1'l the red factor), 
we get four types: (a),XXY white females which will obviously 
behave in the same way, thus agreeing with breeding 
experience; (b) Y1;.-individuals with such constimtion 
cannot exist; (c) XlV-white males which should produce 
XY, sperms so that in crossing with normal white females 
daughters of the «XY type producing exceptional progeny 
would result I' (d) XY-normal white males. When, on the 
other himd, the same four clasSes of eggs are fertilised by an 
X' sperm carrying the red factor, four red types of offspring 
would result, as follows: (a) X'XX--a triploid female which 
usually dies; (b) X'Y-normal red· males; (c) X'YX red 
females with abnormal offspring; (d) X'X normal red females. 
Thus the non-disjunction of the X chromosome in the forma­
ion of the eggs of some of the females o~' the parental white­
eyed stock accounts for the entire series of exceptional genetic 
phenomena which occur in these strains. 

Recently Bridges has shed further light on the genetical 
aspect of sex-determination by the discovery of non-disjunction 
in chromosomes other than,the sex-chromosomes, sometimes 
referred to in contrast to the latter as autosomes. In an 
experiment in which a brown mutant of Drosophila was 
crossed back to a parental stock, a culture was Q,btained in 
which the individuals were almoSt exclusively femalet, or sex 
intermediates. These "intersexes" displayed intermediate 
sex-characters throughout, notably in the abdomen and in 
the sex-combs ·of the tarsal joint' of the forelegs, and also 
genitalia. On the whole they fell into two groups, one tending 
more to the female, the other to the-male condition. 'Genetical 
evidence led Bridges to conclude that for one group of genes 
at least the female individuals of thde cuIttves were tripl6id, 
i.e. inherited a double mstead of a siI¢e set of genes' from 
their fathers. Microscopic examination of t11e germ ::ens 

t' 
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revealed ~ fact that the second and third chromosomes 
Wf!e 1>resent in triplicate, while an additional fourth chromo­
some was present in some but lacking in others, there being 
thus.two degrees of the triploid condition, that with three 
fourth chromosomes being more female (Morgan, Bridges and 
Sturtevant, 192~). The X chro1nosome was present in dupli­
cate in the intersexes but the femalCl possessed three X 
elements. Thus using the symbol A for autosome and X 
for the sex-chromosomes, the genetical constitution of these 
intersexes and abnormal females were 'respectively 3A + zX 
and 3A + 3X, as contrasted with the normal female ion­
stitution zA + zX. Abnormal males were 'llso found with the 
constitution 3A + X, as contrasted with the nOllmal male con­
stitution 2A+X. Thereforeif X: A= lor> I the itfdividual 
is a female, if X : A t or <Z! it is a male, but when X : A lies 
between the I and 1 the intersexual condition is manifested. 

Ratio of sex chroIDOSO~ 
to autosomes. Sex. 

I or> I F 
lor~ M 

> l but < I Intersexual. 

GeDeral Validity of the Factorial Hypothesis.-The fac­
torial hypothesis has aroused a good deal of hostility, nOj; 
unnaturally, for it confli<* with many accepted speculations 
as to the evolution of living orgl1Ilisms and throws doubt on 
not a few beliefs still current in the medical profession. The 
remarkable diversity of inherited characteristics, anatomical 
and physiological, with which it deals; the truly amazing 
correspondence between tht: conclusions derived from experi­
mental and microscopic studies; and fulalIy, the estab1ished 
fact that the nucleus is the only recognisable cell-element 
which is universally contn'tmted by the sperm to the develop­
ment of a new individual can leave'little room for doubt in 
the minds of impartial stl!dents of the subject that, in broad 
generaI outline, it will be found to apply to all the essential 
p~ of. Gip*r&tal inheritance. If this is so its 
itqpot1Imce for the st1iPY of lftlimal function does not lie merely 
ill the accom! it gives of the contribution whic!t the male and 
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female respectively make to the constitution of a ~w animate 
unit. . .. t;< 

BeariDg on Other Branches of Pb7&iologJ.-For example, 
many kinds of physiological experiment involve compw;isons 
for which controlled observations can only be carried out on 
different individuals, e.g. effect of diet or endocrine substances 
on growth. It is clearly established that growth-phenomena 
and size-differences in a number of cases depend upon factorial 
inheritance. ExperiI¥nts of this kind, therefore, wiless 
based on large numbefs of animals (which is often impossible) 
and ,subjected to statistical analysis, are of doubtful value, 
when the material i9 not known to be genetically homogeneous. 

