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AUTHOR'S PREFACE

mem,ao&raslknow,nomrkuﬂnghshwhmhmmn
gmngn.nm:’ofdxephymologyoftbeluwu
Few of those who are aware ofethe existence of Wimen:ema
monumental work are likely $0 find the time toabtain from its
encyclopredic pages a bird)s-eye view of the ground already®
traversed and the fields that lie ripe for the research worker
armed with sufficient familiarity with animal life and under-
stagding of physiological methods of inquiry. Winterstein's
Vaglmheudefhyuologwuwetathemdsof the research worker
who:smmrchnmofpmblemsmucklewmuchndmdnd
information of previous inquiries on similar 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 lines of inquiry that are
practicable as well as profitable, to realise as yet what materials
are available for the solution of the problem in which interest
hag already been quickened, or to have gained mmch insight
mtdthcmcthodsntmudmpoealformndmgourknuwledge
of the physiology of the lower organisms,

1 am well aware that to attempt to supply this need within
the limits- of space at my disposal would be a sufficiently
embarrassing task for an author reassured with a far more
exalted sense ‘of his own equipment for the task than I can
boast. I I have succeeded in stimulating twenty-one years of
lge(otthmbmﬂ)mdsphmnimwemdnprm
-auu'ed andﬁndmﬁmtﬁdﬁdd:ofmquirynd‘

soarces fromgwhich more precise information cau be obtsined,
1mmmmqmm1um»dn -

Thuedaqmn the materials of a course of
Jectures delivered fiedt in She Zoology Department snd later in
SR i wid :
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the Department of Physiology in Edibburgh University to
medical students having completed a course of elementary
physiology and to sci students teking an honours course
in zoology. 1 have in mind the samg mixed audience as
readers : the advanced student in zoology who knows very
Iittle physiologyy and the student who, having passed through
& course in ph desigmed to equip hinvefor the pursuit
of the medical profgssion, may wish to acquire information
about branches of subject that have at present no such
remunerative value. In doing this onc has thp feeling of falling
between two stools. The pliysiological critic will object to
dealing with tepics which pracfitioners do not regard as the
*business of the physiologist; while zoologists will protest
aguinst omission of reference to experimental work which seems
tothuntobeuunpommasmuchthnthaabeentreatedaa
physiological in the pages which follow.

Since the objective of physiological inquiry ig the quannta—
tive study of the relation between processes characteristic of
hvingorgamsmsandpropemaofmammatemmer,in
attempting to treat the subject with reference to a coherent
theme one of two courses is open: to illustrate the known
properties of non-living matter by reference to their operation
intheproeesscsoflivingorgmﬁms,ormmsiderwhnm
the characteristic properties of animate systems and inquire
howf-rltupoasiblctomtapreteachmwmsofknqwn
physico-chemical faws.

Against the former course, it is sufficient to point out:
first, that this method of treatment has been adopted ss
successfully and comprehensively as possible in the existing
etate of knowledge in such works as those of Bayliss and of
Hoeber ; secondly, that if carried out consistently it necessitates
ﬁxednmmofaﬂrdmcewmmeofthemdmm
istic properties which disfinguidh living systems. Generally

dmuewhomu-ncttheacnpenfphywogytophmo-‘
menn for which ready-made pliysico-chemical explanations are
uhnd,mdnemmpmnfmﬁeqm’oheﬂuﬁim.’
Bymeohmemmﬁmmi'sradym&d o
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regdgding the building-up of a new animate system as & proper
field for physiological inquiry.

On the other hand, I do not regard the terms ** experi-
mental ” and * quantitative ” in the sense employed above
as co-extensive. Fol this reason no reference is made in the
last chapter to the large’ body of work on implantation @f
organs and reggneration, much of which is importance, .
but like the toq,familiar descriptions of in the mammalian
spinai cord, not susceptible as yet to trzatment in relation to
the fruits of inquiries based on the use dt physiological methods
as ordinarily understodd.

Generally speaking, I have borne in miggd the fact that

Winterstein’s Handbuch makes the literature of comparatives
physiology accessible to those 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 completerfss 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 naturally expressing
one’s individual judgment; and it is hoped that the reader
will appreciate that the author puts forward no claim to be ®
authoritative or encyclopedic. The material selected has been
chbsen to help the student of zoology to appreciate what is being
achieved by the application of physiological methods to the
study of the lower animals, and to widen the hotizon of the
student of physiology who has not been brought into touch with
the divemsity of problems which are suggested by a considera-
tion of function in a wider range of animals than those with
which he hes been accustomed to deal in the course of his .
medical studies. . d

My thanks are due to Dr. A. D. Macdonald and Mr. A. D.
Hobson, who read the MS., and to Professor Julian Huxley for

LANCELOT T. HOGBEN.

Mareh 5, 125
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COMPARATIVE PHYSIOLOGY

M CHAPTER 1
L

MUSCULAR CONTRACTION ¢

PHYSIOLOGICAL science is concerned with describing those
properties which distinguish living beings from inorganic
objegts, and relating the processes specially characteristic of
the former to ¢he more familiar and accessible phenomena of
which we have gract 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 vital phenomena
can gontinue to yield profitable results. On the very eve bf
‘Whler’s synthesis of urea, Henry wrote with reference to the
artificial production of organic compounds, “ It is not probable
tbnmuhaﬂmmmthgpowaofnmuungmmmthm
operations. For in the functions of a living plant a directing
principle appears to be concerned, peculiar to animated bodies,

and supetior to and differing from the cause which has been
‘terined chemical affinity.” - It may bg said, however, that the
walidity of a mechanistic ol.xtlot;k.stands quite apart from. the
';epcuihhty of o g animate systems, {m traly as
‘bodies in m«@m@ relations of jmmediste. ex- .
; hmﬁamumwdmmm
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Forwpramtpmpaeweuhnﬂwbmpoaﬁblese&
to relate the properties of living matter to those of inanimate
nature ; where this cannot be done in the present state of
knowledge, we must proceed with the task of recording our
observations, as in the physical sciences, in quantitative
ferms. )

In 6o doind we shall comsider first the ‘characteristic
activities which living organisms display ; seeond, the sources
of energy which lie behind these activities ; third, the way in
whichtheacﬁviﬁesofanurgan'mmq:oo—prdimxedwiththc
changing conditions of the external world ; and finally, the
mumbywht:hnncwammte‘unnubmugbtmtobcmg

reapondtotbmmmmndmgabymovcmmmof
various kinds. , ciliary," ; by the elaboration
of material secretions ; bytheproduouonafbghtalxmad
discharge ; nndbychangesmbodﬂywlow Structures
carry out these responses in Metazoa are collectjyely referred to
88 effector organs. Theﬁmtypeofeﬂ'ectorwhnchwﬂlbedalt
with is muscle. Muscular acuvxtymaubzqmtms phenomenon
in metazoan organisms ; and theref ot be excluded from
the present survey of the physiology of the lower animals,
although our knowledge of muscular mechanism is largely
derived from the study of vertebrate animals.

Ofmfomdmpomcmmgmmmourknowledgem
extensive than in the case of muscular contraction.  The
Mpmd:hnhowledgenbuedupmﬂnmﬂyd
amphibian skeletal muscle.  Before considering the quantita-
Aive treatment of the energy changes ssaocisted with excitation
in muscle, a brief sketch must be given of those clementary

which can be demonstrated when an excited muncle
is allowed to lift a weighted lever whoee movernent is recorded
mthenu:ﬁneohrevolvmgdrm n,&-mm
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dnmecbmulmpomemtotmmmum,md(m)apemd
in which the mechanical response falls off, i, the muscle
relaxes. - If a sufficient interval elapses between the completion
-of relaxation and the wpplication of a second stimutus, the
contraction curve traced out by the response to the Iatter will
be identical with the first. I, however, we the responsé’
wlwmdmmofequdmgthm mweuweiy

thebexghttowhnd;dnlevermuuuchemmcmgndully
falls off. 'Thus we must’add to the above a fourth phase, the
recovery period, during which- the muscle is restored to its
original condition. When & sccond stimulus is applied to a
muscle before it has completed the process of relaxation, the
contraction due to the second starts from the level at which the
previgus one happens to be-when the new ope comes into
,:ftbeprmnupuwdanmmmmulnw
that the height of the combined contraction is greater than that
of a single twitch” But each stimulus produces less increase
than its predecessor, a limit being soon attained when further
succession of stimuli only permits a maximal level to be main-
tained, This maximum depends partly on the frequency with
which the stimuli are sent in, 12, how far the contraction due
to one stimulus has progressed before that due to the next
starts,  Prolonged contractions of this kind correspond to the
deliberste and sustained movements of everyday life, and are
described by the term tetans.
In.aaimgforh@tonthew:ymwbxchthcmcuhr
mechanism works it will be best to consider separately: the
- coergy changes which occur when a muscle is excited. There
are, ia addition to the mechanical response itself (which can
adsmi!ﬁnmmde-pmmdwm),dxm,
mem h appear whenever the
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first sight appear a simple issue, it is really a very complex one,
and it is only within recent years that the work of A. V. Hill has
placed the question on a satisfactory basis.

(a) Mechanical Response in Musdle.—In . attempting to

grasp the significance of the chemical and th 1 aspects of
'coru.raction,iti&tl y to ¢ the potential mechanical
energy of contrattion. 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 aontraction, there are two obvious
difficulties ir® 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 elastic
body. When a resting muscle is stretched by,virtue of a 2 Toad
it possesses p potential energy like that of an extended spring ;
thus it does not follow that the work it may be 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-
pans equally balanced when empty. Suppose that a weight of
mckﬂomphoedmonepan,theotberbﬂnghddmmongmﬂ
position by a spring. Thespnngmnowexemngstmuonof
one kilo. If a small weight—say, 10 grams—is placed on the
scale-pan it will sink, let us say, 1 cm., and the other
pan will be raised a corresponding height, thereby doing work
proportional to the product of the weight and the distsnce
through which it is raised. Clearly the 10-gram weight has
not contributed more than one-hundredth of this energy ; the
remainder is derived from the potential energy of the spring.
h;wﬁemw,&:w@wh&mgamd.ww
muscle is not simply the amount of eniergy libersted t
'Ibew:ymwh@hmm tbemm»m
work which' the: muscle is capsbl Jef.zlﬁngfig* :
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amdmtwhonhmdmmdnhecxptmmformnnmumwmk
done by a gas in changing its volume. The condition for
maximal work done by a gas in expanding from v to o’ is first,
that the internal pressyre P should be opposed at each etage by
an externial pressure P--dp differing from it by an infinitesimal
amount, ﬁen,lftl\cprocessbemmedouts?slowlydutthe
gas is not allowad to gather momentum and dissipate part of
its energy as heat
. w—-f Pdo

Tn order to realise the total ameurs of potential energy liberated
in contraction, one must imagirle that the tensionof the muscle
does work at every stage against a load differing by an in-
definitely small from*the tension it exerts. Since the
energy released at each infinitesimal step is the product of the
force into the distance, the total energy is the sum of a series of
p‘:}lm Tdl ; gexpressed analytically :

W= f2 Tdl

(E being the extended length and C contracted length of the
musele.)

In this form it is not possible to evaluate W directly, since
we do not know what function T is of L. But the integral
formula at once suggests that the potential energy of the
contractile mechanism is represented by the area of a curve
expressing the relation of tension to length in the unstretched
muscle.  We have therefore to construct a tension-length
indicator diagram for the muscular machine analogous to the
familiar pressure-volume indicator of the heat engine.

*The accompanying disgram (Fig. 1) will explain to the
reader tnfamiliar with the notation of the: calculus the wayin
which'W is calculated.  OC i the congracted, OE:heumnded,
hg&ofmmmdmmte T s the initial tension of
mncie T,, Ty, Ty, ete.; the tensions exerted when the

been gllowed to shorten by equal steps. AL The
WW? MT:,T;MT’, QB.,
ooﬂtmcung

1 4:’.&:
ok {fomexr&mw}uk&l.m
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mmrmngﬂuwghthz.econdstq:thzworkdmemt,al.
The total work is the sum of a series of products repre-
sented by the rectangular areas which are together equivalent
to the area T,EC.

IfT,Cis cumlmear, the area enclosed by the curve may be
mnden.snar wehketothesumofthaerecmnglesby

ciently small. .

To eon.stmct such a tension-length curve the nmscle is
excited fsometrically, i.e. an arrangement is used by which the
tension is recorded by a spring lgver without apprecisble

. -

L 3
T,\‘ ‘
NT,
\u\ - .
NT. .
'\T‘
t\ T,
al al al- al 1
| [ SR L 0

movement of the muscle itself, In general the records wo
obtained resemble those of isotonic twitches. | The procedure
sdopted is s follows. - The muscle ia held rigidly by a clamp
which can be screwed pp and down a graduated scale, At -
thebegnmngofdmupa;mtthechmymdmsdem

&emammmumﬁm mmm‘r
‘9010 stretch the guscle appre - A stimulus
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mmd«elopcdwhmmemmchummuwmm
recorded.  This represénts the force the muscle exerts when
it has contracted through 1 mm. In a similar way the tension
is observed in stages of 1 mm, ullthemuaclen-ouhekﬂm
it exerts-no tension on the lever, i, till the clamp hes been
msedthroughndxmmespondmgmﬂmthmughwhwh
the muscle contsacts in a sjngle twitch,

The experiment is only valuabie as a means of arriving st
2 aimple expression for ZTdl. in terms of easily determined
quantities. Naw-ﬂmermﬁalenergyofmelnucbody
metchedmnlmgﬂx:frmﬂwunmdedoondxmau
$Tx{1—cx), and we might thercfore anticipate that the energy
of contraction would be of the general form K.TV, where K'
is a constant, Tdmmnmltenuonundlthenormnllmgtb
According to Hill’s determinations the area of the tension-

curve satisfies the relation K=1/6 approximately.

the potential energy liberated in a single twitch is

Tif6. In practice all this energy is not realised, because while
it has been found"possible to devise an apparatus by which the
force opposed to the muscle is balanced against the actual
tension throughout the act of contraction, we cannot carry
out the process 8o slowly as to avoid degradation of energy
thmugh mtemal friction (i.e. protoplasmic viscosity). For
of the mechanics of muscle we are only
concemedthhthaﬁeorwulnlmofWuTlﬁ .

(5) Chemical Phenomens in Ooniraction of Muscle.—The
essential facts a8 regards skeletal muscle are two : first, that
the muscle can contract and relax in the total absence of
though  the presence of oxygen delays the onset of fatigue ;
MythatMcaadnpm&mdmthepmufm—
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phenommmoffmgue,mwhcbdwmuademumbleto
recover: its ofiginal reactivity between successive stimulation ;
and that the oxidative removal of lactic acid is an essential
feature of the recovery process by which the state 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 corresponding amoung of glycogen, a
hexose diphosphate being an intermediate cpmpmmd in the
transformation. The appearance of the lactate jon in the
contraction process must not be. taken to mply that there is
any observable increase in Yydrogen®ion Concentration in a
single twitch er short tetanus ; -Ritchie finds that there is not.
"The presence of free lactic acid must ordinarily be instan-
taneous, as one would expect in a buffered system such as that
which exists in tissues. Since the mechanical relaxation of
muscle occurs as well in the absence of oxygen, this part of the
recovery may be assumed to correspond with the immediate
neutralisation of the lactic acid set free at excitation, Further
light can be obtained an this question by*considering heat
production in muscular contraction.

(¢) Heat Production in Muacle.—That the temperature of
a muscle rises during contraction is easily demonstrated by
shmulaung living and dead muscle in contact with the metallic
Junct.ums of a thermopyle placed in circuit with a sensitive

The ion of our knowledge of the heat
pmducnmofmmdemreoentym:schxeﬂydmmdlemrk
of A. V. Hill. Two questions are of pre-eminent interest as
throwing light on the mechanism of muscular cantraction,
namely, the relation of the heat produced to the chemical events
of the contraction cycle, and the relation of heat-production
to the potential energy for mechanical work set free L
excitation.

Hill hss ﬁommlmd fhe first of these two issues in the
following way : Is the heat’production of muscle gives out
mmprmbywhchthemonofmmdeummd,"

in the sopovery process by which the-
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production and comparing the effects of stimulation upon heat-
production in conditions prometing or impeding the recovery

According to Hill's data three definite conclusions can be
drawn. -Firstly, when'a muscle is excited directly or indirectly
in oxygen by either s single shock or 2 short tetanus, the
liberation of heat continues for some time after the mechanical
response is over, Seeundly, the amount of heat so liberated
after mechanical response is over is, in oxygen, at least as great
as that evolved i in the contraction and relaxation itself. But

b 2 - e 3 4

e e

a—
g e

Heat production in Ny

e
Heat production in Oy
sz—Sc.hummmumte dern work on L
L pmod—-oonmmnmof mltmﬁumcmﬁon {elec
glymgmmdapunnce of Jactic acid. 3 Rchnuon——hcm:ncu
mtﬂhsedbyhuﬁeg of muacle proteing. te joa
inpart 1 some gh {a)‘ formation o
Wncidfromg!yoogen. (b)Hutvf‘ ofmmda
{¢) Heat of combustion of part of lactic ncid.

‘thirdly, when the muscle is stimulated in. nitrogen, there i
hardly any heat-production after contraction is over, thougl
the nornal quantity is evolvedswhen®oxygen is again admitted
Itmthemfm;umﬁabktolnferthatoxygmnmedup
and dclayed"hmh‘bmwd in that part of the recover
; ich. oelury after relaxation is complete. . As we hawy

th "Mnfdaemawygom»depmdmta
fresence of axyetn apd cannot ocour- in pure nitrogen
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Thuspaﬂoftheheatgmmdmmmcuhrwn&ucnonm
in the process which results in tensiori, part in the process by
which the substance liberated at cxciution is reinstnted or
removed.

When the muscle is stimulated lsmnemmﬂy no work is
done. All the energy must dmappear as heat. By subtracting
the heat-production of isometric contraction in nitrogen from
the heat-production of isometric contraction, in oxygen, that
of the oxidative recovery process is obtained. The heat-
production in pure nitrogen represents, sn the hypothesis
advanced above, at least two processes : the liberation of lactic
acid and itse subsequent neutralisation during relaxation.

*The formation of one gram of lattic acid from glycogen in
vitro is accompanied by the liberation of 1go calories. The
appearance of one gram of lactic acid in muscle is associated
with the evolution of total energy-equivalent to nearly 499 ( cals.
The heat of neutralisation by bicarbonates or phosphates fs far
too small to account for the excess. Meyerhof suggests that
the remainder may be due to the heat of dissociation of the
muscle proteins. This has recently received some i
confirmation from the work of Hartree and Hill, who have
shown that to keep the hydrogen ion concentration inside the
muscle within reasonable limits, we must assume the existence
of some buffer in it more effective than a bicarbonate or
phosphate solution. As in the case of blood, this is presum-
ably brought about by alkali proteinates capable of forming
neutral salts and undissociated protein,

The heat-production of oxidative recovery, on the other
hand, mlyaemunmforasmnﬂﬁammoltbehmwdwm
disappears. Hartree and Hill estimated that in axygen the
deltyedbat-pmducumnmemdammmthemﬂ
heat-production, which represents about 400 cals.; as stated,
per 1 grm. lactic acid. The conttbustion of 1 grm. of lactic acid

is accomipanied by an evolution of 3661 calories in vitro, - Since
now, according to Meyerhof, the disappearance of lactic ‘acid
P p p Py s . <
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utilised in' part for the resynthesis of the remaining lactic
acid. Aboutme-ﬁ.fthofthehm«:mdmnovcdlppmm
be oxidised. The sequence of phenomens is represented
disgrammatically in Fig. 2.

(d) The MNature of the Mechanism.—In considering the
heat-production of muscle in relation to the chemical events
of the contraction cycle, the muscle has been assumed &

d under .conditions in which no mechanical work is
done, so that all the energy set free at excitation is measured in
heat units. Ithagbeenshown,huwcver,thutwemndemm
how much of this energy is.available for the performance of
mechanical work in appropriate circumstances. ¢ The potennll
energy available for the pérformance of mechanical work in 2
single twitch is T//6. When the value of H for initial heat-
producuon (hﬂt-produmon without recovery) in isometric
conraction i3 reduced -to the same units, the ratio T//6H
expresses thegabsolute mechanical efficiency of muscle ; and
mvuluemfmmdtoappmnmatetoumty(uh:ghnog!ma
series of A. V. HlI’s experiments) in a suitable muscle such as
the frog’s sartorius. This implies that the whole of the energy
liberated at excitation is free emergy, i.e. capable, unlike heat,
of being tranaformed entirely into mechanical work,

Heat, as implied in the Second Law of Thermodynamics,
cannot be transferred into mechanical work without waste,
Nohutmginembemmeﬁdmttbmnm«sibleengim
working between the same temperature-limits, iz, with 2
maximal efficiency of T—T'/T on the gas thermometer scale.
fhus; th orabr uiar a rfog 3 sarvontizs may Aave axr axfftabiry o
o025 (which is actually realisable), it would be necessary, an
the sssumption that the energy was derived from the heat
produced, for the muscle to be raised to a temperature above

~the boiling-point of water. The muscular machine is not
therefore & heat engine ; and the fact that all the energy set
&numumhblefon{omgmechm‘::]wn;mﬁu
that wuist be lberated at the seat of tension

exciling suljstance ‘ be
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how the application of acid to a collozdal system may nge 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 the surfaceq 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 tensfon at an oil-water
interface, and Neuerschloss finds that analogous phenomena
occur with legithin sols. There is very good reason, based
“on the penetration of dyes into living cells, to bear 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 bgfore maximum tension has been
developed, the heat-production of a muscle which is reléased
after stimulation so as to shorten (without lifting a weight)
is less than in a rigidly isometric twitch ; this%s 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) Electrical Phenomens, in Muscle.—When the cutend 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 unidj uredsurface of the muscle. When
the latter is stimulated, thcre is a diminution of this potential.
This diminution or * negative variation ” is referred to as
current of action, and flows in the opposite direction to the
normal ordemcmanmrentwhmhmfmmthcwtmthe
ed surface of the ig muscle. ot is not a specific

4
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mnbute of t.he muscular hani but is a ph

ibared by other excitable tissues. It has been the subject of
:xtensive research partly because of its practical application
‘0 the diagnosis of heirt disease (electrocardiography), partly
secause ‘it provides a very delicate means of detecting the
:xistence of an excitatory process, where mechanical appliances
fail, and to some extent bacause it has been customary in the
past to seek for an explanation of colloidal behaviour, and
therefore the processes which occur in the living organism, in

L
o s
Ld
il
. /m
S VAY > 2
e /
Fic. 3—Time relati of the electrical in the
response to two successive stimuli (lfl.er Fulmn)
Responses of the intact jus of a d b frog at 16°5°.

Time indicated above, o'cz sec, The horizontal shadows from above
downwards are: the ugnll denoting the moment of the sccond stimulus
Imake) ; the myograph; the string of the galvanometer ; signal for the
[iut stimulus (bre&k) line of sero tension, 29 mm. movement of the
muuuybcmgqmlw;wm tension.  Suing tension § mm.
petm.v the magnification being 285 Stimuli dehv:redmduw!nerve,
lh:uthodcbemgltlpomt locm, ﬁmthgenu-yofthcmemtothe
muscle ; stimuli just-maximal induction shocks. Initiel tension 9o gms.
Freq\lmydihmmyognphmwwc

terms of electrical phenomena rather than the stoichiometrical
relations  which form the * subject-matter of traditional

Thereﬂhﬁledonhtthnth:dzmarcmonmnmtm
fmmﬂmdm'buﬂanofdewolytmmthennndeuym its
rdmtoeempuature according to the work of Bernstein,
follows the thermedynamical relation which spolics to:the
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concentration cell, The action-current oceurs in denervated
(Adrian) as well as normal muscle. I€ travels as a wave along
the length of the le like the hanical response itself.
Any excited 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, offered 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 bagtery. There are,
however, two very cogent ob_wctxons of a general nature to this
. . proposal. One is that the
ST electrical change in striped
Secs-” muscle (see Fig. 3) is
practically complete before
1/ / ﬁrﬁf " - the mechanical response
begins ; the pcgatwe varia-

tion occurs in the latent

m.  period ahd begins con-
W\’/‘m temporaneously with the
application of the stimulus.
. It is thus probable that

Fia. 4.—Mechanical bea d elec- .
lrfr}a-‘gm-d.ingrm'l:\n(c)of hentn(;')l;nmw:cs. the electrical Phﬁnomenon

' 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 muscle. Therefore the electrical response may be
considered more conveniently in relation to excitation in the
more restricted sense (Chapter VIII). It is of interest in
connection with Mines’ hypothesis, however, to note that the
phase of negative variation i8 often succeeded by a second
phsewhmhmdevdopeduthebegmrgd the mechanical
response. Possibly the origin of the eleCtrical phenomena is
melfeompla. It is difficult to believe that a concentration

n
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of hydrogen nom, such 2a Hill's hypothesis demands, produces
no measurable bio-electric effect.

(f) The Phenomenon of Tonus.—An aspect of muscular
contraction which is still very obscure is exemplified in a rather
striking manner by certain contractile mechanisms of inverte
brates, In the living animaf a skeletal muscle i is not normall
relaxed completely, as in the isolated nerve. le preparation
The partial contraction of skefetaf muscfe in situ is maintainec
by the C.N.5. The opposite is the case with smooth muscl
which when isolated from the body remains in a state of tonus
and in the intact afimal gub_,ect,almost universally to contro
by nerves whose action is inhibitory. Smooth muscle i
capable of maintaining this state of tonus for very long petiod:
without any appreciable sign'of fatigue. Thus Parnas (1910
found that the adductor of the mollusc Dioxinia can keep it
shell closed for twenty or thirty days at a stretch againat
tension per sqqcm. of muscle attachment of sbout two and :
half million dynes—a tension exerted in virtue of the elasti
cushion which callses the shell vaives to fly apart when th
muscle is relaxed. This can be brought about, in the freshwate
mussel Anodon at least, by stimulating the inhibitory nerve
from the pallial ganglion ; section of the nesve supply of th
adductors does not lead to relaxation. In Pecten a rathe
curious phenomenon results from the co-operation of twq
separate constituents of the adductor muscle, one composet
of striated fibres and the other of smooth muscle fibres. Wher
scallops (Pecten) are taken out of the water they usually gm
one or two flaps of the ghell-valves and then close tightly ; i
a solid object is interposed between the valves they close on it
like a vice. But if the foreign body is then made to slide ow
of position, the valves femain set fast at the same degree of
closure. - Uexkull (1912) has shown that on cutting away the
smooth muscle, the remainder can Be excited to contractior
by nervous stimulation ; but the contraction of the strigtec
ﬁbzuoftheaddxmrpmmoﬂymlongumulanonm
'I'hemorpomon(su-mdﬁbgu)oftbeaddudormutc
bring the valves together rapidly, while the more slowly
reactine* catch musele™ farnooth fihres) keeoi the valves closed
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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, antd 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 probatffy dealing here not
with a change in the intensitysfactor but with the capacity factor
of the surfacc 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 of the
external force. The coagulation of liquid silk in stretching is
possibly analogous.

() Relation of the Muscle Cell to Eléctrolytes.—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 réle 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 no calcium the muscle
displays rhythm:cal spontaneous t(ntchmg ; the addition of a
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small trace of calcium suffices to 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 diminishes excitability of muscle towards
electrical currents of long duration. On the other hand, the
effect of increased calcium is to diminish relaxation in the plain
muscle of the crop of the fowl (Fienga) and the pharynx of
Aplysia (Hogben), while complete absence of calcium produces
diastolic arrest of ghe hc:}n in Pecten (Mines), Raia, Scyllium

L]
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[

Fic. s.—Effect of excess of calcium on the perfused heartof the
lobster, Homarus (Hogben).

and Rana (Mines) ; 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
jeffects, as illustrated in the un‘xve'rsaf action of cyanides in
kdepressing oxidative processes. The fact that proteins appear

0 behave as amphoteric electrolytes and are found in the cell
in general on the alkaline side of their isoelectric point, thus

isting as metallic proteinates, is a valid reason for attach-
ing special significance to the relation of kations to biological

c



L3

18 COMPARATIVE PHYSIOLOGY '

proceases. 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 katidns under three headings,
combining, nomadic, and polarising ions. Mines postulated
(1) that the normal activity of the muscular apparatus depends
on the maintenance of a certain degree of pepmeability at some
cell-surface ; (2) that the permeability of the cell-membrane
depends partly on the chemical compeosition determined by the
combination (inter alia) of Ca (and Sr Jinder experimental
conditions) with some constituent of the cell ; and partly on-
the electricaf potential betweert the two sides of the membrane
itself. This latter is supposed to be modified by (a) the ability
of certain jons (Na and K), the nomadic ions, to pass through

Fic. 6.—Effect of removal of magnesium (8—a} on the perfused heart
of Pecten (Mines, Journ. Physial. 43, 1912).
it selectively; and (b) the adsorption of certain other jons,
eg. 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 wark are distinctly
favourable to the réle which Mines postulates for calcium.
The effects of the other polyvalent ions are more obscure, since
Mg..,Ce...,La..., etc. ‘agree with 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 arrest, 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 arsenious sulphide sols. The relation
of valency to coagulation phenomena in hydrophile sols of
sulphur (Odén), lecithin (Neuerschloss), and gefatin (Loeb)
differs very conskderably from 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 phenomena described below. Loeb’s
work makes it very doubtfll if the action of hydrion and trivalent
ions on membrane potential depend on the same mechanism, |
and the degree of reversibility of the effects of one or the other
on the vertebrate heart reinforce this conclusion. As regards

Gar st
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¥16."7.—Effect of removal of calcium on the perfused heart of Pecten
{Mines, loc. 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 cefl is an
open question.

