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HEARING

By R. J. PUMPHREY
Zoological Laboratory, Cambridge

I. INTRODUCTION

Everyone will be conscious that the senses of touch and hearing are quite
different in man. In fact, the differences are so many and so obvious, that
definitions of tactile and auditory senses based on them lead only to con-
fusion unless a careful selection is first made.

If the term ‘hearing’ is to have any place at all in descriptions of the
behaviour of any animal other than man, the definition of ‘hearing’ must
be based on primitive and persistent attributes of the sense and not on
structural or functional features peculiar to man or to primates or to ter-
restrial animals or to any other limited category of animals. Neglect of this
obvious precaution has led different authorities to definitions of hearing
which are unsatisfactory because they are arbitrary and exclusive and
because, in consequence, a host of new terms with arbitrary and restricted
meanings have to be invented to describe sensory responses which by
definition are not ‘hearing’ but which are nevertheless obviously related
to it. Thus, for example, ‘hearing’ has been defined as an attribute of
animals possessing a cochlea, or a tympanic membrane or the capacity of
frequency analysis or the capacity to respond to air-borne vibrations.
None of these definitions is inclusive and none is free from ambiguity.
Moreover, all must be complemented by other terms, Ferntastsinn, vibra-
tional sensitivity, phonoreception, etc., to describe sensory responses
excluded by the definition of ‘hearing’.

It must be agreed that both touch and hearing belong to Parker’s system
of mechano-receptors. The end-organs of both senses are primarily sensi-
tive to mechanical deformation. I want to suggest to you that an absolute
distinction can nevertheless be made between tactile and auditory senses.
The primitive function of touch is the location of moving objects in contact
with the animal. The primitive function of hearing is the location of moving
objects not in contact with the animal. So we can define hearing as follows.
an animal hears when it behaves as if it has located a moving object (a sound
source) not in contact with it. And sound can be defined as any mechanical
disturbance whatever which is potentially referable to an external and
localized source.

This definition of hearing has at least the merit of being objective.

I-2
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Hearing is an attribute whose existence in a particular case can be checked
by observation. Moreover, it is consistent with our knowledge of the
evolution of hearing. Itis true that man is degenerate compared with many
other animals in his ability to locate a sound source, and in civilized life
other functions of hearing are much more important. Probably this is the
reason for the reluctance of physiologists to recognize directional sensitivity
to sound as the fundamental and primitive property of hearing. But it is
nevertheless true that when we both hear and feel a loud sound, we feel it
at the stimulated point, we hear it outside ourselves, and though we may
locate it incorrectly, we do locate it. A man’s first response to an unex-
pected sound is to turn his eyes towards the source.

I cannot refrain from a slight digression at this point, because it occurred
to me only recently that a very close analogy existed between the evolution
of hearing in the mammalian line and the evolution of radar during the war.

Radar, as you know, is an electromagnetic device for (a) finding a target,
(b) determining its position in polar co-ordinates, i.e. by determining its
distance from and its direction from a datum point which is the position of
the radar installation. The accuracy of range-finding depends on irrelevant
considerations which we can ignore. The accuracy of direction-finding is
directly proportional to the frequency and to the size of the aerial. And
because the earliest radar employed only relatively low frequencies, the
directional accuracy was rather low, although the installations were huge.
The evolutionary pressure was at first wholly towards the employment of
higher frequencies in order to increase the accuracy and reduce the size of
the outfits. And at the same time subsidiary devices were employed to
cheat the disabilities of low frequencies. One of these devices consists in
principle of a nul comparison of the signals received on two directional
aerials which could be rotated together through a wide angle and rotated
through a small angle with respect to each other. Now the earliest
mammals, we believe, were nocturnal creatures with indifferent eyes which
must have depended on their ears for directional warning, much as man
has learned to depend on radar in bad visibility. And we can note in
mammals: (i) an extension of the range of frequency sensitivity upwards
far above the reptile limit, (ii) the development of directional aerials, the
pinnae, and (iii) the development of the necessary musculature and
reflexes for directing the pinnae together but with some degree of inde-
pendence. The nocturnal bats seem to represent the pinnacle of achieve-
ment in this line. Their upper limit of frequency sensitivity is said to be in
the neighbourhood of o-25 Mcyc./sec.

But there is a limit beyond which there is nothing to be gained by the
employment of higher frequencies in a single radar installation, because as
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the directional accuracy increases, the time taken to find a target in the
first instance also increases inconveniently. When extreme accuracy was
required, as in the control of long-range artillery, this difficulty was
circumvented by the use of two sets. The first could keep a continuous
all-round watch and indicate immediately the approximate direction of an
approaching target. The second, the fire-control set, could then search the
indicated sector, single out the target from other objects and put the guns
on to it with high directional accuracy.

Now consider the evolution of the primates. At first nocturnal, the
higher primates are now diurnal and, alone among mammals, have
developed foveate eyes and elaborated the oculo-motor reflexes for keeping
the fovea on a moving target. Such an eye has precisely the properties
which we were striving to give to fire-control radar, and it suffers from the
same disadvantage, that it takes a long time to search a wide solid angle.
The ear has taken over the functions of warning radar, it serves to put the
eye on to the target; but great accuracy is no longer needed, and the devices
associated with it, the large mobile external ears, the extrinsic muscles and
associated reflexes, are in a fair way to disappear.

The parallel is curiously close and, I think, illuminating. Ithas, I hope,
given point to my argument that the primitive function of the ear was
direction-finding, and that our poor performance in this respect is directly
related to our diurnal habits and our perfected eyes. It would be wrong
therefore to judge the auditory powers of animals (except perhaps the
higher apes) by our own standards.

Consider the following examples: a female cricket moves directly to a
chirrupping male, an aquatic toad springs at a wriggling insect several
centimetres away, an ichneumonid wasp lays eggs on a Sirex larva through
an inch of bark and wood, a whirligig beetle detects and avoids sources of
disturbance in the water-air interface, a scorpion turns towards and
threatens a moving object on its substrate, a spider locates and identifies
living prey in its web, a blinded fish in a water current maintains its
position with respect to other fixed objects in the current, a bat avoids
obstacles and catches moths in the dark. By my definition and provided
stimulation in other modes can be excluded, as, in fact, it can, these are
examples of hearing.

II. THE EVOLUTION OF HEARING

In any endeavour to trace the evolution of a highly specialized organ, a
difficulty often arises in the application of what may be called the principle
of continuity. Itis repugnant to reason to suppose that eye or ear appeared
suddenly in evolutionary history. Their evolution must have been a
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continuous process, and there must certainly have been antecedent organs
which were potential eyes and ears and which, however crude and in-
adequate compared with their successors, were at every stage functional.
But it is often not by any means self-evident what the functions were, and
in consequence there may appear to be an awkward discontinuity. In such
cases it is frequently illuminating to consider what functions are physically
conceivable, and then to try to relate physical inference with evidence from
other sources.

Although palaeontological evidence is of little direct assistance, a fairly
clear plan of the evolutionary sequence can be constructed from the wide
variety of auditory structures in living animals. This is particularly true of
the vertebrates. The origin of the acoustico-lateralis system is lost, but it is
clear on several grounds that the labyrinth is a specialized and structurally
modified part of the lateral line and not conversely. The implications of
this have not always been appreciated, and it will be useful to consider
them from a physical point of view, for it will, I think, become apparent
that the lateral line is functionally the missing link between the tactile sense
and the ears proper of vertebrates.

An aquatic animal, since it is largely composed of water, has necessarily
nearly the same compressibility and density as the medium it inhabits, at
least so far as its soft tissues are concerned. As a consequence the mecha-
nical discontinuity at its boundary is far less abrupt than it would be for
an animal living in air. And a body moving close to the surface of an
animal in water will deform that surface to an extent comparable with the
deformation produced by bare contact.

If we assume that a tactile system capable of localizing contacts already
existed, it is easy to see how hearing could have begun. Moving objects
very close to the surface can be localized with sufficient accuracy, merely
by determination of the point of maximum stimulation.

Now consider that some moving object, let us say a wriggling worm, is
moved progressively away from the sensitive surface. A wriggling worm,
considered as a source of sound, is physically equivalent to a doublet. It
may be represented as a sphere oscillating about a mean position without
change of volume. The frequency of this oscillation is unlikely to exceed
10 cyc./sec., equivalent to a wave-length of 140 m., so that all the dimensions
of the system we are considering are small compared with a wave-length.
At distances greater than a wave-length from a source of sound, the dis-
placement amplitude of particles of the medium due to the sound is
inversely proportional to the distance of the source, but at distances from
a doublet much less than a wave-length the amplitude is inversely pro-
portional to the cube of the distance. Fig. 1 illustrates the change of
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amplitude at a surface and the change of gradient along it as the distance
of the source changes. It will be noted that both maximum amplitude at
the point nearest to the source and the gradient along the surface fall

T
Source
d=1cm. Q
d
-1} 2 em.-~ l
TITIIIIITII I IIIIIIII
Sensitive surface

Log amplitude

Il i 1

1
16 8 0 8 16
cm.

Fig. 1. The graph shows the change on the displacement amplitude along a surface for
varying distances (d) between the surface and a doublet source of constant frequency

and power (d<2).

rapidly with increasing distance. But the source can still be located ac-
curately if three conditions are satisfied, namely, (1) the range of sensitivity
at sensitive points is sufficiently increased, (z) the extent of surface over
which simultaneous comparisons of amplitude can be made is sufficiently
increased, (3) the sensitivity of the most sensitive elements is sufficiently

increased.
These three conditions seem to be fulfilled by the lateral line of fishes as

far as is theoretically possible.
(1) The end-organs are grouped so that a considerable number of hair

cells of widely different threshold are included in each group. This arrange-
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ment is characteristic of all known auditory organs. Fig. 2 shows that in
the optimum case, if there are n end-organs each of a working range m, the
working range of the group is m™. So that if a single end-organ has a
working range of 30/1 in intensity, a group of six may have a working range
of 10%/1.

1200

Number of impulses per second
I

WLl

Log Intensity of stimulus

Fig. 2. Explanation in text. It is supposed that the six end-organs are independently
innervated and that the afferent fibres reach a common centre in which the impulses
from the group produce an additive effect. 10%/, is perhaps a fair average range for
auditory organs. For the human ear in the middle of its frequency band the range is
about 10'%/,.

(2) It is evident from inspection of a fish that the lateral-line system
utilizes the whole length, height and breadth though the density of groups
of hair cells varies. And unlike the tactile system which has segmental
innervation, the lateralis fibres all enter the same nucleus in the medulla, so
that simultaneous comparison of the degree of excitation over the whole
surface is possible (Fig. 3).

(3) Ihave mentioned that the sensitivity of the most sensitive end-organs
of the lateral-line system is extraordinarily high, so improbably high in
fact, that doubt has always existed about the accuracy of estimates in the
minds of those who have not actually worked on them. So a brief paren-
thesis summarizing recent indications about the origins of this sensitivity
may not be out of place, although the story properly starts at the other end
of the evolutionary scale. Gold & I (1948) have recently shown that the



HEARING 9

selectivity of the resonant elements of the human cochlea is about two
orders of magnitude higher than could reasonably be expected of a passive
system. It has been known for about twenty years (Wever & Bray, 1930)
that sounds impinging on the mammalian ear excite not only impulses in

L oo

Fig. 3. Diagrams to show (A) that the lateralis system utilizes the whole available extent
of the surface of a fish, (B) that, though the tactile innervation is segmental, the
lateralis innervation has a common centre in the medulla, so that simultaneous central
comparison of nerve signals from the whole extent of the surface is feasible.

the auditory nerve but also an additional electrical effect arising apparently
from the cochlear hair cells and nowadays generally referred to as the
microphonic potential. Conversely, Gersuni & Volokhoft (1936) showed
that direct stimulation of the cochlea by alternating electric currents caused
an auditory sensation as if the current was equivalent to an acoustic
stimulus of the same frequency. Gold (1948) has suggested that these
observations are consistent with the action of the cochlear hair cells as
regenerative amplifiers, an action which would provide a reasonable ex-
planation not only of their selectivity in the cochlea but of their sensitivity.
(The minimum audible energy for the human ear is about 10712 erg, the
minimum visible energy is about 10~ erg.) If this view is correct, my own
10-year-old observation (1939) that the microphonic potential is not, in fish,
confined to the auditory part of the labyrinth acquires a new significance,
as does the recent claim by de Vries (1948) that a microphonic potential can
be recorded from lateral-line organs. In default of evidence to the contrary, it
is reasonable to suppose that allend-organs of the acoustico-lateralis system
are regenerative, and that their maximum sensitivity is consequently only
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limited by thermal noise and by considerations of internal stability. Such
end-organs, if we judge by the activity in the afferent fibres supplying them,
have no true threshold. Under conditions of zero stimulation, there is a
continuous ‘rest’ discharge in the afferent fibres. This also we should
expect is a regenerative system on the edge of instability; it suggests an
analogy with the super-regenerative type of radio receiver. It may be
significant therefore that a similar ‘rest’ discharge is found in the afferent
fibres of all auditory organs, invertebrate as well as vertebrate, which have
so far been investigated, and, indeed, in sense organs of very great sensi-
tivity responsive to stimulation in other modes. Quite possibly regenera-
tion plays a more extensive role in sensory mechanisms than has been
suspected hitherto.

We have seen that so long as the source is a doublet and its distance is
not too great, the lateralis system is physically competent to determine not
only its direction but its position. That, in fact, it may do so has been
demonstrated by Scharrer (1932), Kramer (1933), Dijkgraaf (1933) and
others. The failure of v. Frisch to demonstrate lateral-line responses to
sound by the training method is therefore not a proof that the lateral line
is not an auditory organ, but an indication that the conditions of stimulation
were inappropriate.

The direct experimental evidence comes naturally enough from small
and easily handled animals from superficial waters. But it is natural to
suppose that the lateral line would be most serviceable in deeper waters
where the eyes are of little use. Muir Evans examined the nervous system
of the scabbard fish, a large predator living on other fish and caught at
considerable depths off the Canary Islands. He found no abnormal
development of the olfactory or visual centres, but a disproportionate
enlargement of the lateralis centres in the medulla.

It is worth noting therefore that Fig. 1 can be scaled up. Suppose that
the source is a fish the size of a mackerel instead of a small worm. A
hundredfold increase in length corresponds to a millionfold increase in
volume and hence in power output. So the other linear dimensions in the
figure can be increased one hundredfold (from centimetres to metres) for
the same end-organ sensitivity. It is not impossible that the scabbard fish
can detect and locate its prey in movement at distances up to 16-32 m.
using the lateral line alone.

As the distance of the source is increased, the lateralis system must
ultimately become inadequate. The gradient along the surface will become
eventually so low that the differential threshold of the end-organs between
extreme points on the animal’s surface is not exceeded, so that no clue to
direction and position of the source exists; and the peak displacement at
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an organ will become comparable with the effect of thermal agitation which
sets an absolute limit to sensitivity. The lateralis system is essentially a short-
range auditory system.

Cupola

>
Q’
~S
O
[S)
—o -
=)
F o
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Ductus
endolymphaticus
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o

Fig. 4. (A) and (B) represent diagrammatically neuromast organs found in living fish.
(C) represents a hypothetical stage prior to the enclosure of the otolith organs of the
labyrinth (D).

If we consider the motion of a fish in the path of sound waves from a
distant source, we see that it must correspond closely with that of the medium.
The fish in a train of plane sound waves has no fixed co-ordinate system
by which it can measure the displacement of particles of the medium, since
its own particles are undergoing the same displacement. The fish as a whole
is virtually transparent to sound and cannot readily utilize the energy of
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sound waves to excite its end-organs. In fact, the maximum deformation
to which a single end-organ would be subject would be equal to the peak
displacement amplitude of the medium multiplied by the ratio of the length
of the end-organ to a quarter of a wave-length. The ratio is about 10-% at
the frequency we have been considering.

- There are two ways out of this dilemma, both of which are utilized by
fish. If one end of an end-organ is firmly anchored to a mass denser than
water, its deformation is greatly increased. If the mass were infinitely
dense, it is obvious that it would not move at all and consequently would
supply the fish with the fixed reference point needed to register both the
magnitude and the direction of the displacement of the medium.

It is not so easy to see intuitively what happens with a mass only slightly
more dense than water, but by applying Stokes’s law, it can be shown that
the utilization of a mass two or three times as dense as water will allow
increase in sensitivity approaching that which would be obtained with an
infinitely dense mass.

Alternatively, if there is a bubble of a medium much more compressible
than water, the displacement amplitude of water particles in its vicinity will
be greatly increased and there will be a corresponding increase in the de-
formation of an end-organ close by. The utilization of this second device
is confined to fish with air bladders. The utilization of the first began before
the fossil record.

At first sight the utilization of a dense mass in association with the
lateralis organs appears to require an awkward jump in the evolutionary
process, but the difficulty is probably more apparent than real.

The immense quantities of chalk and limestone in the world are evidence
enough that animals find it easy to precipitate calcium carbonate from a
calcium-rich medium, and the formation of otoconia of calcite in the
cupolae of the lateral-line organs is the sort of thing that might have
happened by accident in an epoch when the calcium content of sea water
was higher than it is now. The density of calcite is about 2-6, amply suf-
ficient to raise the sensitivity by a factor of 108 for low-frequency plane
sound waves.

Nevertheless, a lateral-line organ loaded with otoconia cannot have been
an unmixed blessing. Such an organ must be susceptible not only to the
stimuli which are adequate for the unloaded lateralis organs but, in ad-
dition, to deformation by gravity, and linear and angular acceleration,
It is not surprising that no fish with external otoconia survives, for the
enclosure of the labyrinth and the beginning of the process of sorting out
these classes of stimuli must have been an immediate consequence of their

development.
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Enclosure of the labyrinth, save for a single external connexion, the
ductus endolymphaticus, protects the end-organs completely from external
streaming. We need not be concerned further with the end-organs of the
semicircular canals which have lost or never had otoconia and which have
successfully achieved a geometry that renders them sensitive only to angular
acceleration. This arrangement is found in all living vertebrates. The other
groups of end-organs in the labyrinth still have problems to solve. They
can now be regarded as the anlagen of utricle, saccule and lagena. In such
systems deformation of the hair cells must result from gravity and from
linear and angular acceleration as well as from the effect of sound waves.
The effect of angular acceleration is reduced though not eliminated by siting
the end-organs near the centre of gravity of the animals. But separation
of the effects of gravitation and acceleration from those of sound can only be
on atemporal basis. The auditory end-organs or their centres must somehow
reject signals resulting from slow deformations, the gravity organ (the utricle)
or its centre must somehow reject signals resulting from fast deformations.
It will be evident that the problem is a problem of frequency discrimination.
v. Frisch and others have proved that many fish are capable of distinguishing
the pitch of sounds over a wide range; in all probability they owe this faculty
to the primitive necessity of distinguishing sound from gravitation. Butit has
generally been supposed that the sorting was central rather than peripheral,
since the saccule and lagena resemble the utricle so closely that it was
difficult to believe that their responses to deformation were very different.
Lowenstein (1948), however, has pointed out the sensitivity to sound of the
macula neglecta, most appropriately named in this connexion. The hair
cells of this macula are unloaded, and it is situated in the cavity of the
saccule. Reference to the diagram (Fig. 5) will indicate that movements of
the saccular otolith, in addition to deforming the hair cells of its own macula,
will be accompanied by compensatory movements of the endolymph which
may deform the hair cells of the macula neglecta. In the first case the
deformation will be proportional to the displacement, in the second case it
is likely to be proportional to the velocity of streaming, i.e. displacement x
frequency. In the limit for very slow displacements the macula neglecta
will be unexcited. A comparison of the responses of macula neglecta and
macula sacculi clearly could be a basis of frequency discrimination.

There is no time to carry this story further. I have gone so far only in
order to emphasize the following points which seem to me very signifi-
cant:

(1) In the vertebrate line, hearing organs antedated sense organs re-
sponsive to gravity. The response to gravity is, so to speak, a by-product
of the improvement of hearing.
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(2) The faculty of frequency analysis is, in its turn, a by-product of the
necessity of discriminating between responses to sound and to gravity.

(3) There is no reason to suppose that the history of auditory structures
in aquatic invertebrates differs in essentials from that of vertebrates.

Fig. 5. Explanation in text.

If these conclusions seem trivial, I would like to remind you that the
pendulum has swung far the other way. Although Hensen (1863) proved
nearly a century ago that the otocysts of some Crustacea were auditory
organs, he is rarely quoted. Otocysts are always now called statocysts, and
it is impossible to read any modern book of comparative physiology without
gaining the impression that while most aquatic invertebrates respond to
gravity, most of them are deaf. I hope I have made it clear that the more
reasonable conclusion is that an aquatic animal could not respond to gravity
unless it heard.

III. HEARING AND COMMUNICATION

I would like to remind you also that 4o years ago it was fashionable to
believe that the vast majority of animals were not only deaf but dumb.
The exceptions admitted were birds and mammals and a few insects, and
it was even doubted whether these insects could hear the racket they made.

Now the position is changed or at least changing. One can perhaps
distinguish stages in the process. In the first stage Regen’s papers (1912-26)
gave a definitive proof that some, at least, of the insects which made noises
could hear in the sense I have defined, i.e. that from the behaviour of one
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insect it could be established that it referred the noise made by another to
a source external to itself in a particular direction. He also proved that such
insects possessed considerable powers of discrimination; they recognized
the noises of their own species and were not easily fooled by imitations.
Later, Albrecht Faber (1929-32), in a detailed and invaluable study of the
grasshopper genus Chorthippus, demonstrated not only that the noises of
the different species were specifically different, but that within each species
there is what must be regarded as a language. He discriminated up to
twelve different songs or phrases, each evoked by a particular emotional
situation. Of these the most important were:

(1) The wonted song (gewohnliche Gesang) of males, alone or in com-
pany (no female present).

(2) The serenade (Werbegesang) of a single male in the presence of
female which if uninterrupted ends in

(3) The shout of triumph (Paarungslaute).

(4) The rivals’ duet (Rivalenlaute) initiated by the intrusion of another
male upon the serenade.

(5) Song of the male during copulation.

(6) Various transitional passages and modifications of the above con-
tingent on special circumstances.

In some species the serenade may be missing altogether. In others it is
of great length and elaboration, not simply repetitive but a continuous
development of a theme in two parts. The bowing of the tegmina on the
two sides is different and the phase relations of the left and right legs change
during the performance. I have confirmed many of Faber’s observations
on the two species of his series which occur in England, and I have also
observed a third which was not available to him but which has a love song
equal in elaboration to any he describes. And, though I was originally
sceptical, I am now perfectly satisfied with the general accuracy of his descrip-
tion. I conclude that we have here a symbolic emotional language, symbolic
because the musical phrases appear to be both expressive of a particular
emotional state in the singer and evocative of a complementary emotional
state in the auditor. Itis of a lower order of symbolism than human speech,
but apparently quite comparable with the language of non-human mam-
mals and birds.

Faber’s observations were possible because these grasshoppers are
common and easily observed, and because a large part of their sound output
is in the human auditory range. But it would be very previous to assume
that the complexity of their language is exceptional. It is becoming evident
that it is the deaf and dumb insect which is exceptional, and that sounds
used for communicative purposes have been overlooked either because they
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were inaudible to a human observer unassisted by special equipment or
because they were supposed to be accidental. For example, although Cicada
song has been known for millennia, it was only last year that Ossiannillson
(1949) found that not only Cicadas but the whole of the great group of bugs
called the Auchenorhynca were songsters. Within the last few years Pierce
at Harvard (1948) and Pielemeyer (1946) at Philadelphia have shown that
many supposedly dumb crickets and grasshoppers have a large supersonic
output. And recently it has been confirmed, as Mayer long ago (1874)
suggested, that the flight notes of gnats and mosquitoes are specific sexual
recognition signals with a directional sign. The female is attracted by the
flight noise of a male swarm, and the flight noise of the female attracts and
elicits the clasping reflex from the nearest male. Quite evidently it is safer
to assume that an insect can hear than to assume the contrary. Itis probably
legitimate to generalize this assumption for all truly terrestrial animals.

It must be remembered that the chordotonal system of insects which
is in some respects the functional analogue of the lateralis system of the
fishes consists of end-organs which primitively were probably segmentally
arranged, though in all living insects there are concentrations of them at
particular points. The figure shows the positions in which chordotonal
organs associated with devices for matching to air are known. Such ears
seem generally to be associated principally with sexual communication. But
their absence does not mean deafness, for certainly many Hymenoptera,
Orthoptera and Coleoptera, in which the tibial concentration is well de-
veloped, can hear, although there is no eardrum, and their sensitivity is
probably much greater to displacements of the substrate than to displace-
ments of the air (cf. also the Arachnida).

A complementary change in outlook towards aquatic animals is also being
enforced. So far as vertebrates are concerned it has been shown that the
lateral-line system, so long a mystery, is an auditory organ which functions
in exactly the way which a physical analysis leads one to expect, and that
it represents a necessary stage in the development of auditory organs of
greater range and sensitivity. Just as for the insects, so for the fishes, it was
once supposed that the ability to make noises was possessed by a few
exceptional groups like the Sciaenidae which happen to make a great deal
of noise in a band to which the human ear is sensitive. But more careful
observation is showing that many fish have some noise output in the range
audible to man and, of course, everything that moves must produce
infrasonic noise.

It is also becoming apparent that the silence of deep waters is a myth,
They are full of noises. Some are certainly due to Crustacea, but many
types have been recorded which have not been identified. On the whole
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it would be surprising if it were otherwise. The important receptors for
gathering information from a distance are the eyes, the nose and the ears.
The visual field which for a terrestrial animal may be kilometres deep is
reduced for fish to metres at the most and in turbid waters to centimetres.
The nose of an aquatic animal is similarly handicapped, for the diffusion
of volatile substances is enormously slower than in air and the currents
which might aid their spread are also slower. On the other hand, conditions
for sound transmission are better than in air.

1. Diptera Culicidae, Chironomidae,Cecidomyidae
2. Orthoptera Gryllidae, Tettigoniidae

3. Lepidoptera  Nymphalidae

4. Hemiptera Corixidae

5 {Orthoptera Acridiidae

* \Lepidoptera Noctuidae

Lepidoptera Geometridae, Pyralidae
{Hemiptera Cicadidae

Fig. 6. Diagram of a generalized insect to show the positions in which groups of chordo-
tonal sensilla associated with a tympanic membrane or other air-matching device have
been found.

I think on balance the evidence justifies the conclusion that hearing is
a well-nigh universal attribute of animals, that communication by sound,
whether by simple specific and sexual recognition signs or by a more
extensive vocabulary, is very widespread, and that in consequence some
power of analysis in addition to directional sensitivity is equally widespread.
So even if you prefer a definition of hearing which implies an analytic
process, there is no justification for restricting it to mammals and birds
which have a cochlea. The cochlea represents one method of analysis out
of at least three possibilities and two other methods are certainly employed
by animals.

SEB 2
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The surface of the problem has hardly been scratched, but the result of
excavation so far is clearly in the nature of a warning to students of be-
haviour not to ignore hearing when attempting to control an experimental
situation, or, what is just as serious, to assume that a situation which appears
silent to a human observer is silent to the experimental animal. Even when
the latter is a mammal a small displacement of the band of maximum
sensitivity may make a large difference. A rat’s maximum sensitivity is
probably two to three octaves higher than a man’s. And if you go into a
room where rats are kept and talk in an ordinary voice you can see the rats
wincing in unison every time you come to a sibilant. As Rayleigh showed,
the sound sss has most of its energy in the band between 8 and 12 kcyc./sec.,
to which the human ear is relatively insensitive, but which probably in-
cludes the peak of sensitivity for the rat. For him the hiss of a snake is likely
to be louder and more shattering than the lion’s roar is to us.

I have tried to select aspects of hearing which show that its problems
are general problems which ought to be looked at in perspective, and which
are of general interest to students of behaviour. Hearing has been my
principal scientific interest for the past 15 years, and it may be thought that
I have over-emphasized its importance. But even if this is true, it is cer-
tainly true also that the role of hearing in animal behaviour has been under-
estimated for many years and its study correspondingly neglected.
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VISION

By KATHARINE TANSLEY
Institute of Ophthalmology, London

A very common misconception tends to arise when visual capacity is
under discussion. I refer to the rather widespread idea that the eye has
reached its highest developmental form in man and that the eyes of many
of the ‘lower’ animals mark stepping stones in the evolution of the most
useful and intricate one of all, the human eye. In so far as this idea has any
foundation it applies only to mammals where, with the exception of the
squirrels, whose whole retina apparently has as high a resolving power
as the human fovea (Rochon-Duvigneaud, 1920), there does seem to be a
steady increase in visual acuity, colour vision and probably binocular and
stereoscopic vision as one ascends the evolutionary scale (Walls, 1942).
If one takes the whole animal kingdom for comparison, the human eye does
not show up so very well. Our visual acuity is definitely poor as compared
with many birds, our colour vision does not cover as much of the spectrum
as that of the honey bee, and the eyes of many insects recover more quickly
from a stimulus so that they can more effectively distinguish rapidly
moving objects (Autrum, 1948). The high visual capacity characteristic of
man is due to the great development of the associated cerebral structures
rather than to a very highly developed eye.

This paper will deal, in the main, with the vertebrate eye about whose
structure and function there is a fair body of systematic knowledge. The
general pattern of all vertebrate eyes is much the same; PL 1, fig. 1 is
a diagrammatic representation of a section through the human eye. This
consists, roughly, of a dioptric apparatus made up of the cornea, lens and
vitreous body, which casts an inverted image of external objects on to the
retina, where, through the mediation of one or more photochemical pig-
ments, the light energy is transformed into something which can stimulate
the fibres of the optic nerve so that a complicated pattern of nervous
impulses is transmitted to the brain. The capacity of such an eye to dis-
tinguish different degrees of brightness (the intensity of the stimulus)
depends fundamentally on the reactions of the photochemical pigments
involved. These appear to be much the same for all vertebrate eyes and are
based on a small group of substances of which visual purple (the pigment
responsible for night vision in man) is the best known. It is probable that
all the visual pigments of the vertebrate eye are chemically related to

2-2
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visual purple. Two of the invertebrate eyes which have been studied from
this point of view, those of Limulus, the horseshoe crab, and Loligo, the
squid, also possess a pigment which seems to be very closely related to
visual purple (Hartline & McDonald, 1947; Bliss, 1948). The sensitivity
of the retina in vertebrates (but not apparently in Limulus and Loligo)
depends on the concentration of photochemical pigment present at any
given moment. The exact relationship between the two is not really clear,
but it does not seem to be as direct as Hecht (1919) believed and we have
mostly been taught. The concentration of pigment, in its turn, depends on
the state of adaptation of the eye and on the type of receptor cell pre-
dominant in its retina. Thus a power of dark adaptation comparable to
our own is associated in all vertebrate eyes with rods in the retina (Schultze,
1866), and, in general, animals with predominantly rod retinas are found
to be night feeders and to live in dark places (rat, owl, hedgehog), while
those whose activity is diurnal (some snakes and lizards, many birds) have
mainly cone retinas and rather poor dark adaptation.

It would be most inaccurate to think of the vertebrates as strictly
divided into a diurnal and a nocturnal group. Various adaptations have
been developed in many species to allow activity to be spread more evenly
over the extremes of night and day illuminations. Such mechanisms are
often designed to protect a sensitive retina during daytime activity, and
include the pupil reaction of most mammals and many reptiles as well as
the retinal photomechanical changes of fish, Amphibia and birds. A device
for increasing the sensitivity of eyes which are either strictly nocturnal or
adapted for 24 hr. activity is the tapetum, often found in the larger terres-
trial mammals. These have a high rod to cone ratio to ensure sensitivity,
large eyes with large retinal images to give a reasonable resolution in spite
of relatively few cones, and a tapetum to compensate for the consequently
lowered brightness of the image. In strictly nocturnal animals with pure
rod retinas visual acuity is poor anyway, and a tapetum is helpful in allow-
ing the maximum use to be made of any light which does reach the retina.
We will return to this question of visual acuity in a moment.

Walls (1942) divided the vertebrates into five rough groups according
to habit. There are the diurnal animals which are active chiefly by day and
whose eyes are incapable of any considerable dark adaptation or of night
vision. Such animals always have pure cone retinas and are largely indepen-
dent of any of the protective mechanisms just described; they include the
turtles with immobile pupils and a slight, slow retinal pigment migration,
the diurnal lizards with little pupil movement and probably no pigment
migration, and the diurnal snakes with neither mobile pupils nor retinal
changes. Next there is the crepuscular group, members of which have



VISION 21

retinas made more sensitive by the addition of some rods, but which show
no adaptation to extremes and therefore tend to be dazzled at high and
insensitive at low illuminations. This group includes such secretive snakes
as Chemophera and the mud-loving rainbow snakes. It is doubtful whether
their rods contain visual purple. Members of the third group probably
possess the most generally useful eyes of all. These are the 24 hr. or
arhythmic animals which are about equally active by both night and day.
All the members of this group possess both rods and cones, have good dark
adaptation and use some protective device, either a mobile pupil or retinal
movements or both. Nearly all mammals fall into this group or the next
(nocturnal), the larger species tending more towards 24 hr. activity. The
group also includes many teleost fish, the slit-pupilled reptiles which tend
to hunt at night but, being poikilothermic, enjoy basking in the sun, and
frogs which rely on photomechanical changes to protect their retinas and
have also developed protective intraocular filters in the form of yellow oil
droplets. The nocturnal group contains most of the smaller mammals and
tends to overlap the arhythmic group, having usually more rods and better
protection against dazzle; where protection is due to the pupil only this is
often slit-shaped when constricted, thereby ensuring more effective closure
than is possible with a ring-shaped sphincter. The last group of strictly
nocturnal animals possesses pure, or nearly pure, rod retinas and little or no
protection from bright light. In addition, these animals usually have such
poor visual acuity that they have become largely dependent on hearing and
smell rather than on vision. This is the case in nearly all rodents which are
so vulnerable at high illuminations that they never emerge from their holes
by day.

While the sensitivity of an eye to light and to changes in light funda-
mentally depends on its photochemical mechanism, the acuteness of vision,
or ability to distinguish shapes and details, is a property first of its
dioptric apparatus and secondly of its retinal structure. These can usefully
be compared with the lens and plate or film of a camera, the former deter-
mining the accuracy of the image and the ‘grain’ of the latter the fidelity
with which it can be reproduced. In pure rod eyes the retinal structure
is always the limiting factor for visual acuity, and in these eyes it is always
poor. This is due to the fact that in such retinas the ‘convergence’ of visual
cells on to individual fibres of the optic nerve is very great, in other words
very many (often several hundred) rods tend to be attached to the same
final common path—the optic nerve fibre. The difference between rod and
cone retinas in this respect can be clearly seen by comparing Pl 1, fig. 2
and Pl 2, fig. 1. PL 1, fig. 2 is a section through the retina of the rat, an
animal which belongs to Walls’s group of nocturnal animals and which
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possesses too few (if any) cones to affect its visual capacity. The proportion
of visual cells to the optic nerve fibres serving them can be judged by the
relative thickness of the outer layer of rod nuclei and of the ganglion cell
layer, each outer nucleus representing one visual cell and each ganglion cell
one nerve fibre. In the rat an outer nuclear layer approximately 10 cells
thick is associated with a ganglion cell layer never more than one cell
thick and in which the nuclei are often quite widely separated horizontally.
Let us compare this arrangement with one in which there is high visual
acuity but poor dark adaptation. Pl. 2, fig. 1 shows a section through the
human fovea centralis which is generally considered to be devoid of rods.
Here the thicknesses of all the nuclear layers are much more nearly equal,
although there is still some convergence on to the ganglion cells and optic
nerve fibres. The development of a high visual acuity is, in the first instance,
always at the expense of sensitivity, which appears to require the connexion
of a large number of visual cells (which may be thin and closely packed as
in the eel) to each optic nerve fibre and which must, therefore, be the result
of a summation of responses as well as of a high concentration of photo-
pigment. In the case of animals in the 24 hr. group the difficulty of com-
bining the high sensitivity necessary for night vision with the acuity which
makes day vision worth while is overcome by developing a mixed rod and
cone retina. Where the eye can be large enough as in the larger mammals
(e.g. horse), the relative coarseness of the retinal ‘grain’ (the retinal area
served by one optic nerve fibre) does not matter so much, since the size of
individual receptor cells is not increased while the size of the image is.
Where such large eyes have not been developed, as in the primates and man,
the solution has been by the differentiation of a special pure cone area with
a high visual acuity (the fovea centralis) in the middle of a mixed retina
dominated by rods, which is sensitive enough at low illuminations but
whose visual acuity is much poorer than most people realize (Pl. 2, fig. 2).

On the whole, birds are diurnal in habit and possess a very high visual
acuity. This is accomplished by a combination of both the methods just
described. Birds’ eyes are, relative to the size of the head, enormous, and
the diurnal ones possess the most highly developed foveae we know,
equalled, but not surpassed, in lizards. Some birds have two foveae, one
central, used for monocular vision at right angles to the head, and one
temporal which can combine with that of the other eye to give binocular
vision straight forward. The squirrels are the only mammals with a visual
acuity comparable to that of man and the higher primates; they are also
the only mammals to possess a pure cone retina. This enables them to see
clearly without the necessity for eye movements, for their whole retina
is as efficient from this point of view as our fovea, but it also means that
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they have entirely sacrificed night vision. In Table 1 the visual acuities
of the few animals for which it has been measured are compared.

Table 1. Visual acuities (separation of two parallel lines)
of different animals (from Walls)
These figures come from various sources and were obtained under

different conditions. They are, therefore, only very roughly com-
parable to one another.

Visual angle Corresponding
(min.) distance on
retina (u)

Diurnal animals:

Man 0-64* 276

Chimpanzee o047t 1-86

Rhesus monkey 067 233

Cebus monkey 095 331

Pigeon 1'54 279

Gamecock (no fovea) 407 958
Nocturnal animals:

Cat 5'5 —_—

Alligator 11°0 —

Opossum 11°0 —

Rat 260 238

Rat (albino) i 52'0 477 k

* Mean of 7 figures from different sources.
1+ Mean of 2 figures from different sources.

Visual acuity is finally dependent on the retinal structure, but a retina
as well developed in this respect as that of the squirrel would be wasted
in an eye whose optical system could not produce a sharply focused image
in the right place, as well as one as large as individual circumstances permit.
Where, as in birds, a large image cannot be achieved by a marked increase
in the size of the eye as a whole, the solution is usually to enlarge the
posterior segment as much as possible. This, of course, entails an increase
in the distance between the lens and the retina with a consequent flattening
of the cornea and lens to increase the focal length of the optical system.
This adaptation reaches its farthest point in man. The fish lens has an
extremely high refractive index and can produce a large near image; in
consequence the whole fish eye is often flattened (Text-fig. 1).

The large eyes of some nocturnal animals, so long as the pupil is enlarged
in proportion, increase sensitivity by admitting more light. Unless the
increase in pupil size is accompanied by an increase in the size of the lens
there will be a troublesome increase in spherical aberration. Such an
increase in the size of the lens will throw the optical centre of the eye back-
wards and the image behind the retina unless refractive power is also
increased by increasing the curvature of lens and cornea. This, in turn,
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will increase the size of the image and still further depress visual acuity
unless the animal has room in its head for an over-all enlargement of the
eye to push the retina backwards. Thus, once again we recognize the
antagonism between acuity and sensitivity. The eyes of nocturnal animals,
then, always have a large and powerful optical system, large pupils and,

Nocturnal

Text-fig. 1. Variation of general ocular structure with habit. Diagrammatic horizontal
sections through two diurnal eyes with good vision, man (top left-hand) and the
teleost fish Serranus scriba (bottom right-hand), one nocturnal eye with good vision,
the lemur (bottom left-hand) and one nocturnal eye with poor vision, the house mouse
(top right-hand). (After Walls.)

where possible, very large eyes. Large eyes in which the posterior segment
is increased in length but not in width (tubular eyes) are characteristic of
nocturnal species which have retained better vision, such as the owls,
lemurs and some deep-sea fish. The optical structures of a nocturnal
animal with poor vision, the mouse, a nocturnal animal with relatively
good vision, the lemur, and two diurnal types, man and a diurnal fish, are
compared in Text-fig. 1.

For one reason or another many animals do not require and do not
have any specific mechanism for accommodation. Eyes with poor visual
acuity, either because they are very small or because they have a rod retina,
will get little, if any, benefit from a mechanism for fine adjustment. In
addition, since the absolute size of the visual cells changes so little through-
out the vertebrates, these will be relatively long in a small eye, while at the
same time the lens must have a short focal length and therefore a large
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depth of focus. Another type of eye which has no need of a separate
focusing mechanism for objects at different distances is that with a pupil
which contracts to a pinhole or slit in the light.

However, most vertebrates which depend on their eyes have some means
of altering the focus of their optical system. This is done either by altering
the distance between the lens and retina or by altering the shape, and so
the focal length, of the lens. The first method is employed by fish and
Amphibia, the second by reptiles and birds and by mammals. All these
alterations are accomplished by the intraocular muscles.

Elasmobranch fish are hypermetropic (up to as much as 15 dioptres),
and their accommodation is, like ours, for near vision; it is accomplished
by moving the lens forwards towards the cornea. They may have as much
as 20 dioptres of accommodation and so are able to focus on very near
objects (Franz, 1931). Teleost fish, on the other hand, are myopic and
accommodate for distant vision by moving the lens towards the retina and
sideways so as to bring the image on to the fovea (if present), which is also
the retinal area involved in binocular vision. For fish ‘distant’ objects
will never be more than about 20 ft. away, since underwater visibility
beyond this must be very poor indeed. In all fish the cornea is, of course,
eliminated as a refractive structure, and this function of the lens becomes
very much more important in consequence. Fish lenses, therefore, have
to lie much farther forward in the eye—if possible to protrude beyond the
head—and to have a high refractive index. They also tend to be very convex,
in fact about spherical.

The effect of the change from under-water to air vision can be seen in
the amphibious Amphibia, where the cornea is more curved and the lens
flatter and farther back in the bulb. Amphibia have comparatively little
or no accommodation, perhaps 5 dioptres (as against our 13-5 in childhood
and 6 at the age of 40), and are not apparently able to compensate for the
changes in refraction due to the change from air to water and vice versa.
Newts are emmetropic under water and must, therefore, be highly myopic
in air when the corneal refraction is added to that of the lens. Frogs, on
the other hand, are emmetropic in air and therefore hypermetropic under
water when they lose the use of the cornea.

The possessors of the highest degree, as well as the quickest, accom-
modation among the vertebrates are to be found in the lizards and birds,
and all employ the same method. It is easy to see that swift-flying diurnal
birds must have effective and rapid accommodation (cormorants are
reported to have 40—50 dioptres), but not so clear why the relatively slow
reptiles should. However, lizards feed on quickly moving insects which are
caught by eye. Accommodation is always for near vision and is accomplished
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by the ciliary muscles. These exert direct pressure on the lens equator,
causing its anterior part to bulge forward and so increasing its power. In
birds and reptiles both ciliary and iris muscles are striated. In addition,
some birds (notably the hawk) reinforce the lens change by an increase in
corneal curvature. Accommodation is relatively poor in snakes and is
accomplished by moving the lens forward as in elasmobranch fish and
Amphibia. There is no ciliary body, but the muscles at the base of the iris
contract, pressing on the vitreous and producing a rise of intraocular
tension which pushes the lens towards the cornea.

Most mammals, except primates, have little or no accommodation. With
the exception of the baboon, which is said to be myopic, mammals in their
natural state are slightly hypermetropic. Zoo and domesticated species
tend, for some reason, to become myopic, and one should, therefore, always
show caution in accepting accommodation data obtained on such material.
Table 2 shows the power of accommodation in some species.

With the exception of the bats, vertebrates can only judge distance by
means of their eyes. There are, of course, a number of monocular clues
which can be, and constantly are, used for this purpose, such as size and
overlapping shadows, but, in man at least, the most accurate method of
judging distance and solidity is by means of stereoscopic vision. This
appears to depend on the simultaneous appreciation of the slightly, but
not too widely, dissimilar images from corresponding points on the two
retinas. For this to be possible it is obviously essential to have binocular
vision, that is, the faculty of viewing an object with both eyes simultaneously
and seeing one and not two images.

Of course, binocular vision can only develop where there is some over-
lapping of the two visual fields and, therefore, the more frontally the eyes
are placed in the head the greater the part of the visual field which is
potentially binocular. In mammals the degree of frontality of the eye is
correlated with the extent of the partial decussation of the optic nerves in
the chiasma; in man only about 509, of the fibres cross over, in the rabbit
the figure is nearly 100%,. This correlation has apparently been mainly
responsible for the theory that binocular and, therefore, stereoscopic vision
is only possible where there is partial decussation of the optic nerves, that
is, where impulses from each retina are received on both sides in the brain.
If this were true, it would mean that non-mammalian vertebrates could
never have binocular vision even where, as in many birds of prey and some
fish, the eyes are frontal with overlapping fields. When one considers the
extreme accuracy with which such non-mammalian vertebrates can pounce
on their food, it is hard to believe that they do not enjoy true binocular
vision. In this connexion it is of interest that, where the position of their
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Table 2. Refractions and a power of accommodation in various animals

Maximum
Animal Refraction accommo- Mechanism of
(dioptres) dation accommodation
(dioptres)
Fish:

Lamprey -8 >8 Lens moved towards retina

Elasmobranch +10-15 15—20% Lens moved away from retina

Teleost —15 15 Lens moved towards retina

Cod — o Do.

Amphibia: o in usual <5 Shape of lens changed by
habitat direct pressure
Reptiles:
Crocodiles o in air Slight Do.
Turtles o in usual — —_—
habitat
Lizards o Great Do.
Snakes +2-9 o9 Lens moved away from retina
Birds:

Owl ) 4—6 Shape of lens changed by
direct pressure

Hen o 8-12 Do.

Pigeon o 8-12 Do.

Cormorant ) 40-50 Do.

Mammals:

Sea-cow —5 in air ) Shape of lens changed by
moulding by capsule after
relaxation of zonule fibres

Mouse +10 ) Do.

Horse +1 o Do.

Sheep +1 o Do.

Pig +1 o t Do.

‘Rabbit — ot Do.

Dog o5 1t Do.

Squirrel o5 1’5 Do.

351 Do.

Cat [°) { 175t Do.

Wolf — 275t Do.

Primates other o {baboon 10-12 Do.

than man myopic)
Man (aged 21) o 11°0 Do.

* Franz (1931).
1+ Hess & Heine (1898).
1 Hartridge & Yamado (1922).

eyes allows, most animals use both together from choice. The factor which
really appears to be correlated with frontality throughout the vertebrates
is feeding habit. Thus hunting animals nearly all have some overlapping
of their fields in front, while those which are normally hunted tend to have
lateral eyes giving a maximum total field but little or no binocular overlap.
Hunted animals must be able to spot danger coming from any direction,
while predatory ones need the best possible vision of their prey and, not
usually being in danger themselves, can dispense with a knowledge of
what happens behind them. The total and binocular fields of a number of
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vertebrates, both predatory and hunted, are given in Table 3. Although the
degree of frontality does, in the main, determine the extent of these two
fields (which, of course, tend to vary inversely with one another), other

Table 3. Total and binocular visual fields of various species,
showing the larger binocular fields characteristic of predators

" Animal Monocular field Total visual Iiinécular field
(degrees) field (degrees) (degrees)

Fish:

Most — — 20—-30%

Gurnard — — *

Flatfish — — > 30%

Fresh-water predators — — 30— > 40%

Bottom dwellers — — 25-40 (dorsal)
Reptiles:

Crocodiles 152-156 — 25

Turtle (Testudo) — —_— 18

Turtle (snapping — — 38

turtle)

Lizards 144—160 — 10-20

Monitors — — 14-32

Snakes 146168 — 20—40
Birds:

Graniverous — 340-342 6-25

(pigeon)

Hawks _— — 35-50

Owls —_ —_— 60—70
Mammals :

Rodents 190 360 10—40

Ungulates 215 — 6080

(horizontal pupils)

Dog — 250 —

Cats — 287 130

Apes and man — 180 140

* Kahmann (193s).

factors also play a part; for instance, the degree of protuberance of the eyes
and the relative sizes of cornea and retina. There are also many interesting
variations in the directions of the fields depending on the particular habits
of a species. Thus, the bittern, which when alarmed ‘freezes’ with its bill
in the air among the reeds, has its eyes so placed that with the head in this
position they can be turned downwards to give it binocular vision straight
ahead wunderneath its bill. On the other hand, in aquatic mammals such
as seals, the eyes are tilted upwards, so giving good vision above the water
while swimming.

One of the most vital and fundamental functions of an eye is the per-
ception of movement. This capacity is necessary for any animal which
itself moves (sea anemones and suchlike have no eyes), and particularly if
it feeds on moving objects. The faster an animal normally moves and the
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faster its prey moves the more acute must its movement perception be.
Now, the stimulus value of a moving object depends not only on the actual
capacity of the eye to detect and evaluate movement, but also on such
psychological factors as the general importance of moving objects to the
owner of the eye and the amount of competition for attention provided
by other simultaneous visual sensations. This last factor is probably
the reason why perception of movement is usually better in the periphery
although the physiological mechanisms for it are usually worse. The
attention value of a movement seen peripherally is greater because, anyway
in reasonably good lights, it is practically the only visual function of which
the periphery is capable.

Physiologically, the two visual functions concerned in the perception
of moving objects are visual acuity and the ‘persistence time’, the latter
measured by determining the flicker fusion frequency. Where visual acuity
is poor the retinal area served by a given nerve fibre is large, and it is only
when fresh fibres are stimulated that an image is recognized to be moving
on the retina. In a retina with poor visual acuity the details of an image
will have to move much farther before they hit the sensory cells attached
to new fibres than in a retina with good visual acuity. The ‘persistence
time’ is the time for which a sensation persists after the stimulus has ceased,
and obviously the shorter this period the more quickly is an eye ready to
perceive a new object. It is the length of the persistence time which deter-
mines whether a moving object is seen as a blurred streak or as a discrete
pattern moving across the visual field. The flicker fusion frequency (the
lowest stimulation rate which gives a homogeneous sensation) varies for
different types of retina and according to the state of adaptation, and the
perception of movement will vary in the same way; the higher the fusion
frequency the better is movement perceived. Fusion frequency is higher
at high illuminations, and also higher for cone than for rod vision except
during dark adaptation, when the frequency for rod vision rises and for
cone vision falls (Lythgoe & Tansley, 1929). This means that in any given
eye perception of movement will tend to be best under the conditions in
which the eye is generally most efficient. In general, animals which move
swiftly themselves or which feed on quickly moving prey have high fusion
frequencies. The highest figures so far recorded are those obtained by
Autrum (1948) for the fly Calliphora erythrocephala, where the fusion
frequency is at 100 per sec. under conditions where it is only 40 per sec.
in man. Table 4 gives the fusion frequencies measured by various means
on a selection of animals.

We now come to the question of colour vision in animals—a question
which always seems to arouse more interest and to which our answers
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Table 4. Fusion frequencies in different animals under conditions
of light (L.A.) and dark adaptation (D.A.)

' Fusion frequency
Animal Type of retina (flashes per sec.) Method of recording
L.A. D.A.
Insect (Calliphora Compound eye 250 —_ Electroretinogram*
erythrocephala)
Snail — 4-5 — Sensory response
Cephalopod — 90 — Electroretinogramt
(Eledone)
Fish (Betta Cone 110 — Sensory response]
splendens)
Fish (Conger Rod 14 — Optic nerve§
vulgaris)
Frog Mixed 13 7 Electroretinogramy|
Pigeon Cone dominated 45 40 Electroretinogrami|
Hen Cone dominated — 35 Electroretinogram§
Buzzard Cone dominated — 40 Electroretinogram$
Owl Rod 34 21 Electroretinogramy||
Cat Rod dominated 27 26 Electroretinogram||
Rabbit Rod dominated 32 30 Electroretinogramy|
Monkey Cone dominated — 17 Electroretinogramz*
: 20 — Electroretinogram
Man Mixed {SO 14 Sensory at 0°++
E 15°5 Sensory at 9ot
* Autrum (1948). I Granit (1947).
+ Fréhlich (1913). ¥  Piper (1911).
1 Beniuc (1933). *#* Bernhard (1940).
§ Adrian & Matthews (1928). 1+t Lythgoe & Tansley (1929).

are usually more unsatisfactory than is the case in any other branch of the
subject. One reason for the unsatisfactory answers is the difficulty of
demonstrating the presence or absence of colour vision in animals. Colour
is only one of the attributes of an object which make it visually recognizable,
and an animal which seems to be choosing an object because it is, say,
yellow, may really be attracted because it is moving, or of a certain shape
or seems bright.

In order to be able to say for certain that a given species possesses or
does not possess colour vision one must perform rigorously controlled
training experiments—a tedious and lengthy undertaking and one which
is often not practicable. However, a considerable number of such investi-
gations have, in fact, been undertaken with the result that we can now
say with fair certainty that colour vision is possessed by certain insects—
notably the honey bee— by diurnal fish and birds and, among the reptiles,
by turtles and diurnal lizards. We have no information about snakes, and
the frog is the only amphibian which has been tested; it seems not to have
colour vision. The only mammals proved to have colour vision are the
higher primates, and it is certain that many definitely have not; all the
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nocturnal species tested, cat, rat, mouse, rabbit, etc., having given negative
results when the experiments were properly controlled. The results on the
more diurnal mammals are doubtful, but there is evidence that both the
dog (Samoiloff & Pheophilaktova, 19o7; Smith, 1912) and some species
of squirrel (Locher, 1933 ; Kolosvary, 1934) may have a rudimentary colour
sense.

During the last ten years a great deal of information has been gathered
by Granit and his co-workers (1947) about the actual sensitivity of the
retinas of different animals to different wave-lengths. All the reputable
(and some not so reputable) theories of colour vision agree that the funda-
mental discrimination between wave-lengths must take place in the retina,
colour vision being based on differences of sensitivity between the retinal
end-organs linked to a cerebral ability to recognize which end-organs are
responding and to what extent. It is, therefore, not to be expected that
an animal whose end-organs responded identically to all wave-lengths
should have colour vision. The converse, however, seems not to be true—
that all animals in which differential retinal sensitivities to wave-length
can be demonstrated necessarily have colour vision. Granit has found
some indication of differential sensitivity in all the retinas he has examined
so long as they were in the light-adapted state, and these include the rat,
guinea-pig and cat, all of which have been pretty conclusively shown to
possess no colour vision at all. It seems very likely that all vertebrate
retinas possess at least a rudimentary mechanism for wave-length dis-
crimination which may only be functional during light adaptation, but that
true colour vision—the central recognition of wave-length differences—
only develops in certain instances. It has been suggested that colour
vision will develop where it is required, but it must be remembered that
although Granit obtained evidence of some wave-length discrimination
even in the pure rod retina of the guinea-pig, it was very much less definite
and much harder to demonstrate than in pure cone or cone-rich retinas
such as those of the frog, grass snake and turtle. In the case of the frog,
which probaby has no colour vision and yet appears to have a well-developed
retinal mechanism for wave-length discrimination, it is easy to imagine the
possibility of its developing full colour vision through the elaboration of
the necessary cerebral machinery. In the case of the rat and guinea-pig any
such elaboration would apparently have to be accompanied by profound
retinal changes.

The classical association of colour vision with cones and daylight vision
is confirmed by Granit’s results. He was never able to demonstrate any
differential sensitivity to wave-length in a dark-adapted eye, and although
the pure rod retina of the guinea-pig and the almost pure rod retina of the
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rat occasionally gave evidence of some differential sensitivity on the part
of rare groups of end-organs, all the most striking and best-defined results
were obtained from retinas with high cone densities. If one had no evidence
other than Granit’s to connect colour vision with cones and high illumina-
tions, one would make the same rough generalizations about their relation-
ship as were made over fifty years ago by the authors of the duplicity theory,
although one would, perhaps, fill in the details rather differently.

In this paper I have tried to give a general idea of how visual capacity
in general can be expected to vary among the vertebrates, in the hope that
it may be helpful to people planning animal experiments involving vision.
I hope that I have said enough to persuade people that an animal such as
the rat, which, from what one might perhaps call a purely visual point of
view, would be admirably suited to give results on factors affecting dark
adaptation, might, nevertheless, be a poor choice for experiments on visual
acuity or colour vision.
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EXPLANATION OF PLATES

PLATE 1
1 Diagrammatic horizontal section of the human eye (Parsons).
2. Transverse section through the rat retina. The outer surface of the retina with the
rods is at the bottom. Note the thick layer of rod nuclei and the very thin ganglion
cell layer near the inner surface. A, nerve fibre layer; B, ganglion cell layer; C, inner
molecular layer; D, inner nuclear layer; E, outer molecular layer; F, outer nuclear
layer; G, rod and cone layer. Cf. Pl. 2, fig. 1.

PLATE 2
1. Diagrammatic cross-section of the human retina in the region of the fovea (after
Sobotta). In the parafoveal region the three nuclear layers (cone nuclei, bipolar and
ganglion cell layers) are of nearly equal thickness. Cf. Pl 1, fig. 2.
2. Visual acuity around the fovea. The right-hand picture illustrates how badly the
left-hand picture is seen when the eye is fixated on the word ‘werd’ at a distance of
about 1 ft. (After Schouten.)

SEB 3



PROPRIOCEPTORS

By H. W. LISSMANN
Department of Zoology, University of Cambridge

If we try to account for the behaviour of an animal in terms of cause and
effect, we are soon faced with the question: ‘ What came first, was it a sensa-
tion from the environment or was it an activation of the motor neurones
from within?’ One school of thought claims that if we subtract all
behaviour reactions which are clearly caused by sensory stimulation we will
still be left with a residue of inherent reactivity which is independent of
incoming impulses. On the other hand, attempts are also being made to
resolve behaviour into reflex arcs so that each phase of movement is
related to a stimulus or to a set of stimuli. In many instances such external
stimuli, their receptors and the reactions which they evoke are fairly
obvious. Whichever of these two views we may favour we cannot afford
to overlook a sensory mechanism which is not so obvious and which is not
exclusively concerned with stimuli arising out of the environment, i.e. the
proprioceptive system. To the student of animal behaviour the proprio-
ceptor is often the wallflower amongst sense organs. Such compact sense
organs as eye and ear, and such striking stimuli as light and sound with
their associated reactions, have attracted many more observers than have
occupied themselves with the exploration of the diffuse proprioceptive
system. This system registers less apparent stimuli, and it is usually held
responsible for a rather vaguely defined muscle sense or a kinaesthetic
sense. Yet, if we grant that there is some degree of logic and economy in
the morphological plan, the significance of the sensory equipment of the
muscle can be visualized in proportion by considering the number of nerve
fibres which supply it. For instance, it is well known that almost half the
fibres of a nerve to a skeletal muscle in a vertebrate are sensory and that
they carry impulses to the central nervous system from proprioceptors and
other deep structures. If all the sensory fibres of the somatic musculature
were gathered together into two nerve trunks, as happens in the case of the
eye and ear, a tract of such impressive dimensions would be obtained that
no student of biology could possibly ignore it. On the physiological side,
we have good reasons to believe that many profound defects in behaviour
which attend section: of these sensory nerves are due to the inability of the
proprioceptors to exercise their normal influence.

According to Sherrington’s (1906) definition, proprioceptors are somatic
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sensory end-organs which are stimulated by ‘actions of the body itself’,
and, he adds carefully, that they are so stimulated in much greater measure
than are the sense organs of the surface field of the organism. To Sherring-
ton we owe much of the early information about the physiology of the
proprioceptors in vertebrates, but the definition does not appear quite
adequate, because, clearly, there are few types of sense organs which cannot
be stimulated by actions of the body itself. For the purpose of this dis-
cussion, I should like to define proprioceptors as sense organs capable of
registering continuously deformations (changes in length) and stresses
(tensions, compressions) in the body. These can arise from the animal’s
own movements, or may be due to its weight, or to other external mechanical
forces. Through their activity the proprioceptors help to establish the
relationship of each part of the body to the rest, and of the body as a whole
to the outside world.

The detection of such sense organs in the animal’s body is not always an
easy matter, and we can be quite confident that a large number have yet to
be discovered. Before Sherrington’s physiological discoveries were known,
however, histologists had already revealed a variety of sense organs which
appeared eminently suited for the perception of posture and postural
changes. Behaviour can be analysed in such terms of changing posture.
From this, then, the question arises, how far can behaviour be correlated
with the sensation of behaviour? The question whether we would (or the
central nervous system could) behave at all, if we did not know we were
behaving, should not only be of interest to the moralist but also to the
behaviourist and the physiologist.

Subjectively, one might take the view that whereas the higher sense
organs convey to us the impression of an outside world, these lower sense
organs convince us of the reality of our bodily existence—to which we have
got used to such an extent that it is taken very much for granted. Never-
theless, this seems to be an experience from which no recluse and no philo-
sopher can escape, however detached they may consider themselves from
outside events.

Objectively, two types of effects have been ascribed to proprioceptors,
(i) specific reflexes; (ii) a stimulatory action (in the sense of Wolsky (1933));
this by itself may not evoke any visible responses but may keep the central
nervous system in a state of readiness to act in definite ways. The central
nervous system is, of course, such a complicated part of the animal’s
anatomy and physiology—no doubt for good reasons—that it has also
become a convenient store-cupboard for any phenomena in behaviour
which we cannot unravel at first glance. A scrutiny of the role of the pro-
prioceptive system may help to drag out into the open some of the mysteries

3-2
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which have been put into this hiding place, and may thus reduce the chance
of misinterpretation of animal behaviour. By subtracting all effects which
are known to be of proprioceptive origin it should be possible to gain some
insight into behaviour reactions which are either caused by other receptors
or by any purely central mechanism.

In the normal sequence of events the proprioceptive messages received
by the nervous centres lead to excitation and inhibition of individual muscles
or muscle groups, thus producing smooth, finely adjusted and effective
movements. These movements can only be effective if the centres which
send out the motor impulses take into account prevailing environmental
conditions. In a changing environment this is inconceivable in the absence
of guidance from the periphery. The degree of guidance is obviously limited
to the perceptive range of the sense organs and must be considered first.