To achievetthis end it is not necessary to set about breeding 
pure strains with reference to every characteristic it is desired 
to study. With the aid of the conventional symbols the reader 
can easily satisfy himself that in a cross involving one pair of 
factors, the proportion of heterozygotes diminishes generation 
by generation in a continuously convergent series, if any 
system of close inbreeding is employed. .Mter about twenty 
generations of brother and sister mating, f&r instance, or ten of 
self-fertilization, the proportion of heterozygotes is indefinitely 
small. If a stock that is not undergoing mutation is bred from 
~eneration to generation by close inbreeding, it must eventually 
become for all practical '!>urposes h8mozygous for any charac­
teristic. Such stocks of white rats have been reared by the 
Wistar Institute, and are employed in physiological experi­
mentation increasingly by American workers (see East and 
Jones). .. 

Again, the following citation, from an important physio­
logical memoir, illustrates how easily genetical bias enters into 
physiological reasoning :- ~ 

" Now the history of the surfaces in the hearts of rays 
on the one hand and of the dogfish and angel-fish on $e other, 
differs in this significant respect. 'They have been laved for 
years, or one might properly say for generations before the 
experiment, with solutiOOf of different fty~ ion con~. 
tion!' • 4& • ((, 

It is here implied that the action of a stimtl!us upon the 
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bod:> of tI. parent can affect the reaction of the offspring to 
~ same stimulus. This belief, at one time universally held, 
BfIll awaits confirmation by properly controlled experiment. If 
we at!empt to analyse in exact terms the belief that " acquired 
chaticters " are inherited, it appears to involve two separable 
issues: (4) whtther the inhlbiti"n or destruction of a character 
is accompanied wholly or partially by' the destruction of its 
material antecedent in the germ cells ; (~) whether, if a stimulus 
of It given magnitude is required to call forth a given response, 
the application of that stimulus to the\parent carries with it 
the possibility of evoking the corresponding response in the 
offspring with a stimulus of smaller .intensity. Without 
committing oneself to a dogmatic negative, i~ can be stated 
as a matter of fact that in 'a good many cases the &nswer is 
certainly in the negative (within the limitations of experiment 
on these lines), and that in no single instance where a positive 
answer has been given has independent and rigorous 
reinvestigation confirmed the observations recorded. The 
principle of economy of hypothesis is therefore best preserved 
if the Lamarckian \>rinciple is eliminated from consideration, 
when the bearing of hereditary transmission on other branches 
of experimental biology is under discussion. 
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THE PHYSIOLOGY OF DEVELOPMENT 
l 

INHERITANCE, which was discussed in the last chapter, is a 
rhythmical repetitiw in each species of a definite and (on the 
whole) similar~y repeated series of events in which the pro­
duction bf one individual leads up to the fonnation of gametes 
whose union initiates a new being. The fertilised egg bears 
within it the power to develop into an individual resembling 
the parents from which the sperm and egg were derived. 
Fertilisation starts in the egg a period of active cell-division. 
In the initial stages of cleavage all the cells may be, and often 
are, for a considerable period very much alike. As they go 
on dividing they differentiate individually and regionally to 
build up the structural architecture of the new individual. 
in the early stages there is no increase in size; at some point, 
however, the developing'<lrganism bt.gins to augment in weight 
and volume. This process UlIually goes on long after the final 
morphological order characteristic of the individual is 
completely established. Developmental phenomena may thus 
be considered under two headings: differentiation, i!idividua-
tion and growth. ' .. 

Individuation, or the differentiation of structural pattern 
in cellular animals. raises perhaps the most recondite issues 
in the whole field of biological inqkry. It is convenient to 
consider it separately in tts spatial and chronological. aspects. 
that is to say (I) the agencies whlch determine whether a 
particular region is to differentiate into one type of structure 
rather than another; and (a) the agehcies ~ch d~e 
the orderly sequence in' which 'the dijferentiation Iff 0li\e 
structure follows another. In this chapter no 'lttexnpt will 

:co 



THE PHYSIOLOGY OF DEVELOPMENT :1.01 

• be made w deal with that large body of inquiry in the field 
'J,f "-experimental embryology" which is not as yet susceptible 
d>' quantitative treatment • ; we shall merely attempt to indicate 
directions in which what are ordinarily called physiological 
metliods have been brought to bear upon developmental 
phenomena. ~ the subject is I difficult one a certain amount 
of latitude in defining concepts whic~ may assist to clarify 
the issues may be permitted. 