Thecombining nature of theCa ion,on the other hand;finds
considerable confirmation in the work of Clatk (1912) on the
frog's heart, and is reinforced by very diverse lines of inquiry
into cell physiology which will be described in connexion with
ciliary activity. Clark showed that increase in the Ca/Na-+K
fatio revives the amplitude of the frog’s heart when it has
become diminished by prolonged perfusion, this loss being
associated with the Temoval of a substance of lipoid nature.
He suggests that Ca which precipitates lecithin, a normal
constituent of the ceM membBrane, maintains the normal semi-
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permesbility of the muscle cell by ifs 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 8o that the water becomes thé internal and the oil the
continuous phase, i.e. so that the system as a whole becomes
impenetrable to water soluble subatances, Ior a more realistic
conception the work of Neuerschloss on lecithin sols should
be consulted. If Ca determines the condition of the lipoid
constituents of the cell surfaces, the assum| tion that Na and K
are nomadic ions in Mines’ sense provides for a ready explana-

, tion of the svidespread antagonism of Ca to Na as illustrated
by the work of Mines on striped miuscle and that of Clark on the
vertebrate heart. Such antagonism might be regarded simply
as the opposition to the penetrauon of Na ions set up by surface
action of calcium,

An example drawn from the field of inverteprate physiology
is afforded by the work of Lillie (1909) on the larvee of Areni-
cola. The larvee of this polychete in isot8nic solutions of the
chlorides of Na., K., Li.,and NH, undergo contraction to about
half their normal length in a few seconds, and simultaneously
the yellow pigment enclosed in the cells of the orgamsm
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 salution of
isotonic sodium chloride prevents the contracture and pigment
extrusion produced in a pure solution of the latter. On the
other hand lipoid-solvent anmsthetics such as chloraform
produce contracture and discharge even in pure magnesium
chloride. This antagonism is by no means confined to muscular
phenomena. Thus Loeb (1§12) showed that if eggs of the
Atlantic minnow (Fundulus) are placed in hypertonic sca-water
they remain alive for days, floating on the surface in an
apparently i le condition. If for sea-water hyper-
m.\cNaCIxsmhsntuﬁed dxcymnktnthebottom,mdnga
shrinksge and rapidly perish, - The addition of a small quantity
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of calcium to the sodium chloride solution prevents the
untoward effects of the latter alone and maintains the normal
impermeability of the egg-membrane. The work of Osterhout
on the electrical conductivity of plant tissues affords interesting
parallels, ~

Clowes has in fact constructed a model in which the inter-
stices of a partitidn 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, potagsium, and calcium
chiorides in roughly the game proportions as they occur in
living tissues. The conductivity of the artificial membrane
varies in the presence of electrolytes in the mediunfin a manner
closely analogous with the conductivity of protoplasmic sur-
faces in plant cells, as in Ostérhout’s experiments. In pure
NaCl conductivity increases ; in pure CaCl, it decreases, owmg
presurgably to reversible changes of phase in the interstices
of the filter papar.

Some light is thrown on the relation of electrolytes to the
contraction of muscle 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 disturbance
leading up to the events which condition this state of tension.
The foregoing treatment of the tontractile mechanism bas been
focussed on the events which succeed the explosive breakdown
of some substance intermediate between glycogen and lactic
acid ; but, a8 we have seen, the electrical phenomena must be
teferred to phenomena independent, of the nature of the
contraction process itself. The Aisturbance which travels
along the muscle initiating the breakdown of glycogen has so
many. points in common with excitation and conduction in
n:rveﬂmthmmexcgumt;mﬁuuonformendmgmth:
action-current of musclg an mterpretation analogous to that
suggested for the corr@ponding phenomenon of ferve discussed
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in a later chapter. Excitation in nerve depends on surface
phenomena which are characteristically sensitive to changes in
the jonic composition of the external medium ; it is highly
probable therefore that the cffect of any given ion may be
independently related to the initial and final stages in the
contraction cycle; and we should therefore be wrong in
drawing from the different behaviour of Striped and plain
muscle to electrolytes the conclusion that the contractile
mechanism is fundamentally different. This is clearly the
case with the calcium ion. Diastolic arresf of the heart of the
frog (Daly and Clark) in tire absence of Ca ions is not due to
any failure of the excitatory mechanism : the electrical response
continues. On the other hand; diastolic 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 procegs.

c
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CHAPTER 11
CILIARY ACTIVITY, AMGIBOID MOTION AND COLOUR RESPONSE

IN the previous chaTter we have considered a form of response
which has several ad: ges for experi | treatment. The
activity of skeletal le is not spont: it ean be made
accessible at will. 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 hand; all that we know of the muscular mechanism is
of a statistical guture. In the case ofcxlmry ameeboid; and
chromatophore movements, however, it is possible to make
direct observation®® on individual cellular units, To these
forms of response, which are more conveniently studied in the
lower organisms, we shall now turn, taking first of all ciliary
activity, Of this, our knowledge has been lately advanced by
the extensive investigations of Gray (1922-1924), which will
form the basis of the present treatment.

Ciliary Motion.—For a clear appreciation of the issues
raised by & consideration of the mechanism of ciliary motion,
a few remarks must be introduced concerning the contractile
hyvthm of the ciliated cell. Favourahle material for abserva-
tions .of this kind are afforded by the gills of the common
mussel Mytihus. The face and sides of each filament are
respectively lined with frontal and lateral ciliated cells, whose
movement maintains an efficient stream of water and mucus
(see Chapter V) easily detects ‘byt.henakedcyexfnhttlemr-
mine is added to the medium. Mlcrowopxcobservmon shows
that the maintenance of these currents in a definite direction
is.due to the wctetistic manner in which the cilium moves.
mmwmofasingicdﬁumi:diviaibleimotwophua.
a very rapid forward er-effective stroke, and a stower backward

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 can be seen that the ciliurh, which at the beginning
of the effective stroke is a more or less 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 energy.” “We are entitled to
surmise that this energy has
'its origin in some chemical
coimpound either in the cilium
,A / ) htself or in the cell to which
N/ / it is attached. The problem
Cs\ﬁﬁz_._ to be faced i the elucidation
> Backward or Recovery Beat of the sequency of events by
which chemical energy is con-
\ ™ \ / verted intb kinetic energy;
or—as implied above—the
Fig. 8.— Diagrem of ciliary motion chemical processes by,w}u‘:h
(after Gray). the state of temsion 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 structuraily very different from muscle, there are
two sets of considerations which suggest the possibility that a
similar’ sequence of chexmcal phenomena rmght be found to
underlie the changes of physxcal state, which in both cases
result in liberating contractile energy. One. is. that lactic
acid is an obligatory intermediary in the breakdown of carbo-
hydrates in all-animal tissues. The qther is that the physical
properties of proteins; bangpmbhbiydependemmeon&m

.
<— Forward pr Effective Beat
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defined by the Donmn membrane equilibrium, are mtmmtely
affected by the acidity of the medium with which they are in
contact.

Gray has outlined an hypothesis according to which the
chemicat events of the contraction cycle in muscle and cilisted
cell are closely analogous. It may be considered under three
headings : (4) the possible production of an acid substance
during the contractile process; (b) the relation of oxygen
consumption to the events of activiry and recovery; () the
nature of the substanca used up in the transformation of
chemical into kinctic enérgy by the cell.

The production of acid may be taken firat. The only
method at present available for obtaining any evidence on this
question is derived from studying the relation of ciliary activity
to the ionic constituents of its surroundings. Ciliary motion

ilus gill-filaments can be preserved for many hours in a
Van t Hoff sqlution containing chlorides of Na, K, Ca; and Mg
in the same proportions as sea-water at a pH. about 7°8. On
addition of acid the cilia on the gill of Mytilus 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—since the amplitude
is not directly affected—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 exptnm:n\auon The first depends
upon the fact that the weak “ organic  lipoid-soluble acids
penetrate the Bpoid membrane of the cell more raddy than do
strong - acids, Sininlftly, Wweak bases like ammonium hydrate
‘aTe more penctrative than strong bases like sodium hydroxide.
1f the cessation of siliary notion in acid mediam were 2 surface
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effect the pH. limits with both types of acid would be expected
to be the same. A number of experiments were carried out
by Gray to determine the critical concentration of hydrogen
ions in the external medium which would produce an'est in
one minute. The results are given below.

Acld, Critical pH, Add, Critlcal pH.
Hydrochloric .. 34 Formic ° .. 40
Sulphuric .. R Acetic . .. 48
Nitric .. .. 34 Butyric .. .. 52

It will be noticed that the mineral acids are of practically
uniform efficiency ; while the fatty acigs form a series of which
the higher members are more effitient, all being more efficient
than the minefal 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 phenomenoa of
recovery of pieces of gills exposed to acid for the same 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, Se: +NaOH, Sea-water+NH,0H,
pH. 78, PH. B¢, pH. 84,
Movement begins .. 12 7 1
Full recovery .. P 2§ 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 NH,OH, respectively, as
given below.

NH, OH.
pH. oin, NaOH.
95 i 5
9z t 7
90 $ 8
87 1 810
85 3 10-12
84 & 5 123§

To sum up in Gray’s own words, * The weak acids which
enter the cell are more efficient inhibitors of ciliary movement
thanthestmngauchwhxchdonotmtp:radﬂy.mdcon—
vmdythewuka&nhsmmuchmyeﬁcantrm
than the strong alkabis,”
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Circumstantial evidencs also pointing to the conclusion that
the acid enters the cells'is gained from a study of the effects of
removal of calcium. Lillie (1goo) originally showed that the
toxic' effect of pure sodium salts on Cllury movement, as on
musculdr contraction and on irritability in nerve, is prevented
by the presence of the alkaline earth metals. In the case of
the ciliated celt either magnesium or calcium will serve in
adequate proportions to maintain the normal semipermeability
of the cell membrane, but magnesium rust be present to
ensure recovery (§ccording to Gray).after exposure to a solution

. .
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containing no divalent jons. 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 susceptible to the action of
hydrogen ions if the calciufn jons, which confer upon the
membrane its normal semipermeability, are removed. More
direct evidencé thyt the acid enters the cell is obtained by
fntra vitem stainingwith an indicator, such as neutral red.
Before ‘drawing .conclusions from. these :data one other fact
ey be mentioned® Atﬁemncdpmmtheuhnuebmught
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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 stroke 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 defending 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 que to the fact that the
cell itself is more permeable tovacid than the cilium. In hyper-
tenic 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 thé amplitude is affected by an
increase in the osmotic pressure of the extermal medium
suggests that withdrawal of water from the cell interfereg not
with the periodic liberation of energy but withwome 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 standard distance
of gill ilament or other ciliated epithelium the movement of a
minute circular plate of platinum. The oxygen consumption
of ciliated epithelium can be, conveniently measured by the
Barcroft manometer. When the rate of oxygen consumption,
and mechanical activity are plotted for various temperatures
and reduced to the same - scale of qydinates, the curves
correspond closely (Fig. 10), showing that the rate st which
oxygcu:seonmmedmnormaﬂya'funcnoﬂofthemmhanwd
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activity of the cell. But the same is true of a rhythmically
contractile muscle suchas that of the heart.

Engelmann maintained many years ago that the ciliated
epithelium of the frog's esophagus remains active for as long
as two hours in an atmosphere of hydrogen, but regarded this
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as evidence that the cell stored oxygenmsome intramolecular
form. By spectroscopic examination of water in which
haumglobmw:sdxssolved Gray has proved conclusively that
m&zg\hvﬁmmu‘mrymmmmmmmm
all oxygen has been, removed from the medium.. When
ulmmtdybroughtnrest by this means mcava-y:sveryalaw
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though fnéra vitram staining 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 contractilé process, but-only for
the maintenance of the requisite conditions for prolonged
activity. In other words; oxygen would seemeto 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 considerable period of time.

By meanss of Barcroft’s manometer it is also possible to
obtain 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 guotient” or ratio of CO,
evolved to O, consumed must be unity for carhgphydrates, and
about o°7 in the case of fats and proteins. Gray finds that the
respiratory quotient for ciliary activity is®about o8, 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
epithelial 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 calcium and
loermnomoucpressuremtheextemalmedmmbang
essential to its efficient working ; and, finally, an oxidative
recovery process which is necessary only for sustained activity.

Ampeboid Movement. —Ameboid movement is the character-
istic means of progression in- certaip Protista (Rhizo;
Mycetozoa, etc.) and the wandeting. cells. prescot-in’ many
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Metazoa. Reference to the behaviour of leucocytes, phago-
cytes, etc., will be found in works on bacteriology and medical
aspects of physiology. Attention will here be confined to the
phenomena of ameboid movement, as they can be studied in
free-livihg forms. For quant:tauve treatment of amceboid
activity the only accessible criterion of the energy of movement
is the rate at which the .animal progresses. This has been
studied in relation to cha.ngea in external conditions in a
recent series of mvaugauom by Pantin (1923-~1925). Marine
ameebz were ufed in these experiments. Two species
(referred to as typc A 2nd B) were used, both being of the
“ limax ” form which progrésses by protrusion of a singly
anterior pseudopodium, thus tending, in the absence of external
interference, to move in a straight line. If the conditions of
the medium were kept ct , Pantin found that the velocity
of an individual amaba was consta.nt to within 5 per cent. for
penods of as dong as twenty-four hours, and if the conditions
are changed without irreversibly damaging the organism, the
original velocity % 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 ameeba to
traverse a given number of divisions of the micrometer scale
of the microscope ocular.

By this method Pantin has described the relation of ameeboid
activity to osmotic pressure, temperature, and hydrogen ion
concentration of the external medium. The ameebz studied
were, like many other contractile mechanisms, very insensitive
to OH ions. On the other hand, ameeboid activity is reduced
with mineral acids to zero immediately on the acid side of
neutrality, to beprecisentapH.ofb‘B. As long as the
hydrogen ion concentration is kept at a level above pH. 40
the stoppage is reversible, movement recommencing when the
arganisms are transferred to ab glkafine medium, But below
tlns pH. limit cytolysis occurs. The velocity of progression

increases continuously up to pH. ¢°6 ; and the velocity curves

* for ‘hydrochlotie, sulphuric, butyric, lacuc and acetic acids
clwly m (Fig. 13),
has slready been sugghsted that p:odacuon of acid in the
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xilium, as in muscle, is an essential part of the contractile
nechanism. The same appears to be the case with ameeboid
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10n concentration, to determine the penetration of cells by
acids and alkalis. Pantin has applied the same method o
attack to test whether there is an increase of hydrogen ior
concentration within the cell during pseudopodium formation
The dye ‘successfully employed for this purpose was neutra
red, which has its turning point in the neighbourhood of
absolute neutrality (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 faciltated by focussing an image of the standard
indicators on the observation slide by aid of the achromatic
condenser. . .

By this method Pantin found that the hydrogen ion concen-
tration of the normal endoplasm and ectoplasm respectively
corresponded to a pH. of about 7°6 and 72 (in the resting
ameba the difference betwéen ectoplasm and endoplasm
tended to be rgther less than during active progression), but
the formation of a pseudopodium is preceded by a local
intensification of tie 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 ameboid 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 systern which is for the purpose regarded as a
fluid drop in an immiscible medium. There are in the surface
phenomena exhibited by simple fluid systems remarkable
analogies to the behaviour of the ameba. Bayliss quotes from
Rhumbler a picturesque phenomenon which occurs when
particles of glass fibre coated With shellac are brought into
comtact’ with a globule of chloroform suspended in water.
The chloroform dyop first envelops the particle, then, after
sufficient time has, ¢ to permit of the shellac being
dissolved away, rejects {he glass remainder, thus resembling
m ameba swallowing o diatém and defmcating the insoluble
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materials of the cell-wall. The disadvantage of surface tension
theories is that the results of microdissection studies reveal the
gelated character of the ectoplssmic membrane. In the
“ limax ” form the body of the organism 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 the 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 pseudopodlum The
outer layer of the ameba is apparently a lipoid-protein system
in the gel state, undergoing liquefaction, as Pantin’s observa-
tions indicate, in consequence of a loeal increase of hydrogen
ion concentration. Pantin argties that it is natural to regard
the swelling and liguefaction of the advancing tip of the
pseudopodium as a process “of imbibition. By suzface
coagulation the tube is always adding to tself in” front,
and always contracting by synerezis (withdrawal of water)
as the hydrogen ion concentration falls in‘ the region furthest
behind.

The variation of amceboid activity with temperature is
seen in Fig. 12. The optimum temperature for the amaba
which Pantin studied is remarkably low—about 20°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 ameba is brought back to a lower tempera-
ture. One of the factors upon which ameboid activity depmds
is therefore some substance or structural a:rangemaxt
substances—probably an enzyme—which is. progressively
destroyed near or above the optxmu.m temperature, If the
temperature is raised from, say, 10° to T° (above the optimum)
and then rapidly lowered fo f0°, the resulting velocxty has a
precisely similar relation to the mxtml velocity at 10°, a8 has
the observed velocity at T° to ‘the vdnutythnwouldhm
been observed st T° if no destruction, had taken place, singe
the amount of ‘destruction is identicgl in' both cases. . Jn this

m&Mwmth:
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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 distribution.

The relation of electrolytes to the ameba has recently been
studied with mierodissection technique by Chambers and
Reznikoff (1925). Their results present a remarkably close

i}

30°C.

Fio. 12—Fffect of temp on velocity of Ameeboid "
{Pantin).

analogy to the phenomena described by Clowes in oil-water
systems. When solutions of NaCl and KCl are injected into
the living ameeba a liquefaction of protoplaam takes place in
the neighbourhood of the injected area. * When the chlorides of
calcium - or magnesiom are mjected there is, however, an
immediate sohdxﬁc,pxon of the adjacent protoplasm, the
affected portion: bmg'mnchad off when calcium chioride is:
used. ' In suitable prapogtions mixtures of sodium and calcium
ckimduhzu ncithewof thede effects (1Ca : 5aNa). Tlnfe
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is complete antagonism between the sodium and calcium ioms.
This is also true of potassium and calcium, but the critical
ratio is not the same,

When ameebz are torn in water by Chamber’s technique
the surface is rapidly repaired after outflow of some of the cell
contents. Slight tearing in NaCl or KCl prevents any repair

. ¢
in solutions of i concentration. With weaker solutions
repair takes place with increasing ease in N aCl as the dilution

1 M
is mcreased In solutions of- >61}_§ CaCl, or >5~' MgCl,
¢ repair does not occur ; the surface sets into a solid mass.
The antagonism between the monovalent and divalent ions is

M
seen again in this process : in a solution of NaCl 3 CaCl, 5

or of KCl M . CaCl, M repair of a tofn surface takes

M
208 416
place in the normal manner.

Pantin (1925) has also investigated the relation of electrolytes
to the velocity of ameeboid movement, and has obtained
somewhat analogous results, The marine ameba is destroyed
in isotonic solutions of the chlorides of the four principal
kations present in sea water (f.¢. 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 these
two kations alone. In this relationship calcium can be
replaced by strontium, but not by any other kation. In a
mixture of sodium a.mj cajcifm, sodium may be replaced by
any aikali metal ; but it is found that the optimum ratio of
calcium to monovalent ion with respect to the velocity. of
amaeboid movement differs for different alkali metals, increasing *
with the atomic weight of the latter.. ,In the presence of a trace
of calcium the addition of magnesinmoto a certain optimum

o
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ratio antagonises the effect of pure solutions of the monovalent
ions on the velocity of ameboid movement, the optimum ratio
differing again with the monovalent ion used. Nevertheless,
amaboid movement, whiich, 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 antagonism of either to monovalent ions.

The Pigmentary Effector System.—Colour response in cold-
blooded vertebrates and crustacea has been regarded by some
investigators as a form of ameboid actmty The power to
rcspond to environmental influesces in changes in bodily
colour is also met with in molluscs where the pigmentaryg
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 distinguist
them from theschromatophores of molluscs. The pigmentar;
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 melanophores or black pigment cells. According to som
authors the concentration of pigment granules in the
“ contracted ” condition is associated with the active with
drawal of the cell processes, which are supposed to lie is
preformed lymph spaces. The majority of recent observers
with the notable exception of Graham Kerr, however, do no
regard the process as analogous to ameboid movement, bu
consider that the pigment granules stream to and fro withi
fixed cell processes.

The co-ordination of vertebrate pigmentary response wit!
environmental agencies will be considered in a later chapte
(Chapter VII). Here we are concerned chiefly with th
properties of the plgmenta.ry effeqor a3 an isolated organ. ]
the contracile mechanism is one of dispersion and aggregntlo
of granules, it mwble that ‘the visible responses of pig
‘mésitsty ¢fettors are more difectly related to known propertic
of colloid systems thanthose of any of the.mechanisms so f2
discussed.. - Up to the present there has been little quantitativ
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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, the 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 mitrometer (Fig. 13).
Melanophores of Fundulus do not “react to visible light, but
oihey resporf] to electrical and chemical stimulation. Single
make shocks do

not induce complete

contraction, but a

0 tetanising current of

H” ﬂ”“ modesate  intensity
produces a complete

éontraction, in which

[i

[

the contraction phase
occupies 25-30
A A seconds and relaxa-
Mel Fundul tion about 65-9o
Fic. of F Spaeth)
O xpanied s () comeacted T geconds. There is

a latent period of
about 5 secs. before contraction begins. Single make shocks
successwely apphed produce a summated effect if the inter-
vening period is not more than 2~3 secs.

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 about
immediate contraction. Distilled water always produces this
latter response. -By combining these salts in such pr.
that their characteristic effects are balanced, Spaeth produces -
a medium in which, after a preliminary eontraction; the melano-
phores dmplzypamalexpmon sothat,whenaphxmum- .
logu:al mgent s dmolved in such a Malanced solutm;, ﬂ’n:
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specific action of the added substance in either direction can
be conveniently observed. He recommends the following
formula for Fundulus : 6 vols, N/1o NaCl, 1 vol. N/10 KCl,
o035 vol. N/ro CaCl,. °

The most remarkable result which emerges in this con-
nection from Spaeth’s experiments is the effect of barium salts,
which, as is well Rnown, exercise a very characteristic excitatory
action upon true contractile tissues, After treatment of scales
for ten minutes in N/10 BaCl, no sign of recovery may appear
for as much as half an hou:, during which the melanophora
remain completely contralted. . After this period of quiescence,
the melanophores in the periphery of the scale abmptly expand:

F16, 14~Mel h of Fundulus (Spaeth).

Effect of adrenaline (a) on the partially d pi y eff b);
foct of adrenaline af LY 0 - P

(e

ter pi in erg

and contract almost at once. After a brief 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 80 as to include all the melannphores, which pulsate
between the extremes of contraction and complete - cxpanmon
'.ﬂlh pulsation may eontmue for several hours.
*The: Crustacean thromatophore  consists essentially of a
- ecntre,branche&radmmgtherdmm in a luxuriantly ramifying
systemy, - In the aduleforms f most Crustacea which have been
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thoroughly investigated, the chromatophores are highly complex
structures of a multicellular or ceenocytic character. However,
the structure of the Crustacean chromatophore differs very
widely in the different groups and irl different regions of the
same individual. A necessary preréquisite to quantitative
treatment in this case is a clear recognition of the normal
behaviour of the pigmentary effecter 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 (1900-1906).
In Macromysis the chrematophores are localised in definite
Tregions lying 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 yellow
hue, but appears greyish by transmitted light. 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 brown, -
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 diurrfal colour of Hippolyte may be,
however, it changes at or soon after nightfall to a beautifully
transparent blue or greenish-blue. - The depth of the nocturnal
blue corresponds to the intensity of the diurnal colour ; that
is to say, dark brown prawns become deep biue and hght anes
become pale blue. - The nocturfial tint erdinarily persists ¢l
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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 véry much from one individual to another. There are
three chromatophore pigments involved : red, yellow, and
blue. In additibn to the-more deep-seated elements in the
nerve cord, viscera, and principal muscles, the epidermis- is
itself in Decapod Crustacea richly charged with chromato-
phores. 'These cdnsist of groups of as many as eight pear-
shaped cells with tubular'branches, each conta.\mng plgment of
one colour, yellow or red. Blue pigment is pwesent in the
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
prooessm of she chromatophores. In the green condition the
yellow pigment extends throughout the branches of the cells in
which it occurs, but the red pigment is retracted, its 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
Gffierent sumull gain access. Boin Trustacean and Fiscine
chromatophores, however, offer admirable material for studying
the physical chemistry of the cell.

Whereas in Fishes and Amphibia, though possibly not in
Reptiles, light and dark backgrounds appear to act merely by
modifying the intensity of illushingtion, in the case of Crustaces
it would seemn from Gamble and Keeble’s researches that

besides i mteasxty is involved.. To detail the chief
colour phases inducedy various light conditions in Macromysis
and Hippolyte, it will be necessary to call attention: to a
difference’ between ¢he two. genera. Freshly-taught Mysids
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and some shrimps, e.g. Palmon, 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, 6n the other hand, the
yellow and red pigments are always fully expanded i the day
and fully contracted at night. In darkness the yellow, red, and
brown pigments of both Hippolyte and Madcromysis 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 bod} as a whole; the
time required to produce the contraction ranges from a few

‘erainutes to ax. hour or two, varying considerably with the time
of day and the condition of the animal.

Paradoxically enough, the same result is brought about by
exposing Crustaceans to a pure white reflecting background,
such as a porcelain surface. When subjected to such_ treat-
ment there occurs 2 condition essentially the same as the
nocturnal state accompanied in Hippolyte by diffusion of the
blue 'pigment already referred to, and ctnditioned 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 2 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 Palemon, where expansion on a neutral background is
incomplete, the 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,
soﬂuattheammalassumwmthemseofMacmmymmgra
a black aspect and in the cage 6f Palemon serratus a speckled
brown coloration. ‘These colour phases persist so long as
the light conditions remain unchanged.: At -nightfall ‘the -
pigments which have -expanded in the *dark. ba&gmnnd
phase,” are ‘withdrawn ; - but the expanded phase is ‘again’
reaumed on the morrow. The white background emmmd
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pnase ana we oiack background expanded phase are produced
no matter whether the light intensity is high or low, variable
or constant,

The chromatophorés 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. Aftér amputation of the eyes in Macromysis or
Palzmon 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 Palzmon, a
deep chocolate cofour even darker than the normal expanded
condition associated in the intact animal with # black baolkesy”
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 thythm depends on the direct
reacuwty of the chromatophores to the intensity of illumination,
and the white and black background responses are determined
by events conditiched 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 larvae as described by Babak 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 acts 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 follcws in Keeble and Gamble s
own words :— :

* To show how, compared with ' this influence of background
that of light intensity is-of small importance, we mention the

following expcmnmt.whwh we have often performed with
Hippolyte and Macromysis. We take with us on a collecting
expedition four jarsptwo of 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 lowdred light intensity
might produce is swampede by- the ‘background effect. The
daster is of such a nature that an absorbing (black) background
induces expansion,and a scattering (white) background produces
complete contraction, and thes¢ effects are produced in the
faintest (pin-hole) light.”

Apeart from the intensity of illumination, an menual
difference between the condition of a shrimp exposed t& black
(absorbing) or white (scattering) background is to be sought in
the direction of the incident rays impinging wpon 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 forth the characteristic transparency
of the contracted phase.

Keeble and Gamble have, in addition to -the: faregoing
analysis of the more rapid responses ¢ light, darkness, and
light or dull backgrounds, attempted, to. analyse the factors
mvolved in: the_production of ‘the diffesent colour forms: of
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Hippolyte. Hlppolyte, 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 defined categories of colour forms, greens
on the orie hand, and réds or browns on the other. The green
state corresponds to an ‘* expansion ”’ of the yellow pigment,
the red being withdrawn 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 sympathefic colorauon depends on the wave-
length of the light reflected respectively by green or browm,
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 carrying out expenments on the effect of monochromatic
light Of 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 vice
versd, 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® surfacés of the green, red, or
brown weeds. It should be added however, that the diurnal-
nocturnal: rhythm of colour change is in part an sutomatic

. process whose penbd;my is independent of external stimuli
- once there is an appresiable tendency to comtract by night or
expand by day, whem the aflimals are kept in continuous ight
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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 anslogous to those on ciliary and
ameboid activity described at the beginning of this chapter.
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CHAPTER III

SECRETION

THE last form of reSponse*which we shall consider is secretion.
The phenomena of secretion have been studied far more from ¢*
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 Wigestivg processes (which will be discussed in a later
chapter), to the elimination of waste products (renal secretion),
heat regulation (sweet 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 means of defence or attack. Qur know-
ledge of a few of these will be briefly indicated by reference to
such phenomena as bioluminescence, gas secretion, sitk 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.

Renal Seezetion.—Concemning the mechanism of secretory.
activity, peshaps thestudy of the vertebrate kidney has- yielded
more. valuable mfonnqmn than any ofher secretory Organ.
The characteristic differpnti of each glandular element of

the. vertebrate  kidney . into °a - capsular portim and - *renal
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tubule ” has focussed an immense amount of research on the
atterapt 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 inc 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. filtrate formed by exudation

~from 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 mterpretztwn by a line of
experimentation which is posslble owing to the peculiar
vascular arrangements which exist in thecamphibian 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
of urine stops. It is still possible, y.'.'.:,tecm';l of 2 solution of
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 (2024 cm.
in the frog) induces a‘copious flow of urine {of somewhat
more dilute concentration than 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 thz; ‘the initial stage in the
process of renal tion is the ‘separation of a deproteinised
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plasma filtrate is derived by studying the physical conditions
under which urine is produced. If the capsular membrane
is impermeable to the colloidal constituents of the blood, work
must be done (1) against 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 rate of flow. From the first consideration it
follows that no secretion of urine can take place when the bload-
pressure falls to a value below the osmotic pressure of the
serum proteins. As a matter of fact, secretion of urine has long
been known to ceade in the mammal when the arterial blood-
pressure falls below about 33 mm. of mercusy. Starlipg,’
(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 osfotic pgessure of the blood colloids is actually about
30 mm. of mercury. Conversely, urinary secretion can be
prevented by increasing 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 (191x1) that a great increase of urinary
secretion follows replacemegt 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
However, the possibility that the first stage of renal activity
is a process of sirnple filtration deriving its energy from the
heart beat, does not throw any light on the essentially secretory
function of the kidney, namely, that of modifying the composi-
tion of the filtrate in such a way that the concentration of each
of the crystaﬂoidal constituents is fifally different from its
concentration in the plasma. To effect this, work must be
done by the epitheligl partion. of the tubule. Barcroft and
Bmdxefoundmexpem@mtsonﬂ:egaseousmembohsmofthe
active kidney that the regpiratory quotient (ratm of COy given
oﬁtooxygenabsorbecumpracﬁmllyumty, Z.e, that 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 anrobic reartion, oxidative processes
being associated only with the recovéry process. That this
i8 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 controlied
for the exigencies of experiment by means of its nervous
connexions, Barcroft and Piper (1912) wereable to demonstrate
that the maximal rate of oxygen consumption occurred
appreciablydlater 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 ciliaryactivity oxida-
tive reactions are especially characteristic of the recovery
phase. o

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 tubules, 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 filtrate ; according to the other they differentially remove
from the blood appropriate quantities of the urinary 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 orgens
and malpighian tubes of Arthropods and the nephridia-of
worms. - But it is difficult to see what light they throw on the
normal elimination of ‘salts abd nitrogenous waste from the
body fluids. The fluid of the excretary glands of molluscs
is particularly rich in uric acid and other purine bodies, A
filtration ‘mechanism in these animala is, however, excluded
by the very low blood-pressures which are found in all Inverte-
‘brates except Cephalopods. - It i possible that reabsorption snd
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secrcﬁonintheordina;-ysmseachphyapmintheacﬁ'vity
of the renal tubules of the Vertebrate, and evidence relating to
one constituent of the urine is not necessarily valid as regards
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NI1TROGENOUS EXCRETION (after v. der Heyde, J. Biol. Chem. 46).