Vertebrates. Viewed superficially, the problem of proprioceptive function
in vertebrates appears simple and logical. A somatic body or limb
muscle has two main types of function: (a) to execute movements; (b) to
carry loads. During these activities two types of mechanical effects are
produced: (a) changes in length of tissues; (b) the development of tensions.
To register these effects, two types of receptors would appear necessary,
stretch receptors and tension receptors; and two types of receptors have
been found in close association with the musculature: (a) the muscle
spindle; () the tendon organ (see Pl. 1). As is well known from classical
physiology, the influence from proprioceptive organs on the motor apparatus
can be twofold: (a) excitation; (b) inhibition.

Finally, two opposing theories have been put forward which link causes
and effects in a substantially different manner as is shown below:

Theory of Fulton & Pi-Sufier (1928) Theory of Denny-Brown (1928)
tension stretch tension, stretch muscular
action potential
tendon organ muscle spindle tendon organ muscle spindle
inhibition excitation excitation inhibition

Both theories try to derive support from histological details of the sensory
endings. While Fulton & Pi-Suiier stress the ‘in series’ and ‘in parallel’
arrangement of tendon organ and muscle spindle respectively (Text-fig. 1),
Denny-Brown points to the close association of the sensory termination of
the muscle spindle with a contractile element, since he had recognized the
motor innervation of the intrafusal fibres of the muscle spindle (Pl. 1). How-
ever, unless rather unconventional assumptions are made neither theory is
entirely satisfactory, although Fulton & Pi-Sufier’s scheme has gained more
general acceptance. The difficulties become obvious as soon as one tries to
apply either theory to certain well-known physiological observations.
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(1) If the hindleg of a spinal frog or toad is passively extended, it offers
no appreciable resistance, but at a certain point it responds by flexion.
According to Fulton & Pi-Sufier the muscle spindles are activated by
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Text-fig. 1. Diagram showing two types of sensory ending in a skeletal muscle. In A the
tendon organs are disposed ‘in series’ with the tension supporting elements. a, b,
skeletal muscle fibres; m, motor-horn cell; s, sensory ending. In B a diagram of
a muscle spindle is showing the condition of ‘ in-parallel’ arrangement with the tension
supporting elements. When the muscle fibres @ and b contract, they take up any
tension which may previously have been exerted upon s, the muscle spindle. (From

Fulton & Pi-Sufier, 1928.)
stretch, and this leads to an excitation of the stretched muscles, while in
Denny-Brown’s view the pull on the tendon organ would be held respon-
sible for the flexion.

(2) If, during active movement, the limb of a tetrapod or the trunk muscu-
lature of a fish or snake encounters an obstacle, the tension in the contracting
muscles is greatly increased and is maintained for a considerable period.
This additional excitation of the contracting muscles could be accounted for
in Denny-Brown’s scheme, but in this case the tension on the tendon organ,
assumed to lead to excitation, would be counteracted by the simultaneous
inhibitory effect from the muscle spindles which, it is suggested, are capable
of appreciating the onset of the electrical wave which precedes contraction.
According to Fulton & Pi-Sufier’s view one would have expected inhibition
of a muscle which develops tension under isometric conditions.
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(3) In a preparation showing decerebrate rigidity any attempt to stretch
the contracting muscles is met with increased resistance. This may be similar
to the resistance reflex described under (2). If, however, the attempt to
lengthen the contracting muscles is continued with increasing force, there
comes a point at which the muscles suddenly ‘give’ and can be stretched
to any desired length (lengthening reaction). Tension, therefore, can pro-
duce either excitation or inhibition. The observation of this effect of tension
cannot be fitted into either theory.

Thus, it appears that the work on the proprioceptive system in verte-
brates has reached that tiresome adolescent state at which it is no longer
possible to skip over certain facts of life with either of these simple diagrams,
and, clearly, the whole question requires revision in the light of more recent
investigations. The first problem to be solved is the adequacy of stimuli for
each proprioceptor.

A detailed examination of the structure of proprioceptors, of their mode
of distribution within the body of each animal and a knowledge of their
occurrence in the animal kingdom helps to piece together the information
at present available about the adequate type of stimulation of different
proprioceptors, although the inadequacy of our knowledge is very apparent
and leaves many perplexing problems unsolved.

Only through the vertebrates can we trace a thin dotted line of the
evolution of some proprioceptors. Muscle spindles occur in vertebrates
in the fleshy part of the musculature. They are provided with a com-
plicated system of sensory and motor innervation, and have been found
in mammals, birds, reptiles, anurans and in the limb muscles of one urodele;
none have been discovered in fish or in the trunk muscles of urodeles. This
may lead one to the rash conclusion that the occurrence of muscle spindles
in all true land-living vertebrates may be taken as a sign of their un-
obtrusive service in an ever-present, homogeneous gravitational field which
acts upon a body heavier than its surrounding medium. This belief is,
however, somewhat shaken by two observations.

() Itis true that these muscle spindles occur in greater numbers in the
muscles of the limb than in the trunk, and the structure of the spindle
seems to increase in complexity from the proximal to the distal muscles,
but it cannot be claimed that they are confined to muscles which fulfil an
anti-gravity function, for they have been found in the diaphragm, the
tongue, the extrinsic muscles of the larynx, in the eye muscles, etc. On the
other hand, as far as I know, they have not been found in some facial
muscles, the intrinsic laryngeal, etc. (Reviews by Hines (1927); Hinsey
1934).)

(2) Allen (1917) has reported and figured the presence of muscle
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spindles in a cyclostome. Any notions of explaining this fact away by
reference to the heavily armoured, bottom-living silurian relatives of
lampreys is prejudiced by the fact that these muscle spindles have only
been observed in the m. cordis caudalis, the muscle for the pulsating caudal
heart which receives its innervation from certain spinal nerves. From Allen’s
brief account, it would appear that in structure the muscle spindles of this
cyclostome correspond more closely to the general pattern of those of higher
rather than lower vertebrates.

A minimum of histological detail cannot be avoided if we are to under-
stand those principles and peculiarities of the sensory mechanism of the
spindle which have a bearing on the reactions they evoke. Barker’s (1948)
diagram of the rabbit’s muscle spindle (Text-fig. 2) may serve as an
illustration of the general arrangement from which, by abstraction, simpler
types can probably be derived. The spindle consists of a small bundle of
‘intrafusal’ muscle fibres (1-12) which are enclosed in a capsule of fibrous
tissue. In mammals this capsule is filled with lymph, so that the spindle
appears well cushioned and protected against lateral mechanical distortions.
This perilymphatic space is said to be absent in other groups of vertebrates,
and in the urodele there is no trace of the connective tissue surrounding
the intrafusal fibres (Mather & Hines, 1934). In the equatorial region these
fibres appear to be completely filled with nuclei (nuclear bag), and in this
region, according to some observers, the intrafusal fibres are devoid of the
cross-striations which are characteristic of the two extremities. This has
been taken to mean that the two polar regions are contractile and are
separated by the non-contractile nuclear bag. The whole spindle is sur-
rounded by the much larger ‘extrafusal’ fibres which constitute the
muscle (PL 1).

The innervation of the intrafusal fibre as pictured by Barker differs
somewhat from Denny-Brown’s diagram (Pl. 1). Each intrafusal fibre has
a double somatic motor innervation, and a motor end-plate is found at each
polar region. The fibres to each pole may be of different diameter, and from
this it was concluded that each of the two halves of an intrafusal fibre may
be an independent contractile unit. The sensory innervation is highly
complicated. Ruffini (1892) had already described in the mammal the
so-called primary or ‘annulo-spiral’ and the secondary or ‘flower-spray’
termination. The primary ending ramifies and spirals round the equator of
the intrafusal fibres, and it is supplied by a large nerve fibre (8124 in the
rabbit). The secondary ending shows a certain degree of variation in
different species of mammals; it does not ramify to the same extent as the
primary ending and is supplied by a nerve fibre of medium size (6—9gu).
If more than one intrafusal fibre is present, both the primary and secondary
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nerve fibres divide so as to innervate each intrafusal fibre of the muscle
spindle. In mammals there is always one primary ending present; in
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Text-fig. 2. Barker’s (1948) diagram of a rabbit’s muscle spindle consisting of three intra-
fusal muscle fibres. In A only the motor innervation is shown; B shows in addition
the sensory innervation of one primary (annulo-spiral) and one secondary (flower-

spray) ending.

addition, there may be one or two secondary endings. In lower vertebrates
only one type of termination is found.
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Taking advantage of the presence of a single end-organ in the muscle
spindle of lower vertebrates, Matthews (19314, b) made the first important
step forward in the investigation of its sensory mechanism. To reduce
complications further Matthews selected the small muscle on the upper
outer side of the middle toe of the frog (m. ext. brev. prof. dig. ITI) which
typically contains a single muscle spindle. The sensory discharges from this
spindle were recorded under different conditions of passive stretch and
active contraction of the whole muscle.

As soon as the muscle is stretched, impulses at the rate of up to 250 per
sec. are recorded in the sensory nerve, the frequency gradually declining
to about 20 per sec. The rhythm then remains steady often for 20-30 sec.,
after which it loses its regularity. Under small extensions the random
discharge goes on for some minutes. Indeed, Matthews has observed
a discharge of impulses in the absence of any external stretch or tension,
thus confirming Adrian & Zotterman’s (1926) earlier findings of a resting
discharge in the end-organs of the frog’s muscle.

There are two possibly related phenomena which seem to be general
attributes of muscle spindles and similar stretch receptors and which are
likely to be of functional significance. (i) When a muscle is rapidly stretched
the characteristic response does not show the gradual decline in the rate of
impulse discharge, instead, after an initial high frequency, there is a sudden
drop to a lower frequency. (ii) When a muscle spindle which is exhibiting
a slow rate of discharge, either spontaneously or under a small extension, is
temporarily loaded, it remains inactive for a period after the load has been
removed; it then starts again to discharge impulses at the original rate.

Both these effects, therefore, tend to produce a contrast by exaggerating
in their sensory messages the physical change which has taken place. This
observation may have its parallels in other sense organs and in the central
nervous system, but in the case of the proprioceptors it is of special interest
because it is clearly a purely peripheral contrast phenomenon observable
in the sensory nerves. This may not have been sufficiently taken into
account in the interpretation of what has been described as central or
spinal contrast, which may lead to a rebound reaction. Whether in the case
of the spindle this physiological peculiarity can be interpreted as the result
of a difference in the visco-elastic properties between the equatorial and
the polar regions of the intrafusal fibre, as illustrated in Text-fig. 3, is still
a matter of speculation, but this view has received further support by the
behaviour of the sense organ while the muscle was made to undergo active
contraction.

When the muscle is under slight initial extension, and is made to contract
by electrical stimulation of the motor fibres, the initial sensory response
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ceases during the contracting phase but emerges again at considerable
frequency during relaxation (Text-fig. 4 A, B). Matthews claimed that this
applied to both isotonic and isometric conditions. However, more recently
Katz (personal communication), working on the spindle of another muscle
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Text-fig. 3. Model to illustrate the contrast effect of the muscle spindle. A. The polar
regions of the intrafusal fibre are represented as two cylinders filled with oil. A spring
extends from one polar region to the other and is provided within each oil chamber
with a damping plate. The spring between the plates corresponds to the sensory
termination of an intrafusal fibre; its degree of extension determines the frequency of
impulse discharge. B. During sudden stretch the extension of the spring in the
equatorial region will be greater than at the polar ends. C. After a short interval the
tension of the spring in the equatorial region will overcome the damping effect of the
plate, and equilibrium of tension will be re-established between equatorial and polar
regions. D. During sudden shortening the spring in the equatorial region is slackened
while tension at the polar ends persists. E. The original equilibrium 1s re-established
after an interval.

of the frog, has shown that during strictly isometric conditions the sensory
discharge is boosted. This had only been observed by Matthews during
supramaximal stimulation of the motor nerve (Text-fig. 4C).

The picture which emerges from these experiments indicates that during
passive stretch of the muscle there is an uncomplicated sensory discharge.
During active contraction the afferent firing depends upon a balance of two
forces: (a) release by extrafusal shortening, and (b) the extra pull by intra-
fusal contraction. In all cases the afferent discharges seem to depend on
stretch of those parts of the intrafusal fibre which bear the sensory termi-
nations, as shown in Text-fig. 5.

It is interesting to note that Katz has found in the frog that the intrafusal
muscle fibres and the rest of the muscle receive a common motor innervation,
but that the intrafusal motor junctions are less susceptible to fatigue. Now
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the occurrence of apparent inconsistencies under identical external
conditions, either in intact animals or in reflex preparations, has been
a constant source of irritation to the tidy mind. Reflex reversal, particularly
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Text-fig. 4. Discharges recorded in the sensory nerve of the frog’s muscle spindle during
isotonic twitch. A. Initial load 2g. Note the cessation of impulses during the con-
tracting phase and their reappearance at considerable frequency during relaxation.
B. Initial load 1g. Stimulus applied to motor nerve only just maximal. C. The same
preparation as B discharging at higher frequency during contraction after supra-
maximal stimulation. (From Matthews, 19318.)
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Text-fig. 5. Diagram of the conditions of activation of a sensory termination of a muscle
spindle. A shows an intrafusal fibre with its sensory ending flanked by two extrafusal
fibres. The sensory termination is stretched during passive extension of the whole
muscle and responds with afferent discharges. B shows the same structures under
isometric conditions. When the motor nerve is stimulated all three fibres contract, but
the contraction of the intrafusal fibre is limited to the polar regions. Since the isometric
conditions do not allow the muscle to shorten, the equatorial region of the intrafusal
fibre with its sensory termination is extended and responds with afferent impulses.

(Sherrington, 1912; Graham Brown, 1911; Verzar, 1920, 1923; Beritoff,
1923), has often been attributed to autonomous conditions in the central
nervous system. In some instances central fatigue has been quoted as the
cause of reflex reversal, because it could not be imagined that a series of
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constant stimuli applied to a motor nerve could generate anything but
a correspondingly consistent volley of proprioceptive impulses varying
merely in frequency. In the absence of any direct evidence it can only
be suggested that the behaviour of the muscle spindle opens new pos-
sibilities, and may, in part at least, provide peripheral reasons for reflex
reversal. If a fresh muscle is stimulated, the afferent discharge ceases during
the shortening phase because of extrafusal release; once the muscle is
fatigued, only the intrafusal fibres would contract causing an afferent volley
during stimulation, thus giving under identical conditions a complete
reversal of the afferent inflow. Whether this picture can be applied in the
case of an intact animal which gets tired of trying to do something and
changes its mind to try something else is more difficult to decide at the
moment.

These speculations are based on the behaviour of the frog’s muscle
spindle. The sensory endings in the mammalian muscle spindle are both
more numerous and more complex, but Matthews (1933) was able to
explore their responses by less direct methods. By cutting down the nerve
trunk until single-fibre discharges were obtained, the different types of
responses were compared on a statistical basis with the proportional
occurrence of different endings in the cat’s muscle. It was found that 509,
of the responses were very similar in behaviour to the frog’s muscle spindle
(Text-fig. 6A). 259, were similar, but had a higher threshold, showed
a tendency to discharge during twitch and tetanic contraction, and the
impulses appeared to be conducted in fibres of larger diameter (Text-fig.
6B). Histological examination had shown that the ratio of secondary to
primary endings was approximately 2:1. Hence the responses were
associated with the secondary or ‘flower-spray’ and primary or ‘annulo-
spiral’ endings respectively.

The majority of the remaining 259, of Matthews’s single-fibre prepara-
tions showed a type of response which was altogether different from that
of the muscle spindle. During rapid stretch they did not give the initial
high-frequency response of the muscle spindle receptors and they had
a much higher threshold. On the other hand, they responded to tension
whether this was produced by active contraction or by passive stretch
(Text-fig. 6D). In other words, they behaved as if they were arranged ‘in
series’ with the muscle fibres. In most cases the endings were traced to
a position in the muscle towards the tendinous end, and in two cases they
were clearly located in the tendon. By a process of exclusion Matthews
attributed this response to the tendon organ, which has been known to
histologists since Golgi (1880); on purely structural grounds a function
had been assigned to this organ similar to that demonstrated by Matthews.
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The structure and nerve supply of the tendon organ are simple compared
with the muscle spindle (see Pl. 1). The sensory ending lies within an
encapsulated bundle of tendon fasciculi which are often attached at one
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Text-fig. 6. Responses of nerve endings in mammalian muscle. A. Response a of flower-
spray (secondary) ending during isotonic twitch (tension 40 g.). Note cessation of
impulses during contraction. B. Responses from an annulo-spiral (primary) ending
during twitch evoked by maximal stimulation. Initial tension 40g. Note that the
frequency of dzscharge is increased dunng twitch. C. Responses of a tendon organ
during isometric twitch; initial tension 130 g. Note the appearance of sensory dis-
charges during contraction. D. Two-fibre preparation containing one flower-spray
(secondary) ending and one tendon organ. Durmg isometric twitch the flower-spray
ending ceases to discharge while at the same time the impulses from the tendon
organ appear. Time marker 75 sec. (From Matthews, 1933.)

end to a small group of muscle fibres, so that anatomically it is really ‘in
series’ with the rest of the muscle. The nerve supply is usually from a large
nerve fibre which may be the branch of a fibre innervating several of these
organs. Such neurotendinous organs have been described for all groups
of vertebrates, including a teleost (Hippocampus) and an elasmobranch
(Torpedo) (cf. Pansini, 1889; Huber & de Witt, 1900).
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The mode of the interaction in a reflex response of the three types of
mammalian receptors, viz. primary and secondary endings of the spindle
and tendon organ, is still a debatable issue. The secondary (flower-spray)
endings have the lowest threshold and thus may be assumed to evoke the
stretch reflex. However, the stretch reflex in physiological experiments is a
very quick response. Measurements have shown (Lloyd, 1943) that it must
be conducted in the largest fibres, and these are not connected with the
secondary endings. Tension of high threshold clearly seems to have an in-
hibitory effectas demonstrated by the lengthening reaction. Thisis attributed
to tendon organs. The primary (annulo-spiral) endings appear to be the
most doubtful part of the mechanism. The increased discharge during con-
traction suggested to Matthews that they may be inhibitory simply on the
grounds that a contracting muscle would always tend to inhibit its own
contraction. Moreover, since the impulses are conducted in large fibres,
the time relation with the tendon organ would be very similar. Therefore,
though the evidence was admittedly slight, Matthews favoured the view of
an inhibitory effect of both tendon organ and primary (annulo-spiral)
ending. If this is accepted, then the stretch reflex would be considered as
the balance of the excitatory effect of the more numerous secondary (flower-
spray) endings and the inhibitory effect of the primary (annulo-spiral)
endings; both discharge during passive stretch, but the latter have a
higher threshold. This suggested interpretation is not convincing, be-
cause (i) it offers no explanation for the resistance reflex; (ii) the stretch
reflex in physiological experiments is too quick to be evoked by anything but
the largest sensory fibres; (iii) if the primary (annulo-spiral) and secondary
(flower-spray) endings in mammals are differentiations of an unspecialized
muscle spindle as seen in the frog, it would be difficult to visualize how an
originally excitatory organ can evolve into a partly excitatory and partly
inhibitory organ.

On the other hand, if we assume that the primary (annulo-spiral) endings
are exciting the muscle with which they are connected, the whole picture
seems to gain more coherence. (i) The stretch reflex can be evoked by both
types of ending in the muscle spindle. If the rate of stretch exceeds a certain
point, the rapid conduction in the large nerve fibres of the annulo-spiral
endings would be sufficient to account for the quickness of the stretch reflex.
(ii) If the muscle during contraction encounters a resistance, it would be
excited still further by the primary (annulo-spiral) endings until the resis-
tance is overcome. This would provide a mechanism for fine adjustment of
tensions in the muscles depending on environmental conditions such as
occur when walking up or down a slope. (iii) The primary (annulo-spiral)
endings can also be held responsible for the increased tension with which
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a limb in a decerebrate preparation resists passive flexion. If the force is
further increased, tendon organs are brought into play, and this presumably
inhibits both intrafusal and extrafusal contraction, so that the tension of
the muscle suddenly ‘melts’. The threshold difference to tension between
tendon organ and primary (annulo-spiral) ending appears more significant
(approximately roo times) than the threshold difference to rate of stretch
between primary and secondary endings of the muscle spindle. (iv) It must
be realized that tension receptors and stretch receptors within an animal
are subject to the same limitations as our mechanical recording devices,
such as isotonic and isometric levers. We cannot register tension unless we
allow a certain amount of movement, and we cannot record changes in
length unless mass is accelerated, and this, in some measure, is the expres-
sion of a force acting through a certain distance. It is therefore easy to
imagine that in the course of evolution a sense organ could undergo
specialization in one or other direction while retaining its nervous connexions
and effects. In this respect the difference in behaviour of the frog’s muscle
spindle in two different muscles, as described by Matthews and by Katz,
may be significant, and the difference in threshold to stretch between
primary and secondary endings may be due to specialization.

With only a single sensory termination in the spindles, as found in the frog,
the muscle does not seem to possess any means to signal to the central nervous
system the difference between passive stretch and isometric contraction (see
Text-fig. 5). This discrimination could be achieved by correlating the sensory
messages from antagonistic muscles; e.g. during passive extension of a frog’s
limb only the flexor stretch receptors would respond. On the other hand, if
the leg extends actively against a resistance, additional impulses will arise
in the spindles of the extensor muscles. A single muscle would be capable
of distinguishing between these two conditions only if it had two types of
specialized sensory endings in the spindle as in fact occur in the mammal.
The flower-spray (secondary) ending sends out messages relating the passive
elongation of the muscle; since it ceases to respond during contraction it
may be assumed to be located on the contractile region of the intrafusal
fibre. The annulo-spiral (primary) ending, on the other hand, with its
separate sensory innervation signals both passive elongation and isometric
contraction. The combined effect in different proportion of these two types
of sensory response makes it more intelligible that a muscle should be
capable of carrying the same load at varying lengths, and that it can carry
different loads at the same length. At the same time it must be borne in
mind that as yet we do not seem to possess a sufficiently clear picture of
the role of the double motor innervation of each intrafusal fibre to come to
any final conclusion about gradation of responses obtainable from a muscle
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spindle. Recent work on the small motor fibre activity has stressed the
significance of this system in the maintenance of posture. It is conceivable
that the small motor nerves to the intrafusal fibres are involved in this
process, and that the large motor fibres are reserved for special reflexes.

If these observations about the vertebrate proprioceptive system are
added up, the following scheme of their mode of operation may be tenta-
tively suggested:
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Although a relatively complete theoretical picture of proprioceptive
responses could be derived by reference to these two types of antagonistic
sets of proprioceptors in vertebrates, it must be remembered that there are
in and around muscles and tendons, apart from free nerve-endings, other
well-differentiated encapsulated sense organs which have hardly been
explored. There are reasons to believe that, in some instances at least, they
may fulfil the role of proprioceptors. In their typical form they are found
only in the higher vertebrates, e.g. Herbst’s corpuscles in birds on the
surface of the pectoral muscles and at the base of the tail feathers and
primary feathers of the wing, with the notable exception in the case of the
penguin. In most birds there is a conspicuous strand, containing hundreds
of such corpuscles, which runs along the tibia and is completely covered
by overlying muscles (Text-fig. 74, b). It has been shown that stimulation
of the sensory nerve supplying this strand causes relaxation of the flexor
muscles and contraction of the extensors (Schildmacher, 1931). On the
other hand, these corpuscles also occur in places where they are not in
close association with muscles, e.g. in the beak (in great numbers in the case
of the woodpecker) and at other places where pressure receptors may be
expected to serve a useful purpose. Correspondingly, in mammals the well-
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known Pacinian corpuscles are found, sometimes in large aggregations in
the neighbourhood of tendons and joints, particularly on the flexor aspect.
But they are also found in the abdomen, mesenteries, pancreas, etc.
Adrian & Umrath (1929) have given us some information about the sensory

Text-fig. 7. (a) (b) Strand with Herbst’s corpuscles (St) on the tibia (7) of a finch. This
strand is completely covered by the overlying muscles. (From Schildmacher, 193.1.)
(c) Vater and Pacinian corpuscles beneath the flexor tendons of the cat’s toe. (Adrian
& Umrath, 1929.)

mechanism of a group of such corpuscles beneath the flexor tendons of the
cat’s toe (Text-fig. 7¢). Both passive flexion and extension produce a dis-
charge of much the same character in the sensory nerve, as does also
pressure on the tendon above this group of corpuscles. A single corpuscle
responds to steady pressure with a fine glass rod with frequencies from 5 to
100 per sec., and the duration of the discharge makes it appear likely that
these sense organs are more closely related to proprioceptors than to
touch.

However, sensations of joint movement are probably derived from more

SEB 4
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than one or two types of sense organs. In the frog, which has no Pacinian
corpuscles, movement of the knee joint produces a discharge of impulses
even after all branches of nerves to the muscles have been cut. This raises
the question of proprioceptive function in those vertebrates, such as fish,
which do not appear to be endowed with any of these complicated receptors.
In the limb muscles of the urodele Triturus, Mather & Hines (1934) had
found two types of sensory innervation. In the first, the termination of the
nerve was upon the belly of the muscle fibre (this was called the primitive
muscle spindle), in the second the terminations of the nerve were in the
vicinity of the attachments of the muscle fibre to a tendon. Earlier histo-
logists (Giacomini, 1898; Perronchito, 1902; Ceccherelli, 190o4) have
described similar conditions in selachians, teleosts, urodeles, and larval
anurans and in the back muscles of adult frogs and toads. In the fibrous
tissue of the myocommata, which separate the myomeres of the lateral
muscle masses of these lower vertebrates, there is a rich plexus of myelinated
nerve fibres, which, after branching, give rise to unmyelinated fibrils. These,
in one type of innervation, finally surround the tips of the muscle fibres,
and from the mode of termination they have derived the name ‘basket-like
endings’ (terminazione nervosa a paniere). A second type of sensory ending
(‘reticelles’) is found upon the equatorial region of muscle fibres. In this
case the sensory ending does not spiral round the muscle fibre, but, as in
the frog, runs along it and sends out excrescences which in turn embrace
the muscle fibre. It may be that these two types of sensory terminations
are the primitive precursors of the tendon organ and the muscle spindle.

Whatever may be the correct picture of the evolutionary unfolding of the
vertebrate proprioceptive system, there is strong physiological evidence
that in fish there is a proprioceptive mechanism at work, which is analogous,
if not homologous, to that of tetrapods. The only direct piece of evidence
which is available comes from an investigation by Fessard & Sand (1937)
on the stretch receptors in fish. Records of afferent impulses evoked by
passive stretch of different muscles of the ray and dogfish revealed that all
of them contain some sort of stretch receptor. Observation of the behaviour
of single, morphologically undetermined end-organs showed a close
similarity with the frog’s muscle spindle. The differences are mainly
quantitative. The range of frequency discharge appears to be lower in fish
than in Amphibia and mammals, the respective maximal values being 100,
250 and 500 per sec.; the slowest regular rhythm was slower in the ray
(15 per second) than in the other two animals. On the other hand, the ray
maintained the discharge under slight extension for longer periods than the
cat or the frog. Discharges of about 10 per sec. have been observed for over
an hour before the records were discontinued. Matthews had found that
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under constant stimulation the discharge from the frog’s toe muscle usually
continues for some minutes, but in the cat he noticed a resting discharge
from a muscle before its tendons were divided ; this indicates that, as in the
ray, there may be no limit to the duration of a discharge from a muscle
stretch receptor under the slight extension of its normal attachment in the
intact animal. It must be added that preliminary tests with teleost muscles
and observations of responses during active contraction have not yielded
positive results so far. This, however, does not imply that further investi-
gations in that direction should be discouraged.

Invertebrates. The same state of affairs as is found in fish, where our
information of proprioceptive impulses cannot be related with certainty
to any definite sensory terminations, prevails, with one exception, in
invertebrates. Sensory discharges have been recorded in worms after passive
stretch (Gray, Lissmann & Pumphrey, 1938) and during active movement
(Prosser, 1935). In arthropods different types of myo-chordatonal organs
have been described (e.g. Barth, 1934); these seem to be well suited to
register the state of the muscles, and bending of the limbs produces a burst
of sensory discharge (Barnes, 1932). In the majority of cases, however,
there is no conclusive evidence to show in which of the numerous sensory
structures which have been described these impulses might arise, and the
results therefore admit a certain latitude of interpretation.

The one exception mentioned above is Pringle’s (1938, 1948) valuable
contribution dealing with the proprioceptive system in insects. Apart from
the internal myo-chordatonal organs, about whose function little definite
information is available, insects possess cuticular sense organs which
undoubtedly act as proprioceptors. T'wo different types have been examined
in some detail:

(i) Distributed in the joints of the body and limbs are found hair sensilla,
often arranged in the form of ‘hair plates’ (Text-fig. 8). They are excited
by folds of intersegmental membrane, which bend the hair to a greater or
lesser degree, according to the relative angle of adjoining segments. In this
manner they act as ‘position sense organs’ whose sensory discharges
remain independent of muscular tensions.

(i) A second type of receptor found on the joints of insects are the
campaniform sensillae, These respond to stresses and strains in the
cuticular skeleton and may be compared with tension receptors in verte-
brates (Text-fig. ). Pringle comes to the conclusion, after examining the
structure of campaniform sensillae, their arrangement and distribution on
the legs and the nature of their response, that they are particularly suited
to register the forces which act on the various joints of the limbs when the
animal is standing on the ground, while the campaniform sensillae at the

4-2
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base of the halteres are activated by this gyroscopic mechanism and have
a significance in directional control during flight.

General considerations. 1f we try to assess the significance of proprio-
ceptive messages in the behaviour of a living animal, it must be conceded
that there are many more sense organs apart from the ones already men-

Text-fig. 8. A. Distribution of hair sensilla on the second leg of Periplaneta. cx. coxa;
i.h.p. inner coxal hair plate; o.h.p. outer coxal hair plate; fr. trochantin; tr. art.
trochantinal articulation of coxa; tr.h.p. trochanteral hair plate. B. Diagram to show
the method of excitation of the inner coxal hair plate by a fold of the intersegmental
membrane. cx. coxa; h.p. hair plate; pl. pleuron. (From Pringle, 1938.)

tioned which play the role of ‘proprioceptors’ in Sherrington’s wider
definition of the term. The labyrinth of vertebrates and touch receptors
have certainly a very close functional connexion with stretch and tension
receptors. If all these receptors are stimulated by actions of the body itself
-the proprioceptive messages will trail behind each act of behaviour, and it
may seem that they can evoke nothing but secondary reflexes. On the other
hand, the responses from proprioceptors, both in vertebrates and inverte-
brates, have certain features in common which distinguish them from
responses from other, similar receptors. The most striking of these are
the resting discharge and the slow, often incomplete adaptation to a constant
stimulus, well expressed in Adrian’s comparative diagram of vertebrate
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receptors (Text-fig. 10). In insects also the impulses from single sensory
hair often show a rapid rate of adaptation, whereas the initial high frequency
of discharge from ‘hair plates’ falls off slowly to a steady level at which it is
maintained for a long time. It is well to remember this type of behaviour
of proprioceptors if one tries to assess the relative merits of proprioceptors

Text-fig. 9. A. Trochanter of the third right leg of Periplaneta (ventral view) showing
the distribution of groups (2, 3, 4) of campaniform sensilla. ext.tr. extensor trochan-
teris; ext.tr’. accessory apodemes of extensor trochanteris; fl.tr. flexor trochanteris;
h. trochantero-femoral hinge joint. B. Details of the orientation of a group of
campaniform sensilla. C. Diagram of sensillum, a, b, outer and inner lamellae of
cap membrane; ¢, cuticular connexion of d, the distal process of the sense cell. (From
Pringle, 1938.)

and touch receptors, because it is difficult to achieve their complete separa-
tion in an experiment. To say that proprioceptive reflexes are ‘grafted’ on
to other behaviour reactions probably conveys a wrong impression of the
true state of affairs. If in an intact animal the proprioceptors are signalling
their messages continuously, these messages will not only be integrated with
more short-lived signals from other receptors, but the proprioceptors may
well determine the disposition and the state of activity of the central
nervous system more permanently than is often assumed. Phenomena like
slow adaptation and resting discharge must be essential attributes of
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position sense organs if they are to contribute to the maintenance of a static
posture. There is ample evidence to show the dependence of characteristic
resting postures in animals on sensory activity. Ifin a frog or toad a hindleg
is desensitized, leaving the motor nerves intact, this leg can be placed
passively into any position, and it stays there as long as the rest of the body

Muscle spindle (frog)
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Text-fig. 10. Diagram showing the differences in rate of adaptation of sense organs to
a continued stimulus. Note that adaptation is slowest in the sense organs of the muscle

(Adrian, 1928.)

is not moved. In this condition the proprioceptive influences from the
intact limbs and the body do not affect visibly the posture of the individual
desensitized limb. This indicates that in the resting posture the proprio-
ceptors of each limb are continuously active and determine its posture.

The long-lasting effect of proprioceptors during static posture is also
illustrated by preparations showing decerebrate rigidity, which typically
in a tetrapod involves the extensor muscles, but atypically, as in the sloth,
may be transferred to the flexor muscles, or, in the case of the pigeon, to
the depressor muscles of the wing, i.e. in all cases it affects the anti-gravity
muscles of these animals. This sustained activity in the muscles can be
abolished either by cutting the dorsal roots or by severing one of the
tendinous attachments of the muscle. Since the sustained activity of
a muscle is made to disappear completely, either by preventing the sensory
impulses from reaching the cord, or by avoiding stimulation of the sensory
endings, it follows that whatever the central influence may be, by itself it
does not affect the events in the muscle.

The normal posture of a typical land-living animal seems designed to
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fit the prevalent condition of standing on a horizontal level, but any
deviation from this normal condition, even if it affects a single limb, shows
a quick appreciation of this change and it affects the posture as a whole.
For instance, Pi-Sufier & Fulton (1928) have shown that the lengthening
reaction in the cat, i.e. the enforced flexion of a hindlimb, causes also flexion
of the diagonal forelimb, and extension of the ipsilateral fore- and contra-
lateral hindlimb. Gray (1944), in an analysis of mechanical conditions
which prevail during standing or movement, has discussed the profound
significance of reactions of this type, and has shown the degree in which
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Text-fig. 11. Postures of limbs and body of the centipede Scutigera after autotomy of
a number of legs. The weight of the body is redistributed to the remaining legs in
such a way that the standing posture is safeguarded. The ninth leg is marked in the
successive postures. (Lissmann, 1935.)

they contribute to the maintenance of balance. In many animals the weight
of the body tends to flex the limb joints and to stretch the extensor muscles.
The reflex contraction which is thus evoked counteracts gravity and helps
to maintain the standing posture. Very often the stretch reflex is a localized
response, and this allows a fine adjustment of the posture when the centre
of gravity of the animal is slightly shifted, and thereby the distribution of
stretch and tension of the various muscles is changed. Analogous responses
can be seen in invertebrates, e.g. in a centipede which has lost a number of
legs and which has to redistribute its weight to the remaining legs in such
a way as to retain a standing posture (Text-fig. 11). Many similar reactions
have been classified under the name ‘geotaxis’. Whether we would gain
a deeper understanding of such responses by calling them ‘geotactic’ seems
a rather formal side issue, but it must be remembered that the gravitational
force is not the only one affecting proprioceptors, and such a classification
would cut across the concept of the proprioceptor as a functional unit.
The nature of the physiological activity which will occur at the instant
of change from resting posture to movement is also determined to a con-
siderable extent by the activity of proprioceptors. Examples of this kind
are usually summarized under the heading of ‘Uexkiill’s law of stretched
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muscles’ and illustrate the significance of a pre-existing posture on the
subsequent performance. The very general phenomenon that propriocep-
tive reflexes may not only appear as superimposed on other reflexes, but
that they are capable of reversing these reflexes has been shown in many
instances. First discovered in the brittle starfish, Ophioglypha (Text-fig. 12;
v. Uexkiill, 1904), it has been found to apply equally to the cat’s tail
(Magnus, 1924), the trunk musculature of the dogfish (ten Cate, 1933), etc.
An exteroceptive stimulus which would normally cause contraction of
a group of muscles leading to a specific response is modified to such an
extent that the antagonists of these muscles, if initially stretched, undergo
contraction. Magnus (1924) has shown that this reaction need not be con-
sidered as part of a phasic response. The crossed extensor reflex in a dog

A B

Text-fig. 12. von Uexkiill's experiment on Ophioglypha. As long as the antagonistic
muscles of the arm are stretched symmetrically a stimulus at R causes the arm to
beat to the left (A). When the muscles on one side are stretched the same stimulus
excites the stretched muscles (B).

is reversed into a crossed flexor response if the responding leg is initially
extended. However, if the leg is only partially extended, the response does
not start by completing the extension but flexes at once on application of
the stimulus. Even more spectacular is the influence of a stretched muscle
if it is far removed from the responding muscle. Thus bending the neck
can modify or reverse the response of the hindlegs in a mammal.

In rhythmic actions of ‘the musculature, such as in locomotion, it is
obvious that proprioceptors send to the centres a pattern of impulses which
must be assumed to correspond to the pattern of muscular contraction at
any one moment. The work of Fessard & Sand (1937) has shown that in
elasmobranchs stretch receptors can respond during passive imitation of
swimming movements in two ways: either by increased discharge during
stretch of one set of muscles or by decrease or even complete abolition
of the resting discharge during stretch of the antagonists. It has been
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suggested that this mechanism could provide an accurate control of timing
for the undulatory rhythm (Pl 2).

The view, which has largely been held about the significance of these
patterns of proprioceptive messages since Graham Brown’s (1914) work
in this field, is expressed in the words of Creed et al. (1932): ‘ The phasing
of these alternating reflexes can be affected by the proprioceptive and other
stimuli which they generate. . . but their phasing is not caused by peripheral
stimuli. The self-generated proprioceptive stimuli of the muscles which
take part in progression can regulate the act, but are not essential to its
rhythm.” On a general acceptance or rejection of this view depend to a
large measure some fundamental interpretations of normal animal be-
haviour.

Text-fig. 13. The persistent locomotory rhythm of a spinal dogfish (4canthias) can be
inhibited by contact of the ventral surface. When the contact stimulus is removed the
swimming movements do not reappear, but they can be evoked again by any unspecific
stimulus. The tracing shows the initiation of persistent swimming movements
through touch of the tail and of the right or left pectoral fin and their inhibition
through ventral contact with a glass plate. At | the fins or tail were stimulated; at
© - - - o the ventral surface was in contact with a glass plate. The recording drum was
stopped at X.

An experiment which is designed to cast some doubt on this categorical
statement can be performed on the dogfish (Lissmann, 1946). After spinal
transection the dogfish maintains a state of continuous locomotory activity.
This can last for days or even weeks. However, this activity can be inhibited
by touch applied to certain areas of the body. When the inhibitory stimulus
is removed the preparation remains inactive and may retain this state of
inactivity for many hours. On the other hand, any brief and unspecific
stimulus, such as a strong pinch or a gentle touch with a camel-hair brush,
can act as a releasing stimulus and can again evoke the uninterrupted
swimming movements (Text-fig. 13). Since the releasing stimulus is of
short duration and presumably of a quick-adapting nature, it is difficult to
see what, apart from self-generated proprioceptive stimulation, can ‘keep
the animal ticking’. That it cannot be a central phenomenon has been
shown by deafferentation experiments.

If posture, if change of posture and if locomotory movements are so closely
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supervised by and dependent on proprioceptors, one would naturally like
to know what the capabilities of the proprioceptors might be with regard
to more complex acts of behaviour. It seems to be generally agreed that
many complex instinctive acts contain elements of chain reflexes. All
instinctive acts are executed in the medium in which the animal lives, and
unless it can deal effectively with the conditions imposed by this medium—
in which process we may presume the proprioceptors to play an important
part—it is difficult to visualize what any instinctive impulses, wherever they
may arise, could produce in the way of instinctive acts denuded of this
adjustable coat of reflexes. I am aware that definite opinions have been
expressed on this point, but at the present time I know of no experimental
evidence which would settle the question in a decisive manner.

The object of this review has been to discuss the range and capabilities
of proprioceptors. The physiological groundwork has given us some indica-
tion about what proprioceptors can be expected to do. It is unfortunate that
it should be more difficult to decide what they actually do in the life of an
animal. A muscle which contracts after stimulation of its motor nerve does
not do quite the same thing as it does in an intact animal, and passive imita-
tion of locomotory movements is unlikely to produce the natural type of pro-
prioceptive response. The influence which the proprioceptors exert on the
central nervous system is even more difficult to assess, but with modern
methods these difficulties do not appear insuperable. Incomplete as the
results may be, they should serve as a reminder that in an analysis of animal
behaviour it might be worth while to focus part of one’s attention on this
system of sense organs, which is so easily overlooked.
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EXPLANATION OF PLATES

PLATE 1

Diagram illustrating the position and innervation of proprioceptors in a mammalian muscle.
The muscle spindle (Sp) consists of three intrafusal fibres, each one innervated by
branches of motor nerve fibres (@) which also supply the surrounding, extrafusal
fibres. The spindle has one large annulo-spiral (primary) ending innervated by the
large sensory nerve (b) and one flower-spray (secondary) ending connected with the
nervous system by a smaller fibre (d). The Golgi tendon organ (T') is supplied by
a large sensory fibre (g). (From Denny-Brown in Creed et al. 1932.)

PLATE 2

Top records, sensory resting discharges from radial muscles of a, pelvic fin; b, pectoral
fin of Raja, when the fish lies flat and muscle attachments are intact; ¢, record from
dorsal branch of pectoral fin nerve; d, record from ventral branch of pectoral fin nerve.
In both ¢ and d the fin was initially drooping down, and the signal marks the raising
and lowering of the fin. Note the disappearance of sensory discharges from the dorsal
muscles and their appearance in the ventral muscles during elevation of the fin.
Time marker o'2 sec. (From Fessard & Sand, 1937.)



LABYRINTH AND EQUILIBRIUM

By OTTO LOWENSTEIN
Department of Zoology, University of Glasgow

I. INTRODUCTION

The present Symposium is fittingly opened by a survey of the range and
capabilities of sense organs, for they constitute the peripheral physiological
mechanisms responsible often for the initiation and generally for the run-
ning control of the various patterns of effector behaviour. The biological
principle of double and even multiple safeguard of function finds its con-
vincing expression in the fact that the topic of this communication, the
maintenance of equilibrium, is found to be within the range of capabilities
of all the types of sense organs under review. My task will be confined to
a re-examination of the mode of function of the vertebrate labyrinth in the
light of new experimental evidence and theoretical analysis made known
since the great summing up carried out by a number of authors after the
subject had reached its centenary in the middle twenties (Maxwell, 1923;
Magnus, 1924; Magnus & de Kleijn, 19264,5; Fischer, 1926; Camis &
Creed, 1930; Lorente de N6, 1931; Lowenstein, 1936). It will be my
endeavour also, when dealing with the various aspects of vestibular func-
tion, to attempt to direct attention to problems concerning the control of
equilibrium by analogous sensory structures in the invertebrates, although
our knowledge of the functional mechanism of these organs has made no
appreciable advance after the appearance of the excellent reviews of the
subject by Kolmer (1926), Jordan (1929), and v. Buddenbrock (1937).
The subdivision of the labyrinth into semicircular canals and otolith
organs is phylogenetically fundamental. It is found in the Cyclostomata,
and according to Stensi6 (1927) in the fossil Ostracoderm Kiaeraspss. In
addition, the labyrinth of Petromyzon is equipped with two large cavities
which are lined with a ciliated epithelium. Two counterrunning endolymph
vortices are constantly maintained in each cavity by vigorous ciliary
activity. The ensuing endolymph movements do not, however, appear to
spread to other parts of the labyrinth, although the ciliary cavities are in
open communication both with the ampullae and with the space containing
the maculae (de Burlet & Versteegh, 1930). In the absence of any additional
sensorium specially related to the ciliary sacs, de Burlet & Versteegh de-
clined to elaborate a hypothesis about their function. Such a hypothesis
has recently been formulated by Mygind (1948), who assumes that the
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endolymph vortices can be gyroscopically affected by movements of the
animal in a horizontal plane. When thus made to deviate from their usual
direction they are held to bring about pressure changes in the neighbouring
vertical ampullae in such a way that motoric compensatory reactions are
elicited. Thus the ciliary sacs are said to act as a substitute for the horizontal
semicircular canals wanting in these animals. It is difficult to judge the
merits of this hypothesis. The fact that Petromyzon does show reflex re-
actions to angular accelerations about the dorso-ventral axis in the absence
of horizontal canals does not in itself necessitate the assumption of an
additional receptor mechanism, as it has been shown that vertical canals
can be directly stimulated by horizontal rotations (Lowenstein & Sand,

1940a).

II. THE SEMICIRCULAR CANALS

The semicircular canals are fluid-filled canals which widen at one end into
an ampulla and make open connexion at the opposite end with the vesti-
bular cavity. The ampullae, too, open into the vestibulum, and complete
continuity of the endolymph system is thus established. The receptor
structure of the canals is found in the ampullae in the form of a sensory
crista with a neuro-epithelium composed of neuromast cells, the hairs of
which are ensheathed in a gelatinous cupula terminalis. Owing to the fact
that in life the cupula has about the same refractive index as the endolymph,
and that it shrinks drastically on fixation, its size was grossly underestimated
until Steinhausen (1931, 1933, 1935) showed that it extends to the opposite
wall of the ampullary dome, and during its deflexions glides in swing-door
fashion along it with a minimum of endolymph leakage. It was thus
established that cupula and endolymph form a rigidly coupled system, and
that the elastic cupula is to be defined as a highly damped torsion pendulum
with a period, in the case of the pike (Esox lucius) in the neighbourhood
of 20 sec. Deflexions of the cupula under the impact of angular accelera-
tions in the appropriate plane of space represent the stimulus to which the
animal reacts by the well-known dynamic effector reflexes in the form of
compensatory movements of eyes and limbs.

In the elucidation of the mode of function of the semicircular canals as
such, and the interaction of the six canals in the maintenance of dynamic
equilibrium, elimination experiments and experiments with artificial me-
chanical and caloric stimulation have served to establish a fair amount of
information. There was, however, left a hard core of controversial pro-
blems the solution of which did not come within reach until it became pos-
sible, by the application of Adrian’s technique of the oscillographic analysis
of sensory action potentials, to approach the various sense endings directly
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and to record their electrical responses under conditions of natural stimu-
lation.

Since the publication of Ewald’s theory of the ‘ Tonus Labyrinth’ (1892),
in which he based the tonus production by the labyrinth on a constant
ciliary activity of the hair cells of the semicircular canals, a number of
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Fig. 1. Diagrammatic combination of the characters of the membranous labyrinth in all
vertebrate classes. C. cochlea; C.A. crista anterior; C.H. crista horizontalis; C.P.
crista posterior; C.C. crus commune; Ca.A. canalis anterior; Ca.H. canalis horizon-
talis; Ca.P. canalis posterior; L. lagena; M.L.' macula lagenae in fishes and Amphibia;
M.L.? macula lagenae in reptiles and birds; M.N. macula neglecta=papilla neglecta;
M.S. macula sacculi; M.U. macula utriculi; O.C. organ of Corti; P.A. papilla am-
phibiorum; P.B. papilla basilaris; S. sacculus; U. utriculus. The ductus endolym-
phaticus is omitted for the sake of clarity. (From O. Lowenstein, 1936.)

workers contributed experimental evidence in favour of canal tonus (Max-
well (1919, 19204,b) on Elasmobranchs; Lowenstein (1937) on a bony fish;
Tait & McNally (1934) on the frog; Huizinga (1932, 1935) on birds;
Magnus & de Kleijn (1922) and Lorente de N6 (1926) on mammals). These
results were often considered surprising, even by their authors, in view of
the fact that under the impact of the work by Magnus & de Kleijn and their
school on the influence of position on the tonus of the various muscle groups
in mammals, it had become generally accepted that the otolith organs were
chiefly, if not exclusively, concerned with the maintenance of tonus. The
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lasting effect of the otolith weight on the associated sensory macula sug-
gests itself as a source of continuous stimulation responsible for maintained
tonic states in the postural effectors. The semicircular canals, however,
which became recognized to be delicately designed for the rapid perception
of rotational changes from and the restoration of the resting position, could
not with the same obviousness be regarded as sources of continuous tonus-
producing activity, once Ewald’s erroneous assumption of ciliary endolymph
currents had been discarded.

In experiments on the ampullae of the horizontal semicircular canal of
the dogfish (Scyllium canicula), and all three semicircular canals of the
ray (Raja clavata) (Lowenstein & Sand, 1936, 1940a,b), in which the
activity of the neuromast cells of the canal cristae was oscillographically
recorded before, during, and after rotary displacement in various planes
of space, it was shown that the sense organ in the canal ampulla is in a
constant state of excitation. This manifests itself in the existence of a con-
tinuous discharge of action potentials in the resting animal in the absence
of any obvious external stimulus. From records obtained from single
neuromasts (single-fibre preparations) it was seen that the resting frequency
varies considerably. At room temperature a range from § to 25 impulses
per second was observed. Similar electrophysiological observations of
‘spontaneously firing’ neuromast cells had previously been made by Hoag-
land (1933) on the lateral line of trout and catfish and by Ross (1936) on
the frog. Hoagland, in a way reminiscent of Ewald, explained it on the
assumption of a ciliary activity of the neuromasts in the lateral line, and,
comparing the neuromast cells with the Purkinjé cells of the mammalian
cerebellum, thought their continuous activity might be responsible for a
central inhibitory influence. Ross did not attribute any normal physio-
logical function to the resting discharge which he observed to ‘keep
appearing for no very good or obvious reason’.

The constancy of the appearance of such a resting discharge in the pre-
parations from the semicircular canals of the Elasmobranchs led to their
interpretation by Lowenstein & Sand as an integral part of the normal
functional behaviour of the labyrinthine neuromasts and to the assumption
that it represents the substrate for a tonic function of the semicircular
canals. Experiments on the pike (Esox lucius), in which it was possible by
isolated nerve transection to eliminate one or both horizontal canals,
yielded convincing evidence for this tonic function (Lowenstein, 1937).
The operation, carried out unilaterally, leads to a lasting tonus asymmetry
of the horizontal eye muscles manifesting itself in the resting animal and
is to be correlated with the influx into the central nervous system of the
resting discharge from the intact canal. Zotterman (1943), recording from
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the posterior vertical canal of the pike and burbot (Lota vulgaris), found
a resting discharge in some but not all preparations. His preparations also
differed in their response to rotatory stimulation from the behaviour of the
canals of the elasmobranch labyrinth. Resting discharges from receptors
responding to angular accelerations were also recorded from the brain of
the cat by Adrian (1943), who found the behaviour of such receptors to
agree with the discharge picture obtained from the elasmobranch labyrinth.

A tonus-producing activity of the canals may thus be considered to be well
documented. But what is the mechanism responsible for the continuous
resting discharge from the neuromast organs? In order to discuss this
problem it is important to take into account the behaviour of the ampullary
sense endings on rotatory stimulation. In the case of the horizontal canal
of the elasmobranch labyrinth it was found that the frequency of the
resting discharge is either increased or decreased by angular accelerations
in a horizontal plane. An increase in frequency is obtained at the onset
of ipsilateral rotations (ampulla trailing) and decreased by contralateral
rotatory acceleration (ampulla leading). Deceleration at the end of pro-
longed rotation produces correspondingly reversed effects. We shall consider
later the significance of this behaviour for the control of the compensatory
reflexes in responses to rotation. Here we are interested in the fact that
deformation of the cupula pendulum in one way encourages and in the
opposite way counteracts or even abolishes the resting activity. It could
be assumed that in the resting position the cupula strucfure imposes a
certain mechanical strain on the hair processes of the neuromast cells which
is intensified by one and alleviated or abolished by the opposite deforma-
tion of the cupula jelly. In this case the neuromast cells have to be con-
sidered to be very slowly or non-adapting receptors, responding to a lasting
stimulus with continuous discharge activity (Ross, 1936; Adrian, 1943).
On the other hand, the view cannot be excluded that the agency responsible
for the rhythmical depolarization leading to the resting discharge is in-
trinsically localized in the neuromast cell, but subject to the stimulatory and
inhibitory effect of opposite deformations of the hair processes. In view of
our complete ignorance as to the intimate processes immediately preceding
the production of action potentials in sensory cells, it is quite impossible to
give theoretical preference to one or the other of these mechanisms. It is,
however, quite clear that the term ‘spontaneous’ discharge, where it is used
to describe the resting discharge, should only be understood to refer to the
absence of external stimulation.

The functional mechanism of the ampullae, as shown up by the electro-
physiological method, furnishes the answer to yet another old controversy
in labyrinth physiology, viz. to the question as to whether a semicircular
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canal is a uni- or bi-directional receptor. Ewald’s theory of canal function
was based on the assumption that both ampulla-leading and ampulla-
trailing rotations stimulate the ampullary end-organs, and he stated that
in the case of the horizontal canal the stronger effect was brought about by
ampulla-trailing rotations, the opposite holding for the vertical canals.
This view was never seriously challenged by any worker experimenting
on birds and mammals, as it was found that after unilateral labyrinth
extirpation in these animals compensatory head and eye reactions can still
be called forth by rotations in the horizontal plane in either direction, es-
pecially after a certain degree of central compensation of the post-operative
tonus asymmetry has taken place. Moreover, mechanical and thermal
stimulation experiments yielded similar results for the vertical semicircular
canals. In the case of man it has even been suggested, on the basis of
clinical evidence, that the unilateral preponderance postulated in Ewald’s
law does not hold at all, i.e. that both ampulla-trailing and ampulla-leading
rotations are equally effective (Lorente de N6, 1931; Cawthorne, Fitzgerald
& Hallpike, 1942). Finally, the oscillographic analysis of vestibular re-
sponses from the brain stem of the cat (Adrian, 1943) definitely confirms
the bi-directionality of the mammalian semicircular canals.

The mechanism of this bi-directionality was first established in experi-
ments on the elasmobranch labyrinth (Lowenstein & Sand, 1936, 19404, ).
Angular accelerations in opposite directions were found to have opposite
effects on the resting discharge. In the case of the horizontal semicircular
canals the activity of the ampullary end-organ is increased by ampulla-
trailing and decreased by ampulla-leading acceleration. The vertical canals
behave in the opposite way. Provided the central nervous system is capable
of utilizing a decrease in discharge frequency as a directional signal, the
mechanism for a bi-directional response of the canal is clearly given.

A uni-directional canal response has, however, been postulated in work
on the following lower vertebrates: Elasmobranchs (Maxwell, 1923), bony
fish (Steinhausen, 1935; Zotterman, 1943), Amphibia (McNally & Tait,
1925, 1933; Main, 1931; Ross, 1936), reptiles (Trendelenburg & Kiihn,
1908). Steinhausen’s results in the pike are based on experiments in which
endolymph movements in opposite directions could be induced by means
of a cannula tied into the exposed semicircular canal. Simultaneous ob-
servation of the reflex eye movements under local anaesthesia showed the
absence of compensatory eye reflexes during utriculo-fugal deviation of the
horizontal and utriculo-petal deviation of the vertical canal cupula. These
are the cupula deviations which would cause a decrease in the discharge
frequency in the ampullary nerves of an Elasmobranch. In contradiction
to this it was found by Lowenstein (1937) that after unilateral elimination
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of the horizontal canal of the pike ampulla-trailing rotation does give rise
to reflex responses of the eyes which become increasingly more normal
as the post-operative tonus asymmetry of the horizontal eye muscles is
gradually abolished by central compensation. A similar recovery process
has also been described in the minnow (Phoxinus laevis) after unilateral
labyrinth extirpation (Lowenstein, 1932). Itis possible that the discrepancy
in the results gained in the same animal (pike) is due to the difference in
technique, viz. artificial stimulation under anaesthesia in the one case and
natural rotary stimulation in the unanaesthetized animal in the other, or to
the fact that in Steinhausen’s experiment the unstimulated state of the
intact horizontal canal opposite led to a suppression of the reflex response
to utriculo-fugal cupula deviation. For the sake of completeness it must,
however, be added that Zotterman (1943), in a cursory study of the elec-
trical responses from the posterior vertical ampulla of the burbot (Lota
vulgaris), failed to see a reduction in discharge frequency on ampulla-
trailing rotation in the few cases where he observed the existence of a
resting discharge.

For the frog, McNally & Tait (1925) emphatically adhere to the uni-
directional action of the canals as postulated by Crum Brown (1874), one
of the co-founders of the classical theory of labyrinth function. Ross (1936,
p. 129), in his paper on the electrophysiological study of the activity of the
frog labyrinth, makes the statement that the resting discharge, where it was
observed, could in fact be as a rule ‘momentarily suspended by a move-
ment in the direction opposite to that which stimulates the end-organ’.
As Ross did not consider the resting discharge to be part of the normal
behaviour of the neuromast organ, he did not attach any importance to this
finding, and consequently supported the theory of a unidirectional function
of the semicircular canals. Iedoux (1947) repeated Ross’s experiments
recording from the nerve branches of individual canal-ampullae of the frog
and found, in full agreement with the results on the elasmobranch
labyrinth, a clear bi-directional response against the background of a
resting discharge.

In my opinion it is very likely that the mechanism of a bi-directional
modulation of a resting discharge is characteristic for the neuromast organs
in all vertebrates, but that there may be a considerable variation in the
degree to which this peripheral reflex substrate is centrally utilized in the
various vertebrate types, and that there may be a certain correlation be-
tween this utilization and the particular mode of locomotion. This might
explain the absence of reflex bi-directionality in the squatting Amphibia
and reptiles.

When a single-fibre preparation from the horizontal ampulla of the
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elasmobranch labyrinth is subjected to prolonged ampulla-trailing rotation
with constant speed, the discharge frequency is increased at the onset of
rotation during the period of acceleration. This is followed during the
period of constant-speed rotation by a gradual return to the frequency of
the resting discharge. The question arises whether this is to be interpreted
as the result of a process of adaptation in the neuromast cells, or whether
it is strictly correlated with the elastic cupula’s gradual return to its resting
position. On this point the observations of Steinhausen (1933) appear
decisive. He observed the elastic return of the cupula and gives a graph
of the time constants of the behaviour of the cupula which is in excellent
agreement with the electrophysiological findings.

In a recent publication on the semicircular canal responses in man, van
Egmond, Groen & Jongkees (1949) comment on the remarkably close
agreement between the time constants found by them and those of the
elasmobranch labyrinth.

The. occurrence of a cupula deviation has been altogether denied by
Wittmaack (1929), who put forward a hypothesis of labyrinth function in
which changes in the hydrostatic pressure in response to rotational stimuli
are made responsible for deformations both in the cupula and in the under-
lying neuro-epithelium of the crista. These were demonstrated histo-
logically in animals rapidly killed during the application of rotational and
artificial stimulation. Wittmaack’s hypothesis led to a prolonged con-
troversy with Steinhausen (for references see Steinhausen, 1935), which
would lead too far to deal with here.

For the assessment of the way in which the six semicircular canals
collaborate in the control of the reflex responses of eyes and limbs to
angular acceleration it is necessary to have a clear picture of the range of
response of individual canals to rotations in various planes in space. It may
be considered safe to state that maximum reaction is produced by positive
and negative accelerations in the plane of the canal. Sensitivity to ac-
celeration in other planes, including those perpendicular to the plane of
the canal, is theoretically possible and actually observed in the case of the
vertical semicircular canals (Tait & McNally, 1934; Lowenstein & Sand,
1940a). Itis interesting, however, that this wide range of receptivity is not
shared by the horizontal semicircular canals which were found to be re-
stricted in their responses to rotations in their own plane within fairly
narrow limits. This may be due to a fundamental difference between the
cristae of the two types of canals. The cristae of the phylogenetically older
vertical canals make contact with the ampullary wall by the formation of two
plana semilunata and are often subdivided by a septum cruciatum, whereas
the cristae of the phylogenetically more recent horizontal canals are of a
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somewhat asymmetrical and simpler design (de Burlet, 19352; Mygind,
1948).

The functional significance of the sensitivity of the vertical canals to
horizontal rotation appears at first sight obscure, especially as it could be
shown that the bilateral elimination of the horizontal canals by the inter-
ruption of their nerve supply in the pike abolishes the compensatory eye
reflexes to horizontal rotation (Lowenstein, 1937). Thus the perception by
the vertical canals of angular accelerations in a horizontal plane does not
affect the reflex activity of the inner and outer straight eye muscles. Only
the upper and lower straight and upper and lower oblique muscles are
governed by the vertical canals. When stimulated by horizontal rotations
the left anterior vertical canal and the right posterior canal collaborate, and
vice versa (diagonal synergy). The result of this synergy is striking. Itleads
to a simultaneous contraction during horizontal rotation of the last-named
four eye muscles, a reaction which has actually been kymographically
recorded in the rabbit by Lorente de N6 (1931), who assigned to it the
function of providing a firm pivot for the phasic eye responses executed
by the inner and outer straight eye muscles under the control of the hori-
zontal canals. Lorente de N6 assumed this response pattern to be of central
origin, an assumption which is made unnecessary by the existence of a
possible peripheral mechanism (Lowenstein & Sand, 19404).

A sharp division of opinion still exists as to whether or not the semi-
circular canals can be stimulated by linear acceleration (de Kleijn &
Magnus, 1921). The results of experiments on the guinea-pig, in which
typical reactions to linear acceleration were unaffected by the destruction
of the otolith organs by prolonged centrifugation, led to the adoption of
the view that the semicircular canals have at least a share in the perception
of such accelerations. As this would mean an extension of their range also
to the perception of stimulation by gravity and centrifugal force, the ac-
ceptance or rejection of this view is of great theoretical and practical
consequence. De Kleijn & Magnus were forced to their conclusions by
what they regarded as incontrovertible evidence obtained from reflex tests
and from a histological study of the effects of centrifugation. A working
model constructed by Orenstein & Burger (Magnus, 1924, p. 463), which
included a representation of the connexion between the canal system and
the saccus endolymphaticus, showed clear cupula responses to linear
acceleration, which were considered by the authors as further crucial
evidence in favour of their assumption. When Hasegawa (1931) found by
means of a similar method and in the same animal that all reactions to linear
acceleration disappeared after centrifugation, he came to the conclusion
that they were localized in the otolith organs, as previously postulated by
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Fleisch (1922). De Kleijn & Versteegh (1933) reaffirmed the persistence of
reactions to linear accelerations after destruction of the otolith membranes
and rejected Hasegawa’s contrary findings as based on negative results.
The severance of the otolith membranes from their maculae by centri-
fugation brought to light yet another puzzling result. Hasegawa and de
Kleijn & Versteegh report that positional reflexes persist after this opera-
tion, and come to the conclusion that these must be elicited by gravity
responses from the otolithless maculae. Itis not clear why the latter authors
did not attribute the persistence of the reactions to other linear accelera-
tions to the same mechanism instead of attributing them to the semicircular
canals, which on theoretical grounds appear to be designed exclusively for
the reaction to angular accelerations (Quix, 1925; Jongkees & Groen, 1946;
Mygind, 1948). If the cupulae of the semicircular canals were in fact de-
signed to respond delicately to linear accelerations, it is difficult to see how
they could escape damage during centrifugation which must necessarily
represent considerable over-stimulation. The possibility of the elicitation of
gravity responses from maculae without otoliths would, if further confirmed,
explain Maxwell’s claim of a static function of the semicircular canals,
which he based on experiments in which he washed out the calcareous
otolith from the utriculus of the elasmobranch labyrinth without conse-
quent abolition of positional responses. Their preservation might in this
case be attributed to the activity of the macula itself. This whole complex
of open questions clearly calls for an electrophysiological analysis. In our
experiments on the elasmobranch labyrinth we have not found the semi-
circular canals to respond to gravitational stimuli, and have therefore
considered it unnecessary, so far, to study their reactions to other linear
accelerations.