'The normal end-product of development-the individual 
as we know it-is only one of a large n~ber of ways in which 
the hereditary constitution can be realised spatially. B: the 
methods of regeneration and implantatioa of organs, ana by 
varying the physicochemical constituents oi the external 
medium other structural patterns can be induced. Modifica­
tion by physicochemical agencies alone falls within the scope 
of this treatment. .As in dealing with the problems of fertilisa­
tion, if the experimentalist can modify the course of events by 
physicochemical means, some progress will have been made 
towards an understanding of the mechanical basis of the 
natural process. A measure of success has already attended 
the efforts of experimentalists in modifying the course of 
individuation by physicochemical agencies. One may recall 
the well-known experiments of Stockard (1906), who fou~ 
that by placing eggs of the Atlantic.minnow in a mixture of 
sea water and magnesium chloride (19/60 M) about half 
the individuals developed into one-eyed fonns. These 
Cyclopean monsters were of two varieties; in one kind the 
two optill rudiments approximated at an early stage in the mid­
dol"Slllline and coalesced; ·in the other only one eye developed, 
shifting into a median dorsal situation. Many of these 
embryos hatched out, and were able to swim like the normal 
individual. Again, therl is the well-known method, due. to 
Herlitzka, of producing Siamese twins in newts by mechanical 
means.· If the two celI& of the first cleavage in the newt'. 
egg are separated by a fine noose of hair in the plane of ~e 
6rst furrow ¥ h.aif may segment as a whole, developmg 

• ~ .", !his... ~ ohould ':'nsult I~ (1909), Dorl<en ('919), 
and Wilson (1\.5). • 
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into a complete larva; but if the constriction· iscincomplete 
double-headed forms result. Double-headed monsters cap 
be produced from frog's eggs by inverting them in the tWo 
cell stage, or (Bellamy) by the action of cyanides in approllriate 
concentration at a later stage in development. Lastly \nay 
be mentioned the productioti from sea urcbins by Herbst 
(1893) of plutei without arms or spicules by exposing the egg 
to the action of potassifun salts. 

Pioneer work of this kind provided a wealth of spectacular 
instances of ways in (Nhich differentiation and individuation 
can be partiaJIy controlled in a predictable manner by experi­
menW procedure .• But in many cases the characteristic 
abnormalities ~ere on subsequent examination found to be 
procuralXe by such a variety of methods as to defy analysis. 
Thus Stockaxd's cyclopean embryos, thought at first to be 
due to the specific action of the magnesium ion, can be obtained 
with alcohol and other very different reagents. McLendon 
(1912) produced cyclopia in fish embryos with isotonic 
solutions of lithium chloride, sodium hydrate, and a number 
of other equally dissimilar substances. • 