¥
Asimal, T"{?“ {;"g_g"‘“’ Urea (mg. %). {Uric aid (mg, %).
Blood, 3 155 22
Mammal (Homo) { Usize, él 213 4'65
e Blood, 16 * 35 13
Amphibien (Rana) .. Ulﬁni’ b ] o3
. Blood, 40 17 o
Teleost {Lophius) { Urine, 830 258 2‘25
Elssmobranch (Mustelus){| Doa' 320 | 1720 °

Locking ae the alternative of secretion and reabsorption
from the standpoint of comparative physiology, it seems likely
that a thorough conparison 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 extremelydow 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 vessels
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, acwrdmg to Denis, about 1 c.c. per kilo
body weight per hour in the elasmobranch ; and destruction
of the eord, which would presurhably lower the blood-pressure,

does not reduce the output. At the same time, the distribution
of mitrogenous (nonwprotein) materials in blood and urine is
not very different in T from the condition found in land

vertebrates  (see table)., In :Elasmobranchs:an anomalous
feature is the lirge smount of urea present in the biood 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 a.rhﬁaally-perﬁxsed heart of Elasmo-
branchs.

Bioluminescence.—Of all forms 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. Noctiluca}; in representatives
of all groups of Ceclenterates, several Polyzoa (eg.

* ¢ Membranipera) ; Polychetes (e.g. Chztopterus) ; Ophiuroids,
Urochorda, many crustacea (e.g. Cypridina), Myriapods and
Insects (e.g. Lampyris), many Cepha.lopods, a few other
molluscs (e.g. Pholas), and, among Vertebrates, in some genera
of fishes.

The actual intensity of illumination produeed by animals
i8 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 animals. The most
interesting physical aspect of the phenomenon is that the light
emitted is cold. Within the limits of experimental error 2
hundred per cent. of the radiant energy emitted is light. . Thus,
though feeble in quantity, light-production in animals is
prodigiously more efficient than any ordinary artificial source
of illumination.

‘The organs concerned with light-production may be divided
into two categories, according®as the production. of fuminous
material is extra-cellular or intracellular. In the former
category, exemplified by Pholas, Chetopterus, Cypridina, and.
Mynapods are included those cases in, which a slimy secretion.
containing the “phosphorescent substance is produced by
unwe!lum ghnds. These may be either -scattered diffiisely.
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over the whole surface of the body (as in Chstopterus);
restricted to various regions—narrow bands on the siphon
and mantle and a pair of triangular regions near the retractor
mauscle 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 with 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 lumimescent cellae *
abundantly supplied with nerve fibres and trachez, 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 she shrimps (Sergestes), Cephalopods (Sepia),
and fishes (Stomias) the photogenic organs are still more
elaborate and diffusely 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 innervated, and there i8 no special phyletic
or bionomic significance to be attached to the particular
structural arrangement. Both intracellular and 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 Spallsnzani Lifted
the subject out of the domain of wtalrsm by showmg that
the luminous material of medtisz, if ‘dried, would emit light
when water was added. Pyrosoma, Pholss, Phyllirhe, fire.
flies; Pyrophorus, dopepods, ostracods, pennatulids. can: all
be desiccated without destruction of the luminescent material,
Desiccated ostracods. and copepods will haminesce. in the
presence of moisture sfter being kept for several years. Though
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total absence of oxygen brings about cessation of luminescence
in the moistened material, a very low tension of oxygen (3 mm.
in the case of Cypridina) suffices to maintain the emission of
light. Measurements of the electricil conductivity of humi-
nescent solutions prepared in this way by E. N. Harvey show
no progressive increase in H-ion concentratwn indicative of
CO; 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 ts the concepuon of an enzyme.

" sAccording o their velocities, molecular reactions may be
divided into two categories, those involved in the familiar
methods of volumetric analysis, where the combination of
reacting substances is practically instantaneous-—e.g. precipita-
tion of barium salts in the presence of SO, ions or the union
of hydrochloric acid gas with ammonia—and #large class of
organic reactions, such as the saponification of esters or inversion
of cane sugar, for which an appreciable intefval 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. Itis a familiar fact that many reactions which ordinarily
proceed at an immeasurably slow rate take place with great
rapidity in the presence of subsances 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 specxal type
of catalysts known as enzymes, characterised

extreme instability (which is illustrated by the fact that
practically all enzymes are rapidly destroyed at temperatures
well below the boiling- -poing of water), and by the exttanely
minute quantities in which they act, Thus the preparation
known as rennet, of which the active constituent represents
averysmllfﬂctmnofthetotalbulk,omablemchtqnom )
times its own weight of the milk protein caseinogen. :

Ofthegmuﬂuwyucpmp«nestthymtbmg
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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 P‘repmtion of ethyl acetate, to take an
illustration from the historic researches of Berthelot and Péan
de Saint Gilles, if molar equivalents of acid and alcohol are
mixed, equilibriuth 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 contempora.ueous and equilibrium as the equalisa-
tion of their respective velocitiés. The catalyst?in this cgses
usually a mineral acid, acts by accelerating both reactions ;
the actual point of equilibrivm is unchanged and the total
energy of the system unaffected. 'This is also the case with
enzyme_ catalysis. Thus maltase accelerates both reactions
symbolised by maltose 2 d-glucose. As with inorganic
catalysts (e.g. finely divided platinum) an enzyme is often
reclaimable at the eAd of a reaction ; this is well illustrated in
the case to be discussed immediately. Another aspect of
enzyme reaction illustrated by the phenomenon of biolumi-
nescence 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 ¢nzymes 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 catalysing precisely the same reaction,
there is good reason to believe that their enzymes are distinct
chemical entities. -

The term * enzyme ” was introduced by Kiihne (1878) to
obviate the confusion resulting from the use of the older term
* ferment,” a term originally used,to include the activities of
micro-organisms like yeast. Pasteur’s rescarches led to a
&mmbmgdﬁmbetwwnthefumenhngacuonof
gastric juice (“ uflorgamised ferment ”) and that of micro-
organisms. (* organised» ferments ). This “confusion: was
finally diseipdted wheR Buchner (1903) extracted from crushed
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yeast cells an “ unorganised  ferment, zymase, capable of
effecting the same transformation previously identified with the
intact organisma.

The foundations of modern knowledge of bioluminescence
were laid by Dubois in the eighties. Dubois’ studies elicited
the following facts ; (x) when a preparaz.lon of the photogenic
organ of Pyrophorus is dipped in hot water, hght-producuon
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 cold-water extract in which
all Juminescence has ceasett the product:on of . light begins
vapejn. Thigwas also found to'be the case in Pholas. Dubois
therefore advanced the hypothesis that the hot-water extract
contains a heat-stable substance, Juceferm, which is oxidised
in the presence of an enzyme, luciferase, present in the cold-
water extract, The latter can only go on glowing as long as
any luciferin remains unoxidised. Boiling the *mixed extract
brings about cessation of light-production. Luciferin can be
obtained from Pholas by heating the viscbus luminous secre-
tion to 70° C. or extracting for some hours in go 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, esculin, in horse-chestnut bark is
oxidised in presence of hemoglobin and hydrogen peroxide
with production of light, and luminescence is also characteristic
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, therefore, three entities : (a) luciferin, an
oxidissble substance, hect,stable and dialysable; (3) huci-
ferase, non-dialysable, d by temperatures above 60°
andbytrypm:"a jon, an , probably of protein-
like constitution ; (c) mtylmfenn founed from (g) in pre-
aeneeof(b)mﬂlmmmno“;ght'hstned.uxylmfmn
can. be reconverted by reducing ageats into Juciferin.
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Conversely the luciferin of Pholas can be oxidised with emission
of hght by vanous inorganic oxidising agents, e.g. hydrogen

ide, pe perm This is not true of the
fuciferin of Cypridina,’ which differs in other respects from
that of Pholas, being in particular more heat-stable. Whether
the luciferases of different animals are identical is not wholly
certain ; in Cyphidina the presence of luciferase is confined
to the photogenic organ. Apparently luciferase—or luci-
ferases, if there are several of such substances—belongs to
the category of eﬁzymes known as oxidases which catalyse
other oxidative processes in the body.

To sum up, photogemc response in at leastathree groyps,
of lumi beetles, molluscs, and crustacea, involves
the interaction of two readily separable components which
have entirely different chemical properties. Probably, how-
ever the “ luciferins ” and ** luciferases ”* of different animals
are not iderfical. Thus the luciferin of Cypridina differs
from that of Pholas in that it cannot be oxidised with light-
praduction by Hy®; 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 precursor by such
reducing agents as H,S eor nascent hydrogen. The luci-
ferases are destroyed by proteoclastic enzymes, and are to be
regarded as oxidases cither themselves of protein constitution
or adsorbed to proteins in solution.

Rlectric Organs.—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 genus at Jeast
(Malapterurus) the electric organ is 2 modified gland, though
in other cases the cellular elements have been derived from
muscle fibres. T!mphenoﬂm;memdmwmcnumw
8 property which gland cells share in comamon with other
excitable tissues, ntmgly an electrical respanse accompanying
excitation: ‘The exisience of an electrical charge accompany-
ing excitation is well illustrated by the expetiments of Anrep
and Harris on pansreatic secretion induced byucm:n, and
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therefore independent of any concomitant nervous disturb-
ance. In the electrical organ, the P.D. which accompanies
muscular or glanduler activity has been elaborated into a
weapon of defence or aggression. Thé EM 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 climinates any summation of potentials, the cur-
‘ents of action or injury are rarely greater than o'o5 volt. But
t has been shown that by arranging several frog’s muscles
n series with the cut surface of one opposéd to the uninjured
wrface of the other, 2 summation of the potential differénce
to injuryscan be obtained up to a volt or more.

“‘Elecmc organs have been studied in three genera of fishes
—a Mediterranean ray, Torpedo, Malapterurus, a catfish
f North African rivers, and Gymnotus, the electric eel of
ke tropical zone of S. America and Africa. They conaist
ssentially of disc-like cellular elements richly supplied with
rerve-endings on one surface and arranged in columns in a
nanner reminiscent of Volta’s pile. In Turpedo there is an
lectrical organ on either side of the head, consisting of hori-
ontal rows of discs which represent functionally meodified
nuscle fibres. In Malapterurus the electrical organ is
leveloped from unicellular glands situated beneath the skin
a the middle region of the bedy. *In Gymnotus it is located
n the tail. The columns are arranged transversely in
lorpedo and longitudinally in the other two genera. The
hock delivered by the electric organ of Torpedo is equivalent
o that obtained from sbout thirty Daniell cells. Bernstein
nd Tachermack, who studied the variation of the P.D. with
ooling and heating, found it to be (within physiclogical
imits) directly proportional to the absolute temperature, as
vould becxpectcdfromNmtafurmuhfor the EM.F.of
oncentration cell.

Socretion of Poisons.—Secretion of poisonous substances
vhich sre undoubtedly means of attack or defence ia met with
hroughout the animal kingdom; and their study raises a
wmmber of points of genenl bwhglul interest, mnﬂy the -
m of ansphylaxis and unmumm Mzny pm-
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substances of colloidal nature produced by animsl tissues
when introduced into the body in sublethal doses call forth
a condition of veduced eusceptibility as compared with their
effect after an initial doge. This condition is known as immu-
nity. While this mode of reaction to toxic substances is in
some cases of undoubted utility to the organism. it must be borne
in mind that thé¢ phenomena of immunity are by no mesns
exclusively of an * adaptive " significance. Thus the blood
of the crayﬂah when injected into the mouse renders the latter
immune against the venom of scorpions, though the crayfish
itself is more suscepnble to seorpion venom than the mouse.
Frog serum injected into the body cavity of theecrab sp?ﬁ-.
cally protects the latter against the poisonous secretion of the
pedicellariz of certain Echihoderms. The mechanism of
immunity is exceedingly complex ; in addition to immunity
to poans produced by secreting glands of larger animals or
by miCTo-organisms the blood of some animals produces
specific lysins which directly destroy micro-organisms, and
substances, opsoning which favour phagocytic activity,

The poisons produced by the xcysts of Ceel ates
illustrate a phenomenon which may be described as the reverse
of immunity and is referred to as anaphylaxis. If extract of
the tentacles of a sea anemone are injected into a dog i
vascular congestion in thesviscera resulting in death follows
after 2 few hours. When a sublethal dose is given, it is
found that the administration of a very much smaller quantity
of the poison after a certain minimum period of about ten days
has much more severe consequences. This supersensitive-
ness, -according to Richet, involves the co-operation of two

. From extracts of sea anemone tentacles two toxic
substances can be cbtained, one congestin when injected st
increases the sensitivity of ﬂwdogmambuquandmof
the other keown as thalassin. !fd;cordcrurcvawdtbaluan
mumanmoxm,d:m:mshmgthemxtywdupm
action of congestiny Neither the phenomena of increased
senaitivity -or nor of decreased sensitivity or
izuawnity to spocific poisens arp, as the important work of Dale,
Gunn, and others hanshown, due simply to the production of
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substances analogous to or anmgomsuc 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 (1g12) has shown that the
isolated virgin interus of the guinea pigfrom 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 cat as
compared with the rabbit to cobra venom is shown by isolated
organs of the two species. 'The minimyl lethal dose per
kilo of cobra venom for the cat is twenty times that for the
cakbit. Botk 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. Neartly all spiders possess poison
glands connected with the mouth parts, the ¢poisofi being
instantly fatal to the small animals on which they prey. The
toxin is destroyed by heat, and like the venotn of viperine snakes
displays both coagulant and hzmolytic 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 hmolyticeproperties and acts on the
nerve centres, but like viperine venom produces marked local
effects. A particularly interesting case from the pharmaco-
fogical standpoint is the presence of a substance alfied to
tyramine (parahydroxyphenylethylamine) in the salivary secre-
tion of the cephalopod (Henze). By means of it the cuttle-
fish paralyses its decapod prey. Tyramine is closely related
to tyrosine, as is the fatter to the melanic secretion of the ink
sac in ccpha]opods 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 isolated by Abel and Macht in association
with an alkaloid bufagin having an acton akin to digitalis in
the poisonous parotid and skin glandssof the toad; Bufo agus,
Thevemmofnnkesmaybedwmdmmgrm
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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 hemolytic, f.. it disintegrates the red
blood corpuscles. The venom of the viperine snakes (including
rattlesnakes) is also heemolytic, 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 rferve centres is less marked. Alkaloids are
present in snake Venoms, but their toxicity is slight. The
poisenous action is due to constituents of a simuple protein-,
like structure. Mammals may be artificially immunised” 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
immun®to smake venoms), and that of animals like the hedge-
hog, which prey on snakes and also possess a high degree of
natural immunity,sis toxic to animals 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. » .

Secretion of Acids.——An aspectof the comparative physiology
of secretion which opens up a fascinating field for experimental
investigation that may throw light on the bionomics of some
boring animals is the production of strong acids by the diges-
tive glands of certain 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 contact with the lime-
stone of the soil. This fluid~is the Secretion of the salivary
glands and contains as much as 4 per cent. free sulphuric acid
and ‘about o5 per tept. hydrochloric acid. = Schulz (1905)
has also studied the phgnomenon of acid secretion in an opistho-
branch, - Pleurobranchia - meckelii. This afimal ‘not only
tiects an acidic fuid from ifs pharynx but produces with its



62 COMPARATIVE PHYSIOLOGY

skin glands a very acid slime. Little is known of the
mechanisin by which suck a very high concentration of acid
can be attained in the cells which secrete it. We are still
in the dark as to the mechanism of acid secretion in the stomach
of the mammal. It may be presumied that the dource of
sulphuric acid must be the sulphur of either proteins or sul-
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 i5 proved ; but the
subject would well repay investigatién,

The Seczetion 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 consideraBle range
of depths, it subserves the function of facilitating movements
from one level to another by altering the 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 éifth 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.
Saretor and afvorpainr of oxyger Jr dhe pitysoulivous
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 by diffusion . 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' com-
pletely inflated. e i

It is fairly cértain that the inflation imbrought aboyt by the.
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activity of the gas gland. The fi of the gland varies in
different fishes. Typically it is & local proliferation of the
lining epithelium of the bladder, elsewhere composed of
squamous cells. The cells of 'the glandular region are
cohimnar where in contact with the endothelial lining of a
peculiar arrangement of blood-vessels called the rete mirabile.
This consists 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 action of pilo-
carpine which provokes activity of salivary and skin glaids.
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 glafi can 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. Tn 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 guiescence completely. 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 state, it
floats at first to the surface ; and has to swim downwards
vigorously in order to keep away from the surface.

FUrRTHER: Rmmc
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Newron Harvey. The Natare of Animal Light. Lippincott,
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CHAPTER IV
RESPIRATION

, From the knowledge which we 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 cqnsidefation in
dealing with the sources of vital energy, since the necessity
of oxygen for the maintenance of animgl 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 ciliated epitheliugn 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 CO, from the tissues to the external
medium. ‘

(@) Localised Respiration.—In many animals the absorp-
tion of oxygen takes place t8 some 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 Berg “showed that the azolot]
larva of the Mexican salamandersurviveg after removal of both

: 65 : .
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the lungs and gills with but little diminution of total respira-
tory activity. The following dhta from Krogh’s (1904)
experiments show that the skin iy a very important factor
in the respiration of the frog, esfecially when it is pointed
out that -the total surface of the skin is only about one and
2 half times the internal surface of the lungs.

€0, 0, TTCo, |0
Rana aculenm. . o 119 ! 62 9 59
Rana fusca 129 * 52 45 . 10§

Where a rapmtory plgment ls present it is sometimes
possible to recognise its respiratory function by the colour
of the blood which enters and leaves an organ. This is.arué
of course of the lungs and gills of vertebrates, from which the
blood issuing is a brighter red owing to the formation of
oxyhzemoglobin to be discussed below. Analogous evidence
points & conclusion that the gills of the cephalopod—
whose arterial blood is of 2 more bluish complexion than that
in the veins—are tg be regarded as structures specialised for
the intake of oxygen from the surrounding medium. This
is confirmed .by direct measurements of Winterstein (1go8)
on the oxygen and carbon dioxide content of arterial and
venous blood in Octopus vulgaris.

ArrmriaL anp Venods Broon 1N Cving OcTorus

Cephalic aorta cent,), Abdominal veln cent.).

No, of animal. l’0. (mco, ) 0, wco.
8 .. . 47 : 6°31 — —

9 . . 466 7'09 — -
1., . — — oo9 : 562

12 .. .. i — o3 9'13

w .. P —_— — o026 ¢ 783

17 s . 464 394 —_ —

It is highly probable, but not proven, that the gills o
Crustacea are to be regarded in the same light. But itis no
wisefonmmthataﬂstrucmreshbeﬂedgﬂlsbysystemam
are apecial arrangements to facilitate  respiration, 'This i
well illusirated by experiments of Fox (1920) on Chironomus
“Fhis-author eniployed’yn ingenious method g0 investigate th
localisation. of respirgtory exthange in minute brganisms, b
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making use of the fact that the flagellate Bodo migrates to =
region having a certain opjimum oxygen tension. Fox found
that when pupz of Simulium, 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 configuration, as the oxygen
concentration falls through absorption to a lower level than the
optimum. When Chironomus larve are similarly placed in
a suspension of Bodo, the flagellates show-no special concen-
tration with reference to the so-called anal %ills ; furthermore,
a8 this specigs possesses hazmoglobin, it was possible to obtain
indspendent 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 (1g02) breugle*forward
evidence that respiratory exchange in some Annelids falls
from 25 to 75 per cent. after removal of the gills; and
Winterstein’s (19og) observations on the effect of occliding
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 respu'atory organs among Invertebrates the
most fascinating arrangement is the tracheal system of Arthro-
pods. Though the tracheal system ‘of insects was fully
described by Malpighi in 1669, it is only comparatively re-
cently that the respiratory significance of the tracheal apparatus
has been put to conclusive experimental test, initially by the
work of Krogh (1915). Krogh demonstrated the respiratory
function of the trachez by two methods of attack. The first
consisted in analysing the gasesus contents of the traches of
the limbs in grasshoppers #hich had remained for some time
in a quiescent condition, as compared with-the carbon dioxide
and oxygen in the trachez of individuals which had been
chased to exhxusuonmmmthqrmpmmn ‘For this

ummethehndmmhgswmsqueuqdmnundugimé

«
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for gas analysis by Krogh's micrp-method. The following
table indicates the results obtained {n percentages :—
Quiescent, Bxhansted,
co, 0 M éo, 0y A
) 138" Bys 77 30 80'3
| OF N 16°4 822 37 7 89’0
s 1677 88 rs s 92’7
3'o * 16 ‘8r'o 2'3 4’5 3'2
- — — 6o &4 7'6
Mean 19 157 824 42 54 90°4

In a second series of experiments the animals were placed
in a mixture of pufe O, and COy till no nitrogen remained in
the trache. The requisite time previously dotermined by
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 trache is restored. Even
after one second there is 2°5 per cent. of nitrogen in the trachez,
while hif# a minute suffices to bring the percentage of nitrogen
up to 62°5. 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 mingte dimensions. If the rhythmical
movements of the abdomen which have been supposed to
facilitate the renewal of air in the trachez are truly acts of
‘inspirafion and expiration, 1t seems, from the rate at which fhese
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 Robr (3923). - The species empldyed in their researches
was Dixipus morosus, the familiar’ stick insect, whose barrel-
like-configuration rénders it specially suitable for some forms
of manipulation. Using Krogh's microrespiration methods,
they first demonstmted the fact that closute of the orifices
(stigmata) of the tracheal system reduces respiratory exchange
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to about a quarter of its n¢rmal dimensions. The remaining
twenty-five per cent. migh-E be effected through the mouth or
anus, or by the skin. Bud¢enbrock and Rohr investigated this
point and found that occlusion of the mouth and anus does not
reduce the total exchange of gas. Theé 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

4 Tiere
80| ) .

60|
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F1c. 15.—(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 remairied at lesst ten per cent. This proved
to be the case, Below this point physical diffusion does not
compensate for the rate at which oxygen can be used up, and
the respiratory exchange falls. .

Very remarkable results acoompa.ny variation of me CO,‘
tension of the mspr.rnd sir (Fig. ‘15). &he intake of , oxygen
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diminishes as the carbon dioxide is increased, down to a
miminum (at about 25 per cent, CP,). With further increase
of CO,, it then suddenly increasdp till it actually exceeds the
oxgyen consumption in CO,-free air. Finally, after attaining
a maximum, the intake of oxygen rapidly falls to zero under
carbon dioxide narcosis. This surprising phenomenon sheds
a new light on the significance of the abdominal contractions
extensively studied by Babak (1912) and regarded by him as
respiratory movements. Babak had shown that phenomena
analogous to Cheyne-Stokes breathing and asphyxia could be
induced by varying the conterits of the inspired medium ; but
crucial evidence that such disturbances of the norfhal rhyt})m of
abdominal movements had any compensatory value was lack-
ing. In Dixippus, however, when the normally spasmodic
contractions of the rump and abdomen became rhythmical
in lack.gf oxygen or excess of carbon dioxide, the increased
rapidity of the 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. Thereis, moreover, a correlation between the opening
and closure of the stigmata and the respiratory movements.
In Dixipus, 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 several other genera of Urthoptera,
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 the abdomen enlarges and
close when it contracts. Thé orifices of the last six pairs of
abdominal spiracleg are open during expiration and closed when
the abdomen enlaggés.. Hence if the abdomen of a normal
grasshopper is submdgcd while the head and thorax ate
kept ‘above the level of the water, minute bubbles ewape
from the posterior %ibdominal spiracles ; “when  the ‘whole
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animal is put under wate} no bubbles escape ahu wopuyasa
results. )

Thus in insects there \aas 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 degenerate, condition of the vascular
system. The efficiency of ‘the ‘tracheal system, which as we
‘have seen accounts for the greater part of the resPu-atory
exchange of these animals, must be extremely high when it is
remembered that insects in muscular activity surpass all other
invertebrates and many vertebrates also. It is interesting, how-
ever, to note that a limit is set to the cﬂic:cncy of this device
by the size of the orga.msm, since the internal surface of the
tracheal system cannot increase propomonately to the body-
weight.

Respiratory Pigments.—The body fluids of many animals
are known to contain substances whose affinity for oxygen
enables them to take up far more of this gas than is contained
by serum or sea-water in physical solution. The most familiar
example of a respiratory pigment is provided by the substance,
hzmoglobin, present in the erythrocytes of all craniata and in
the serum of some invertebrates, especially annelida.

As is well known, hezmoglobin on taking up oxygen assumes
a different colour ; reduced hzmoglobin is of a purple tint,
whereas oxy-hzmoglobin is bright scarlét. The difference
is correlated with characteristic absorption spectra, Oxy-
heemoglobin has two absorption bands in the green ; reduced
heemoglobin has one which oveglaps the space included by the
outer edges of the oxy-heemoglobin bands. - Hemoglobin: also
combines very readily with carbon monoxide to form carboxy-
hzmoglobin, a much more stable compound than the oxygen
derivative, This also has'two bands fn the green; it is'not
of such a bright red colour. - Oxy- obin can be reduced.
to hemoglobin: by exposure to & or neutral e and
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by various reducing agents. With potassium ferricyanide it
yields up all its oxygen, but the oglobin is speedily re-
oxidised by the reagent to form a brqwn isomer methzmoglobin
with a conspicuous absorption band in the red. Hemoglnbin
is a compound of a protein and a nitrogenous pigment called
hemochromogen, The nature of the protein differs in
different animals. Hewematin, which is the oxidised form of
hazmochromogen, is known to contain four pyrol rings and
one atom of iron in its molecule. The constant relation
between the iron-content and the oxygen-mpamty of a solution
of hazmoglobin, established by Petets, shows that the formation
of oxy-hzmoglobin is an essentially chemical uniofl, Hematid®
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
alka.line,,&:&:ﬁve with ammonium sulphide the red pig-
ment hemochromogen is found. Heematoporphyrin is the
purple substance formed by splitting off the iron from the
molecule with strorfg acids, and is isomeric with the bile pig-
ment bilirubin.