In summing up it may be said that the semicircular canals have a con-
siderable share in the production of labyrinthine tonus and elicit and control
the compensatory reflex movements of eye, limb and body muscles which
are designed to counteract the effect of positive and negative angular
accelerations. During the normal activities of an animal an acceleration is
almost immediately followed by the corresponding deceleration at the end
of the short and limited turning movements. The inertia effect on the
cupula is reversed, and the organ is pushed back into its resting position
by a force equal and opposite to that responsible for its deformation.
Prolonged accelerations or rotations with constant speed are not usually
encountered except under experimental conditions or during the execution
of the pirouette in ballet dancing. In the latter case the appearance of post-
rotatory after-effects (after-nystagmus, vertigo) are prevented by skilled
rapid head movements in a horizontal plane, dividing the spin into short
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equilibrated to-and-fro movements, with the effect that the cupula is pre-
vented from executing the slow elastic drifts which are responsible for the
creation of rotary illusions and vertigo.

No sense organs closely corresponding in design and function to the
semicircular canals are known to exist in the Invertebrata. Functionally,
however, the halteres of the Diptera represent a certain parallel despite the
divergence in the underlying mechanical principle. The interpretation of
their functional significance has a varied history (Fraenkel, 1939). After
their role as gyroscoping balancing organs had been put on a sound observa-
tional basis (Fraenkel & Pringle, 1938), it was left to the successful applica-
tion of the oscillographic technique to furnish incontrovertible proof that
during flight the halteres are acting as sense organs for the signalling of
rotations around the dorso-ventral axis (in the yawing plane (Pringle, 1948)).
A hypothesis for the explanation of their mode of function was elaborated,
according to which the perception of right and left turns depends on the
central analysis of the time relationships of the impulses from a group of
campaniform proprioceptor organs in the stalk of the actively oscillating
haltere and from a large chordotonal organ in its basal region. The rate of
rotation, apart from affecting the timing, is also gauged from the total effect
(number of sensillae affected). For a given direction the two halteres are
oppositely excited, but with additive central effect. There is no evidence
that rotation about the longitudinal and transverse axes (rolling and pitching)
can produce distinctive signals from the halteres. The organs thus represent
a functional analogue to the horizontal and not to the vertical semicircular
canals of the vertebrate labyrinth. A significant difference between the
gyroscopic mechanism of the haltere and the torsion pendulum mechanism
of the cupula is, that the halteres respond to constant speed rotations as
well as to angular accelerations, in view of which they show a resemblance
to the invertebrate and vertebrate statolith organs (vide infra).

III. THE OTOLITH ORGANS

Sensitivity to mechanical deformation under the influence of gravity is
universal among living organisms. The regulatory mechanisms involved in
the maintenance of the intimate structural organization and coherence of
living cytoplasm is sure to depend in part on the reaction against the
gravitational pull of cell inclusions of a density differing from that of the
surrounding protoplasm, reactions in the absence of which a considerable
degree of unmixing and polar separation of the cell constituents would be
unavoidable. Electrostatic forces and reversible gel-sol readjustments are
probably chiefly involved in this regulation.



LABYRINTH AND EQUILIBRIUM 71

In plant cells and in the cell body of Protozoa specifically heavier cell
inclusions have been held responsible for the elicitation of geotropic and
geotactic responses. The statolith theory of geotropism in plants makes
movable starch grains responsible for the transmission of the gravitational
stimulus to the cytoplasmic lining. After the part played by auxin in plant
tropisms had become known, it was suggested (Cholodny, 1926, 1927) that
the movement of auxin was due to an electromotive force caused by the direct
action of gravity. Brauner (1927) found in horizontally placed plant organs
a potential difference across them of 5-10 mV., with the upper part negative
to the lower. This was called the geoelectric effect. There is, however, so
far no experimental evidence that auxin is in fact transported along such
gradients of electric charge. In connexion with the problem of geotropic
perception in plants it is of interest to recall that Loeb (1918) postulated
the accumulation of growth-regulating substances in the lowermost parts
of the cells of hydroid polyps (Antennularia), which also show the familiar
phenomena of geotropic growth reactions.

Among the Protozoa there is some experimental evidence that in the
negative geotactic responses shown by Paramecium in a medium rich in
carbon dioxide, the contents of the food vacuoles may have a statolith
function. Koehler (1922) fed Paramecia on iron particles and found that
the negative geotactic response can be enhanced or counteracted by the
directional influence of a magnetic field. The movement of the animals is
in every case directed away from the magnet, which excludes the inter-
pretation of the effect as due to direct magnetic attraction.

Dogiel (1929) studied the so-called concrement vacuoles in symbiotic,
holotrichous Ciliates (Biitschliidae and Paraisotrichidae) from the intestine
of the horse and the stomach of ruminants. He came to the conclusion that
they may act as intracellular statocysts. The organelle found near the an-
terior pole consists of a vacuole with an internal pore but no external
opening. The vacuole contains concretions of crystalline granules which
are probably identical with similar structures found diffusely distributed
in the cytoplasm, whence they can be sometimes observed to enter the
vacuole through the internal pore. Its boundary membrane is thickened
into a cuticular cap at the outer end and equipped with a system of argento-
phil plasmatic fibrillae. A centripetal fibril often connects the internal pore
with the endoplasm of the cell. A connexion between the fibrillae of the
vacuole wall and the ‘motorium’ of the cell on the one hand and with the
base of the cilia on the other suggests, according to Dogiel, a controlling
influence of the organ on the locomotory activity of the animal. It is
regrettable that Dogiel’s arguments against an excretory and for a
statocyst function of the concrement vacuoles are not supported by an
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attempt to ascertain whether these Ciliates do in fact exhibit geotactic
responses.

The prototype of the otolith organs may thus be fully elaborated in the
Protozoa. The imposing array of statocysts among invertebrate Metazoa
of all major phyla (Kolmer, 1926; Jordan, 1929; v. Buddenbrock, 1937)
bears witness to the fundamental importance of gravity perception. It is
interesting, however, that an auditory function was originally attributed to
all so-called otocysts. Eimer (1878), Romanes (1885) and Delage (1887)
were the first to apply the newly discovered equilibrium function of the
vertebrate ear to the lithocysts of Medusae, attributing to them, in addition
to their assumed auditory function, the regulation of locomotory move-
ments. This led in the following years to a general renaming of invertebrate
otocysts into statocysts, in many cases at first without any attempt to justify
the change by argument or experiment. Numerous elimination experi-
ments (reviewed by v. Buddenbrock, 1937) and the classical experiment of
Kreidl (1892) on the influence of a magnetic field on the posture of Palae-
mon, in which the statolith was replaced by iron particles, firmly established
the invertebrate statocyst as a gravity receptor.

In the vertebrates the detailed study of the mode and function of the
otolith organs has all along been handicapped by their inaccessibility to
separate elimination or stimulation. The operative interruption of the nerve
supply of individual otolith organs is generally made almost impossible by
the shortness of the nerve branches, and the removal of the otoliths usually
involves wide openings in the vestibular space with considerable endolymph
loss and spread of the damage to all other parts of the labyrinth. It is
therefore not surprising that until recently the functional analysis of the
otolith organs was mainly based on the interpretation of the spatial arrange-
ment and the anatomic relationships of the otoliths and their sensory
epithelia, supplemented by rather contradictory results of experiments with
artificial mechanical and other stimulations (Kubo, 1906; Maxwell, 1923;
Ulrich, 1935), or the equally contradictory results gained in mammals by
means of the centrifugation method (see p. 73).

The operative interruption of the nerve supply to isolated parts of the
otolith apparatus did, however, succeed in the frog (McNally & Tait, 1933;
Tait & McNally, 1934), and has contributed a good deal to the clarification
of the position. The general conclusions drawn from these experiments
were that in the frog the utriculi are the only source of all responses to
gravity, centrifugal force, and linear translation. The elimination of the
pars inferior of the labyrinth containing the sacculus and lagena among
other sensoria was shown to be without noticeable effect on known
equilibrium reflexes. Similar findings were reported by a number of
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workers in experiments on Elasmobranchs (Maxwell, 1923), on the minnow
(Phoxinus laevis), among the bony fishes (Lowenstein, 1932), on reptiles
(Tait, 1932), with certain reservations on birds (Benjamins & Huizinga,
1927, 19284, b), and finally on mammals (Versteegh, 1927). Benjamins &
Huizinga were not quite sure, however, whether the rotary cye responses
were not, after all, interfered with by the elimination of the sacculus.

Oscillographic recordings from the sacculus nerve of the frog (Ashcroft
& Hallpike, 1934) showed an absence of tilting responses but a high sensi-
tivity to vibration. Ross (1936), however, recording from the posterior
ramus of the eighth nerve of the frog, found evidence for the presence in the
posterior part of the labyrinth (pars inferior minus sacculus) of at least one
type of gravity receptor. MacNaughton & McNally (1946) succeeded in
the isolated elimination, by nerve cutting, of the lagena. The unilateral
operation resulted in a slight upward tilt of the head on the ipsilateral side,
whereas the effect of bilateral elimination was a slight unsteadiness of the
head on the cessation of movement. The possession of two lagenae in
absence of all other equilibrial end-organs left the frog with a capacity for
righting distinctly better than that of a completely de-labyrinthized animal.
From this the authors concluded that the lagena has an equilibrium func-
tion, sharing with the vertical canals the task of antagonizing the activity
of the utriculus. Adrian (1943), recording from the vestibular nucleus in
the brain stem of the cat, described gravity-controlled responses to lateral
and fore-and-aft tilting. The gravity receptors showed a resting discharge
(about 6 per sec.) when the head was level, and were increasingly stimulated
when the head was tilted through a small angle (20°) out of its normal
position, becoming very slowly adapted to the stimulus. Out-of-level
tilting in the opposite direction reduced or abolished the resting discharge.
It is of theoretical importance that some of the gravity receptor units con-
trolled by lateral tilt also responded to linear fore-and-aft acceleration and
to fore-and-aft tilting of the head, a dual function characteristic also for the
gravity receptors in the elasmobranch labyrinth.

The accessibility of the various labyrinthine end-organs in the cartila-
ginous cranium of the ray (Raja clavata), and the fact that their activity can
be studied in a surviving isolated preparation of the otic capsule, made
possible a point by point oscillographic analysis of the sensoria contained
in the utriculus, sacculus and lagena (Lowenstein, 1948; Lowenstein &
Roberts, 1948, 1950a,5). The results of this analysis can be summarized
as follows: Receptors responding to gravitational stimuli and to linear
acceleration in general are in the elasmobranch labyrinth found in all three
otolith organs. The widest range of receptivity is found in the utriculus,
which can be considered potentially capable of controlling all the known
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gravity responses, a task which it may well have to perform in a number of
vertebrate types (see p. 76). The sacculus, in which only the posterior
part of the macula contains gravity receptors (the rest being highly vibration
sensitive), doubles some but not all of the utricular functions, whereas
the lagena is in a way to be considered antagonistic to the other two. Before
describing the individual gravity responses from typical sensory units of the
three otolith organs with respect to the theoretical significance of their
behaviour, it will be necessary to recall some of the outstanding problems
concerning the functional mechanism of the otolith organs.

The original assumption that the gravitational stimulus is transferred to
the macula by the gliding of the otolith in certain directions relatively
narrowly prescribed by the morphological characteristics of the organ
(Breuer, 1891) was generally rejected by later workers (Maxwell, 1923).
It was replaced by two rival hypotheses, viz. the theory of Magnus & de
Kleijn (1926 5), who held that the maximum of the tonus effect is produced
by an otolith organ when the otolith is hanging from the macula, tension
or pull on the sensory hairs or sense cells being the effective stimulus, and
the theory of Quix (1925), who conversely held the pressurc of the otolith
on the macula to produce a maximum of stimulation. In a recent treatise
on the static function of the labyrinth, Mygind (1948) makes changes in
otolith pressure on morphologically discrete dominant and subordinate
areas of the macula responsible for the integrated control of the various
compensatory reflexes of limbs and eyes. Apart from the direct otolith
action Mygind also operates with the concept of a hydrostatic endolymph
pressure responsible for the generation of labyrinthine tonus in areas of the
sensoria not specifically exposed to the changing influences of otolith
pressure or pull.

Much confusion exists in this field, and this is not surprising, as the little
physiological evidence there is depends on observations of reflex behaviour,
i.e. reactions which have gone through the clearing house of the central
nervous system. Far-reaching interference by automatic central mechan-
isms in the elaboration of vestibular reflexes are postulated by Lorente
de N6 (1933), who suggests that lesions in any part of the vestibular system
are likely to affect all equilibrium reflexes simultaneously.

It may be useful at this point to consider the results of the analysis of
the electrical responses from the elasmobranch otolith organs (Lowenstein
& Roberts, 19504). The majority of the sense endings in the maculae of the
utriculus, sacculus and lagena were found to be in a state of continuous
activity. In the normal position in space the sensory units situated in the
lateral aspect of the utriculus macula (the only part of it readily accessible
for electrical recording) would fire a continuous stream of impulses at a
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moderate frequency of 5—20 per sec. at 20° C. This discharge frequency
can be either increased or decreased when the preparation’s spatial orienta-
tion is altered by tilting about a horizontal axis. As a rule one and the same
ending responds both to lateral and to fore-and-aft tilting from the normal
in such a way that its discharge frequency reaches a maximum when the
preparation is approaching a position in which the labyrinth under ob-
servation lies uppermost (lateral tilt) or in which the nose is tilted vertically
up or down (fore-and-aft tilt). Preparations responding with an increase
in discharge frequency to a lateral lowering of the labyrinth were rarely
encountered on recording from the outer part of the macula. Whether such
sense endings exist in significant numbers in the inaccessible basal and
innermost parts of the utriculus macula remains an open question. Pro-
visionally ignoring the latter type of organ, it can be stated that the outer
part of the utriculus macula contains at least two types of sense endings,
which can be classified into organs responding with an increase in discharge
to side-up and nose-up or to side-up and nose-down displacements. Nerve
fibres from these two types can be found side by side in one and the same
small nerve twig. This does not, however, mean that they are necessarily
derived from neighbouring neuromasts, as a considerable amount of
fanning out is characteristic of the end-ramifications of the nerve strands.
It is thus difficult to localize the exact position of the sense endings under
observation with sufficient confidence to base upon such a localization far-
reaching theoretical deductions. From the fact, however, that the lateral
parts of the utriculus macula yield preponderantly preparations whose
discharge frequency increases on side-up tilting, it may be tentatively
suggested that either a gliding away of the otolith producing a medial
deflexion of the sense hairs of the neuromasts or a relief of the vertical
pressure of the otolith on the macula may represent the appropriate
stimulus, with the reverse hair deformation or pressure change producing
a reduction in the discharge frequency. If this were correct, then the side-
up and nose-up organs ought to be located in the antero-lateral, the side-up
and nose-down organs in the postero-lateral part of the utriculus macula.
This localization would be in full agreement with the stimulation experi-
ments on the dogfish (Maxwell, 1923), where it was found that pressure
on the otolith applied laterally, so as to move the otolith slightly inwards,
produced eye responses corresponding to those occurring on the lateral
up-tilting of the stimulated labyrinth. Pressure on the anterior side of the
otolith produced the effect of nose-up tilting and pressure on the posterior
end the opposite. From this Maxwell concluded that the effective stimulus
is a displacement of the otolith. This satisfactory agreement based on two
entirely different methods is not supported by the results of similar



76 LABYRINTH AND EQUILIBRIUM

stimulation experiments on the pike (Ulrich, 1935). Here the effects of
delicately apportioned pressures on the utriculus otolith are directly op-
posed to those described by Maxwell. Furthermore, eye responses to
artificial pressures could only be evoked uni-directionally, a finding which,
if further substantiated, would point to fundamental differences in the mode
of function of the labyrinthine end-organs in the bony fishes and Elasmo-
branchs (compare also Steinhausen’s results on semicircular canals, p. 65).
Before coming to such a conclusion, it must be borne in mind that the
electrical behaviour of single sensory units could only be taken as repre-
sentative of the activity of the macula as a whole if they were uniformly
active in all parts of the sensorium. It is certain, however, that far from
showing such uniformity the frequency changes in the sense endings differ
widely at any given moment during a tilting movement or in various
spatial positions. Direct evidence for this can be derived from the records
from the elasmobranch utriculus. There are two extreme types of sense
endings. In one a complete rotation about a horizontal axis yields a con-
tinuous change in the discharge frequency with a maximum and minimum
of activity in certain characteristic positions in space. When the rotation
is arrested in any given position, only slight adaptive changes take place,
and the discharge frequency stays at a level significantly different from that
characteristic for the normal position. On rotation in the opposite direction
the frequency changes are faithfully reproduced in a reverse sequence, and
the spatial positions for maximum and minimum activity are uninfluenced
by the direction from which they are reached. Such end-organs are ideal
position receptors capable of indicating spatial positions by the absolute
level of their activity. At the other extreme we find organs which on the
reversal of the direction of displacement show their maxima (and minima)
of activity in diametrically opposite positions, having, for example, a mini-
mum in the nose-up position when this is reached on the shortest way from
normal by a nose-up tilt, whereas a nose-down tilt produces the minimum
activity near the nose-down position. All grades of intermediate types of
organs with various degrees of divergence in the position of the maxima
and minima have been found. It is not surprising that organs with an
appreciable shift of their maxima and minima on displacement in opposite
directions do not show fixed frequency values for certain positions in space
and tend to return to a basic level of activity when the tilting movement of
the head is stopped. They are, however, sensitive out-of-position receptors
apparently delicately poised to signal the departure from critical positions,
answering such departure by the same change in activity irrespective of the
tilting direction.

There are also organs whose basic activity remains largely unaffected by
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positional changes, and others which are completely inactive in certain
positions. The former type was encountered in the so-called lacinia process
of the utriculus macula and in the greater part of the macula of the sacculus
and was shown to be extremely sensitive to vibration. The latter type was
not by any means uncommon and appeared to have a relatively limited
spatial range of activity. It occurs especially frequently in the position-
sensitive posterior part of the sacculus macula which preponderantly
responds by an increased discharge activity to side-up and nose-down
tilting. 'The greatest uniformity of response was found in the lagena where
the majority of sense endings sampled from all parts of the macula showed
their maximum activity in the normal position, their activity being strongly
reduced in all other positions. Such receptors can best be described as
‘into-level’ receptors, and their discovery agrees well with the function of
the frog’s lagena as postulated by McNaughton & McNally (1946).

Thus a variety of differently responding sense endings may be assumed,
especially in the utriculus, to collaborate in signalling individually to the
central nervous system local mechanical changes brought about during
displacement from the normal by the spatial shift or deformation of the
otolith membrane. Mygind (1948), in his hypothesis dealing with the mode
of function of vestibular end-organs, recalls that the labyrinth is develop-
mentally a specially transformed cutaneous sense organ for which the
adequate stimulus is pressure change. The effector responses of the animal
to spatial displacement are such as to maintain contact between otolith and
macula in the manner characteristic for thigmotactic (contact-seeking)
responses. Opposite parts of the neuro-epithelium lying in the same plane
of its curvature clicit ‘oppositely curved’ reactions. Mygind distinguishes
between opposing dominant and subordinate parts of the various maculae,
the dominant parts always lying at the distal end of the nerve fan and being
composed in many cases of higher neuromast cells. They are more sensitive
and elicit the stronger reactions. In a sketch of the hypothetical central
link-up of the utriculus macula, Mygind postulates the dominant parts to
control the ipsilateral anti-gravity muscles, collaborating during lateral
displacement with the subordinate part in the opposite labyrinth by crossed
innervation. There arises a discrepancy between Mygind’s hypothesis and
the behaviour of the elasmobranch utricular sense endings which, showing
maximum stimulation on side-up tilting, must evoke maximum contraction
in the contralateral anti-gravity muscles. The interpretation, in these
terms, of the well-known tonus asymmetry found in all vertebrates after
total unilateral labyrinthectomy meets with a similar difficulty. The asym-
metry arising after this operation always consists in the preponderance of
the anti-gravity muscles of the intact side which must be correlated with
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a continuous tonus-producing activity of the intact labyrinth which, in
turn, must therefore be assumed to be predominantly responsible for the
maintenance of the tonus in the ipsilateral anti-gravity muscles. And yet,
in the elasmobranch labyrinth, the majority of the utricular sense endings
so far recorded from behave as if they were linked with the anti-gravity
muscles opposite. Every difficulty of this kind can, of course, be discussed
away by ad hoc hypotheses. One such hypothesis would be to absolve the
otolith organs of a significant share in the production of general labyrinth
tonus, assigning this task to the semicircular canals. On this basis an in-
tegrated scheme can be elaborated which would account for all the known
consequences of unilateral total labyrinthectomy (L.owenstein & Roberts,
19504). It must be pointed out, however, that the observations reported
by Tait & McNally (1934) in what they call the uni-soli-utricular frogs, in
which all labyrinthine sensoria except one utriculus were eliminated by
nerve cutting, also point in the direction of ipsilateral preponderance of the
anti-gravity muscles under the influence of the intact vestibular end-organ.
In agreement with this all records obtained from the vestibular nucleus of
the mammalian brain stem (Adrian, 1943) showed increased impulse dis-
charge on side-down tilting. This was tentatively attributed to the activity
of the ipsilateral sacculus. In view of the striking regularity with which
side-up tilting produces an increased discharge activity in the neuromasts
of the lateral (according to Mygind dominant) region of the elasmobranch
utriculus macula, and the fact that the gravity responses of the sacculus,
too, behave in the same way, we are faced here with a contradiction which
cannot be removed without further electrophysiological experiments on as
many different vertebrates as possible.

A significant indication of the complexity of this problem is further
provided by the results of Tait & McNally (1934), who postulate the
existence in the utriculus macula of two types of responses resulting in
diametrically opposite compensatory and anti-compensatory reactions to
slow and rapid displacement in the same direction. As a graded continuity
was found to exist between these opposite reactions the authors concluded
that they are due to the activity of the same sense endings under different
conditions of stimulation. They found themselves forced to abandon the
prevailing idea that the otolith acts like ‘the sand grains’ in the statocyst
of Palaemon, i.e. by a simple and uniform sliding descent from a higher to
alower level, and came to the conclusion that a hypothesis of a point-to-point
independence of the elements composing the otolith organ is unavoidable.

Full agreement exists among all workers that the otolith organs respond
not only to gravitational stimuli but also to all other linear accelerations.
Such responses were recorded by Ross (1936), Adrian (1943) and Lowen-
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stein & Roberts (1950a). A valuable contribution to the theoretical aspect
of the responses to horizontal linear translation was made by Adrian,
who pointed out that pressure changes cannot be considered the sole
conditions for stimulation, as the otolith organ can respond to otolith dis-
placement in the plane of the utriculus macula (Adrian, 1943, p. 395).
Stimulation of the otolith organs is generally brought about in a direction
opposite to the direction of displacement during tilting, e.g. an organ which
responds by increased activity to side-down tilting will show a similar
response to contralateral horizontal linear acceleration. It is obvious that
organs responding to linear accelerations must necessarily be affected by
centrifugal forces and give rise to the notorious false horizon sensations
experienced during banking in fast-flying aircraft.

The chief difference in receptivity between semicircular canals and
otolith organs is the generally assumed restriction of the former by their
morphological peculiarities and spatial arrangement to the reception of
angular acceleration. By being as it were shielded from the action of
gravitational and other linear accelerations, they are set aside for the
signalling of onset and cessation of curved movements and provide a
mechanism for the gauging of the magnitude of the rotary ‘impulse’ and
its direction. In comparison, the otolith organs have a wider range of
capabilities. Sensitive as they are to all forms of constant and changing
linear acceleration, they are fundamentally not precluded from responding
to any type of movement, straight or curved, as long as it entails a change
of momentum. The old distinction between dynamic receptors (semi-
circular canals) and static receptors (otolith organs) is thus meaningless
(Jongkees & Groen, 1946). The potential functional range of the otolith
organs is wider still. Their sensitivity to changes in linear acceleration must
of necessity make them respond to mechanical vibrations which are nothing
but alternating linear acceleration phenomena (see also Mygind, 1948).
Whether a given otolith organ does in fact act as a vibration receptor
depends on the manner and degree of its exposure. In a very important
essay on this question de Burlet (19355) drew attention to the existence in
various vertebrate types of what he called ‘perilymphatic’ labyrinthine
end-organs. This rather unfortunate but nevertheless descriptive term
refers to those among the labyrinthine sensoria which lack a protective
padding in the form of perilymphatic connective tissue trabeculae and
which are by their topography selectively exposed to extraneous mechanical
influences reaching them through perilymphatic pathways. De Burlet
applies this term to the sacculus of the Ostariophysi, the utriculus of the
Clupeoidea among the fishes, the papilla amphibiorum and the papilla
basilaris in the Amphibia, the papilla basilaris and the cochlea in the



8o LABYRINTH AND EQUILIBRIUM

Sauropsida and mammals. The localization of sound perception in the
sacculus of ostariophysean bony fish (v. Frisch, 1936) and the fact that
vibration-sensitive sense endings have been found in the labyrinths of a
number of vertebrate types lacking a cochlea (Ashcroft & Hallpike, 1934;
Ross, 1936; Zotterman, 1943; Lowenstein & Roberts, 1948, 19505) add
weight to de Burlet’s morphological analysis.

The wide range of potential function of the vertebrate otolith organs
makes it more than likely that the receptive range of the invertebrate
‘lithocysts’ may well be found in certain cases to transcend the field of
gravity reception pure and simple. This problem is awaiting renewed
exploration with modern experimental methods. One of the questions of
fundamental importance arises from the fact that stimulus reception in the
invertebrate lithocysts is entrusted to primary sensory cells whose adaptive
behaviour and general mode of response may well radically differ from the
corresponding physiological characteristics of the vertebrate neuromast
cells. For this reason alone it would be inadmissible to attempt far-reaching
theoretical deductions with respect to the mode of function of these organs
on the basis of our knowledge of the functional mechanism of the sensory
structures of the vertebrate labyrinth.
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CENTRAL AND PERIPHERAL CONTROL
OF BEHAVIOUR PATTERNS






THE CONTROL OF NERVE-CELL ACTIVITY

By E. D. ADRIAN
Physiological Laboratory, University of Cambridge

In the higher levels of the mammalian nervous system many of the nerve cells
are in constant electrical activity as long as the animal is awake. The activity
often takes the form of a regular beat, the frequency ranging from 10 per
sec. in the cerebral cortex to 200 per sec. in the cerebellum, and the magni-
tude of the potential changes showing that there must be extensive syn-
chronization of the different cell units.

Much of this activity is to be regarded as a background state which must
be modified locally when the animal is engaged in movement or in recording
sensory impressions. In fact it is in steady undisturbed conditions that
we find the most widespread synchronization and therefore the most
striking electrical rhythms. But there is every reason for thinking that
the background plays an important part in the whole picture, that the
instability of the brain cells is related to what the brain can do, i.e. to the
variety and apparent spontaneity of normal behaviour. At all events
the background fades when the animal goes to sleep; as Bremer has said,
the a rhythm seems to express a degree of cortical tonus proper to the
waking state, a certain ‘vigilance’, to use Henry Head’s expressive term.

This background activity can be reduced or suppressed altogether by
anaesthetics, to return again when the effects of the anaesthetic have worn
off. During the stage of recovery a single sensory stimulus will often pro-
duce the sudden return of persistent activity in large numbers of the nerve
cells, just as a single stimulus may rouse a sleeper, and it is often possible to
correlate the return of nerve-cell activity in the brain with increased tone
in the muscles and increased responsiveness to stimulation. By changing
the level of anaesthesia, therefore, we can change the level of basic activity
in the hope of finding out how this will modify the flow of impulses in the
central nervous system.

Some recent work on the olfactory system has given a good illustration
of what may happen in a sensory pathway. It is not possible to record
impulses in the individual nerve fibres from the olfactory receptors, for
they are non-medullated and difficult to reach, but in the rabbit a wire
electrode can be thrust into the olfactory bulb so as to pick up the action
potentials in the medullated fibres of the mitral cells. These are the fibres
which go to form the olfactory tract; they are comparable to the optic nerve
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fibres in that they are in touch with the receptors through synaptic con-
nexions, but the olfactory bulb differs from the retina in having large
numbers of nerve cells which are not on the direct pathway from the
receptors to the brain. These accessory cells are usually in constant
activity.

In very deep anaesthesia with urethane or one of the barbiturates the
continued activity of the nerve cells can be suppressed, and this occurs with
little alteration, if any, in the sensitivity of the olfactory receptors. There is
also little sign of interference with the synaptic mechanism of the glomeruli,
where the receptor fibres meet the dendrites of the mitral cells. Thus the
mitral cells will respond whenever the olfactory receptors are stimulated,
and the discharge of impulses in the olfactory tract will be entirely con-
trolled by them. The discharge occurs at each inspiration when the air
contains an olfactory stimulant, and it varies in magnitude in the usual way
with the intensity of the stimulus. In deep anaesthesia therefore the dis-
charge in the olfactory tract fibres can be used to study the receptor
mechanism of the nose and the way in which smells are distinguished from
one another. As in the optic nerve the discharge will not be an exact copy
of the receptor signals, but it will be completely dependent on them.

In anaesthesia of moderate depth the whole picture changes. The
accessory cells are in constant activity, sometimes with independent
rhythms and sometimes in large groups beating synchronously at a rate
between 60 and go per sec. There is a constant and usually irregular
succession of impulses in the olfactory tract fibres; an intense olfactory
stimulus may produce an appreciable increase in the discharge, but with
so much activity it is usually impossible to detect any change in it from
moderate stimulation. There is no doubt that the sensitivity of the olfactory
organ is as great as before—it is possible to estimate this from records
taken to show pre-synaptic as well as post-synaptic activity—but at this
stage of anaesthesia most of the mitral cells are dominated by the constant
activity in the bulb and they are scarcely affected by the messages from the
olfactory organ.

As the anaesthesia wears off the olfactory organ resumes control, though
to an extent which varies from one animal, or from one group of nerve fibres,
to another. There is still considerable activity in the cells of the bulb,
whether the nose is stimulated or not, but the high-frequency beating is
rare, and if the inspired air contains an olfactory stimulant (as it usually
does) the discharges in the tract occur mainly at each inspiration, as in very
deep anaesthesia. If allowance is made for changes in the depth of breathing,
the sensitivity and general behaviour of the olfactory organ seems to agree
with what is found in deep anaesthesia, and the main difference is that
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in the olfactory tract the discharges at each period of stimulation no longer
appear on a quiet base-line.

The effects of different depths of anaesthesia suggest that the mitral cells
can be influenced both by the olfactory receptors and by the accessory cells
of the bulb. The latter are highly unstable, but when the anaesthesia is very
light their activity is controlled to some extent by the olfactory discharge.
In very light anaesthesia, therefore, and presumably in the normal state,
the discharges which pass to the brain will be mainly determined by the
olfactory stimuli. In medium anaesthesia the accessory cells are if anything
more active and they are much less influenced by the olfactory impulses;
they dominate the mitral cell discharge, and the olfactory signals make
little impression on it. In deep anaesthesia, however, the accessory cells
are inactive, and the discharge in the olfactory tract is then entirely governed
by what is sent in from the olfactory organ.

It is interesting to compare these three stages in the response of the
olfactory bulb with the similar three stages in the response of the cerebral
cortex. In the receiving areas the synaptic connexion between the afferent
fibres and the cortical cells is more diffuse than that afforded by the
glomerular structures of the olfactory bulb, and we can scarcely distinguish
between accessory cells and cells on the direct pathway. But in deep
barbiturate anaesthesia which has reduced the cortical cells to inactivity
an afferent discharge will usually produce a few electrical oscillations
showing that the nerve cells have responded. In medium anaesthesia, when
the cells are in continuous activity, the afferent discharges have little or no
effect, whilst in very light anaesthesia the cortical activity is again con-
trolled by the afferent discharge, though there is now the background of
rhythmic disturbance to be harmonized with the induced responses (Adrian,
1941). In this case we have no emergent pathway to investigate like the
olfactory tract and no synapses which are likely to be specially resistant to
the anaesthetic; thus the most that we can expect in deep anaesthesia is
a feeble response of some of the cortical cells, a response not great enough
to lead to further effects elsewhere. But by using chloralose as an anaes-
thetic instead of a barbiturate we can suppress the continued activity
without much interference with synaptic conduction. The afferent signals
are then so much in control that a slight touch may produce a convulsive
jerk of the whole of a limb (Adrian & Moruzzi, 1939).

It is natural to inquire how far the continuous activity of the nerve cells
is dependent on stimuli from the environment and how far on the pro-
perties of the nerve cells themselves. We have seen that a single afferent
signal will often arouse the cells after an inactive period, and although the
activity seems to persist without further stimulation it is, of course,



88 THE CONTROL OF NERVE-CELL ACTIVITY

impossible to secure a complete absence of incoming signals from all of the
sense organs. Even with isolated preparations of nerve cells we cannot be
sure that the environment is not partly responsible for whatever excitation
is present. We can say, however, that the particular rhythms which are
developed by the cells are not imposed on them by a corresponding rhythm
in the sensory inflow. As with a stretched muscle spindle the rhythm of
discharge expresses a particular level of excitation, and in the nerve cells
of the brain that level seems to be decided by a number of factors, the
general physical and chemical state of the cells as well as the number of
afferent impulses reaching them (cf. Bremer, 1941a). It has been the
fashion to regard the continued rhythms of nerve cells as a consequence of
their organization in a close network through which waves of excitation
might circulate endlessly. This reverberating circuit idea has histological
backing, but there are so many instances of single isolated units, nerve cells
or sensory endings, discharging rhythmically for long periods that it seems
unnecessary to postulate a mechanism which has never been demonstrated
in action. No doubt circulating activity may help to maintain the level of
excitation, but there is no reason to think of it as the sole factor involved.

For one reason or another, then, the sheets of nerve cells which receive
the sensory messages are so constituted that they tend to remain in con-
tinuous activity. The reasons for this instability need not be considered till
there is more evidence, but there is at least some evidence relating to the
changes which can occur when a message arrives.

It is well known that the a rhythm of the human brain is suppressed by
opening the eyes, and that similar electrical oscillations in the brains of
different animals are suppressed by touch, sound or smell. The suppression
might be due to an interference with the synchronization of the different
nerve cells. If the synchronous beat implies a uniform level of excitation
or of instability throughout the beating area, then the disturbance produced
by an afferent message would break up the rhythm by abolishing the
uniformity. An explanation on these lines has been put forward by the
writer to cover various examples of the suppression of a rhythmic beat, and
it has usually been possible to show that the suppression of the waves is
accompanied by increased activity in some of the neurones. But the
explanation needs recasting, for it is based on an assumption which is
scarcely justified, i.e. the assumption that all the cells are equally ready to
beat. ,

The clearest evidence comes from the high-frequency rhythm which
appears in the olfactory bulb in fairly light anaesthesia. Electrical records
from the bulb show this to be a widespread synchronous beat with a
frequency ranging from 60 to go per sec. After a strong olfactory stimulus
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the rhythm is abolished and it is built up again gradually, but its absence is
associated with a reduction in the activity of the olfactory tract and its
return with an increase in activity. In this case therefore the break up of
the rhythm seems to involve a decrease in the activity of the cells, and it is
not merely that their activity is no longer synchronized.

Since we are dealing with a high-frequency rhythm implying a high level
of excitation in the nerve cells, the fall in activity might be a consequence of
fatigue, but the gradual return of the beat with increasing amplitude
suggests a different explanation. In this as in the other systems which give
a rhythmic beat we are dealing with a mass of nerve cells which are influenced
by one another as well as by afferent discharges. A few cells beating at
a high rate may therefore excite their neighbours, and these in their turn
would excite others until the rhythm has spread throughout the mass.
But a disturbance of the pacemaking cells, a change of frequency in some of
them for instance, would disorganize the rhythm, and the cells which had
been drawn into it would cease to respond or would revert to lower levels
of activity. In the same way a low-frequency rhythm might be maintained
by a group of cells acting as pacemaker, but the majority of the cells taking
part in the beat might well become inactive if the pacemaker failed and they
were left to themselves. In fact, a synchronous beat need not imply a
uniform level of excitation, and the suppression of the beat by an afferent
discharge may well involve a considerable fall in activity in many of the
nerve cells. The suppression of the beat would still be due to the distur-
bance of synchronization rather than to some kind of direct inhibition, but
we should expect to find that most of the units would become less rather
than more active.

The point may be of some interest, for it involves'the idea that many of
the continuously active cells are not in fact inherently unstable, but are
driven by the fewer cells that are, and that the former sort can be drawn in
to reinforce whatever may be the dominant rhythm in their neighbourhood.
It also involves the idea that numbers may be important, since a large mass
of nerve cells will be more effective than a small. A rhythmically active
cell may influence its neighbours by means of the impulses which it sends
to them or conceivably by the electrical or chemical fields engendered by
its activity. Whatever the means, a group of cells beating in unison will have
a greater effect than a single cell because the group will produce a more
massive excitation, there will be more impulses sent out and the electrical
and chemical fields will be more concentrated. Thus a few active cells may
draw more and more units into the group, and the larger it becomes the more
the rhythm will tend to spread into regions previously inactive. The process
will be stopped when the beat invades the territory dominated by another
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rhythm, but in a large sheet of cells it would be possible for several beating
systems to co-exist as more or less stable units. There is as yet no direct
evidence to show that this snowball effect is an important factor in the
building up of rhythms, but there are a good many indications of it. When
a beat begins, the magnitude of the oscillations will usually increase slowly
at first and then more and more rapidly, and Bremer’s observations on the
strychnine waves in the spinal cord show the dominant effect of massive
discharges (Bremer, 19415).

At all events it is clear that a system which contains large numbers of
unstable cells with diffuse connexions will give a much greater variety of
response to an incoming message than a system with definite through
routes and few accessory cells. In the retina there are relatively few, and the
message in the optic nerve is closely related to the receptor excitations; in
the olfactory bulb there are more, and they have to be put out of action
before the olfactory tract discharge can show us clearly what is happening
in the nose; in the cerebral cortex there are no through routes, and here the
incoming signals lose their identity as soon as they have left the receiving
areas. They are dispersed among the crowd of active units which form the
bulk of the brain, and the larger the bulk the more complex will be
their effects in the various cell groups which have come to beat in
unison.

SUMMARY

The cells of the central nervous system are often in continuous activity.
Various stages can be recognized in the control of this activity by afferent
signals. For instance, in the mammalian olfactory bulb deep anaesthesia
stabilizes the cells, abolishing the continued discharge but leaving some
which give a direct response to afferent impulses. In lighter anaesthesia
many of the cells are in constant activity and are no longer affected by an
afferent discharge, but as the effects of the anaesthetic subside the afferent
control is re-established. The cells are no longer passive as they are in deep
anaesthesia, and are now liable to discharge spontaneously if they are not
subjected to afferent control. Similar changes in the stability of the cells
and in their response to afferent signals are found in the cerebral
cortex.

As the cells can influence their neighbours they tend to discharge in
unison, forming large or small groups which beat synchronously. Afferent
signals break up these groups, causing a concentration of activity into
particular channels. The stability of the groups probably increases with
its size, for the simultaneous discharge of the cells will have a massive effect
which will increase with the number in action. It is suggested that the
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mass effect of cell aggregates may play an important part in determining
the patterns of activity which can be formed in the central nervous
system,
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EXPERIMENTAL ANALYSIS OF CO-ORDINATION
BY THE DISARRANGEMENT OF CENTRAL-
PERIPHERAL RELATIONS

By PAUL WEISS
Professor of Zoology, The University of Chicago

INTRODUCTION

Science owes many of its most spectacular advances to improvements in
methodology and the introduction of new techniques. This being the case,
I need hardly apologize for giving as much emphasis in my talk to a method
which has proved profitable as to the results thus far obtained with it. The
method in question is not new, but it has not yet been properly exploited.
The examples to be presented will indicate its potentialities. It consists of
testing the role of neural connexions not merely by the negative test of
severance but by the positive test of systematically altered reconnexions.
Although the story has been reviewed on several earlier occasions (Weiss,
1936, 1941), it bears repetition in view of the fact that additional pertinent
information has been gathered in the meantime and because its content is
quite germane to the objective of this conference, which is to bridge the
gap between our concepts of overt behaviour and the underlying neural
mechanisms.

Our method is a logical extension to physiology of some standard pro-
cedures of experimental embryology. In this latter field, it has long been
customary to subject an unknown relation to a triple test of the following
kind. If we wish to establish the kinds of interactions that exist among the
component parts of a complex organic system, we single out each component,
one at a time, and study its relation to the remaining system. After severing
the connexion between a given part and the system, we can determine the
behaviour of the isolated part on the one hand, and of the correspondingly
defective system on the other. In a way, these tests of defect and isolation
are complementary. Yet their instructiveness is limited. Severance often
reveals no more than the fact that some relation has been destroyed, while
leaving the nature of the dependency undisclosed. This is because severance
disrupts all relations, specific as well as general ones, those peculiar to the
particular part as well as those common to all parts, significant and trivial
ones alike. To determine the character of a relation, the defect and isolation
experiments are therefore supplemented by a third intervention, the re-
combination experiment, in which a removed part is reincorporated in the
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system, but in a modified form, which may mean altered position, orienta-
tion, or connexion. In this manner, the common and general influences
between system and part are restored, while those specifically depending on
position, orientation and connexion will reveal themselves by corres-
pondingly altered behaviour.

Several lines of biological research have profited from the use of such
recombination techniques. We may point to the extensive use of trans-
plantation in the analysis of embryonic development, in the study of
endocrine functions and in tumour research. I shall now outline how this
method can be used to good advantage in the analysis of those functions of
the nervous system in which the relations between the parts and the whole,
between the elements and the collective, are at issue. The orderly group
behaviour of neural elements is commonly referred to as ‘co-ordination’.
Such co-ordination, in turn, is generally, if vaguely, thought to be predicated
on systematic patterns of structural connexions among the constituent
members of the group. This is precisely the sort of thesis that cannot be
conclusively tested by the defect and isolation techniques alone—both
widely used in neurology—but can be crucially decided by recombination
experiments. The study of neural elements in isolation, however invaluable
in itself, has taught us little about their group relations, and the defect
experiments of severing connexions—nerve fibres, in this instance—have
only confirmed that neural connexions of some sort are indispensable for
neural conduction, but have in no way proven that the particular and
precise distribution of these connexions is responsible for the orderliness
and precision of a given neural response. It is evident that to be conclusive,
the test would have to be made after the severed connexions have been
restored, but in a pattern different from the original one. If this alteration
of the connexion pattern results in a corresponding distortion of the
response pattern, the functional relevance of the former would be demon-
strated; otherwise, merely the necessity of connexions of some kind.

Any ordinary nerve regeneration after transection actually furnishes us
with a recombination experiment, inasmuch as the new connexions do not
precisely duplicate the original ones. The attempts to find out more about
co-ordination by deliberately changing and crossing nerve connexions,
repeated for nearly a century, are likewise in the recombination class. If
they have not brought the desired clarification, the blame goes to the in-
complete analysis and insufficient precision in the description of the observed
facts, and to the vagueness and ambiguity of the concept of co-ordination.
Instead of an objective record of just what happened after a given inter-
ference, one usually is presented with a subjective summary appraisal
according to which there either had or had not occurred ‘recuperation of
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function’, ‘restoration of co-ordination’, ‘re-education’, ‘regulation’, and
the like. ‘Restored function’ to some meant recovered conductivity, to
others (e.g. orthopaedic clinicians) the return of some semblance of normal
usefulness of a member. Lacking standard criteria of assessment, the
experimental and clinical literature dealing with this subject contains a great
number of confusing, contradictory and misleading statements (see Sperry,
1945b). To avoid ambiguity, we shall deal here not with the problem of
co-ordination in its traditional indefiniteness, but rather with a specific
example.
AN EXAMPLE OF CO-ORDINATION

Co-ordination is the orderly relation between parts engaged in a given act.
Ultimate effectors are the individual muscles and glands. We shall con-
centrate on the muscles. Operating en masse or in indiscriminate combina-
tions, they produce a disorderly and ineffectual convulsion. By contrast,
co-ordination is meant to signify their activation in such orderly groupings
in space and time that the resulting movement or posture will be effective
and useful. Itis a basic fact of nervous function that these groupings follow
a hierarchical principle. For example, the organized patterns of muscle
combinations producing the movement of a joint are relatively stable
elements in the various types of limb movements. The latter, in turn, are
entities of unitary character in motor performances involving the whole
body, such as swimming, walking or righting. These latter activities, finally,
are organized parts of more complex behavioural sequences of still higher
order, such as hunting, feeding, nest building, etc. I have outlined this
hierarchical concept back in 1925 and later reiterated its implications for
a theory of the neural foundations of behaviour (1941). It has received
renewed and independent emphasis by the work and ideas of Tinbergen.
The crux of the matter is that since the phenomenological study of behaviour
has revealed the existence of such a hierarchical principle beyond all doubt,
we must infer that it has a neurophysiological counterpart, and that co-
ordination, therefore, may involve quite different mechanisms depending
on the level of integration which we are considering.

The following diagram (Text-fig. 1) is meant to represent in simplified
form the hierarchical structure of vertebrate co-ordination. Each item
stands for an organized activity of some degree of stability which functions
by setting into operation similarly organized activities of a lower order in
the sense of the arrows. While the variety of possible interrelations is even
greater than indicated in this profusion of arrows, it is important to keep in
mind that the activities on any one level are strictly limited by the number
and kind of effector mechanisms of lower levels at its disposal.

Our further discussion will centre on the lowest level of integration,
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labelled here as ‘intramember co-ordination’, that is, the orderly plan of
muscles in executing a limb movement. Specifically, let us consider the
activity cycle of the forelimb of a urodele amphibian in ambulation on
solid ground. Text-fig. 2 shows diagrammatically the time sequence in
which four representative muscles, an abductor (B) and an adductor (D) of
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Text-fig. 1. Diagram of hierarchical organization of central nervous functions.

the humerus, and a flexor (F) and an extensor (E) of the forearm, enter into
action. The lower part of the figure shows successive positions of the limb,
with solid arcs representing the contracting muscles, and stippled arcs their
relaxed antagonists. The upper part gives the time score (‘myochronogram’)
for the various muscles. As can be seen from the insert at the lower left, the
activity spreads from F to B to E to D and back to F; or, if we take these
letters as symbols for the motor neurons connected with the respective
muscles, the train of arrows symbolizes the orderly chain of events in the
corresponding nerve centres. The illustrated sequence is stereotyped for
progression, but is not the sole sequence in which these muscles can be
linked. The movement of retreat, for instance, involves a sequence FDEB.
In righting, still another pattern is utilized. Of such patterns, the animal
possesses a definite limited assortment.

The problem of co-ordination on this ‘intramember’ level then resolves
itself essentially into the specific question of why the motoneurons are
activated in just these particular orders and sequences, as FBEDfor advance,
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FDEB for retreat, etc. Pastanswers to this question have followed essentially
two lines of argument corresponding to the two alternative views of co-

" FLEXOR [
ABDUCTOR _| -
EXTENSOR
ADDUCTOR

O~
®
\\<:>‘/

Text-fig. 2. Sequence of muscle contractions (myochronogram) and cycle of movements
of left fore limb in ambulation.

B-F-E-D
D-E-B-F
E-D-F-B
F-D-E-B
F-B-D-E-
B D F-B-E-D B D
F-B-E-D

F E F E

Text-ﬁg.) 3. Development of muscle co-ordination FBED in a diffuse neuron net (see
text).

ordination as either innate or acquired. The former assumed that the
orderly sequence of excitation is based on regular and stereotyped structural
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interconnexions among neurons, reproduced in each member of a species
by a rigid and precise developmental mechanism. The latter assumed
a secondary origin of co-ordination by trial and error or some related
procedures, in which the success of the resulting performance is the
decisive factor. The former view presupposes a minutely predesigned
system of interneuronal pathways, while the latter view implies a rather
indeterminate neuronal network amenable to patterning under the guidance
of experience. How this would apply to our specific example is illustrated
in the left part of Text-fig. 3. Starting with random excitation of a net-
work with a very large number of possible interconnexions among its
elements, including reverberating circuits, varying sequences and combina-
tions of muscles B, D, E, F would be tried, as indicated in the middle of the
figure, and discarded again until the right sequence leading to the desired
effect is discovered. Once assured of its success, this sequence would then
be somehow grooved so that from then on, excitation would routinely
follow the course of the arrows outlined in the right half of the illustration.
Obviously, this right diagram holds for any current concept of co-ordination,
irrespective of whether learned or innate. Both these concepts imply that
functional effectiveness is definitely assured, and this primacy of functional
adequacy of the arrangement has always been taken for granted.

MYOTYPIC RESPONSE

These premises were put to the test in a series of recombination experiments,
in which (a) the supposedly crucial prearrangement of connexions was
disarranged and () the supposedly decisive functional adequacy of the
peripheral effects was ruled out. This can be achieved by removing a
muscle or muscle group from its normal position and nerve connexions
and transplanting it to a position where () its nerve supply is secured from
a foreign source, and (b) its anatomical relations, as well as its motile effects
for the body, are abnormal. In practice this is done by transplanting
supernumerary limbs (Weiss, 1924, 1937), limb parts (Weiss, 1923, 1937)
or muscles (Weiss, 1931) into a new site and letting them become innervated
by some other limb nerves, either at random or chosen from a known
source. Since these experiments have been reported in detail previously,
it may suffice here to summarize the results. They are symbolized in the
diagram (Text-fig. 4).

A supernumerary muscle B is shown grafted to the vicinity of D and
innervated by nerve fibres of that locality. The question was how and when
such a heterotopic muscle would be activated by the central nervous
system. The answer was surprising, and no one could have deduced it from

current concepts. The following general rule was found to hold true under

SEB 7
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a very wide variety of conditions. Any supernumerary muscle contracts
always synchronously and with the corresponding strength as the normal
muscle of the same name of the limb whose plexus the transplant shares.
This phenomenon, originally described as ‘homologous’ function, was later
more appropriately relabelled as ‘myotypic’ (i.e. muscle-specific) response
(Weiss, 1941). Since the contraction of the muscle merely serves as a signal

F E F E

Text-fig. 4. Functional association between a supernumerary muscle B and the co-ordina-
tion pattern FBED of Text-fig. 3 (see text).

indicating activity in its motoneurons, one could conclude that the ganglion
cells newly connected with the graft B have become functionally linked with
those innervating the regular muscle B, resulting in a flow of excitation as
indicated by the arrows in the right half of Text-fig. 4. With a full comple-
ment of muscles, as in a transplanted limb, and with each one of them
becoming engaged strictly at the proper time, as here described, this would
call for an immensely complicated rearrangement of central connexions, if,
indeed, co-ordination depended on the minute order of neuronal con-
nexions. Yet, all of this serves no useful purpose, as far as the individual
is concerned. For due to their myotypic responses, the transplants execute
movements which deviate from those that would be useful to the animal by
as much as their anatomical arrangement relative to the body deviates from
normal. It is best to bear in mind the extreme condition of disharmony,
namely, the case of limb pairs of opposite asymmetry, for instance, a right
limb transplanted horizontally near a left limb (PL 1, fig. 1). Synonymous
muscles being in mirror-image positions, the synchronous movements of
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these twin limbs occur in exactly opposite directions and therefore counteract
each other. Three or four limbs supplied from a common plexus merely
triplicate or quadruplicate the myochronograms of each other, regardless
of the wholly absurd functional effects resulting therefrom. Never has there
been any sign of an adaptive remedial change.

The supernumerary mirror-image limbs continue to function in reverse
even after their normal partners have been removed. In fact, if instead of
grafting supernumerary limbs, one merely replaces the normal limbs by
limbs of opposite symmetry in correct dorso-ventral orientation, the function
of the grafts is also reversed from the standpoint of the body, so that when-
ever the animal intends to move forward, the reversed transplants move it
backwards, and vice versa (Weiss, 1937). If this experiment is carried out
in the early larva prior to the onset of limb function, the function appears
in reverse from the very start. Pl 1, fig. 2 shows such an animal at the left,
with its normal control at the right (Weiss, 1941). The forelimbs of the left
animal moved in perfect co-ordination, but so as if the head of the animal
were where its tail is. Pl. 1, fig. 3, shows both the dorsal and ventral aspects
of a similar freak, a frog in which the hindlimb buds had been inverted
dorso-ventrally in the tadpole stage. When the legs grew and began to
function, they showed perfect ‘jumping’ co-ordination, but the kick was
upward into the air instead of downward against the ground, and thus
produced no locomotion.

These few examples may suffice to put the significant features of these
experiments into relief. They have conclusively disproved both contentions,
according to which either stereotyped connexions or functional adequacy
are relevant factors of co-ordination. In our example, the regular discharge
pattern FBED arises and continues in the limb segments of the cord despite
arbitrary connexions and functional irrelevance. On the positive side, it
must be inferred from this that the mechanism responsible for such a dis-
charge pattern as FBED, whatever its nature, is of intracentral origin, very
stable and independent of peripheral control. A second equally important
conclusion is that the individual muscles possess some means by which they
put themselves into the proper response relation with that intracentral
mechanism. The muscle B secures response to the B-element in FBED—
or any other central score with a B-element—the muscle D to the D-element,
and so forth. How the muscles ‘tune themselves in’ on the central effector
mechanisms is a matter for speculation. That they do not do it by way of
afferent nerves has been proven by the fact that myotypic response appears
and persists in limbs devoid of all sensory innervation. It has been suggested
tentatively that each individual muscle ‘modulates’ its nerve fibres biochem-

ically in accordance with its own biochemical characteristics, comparable
7-2
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to an antigen-antibody effect, and thereby impresses its character on the
motor ganglion cells and their further proximal ramifications. It must be
stressed, however, that this process of ‘modulation’ on no account furnishes
an explanation for the central patterns of co-ordination themselves, but
merely explains why a central impulse reaches precisely the particular
muscle for which it is destined.

The origin of the central scores as such remains obscure, except for a few
clues contained in the experiments, as follows:

(1) All levels higher than ‘intramember’ co-ordination (Text-fig. 1)
operate through the activation of partial mechanisms of lower order in
definite and set patterns. Animals with reversed forelimbs and normal
hindlimbs are most instructive in this regard. In order to walk properly,
they would only have had to make the forelimb centres discharge the
‘retreat’ pattern FDEB in combination with the ‘advance’ pattern FBED
of the hindlimb centres. Yet, this never occurred. It was either all four
spinal centres set on ‘advance’ (FBED) or all four on ‘retreat’ (FDEB).
Thus, even on the ‘intermember’ level, the central nervous system is
unable to isolate parts of one score and combine them with parts of another
score into a more adequate performance.

(2) Each animal is endowed with an inherited set of such definitely
patterned ‘scores’, which constitute its motor repertory. In subprimate
forms, the capacity to ‘learn’ does not include the capacity to develop novel
‘scores’, but is confined to varying the occasions, force and timing of the
activation of existing ‘scores’. In these forms, co-ordination patterns can
only be facilitated, retarded, perfected or suppressed, but can be neither
remodelled nor designed de novo even in the face of most urgent biological
needs. The remarkable instances of central ‘plasticity’ described by Bethe
and his school for many invertebrates merely demonstrate latitude in the
activation of pre-existing, though often latent, mechanisms, rather than the
on-the-spot invention of new ones, as claimed. When a beetle (or a fly),
which commonly uses only one pair of legs for a given act of swimming (or
grooming), upon amputation of this pair immediately uses another one
vicariously, this fact merely shows that the ‘scores’ to execute the particular
movements are preformed in all limb segments alike, but are activated only
in accordance with an intracentral dominance-inhibition pattern, which
varies with the constellation of limbs actually present. This means plasticity
on the ‘intermember’, but not on the ‘intramember’ level. One may expect
that if one of the vicariating limbs were of the opposite asymmetry, as in
our Salamander cases with limb reversal, the ‘plastic’ substitution would
still occur, but the effective movements would be in reverse, hence, contrary
to the adaptive needs of the animal. These remarks are not to minimize the
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importance of plasticity on higher than ‘intramember’ levels, but merely
to put that plasticity in its right place.

(3) It has been contended that the co-ordination of ambulation is not
effected by an intracentral discharge pattern, but is an orderly sequence of
proprioceptive reflexes, each activated by the passive stretching of one
group of muscles as a result of the displacement of the body during the
active phase of other muscles. Such a contention is clearly ruled out by our
observations on reversed limbs. In a normal animal, the abductor of the
forelimb (B) lies in front. As the body is being moved forward (by the
other extremities), this abductor is being stretched, which could automati-
cally initiate the reflex abduction necessary to bring the limb forward for
the next step. 'T'his concept hinges on the coincidence between the anatomical
forward position of the abductor muscle and the forward locomotion of the
body. By eliminating this coincidence, the recombination experiment has
again proved its value. In the reversed limbs, the forward position was
occupied by the adductor (D) instead of the abductor (B) muscle. If the
phase of action were determined by passive stretch, the adductor of the
transplant should now have worked when normally the abductor, whose
place it occupies, would have come in. Yet, the opposite happened. The
limbs were thrust backward during this phase instead of forward. This very
fact, that the transplanted muscles contracted in accordance with their
names, rather than in accordance with their positions, proves that co-
ordination patterns are determined centrally, and that the central patterns,
though normally reinforced by proprioceptive reflexes, take precedence over
the latter under conflicting circumstances. The well-established fact that
completely deafferented limbs continue to function without essential
impairment of their co-ordination likewise proves that intramember co-
ordination, such as FBED, cannot possibly be the result of chain reflexes.
This in no way detracts from the importance of proprioceptive reflexes as
subsidiary reinforcement mechanisms.

PROPRIOCEPTIVE SPECIFICITY

The sensory side of nervous activity presents the thoughtful inquirer with
similar puzzles to the motor side. The problem of how a given afferent
excitation is centrally identified as to its modality and point of origin so that
it may initiate the right kind of response, is akin to the problem of how a
given motor response can be made to reach the muscles for which it is
destined. Technically, the sensory side offers greater difficulties. While
a motor discharge is signalled by the subsequent contraction of the muscle,
equally unequivocal indicators for the central response to an afferent
discharge exist only in those kinds of reflexes that are rigidly discriminatory
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for the type of end-organ stimulated. Such responses can then be used as
a sort of language in which the central nervous system expresses how a given
afferent impulse has registered.

The myotatic reflex (‘Eigenreflex’) is our first example. Afferent
impulses set up by stretching certain muscles have the property of producing
a discharge of the motor centres of the very same muscles. For the normal
animal, this has been explained by the direct synaptic linkage of the afferent
and efferent neurons of the given muscle (Lloyd, 1944), although there has
been no further suggestion as to how to visualize the origin of such un-
failingly matched connexions without conceding to the two branches of
the arc means of mutual recognition. But how the afferent impulses from
abnormally connected muscles would register centrally was wholly unpre-
dictable prior to the appropriate recombination experiment. When a given
muscle of a supernumerary limb is stretched, there follows immediately
a reflex contraction of this same muscle, as well as of the synonymous
muscle in the normal fellow limb. For example, in the diagram (Text-
fig. 4, right), stretch of either muscle B would entail contractions of both
muscles B. By this method it was possible to demonstrate that the centres
can correctly identify the afferent excitation from any single muscle as to its
exact origin, even with disordered nerve connexions. One had to conclude,
therefore, that, much as on the motor side, each muscle impressed on its
afferent fibres a specific discriminative mark enabling them to establish in
the centres discharge relations characteristic of the particular muscle.
Specificity thus rules both in the afferent and efferent branches.

CORNEAL SPECIFICITY

A second similar example was found in the case of the corneal or lid-closure
reflex. Present in amphibians after metamorphosis, it consists of a retrac-
tion of the bulb, effected through the abducens nerve, upon touch to the
cornea. Ifasupernumerary eye is transplanted anywhere within the sensory
field of the trigeminal nerve, either forward in the region of the nose or
backward in the place of the ear (Pl. 1, fig. 4), tactile stimulation of the
cornea of the graft promptly yields retraction of the normal eye on that
side. Since the trigeminal fibres newly connected with the grafted cornea
had in their erstwhile connexions with the local skin only given rise to head
flexure, they must be assumed to have undergone cornea-specific remodula-
tion so that their discharge now actuates the abducens nucleus (Weiss, 1942).

On the basis of these results, it becomes necessary to subdivide the
recognized sensory modalities into submodalities, each endowed with its
own specificity on top of the general characters of the class. Thus, we must
assume not simply one single proprioceptive modality, but a separate one
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for each individual muscle. Within the tactile field, we find such specializa-
tions as the corneal sense. How far this parcellation will have to be carried
is an empirical question. At any rate, the basic fact to emerge from our
experiments is that the sensory periphery consists of patches of specifically
different constitution, which by ‘modulating’ the afferent neurons ac-
cordingly, project their specific differentials into the central nervous
system, in which by virtue of these specific clues correspondingly specific
response relations are effected.