During the past few years a new impulse has been given 
to experiment on these lines by a hypothesis which has been 
elaborated by Child. The evidence brought forward by Child 
and his co-workers in favour of his hypothesis can hardly 
as yet be said to be crucial. But its effect has been to introduce 
new concepts which, wheth~r the main body of this work 
stsnds or falls, are bound to simplify the nature of the problems 
of individuation and prove the starting-point of n~ lines of 
investigation. Of these concepts,' it is not least imI¥,lrtant 
that Child, by emphasising the idea of polarity and describing 
the architecture of the organism with reference to axial sym­
metries, has provided us with the'Very useful term, axiate 
pattern. The arrangemerlt of structural parts in the higher 
organi$ms is so immensely campier that one must 1imit the 
field in order to make the search thorough. One way of doipg 
this is to confine attention to the at'llIf;geme~ of parts WitIl 
~~~~ ~o some axis of symme1!ry. e.g., the ~.riJ ~ 
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'1'he fu8t' postulate of Child's hypothesia which need 
ll,ere- concern us may be stated thus :-the motphological 
Jilferentiation of parts (axiate pattern) with reference to a given 
axis js preceded by the appearance of a gradient of physio­
logics! activity (axial gradient) along this axis. This proposi­
tion may be shown to be true fu a number of ways; and is 
.CJuite independent of the particular int,tpretation of the axial 
gradient which may be stated later. The existence of a physio­
logical gradient is here taken to imply that there exist between 
the properties of the cells quantitative ~fferences following a 
definite orientation with reference to the future axiate pattern. 
A very clear instance of this is provided.by experimen(s on 
asexual reproduction in Planaria dorotoceph$. If a large 
number of individuals of this species are cut up into strips, 
it is found that the frequency with which corresponding strips 
taken from different regions regenerate a head and develop into 
confplete new individuals varies in a perfectly definite way. If 
we plot the statistical results of such an experiment with fre­
quency of head-formation as ordinates and regional position of 
the strip along the Ibscissa (taking the head extremity as zero), 
the ordinates gradually diminish as we pass along the x-axis 
up to a certain point, then increase abruptly to a new maximum 
and then diminish (Child, 1915). Thus before there exislS 
any outward structural appearance vi the formation of a new 
head, there exists a physiologi..,u difference in the tissue at 
the point where the new head is to be formed. 

The second proposition brings us on to more debateabi'e 
ground •• To do justice to the author, it may be stated, in his 
own words: "Axial gradie11ts have often been called metabolic 
gradients, became differences in metabolism, or n;-ore 
specifically of oxidative metabolism as indicated by vanous 
experimental methods, appear to be characteristic and con­
spicuous features of them." In this sentence for the first 
time an' attempt is made "to put the problem of individuation 
on a basis which is accessible to quantitative methods of 
Ph~cs!~.· Vaiot,w ~have 1leen employed by Child and his 
":"Wfl1'I<_ " th .... ttenmt to demonatnte teflional differeB(!CS 
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in metabolic activity in small organismS and emMYos. !fwo 
of these, neither of which are wholly satisfactory, may ~ 
mentioned. One is the use of potassium permanganate' is 
a colorimetric indicator of oxidative processes. Po~um 
permanganate is readily reduced by protoplasm with the pro­
duction of a brown coloratio~ the intensity 0' which may be 
taken as a measure o~ oxidation in a particular region, but 
depends on other things besides. Child and Hyman (1919)' 
studied the effect of placing small organisms and embryos 
in very dilute solutiort! (M/lo,ooo), and described in all cases 
a gradient along the oral-aboral axis with maximum activity 
at th~ anterior end .• 

The other method is the so-called susceptibility method. 
The resl!lts obtained with this, 'though more striking still, 
provide evidence of a somewhat indirect nature. In this 
method Child has concentrated on defining the effects of 
reagents like the cyanides which are known to reduce oxidative 
activity. The method of interpretation is elaborate and 
requires further investigation before it can be applied indis­
criminately, and one would feel more asrured if Child had 
confined his observations to the action of the cyanides alone. 
Child and his co-workers have carried out experiments on 
tiJ;sues at different temperatures and in different states of 
activity which point to a ,!uantitative<l!'elation between suscepti­
bility to the toxic action of cyanides on the one hand and to 
metabolic rate, or, at least, to some form of physiological 
activity, on the other. This relation is according to these 
observations a complex one; in lethal doses whicq, are not 
sufficiently concentrated to proddce death within a.short 