Heemoglobin and oxy-hzmoglobin 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 *ake up abdut 18'5 c.c. of oxygen
when fully saturated. Human blood is fully saturated at
a partial pressure of 100 mm., which is less than the
partial pressure of oxygen in the atmosphere. The curve
relating -oxygen tension to oxygen content {or percentage
saturation) in & heemoglobin solution is a rectangular hyperbola.
Complete saturation of the blood occurs at the same partial
pressure, but. the initial part of the curve is steeper in a pure
hzmoglobin solution, so that at low tegsions its oxygen-content
is Bigher than in blood at thesame partial pressure of oxygen.
Among factors which influence the form of the oxy-haemoglobin
disseciation curve aré those which affect the physical chemistry

: of pmm gmenllanmtnl salts, hydrogen-ion concentra-
tion, and tempemiture, * Incrgased hydrogen-ion concentration
:&;ﬂmﬁgm of oxygen at low W;.w
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the initial part of the curpe; and differences in salt-content
and pH. play a part in defermining differences in the form of
the dissociation curve frdn the blood of different species.
The effect of acid is of physiological importance, since it implies
(see Fig. 16) that the readiness of the blood to give up oxygen
is greater under the conditions—presence of COy—normally
associated with oxygen want. Rise in temperature also
increases the dissociation of oxy-hzzmoglobin at low tensions.
Thus the warm blood of the mammal or bird is better suited
as a carrier of oxygen to the tissues than,a pure solution of

OXYGEN CONTENT (c4Q v 100 fld) —p
o
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FiG. 16.—Di iation curves of lian blood {after Parsons).

hzemoglobin at atmospheric temperature in the absence of
salts. - Secing that the hemoglobins of different species are
not identical, it is of interest to inquire into the extént to-which
the properties of different haamoglobins can be correlated
with the conditions in which 2 ngen specxes pursues its exist-
ence. Investigations with this &nd in view have been carried
out by Krogh and Leitch (1919) on fishes, and by Barcroft
and Barcroft (1924) on the polychzte, Arenicola; L
Krogh and Leitch compared the oxygen dissociation curves
of the blood of several species of fishe$ between 10°-20° C. i
theprmneandnbumeof@,tomakétbedaﬁasmmplete’
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as necessary for the purpose. In thq'absence of carbon dioxide
the blood of such fresh-water gener the eel, pike, and carp

isha]fsamtedatapamaluxygenp ure of 2-3 mm. (15° C.).
In the marine species, represented by 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 11 mm. with the plaice or
trout. In both cases the presence of CO, 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 tensidn of the blood in the fresh-
water fishes is thus appropriate to their medium, #nd accounts®
for the low oxygen pressure to which Leuciscus (the mintiow)
can, according to Winterstein’s data, be subjected without
harm. In sea-water the dissolved oxygen is practically always
present in abundance at all depths. The water of the sea is
practicall}@urated with oxygen ; it therefore has an oxygen
tension above the 70 mm. which represents the tension below
which (at 15° 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 oading 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 hemoglobin in Arenicola,
but. compared its chemical and physical properties with that
of human hzmoglobin.  As regards the first, which are
graphically set out in Fig. 17, it is to be noted that the blood
of Arenicola has at low tension§ a very much higher affinity for
oxygen than mammpalian blood. The oxygen loading tension
is of the same order ds that described by Krogh and Leitch in
fresh-water fish, Oompletesatumt\onmobmned atan oxygen

" tension of ‘10 mm. ‘THere gre, apart from this; two chatace
“teriatic differences between the hzemoglobins of Arenicels and
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man. The former has X? much lower affinity for carbon
monoxide than the latter. E\At the pomt of 50 per cent. satura-
tion under exposure to a

10
e mixture of oxygen and
% :g )4 ,/ carbon monoxide, the par-
570 VAR, tial pressures of CO and
E 6 f " Oy were not 25011 as in
g 50 B the case of man, or 140: 1
% a0 1/ as in the mouse, but more
8 ol C, nearly .40:1. Again, as
220 ,~¢ | -1 regards the blood spectra,
oAl Lt D| it was found that the o-
] ‘o e - I 'J iy oxy-hzmoglobin band is

p 18 Angstrom units nearer
—A=pH, 7.};!?55:1;:}10; gofr':nu::o oc, the violet end, and the o-
Cand D human blood, C=20°C.; D= wxboxy—hmnoglgpm band
37°Co pH.=745. . is 11 Angstrof units nearer
Fio 7 G Diggiion ume of wonthe violet end.than_are
those “of human blood.
Further, Viés has shown that the methzmoglobin of Areni-
cola has not the typical bands in the spectrum of mammalian
hemoglobin, There is a quantitative relation (Barcroft)
between the affinities of the different heemoglobins for carbon
monoxide and oxyger, on the on¢ 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 Arenicola, it appears that Arenicola blood
can store just about enough oxygen to last when, sealed up
in its burrow at low udg it *has temporarily no access to
water. :
We may now turn to the consideration of the resplratory
plgmcntofmollusaandcmsmcea Haemocyanin is a term
given to a family of substances wifich in the’ presence of -
uxygmduplaytblmh bue, ace like the’ hemoglobingsof prow .
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tein pature, and contain in orgai
which, however, is not iron but copper,

There is no doubt that the ocyanin of molluscs and
crustacea is a reversibly oxidisable’ pigment. Octopus blood
saturated with air was found by Winterstein (1908) to take
up 4-5 per cent. of oxygen. The axygen capacity of the blood
of Palinurus was decidedly less—about 1'5 per cent., a differ-
ence possibly correlated with the lower hzemocyanin content
of the blood in Crustacea. The blood of the Arachnid,
Limulus, like Crustacean blood contains a bluish pigment
which is a colloidal compound of topper, to which the term
hemocyanin has also been extended, Alsberg® and Clark®
(1910-1914) have, however, stated that the oxygen capaclty of
the blood of Limulus or of a 1c-per-cent. solution of Limulus
“ hemocyanin >’ is not significantly greater than that of sea-
water. ir observations have further shown that the com-
position of Limulus hzmocyanin is not the same as that
of the ha:mocyamn of Octopus as determined by Henze

(r904).

combination a metal

Octopus (Henze), Limulus (Alsberg and Clark),
Carbon . .. 53766 per cent. 48 94 per cent.
fiydrogen .. T3, 710
Nitrogen .. PR £ 1658,
Sulphur .. .. o8t 1'16 ”
Copper e e o3y . o228
. .. 2168 2594 o

Notable additions have recently been made to our know-
ledge of hemocyanin as a respiratory pigment through the
researches of Dhér¢ (1916-1921), and of Quagliarielio (xg910-
1923), who have obtained hzmocyanin from a number of species
in crystalline form. Heemocyanin of cephalopods can be
prepared - by precipitation ‘with concentrated (NH,),80,,
that. of the snail and rock-lobster ky crystallisation of ‘the
snpematmtserumdxalysa.tcmme» Oxy-hzmocyanin so pre-
pared in crystalline form is 2 protein, completely precipitated
by dialysis, coagulatéd by heat and alcohol, behaving as an
amphoteric - electrolyte with a minimal , solubility - at "its
mehcmc pomt (pH. 4’ in the case of Octopus). - The oxy-
; sin of vephalopods erystallises in nesdles of a greenish~
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blue tinge. Reduced bz&:ocyanm does not show any absorp-
tion bands. The spe: of oxyhemocyanin from molluscs
and arthropods shows one %and in the yellow and the beginning
of another in the blue in Virtue of the copper-pynql complex
in the haemocyanin molecule. The posmon of the yellow
band in meolluscs is about 1\579;44, and in crustacea about
As63pp.

As regards the properties of hemocyanin as a respiratory
pigment, Dhéré finds that oxy-hzmocyanin of both crustacea

.
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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 hzmocyanin,
which however (snail, Jobster) Yorm a green ‘compound with
NyO;. The physiclogical réle of hzmocyanin in the respira-
tory. processes of crustacea and molluscs is not completely
established ; - but is strongly suggested by comparison of the
hsemocymmcun:cnt(asmwsurpdbytheamomtafmppa
present). ‘with the ‘oxygen capacity of fhe blood in different.
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species. The fo.llomné table from®Dhéré’s data shows how
close the correspondence is : .

Animal, Temperature, per ‘1‘;0 X% blood per m": <. blood.
Octopus .. a8 i 405 25'6
Helix . . o 17°-19° 182 9o
Homarus .. . 18'5° 31 10°§
Cancer .. .. 18" 1'6 5'5
Astacus e el 22° . 24 8o

From the recent work of Fox (1924) it would appear that
the green pigment, chlorocruorin, of certain polychmtes is
like hzmoglobm and hzmocyanin a substance which may
facilitate the carriage of oxygen to she tissues or its temporary
storage in the body. Chlorocruorin occurs in the Chlorhm-e
midz and the Sabelliformia. The blood of these wornts 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 (1867-1870). Oxy-chloro-
cruorin h¥™wo absorption bands, the limits of which were
given as 618-593u¢ and §576-554pu. By reduction with
ammonium sulphide a derivative was obtained which had
only one bahd situated between 625 and 596pp. As this
reduced form reassumed the oxy-chlorocruorin spectrum on
shaking with air, Lankester concluded that it was respiratory
in function.

The fact that chlorocruerin 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 reduction 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 cover-slip *the oxy-chlorocruorin -
bands ‘reappear. Assum.mg that the gas liberated by potas-
stum fetricyanide § is exygen, the oxygen capacity of the blood
of ﬁ)ltognplus was fognd by Fox to be about 617 per cent.
or'10°3 ‘times' the quantity dissolved in sea-water. This is
distinctly higher thansthe figure for the blood of Cephalopods
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and about twice or three the oxygen cap'adty of the blood

576 540
F1G.19.—Absorption spectra, I: chl uorin in three’

II and III give the epectrophotometric axzes of the bandsof the hzmoglobm
of the horse (IT) and Arenicoly (IT1I) (after Fox).
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oxygen capacity of Arenicolan blood. Bounhiol (1902) found
that the polychstes with heemoglobin have a more active gas
exchange than those without hemoglobin, It cannot be
stated as yet with confidence that jhlorocruorin performs an
essential réle in the life of the worm ; for the blood circula-
tion is poorly developed and there appears no danger of oxygen
deficiency in the whter in the life of Spirographis under normal
conditions. It is interesting to note that the earthworm will
survive perfectly well after all its hemoglobin has been con-
verted into carboxy-hzmoglobin so that the blood pigment can
10 longer function as a vehicle for the transport or a means for
storing oxygen. Chlorocruorin in many respects résembles the @
hzmoglobins, 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-hemoglobin,
hematoporf{fyrin, hemochromogen, etc.

Finally, mention must be made of a pigment allied to
hemoglobin in the Jiver of the crayfish and the gut of all
pulmonates except Planorbis, a genus in which hzmoglobin
itself occurs in the blaod. Helicorubin, 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, mot as in the case of hamoglobin
decreased, by the acidity of the medium. These authors have
put forward a rather different view of the biochemical and
phyletic relationship of the hsemoglobins from that hitherto
accepted ‘and indicated earlier in this chapter. They regard
hzemochromogen and its oxidised form hzmatin as themselves
conjugated proteins of which hzmoglobin and oxyhzmoglobin
are respectively polymers. = To the iron-pyrrol part of the
molecule Anson and Mirsky apply the term hem. Hemo-
chiromogen is a compound of sheem) afid a nitrogenous sub-
stance, protein or otherwise, The “heems of different heeino-
globins and of helitosubin arc identical ; the spectﬁcxty of the

obins depends og. the nature of the conjugate globin
or the dggree of polymerisation of the ha:mochmmogen. The
separstion of hem from ‘its conjugate protein “(or otbu'
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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 miscle 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 CO,
always takes place in the same organs.
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Fia. 21.—Curves relatmg the amount of CO; taken up by a given
volume of blood to CO, p t d blood takes up
less CQ,, and that therefore oxygemmon n has made the blood more acid
(after J. 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 hemoglobin—i.e. exposure of the
blood to different tensions of carbon dioxide and estimation
of the carbon dioxide’absorbed,—it is found that the amount
of carbon dioxzide which Can be taken up by the blood is con-
siderably greater than that which would be dissolved hy
physical solution even at comparafively high tensions, ‘At
a partial pressure of 40 mm., whichi«corresponds to the lowest
tension of COgmthwhmhthe arteriab blood ofthemm;mal
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is in equilibrium, 100 c.¢. of blood cohtain over 50 c.c. of carbon
dioxide. This combined carbon dioxide exists in the blood
in the form of sodium bicarbonate. It has been shown by
Parsons that the alkali comes from ’the dissociation of hmemo-
globin, which exists in the blood on the alkaline side of its
isoelectric point as a sodium salt. Hamoglobin is a weaker
acid than its oxygen derivative, and oxygenation therefore
favours the- displacement of COj, in the competition between
the weak carbonic acid and the protein anion for a fixed amount
of base (Fig. 21).

The conditions df carbon dioxide in the blood of marine
invertebrates have been recently studied by Collip (1920) and,
by Parsons and Parsons (1923). The state of affairs -existing
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 celenterates,
indicate thawin general the amount of carbon dioxide taken up
at pressures greater than the low tension of CO, in ordinary
atmospheric air are gnly such as would be accounted for by
physical solution. Practically all the available alkali is com-
bined to form 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. ‘Thig peculiarity is of interest, firstly,
in relation to the part played by hamoglobin 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
normal life of the mammal is kept constant within fairly narrow
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 between the conditions
of carbon dioxide transport in tife blood of comparatively
active free-living forpis“such gs the crustacean genera Maia
and Palinurus or“the eepha.lopod Octopus, and sluggl.sh -or

~ sedentary forms such as “the mollusc Aplysia and the tunicate
Phallusia. - In- Aplysiy and - Phallusia the uptake of COy is
e
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practically a linear function 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 whole 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 corpuscles-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

from the blood of the crustacean and cephalopod (Fig. 22).
Here the uptake of CO, by the blood increases steeply up toa
tension of about 1§ mm. Hg ; and within this limit the reaction
remains well on the alkaline side of meutrality, The steep
portion of the curve is much less protracted than in ‘the
mammal ; but according to Parsons and Parsons there is never
maore than about 3-10 ¢X. of CQ; per 100 c.c. of blood in these
animaly a3 against 5oc.c.in 100 ¢.c. of mammalian srtetisl

blood. The more stable reaction and greater carbon dioxide .-
capacity of the blood in the crustacgan and cephalopod as.
contrasted with the condition in Aplysia is that the blood of =
the former is rich in hmmocyadin andgother proteins. . The
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body fluid of Aplysia (Bottazzi) conta{ins less than o'or per cent.
of protein nitrogen. The isoelectric point of hemocyanin is
well below absolute neutrality, being according to Quagli-
ariello about pH. 4'7, so that in the slightly alkaline 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 mammal,
exist normally as Sodium salts capable of giving up their
kation for the carriage of carbon-dioxide away from the tissuese
as sodium bicarbonate, and that the steep initial portion of
the carbon dioxide dissociation curve exhibited by those
forms which possess hemocyanin is due to the competition
of CO; and protein anions for the alkali kations of the blood.
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CHAPTER V
NUTRITION

WHEN a muscle contracts glycogen disappears, Only parf,
of this glycogen is reinstated in the recovery phase of musgular
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 organ 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 liberated 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 axidation form the basis of those chemical
changes which occur under the influenee of living cells and are
collectively referred to under the ter “ metabolism.” A signal
advmcewnsmckl;ythe researches of Voit and others in the
’sixties, when it ‘was shown that muscular actmty does not
increase protein metabylism (estimated by the mtrogenous
content of the urine); that the complete combustion of a given
weight ofmhclaas’ofcmnpoundsnsassocwcdwnhthe

. 85



86 COMPARATIVE PHYSIOLOGY

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 gliotient. It is, as would be.expected,
unity in the case of carbohydrates, and less than unity for
fats (0'71) and proteins (078). 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 thermodynamics to living organisms was
~universally pccepted as the basis of physiological research by
the end 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 withqut recourse
to reagents which would be fatal to the organism, presented
an inflexible barrier to the probability that the mechanism of
living orgamsms conforms to the known laws of energetics.
To-day the position has changed in two ways. The study of
those more complex chexm'co—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 its clarificaion by Ostwald and others, has
thrown a flood of light on the chemical equilibrium of the
organism.

Sources of Animal Food.—Fats, proteins, and carbohydrates
are the principal constituents of a healthy diet.  There is'a
certain amount of evidence that fats and carbohydrates.
are convertible into ome another, and that carbohydrates can
be manufactured from the deaminised products of protein
metabolism. Protein as such is not necessary ; but it seems
that it can only be replaced by its hydrolyms products, thie
aminoc-acids. In this connecnon sgme mterestmg hwnom:c
pmb}ems arise.

Itwasfoundby!.oeb(xgxs)thntthebamaﬂy(ﬂtm'
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Plisa) Gl LBILpIcws 1w larval stage in a solution of cane sugar
and salts adsorbed in filter paper. The larva grows quickly,
and on addition of ammonium tartrate, glucose, and citric
acid, successive generations can ¢be reared. Here at first
sight appears to be an organism that can flourish in a medium
deficient in nitrogen 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 Drosophila larvee teems w1th yeasts. In
order to explore a possible relation between the yast orgnm.sms.
and the nutritional processes of the fly, Baumberger steri-
lised eggs and pupz by immersion for a short period in 85 per
cent. alcohol. Sterile individuals having been so obtained,
both sterile and normal individuals were placed on (@) sterile
banana—agar culture media, and (5) 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
larvee that pupated normally on both banana-agar and synthetic
media. The larve which developed from sterilised eggs and
as the offspring of sterilisdd pup=z 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
Dmsophdacangrowonnnamﬁcxalmedlmnw:tha:mmum
tartarate as its only source of nitrogen.

It may now be asked whether the, food requirements are -
met by any by-products of férmentation. This Baumberger
tested by boiling#the yeast before adding it to the sterile cul-
tiires ;. fermentation was in this wiy prevented. The larve,
howem- grew steadily,’and the possibility that the fly larva
actually ingests the -ygasts alene remained. On cultures. of
compressed yeast-agar with yeast nucleo-proteins as the sole
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nitrogen supply, the sterile larvae were able to grow and pupate
normally. It thus appears that yeasts are the nitrogenous
food of Drosophila; the simplest nutrient solution suitable
for the yeasts (and certain ther micro-organisms) will replace
fermenting fruit in the ecology of Drosophila larvee. These
experiments of Baumberger are extremely suggestive 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 ¢ut on Drosophila
larvas in relatlon to the acoessory food-factors or vitamins.
l"he 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 (1906), and the conception became 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 juices ; 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 lagvz can apparently proceed in a.nutrient
medium composed of pure caséinogen, starch, sugar, and salts
only if small quantities of yeast extract (as a source of * B ")
and traces of butter fat (*“ A »’) are included. “ € was not
found to be essential, though amply“available in the normal
diet {fetmenting fruit-juice). -

. 'I'heb&mourofDmsophlamregardtoyeasismure—
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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 thoser which - involve the entapglement
of food particles, such as organic debris and micro-organisms
of the plankton, in mucous slime through 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

- r the pores in two lateral rows;
<; 7| s these cilia do not play a direct
We~——_  part in the collection of food-

o S particles, which are caught in a

7 i fine sheet of mucus secreted by

AN the endostylar gland cells and

| waw|  thrown on to the sides of the

W L 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-

: wards the dorsal groove by

Qe
[{{YE

Rl cilia which line the inner wall
Fo. ’Jﬁﬂ’ﬁaﬁﬁ‘;’.‘? on the of the pharynx. The cilia of the
hyperpharyngeal groove maintain
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 Vertebrate, the Ammoceete larva of Petromyzon.
In the bivalve mollusgs it is again the structures which
descriptive anatomists. have labelled gills which constitute
the ciliary net. Water laden with organic debris and micro-
organisms filters between the filaments of the gills thr
the action of currents produced by°the lateral -cilia. A
venteally directed current due ¢o the frontal cilia’ washes
thefood—pnhclssemmgl:dmslmcdownwardsmdta .
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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—stjil by ciliary action—into
the mouth (Orton, Kellogg, Yonge). There are often special
arrangements fop excluding coarse particles, sand, etc. In
the primitive gastropod Crepidula—and probably  other
marine prosobranchs —we find analogous phenomerm.
Accorch‘ng to Orton (1913) in Crepidula an ingoing and
outgoing current iz established along a definite pathway
and the single gill acts as & strainer between them. The
filaments lic parallel in a horizontal line extending along e
left side of the mantle cavity, dividing it into a left véntro-
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 the® 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 lamelli-
branchs, running along the right side of the body. Eventually
the food-masses are seized on by the radula, Ciliary feeding
occurs in Brachiopods, Polf’z0a,2nd sorde Polychieta. Entangle-
ment of food-particles in slime is also seen in small crustacea
such as Daphnids, where the labial glands exude a stream
of mucilaginous secretion which entraps suspended matter in
the ventral current produced’ by the thoracic appendages, to
be seized on by the mouth parts.

The History of the Foodstuffs.—We may now turn to con-
sider the changes which the three principal classes of organic
food-copstituents undergo in the djgestive tract, and their
subsequent fate in the body.” For a detailed treatment of the
latter, standard*mpnographs on biochemistry must be con-
sulted ;. such knowledge as we possess is derived very largely
from - chmml sourcea® and from the study of mammalian

phymlosy
© A8 proteins exist’in eollmdal form, they are incapable 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 the agency of the gastric, enzyme
pepsin which exerts its optimum efficiency in an acid medium
which is provided for by the presence of free HCl 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 inorganic catalysts. In
the body peptic digestion probably promotes only the initial
étages of splitting into simpler proteins such as proteoses and
peptones.

The enzyme trypsin which is supplied by the pancreauc
juice can bring about the complete hydrolysis of proteins in
vitto. 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 thest 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 ‘they are iaentical 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 fluid with two
pH. optima at 30 and 73 respectively, roughly oorrespondm.g
to the pH. optima for mammalian pepsin and trypsin. A
rennet-like ferment mpable of toagulating 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 the tissues, especially in the livet of the Vﬂtebram,

2 o
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amino-acids are partially decomposed with liberation of
ammonia. The latter combines with CO; 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 the 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 cartbohydrates is the ultimate source of the mechanical
energy of molecule contraction. «Thus while most animals
feed predominantly on nitrogenous food, the nitsogenous past
of the protein ‘molecule is of little constructive impostance
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 hage been made concerning the deamination
of amino-acids in the blow-fly (Calliphora) by Weinland
(1908), who showed that both the larve and a pulp made by
crushing them had the power, in the absence of oxygen, to
split peptones into amino-acids, deaniinise them with evolu-
tion of ammonia, and produce higher fatty acids with
evolution of COg—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 rather as characteristic 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 nucleo-proteins, purine bases
are found in addition to anuno-acxds Purine bases derived
from food or tigsue waste are excreted in ‘many animals as
urie acid. * But’ _erizymes are known to exist which oxidise
purines. with formatiqp of urea; and uric acid is not an
invariable excretory product.

The extent to which fils contribute to the diet varies
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greatly with the feeding habits of 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 their characteristic effect in
lowering surface tension tofeffect 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 soaps of the higher fatty acids
form colloidal solutions, and are not diffusible like amino-
acids or sugars. 'They are rbsorbed by the tells of the mucous
embrane, which are richly gorged with fat-globules after a
meal . of fat-containing food. The 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 in 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 globyles. The contents of the
crop exhibited, like the pancreatic juice of the mammal, 3
powerful lipolytic action. This provides good material for
class experiment, The organ is removed from about a dozen
cockroaches, ground in a mortar with sand 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 kept for a few days at room
temperature, when the amount of free acid Liberated is deter-
mined by titration and compared with a control tube. For
microscopic examination sections of the wall fixed 2t varying
intervalg after the meal are treated with osmic acid or the
.dye known as Sudan IIIL., both of which are specific stains
for fat, Banford also fed cockroaches on a pasté of  oil and
sugar mixed with Nile Biue sulphate, which is absorbed by the
fat-globules and gives 8 red coloration in presence of free
farty acid. - On cutting frozen sections a few hours after such
a meal, a red mass is scen clinging to the wall of the crop which.
is iteelf blue owing to the dye adsorbed by the fat.globules
inthe cells, &
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The fats which occur in the animal body are all 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 #ink 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 mammals (Pem-
brey) the respiratory quotient may be as low as o3, showing
that there is a conversion of sybstances with a small quantity
of oxygen (fat) into others with a larger amount (cgrbohydrate)s

Of carbohydrates, the polysaccharides starch and cellylose
are the principal representatives in animal diet. The réle
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 thropgh 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 sgcretion of the duodenal glands
enzymes which complete the hydrolysis of maltose and the
other disaccharides (lactose and sucrose) into monosaecharide,
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 influence of an enzyme (glycogenase). During
starvation the reverse reaction predominates—glycogen is
trmsformedmtosugar whlchcanbetmns;mrtedbyt.hcblood
to the muscle where it is also “storel in the form of glycogen.
Glycogen is the ‘universal storage form of carbohydrates in
animals. Andthest?ge of glycogen is also 2 function
of the so-called liver of crustacea. The amonnt of glycogen
m:hemblhmmumbefommhmouh and is used
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up during the period when the new shell is béing formed 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 ccelenterates 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 crystalline style present’ in most lamelli-

a o
Digestive gland

style

- .~ heart
Fi6. 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 eitherin
agroove of the intestine or in a separate diverticulum, revolving
about its 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 stomath, is worn away against a horny plate
(the gastric shield) in the dorsal wall of the latter, entangling
in its motion a mucous mass laden with diatoms and inorganic
debris. In some forms it is broken down and reformed
periodically ;. in the Eastern oyster (Nelson) it disappears
-anhour after the fall of tide, aid maydbe reforraed in fifteen



NUTRITION 97

minutes, In other cases, as in Mya (Edmondson), it is per-
manent and may take months to regenerate if excised. As the
1epato-pancreatic secretion which is poured into the stomach
sontains a proteolytic enzyme \vhich rapidly dissolves the
ityle in vitro, the permanence or otherwise of the style
sossibly depends (Yonge) simply on whether it is protected by
:nclosure in a separate diverticulum or lies exposed in an open
joove of the intestine. Mitra (19o1) showed that extracts
of the style have a strong amylolytic reaction. This is abun-
lantly confirmed ip a large number of genera. Style extracts
1o not digest fats, proteins, i.nuli'n, cellulose, or cane sugar,
They break down starch and glycogen completely with the
sroduction of glucose. The temperature-optimum (32° C)is,
1s would be expected, lower than that of the ptyalin in the
aliva ; on the other hand, the amylase found in the digestive
fland of the lobster has a very high optimum—about 56° C.,
iccording to Yonge (1924). Temperature optima in enzyme
‘eactions deserve further inquiry as a limiting factor in geogra-
shical 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
Jlants, yet in vertebrates no cellulose-splitting ferment has
reen identified with certain®y. Biedernfann and Moritz (1898)
ound a cellulose-splitting ferment in the digestive gland of
he snail ; and.the same authors also detected a cytase in the
\epatopancreas of Astacus; but Yonge (1924) was unable to
letect any . cellulose-splitting action in extracts of the diges-
ive gland of the Norwegian lobster. - In herbivorous mammals
ellulose splitting appears to be effected by micro-organisms
iving symbiatically in the alimentary tract.

For a detailed account of intermediate carbohydrate meta- -
olism other sources must be*consulted. However, mention
aust be made of the-part played by the pancreas in. verte-
gates. - The mammalian pancreas contains, in addition to
he exocrine acini, groups of cells known -as ‘“islets of
angerhans.” . In Teleosts the islet tisbue is wholly er partly

te (Rermie) fron? the acinar elements. In 1889 Mering
- 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; \extractlon of the islet tissue then
yields a product which, when injected into the diabetic dog was
found by Banting and Best (1922) to lower the.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 interral secretion of the
pancreas, inflgences carbohydrate 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 hyperglyccemia.

Absorption and passage of Foodstuffs along the Gut.—The
motion of food in the mammalian gut depends 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 churn 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 mechanically
stimulated, intestinal muscle shows a relaxation of tone 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 generslly believed
to depend on a local nervous mechanism, the myenteric plexus ;
its function is to keep she food moving on the whole WWa.tds
t.heanalendofthegut ¢ °

The food is prope]lcd along the gut by. the contraction of
its muscular walls in annelids, molluscs, arthropods, and
echinoderms as well as in vertebrates. The. intrinsic rhythm
,ofthemuscularsystemafﬂne-gutlsgeauufuﬂymnmthe

(;ucwqi alimentary tract of many worms, sea-urchins, and
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holothurians. Allen observed that the esophagus of a species
of Syllid pulsates at a rate of 250 per minute. In most cases
rhythmical movement can be induced by applying gentle
stretching, e.g. by attaching a gtrip of gut to a light lever,
This can be shown in the crop of Helix (Ten Cate), Aplysia
(Brucke), the regtum 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 probably very important in the production of churning
movement in the gut. In L‘amehibra.nchs there is very liggle
muscular tissue associated with the alimentary tract, which
is ciliated throughout; and ciliary movement is the main
factor in propelling the food from the mouth to the anus in
these animals., 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 unison with the
heart beat. It sedns that the heart may here function as a
means of promoting evacuation of rectal contents. The
nervous control of defcation 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 froth the last abdominal ganglion, and
stimulation of these nerves produces rhythmical defacation
movements (incomplete tetanus). It is doubtful whether the
mechanism of defeecation 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 absorption based on invertebrate
material, ‘However, two points are worth mentioning. - The
phenomenon of intracellular digestiop, familiar enough in the
case of ‘crelenterates, is muth more widely prevalent in the
invertebrate phyla than is gemerally recognised. It occurs
in animals ‘with very elaborate digestive systems such as
Gasteropods and Larkellibranchs. Yonge has photographed
ingested diatoms in the cellsdining the stortiach 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 hand, the work of
Murlin, Cuénot, 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 semipermeable membranes to
glpcose and salts, which, however, penetrate the wall of the
mid-gut. '
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CHAPTER VI
THE CIRCULATION OF BODY FLUIDS

INASMUCH as most activities of an organism afe intermitteqt,
and the intake of material sources of energy localised, there
is usually in Metazoa some arrangement for keeping m ‘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 whiclf follow.

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 orgamsms as dragon flies, being provided®
with a respiratory appa.ratus 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 metabolism. 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-deweloped circulation. - That -
is’ to 'say, the necessity for®a circulatory systemseemstobe
greater wherd the surface for intake of oxygen i relatively less
compared with the mass of the organism. The regulation

of the oxygen supply%o the tissues by the blood is a subject
Mhﬂbﬂmw&ﬂgatedveryhaleexceptmthehmghet
verﬁebmtes Most of the work on the circulatory system of

101
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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 important réle.

Other things being equal, ine rate at which a tissue can take
up oxygen depends upon the amount of blood 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 -
segond is probebly an 1mportant but little known factor in the
circulation. Aftention 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 deperfds 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, wifich 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 arteries,
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 and centraction of the contractile
elements investing the walls of the vessels is brought about™ -
by extrinsic agencies (nerves and hormones) and by the local
action of metabolites produced duriny the activity of an.
orgmss:lluslntedby‘&eworkofBarcroftupon" :
secretion (see Chaptet IM). The influénce of hormmu As ‘

e

o e . - B
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exemplified by the récent work of Krogh (1922), 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 periphyral circulation in vertebrates
is complex. The constriction of arterioles is brought about
by stimulation of 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 fibres have brancltes with motor terminations
in the peripheral vessels, and' may thus propagate local dm-
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 recognjtion through the work of Krogh that the
capillaries are active agents in determining 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, Stimulgtion of the, central ends of most
sensory nerves produces reflex rise of blood-pressure in
Vertebrates, by exciting the nerve-endings of vaso-constrictor
patls wivich emerge fom dhe vasomotor centre in the bull,
In mammals there is a special afferent nerve from the heart
exercjsing an inhibitory influence on the vasomotor centre
(the depressor branch of the vagus).

QOur knowledge of the circulatory system of invertebrates
is very slight. Practically nothing is known of the peripheral
circulation, so that the follpwing actount must be confined
to ‘the. properm of, the circulating fluid and the control of
Wd.mc thythm, *

Biood of Invuﬁehatu.——'l‘he occurrence of fespiratory
pigments in the blpod of invertebrates has already been treated

" under that hmdmg # Two further points are of speml interest
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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 that simple filtration could play any
réle 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 pressure of the blood
is a constant quantity for adly species. The following figures
(4. Bayliss’ “* General Physiology ) for the freezing-point
depression (Bottazzi) bring out a fact of great bionomic interest:

Mammal (whale) .. .. 065~07°
Reptile (turtle) . .. 0%1°
Teleost . ce o e. 076°-1'04°
Elasmobranch . .2 26°

Sea water .. . o230

The osmotic pressure of the blood of elasmobranchs is the
same as that of the sea water in which they'live ; and the same
is true of all marine invertebrates ; and, as was first shown
by Fredericq (1885), 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 temperaturt 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 pagsing that the saline constituents of
elasmobranch blood "are net mach more concentratéd 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 waf necessary to._ensure
sucoessﬁﬂperﬁmunofﬂwelasnwhmnc!(lhm The heatts
of ‘marine irvertebrates in all cases that have been tried will
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beat in sea water. 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 #f a fixed osmotic pressure
for the delicate adjustments of colloidal equilibrium which
underlie the physical 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 blqod in invertebrates, such figures as are
available indicate a rather higher *percentage of magnesium
than is present in the blood of the higher vertebfites. It wil?
be remembered that sea water is richer in magnesium then 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 the 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 rapldwy 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-
tenit pf the blood is almost exclusively made up by the hemo-
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 coagulation in l;rustaoean blood, which is
brought about By jhe cytolysis of special * explosive  cells,
first recognised By Hardy (1892), immediately they come into
conitact: with forexgn sulsstance, it has been shown by L. Loeb
that ealcitim fons are not necessary, though they are necessary

ffdrtheaewad,whm!fmkes place in lobster blood about 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 coagulins
for the blood of the same (species. According to Tait all the
corpuscles of crustacean blood are actively phagocytic. The
subject has attracted a large number of investigators 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 modern appreciation of colloidal
behaviour.