The same type of operation lent itself to the actual execution of a famous
imaginary recombination experiment proposed by Du Bois-Reymond. If
optic nerves were connected with acoustic centres, would we hear lightning
through our eye? Some of the optic nerves of the above eye grafts were
oriented so as to regenerate into olfactory or acoustic channels, while the
normal eyes of the host animals were removed. Thus far, no visual reactions
of any kind have been observed that would indicate resumption of effective
functional relations by the grafted eyes. Histological evidence shows the
presence of some optic connexions in the new channels, but perhaps
insufficient in amount. If a more comprehensive repetition of the experi-
ments were to substantiate this negative result, one would have to answer
Du Bois-Reymond’s question in the negative and conclude that none but
the regular visual centres can properly evaluate and respond to optic
impulses.

SPECIFICITY WITHIN THE OPTIC SENSE

The described observations on sensory specificity have been greatly
extended by the systematic studies on transplanted eyes carried out by
Sperry (1943, 1944). He found that even the retina is further subdivided
into sectors possessing different specificities instrumental in the establish-
ment of functional correspondence with the respective optic brain centres.
The proof was possible because of the clear-cut differences in the response
of amphibians to optic stimuli falling on dorsal, ventral, temporal or mesial
quadrants of the retina, respectively. The normal animal bends and strikes
upward toward food presented from above (image in the ventral retinal
field), downward toward food presented from below. Movement of the
visual field in horizontal direction evokes a compensatory lateral flexure of
the body tending to keep the orientation of the animal fixed relative to
visual objects. In diagrammatic simplification, we may say that a visual
image projecting on the ventral half of the retina leads to contractions of the
dorsal musculature, while one that sweeps over the retina in mesio-lateral
direction leads to contraction of the lateral body muscles of the opposite
side (other associated contractions being here ignored).
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With these tests reliably established, it was possible to examine whether
the sensory cues ‘dorso-ventral’ or ‘mesio-lateral’ took effect in terms of the
axes of the animal as a whole, as usually supposed, or rather in terms of
intrinsic properties of the excited retinal sectors. Amphibians with cut and
successfully regenerated optic nerves, whose central connexions could be
assumed to be aberrant, had been found to have undisturbed vision

Text-fig. 5. Visuo-motor reactions of animals with normally oriented and inverted eyes.
Concurrent arrows indicate normal reactions; arrows in opposite directions, reversed
reactions. (From Sperry, 1950.)

(Koppanyi, 1923; Matthey, 1926). However, this could still be ascribed to
some sort of functional adjustment restoring normal adaptive behaviour by
a learning process. To exclude this possibility, Sperry worked with animals
whose eyes had been rotated in their sockets by 180° (for other variations
of the experiments, see the original papers). Thus, the originally dorsal half
of the retina came to lie ventrally relative to the body, the originally ventral
half dorsally, the originally mesial half laterally, and the originally lateral
half mesially. As a result, all visuo-motor reactions of such animals were
reversed, and remained so throughout life. When food was presented from
above, the animals struck downward; food from below was responded to by
dorsal bending (Text-fig. 5C). In either case, the animal missed the food.
One notes that flexion of the dorsal musculature was still elicited by images
falling on the originally ventral half of the retina, in spite of its actual dorsal
position with regard to the animal and its effector apparatus. Similarly,
horizontal movements of the visual field had to sweep over the retina in
what used to be its old mesio-lateral direction in order to call forth lateral
bending on the opposite side (Text-fig. 5 A, B). Since this happened when-
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ever the visual field was actually shifting in mesio-lateral (instead of latero-
mesial) direction, one realizes that the animals, instead of following the
stimulus, turned away from it. This led to the very curious phenomenon
that whenever one of these animals turned its head sideways, thus initiating
an apparent rotation of the visual field, it set itself off on a prolonged
tour of circus movements, ‘compensating’ the optical shift in the wrong
direction.

By their consistency and absurdity, these responses were suitable as tests
for non-adaptive specific relations between periphery and centres, in the
same sense as were the previous cases of reversed limbs. It remained to
superimpose upon the functional distortion random confusion of nerve con-
nexions. This was done by cutting the optic nerves of the inverted eyes and
letting the fibres regenerate at random. The animals thereafter responded
again in reverse, as before. Clearly, therefore, stimulation of a given retinal
quadrant, irrespective of its actual orientation in the body, evoked the very
same central response that it had evoked prior to the inversion of the eye,
as well as after the inversion, but prior to the cutting of the nerve. The
results of Sperry have been fully confirmed by Stone, who, moreover,
extended them into the embryonic phase to determine the period in which
retinal specificity was first established.

Sperry could drive the analysis yet one step farther. By placing lesions
in different parts of the midbrain and determining the location of corres-
ponding scotomas in the optic field (by the absence of motor response),
the functional projection of the various quadrants of the normal retina upon
the optic tectum could be roughly plotted. When, then, in an animal with
inverted eye and regenerated optic nerve a lesion was made, for instance, in
the projection area of the dorsal retina, the animal proved to be blind for
light from above, that is, falling on the natively dorsal half of the retina.
This proves that, notwithstanding the abnormal anatomical position and
notwithstanding the confusion of the regenerated optic fibres in their course
from eye to brain, excitations from the various retinal sectors still are
received in the very same central stations in which they would, and formerly
did, register under normal conditions.

Less extensive, but equally compelling, evidence was obtained with
regard to the labyrinth after regeneration of the vestibular nerve (Sperry,
1945). In this case, too, the various functionally differentiated parts of the
peripheral organ proved capable of modulating their nerve fibres in such
specific manner as to enable them to discharge into the corresponding central
stations of matching specificity regardless of the detailed fibre course.

All the reported experiments, involving disarrangement of nerve fibre
connexions between limbs, cornea, retina and labyrinth on the one hand,
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and the central nervous system on the other, have conclusively demonstrated
the basic principle through which the peripheral organs establish proper
correspondence of response with the centres—a dual system of matching
specificities, one in the centres and the other in the periphery, the latter
capable of projecting itself into the nerve fibres and their central ramifica-
tions and effecting selective relations with the central counterparts. How
this selectivity of relations is to be conceived and the manner in which it
is established, is still purely conjectural. I have described it under the
figurative, but otherwise non-committal, term of ‘resonance’, and while at
present I am inclined to assume that some sort of selective impulse conduc-
tion depending on sterically matching molecule systems is involved (Weiss,
1947), this is sheer speculation and not to be dealt with in this paper. Nor
can we discuss the equally speculative hypothesis of Sperry, who prefers to
view the specificities involved as operating through the linking together of
neuron chains into fixed morphological compounds, a view which glosses
over some of the basic difficulties inherent in the problem of central activity
with its many unknowns. There are still fundamental gaps in our knowledge
of the central nervous system, which it seems to me wiser to acknowledge
than to conceal, and the experiments reported here have contributed more
to showing them up than to closing them. Surprising as the results have
been, we may expect still further surprises to come and had better be
prepared for them with an unbiased mind.

EXCEPTIONS AND LIMITATIONS

Together with the new phenomena, the experiments have brought out
certain limitations of their validity. These deserve additional mention here
because they further demonstrate what precise information can be obtained
by the recombination method.

In our amphibian experiments, different nerves of the limb plexus have
proved to be fully interchangeable. That is, any combination of nerve fibres
can mediate co-ordinated forelimb function as long as the fibres originate
within the normal forelimb segments of the cord (segments 3-5 in urodeles).
However, when the nerve supply of a limb is derived from any other central
region, limb function remains rudimentary. These facts, first established
by Detwiler & Carpenter (1929) with heterotopically grafted embryonic
limb buds, have been fully confirmed for larval limbs transplanted in the
developed stage. Although limbs grafted into the orbit of the eye were once
reported to show motility associated with eye movements (Nicholas, 1933),
these turned out to be movements not in the grafts, but of the grafts, pro-
duced by residual ocular muscles which had become attached to them
(Piatt, 1941). All evidence thus far obtained indicates that the ‘scores’
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specific for limb muscles, and hence, capable of activating efferent fibres
modulated by limb muscles, operate solely within the limb levels of the
spinal cord. A similar localization may be assumed to exist in other
functional districts.

Thus, an analogous situation was encountered in our experiments on
corneal specificity. In order to obtain a specific response from a transplant,
the latter had to be located within the distribution of the trigeminal nerve.
Beyond this area, the response ended abruptly, sometimes with a sharp
demarcation line running through an individual cornea. Evidently, the
specific relation to the efferent abducens nucleus can be effected only within
the regular neuropilic field serving this activity.

In conclusion, the same experiments that revealed the lack of detailed
neuronal prelocalization within given functional districts speak strongly in
favour of a rigid topographical localization of these districts themselves. In
this regard, our results bear close resemblance to those obtained by Lashley
(1942) in the visual cortex of the rat.

Itis probable that further insight into the nature and origin of the different
regional, particularly segmental, mechanisms can be found by recombination
experiments consisting of the reciprocal exchange and other disarrangement
of central districts. Such attempts, successfully initiated by Detwiler, are
at present being continued in my laboratory and may bring some elucidation
of the rather obscure origin of the central ‘scores’ of co-ordination.

There also seems to be an age limit up to which nerves switched to new
terminations can be remodulated. While in urodele amphibians no such
limitation has been observed, there are definite indications that in anurans,
the motor nerves lose their faculty for remodulation with increasing post-
metamorphic age. When such a nerve is then made to innervate a new
muscle, the response will no longer be myotypic, or rather will remain
myotypic in the sense of the muscle in which the nerve had formerly
resided during its plastic period. Further data on this loss of reversibility
are urgently needed.

If confirmed, this progressive fixation of nerves with age could account
for the fact that myotypic response after post-natal nerve crossing has not
yet been observed in forms other than amphibians. In rats, the motor
nerves have been shown to be fixed in their functional relations as early as
15 days post-partum (Sperry, 1941). One would have to go back to a still
earlier, presumably foetal, stage in order to prove their faculty for re-
modulation. That such an earlier period exists, in which mammals and
amphibians react alike, is indicated by the fact that even in man, super-
numerary muscles resulting from embryonic reduplications comply strictly
with the principle of myotypic function (Weiss & Ruch, 1936).
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NERVE AND TENDON CROSSES

Mammals have generally been conceded to possess a much wider ‘plasticity’
and ‘adaptability’ of co-ordination than do amphibians. One could view
this as compensation for the early loss of remodulability. However, critical
experiments have shown the scope of co-ordinative readjustments in sub-
primate forms to be rather narrow. The crucial experiments are nerve
crosses and tendon crosses, the former gaining in conclusiveness by the
absence of the complicating factor of remodulation. These two operations
convert, each in its way, an orderly central co-ordination pattern into a
disordered peripheral effect; nerve crosses, by leading excitation into the
wrong muscles, and tendon crosses, by causing the right muscles to move
the skeleton in the wrong directions. Contrary to earlier claims, it was
proven that rats cannot meet the resulting functional disorder by appropriate
corrections of the central co-ordination patterns on the intramember level
(Sperry, 1940). The dysfunction in the experimental animals remains
permanent even under optimal training conditions to induce corrective
changes. Reports to the contrary have been largely due to erroneous
interpretations (Sperry, 19456). In monkeys, a faint trace of adaptive
adjustments has been noted in arms with crossed nerves (Sperry,
1947)-

In man, finally, considerable reparative ability has been demonstrated at
least after tendon crossing (so-called muscle transplantation), but even these
cases call for a considerable modification of the interpretation formerly
given to them. To explain this, let us assume that FBED represent the
sequence of muscle actions in a single step during walking. Let us now
cross the tendons of the extensors (E) and flexors (F) of the knee. At first,
the knee movements are reversed. Then an adjustment occurs so that the
flexors are excited in the former extensor phase, and the extensors in the
former flexor phase; in brief, the sequence FBED is changed to EBFD. In
poliomyelitis patients with transplanted tendons, this change could be
actually followed and recorded electromyographically (Weiss & Brown,
1941). At the same time it was discovered, however, that the adjusted
patients would frequently relapse into the old incongruous pattern FBED,
even after years of practice. It must be concluded, therefore, that there
had been no remodelling of the old pattern itself, but that a wholly new
pattern EBFD had been set up on a higher level to substitute functionally
for the inadequate one. The latter remained latent but retained its integrity
and reappeared periodically whenever the higher replacement went into
recess.
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CONCLUSIONS

It is evident that the described recombination experiments have greatly
helped to clarify the formerly confused issue of ‘reco-ordination’ after
peripheral interventions. They have defined and delimited the scope of
‘modulation’ and central adjustments on the various levels of co-ordination-
They have confirmed and elaborated the hierarchical order of neural func-
tion. Above all, they have broken up problems, which in their generality
proved untractable, into smaller tangible issues amenable to precise formula-
tions and to profitable experimental attack. The reported results are only a
beginning. If they have not yet given us any consistent concept of just how
central co-ordination works, they have at least shown definitely how it does
not work, narrowing thereby our field of search and eliminating some past
misconceptions. They have also led us into a realm of biological specificity
into which no other techniques have as yet been able to penetrate. No
doubt, to become fully effective, the recombination methods ought to be
carried on in closest association with standard physiological techniques.
In that combination, great advances can be predicted. Yet, even by them-
selves, these methods seem to have proved their value sufficiently to justify
further application on a large scale.
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EXPLANATION OF PLATES

PLATE 1

Fig. 1. Successive phases of a single movement of a symmetrical limb pair consisting of
a normal left limb (upper) and a transplanted right limb (lower), innervated from
a common nerve plexus. The pictures represent individual frames of a motion picture

film. (From Weiss, 1937.)

Fig. 2. Left: Salamander larva with reversed forelimbs (right limb on left side and left
limb on right side) developed from limb rudiments transplanted in a pre-functional
stage. Right: Normal control animal. (From Weiss, 1941.)

PLATE 2

Fig. 3. Dorsal and ventral aspects of metamorphosed frog developed from tadpole in
which limb buds had been exchanged and dorso-ventrally inverted in a pre-functional
stage.

Fig. 4. Newt with supernumerary eyes transplanted to the ear capsules.



THE ROLE OF PERIPHERAL SENSE ORGANS
DURING LOCOMOTION IN THE
VERTEBRATES

By J. GRAY
Department of Zoology, University of Cambridge

From a physiological standpoint, one of the central problems of animal
behaviour can be expressed in the form of a question: ‘Can an animal
initiate and maintain patterns of co-ordinated muscular movement without
reference to the outside world?’ If we are prepared to accept such a pos-
sibility, part, at least, of an animal’s normal behaviour can be regarded as
an expression of the intrinsic powers of the central nervous system to evolve
along lines which may have had no fundamental relationship to changes in
the external environment, whilst patterns of behaviour originally de-
pendent on signals from the outside world might acquire executive in-
dependence at a later stage in ontogeny and phylogeny. In the realm of
human behaviour, the concept of central control is not without its sub-
jective attractions; in the field of animal behaviour, it liberates discussion
from the limitations imposed by the more rigid picture of inevitable and
automatic reflex responses to external events. In order to approach this
problem by analytical methods, it is essential to concentrate on types of
behaviour which are highly characteristic of a particular species of animal,
and which can be elicited with relative ease. Patterns of this type are
usually associated with respiration or locomotion; the present paper deals
solely with terrestrial aspects of the latter.

If a toad (Bufo bufo) or frog is freely immersed in water, it invariably
swims, both hindlimbs extending and flexing synchronously; if the animal
is allowed to engage a forelimb with a relatively rigid object, these move-
ments cease, and the two hindlimbs remain passively extended. If, on the
other hand, the animal is on land, the whole pattern of locomotory activity
changes, each limb leaving the ground and swinging forward in an orderly
ambulatory sequence—right fore, left hind, left fore, right hind. This highly
characteristic diagonal sequence is of fundamental functional significance.
It is the only sequence of limb movements whereby the body of the animal
can be balanced on a tripod of support during the whole locomotory cycle
(Gray, 1944); any other sequence involves phases of mechanical instability.
The diagonal pattern is, in fact, an expression of the fact that a limb is not
lifted from the ground unless the weight of the body can be effectively carried
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on the other three feet. Since the ability to grade the muscular response
to the external forces acting on the limb can, in the resting animal, be
traced to local proprioceptor activity, and since well-defined responses can
frequently be elicited when muscles are subjected to passive stretch, it is
tolerably certain that each phase of the ambulatory cycle initiates a complex
but highly characteristic pattern of exteroceptive and proprioceptive ex-
citation of the central nervous system. It is on this basis that the ‘chain
reflex’ theory of ambulation largely rests.

The first attempt to present a reflex picture of ambulation appears to be
that of Philippson (1905), who analysed the cycle of limb movements of
an intact dog into a series of successive phases. He suggested that the
backward thrust of a limb was induced by a stimulus arising automatically
when the limb came into contact with the ground, this action being re-
inforced by a crossed extension reflex associated with active flexion of the
opposite limb. Similarly, the onset of the protraction phase was attributed, at
least in part, to the stretched skin of the inguinal region of a contralateral
limb. These conceptions, however, were quickly found to be inadequate.
Sherrington (1910) showed that a cat can walk quite effectively when all
sensory nerves distal to the wrists and ankles have been severed; neither
contact of the foot with the ground, nor the activity of pressure receptors
in the plantar region can therefore be regarded as essential for the main-
tenance of the normal rhythm. Nor could Sherrington find any support
for the suggestion that impulses from stretched areas of skin played a
decisive, or even important role. A very careful investigation of the ‘mark
time’ or stepping reflex in the spinal dog led Sherrington to the con-
clusion that the ability to maintain a rhythmical and alternating series
of movements in the hindlimbs depended on the proprioceptors in the
muscles of the upper regions of the limbs themselves; no stepping occurred
if the limbs were de-afferentated. Sherrington’s work clearly showed the
inadequacy of at least part of Philippson’s picture; further difficulties were
in store for the chain reflex theory.

If a locomotory rhythm is dependent upon rhythmical excitation of
proprioceptor end-organs, it should cease when the appropriate sensory
nerves have been cut. In 1912 Graham Brown de-afferentated the tibialis
anticus and gastrocnemius muscles of a decerebrate cat, and was able to
elicit from them a well-defined and alternating rhythm of contraction and
relaxation in response to sudden transection of the nerve cord. Unless,
therefore, we regard this rhythm as fundamentally different from that of
normal ambulation it is difficult to deny the legitimacy of Graham Brown’s
conclusion that however much proprioceptor activity may grade the normal
rhythm and adjust its mechanical power to the forces exerted by the outside

SEB 8
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world, they do not initiate it. Proprioceptors may be the regulators of
ambulation; they are not the initiators. Shortly after the publication of
these important results, Sherrington (1913) described the effect of con-
tinuous and simultaneous reflex stimulation of the right and left peroneal
nerves on the activity of the de-afferentated extensor muscles of both
knees of a decerebrate cat. This preparation displayed a rhythmical
response in both muscles, contraction in one muscle synchronizing with
relaxation in the other. The existence of a rhythmical muscular response
in the absence of any rhythm in peripheral sense organs was therefore no
longer open to doubt, and the concept of ambulation as a chain reflex
appeared to fade still farther into the background; the central theory
seemed to rest on a firm foundation of experimental facts. Nevertheless,
difficulties remain.

If the ambulatory rhythm of a mammal is of central origin, it might be
expected to display itself in its most characteristic form when the limbs are
freed from all proprioceptor control. In fact, however, even a single de-
afferentated limb of a mammal usually fails to exhibit locomotory activity
although the other limbs are functioning normally (Ranson, 1931). Again,
although Smith, Mettler & Culler (1940) were able to elicit, by stimulation
of the cerebral cortex, ambulatory movements in intact limbs, they only
obtained monophasic responses from de-afferentated limbs. There thus
remains some element of doubt concerning the precise relationship of the
rhythms observed by Graham Brown and Sherrington to the true ambula-
tory rhythm of an intact animal (see also Laughton, 1924). Before con-
sidering this possibility in further detail, it is convenient to review the
evidence derived from Amphibia.

If the sensory roots of either one or two limbs of a frog or toad are cut,
the operated limbs lose all postural tone and, so long as the animal is at
rest, can be placed passively in any position without eliciting any response
from the animal; as soon as the toad begins to walk, however, the insensitive
limbs take their normal part in the diagonal pattern of ambulatory move-
ments. This striking fact has been known for many years; both Hering
(1893) and Bickel (1897) showed that de-afferentation of two limbs did not
seriously affect the general pattern of walking, swimming or jumping in the
frog. On the other hand, if de-afferentation be applied to all four limbs, the
animal becomes markedly lethargic and all types of locomotory activity are
reduced to a relatively low level. All these observations have been fully
confirmed by subsequent work (Weiss, 1936; Gray & Lissmann, 19404).
There is, in fact, general agreement concerning the functional effects of
de-afferentation in Amphibia except with respect to one highly important
point. According to Weiss (1936) there is no fundamental difference in the
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behaviour of a toad in which all spinal nerves have been cut from that of
one in which de-afferentation has been restricted to the four limbs. ‘How-
ever serious the effect of de-afferentation may be with respect to the total
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Text-fig. 1. Records showing the response of a right posterior limb of a toad before and
after de-afferentation. Stimulation was applied to the de-efferentated left posterior
limb, all other spinal nerves (motor and sensory) being cut. (A) Rhythmical response
to condenser discharges applied to the plantar surface of the left posterior limb, the
sensory supply to the right posterior limb being intact. (B) Response to an identical
stimulus after de-afferentation of the right posterior limb: note the monophasic
extension. (C) Monophasic response to mechanical stimulus after de-afferentation.
(D) Monophasic response to electrical stimulation of the dorsal roots of the left
posterior limb.

behaviour of the animals, it certainly cannot be said to involve a disin-
tegration of the basic patterns of motor co-ordination as such, since, once
made to appear, these manifest themselves in—qualitatively speaking—full

integrity’ (Weiss, 1936, P- 469). This conclusion is, clearly, of fundamental
8-2
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importance, and since it appears to be based on the behaviour of a single
animal, its experimental background must be considered with considerable
care. In 1940, and again in 1946 a, Dr Lissmann and I reported the effect of
progressive de-afferentation on the ambulatory activity of the toad (Bufo
bufo). In common with previous observers we observed the relatively slight
effect of de-afferentating two hindlegs, and we observed distinct traces of a
diagonal ambulatory rhythm after de-afferentating four legs (Pl. 1), but we
did not observe any sign of ambulatory co-ordination in animals in which the
whole of the spinal nerves (II-X1I) had been de-afferentated. The detailed ex-
amination of a large number of animals revealed the remarkable fact that the
diagonal pattern of limb movements could be elicited from or displayed
by any animal in which one spinal segment was allowed to retain its motor
and sensory nerve supply intact. The site of the intact segment is relatively
immaterial ; animals walked after all spinal nerves were de-afferentated with
the exception of those supplying the muscles of the back or even the small
nerve (XI), which sometimes supplies the region of the pelvis. No trace
of diagonal activity was observed in animals wherein substantial regions of
the body remained sensitive but rendered immobile by severance of their
motor roots, whereas other regions retained their motor supply but were
rendered insensitive by de-afferentation. At least one #ntact spinal nerve
was an essential feature of all animals exhibiting ambulatory movements.
From these results only two conclusions seem possible, either (i) the normal
ambulatory rhythm is dependent on rhythmical excitation of peripheral
sense organs or (ii) a massed, but not necessarily rhythmical, discharge from
peripheral sense organs is required in order that the central nervous system
should exhibit an intrinsic rhythmicity. To distinguish between these two
interpretations, use has been made of preparations in which three of the
limbs, together with all the dorsal musculature, have been immobilized by
severance of their motor roots, whilst the fourth limb was, at first, intact,
although its nerve supply had been exposed. As soon as the effect of the
anaesthetic has ceased, the application of a relatively weak stimulus to any
of the de-efferentated limbs elicited clearly defined ambulatory movements
intheintactlimb (Text-fig. 1); the excitability was not substantially lower than
that of an intact animal, and the movements of the responding limb were well
co-ordinated and vigorous. There is therefore no evidence that a cessation
of the peripheral stimuli, normally reaching the central nervous system from
at least three-quarters of the total ambulatory musculature, has involved
a general lowering of excitability either in the central nervous system or in
the muscles of the intact limb. If, at this stage, the dorsal roots of the
intact limb were severed, all rhythmic response disappeared—nor could
it be elicited by increasing the intensity of the stimulus to any of the other
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limbs; after de-afferentation, the response of the previously intact limb was
specificbut invariably monophasic (Text-figs. 1 and 2). It is difficult to draw
any conclusion other than that when proprioceptor impulses from other limbs
are effectively excluded, the impulses arising in the proprioceptor endings of
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Text-fig. 2. Reflex posture of de-afferentated limbs. The shaded areas are de-afferentated ;
the white areas represent regions with only the sensory nerves intact. The arrows
indicate the site of stimulation; prior to the stimulus the de-afferentated limb was
passively placed in the posture shown on the left of each series (i.e. A1 and B1).
The response is invariably monophasic and the posture adopted by the limb depends
on the site of the stimulus. (See Fig. 4.)

the intact limb are essential for the maintenance of the ambulatory rhythm.
This conclusion is supported by the behaviour of a preparation in which
three limbs and the body were de-afferentated whilst the fourth limb re-
mained intact; this animal walked in response to a stimulus applied to the
fourth intact limb, all four limbs taking part; if, subsequently, the motor
roots of the fourth limb are severed—all rhythmical response is permanently
abolished—a stimulus applied to the sensitive limb evoking a well-defined
but monophasic response from the other three (Text-fig. 3).

One of the most striking features of the ambulatory mechanism of a
toad is the extent of somatic musculature over which the impulses arising
in the proprioceptor endings of a single spinal segment can exert their
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influence. It is therefore important to know the precise nature of the
responses which arise in response to the specific pattern of proprioceptor
activity which exists during normal ambulation.

The proprioceptor organs of an amphibian appear to be of two kinds:
those which respond when the muscle is under tension, and those which
respond when the muscle is passively stretched. If a normal toad be
suspended in air or in water and gently stimulated when its plantar surfaces
are in contact with a rigid but moist glass plate, the resistance of the plate
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Text-fig. 3. Monophasic responses of three de-afferentated limbs to pressure and passive
retraction applied to a left de-efferentated fore limb. The shaded limbs are de-
afferentated, the white areas indicate regions in which the sensory nerves alone are
intact.

is sufficient to enable the stimulus to elicit a co-ordinated and sustained
ambulatory rhythm although the feet slip on the surface of the glass. If,
under these conditions, one of the limbs (A) be allowed to come into con-
tact with an isometric lever when the limb is approaching the end of a
retractor-extensor phase of its movement, all rhythmical movements in
this limb cease; the limb remains at rest exerting a sustained but variable
pressure against the lever (Text-fig. 5A). Meanwhile the other three limbs
continue their normal rhythmical movements. Assoon as limb A is released
from contact with the lever, it resumes its rhythmical movements in correct
phase relationship with the other three limbs. Under such conditions any
central rhythm must be entirely masked by the local proprioceptor reflex,
for the power to exert the sustained thrust is completely abolished by
de-afferentation of the limb (Text-fig. 5B). The pressure exerted by the
restrained limb appears to have no effect on the stepping rhythm of the
others, but it is possible to show that its proprioceptor action does, in fact
exert its influence over practically the whole of the somatic musculature.
This fact emerges if one or more of the other limbs are de-afferentated; for
example, a retractor-extensor thrust exerted by a forelimb elicits (i) pro-
traction in the contralateral forelimb, (ii) retraction of the contralateral
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Text-fig. 4. Diagram illustrating the dependence of an ambulatory rhythm on an intact
nerve supply to one or more spinal segments. (Motor nerves; sensory nerves,
together with sensory supply from passive stretch receptors; sensory nerves from
tension receptors). The site of an external stimulus is shown by an asterisk. In all
cascs, the back has been completely denervated.

(A) The nerve supply to all four limbs is intact and the animal walks normally.

(B) Only the right hindlimb has an intact supply; the motor nerves to the other three
limbs have been cut. A stimulus applied to any limb elicits an ambulatory rhythm
in the right hindlimb.

(C) As in (B), but the right hindlimb has been de-afferentatcd. The response of the
right hindlimb to a stimulus is then monophasic—and its nature depends on the
site of the stimulus.

(D) The left forelimb is intact, the remaining three limbs being de-afferentated.
A stimulus applied to the left forelimb elicits a co-ordinated ambulatory rhythm in
all four limbs.

(E) As in (D), but the motor nerves of the left forelimb have been cut. A stimulus
a;f)p{ied t:\) the left forelimb elicits a characteristic but monophasic response in each
Nt tha ntharo
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hindlimb, and (iii) partial protraction of the ipsilateral hindlimb. These
responses together constitute a postural picture highly characteristic of one
phase of normal ambulation (Text-fig. 6). The reflex picture is entirely
dependent on the integrity of the proprioceptors which respond when a
group of extensor muscles contract against an external resistance.

Text-fig. 5. A. Record showing the retractor-extensor thrust in an intact left posterior
limb of an intact toad in response to an external resistance. The ambulatory move-
ments are shown by means of an isometric lever in the upper tracing; at 4 the limb
was allowed to press against an isometric lever whose tension is recorded in the lower
tracing. Note the cessation of the ambulatory rhythm during the period in which
the limb was engaged with the isometric lever, and the resumption of the rhythm
as soon as the external resistance was removed. B. Record showing the absence of
a retractor-extensor thrust in a de-afferentated left posterior limb. The lower tracing
is from an isometric lever acting as in Fig. A—note the absence of a sustained thrust.
‘The upper tracing is from an isometric lever; note that the rhythmical movements
continue although the extension of the limb is in contact with the isometric lever.

There are equally striking responses from the proprioceptors which
respond when a limb is passively stretched. Here, again, the range of
muscular response is best revealed by observing the effect of stretching one
limb when the other three limbs have been de-afferentated. If the left
forelimb is de-efferentated and gently placed in the protracted position, the
right hindlimb can be placed passively in a state of full extension and the
left hindiimb in full flexion. If the left forelimb is now passively retracted,
the left hindlimb extends, the right hindlimb flexes, and the right forelimb
is protracted (Text-fig. 3). Once again, the whole picture yields a charac-
teristic phase of the normal ambulatory cycle (Text-fig. 6); it is, in fact, the
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mirror image of that elicited by a local extensor thrust from the left
forelimb.

The most striking pictures of responses due to passive stretch are
obtained from spinal preparations. When the spinal cord is cut, the limbs
of a frog or toad usually fail to exhibit clearly defined reflexes until a
period of shock has elapsed—from then onwards reflexes can be readily
elicited from the flexor muscles; the loss of reflex response to tension
receptors in the extensor muscles appears to be permanent, no extensor
thrusts having been observed in spinal preparations. If a spinal toad is
suspended with its hindlimbs resting on a moving drum, both limbs are
at first passively extended—but as extension proceeds one or other of the
limbs flexes whilst the other continues its extension; as soon as the first
limb has flexed and begins to undergo passive extension, the second limb
flexes—and, from then onwards, the limbs ‘step’ alternately as long as the
drum is in motion. Even more striking is the diagonal pattern of limb
movements seen when a high spinal preparation of a newt is towed
passively by means of a string (Gray & Lissmann, 19405). It is difficult to
resist the impression that were it not for the absence of extensor reflexes,
a spinal toad could walk.

From all these observations four facts appear to emerge:

(1) The ability of a toad to exhibit a diagonal pattern of ambulatory move-
ments depends on the effective contact between animal and the ground and
on the integrity of the sensory and motor supply to at least one spinal
segment.

(i1) The ability to exert a sustained pressure against the ground depends
on the integrity of the sensory nerve supply from the proprioceptors in the
extensor muscles which respond when these muscles develop tension.

(i1i) When a limb is freed from reflex activity arising in its extensor
muscles, the limb flexes if the flexor muscles are adequately stretched.

(iv) The impulses arising in the proprioceptors of the extensors and
flexor muscles of one limb have an influence on each of the remaining limbs.
When these effects are summated they yield patterns of co-ordinated posture
characteristic of the ambulatory rhythm of the intact animal.

In the light of these facts, it is difficult to avoid the conclusion that pro-
prioceptor reflexes yield a relatively comprehensive picture of normal
ambulatory activity in the toad. It is therefore necessary to consider, once
again, how far the concept of central control is either essential or justified.

If it could be established that a diagonal rhythm can emerge after all
sensory supply from the ambulatory musculature has been severed, clear
evidence of a centrally determined rhythm would be available. After
examining, with great care, more than thirty totally de-afferentated toads,
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Dr Lissmann and I have failed to find any evidence to support such a con-
clusion. All attempts to elicit ‘stepping’ in de-afferentated toads by methods
comparable to those employed by Graham Brown and Sherrington in

Protraction

Protraction

Extension

Extension
Extension
Flexion

Text-fig. 6. Diagram illustrating the relationship between the reflex effect of proprioceptor
activity in the forelimbs to two of the main characteristic phases of normal ambulation.
In phase I two types of proprioceptor responses are initiated by the forelimbs.
(i) The protractor muscles of the right forelimb arc passively stretched (Ia) and
the limb responds by protraction (I1a); at the same time, extension is induced in
the right hindlimb and flexion in the left hindlimb—thus yielding position Ila.
(ii) The retractor muscles of the left forelimb are exerting a retractor thrust (15)
and thus induce extension of the right hindlimb and flexion of the left hindlimb—
this yields posture 114. In position II the protractor muscles of the left forelimb are
passively stretched, whilst the retractors of the right forelimb are exerting a retractor
thrust—both yield position III which is the same as position 1. Note the synergic
effect of a passively retracted right forelimb and of a thrust exerted by the right
forelimb and vice versa.

Flexion

Flexion

mammals have, so far, proved unsuccessful and we are therefore in
a quandary. Either the mechanism of ambulation in Ampbhibia is funda-
mentally different to that in mammals, or the rhythmical movements
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exhibited by the de-afferentated limbs of mammals are of artificial rather
than of functional significance (see p. 113 and Gray & Lissmann, 19465).

Since the evidence in support of a central ambulating rhythm in the toad
must be regarded as inadequate, it is relevant to consider the somewhat
wider question: ‘‘T'o what extent is there decisive proof of a central
locomotory muscular rhythm in any of the lower vertebrates?” A fully
de-afferentated toad swims actively provided its membranous labyrinths
are intact; no swimming movements have ever been observed after com-
plete de-afferentation and bilateral labyrinthectomy. Untila great deal more
is known concerning the action of the labyrinths, it is impossible to say
whether swimming is dependent upon a rhythm in the sense organs or upon
one of central origin. In the case of fish v. Holst (1935) showed that a tench
can exhibit rhythmical swimming movements after severance of all dorsal
spinal roots posterior to those supplying the pectoral fins, but in the light
of the results obtained with the toad it is difficult to accept this as a decisive
demonstration of centralized control. In this connexion Dr Lissmann’s
(1947) observations on the dogfish are highly suggestive, for he has shown
that although the persistent rhythm, so characteristic of the spinal animal,
can be sustained after severance of a surprisingly large number of sensory
nerves, it is, nevertheless, abolished when de-afferentation extends beyond
a critical number of spinal segments. For the time being, therefore, the
degree of dependence of swimming rhythms on peripheral sense organs
must be regarded as sub judice.

The evidence on which the present discussion is based is restricted
to an observation of the mechanical responses of muscles. This re-
striction is unfortunate, since highly significant results could hardly fail
to follow any successful attempt to relate an ambulatory rhythm of limb
movement to a thythm of electrical activity in the central nervous system.
In the case of respiratory movements this potent line of approach was
opened up by Adrian & Brytendijk (1931), who demonstrated in the excised
brain stem of a goldfish a rhythm of changing electrical potential of the
same order of frequency as the normal respiratory movements of an intact
animal. An analogous discovery in relation to locomotory movements
would be of extreme interest. At the same time it is necessary to be quite
certain that the electrical changes observed in the excised brain are present
when the latter is maintaining the activity of the respiratory or ambulatory
muscles and are not the result of operative disturbance. Electrical explora-
tion of the excised nerve cord of an earthworm yields evidence of spon-
taneous rhythmical activity, but the phenomena cannot readily be related to
any natural function in the intact animal. Further, although the whole nerve
cord of a leech exhibits a very well-defined electrical rhythm, so long as it is
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in contact with a region of the body exhibiting active swimming movements,
the electrical rhythm ceases at once as soon as this connexion is severed
(Gray, Lissmann & Pumphrey, 1938).

The whole problem of central versus peripheral control of muscular
activity is obviously extremely complex, and for any particular observer
there must nearly always be some element of bias in favour of the view
which provides the more satisfactory picture of the particular material
with which he is most familiar. To my mind, the role of the proprio-
ceptors in amphibian ambulation seems to be sufficiently clear to doubt
the necessity of introducing conceptions of central control for which
there is at present no direct experimental evidence. How far we are
justified in attempting to extend this picture to mammals is more
doubtful. For present purposes, however, the main conclusion must be
that the existence of centrally controlled patterns of locomotion should be
regarded as non-proven. So far as the reflex picture is concerned, the data
derived from a study of the Amphibia indicate that the pattern of peripheral
excitation arising in a single limb does not necessarily result in a fixed or
predetermined pattern of muscular response in any of the others, it only
contributes to a general pattern of excitation coming from sense organs
located throughout all the rest of the ambulatory musculature and else-
where (see Gray & Lissmann, 19465). This integrated pattern of stimulation
elicits a pattern of response from the musculature as a whole. An application
of these principles to wider fields of animal behaviour suggests that par-
ticular patterns of behaviour are not so much due to the activity of specific
sense organs or to the intrinsic properties of the central nervous system, but
to the whole pattern of peripheral stimulation and to the ability of the
central nervous system to direct this excitation along pathways which
involve the whole of the animal’s musculature.

It is perhaps convenient to consider the simplest neuromuscular
mechanism which would enable us to present a relatively compre-
hensive picture of the ambulatory cycle (see Gray & Lissmann, 19465).
Such procedure is admittedly speculative, but is possibly useful as a basis
for further inquiry. Following the suggestion first advocated by Graham
Brown for the mammal, each limb of a toad can be regarded as having two
motor centres in the spinal cord, one concerned with the retractor and
extensor muscles and the other with the protractors and flexors; these two
centres are assumed to be incapable (by mutual inhibition or similar
mechanism) of simultaneous activity. If one of these centres is to excite
its associated musculature, it must be exposed to a greater balance of ex-
citatory over inhibitory influences than is the case of the other centre.
Starting with a limb at rest in a protracted posture, an extraneous stimulus
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(=Sherrington’s ‘primary’ stimulus) applied to the retractor centre will
cause the limb to retract. As this movement approaches completion the
tension of the retractor-extensor muscles decreases whilst the flexor-
protractor muscles are stretched and the resultant proprioceptive activity
raises the level of excitation of the protractor motor centres, but decreases
that of the retractor centres. The relative excess balance of excitation of the
retractor centres is thereby reduced and eventually the balance of excitation
over inhibition moves in favour of the protractor centres; the limb then
protracts and the cycle is repeated. If, during its phase of retraction, the
limb encounters an external resistance, the excitatory balance of the re-
tractor centres is reinforced by the proprioceptor activity of the retractro-
extensor thrust, and the balance is thereby maintained in favour of the
retractor centres until such time as the resistance is overcome. The ex-
citatory balance in one limb is, however, influenced by events occurring in
other limbs, and the effect of proprioceptor impulses arising in these other
limbs will depend on the state of excitatory balance existing at the moment
in the centres of the fourth limb itself; if the balance in a left hindlimb is
only slightly in favour of the protractor centre, a stream of impulses arising
in a right forelimb owing to the action of an external resistance will swing
the balance of the left hindlimb in favour of the retractor centre and pro-
traction is delayed; on the other hand, if the excitatory balance of the hind-
limb is in favour of retraction, the action of the forelimb will be to prolong
the period of retraction. In this way it is not difficult to reconstruct at least
some of the main features of normal ambulation.

Granted the existence of two mutually inhibiting motor centres for each
limb driven by rhythmic proprioceptive impulses to each in turn, it does
not seem unreasonable to assume some form of rhythmical activity in the
centres if the rhythmical stream of proprioceptor impulses is cut off and
replaced by a non-rhythmical stream from elsewhere. Provided the mecha-
nism whereby an active centre inhibits its opposite number is sufficiently
powerful, only one centre can be active at a time, and if (i) a state of in-
hibition induces a state of enhanced excitability as soon as the inhibition
is past, and if (ii) an active centre undergoes a process of fatigue, then it
is possible to rationalize the results obtained by Graham Brown and
Sherrington with the possibility that the normal ambulatory rhythm of
a mammal, like that of a toad, may be dependent on proprioceptor control.
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EXPLANATION OF PLATE

Plate 1. Corresponding phases in the step of A, intact toad ; B, after de-afferentation of both
hindlimbs; C, after de-afferentation of both forelimbs; D, after de-afferentation of all
four limbs, the spinal nerves of the back being intact. Note the ungainly movements
in D and the tendency in C for the body to roll from side to side.
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SPONTANEOUS ACTIVITY CYCLES IN
POLYCHAETE WORMS

By G. P. WELLS
University College, London

In ambulation or swimming, the motor units undergo a continuously
rhythmic alternation of phases, in which each phase is rapidly followed by
the next. Such rhythms could conceivably be due either to spontaneous
periodic discharges from pacemaker centres or to chain reflex systems in
which each phase appears in response to the effects of the preceding one.
Other contributors to this symposium are better qualified to decide this
question than myself. The behaviour patterns now to be discussed are of
a different type. They consist of bursts of activity alternating with periods
of rest; the latter may, in certain circumstances, be of half an hour’s
duration. The rhythmic activity during the outbursts is continuous, like
the rhythm of a crawling or swimming vertebrate; it might be spontaneously
or reflexly produced; but the pattern—the very regular periodic release, or
periodic suppression, of the rhythm—must necessarily depend on a pace-
maker, presumably of the nature of a relaxation oscillator, since the systems
may be absolutely motionless between outbursts. To emphasize this dis-
tinction, the behaviour patterns will be termed ‘activity cycles’. It will be
shown that two distinct patterns of this kind—both emanating from
localized pacemakers in different parts of the body—play a dominating part
in the ordinary, day-to-day behaviour of a common polychaete worm, even
when it is living, apparently perfectly normally, in conditions as like those
of the field as the experimenter can make them. They determine the
incidence of certain specific and functionally important acts that one would
expect, by analogy with ourselves, to be under direct reflex control. The
suggestion will be made, in conclusion, that this kind of thing may have
a widespread application to animals of many kinds.

I. THE MODE OF LIFE OF THE LUGWORM

Most of the experiments to be described were carried out on the lugworm,
Arenicola marina L., which lives in great numbers in muddy sand flats
between tide marks. It makes itself a burrow, and having done so, if the
conditions are favourable, it lives in the same burrow for months (Thamdrup,
1935; Linke, 1939), feeding by passing sand through its gut. The behaviour
physiology of the worm can be properly understood only if the mode of life,
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and especially the nature of the burrow—the worm’s self-made environ-

ment—are taken into account.
The burrow as a whole has an asymmetrical U-configuration, and, as

the worm moves to and fro in it, always facing one way, one can distinguish
between a head end and a tail end of the burrow (Fig. 1). The tail end is
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Fig. 1. Generalized diagram of a lugworm burrow, with the worm lying quietly in the
gallery. The cross lines are drawn at the boundaries between head shaft (H), gal-
lery (G) and tail shaft (T"). The dotted line is the boundary between yellow and black
sand. The long, thin arrows show the movement of water, and the short, thick ones

that of sand.

marked by a pile of sand cylinders, the faeces or castings; below this is
a ‘tail shaft’ (T') which has smooth walls and houses the worm’s tail at the
moment of defaecation. The ‘gallery’ (G) is a generally L-shaped tube,
whose walls are often marked with the impress of the worm’s segments and
are impregnated and made firm by its secretions (Osler, 1826; Hintzschel,
1938; Linke, 1939). From the lower end of the gallery, the ‘head shaft’ (H)
rises to the surface of the sand. The form of this part of the burrow varies
greatly with the mechanical nature of the beach (Bohn, 1903; Thamdrup,
1935; Linke, 1939; Wells, 1945). Perhaps the most typical form of head
shaft is that shown in the drawing—a cylinder of yellowish surface sand,
with no lumen, ending above at a saucer-shaped depression of the surface.
The head shaft is set up and maintained by the following forces: (i) the
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worm feeds from its lower end, so that its substance constantly descends:
it is renewed by sedimentation above; (ii) the worm drives water through
the burrow, chiefly in a headward direction (‘irrigation’), and this water
escapes up the head shaft and helps to keep it soft; (iii) the worm occasionally
makes ‘working’ excursions up the head shaft (Wells, 1945).

The animal’s environment is clearly very uniform; it is sheltered from
predators and (at least at high tide) it can feed whenever it chooses. One
would therefore expect the pattern of its life to depend more on internal
drives than on responses to external events, once it has set up a favourably
situated burrow.

II. THE MOVEMENTS OF THE LUGWORM

Several authors have described the movements of which the worm is
capable (Bohn, 1902; von Buddenbrock, 1912, 1913; Just, 1924; van Dam,
1937, 1938; Wells, 19444, 19440, 1945, 1948). The behaviour patterns to
be analysed involve only those movements which it uses while living in
a well-established burrow.

The motor apparatus consists mainly of the circular and longitudinal
muscles of the body wall; these contract tonically and keep the fluid in the
spacious coelome under a pressure which fluctuates with the worm’s
activity (Chapman & Newell, 1947). The phasic acts now to be described
are brought about by local contractions and relaxations of this musculature,
determining local constrictions and swellings of the body. The body is
divisible into three regions: an anterior head, in which the prostomiun and
two segments are welded together into a single functional unit; a middle
region, or trunk, of nineteen chaetigerous segments, of which the hinder
thirteen bear tufted gills; and a rather narrowed, posterior tail, consisting
of many distinct segments which lack chaetae or gills.

Locomotion and irrigation of the burrow are due to wave movements
travelling along the hinder sixteen of the nineteen trunk segments. The
waves (of swelling and narrowing) may travel in either direction, headward
or tailward, and their effect depends on the attitude of the worm as a whole.
In irrigation, the worm has its latero-ventral surface pressed against the tube,
but a space (containing the gills) between its dorsal surface and the tube;
waves of swelling travel along the body, occluding this space and pumping
water through the tube. Locomotion may occur in either of two ways.
In the first (antikinetic locomotion), the worm travels in the direction
opposite to that in which the waves traverse the body; the body as a whole
is narrowed and elongated, and waves of swelling (which grip the tube on
all sides) traverse it and act as fixed points, thus driving the worm along.
This movement—which can be very rapid—causes a displacement of the

SEB 9
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water in the tube in the direction of creeping. In the second (synkinetic
locomotion) the direction of locomotion and wave travel coincide; the
worm irrigates vigorously as described above, and at the same time creeps
gently along in the direction of the water stream. The first three trunk
segments play no part in creeping or in irrigation, as a rule.

Feeding is accomplished by means of the eversible proboscis; this leads
into an oesophagus extending through several segments and opening
behind into the stomach. Proboscis extrusion and withdrawal are brought
about by the integrated action of the first three trunk segments, of the head,

and of the proboscis itself.

1II. THE FEEDING CYCLE

If one excises the proboscis with some of the oesophagus attached (but
without the brain or nerve ring) and suspends the ‘isolated extrovert’ as
a longitudinal preparation, either in sea water or in the worm’s body fluid,
one gets a very characteristic intermittent rhythm; periods of vigorous
rhythmic contraction alternate with periods of rest; the whole cycle
occupies about 7 min. (Wells, 19374). This experiment can be modified by
simultaneously recording from the two ends of the preparation, using the
iunction of proboscis and oesophagus as a fixed point, and so mounting it
that the junction of the two structures can be severed without interrupting
the record. In this case, the oesophagus traces a series of waves of low
amplitude, on which one can occasionally detect much smaller oscillations,
while the proboscis gives a rhythmic outburst at each of the oesophageal
waves; when the junction is severed, the oesophageal waves continue, while
the proboscis outbursts stop (Fig. 2A). Evidently, the oesophagus is
driving the proboscis. If one divides the oesophagus into anterior and
posterior halves, both show the wave rhythm, and if one divides an isolated
extrovert longitudinally into four strips, all of them show the typical out-
bursts; so the pacemaker appears to be a diffuse structure, probably a nerve
plexus, in the oesophageal wall.

Rather more elaborate preparations can be made by dissecting out the
extrovert, but leaving its anterior end attached at the mouth, and by
simultaneously recording from the extrovert and from the circular muscles
of the body wall. Provided that care was taken to avoid injury to the ventral
cord and nerve ring, a spread of the oesophageal rhythm to the body-wall
muscles can be detected, but the effects vary according to the segment
whose movements are recorded (Wells, 19374, 19495). The body wall of
the first three segments (i.e. of those which participate directly in proboscis
activity) is thrown into vigorous rhythmical contraction at each outburst
of the extrovert; the movements of the two levers correspond stroke for
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stroke; and on dividing the nerve cord between the strips, the outbursts of
the body-wall strip cease (Fig. 2B). The body wall farther back (i.e. from
the segments responsible for irrigation and locomotion) is generally
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Fig. 2. Experiments on the pacemaker action of the oesophagus. Read all records from
left to right; upstroke of lever means contraction of preparation; time marker in minutes.
A, Isolated extrovert, with separate recording of the oesophagus (above) and proboscis
tbelow). The junction between the two is severed half-way across the record. B, Simul-
taneous recording from the extrovert (above) and the circular muscle of an anterior body
segment (below). The nerve cord is divided between them, half-way across the record.
C, Simultaneous recording of the extrovert (below) and the circular muscle of a posterior

trunk segment (above).

inhibited at each oesophageal outburst, though occasionally it shows a
strong contraction as the outburst passes off (Fig. 2C).

If the entire worm is watched in a glass tube, a periodicity of anterior-end
activity can usually be traced. In active worms, outbursts of proboscis
extrusion and withdrawal alternate with periods of rest. In quieter ones,

the outbursts are of gulping, swaying of the head and perhaps partial
9-2
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extrusion. The average period of these outbursts is about the same as that
of the waves of the isolated oesophagus (Wells, 1937a). It is reasonable to
conclude from all this that the two cycles are the same, and the suggestion
arises that the worm in the field feeds periodically, under the influence of
its oesophageal pacemaker. This point will be returned to in a later section.

Confirmation of the view that the movements of the dissected pre-
parations correspond to proboscis movements in the intact worms is given
by the response to adrenaline. Injected into whole worms, adrenaline
induces a prolonged spell (of 30 min. or more) of regular proboscis extrusion
and withdrawal. Applied to the isolated oesophagus it causes a sustained
contracture. It throws the muscles of the proboscis and anterior body wall
into continuous rhythmic activity if they are still connected with the
oesophagus, but inhibits such movements as they may show after the
conduction path has been severed. The continuous burrowing activity of
the whole worm, evoked by adrenaline, seems therefore to be due to an
exciting action of the drug on the oesophageal pacemaker (Wells, 1937a).

The oesophageal wall is, of course, a complicated structure and may
contain reflex arcs; nevertheless, it seems to the writer that the activity
cycles must originate in a spontaneously cyclic pacemaker. The extrovert
in sea water often gives a considerable amount of background activity
between outbursts, as the illustrations show. If, however, one raises the
external magnesium concentration, the outbursts themselves are somewhat
shortened, the intervals between them are lengthened, and the intervening
activity is diminished or altogether abolished. With double magnesium,
for example, an extrovert may show outbursts separated by half an hour
of complete quiescence, but nevertheless following one another very
regularly (Wells & Ledingham, 1940a). It is hardly conceivable that
a pattern of this kind could depend on a reflex chain.

Occasionally, under abnormal conditions, a vertebrate or crustacean
heart shows grouped beats very like the intermittent pattern of an isolated
Arenicola extrovert, and the latter may perhaps be regarded as fixed in the
condition which appears as an occasional freak in other preparations. The
extrovert gives its pattern either in sea water or in the worm’s body fluid,
and whether suspended, and therefore lightly stretched by an isotonic lever,
or lying freely in a Petri dish. The extrovert is very sensitive to potassium
deficit, if the other ions remain at the sea-water concentrations; it loses its
intermittent pattern and becomes continuously active; the same thing
happens with magnesium deficit or potassium excess. The mechanism of
intermittence is therefore more sensitive to changes in the ion balance than
is the mechanism of rhythmic contraction (Wells & Ledingham, 19404
1942). The pattern is, however, resistant to dilution of the bathing medium
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if the ion ratios are kept constant. The extrovert gives its characteristic
cycles even in sea water diluted to 20 %, with M/400-NaHCO,, if the transfer
from sea water is made very slowly, though the amplitude of the individual
contractions is greatly reduced at that salinity (Wells & Ledingham, 19405).
This resistance of the pattern may be biologically important, as the species
occurs in nature down to about 20-259, of sea water (Krogh, 1939) and
has no powers of osmoregulation (Schlieper, 1929).

IV. THE IRRIGATION CYCLE

In glass tubes, lugworms (once they have settled down) propel the water
headwards through the tube in a series of very regular outbursts (van Dam,
1937, 1938). This irrigation cycle has a period which—although somewhat
variable from worm to worm, and from day to day—is much longer than
that of the feeding cycle; it is commonly about 40 min. Closer investigation
shows that the headward irrigation is the second, and most prominent,
phase of a three-phase outburst; the first is tailward creeping and the
third is tailward irrigation (Wells, 1949a).

The three extracts of Fig. 3 illustrate the point. They were obtained by
putting the worm in a U-tube of sea water, whose diameter approximated
to that of the burrow; the upper ends of the limbs of the U opened into
wide cylinders, one of which contained an aeration jet and the other a float
connected with a writing lever; the cylinders were also connected by a fairly
wide capillary. The pumping movements of the worm circulated the water
in the whole system, and owing to the slight resistance of the capillary,
caused fluctuations of level of the float which appear, much magnified, on
the tracing. In each case, the worm’s head was towards the float, so that
a headward movement of water causes a downward movement of the writing
point.

The three phases of the cycle can be seen to vary in relative prominence.
The worm of extract A rested between outbursts at the bottom of the U;
as each outburst began, it crept vigorously tailwards into one of the vertical
limbs (upstroke of the lever); this then passed into headward irrigation
(downstroke) during which it crept gently (synkinetically) back to the
starting point; the third phase was vestigial. The worm of extract B gave
only slight tailward creeps, but very well-marked third phases (tailward
irrigation) except in one of the outbursts. The same worm, on another
occasion, traced extract C; here the first and third phases are both vestigial,
though they could just be seen when the worm was watched. Whatever the
particular form of the outbursts at the time, they often continue, with almost
clock-like regularity, for many hours on end.

The onset of an outburst involves a change in the whole attitude of the



Fig. 3. Records of the water circulation produced by worms in glass U-tubes. Read
from left to right; downstroke of lever means a headward propulsion of water; time
trace at one cycle per hour.
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worm. During the pauses, its body is shortened and generally presses on
all sides against the tube. During the outbursts, the body is lengthened and
narrowed. The appearances rather suggest, as one watches, a periodic
awakening of the worm.

One might assume that the basis of intermittent irrigation is reflex; the
appearance of an outburst being stimulated by oxygen lack or carbon
dioxide accumulation in the tube. In this case, the outbursts would become
more frequent and prolonged if for any reason the pumping movements
failed to bring aerated water. In fact, however, if the recording U-tube
system is modified so that the worm can circulate a small amount of water
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Fig. 4. Tracing of the movements of a worm pinned at both ends to a weighted sheet of
cork in a dish of aerated and stirred sea water. The lever was connected to a hook
passing under the middle of the worm. Read from left to right; duration of record
7 hr.

(about 35 c.c.) without thereby getting access to an air supply, the bursts
appear at about the same intervals as before, but considerably less water is
now pumped at each burst. On admitting aerated water again, after a few
hours under ‘no-air’ conditions, the worm responds by pumping vigorously
and continuously for a long time (e.g. 40 min.), and thereafter the outbursts
are temporarily accelerated (Wells, 1949a; see also van Dam, 1937, 1938).
These results show that the intermittence is due to an internal pacemaker
whose action can be modified, much as the heart beat can, according to
circumstances.

The existence of a pacemaker of suitable frequency can be demonstrated
by two other methods.

(i) An intact worm is pinned to a cork sheet with two pairs of pins, one
anteriorly and one at the base of the tail; the whole is immersed in a dish
of aerated and stirred sea water; the worm’s movements are simply recorded
by means of a glass hook passing under the middle of the body and con-
nected to a light lever. Worms so treated often trace bursts of activity,
following each other with great regularity for hours, and corresponding in
timing with the irrigation cycles (Fig. 4).

(i) Longitudinal body-wall strips containing the ventral nerve cord,
suspended in sea water, trace a complicated pattern in which conspicuously
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vigorous outbursts, of about the same timing as the irrigation cycles, can
often be seen (Wells, 19494). The presence of the brain is unnecessary.
As body-wall strips are motionless in the absence of the ventral cord (Wu,
1939), the pacemaker may tentatively be placed in the cord.

De-afferentation of the cord is unfortunately impossible; it may be that
a steady feed-in from peripheral sense organs is necessary to keep the cord
active; but it seems clear, from the length of the intervals between out-
bursts, that the form of the cycle must depend on a spontaneously cyclic
pacemaker.

V. ACTIVITY CYCLES UNDER NATURAL CONDITIONS

The appearance of regular activity cycles in worms in glass tubes might be
due to the artificial conditions of the experiments. To test this, experiments
were made on worms living as naturally as possible in their own burrows
in sand. The animals were allowed to burrow in vivaria made of two
glass plates, 18 cm. square, held apart by a rubber U about 1 cm. thick.
The lower part of the vivarium was filled with sand from the beach. The
upper part, containing sea water, was divided into two by a vertical rubber
strip in the middle, penetrating for several centimetres into the sand. The
two compartments were connected by a capillary siphon; one contained an
air jet, and the other a float. Each vivarium contained a single worm. The
dimensions were such that it usually made a burrow with the feeding funnel
on one side of the centre partition and the faecal pile on the other. Thus the
water movements in the burrow could be recorded by a lever connected to
the float. The worms lived fairly normally under these conditions; by
using a drum which turned once a day, their behaviour could be recorded
for weeks on end (Wells, 19495).

Taking all of the worms together (six worms, giving a recorded aggregate
of seventy-two ‘worm days’), about 459, of their total time was spent in
feeding from a gradually subsiding funnel and piling up heaps of faecal
cylinders, very much as they do on the beach. When this behaviour began, it
usually continued for many hours at astretch, and was invariably accompanied
by very regular tracings of the type shown in Fig. 5. The worm shoots
out a faecal cylinder at the tip of each of the sharp downward peaks. Under
good conditions, the worms in the field defaecate about once every 45 min.
(D. M. Kermack, unpublished observations), which agrees well with the
timing of these tracings. It is fairly safe to assume that every saucer and
pile of faeces on the beach is the outcome of a behaviour pattern like that
of Fig. 5.

On comparing Fig. 5 with Fig. 3A (remembering that the worms are
oriented in opposite senses relative to the float), it will be seen at once that
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the two cycles are identical. We may infer that the worm in sand creeps
tailward into the defaecating position on the sharp peak, then creeps gently
back during the irrigation phase. Now the worm of Fig. 3A had been
fasting for days, and its rectum was empty. Evidently, the excursion which
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Fig. 5. Records of the water circulation in burrows made by the worms in sand. Read
from left to right; upstroke of lever means headward propulsion of water; duration
of A, 7 hr.; of B, 6 hr.

brings Arenicola into position for defaecation is not, as one might suppose,
a reflex response to a full rectum, but an expression of one of the three
phases of the irrigation cycle. The latter is well adjusted to the worm’s
normal mode of life.

The records got from worms in sand generally show a considerable
amount of background activity between the irrigation outbursts. This often
has an obvious periodicity, at one cycle every 7 or 8 min., as in Fig. 5B.
This is about the frequency of the oesophageal pacemaker, and as the
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latter can influence the segments responsible for producing water move-
ments (Fig. 2 C), these minor oscillations probably indicate periodic feeding.
Unfortunately, they were not traced by the worms in glass U-tubes, so
a detailed confirmation of this suggestion is not available.

The above experiments were done with the burrow submerged, i.e.
under high-tide conditions. If the surface sand is left dry at low tide, but the
burrow is still partly full of water, a shortage of oxygen might arise, as
circulation of the water in the tube is now impossible. Experiments were
made with worms in glass U-tubes half-full of sea water, to see what they
would do in the circumstances (Wells, 1945, 1949a). Most of the worms
crept tailwards to the water surface and drew air down over the gills by
means of headward waves of the irrigation type. This was periodic and
corresponded in timing with the irrigation cycles, of which the whole
performance was obviously an adaptation. By these means, a worm can live
in excellent condition for several days, in a U-tube containing only some
15 c.c. of sea water. Once again, one cannot fail to be impressed by the
fitness of the three-phase cycle to the worm’s conditions of life.

One might suppose that the integration of a lugworm’s life pattern
could best be achieved by means of a hierarchy of reflexes, with appropriate
responses to oxygen lack, to a full rectum, and so on. Can any advantage
be attributed to the pacemaker type of organization which, in fact, it
displays? With regard to the feeding cycles, it will be necessary to have
more information, especially about the physiology of digestion, before the
point can profitably be discussed. With regard to the irrigation cycles, the
following suggestion may be made. The flat beaches frequented by these
worms are often covered with puddles and sheets of surface water at low
tide. On a sunny summer day, this water may be several degrees hotter
than the underlying sand, and well above the optimum temperature for
the worms (‘Thamdrup, 1935; Linke, 1939). A sharp frost, or a heavy
downpour of rain, could also make the surface water unfavourable to the
worms. Under such conditions, it would tend towards survival for the
Arenicola to cease irrigating its burrow; a reflex hyperpnoea in response to
oxygen lack might be disastrous; and we may guess that the worm would
behave much as it does in the U-tube experiments described above, from
which aeration was excluded. Under the influence of the irrigation pace-
maker, it would make occasional tailward excursions towards the surface
followed by short bursts of irrigation; these would serve to test the surface
water; after the rising tide had covered the burrow again, irrigation would
be seriously resumed at the next outburst and would then be very vigorous
to make up for previous oxygen lack.