period of exposure, the regions of higher activity are always 
affected first, so that above a critical concentration suscepti­
bility varies directly as the physiolo~ca1 activity, while below 
this concentration the reverse relation is seen, in that regions 
of higher activity recover and adjust themselves to the' rellgen1: 
more successfully than regions of lower activity. In applying 
the susceptibility method to embryoPlt deve¥>pment, le&tl 
concentrations may be Used but" not tllowed to act.1~ 
Pnnnah ... " nrn~'1f"''''' TlP<':lth Tn 1'1""", ,..rnhnN'l oJ"n'" irl Q111"h MttlMt 
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they .wilI, lIj:C(Irding to Child's interpretation, inhibit regions 
qf higher activity to a more marked degree than regions of 
l6wer activity; while, on the other hand, in very low con­
cent~tions of the reagent such as to permit acclimation 
and -recovery, the region of higher actiyity will be inhibited, 
according to Child's interpretation, less tlJ,an regions of lower 
activity. 
• Two instances of the use of the'susceptibility method 
muAt suffice to indicate some positive results of the application 
of Child's hypothesis. Eggs of Poly~tes were plsced in 
lethal concentrations of KCN. Initially dissolution begins at 
the anterior end. As development pr~eds the regi&. of 
maximum susceptibility shifts to the posterior region (where 
growth is most active) so that when the Isrva is r:ady t9 undergo 
metamorphosis the posterior extremity is the region which 
succumbs most readily to lethal and recovers most easily 
from sublethal concentrations. Child (1917) finds that 
embryos submitted to short exposure of lethal concentration 
in the earliest developmental stages develop into individuals 
with abnormally sJhalI heads. Embryos which are similsrly 
exposed at the later stage develop into individuals with 
abnormally large heads. 

In a similar study by Child of development in sea-urchiq,s, 
long exposure to sublethal concentr~on 8S well as the short 
exposure to lethal concentration was investigated. Two 
resultant types of plutei are figUred, that produced by " dif­
ferential acclimation" (long exposure) with ahnonnaJly 
enlsrgcld _j>rallobe and widely divergent arms and that produced 
by" iilierential inhibitioll''' (short exposure) with diminished 
oral lobe and angle of djvergence between the arms. It is 
impossible in the short space at our disposal to do justice to 
Child's voluminous pubtications, which must be consulted 
for further infonnatton. The susceptibility method may well 
prove :1 useful instrument of research, when its theoretical 
~ptions are independently substantiate~ by accurate 
p;ana1ysis. ~Jtearpt (19~) in a recent publication records 
restill; of an mvesti_gationo based "n direct measurement ~ 
<lygen conatrnptirul' with a technique that for the purpose 18 
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• above criticism; the new data are deciaed1y oonirmatory of 

the main contentions of Child's work.· • 
Shearer first studied (a) portions of the living chick embiyo 

from the anterior and posterior ends of the blastodisc ~uring 
the first ten days of incubation; (b) pigments from the ant~rior 
and posterior extrenrities of tlle earthworm. In the first case 
the oxygen consumptio[l was measured by Barcroft's differential 
manometer. In the second case Haldane's apparatus waS 
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FIG. 44.-Oxygen consumption of chick embryos (Shearer). 

employed. In both sets of experiments the tissue oJl8ed was 
incinerated and estimated for protein content by Kjc*iahl's 
method. Thus all values of oxygen .were expressed in absolute 
units by reference to an equivalent amount of NH3 liberated 
in the Kjeldahl determination at th"'e end of the experiment. 
The results of the experiinents on chick embryos are repre­
sented grapbicaIly on Fig. 44. H6-e the point to notice is 
that the gradient of the oxygen consumption curve for the head 
and tail portions become identical at fhe ~fIlth day, "men 

"f .• 

• [Note by the Editor, Sept., 19'5.] Later, .. yet WlJl.Ilblish&!, wotk 
has someWhat modified these conclusions, Dr. Shearer infoftna ft'le_ 
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the pial JlIlttern is established and further development is 
tpainJy concerned with increase in size. The existence of an 
antero-posterior metabolic gradient in the earthworm is seen 
fron; the following data ;-

EARTHWORM ExpERlIotENjS (Haldane's Method). 

Temperature 12'5 0 C. 760 nun. Hg. All val~es reduced to 5 c.c. 
NH. Kjeldahl •• 

(:) In 3 hours worm consumed h~ad 1:3 cub. mm. oxygen. 
.. "tall () 3 " " (.) ::d ~:~; .... 

(3) hesd 0'75 
tail 0'25 H. 

In a second series of experiments Sheartr investigated 
the action of acetone powders instead of living ti4ues, the 
former being prepared after the manner of acetone yeast 
prepaiations by dehydrating the fresh tissue in acetone and 
subsequently desiccating it. Such powders on being made 
into a thin emulsion in distilled water take up oxygen. If the 
powder prepared from the head region has a greater oxygen 