¢ The Osticie Heart oi Ialmulux and Crustacea,—Investi-
gatien 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 lacungr 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 communicate dfrectly 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 fall to zero in diastole. & 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’ compargble to that of the cephalopod
heart. :
Nevertheless, from such data as we have at our disposal,
it would seem that the peripheral resistance is very low, doubt- - :
lcssonacco;mtofd\efactt}mttheartenesdxschargcmm
hcum.rspwesaudnotmtoanetwork%fcapmarm Brucke -
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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-réading was only about 8 npm. of mercury,

The most extensive studies on the circulatory system of
any invertebrate aré the investigations of Carlson on the heart
of the king-crab, Limulus. In this arachnid 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 elght pairs of ostia. The
major arteries are located towards the anterior end of thee
heart. Histologically it is a syncytium of striated fibres. On

F16. 25.—Innervation of heart of Palinurus (Carlson).

its dorsal aspect there is an elongated median 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 cardiac nerves
from the abdominal ganglia leads to acceleration of the normal
thythm ; the same result may be produced by stimulating
the ventral nerve-cord or abdominal ganglia themselves after
transection of the cord behind the brain. Stimulation of the
braini or its nerve-connections aith the heart leads to diastolic
arpest, There is thup #'double augmentor-inhibitor mechanism
by ‘which the activity of the heart is subjected to centrol by
the central nervous system, as in vertebrases. The same has
been shown to be the case in Maia (Bettazzi, Polimanti) and
Palinurus- (Carlatm) antbng 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 generally
accepted to be the case in vertebrates. In Limulus eact
contraction starts at the posterior end of the heart, and travelt
forward to the region flom which the main arteries have
their origin. When the heart is removed from the body

9
Fi16. 26.—Heart and nerves of Limutus (Carlson).

7—8 Cardiac nerve from brain; g—1r cardiac nerve from abdomina
ganglia ; m.c. cardiac ganglion ; p.n.c. lateral nerves.

so that all its connexions with the central nervous system are
severed, it still continues to beat with®its normal rhythm of
about twenty to thirty a minute. From this it might be thoughi
that the heart-rhythm is an inherent property of the cardiac
muscle, as in vertebrates. From two lines of experimenta
evxdence, however, Carlson has shown conclusively that this
is not the case. HE first mv&shgated the effect of stripping
off the ganglion referred ta above. When the cardiac ganglior

[ e

F16. 27.—Inhibition of heart beat of Limulus by electrical stiftulation
of brain with weak current (Carlson).

is removed the heart ceases to beat. The normal isolated
heart will only beat in plasma or sea water if the ganglion
is left intact ; after removal of‘the ganglion the heart may be
made to contract rhythmically in isotonic sodiom chloride
after immersion for half an hour; in this respect it agrees,
however, with vertebrate stnped xﬁuscle, which “acquires 1
regular contractile rhiythm in- the ahsence of calcium sabts
If, in the molated heart, the - ganglion is divided into fow
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portions, alternate segments 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 Jeads to a consideration of
another peculiarity of the cardiac rhythm in Limulus. In
vertebrates, not only is it true that the beat arises spontaneously
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 aurkles and ventricles in the
higher vertebrates is effected through a bundle ®f modified®
muscle fibres, the bundle of 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 the 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 itself. It
is to be noted that stimulation of the heart-muscle or median
ganglion itself with an interrapted current produces a tetanus ;
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 investigators 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 ganglian cells in the heart-muscle of crustacea ; but there
is.no structure comparable to the cqpdidc ganglion of Limulus
i their gross andtomy, Limulus is not very closely related
10 crustacea in the phyletic scale. Moreover, the embryonic
heart of Limulus, which é at fisst composed of smooth muscle,
beats, before any nerve-fibres reach ite ontogenetically it is
a mayogenic heart, -AtM it is quite likely that one would 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 (19$2) has emphasised certain peculiari-
ties which are shared by the electrical response 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®beats ; and the same is true of the isolated heart
bedting 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 :

o

Qor1°/21° .. .. ..oT92
Qua132/23° - . .. T'90
Quot5°/25° - . B )
Quo10°/29° .. oo 218

The Circulatory System in Molluses.—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 rhythmically
contractile branchial hearts, which drive the colourless vencus
blood through the gill-capillaries. Oxygenated blue blood is
collected by the efferent vessels directly to the auricles of -the
systemic heart, the ventriele (which may be divided) pumping
the arterial blood into the aortm. This would seemtc be

. much more efficient device for supplying oxygenated blood to
the tissues at high pressure than the Grrangement which exists
in fishes, whire the force of the hean’? heat- has o overcome
the resistanice of the gill-capillaries as well as that of the body
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capillaries. And it is an experimental 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 #aried 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 pulsation of the branchial hearts precedes
that of the systemic hearts, but at the same rate (about 30 beats

L. Auricle

Ventricle
Fic. 28, ~—Heart of Cephalepod.

per second), and the frequency of the heart-beats is almost
identical with that of the respiratory movements. The means
by which this synchronism is maintained is a fascinating field ;
and ‘seferal investigations have been made into the innerva-’
tion of ‘the cephalopod heart, notably, with modern methods,
by Carlson and by Fry. The later work of H. Fredericg
provides the clearest account of the co-ordination of cardiac -
thythm in this group. Fredsricq's expenmenm were carried
out on the octopus, and deal with the relation of the branchial
and systemic heafts. . "When the ventricle is cut off from the
aunclas by a ligature; the ventricular beat ‘ceages immediately.
- This ‘apparently is hot due to a seveting of the functional
conumxityof&woon&ucﬂngussue,ﬁmy,anmthecaseof
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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 saline medium, it ceases to pulsate at
once when the pressure falls below about 2o mm. of water,
but starts again when the pressure is raised 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 thythm. The cessa-
tion of ventricular moveément on ligation of the auriculo-
ventricular jenction is due to the fact that the auricles can no
longer 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 reflex mechanism may
co-ordinate the pulsation of one auricle with its fellow is
indicated by the fact (Fredericq) that while stimulation of
sither intact visceral nerve brings the heart to diastolic stand-
still, stimulation of the peripheral end of the cut nerve pro-
{uces inhibition of the auricle on<the same side only, whereas
stimulation of the central end produces inhibition on the
apposite side. Here, then, is a mechanism by which one
wricle may reflexly inhibit its fellow, by afferent nerve-con-
nexions which recall in one respect the familiar depressor
aerve of the mammalian heart. That a reflex meghanism
inderlies the co-ordination of activity of auricles and branchiat
1earts is suggested by the effects of direct electrical stimula-
ion, when the beating of the heart has been stopped by the
aradisation -of the inhibifory perves. . If in this condition
e branchial heart is stimulated, it contracts, and its contrao-
jon is followed first by that of the branchial heart of the
»pposite gill, and secondly by that ofsthe two auricles, which
8.the normal sequence of cardjac rhythm, It is also found
hnﬁummhrwn&nemmcre&dvmum@d
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ontraction of the branchial 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
reflex 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 muscle, studied by Straub,
Buddington, and others in denervated preparftions 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. Inhibitdry cardiac merves 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
pressurp on ventricular rhythm in Aplysia. Between the
pressures 420 mm, of water the pulse volume is aimost
directly proportional to the pressure applied, and as the auricle
" supplies a pressure of about 30 mm. (water), the heart normally
waorks under approximately the optimum conditions for ven-
tricalar contractiofi. « It gasteropods, however, the peripheral
circulation is poofly developed ; a few larger vessels empty
into ill-defined lacunz which finally converge.upon the gifl-
sinuses. . The total tesistance. of the ‘peripheral circulation
is 80 small that the bi8od-pressure is not of the same order
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of magnitude as the maximal force which the heart can exeri
(Straub).

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

Lomellibranchs : per min.

Mytilus .. .. .. 101§ .. .. Carlson.
Mye .- . .. 5-10 e »
re Cardium .. . v XI5-L7 .. "
Anodtn .. . [ 24 (atys°C) .. Koch.
”Ga:temp'mir i .
Helix 53 .. .. .. Lang
Cephalopods :
Octopus .. . .. 5§ . .. .. Bauer.
Sepia . 35 - Fry

Koch (1916) has made a very careful study of the heart-
beat in Anodon, which has also been recently investigated
by Ten Cate (1923). The former investigator describes a
phenomenon which is of great interest from the bionomic
standpoint, namely the variation of the pulse-rate with open-
ing and closing of the shell. In the open condition the heart
of an animal may beat five timev as quickly as when its shell
is closed. Saturation of the water with oxygen also increases
the frequency of the heart-beat in Anodon.

Periodic Reversal of Rhythm in the Tunicate Heart.—An
interesting field for investigation is met with in Tunicates,
whose circulatory system displays a peculiarity which bas been
familiar to zoologlsts for nearly a century.. The heart in the
larger ascidians is an elongated cylindrical tube looped round
the base of the pharyngeal sac, so that one end lies dorsal to
the gut and may extend, to the 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 progressing
reapectively from the doreal (advisseral) and ventral {alvis-
ceral) ends of the hesrt. In Ascidia mentuls; as deacribed by
Day- (1921), ¢ach pulsation-series lésts from. two 1o fov
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minutes and consists of 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 and a diminution of
the pause before reversal. After
a time varying from an hour
to a day the original rhythm
returns. In Ascidia atra, which
has been investigated by Hecht
(1918), the heart has a well-
marked nodal constriction about
halfway along its length. Most -
individuals show a marked pre- G20 canmomy of Aecid e e
ponderance of advisceral ever  Hechp.
abvisceral beats. Thus in one
series of observations the beats succeeded one another as
follows :

Abviscernl 17 15 36 36

Advjgoeral - 20 440 51 63
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 s disgpissed by Hecht on three
grounds. - First,” beeause it occurs in the isolated heart.
Secondly, becausé it can be abolished by raising the tempera~
ture to a certain height (about 35° C. in Hecht’s experiments),
when ‘fimidirection of the contraction wave remains constant,
Thirdly, 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 gelatinous material. Only in the larger
ascidians do connective tissue cells lining these lacunz limit
well-defined tubes, such as those formed 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,
fhere are in addition to ameeboid and spherical unpigmented
‘corpuscles, dthers packed with large granulm 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
LIrE as understood by the bielogist 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 mechanisms 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 co-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 animals other thap 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 thirdly. intervening between these, a mechanism of
co-ordination by which the disturbance is propagated from 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) of uncertam phyletic relationship possess
specialised cunducung tisSue in’ continuity with both receptor
and effector units, which tissue constitutes the nervous system ;
in addition stimuli may in some anipals give rise to the pro-
ducnonofnpemﬁcchenncalennuwwhzchmzkethmway
through the body fluids to the’organsewhich they are ¢apable
uﬁmvntmg Apartfrom providing a means for co-ordinating
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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.
Accordingly, to illustrate the nature of endocrine regulation,
one cannot select a better instance than the discovery of
Bayliss and Sta.rhng (1902), who first gave conclusive proof of
the functional réle of hormones in the animal body.

Secretin—By the end of the nineteenth century it had
been established that pancreatic secrenon was not entirely
prevented by severance of the mervous connections of the
gut, though it was well recognised that the s&retion of the
pancreatic juice followed the signal provided by the ensry 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 panereas. 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 activity in the pancreatic 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 small intestine.

Nature of Chemical Co-ordination,—With this example before
us wémay proceed to defirfe 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 2 hormone
may be defined as a substgnce set tree in the body by the
activity of a locaheed organ and capable of evoking a spemﬁc
response in tissues remotely situated from its seat of origin.
In one minor respectt however, the prodyction of secretin
differs from that of some. other Well-established cases of
internal secretion 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 responses in effector organs. If it
is known that an organ contains a substance which evokes a
specific local response in some effector unit (e.g. action of
adrenaline on the pupil or of pituitary extract on frog melano-
phores) its endocrine function may be established by one (or
both) of two methods. In the first place, it may be shown
that when responses which-tan be specifically evoked in isolated
efiectors by sthe presence of its active material occur
spontaneously in the intact animal, they are associated with
the liberation into the blood-stréam 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 legitimate to conclude
that such an organ is of endocrine function, when the con-
sequences of its removal upon the given effector system may
se compensated by introducing the active material of its
:xtract into the circulation.

The study of endecrine mechsnigms has been prompted
‘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
levelopmental and metabolic processes. The pages which
‘ollow will be concerned with the part played by imternal
secretions in regulating response of a type which is not met
with in the mammalia, and to consideration of such evidence
18 suggests the presence of hormones in the lower animals,
Both examples selected for this purpose deal with the regula~
ion of colour-response in cold-blooded vertebrates,

In fishes the controlling mechanism has been shawm. by
Souchet,v. Frisch, and others to be nerveus.  The melanophares
»f fishes are directly supplied with nerve-fibres, and the effects
of local section and stimulation of nervt-trunks conclusively.
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indicate that the melanophores 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 pigmentary changes. We shall first consider
the significance oii 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 the Animal Kingiom.-Oliver and Schafer

Fyo. zo-—Action of adresalive an &be‘bu.-::d?ﬁm

(89s5) first discovered that the adrenal medullz of the
mammal yields an extract whlich 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 active substance isolated
by Takamine,pgpduces the sgme effects upon plain muscle in
vertebrate animaly as  the  stimulation of the sympathetic
nerves;¢.g. inhibition of intestinal tone and rhythm, dilatation
of . the pupil and constriction of the artericles in all verte-
brites and acceleration of the heart fn ‘mammals and birds.
1t"is, however, to be"noted that the action of adrenaline is



‘

1322 COMPARATIVE PHYSIOLOGY

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 powerfulraction 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. 31.—Action of adrenaline on the crop of Aplysia.

by the asophagus of Aphrodité and Aplysia (Hoghtn 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.-
CH,CH,NH,) of closely allied structure to adrenaline
(C;H4(OH),CH.OH.CH,NH.CH,) and to certain other
phenolic amines for which Barger and Dale have described
a similar physiological action on mammalian tissues. In
this connexion it is interésting to note the presence of adrenaline
in the salivary glands of a toad (¢f. 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 characteriskic chrome-staining reaction
discovered by Henle 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 associated with each pair of ganglia, the cortex
of the mammalian gland being répresented by a separgte
structure, the interrenal body. Gaskell (1914) has described
chrome-staining cells in the ganglia of Leeches and of "those
Polychztes 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-secreting 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 Xingdom 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
favouPof the view that excifement 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 drawn from the study of colour-
response in the reptile. 'Fhe early experimental work on
reptilian colour-re3ponse centred round the bionomic aspect
of the problem, more especially in correcting erroneous
teleological descriptiods of protective colour-change in the
chameleon prevalent gt the time and stilf widely credlted.. We
shall here consider the phenomena of colour-response in the
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so-called horned 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 gell processes of the melanophores,
which ramify among the yellow interference cells, which lie
mmediately below the eplderrms) and a pa.le 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 a daily rhythm of
colour-change in Phryno®dma. At night the melanophores
ar® contracted®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 ethe 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 %the melanophores of this
lizard respond to light and darkness, warmth and cold, in the
manner generally characteristic of reptiles, .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 predominfites at
extremes of temperature, and it is thus that, in natural condi-
tions, living as these creatures do in a warm climate, pallor
intervenes durmg that part 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 .charactes
of the substritum and to mechanical iftitation or disturbance.
Any nocugus stimulus, duch ss electrical exmtauonoitbetwf

of the mouth or the cloaca, evokes pallor‘in fuscous individuals
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within a few minutes.” 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 dbut with a view to locatipg 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 pigmentaey effectors df
other regions, while local reduction of temperature maiatains
locally a state of melanophore expansion already established,
though it apparently cannot initiate. These experiments
admit the possibility 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 gffector 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 after the
entire nerve-supply of the affected region has been severed.
If this is so, there would seem to be noalternative 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.

Neyertheless, Redfield is driven to the conclusion that
there is, superimposed on this primary reactivity of the
melanophores of the horned toad to light and heat, a co-
ordinating mechanism which will account for the generalised
condition of pallor following “ exgitement,” and the peculiar
modification of ‘the normal reaction to light in virtue of the
background upon which the animal is. kept. For the latter
fesponsé ‘thie appropriate receptor is the eye; since blinded
individuals no longer display, the apparently adaptive Tesponse
to the brightness or®darkness of the substratum. H horned
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only to the Craniata, and the existence of its homologue in
Amphioxus and Tunicates is doubtful (de Beer).

The physlologlcal activity of extracts of the posterior Tobe
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 pm.utary 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 presSor-diuretic action on the mammal.
Tohis has not so far been obtained from extracts of the elasmo-
branch pituitary ; such extracts, however, are of a much
lower order of activity than equivalent 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 probably 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 amphjbia to
the changing conditions of its environment.

The anatomical and bionomic aspects of Amphibian colour-
response may now be summarised briefly as follows. The
effector organs concernéd with colour—raponse in Amphibia
are the dermal and epidermal melanophores and the dermal
xantholencophores. It seems probable that in Amphibia
the activity of the pigientary effecton depends on igration
of pigment-granules rather than the movertient of the el as
awhole. The thythmof Mo\u-mponsemAmphibn depends
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on a balance of ratural 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 same 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 larve :—

‘ 1, Expansion of the melanophores of seeing larve in
the hght one and a half to two hours. .

* 2. Expansion of the melanophores of eyeless larvg in
the light two to three hours, and contraction of the melano-
phores of secing larvae in darkness two to three hours,

¢ 3. Contraction of the melanophores of eyeless larve in
darkness four to five hours.

“4.f Secondary ' contraction of the melanophores of
seeing larvee in the light three to five days, and * secondary’
expansion of the m&anophores of seeing larve in darkness
five days or more.’

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

“ Adaptive "’ respanse b background colour depends on
stimuli for which the retina is the receptor. The characteristic
darkening 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 melanophore expagsion during the period of coupling
and ovation.. - The normal pigmentary responses of the frog
are summariged in the table on next page.

The, synchronous character of the colour responses which
occur - _in Amphibia implies that ae regulatory mechanism
controls . their ‘pigmentary *reactions.  To eaclier workers
nothing ‘seemed ‘more natural than the assumption that this
mechanism. must be the aervous. system. Every effort. was
dmemdtoswknwluhonofthep;oblemdongﬂmhue
The result has been g bewildering conflict of evidence from

K-
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NorMAL PioMENT Responses o THE ComMoN Froc

Background, ; 20° C, 10° C.
Light background-— .
a) Dry .. - Ea]lor Generelly pallor

(6) Moist .. .. .. allor  (Epidermal | Darkening

melanophores ex-
{ panded)
Shade or dark background— !

(a) Dry .. B . | Pallor Partial darkening
(Epidermal melano-
phores contract)

(b) Moist .. .. +. | JDarkening « | Darkening

Darkness—
*@Dry ..e .. -+ | Pallor Partial darkening

(&) Moist . . .. «+ | Darkening Darkening

Note—" Pallor ”’ implies contraction, * darkening”* 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. After 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 researcheg (19o6). 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 ossible
to envisage a second endocrine system capable of inducing
melanophore expansion.

This line of attack was suggested by the researches of
Adler (1914), Allen (1y17), and Smith (1916), who developed
the technique of hypophysectomy in Anuran larve and called
attention to the condition of extreme pallor which supervenes
in consequence of ablation of the pjtuitary rudiment. They
did not, however, appreciate clearly the effector character of
the pigmentary change, which was first pointed out by Allen



Fic. 32.—Frog on right injected six hours previously with extract of
the pituitary of a feetal ox : left, control.

o

Fra, 33—Two frops 19 days after operation : on left antetior lobe
@ only temoved ; on right posterior and anterior lobe removed.
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(191g). Shortly after it was noticed (Huxley and Hogben,
y921) that Urodele larva exhibit darkening of the skin after
pituitary administration, and Swingle (1921) recorded a
similar effect after implantation of the pars intermedia in
tadpoles. At the same time, thg 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) may be briefly summarised under four
headings :—

1. The pituitary (p. intermedia and nervosa} of Mammats,
Birds, Amphibia, and Fishes, contains a specific stimfulant
capable of inducing contracted melanophores of adult and
larval Amphibia (Anura and Urodela) to undergo maximum
expansion.

2. This property is not shared by such drugs (¢.¢. histamine)
as simulate the physiological action of pituitary extracts in
other respects; nog 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 comtains
sufficient to induce darkenitg in some fifty or more individuals
of the same species.

4. The action of the melanophore stimulant in pituitary
extract is direct and local, mdependent of concomitant vaso-
motor . ¢ffects. Taken in conjunction with the phenomena
describgid in Anuran tadpol®s by Smith (1920) and Swingle

. {x921) ¥ these. data: Present a strong presumptive Case for the
pituitary secretion forms an important factor in the
6ii-ef Amphibian colour-respopse.
7e@mqwmsvfc:xpemnsmmt.h:eﬁ’ectsv»fremovaani
ittjtaly, m'oued by eompamon with -effects

&;sf@hﬁbu and. W’mmu, 1625) amfamlogoue experiments
5~  those of Smith and Allen on the axolot! farva of the Mexican
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salamander were carried out by the writer (Hogben, 1924).
The outstanding results of these researches may be epitomised
as follows :—

1. After removal of the whole pituitary in adult frogs,
as in Axolotls and Anuran tgdpoles (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.

2. Melanophore expansion follows pituitary injection in
hypophysectomised individuals ; but hypophysectomised indi-
viduals so treited 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 aduquate to ifterpret all the accredited
phenomena in adult Amphibia, without invoking a direct
innervation of melanophores. We may justifiably conclude
that in Urodeles as in Anura pituitary secretion is- controlled
by various (e.g. thermic) receptors in the skin, and iy reflexty
inhibited by light acting on the retina, This fully gxplains
why in the salamander Diemyctilus (Rogers), within - the
range of - external conditions for which light is the significant
factor, section of the optic nerve ‘was found to result in: per-
manent melanophore -expansion, although transection: of the
cord was ‘without effect .on. the r’-xytbm of colous-respatise.:

It may here be noted that there is no-conclusive evidence in
favour.of . the -existenve: of a direct#nervous -control of sthe’
shelangphores. in. amphibja, . Contraction .of melanophores
is brought ;about. in - frogs- by. injectibn - of - adrenalin; <but -

I B B v
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for reasons stated above this is not a sufficient reason for
believing that the melanophores are under nervous controf.
In tadpoles injection of extract or feeding with substance
of pineal gland produces an extreme condition of pallor
(McCord and F. Allen). But this reaction does not appear
to be shown by yrodele larve, 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 melanophores of the Atlantic minnow, Fundulus,
Spaeth found that it produced contraction. The substance
in pituitsry extract which produces expansiofi of amphibian
melanophores has recently been 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 mmmmalia and their bebaviour 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 rodents removal of the®
ovary inhibits the growtl® of the genftal ducts, and in older
animals produces degenerative changes in the latter with
cessation of cyclical estrous changes. When fluid contained
in the ovarian follicle of the normal individual is repeatedly
injected into a spayed female accelerated growth and secretion
charad¥eristic of the cestrous cycle are induced.

FURTHER REFERENCES

Scmm Tl; Endoctine Organs Lolgmms Green.
Hoopmy, ‘The Pighentary Effector System. Oliver and Boyd.
Swary Vmcxrir Intefhal Secretion of the Ducﬂess Glands. Arngld.
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CHAPTER VIl

THE MECHANISM OF NERVOUS CONDUCTION AND EXCITATION
BrroRE attempting to describe the part played by the nervous
systein as an arrangement for mtegmtmg the response which
an orgamsm exhibits in everyday.life, it is desirable to acquaint
ourselves with what is known of the properties of nervous
tissue as a conducting system. 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 augmentins activity in ap effector organ (excitatory
action) or to diminishing or abolishing response (inhibitory
action).

Reference has already been made to the phenomenon of
inhibition, as illustrated by the effects of stimulating the
cardiac branch of the vagus in the yertebrate, or certain nerve-
fibres connected with the heart in crustacea and rifHuscs.
Little is known of peripheral inhibition: the phenomena
of excitation, conduction, etc., ine nerve have been chiefly
elucidated through the«study of excitatory motor nerves
supplying limb-muscles (nbrve-rrusclés ‘preparation):
dlcphmomenaareeesentmﬂysxmﬂarmothertypesofnm
is inferred by certain similarities such, as the electrical con-
ditions which accompany the pro?agauon of the excited state
in all irritable tissucs.

‘The expitation of a muscle through i m nerve involves ﬂ1ree
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distinct events : (x) the initiation of some local cha.nge at the
;mmt of apphcauon of the stimulus constituting nervous
excitation in the restricted sense employed below ; (2) the pro-
pagauon of a disturbance of some kind along the nerve-fibre,
or as it is commonly called the «onduction 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.

(@) Excitation.—Nerve, like muscle, may be stimulated
to activity by means of thermal, .electrical, mechanical, and
chemical stimuli. Of these onjy electrical sumuh are apprg-
priate for the manipulative requirements of qua.n’atatwe experi-
ment. In both cases electrical stimulation may be brdught
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 ntrve is usually defined in terms of the
minimal intensity of stimulus required to evoke an impulse,
other conditions (duration, etc.) being constant. The frst
thing to note is that the local change which constitutes excitation
is a reversible one. When two induced electrical stimuli are
sent into a nerve successively, 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 first by a brief interval during which the nerve is
incapable of being excited by any strength of stimulus ; this
interval the absolute refractory period, is followed under certain
conditions by a restoration of excitability which increases
beyond s original value, go that for a further brief interval,
the supernermal phase, the nerve is capable of being excited
by stimulus apprecisbly less thin ‘that necessary to evoke
responie ‘when . presented - singly. Thus when two stimuli
which: exceed ‘the threshold -intensity ‘for a single shock ‘are

‘applied successively with the lapse of pn intérval less than the
abenlute refractory pegiod, the second is completely ineffective ;
whm.en the other hand; two stimuli are applied successively,
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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 éxcitable state, so that with an appropriate
period intervening between the two stimuli a second one
of subminimal intensity muy 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 Jater. We must first consider the

L

@
2 T

Exoltabliily s
4, of normal

-5t n - T
Time since previgus stimulus (sscords)

F16. 34—Excitability to second stimulus in the sciatic gustrocnumu.s
preparation of the frog (Adrian and Keith Lucas).

light they throw on the nature -of the local change which
precedes the propagated d.lsturbance in nerve. . To account
for both the refractory period and the supemomml phase we
may plcture this change as a phenomenon of dmntegrauon H
if excitation involves dissolution of some constituent in. the
neighbourhood of the electrode, we should expect no further
stimulus to have any effect 0 long as the latter state persists 3
and if the disintegrative process is reversible, it is possible
ta conceive why this period shauld be followed by one in which,
restoration. being iacomplete, a less polent stimulug m:eqnwed
to reverse the process. :

Fuathes light s s o the problem by aking into sccssmt
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the direction, duration, and intensity of constant currents in
telation to excitation. The effect of direction was early
recognised through the work of Pfluger and his conternporaries.
The action of the constant current is characteristically polar,
that is definitely orientated withe reference to the surface at
which the stimulus is applied. By placing a2 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 gt 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 relations are reversed, excitation
occurring at what was the anode, i.e. at the point to which the
kations now tend to revert. The relation of duration and
intensity of stimulus to the ‘excitation process has been
elucidated chiefly through the work of Lapicque and Keith
Lucas. There exist® 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 falls below a certain value. . Alternating
currents of very high frequency may thus be quite ineffective
in provoking physiclogical tespomses, This writical duration
during ‘which a°minimal stimulus must operate to produce
a ‘manifest ‘effect varies with different nerves in the same
individual and with corresponding nerves in different species
of -animals.  As a-measure of the time-factor Lapicque has
“introduced the constant gfromaxie, which is defined as the
minims! duration required for excitation with a current whose
intensity is twice the ‘threshold nécessary for excitation when
the duration of the: stimulus is indefinitely prolonged. The
significant fact emerging from this line ‘of ipquiry is that-the
length-of the refractory period and the interval which must
elapse for production gf sumBation effects in different tissues is
greater or less according as the chronaxie hasa high or lowvalue.
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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 neighbourhood of the point of application
of the stimulus. The conditions of duratien and intensity
suggest that a3 certain minimal concentration of ions at this
surface is an essential feature of the process. In order that
such 2 minimal concentration of ions may be reached there
must naturally be a minimal quantity of electrical energy
imparted, and there must also be a minimal time during which
the directive force of the electrical current may influence the
mlgranon 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 experimental test by Keith Lucas. We are thus in
a position to construct a working hypothesis of the excitation
process. If, through a solution enclosed between two
membranes impermeable to jons 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, reaching a limit conditioned by their diffusion
constant. A finite time must be al!iawed to elapse before any
appreciable increase of concentration can take place at the
membrene, the duration depending upon the intensity of the
current, If the current is reversed before the requisite time
has elapsed the flow of ions will he correspondingly reversed.
From this consideration Nernst was led to seek an explnation
of the inefficacy of alternatmg currents of very high frequcncy
as agents of excitation. If the rgembranes are
separated, ‘the relations.which must exist between minimal
intensity of current (f); durdtion-(4), or frequency {n) in‘order
that an arbitrary critical concentration may be xwmd are
expressed by du equatmm .

hm\/t- (5ot constafit ‘curm&)

Exk'v/nt (for slternatiog wrm}
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The formula: 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. Hill deduced a modified expression relating
the duration of an exciting current to its least strength
with greater accuracy than the formule of Nernst, Hill's
expression is :

A .
1—pb .

1==

In this equation A, ¢, and @ axe constants depending upofi 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 (+) by which a given quantity
of -electricity is carried, the diffusion constant of the ions
involved (k) and an arbitrary factor (C). Thus:

L] .

whence it is seen that log @ is directly proportional to the
diffusion constant of the jons concerned.