This suggestion assumes that the worms can survive oxygen deprivation
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for most or all of the low-tide exposure period. According to Hecht (1932),
they can live with practically no oxygen and high concentrations of hydrogen
sulphide in the water for days. Haemoglobin is present in the blood, and
has been estimated to hold sufficient oxygen to support the worm for
rather over an hour (Barcroft & Barcroft, 1924; Borden, 1931; see also
Wolvekamp & Vreede, 1941). These estimates are based on comparisons
of the total oxygen capacity of the blood with the oxygen usage measured
under conditions of abundant oxygen supply, and they assume that usage
will continue at the same rate if the external oxygen tension falls. The
behaviour of the worms in the experiments with a non-aerated circulation,
described above, suggests that activity is greatly reduced under such
conditions (Wells, 1949 a). Arenicola has recently been shown to have haemo-
globin in its muscles, besides that in its blood (Fox, 1949), and this again
will increase the time for which the stored oxygen can last. In any event, it
seems clear that the worm is not immediately dependent, as we are, on an
external oxygen supply, and the difference between its response to con-
ditions of oxygen shortage and ours is the less surprising.

VI. COMPARISON WITH OTHER POLYCHAETE WORMS

As there is no 77 or 40 min. periodicity in the environment, the activity cycles
of Arenicola are clearly not related to those cases in which a tidal, diurnal
or other environmental rhythm is impressed on an animal. They are
perhaps more comparable to the 2 hr. and 4-day activity cycles in the rat
(Richter, 1927) or to the roughly cyclic variations in activity level of snails
kept under constant conditions (Howes & Wells, 1934; Wells, 1944¢).
But the Arenicola cycles consist, not of diffuse changes in the general level
of activity, but of the periodic evocation of highly specific and functionally
important acts. It may be that pacemakers will be found to govern the
behaviour of many animals, even in cases where, from an anthropomorphic
standpoint, one would expect to find direct reflex control.

Gut preparations, or body-wall strips, from many polychaete species
exhibit intermittent activity (Hogben & Hobson, 1924; Wells, 193758,
1939), but unfortunately little is known about the functional significance of
the resulting patterns. Various Nereis species live in burrows on muddy
sand flats; they have an eversible, jawed proboscis of more complicated
structure than that of Arenicola, and they feed, partly on dead animals and
plant fragments, and partly by ingesting the surface sand (Thamdrup, 1935;
Linke, 1939). The isolated extrovert is spontaneously active with a pattern
more variable than that of Aremicola (Wells, 1937b). The worms show
intermittent irrigation in glass tubes, and isolated body-wall strips give
intermittent rhythms; as, however, such experiments as have been made on
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the effect of low oxygen tensions on irrigation gave inconclusive results,
one cannot safely decide whether their intermittence is determined reflexly

or by a pacemaker (van Dam, 1937, 1938). The Glycera species live in
much the same way as Nereis and exhibit intermittent irrigation (Stolte,
1928, 1932). The isolated extrovert of Glycera dibranchiata is spontaneously
active, and there is evidence that its rhythm is normally inhibited by the
central nervous system (Wells, 19375). In neither genus has a detailed
comparison been made between the laboratory behaviour of the animals,
or of isolated preparations, with the behaviour patterns under field condi-
tions. Information along these lines, on these and other types, would be

interesting.
Note

The following citation from Natural History of Marine Animals, by
G. E. MacGinitie and Nettie MacGinitie (McGraw Hill, 1949) confirms
the idea that the oesophageal rhythm determines intermittent feeding:

‘When Arenicola is actively feeding, the process of everting and
inverting the proboscis and then swallowing occurs about every g sec.
Also, after a certain number of swallows, ranging from 8 to 15, the worm
takes a rest period of a few minutes, then begins feeding again.’

This passage refers to A. cristata, which is closely similar to A. marina.
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QUANTITATIVE MESSUNG VON STIMMUNGEN
IM VERHALTEN DER FISCHE

Von ERICH VON HOLST
Max Planck-Institut fiir Meeresbiologie, Wilhelmshaven

I. EINLEITUNG

Wie macht man an frei beweglichen Tieren solche zentralnervésen
Vorginge sichtbar, die sich nicht als motorische Bewegungen duBern?
Diese Frage wird einem Vertreter der ‘klassischen’ Nervenphysiologie
sinnlos erscheinen, denn fiir ihn setzt sich jegliches Verhalten aus
motorischen Reflexen zusammen, und Vorginge der genannten Art kennt
sein Begriffsschatz nicht. Fiir den Verhaltensphysiologen von heute
dagegen ist diese Frage wichtig geworden, denn die Koordinations-
forschung, die Elektrophysiologie des Zentralnervensystems und vor allem
die neuere Verhaltensforschung selbst haben gezeigt, da3 nur ein Teil der
Abldufe im Zentrum als motorische Impulse wieder nach auBlen gelangt,
wihrend andere Vorginge das Organ nur irgendwie umstimmen, d.h. die
Reaktionsnorm des Nervensystems idndern. Wie also kann man solche
Umstimmungen sichtbar und meBbar machen, ohne das Tier in seinem
Verhalten zu stéren? So lautet mein Thema.

II. STIMMUNGSANDERUNG MIT ANDERUNG
DER GLEICHGEWICHTSLAGE
Erlauben Sie mir, Ihnen zwei Experimente zu schildern, die ich IThnen
lieber vorfithren wiirde (was hier leider nicht mdéglich ist).

In einem zunichst verdunkelten Glasbecken befinden sich verschiedene
Fische in einem Ruhezustand, den wir als ¢ Schlaf’ bezeichnen diirfen. Der
Boden des Beckens wird jetzt von unten her gleichmiBig erhellt. Die
Fische erwachen und beginnen umherzuschwimmen. Nach einigen
Minuten fingt ein Fisch, z.B. eine Barbe (Barbus) an, zu taumeln und nach
kurzem Schwanken sich auf den Riicken zu legen; zie schwimmt weiterhin
in dieser um 180° verkehrten Lage umher (Abb. 1). Bald danach geschieht
das Gleiche etwa mit einem Tetra (Gymnocorymbus) und mit einigen
anderen Fischen. Die iibrigen bleiben unverindert in ihrer Normallage.

Ein zweiter Versuch: In einem Aquarium—der Lichteinfall ist hier
gleichgiiltig—befindet sich ein minnlicher Stichling im Hochzeitskleid,
dem Anschein nach ein normales Tier, das in seinem Herrschaftsbereich
umherschwimmt. Ein zweites kriftiges Minnchen wird dazugesetzt.
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Zunichst geschieht nichts, die Fische schwimmen umher, ohne Notiz
voneinander zu nehmen. Jetzt hilt der Neuankémmling in kurzem
Abstand von dem anderen Fisch still, fixiert ihn mit den Augen, richtet
ein wenig die Riickenstachel auf und wird vermutlich im niachsten Augen-

L L L

Abb. 1. Gleichgewichtslage verschiedener Fische bei Lichteinfall von unten (L); oberseits
eine nicht reflektierende schwarze Fliche (Sammet).

blick angreifen. Da plétzlich beginnt der bedrohte Fisch wie ein auf-
gezogener Kreisel um seine Lingsachse auf der Stelle zu rotieren, mit
einer Frequenz von etwa 8o-100 Umdrehungen in der Minute (Abb. 2).
Sobald der (offensichtlich etwas verwunderte) Gegner sich zuriickzieht,
hért dieses Manéver schnell auf, beide Fische schwimmen wieder normal
umher. Bei jeder neuen beginnenden Attacke wiederholt sich aber prompt
das gleiche Schauspiel.

In diesen zwei Beispielen sind zentrale Stimmungsinderungen sichtbar
gemacht, die uns sonst verborgen bleiben, und die sich hier in einer
Anderung der Gleichgewichtslage manifestieren. Um was es sich, genau
gesehen, handelt, kann ich Thnen jetzt noch nicht verraten. Ich habe diese
Versuche nur erwihnt, um Sie selbst ein wenig auf mein Thema um-
zustimmen. Ich brauche niamlich fiir das Folgende Ihre Geduld, denn wir
missen einen Umweg machen. Ehe ich iiber zentrale Stimmungen
Genaueres mitteilen kann, miissen wir zuerst das Me fgerdit kennen, mit
dessen Hilfe wir diese Stimmungen untersuchen. Es ist das Organ der
Gleichgewichtsorientierung, also der Statolithenapparat im Utriculus. Sie
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sehen die beiden Utriculusstatolithen hier (Tafel 1) in ihrer natiirlichen
Lage im Kopf (den mein Mitarbeiter Dr. Ahrens ganz durchsichtig zu
machen versteht).

Abb. 2. Bei Bedrohung durch den Rivalen rotiert das linke Stichlings-3 um die
Lingsachse. (Erlduterung im Text.)

III. DER MECHANISMUS DER GLEICHGEWICHTS-
ORIENTIERUNG
Was geschieht in diesem statischen Apparat, wenn ein Tier seine Lage
indert? Diese Frage muB} exakt beantwortet sein, ehe quantitative Angaben
zur Physiologie dieser Umstimmungen moglich sind. Das Kapitel der
Lageorientierung wird seit vielen Jahrzehnten eifrig bearbeitet, wobei man
leider feststellen muf}, dafl die Theorien im Lauf der Zeit immer kompli-
zierter und schwerer verstindlich geworden sind. Trotz vieler schoner
Befunde, iiber die Herr Léwenstein IThnen berichtet hat, sind doch die

SEB I0
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drei Hauptfragen, die wir stellen miissen, wenn wir diesen Apparat
verstehen wollen, noch immer nicht eindeutig beantwortet.

Erstens: Welches ist der adiquate Reiz der Statolithen auf das Sinnes-
epithel? Druck, Zug, Scherung (= Verbiegung der Sinneshaare durch
seitliche Verschiebung des Steines) und hydrostatischer Druck stehen zur
Diskussion.

Zweitens: Wie arbeiten der rechte und der linke statische Apparat
zusammen? Setzen sie sich tropotaktisch gegeneinander ins Gleichgewicht
oder summiert sich telotaktisch ihre Wirkung?

Drittens: Welche quantitativen Beziehungen bestehen zwischen dem
adiquaten Statolithenreiz und seiner physiologischen Wirkung im
Gleichgewichtszentrum?

(1) Die Messung des addquaten Reizes der Statolithen auf das
Stinnesepithel

Um diese Fragen zu beantworten, miissen wir (1), den Statolithenreiz
quantitativ variieren und (2), seine Wirkung im Gleichgewichtszentrum
quantitativ messen, was beides wohl bisher noch nicht geschehen ist. Was
die Reizwirkung anlangt, so kann die Registrierung von Impulsen in
afferenten Fasern oder umgrenzten Hirnpartien nicht zum Ziele fiihren,
da wir nicht wissen, welche Beziehung zwischen Entladungsfrequenz und
physiologischer Wirkung der Entladung besteht, und ob es zulissig ist,
von einzelnen Elementen auf alle iibrigen zu verallgemeinern. Und zur
Messung der Reizgrofle ist das verbreitete Verfahren, Reflexbewegungen
selbst, also Stellungsinderungen der GliedmaBen oder des Augapfels zu
quantifizieren, ebenfalls unbrauchbar. Denn da bei jeder Bewegung
gewisse Muskeln sich verkiirzen und ihre Antagonisten gleichzeitig
erschlaffen, so bleibt es willkiirlich, ob man die Streckung oder Beugung
eines Gliedes als Indikator fiir eine Reizzunahme im statischen Apparat
verwenden will. Der verdiente Labyrinthforscher Magnus (1924) ist mit
seiner, wie wir sehen werden verfehlten, Zugtheorie der Statolithenreizung
Opfer einer solchen willkiirlichen Festlegung geworden.

Fehler dieser Art werden vermieden, wenn wir uns an eine definierbare
Gleichgewichtslage halten, ndmlich die Normallage, in der keinerlei
Gleichgewichtsreaktionen auftreten. Wir diirfen annehmen, daB3 hier auch
im Zentrum ein physiologischer ‘Gleichgewichtszustand’ bestehen muB.
Mit Hilfe der Normallage lassen sich quantitative Aussagen gewinnen,
wenn man die Versuchsanordnung so einrichtet, da3 diese Lage sich mit
der GroBe der mechanischen Kraft, die am Statolithen angreift, gesetz-
miBig dndert. Das ist moglich, wenn man die optische Gleichgewichts-
komponente zu Hilfe nimmt, deren Vorhandensein ich (1935, 1938) bei den
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meisten Knochenfischen feststellen konnte. Ein in der Wasserstrémung
stehender seitlich beleuchteter Fisch weicht von der Senkrechten um
einen bestimmten Winkel « ab (Abb. 3A), der mit der Helligkeit des
Seitenlichts zunimmt; mit f§ sei der Winkel zwischen Lichteinfall und

<—.:

Intakt

Ja

Beide Utriculi ausgeschaltet

Abb. 3. Normaleinstellung eines in horizontaler Wasserstrémung bei seitlichem (hori-
zontaler) Lichteinfall L schwimmenden Fisches (z.B. Tetra, Barbe, Scalare u.a.).

Dorsoventralachse bezeichnet, #=9o°—a. Entfernt man operativ beide
Utriculi, so stellt der Fisch seinen Riicken genau zum Schwerpunkt der
Helligkeitsverteilung; « wird in diesem Falle =g9o°, f=0° (Abb. 3B). Da
also die Augen den Fisch mit dem Riicken zum Licht, die Utriculi ihm
mit dem Bauch zur Erde um seine Lingsachse zu drehen suchen, so
miissen wir erwarten, dal eine Erhéhung der mechanischen Kraft der
Statolithen beim intakten, seitlich beleuchteten Tier den Neigungswinkel
verringern wird. Aus der Messung dieses Vorganges konnte sich die
Antwort auf die Frage nach dem adiquaten Statolithenreiz ergeben.

Die mechanische Kraft, durch die der Statolith sein Sinnesepithel

10-2
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belastet, liBt sich durch ein zusitzliches Zentrifugalfeld quantitativ
beliebig steigern (Abb. 4). Der Fisch schwimmt in einem kleinen Kifig K
aus schwarzem Frauenhaar in einem Versuchsgefi3 g gegen eine Wasser-
stromung. Das GefiB ist auf einem Zentrifugenarm H so montiert, daB es
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Abb. 4. Skizze des Zentrifugierversuchs. A, Gesamtansicht; B, Unterer rotierender Teil
wihrend des Umlaufs; C, Ansicht des Fischgefilles von vorn. Es bedeuten:
A =Drehachse der Zentrifuge, B=Auge des Beobachters, L, = Linse zur Abbildung
des Fisches, L,=Feldlinse zur Abbildung der Offnungsblende von L, auf die
Augenpupille, M =beleuchtete Milchglasscheibe, W =nicht reflektierende schwarze
Wand, Z=einstellbarer Zeiger zur Ablesung des Neigungswinkels a.—Der Pfeil R
bezeichnet die Richtung der Resultante aus Schwerefeld und Zentrifugalfeld. Die
beiden parallelen Pfeile im Gefill g bezeichnen die Richtung der Wasserstrémung.
Die mit Richtungspfeilen versehene Verbindungslinie zwischen Fisch und Beobach-
terauge deutet den Weg der Lichtstrahlen an. Weitere Erlduterung im Text.

beim Umlauf der Zentrifuge frei auspendeln kann. Das Gefi3 und ebenso
auch der Fisch stellen ihre Lingsachse stets in eine Ebene senkrecht zur
Resultierenden von Schwerkraft und Zentrifugalkraft. Seitlich wird dem
Fisch eine leuchtende Fliche geboten, sodaB er um einen bestimmten
Winkel von der Richtung der mechanischen Feldwirkung abweicht
(Abb. 4C). Durch ein System von gekoppelten beweglichen Spiegeln
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S;—S, und einem in halber Umlauffrequenz mitdrehenden Umkehrprisma
P wird der Fisch vom Beobachter immer genau von vorne in Richtung
seiner Lingsachse betrachtet (Abb. 4C). Unsere Versuchstiere, haupt-
sdchlich Tetra (Gymnocorymbus) und Scalare (Pterophyllum), sind schmal
wie lebende Zeiger und stehen im strémenden Wasser so ruhig, daB die
Ablesung des Neigungswinkels « bis auf ein Grad genau leicht méglich ist.
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Mechanische Feldstaerke in Vielfachen des Schwerefeldes g

Abb. 5. Neigungswinkel @ (Schriglage) der Fische in Abhiingigkeit von der mechanischen
Feldstérke fiir fiinf verschieden starke Beleuchtungen, bzw. Lichtempfindlichkeiten
(I-V). Die einzelnen Kurvenpunkte sind unkorrigierte Mittelwerte jedes einzelnen
Zentrifugierversuchs. Helle Zeichen = Gymnocorymbus ternetzi; schwarze Zeichen
= Pterophyllum scalare; die Werte von fiinf weiteren Fischarten der Gattungen
Gasterosteus, Haplochromis, Lebistes, Platipoecilus, Hypessobrycon sind gemeinsam
durch Kreuze ( x bzw. +) bezeichnet.

Ich brauche auf die komplizierten Einzelheiten der Anordnung nicht
niher einzugehen. Wir kénnen uns einfach denken, daB in diesem Versuch
das ‘Gewicht’ der Statolithen in meBbarer Weise vermehrt wurde. Sie
ersehen aus Abb. 5, daB mit der Zunahme des Statolithen ‘gewichts’ der
Neigungswinkel « tatsichlich abnimmt. Die MeBwerte stammen von
Tetra, Scalare und fiinf weiteren verschiedenen Fischarten, das Ergebnis
ist fiir alle Arten das gleiche: Der Neigungswinkel a dndert sich nur wenig,
wenn der Ausgangswert von « nahe bei o° oder bei go° liegt. Dagegen
nimmt a sehr stark ab, wenn der Ausgangswert von & um 45° liegt. Die
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finf ausgezogenen Mittelkurven sind nun identisch mit mathematischen
Kurven, die der einfachen Formel ctg o ~ F folgen. Der Fisch verhilt sich
so, als wire er eine mechanische Waage, deren Arme durch ein senkrecht
ziehendes verinderliches und ein wagerecht ziehendes konstantes Gewicht
belastet sind (Abb. 6).

Es liegt nahe zu fragen, ob diese Cotangensregel auch noch gilt, wenn
der Statolith leichter gemacht wird. Das ist durch einen Kunstgriff

L (konstant)

F (verinderlich)

Abb. 6. Waage, die das Verhalten des Fisches bei konstanter Belichtung in verschieden
starken mechanischen Feldern veranschaulicht (W = Waagebalken, R=Umlenk-
rolle, L= Lichtkomponente, F=mechanische Komponente; nur die Anderung der
letzteren bestimmt in diesem Versuch das Verhalten des Fisches).

moglich: Wir haben zunichst in abgednderten Zentrifugierversuchen
festgestellt, daB eine Kraft, die an dem Statolithen in Richtung der
Korperlingsachse wirkt, auf die Einstellung des Fisches um seine Lings-
achse, also auf den Winkel « ohne jeden Einflu ist. Nun haben unsere
Versuchsfische die schone Eigenschaft, ihre Lingsachse genau in die
Richtung des Wasserstroms einzustellen, auch wenn die Strémung schrig
oder senkrecht von oben oder unten her kommt. Bei einem Fisch, der auf
diese Weise senkrecht schwimmt (Abb. 7A), wirkt die Schwerkraft g genau
in Richtung der Lingsachse, und der Fisch stellt sich folglich genau mit
dem Riicken zum Licht ein. Wenn man nun durch Anderung der
Stromungsrichtung den Fisch allmidhlich wieder in die Normallage bringt,
so entsteht am Statolithen eine in Sinusform zunehmende wirksame
Schwerekomponente K senkrecht zur Lingsachse des Tieres. Gleich-
zeitig weicht der Fisch um seine Lingsachse von der Richtung dieser
wirksamen mechanischen Komponente um so viel ab, als wenn—bei
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Einhaltung der Cotangensregel—der Statolith gerade dieses ‘Gewicht’
hitte. Damit ist gezeigt, daBB die Cotangensregel fiir ein ‘Statolithen-
gewicht’ von Null bis zum Dreifachen der Erdschwere gilt.

B

Abb. 7. Einstellung des Fisches bei horizontalem Lichteinfall (L) und senkrecht (A) oder
geneigt (B) stehender Korperlidngsachse. g=Statolithengewicht, K = Kraftkompo-
nente senkrecht zur Lingsachse des Fisches, { =Richtung der Wasserstromung.

Diese iiberraschend einfache Beziehung legt die Vermutung nihe, daf3
zwischen Reiz und Reaktion ebenfals ein sehr einfaches Verhiltnis besteht.
Doch kénnen wir es erst kldren, wenn die Frage nach dem addquaten Reiz
beantwortet ist.

Im geschilderten Zentrifugierversuch dndern sich drei Gréfen: (1) die
mechanische Kraft des Statolithen, (2) die Richtung, in der sie auf den
Fisch wirkt, und (3) die Richtung des Lichteinfalls ins Fischauge, wihrend
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nur die Helligkeit konstant gehalten wird. Wir haben noch eine Variable
zu viel in unserer Rechnung. Doch ist es moglich, den Winkel, in dem das
Licht in das Fischauge tritt, ebenfalls konstant zu halten und auf diese
Weise die unbekannte Grofle eines verschiedenen Lichteinfalls ins Auge
zu eliminieren. Ich darf mir ersparen, Ihnen genauer zu berichten, wie
wir den Versuch angestellt haben. Es geniigt, wenn ich Ihnen den
Kurvenverlauf zeige, der die Anderung von «, aufgetragen iiber Anderung
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Abb. 8. Neigungswinkel @ der Fische in Abhingigkeit von der mechanischen Feldstirke F
(vergl. Abb. 5 und 6), jedoch bei Konstanthaltung des Lichteinfallswinkels # ins
Fischauge fiir jede Kurve. Die Kurven I-V gelten fiir 5 verschieden starke Beleuch-
tungen (bzw. Lichtempfindlichkeiten).

der mechanischen Feldstirke F fiir fiinf verschiedene Ausgangswerte von a
wiedergibt, und zwar fiir den einfachen Fall, daBl im Verlauf jeder dieser
funf Kurven die optische Gleichgewichtskomponente genau konstant
gehalten wird (Abb. 8).

Sie sehen, daBB nun ein ganz anderes Bild entsteht. Je groBer der
Ausgangswert von « ist, desto wirksamer wird die Feldstirke F, wenn wir
diese ansteigen lassen. Nun bedenken Sie bitte, daB3 wir ja stets reflexlose
Normallagen vor uns haben, und daf3 ferner in diesem Fall die optische
Reizsituation unveridndert bleibt. Es ist daher nur eine Frage der Logik,
daB der addquate physikalische Reiz, auf den das Utriculusepithel anspricht,
ebenfalls in jeder Kurve eine konstante GroBe besitzen muf3; denn sonst
miiBiten ja Gleichgewichtsreflexe auftreten, die den Fisch in eine andere
Lage bringen.
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Diejenige physikalische Kraftkomponente, die in jeder dieser Kurven
von Abb. 8 gleich bleibt, ist leicht zu finden: Es ist die Kraft in der Ebene
senkrecht zur Dorso-ventral-Achse des Fisches (Abb. g). In dieser Ebene
aber liegen gerade die Utriculusstatolithen! Der addguate Reiz ist folglich,
wie schon Breuer (1891) im vorigen Jahrhundert angenommen hatte, die
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Abb. 9. Anderung der Scherungskraft (I-V) und der Druckkraft (1-5), welche am
Statolithen angreift, wenn der Fisch sich im geinderten Schwerefeld F so einstellt,
wie Abb. g es angibt. (K =Scherungs-, bzw. Druckkomponente.)

seitliche Verschiebung (Scherung) der Statolithen. Wenn wir die optische
Situation konstant halten und das Statolithen‘gewicht’ z.B. erhéhen, dann
stellt sich der Fisch ganz einfach immer so ein, daB der Scherungsanteil
gleich bleibt, und das ganze Plus auf die Druckkomponente abgeschoben
wird, auf die die Rezeptoren nicht ansprechen. Abb. 10 zeigt das an einem
Beispiel. Ich fiige noch erginzend hinzu, daf die Rezeptoren auf Anderung
des hydrostatischen Druckes ebenfalls nicht ansprechen, wie das von einer
heute viel beliebten Theorie behauptet wird.
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(2) Die Zusammenarbeit der beiden statischen Apparate

Damit ist Punkt 1 geklirt; wir kommen zu der Frage der Zusammenarbert
beider statischen Apparate. Dieses Problem ist bisher durch ein Phinomen
besonderer Art verdunkelt. Schon Ewald hat im vorigen Jahrhundert
(1892) aus seinen berithmten Versuchen an Tauben geschlossen, daB das
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Abb. 10. Erlduterung der Fischeinstellung bei konstanter Helligkeit und konstantem
Lichtwinkel S relativ zum Fischauge bet Verdoppelung der mechanischen Feldstirke
F. Unter dem Fisch ist ein Statolith St skizziert; die an ihm angreifende mechanische
Kraft F ist in eine Scherungskomponente s und eine Druckkomponente d zerglet.
s bleibt konstant (vergl. auch Abb. 9).

Sinnesepithel der Bogengidnge auch ungereizt stindig eine ‘tonisierende’
Erregung erzeugt. Den gleichen SchluB zog Magnus (1924) fiir das
Statolithenepithel, und viele spitere Untersucher haben diese Annahme
bestitigt, in letzter Zeit z.B. Ross (1936) sowie Lowenstein und Sand
(s.O. Léwenstein 1948) durch Ableitung elektrischer Dauerentladungen
des afferenten Nerven in normaler Ruhelage des Tieres.

Diese periphere Dauerautomatie ist schuld an einem FehlschluB
geworden, zu dessen Verbreitung auch ich friiher beigetragen habe (1935):
Wenn man wissen will, wie beide Utriculi zusammenarbeiten, so ist ein
naheliegender Versuch die einseitige Utriculusausschaltung. Der Erfolg
ist bei allen Wirbeltieren prinzipiell gleich. Es treten mit groBer Intensitit
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solche Augen- und Gliedreaktionen auf, als ob das Tier stindig nach der
nicht operierten Seite hin um seine Lingsachse geneigt wiirde. Es zeigt
also lauter Reaktionen, die wir einer ‘ Drehtendenz’ nach der Operations-
seite hin zuschreiben kénnen. Drehtendenz sei im Folgenden der zentrale
Ungleichgewichtszustand genannt, der all diese tonischen und motorischen
—artlich sehr verschiedenen—Asymmetrien verursacht,

Es liegt nun der SchluB nahe, daB3 dieses Phinomen durch den Fortfall
des Reizes des einen Statolithen verursacht sei. Das wiirde aber bedeuten:
Jeder Statolith bewirkt im Zentrum ‘tropotaktisch’ eine einseitige
Drehtendenz, die durch die Gegenwirkung seines Partners in der normalen
Gleichgewichtslage des Tieres kompensiert wird, wihrend bei Neigungen
die Reizwirkung eines Statolithen {iberwiegt. Dieser Schluf} ist jedoch
falsch! Wir haben namlich jetzt gefunden, daB3 diese Drehtendenz tatsich-
lich iiberhaupt nichts mit dem Statolithenreiz zu tun hat, sondern allein
eine Folge des einseitigen Ausfalls der eben erwihnten stindigen Automatie
des ungereizten Utriculussinnesepithels ist. Durch diese Dauerautomatie
hilt das Utriculusepithel—ganz einfach formuliert—das Gleichgewichts-
zentrum auf der zugehoérigen Seite in einem erhohten Aktivititszustand,
der seinerseits die tonische Erregungsverteilung im motorischen Apparat
im Sinne der genannten Asymmetrie verindert.

Es wiirde zu weit fithren, die Versuche ausfiihrlich mitzuteilen, die
diesen SchluB sicherstellen. Ich will nur erwihnen, daBl im Zentrifugier-
versuch die nach einseitiger Utriculusausschaltung entstehende Dreh-
tendenz durch ein ‘Schwerer’werden des iibriggebliebenen Statolithen
nicht etwa gesteigert, sondern gesetzmiBig vermindert wird, und daf3
ferner beim mit senkrecht stehender Lingsachse schwimmenden Fisch, wo
der Statolith keinen Einfluf} auf die Einstellung um die Lingsachse mehr
besitzt (Abb. 7 A), die postoperative Drehtendenz doch quantitativ erhalten
bleibt. Es geniigt vielleicht, wenn ich zusammenfassend sage, daf3 der
einseitig entstatete Fisch sich genau so verhilt, wie die schon erwihnte
Waage (Abb. 6), wenn man ihr durch Anfiigen einer Rolle mit einem
einseitigen Gewicht zusitzlich ein konstantes Drehmomenterteilt (Abb. 11).
Bei Seitenlicht von der intakten Seite her (Abb. 11 A) steht der Fisch um
einen bestimmten Winkelbetrag weniger, bei Seitenlicht von der operierten
Seite (Abb. 12 B) um den gleichen Betrag stirker geneigt, als es bei Fehlen
jener automatischen Dauererregung des intakten Utriculusepithels der
Fall wire.

Kurz nach der Operation ist diese Drehtendenz so stark, da3 gewéhnlich
weder die Gegenwirkung des einen Statolithen noch gerichteter Lichtein-
fall ein stindiges Rotieren des frei schwimmenden Fisches um seine
Lingsachse verhindern kann. Doch klingt dieser Effekt allmihlich ab und
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verschwindet schlieBlich. Uber diesen Kompensationsvorgang werde ich
spiter noch sprechen.

Fiir den Augenblick interessiert uns nur die Tatsache, daB3 es moglich
ist, die automatiebedingte postoperative Drehtendenz und die physio-
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Abb. 11. Der einseitig entstatete Fisch stellt sich bei Licht von der intakten Seite (A),
bzw. operierten Seite (B) so ein, wie die darunter gezeichnete Waage. Diese gleicht
der Waage von Abb. 7, ist jedoch erginzt durch eine am Waagebalken befestigte
Rolle Ro, die durch ein Gewicht D ein konstantes Drehmoment erzeugt, das sich den
iibrigen Kriften iiberlagert.

logische Wirkung des Statolithenreizes experimentell klar voneinander zu
trennen. Es ergibt sich dabei, daf3 der eine Statolith (nach Abzug dieser
Drehtendenz ebenso wie nach erfolgter Kompensation) bei Neigung des
Fisches nach der einen wie nach der anderen Seite eine ganz gleiche
wiederaufrichtende Wirkung entfaltet. Damit ist auch die zweite Frage
beantwortet: Beide Statolithen arbeiten nicht tropotaktisch gegeneinander,
sondern telotaktisch zusammen. In welcher quantitativen Weise, das
werden wir gleich erfahren.
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(3) Die quantitative Beziehung zwischen dem physikalischen
Reiz und seiner physiologischen Wirkung
Die dritte Frage nach der quantitativen Beziehung zwischen dem addquaten
phystkalischen Reiz, der Scherung, und seiner physiologischen Wirkung im
Gleichgewichtszentrum, ist nun schnell erledigt. Ich sagte schon, daB das
Ergebnis der Zentrifugierversuche bei Seitenlicht auf eine sehr einfache
Beziehung hindeutet: nimlich auf lineare Proportionalitit. Nur eine sehr

A B

Abb. 12. Skizze zur Erliuterung der Einstellung des Fisches bei konstantem Seitenlicht
vor (A) und nach (B) einseitiger Entstatung, wobei auf den einen Statolithen in B
die doppelte mechanische Kraft wirkt. Die Gleichgewichtslage ist in beiden Fillen
dieselbe; die jedem Sinnesorgan zugeordnete zentrale Drehtendenz ist als unter-
brochener Pfeil eingezeichnet (vergl. als Gegenstiick Abb. 11).

komplizierte Theorie konnte diesen Schlufl jetzt noch umgehen. Die
Entscheidung liefert das Verhalten nach einseitiger Utriculusausschaltung,
wenn wir die automatiebedingte Drehtendenz eliminieren oder auch ihre
zentrale Kompensation abwarten. Der Fisch mit nur einem Utriculus
stellt sich namlich bei horizontaler Beleuchtung wesentlich stirker zum
Licht geneigt ein, als vor der Operation bei derselben Helligkeit. Der
Neigungswinkel o nimmt genau den Wert an, den a vorher besal3, wenn das
‘Gewicht’ der beiden Statolithen gerade auf die Hilfte reduziert wurde.
Anders gesagt: Das einseitig entstatete Tier nimmt, wenn man im
Zentrifugierversuch das ‘Gewicht’ des einen iibrig gebliebenen Statolithen
verdoppelt, wieder denselben Neigungswinkel « ein, den es bei der
betreffenden Helligkeit vor der Operation besa8 (Abb. 12).

Wir erhalten also die gleiche Anderung der statisch bedingten Dreh-
tendenz im Zentrum, wenn wir entweder den adiquaten physikalischen
Reiz halbieren oder wenn wir durch chirurgischen Eingriff die Zahl der
insgesamt das Zentrum mit Impulsen versorgenden Sinneszellen und
Nervenfasern halbieren. Daraus ergeben sich unmittelbar zwei Folge-
rungen: (1) zwischen dem Scherungsreiz und seiner physiologischen
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Wirkung im Zentrum besteht direkte lineare Proportionalitit; und (2) die
Wirkung eines Utriculusstatolithen addiert sich einfach zur Wirkung des
anderen Statolithen.

(4) Diskussion und Zusammenfassung der Resultate

Diese Ergebnisse, die ich Thnen hier nur kurz darlegen konnte, sind nach
einer mathematischen Behandlung des Gegenstandes durch meinen
Mitarbeiter, den Physiker H. Kaiser, nicht bloBe Moglichkeiten, sondern
sichere Schliisse. Wenn ich nun noch hinzufiige, daB weder der periphere
statische Apparat noch das Gleichgewichtszentrum irgend eine Form der
Reizadaptation in unseren Versuchen erkennen lieBen, so werden Sie mir
beipflichten, daB3 wir hier den einfachsten Sinnesapparat vor uns haben,
der sich wohl iiberhaupt denken lifit. Diese Einfachheit hingt gewif3
damit zusammen, daf dieses Organ auf die Registrierung der Richtung
einer stindig vorhandenen konstanten Kraft, nimlich der Erdschwere,
angepaBt ist—oder ich sollte lieber sagen, daB3 die iibrigen Sinnesorgane
darum so komplizierte Reiziibertragungsapparate sind, weil sie sich an so
wechselnde Reizquantititen anpassen miissen.

Wir haben nun erst alle Daten zur Hand, mit deren Hilfe wir zentrale
Umstimmungen, die einen EinfluB auf die Gleichgewichtslage haben,
quantifizieren konnen. Wir wissen Folgendes:

(1) Der adiquate physikalische Reiz, die Scherung, steigt in Sinusform
an, wenn der Neigungswinkel o des Fisches zunimmt und erreicht bei
Seitenlage, wenn o =go° betrigt das Maximum von 1 g (Erdschwere).

(2) Die physiologische Wirkung dieses Reizes, die wir zentrale Dreh-
tendenz genannt haben, welche den Fisch in die aufrechte Lage zuriick-
zubringen sucht, dndert sich proportional dem Sinus des Winkels a.

(3) Bei horizontalem Seitenlicht entsteht eine gegensinnige Drehtendenz
optischer Herkunft, die den Fisch in Seitenlage (o =90°) zu bringen sucht.
Diese optisch induzierte Drehtendenz hat ihr Maximum bei =0 und
B =90°, wenn das Licht seitlich in Richtung der Augachse eintrifft, und sie
wird=0 wenn das Licht genau dorsal auftrifft, also #=0° betrigt (vgl.
Abb. 4). Es ergibt sich nun aus unseren Versuchen, wie am Waagemodell
leicht einzusehen ist, daB auch die optisch induzierte zentrale Drehtendenz
sich proportional dem Sinus des Winkels £ dndert. Diese drei Tatsachen
brauchen wir fiir das, was ich nun berichten méchte.

IV. DER BEGRIFF DER ZENTRALEN UMSTIMMUNG

Wenn der Fisch, als ‘Gleichgewichtsmaschine’ betrachtet, lediglich eine
einfache Waage nachahmte, dann diirfte seine Einstellung nur von
duBeren Faktoren, also von der GroB3e der Scherung im Statolithen und
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von Helligkeit und Richtung des Lichteinfalls abhingen. Doch so einfach
ist, Gottseidank, sein Verhalten doch nicht. Tatsichlich unterliegt er
Stimmungen, d.h. hier: er gleicht einer Waage, bei der unter bestimmten
angebbaren Bedingungen das Lingenverhiltnis der beiden Waagebalken
sichin bestimmter Weise éndert; und das istein Vorgang, der sich beim Fisch
mehr oder weniger langsam im zentralen Nervensystem selbst abspielt.

Ein Beispiel: Ein Scalare steht bei horizontalem Seitenlicht im stré-
menden Wasser mit einer Neigung von a=50°; bei der gegebenen peri-
pheren und zentralen Situation besteht ein Gleichgewicht zwischen
optischer und statischer Drehtendenz, es treten keine Lagekorrekturen auf.
Das Verhiltnis von sin /3: sin « betrigt in diesem Falle 0,85. Nun wird
dem Fisch im stromenden Wasser etwas PreBsaft von Wiirmern
(Enchytraea) zugeleitet. Sobald dieser Saft seine Nase erreicht, neigt der
Fisch sich von 50° auf 65°, und zugleich bemerkt man, besonders am Spiel
der Augen, eine gewisse motorische Unruhe. Das Verhiltnis von sin f:
sin « ist jetzt von 0,85 auf 0,47 abgesunken, obschon weder die optische
noch die statische dufere Reizsituation sich gedndert hat. Es muB} also
im Zentrum etwas anders geworden sein; nimlich die Bewertung, welche der
optischen und der statischen Erregung zuteil wird. Und zwar ist die
relative Wirkung der optischen Erregungszufuhr ganz erheblich ange-
stiegen. Der Fisch ist, bildlich gesprochen, innerlich plétzlich fast ‘ganz
Auge’. Wire dies nicht der Fall, so mii3ten ja Lagereflexe auftreten, die den
Fisch von seiner 65°-Einstellung wieder zur 50°-Ausgangslage zuriick-
bewegen. Diese Anderung der zentralen Bewertung peripherer Reize ist
das, was ich eine zentrale Umstimmung nennen will.

Wir konnen das Ausmall dieser Umstimmung leicht quantifizieren,
indem wir angeben, mit welchem Faktor man den verdnderten Quotienten
sin f#: sin « multiplizieren muf3, damit er wieder seinen alten Ausgangswert
erhilt. In unserem Beispiel betrigt dieser Umstimmungsfaktor U etwa 1,8.
Es ist also nicht der jeweilige Quotient sin £: sin « selbst fiir uns von
irgendeinem Interesse, denn dieser hingt von peripheren Bedingungen ab,
wie z.B. von der jeweiligen Helligkeit und von der Empfindlichkeit und
dem Adaptationszustand des Auges. Sondern uns interessiert allein die
Anderung des Quotienten, also der Umstimmungsfaktor U. Steigt U iiber
I an, so bedeutet das, verglichen mit dem Ausgangszustand, eine relative
Hoherbewertung der optischen Erregungszufuhr im Zentrum, sinkt U
unter 1 ab, so bedeutet es eine relative Geringerbewertung der optischen
Erregungszufuhr. Da wir wissen, daB3 die einander kompensierenden
Drehtendenzen dem sin a, bzw. dem sin # direkt proportional sind, so
gibt uns der eingefiihrte Umstimmungsfaktor U ein sehr unmittelbares
MaB8 fiir die zentrale Umstimmung.
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Die Einfithrung dieses Umstimmungsfaktors an Stelle der bloBen
Angabe des verinderten Neigungswinkels o macht die Situation vielleicht
unanschaulicher, sie bringt aber dafiir den groBen Vorteil, daB} in der
quantitativen Erfassung des Phinomens die jeweilig verschiedene Aus-
gangslage des Fisches nicht mehr vorkommt, die ja durch periphere und
konstitutionelle Faktoren mitbestimmt wird. Abb. 13 zeigt Ihnen bei-
spielsweise die Winkeldnderungen, die bei einem Umstimmungsfaktor von
U=0,8; U=1,2 und U=2 auftreten, in Abhingigkeit von der jeweiligen
Ausgangsschriglage. Sie bemerken, daB diese Winkelausschlige keineswegs

20°J U=2
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Abb. 13. Anderung des Neigungswinkels, aufgetragen iiber der jeweiligen Ausgangs-
schriiglage a, fiir drei verschiedene Umstimmungsfaktoren U. Erlduterung im Text.

unabhingig von der Ausgangslage sind, sondern nahe bei «=0° und bei
a=90° ein Minimum, in der Gegend von a=45° ein Maximum haben.
Wenn der Fisch auf 45° geneigt steht, bewirkt also eine bestimmte zentrale
Umstimmung einen groBen duBerlich sichtbaren Effekt.

V. BEISPIELE VON ZENTRALER UMSTIMMUNG

(1) Verdndertes Bewertungsverhdltnis optischer und statischer
Gleichgewichtserregungen

Lassen Sie uns nun endlich eine Anzahl verschiedener zentraler Umstim-
mungsvorginge an Beispielen kennenlernen. Ich halte mich deshalb an
einzelne Beispiele, weil unsere Versuche noch im Gange sind und weil
hier, wo es sich um héhere zentrale Vorginge handelt, nicht nur artliche,
sondern oft erhebliche individuelle Unterschiede vorkommen—im Gegen-
satz zum bisher besprochenen Gleichgewichtsapparat, der bei allen unter-
suchten Fischarten iibereinstimmend arbeitet.

Wenn ein Fisch nich lingerem Dunkelaufenthalt wieder belichtet wird,
dann bemerkt man an verschiedenen Anzeichen, daB er allmihlich erwacht:
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Er bekommt langsam eine andere Firbung, eine andere Atemfrequenz, die
allgemeine motorische Aktivitit und Irritierbarkeit nimmt zu, auch die
FreBlust erwacht langsam, wie Sie noch genauer sehen werden. Diese
Erscheinungen deuten auf eine allgemeine zentrale Umstimmung.
Beleuchten wir den Fisch von der Seite, so manifestiert diese Umstimmung
sich auch in einer allmidhlichen Zunahme der optischen Gleichgewichts-
komponente, die bei geniigend langem Dunkelaufenthalt (wihrend des
Schlafs) bis auf Null abgesunken war.

30°4,
1,5 min. vorherige Dunkelheit -
25° - 1.2
[ 1
20° "o
F 0,8
15° E 0.6
a
10° o4 U
50 F 0,2
90 min. vorherige Dunkelheit
s T T Y 14 T Y
0 2 4 6 8 10 12

min, <~

Abb. 14. Gleichgewichtseinstellung eines Tetra bei Seiteinlicht, aufgetragen iiber der
Zeit in Minuten fiir vier vorhergegangene Dunkelzeiten von verschiedener Dauer.
(Links der Neigungswinkel «, rechts der Umstimmungsfaktor U, wobei U=1 der
Ausgangslage vor Beginn der Verdunklung entspricht.)

Das Kurvenbild 14 zeigt dieses Verhalten an einem Tetra. Der Anstieg
des Neigungswinkels o bei Seitenlicht geht nach einer Dunkelheit von
mehr als einer Stunde ganz allmihlich vor sich. Je kiirzer nun die
voraufgegangene Dunkelzeit ist, desto hoher ist der Ausgangswert von «
nach erfolgter Belichtung. Gleichzeitig macht sich ein sehr charakteris-
tischer Anfangsgipfel in der Kurve bemerkbar. Dieser Gipfel geht auf das
Konto der Dunkeladaptation des Auges, sein Wiederabstieg zeigt den
ProzeB3 zunehmender Helladaptation an, also einen schnelleren peripheren
Vorgang von entgegengesetzter Verlaufsrichtung, der sich dem zentralen
UmstimmungsprozeB iiberlagert. Ich kann die Griinde fiir diese Deutung
nicht niher ausfiihren, uns interessiert hier nur der zentrale Vorgang.

Wenn man die Winkelgeschwindigkeit, mit welcher der Fisch sich bei
Seitenlicht um seine Lingsachse mit dem Riicken zum Licht dreht, in
Abhingigkeit von der vorherigen Dunkelzeit genau bestimmt, dann wird
einem der Unterschied zwischen einer einfachen reflektorischen Gleich-
gewichtseinstellung und einem zentralen Umstimmungsproze3 eklatant
deutlich. Bei Pterophyllum betrigt diese Drehgeschwindigkeit um die
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Lingsachse nach acht Sekunden Dunkelheit 0,05 sec. pro Winkelgrad,
nach fiinf Stunden Dunkelheit im Mittel 70 sec. pro Winkelgrad! Um das
1400-fache langsamer geht also die zentrale Umstimmung vonstatten,
verglichen mit der einfachen Gleichgewichtseinstellung des bereits optisch
gestimmten Tieres.

Wenn wir kurz nach der biologischen Bedeutung dieser Erscheinung
fragen wollen, dann muf} zuvor von der Aufgabe die Rede sein, die iiber-
haupt dem optischen Gleichgewichtsanteil zukommt. Dieser ist fiir den
Fisch von zweifachem Nutzen: (1) in turbulentem oder wellenbewegtem
Wasser korrigiert das von oben einfallende Licht die stindigen Fehlanzeigen,
die durch passive Beschleunigung des Fisches im statischen Apparat
notwendig entstehen miissen. (2) Uber unebenem, dunklem Untergrunde
stellt der optische Gleichgewichtsfaktor den Fisch mit der Bauchseite zum
festen Substrat; er wird der Kontur des Grundes gleichsam angeschmiegt
und hat dadurch (im Gegensatz zum nur statisch orientierten Tier) freie
Bewegung nach beiden Seiten. Unter natiirlichen Bedingungen wird also
die Wirkung des statischen Organs durch den Lichteinfall nur modifiziert.
Erst wenn wir die anfangs geschilderte unnatiirliche Situation schaffen, da83
das Licht von unten her einfillt (Abb. 1), dann konkurrieren optische und
statische Komponente miteinander, und es gibt bei gleicher zentraler
Bewertung beider Komponenten einen Indifferenzzustand, wo jegliche
Gleichgewichtsreaktionen ausgeloscht sind.

Da die optische Komponente nur niitzlich sein kann, solange Licht
vorhanden ist, so konnen wir ihr Schwinden in der Dunkelheit—also das
Absinken des Umstimmungsfaktors U bis auf Null und sein allmiahliches
Wiederansteigen im Licht—als eine sinnvolle Anpassung an den Wechsel
von Tag und Nacht betrachten.

Fir die Richtigkeit dieser Auffassung sprechen nun zwei weitere
Umstimmungsmoglichkeiten, die ich nur kurz erwihnen will: (1) Schau-
kelnde Bewegung des Wassers verstirkt manchmal (Scalare) sehr erheblich
den optischen Gleichgewichtsanteil, der Umstimmungsfaktor kann bis auf
das Doppelte ansteigen und geht, wenn das Schaukeln aufhort, langsam
wieder zum Ausgangswert zuriick. Das heif3t also: Bei Wellenbewegung
‘verlaBt’ der Fisch sich sozusagen mehr auf den zuverlidssigeren optischen
Gleichgewichtsanteil. (2) Erh6hung des hydrostatischen Druckes verringert
bei vielen Fischarten mehr oder weniger die Wirkung der optischen
Komponente; der Umstimmungsfaktor kann bei Druckanstieg von 10 cm.
auf 100 cm. Wassersdule weniger als o,7 betragen. Auch dieser Effekt
schwindet allmihlich bei Riickkehr zum Ausgangsdruck. Das bedeutet
aber fiir den Fisch: Beim Herunterschwimmen in die sowohl dunklere
als auch weniger bewegte Wassertiefe erhidlt der hier zuverldssigere
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statische Gleichgewichtsanteil eine héhere Bewertung im Zentrum. (Die
Rezeptoren fiir diese Umstimmung liegen nicht im Labyrinth, sondern
vermutlich in der Schwimmblasenwand).

Eine vierte von uns genauer untersuchte Umstimmung darf gréBeres
allgemeines Interesse beanspruchen. Der hungrige Scalare, der Beute
Jfixiert oder riecht, neigt sich stdrker zum Licht, z.B. von 50° auf 65° bis

70". Nach Erschnappen der Beute, oder sobald sie aus seinem Blickfeld
verschwindet, geht er in etwa dreiBlig Sekunden wieder in die vorherige

— Fixieren

~ Zuschrappen

Abb. 15. Scalare; zentrale Umstimmung beim Fixieren und Schnappen von Beute,
aufgetragen iber der Zeit in Sekunden. Mittelkurve von zehn aufeinanderfolgenden
Messungen (die senkrechten Striche bezeichnen die mittlere Streuung).

Ausgangslage zuriick. Der Anstieg des Neigungswinkels a geht sehr
schnell in 1-3 Sekunden vonstatten; der Abstieg ist langsam genug, um
genaue Messungen zu gestatten. Abb. 15 zeigt den typischen S-férmigen
Verlauf dieser Abklingkurve. Sie ist besonders dadurch charakterisiert,
daB der Umstimmungsfaktor bei seiner Riickkehr den Ausgangszustand
voriibergehend etwas unterschreitet, als wenn er gedidmpft auspendelte.
Auf den Anstieg folgt ein kompensatorisches Absinken, ein ‘rebound’-
Phinomen, das man vielleicht als ‘zentrales negatives Erregungsnachbild’
auffassen konnte.

Die Hohe, bis zu welcher der Umstimmungsfaktor beim Erblicken von
Beute ansteigt, hingt von folgenden Faktoren ab:

(1) Vom Hunger. Beim mehrere Tage nicht gefiitterten Fisch betrigt
der Faktor U oft mehr als 2, um mit fortlaufender Fiitterung bald wieder
auf 1 abzusinken. Die letzten noch geschnappten Wiirmer werden ohne
jede Lageinderung fixiert und genommen.

(2) Die GroBe von U hingt ferner von der Beuteart ab. Die kleinen
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Cyclops bewirkten bei unseren Scalaren viel hohere, die groBeren Daphnien
geringere Ausschlige als die Wiirmer (Enchytraea). (Cyclops wird auch
dann noch gefressen, wenn der Fisch Enchytraean und Daphnien nicht
mehr beachtet.)

(3) Bei gleicher Futterart ist auch die Grgfe des Objekts von EinfluB:
GroBerer Wurm bewirkt stirkere Reaktion.

(4) Die Temperatur macht sich in dem Sinne bemerkbar, da3 beim
allmidhlichen Anstieg von 18° auf 30° sowohl die FreBlust als auch die
Hohe der jeweiligen Gleichgewichtsausschlige immer mehr zunimmt.

r v + I[ Th&w 1
0 10 20 30 40 50 60
min, ———®=

Abb. 16. Scalare; Kurve 1: Optisches ‘Erwachen’ nach acht Stunden Dunkelheit,
aufgetragen iiber der Zeit in Minuten; der Umstimmungsfaktor U, ist links auf-
getragen, als Einheit die Einstellung vor der Verdunklung gewihlt. Dem Fisch
wurden in Abstinden Wiirmer geboten, die je nach der ausgelésten Reaktion durch
4 verschiedene Zeichen markiert sind. Fiir die durch jeden Wurm verursachte
voriibergehende Umstimmung U, gilt als Einheit die Lageeinstellung im Moment
des Fixierens. Es bedeuten in der unteren Kurve (2) O : vorbeischwimmenden Wurm
nicht beachtet; X : Wurm fixiert, aber nicht geschnappt; @ : Wurm fixiert und gesch-
nappt; ’: Wurm geschnappt und wieder ausgcspuc{:t.

(5) SchlieBlich ist auch der Grad des optischen Erwachtseins von
EinfluB. Abb. 16 zeigt in der fortlaufenden Kurve 1 das schon bekannte
langsame Ansteigen des optischen Gleichgewichtsanteils bei Seitenlicht
nach acht Stunden Dunkelheit. Der Scalare hatte zwei Tage gehungert.
Die senkrechten Stibe geben die Gré8e des Umstimmungsfaktors fiir die
nacheinander gebotenen Wiirmer wieder, die mit der Wasserstromung auf
den Fisch zugeschwommen kommen. Die ersten Wiirmer, einige Minuten
nach Einschalten des Seitenlichts, bleiben vollig unbeachtet. Die folgenden
werden teils nur fixiert, teils auch geschnappt, aber mit nur geringer
zentraler Umstimmung; erst nach dreiBig Minuten gibt es maximale
Reaktionen, die bei fortlaufender Fiitterung aber bald wieder auf Null
absinken. Auch die letzten Wiirmer werden wieder teils nur fixiert, teils
losen sie, obschon genommen, geringe oder iiberhaupt keine Gleichge-
wichtsreaktionen aus, und manche werden wieder ausgespuckt. SchlieBlich
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wird kein Wurm mehr beachtet, als wire der Fisch ‘blind’ fiir ein Objekt,
das ihn kurz zuvor noch stark erregte.

Wir haben durch eine Reihe von Experimenten die Frage gepriift, ob
an dieser Reaktion irgendwelche peripheren Faktoren, etwa Bewegungen
des Auges oder retino-motorische Erscheinungen, die den Adaptations-
zustand im Auge indern, beteiligt sind. Doch sind wir zu dem Schluf3
gekommen, daB3 es sich um ein rein zentrales Phinomen handelt. Es ist
wohl nicht zweifelhaft, daf3 wir hier eine Auswirkung desjenigen Vorgangs
messen, dessen psychisches Korrelat man bei uns Menschen den ‘Appetit’
nennt. Ich méchte daher diesen zentralen Umstimmungsprozef als die
Appetiterregung bezeichnen.

Sie ersehen aus dem Mitgeteilten, daf3 die Appetiterregung beim Fisch
wie bei uns (auBer von der vorausgegangenen Fastenzeit) von der Qualitit
und GroBe des angebotenen Bissens abhingt; daf sie, ebenso wie bei
vielen Menschen, nach dem Schlafen erst langsam wiederkehrt (auch wenn
sie abends zuvor beliebig gro8 war). Ahnlich wie wir nimmt auch der
gesittigte Fisch noch ohne Appetit gleichsam ‘mechanisch’ einige Bissen,
die sich ihm bequem anbieten. Ob auch bei uns das erwihnte ‘negative
Erregungsnachbild’ vorkommt, scheint mir einigermalen zweifelhaft.

Es ist nun bemerkenswert, dal3 beim Fisch nach lingerer Fastenzeit
auch beuteihnliche Dinge, wie z.B. der eigene Kot, fixiert, gelegentlich
auch geschnappt und wieder ausgespuckt werden, und dabei jedesmal eine
gewisse, wenn auch deutlich kleinere ‘ Appetiterregung’ auslosen, als z.B.
die Wiirmer. Das ist ein gutes Beispiel fiir eine durch aufgestautes Ent-
behren verursachte ‘Erweiterung des Schemas’ im Sinne von Konrad
Lorenz—wobei die Frage offen bleibt, ob dieses Schema hier angeboren
oder erworben ist. Durch Atrappenversuche lieBe sich hier wohl gut ein
‘Beliebtheitsgefille’ quantitativ fassen.

SchlieBlich scheint mir noch die Tatsache erwihnenswert, dal der
hungrige Fisch schon Beute in groBer Ferne prompt bemerkt und fixiert,
der halbsatte nur noch solche fixiert, die nahe vorbeikommt, und der
gesittigte auch durch einen dicht vorbeischwimmenden Wurm zu keinerlet
Augenbewegungen mehr veranlat wird. Wir missen daraus wohl
schlieBen, daB8 der Hunger einen bestimmten zentralen Dauerzustand
erzeugt, den man, subjektiv formuliert, ‘latente Aufmerksamkeit auf
EBbares’ nennen kénnte. Diese besondere zentrale Einstellung ist erst die
Basis, auf der Fixieren und eventuelles Zuschnappen erfolgt. Man kénnte
auch so sagen: Je satter ein Fisch ist, desto weniger ‘bemerkt’ er eBbare
Dinge seiner Umgebung. Eine solche spezifische latente Aufmerksamkeit
auf bestimmte Dinge kennen wir auch von uns Menschen. Wie verschieden
sind doch die Eindriicke, die wir empfangen, wenn wir ohne vorgenom-
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menes Ziel in verschiedener ‘Stimmung’ die gleiche Landschaft durch-
wandern!

Ich habe Ihnen wohl genug Beispiele von solchen Umstimmungen
gegeben, die sich in einem verinderten Bewertungsverhiltnis der optischen
und der statischen Gleichgewichtserregung duflern. Das ist nur emn
Typus von derartigen Vorgingen. Ich mochte Thnen nun zeigen, da man
auch solche Umstimmungen sichtbar machen kann, die—ohne daB
optische Faktoren beteiligt sind—das zentrale Rechts-links-Gleichgewicht
beeinflussen, und schlieBlich solche, wo das Zentrum als Ganzes in einen
verinderten Aktivititszustand versetzt wird.

(2) Umstimmungen, die das zentrale Rechts-links-
Gleichgewicht beeinflussen

Zum Verstindnis des Folgenden erinnere ich noch einmal an die
Funktionsweise des Statolithenapparates. Das Sinnesepithel des Utriculus
verursacht durch seine Daueraktivitit jederseits eine einseitige Dreh-
tendenz, der sich der Scherungsreiz des Statolithen
additiv iiberlagert. Einseitige Utriculusausschaltung
oder Zerstérung des ganzen Labyrinths erzeugt
daher die bekannten Asymmetrien, die nicht nur
bei Fischen, sondern sogar beim laufenden Kanin-
chen (Magnus) zu Rotationen um die Lingsachse
fithren. Wir wollen nun das langsame Verschwinden
dieser stirmischen Erscheinung, das bei Fischen
einige Wochen, bei Vogeln, Siugern und beim
Menschen Monate dauert, etwas genauer in Augen-
schein nehmen. Meine Mitarbeiterin Friulein
Schoen hat die Frage niher untersucht.

Ein einfaches Verfahren, die Grole der post-
operativen dauernden Rotationstendenz in Rein-
darstellung sichtbar zu machen, besteht darin, daf§
der Fisch in einem senkrecht stehenden allseitig
gieichhellen Zylinder nach oben oder nach unten
schwimmt, wobei einige schwarze Kreise auf dem
Zylinder ihm ein optisches ‘ Festhalten’ gegeniiber

Abb. 17. Allseitig be-
leuchteter, von oben her

der Wasserstromung ermdglichen. (Abb. 17). Unter
diesen Bedingungen rotiert z.B. der Tetrakurz nach
der einseitigen Utriculusausschaltung mit einer
Frequenz zwischen ein und zwei Umdrehungen
in der Sekunde. Diese Rotationsfrequenz nimmt

durchstrémter () Zy-
linder, in dem ein ein-
seitig entstateter Fisch
in senkrechter Achsen-
stellung  gleichmiBig
rotierend schwimmt.
Erlduterung im Text.

im Laufe der Wochen immer mehr ab. Aber selbst nach iiber einem
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Monat dreht sich der Fisch immer noch ganz langsam, mit etwa ein
Umdrehung pro Minute, um seine Lingsachse. Dieses Verfahren ist
demonstrativ und empfindlich, denn es liBt noch geringste Spuren
eines zentralen Ungleichgewichts erkennen. Fiir eine Umrechnung in
physiologische Erregungs- oder Umstimmungsgréfen ist es nicht geeignet.

Zu quantitativen Angaben kommen wir leicht bei Zuhilfenahme der
statischen und optischen Gleichgewichtskomponente. Ich erwihnte
bereits, da3 der einseitig entstatete Fisch, der in horizontaler Strémung
schwimmt, und seitlich beleuchtet wird, sich wie die schon demonstrierte
Waage mit einem zusitzlichen konstanten Drehmoment verhilt (Abb. 17).
Dieses ‘ Drehmoment’ und seine allmidhliche Abnahme wollen wir messen
und physiologisch verstehen, denn auch hier liegt ja ein Umstimmungs-
prozeB3 besonderer Art vor. Sie koénnen sich am Waagemodell leicht
davon iiberzeugen, daB3 es moglich ist, die Gréfle dieses ‘Drehmoments®
dadurch anzugeben, dafl wir es durch eine bestimmte Scherungswirkung
des erhalten gebliebenen Statolithen kompensieren. Wir kénnen die Grolle
der postoperativen Drehtendenz quantifizieren, wenn wir als Einheit die
durch eine Scherungsgrife von 1 g gerade kompensierte Drehtendenz
wihlen.

Die Kurve 18 gibt nun die Abnahme der postoperativen Drehtendenz
wieder. Sie sehen, dal} etwa nach cinem halben Tage die zentrale Dreh-
tendenz bis auf den Wert von 1 absinkt. Bis zu diesem Zeitpunkt rotiert
der freischwimmende Fisch (bei allseitigem Licht), da die Gegenwirkung
des einen Statolithen in keiner Stellung gegen die Rotationstendenz
aufkommt. In diesem ersten Zeitabschnitt sind die Bewegungen meist
recht turbulent, so daf3 der Kurvenverlauf nicht genauer festgelegt werden
kann. Nach Passieren des Wertes 1 bemerken Sie einen zunichst rapiden
Abfall der Kurve, die erst allmidhlich flacher wird und nach vierzig Tagen
die Null-Linie noch nicht ganz erreicht hat.

Es entsteht die Frage, welcher Faktor diesen Kurvenverlauf bestimmt,
ob es sich um eine rein zentrale Kompensation handelt, oder ob periphere
Reize beteiligt sind? Wenn die Tiere gleich nach der Operation in eine
Dauer-Zentrifuge gebracht werden, so daf3 das ‘Gewicht’ des Statolithen
stindig auf das Doppelte erhoht bleibt, dann erfolgt diese Kompensation
rund dreimal so schnell als bei den normal gehaltenen Kontrolltieren. Das
spricht fiir eine starke Mitbeteiligung des statischen Apparates an diesem
Kompensationsvorgang. DaBl diese Korrektur in erster Linie vom
erhalten gebliebenen Utriculus-Statolithen ausgeht, ist sehr wahrschein-
lich. (Eine gewisse Mitbeteiligung der Lagena-Statolithen kommt ebenfalls
in Frage. Aus Untersuchungen von Friulein Schoen kénnen wir nimlich
schlieBen, daB auch die Lagena-Statolithen neben ihrer Horfunktion auf
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Scherung ansprechen. Sie bewirken zwar keine Lageorientierung, haben
aber wohl einen gewissen ‘tonisierenden’ Effekt auf das Gleichgewichts-
zentrum. Doch diese Versuche sind noch im Gange.)