capacity than powd.er prepared from the tail region, it is 
impossible to escape the conclusion that the head region has 
an intrinsic power to consume oxygen more rapidly, 
independently of its structural organisation. This is indee6i 
the case, The results w«e again re«uced to a fixed amount 
of protein, i.e. in terms of 100 c.c,. NHa (Kjeldahl). The dura­
tion of each experiment was one hour twenty minutes at a 
temperature of 40 C. and standard pressure. The oxygen 
consumpt;ion in three experiments with acetone powders 
from fI-7 embryos estimafed by Barcroft's method is given 
in cubic rnillimetres as follows:-

(l'¥~~::; 
(.) Hesd 0'5" 

Tail 0'29 
(31 Hesdo'47 

Tail 0"7 

•. The lIlIial gpd.i~esis has naturally aroused con· 
s~~e hostility~ i1 is su~rsive ~~ the underl~ assump­
tions of the ~ laver theory. For thm reason the mdependent 
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experiments of Shearer have been cited in 30m .. detail. It 
opens up the possibility of substituting for architeotufjll 
mnemonics quantitative experiment along two lines: (I) hOw 
extellb.al agencies acting on the egg or embryo set up spatially 
orientated differences in cellular oxidative or other proceSses ; 
in this connection jmportant>work on electrical gradients in 
organisms has been done by Lund (1921-22) and Hyman and 
Bellamy (1922). (2) 'How the structural features of isolateci 
tissues are affected by artificially induced differences in oxygen 
consumption. In rel~tion to the last issue papers by Huxley on 
de-differentiation may be mentioned for suggestive indications. 

Let us now turII from the spatial aspect of individuation to 
the mechanis91 which determines the orderly succession of 
developmental stages. The nature of the issue is clearly 
presented by reference to experiments of Uhlenhuth (1912-17) 
who has studied the effects of grafting eyes and skin of larval 
salamanders into individuals of different ages. His observa­
tions show conclusively that when such organs are transplanted 
they assume the adult characteristics not at the time when their 
original possessor attains maturity, but aim. ys when the animals 
into which they have been grafted attain metamorphosis. 
Hence for the development of, say, the adult skin characteristics 
lI.g. yellow pigment areas) there must be present something 
which is normally proeuced at t~ time of metamorphosis 
and is produced by the body as a whole or by some special 
organ or organs. The nature of this factor is now clearly 
established as regards the case selected. 

Animals which like Amphibia undergo a metaplorphosis 
are peculiarly suitable for the swdy of the time fa,stor in 
development. Up to a certain pojnt individuation proceeds 
actively. It is then clrecked; growth continues for a period 
without muclr structural rearrangement. Then a second 
phase of active structund differentiation is intercalated. In 
the Anura this involves (I) closure oithe gill clefts; (2) resorp­
tion of the tail; (3) full development of the limb ru~ts. 
In Urodeles the events are (I) resorptiGmof tIj.e external ~; 
(2) resorption of the dorsal fin an~shedd!ng of the larVtl Skin ; 
(3) closure of the gill clefts. The Ur&leIe lma has fu~-
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developed Ilinibs and' the tail persists into the adult stage. 
'fhl) nature of the physiological change which initiates this 
SIones of events is the same in either case. 

Jpe first experiment which threw any light on thit was 
the discovery of Babak (19Il) that the axolotl larva of the 
Mexican aaIamander (AmblystGtna tigrinltm) which is nor­
mally neotenous, can be induced to lIndergo transformation 

"mto the adult form by thyroid administration. Gudematsch 
(19h-14) showed that this was true of frog tadpoles. If 
tadpoles are fed on diets of various tissuel, ovary, liver, thymus, 
brain, pancreas, spleen, pituitary, and thyroid-those f~ on 
thyroid gland develop limbs and lose their tails long before 
the others. Thus in Rana catesbana (Swin&le), a species 
which normally requires three seasons to attain to -the stage 
at which metamorphosis occurs in nature, the six-weeks-old 
tadpole will transform into a pigmy frog if fed on ox thyroid. 
These observations received abundant confirmation both as 
regards urodele larvre and anuran tadpoles (Morse,Barthelemez, 
Jensen, Huxley and Hogben, Uhlenhuth). 

Bennet Allen ~1916-18) succeeded in overcoming the 
manipulative difficulties of extirpating the thyroid gland in 
tadpoles of the toad. The thyroidectomised tadpoles behave 
in a perfectly' normal manner until the limb-buds develOi" 
when transformation sh*,ld occur .• Instead of undergoing 
metamorphosis at this stage they remain permanently in the 
larval state, attaining as age advances dimensions far exceeding 
tlu>se of .a DormaJ t.aDpt>le_ They can, however, be induced, as 
Swingle '1918) showed, to develop into normal frogs if fed 
on th.JJ"oid tissue. Later E. R. and M. M. Hoskins confirmed 
the work of Allen by si+ experiments on frogs and others 
on urodele larvre. 