Keith Lucas has evaluated the constants of Hill’s equation
and shown not only a remarkable correspondence between
observed and calculated values, but that a number of interesting
phenomena are illuminated by the results so obtained. The
evaluatlon is- stralghtforwa.rd if the equation is written : :

: :,.LO'—-;—A

Tlms in an expenmmt of Lapicque. the corresponding
threshold-values for cutrent strength and dusation (in o"cor
m)‘wenby : .
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To satisfy the above equation the factor p# on the left
must vanish for =0 , 50 that ) is the smallest current which
will excite at all, f.e. A=60 in this experiment. Substituting
1, t,and A for any two pairs, p may be eliminated by, dividing
one equation by the other » 6 then becomes 0°375 and g, by
substitution, 0'9gog. The recalculation of ¢ for corresponding
values of ¢ by means of the formula gives the following :—

{ (observed) 175 115 o1 76 68 64 61 60
{ (calculated) 178 115 o912 759 689 651 624 6o

For instances of specific 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 direct 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 electrolytes to muscular

activity (¢f. pp. 21, 22).

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

Gastr ius of Rana temporaria .. . .. 0003 sec.
Foot of snail, Helix pomatia . . o o .. o048
Adductor of claw of crab, Carcinus mamas .. 0300
Mantle of sea-slug, Aplysm punctata . .. o8
Ventricle of tortoise, Testudo greca .. .. o8 ,

(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 rate. ' The rate of cosduction
can be determined directly by observing the difference in the
latent penod of muscular contmguon, when 2 nerve-muscle
preparation is stimulated at points along the nerve separated
by a measured distance Zpart :,the difference in the latent
period -of contraction then represents the interval taken. for
the nervous impulse to- traverse this distance.. This now
familiar class experxment was first performed by Helmholtz.
(1852), before whose time it has been supposed that the nervous

. lmptllw mwelled at.g mate ‘comparable with the velauty of

[
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light; and the’ train of thought which prompted Helmholtz
to experiment is instructive. * As long as physiologists thought
it necessary,” he argued, ‘“ to refer nerve-actions to the move-
ments of an imponderable or psychical principle, it must
have appeared incredible that the velocity of the movement
could be measured within the short distances of the body.
At present we know from the researches of du Bois Raymond
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 arfangement of their material
particles. Therefore conduction in nerves st belong ‘to
the series of self-propagating reactions of ponderable bedies.

.* " Only six years before Helmholtz’ experiment Johannes
Miiller 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 animals. In the following tables some
examples are given :—

Animal. { Rate In metres per Observer, Method,
] :
¢ Frog™ . ; 27 Graphical and
] : electrical.
“ Spake e 14 Carlson, 1904 Graphical.
Fiches— | o i
Beox (olfactory).. | 6’1292 Nicolai, 1903 Electrical,
Torpedo . . g 1430 Schoenlein, 1895 »
~ Malapterurus 1 33 e Gotch and Burch, »
T 5 1896
“Bdellostoma .. | 4's mandibular, | Carlson, 1904 Grsphical.
e } 2°5 vagys
. il 4., Jenkids and Carl- ; Graphical..
e ¥ 2% o on, 1903
“ o :
. 1t
[ gg? " | Fick, 1862 . - | Graphical, . |
o 6 Frederi ead | Grapk
i } o ® | Vandevelde
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In addition to observations on those animals in which it is
possible to isolate suitable lengths of nerve-axons, the observa-
tiops of Jenkins and Carlson (1go3) on conduction through
the nerve-cord of various worms are interesting, though the
values given are not necessarily comparable with the above,
since they involve conduction across synapses in the CN.S.
All these data are derived from direct (graphical) observation.

Cm, per sec,

Nemertinea :
Cerebratulus .. . . 54

Hirudinea :
Aulastomum . .. .. $6

b Polycheta : .
Cirratulus .. .. .. .. 9o
e Arenicola .. . .. .. 126

Bispira . e e .. 6ob
Aphrodite .. o .. .. 56
Polynoe .. . .- .. 230
Sthenelais .. . - .. 205
Eunice .. .. .. .. 475
Nereis .. .. . e 133
Lumbriconereis .. .. .. 262
Glycera .. . . o441

o

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 cm. per second. °

Propagatwn 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 nervou§ impulse. In seeking for
further light on the nature of the.propagated disturbance,
certain facts clearly emerge from experimental investigation
upon the nerve-muscle preparatiSn. These are: first; that
the disturbance depends upon a supply of energy distribed
along the whole course of the ncurone, so that if an mque
r.soncesetup,xts" ity is independent of that of "the
stimulus which initiates it so long s other factors’ rendsin’
constasit ; sccond, that “the tranemission of the excited Shite -

is asmated with an elecmeal variatich which travels along;

[

PN
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the nerve at the sanfe 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
available. Adrian (1912) has sought to establish this on the
assumption that the nervous ifipulse suffers decrement in
passing through & region of narcosis. .If 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 attached muscle after response to stimulation on the far
side of the gas chamber has been abolished ; the depth of
narcosis, as measured by the-time of exposgre, required *to
abolish response becomes continuously less as the length 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 intervals along the course of a nerve, enclosed
at intervals along its course by gas chambers in which
measurable lengths are sub_]ected to narcosis, it can be shown
that, when a length®f 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. Ifgthe impulse 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 2 normal region it regains its
original intensity. Nervous conduction is thus an sll-or-
none phcnomenon, i.e. its energy of propa.gatwn is independent
of the Strength of the stimulus which initiates it, being dis-
tributed along the whole course of the neurone.
. To.avoid undue abstracsion an experiment of Adrian (1912)
“say be desmbédm detail. .. Four gas® chambers as_in Fig. 35
are arranged; - Aanchavea of 45 mm, The
diameter of C is'go mm.. Nerves are arranged for the experi-
oaent a8 indicated. lmnnd\mbmthedepﬂxafwcmis
for ‘the. length 'of nerve travgrsed is identical. The narcotic
“tised by Adriah ‘'was aleohol .vapour. In éach experiment:the
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depth of narcosis (measured by the time of éxposure) which
was just sufficient to prevent the transmission of a stlmulus

Alconel ¥apour

P B

N -
e e

o

c Y

I

|

F1a. 35 —(After Adrian—see text.)

through A or B alone, through C alone; or through A and B

successively.
TiMe To Narcosis.

Expt. No Through B only, Through A aad B Throuagh € alone,
. No, 45 mm. sumesurvew, § mm, 9 mm,
1 T
r 16 min 0 min 6 min
2 105 0, &5,
3 3 I3 T
4 12°5 1z, 8
1 w6, 6, 85 .
6 85, a7, w
7 24 » 24 169,

'Inspectum ofﬂxeseﬁgm'ashows (x)thatthedegneeof
narcosis which - extingtishes a:- nervous impulse. transmitted
through ‘a region of narcosis. g fam. long is quite. inadequate
toexﬁng‘ﬁahitﬁshesecﬁnnisdividedinmtwohalmmm
by - unaffected :nerve, f.e. tecovery cof intensity ;occurs.on
emergence from the: region iof rarcosis ;. (i) thut the: depth of
mehchwﬂim to-extinguish aa impulse: :sfpnctwnliy
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identical whether the impulse traverses a given distance of
narcotised nerve (A), or double the distance (A+B) when
there 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 derflonstrated 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 the
transmission of the nervous impulse ; and its existence, may
be taken as indicative that reversible movements of ions o¢tur
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 conslderation the fact that the energy of the
impulse is distributed along the whole Iength 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 gs a process which 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
inexhaystible supplies of the material sources of its energy
of transmission. = Conduction would be accompanied by in-
creased metabolism. In the second case, the bioelectric currents -
propagated along the coume of the nervous impulse would
be the only physically measurable Accompaniments of “its
passage; ‘The facts"that nefves are not fatiguable ; and that
nervous: conduction is not, according to the extremely delicate

- detérminations of Hill, agsociated with any measurable increase

of heat-production, favour ghe secomd’ alternative. . At the

same. time -certain oWeervers, Tashiro among’ others, have
. L*
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claimed to demonstrate increased respitatory a‘cu'vity 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 Nernst 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 fo 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
eléctrical double layer. The change in ionic concentration at
the membrane during excitation unphw the removal of anions
+ and therefore the re-
A i R S

+ 4+ = + 4 moval of the double
— = ‘"T —n layer (Fig. 36). 'This
0 - O depolarisation is accom- .
- panied by an increase

of permeablllty at the
4+ 4+ + + + + + + + kathode, and escape of
—— — —— — — — — =\ anions at the permeable
area initiates an action
Fic. 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 hecoming the
stimulus for the setting up of a similar condition in the next.
According to this view all stimulation is electrical.” It is
of interest therefore to note that incident light produces. an
electrical variation (Piper) in the denervated eye -both .of
Vertebrates and: CephalSpods.
Thebdanceofevxdencelsatpraentmfavourofthem :
that in the phenomenon of nervous conduction we have to
deal with & process which is’essentislly of the samie natiire
.as the excitation processeitself. It might therafore be expected
that capacity of . the nerve to conduct a second impulse -
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following immediately after 2 preceding one would be character~
ised by phenomena analogous to the refractory and supernormal
phases described above. Such has been shown to be the case
by Keith Lucas and Adrian. The method for measurmg
the cofiductivity of a nerve after the passage of a previous
impulse was the same as that employed for demonstrating the
all-or-nothing law. 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 2 supernormial
phase in which it is able to traverse a longer distance through
a region of decrement than in the resting state. These facm
are of great interest in conhexion with the phenomcm 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 {egree—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 usually
proves inadequate to induce a respomse, although sufficient
to set up a disturbarice (measured by the electrical variation)
in the afferent nerve. Thus Sherrington, to whose labours
we owe so much of our knowledge of reflex mechanisms,
records cases in which the ecratch reflex (alternate responses
ofthe,ﬂexorsa.nd extensors of the hind-limb on stimulating
an area of the back in the spinal dog) did not appear till the
fortieth shock had been administered. The significance of
this phenomenon receives®some light from a consideration of

- the phenomena of gunmnation in petipheral tissues.  'We have

already considered a condition i the sciatic gastrocnemius
prepatation of the frog in which the minimgl intensity for a
sepond stiznulus s lowet than for the initial one. - This depends
ipon’ the meclanism of exeitation 2t the seat of application
of the stimulus ;' a Yrobable explanation is that summation
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of this type occurs when the first stimulus sets up a concentra-
tion of ions at the point of excitation which does not subside
till the second comes into operation. Summation of this Kind
can obviously take place only when the nerve is stimulated in
both cases at precisely the same 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
response in the peripheral‘organ. This may occur, either
because the secénd stimulus féll in the supernormal phase
of exci¢ability of the peripheral tissue ; or because the second
impulse falls in the period in which the nerve itself conducts
with supernormal 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 grayfish claw. The
phenomena in this case are complicated, it may be remarked,
by the existence of.a double neuromuscular mechanism ; one
concerned with sustained contraction, and the other with
<apid closing of the pincers. ' This is shown by the fact that
a different type of respoase is given Ly 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 duration of con-
denser discharge to the minimurf potential requisite tg 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.- Lapicque showed a somewhat
similar phenomenon in the claw of Carcinus. Richet showed
ﬂmtwhmtheabducmrnervenfﬂleclawmAstacusxsmmaﬂy .
stimulated 2 small twitch results,  If this is followed by two
shorks: delivered in rapid succession & more powerful ‘con- -
traction results. If the preparation is:stimulsted every half-
miniite olternatelv by a single shock afid by two' successive
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shocks at an interval of o 0036 second, the response to the single
shock soon vanishes, while the response to the successive shocks
persists (Fig. 37). At this stage we have therefore a summation
of stimuli individually inadequate to elicit a response, and that
this summation does not depend upon polarisation at the seat
of stimulation ig 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 thé
successive stimuli are applied
at different points along the
course of the nerve. The
interval which must elapse  Fic. 37.—(Afrer Keith Lucas)
between successive stimuli if
summation is to occur was found by Keith Lucas to have
-about the same rapge as the supermormal phase for con-
duction in the nerve itself.

Integrative Action of the Central Nervous System.—Con-
siderations of the kind which have been advanced already
open to us, in the words of Keith Lucas, ““ a whole range of
possibilities in the regulaion of nerveus 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. If there is a region of decrement
such ghat normal impulse Just 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 ifhpulses finding their way through.”
The-last sentence offers 2 possible” interpretation of a very
:mportant phenomenon off which Sherrington lays emphasis -
in. discussing the -integrative action of the, central nervous
‘system. . The norma organism is subject to an infinite
variety of “stifuli; at any momedt it is under the. influ-
ence ‘of "not- onelﬁnmanysmnuh each adequate under
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appropriate conditions to elicit a characteristic response. Yet
in fact its responses are at any minute definite and restricted.

FurRTHER READING .
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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 understanding of the
nature of the processes involved in the transmission of the
excited state. It will now be necessary to inquire into what
is known regarding the way in which stimuli normally 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 tr;atment 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 shrimp,
and lizard. The reactior of the iriseto 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 primitivesmuscular elements we have an appa.rmtly purely
local giechanism. No co-brdinating 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 fo still water by closure, response
occcurring after an dnterval of several minutes.

Heuroid Transmission. —Undifferentiated protoplasm pos-
_sesses  the property of propagating the excited state. 'This
mheatseenmthe d-ordination of ciliary movement, so
rmpmantmdpa:tofbehmwuxhqenumbemofmame

animals. - Ciliary mn{\on is metachronial ; the cilia do not

IST
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beat simultancously but in regular succession one after the
other with reference to the axis along which the ciliary currept
is maintained. It is this that gives the active ciliary epithelium
an appearance like a field of corn blown by the wind. The
metachronial rhythm of cilia does not depend upon mechanical
stimulation of one cell by the 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
trénsmitted to «the other. There is no clear evidence of
nervous 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 protoplasrmc 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 Nervous Systexs.—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 dibres. The
single cell combines all the functions of receptor, afferept, 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 résponse to stimulating ‘the
tentacle at its distal and 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 Jower down in the side of the tentacle is stimulated, the
reaction is dneﬂy from this pom,t pmxmm]]ydﬁ :
kHanwg.t in the trunk region of Actinozoa and i in gm@a{;
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among Cecelenterates, a more specialised arrangement exists.
Nucleated cell-bodies intercalated in a reticulum of fibrils
conriecting the sensory cells and muscular elements are con-
tinuous with one another ; there is between the sensory and
motor apparatus an umnterrupted network.

Ingenious experiments on the physiological properties of
the nerve-net were performed by Romanes more than half
a century ago. Romanes worked on Aurelia, 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
rhythmical pulsation of the swimming bell i® brought about.
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 rhythmical 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 incisigns 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 might be com-
pletely severed. Thus one part of the nerve net is as good s
as any other for the transmission 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 fibrils run pre-eminently in an oral-aboral direction.
Hence 4f the tip of a tongue®of tissue cut from the wall of the
body -in a lnngitud.inal direction is stimulated, generalised
muscular contraction ensues, while if the tip of a tongue
of tissue cut in the equatofial plane is stimulated, no general
sésponse is evoked, Such  polarisation suggests how the
separation of a C.N.S. may ih the first place have been brought
about. But the central nervous system of ceelomate animals
is fundamentslly different in that the nervous elements ‘are
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by Eimer, have been amplified and extended by those of Mayer
(xgos), Loeb (xgob), Bethe (1909), Harvey (1912), and others.
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 ]elly-ﬁﬂh
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 Synaptio-Nervous System.—In contrast with the nerve-
net of the ccelenterate 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 animals
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.

1. When the eye is blackened to exclude photic stimuli,

. gentle mechanical stimulation causes the eye which is touched
to be drawn under the carapace ; eboth 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. The copposite eye
and corresponding second antennta are not affected.

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 angle of '45°. 'If both eyes are stimmlated ‘the
body tilts upward symmetrically,"both- chele being extended.
Only one chela is involved as a mult of unilateral sumu!aum
of theeye: ' ; ;
© 3+ Weak . mechanical- stimulation of the aimnm
pravokes firet the withdrawal -of the fntennule of the ‘same
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side and then the stimulated organ itself. Stronger stimuli
lead first to thewithdrawal of both antennules, then the antenne,
and finally the eyes of both sides.

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

Stellar
naree

Receplive
Area

Steller qanglioh ] Muscte

Fie. 38.~Disgram of simple reflex arc (stell fion of Cephalapod).

path is one.in which the receptor is represented by the
pmphqal arborisations of arf afferent neurone whose dendrites
terminate distally in connexion with the cell—body of a motor
neurone.  Such. an ideally simple reflex arc is probnbly
realised in the reflex paths®which have their synapses in the
m}htegmgkon of the Cephalopod {Fig. 38). The seellate

is connected by the pallial commissures with the
brain and by the stellor nerves with the musculature of the
mantle. - Frohlich (1g10) showed that local stimulation of its
surfacé evokes contractiort of the musculature of
the mantle s0 af.the stellar nerves are intact, . If ‘the
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latter are cut a purely local response is evoked. ‘The generalised
response which occurs when the stellar nerves are intact is
obtained equally well after section of the pallial commissures
so that the stellate ganglion is completely isolated from the
rest of the CN.S. It follows that the stellate ganglion is
a cemtre of reflex activity. Generally, however, reflexes make
use of paths in which at least one intermediate (internuncial
or proprio-spinal ip the vertebrate) neurone between the
afferent and efferent elements is involved. This condition is
also seen in Fig. 38.

. The mare specialised forms of perception concerned with
phototropic, gébtropic, and chemotropic reflezes discussed
below involve, in practxca.lly 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 tg 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 structurey. 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 stimmulate one or
another group of nerve-endings®according to the pasition of
the body in space. Kreidl's (1893) ingenious experiments
in replacing the statoliths of crustacea by iron or mickel filings
dyring ecdysis, showed that when the normal mechanical
effects of gravity are replaced by thase of the magnet the indi-
vidual behaves with reference to the field of magnetic attraction
precisely as it should on the hypothesis that equilibration
depends on the group of receptots‘ on which the sm!:okﬂl

jmpinges; %
The central nervous system usuafly consists of tore -or
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less distinct commissural portions composed of internuacial
axpns and ganglionic regions in which the cell-bodies and cell-
connections are located. In Vertebrates the commissural
part (white matter) encloses the ganglionic (gray) matter in
the greater part of the C.N.5.; while among invertebrates
the CN.S. is built up of discrete ganglionic and commissural
parts. A peculiarity of the Vertebrate C.N.S. lies in the fact
that all secreting cells and smooth muscle fibres are innervated
by motor neurones whose cell-bodies are Jocated in subsidiary
(autonomic) ganglia receiving efferent impulses from the
cord but not themselves the centre’ of reflex activity. Thtiy

Pregangfianic
neurone

Pos!glngllnmc HEurons

¥i6. 39.—~Diagram of pedal gangllon of Razor-shell,

are thus distributive centres for multiplying impulses to be
relayed to a lagrge number of similar effectors of which simul-
taneous gnd identical action igrequired. According to experi-
ments by Drew (1908) on the nervous system of the Razor-
shell clam an analogous state of affairs is seen in the pedal
ganglion of the Lamellibranch (Fig. 39). Drew’s experiments
indicate that the pedal ganglion of the L#mellibranch onlyserves
a8 a. distributive centre for impulses from the cerebro-pleural -
ganglia. But in the gasteropod Aplysia, the pedal ganglion
m,ancotdmg to Fro}fhch {910), a reflex as well as a distributive
centre.” The c ganglion pf Limulus is a structure which
faa' probably - close @nalogy in Vertebrates, unless to the
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myenteric plexus of the gut ; which is probably 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 tarely the case ; the same internuncial neurones
are involved in a mu.lnphclty of reflex arcs. In the adjust-
ment of response an important result of Sherrmgton s
analysis of the properties of reflex action is the recognmon
of the principle of%.he final common path. If two receptive
areas when stimulated evoke response of one kind or another
in the same set of muscles; the effect of simultaneous stimula-
tion is in generul either one of reinforcement, or the complete
exclusion of one reflex response in favour of the other. When
it is remembered that in normal life the organism is subject
to a large variety of stimuli simuitaneously 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 term “ 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 extended also to modes of
behaviour in metazoa which do not possess a central nervous
system, as well as to protmta and plants. Thus we speak
af phototropisms, geotropisms, thigmotropisms, chemotropisms
to classify reflexes concerned with orientation with reference
to light, gravity, contact, or chémical stimuli. - The,znalysis
of behaviour has progressed chiefly bystudying: (i) the isolation
of tropisms or other reflex systems by experimental procedute
involving the exclusion of pamcﬁlar receptors or parts of the
C.N.8. itself ; (ii) tropistic reactions or other reflexes which
normally pMommate over other modes of behaviour in the
intact animal; (iii) the modification of normal moéanf .
response by pkymco—chewaal means;
The stidy of trofisms: mnammah hs\‘bemadm&d
Saths #hranah tha Tahnrin whome At bl
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contributions concern the behaviour of animals under the
influence of light. That in many animals response to light
predominates over other modes of response is proverbml
The behaviour of moths, and many other nocturnal insects is
very wxdcly known. When the organism moves towards the
light it is said to be posmvely phototropxc The opposite
type of reaction,” negative phototropism, is well shown by
blowfly maggots. Loeb was first attrared by the bending
of sedentary organisms like Tubularia 8r tubicolous worms
towards the source of illumination, a phenomenon which
superficially resembles the effect of light on the growth of
plants. He observed that in doing so the «nimal tends Yo
take up such a position that its photo-sensitive surfacgs are
symmetrically illuminated; and 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 bedy evenrually brings it into a position when the
photo-sensitive surfaces are equally illuminated, so that the
muscular tension on either side of the body is balanced.
Anthropomorphic bias ascribes the movement of the moth
towards the candle to theepreference of the animal for the
light. This view does not permit us to make verifiable
predictions which can be inferred from a more objective
attidede & dhe probilase. &t Sollbws shar iF the dnsactls smove-
ments are mainly concerned with the direction of the rays,
it will mpve from a strongly ® a weakly illuminated situation,
when conditions are so arranged that by doing so it continues
to move slong the path of the incident beam with both eyes
eqmﬂy iltluminated. These conditions are easy to arrange
by pro;ectmg on to 2 tube containing Bome positively photo-
tropic arganism such as catbrpillars of Porthesia a slanting
,‘bemofmﬁclmys,ﬂaemwnmyofonehnlfofthebumbung
artificially reduced, and io- this way the animal is induced to
: mwefrumthep tinto the shade, wifich is contrary to what
. the anthropomorphic Mew would lead us to-anticipate. If
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unequal muscle tension reflexly excited by unedua.l iflumination
of the eyes leads an animal to turn into the position in which
{moving towards or away from the source of light) the two 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,
Holmes, Lyon, among others—in various”insects, and are
well illustrated by Garrey’s (1919) experiments on the Robber
fly (Protacanthus). These experiments support Loeb’s
hypothesis and researches on the wunilateral removal of the
cerebral ganglia in insects {cf. Matula, 1911),
! a 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 (1924)
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
photoreceptors of either side is involved in
Fic. qo—Effectof the reflexes which underlie orientation.
unequal illumi- This does not invalidate the fundamental

nation on climb-
ing insect.

conception underlying Loeb’s contribution
to the problem, though it ghows that a
complete analysis of 'the phepomenon is a rathgr more
intricate task than he himself supposed.

Flies with normal eyes ascend cither a plane or cylindrical
surface vertically. When one efe is blackened they ascend
a plane surface obliquely, veering towards the unblackened
eye (Fig. 40). If made toascend a cylindrical surfice equatly
iltluminated on all sides, the insect with one eye blackened
ascends- with .a spiral motion towards the seeing eye, the
mumber of spirals depandmg upon the intesgity of illumina-~
tion.  If the cylinder is obliquely placed a0 that one side is
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in the shade, insects with one eye blackened move in very
different paths on the two sides: * On the shaded side the
spxra',ls are parallel and the pxtch is acute, but in the light of
the other side the fly’s path is more nearly horizontal, as
would Be expected from the different conditions of rnuscle
tonus resulting from light of different intensities » {Garrey).
Loeb (1890) first” showed that if rotated on a turn-table flies
describe circus movements in the oppgpite direction to the
movement of the table, These, as later sBown by Lyon (1900),
do not occur when both eyes are blackened. In Garrey’s
experiments flies were rotated on a revolving cylinder
illuminated from above. The normal fly cireles towards the
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 with the blackened eye in the opposite direction
to the motion the circus movements are diminished and at
a certain speed the fly 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 phensmenon 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
three. factors, one depending on gravity as shown in their
tendency to gnove down slopes, one which is a response to
Iocalised retinal images in that they move towards regions
of the horizon whick are open and clear rather than interrupted,
and finally a response to colour, since they move towards blue
areas. The first of these fhay be described as geotropism,
but: the last two are types of reactioh rather more complex
than thosé to, which the terth * phototropism ” is customarily
wpplied. -

In -most. animals it & but rarely that one set of stimuli
prednm.mates ﬁ all others do the ektent that light does in
‘many insects. More Trequently the normal-orientation and

.
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movement of organisms is dependent on such a firrely balanced
interplay of phototropic, geotropic, chemotropic, and thigmo-
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 aluminated from below. Deprived of
both eyes and statucysts, the animals can effect efficient
orientation only when in contact with a surface (through touch-
receptors in the appendages). Other factors which underlie
seemingly incoraequent 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 larvee 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 bave 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 clectrolytes on the behaviour
of Arenicola larve with reference to gravity and light. In
normal circumstances the larvae of Arenicola are positively
phototropic, swimming towards the light by ciliary and
muscular movements. When placed in darkness they swim
upwards, f.e. they are negatively geotropic. ..When excess
of K or Na ions is present (i.e. off addition of a certain amouat
of isotonic potassium or sodium chloride solution to. the sea
water) the larvae cease to swim towards the source of iluthina-
tion when placed in the light ; the§ tend to swim in the opposite
direction, becoming ' regatively phototropic, though feebly
so. 'The geotropic response of the larvie in darkniess:ds npt
affected by such treatment. When, however, there is an
excess of Ca, or Mg ions the larvee swim downwards in dark-
mess ;  their behaviout towards gravitatichal “attraction s
reversed, they hiave become positively géotropit. | Theseaction’
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to light is ndt influenced to the same extent by excess of Ca
and Mg, As a bionomic illustration of these phenomena
the following suggestion by Loeb is based on the fact that larva
of Porthesia, which as already observed are strongly photo-
tropic, become indifferent to light after a meal. Porthesia
lays its eggs on 2 ghrub. The larva hatch out in autamn and
hibernate on the ground. Provided that the temperature is
raised sufficiently they can be induced tofleave the nest at any
time. - When they emerge of their ownh accord they crawl
directly up the shrubs on whose leaves they feed, always
moving upwards, .e. in the direction of the rays reflectpd
from the sky. At the top of the shoot they &hccunter young
buds, where they feed, and becoming phototropically
indifferent in consequence, are free to move downwards and
thus ultimately find another source of food.

Conditioned or Associative Behavionr.—The phenomena of
reflex action as studied in 2 mammal from which the cortex
has been removed are predictable, and there is reason to hope
that they will fall intq 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 (1) analysing the interaction -
of reflex systems brought ¥into play by different classes of
stimuli normally present in the surroundings, (2) determining
the way in which reflex responses may be modified by physico-
chemical factors in the external medium. There is, however,
a further aspaes of response which has to be taken into account
in discugsing the behaviour of 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
tesemble pieces of meat is presented, Yor the first few times
‘the-fish behaves in a predicfable way by snapping. After a
number of trialy which ‘can be predicted within limits by
wxpenmnt the fish no Yonger snaps at the paper. To the

wlugfwna es the effpcts of previous stimulation
psychalagmts oy the subjective terin * memory.”
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It is the essence of scientific method that it dedls only with
relations that are the resuit of external observation, that it aims
at expressing these relations in quantitative terms, and’ that
it employs no assumptions that could be eliminated without
affecting the verifiability of its conclusions. We have then
to ask whether it is possible by objective analysis to obtain any
further light on the mechanism by which the simultaneous
application of two ci{;sses of stimuli may enter into the result
of the simple operation of one of them on a subsequent
occasion. Associative phenomena probably play comparatively
litgle part in the lives of any animals outside the vertebrate
series. ‘This spBcial development is characteristic of mammals
in general ; 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 assocmtwe 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 inouth 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- .
menta) distinction being drawn between a type of reflex which
is only known in the animal with its higher cectex intact and
the reflexes which exist in both“normal and decerebrate pre-
parations, In the intact animal a previously indifferent stimutus
applied at suitable intervals simultancously with the applica-
tion of a stimulus which unconditionally evokes a particular
response, eventually acquires the capacity to evoke the response
unaccompanied by the “ unconditioned ” stimulus. "& new
non-inherited reflex  has been brought into being, known .
as 'a conditioned reflex; its pre%ously ineffective: agent
is known as the “ coriditioned? sn:mdus. This appears to
‘hold good for a large number of reflexes; the salivary reflex



THE ANALYSIS OF BEHAVIOUR IN ANIMALS '165

is usually ehosen because quantitative measurement of the
anount 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 formation of conditioned reflexes, as follows :—

1. Any event in the external’world which affects a sense
organ fnay in the intact mammal become a conditioned stimulus,
provided that its occurrence coincides wth the unconditioned
stimlus a sufficient number of times. ®Even nocuous stimuli
such as intense electrical stimulation or buming of the skin
may, if systematically accompanied by feeding, cease to evoke
their normal consequences and become a signal for saliviry
secretion. Nocuous skin stimulation may thus be formgd 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 2 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. N

2. It is necessary that ¢he indifferent stimulus with which
it is desired to form a conditioned reflex should be rigidly
isolated ;- an unnoticed accompaniment such as an extraneous
smelf, sound, sight or movement of the experimentalist may
otherwise bgapme a new conditioned stimulus and vitiate the
interprgtation 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 b& incorporated, 7.e. it should precede
by a short interval-the unconditioned ‘stimulus.

From what has been saill, it follows that, since the animal
is normally subject jo an immense variety of stimuli, formation
‘of . pew conditioned refiexes could only have chaotic con-
sequences there existsdefinabf® factors which tend to
inhibit the tion "ot check the operation of conditioned
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teflexes. The possibility of isolating a conditioned reflex
for study implies that some inhibitory agency preserves the
normal surroundings of the laboramry 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 :—

1. Inhibition by extinction. When an indifferent stimulus
has become a cpnditioned stimulus for salivary secretion, and
is allowed to act alofie on several occasions without the con-
ditioned stimulus, it graduaﬂy loses its potency, but recovers
it after a period.

‘2. Conditionel inhibition. If the conditioned sﬂmulus in
a congditioned reflex is accompanied by another indifferent
stimulus the extinction referred ‘to under (1) 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 by a corresponding interval of time.