Es ist nun wichtig, daB3 nach erfolgter Kompensation, wenn auch noch
der andere Utriculus entfernt wird, eine neue Drehtendenz auftritt, so als
wire der Utriculus auf der Gegenseite de facto noch vorhanden. Diese
Drehtendenz, die wir mit Hilfe des gerichteten Lichteinfalls ebenfalls
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Abb. 18. Abnahme der Drehtendenz nach einseitiger Entstatung. Mittelkurve von zehn
Fischen (vier Arten). Als Einheit ist die Drehtendenz gewihlt, die durch einen
Statolithen gerade kompensiert wird, auf den eine Scherkraft von 1 g wirkt.

quantifizieren konnen, ist jetzt natiirlich von der Raumlage des Fisches
vollkommen unabhingig. Sie ist iiberraschender Weise von etwa derselben
GroBe, wie die Drehtendenz nach der ersten Operation und geht auch in
einer dhnlichen Kurvenform zuriick, wenn man die Fische in diffusem
Oberlicht hilt. Daraus folgt, daBl die Kompensation auch ohne die
Orientierungshilfe eines Utriculus-Statolithen vonstatten gehen kann.

Die Erscheinung, daB beidseitige Labyrinthausschaltung in zeitlichem
Abstand eine Asymmetrie hinterld3t, ist bereits von vielen Wirbeltieren
bekannt. Sie zeigt, dal die erste Kompensation im Neuaufbau einer
zentralen Drehtendenz bestehen muB, die keiner Erregungszufuhr aus
einem der Labyrinthe bedarf, und die vielleicht selbsttitigen-automatischen
Charakter hat.
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Wir konnen die Sache zusammenfassend so deuten: Chirurgische
Abschaltung der stindigen Erregungszufuhr des einen Utriculus (bzw.
Labyrinths) verursacht im zugehorigen Zentrum (dem gleichseitigen
Vestibulariskern) ein katastrophales Absinken der Aktivitit oder Erreg-
barkeit. Damit entsteht ein zentrales Erregungsungleichgewicht, das die
enormen Asymmetrien von Bewegung und Haltung zur Folge hat, wie
sie z.B. einer Taube den Kopf um mehr als 360° herumdrehen kénnen.
Die lahmgelegten Ganglienzellen erholen sich aber langsam wieder und
gewinnen schlieBlich ihre volle Erregbarkeit zuriick. Diese Erholung wird
sehr gefordert durch solche peripheren Erregungen, die dem vorhandenen
Ungleichgewicht im Zentrum entgegenwirken. Wenn spiterhin auch der
Utriculus der Gegenseite ausgeschaltet wird und hier der gleiche Zusam-
menbruch stattfindet, mul3 ein etwa gleichgroes entgegengesetztes
Ungleichgewicht im Zentrum mit entsprechenden motorischen Aus-
wirkungen die Folge sein.

VI. ZENTRALE “AUFLADUNG” (ANDERUNG

DER AKTIVITAT)
Sie werden vielleicht fragen, warum ich mich bei der Erklirung dieses
Phinomens so lange aufhalte? Es geschieht wegen einer Konsequenz, die
sich aus dieser Deutung ergibt: Man kennt in der Physiologie zahlreiche
Fille, wo Sinnesreize die Aufgabe haben, ein Organ auf eine bevorstehende
Beanspruchung vorzubereiten. So etwa wird das Verdauungssystem schon
durch Anblick oder Geruch von Speise in zweckmiBiger Weise aktiviert.
Ich stelle nun die These auf, daf} das gleiche Prinzip auch im Zentralnerven-
system gilt, und daB solche Sinneseindriicke, die eine bevorstehende
Beanspruchung des Bewegungsapparates ankiindigen, wo es auf Geschick-
lichkeit und schnelles Reagieren ankommt, das Gleichgewichtszentrum in
einen Zustand erhohter Aktivitit versetzen. Selbstverstindlich wird, wenn
meine Behauptung zutrifft, dem intakten Tier davon doch nichts anzu-
merken sein. Sobald aber das Gleichgewichtszentrum einseitig weniger
erregbar —nicht ‘gebahnt’ —ist, wird sich die von héheren Zentren ein-
treffende aktivierende Erregung nicht gleichmiBig ausbreiten koénnen,
sondern zu einem starken Ubergewicht der erregbareren Seite, mithin zu
einer plotzlichen zentralen Drehtendenz fiihren.

Sie erraten wohl schon, daB ich damit zu dem anfangs geschilderten
absonderlichen Verhalten des Stichlings zuriickkehre, der angesichts des
drohenden Kampfes plstzlich zu rotieren beginnt (Abb. 2). Dal es sich hier
um ein einseitig entstatetes, halbkompensiertes Tier handelt, hatte ich
bisher unterschlagen. Wenn Sie meine Deutung akzeptieren, so kénnen wir
sagen, daB der Anblick der spezifischen Angriffsstellung des Rivalen eine
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ungeheure ‘Aufregung’ im Fisch erzeugt, die vor allem das Gleichge-
wichtszentrum aktiviert, das aber beiderseits sehr ungleich ‘aufgeladen’
wird.

Eine solche ‘Aufladung’ des Zentrums geschieht auch durch andere
Sinnesreize, die einer erhohten Bewegungsaktivitit und -prizision
vorauszugehen pflegen. So z.B. fihrt das Fangen eines Beuteobjekts,
besonders wenn dieses verfolgt werden mulB}, ferner das Gejagtwerden
(z.B. mit dem Fangnetz) und jedes Erschrecken, z.B. plotzliches Aufwecken
aus dem Schlaf, zu einem Rotationsanfall. Dal} die Erscheinung wirklich
ein gentrales Phinomen ist, das mit Erregungszufuhr aus dem statischen
Apparat nichts zu tun hat, ist daran zu erkennen, daf} sie nach beid-
seitiger Entstatung in gleicher Weise auftritt, wenn beide Ausschaltungen
in zeitlichem Abstand erfolgten. Es bietet einen ebenso illustrierenden
wie erheiternden Anblick, wenn eine Anzahl in einem Becken bei Unter-
licht gehaltene beidseitig entstatete Tetras, die schon in der Ruhe in
umgekehrter Lage umherschwimmen, bei der Fiitterung gar noch in
Schraubenbewegungen ihre Daphnien verfolgen! Es handelt sich also bei
der ‘Rotation aus Aufregung’ um einen echten, rein zentralen Umstim-
mungsprozef3.

Die Beobachtung, daf3 die Asymmetrien nach einseitigem Labyrinthaus-
fall zunehmen, wenn das Tier erregt wird, ist schon alt und wohl keinem
sorgfaltigen Experimentator entgangen, obschon sich m.W. keine plausible
Erklirung dafiir fand. Schon Ewald beschreibt, daf seine Tauben, wenn
er ihnen das Futter schwer erreichbar hinstellte, in der Anstrengung,
hinzukommen, sich durch ibermiBige Kopfverdrehung am Erreichen des
Zieles selbst hinderten. Andererseits konnte er durch das bekannte
sogenannte ‘Hypnotisieren’, d.h. auf den Riickenlegen, die Drehtendenz
vollig koupieren: Die wieder aufstehende Taube ging in zunichst voll-
kommen symmetrischer Haltung davon. Wir kénnen diese interessante
Beobachtung jetzt als Herabsetzung der Aktivitit des Gleichgewichts-
zentrums durch taktile Reize gut verstehen. Eine ganz entsprechende
Wirkung haben taktile Reize auch bei Fischen: Ldft man einen frisch
operierten stindig rotierenden Stichling sich in einem freischwimmenden
kurzen Wollfaden selbst einrollen, dann kann er fiir lange Zeit zur Ruhe
kommen; beim Auswickeln geht das Drehen wieder weiter.

Unser anfangs zitierter Stichlingsversuch ist nun deshalb von besonderem
tierpsychologischem Interesse, weil wir diese ‘ Kampfaufregung’ bei einem
jung aufgezogenen Minnchen entdeckten, das noch niemals zuvor
gekimpft hatte. Das Angeborensein der ‘Angst’ vor dem Bild des
drohenden Rivalen 148t sich wohl nicht drastischer demonstrieren! Es war
dabei gleichgiiltig, aus welcher Blickrichtung dieses gegnerische Bild dem
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Auge erschien, ob von vorne, seitlich oder schrig von hinten. In jedem
Fall trat, ohne daBl der Bedrohte Fixierbewegungen ausfiihrte, der
Rotationsanfall auf. Es ist folglich belanglos, auf welche Retinapartie die
betreffende Reizkonstellation fillt; die entstehende ‘Erregungsgestalt’
findet immer ihren richtigen Weg.

Nicht gleichgiltig ist dagegen die Hiufigkeit der Auslosungen. Bei
mehrfacher Kampfaufregung in Abstand weniger Minuten nahm die
Rotationsfrequenz und -dauer schnell ab, obschon es nicht zu einem
eigentlichen Kampfe kam. Das spezifische Erregungsreservoir leert sich
schnell—wie wir ja von vielen dhnlichen Reaktionen wissen—es ist aber
nach einigen Stunden wieder angefiillt (ein genaues Korrelat also zu der
Appetiterregung).

Ich bin damit am Ende meines Berichtes, der Thnen zeigen sollte, wie
vielfiltig und wirksam zentrale Stimmungen als Basis fiir motorische
Reaktionen sind. Es ist wohl selbstverstindlich, daf3 mit diesen Methoden
nur ein Teil solcher Vorginge iberhaupt erfaBBt werden kann. Ohne
Zweifel spielen mannigfache dhnliche unsichtbar bleibende Anderungen der
Reaktionsnorin eine groBBe Rolle und sind Hauptursache fiir die scheinbare
Unberechenbarkeit des tierischen-—wie auch des menschlichen—Ver-
haltens.

Es ist vielleicht nicht ganz gleichgiiltig, wenn an einem Modellfall
gezeigt werden kann, daf} auch diese Vorgidnge quantitativ erfaB3bar sind.
Es scheint ja heute Mode zu sein, da3 Physiker (und andere biologische
Laien) die angebliche Unberechenbarkeit des tierischen Handelns,
zusammen mit dem sogenannten ‘freien Willen’ des Menschen, durch
indeterminierte Quantenspriinge im Gehirn und in den Sinnesorganen
physikalisch ‘erkliren’ wollen.

Diese merkwiirdige Lehre, die manchen Beifall findet, ist bei Lichte
besehen nichts als der Versuch, aus einer methodischen Not eine pseudo-
‘erkenntnistheoretische’ Tugend zu machen. Wenn sie stimmte, dann
wire der Physiologe auf dem Gebiete der hiheren nervosen Leistungen zu
ewiger Resignation verdammt.

Dieser sterilen Idee gegeniiber ist es Aufgabe des Physiologen, sich als
der bessere Erforscher der Lebensvorginge zu erweisen und auch das
scheinbar Unberechenbare des héheren Verhaltens als kausalen Zusam-
menhang durchschaubar zu machen.
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die Statolithen, die eine vom Knochen abweichende Lichtbrechung besitzen, sind in
ihrer natiirlichen Lage als weile Kérper genau zu erkennen. Von vorne nach hinten:
Utriculus-, Sacculus-, Lagenastatolith. (Praeparat und Photo von D. Ahrens.)
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BEHAVIOUR PATTERNS IN LOWER
INVERTEBRATES

By C. F. A, PANTIN
Zoological Laboratory, University of Cambridge

Behaviour patterns are sequences of an organism’s activities directed to
a goal. Some of these patterns seem stereotyped so that they can always be
described in essentially the same terms. As Jennings (1915) pointed out
and as anyone who has conducted laboratory demonstrations on behaviour
is aware, this does not mean there is absolute fixity of response. But,
particularly smongst the lower invertebrates, characteristic sequences of
activities directed to a goal are repeatedly recognizable, and a great variety
of responses and activities fall within this class. They vary, from direct
reflex responses to instinctive behaviour patterns of great complexity.
Such stereotyped patterns, particularly in the simplest animals, offer the
most promising, even if limited, opportunity of studying the relation of
behaviour to the underlying physiological machinery by which it is effected.

Some of the elementary behaviour patterns appear to be susceptible of
complete analysis. This is true of the protective closure of the oral disk in
sea anemones, such as Calliactis parasitica. Excessive stimulation leads to
an obviously purposive response in which the marginal sphincter contracts,
thereby protecting the delicate disk and tentacles. Analysis shows that
mechanical or other stimulation of sufficient intensity generates impulses
which travel over well-defined tracts in the body of the animal to the
sphincter muscle. The threshold for stimulation is high, and adaptation is
rapid in relation to the normal low frequency of impulses operating re-
sponses in the muscles. Consequently an adverse stimulus initiates a short
group of impulses.

The impulses possess the properties of threshold and refractory period in
the same way as the nervous impulses of higher animals (Pantin, 19354, b,¢c).
The tracts conveying the impulses constitute a through conduction system,
and in some places, as in the mesenteries, it is possible to demonstrate the
presence of organized tracts of single nerve fibres apparently consisting of a
trellis of cells some 3—4xin diameter running among the mesenteric muscles.
The system conducts the impulse in an all or nothing way, normally with-
out hindrance, though the effect of excess magnesium in the external
medium shows that the system can be broken up into separate units (Ross
& Pantin, 1940). Bullock (1943) has shown similar effects in Scypho-
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medusae. Bozler (1927) found the nerve-net tracts of Scyphomedusae to
consist of cells making synaptic contacts. Woollard & Harpman (1939)
found similar synaptic discontinuity in the net of Tealia felina and Actinia
equina. Anatomical and physiological evidence thus indicates that the
impulses are conducted by tracts in the nerve net consisting of chains of
nerve cells in which normally the synaptic contacts offer no resistance to
the passage of the impulse. The response of the sphincter muscle in Cal-
liactis is governed appropriately by facilitation at some point between the
through conduction system and the muscle (Pantin, 1935d). The rate of
decay of facilitation is such that only the comparatively rapid sequence of
impulses following strong stimulation of the animal will activate the muscle.

The properties of the neuromuscular junction are in part analogous to
those of the simpler synaptic junctions in vertebrates and other animals.
Each motor response in the muscle is directly related to the receipt of an
individual nervous impulse; just as, in the mammalian sympathetic
ganglion, post-ganglionic impulses synchronize with pre-ganglionic ones
if the frequency is low (Bronk & Pumphrey, 1935). But in this particular
neuromuscular junction of the Actinian there is nothing comparable to the
excitatory state of the synapses of the vertebrate spinal cord which may lead
to the prolonged discharge of motor impulses having no direct temporal
relationship to those arriving at the cord. It differs also in the important
feature that the facilitation at the Actinian junction endures far longer than
do comparable states at junctions in the higher animals; up to several
seconds, as opposed to a few hundredths of a second.

Notwithstanding these differences, analysis of the protective closure of
Calliactis may be said to be substantially complete; that is, we can conceive
of a mechanical model which would do the same thing in the same way,
and be built of parts with physiological properties such as accommodation,
impulses, through conduction and facilitation, with which we are familiar
in the tissues of other animals.

When we turn to other animals we find that repeatedly and independently
very similar physiological properties have been utilized in building up a
purposive response similar to that of Calliactis, particularly for sudden
protective movements. The special feature of the response mechanism of
the latter is the through conduction system which conducts much faster
than the rest of the nerve net, about 1 m. per second against a few centi-
metres per second. A comparable system is found in the retraction mecha-
nism of Lumbricid earthworms which involves the through conduction
system of giant fibres. These giant fibres consist of chains of segmental
syncytia with large synaptic areas of contact (Stough, 1926). The work of
Bullock (1945) and Rushton (1945, 1946) shows that each giant fibre con-



BEHAVIOUR PATTERNS IN LOWER INVERTEBRATES 177

ducts in both directions unhindered by its synapses. The middle fibre, and
the two lateral ones acting together, each form independent units connected
with different sensory fields.

Such a system reaches its greatest development in the enormous giant
fibre of Myxicola, up to 1 mm. across. This forms a single syncytium in-
cluding the motor nerves to the longitudinal muscles (Nicol, 19484, b).
Like the through conduction system of Calliactis, the giant fibre systems
of both Lumbricus and Myxicola are activated readily by mechanical
stimuli, to which there appears to be rapid adaptation. There are important
differences of detail from the through conduction system of Calliactis.
As in the giant fibre system of Loligo (Young, 19384) a single impulse in
the giant fibre system of Myxicola results in a contraction, so that the
response is not controlled by neuromuscular facilitation. There are indica-
tions that the response is controlled in both Myxicola and Lumbricus on
the afferent side of the system rather than at the neuromuscular junction.
It is noteworthy that Pumphrey & Rawdon-Smith (1937) show that in
Periplaneta there is a synaptic junction operating between the cercal nerves
and a giant fibre system in the nerve cord. In this case a single impulse
will pass to the giant fibre, but a rapid succession causes an adaptive failure
of the synapse, in which condition, however, the synapse shows facilitation.
Thus the position of the synapse governing the through conduction system
is not always the same in different animals. It may be on the motor or on
the sensory side of the arc, and the properties of the synapse may vary.

A second difference between the through conduction system of Calliactis
and the Annelid worms is the size and speed of conduction of the nerve
fibres involved. Conduction, presumably in the 3-4x fibres, in Calliactis
takes place at about 1 m. per second; in the vast Myxicola giant fibre it
reaches 20 m. per second. But as Young (1938) points out for the system
in Loligo, not only speed, but also synchronization of muscular action are
essential features of the giant fibre system. Bullock (1944) in the same way
shows the importance of synchronization in discussing the function of the
giant fibres of Balanoglossids. The necessary speed of conduction required
of these systems must be related to the speed of the contraction of the
muscular systems involved. The small, 3-64 ‘giant fibres’ of Balanoglossids
are much larger than their other nerve fibres and may serve well enough,
as do the through conduction tracts of the same thickness in Actinians, to
permit synchronous contraction of their relatively slow muscles.

The property of through conduction is not utilized only when a protective
response is required. The Scyphomedusae possess a well-developed through
conduction system (Bozler, 1926a,b) concerned with normal locomotor
contractions of the bell musculature in swimming. This has no relation to

SEB 12
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protection, but Bullock (1943) has shown that the through conduction
system functions essentially in the same way as Calliactis, except for the
time course of the facilitation process.

A comparison of through conduction systems shows that these have
often developed independently in different animals where there is need for
rapid conduction and synchronization. The cause of this need varies,
though most commonly it concerns a protective response. The way in
which the system is built up into the response machinery is not always the
same. But the potentiality of relatively large and long cellular units to
transmit impulses without hindrance is repeatedly ‘utilized’ by different
animals for different purposes.

The incorporation of through conduction systems in the response
mechanism is an example of the utilization by organisms of the properties
of the material systems of which they are composed. By protective re-
sponses or other behaviour patterns the organism must meet its environ-
mental needs. Whether through the agency of natural selection or otherwise,
it must build up machinery to do this. It is open to the organism to devise
machinery to meet these needs by utilizing any properties which are to
hand in its component parts. If material systems were infinitely variable
in their properties, we should not expect the behavioural mechanisms of any
two animals to resemble each other in any degree. Fortunately for the
prosecution of comparative physiology, many resemblances exist. The
number of kinds of material systems and of their properties which organ-
isms have at their disposal seem to be limited. This same limitation appears
throughout comparative physiology, as in the very few kinds of respiratory
pigment apparently available to organisms for increasing the oxygen
carrying power of the blood (Pantin, 1932). For the transmission of ex-
citation, action currents over the surface of cells provide a possible and
convenient mechanism. The ability to carry such currents is one of the
potential properties of cell membranes. It is not necessarily related to the
transmission of excitation, as is evident in the case of the action currents
which pass over algal cells such as Halicystis and Valonia (Osterhout, 1936).
It can, however, be utilized for this purpose in both nerve and muscle.
There do not appear to be many different methods by which excitation can
be transmitted, so that this utilization of action current is resorted to again
and again in different organisms. But in analysing response mechanisms
we must constantly bear in mind that there are other ways of transmission
of excitation, about some of which far too little is still known. This is
particularly true of conduction in ciliary fields (Gray, 1928). Jennings’s
(1915) classical work on the Protozoa showed how close is the analogy of
the behaviour of many Ciliates to the Metazoa, and the well-defined re-
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traction response of Stentor and Vorticella resembles those of Actinians.
Yet the machinery of this response must be different in these non-cellular
organisms from the cellular and synaptic machinery of Metazoa, whatever
view is taken of conduction systems of Ciliates.

From this point of view we can compare an organism to a functional
structure made to meet environmental requirements which is not infinitely
malleable, as if it were made of putty, but is subject to restrictions because
it is made of standard parts; just as is the case with a mechanical model
made by a child from a constructional set consisting of a set of standardized
parts each with its special properties. Children building a crane from such
a set will often use the same parts for this functional object, but they may
not always do so, and it would be dangerous to say that all cranes made
from such a set must necessarily be built of the same parts. This contains
a principle which I believe is very important in comparative physiology.
Let us compare, for instance, the organization and behaviour of two quite
evidently closely related organisms such as Hydra and a sea anemone like
Anemonia. The morphological plans of each are rather similar. The work
of Jennings (1915) and others has shown how similar is their behaviour.
There is the retraction of Hydra to adverse stimuli, and there is the suc-
cession of events accompanying feeding in which the food is seized by the
tentacles. These co-operate to convey it to the mouth which opens and by
peristaltic action conveys it to the interior. All this shows a detailed re-
semblance to what occurs in Anemonia sulcata (Pantin & Pantin, 1943).
Nothing seems more natural than to assume that the neuro-muscular
machinery underlying this behaviour is the same in both cases. It still may
be so, but there are differences. In the first place the work of Kepner &
Hopkins (1924) shows a curious deficiency of nerve cells and of nervous
action in the endoderm of Hydra. In the endoderm there is no net and only
isolated nerve cells. The peristaltic action of the peristome in particular
appears not to depend on nervous action. Thus chloretone, which paralyses
nervous response, actually frees the peristalsis of the body and the active
movement of the peristome from a normal state of inhibition. But apart
from this relatively low degree of development of the nervous system and
its consequences, there is a more serious difference from the Actinians.
McConnell (1932), in a careful study of the nervous system of Hydra, came
to the conclusion that the nerve net in this animal was a true continuum
without synaptic junctions. He arrived at this conclusion after fully bearing
in mind the work of Bozler (1927) showing the presence of synaptic junc-
tions in the nerve net of Medusae. In his paper he expressed the intention
of giving the evidence for his conclusion that the net is non-synaptic in
a subsequent paper, but, to the best of my knowledge, he never did so.

12-2
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If the net of Hydra is truly non-synaptic, then the mechanism of much of
its behaviour requires a different explanation from that which we apply in
the case of sea anemones.

It still remains possible that with new and improved histological tech-
nique McConnell’s conclusion might prove to be wrong, but even at the
present time it is worth noting that it would be possible to conceive of a
neuro-muscular machine which would give varied response even though
there were no synaptic junctions, provided that the machine is on a suf-
ficiently small scale. The size of Hydra is only a matter of millimetres,
while the length of its longer nerve cells is only of the order of 100x. Now
we know that in the nerves of the higher animals stimuli below the threshold
of a nervous impulse may yet produce electrotonic spread of a decremental
kind. Such electrotonic spread may extend several millimetres down
a nerve fibre (Barron & Matthews, 1936; Hodgkin & Rushton, 1946).
Parry (1947) has produced evidence which suggests that electrotonic spread
from the ocellus in Locusta may influence the response of this insect through
a decremental electrotonic spread over a nerve of about 1 mm. in length.
It is evident therefore that all parts of the body of Hydra may potentially
be within range of electrotonic spread in a continuous nerve net. Such
electrotonic potentials might in turn produce graded muscular response,
for this is the interpretation which we might put on the graded local con-
tractions which accompany the graded end-plate potential demonstrated
by Katz & Kuffler (1946) in the neuro-muscular system of Crustacea.
Together it seems possible that in this way graded activity of considerable
complexity might be built up without the utilization of action currents by
organisms if these are of sufficiently small size. I wish to make it quite
clear that I am not saying that the behaviour of Hydra is certainly mediated
in this way. What I do say is that the existing evidence places certain
difficulties in the way of supposing that we have here a synaptic nervous
system, and that because of the small size of the animal and what we now
know of decremental electrotonic potentials, we cannot exclude the pos-
sibility that these alone would provide a machinery for the animal’s activity,
even though the total behaviour was essentially similar to that which we find
in larger animals to be mediated by impulses and a synaptic nervous system.
We cannot say that behaviour of a particular kind, even when it is complex,
must necessarily be produced by the utilization of one, and only one, class
of system.

The utilization of any convenient properties for the construction of the
machinery for a response is very clearly shown in the feeding reactions of
both anemones and Hydra. The tentacles of Anemonia respond to food in
immediate contact with them, and provided the elementary sensory pattern
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is of the right kind, that is, a combination of mechanical stimulation from
a solid object with chemical stimulation of a specific kind (protein as op-
posed to carbohydrate), a succession of local muscular responses conveys
the food to the mouth (Pantin & Pantin, 1943). These responses are operated
through impulses in the disk nerve net, with interneural facilitation. But
before the feeding response gets to this stage, a vital part is played in food
capture by the nematocysts. There is evidence that these do not discharge
as a result of a nervous stimulus (Parker & Van Alstyne, 1932; Pantin,
1942), but that the nematoblasts are true independent effectors in Parker’s
(1919) sense. They respond selectively to food material because the thres-
hold for the direct mechanical stimulus for their discharge is lowered by
the simultaneous presence of surface-active substances in the food. These
substances pass to the nematoblasts by direct contact between these and
the food.

The feeding response thus begins with a selective non-nervous link in
the chain of effector responses: the discharge of the nematocysts. Here we
have the utilization of something quite distinct from the nervous system
in the building up of the response mechanism. This same system can be
utilized in other ways as the most interesting observations of R. F. Ewer
show on the action of the nematocysts of Hydra. Both Ewer (19475) and
Jones (1947) show that the mechanism of discharge of nematocysts in food
capture in Hydra is essentially similar to that which takes place in A4ne-
monia. But Hydra is distinguished by the fact that it contains four distinct
kinds of nematocyst, each with a separate function. Like the nematocysts
of Anemonia, the stenoteles and desmonemes of Hydra have their threshold
to mechanical stimuli lowered by the presence of food substances, and they
are employed in food capture. They discharge to different levels of the
intensity of mechanical stimulation. The atrichous isorhizas are not em-
ployed in food capture, but are concerned with the very remarkable
‘somersaulting’ progression of Hydra first described long ago by Trembley.
The Hydra alternately attaches its tentacles to the substratum and then
moves the point of attachment of its foot and by repeating this operation
a number of times moves to a new position. This activity may be built into
complex patterns of tactic behaviour related to light and gravity (Ewer,
1947a). In comparison with the stenoteles, the atrichous isorhizas have a
low mechanical threshold, but the stimulus must endure for about 10 sec.
The presence of food substances actually raises the threshold for this class
of nematocyst, so that they are not employed in feeding, but are auto-
matically employed during the long slow contacts associated with loco-
motion. Food actually inhibits locomotion. The fourth kind of nematocysts,
the holotrichous isorhizas, have a high mechanical threshold. Ewer (19475)
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produces evidence that, as in the stenoteles, the threshold is lowered by
chemical means; not in this case by food substances but by the secretions
of noxious animals. Thus the special mechanism of excitation of these
independent effectors is utilized in different ways for different functions.
Appropriate modification of thresholds of the system allow it to become
a constituent part of more than one behaviour pattern. Moreover, we see
that the machinery of such patterns is not arbitrarily restricted to neuro-
muscular mechanisms alone. The utilization of a non-nervous element in
behaviour patterns shows clearly how an organism will meet environmental
requirements by any means at its disposal.

Our study of these simple purposive responses thus leads us to the
conclusion that a particular behaviour pattern does not necessarily cor-
respond to a particular class of physiological mechanism at all. The com-
mon feature of such patterns is that they meet some particular environmental
requirement. In different organisms, this may be met by machinery
utilizing different properties of the material structures which compose
them. It is often this element of ‘environmental requirement’ which
characterizes the classes into which we place behaviour patterns, rather
than the nature of physiological—or psychological—characteristics of the
animals which exhibit them. Fraenkel & Gunn (1940) have given us a
classification of the behaviour by which organisms orientate themselves.
Orientation is an environmental requirement, and it can be met by the
utilization of a variety of properties of the material systems which compose
organisms. One of the methods by which an organism may achieve
orientation is by photoklinotaxis. In this a particular kind of behaviour
follows the variation in stimulation in a single intensity receptor as the
organism moves in a beam of light. Many different organisms exhibit this
class of taxis, but the physiological machinery which operates it in the
Protistan Euglena obviously involves the utilization of different elements
from those utilized in the photoklinotaxis of the maggot larva of Lucilia.
Nevertheless, the number of kinds of system available for building up this
taxis seems to be limited. In many different animals the physiological
machinery of photoklinokinesis seems to be essentially the same. This
results in a specious correspondence between photoklinotaxis and a parti-
cular physiological mechanism.

It is dangerous to draw general conclusions about the nature of behaviour
patterns from the examples we have considered. Compared with those of
the higher animals, the activities with which we have so far been concerned
are extremely simple. It is true that they are directed towards a simple
goal, but they lack certain of the most striking qualities of complex be-
haviour. In particular, the behaviour pattern consists of a succession of
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responses to stimuli, which may vary with the state of the animal but to
which the animal contributes nothing by its own activity. There is no
evidence of that active drive to achieve a goal, often by varied means, that
characterizes complex behaviour.

Russell (1934) and many others have pointed out the inadequacy of
describing behaviour in terms of reflex responses. Indeed, the simplicity
of the behaviour we have been examining is in a great measure due to the
fact that we chose to examine the simplest activities of simple animals and,
trying to follow the principle of economy of hypothesis, have looked for the
simplest explanation of their mechanism; that simplicity emerges in the
answer is not surprising. There is no reason at all why new qualities should
not be expected in more complex behaviour, and these may be related to
the utilization of properties of living matter other than those with which
we are familiar. Nor is there any reason why such behaviour should not
be susceptible of analysis.

Even in Actinians we find behaviour patterns which consist of more than
a simple succession of responses to stimuli. Let us consider certain re-
actions to food of Metridium senile. These are being investigated by Dr
E. J. Batham and myself, and a fuller account of them will appear else-
where. It has been recorded in some Actinians that, in addition to the
direct response to food placed upon the tentacles, the presence of dissolved
food substances in the surrounding medium brings about characteristic
preparatory activity (Parker, 1919). This preparatory activity is more
evident in M. senile than it is in many other species. The anemone may be
resting in a relatively contracted state; but if a dilute food solution, such
as about one part in a million by dry weight of molluscan mucus, be added
to the sea water a series of reactions commonly, though not invariably, takes
place. The disk, if not already open, expands, often very greatly. During the
course of the next hour the column of the anemone may elongate so that
the whole anemone appears much taller, with the tentacles extended freely
in the surrounding medium. Presently, occasional slow swaying movements
of the column may sometimes appear, so that the disk is bowed this way
and that at random round the animal. The activities are not connected with
the actual ingestion of solid food, but they are clearly purposive in character,
in that if food is in the neighbourhood of the animal they increase the
anemone’s chance of coming in contact with it. It is activities of this kind,
particularly the bending movements, which have been noted by earlier
workers on the feeding responses of these animals (Pollock, 1883 ; Allabach,
19035).

It is one of the characteristics of this behaviour that it is extremely
variable. While on the whole most anemones may show some effect of the
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presence of food solution, some remain unaffected. Some will not show
the opening of the disk; not all will show the swaying movements of the
column. The same anemone will vary in its responsiveness to food solutions
on different days. The activity is not only variable but it is much more
complex than the protective closure response. Each element involves a
co-ordinated sequence of activities of several muscular systems, and this
co-ordinated activity may continue for a long time after the application of
the food-juice stimulus, even if this be removed.

Fig. 1. Inherent activity in Metridium. Partially rhythmic contractions (downwards) and
extensions of two opposite points on the body wall. Isotonic recording levers. Time
interval 1 hr. Record runs from the left.

The response is not the simple consequence of a stimulus acting on a
passive animal. It is essentially a change in the pattern of activity of an
organism which is not at rest. Observation of an anemone such as Cal-
lactis creates the impression that the ‘resting’ anemone is inactive. Ane-
mones of other kinds, particularly Metridium, are in a constant state of
activity. This is too slow to be easily appreciated except by the change of
shape evident on examination at long intervals. Continuous active move-
ment is, however, in progress and can be made apparent by ‘quick-motion’
cinematography, which also shows that the character of the movement
continually changes.

Such activity of the normal animal can also be recorded by attaching
light levers to it. Fig. 1 shows the slow changes which are registered when
isotonic levers are attached to the body wall at two points on the circum-
ference of Metridium. Contractions and extensions are apparently due to
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irregular alternate activity of the parietal and circular muscles of the column.
Activity is continuous though extremely slow. It seems to originate within
the organism itself. It is not caused by random changes of temperature,
light, vibration or the bubbling of compressed air with which aquaria are
aerated. All these sources of stimulation can be excluded experimentally.
Animals were kept in a cellar at a temperature which varied by not more
than 1° during the 24 hr., and they were insulated from vibration. In total
darkness or constant light, with or without aeration, the activity continued.
Indeed, it was as evident as in animals exposed to the fluctuations of light,
temperature and vibration in an ordinary working laboratory.

The character of the activity itself is not consistent with excitation by
random external stimulation. It frequently shows a slow rhythm, often
with a period of the order of about 1o min. Fig. 1 shows a sample of
activity of the column with a fairly marked rhythm. If each contraction of
the column results from a random external stimulus, the contractions
should be random and not rhythmic. The rhythmic element in the activity
and the independence between activity and controllable external stimula-
tion show that it is inherent in the organism.

Whether the activity originates as true automatic excitation in the nerve
net, like that which is found in the swimming bell of Scyphomedusae
(Bozler, 19264, b), is uncertain. It might be maintained through something
analogous to a chain reflex; each contraction engendering internal stimuli
which initiate excitation of the next. The sequences of activity involve very
small changes in pressure of the order of 1 or 2 mm. of water within the
anemone, which might conceivably result in the stretching of parts of the
animal and thereby initiate excitation. However, if the internal pressure
is suddenly raised, even to several centimetres, by allowing water to pass
into the animal from a cannula, it does not produce any marked reflex
contraction; though large quantities of water at still higher pressures may
do so. This suggests that activity is not the simple result of a chain reflex.
But whatever the origin of this activity, it appears to be inherent in the
animal and not initiated by casual external stimuli.

The nature of the rhythm and its extent varies with the state of the
animal. The addition of food solution produces its effect by a change in the
character of the inherent activity. This becomes clear if we examine the
manner of elongation of the column. Fig. 2 shows the effect of adding an
extract of Mytilus mantle up to a concentration of about one part in a million,
dry weight, to the sea water containing a Metridium. The activity is recorded
isotonically. It will be seen that before the solution is added the animal is
in a continuous state of activity. About 10 min. after the addition of the
food solution a steady lengthening takes place accompanied by expansion
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of the disk. Previous to the addition of food solution the activity of the
animal could be seen to be due alternately to contractions of the longitu-
dinal musculature of the body wall (the parietals) which cause shortening,
and to waves of circular contractions of greater or less extent which cause
elongation. Under the influence of the food solution this same irregular
alternation of activity proceeds at about the same frequency, but the
elongation phases due to circular contraction are relatively much greater

Fig. 2. Effect of addition of extract of Mytilus (about 1 part dry weight in 10% sea water),
on activity of Metridium. Extension of column registered isotonically. Outline
figures illustrate appearance of animal during each phase. Record runs from the left.

in their effect than the parietal contractions which normally balance them.
In the experiment the water was changed after about 2 hr. It will be seen
that the activity of the animal continued at its new and greater length for
a long period. After another 2 hr. the anemone gradually shortened. This
shortening was due to a further change in the activity so that there was
a preponderance of parietal contraction over the circular ones, the reverse
of the initial elongation. The whole response involves a sequence of changes
in inherent activity.

There is one other feature of this activity which should be noticed.
Expansion, elongation and swaying are activities which may occasionally
occur in the normal animal without apparent external stimulation. The
whole pattern is already there in the normal animal, though it is usually
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only released by the presence of food. The threshold depends on the state
of the animal, for like all elements of the feeding reaction these activities
take place more easily in starved animals (Allabach, 1905).

Elongation results from modification of inherent activity of the parietal
and circular muscles. Dr Batham and I have made a preliminary investiga-
tion of the properties of this parietal-circular system. In the first place,
whereas the closure response and the reaction of the disk to the presence
of solid food can be initiated by electrical stimuli, we have never succeeded
in initiating elongation by this means. Nor, indeed, does electrical stimu-
lation of the intact animal ever directly cause contraction of the circular
musculature responsible for elongation. In the intact animal the only
method of obtaining a direct contractile response of the circular muscles
to stimuli is by the stimulus of touch upon the column. This may initiate
a local or general ring of contraction.

The parietal muscles, on the other hand, which are chiefly responsible
for the slow contraction of the column are susceptible to electrical stimu-
lation and respond to batteries of some ten shocks sent in at the very low
frequency of 1 per 5 or 10 sec. The existence of very slow responses of
these muscles at very low frequencies of stimulation was already noted in
Calliactis (Pantin, 19355), and in Metridium (Hall & Pantin, 1937). In a
general way the size of the response increases with the number and fre-
quency of the stimuli, and at first it was supposed that we were dealing
with a simple facilitation system essentially similar to that of the sphincter
in Calliactis but acting at a much lower frequency. Further investigation in
Metridium shows that in this case at least the system is much more complex.
A succession of suitably timed electric stimuli (say 1 per sec.) will cause the
sphincter of Calliactis to respond to every shock after the first with a latent
period of only a fraction of a second. The extremely slow response of the
parietals of Metridium frequently possesses an enormous latent period; on
occasion it may not appear till about 30 sec. after the end of the application
of a battery of low-frequency stimuli. This latent period is much greater
than the through conduction time across the nerve net (about 8o msec. in
Metridium).

When parietal contractions take place they do not increase in height with
each individual shock of the battery of stimuli which initiates them. The
contraction when it comes may be quite large, but it is smooth and does not
have the step-like character of the Calliactis sphincter contraction. Under
appropriate conditions, the circular muscle shows similar features of slow
response to the parietals. Though it does not respond directly to electrical
stimuli in the intact animal, it readily does so when isolated as a strip of
tissue by cuts in the column of the anemone. The same effects of long
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latency and smooth contraction may then be recorded without complication
due to activity of the rest of the animal (Fig. 3).

It is a remarkable fact that the extent of the responses of the parietal and
circular muscles following a given stimulus vary enormously in different

Fig. 3. Above: response of sphincter of Calliactis to four shocks at 1 per sec. frequency.
Below: response of partly isolated strip of circular muscle of Metridium of six shocks
at 1 every 5 sec. frequency. The shocks were applied to an attached vertical strip of
body wall (with through conduction tracts intact). Note smooth contraction and very
long latent period.

individuals and in the same individual at different times. The contractions
appear to vary with, and on occasion to sum with, the inherent activity of
the animal. There is evidence of a reciprocal relationship between the
contractions of the parietals and the circular contractions. The spontaneous
appearance of a circular contraction may in some cases inhibit the response
of the parietals to an electrical stimulus which is fully adequate to produce
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a contraction in them when the circular contraction has passed away. The
same inhibitory effect may be exerted by the circular contractions induced
by stroking the side of the column of the anemone. The system behaves as
though there were reciprocal inhibition between the antagonistic circular
and longitudinal muscles, and as though the effect of electrical excitation
depended upon the state of excitation already present in this reciprocal
system.

One further feature may be noted. In the case of the sphincter con-
traction of Calliactis the response of this muscle comprises almost the
whole of the reaction. But stimulation which leads to contractions of the
parietals in Metridium is commonly followed by a prolonged sequence of
differential muscular activity. After the parietal contraction is over a slow
‘circular’ contraction begins in the region of the sphincter of Metridium,
and from this point a wave of circular tone passes slowly and peristaltically
down the column of the animal. This in turn may be followed by other
activities which finally merge into a general base-line of inherent activity.
The part played by the circular muscles is of interest because while electrical
stimulation applied to isolated rings of tissue from the column will excite
contractions, in the intact animal the response of all the circular muscle is
in some way integrated into a pattern beginning with the response of the
parietal muscle.

We may conclude that the very slow responses of Metridium involve a
complex neuro-muscular pattern of inherent activity involving reciprocal
inhibition and the successive activation of two antagonistic muscular
systems. The system is normally active in varying degrees in different
animals. The elongation of the column in response to food solutions takes
place through modification of the pattern of inherent activity so as to in-
crease the relative effectiveness of the circular as opposed to the parietal
contractions.

The inherent activity clearly bears some parallel to patterns of activity
which are to be found in the central nervous system of much more highly
developed organisms, particularly in the alternating movements associated
with locomotion. It does not necessarily follow that the machinery of such
patterns of activity is always the same; though it is sometimes assumed to
be so when the similar patterns of activity of two of the higher animals are
compared. In the Coelenterates we must be particularly careful because
all they do is so slow. Facilitation, conduction and above all latent period
endure far longer than in corresponding phenomena in the higher kinds of
central nervous system. But whilst it may be that the physiological system
utilized for the production of these activities in Coelenterates differs from
those concerned with processes like locomotion in the higher animals, it
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must not be forgotten that in the higher animals there are also many
extremely slow processes going on in the nervous system. These may utilize
slow systems like those of Metridium—though perhaps to a different
end.

'The preliminary activity initiated in Metridium by the presence of food
solutions is built up by the utilization of much more complex physiological
properties than is the protective closure of Calliactis, and this com-
plexity shows parallels with complex co-ordinated activity in the higher
animals. It occupies the first stage in the behaviour pattern of food cap-
ture. The subsequent links vary in character so remarkably that the manner
of achievement of the goal, food ingestion, has an air of improvisation. Any
kind of activity is utilized provided it furthers attainment of the goal. The
complex initial phases of the pattern give way to the non-nervous but
nevertheless selective and purposive action of the nematocysts. This is
followed by the simple ‘reflex’ movements which convey the food to the
mouth. Nor does the pattern end here. The food, once ingested, subse-
quently initiates changes in the state of activity of the animal, ending in
defaecation over a period of many days.

Finally, let us note that the whole chain of events in the feeding behaviour
bears a limited though significant parallel to behaviour of a much higher
order, of the kind we see in instinctive behaviour. There is the same picture
of a sequence of activities. The threshold for the appearance of each phase
depends upon the state of the animal; and the activity may sometimes occur
spontaneously. As in much instinctive behaviour, the chain begins with
a variety of movements, some of which are random in character, but all of
which appear to be directed towards a goal, that of obtaining a food object.
The preliminary food responses resemble the preliminary taxes of an in-
stinctive behaviour pattern. At the end, the pattern is brought to a close
by the achievement of the goal, the ingestion of solid food, and the pattern
of activity then changes.

There are, of course, some important differences between this and an
instinctive behaviour pattern. At no point is the pattern of stimulation
complex, though in the final stages it does involve a simple combination
of chemical and mechanical stimuli from the food object (Pantin & Pantin,
1943). Further, we have no reason to suppose that the more complex
behaviour patterns of instinct utilize only the simple physiological elements
we have found here. But these observations and experiments do indicate
how some behaviour patterns which possess the striking characteristics of
purposiveness, drive and selection of varied activities to achieve a goal may
be analysed sufficiently for one to conceive of a mechanical model which
would do all that we know at present that the animal does.
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As we pass from simpler to more complex behaviour we must expect the
utilization of new and unforeseen properties in its machinery. There are
no unequivocal examples of ‘learning’ except of the simplest kind in the
Coclenterates. Learning may be considered as ability to respond suitably
to sensory patterns which extend not only in space but also backwards in
time. Provided the pattern is simple and the past temporal extension is not
great, very simple properties may be utilized to build up a learning mecha-
nism. Jennings (1915) showed that Aiptasia could become habituated to
past stimuli. Doubtless the utilization of the property of sensory adapta-
tion will suffice to account for this elementary ‘learning’. In learning that
relates to more complex patterns, and particularly with greater past
temporal extension, new and more complex systems may be utilized such
as the self-exciting nerve circuits of Lorente de N6 which Young (19385)
discusses in relation to learned responses in Cephalopods. It may be that
several distinct classes of system can independently be utilized to allow
response to complex temporal pattern. So far as we know there is no more
need to suppose that there is only one ‘physiological mechanism of learning’
than that there is only one ‘mechanism of photoklinokinesis’. It is fortu-
nate for us that so far investigation indicates that in this Universe the
number of kinds of system available to living organisms for the construction
of their response mechanisms is limited. Similar phenomena of action
currents, through conduction, synaptic facilitation and so on, are repeatedly
and independently utilized in quite unrelated animals. But we must always
be prepared for the organism to ‘cheat’ by using some new system to meet
an environmental requirement in an unexpected way.

Let us say in conclusion that at no stage may we suppose that complex
as yet uninvestigated behaviour mechanisms must necessarily utilize only
the physiological properties that build up the simpler ones already known.
We have no reason to suppose that all behaviour could be built up from
the elementary properties of the reflex response. But once the behaviour
patterns of an animal have been objectively described and their special
qualities discerned, in the way Russell (1934) has so strongly urged, there
is also no reason to suppose that they will not be susceptible of analysis.
For the complete investigation of behaviour we need not only discernment
of the qualities of the phenomena observed but also analysis of the mecha-
nisms utilized in them. Not the least interesting result of such an investi-
gation is that it brings to light the fact that these mechanisms are of few
kinds and of unique properties, a limitation which appears to be a feature
of the Universe we live in.
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SUMMARY

1. Nowithstanding the purposive character of even the simplest re-
sponses of Coelenterates, such as the protective closure, their physiological
mechanism can be analysed with substantial completeness. The response
is operated by the utilization of certain physiological systems with standard
properties. Similar systems are independently ‘utilized’ by quite unrelated
organisms, as in the giant fibre systems operating the retraction response
of Annelids.

2. Behaviour patterns of different organisms aiming at the same goal,
such as protective responses, are not always operated by utilization of the
same physiological systems, as we see by comparing the retraction mecha-
nism of an Actinian and of Stentor. Conversely, the same physiological
system may be utilized in different animals to different ends, as in the
through conduction systems of Actinians and Scyphomedusae.

3. Consideration of the feeding responses of Anemonia and Hydra show
the possibility that notwithstanding their essential similarity in both
organization and behaviour, different physiological properties may be
utilized in their response machinery.

4. The part played by nematocysts in Coelenterate feeding shows how
any convenient property of living matter, even a non-nervous one, may be
built into a behaviour pattern. The parts played by the different kinds of
nematocyst of Hydra in its various behaviour patterns show the manner in
which the same system comes to be utilized in different activities directed
to different goals.

5. In the examples of behaviour first considered, the organism is a
passive instrument, only responding to stimuli and contributing nothing
to the behaviour by its own activity. Observations and experiments on the
preliminary feeding activity of Metridium are described which show that
the ‘resting’ animal is continually and inherently active, and that the
response to certain food solutions takes place, not as a simple reflex, but
through modification of this inherent activity. The modified inherent
activity characteristic of the preliminary feeding reactions varies greatly in
its extent according to the state of the animal. The threshold for its release
may at times be so low that in starved animals it may occur without any
food stimulus.

6. The physiological mechanism of this inherent activity bears an
analogy to some complex activities in animals with a higher nervous system,
particularly to locomotor activity. New and complex physiological pro-
perties are utilized in the anemone in building up this inherent activity,
properties which are not utilized in the simple reflex closure of the disk.
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The properties include co-ordination of reciprocally acting muscle
systems.

7. As we go from simpler to more complex behaviour patterns we must
always be prepared to find new physiological properties utilized to build
up the machinery of behaviour. At no stage may we jump to the conclusion
that the machinery of uninvestigated complex behaviour utilizes only
the properties of systems utilized in simpler activities already investi-
gated.

8 The whole behaviour pattern of Metridium relating to food bears a
significant analogy to an instinctive behaviour pattern. There is modifica-
tion of inherent activity of the animal, drive to achieve the goal by various
means, and change of pattern on achievement of the goal (food ingestion).
Nevertheless, there is every reason to expect that the physiological machi-
nery of such activity can be analysed.

9. In complex as well as in simple behaviour, the need for a particular
kind of behaviour pattern may be met by the utilization of different systems
in different organisms; there is not necessarily only one physiological
mechanism for ‘learning’. Fortunately, present knowledge suggests that
the number of kinds of system out of which an animal can construct its
behaviour machinery is limited. Were it not so, the comparative analysis
of behaviour would become impossible.
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SOME OBSERVATIONS ON THE NERVOUS
MECHANISMS UNDERLYING THE
BEHAVIOUR OF STARFISHES

By J. E. SMITH
Department of Zoology, University of Cambridge

I. INTRODUCTION

Not least among the many advantages which the more simply organized
animals offer for the analysis of behaviour mechanisms must be counted
their ability to base the more striking and evident of their activities on the
movements of relatively few systems of organs and parts. This is notably
true of starfishes, brittle-stars, and other members of the phylum Echino-
dermata. All of the more generalized activities of starfishes, for example,
are founded upon the movements of but two kinds of organ system, the
muscular arm and the finger-like appendages of the arm, the tube feet,
while a very wide range of behaviour in the starfish is based solely upon the
activities of the feet.

A foot is capable of exhibiting a number of different kinds of movement
and of posture, some simple and some complex, and the movements and
postures of the individual feet can be variously combined into more ex-
tensive patterns of group activity, many of which patterns can be identified
with particular courses of behaviour. It is thus possible, by studying the
conditions of stimulation and innervation that are appropriate to the
development of the variously integrated individual and group movements
of the feet, not only to analyse the mechanisms which underlie the nervous
integration of activity, but to assess, in general terms, the conditions of
nervous control that are associated with the different behavioural states.

This kind of analysis has been gravely handicapped in the past, however,
by the neglect of two lines of anatomical study. In the first place, until
recently, practically nothing was known of the anatomy of the starfish
nervous system beyond the gross features visible on external inspection;
in no single instance, for example, had the nervous connexion between the
sensory cells of the integument and the muscles of an effector organ been
demonstrated. Secondly, the muscles responsible for the movements and
postures of the tube feet and other organs had not in every instance been
identified or their mode of action determined.

Some of these deficiencies have now been remedied. The distribution
and fine anatomy of the principal systems of association and motor nerve
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tracts have recently been worked out in three of the commoner British
starfishes (Smith, 1937, 1946; and work in the course of publication) by the
examination of vitally stained and fixed material, and the routes through
which excitation is conducted in its passage from the integumentary re-
ceptors to the various muscle systems of the feet and other movable parts
defined. The muscular anatomy and the mechanics of movement of the
podia have also been reinvestigated (Smith, 1947). The information gained
from these anatomical studies has prompted a re-examination of some
aspects of the nervous control of movement, the results of which are
summarized in this contribution. A brief description of the nervous
anatomy of the starfish and of the mechanics of movement of the feet is
therefore given by way of introduction to the main, analytical, part of the
account. Limitation of space has not allowed of the inclusion in the text
of a complete series of references to work relevant to the analysis, but the
contributions of Diebschlag (1938), Fraenkel (1928), Hopkins (1926),
Jennings (1907), Kalmus (1929), Mangold (19084,5), and Moore (1918,
1939, 1945), among other authors, have been freely drawn upon.

II. THE ORGANIZATION AND NERVOUS ANATOMY
OF A STARFISH

Starfishes (Fig. 4) are radially symmetrical animals with a central disk and
(usually) five radiating arms. The upper and lateral surfaces of the disk and
arms are beset with a great number of more or less randomly arranged
spines and pedicellaria (Fig. 1, sp., ped.). Pedicellariae are pincer-like
structures whose function is to seize, hold and paralyse small animals which
come into contact with the integument. The under-surface of the disk is
perforated centrally by the mouth (Fig. 4, m.) bordered by a membranous
peristome (p.) with a much thickened margin. This thickening is the cir-
cumoral nerve ring (r.) which is continued along the under-side of each of
the arms as a V-shaped radial nerve cord (Figs. 3, 4, cd.). On either
side of the nerve cord is a row of feet (ft.), there being upwards of
200 feet in each arm.

The internal anatomy of the starfish is somewhat complex and need not
concern us here, but the body wall which bounds the internal cavities and
viscera requires description because its structure bears directly on the
architecture of the nervous system. The body wall (Fig. 6) has four main
layers. An outer ectoderm comprises epithelial cells, mucus glands and
sensory cells, the latter to the number of about 4000 per sq.mm. of surface.
A nervous plexus (pl.) made up of the fibres of deep-seated ganglion cells
lies below the epithelium, and with these the centripetal fibres of the sensory
cells make synaptic contact. Over the dorsal and lateral surfaces of the
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integument the plexus is relatively thin and ill-developed, but in the radial
nerve cord and nerve ring it is much thickened. The plexus appears always
to be differentiated (Fig. 1) into a superficial zone (pl. s.) of randomly
arranged fibres and a deep zone (pl. d.) organized into linear tracts. A
stroma of mesodermal collagen fibres (Fig. 6, str.) lies to the inside of the
plexus. Over most of the body wall it is much thickened, and its interstices
are filled with calcite laid down in the form of separate but closely fitting
ossicles (oss.). The inner face of the fibrous stroma, next the body cavity,

Figs. 1—4.

is lined with an epithelium with which are associated muscles and motor
nerve fibres. The nervous system of the starfish thus appears to be divided
into two sections, one, the sensory and association pathways of the ecto-
derm, lying to the outside and the other, the motor tracts, to the inside of
the stroma. Where the latter is thick and calcified the division is complete,
there being no nerve fibres within the substance of the wall. Above the
nerve cord and lateral to the feet (Fig. 6), however, the stroma is a thin,
loosely woven, uncalcified lamella not more than 2—3 4 thick. The associa-
tion pathways of the ectoderm (pl.) and the motor elements (mot. L) of the
mesothelia are here brought into close conjunction, and in some few in-
stances synapses have been observed. The consequence of this arrangement
is that excitation originating in the receptors of the integument is trans-
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mitted to the motor neurons either by way of the nerve cord or via the
lateral motor arcs.

The form of the body wall imposes on the nervous system a further
character of great functional significance. Although the ossicles of the
dorsal integument are developed rather at random, those which bound the
margins and roof of the shallow ambulacral groove on the under-face of
the arm are arranged in bilaterally symmetrical pairs along the length of
the arm, the roofing (ambulacral) ossicles (Fig.3, amb.) alternating regularly

with the marginal (adambulacral) pieces (ad.). The tube feet correspond in
number and position to the ossicles, and the arm thus comes to bear the
imprint of segmentation. The nerve arcs, both in respect to their association
and motor components, conform to this segmental pattern. Fig. 5 illu-
strates the arrangement of the principal motor pathways on one side of
a segment, it being understood that the pattern is repeated along the arm
in each of its 100-150 segments.

Excitation conducted through the association plexus is transmitted via
the nerve cord to groups of motor neurons (mot. p.) lying in the floor of the
so-called perihaemal sinus. These neurons have axons which encircle the
foot to make junction with the neurons (mot. l.) of the lateral motor centre.
The axons of the latter neurons extend in three main tracts (a, b and ¢) to
various parts of the arm. They do not, however, directly innervate muscles
but conduct excitation to groups of neurons (represented in the figure by
small arrows) one of which accompanies each of the several muscle systems
within the arm segment. This terminal motor complex may contain several
neurons linked in series, but the last element only of the chain has its axon
terminating on the muscle fibres.
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The axons of the motor neurons in the roof of the nerve cord, in encom-
passing the base of the foot, come to lie in close apposition to two pads of
connective tissue situated medially and laterally within the cavity of the
podium (Fig. 7, pad.). Within these pads are a number of multipolar
neurons (not shown in the figure) whose function would appear, on ana-
tomical grounds, to receive excitation from the extrinsic motor axons and
to distribute it to three series of neurons also contained within the con-
nective tissue pads. One group (amp. n.), situated in the core of the pads,
has long axons which enter the neck of the ampulla to synapse with further
neurons, the axon of which terminates on the ampulla muscles. The second
series of neurons in the pad (ff. n.) innervate the retractor muscles of the
foot. They are connected with the multipolar distributors through short
internuncial fibres which, too, are omitted from the figure. ‘The third group
(post. n.2) has its cell bodies in the cortex of the pad. Their axons radiate to
the periphery of the foot to connect with other neurons (post. n.2) whose
short axons supply a ring of postural muscle fibres, later to be described.
The several neurons of this third series are connected one with another
through a ring of circumferentially disposed fibres (circ.).

Thus far the nervous system has been described as a number of arcs
organized into discrete and strictly segmental series. The deeper plexus of
the radial cord (Fig. 2, pl. d.) is, however, differentiated into tracts which
run longitudinally along the arm, some of them continuing into the nerve
ring and so down the other radial cords; the nerve plexus of the dorsal
integument, on the other hand, lacks these longitudinal tracts. It would
appear, therefore, that the segments of the arm are in nervous connexion
chiefly, if not entirely, through the radial cord, and that the tracts of the
cord are responsible for co-ordinating the activities of organ systems
situated in widely separated parts of the body.

III. MECHANICS OF THE LOCOMOTORY STEP AND
THE PATTERNS OF LOCOMOTORY ACTIVITY

Figs. 8-16 illustrate, schematically, the principal movements and postures
of the feet. The locomotory step is shown in Figs. 15 and 16. A foot, when
in the retracted position, is thrust out in the line of advance of the animal (A).
It then protracts, applies the terminal sucker to the substratum (B), and
with the sucker as the fulcrum, levers the arm forward through an angle of
about go°. Having reached the position (C), the foot is withdrawn, and
during its withdrawal (D) is re-oriented in the forward direction. The cycle
is then repeated.

The system of movements which make up the locomotory step derives
from the contraction of four series of muscles, arranged in two opposing
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pairs. One pair, the ampulla muscles and the retractors of the foot,
provide for the reciprocal movements of protraction and retraction (Figs.
8, 9). The vertically set, circumferential fibres of the ampulla, on contraction
(Fig. 8), reduce the volume of the ampulla and drive fluid into the foot

4

Figs. 8-16.

which protracts; retraction of the foot (Fig. 9) is brought about by the
contraction of the cylindrical sheath of longitudinal fibres contained within
the wall of the foot. Fluid passes, during the withdrawal of the foot, into
the ampulla, the muscles of which relax to allow of its dilation.

Pointing of the foot (Fig. 10) is effected by the reciprocal contraction
and relaxation of the diametrically opposed fibres of a ring of muscles
which, originating on the under-surface of the ambulacral ossicles, are
inserted into the wall of the podium near its attached base. The foot can
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be inclined to any point of the compass by the operation of different sets
of diametrically opposed muscles; the postures X, Y and Z of Fig. 13B,
for example, derive from the contraction of the muscles X, Y and Z of
Fig. 13A, with the reciprocal relaxation of the muscles whose position is
indicated by the corresponding broken letters.

Stepping (Fig. 16A, B, C and D) combines protraction, retraction and
pointing in determinate combinations and sequences. The step can be
analysed into four phases of static posture (A, B, C and D) linked together
by four movements. Each posture is characterized by the contraction of
one member of each of the two pairs of opposing muscles, and the linking
movement is ushered in by a reversal of the contraction-relaxation re-
lationships of one of the two pairs of mutually antagonistic muscles.

When a starfish walks, almost all of its thousand or so feet are engaged
in stepping. The overall pattern of locomotory activity (Fig. 14) embodies
two principal characteristics, namely, a complete absence of any deter-
minate phase relationship in the movements of the several members of
a stepping series, and (Fig. 11) a common direction of movement of all the
stepping feet. The major variations in this arhythmic undirectional pattern
of stepping are brought about in three ways: (a) by individual and general
variations in the pace of stepping—the starfish Asterias rubens can vary the
rate from about 3 to 10 steps a minute; (b) by disruptions of the generalized
pattern of movement in consequence of some of the feet coming to rest or
undertaking activities of a non-locomotory nature; and (¢) by changes in
the common direction of stepping (Fig. 12). Each attribute of stepping
activity and each kind of variation provides the means of analysing, under
appropriate conditions of experimentation, some particular aspect of the
nervous mechanisms which lead to the development of integrated patterns
of movement of the feet and to the pursuit of purposive activities by the
starfish.

IV. THE SELECTION OF MATERIAL AND OF
THE CONDITIONS OF EXPERIMENT

Before, however, any estimate can be made of the conditions of stimulation
and of innervation appropriate to the development of the different kinds of
individual and group activity of the feet, it is necessary first to ensure, so
far as is practicable, that the animals are not exposed during the course of
experiments and observations to uncontrolled extraneous stimuli, and that
the starfishes used on different occasions are comparable in their inherent
capacity for response.

The main difficulty attending the first requirement is to relieve the
animal (and particularly its feet) from external contacts. It is useless merely
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to suspend a starfish in water, for the arms then twist and bend almost
incessantly and set up surges of excitation against the fluctuating back-
ground of which it is impossible to estimate the significance of experi-
mentally imposed stimuli. A more satisfactory way of setting up the animal
is to invert it over the open end of a glass tube broad enough to support
the margin of the disk while leaving the arms free (Fig. 17). An animal
thus supported may for a time attempt to ‘right’ itself by twisting and
dropping its arms, but if the feet are unable to acquire contact with the

T

Fig 20

Figs. 17-21.

tube or dish the arms after a time cease to move and remain horizontally
poised. Animals were rejected if after 5 min. in the inverted position they
continued to twist and turn. So, too, were animals whose feet remained
motionless after a similar interval, for such animals were usually found to
be intractable to stimulation. Starfishes were regarded as ‘normal’ and
suitable for experiment if after this time the arms were motionless but the
feet were actively stepping.

V. EXTEROCEPTIVE STIMULATION AND THE
SPREAD OF EXCITATION

The manner in which excitation is irradiated through the nervous system
of a starfish, and the effects it evokes by virtue of its transmission through
differently organized parts of the system, is very clearly illustrated by the
movements which the feet and other action systems make in response to
the gentle pressure of a probe laid against the dorsal integument of one of
the arms (Fig. 18). Four distinct patterns of response are exhibited. They
are of progressively increasing extension and are symptomatic of the spread
of excitation into nerve tracts of increasingly wider distribution.
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(1) Responses elicited through the nerve net of the dorsal integument

The pedicellariae and spines of the dorsal integument bend towards the
stimulated area and the pedicellariae open and close their valves. The most
remarkable feature of this pattern of response is its extreme localization.
Spines and pedicellariae at a distance of 1—2 mm. show marked bending;
at 3-5 mm. the movements are but feeble and transient, while at greater
distances they are altogether absent. Exact analysis of the grading of the
response in relation to the frequency and intensity of the stimulus is lacking,
but there can be little doubt that the nerve plexus of the dorsal sheath,
with its properties of decremental and diffuse conduction, exhibits qualities
similar to those which Pantin (19354,6) has demonstrated for the Coelen-
terate nerve net. The anatomy of the nerve supply to the spines and
pedicellariae is fully consistent with this hypothesis. Both systems of
organs are set on the surface of the integument, and the muscles by which
they are moved originate from the outer layer of the ectoderm (Fig. 1).
They are consequently innervated through the short, randomly arranged
fibres of the superficial plexus which, by virtue of its numerous interneural
junctions and presumed necessity for facilitation, is incapable of trans-
mitting the centrifugally dispersed excitation for more than a short distance

from its point of origin.