Thus both in Anura a!td U rodeles it is certain (I) that the 
removal of the thryoid normally lJrevents metamorphosis; 
(2) the administration oP thyroid substance (or implantation 
of. thyroid tissue) accelerates normal metamorphosis and 
iAiIiIltes ~rp4osi! in thyroidless individuals. It has 
long' ~ known ~ the ~yroid grand is essential to normal 
g1'owth in lItIImmals, that it contains a high percentage of 
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iodine, and that administIation of the gland subepnce oom­
pensates for the clinical disturbances resulting from its remov~ 
or disorder-notably a reduction in basal metaboliSIit. 
Receutly Kendall has isolated a substance having the propj:rties 
of thyroid extracts and the constitution of a tri-iodo derivative 
of tryptophane. Hel:ff (1923),and Huxley (1925) have shown 
that thyroid extract ipcreases respiratory exchange in the 
tadpole; but this does not appeal to be the case in the adult;' 
and Champy (1919) claims that the thyroid hormone acts 
selectively on larval tiosues. The significance of the thyroid 
has been further explored by Swingle (1919) and by Uhlenhuth 
(192~ and 1922). Swingle'S observations concern the relation 
of the organispl to its iodine supply: the iodine content of 
water ana food is the limiting factor in thyroid develop­
ment and consequently in metamorphosis. This observation 
throws a Hood of light upon a phenomenon of no little bionomic 
interest-neoteny in Anura. Neoteny in urodeles, however, 
is a different matter. Two different grades are illustrated in 
Amblystoma tigrinum by the European strain of the Mexican 
species and the species from Colorado. 'The former never 
undergoes metamorphosis in aquaria; the latter is easily 
induced to transform into the terrestrial salamander form by 
~ernal disturbances of one kind or another. Inorganic 
iodine administered to ur4ldele larvredoes not induce metamor­
phosis as was shown by Swingle to be the case in frog tadpoles. 
The experiments of Uhlenhuth and of Swingle (1922) show that 
the axolotl thyroid, while containing the thyroid hormone, 
requires some special stimulus to bring about its ~harge 
into the blood stream. Neoteny may be due then to .ck of 
sufficient iodine in the environmqlt or insdequacy of the 
mechanism which controls the discharge of the thyroid 
hormone. It may finally be asked· whether either of these 
explanations extend to the true perennibranchiate genera 
(Proteus, Necturus, Typhlornolge, <and Siren). The first 
three Oensen, Huxley and Hogben, Uhlenhuth, Swingle) haye 
not been found to respond to the action ~ the ~oid homione 
at all. But since it is a1mbst certatn (I) VU:t thyroid ~'not 
increase baaal metabolism in adult frogs; (z) tWt the actio:i 
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of tlI.yroU- on the frog tadpole is rorrelated with an increased 
5eSpiratory exchange; and since all the perenibranchiatea UKd 
for these experiments were of fairly advanced age, it cannot be 
stated with certainty that these fonns are not representatives 
of the persistent larval stage of species whose U adult .. form 
has been eliminated through' decreased sensitivity to the 
action of the thyroid hormone. • 
, These considerations lead us to go back a step and inquire 
WMt it is that controls the development and activity of the 
thyroid in Anura. Light has been sha! on this by the work 
of several investigators of the American school. In Alturan 
tadpoles the hypophysial rudiment lies above the mouth in 
a very accessible situation; by pricking the su$~e of the head 
in the embryo at a certain 'stage the ablation of the> pituitary 
anlage can be accomplished. This was first done by Adler 
(1914), Smith (1917) and Bennet Allen (1917) simultaneously 
and independently discovered that hypophysectomized tadpoles 
in addition to showing the pigmentary disturbances already 
mentioned, fail to undergo metamorphosis, this failure being 
associated with arfested development of the thyroid gland. 
Later it was shown by Bennet Allen (1919) that such individuals 
can be made to complete their development by thyroid 
administration, and by Swingle (1922) that the same reslllt 
can be brought about b, implantation of the pars anterior. 
Metamorphosis of the Axolotl py injection of fresh extracts 
of ox anterior lobe was recorded by Hogben (1922), and meta­
morphosis of hypophysectomised frog tadpoles by Smith 
(1922) (t,fC Spaul, 1925). Smith found that thyroidIess tad­
poles4Nill not respond to'this treatment. On the whole the 
evidence points to the fqVowing sequence: development of 
the"pituitary; develo~t of the thyroid under the influence 
of ~ substance secreted b~ the pars anterior; closure of gill­
clefts accompanied in Anura by development of limbs and 
resorptiOn of tail and iI1' urodeles by shedding of the larval 
skin and resorption of external gills under the influence of 
fhe-lliyroid hoqb.on" tith the discharge of which in Urodeles 
~ present WWt~enCies are involved. 

Another!l.et of problems connected with t~e chronological 
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aspect of individuation is presented by the apRl'arancc of 