In addition to the above may be mentioned the generalised
form of inhibition of the activity of the cartex known as sleep.
This can be regularly evoked in dogs by application of warmth
or cold to an area of the skin. A further mpliw:ion is
introduced by the fact that extérnal agenms not og,ly give
rise to inhibition but to release from inhibition. The ph
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 evoking dalivary secretion.in sbsence -
of the food itself. If repeated ton-often alone it suffers
inhibition by extinction, but recovers its eﬂimcy witha sulficient
period of rest, If-duling the indifferent “period, . there is
Annierimnassd nn the nat ineffactive arnd nsTon: i amteind
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indifferent Mimulus such as hghtmg a lamp before the dog's
eyes, the sound immediately regains its efficacy. The sound
and "the light were each indifferent stimuli; their combined
effect depends on the fact that the former had previously
been a conditioned stimulus, z.e. that the latter breaks down
the inhibition to which the forrher was temporarily subject.
The possible bearing of this phenomencon on the phenomenon
of “attention ” is evident. How u.ne})ected fields may be
illumtnated by study of the conditionedreflex 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 spheroidal object® is
established as a conditioned stimulus for salivary secretion.
When an elhpsold 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 discriminatign, marked changes in the dog s behavionr
occur, firmly established inhibitions disappear, its excxtablhty
is greatly increased. After two months’ rest the previous
state is regained and old conditioned reflexes reappear.
Finally, the study of conditioned reflexes 2s implied in,
the last type of experimemt opens upsa 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 thadimits of discrimination. The sound of a tuning-
fork of 256 vibrations (rmddle 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 of*the paw evokes response which
subsides an successive presentation ‘before the effect of the
“ofiginal ‘conditioned stimfilus js extinguished by internal-
inkibition, ss may be tested by applying it. A series of pairs
-of forks with diminisling differences in tone are now tried
out _fill. no differential inhibition dan be established for.a
Cgiven pair, e hm?t of -discrimination for.sound in dogs is
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represented by a fraction of a tone. Similarly a fine degree of
discrimination of time, doubtless connected with the mechanism
of inhibition by retardation mentioned above, is shown by
the fact that differential response to a metronome beating 104
and 100 per minute can be established and maintained 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 coloumblind, their world being defined usually
by differences of liglk-intensity like an ordinary photograph.
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"HAPTER X
THE FERTILISATION OF r‘rz EGG

In the foregoing summary we have taken the existence of an
animate unit or individual for granted, considering its character-
istic properties, their sources of energy and the way in which
they are brought into working relatxonshlp with one another
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 quantitative work in this field, the important
fact that living orgamsms 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 teleological,
standpoint which betrayslittle sympathy with the advances
which have been made in the Igst 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
explanationsad 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 humble origin to interest the medical man. Nevertheless
corniclusions derived from these studies are, as will be seen, of
-wide spplicability, ‘For this reason a very brief outline of
emtmg kuowlcdge of the mechanics of reproduction will now
be T%esubjeu is full of intefest on the bionomic side
% comechm wnh e possibmty that living m‘gamsme are
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related by common ancestry, and with the attenfipt to trace
out the significant factors which have directed their past
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 eyolutionary biology. One may in passing
legitimately comment upon the importance still attached by
many physiologists to Darwinian concepts, a fact which is
surprising when it is remenibered that the exact study of these
problems does no* begin till the dawn of the present century ;
that it was not till more than ten years after the issue of the
“ Origin of Species ™ that the fertilisation of the egg by a single
sperm was clearly established ; and that the material available
for the study of inheritance by Darwin’s contemporaries was
largely derived from popular tradition current among stock-
breeders.

The natural stmﬁng-pomt for a study of the physiology
of reproduction is the fertilisation of the egg. 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
raises two problems. The entry of the sperm into the egg
normally implies (1) the initiation in the egg of active cell-
division culminating in the formation of a new individual ;
(2) the transference to the zygote of something in virtue of
which the new individual so formed resemblesethe male as
much as it does the female pdrent. Kupelwieser {1g12)
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 with the sperm of the common
mussel, The offspring reared resembled the former: parent
only. Though the sperm was able to penetrate the egg;.its
nucleus was eliminated during the subsequent cell-divisions,
and it therefore made no contributiortto the heredxtary con‘
stitution of the fertilisatidn prodwct. Hence,‘thaugh itdy
n;le in nature that a sperm can supply themmumsim
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initiates ddvelopment without materially contributing to the
structural characteristics of the individual so 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 elucidation of the methanism by which the cleavage
process is brought into operation, namely what factors operate
to bring about contact between thexsperm and the egg.
Logteally perhaps it would be better t8 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 ofe physico-chentical
reagents, it is just as convenient to begin with the mechanism
which initiates 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 (1899), whose labours have enriched so many and,
diverse branches of gemeral physiology. Loeb, who con-
temporaneously with Ringer wag a pioneer in studying the
relation of contractile tissues to electrolytes, was impressed
with the fact that stale eggs of marine animals sometimes
show signgeaf cleavage in process of dissolution, and began
his. regearches 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
in. the first place successful’ The action of other ions was then
investigated, and successful rearing of swimming pluteus
laryee (a stage which is takeh as indicating ol?mpletely su;:ce:ful
development, s the pluteus is self-supporting) from
unoanbammudm%;gs & the sea-urchin Arbacia wes obtained
by gaposing, the eggs.far a.gertain priod to a mixture formed
by adding 4*hypertonic ‘solution of magnesium chloride to
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sea water, Further experiment showed that thi§ was not a
specific effect of the magnesium ion at all, but could be re-
produced by increasing the osmotic pressure of the- sohition
with a number of different reagents.  Exposure for two
hours to any one of the following mixtures suffices to induce
development up to the pliteus stage in egps of Arbacia
when transferred back into normal sea water =

50 c.c, sed ?mter, 50 c.c. 1°25 M, MgCl, ; .

9o c.c, sea {zter, 10 c.c. 25 M, NaCl or KCI ;

100 C.C. 5ea water, 23 c.c. 2'0 M, cane sugar ;
80 c.c, sea water, 175 ¢.c. 25 M, urea,

‘The freezing moint of sea water is about of the order by

to i;yIJNaCI 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 or another sea-urchin,
Strongylacentrotus purpuratus, indicates the optimum con-
tentration and osmotic pressure of sea-water mixtures for
different reagents :

neen. ercentage Osmotlc

Sabstapce. ot%ui.lla“:nmwmal; G dl;swdazion. pressure in
Cane sugar .. . 0'gh — 21'53
Grape sugar ‘. 1'04 — 23°33
Cl, .- .. ©°50 64 25’57
N . .. 0’49 70 2647
LiC) .. .. 074 66 27°59
NaCl . e 079 71 . 30°28
KCt . . ' o%8 . 77 3005

: 13
Less reliable results were obtained in subsequent experi-
ments on Strongylocentrotus than with Arbacia. And osmotic
activation alone did not produce % hundred per cent. yield
in either case. 'The pl&tei were inl some respects abnormal
in that they did not swim near the“surface ;  there wisa fm:ly
high mortality ; “and--most significant of all—the eggs did
not form the ebamctenstxc investmenty known as the fertilisa-
don memibrane which is’an invasable cnnmqﬂume of vl
ectilisation by the asencv of the sperm. This last fast -
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suggested Mhe bosaibility of a more perfect imitation of the
natural process.  Inquiry was next directed by Loeb to artificial
membrane formation. In eatlier 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 fertiljsation membratie ; and further study showed
that this action was due to the acid hydrolysis product. This
suggested that the fatty acids might B successful agents of
mentbrane formation. By leaving thd unfertilised eggs of
Strongylocentrotus in a mixture of 50 c.c. sea water and 2'8

N
ce s butyric acid at 15° C. for about twp minutes, albthe

eggs are induced to form membranes, when replaced innormal
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 procedyre 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 larvee was obtained ; the larve
were normal in their behaviour; and the cleavage process
precisely resembled that 6f the normatly-fertilised egg. Loeb”
{1904~-5) thus made what must he regarded as one of the most
sudacious contributions to mechanistic thought in replacing
that mysterious complex the living sperm by familiar physico-
chemical sgmncies in its réle of activating the developmental
process. ’

Before pursuing the problem further, it will be as well
toform a more concrete picture of the ground so far traversed.
‘MacLendon (3g12) has shown that fertilised eggs readily
shirink in isotonic sugar solutions ; but that the unfertilised
s do not’ do so with eqhal readiness. From this and other
expetimients by NacLendon and by Gray on the conductivity
of the egy befoge and ter fertilisation there seems good reason

1o beliove that an- tiab feature’ of normal fertilization is
i d - permsability -of ~the cell-membrane, A"miety
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of considerations converge to reinforce this conclusion. Lyon
and Schackell have shown that eggs become more permeable
to dyes as the result of fertilisation. Harvey (1910) 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 (190g) found
that fertilised eggs of sea-urchins, three minutes after insemina~
tion, liberate about d¢uble as much oxygen from hydrogen
peroxide as do unfertilessed eggs, a fact most readily explicable
on the assumption that the intracellular catalases are more
accessible to the peroxide i the former case. Thus normal
fertifisation may be regarded as a phenomenon of which one
result is that water tends to be withdrawn from the cell ; we
can imifate 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 thls change.

The surface change which accompanies fertilisation can
be induced in quite a number of ways. The eggs of the poly-
chzte Nereis (which provides more accessible material for
workers in this country than sea-urchins, as it spawns all
through the summer) can be made t segment (1) by osmotic
activation (Fischer), (2) by exposure for a suitable period to
a temperature of 35°-36° C; (3) by standing them for ten
minutes in the sea-water exudate of Echinoderm eggs or
Echinarachnus lipolysin. Potassium cyanide, radéem emana-
tions, fat-solvents, alcohol, distilled water, saponins,, bile-
salts, sera, mechanical injury—the method which can be used
for fertilisation of frog’s -eggs—have all been employed
succesafully as substitutes for the ferfilising action of the sperm:
1t is not profitable in the fimited space at our disposal to select
further instances from. an extensive literature dealing with
artificial parthenogenesis in representatives of - Echinoderms,
Polychsmtes, Molluscs, Arthropods, Fishes, and  Amphibia:
Ingemﬂlmmynyth&tﬂlthmeagcmha i coneaon
 the property of producing cytolysis at the surfacé of the egg.
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FavourableMmaterial i$ naturally provided by animals which
spawn 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 technique of tissud-culture it would not seem
unlikely that the initiation of developmental stages without
contact with sperm will be accomplish®d in our own time in
mammalian ova. [}

In the Echinoid egg, which up till now has yielded the most
satisfactory material for experiméntal 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 (108) determinations of the
oxygen-consumption of fertilised and unfertilised eggs of
Arbacia confirmed Loeb’s prediction. Warburg found that
a quantity of eggs (about four million) in sea watet, equivalent
to 28 mg. total nitrogen by the Kjeldah! estimation, took up
45 c.c. of oxygen during the first hour after insemination,
while only about 0'5—0'7 c.nm. were consumed by the un-,
fertilised egg in the same time. Warburg’s original experi-
ments were carried out by a titrgtion 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 migutes after fertilisation occusred. From the recent
observgtions ‘of Cresswell Shearer (1922), 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 8 capable of increasing the oxidation
rate of the latter by rather more than 8000 per cent. in the space
of .one minute.  The eggs®were fertilised in the chamber of
“the mtnometer, so fhat there was no interruption of the readings
befare and after fertilisation.  Within a minute of the libera-
tion gf the spertn the increase in oxgen-consumption’ starts,
bt it takes nfbre than two minutes for the sperm to penetrate
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the egg-membrane. That is to say, the increase Gegins when
the sperm is still only in contact with the outside of the egg ;
and the curve for rate of oxygen consumption (and CO;
production) is steepest during the phase of surface contact.

That the sperm brings about profourid changes while still
in surface contact with the egg is shown by Lillie’s experiments
on eggs of Nereis, in which the sperm does not penetrate
the cytoplasm till tHirty minutes after the initial phase of
fertilisation. Meiosig" 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 the ordinary course of events by cleavage.
The chromosomes bresk down without the formation of the
first cléavage-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 motlhty of the sperm
is s0 regulated that it is brought into contact 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 generative duct of-the male. They usually
become active in the medipm 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 ggg secretions
are added. In mammals the spérm becomes motile,in the
secretion of the accessory glands (prostate, etc.); but sperm
taken from the epididymis becomes active in Ringer’s solution.
The sperm appears to possess no fheans of taking in nourigh-
ment-—at least in marine forms, though it may be able to domo
in animals such as bees and batsin which insernination may
take place tnonths or ‘even years before fertilisation ;- and it
thevefare. has a strictly limited terng of life. Cohn {1918)
has shoyn that the total carbonedioxide outft of

“ja'the same whether its life is artificially'prolongéd or curtaifed
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by influenchg its motility, Spermatozoa swim with a spiral
mpgtion, adhering to surfaces with which they come in contact,
a fact which maybe of some significance to the present question,
There are really two problems that arise in this connection,
for we have not only to account for the fact that a sperm may
eventually make contact 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 sdppose that the same
agencies are responsible for both phencjaena.

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 chancepor more stric.tly,
that the only provision made to ensure fertilisation is the
synchronous ripening of the gonads in the two sexes, and 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 bas
been chiefly derived from studying the effect of egg
“ secretions > on the sperm. In practice this amounts to
observing the effect efercised 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 sighly improbable that immotile
spermatozoa cap bring about ferfilisation, 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 “Asteriasgare raised to intense activity by addition of egg-
water points strongly to the belief that, in these creatures
at any Tate, the egg exercises some directive influence on the
spermi. - In the absence of- quantitative methods for studying
the rapidity of motion in fpermatozoa, it is impossible to-be
certain . that egg-secretions = have ‘any action upon the
spermatozoa of forms like *Arbacia and Nereis in which the-
‘sperms! are normajly active in sea water. Some support is
givén to the affirmative belief by observations of -Loeb who

ghat the sifermatozoa of sea-urchins, which are immobife
but Tve for dhys in-{Botonic sodium chloride, may bl: made



178 - COMPARATIVE PHYSIOLOGY

intensely active by addition of egg-water. 'THere is some
indication—though the evidence is inconclusive—of specificity
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-urchins :— ’

Egg-water, Sperm. N
Asterins Asterina Arhacia Strangylo-
€ centrotus
Asterias .. Very motile No effect Moderate Very slight
‘ activity effect
Asterina .. No effect Very motile Very motile Very slight
Arbacia .. Slighteffect No effect  Activity Activity
Strongylo- Slight Slight Activity 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 propinguity to
the egg itself, The question has been further attacked by
two forms of procedure known respectively as the drop and
tube methods. The latter was introduced by Pfeffer, and con-
sists of filling capillary 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
rpe eggs of Echinus esculentus soon become plugged with
sperm when introduced into a sperm-suspension of the same
species. And Dakin and Fordham (1924) have gndeavoured
to establish the chemotactic oriefitation of the sperm towards
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. dtid) which would: act as.a
trap collecting the quiescent sperm. With this particular
species the control tubes were always found to contain less
sperm than the egg-water tubes, and it is pointed out bythe
authors mentioned thet the sperm tiavelled a greater length
in the egg-water tubes: Howsver, using fne ssme goethod
for the study of other material, both Buller and®Locb obtsined
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results whih do not support the conclusion that in general
ﬂ\peggaofmanncmmlspveoﬂ‘submnmwhwhmﬂy
direct the movement of the sperm. Dakin and Fordham
themselves were unable to demonstrate chemotaxis in the sperm
of the mollusc Teredo. The drop method employed by
Lillie and his pypils yields resufts which are interesting but
somewhat difficult to bring into relation with those obtained
by Dakin and Fordham, though Lillle himself advocates
the etistence of chemotaxis. When a dyop of the egg-water
of Arbacia is introduced under a cover slip into a sperm-
suspension of the same species three effects are manifgt
on microscopic examination. There is smomentarily an
intensification of the normal meotility of the sperm. This is
followed by an effect which has the appearance of a precxpltn~
tion and takes place in two stages : (a) aggregation, the loose
association of spermatozoa in groups which can be imitated
by passing CO, into a sperm-suspension, and also occurs
spontaneously in dense sperm-suspensions presumably through
the accumulation of 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 say, after
a few seconds or minutes the spermt-masses separate, but
individually the sperms remain immobile. Similar phenomena
have been described in Nereis, Asterias, and Echinarachnius.
It is possible to study the agglutinating reaction
quantitatively-by determining the greatest dilution at which
an indisputable reaction occults for given samples of egg-water.
"Fhe properties of the agglutinating substance have been worked
out by Lillie and others, and it has been shown that the sub-
mncemnotexcretedbythefemhscdbutonlybydw
unfertilised egg. It appears to be of colloidal nature. The
egg-wuters prepared from Atbacia snd from Nereis both con-
tain substances capable of agglutinating the sperm of the same
spedm 'Ihe ;er'ochrmspmducunoeﬁectonthe
<On, the other hand, sperm-suspensions of

Nereis undwgﬁaggluunmm in presence’of egg-water of



180 - COMPARATIVE PHYSIOLOGY
Arbacia, and this reaction is an irreversible andétoxic effect,
unlike the reversible reaction of the sperm to egg-secretion of
the same species. According to Lillie’s experiments’ the
“ iso "—and “ hetero "-—agglutinating reagents are different
substances. He infers this fmm two lines of evidence : (1) that
egg-water of Arbacia, which ongmally acted, on the sperm of
both genera, on keeping lost its action upon the eggs of Nereis
while retaining its activity with reference to sperm of the same
species ; and (2) aftes removal of all the agglutinating substance
which affects Nereis sperm by addition of the Arbacia egg-water
to,a sperm-suspension of Nereis, the agglutinating action of
the egg-secretion®on Arbacia or Arbacia sperm was unimpaired.
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 with 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 absolute, andvas illustrated by the ratheg,
extreme example of Kupelwieser’s experiment, it can be
overcome to some extent by experimental manipulation.
When this ean he dape it is gassihle ta search_ far some fartar
which specially distinguishes the normal procegs from the
experimental procedure. The problem still remaing to be
solved. Baltzer, Tennent, Shearer, de Morgan and . Fox,
Fischel, and others have suwsfuﬂy hybridised *different
specxesandgenmofEchmodcrms similar experiments have
been made on Teleosts’ hyNewman and Moenkhaus, and on
Amphibia by Bataillon.

Careful investigations into this phenomenon by Fox (1916)
on Ciomfadcdtothrowvuymudﬁhghtunthzqm
Ciona exhibits an interésting form of ty, one mﬂy
be common among. hermaphrodite Weﬁﬂﬁm and does %
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reinforce th tefeological view that hemaphroditism, so widely
spread among parasitic and sedentary organisms, i3 an adapta-
tion"to overcome the impediments to sexual intercourse in
these forms. In the Tunicate the eggs are much more readily
fertilised by sperm of another individual than by sperm
derived from the¢ same individusl. 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 tertain quantity B of
a spetm-suspension of another individual, 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 frorg the ovary on the
one hand, or from grinding up the eggs either of the individual
from which the eggs were obtained, the individual frome 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 influeflce 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 substsnca tend go prevent union with®
sperm of another species. But the last proposition remains to
be proved.
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winged (referred to henceforth as “ lings ” for £he sake of
brevity) flies of the F.1 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 wings. If we denote the gene which
determines the long-winged condition by the symbol V and
the gene which deté;mines the vestigial condition by the
symbol v, we may refer to the F.x longs as Vw, to denote that
they form gametes lgearing both V and v. By analogy the
parental long and vestigial types, which since they breed true
may be regarded gs forming one type of gamete only, may be
denoted by the symbols VVand vv. Let us proceed to examine
the progeny (F.2) of the F.1 longs mated inter se. One quarter
are vestigial indistinguishable from the original vestigial,
breeding true to type when mated with their like or with
the original vestigial type. They may therefore be denoted
by the symbol v 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 thezefore 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.2 longs when mated inter se behave Iike the F.1 longs,
giving a 3 : 1 ratio of long to vestigial. 'Thus they gnay again
be denoted by the symbol V. 'Fhe constitution of the F.2
is therefore 1 VV :2 Vo : 1 vv.  Now if we make a very simple
assumption about the distribution of the genes V and v in
the formation of the gametes the quantitative relations of all
these crosses fall into linet Let us suppose that on the average
the gametes produced by an individual consist of equal humbers
containing the gene derived from one or the other parent. . The
F.1 long receives from its vestigial pareat the gene v, and fmm
its long parent the gene V= one-half of the garfetes it p:

can'yVandt.heot.herhn\fv Vmayfemﬁse\'orb. Sxmihrly
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v may ferMis¢ V or . Since the probability of two events
hnppemug together is the product of their separate probabilities,
* resulting probabilities of all possible combinations are
@) VV:(3)® Ve:(3)® oV:(§)® ov. This gives the pro-
portions 1 :2 : 1 for pure longs, impure longs, and vestigials,
or a 3 : I ratio of longs and vestifials.
In general characters distinguishing different hereditary

Vestigial. Long- m.,g%d

i ,@@
it @B ‘@B’" 0 -

vv x Vv P,
Vv x Vv F,
VV Vv Vv pad F,
- 3 1
Long-winged. Vestigial

Fia. 41.-—Cen=tic segregation,

strains are distributed in hereditary transmission .according
to the assumption that they depend upon genes derived from
both parents which segregate in the formation of the gametes,

so that' a g eithet contains the paternal or the .
maternal gene. The individual bearing dissimilar paternal
and:. maternal , (Meterozygous condition) is ‘not always

predominantt one or the other’parent ; it may be quite
mm-mgdmte,!or unitke either. When the character of one
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parent predominates in the heterozygous conditiongfit is galled
the dominant character (long in this case) in contradmtmcuon
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 méntion
but a few, colour of the hair in mammals, duratxon of life in
Drosophila, fecundity and absence of feathers on the neck in
fowls, brachydactyly #h man, absence of eyes and wings in
flies. These suffice tg show what diverse types of hereditable
characteristics, a.mtozn.ical and physiological, depend on
segregating hereditary factors or genes.

owever, factorial analysis, as this method of investigation
is sometimes called, is not often as simple as in the case cited.
And th3se 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 Identical with both
parents in the F.2 generation. Of course, as the number of
genes involved increases, the number of possible combinations
in the F.2 increases, and the likelihood of reclaiming the
parental types diminishes. ®

There is another criterion of segregation which has been
successfully applied to the analysis of a phenomenon which
has been held up as a stimblingblock to the general validity
of the gene hypothesis, namely the inheritance of gize. Ina
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 number*of factors, it follows from
quite elementary statistidal principles that the coeficieat of
variation in the F.1 should not be greater than that of either
parent ; but that the coefficient of varistion of the F.2 should
be greater than that of the F.x; andethat the coefficient of
variation of every subsequbnt genesation would'be on thegehole
less and never greater than that of th F.z. Furth;mtﬁ‘e.
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the range ¥ vdriability 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.

We 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 involted in a cross.

Independent Assortment.—In the wild form of the banana fly,
Drosophils,which has beenthe material of a considerablevolume
of research by Morgan and his school, the body is gray and
the wings extend beyond the tip of the wbdomen. Two true-
breeding mutants have appeared in Morgan’s cultures respec-
tively distinguished by the shade of body coleur known as
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.1 are 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 long and vestigial characters on the other
are transmitted quite independently, there is a 3 :1 chance
of any individual having either dominant character in the F.2.
The probability of an individual having both dominang
characters is (§)2, that of & having one dominant but not the
other and vice versd is § x },and that of having neither dominant
character (})2. ‘This gives the 9 :3 : 3 : 1 ratio and proves that
the assumption is correct. This is further borne out by the fact
that identigal results follow the mating of an individuaf of ebony
colour and vestigial wings (double recessive) with the wild type.

Linkage.—This independent assortment of separate pairs
of genes is very common in all organisms investi@te'd. If,
however, separate pairs JF genes always segregated in this
way, we should be compelled to postlate an indefinite number
of structiralunits to provide for the material basis of mhentmme
As a matter of fact, indépendent assortment is not a universal
rule, Association® of %renes belonging to  different alldo-

3 ic (i.e. seg'regaﬁng) pairs in the process of transmission
in Gontradistiiction to the independent assortment il!uctmted
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by the experiment just described is known as linkagt{ Linkage
may be partial or complete.

Both types of linkage are illustrated by the cross betwéen
the recessive mutants of the fruit fiy known rmpectwely as
black (al:wdy mentloned) and vestigial. When a black fly
with long wings is crossed with a gray fly with vestigial wings
all the offspring as in the foregoing experiment are gray with
long wings ; and the Same is true if a black fly with vestigial
wings is crossed with afly that is homozygous for the gray body
colour and long-wingtd condition. But whereas, when the
F.r _male from the cross between gray-vestigial and black-
long is mated to the double recessive (black-vestigial) ferale,
one-half of the offspring are gray-vestigial and the other half
black-lofig ; when the F.1 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 fefnales are crossed to
the double recessive males. The offspring of the mating
between the double recessive male and F.1 female from the
aross between black-vestigial and gray-long are not fifty per
cent. black-vestigial and fifty per cent. gray-long but 41°5 per
cent. black-vestigial, 41°5 per cent. gray-long, 8'5 per cent.
black-long and 85 per cent. gray-vestigial. Similarly the
offspring of the mating between the double recessive male and
the F.r females from the cross between black-long and gray-
vestigial are 41°5 per cent. black*long, 41’5 per cent, gray-
vestigial, 8'5 per cent. black-vestigial and 8'5 per cent. gray-
long. In seventecn per cent. of the offspring there has been

* crossing over ' ; the genes for bfick-gray and long-vestigial
have become detached though not to such an extent a5 to
segregate with complete mdependence

has been studied in several hundred mutants of
Drosophila, and two important general resum emerge from
these researches of Morgan’s scheol : (1) if a ‘gene a mdinlmd
with a gene b which is also linked with 2 gene cSthen g and ¢

By
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are also lx'hed and the percentage of crossing-over between
@ and ¢ is in linear relation to the percentage crossing-
overbethenaandbontheonehand and b and ¢ on the
other,; similar phenomena appear to hold in the sweet pea,
where linkage was first discovered by Bateson and Punnett
(1906) ; (2) if the gene a segrefates independently of d, then
b and ¢ which are linked with g also segregate independently
ofd. Thus in the fruit fly all the mutant genes can be classified
in féur groups such that members of a gigen group show linkage
inter se and independent segregation respect to members
of other groups. The genes of Drosophila thus appear to
be associated in four pairs of material units

Sox-linked Inheritance.—One group of linked characters
in Drosophila is of special importance to a considetation 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-fly the eye xs 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 t.he
females are red-eyed, and all the whites are male. Now whep
a pure red-eyed male i® crossed wih a white-eyed female
the result is quite different; ajl the females in the F.r as
before have the dominant red eye ; but the males are white-
eyed. When the F.5 are mated inter g2, egual numbers of
white-eyad and red-eyed females and males are produced.
The imability of the male*o transmit red to his offspring of
the same sex is readily explained on the asumption that the
red gene is linked to somethmg which, if present in the zygote
in duplicate, leads to the production of a female, and if present
in the zygote unpaired (diagram)léads to the production of
a male ;- the red-eyed male produces sperm of two kinds, one
beanng the “red ” gene destined to fertilise an egg which
‘st become g ferpa, and one which cannot bear the red
gwaemdwhxchmde;unedmlmdmthe prodncnon of another
ile (Fig, 4%). - This implies that sex itself is predetermined
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by genetical factors for which one sex is heterozygéus, so that
a 1 :1 sex ratio is maintained by the normal consequences of a
homozygous-heterozygous mating. Since in this case maleness
is the state associated with the single condition and femaleness
with the duplex state as rcia.rds the sex-linked genes, the
male may be represented symbolically as Ff and the female as
FF, using the symbol F for that which determines fernaleness.

This type of sex-linked inheritance occurs in most insects
and in mammals ; and for reaSons
given later may be anticipated to

occur in practically all higher bi-
. sexual animals except birds and
lepidoptera (moths and butterflies).

The phenomenon of sex-linked in-

wme eyed R ma [
x

heritance was first discovered in the

latter group by Doncaster (1906).