(2) Responses elicited through the segmental nerve arcs

A further consequence of the stimulation of the dorsal integument is to
evoke the extension and ipsilateral bending of the foot (Fig. 18) lying
immediately below the point of stimulation. Evidently, excitation origina-
ting in the receptors of the dorsal integument is capable of being irradiated
beyond the limits defined by the responses of the spines and pedicellariae.
The orientation of the tracts responsible for this more extensive transmission
can be ascertained by a simple experiment (Fig. 19). When the integument
of an arm, the feet of which are retracted, is stimulated at (a) the feet below
the stimulated point, and on either side of it, protract and bend. If, how-
ever, a longitudinal cut of not less than about 2 mm. length be made in the
skin, and the stimulus be applied on the dorsal side of the cut and in the
same transverse plane (b), no response can be obtained from the underlying
feet. The transmitted excitation is clearly confined to tracts running trans-
versely round the arm with little or no longitudinal spread of excitation.
Fig. 20 records the result of an experiment to show that the transverse
tracts are strictly segmental in the sense previously defined (p. 199). The
nerve cord is stripped from a part of the length of an arm. On touching
the adambulacral spines (which are segmental in arrangement) of the
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denervated section no response can be elicited from the feet. Stimulation
of the spine (a), for example, which is only 1 mm. distant, in the longitu-
dinal direction, from the cut end of the nerve cord, is without effect. On
touching the next spine (b, shown in black), however, the response is fully
developed throughout the innervated section.

One further property of the transverse segmental tracts remains to be
mentioned. When, as in Fig. 21, the dorsal integument is stimulated at (),
the feet 4 and B on either side of the nerve cord exhibit an ipsilateral
response. Stimulation at (b) induces a contrary ipsilateral movement. If,
however, the integument is cut at (¢) and the stimulus reapplied at (a) there
is no response. This shows that the segmental tracts conduct only in a
ventral direction and that, as a conducting system, the arm is divided into
two halves, with the mid-dorsal line as the excitation watershed. These
various attributes of segmental conduction find their anatomical basis in
the deep-lying segmental tracts of the ectodermal plexus (Fig. 1 pl. d.) which,
from the nature of the reflex responses evoked through them, are polarized
and through-conducting. Each transmits excitation to the nerve cord, and
thence via the segmental motor neurons to the foot, thus completing the
circuit of the segmental nerve arc.

(3) Responses elicited through extra-segmental nerve arcs

These responses are well exemplified by the lateral protraction of feet
on either side of the stimulated segment (Fig. 18). They are dependent for
their appearance on the integrity of the intervening length of nerve cord.
As the figures show, the feet exhibit a progressively diminishing response
the further they are from the stimulated segment, the pattern rarely ex-
tending beyond the limits of the stimulated arm. This visible manifestation
of decremental conduction suggests that the tracts of the nerve cord may
include chains of short-fibred intersegmental neurons. Neurons of this
kind have not, however, as yet been seen in stained preparations.

(4) Generalized, co-ordinated responses indicative of central nervous control

One further effect of exteroceptive stimulation remains to be considered.
The extra-segmental reflex responses of the feet have been shown to have
a limited extension, the podia outside the range of induced reflex activity
(represented in Fig. 18 by the shaded area) appearing to continue in their
stepping as if unaffected by the stimulus. This is not, however, the case, for
within 2 or 3 sec. of the application of the stimulus the pace of stepping
rises and, more often than not, the direction of stepping is changed. The
two kinds of change are contemporary and are general to all the stepping
feet. On severing the nerve cord in one or more of the arms the feet distal
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to the cut or cuts fail to show a change of pattern, but transection of other
parts of the nervous system is without effect. The alteration in the pace and
direction of the step must therefore be symptomatic of a change of excita-
tory state of neurons within the cord and nerve ring that are capable of
transmitting that state to all of the feet. The only neurons which appear,
on anatomical grounds, to have this property, are the deep-lying neurons
within the cord and ring (Fig. 2 pl. d.) whose fibres, organized into longi-
tudinal tracts, run without interruption from one arm to another by way
of the nerve ring.

In summarizing the conclusions to be drawn from these observations it
may be noted:

(1) That the patterns of response which follow localized stimulation of
the integument of a starfish reflect the irradiation of excitation into nervous
pathways of progressively increasing extension, first to the superficial plexus
of the integument, then, in order, to the segmental arcs and the extra-
segmental arcs, and finally, to the central pathways of the radial cord and
nerve ring.

(2) That the responses which are elicited through the four systems of
nerve tracts, even when they concern the activities of one kind of organ
such as the tube foot, differ not only quantitatively but also in quality, and
are probably indicative of the modification of the excitatory state in con-
sequence of its transference from one set of neurons to another.

(3) That the responses elicited through the more localized arcs tend to
be developed to the exclusion of the generalized, co-ordinated activities
which are an expression of central control.

This dual aspect of nervous control, the one peripheral and reflex, the
other central and generalized, is of the utmost significance in the integration
of the locomotory step from its component movements and postures and in
the development of generalized patterns of movement of the feet.

VI. CONDITIONS OF DEVELOPMENT OF THE COMPONENT
MOVEMENTS AND POSTURES OF THE STEP

(1) Protraction and retraction

These movements, when regarded as unoriented activities, developed
independently of the postural attitudes with which they are associated in
the locomotory step, are wholly reflex in character. They can be initiated
in response to exteroceptive stimulation in single segments isolated from
their neighbours by double transection of the nerve cord, or they can be
elicited as extra-segmental responses, but neither retraction nor protraction
can be induced as simultaneously and generally occurring responses after
localized stimulation of the integument. It is true that if a wave breaks over
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a starfish all the feet retract simultaneously, and that if the intensity of
photic stimulation is suddenly reduced all the feet protract, but in both
instances the stimulation is general and the animal is behaving not as a unit
but as a series of reflexly-acting segments.

Some indication of the nature of the excitatory states appropriate to
retraction and to the reciprocal movement of protraction can be gained

Fig. 22-25.

from observations on the responses elicited by stimuli of varying intensities
applied to different parts of the surface of an arm segment. Contacts with
the nerve cord (Fig. 22 a) evoke a long-continuing retraction of the adjacent
feet. Direct stimulation of the foot () also leads to retraction, but the
response is usually limited to the stimulated podium. The consequences of
stimulating the dorsal integument are more varied. If a probe is rubbed
energetically against the ventral face of the integument (c), the foot retracts,
but after a short interval it then protracts. Weaker stimulation at the same
place, or stronger stimuli applied to a more dorsal area of the skin, have the
effect of reducing the initial retraction response to a momentary flicker,
the foot quickly protracting and bending over towards the stimulated
region. Weak, dorsal stimuli (d) evoke protraction alone.

Protraction and retraction, as reciprocal movements, reflect reversible
states of excitation and inhibition in the motor neurons of the foot cavity
whose axons supply respectively the ampulla and foot retractor muscles.
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The observations quoted imply that reciprocal excitation and inhibition of
these terminal motor neurons are not a consequence of their independent
innervation but is rather a measure of different states of excitation set up
within a common afferent arc by stimuli of different intensities and (or)
loci. This is in keeping with the anatomical picture of the two sets of
neurons supplied through a common (segmental) association and motor
path. One is tempted to suggest that retraction, as the primary response,
is conditioned by the receipt by the terminal motor neurons of an initial
high-frequency volley of impulses, and that protraction follows the receipt
of low-frequency after-discharge effects, the two sets of neurons as it were
resonating to different frequency ranges. The invariable retraction of the
foot after stimulation of the nerve cord, where the receptors are only about
1 mm. distant from the final common motor path, would, on this basis,
reflect the passage of excitation through relatively few neurons and a mini-
mum of alternative pathways with the consequent transmission, through
the final common pathway, of a rapid volley of impulses with little or no
after-discharge. The tracts of the dorsal sheath, on the other hand, with
their greater number of linked neurons and subsidiary side-arcs would,
in consequence of the necessity for facilitation of the many interneural
junctions, cause abbreviation of the primary volley and prolongation of
the secondary reverberation. This would lead to the observed extinction
of the retraction response and the promotion of the protraction movement.

It is consistent with this hypothesis that reflex protraction can be induced
by narcotization of a starfish with magnesium salts, and by a reduction in
the intensity of photic stimulation. These suppositions concerning the
promotion of the retraction and protraction movements apart there remain,
however, the established facts that the two movements reflect reversible
states of excitation and inhibition of the intrinsic motor neurons of the
foot, that these states are of local origin and significance, and that they are
not directly conditioned by pre-existing states of central excitation.

(2) Pointing and pivoting

The assumption and maintenance by a foot of a position of postural
pointing can be ascribed, in some instances, to reflex control, as when, for
example, a podium stretches out and bends towards an area of the dorsal
integument that has been stimulated (Figs. 18-19). This lateral orientation
of the foot is not, however, a part of the step, it is rather a deflexion from
stepping activity. In isolated arms the direction of stepping is along the
line of the arm, and before stepping can occur the feet must first acquire
this common line of posture. They cannot, however, do this unless they
are connected with a certain minimum length of nerve cord. In inverted
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arms, where the feet are unable to make external contacts (Fig. 23 A), the
minimum length of nerve cord is 2-3 cm., though when the feet are allowed
to touch the ground (Fig. 23 B) patterns of unidirectional pointing can be
established in pieces of shorter length. It would seem that the neurons of
the foot which innervate diametrically opposed muscle fibres within the
sheath of postural muscles require to be excited through tracts which have
a distribution along the length of the nerve cord, and that it is not so much
the absolute number of the neurons within these tracts as the product of
their number and the level of their activity (conditioned, in the experiment
cited, by the contact or lack of contact of the feet) which determines
whether or not pointing shall occur. Mention has been made (p. 202) of
the fact that patterns of unidirectional pointing and changes in the direction
of common pointing are always manifested simultaneously and generally
throughout the system of feet, from which it follows that the neurons
most directly concerned in initiating and transmitting excitation to the
postural neurons of the foot are the deep-lying and through-conducting
systems of the radial nerve cords and circumoral nerve ring. These con-
siderations might lead one to anticipate that the pivoting movement of the
foot, which is an expression of the reversal of the excitatory and inhibitory
states of the neurons supplying the operative muscles of the postural ring,
is likewise governed by pre-existing conditions of central nervous dis-
charge. This question of the origin of the pivoting movement is, however,
more conveniently discussed in connexion with the integration of the
locomotory step.

VII. THE NERVOUS INTEGRATION OF THE LOCOMOTORY
STEP FROM ITS COMPONENT MOVEMENTS AND
POSTURES

The conditions of excitation and inhibition affecting the intrinsic neurons
of the foot during the performance of an ‘idealized’ step are set out in
Fig. 24. Representative neurons of the systems supplying the ampulla and
foot retractor muscles are shown by a double ring, those innervating the
operative postural muscles by single circles. Excited neurons are figured
in black, those in the inhibitory state are unshaded. Each postural phase
of the step is characterized by the co-existence of a state of excitation within
one member of each of the two pairs of mutually antagonistic neurons. The
change from one posture to another is indicative of a reversal of the ex-
citation-inhibition relationships of one of the two pairs of neurons, and the
‘idealized’ step can thus be expressed in terms of a cycle of successive
excitations of different muscles by linked pairs of neurons (g, b, ¢ and d in
the figure).

SEB 14
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Previous considerations have led us to suppose that the pair of neurons
serving the ampulla and foot retractor muscles reverse their states of ex-
citation and inhibition in response to localized conditions of excitation;
they are essentially under peripheral control, a feature indicated in the
figure by the guide-line P. The neurons responsible for postural changes,
on the other hand, are supplied through central tracts and are presumably
affected by central discharge C. The question now arises as to whether,
when two neurons, one of each pair, exhibit contemporary excitation, the
one member continues to be affected by peripheral and the other by central
excitation, or whether an entirely new set of conditions is initiated by
virtue of their linkage.

There is some evidence that they continue, even when so paired, to be
subject to different and independently originating nervous influences.
When, for example, a piece of integument is removed from a starfish arm
(Fig. 25) the feet of the de-afferentated section continue to step as before,
but the cycle of the step is conducted at about half the normal length of
protraction. Evidently, although the linkages necessary for stepping have
not been impaired, the one set of neurons responsible for protraction and
retraction have been directly and independently affected by the changed
circumstances of peripheral stimulation. The reverse condition, where the
neurons responsible for orienting the feet and for evoking the pivoting
movement are affected independently of the protractor-retractor neurons,
is well exemplified by the events which led:#9 variations in the pace of
stepping. When a starfish is set up in the 1 saltted position, stepping is
quickly established at a steady rate of about sufteps a minute, whereafter,
over a period of several hours, the rate graiually declines to 2—3 steps a
minute before muscle tone is lost and stepping ceases. The graph (Fig. 26)
reveals the cause of the retardation. It shows the duration of the con-
stituent phases of posture and movement in steps of different total duration.
The slowing down of the step and its ultimate disruption is almost entirely
due to the progressive prolongation of the phase of anteriorly oriented
protraction, and is a measure of the increasing inability of the postural
neurons to reverse their excitation-inhibition relationships. If now a star-
fish which has its feet ‘frozen’ in this position is gently stimulated, the
pivoting movement is effected simultaneously, and generally throughout
the system of feet and stepping is resumed. This observation, combined
with the fact that retardations and accelerations of the step are common
and equal to all the stepping feet and occur without any concomitant
shortening of the step, clearly show that (@) the postural neurons of the foot
are affected by changing states of central excitation, (b) the protractor-
retractor neurons are unaffected by these changes, and (c) the state of
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excitation or of inhibition of the postural neurons can be affected inde-
pendently of the contemporary states of excitation and inhibition of the
retractor-protractor series.

There remains for consideration the question as to why the movements
and postures of the feet are displayed in a particular and invariable sequence,
or to put the question in another way: by what mechanisms is it ensured
that the transfer of excitation shall affect the four representative neurons
in an order which represents a sequence of alternating reversals of the
excitation-inhibition relationships of first the protractor-retractor neurons
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and then the anterior and posterior postural neurons? It is evident that
the rhythm of the movements, and therefore the order of the transfer, is
not absolutely determined by pre-existing central rhythms of excitation
for, if this were so, some determinate phase relationship would be expected
in the movements of the several members of the rows of tube feet. There
is, in fact, no such relationship; the movements are entirely arhythmic.
It must be inferred therefore that while patterns of central nervous dis-
charge serve to provide the conditions pre-requisite to the integration of
the step, they do not directly dictate the sequence of its movements. Their
role in this connexion is twofold. The first is passive in the sense that the
centrally instituted patterns of excitation extinguish the local, reflexly
developed states which tend to disrupt the step by deflecting the foot to
other activities. The second is an active promotion in that central activity
is prerequisite to the development within the neurons that innervate the
postural muscles of the foot of the states of excitation and inhibition
necessary for its pointing and pivoting.

How then is the sequence of the step determined? If exteroceptive
stimuli, acting through peripheral arcs or central tracts, fail to provide the

timing mechanism, the integration of the step must be ascribed to cycles
14-2
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of excitation developed within the foot itself, either through proprioceptor
activity or through the mutual interaction of the intrinsic motor neurons.
There is, unfortunately, no anatomical evidence of the presence of pro-
prioceptors within the muscles of echinoderms, though that is not to say
that they may not be present, and though it is known that the intrinsic
motor neurons of the foot are connected one with another (Fig. 7), the
pattern of the connexions is too confused to permit of any final conclusions
concerning the precise nature of the linkages. It is, however, possible that
some light may be thrown on the linking mechanisms by a study of the
effects of localized and graded stimuli applied to the foot at different phases
of the stepping cycle and by a survey of the conditions of stimulation that
are associated with different aberrations of the step. The possibilities
inherent in this method of analysis may be illustrated by reference to a
naturally occurring deviation of the actual locomotory step from the
‘idealized’ cycle. It is to be observed (Fig. 15) that the foot, having com-
pleted its backward pivoting movement (C), does not retract into the
posteriorly oriented position as represented by phase D (Fig. 16 D) of the
‘idealized’ step. The foot passes directly from phase Cto phase 4 by a com-
bined movement of withdrawal and forward re-orientation. The omission of
phase D would imply an incompatibility of contemporary excitation of the
neurons responsible respectively for posterior orientation and retraction.
The evocation, under experimental conditions of stimulation, of other
kinds of aberration might similarly serve to indicate the relative stability or
instability of other linkages.

VIII. THE NERVOUS BASIS OF UNIDIRECTIONAL
STEPPING

When a starfish walks, all the stepping feet within the five arms point and
step in the line of progression. It is customary to refer to the anterior arm,
in which the feet have a strictly longitudinal alinement, as the leading arm.
As a first stage in the analysis of the orienting mechanisms it is necessary
to determine whether the pattern of common orientation derives from the
dominating influence of the leading arm or is to be regarded as the result
of influences exerted by all five arms.

Hopkins (1926) and Diebschlag (1938) have noted that single arms,
lacking connexion with the circumoral nerve ring (Fig. 27B), always
(Hopkins) or almost always (Diebschlag) move with the base of the arm
foremost, and that single arms which have connexion with a small piece
of the nerve ring (Fig. 277 A) always (Hopkins) or almost always (Diebschlag)
advance with the tip foremost. My own observations show an approximate
97% tendency to proximal or distal progression in the two instances, the
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remaining 3%, representing a reversal of the direction of movement. The
marked disposition of isolated arms, having connexion with the nerve ring,
to step in a distal direction and thus to become incipient leading arms, and
the significance of the occasional reversal of the direction of movement, is
clearly brought out in the performance of an inverted starfish whose nerve
ring had been transected in each of the five interradii (Fig. 29 A, B and C).
For the first 50 min. or so of stepping the feet of all five arms had a
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distal polarity (Fig. 29A). Within the next 20 min. the feet of one arm
(Fig. 29, IT) changed to proximal stepping, and at the end of go min. all
the feet of all five arms had acquired a proximal polarity (Fig. 29C). After
this the feet began to lose tone, became unoriented, and ceased to step.
These observations would indicate that an arm behaves as a leading arm
by virtue of a distal polarity conferred on the feet by an actively discharging
‘centre’ located in the nerve ring at its point of junction with the radial
cord. When this centre becomes inactive, or is removed, proximal pointing
ensues. The 39, distal pointing of isolated arms, lacking a nerve centre,
always occurs immediately after the severing of the arm and may therefore
be ascribed to abnormal states of excitation following neurectomy.
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It may be inferred from these observations that, in the normal uninjured
starfish, the distally pointing arm is truly dominant, and that it imposes its
direction of movement on the feet of the remaining arms because of the
dominant activity of its nerve centre. This conclusion is confirmed by other
experiments, of which the two shown in Fig. 30A, B, may serve as ex-
amples. In the first (Fig. 30A), the nerve ring has been cut in the interradii
II-11I and IV-V. It was found that the feet of the arms V, I and II always
conformed to a common direction of pointing as did the feet of III and IV,
but that the range of common pointing was different in the two nervously
isolated parts. If directional co-ordination were the result of the activity
of all five centres, these patterns could not possibly be developed, but they
are fully explicable in terms of the dominance of one centre. That the
dominant arm is the arm with distally pointing feet is also evident from the
limitation of the range of pointing of the podia of arms III and IV to the
sector enclosed by these arms, and of the feet of V, I and II to the sector
enclosed by V and II. In the second experiment (Fig. 30B) the radial
nerve cords of IT and IV were cut near their junction with the nerve ring.
The directions of pointing of the feet were then recorded over a period of
3 hr., the time spent with each radius or interradius in the leading position
being expressed as a percentage of the whole. Since the feet never once
pointed in the directions II and IV it may be assumed that the nerve
centres II and IV were effectively put out of action. This did not, however,
prevent the display of unidirectional pointing in the other directions, and
the establishment of dominance in each of the remaining centres.

It is of interest here to refer to the habit of many starfishes of reproducing
asexually by the autotomy and subsequent regeneration of individual arms.
Autotomy is effected in Phataria, for example, by the simultaneous distal
stepping of the feet of two or more arms which, as it were, walk away from
the disk and detach (Monks, 1904). It would seem that this capacity for
autotomy reflects some underlying neurophysiological tendency towards
the contemporary dominance of more than one centre in these starfishes,
a condition that, except for a circumstance now to be examined, can only
be induced in Asterias rubens by neurectomy.

We may now consider the question as to whether interradial pointing is
due to the presence of interradial centres, or is the result of a contemporary
dominance of two adjacent radial centres. Observations on many starfishes
over a total period of some 65 hr. give the percentage pointing in the several
radial and interradial directions shown in Fig. 31. There is a significant
difference in the time occupied by radial and interradial pointing, the
interradial positions being the less frequently used. It is also to be observed
that feet in the interradial positions tend to oscillate from side to side,
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whereas in the radial positions they are more rigidly oriented. These ob-
servations, suggesting that interradial pointing is a resultant activity,
receive a more satisfactory demonstration by the experiment shown in
Fig. 30B. If specific interradial centres were present, one would expect to
find, over a long period of observation, some pointing in every interradial
direction; it occurs, in fact, only in the interradius V and I, which alone
is flanked on either side by radial centres with an incipient capacity for
dominance.

The conclusions to be drawn from these experiments are (1) that uni-
directional pointing and stepping reflect the dominant activity of one of
five neuron systems, each of which is situated at the base of a radial nerve
cord, at its junction with the circumoral nerve ring, (2) that the states of
excitation originating in these neurons are transmitted in a through-
conduction manner via the circumoral nerve ring and radial cords to all
the locomotory feet, (3) that the final motor elements of these tracts are the
intrinsic neurons of the foot whose axons supply the postural muscles, and
(4) that there are neurons within any one of the five nerve centres are ulti-
mately connected with the postural muscles within the various feet having
a like compass orientation. A scheme of innervation which would satisfy
these four conditions and which, while going somewhat beyond the observed
anatomical pattern (Figs. 2, 5 and 7), is consistent with the details so far
ascertained, is presented in Fig. 32.

IX. CHANGES IN THE DIRECTION OF
POINTING AND STEPPING

In an inverted starfish, not exposed to directional stimuli, changes in the
direction of pointing and stepping tend to occur autonomously. The rate of
change varies considerably from one animal to another and is by no means
constant in any one animal on different occasions. There is however a cer-
tain persistence of disposition in most animals. Some starfishes, for example,
are extremely lively and disposed to effect frequent changes, while others
tend to fix upon one particular direction of stepping. The differences of
disposition (as measured by the rate of change of the direction of movement)
of male and female, young and old, starved and satiated, and other anti-
thetic states of starfish life make an interesting study which must however
remain outside the scope of this review, but there are two circumstances
connected with directional pointing that are of sufficiently general
occurrence to be worthy of mention.

The first is the almost invariable tendency for autonomous transfers of
dominance from one centre to another to be made in rotation in oscillating
clockwise and anticlockwise sequences. It would seem that the neurons of
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each centre are subject to a periodic rise and fall of activity, and that, by
some mutual interaction between the neurons of adjacent centres, a decline
in the activity of the one centre is accompanied by, and is related to, a
building up of excitatory state in an adjacent centre. The relative slowness
of the build-up and the spatial limitation of the transfer suggests that
excitation spreads from one centre to another by way of a diffuse and some-
what indirectly coupled system of nervous pathways rather than through
organized and definitive tracts. It is thus possible that the relatively un-
organized net-like superficial plexus of the nerve ring mediates these
transfers.

The second general characteristic of pointing is the notable tendency
(in A. rubens) for arm II to be the most frequently used leading arm.
Although the overriding dominance of nerve centre II is not always ap-
parent over short periods of observation, it is clearly expressed as character-
istic of the species in long-term performances such as that shown in Fig. 31,
where some 7000 changes of direction were recorded over a period of 65 hr.
The tendency for arm II to dominate the locomotory pattern is not to be
ascribed to any obvious organizational feature such as greater arm length
or a greater number of podia. It appears rather to reflect some intrinsic
feature of nervous organization such as, perhaps, the retention of traces
of the bilateral symmetry of larva.

In normal environmental conditions the direction which a starfish pursues
and the arm it most frequently uses is conditioned more by imposed con-
ditions of external stimulation than by any intrinsic tendency to bilateral
behaviour. This can be readily put to test in inverted animals, where, for
instance, the intensive stimulation of a leading arm invariably causes that
arm to assume a trailing position. Energetic stimulation evidently induces
a state of excitation in the nerve centre of the stimulated arm that is in-
compatible with dominance, and causes the centres farthest removed from
the stimulus to take control. The effects of directional light on the pointing
of an inverted animal may be cited as a further example (Fig. 28). The arms’
nearest the light source dominate the locomotory pattern. Those which are
farthest away from the light only infrequently come into the lead. They
are not directly inhibited from leading, but fail to do so because the
transfer of dominance from one centre to another is, as it were, weighted
in favour of changes in the direction of III and IV, each transfer in a con-
trary direction becoming an increasingly improbable event.
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X. THE ADAPTIVE NATURE OF THE PERIPHERALLY AND
CENTRALLY INITIATED PATTERNS OF ACTIVITY OF
THE FEET

The empbhasis laid in this account on the nervous mechanisms which under-
lie the development of the variously integrated patterns of activity of the
feet may have diverted attention from their behavioural purport. Behaviour
is purposive in the sense that its component activities are of a kind which
tend to maintain the animal in an environment favourable first and fore-
most to its preservation and secondly to growth and reproduction. The
function of the nervous system is to take apprisal of environmental changes,
and to promote responses which lead to favourable adjustments. It will
be appropriate, therefore, by way of conclusion, to underline the regulatory
character of the nervous mechanisms we have been considering by showing,
in a few selected instances, how environmental stimuli of different qualities
and pattern lead to responses which are clearly in the nature of adaptive
adjustments to the predisposing environmental situations.

A starfish moving about in a pool or walking over the sea floor is subject
to external contacts, variations in light and shade, and to different con-
centrations of carbon dioxide, oxygen and other substances dissolved in
the sea water, all of which, together with other stimuli, are presented in
changing patterns affecting different parts and areas of the sensitive in-
tegument. The behaviour of an animal, in its normal environment, will be
largely determined by the patterns of conjoined reflex and centrally con-
trolled activity induced by a particular pattern or succession of patterns of
exteroceptive stimulation to which it is exposed. In this matter of pattern
of stimulus it will be recalled (p. 206) that given identical intensity of
contact stimulation, the tube feet, dorsal sheath and nerve cord do not
possess equivalent capacities for evoking reflex and centrally controlled
activities. In particular, sustained and gentle contacts of the feet, while
of little effect in evoking reflex activity, are remarkably potent in inducing
and maintaining a state of activity in the central neurons. One might
therefore suppose that the normal orientation of a starfish with its oral
surface towards the substrate and its many podia continually renewing
their contact with the ground, is favourable to the maintenance of a state
of movement which, under the influence of other superimposed stimuli,
can be canalized into more specifically directed activities.

Let us then consider the possible significance, in nature, of responses
resulting from superimposed stimuli impinging on the dorsal integument
and nerve cord of the starfish. The primary reaction of the feet to stimula-
tion of either area is a reflex retraction, though with stimuli of moderate
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intensity the movement is momentary and limited to the affected part of
the arm. The adaptive value of such a movement, however transitory, is,
no doubt, that it screens the foot from any incipiently harmful stimulus
until the qualities of the latter have been further tested. If the stimulus is
of low intensity, the foot (after the primary movement) will protract, but
an intense stimulus, with nociceptive potentialities, evokes a long-con-
tinuing retraction which keeps the foot away from the harmful stimulus.
These localized responses would, however, have little significance in the
life of the organism as a whole were they not attended by the movement
of the animal away from the source of injury. But, as has already been
observed (p. 208), intensive stimulation of local application, in addition to
producing local reflex retraction of the feet, affects the central neurons in
such a way as to induce the stepping podia to accelerate their movements
and to reorientate the step in a direction which takes the animal away
from the stimulus.

One may also visualize situations in which a starfish is subjected to
sudden and perhaps intensive stimulation over the whole of its surface;
a wave washing over it is a case in point. The animal immediately retracts
all its feet which, if previously in contact with the substrate, attach by
suction. The starfish is, as it were, instantly transformed, by the generalized
condition of stimulation, from a centrally motivated animal into a series of
reflexly-acting segments, each with its feet under reflex control. Not until
the abnormal conditions of stimulation have passed, and the animal is
subjected to a less violent background of contact stimulation, is central
control reintroduced and the animal re-established in its co-ordinated
locomotory activity.

The circumstances attending reflex protraction of the feet likewise
illustrate the adaptive nature of the response. The podia retract under two
conditions: (1) as a secondary response to stimuli of normal intensity
affecting the dorsal sheath receptors, and (2) on reducing the sensitivity of
the receptors or otherwise depressing the general level of excitation within
the nervous system. The receipt of non-harmful stimuli is followed by
conditions of discharge within the segmental and extra-segmental reflex
arcs which favour the protraction of the feet and the exploration of
any substance or body coming into contact with the skin that is not
inherently noxious. The movement is of adaptive significance in that
it may lead to the consummation of some act of potential value to
the animal such as attachment to a solid object or the capture of
food.

The second of the two situations mentioned above is only likely to arise,
in nature, under somewhat abnormal circumstances. When a starfish is
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kept for a time in a dish of sea water and is allowed partially to exhaust the
oxygen dissolved in the water, its podia protract to the full, though later
they become flaccid and bent. One may suppose, in view of the sequence ot
these events, that protraction is attended by the depression of activity of
some or all parts ot the nervous system in consequence of an oxygen lack
or possibly because of an excess of carbon dioxide. Protraction of the feet
has the effect of exposing a greater area of the thin integument of the
starfish to the water and if, as Meyer (1935) has shown, more than
half of the total oxygen uptake of A. rubens is through the tube feet,
and if it is indeed oxygen lack that initiates the movement, the adaptive
significance of protraction under conditions of low oxygen tension is
obvious.

These observations, though necessarily selective, will, I think, serve to
show that the reflexly and centrally controlled patterns of activity of the
feet of starfishes are related to the general pattern of exteroceptive stimula-
tion in ways that ensure that the movements contribute to the preservation
of the organism and to its maintenance in an environment most suited to
its needs.
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THE COMPARATIVE METHOD IN STUDYING
INNATE BEHAVIOUR PATTERNS

By KONRAD Z. LORENZ
Altenberg

I. INTRODUCTION

Like many other branches of biological research, comparative ethology
owes its existence to a discovery. The discovery of a new particulate process,
the function of which is comparatively independent from the function of
the organism as a ‘whole’, always opens a new line of analytical approach.
The nature of the process then determines the method most favourable for
its experimental investigation, and this method, in its turn, determines the
direction in which analytical research continues to proceed. There are many
cases in which the development of a new and independent branch of bio-
logical science has thus been determined by the character of one particularly
favourable object, modern genetics being the most obvious example.

The distinct and particulate physiological process whose discovery may
be identified with the origin of comparative ethology as an independent
branch of science is represented by a certain type of innate, genetically
determined behaviour patterns. Charles Otis Whitman, who was the first
to discover them, called them simply ‘Instincts’; Oskar Heinroth, who,
ten years later, independently rediscovered them, spoke of ‘arteigene
Triebhandlungen’; I myself have called them  Instinkthandlungen’, ‘Erb-
koordinationen’ and ‘Instinktbewegungen’ successively, thus further
mixing up terminology. I shall, in the conference on terminology, included
in the programme of this Symposium, propose the term endogenous move-
ments for this type of innate behaviour pattern. Endogenous movements
were not only discovered and recognized as a very distinct phenomenon by
C. O. Whitman as early as 1898, but also systematically studied and evaluated
as taxonomic characters. Nevertheless, their extreme importance as inde-
pendent elements of behaviour was not generally realized until much later.
It was only about 1930 that the discovery of endogenous activities began to
act as a centre of crystallization, about which concerted efforts to analyse
innate behaviour patterns began to become organized. From then on,
however, a quickly growing number of investigators began to apply the
methods dictated by the nature of the favourable object which had been
discovered so much earlier by Whitman and Heinroth. Thus comparative
ethology developed, and therefore it is distinguished by a particular set of
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methods from all other schools also occupying themselves with the innate
behaviour of animals and men. To convey some idea of this particular set
of methods is the task I have set myself in this paper.

I shall set about this task from two sides. Before trying to explain what
comparative ethology is trying to do, I propose to state, at least as clearly,
what it is trying not to do. I deem it most necessary to show what particular
errors of method, committed by the vitalistic and by the mechanistic schools
of behaviour study, we are meticulously trying to avoid, also to make it
quite clear why these errors have prevented some fundamental facts about
innate behaviour from being discovered half a century sooner than they
actually were. After thus defining our own methods per exclusionem, 1 shall
proceed to describe them in some detail.

This planinvolves some serious criticism of both vitalistic and mechanistic
schools, on ‘purposive psychology’ and some branches of ‘Gestalt’ psy-
chology, as well as on behaviourism and Pavlov’s school of reflexology.
I confidently assert that this criticism is irrefutable from the methodological
point of view. But I want to make it absolutely clear at once that comparative
ethology has no right whatsoever to claim credit for not having repeated
the methodical errors of which we accuse vitalists and mechanists. A pre-
conceived idea is a very terrible danger indeed to all inductive research, the
very essence of which is unprejudiced observation. The narrow path of
inductive natural science is hemmed in on both sides by methodological
pitfalls, and is, therefore, by far easiest to walk along blindfolded. And this
is exactly what Whitman and Heinroth did. Happily ignorant of the great
battle waged by vitalists and mechanists on the field of animal behaviour,
happily free from even a working hypothesis, two ‘simple zoologists’ were
just observing the pigeons and ducks they loved, and thus kept to the only
way which leads to the accumulation of a sound, unbiased basis of induc-
tion, without which no natural science can arise. Small tribute is due to
them for not tumbling into the methodological traps, into which vitalists
and mechanists succeeded in shouldering each other, as I shall at once
proceed to explain. No very great tribute either is due to them for applying
the phyletic method to the study of innate behaviour. Being comparative
morphologists, it was only natural for them to do so. But by doing it, they
discovered a fact which could not be discovered from any but the phyletic
point of view; they discovered an independent, particulate function of the
central nervous system which, as an element of animal and human behaviour,
is, at the very least, equally important as the reflex or the conditioned
reaction.
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II. CONSEQUENCES OF THE DISPUTE BETWEEN
VITALISTIC AND MECHANISTIC SCHOOLS
OF BEHAVIOUR STUDY
(1) Antagonistic exaggerations

Without any doubt the dispute between vitalism and mechanism has
created and exaggerated a number of erroneous preconceptions which
subsequently developed into a serious obstacle to analytical research. It
would be a difficult task for the historian to decide which side originally
sent the pendulum swinging and was responsible for the whole dispute.
One must not forget, however, that vitalism is much older than mechanism,
that the concept of entelechy comes from Aristotle, and that Johannes
Miiller and Claude Bernard were quite decidedly vitalists, though they also
undoubtedly were the pioneers of analytical physiology. Furthermore, the
quarrel has had particularly disastrous results for the analytical investigation
of suchlife processes asembryonic development, regenerationand instinctive
behaviour, which, because of their ‘wholeness’, their ‘directedness’ and
their apparent spontaneity, have, since the very beginning of the dispute,
constituted the stronghold of vitalism. Last, but not least, the theoretical
and philosophical position of vitalism is much more fundamentally wrong
than the few much less portentous methodical errors, of which we accuse
the mechanistic schools. For all these reasons I think that we are justified
in regarding the vitalistic errors as primary and the reciprocal errors of the
mechanists’ reactions justified in themselves and only erring through
exaggeration.

Vitalists base all their arguments on the purely dogmatic assertion that all
life processes are governed by an essentially non-explainable, preternatural
‘factor’, termed vital force, entelechy, whole-producing factor, and so on.
The legitimate answer to this is obviously that no man can know to what
extent causal analysis is going to succeed in explaining the processes of life,
and that, if a man prefers to meditate upon the supernatural instead of
trying to explain things in a natural way, a lamasery is a much more suitable
place to doso than a research institute. Instead of which, mechanists replied
that all life processes could be explained on the foundation of the laws of
classical mechanics. If they relinquished this position later, they only did
so because modern physics did.

If vitalists asserted that the existence of organic systems was due to a
whole-producing factor (Miiller’s ganzmachende Kraft), and therefore not
explainable by way of synthesis, mechanists answered that organic systems
could be explained very simply as a sum of very few sorts of elements. They
even grew quite dogmatic, in some cases, as to what these elements were.
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If vitalists asserted that life was the result of a directing force, mechanists
altogether neglected the fact that life processes do, in some cases, continue
to run in a certain direction. If vitalists regarded the spontaneity of some
life processes as a wonder and as the direct effect of their preternatural
factor, mechanists replied by denying the very existence of spontaneous
processes. If all the vitalistic factors, vital forces, directing forces, entelechy,
instinct and however they were called, were, if we come down to funda-
mentals, nothing else than the old, preternatural, immortal soul in a new
guise, mechanists tried to build up a psychology without a soul, and went
so far as to neglect the existence of subjective phenomena altogether, even
where introspection can tell us some most important facts about our own
ways of acting and reacting.

The very nature of these antagonistic exaggerations, into which vitalism
and mechanism were forcing each other, makes it intelligible that of all
fields of analytical research the investigation of behaviour suffered most.
Its well-defined character as a ‘whole’ or system, its directedness and
purpose and, in some cases, its evident spontaneity, brought animal
behaviour into the very focus of the great dispute. Especially innate
behaviour suffered from this, mainly because ‘instinct’ was one of the
cardinal points of dissension. To make clear the methodical point of view
held by comparative ethology, I think it necessary to explain in some detail
the reciprocal errors which both the vitalistic and the mechanistic schools
of behaviour study committed regarding the items mentioned above.

(2) Reciprocal errors in the treatment of systems

The conception of the ‘whole’ was to vitalists the very essence of what
never could be explained, being the direct consequence of a preternatural
factor. Particular stress was laid on the thesis that a whole could never be
explained by synthesis of particulate elements. To this fatal resignation of
analysis on the vitalistic side mechanists replied by trying to synthetize all
the systems of behaviour on the basis of too few elements. This ‘atomism’
is an error very characteristic of mechanistic schools. This optimistic
attempt was, of course, doomed to failure, but not before it had brought
valuable results. Even very crude simplisms have done less damage to the:
progress of science than resignation.

One of the most deplorable consequences which resulted from the
‘atomistic’ attempts at explaining behaviour was the counter-recoil of
‘Gestalt’ psychology. It is an everlasting merit of Gestalt psychologists to
have been the first consciously to introduce the method of a truly correlative
analysis of organic systems. They were the first to prove the inherent fallacy
of the atomistic method of artificially isolating a single chain of causation



INNATE BEHAVIOUR PATTERNS 22§

where in reality there was an immeasurably complex system of interaction.
Gestalt psychology should have undertaken to correct the atomistic errors
of behaviourism and of reflexology and to introduce the method of a corre-
lative analysis into the study of behaviour. But it did not. Instead of
correcting the errors mentioned, it merely committed the reciprocal errors.
That is to say, the conception of ‘ Gestalt’ has assumed, with a good number
of Gestalt psychologists, a character dangerously akin to that of a vitalistic
factor. To very many authors ‘Gestalt’ is something that neither stands in
need of, nor is susceptible to, a natural, physiological explanation. Also,
‘Gestalt’ has been very badly overrated as an explanatory principle. The
characters of ‘ Gestalt’ were uncritically attributed to all ‘wholes’ and there-
with to all organic systems in general. I want to show that this is just as
much of an error as it is to regard organism as ‘sums’ or ‘mosaics’ consisting
of only a few elements.

There is not a single organic system which is really a ‘Gestalt’, nor one
that is a mosaic. Every real organic system is built up on botk principles,
mutual interaction of correlated parts playing a role as well as particulate
elements influencing the whole in one-way causation. It is extremely
important to know, in every single instance, with what kind of relation
analysis has to deal as its method has to conform to the actuality of its
object. It is as much a methodological error to treat a one-way causality as
if it were an ‘amboceptoric’ interaction, as to mistake mutual interaction
for linear one-way causation.

It is a pre-eminent characteristic of that phenomenon of perception, to
whichalone the term ‘Gestalt’ should be applied, thatitislargely independent
of the elementary parts out of which it is built up. A melody, for instance,
retains its particular ‘Gestalt’ quality, whether it is played on a violin or on
a piano, whether it is reproduced in one key or the other. Of course, no real
objective system is in the same way independent from its component
elements; even the examples chosen by Wolfgang Kéhler in his paper on
‘Physikalische Gestalten’, such as the electrical charge on the spherical
conductor, the soap-bubble, etc., decidedly are not. It seems absurdly
commonplace to state that a spherical conductor cannot be charged with
soap solution and that one cannot blow bubbles from electricity. But this
very error has been just as crudely committed again and again by sociologists
and group psychologists who were misled by a total contempt of the par-
ticulate element. This contempt of the particulate element is legitimate
exclusively in the study of ‘Gestalt’ as a phenomenon of perception. In the
study of all other kinds of ‘wholes’ it is disastrous ! Every Gestalt is a whole,
but not every whole is a ‘ Gestalt’.

Otto Koehler has defined the organismic whole as a self-regulating

SEB 15
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system of universal causal interaction of all its parts.* This conception of
the whole has nothing metaphysical about it, and the most convinced
mechanist must concede that very many organic systems are, at least
partially, just this kind of a whole. The system of endocrine glands is a
very good example. So far from being a ‘ Gestalt’, a living organism is not
even completely a whole in this much wider sense. No organism is a system
of really universal interaction of its parts, because every organism contains
a number of discriminate parts which, while certainly influencing the form
and the function of the whole by a linear one-way causation, are not in turn
influenced to an appreciable extent by the whole. Skeleton elements, at
least in their definite state of development, are good examples of this kind
of independent constituents. Even in the embryo, where interaction
generally is much more universal than in the grown organism, there are
instances of constituent parts behaving with an amazing independence of
the whole, the cells of the two-cell stage of the ascidian embryo being the
classical example. Spemann’s useful distinction between ‘mosaic’ embryos
and ‘regulative’ embryos can be, mutatis mutandis, applied to any other
organic structure or function. The application of an analogous distinction
tobehaviour seems to me particularlyadvantageous. The behaviourof the sea-
urchin, for instance, is quite literally a mosaic of the independent functions
of its organs and can be as literally ‘synthetized’ by tying a broken-up sea-
urchin shell together again with a piece of string. Uexkiill, in his drastic
manner, has said: ‘When a dog runs, the dog is moving his legs, when a
sea-urchin runs, the legs are moving the sea-urchin’—which beautifully
expresses the difference between the mosaic system and the system of
universal interaction.

I do not think that there are any other organic systems, in which inde-
pendent, mosaic-like constituents and regulative systems of mutual inter-
action alternate and interlock in so utterly incalculable a manner as they
do in the behaviour systems of higher animals. It is, therefore, of superlative
importance to ascertain, as early as possible, to which type of system a given
object of investigation belongs. It is an extremely pertinent question,
whether the dog moves his legs, or the legs the dog, quite especially in
group and social psychology. We may summarize the reciprocal methodo-
logical errors of vitalists and mechanists by saying that the former
dogmatically assume that it is exclusively the whole which is influencing
its parts, while mechanists as dogmatically confine their attention to one-
way causalities, leading from the part to the whole. Vitalists overrate the
‘whole’ and totally neglect the particulate element, mechanists neglect

® Maybe it is necessary to state that Gestalt psychologists strictly reject this definition
as a definition of the Gestalt, asserting definitely that a Gestalt is more than the sum of all
interrelations possible between its elements
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regulative interaction and overrate those particulate independent elements
which they happened to succeed in isolating. Of these errors the mechanistic
one is obviously far less detrimental to research than the ‘ Gestalt’ psycho-
logical one. Linear causal influence, acting exclusively from an independent
part towards the system as a whole, does exist, at least in some cases, and the
atomistic investigator is not guilty of any methodological error, as long as
he really is examining a comparatively independent constituent part. It is
just because they may legitimately be isolated theoretically and experi-
mentally that the discovery of independent constituents always is such a
tremendous step forward in analytical research. On the other hand, linear
causal influence leading from the whole to the part, as assumed by those
overrating the ‘ Gestalt’ principle, simply does not exist, any part influenced
from the side of the whole always reacts upon it.

The causal interaction which constitutes wholeness in an organic system
is, of course, a very real thing. It is therefore evidently absurd to expect
‘wholeness’, comparable to that of Gestalt perception, in the behaviour of
animals lacking the complicated nervous system which serves as an apparatus
of integration and renders possible so universal a form of interaction as
occurs in the perceptual functions of higher animals and man. When
Alverdes repudiates von Uexkiill’s conception of the ‘reflex republic’ of
the sea-urchin, on the grounds that it is ‘incompatible with the fiction of
wholeness’ (‘der Fiktion der Ganzheitlichkeit widerspreche’), then the
misunderstanding is centred in the belief that ‘wholeness’ is a ‘fiction’.
Where wholeness in our sense of universal interaction of constituent parts
does exist, there it is anything but a fiction, and there we have to conform
to its reality by applying the slow and cautious method of correlative
analysis on a broad front. Where it does not, there we may bore in with
linear analysis and with experiments isolating constituent parts. But
whether it exists, and to what extent, is not a question that can be settled
out of hand by metaphysical speculation or by the dogmatic misapplication
of a slogan, but one that must be decided for every single particular case by
patient inductive research.

(3) Reciprocal errors in the treatment of directedness of behaviour

The undeniable facts that animal behaviour in most cases develops a
definite survival value and that, in some cases, it is directed towards a certain
purpose, have, in consequence of the vitalistic-mechanistic dispute, received
a treatment very similar to that accorded to the whole.

Survival value and purposivity of innate behaviour did not, to vitalistic
thinkers, appear to offer any problems. ‘Instinct’ and ‘purpose’ were, by

them, spelled with very big capitals and were regarded as direct effects of
I5-2
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the non-explainable directive factor of life. Thus two problems were hushed
up by one pseudo-explanation and therefore appeared as one. Whether an
animal is strenuously striving to attain some end or goal, changing its
behaviour time and again adaptively to reach it, or whether a stereotyped
behaviour pattern automatically develops some survival value, the ‘directive
factor’ is, in the opinion of purposive psychologists, one and the same:
the ‘infallible’ instinct is telling the organism what it has to do. Therefore
it is only consistent to identify the survival value of any kind of innate
behaviour patterns with the end or goal, at which the organism as a subject
is aiming.

It was Wallace Craig who cleared up this confusion and who, once for
all, exploded the myth of the ‘infallibility’ of instinct. He did so by showing,
with a wealth of observational evidence, that the animal as a subject is
certainly not aiming at the survival value of its activities, but merely at the
discharge of certain actions, termed consummatory action by Craig. The
recognition of this indubitable fact is one of the utter commonplaces which
are so amazingly hard to discover. Introspective self-observation makes it
superlatively obvious that the purpose of what Craig termed appetitive
behaviour is the discharge of instinctive action and not its survival value.
I cannot stop myself eating, though it is my purpose to lose weight. However
obvious and even commonplace Craig’s discovery may seem on close
inspection, it nevertheless undoubtedly was one of the most decisive steps
forward towards a real understanding of behaviour. As Goethe says: ‘Das
ist das Schwerste von Allem, was dich am leichtesten diinket, mit den
Augen zu sehn, was vor den Augen dir liegt.’

The greatest damage done to the analytical investigation of behaviour by
the teachings of vitalists was, however, not caused by the confusion of
purpose and survival value of behaviour, but by confounding finality with
causality. It is a fateful mistake to believe that the teleological ‘under-
standing’ of behaviour (or, for that matter, of any process of life) makes it
superfluous to gain insight into its causation. If Bierens de Haan says
‘Wir betrachten den Instinkt, aber wir erkliren ihn nicht’ (‘ We contemplate
instinct, but we do not try to explain it’), our answer to this thesis is very
clear. It is, of course, perfectly legitimate to meditate upon the obvious
finality of any organic structure or function. It is even possible to reach,
by this contemplation, a very valuable ‘understanding’ of it—in the tele-
ological sense of the word. But this sort of understanding does not invest
us with the power to change the natural sequence of events, Mankind owes
its power over nature to its insight into causality. As regards wholes or
systems, they have a disconcerting way of getting out of order and thereby
supply us with a strong motive for wanting insight into their causal texture.
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My teleological understanding of my car is not worth a brass farthing if a
drop of water has got into the jet of the carburettor, and Medicine, the
queen of all applied natural sciences, is forever in exactly the same position.
No whole-producing factor helps the man in whose appendix a cherry
stone has got stuck. What I strongly resent is the ever-recurring vitalistic
aspersion that our emphatic quest for causal understanding implies material-
istic blindness to the existence of the great goals of humanity. Without full
recognition—teleological recognition | —of these goals, our quest for causality
would lack its purpose. Without insight into causality the active pursuance
of these goals would be impossible. We have particularly urgent reasons to
want insight into the causal context of ‘instinct’. With atomic bombs in its
hands and with the endogenous aggressive drives of an irascible ape in its
central nervous system, modern humanity is a whole or system which has
got very thoroughly out of balance. No teleological meditation will help
us, we shall have to do something about it, and this implies the necessity of
causal insight.

If vitalists persistently ignored the question why behaviour develops
survival value, or why it is purposive, one should expect mechanists to stress
the urgent necessity of putting just these questions. Instead of doing this,
the mechanistic schools treated the very fact of survival value and purpose
exactly as if it were just another vitalistic superstition like entelechy, instinct
and the like, that is to say, they flatly ignored it. It is perhaps too much to
say that the question ‘What for?’ was strictly barred from the contempla-
tions of behaviourists and reflexologists, but certainly no sufficient con-
sideration was given to it. This effectively obstructed the mechanists’ way
of approaching the problems of innate behaviour from a selectionistic point
of view, which, though certainly not ‘vitalistic’, is only possible if the sur-
vival value of a behaviour pattern is drawn into consideration.

In saying above that no mechanist has ever raised the question after a
causal explanation of directedness and purposivity of behaviour, I have
neglected one memorable instance. No less a man than I. P. Pavlov has
not only raised this question, but actually tried to give an answer to it. In
a paper published in 1916 he writes: ‘ Analysis of the activities of animals
and men has led me to the conclusion that, amongst other reflexes one
particular reflex, the reflex of the goal (pediexc memm) must be con-
ceived, a striving for the attainment of one definite object sending out
stimuli’ (translated from the Russian). Later on, he adds that this reflex
is standing in a close relation to the unconditioned reflexes of taking food
and of copulation. It is quite obvious that here purposive behaviour, in
the special form of appetitive behaviour, has obtruded itself to Pavlov’s
notice, also that, observing it chiefly in dogs and humans, he believed that
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food appetite and sexual appetite were the only ones in existence. It is a
subject for deep meditation that the great mechanist did not see how
closely akin this new ‘reflex’, created with the sole intent of explaining
something hitherto unexplainable, is to any vitalistic factor introduced for
the very same purpose.

(4) Reciprocal errors in the treatment of spontaneity

In a strictly analogous wayj, as the vitalistic-mechanistic dispute prevented
a sensible analytical treatment of the whole, and of survival value and
purpose of behaviour, it also obstructed the way to a causal explanation of
spontaneity. Exactly as in the cases already discussed, the vitalists saw the
phenomenon in itself, but regarded it as a ‘wonder’ and refused to ask for
its natural explanation. William McDougall has certainly gained very great
merit by stressing the importance of spontaneity of behaviour as an argu-
ment against the chain-reflex theory of the mechanistic schools. Hissentence
that ‘it is evidently inadmissible to speak of a re-action to a stimulus not yet
received’ is something we ought to keep well in mind when formulating our
modern terminology of behaviour. Also, his slogan, ‘ The healthy animal is
up and doing’, which he threw into the teeth of the chain-reflex theory, is
worth remembering. But he and other purposive psychologists did not
confine themselves to using the fact of spontaneity as an argument against
the chain-reflex theory, but regarded it also as an argument against the
general assumption that behaviour is causally explicable. At least none of
them ever made the least attempt to offer a physiological explanation of
spontaneity.

Instead of unrelentingly demanding this explanation, behaviourists as well
as reflexologists evaded the problem by the simple means of ignoring the
fact. In my opinion it is the most serious accusation against the working
hypotheses of mechanists that they conducted only such experiments as
were beforehand destined to confirm the theory. This is about the worst
fault a working hypothesis can have. With exceedingly few exceptions, the
experiments of mechanists confined themselves to letting some sort of
stimulation impinge upon the organism and then to record its answering
reaction to this stimulation. This kind of experiment could not but create
and confirm the opinion that the function of the central nervous system
was restricted to receiving and reflecting external stimuli. No mechanist
ever thought it worth while to observe what healthy animals do when left
to themselves. So the central nervous system, poor thing, never got the
opportunity to show that it could do more than answer to stimulation.

Again there is one exceptional case, in which a reflexologist did take
notice of spontaneity, and again it is I. P. Pavlov himself who did so. In
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describing his experiences with a certain small and very lively dog who
would on no account keep still when tied to the framework, to which
reflexologists attach their dogs, Pavlov actually has introduced a new reflex
to meet the case, the ‘reflex of freedom’. The most confirmed vitalist could
not have done better by introducing an instinct of freedom, and, curiously
enough, he would have been far nearer the truth than the great mechanist.
It is very far from my mind to make fun of Pavlov. On the contrary,
I regard this jarring contradictio in adjecto, the ‘reflex of freedom’, as a
reminder of the limitations of the human mind!

(5) Reciprocal errors in the treatment of innate behaviour

The conception of ‘instinct’ is one of the doubtful legacies left to us by
the scholastic philosophy of the middle ages. From the first, this conception
was introduced to offer what appeared to be an explanation for such types
of animal behaviour as were not explicable on the familiar terms of insight
and intellect and yet had a definite survival value to the animal. Medieval
science was very prodigal with just this kind of ‘explanation’. The horror
vacui, the ‘phlogiston’ and many other conceptions are further examples.
John Dewey, in his book Human Nature and Conduct, has given so irrefutable
a critique of this type of explanation that it is really superfluous to add even
one word. If we accept a ‘homing instinct’ as an explanation for the fact
that a pigeon flies back to its loft, then, next time a child asks me what
makes the train go, I shall answer that this is caused by a special factor,
called the locomotive force. The justification in both cases is absolutely the
same. If we concede it as a scientifically legitimate sort of proceeding, to
bridge any arbitrarily chosen gap in our present understanding of nature
by assuming an obliging little wonder, then all scientific research becomes
a pure farce.

The obvious answer to the vitalistic assumption of the ‘wonders of
instinct’ would have been to explode these wonders one by one, by giving
a sensible physiological explanation for each of them, just as hosts of
similar vitalistic ‘wonders’ have, since the days of Johannes Miiller and
Claude Bernard, been shattered by the progress of analytical research. It
is a real wonder that no mechanist ever seriously tried to do this! Maybe
innate behaviour, with its evident character of a system, its obvious survival
value and its undeniable spontaneity, did not seem attractive to the mechan-
istic methods of research; maybe it was only the great stress vitalists laid
on ‘instinct’ that made it distasteful to behaviourists and reflexologists.
Anyhow, none of the mechanists ever systematically investigated innate
behaviour. The few reflexologists who deign to mention innate behaviour
patterns at all, confine themselves to the rather obvious statement that they
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consist of chains of unconditioned reflexes, while some behaviourists, chief
among them J. B. Watson, go so far as to deny the existence of any more
highly differentiated forms of innate behaviour, conceding only that of
simple ‘motor mechanisms’.

It is hardly an exaggeration to say that the large and immeasurably fertile
field which innate behaviour offers to analytical research was left unploughed
because it lay, as no man’s land, between the two fronts of the antagonistic
opinions of vitalists and mechanists. Small wonder, indeed, if it became
‘the sporting ground of fruitless philosophical speculation’, as Max
Hartmann said on a memorable occasion.

(6) Lack of observational basts

A short account of a philosophical quarrel, such as the one just given, of
necessity, does an injustice to both sides. In fact, every abridged rendering
of a philosophical system is an impudent caricature, tending to make the
philosopher look a fool. It is, on principle, impossible to summarize
philosophical opinion in the same way as we are wont to do with the results
of our research. This must be borne in mind, lest my representation of the
reciprocal errors of vitalism and mechanism seem an insolent libel of men
whose immense merit I would be the last to depreciate. I am quite aware
of the immense over-simplification of all that has been said above and of
the many exceptions that have been left unmentioned. I only wanted
to make quite clear the general influence which the great vitalistic-
mechanistic dispute has had upon the investigation of innate behaviour.
I may have over-estimated and exaggerated this influence, and on this
point I am open to discussion and very ready to make amends where I
have erred.

There is one point, however, in our methodological criticism on the
vitalistic and mechanistic schools of behaviour study on which I do not
think that serious discussion is possible. It means striking at the very roots
of the teachings of a scientific school if one accuses it of insufficient knowledge
of facts, of insufficiency of basis of induction. Yet I do not see how this
reproach can be spared to either of the great schools of behaviour study.
It is an inviolable law of inductive natural science that it has to begin with
pure observation, totally devoid of any preconceived theory and even
working hypothesis. This law has been broken by one and all of the great
schools of behaviour study, and this one fundamental, methodical fault, is
at the bottom of all the errors of which we accuse vitalists and mechanists.
To put it crudely in two examples. If William McDougall had known all
H. Elliot Howard knew about ‘reactions incomplete through lack of
intensity’, he would never have confounded survival value and purpose.
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If J. B. Watson had only once reared a young bird in isolation, he would
never have asserted that all complicated behaviour patterns were condi-
tioned. It was a really crushing blow to cherished ideals when, as a young
student, I first realized that the great authorities on ‘instinct’, such as
Lloyd Morgan and W. McDougall, did not know the relevant facts about
innate behaviour with which I, ignorant boy though I was, was mentally
struggling even then; reactions not attaining their goal because of lack of
intensity, vacuum activities and the innumerable ways in which innate
behaviour patterns were miscarrying, were evidently unknown to the great
theorists.

I know of only two students of animal behaviour who really knew the
animals about which they wrote and who were, at the time of their writings,
considered ‘scientists’ and not just ‘bird lovers’. One of them is H. S.
Jennings, who may, in a loose sense, be considered as a behaviourist; the
other is Jakob von Uexkiill, who certainly was a vitalist. In spite of the
world-wide discrepancy of their philosophical positions they have one
fundamental point of departure in common: both of them hold that the
observation of all there is to be observed in the behaviour of a species must
go before the quest for explanation of the single items of behaviour. This
means that both of them treat the behaviour of a species as it must uncon-
ditionally be treated: as an organic system. To Jennings we owe the con-
ception of the system of actions of a species, and though J. v. Uexkiill gave
a vitalistic name (Bauplan) to the same reality, he also approached it with
the same method as Jennings, with the method of a truly correlative
analysis, proceeding on a broad observational front.

If there is one behaviorist or reflexologist of Pavlov’s school, or one
purposive psychologist, who also approached the problems of behaviour
by the obligatory method of correlative analysis, that is, who began by
observing all there is to be observed in a species, making an inventory of
its system of actions before forming a working hypothesis, then I am very
sincere in asking his forgiveness; I am not a very well-read man and have
failed to hear of his existence. But all other professional students of animal
behaviour have been guilty of the one unpardonable offence against the
most fundamental law of inductive natural science: they have one and all
formed a hypothesis first and proceeded to look for examples to confirm it
afterwards. The protean multiformity of organic nature and quite particularly
of the behaviour of higher animals is such that a circumspect search for
examples can never fail to detect a wealth of evidence for literally any
theory, however arbitrarily you chose to invent one. The facts in themselves
may be quite correct, but choice of facts in itself is ever a falsification of the
inductional basis. And this statistical falsification of the very foundation
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of natural science can only be prevented in one way: unprejudiced observa-
tion of all there is to be observed must go temporarily defore the building
up of hypothesis.

III. METHODS PECULIAR TO COMPARATIVE ETHOLOGY
(1) Observational basis of induction

It is a fact worthy of very serious contemplation that very nearly all the
relevant details of innate behaviour, the ignorance of which so seriously
impaired the theories of the two great schools of behaviour study, mechanism
and vitalism, have long been known to and fully appreciated by bird lovers.
H. Eliot Howard, Edmund Selous and many other men who would have
been considered mere ‘amateurs’ by the ‘scientific’ schools, have been con-
versant with these facts, without, however, knowing how badly these facts
were needed by psychology. Also the professional zoologists whom we
consider as the pioneers of comparative ethology, such as C. O. Whitman,
O. Heinroth, Julian Huxley and Jan Verwey, at first regarded their observa-
tional work more as a hobby or at best as a very secondary occupation.
Indeed, sitting in a blind observing birds, or just staring into an aviary
with pigeons, or on a pond with a collection of ducks, or into an aquarium,
does not, at first sight, appear to be as ‘scientific’ as the tremendous experi-
ments of mechanists or the deep philosophical speculations of vitalists. Yet
it is very far from being accidental that just this kind of observation yielded
facts which remained unknown to the great schools.

The development of any inductive natural science proceeds through
three indispensable stages: the purely observational recording and describing
of fact, the orderly arrangement of these facts in a system, and finally the
quest for the natural laws prevailing in the system. These three steps have
been termed the idiographic, the systematic and the nomothetic stage by
Windelband. For rather obvious reasons, which I need not expound here,
the relative importance of the strictly observational basis of any natural
science is in direct proportion to the degree in which its object bears the
character of a whole or system: the greater the number of constituent parts
of a system, the more complicated their interaction, the more necessary it
evidently becomes to get an inventory of these parts, before beginning the
analysis of their correlations. Now the system of actions of any animal is at
least as much of a ‘whole’ and possesses at least as many particulate con-
stituent parts as its body. Therefore the only legitimate manner of proceeding
in the study of the behaviour of any species of living organisms is to begin,
quite exactlyas H. S. Jennings has done, with what I would call a morphology
of behaviour, by a thorough observation and description of all the behaviour
patterns at the disposal of the species.
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Now this, in higher animals, is a tall order. If the morphologist must
spend months in getting an approximate survey of the anatomy of a species,
the ethologist must spend years to do the same regarding its system of
actions. And that is exactly where the ‘fancy’ of the ‘amateur’ comes in.
I confidently assert that no man, even if he were endowed with a super-
human patience, could physically bring himself to stare at fishes, birds or
mammals as persistently as is necessary in order to take stock of the
behaviour patterns of a species, unless his eyes were bound to the object of
his observation in that spellbound gaze which is not motivated by any
conscious effort to gain knowledge, but by that mysterious charm that the
beauty of living creatures works on some of us!