sexual differences. In some animals, e.g. mammals and birds. 
there is a sex metamorphosis (puberty). The effect o~ 
castration in the male of mammals is too well known to call 
for elaborate comment, and the work of Steinach, Lipschbtz, 
Sand, Moore, and others definitely establishes between sexual 
metamorphosis and the glandular constituents (the" interstitial 
cells ") of the gonads, a relation analogous to that seen in the' 
phenomena just described. But there is no complete proof 
that the interstitial ti!illue exerts its influence on metabolism 
by discharging a hormone into the blood. The same remark 
appli~ to birds, whwe spaying of the female leads to assump­
tion of male ch¥acteristics of comb, plumage and spurs; and to 
Amphibia All the established phenomena are equally well 
explained by the hypothesis suggested by Geoffrey Smith: 
that is, the gonads quantitatively affect the metabolism of 
BIle or other blood constituents by their own activity in situ. 

Some reference is due to a conception introduced by 
Goldschmidt because of its suggestive bearing on the general 
consideration of time relations in developrrfent, and because it 
at once disposes of any difficulty we might find in harmonising 
the established role of genetic factors in sex-determination 
wj,th the undoubted facts of sex-reversal in the animal kingdom. 
The production of interaexes in th. gypsy moth, Lymantria, 
by crossing local races has already been mentioned (p. 191). 
In moths the sexual and soUU:tic metamorphoses are synchro-
1JJl)J.'Oc, Tb.e.liI!¥. <:!if'fut= v:e,,~ matWi in du!. ~~ 
devices, colour, wing pattern, feathering of the ante~, shape 
of abdomen, etc. And intersexwtlity in Lymantna is not 
an intermediate condition of sex qifferentiation affecting all 
parts alike. The intersexual individual is a sex moaaic. 
Females with a low grade of intersexullity may display modifica­
tion in the antennre alone, these being of the feathered, i.e. 
completely male type. A higher grade of intersexuality is 
seen when the wing-colour as well as the antennre are character­
istically male, all other organs being ofche felQale type. The 
most advanced stage of fecognisa&le intersexuality is' ~t in 
which the individual. is externally a perfe& male lltrt intCrnaUY 



. -
THE PHYSIOLOGY OF DEVELOPMENl" :t13 
• 

p_ ;>vanes inStead of testes. .. If we now," states 
poldschmidt, .. try to formulate a rule which governs this 
ilfmnge seriation . . . we find the most important fact that 
this ~eries is the inverse order of differentiation of the organs 
in • development. The last organs to differentiate in the 
pupa and the first to be inter_,xual are.the branching of the 
antennre and coloration of the wings. ,The first imaginal organ 

• differentiated is the sex gland, and if we apply this law even to 
th~ parts of a single organ like the copulatory organ we find 
it also holds good. .. 

From these facts Goldschmidt elaborates a hyp(!thesis 
which may be stated in the following. three propositions: 
(I) that the relative potencies of one or otlJ;r type of sex­
determining reaction-system are not the same thrololghout the 
whole course of development; (2) that genetic factors normally 
ensure that one or other system predominates at the time 
when sex-differentiation normally occurs; (3) that if sex­
differentiation can be induced at an earlier or later stage, it 
may be made to synchronise with the predominance of the 
system alternative" to that which controls differentiation in 
the normal course of events. To put it in another way, if 
we represent the potency of the male- and female-determining 
reactions by ordinates and the time of development along !pe 
abscissa, there is usually_.ome stage-in the life cycle of either 
sex where the two curves intersect; this point generally lies 
either well before or well after th~ stage at which sex-differentia­
tion actually occurs. Such being the case we should anticipate 
the Rbility of sex-reversal by influen~ng the gro~-~te 
in foiJIlS where the two ~sterns are, as m Lymantna, fattly 
delicately balanced; and., Goldschmidt has produced female 
intersexes in pure strains of Lyrnantria through rearing the 
embryos at a very low t&perature. 

In concluding the foregoing· sketch of developmental 
physiology, one may frmkly admit that we are only at the 
~ of a. scientific treatment of the problent, and no 
~l purpoy" is . ..-ved by understating the difficulties 
inlIer;)t in the subiect anti the ~ce which must stil~ be 
traversed bl\fore we can begin to enV1sage a purely phystco-
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chemical treatment of individuation. 'However. when, in 
the light of such recent inquiries as have been touched on i~ 
this chapter, one considers the fact that little more than'a 
decade has passed since entelechy was the centre of discussinn 
in developmental physiology, there is no justification tol a 
pessimistic attitude tQ the possibility of arriving at predictable 
conclusions in this fieldtof knowledge. 
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