A variety of the currant moth

' Y s, Abraxas grossulariata is  distin-
. guished by the pale colour of the

_ wings as lacticolor. If a lacticolor
Ry female (wings of a pale cream tint)
w ﬁ BY s, 18 crossed with the normal dark-
winged (grossulariata) male, all the

- offspring ef both sexes are of the
Fic. 42—Sex-linked inherie. Sr038Ulariata type : in the F.z there
ance in Drosophila. is a 3:1 ratio of grossulariata to

- lacticolor, but all the males are of

the grossulariata type. In the reciprocal mating tke grossu-
lariata female can only transmit the grossulariata pattorn to
her sons ; all the female offspring are of the lacticolor type.
When the F.1 are mated infer se, equal numbers of lacticolor
and grossulariata males and females are produced (diagram).
Here the female moth’ is constitutionally simplex with
respect to the sex-linked genes. This is the exact reverse of
the state of affairs in sex-linked characters in Drosophila:
Femaleness is associated with the simpiex congition’ of genéy
which in the duplex condition give rise {o maleness, “&

’I'hepredeterm:monofsexbygemucfact&sdoesnm
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mean thaMsek is irrevocably fixed at fertilisation ; like all
gther genes those which ordinarily determine sex require
appropriate external and internal conditions in which to
operate; and we shall return to this question in considering
sex-differentiation as part of the physiology of development.
It is interesfing to note hod nicely balanced the genetic
factors influencing sex-differentiation may be. This is well
seen in experiments of Goldschmidt®on the gypsy moth,
Lymantria. Individuals from the same local races of this
widely distributed form when bred amolg themselves produce
anormal sex ratio ; when individuals of different local races are
crossed the relations of the sexes among the offspring may be
abnormal. If fernales from a European race age crossed with
males from a Japanese race; the offspring are nornfal 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.1 generation is normal but a definite proportion of
the males in the F.2 are intersexual, 7.e. show modifications in
the direction of femkleness. 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 individualg
of such a cross may be ofsone sex, but half of these on being
bred back to a parent stock can be shown to have the genetic
constitution of the alternate sex. By making two assumptions
Goéldschmidt has brought into line the results of a very large
number of such racial crosses : (1) in addition to the genes
for mgJeness 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 fernale parent only, that modified the degree of maleness,
and is denoted by the symbol F. Thus a female MmF forms
MF and mF while the male MMF forms gametes M
«otllys; {z) it is forthep Msumed that in different local races the
jency of M and F respeetively t8 influence differentiation
in the ‘directitn of maleness or femaleness are quantitatively
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different. By denoting M and F in terms of o arhitrary
system of numerical symbols Goldschmidt has elaborated
a system by which the appearance and degree of intersexuality
of his crosses between local races can be faithfully pregicted‘

Race A, . Race B.
Male x ¢« Fernale Male x Female
MMy Fy My Fy MM, Fy M’"’:? N
. M, f
T {><k’}
€ "4
v MMF Myafi 1 My My M Fy
Mate (M>F) Female (M<F) female(M<F)  Male{MaF)

My

My

M2

J

"1":}
mh

m Fy

. MymFy MsM, Ry
intersexual Mate MimB x MMGFy
FemaleM-F. (M>F) " female F. mate,
(M<F) (M>F)
l\“qu .
Ty M.«;
MR MR T M,
(M<F) hee o)
" Fe. 43.—Simplified rep: tation of the results of Goldschmidt’s
investigation of crossing in gypsy moth Lymentria, suffixes to

The
M nd F denote the - sirengtha © of whe male and female faciors,  When
the sum of M is > F, the animal is male ; when < F, a female; when-
F, intersexual.
Many thousands of indiyiduals have Been employed in Hhcse
crosses, The accompanying schéme is xsimplified repleserts-
tion by the author of Goldschmidt’s essential idess (Fig. 43).
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Structural Bauiy of Inheritance.—Just as it is possible to
iglentify in the reflex arc the structural basis of neuro-muscular
cd-ordination in the higher animals, so it is possible for the
genetic physiologist to identify in the chromosomes the
structural basis of hereditary transmission in animals and
plants. It is prpbable that prevdiling ignorance of the cellular
morphology of inheritance accounts in no small measure for
the neglect of Mendel’'s work by hid contemporaries. By
the middle of the latter half of the ninetgenth century the work
of Hertwig, Fleming, Strasburger, Bovdri, Van Beneden, and
others had led to the recognition of the union of the nuclei
of the male and Female gametes as the essential fact of sexual
reproduction ; of the constancy in number fos every species
of the chromosomes or nuclear components in cell-8ivision ;
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 By von Winiwarter, and the study of sexual
differences in the chromosome complex by McClung, whose
work was extended and elaborated by Stevens, Wilson, and
others, had accumulated sufficient evidence to locate in thg
chromosomes the anatomacal basis ofs Mendelian segregation,
and encourage the belief that the principles revealed by factorial
analysis were of widespread applicability.

Let us now consider separately the conclusions derived
from expegimental study in the light of microscopic knowledge
availabje to-day. .

1. Factorial analysis leads to the conception of material
units present in the fertilised egg in duplicate, and segregating
before the formation of thé gametes into maternal and paternal
components, one member of each pair and one only being
present in each gamete. As is well known, the chromosomfs
in all animals and plants are present in the fertilised egg in
twice the aumbey fHugdo be present in the gametes, Further-
more, én many -animals’ (anel plants) from the most. diverse

phyla; the cMromosome complex of a speties is characterised
6
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not only by a definite number but a definite clltxﬁgumtion
It is poss:ble to distinguish among the chromosomes -paige
of different sizes and shapes (this is true of man, and mahy
mammals) ; and the maintenance of this constant configuration
implies that when reduction takes place one member of eack
pair passes into each gamete. ‘In other words, the chromosomes
are present in the femhsed egg in pairs, segregating in the
formation of the gametes into maternal and paternal com-
ponents, one member,of each pair and one only being repre-
sented in each gamet[

2. The material units on which hereditary transmission
depends are associated in groups, the members of which are
independently 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 i3 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 dlfferentlzv constituted. Sex-
linked inheritance has been described ih several groups of
the animal kingdom, including mammals ; there are several
well-established cases in man, where, as in Drosophila and the
rat, it is the male that produces two types of gametes. In
several hundreds of animal species from the most widely
divergent groups it is now established 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 thirty-three
chromosomes (Morse) and the ferfiale 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 hilf se chrom
Clearly, if a sperm of the former type fertilises an egg the
resulting zygote will have the chromosome number (33)
characteristic of the male, while if the latter type fertilise
aneggthemltxngzygotemﬂhavdthcfe@nkeomﬁan
(34). Drosophila, on the other kand, l%neasewhere QTE ]
of chromosomes (XX) similar in the female is répresen

RN
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two unequal elements (XY) in the male. The same is true
of man and numerous genera of mammals. In the vast
mﬁ_‘ority of cases the male is the heterogametic sex. We have
seen, however that in moths and birds the female is the hetero~
gametlc sex. In birds the chromosomes are too small and
numerous to provide satisfactoly material for mvesugatmn,
though recent work of Hance shows thqt the femnale is hetero-
gametic. In some moths (Seiler) there is a pmr of dissimilar
elentents in the femnale which are equally paired in the male.
The coincidence between the gcxknc and microscopic
data has been illustrated still further by the phenomenap of
“ non-disjunction ” described by Bridges i connection with
several sex-linked nutant characters of which 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-eyed males alone. When the white-eyed
female offspring of Such abnormal crossings were mated back
to red-eyed males, they in their turn gave all four classes—
red-eyed males and females, white-eyed males and females.
The white-eyed females behaved like their mothers, giving
abnormal results in all cames. Half of 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 gaughters whose progeny was exceptional. Bridges
found ghat in the F.1 abnorfnal white females the chromosome
complex of the dividing cells showed a Y element in addition
to the XX pair. This 1s expl.lmble on the undermndmg
that at reduction of the egg in a certain propomon of cases
the X elements failed to disjoin, so that the ripe egg contained
either two X elements ornotie at all. If we represent the sperms
of a red male as X’ or Y, two additional types of individuals
w’iﬂmkﬁomfeﬁxbaaﬁmbyn Y or X' sperm respectively :
an XXY or white fémgle, and?X'0 of red male. This accounts
for the excepfional individuals in the F.1, and accords with
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the facts elicited. Next consider the results of bc::k-crossmg
these XXY abnormal F.1 white females to a normal X"Y analg.

According to whether the X elements segregate with respéct
to one another or the Y chromosome, the F.1 white females
will lay four types of eggs: XX, Y, XY, X. If these are
fertilised by a Y sperm (which cannot bring in 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) —individuals with such constitation
cannot exist ; (¢) X1Y-—white males which should produce
XY, sperms so that in crossing with normal white females
daughters of the KXY type producing exceptional progeny
would result j (d) XY—normal white males. When, on the
other hand, 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; (¢) X'YX red
females with abnormal offspring ; (d) XX normal red females.
Thus the non-disjunction of the X chromosome in the forma-
jon of the eggs of some of the females of 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 aufosomes. In an
experiment in which a brown mutant of Drosophila was
crossed back to a parental stock, a culture was gbtained in
which the individuals were almost exclusively femaleq or sex
intermediates. These * int ” displayed intermediat

sex-characters throughout, notably in t.he abdomen and in
the sex-combs -of the tarsal joing of the forelegs, and also
genitalia, On the wholé 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 these cultures were tripléid,
i.e. inherited a double instead of a s:qgle set of genes’ from
their fathers, Microscopic examination of the germ Cells

©
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revealed ti® fact that the second and third chromosomes
wigre present in triplicate, while an additional fourth chromo-
some was present in some but lacking in others, there being
thus gwo degrees of the triploid condition, that with three
fourth chromosomes being more female (Morgan, Bridges and
Sturtevant, 19z5). The X chrdtnosome was present in dupli-
cate in the intersexes but the femaley possessed three X
elements. Thus using the symbol A for autosome and X
for the sex-chromosomes, the genetica) constitution of these
intersexes and abnormal females were respectively 3A +2X
and 3A+3X, as contrasted with the normal female gon-
stitution 2A +2X. Abnormal males were also found with the
constitution 3A 4+ X, as contrasted with the nommal male con-
stitution 2A +X. Therefore if X : A=1 or>> 1 the iffdividual
is a female, if X : A } or<C} it is a male, but when X : A lies
between the 1 and } the intersexual condition is manifested.

Ratio of sex chromosomes
to aal

tosomes, Sex.

I0r>1 F

4 or<e} M
>} but <1 Intersexual.

General Validity of the Factorial Hypothesis.—The fac~
torial hypothesis has aroused a good deal of hostility, nog
unnaturally, for it conflicks with marty accepted speculations
as to the evolution of living organisms 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 finally, the established
fact that the nucleus is the only recognisable cell-element
which is universally contributed by the sperm to the develop-
ment of a new individual can leave’little room for doubt in
the minds of impartial stidents of the subject that, in broad
general outline, it will be found to apply to all the essential
‘pherigmena ' of , Bipsrdital inheritance.  If this is so .its
impormnce for the stygdy of himal function does not lie merely
in‘the accourlt it gives of the contribution which the male and
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female respectively make to the constitution of a fw animate
unit. .
Bearing on Other Branches of Physiology.—For eumplg,
many kinds of physiological experiment involve compatisons
for which controlled observations can only be carried out on
different individuals, e.g. effect of diet or endoerine substances
on growth. It is cleafly established that growth-phenomena
and size-differences in a number of cases depend upon factorial
inheritance. Experimgnts of this kind, therefore, urless
based on large numbefs of animals (which is often impossible)
and (subjected to statistical analysis, are of doubtful value,
when the material 18 not known to be genetically homogeneous.

To achxevefthls 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 symbois 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. After about twenty
generations of brother and sister mating, for instance, or ten of
self-fertilization, the proportion of heterozygotes is indefinitely
small. If a stock that is not undergoing mutation is bred from
generation to generation by close inbreeding, it must eventually
become for all practical purposes 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). e

Again, the following citation, from an important ghysio-
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 the other,
differs in this significant respect. 'They have been laved for
years, or one might properly say for generatxcms before the
expenmcnt, with solutiong of dxﬂerent Rydrogan ion oonoemn
tion.”

It is here unphcd that the action of a stimdlus upon the

€
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body of the parent cin affect the reaction of the offspring to
ie same stimulus. This belief, at one time universally held,

ill awaits confirmation by properly controlled experiment. If
we attempt to analyse in exact terms the belief that * acquired
characters ”’ are inherited, it appears to involve two separable
issues : (q) whether the inhibitidn or destruction of a character
is accompanied wholly or partially by the destruction of its
material antecedent in the germ cells ; (3) whether, if a stimulus
of # given magnitude is required to call forth a given response,
the application of that stimulus to thebparent 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, it can be stated
as a matter of fact that in a good many cases the answer is
certainly in the negative (within the limitations of expetiment
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 brinciple is eliminated from consideration,
when the bearing of hereditary transmission on other branches
of experimental biology is under discussion.
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LFHAPTER XII
THE PHYSIOLOGY OF DEVELOPMENT
(

INHERITANCE, which was discussed in the last chapter, is a
rhythmical repetiticn in each species of a definite and (on the
whole) similarly repeated series of events in which the pro-
duction bf one individual leads up to the formation of gametes
whose union initiates a ncw 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«rganism begins to augment in weight
and volume. This process usually goes on long after the final
morphological order characteristic of the individual is
completely established. Developmental phenomena may thus
be considered under two headmgs differentiation, mdxwdua—
tion and growth.

Individuation, or the differentiation of structural pattem
in cellular animals, raises perhaps the most recondite issues
in the whole field of blologu:al mqmry It is convenient to
consider it separately in its spatlal and chronological aspects,
that is to say (1) the agencies which determine whether a
particular region is to differentiate into one type of structure
rather than another; and {(2) the agelicies which deterthiine
the orderly sequence in’ which ‘the differentiation ef ope
structure follows another. In this chapter no fttempt will
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)

be made te deal with that large body of inquiry in the field

f “‘-experimental embryology ” which is not as yet susceptible

'quantitative treatment * ; we shall merely attempt to indicate
directions in which what are ordinarily called physiological
metfiods have been brought to bear upon developmental
phenomena. As the subject is & difficult one a certain amount
of latitude in defining concepts whic‘x 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 number of ways in which
the hereditary constitution can be realised spatially. B{ the
methods of regeneration and implantation of organs, and by
varying the physicochemical constituents of 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 fougd
that by placing eggs of she Atlanticeminnow in a mixture of
sea water and magnesium chloride (19/60 M) about half
the individuals developed into one-eyed forms. These
Cyclopean monsters were of two varieties ; in one kind t:he
two optig rudiments approximated at an early stage in the mid-
dorsa} line 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, there is the well-known method, due to
Hexlitzka, of producing Siamese twins in newts by mechanical
means.’ If the two cells of the first cleavage in the newt’s
egg are separated by a fine noose of hair in the plane of the
first furrow: egel half may segment as a whole, developing

o * On this_ readérs should consuft Jenkinson (rgog), Diirken (1919),
and Wﬂmglagzs).
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into a complete larva ; but if the cons'r.riction‘is.i;lcomplete
double-headed forms result. Double-headed monsters:

be produced from frog’s eggs by inverting them in the t‘:ﬁ
cell stage, or (Bellamy) by the action of cyanides in appropnate
concentration at a later stage in development. Lastly ‘may
be mentioned the production from sea urchins by Herbst
(1893) of plutei without arms or spicules by exposing the egg
to the action of potassilim salts,

Pioneer work of this kind provided a wealth of spectacular
instances of ways in ¢vhich differentiation and individuation
can be partially controlled in a predictable manner by experi-
mental procedure., But in many cases the characteristic
abnormalities pere on subsequent examination found to be
procurable by such a variety of methods as to defy analysis.
Thus Stockard’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 a2 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
ejaborated 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, whether the main body of this work
stands or falls, are bound to simplify the nature of the problems
of individuation and prove the starting-point of ney lines of
investigation. Of these concepts,*it is not least impgrtant
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 arrangemerit of structural parts in the higher
organisms is g0 immensely complex- that one must limit the
field in order to make the search thorough. One way of doipg
tlnnmtomnfmeattenuuntothearmﬁgemcxgofpmimﬁ
reference to some axis of symmetcy, eg, the oral-ahord axis

VK N

"
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The fisst postulate of Child’s hypothesis which need

re* concern us may be stated thus :—the morphological

erentiation of parts (axiate pattern) with reference to a given
axis is preceded by the appearance of a gradient of physio-
logical activity (axial gradient) along this axis. This proposi-
tion may be shown to be true tn a number of ways; and is
quite independent of the particular intgrpretation of the axial
gradient which may be stated later. The existence of a physio-
logital gradient is here taken to imply that there exist between
the properties of the cells quantitative ¥ifferences following a
definite orientation with reference to the future axiate pattern.
A very clear instance of this is providedsby experiments on
asexual reproduction in Planaria dorotocephale. 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 fhscissa (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 exisfs
any outward structural appearance of the formation of a new
head, there exists a physiologigal difference in the tissue at
the point where the new head is to be formed.

The second proposition brings us on to more debateable
ground. o'T'o-do justice to the author, it may be stated, in his
own words : “ Axial gradiehts have often been called metabolic
gradients, because differences in metabolism, or more
specifically of oxidative gnetabolism as ind.icated_ by various
experimental methods, appear to be characteristic and con-
spicuous features of them.” In this sentence fox: the ﬁrst
time &n’attempt is made*to put the problem of individuation .
on a basis which is accessible to guantitative methods of
%Vm methbils, have been eniployed by Child and his
orwnrkers T the atternnt to demonstrate regional differences
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in metabolic activity in small organisms and embsyos. Two
of these, neither of which are wholly satisfactory, may
mentioned. One is the use of potassium permanganate '
a colorimetric indicator of oxidative processes. Potasgium
permanganate is readily reduced by protoplasm with the pro-
duction of a brown coloration, the intensity of which may be
taken as a measure of, oxidation in a particular region, but
depends on other things besides. Child and Hyman (1919)
studied the effect of placing small organisms and embiyos
in very dilute solution® (M/10,000), and described in all cases
a gradient along the oral-aboral axis with maximum activity
at the anterior end. ¢

The other rmethod is the so-called susceptibility method.
The results 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 asdured if Child had
confined his observations to the action of the cyanides alone.
Child and his co-workers have carried out experiments on
tissues at different temperatures and in different states of
activity which point to a quantitativeeelation 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 which are not
sufficiently concentrated to produce death within aeshort
period of exposure, the regions of higher activity are always
affected first, so that above a critical concentration suscepti-
bility varies directly as the physiological activity, while below
this concentration the revérse relation is seen, in that regions
of higher activity recover and adjust themselves to the reagent
more successfully than regions of lower activity. In applying
the susceptibility method to embryonft devejopment, lethal
concentrations may be used but* not gllowed to actelong

encmcoh tn neadnee death in the amhren -and i cuch cases
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they, will, agcérding to Child's interpretation, inhibit regions
of higher activity to a more marked degree than regions of
lewer activity ; while, on the other hand, in very low con-
centrations of the reagent such as to permit acclimation
and recovery, the region of higher activity will be inhibited,
acc.or.ding to Child’s interpretation, fess than regions of lower
activity.

Two instances of the use of the® susceptibility method
must suffice to indicate some positive results of the application
of Child’s hypothesis. Eggs of Polychztes were placed in
lethal concentrations of KCN. Initially dissolution begins at
the anterior end. As development progeeds the regidh of
maximum susceptibility shifts to the posterior, region (where
growth is most active) so that when the latva is ready te undergo
metamorphosis the posterior extremity is the region which
succumbs most readily to lethal and recovers most easily
from sublethal concentrations. Child (19127) finds that
embryos submitted to short exposure of lethal concentration
in the earliest developmental stages develop into individuals
with abnormally stall heads. Embryos which are similarly
exposed at the later stage develop into individuals with
abnormally large heads.

In a similar study by Child of development in sea-urchins,
long exposure to sublethgl concentrgtion as well as the short
exposure to lethal concentration was investigated. Two
resultant types of plutei are figired, that produced by * dif-
ferential acclimation ” (long exposure) with abnormally
enlarged pral lobe and widely divergent arms and that produced
by  gifferential inhibitior (short exposure) with diminished
oral lobe and angle of divergence between the arms. It is
impossible in the short space at our disposal to do justice to
Child’s voluminous pubftications, which must be consulted
for further information. The susceptibility method may well
prove 4 useful instrument of research, when its theoretical
assumptions are independently substantiated by accurate
Basanalysis. §h¥em;ea (1924) in a recent publication records
resilty of an investigations based -én direct measurement of
dkygen consamptior with a technique that for the purpose is
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above criticism ; the new data are decidedly oonﬁrmatory of
the main contentions of Child’s work.®

Shearer first studied (2) portions of the living chick embry'o
from the anterior and posterior ends of the blastodisc during
the first ten days of incubation ; (b) pigments from the anterior
and posterior extremities of tke earthworm. In the first case
the oxygen consumptiop was measured by Barcroft’s differential
manometer. In the second case Haldane’s apparatus was

-

5f Head

5 Oxygen

Cub mm

o

Ta K — o
~
~

' \‘—-t-—-—as_,_ﬂ(
Days 4 H 6q 7 8 9 10
F1G6. 44—Oxygen consumption of chick embryos (Shearer).

employed. In both sets of experiments the tissue qsed was
incinerated and estimated for protein content by Kjekdahl’s
method.. Thus all values of oxygen were expressed in absolute
units by reference to an eqmvalent amount of NHj liberated
in the Kjeldahl determination at the end of the experiment.
The results of the experiments on chick embryos are repre-
sented graphically on Fig. 44. Here the point to notice is
that the gradient of the oxygen consumption curve for the head
and tail portions become | ldentical at ‘the seventh day, wheii

¢ [Note by the Editor, Sepz 1925.] Lnter, & yet blishél, wook
has somewhat modified these conchmons, r. Shearer infofns me.
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the axial pattern is éstablished and further development is
rpainly concerned with increase in size. The existence of an
antero-posterior metabolic gradient in the earthworm is seen
from the following data :—

EARTHWORM Expmum;s (Haldane's Method).

Temperature 12'5° C. 760 mm, Hg. All values reduced to § c.c.
NH, Kjeldahl. 3

(_x) In 3 hours worm consumed head 1'3 cub. mm. oxygen,
» " @il o3 " »

(2) » o head 085, "
» » tail o027 %, "

) »” s head 075, "
3 » il o'z5 *

"y ”

In a second series of experiments Shearar investigated
the action of acetone powders instead of living tisSues, the
former being prepared after the manner of acetone yeast
prepasations 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 powdler 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 indead
the case. The results were again reduced to a fixed amount
of protein, i.e.in terms of 100 c., NH; (Kjeldahl), The dura-
tion ‘of each experiment was one hour twenty minutes at a
temperature of 40 C. and standard pressure. The oxygen
consumpgon in three experiments with acetone powders
from #-7 embryos estimafed by Barcroft’s method is given
in cubic millimetres as follows :—

g
(2) Head 0’52+
Tail o"

*The axial ggalliegteltypothesis has naturally aroused con-
sideralle hostility; if is subversive &f the underlying assump-
ti0ns of the ¢8rm layer theory. For this reason the independent
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experiments of Shearer have been citéd in somg detail. It
opens up the possibility of substituting for architectural
mnemonics quantntat.we experiment along two lines : (1) how
exteenal agencies actmg on the egg or embryo set up spatially
orientated differences in cellular oxidative or other processcs H
in this connection importanwwork on electrical gradients in
organisms has been done by Lund (1921-22) and Hyman and
Bellamy (1922). (2) ‘How the structural features of isolated
tissues are affected by artificially induced differences in oxygen
consumption. In relstion to the last issue papers by Huxley on
de-differentiation may be mentioned for suggestive indications.

Let us now turr from the spatial aspect of individuation to
the mechanispn 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 alwiys when the animals
into which they have been grafted attain metamorphosis.
Hence for the development of, say, the adult skin characteristics
(¢.g. yellow pigment areas) there must be present something
which is normally produced at the 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 metamorphosis
are peculiarly suitable for the stady of the time fagtor in
development. Up to a certain point individuation proceeds
actively. It is then checked ; growth continues for a period
without much structural rearranfement. Then a second
phase of active structursl differentiation is intercalated. In
the Anura this involves (1) closure of the gill clefts ; (2) resorp-
tion of the tail ; (3) full development of the limb rudiments.
In Urodeles the events are (1) resorptisn of the external gdlﬁ
(2) resarption of the dorsil fin and shedding of the larvg] skin ;
(3) closure of the gill clefts. The Uridele larvs has fulfy
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developed dinibs and the tail persists into the adult stage.
The nature of the physiological change which initiates this
geries of events is the same in either case.

The first experiment which threw any light on thi§was
the” discovery of Babak (1913) that the axolotl larva of the
Mexican salamander (Amblystoma tigrinum ) which is nor-
mally neotenous, can be induced to \‘ndergo transformation
‘into the adult form by thyroid administration. Gudernatsch
(19¥2-14) showed that this was true of frog tadpoles. If
tadpoles are fed on diets of various tissues, ovary, liver, thymus,
brain, pancreas, spieen, pituitary, and thyroid—those fed on
thyroid gland develop limbs and lose their tails long before
the others. Thus in Rana catesbana (Swingle), a species
which normally requires thiee seasons to attain to she 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
regatds urodele larvz and anuran tadpoles (Morse,Barthelemez,
Jensen, Huxley and Hogben, Uhlenhuth).

Bennet Allen $1916-18) succeceded 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 develop,
when transformation shauld occur.s Instead of undergoing
metamorphosis at this stage they remain permanently in the
larval state, attaining as age advances dimensions far exceeding
thase of 3 porma) tadpole,  They can, however, be induced, 28
Swingle {1918) showed, to develop into normal frogs if fed
on thyoid tissue. Later B. R. and M. M. Hoskins confirmed
the work of Allen by simijar experiments on frogs and others
on urodele larva.

Thus both in Anura ahd Urodeles it is certain (1) that the
removal of the thryoid normally prevents metamorphosis ;
(2) the administration of thyroid substance (or implantation
of thyroid tissue) accelerates normal metamorphosis and
ihitittes metampprphosis in thyroidless individuals. It has
long' bgén known thay the thyroid glnd is essential to normal
glowth in Mammals, that it contains ‘a high percentage of
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iodine, and that administration of the gland sibsfance com-
pensates for the clinical disturbances raulting from its removal
or disorder—notably a reduction in basal metabolisnt,
Recently Kendall has isolated a substance having the properties
of thyroid extracts and the constitution of a tri-iodo derivative
of tryptophane. HeMf (1923)tand Huxley (1925) have shown
that thyroid extract ipcreases respiratory excha.nge in the
tadpole ; but this does not appear to be the case in the adult ;*
and Champy (1919) claims that the thyroid hormone dcts
selectively on larval tissues. The significance of the thyroid
has been further explored by Swingle (1919) and by Uhlenhuth
(1921 and 1922) Swmgle s observations concern the relation
of the organism to its iodine supply : the iodine content of
water and food is the limiting factor in thyroid develop-
ment and consequently in metamorphosis. ‘This observation
throws a flood of light upon 2 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
external disturbances of one kind or another. Inorganic
iodine administered to uredele larve does 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 azolotl thyroid, while containing the thyroid hormone,
requires some special stimulus to bring about its gischarge
into the blood stream. Neoteny nday be due then to lgck of
sufficient iodine in the environmept or inadequacy 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, Typhlomolge, *and Siren). The first
three (Jensen, Huxley and Hogben, Uhlenhuth, Swingle) haye
not been found to respond to the action #f the thyroid hormoné
at all. ‘But since it is almbst certatn (1) ttbymldd@smt
increase basal metabolism in adult frogs ; (z) th# the action
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of thyroxim on the frog tadpole is correlated with an increased
sespiratory exchange ; and since all the perenibranchiates used
for these experiments were of fairly advanced age, it cannot be
stnt’ed with certainty that these forms are not representatives
of the persistent larval stage of species whose * adult * form
has been eliminated through® decreased sensitivity to the .
action of the thyroid hormone. s
These considerations lead us to go back a step and inquire
whit it is that controls the development and activity of the
thyroid in Anura. Light has been shad on this by the work
of several investigators of the American school. In Aguran
tadpoles the hypophysial rudiment lies above the mouth in
a very accessible situation ; by pricking the surface 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
(19r4). Smith (1917) and Bennet Allen (1g17) simultancously
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 resylt
can be brought about by implantation of the pars anterior,
Metamorphosis of the Axolotl by injection of fresh extracts
of ox anterior lobe was recorded by Hogben (1922), and meta-
morphosis of hypophysectomised frog tadpoles by Smith
(1922) (sge Spaul, 1925). Smith found that thyroidless tad-
polesgnill not respond to%his treatment. On the whole the
evidence points to the fojlowing sequence : development of
the'pituitary ; development of the thyroid under the influence
of a eubstance secreted bY the pars anterior ; closure of gill-
clefts ‘accompanied in Anura by development of limbs and
resorption of tail and it urodeles by shedding of the larval
skin and resorption of external gills under the influence of
he‘thyroid hogghong, with the discharge of which in Urodeles
speciaj—at present ynknowh—agenties ace involved.
"’ Another®et of problems connected with the chronological
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aspect of individuation is presented by the dppgarance of
sexual differences. In some animals, e.g. mammals and birds,
there is a sex metamorphosis (puberty), The effect of
castration in the male of mammals is too well known to call
for elaborate comment, and the work of Steinach, Lipschhtz,
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 tissue exerts its influence on metabolism
by discharging a hormone into the blood. The same remark
apphes to birds, where spaying of the female leads to assump-
tion of male chgracteristics of comb, plumage and spurs ; and to
Amphibim All the established phenomena are equally well
explained by the hypothesis suggested by Geoffrey Smith :
that is, the gonads quantitatively affect the metabolism of
ane or other blood constituents by their own activity in situ.
Some reference is due to a conception intreduced by
Goldschmidt because of its suggestive bearing on the general
consideration of time relations in developnfent, and because it
at once disposes of any difficulty we might find in harmonising
the established réle of genetic factors in sex-determination
with the undoubted facts of sex-reversal in the animal kingdom.
The production of intersexes in the gypsy moth, Lymantria,
by crossing local races has already been mentioned (p. 191).
In moths the sexual and somatic metamorphoses are synchro-
naus. The sex differences are very marked. in the copalatary
devices, colour, wing pattern, feathering of the antenge, shape
of abdomen, etc. And intersexuslity in Lymantria §s not
an intermediate condition of sex differentiation- affecting all
parts alike. The intersexual individual is a sex mosaic.
Females with a low grade of intersexufflity may display modifica-
tion in the antennz aloné, these being of .the feathered, r.e.
completely male type. A higher grade of intersexuality is
seen when the wing-colour as well as the antennz are character-
istically male, all other organs being of ghe fergale type. The
most advanced stage of rfecognisable mtexsemhty is 'that in
which the individual is externally a perfect male it internalfy
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possesses varies instead of testes. “ 1f we now,” states
Holdschmidt, “ try to formulate a rule which governs this
strange seriation . . . we find the most important fact that
this series is the inverse order of differentiation of the organs
in“development. The last organs to differentiate in the
pupa and the first to be intersexual are,the branching of the
antennz and coloration of the wings. ¢The first imaginal organ

* differentiated is the sex gland, and if we apply this law even 1o
the parts of a single organ like the copulatory organ we find
it also holds good. .

From these facts Goldschmidt elaborates a hypothesis
which may be stated in the following.three propositions :
(1) that the relative potencies of one or othgr type of sex-
determining reaction-systerh are not the same throughout 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 drdinates and the time of development along the
abscissa, there is usuallygsome stagesin the life cycle of either
sex where the two curves intersect ; this point generally lies
either well before or well after the stage at which sex-differentia-
tion actually occurs. Such being the case we should anticipate
the possjbility of sex-reversal by influencing the growth-rate
in fogms where the two ystems are, as in Lymantria, fairly
delicately balanced ; and,, Goldschmidt has produced femnale
intersexes in pure strains of Lymantria through rearing the
embryos at a very low témperature,

In concluding the foregoing *sketch of developmental
physiology, one may frankly admit that we are only at the
beginning of a scientific treatment of the problem, and no
useful purpogs is, srved by understating the difficulties
inhergit in the subject and the dibtance which must still be
fraversed Iitfore we can begin to envisage a purely physico-
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chemical treatment of individuation. "However, ‘when in
the light of such recent inquiries as have been touched on in
this chapter, one considers the fact that little more than - a
decade has passed since entelechy was the centre of discussion
in developmental physiology, there is no justification fot a
pessimistic attitude tg the possibility of arriving at predictable
conclusions in this fieldof knowledge.
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