(2) The keeping of animals as a scientific method

In many natural sciences, such as botany, zoology, mineralogy and others,
scientific activity has begun with collecting, and I do not doubt that this
collecting was, in most cases, at first motivated much more by ‘fancy’ for
attractive objects than by cognitive purpose. No comparative ethologist
of my acquaintance has ever denied that his scientific career began in the
same manner. Heinroth was ten when he started collecting and keeping
ducks and geese ; I myself was still younger when I did the same. Whitman
is said to have been addicted to pigeon keeping at about the same age.
Though having done this undoubtedly is not a merit, it nevertheless was
the methodologically correct thing to do, and I think I am justified in
ranging the keeping of animals in captivity first among the methods peculiar
to comparative ethology.

By ‘keeping’ an animal I do not mean the mere attempt to keep it alive
in captivity for as long as possible, but the endeavour to make a given
species unfold its whole system of actions under constant, controllable
conditions. Keeping, therefore, always implies the attempt to breed the
species in question.

It is far from me to disparage the advantages of field observation and the
merits of field observers. But for the purposes of correlative analysis it is,
as I have already stressed, of the first importance to get an inventory of the
particulate behaviour patterns of a species and to get some notion to what
extent these constituents of behaviour patterns are woven into a regulative
‘whole’. I have already emphasized (p. 226) the necessity of ascertaining, at
an early stage of analysis, how far a system of actions is a regulative whole
and how far it is a mosaic of relatively independent elements. This question
is extremely difficult to decide in field work, because in the natural sur-
roundings of a species its system of action is apt to seem much more adaptive
and its several activities much more purposive than they really are. Thus
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adaptedness is easily confounded with adaptability. It is only by miscarrying
that any behaviour pattern can show its nature of a particulate element. Now,
of course, it is possible to notice miscarrying behaviour patterns in field
observation, as H. Eliot Howard has sufficiently proved. But it is quite
impossible not to see it in observing animals kept in captivity.

Itis hardly possible to exaggerate the importance of miscarrying behaviour
patterns as a source of our knowledge. W. Craig’s great discovery that it is
the discharge of consummatory actions and not the survival value which is
the goal of appetitive behaviour was exclusively due to the observation of
behaviour patterns being executed without attaining their ‘normal’ survival
value. The existence of innate releasing mechanisms would never have been
discovered and their function would not have been possible to analyse if it
had not been for the observation of cases, in which they were activated
‘erroneously’ by stimulus situations, in which the released activity was
thoroughly miscarrying. The whole set of phenomena connected with the
process of accumulation of action-specific energy (such as lowering of
threshold, explosion activity, etc.) also could only be discovered by observing
innate behaviour patterns miscarrying when discharged at an inadequate
object.

It is not only the miscarrying of reactions caused by the absence of
normal environmental stimulation which makes the observation of animals
kept in captivity so valuable. The physiology of the central nervous system
has gained much of its knowledge about particulate functions by studying
cases in which some functions had dropped out, because of pathological
processes, or had been experimentally destroyed. Very much the same
manner of proceeding has led comparative ethology to analogous results.
Very slight disturbances of the general ‘condition’ of captive animals are
apt to cause surprisingly far-reaching disintegrations of their systems of
actions. Endogenous activities lose much of their normal intensity or drop
out altogether; innate releasing mechanisms lose much of their selectiveness.
The general disintegration of the species’ system of actions caused by these
two main processes is essentially reversible. If one starts keeping a new
species, with whose needs one is not yet familiar, one automatically gets
an opportunity to observe this particular form of disintegrated behaviour,
very often a jumble of unconnected behaviour patterns whose normal
survival value is often very difficult even to guess. Yet this jumble of dis-
connected behaviour patterns is extremely valuable for the purpose of
taking stock of the particulate, genetically fixed ‘mosaic stones’ of behaviour.
When, later on, one learns how to keep the species in question and when,
with the improvement of technique, the animals are got back into the pink
of condition, then the jumble of disintegrated parts is slowly reassembled
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into a functioning system which fully delivers its normal survival value.
I hardly know a more instructive object of observation than just this type of
disintegration and reassembling of the system of actions in animals kept
in captivity. Itis, in fact, an actualized example of analysis and resynthesis
of behaviour!

If disintegration is a valuable source of our knowledge about behaviour
and, indeed, the most valuable fulcrum for its analysis, it must also forever
be remembered as a possible source of error. I want to give one warning
example of this. The red-backed shrike, Lanius collurio L., has got a very
beautifully differentiated endogenous movement for impaling insects on
thorns. This activity has a taxis component generally directing it to branches
or twigs, but apparently none that directs it to a thorn. The reaction to the
thorn was indubitably acquired by the trial-and-error method by the shrikes
I observed as early as 1932, and in a paper then published I enlarged upon
this particular case of innate behaviour patterns interlocking with trial and
error and conditioning. Now G. Kramer has recently reared red-backed
shrikes with a view to studying their migration activities and incidentally
observed the development of their reaction to the thorn. What he saw at
first was in perfect accord with what I had written in 1932; the shrikes
showed the movement first and got conditioned to the thorn by trial and
error. Kramer is a past master in rearing birds, and you may rest assured
that these shrikes were in the best of condition. And yet, when he tried
still further to improve his feeding technique and started breeding silk-
worms for the young shrikes, the birds thus reared needed no conditioning
to the thorn, but most amazingly proved to have an innate directive
mechanism reacting to the specific optical sign stimuli emanating from a
sharp end or thorn. This particular source of error must be kept in mind.

As a method of analysis of animal behaviour, keeping truly deserves the
adjective ‘correlative’, because it very strictly compels the investigator to
consider the behaviour patterns of a species in correlation to the environ-
mental conditions to which they are adapted. Again, it is the observation
of miscarrying behaviour patterns, from which the keeper must be able to
deduce what particular conditions of the artificial environment of the
animal he must change, to make those behaviour patterns attain their
normal survival value. Just as he would deduce from the morphological
characters of a mole’s forepaws that this species needs earth to dig in, so
he must, from slight ‘hints’ of miscarrying behaviour patterns, be able to
deduce the corresponding environmental exigencies of the species. Perhaps
the most important cognitive value of this proceeding lies therein, that it
forcefully compels the observer to treat the several behaviour patterns of
a species exactly as he would treat organs. The observer is very convincingly
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taught that behaviour patterns are not something which animals may do
or not do, or do in different ways, according to the requirements of the
occasion, but something which animals of a given species ‘have got’,
exactly in the same manner as they ‘have got’ claws or teeth of a definite
morphological structure.

From the recognition of this fact it isonlya very shortstep tothe systematic
comparison of the innate behaviour patterns characteristic of allied species.
It is, indeed, only in keeping animals that this comparison obtrudes itself
to the observer’s notice. The discovery of phyletic homology between innate
behaviour patterns was unavoidable, once a scientist conversant with the
methods of comparative morphology got the opportunity to observe closely
a number of species belonging to the same systematic group. It is there
that C. O. Whitman’s ‘fancy’ for pigeons and O. Heinroth’s partiality to
Anatides have played a very decisive part. A man knowing the single system
of actions of every species as they knew it could not fail to notice that certain
innate behaviour patterns were just as characteristic of a species, a genus or
a family, as any morphological character. As early as 1898, C. O. Whitman
wrote the sentence that marks the birth of comparative ethology. ‘Instincts
and organs are to be studied from the common viewpoint of phyletic
descent.’

(3) ‘Comparative anatomy’ of behaviour

With the discovery of phyletic homology of behaviour patterns the study
of behaviour may be said to have grown out of the purely idiographic stage
of its development and to have reached the second systematic stage. This
discovery was of the greatest importance in several respects. Not only
could innate behaviour patterns be used as very valuable and certainly very
welcome new taxonomic characters in ascertaining the phyletic relations
between allied forms, but the special form of certain innate behaviour
patterns became accessible to a causal explanation based on the under-
standing of their phyletic origin. Both of these facts, though certainly
important enough in themselves, attain an even greater secondary impor-
tance by proving the great independence of the behaviour patterns in
question, as particulate elements of behaviour. Thus not only the well-tried
method of comparative morphology became applicable to the study of
behaviour, but it also became possible to isolate a very distinct physiological
process as an independent constituent of behaviour and to study it separately,
in a legitimate departure from the otherwise obligatory method of corre-
lative analysis on a broad front. Therefore, physiological analysis followed
closely on the heels of the comparative and systematic study of the elementary
process in question.

Zoological systematics and comparative morphology are, by many,
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considered tedious and rather mummified branches of research. It is too
easy to forget that we owe them the most revolutionary discovery of the
last hundred years, the discovery of evolution. Though I emphatically deny
the charge that comparative morphology is a spent science which has
already borne all its fruits, I should concede that it certainly has borne the
most important of them. Now there is some danger that the same might
be thought, very prematurely, of comparative ethology. In the study of
behaviour the phyletic viewpoint has yielded, as a very valuable result, the
possibility of isolating and studying in linear, experimental analysis an
important, particulate central nervous function, the endogenous activity.
In consequence of this, a second, nearly as independent perceptual function,
the so-called innate releasing mechanism, has become experimentally
accessible. Each of these two functions, as a constituent of behaviour,
doubtless plays as important a part as the reflex and the conditioned
response, and there is a very great temptation to repeat the error of which
we have reproached behaviourists and reflexologists, by believing that we
have got hold of ‘all’ the necessary ‘elements’ to explain ‘everything’, and
to plunge into linear, experimental analysis without giving any further
thought to the necessity of further collecting purely observational facts.
Of course, the fulfilling of this duty will not keep us from eagerly following
up the leads to linear, experimental analysis which we have discovered.
But it is well that we should keep in mind the extreme youth of our branch
of science and that we should cherish no illusions about the breadth of the
observational basis of induction that has hitherto been attained. A pre-
cipitate transition from systematics to nomothesis would be particularly
disastrous to our branch of research, and the longer and the more we lay
stress on the descriptive side of comparative ethology, the better it will be
in the long run.

Since the days of Charles Darwin the term ‘comparative’ has assumed
a very definite meaning. It indicates a certain rather complicated method
of procedure which, by studying the similarities and dissimilarities of
homologous characters of allied forms, simultaneously obtains indications
as to the phyletic relationships of these forms of life and as to the historical
origin of the homologous characters in question. I need not enlarge on the
details of this method which is a commonplace to biologists and physio-
logists. We all know perfectly well what we mean by ‘ comparative’ anatomy,
morphology, physiology and so on. But it is all the more misleading if
psychologists, who evidently are not familiar with what we mean when we
speak of the comparative method, apply the same term in a very loose sense
to all behaviour studies concerned with different forms of life. I must
confess that I strongly resent it, not only from the terminological viewpoint,
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but also in the interests of the very hard-working and honest craft of really
comparative investigators, when an American journal masquerades under
the title of ‘comparative’ psychology, although, to the best of my knowledge,
no really comparative paper ever has been published in it.

Phyletic comparison is slow and painful work, even in morphology, where
the comparable, homologous characters are immediately and permanently
accessible to the anatomist’s knife. It is obvious how the difficulties are
increased in the study of innate behaviour patterns which are not there
continuously, just to be looked at and described, but for which one must
wait in patient observation. It is therefore easy to understand that only
very few systematic groups of animals have hitherto been thus studied with
any appreciable degree of thoroughness. Historically the first and perhaps
still the most thoroughly studied group is the order of pigeons which was
investigated by Whitman. Second are the order of Anatidae, as studied by
Heinroth, and one family of this order, the Anatinae, more especially studied
by Heinroth and by myself. If, as a third group, I add the cichlid fishes,
investigated by A. Seitz, G. P. Baerends & Baerends van Roon and A. Steiner,
whose paper on dwarf cichlids is, however, not yet published, our list is
complete. There are some very good papers on lizards which can, to a
certain extent, be evaluated comparatively, though wide gaps still remain
between the known species, and there is a comparative investigation on
herons by O. Koenig nearly finished. The only paper aiming at giving even
a superficial survey of the comparative ethology of a group of mammals, is
the paper by O. Antonius on Equidae. Concerning invertebrates, O. Plath
has used the behaviour patterns of nest building and provisioning of humble-
bees as taxonomic characters, and analogous work was done by A. Pet-
runkewitch with spiders. There are, of course, hosts of unconnected facts
known that may eventually, when gaps are bridged, become accessible to
comparative evaluation.

The immense field of observation which is still waiting to be systematically
exploited needs whole armies of investigators. These armies are, however,
already in existence, at least two of them: the bird-lovers and the fish-
fanciers. Itis a superlative merit of a book like that of the Rev. E. A. Arm-
strong that it calls the amateurs’ attention to the important details which
we need to know. There can never be too many such really scientific and
yet generally intelligible books on behaviour. I have already explained
why the bird or fish ‘lover’ is in some respects the ideal observer. The task
is, to enlist him to help us in concerted effort

The methodologically first task is, without any doubt, the intensive study
of all of the innate behaviour patterns of a restricted group of forms. Besides
this, it is a legitimate way of proceeding, extensively to study throughout the
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animal kingdom one given homology of behaviour pattern. O. Heinroth
(1930), in a paper as interesting as it is short, has given us a survey of the
extension and distribution of some exceedingly widely spread and evidently
exceedingly old behaviour patterns of vertebrates, such as yawning and
scratching the head with the hind leg. Curiously enough, I do not know
of another paper proceeding in this way, though this way of pursuing a
behaviour pattern as a homologous character throughout a large group is
interesting work and gives quick results in comparison with other comparative
investigations. At present I am collecting notes on the scratching move-
ments of mammals, particularly of rodents. In this group, and also in
primates, the areas scratched with the hind leg and with the forepaw
respectively are a taxonomic character whose distribution is most interesting.

Only in two groups (in ducks and cichlid fishes) have our intensive
studies of the single species and our extensive studies of the several behaviour
patterns progressed far enough to make possible what in comparative
morphology is quite a commonplace thing, that is, to represent both lines
of investigation in a tabular index. In one of my papers (1947) I have given
such an index concerning a number of behaviour patterns of sixteen
species of ducks belonging to different families (Anatinae, Cairininae
and Casarcinae). This method of letting, metaphorically speaking, two lines
of investigation cross each other at right angles, is fundamental to every
kind of phyletic investigation of homologous characters. Only this kind of
broad survey can give us the possibility of forming a firm opinion about the
relative age and phyletic conservativity of any taxonomic character.

In some cases which are particularly favourable to this kind of investiga-
tion, it has been possible to form a quite well-founded opinion concerning
the lines along which the evolution of certain behaviour patterns has taken
place. Always keeping in mind that there are 7o ‘primitive’ forms of life,
and that therefore any linear taxonomic arrangement of living animals or
plants is necessarily sheer nonsense, it is nevertheless possible and legitimate
to attribute the quality of relative primitivity to single characters. Itis a
dangerously loose and misleading expression to call any recent form of life,
however many primitive characters it may possess, a ‘primitive’ animal.
In regard to all the characters of his mouth and teeth, man is much more
primitive than the Platypus. What alone may be arranged in a linear
sequence are the different forms of actualization which one and the same
homologous character shows in related forms of life. The ramifying ‘line
of differentiation’ thus obtained does, very probably, correspond to the
actual stages of evolutional development of the character in question. A
number of indubitable sequences of differentiation could be established
among innate behaviour patterns. :

SEB 16
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In all cases where it has been found possible to do this, the innate
behaviour pattern in question was a ‘releasing ceremony’. This is far from
being accidental. There are two papers being read here on the subject of
social releasers, so I must be very short. A social releaser is a device—either
a property of colour and/or shape, or a special sequence of movements, or,
for that matter, of sounds, or a scent—specially differentiated to the function
of eliciting a response in a fellow-member of the species. To every releaser,
as an organ for sending out sign stimuli, there corresponds a perceptual
correlate, an ‘organ’ to receive sign stimuli and to activate the answering
reaction. This we call an innate releasing mechanism (ausldsendes Schema).
The function of social releasers and of answering innate releasing mechanisms
is very much like that of a human signal code, or of that of human word
language. Exactly as the several forms of the single word symbols of our
language do not have any direct connexion with their meaning, but are only
fixed by the convention of one particular sign code, so also is the particular
form of any social releaser determined by an intraspecific ‘convention’
between the sender and the receiver of sign stimuli. The important con-
sequence of this is that we may exclude from our consideration the possibility
of convergent adaptation when comparing similarity and dissimilarity of
releasers. It is immeasurably improbable that the similarity of the words
mother, mutter, mater, wijryp and mars, in English, German, Latin,
Greek and Russian, should be due to anything else than to their common
derivation from a mutual Indo-European ‘ancestral form’. If, therefore,
the comparative philologist is fully justified in neglecting any other possi-
bility, then the very same holds true for any resemblance between releasing
‘ceremonies’ of phyletically allied species. This is why we know more about
the origin and the evolution of releasing ceremonies than we do about any
other innate behaviour patterns. This is also why, on the basis of releasing
activities used as taxonomic characters, it is, in quite a number of cases,
possible to ascertain phyletic interrelations of species with a certitude and
a wealth of detail, hardly ever attainable on the basis of purely morphological
characters.

We know of two phyletically distinct ways, by which non-social, mechani-
cally effective endogenous activities may develop into social releasers: in
one case the so-called ‘intention movement’ (Intentionsbewegung, Heinroth),
in the other the so-called ‘ displacement activities’. Both types of movement
are, in their primary form, mere by-products of action-specific excitation
and certainly devoid of any survival value. The intention movement is
nothing but a slight hint of a certain innate behaviour pattern, as will occur
whenever action-specific excitation only reaches a very low level of intensity.
Displacement activities are the result of a very different physiological
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process. If action-specific excitation is at a comparatively high level of
intensity and finds its path to its normal outlet suddenly blocked—for
instance, by activation of an antagonistic drive or by sudden disappearance
of the adequate object—it ‘sparks over’, as Makkink very expressively
describes it, into a nervous path not normally its own and finds its expression
in behaviour patterns belonging to a quite different action-specific excita-
tion. Makkink, Tinbergen, Koortlant and E. A. Armstrong have studied
displacement activities very extensively.

Intention movements as well as displacement activities are, to an observer
well conversant with the system of actions of a species, very reliable indicators
for the present ‘mood’ of an animal, that is, in objectivistic terminology,
for its present internal state of specific readiness for certain activities. Now
in very many animals an analogous ‘understanding’ of the intention move-
ments and the displacement activities of a fellow-member of the species has
evidently been developed on the basis of innate releasing mechanisms. (It
seems well worth mentioning that as yet we do not know of a single instance
in which a similar ‘understanding’ is brought about by conditioning!) In
other words, the characteristic movements in question developed a totally
new function as social releasers. From that point onwards both types of
releasing movements underwent an exceedingly characteristic process of
differentiation. The primarily important, mechanically effective constituent
parts of the movement are lessened in strength and amplitude, while all
optically effective features of the movement are exaggerated and emphasized
in a very peculiar and striking way. We know to-day of a very great number
of examples of this particular process of evolution; there are all possible
gradations between movements, as yet hardly different from their original
form and behaviour patterns, whose differentiation along the lines described
above has gone so far as to transform them into grotesque ‘ceremonies’ or
‘dances’ whose actual homology to the primary intention or displacement
activity can only be ascertained through a thorough study of intermediate
forms—if such happen to exist. Releasing ceremonies derived by this over-
accentuation or ‘mimical exaggeration’ from intention movements were
called ‘symbolic movements’ (Symbolbewegungen) by Heinroth. In the case
of displacement activities a terminological difference has not yet been made
between primary displacement and fixed, ritualized, mimically over-
accentuated ceremonies.

In a very great number of known cases, the differentiation of a homo-
logous releasing behaviour pattern has, in allied species, taken place along
divergent lines. Very often different morphological devices have been
evolved to accentuate the optical effect of a ceremony, thus emphasizing

different parts of one homologous behaviour pattern in different species.
16-2
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In surface-feeding ducks there are a good many instances of this. The
evolutive process described makes it easily intelligible why in many
instances the behaviour pattern should be—as it evidently is—phyletically
very much older and much more conservative than the morphological
devices, colour and/or structure, that help to accentuate it. Another notable
fact is that the sequence of movements, constituting a releasing ceremony,
is, in very many cases, much more conservative than its ‘meaning’, than
the innate releasing mechanism activated by this particular set of sign
stimuli in a fellow-member of the species. The extensive comparative study
of one distinct releasing behaviour pattern often leads to amazingly similar
results, as the comparative study of a root word in the historical development
of language. Just as the meaning of one word symbol may split up into
different and even opposite meanings of its derivatives (for instance, in the
English and German words knight and Knecht, which have both been
derived from a common root describing an armed follower of a war lord
but have assumed the opposite meanings of a lord in English and of a serf
in German), so does, to cite only one instance, the behaviour pattern
originally expressing inferiority in cichlid fishes assume the exactly opposite
meaning of a threatening gesture in the ‘dwarf cichlids’ of the genera
Nannacara and Apistogramma. What is more, we know the phyletic develop-
ment by which it has done so.

A good example of a line of differentiation of mimetically over-accentuated
intentive movements is offered by the releasing behaviour patterns which,
in cichlid fishes, elicit and direct the young fishes’ reaction of following
after their parents. There are two elements in the normal movements of a
fish starting to swim which are particularly effective in an optical way and
suitable for mimetic over-accentuation. One is the sideway swing of head
and body, the second is the movement of the median fins which, in cichlids
as in most other acanthopterygians, are furled when the fish starts to swim
and re-erected whenever it stops. Both these elements have undergone an
independent and divergent differentiation and also a ‘splitting up’ of their
‘meaning’ in the course of the evolution of cichlids. In the most widely
spread and doubtlessly most primitive form of the releasing behaviour
pattern in question, the swinging of the head and the furling and erecting
of median fins are still coupled in the same obligatory way as in the original
movement which has not yet got a releasing function. In this primitive
form of the releasing and directing behaviour pattern, it differs from a
normal swimming start only in that, after all the grand preparation, the fish
does not get farther than 4 or 5 cm. and then stops again. Also in this
primitive form, as we find it in Aequidens, Hemichromis, Geophagus and most
species of the genus Cichlasoma, the directive function of the sideways swing of
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the head is very clear. The swarm of young ‘obediently’ turns to the left
or to the right accordingly, which is especially striking, when the young are
swimming 10 or more cm. in front of the guiding parent. Even in some of
these species the movement of the median fins is becoming independent of
the body movements, and a quick lowering and raising of fins can be
observed, especially when the parent fishes are a bit alarmed. There is an
indubitable correlation between these independent movements of the
median fins and their colouring: the dorsal fin is richly beset with ‘jewels’
in species, in which the movement is developed. In Hemichromis bi-
maculatus, in which the dorsal fin is particularly richly adorned, the up-and-
down movement has taken the form of an exceedingly quick twitching that
makes the jewels on the fin flicker like a heliograph. Also this movement,
in its higher intensities, has assumed a specialized meaning; it is used quite
particularly when the young are called together and tucked up for the night
in the nest-hole.

In the genus Apistogramma and Nannacara, on the other hand, the side-
ways swinging of the head has taken an independent path of differentiation.
Without any concomitant movement of the median fins, the females of
these species (which alone lead the brood) twitch their head sideways in a
lightning jerk. The body and tail are not moved, and the homology with
the original form of the movement is only apparent when the fish really
starts to swim. The brooding females of these species wander about very
little, but ‘browse’ their flock of youngsters for long intervals in one spot,
all the time executing their sideways flicking of the head with the regularity
and about the same frequency as a mother hen utters her clucking call note.
In old Nannacara females the flicking movements can be elicited by putting
the fish into a dense swarm of Daphnia. Though the fish will eat single
Daphnias, it will refuse to eat them if they are too close together, in which
case it proceeds to ‘brood’ them. In all species of Apistogramma the broody
female has a bright black and yellow patterning of the head and throat which
goes to accentuate the optical effect of the flicking movement. Steiner’s
experiments to investigate the releasing and directing function of these
colour patterns on the young were interrupted by the war.

In Herichthys cyanoguttatus (formerly Neetroplus carpintis) a movement
doubtlessly homologous to the ‘call’ of the dwarf cichlid females has
assumed the function of a warning signal to the young. Herichthys resembles
the dwarf cichlids in a number of ethological traits. The female has a
particular brooding colour, being jet black on the throat and along the
underside of its body, and undertakes most of the brooding of eggs and
young, while the male takes only short spells of these functions and is
chiefly concerned with defending the territory. When the fishes are alarmed
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by strong stimuli, as very big fish in their tank or the experimenter’s hand
approaching them, the female begins a furious sideways twitching move-
ment of head and body. The fish remains absolutely stationary all the time,
and the young, as if drawn by a strong magnet, converge from all sides and
lie down on the bottom just under their mother, at the same time ‘becoming
heavy’ through contraction of their swimming bladder, just as they do
whenever one of the parents catches them in his mouth. The releasing and
directing value of the female’s movement is easy to prove; any black object,
e.g. a fountain pen, twitched sideways between the fingers, will attract the
young Herichthys in exactly the same way, and if the object is blacker and
twitched more furiously than the mother’s body, it will even draw the
swarm away from the mother, notwithstanding the male’s furious attacks
upon the substituted object! The warning movement of the Herichthys
female is, in a way, farther differentiated from the original swimming-away-
movement than is the head flicking of the female Nannacara and Apisto-
gramma, because no intermediates between it and the original behaviour
pattern could be observed, while frequently enough occurring in the latter
species.

This kind of ‘comparative philology’ of releasing behaviour patterns is
not only a fascinating study in itself, but it may, once we know more about
its object, develop a very practical value. I would stress the fact that the
human expression of emotion is largely built up on exactly the same kind
of intention movements as Charles Darwin knew long ago. In man, in
whom innate behaviour patterns are, to a great degree, rudimentary, the
study of these innate expressions of emotion may become a most valuable
clue to the human ‘instincts’!

(4) Approach to physiology
(a) The accumulation of action-specific energy

C. O. Whitman and O. Heinroth were phylogenists and not physiologists.
Their chief interest in innate behaviour patterns was of a systematic and
taxonomic nature. If they had, as we have reasons to believe, some shrewd
suspicions of the physiological singularity of the innate behaviour patterns
which they so accurately described, they never said so in so many words
and they certainly did not separate them conceptually from other innate
behaviour patterns which are of a reflex nature, as taxes, innate releasing
mechanisms and others. But while systematically describing and arranging
what they called ‘instincts’ and ‘arteigene Triebhandlungen’ respectively,
they did, maybe quite unconsciously, discriminate a very distinct type of
innate behaviour pattern from all others. On the grounds of what we know
to-day, it is quite obvious why the endogenous behaviour patterns are much
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more useful as taxonomic characters than reflex ones. Maybe it was only
this that made the pioneers select endogenous activities for their object.
But by selecting them and grouping them together as something distinct,
they brought to light certain striking characteristics which seemed to be
clamouring for a causal, physiological explanation. And this is exactly how,
in a healthy inductive science, nomothesis will automatically grow out of
systematics.

What particularly seemed to demand an explanation was a very unexpected
correlation which evidently existed between the spontaneity and the invaria-
bility of the innate behaviour patterns in question. According to the
vitalists’ opinion, spontaneous activity must automatically be considered
as purposive, and must, therefore, show adaptive variability in the pursuit
of its end or goal. According to the mechanists’ opinion, any innate and
individually invariable behaviour pattern must be considered to be a chain
of unconditioned reflexes and must, therefore, be totally devoid of spon-
taneity. In defiance of both these dogmas, just those highly differentiated
innate sequences of movements that not only were absolutely invariable
individually, but even in phylogeny were rather conservative and slowly
changeable characters, proved to possess a very distinct and striking kind
of spontaneity.

At the level of superficial observation the innate behaviour patterns in
question appeared reflex-like in that they were set off by a sort of ‘trigger-
action’ in a very specific stimulus situation. But on closer inspection it
became apparent that these activities are, at bottom, to a very high degree
independent from external stimulation. Captive animals, deprived of the
normal object or releasing situation of an innate behaviour pattern, will
persist in discharging the same sequences of movements at a very inadequate
substitute object or situation. The longer the normal stimulation is with-
held, the less necessary it becomes, in order to set off the reaction, to supply
all of the stimuli pertaining to it. The longer the reaction does not go off,
the finer the trigger that releases it seems to become set. In other words,
the threshold of the stimulation necessary to release this type of innate
reaction, is not a constant, but is undergoing a continuous process of
lowering, going on throughout the time during which the reaction is not
released. This gradual lowering of threshold does, in a good many cases,
actually reach the theoretically possible limit of zero, that is, the activity in
question will finally go off in wacuo, with an effect somewhat suggestive of
the explosion of a boiler whose safety valve fails to function. This occurrence
has been termed ‘Leerlaufreaktion’ in German, vacuum reaction and
explosion reaction. I would move the general acceptance of Armstrong’s
term ‘energy accumulation activity’ for reasons discussed later.



248 THE COMPARATIVE METHOD IN STUDYING

The consequences of the ‘damming up’ of a certain innate activity are,
however, not confined to the threshold of the mechanism (whatever that
mechanism may be) which releases the activity. It is not only a facilitation
of the releasing process, not only an increase of passive excitability that
takes place, but, quite on the contrary, an active and peculiar excitation.
Any one of these particular innate behaviour patterns, however small and
unimportant it may seem in itself, develops into an active source of excita-
tion which influences the whole of the organism whenever it finds its outlet
blocked. In this case, the undischarged activity becomes a motive in the
literal and original sense of the word, derivated from movere, ‘to move’. In
the simplest and most primitive case the organism shows undirected,
‘random’ locomotion, kineses as we term it. In more highly differentiated
types these kineses are interlaced with taxes orienting the organism’s loco-
motion in space, or even with conditioned responses and all the most
complicated and least analysed forms of animal and human behaviour,
which, for lack of a better term, we are wont to describe as ‘intelligent’.
Though the activities thus elicited comprise the whole range of behaviour,
from its simplest to its most complex form, they have one decisive character
in common: they are all purposive in the sense which E. C. Tolman has
given to this term, that is to say, they all tend to bring about, by variable
movements, an tnvariable end or goal, and they go on until this goal is
reached or the animal as a whole is exhausted. The invariable end or goal
is represented by the releasing stimulus situation and, therewith, the dis-
charge of the specific behaviour pattern that had been dammed up. The
purposive behaviour striving for this discharge was called appetitive
behaviour by Wallace Craig, the behaviour pattern finally discharged was
termed consummatory action.

I want to emphasize what a great wealth of observational evidence is
underlying the facts condensed into the two preceding paragraphs. It took
the life’s work of at least three excellent observers to gather that evidence:
Whitman, Heinroth and Craig. All these facts are strongly suggestive of a
very definite assumption, and it is eminently characteristic of these three
men that every one of them has conscientiously recorded those facts while
none of them put this assumption into words. This is all the more significant
of the value they set on observation free of any hypothesis, as they must
have found it quite hard to avoid descriptive terms like damming up, dis-
charging, etc., which already imply the assumption that some sort of energy,
specific to one definite activity, is stored up while this activity remains quiescent,
and is consumed in its discharge.

This hypothesis is, roughly speaking, identical with the assumption that
the behaviour patterns in question are caused by processes of endogenous
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generation of motor stimuli, such as have been studied by von Holst,
P. Weiss and others. The parallels between both types of processes go so
far that, in my opinion, there cannot be any serious doubt as to their funda-
mental identity. The difference between what von Holst calls an automatic
rhythm and what we call endogenous activity lies exclusively in the level of
integration, as Prof. Tinbergen will explain to you presently.

(b) The innate releasing mechanism

The conception of a wound-up spring implies the existence of a trigger
mechanism, holding it back until the right moment and setting it off when
this moment arrives. W. Thorpe says of endogenous activities that ‘ they are
set off by a kind of trigger action’. J. A. Portielje has, at a very early date,
fully recognized this double nature of endogenous activity which always is
an ‘Aktion-und-Reaktion-in-Einem’, an action and a reaction in one, as he
expresses it. While it is obviously inadmissible to speak of a re-action to a
stimulus not yet received, for instance, when the organism is striving by
trial and error to attain a certain releasing stimulus situation (appetitive
behaviour in W. Craig’s terminology), the organism’s answer to this situa-
tion, once it is attained, just as obviously #s a re-action in the truest sense of
the word. Indeed, this reaction has all the earmarks of what 1. P. Pavlov
would call an unconditioned reflex. With the recognition of the peculiarity
and independence of endogenous activity as a distinct physiological process,
there evidently arises, as a physiological problem by itself, the question
about the ‘trigger’ mechanism releasing the accumulated action-specific
energy. The statement that this mechanism is an unconditioned reflex,
though indubitably correct, does not help us any further, because the
essential part of the problem does not lie in the reflex process as such, but
exclusively in its perceptual side. The intriguing problem lies in the select-
1vity of the reaction. The observational facts are suggestive of a mechanism
akin to a filter, letting through only certain particular stimuli while strictly
excluding others, or of a complicated lock which can only be unlocked by
a very specific key. The adaptation of the perceptual organization to certain
characteristic key stimuli is very evident.

Through the work of a considerable number of recent investigations
some very peculiar facts have become known about the perceptual organiza-
tion of these innate releasing mechanisms. What acts as a ‘stimulus’ is, in
the great majority of cases, not a simple physical influence of absolute quality
and quantity, but a relational property. These innate reactions to relational
properties differ from reactions to acquired Gestalt perceptions only by
their extreme simplicity. In acquired reactions, the Gestalt that elicitates
the response consists of an indivisible unit of literally hundreds of inter-
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dependent relational properties. In innate releasing mechanism we do not
yet know a single case in which the innate and immediate reaction is elicited
by a relational property comprising the relation between more than two
elements. The innate releasing and directing mechanisms of the gaping
activity of young thrushes (Turdus) are a good example. The nestlings will
gape at (a) the nearer of two objects, () the higher of two objects and (c) the
smaller of two objects, the optimum relation of the smaller to the bigger
being 30%,. All three of these relational properties are characteristic of the
normal object of the reaction, the parent’s head. Each of them, considered
by itself, is a true, if extremely simple, ‘ Gestalt’, showing all of Ehrenfels’
‘Gestalt’ criteria, most important of all, transposability. Each of these rela-
tional properties represents a key-stimulus setting of the same innate releasing
mechanism, but each of them does so quite independently from the other.
Unlike the immeasurable number of relational properties inextricably
woven into the whole of a ‘Gestalt’ perception, these single relational key
stimuli act merely as a sum of non-interdependent elements. This process of
summation of key stimuli, belonging to one and the same innate releasing
mechanism, has been termed ‘ Reiz-Summen-Phinomen’ by A. Seitz, who
was the first to study it intensively. N. Tinbergen translated this into
English by ‘law of heterogeneous summation’. What I have said about the
innate releasing mechanism suffices for the understanding of the sub-
sequent section on dual quantification, especially as the subject will
probably be expounded in detail in the papers that are to be read on social
releasers.

A few words must be added about the term. The mechanisms in question
were first discovered in their function of setting off endogenous activities;
they can, indeed, most advantageously be studied in this particular function,
for reasons explained in the next section. But evidently the very same type
of perceptual organization as the one that receives the key stimuli setting
off endogenous activities also plays a part just as important in a great many
quite different functions. The perceptual side of taxes may be organized in
exactly the same manner, appetitive behaviour may be activated by evidently
identical processes and so may specific inhibitions. Especially important
is the function of innate releasing mechanisms in the hierarchical system of
moods, as explained in N. Tinbergen’s paper. In his investigation of the
gaping reactions of young thrushes, Tinbergen distinguished between
releasing and directing mechanisms, according to whether they activate
discharge of endogenous activity or a taxis. I think that this terminological
differentiation is not advisable. Of course, it is not very elegant to talk of
an innate mechanism ‘releasing’ a taxis, or, still worse, a social inhibition.
But somehow we ought to express in our terminology the fundamentally
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important fact that it indubitably is the same innate organization of percep-
tion that is filtering and selecting the key stimuli activating these very
different responses.

(5) The method of dual quantification

A very considerable percentage of all animal activities consists of the
typical successive links of appetitive behaviour, attainment of a desired
stimulus situation, to which an innate releasing mechanism responds and
sets off the discharge of accumulated endogenous action. In the vast
majority of cases where we find an organism responding specifically and
without previous experience to certain stimulus situations, closer investiga-
tion will reveal one or other of the innumerable variations to this theme,
always leading up in one way or the other to the final discharge of consum-
matory actions. What we can objectively observe is exclusively this discharge.
But this discharge is dependent upon two absolutely heterogeneous
causal factors: (1) the level attained by the accumulated action-specific
energy at the moment and (2) the effectiveness of external stimulation.
None of these two factors is directly accessible to our observation. Absolutely
identical reactions can result, in one case, from an extremely low level of
endogenous accumulation and strong stimulation, and, in the other, from
a high level of accumulated action-specific energy and a very weak external
stimulation, or even, in the case of explosion activity, from internal factors
alone, external stimulation not taking any part in the activity at all. This
has to be taken into very serious consideration in the experimental study
of perceptual organization. If, after the elimination of one or more single
stimuli, the activity can still be elicited in its normal form, this does not in
any way justify the conclusion that these stimuli are ineffective in activating
the releasing mechanism pertaining to the activity in question. If Stone’s
(1923) rats discharged certain innate behaviour patterns apparently normally,
although they were deprived of important sensory organs, this is in no way
astonishing. A mother rat who, in spite of the removal of her olfactory
bulbs, continues to foster her young, is in no other position than an old
virgin Scotch terrier bitch who, with a sufficient lowering of threshold,
proceeds to discharge homologous reactions with a cushion for a substitute
object.

What is constant is not the effect actually produced by a certain key
stimulus at a given moment, but the relation between this effect and the
organism’s momentary internal state of accumulation of action-specific
energy. The constancy of this correlation only becomes apparent when both
the internal and the external factors are quantitatively investigated simul-
taneously. The method of doing this truly deserves the name of a correlative
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analysis. In a dabbling and uncertain way I sensed the possibility of this
method as early as 1926, when I was experimenting with my first free-flying
tame jackdaw. The observations I then made are still very vivid in my
memory, and though it has taken me years to see their real purport, they
are a good and simple illustration of what 1 am trying to explain. The
following reaction of a hand-raised and fully fledged young jackdaw (Coloeus
monedula) is elicited by a small number of single stimuli which, though
apparently simple, nevertheless imply the necessity of assuming an innate
perceptual organization responding to relational properties. The experi-
menter who wants to elicit the reaction which the young birds give to
the stimuli emanating from its parents guiding it, must do at at least one of
three definite things. He must either more or less quickly move away from
the bird, or upwards from its position, or he must utter a good imitation of
the call-note of the species. (A fourth very effective stimulus, pertaining to
the same releasing mechanism, is the sudden unfolding of a pair of black
wings, but this is not so easy for the human experimenter to imitate. Its
existence is, however, immaterial for our present concern.) When I walked
abroad with that young jackdaw, the bird would, at first, follow me very
willingly. It would fly up in pursuit even when I walked away from it quite
slowly. (Though it was always possible to get away from the bird, without
having it following after me, by the method of letting the stimulus ‘creep
in’, walking away with extreme slowness.) After a time it became necessary
for me to walk away abruptly, over-accentuating my movements very much
in the same way as a parent cichlid does with his swimming-away move-
ments. After a few more performances I had to add another stimulus, that
is, I had either to call, or to crouch low to the ground beside the sitting bird
and jump up in starting. At last, I had to do all of these things simultaneously
and with the utmost intensity, crouching close to the jackdaw, jumping up
suddenly, running away as quickly as I could and yelling jackdaw-calls all the
time, in order to make the bird take to wing at all. In this simple experience
two important facts are obtrusively apparent: (a) the activity is exhaustible
independently from the general state of exhaustion of the organism as a
whole, (b) the stimuli which release it are interchangeable and the general
releasing effect of a situation is dependent on the sum of the single releasing
stimuli contained in it. Furthermore, another fact mentioned earlier is
again illustrated: internal and external motivation may add up to exactly
identical results if the weakness of one is compensated by strength of the
other.

Whenever we put stimulation in front of an organism and register its
answer to this stimulation, we have to deal with an equation containing
two unknown factors. The quantification of each of these factors is, on
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principle, impossible without simultaneously ascertaining the quantitative
effect of the other. What is visible to us is (a) the stimulus situation we
are putting before the animal, and (b) the discharge of a specific activity
thereby released. The varying internal state of specific excitability is only
accessible to us through the means of these two indicators. If we are locking
for an object favourable to an exact solution of this equation containing two
unknowns, we must obviously search for an activity, the discharge of which
has a number of clearly distinguishable grades of intensity, and the releasing
mechanism of which consists of an appreciable number of distinct stimuli,
so that by the addition of these stimuli we may obtain a gradation of different
releasing values.

A very extensive observational basis is needed to obtain a certain know-
ledge of all the different forms of movement activated by one quality of
action-specific excitation. The internal state of heightened action-specific
excitability may betray itself by small intention movements, and from the
merest hint of these up to the activity of full intensity there are all possible
gradations. For endogenous activity as a whole, the very contrary of an
‘all-or-nothing law’ holds true. (Not, however, for the single neural
elements of endogenous activities which certainly do obey the all-or-nothing
law, as von Holst has clearly shown. The differences of form and of amplitude
which endogenous activities show at different levels of action-specific
excitation are due to the fact that the single neural elements, pertaining to
the same quality of specific excitation, have slightly different thresholds, so
that different numbers and, in some cases, different kinds of elements are
activated at different levels of reactional intensity.) To an observer who is
familiar with the systems of actions of the species in question, these finely
graded intention movements can tell very exactly what to expect from the
animal at the next moment. But, because the slight intensive movements
grade imperceptibly into the full activity, it is difficult to gain an objective
criterion for absolute quantification.

Luckily for our analytical purposes, this is not true for such intention
movements as have, by the evolutionary process described (p.242), developed
a new function as social releasers. The intensity scales of these consist, in
the majority of cases, in a series of behaviour patterns which do not grade
into each other, but each of which has not only a very definite and distinctive
form of movement, but also a quite distinct threshold that must be reached
by action-specific excitation in order to activate it. To describe only one of
the many examples obtruding themselves: the welling-up of the excitation
specific of fighting activity in the cichlid fish Astatotilapia strigigena,
activates a sequence of not less than five behaviour patterns in the succession
of their respective thresholds: (1) taking on display colouring; (2) standing
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parallel to the adversary with median fins maximally spread; (3) distending
of gill membrane; (4) sideways beating of the spread caudal fin; (5) ramming
the adversary. In Betta splendens, an osphromenid fish, there are two more
steps distinguishable in the same ladder. Of course, each one of these single
activities may be executed with greater or lesser intensity, thus giving
opportunity for further differentiation; but even without this, a graduation
of five steps, not to be confounded with each other, is a tremendous help
for quantitative study.

For the purposes of dual quantification it is necessary that not only the
intensities of the activity released, but also the releasing effect of external
stimulation should be accessible to an exact graduation. This is obviously
best in cases in which the innate releasing mechanism is activated by a
comparatively great number of independent stimuli, in other words, in the
most complex and most highly differentiated releasing mechanisms. These,
indubitably, are the ones that correspond to social releasers. In this respect,
the fighting reactions of certain fishes again prove to be an admirable object,
being released by a number of visual stimuli which not only are easy to
reproduce in a dummy, but also very different from each other as to their
respective releasing values.

Before describing in detail how we proceed in our simultaneous quanti-
tative study of endogenous generation of action-specific energy and of the
respective effectiveness of single releasing stimuli, I want to emphasize
what a tremendous amount of purely observational work has to be done, to
furnish us with the measure with which we quantify these factors. The
observer has to get thoroughly familiar with all the innate behaviour
patterns of the species with which he is going to experiment, in order to
know what movements are correlated to what independent quality of
action-specific excitation. He must possess an exact knowledge of the
sequence, in which the single behaviour patterns correspond to different
levels of intensity of this specific excitation. The task of correlating single
behaviour patterns to specific qualities of excitation is not made easier by
the frequent occurrence of displacement activities which also must be
drawn into consideration and which, in higher animals, tend to complicate
matters immensely. Also, the experimenter must already have attained
a rough working knowledge of the stimuli pertaining to certain releasing
mechanisms. If these conditions are thoroughly fulfilled, the ethologist is,
in a good many cases, in a position to prove the correctness of his hypotheses
in the most exact manner known to natural science, that is, by correctly
predicting what will happen in the situation he creates experimentally. My
friend Seitz, who is, what every comparative ethologist ought to be, a past
master of the motion-picture camera, had a really uncanny way of predicting



INNATE BEHAVIOUR PATTERNS 255§

what his cichlids were just going to do. When demonstrating some experi-
ment on fighting or courtship activities of his fishes, he always quite un-
consciously dropped into the same manner of speaking as when demon-
strating a film that he knew by heart, forever anticipating by a few seconds
in his explanations what the fishes were doing, calling the attention of the
onlookers to the minutest detail of behaviour which he knew would occur
in the next moment.

The practical way of proceeding in experiments of dual quantification is
obvious, after what has already been said. Presenting the animal with a
given stimulus situation and recording the intensity of its reaction presents
us, as I have explained, with an equation containing two unknowns: we do
not know how much of the intensity recorded is due to internal accumulation
of action-specific energy and how much is due to external stimulation.
The obvious thing to do, is to let maximal stimulation impinge upon the
organism immediately after the first experiment, in order to see how much
specific energy is ‘left’. This already gives us a definite notion about the
relative effectiveness of the stimulation supplied in the first experiment.
What we are doing is best illustrated in a hydro-mechanic model which, in
spite of its extreme crudeness and simplicity is able to symbolize a surprising
wealth of facts really encountered in the reactions of animals. In Fig. 1 the
tap T supplying a constant flow of liquid represents the endogenous
production of action-specific energy ; the liquid accumulated in the reservoir
R represents the amount of this energy which is at the disposal of the
organism at a given moment, the elevation attained by its upper level cor-
responds, at an inverse ratio, to the momentary threshold of the reaction.
The cone-valve V represents the releasing mechanism, the inhibitory
function of the higher centres being symbolized by the spring S. The scale-
pan SP which is connected with the valve-shaft by a string acting over a
pulley represents the perceptual sector of the releasing mechanism, the
weight applied corresponds to the impinging stimulation. This arrangement
is a good symbol of how the internal accumulation of action-specific energy,
and the external stimulation are both acting in the same direction, both
tending to open the valve. It can also easily and obviously represent the
occurrence of explosion activity. The activity itself is represented by the
spout discharged from the jet ¥. The intensity of the reaction is symbolized
by the distance to which the jet springs, in other words, by the speed of the
outflow. This automatically corresponds to the proven fact that the con-
sumption of action-specific energy in the time unit is in direct proportion
to the intensity of the reaction. The intensity of the reaction can be read on
the scale G. To this apparatus we can easily attach a gadget exactly
symbolizing the way in which a sequence of different movement patterns
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belonging to one scale of action-specific excitation is activated. A row of
little funnels attached below the gradation will meet the case where, with
the attaining of a higher level of excitation, the activities corresponding to
lower levels are discontinued (as, for instance, in the taking-to-wing cere-
mony of the greylag goose). It is, however, much more usual that the
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movements activated at the lowest levels of action-specific excitation are
continued unceasingly all the while those corresponding to higher levels
are discharged. We can symbolize this by fixing below the scale G an
oblong trough Tr which has an oblique bottom perforated by a number of
holes. The outflow from these holes then represents the intensity scale of
a sequence of different activities, such as fin-spreading, gill-membrane
expanding, etc. For reasons subsequently to be expounded, we have
arranged the scale tray representing the receiving section of the innate
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releasing mechanism in such a manner as to let some of the ultimate flowing
out of liquid impinge on it in a diffuse way.

This contraption is, of course, still a very crude simplification of the real
processes it is symbolizing, but experience has taught us that even the
crudest simplisms often prove a valuable stimulus to investigation. As an
instrument for the quantification of external and internal stimulation this
model has already proved to be of some value. Let me explain its use.
Suppose we present an organism with a stimulus of unknown effectiveness.
All we can immediately record is, as already explained, the intensity of the
reaction. In the terms of our model, we do not know what weight we have
applied to the pan. In order to ascertain it, we must try to get some notion
of the pressure pushing on the valve from the inside. The simplest way to
do this is to open the valve altogether and record the distance which the
spout delivered by the jet will now attain. In other words, we shall present
our animal with the normal object of the reaction which may be roughly
(though not theoretically) identified with its optimal object, and record the
intensity of which the reaction is capable at the moment. Out of both data
the relative effect of the first stimulus can be roughly calculated, as well as
the pressure acting from within. In other words, we have now got two
equations with two unknowns.

There can be a very great number of variations to the intrinsically identical
method of calculation described above. Which of them is the most favourable
largely depends on the object and on the particular questions which are in
the experimenter’s mind at the moment. If, as it is most advisable at the
very start of any investigation, we are interested in taking stock of all the
stimuli that activate the innate releasing mechanism, it is a very good way
of proceeding, to ‘ pump out’ the reservoir of action-specificenergy gradually.
We begin by presenting a comparatively simple dummy which is reacted to
only with little intensity and only for a short time. When the reaction to
this dummy noticeably begins to flag, we ‘improve’ upon the dummy by
introducing additional stimuli. In the terms of our hydromechanical model,
we are lowering the internal pressure to such an extent, that the releasing
weight x ceases to open the valve, while the weight x plus 1 still will do so.
We get the threshold of the reaction exactly between the releasing values of
the two successive dummies. We may continue with this procedure until we
arrive at dummies whose releasing value cannot be increased any more. In
many cases, the objects thus attained by far surpass the releasing effect of
the natural object of the reaction in question, a fact which in itself is a
serious blow to the vitalistic belief in the infallibility of ‘instinct’. And not
only has the experimentation of human scientists succeeded in discovering
such ‘supernormal’ objects, but the evolutionary adaptation of certain

SEB 17
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social parasites to the releasing mechanisms of their hosts has evidently
done the very same thing. The cuckoo, for instance, is obviously presenting
a superlatively strong stimulation to the innate mechanisms releasing the
feeding activities of many small passerines, far excelling the one emanating
from young of the respective species. Heinroth, in his drastic way, once
said that cuckoo feeding may become a real vice indulged in by most of the
occupants of an aviary. Though meant as a joke, this utterance contains
a very serious truth, because some human vices are evidently nothing more
than a continued search for supernormal stimulation. What is true for the
cuckoo very probably is also true of many social parasites of termites and
ants. All these organisms are a challenge to the ambitious ethological
experimenter.

If a releasing mechanism contains the perceptual correlates to a compara-
tively large number of key stimuli, it is possible to construe an immense
number of combinations and permutations of these stimuli. By this we
obtain the further possibility of comparing the stimulating effect of objects
whose releasing value is approximately the same, but is brought about by
a summation of entirely different constituent key stimuli. By patiently
constructing a great number of dummies of approximately equal releasing
value, but different elementary stimuli, A. Seitz (1942) was able to show
rather conclusively that the releasing value of the single constituent stimulus
is absolutely constant in all possible combinations. This is what he termed
‘Reiz-Summen-Phinomen’ in German, and what Tinbergen translated
into English by ‘Law of heterogeneous summation’. Wolfgang Schmidt
(to be published) investigated the human reaction to the visual stimuli of
laughing with exactly the same method and obtained strictly analogous
results. The effect of heterogenous summation could be demonstrated even
more clearly in this case, because in experimenting with humans it is
possible to compare directly the releasing values of two dummies, by
applying the choice method. In experimenting with animals, especially
with the lower forms, this method has a very serious drawback: it frequently
occurs that the stimuli, activating an innate releasing mechanism, are not
tdentical with those that direct it in space, and therefore very misleading
results can be obtained by letting an organism ‘choose’ between two
dummies. As Tinbergen has shown conclusively in the greyling butterfly,
Satyrus semele, it is quite possible that one object elicits the discharge of
endogenous activity, while the second is sending out directing stimulation
guiding the organism’s reaction to itself.

There are endogenous activities which have a rather quick generation of
action-specific energy, but, speaking in the terms of our hydromechanical
metaphor, a narrow reservoir in which to hold it. The gaping activity of
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young passerines, for instance, ‘fills up’ from total exhaustion to explosion
activity within half an hour or an hour and, in smaller species, is exhausted
after a discharge lasting only a fraction of a minute. In rearing such birds
by hand, it is, in very many species, quite impossible to feed all of the
nestlings during one gaping ‘burst’. If there are six nestlings, nos. 4, 5 and
6 will cease to gape, before one has finished feeding nos. 1, 2 and 3. This
also very clearly shows how the activity is not motivated by a directive
‘food instinct’ or ‘hunger’. In such quickly exhaustible activities the
enormous inconstancy of the level of action-specific energy is a very serious
obstacle to the comparison of releasing values of different stimuli. Even the
obvious method of presenting the stimulus suspected to be ‘stronger’
immediately after the reaction to the weaker stimulus has ceased, does not
give reliable results. It is very possible that a stimulus which is really quite
appreciably stronger than the preceding one, fails to elicitate any reaction
when thus presented. Here we have to take into consideration an effect
which has been very aptly termed znertia of reaction by A. Seitz. When we
suddenly deprive an animal of the object of its reaction, the activity never
breaks off abruptly but nearly always continues a considerable time i1 vacuo.
Doubtless it is a consequence of the same phenomenon that the ‘ momentum’
gained by any activity will carry it on for an appreciable time after the
moment when its releasing threshold, rising continually throughout the
duration of the discharge, has reached the value corresponding to the
external stimulation impinging at the moment. This is also the reason why
an organism that is left continually in the presence of a releasing object
does not continually react to it with a constant intensity, as otherwise
would be expected. The inertia of a reaction carries the threshold high
above the value corresponding to the ever-present stimulating object.
After the reaction has ceased, the gradual lowering of the threshold during
its period of quiescence acts exactly as a correspondingly slow increase of
stimulation would act upon a constant threshold, that is, it results in the
well-known phenomenon of ‘creeping in’ of stimulation. Because of this,
the new burst of activity does not occur until the threshold is very appreci-
ably below the value corresponding to that of the constant stimulation. The
result of this is the usual form of discharge, in rhythmically recurring
‘bursts’ of activity. The heightening of threshold, caused by inertia of
reaction, may be so considerable that it can supersede a quite substantial
difference between the stimulating effects of two dummies. If we let the
animal react to one combination of stimuli until activity ceases and then
fail to elicit any response by the presentation of another set of stimuli, we
are not yet in possession of conclusive proof that the second combination

is not quite considerably stronger than the first. For obvious reasons this
17-2
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fact is all the more important, the more quickly the activity in question is
exhaustible.

It is probable that the #nitial inertia of endogenous activities and their
propensity to continue longer than corresponds to present stimulation, are
two entirely different phenomena, requiring different physiological explana-
tions. The way in which quiescent activities respond to stimulation is more
suggestive of initial friction. They ‘behave’ exactly as if the valve releasing
their discharge was a bit sticky. Furthermore, there arises the question
whether there is not a distinct relationship between creeping in of stimulation
and what we call habituation. Contrary to these phenomena of an initial
resistance to stimulation, the continuance of activity after cessation of
adequate stimulation is easily explainable on the assumption that the
activity is self-stimulating. A strong argument for this assumption lies in
the fact that this type of inertia of an activity is evidently in exact direct
proportion to the intensity the discharge has attained. If in our hydro-
statical model we arrange the scale-pan receiving the weights representing
stimulation in such a way as to let part of the outflow of the activity impinge
upon it in a somewhat diffuse way (Fig. 1), we are able to reproduce a very
exact replica of the avalanche-like way in which the endogenous activities
tend to grow after being released. Also we can account for the fact that the
valve stays open much longer than corresponds to the added values of
internal pressure and weights on the scale-pan. A very considerable part of
all endogenous activities is in this way self-exhausting and self-stimulating
at the same time, a fact which has been stressed by Julian Huxley long ago.

(6) Analysis of taxis and kinesis constituents of ‘instinct’

As long as the whole of innate behaviour was considered a chain reflex,
there was no reason to make any particular distinction between the single
constituent reflexes which are building it up. The discovery of endogenous
generation of action-specific energy has considerably changed this position.
I have already shown in what way the recognition of the very peculiar
physiological character of these functions forces us to conceive of endogenous
activity and of the perceptual organization releasing it as of two very
distinct physiological processes which, though they are strictly inter-
dependent constituents of one mutual function, each demand a different
method of analytical approach. In very much the same manner as the
discovery of endogenous activity has influenced our conception of the
releasing mechanism, it also necessitates some corrections of our notions
about the mechanisms directing activity in space. Correlative analysis is
like the solving of a crossword puzzle, in that the correction of one word
which had been put in erroneously makes it necessary to revise our notions
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about all the parts interlocking with it. I need not say anything here about
the interdependence of endogenously automatic activities and taxes as
constituents of innate behaviour; a much better authority on the subject
will do so.

I would, however, say a few words in answer to an evidently widely
spread misconception about our conceptional distinction of physiologically
independent constituent functions. It is in the very nature of analysis that
it leads to a progressive narrowing in of formerly wider and more general
conceptions. What formerly was very simply conceived of as ‘an instinct’
is shown by the advance of analysis to be a very complex mechanism of very
distinct and very different constituents, such as endogenous automatisms,
releasing mechanisms, taxes, kineses and, maybe, quite a number of further
as yet unrecognized particulate functions. For this we have been reproached
by many psychologists, all of them more or less under the influence of
vitalistic and finalistic preconceptions. We were accused of pulling to pieces
what really was a whole, and it has been said of us what Goethe said of a
certain type of analytical science: ‘Sie haben die Teile in der Hand, fehlt,
leider, nur das geistige Band.” I would emphatically deny this charge.
When we distinguish independent and particulate constituent functions of
innate behaviour, we are just as much justified in doing this as the physio-
logical anatomist is justified in distinguishing between the bones, joints,
muscles and nerves of, let us say, a human arm or leg. The conceptional
distinction of constituent parts and of their particular qualities does not in
any way preclude the fullest cognizance of the general mutual inter-
dependence and interaction of these parts. It does not, in any way, prevent
us from seeing the organism as a whole or system. This will seem a very
commonplace thing to say to physiologists, as, indeed, it really is. But it is
a deeply regrettable fact that it seems to be exceedingly necessary to say it
again and again to some psychologists.

(7) The hierarchy of moods

Doubtless a quite considerable percentage of all the activities of animals
and men are compounded of the three successive links described in the
classical diagram given by Wallace Craig and further differentiated by
Tinbergen and myself: (1) accumulation of action-specific energy giving
rise to appetitive behaviour; (2) appetitive behaviour striving for and
attaining the stimulus situation activating the innate releasing mechanism;
(3) setting off of the releasing mechanism and discharge of endogenous
activity in a consummatory action. Doubtless this tripartite organization of
behaviour does occur. Pessimists assert that yesterday’s truth is to-day’s
error. In biological research work it is certainly more correct to say that the
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truth of yesterday is, not the error, but the special case of to-day. In bio-
logical research, an all-too-cautious abstaining from forming a hypothesis
would get us nowhere, and we must have the courage to formulate pre-
liminary hypotheses, though we are well aware that these preliminary
formulations are much too simplistic and correspond, at the best, to a
particularly simple special case. In fact, the discovery of a natural law has
been, in many instances, identical with the discovery of a special case, in
which it was actualized in a particularly simple manner. We are therefore
neither surprised, nor pained, that the original, tripartite diagram of the
organization of innate behaviour has proved a typical example of this kind
of simplification. That is to say, it meets a good many cases, but is much
too simple for most cases.

It was a most decisive step forward in our understanding of innate
behaviour when Baerends (1941) pointed out that appetitive behaviour by
no means always leads immediately to the discharge of consummatory
action. In the vast majority of cases, the appetitive behaviour with which
an activity begins is of a much more generalized nature. The releasing
situation attained by this first step of appetite and the innate releasing
mechanism activated in this situation, do not lead to the discharge of the
final consummatory act, but, as the next step, to another form of appetitive
behaviour of a distinct and more specialized form, striving for another, also
more specialized, releasing situation. A very general ‘mood’, in the sense
of a readiness to certain activities, as, for instance, the ‘reproductive mood’
of a male stickleback, which comprises the several readinesses to a very
considerable but finite number of consummatory acts, is, step by step,
narrowed down to the discharge of one of these. There is, in other words,
a hierarchical order of wider and narrower readinesses or moods. The
action-specific appetite and the discharge of the consummatory action are
the lowest rung in this ladder of superimposed commanding instances or
‘centres’. Baerends has extensively studied the ‘Hierarchy of moods’ in
the digger wasp, Ammophila campestris, and Tinbergen in the stickleback.
As the latter is going to read a paper on the subject himself, I need not say
more here.

From the methodological viewpoint, which is the subject of this paper,
it must be emphasized that the conception of a hierarchy of ‘instincts’, at
which we have arrived, is something entirely different from what W.
McDougall and other purposive psychologists conceive of as chain appetites,
first and second order drives and the like. These conceptions have been
arrived at from the opposite direction of approach. We have not gone out
from finalistically considering what the animal ought to do, in order to
sustain itself and its species, but from what it actually does. We have not
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started from the hypostatization of a ‘reproductive instinct’, deduced from
the fact that sticklebacks reproduce their kind, but from the observation and
inventory of the lowest rung of the hierarchical ladder of integration, with
the consummatory actions, and worked our way inductively up that ladder
instead of deductively down. The conceptions of the successive levels of
integration are therefore determined causally and not teleologically. "There-
fore Tinbergen’s and Baerend’s conception of hierarchically superimposed
‘centres’, though determined exclusively from a functional point of view,
may prove a most valuable hint to the experimenting physiologist as to the
number of localizations for which he has to look.

(8) The psychological aspect of comparative ethology

There is an amazingly widely spread prejud