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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



4 HEARING

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
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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<€A).

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, (2) 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 a/l 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

VLAl

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
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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

- \\\\\j\\\\\\\

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 1s 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 & Volokhoff (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 10~'% erg, the
minimum vzsible energy is about 107 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 all end-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



HEARING 11

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

Ductus
endolymphaticus

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).

o
-
y ©

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 1075 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 10® 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. Frischand 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 40 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:

(r) 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 amnow 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.

Diptera Culicidae, Chironomidae,Cecidomyidae
Orthoptera Gryllidae, Tettigoniidae
Lepidoptera  Nymphalidae
Hemiptera Corixidae
Orthoptera  Acridiidae
{Lepidoptera Noctuidae
Lepidoptera Geometridae, Pyralidae
{Hemiptera Cicadidae

LA e

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 keyc. /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 it
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 powe1
as the human fovea (Rochon-Duvigneaud, 1920), there does seem to be =
steady increase in visual acuity, colour vision and probably binocular anc
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 comparec
with many birds, our colour vision does not cover as much of the spectrumr
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 structure:
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 i
a diagrammatic representation of a section through the human eye. Thi:
consists, roughly, of a dioptric apparatus made up of the cornea, lens anc
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 stimulatc
the fibres of the optic nerve so that a complicated pattern of nervou:
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 pigment:
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 pigmen'
responsible for night vision in man) is the best known. It is probable tha
all the visual pigments of the vertebrate eye are chemically related tc

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
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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 1o 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 o47t 1-86

Rhesus monkey 0'67 2°33

Cebus monkey 0'95 331

Pigeon 154 2'79

Gamecock (no fovea) 407 9'58
Nocturnal animals:

Cat 5°5 —

Alligator 110 —

Opossum 11°0 —

Rat 26-0 238

Rat (albino) 520 477

* 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

n f
A\ b. ,
LI'-'/
b
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 135 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



VISION 27

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 n usual <s Shape of lens changed by
habstat 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 o 40-50 Do.

Mammals:

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

Mouse +10 o 0.

Horse +1 o Do.

Sheep +1 o Do.

Pig +1 f o Do.

Rabbit i — 1 ot Do.

Dog o5 i 1t Do.

Squirrel o5 I's Do.

351 Do.

Cat o { 175t Do.

Wolf — 275t Do.

Primates other o (baboon 10-12 Do.

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

* Franz (1931).
+ 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 | Binocular field
(degrees) field (degrees) 1 (degrees)

Fish: l

Most —_ -— ! 20—30* |

Gurnard — — r 4*

Flatfish — — | > 30*

Fresh-water predators — — | o—>40*

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

Crocodiles 152-156 — 25

Turtle (Testudo) — — 18

Thurtle (snapping — — 38

turtle)

Lizards 144—160 -— 1020

Monuitors — — 14-32

Snakes 146—-168 — 20—40
Birds:

Graniverous — 340-342 6—25

(pi1geon)

Hawks — — 35-50

Owls —_ — [ 60—70
Mammals: }

Rodents 190 360 ‘ 1040

Ungulates 215 — 60—8o

(horizontal pupils)

Dog — 250 —

Cats — 287 130

Apes and man — 180 140

* Kahmann (1935).

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 Electroretinogram||
Pigeon Cone dominated 45 40 Electroretinogramy}|
Hen Cone dominated — 35 Electroretinogram§
Buzzard Cone dominated — 40 Electroretinogram§
Owl Rod 34 21 Electroretinogram||
Cat Rod dominated 27 26 Electroretinogram||
Rabbit Rod dominated 32 30 Electroretinogram||
Monkey Cone dominated — 17 Electroretinogram!’
’ : 20 — Electroretinogram
Man Mixed jlso 14 Sensory at o°tt
15°5 Sensory at 9ot |
* Autrum (1948). I Granit (1947).
+ Frohlich (1913). ¥ Piper (1911).
1 Beniuc (1933). ** Bernhard (1940).
§ Adrian & Matthews (1928). 1+ 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, 1907; 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 tha
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
Fig. 1 Diagrammatic horizontal section of the human eye (Parsons).
Fig. 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
Fig. 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.

Fig. 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: (@) 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; (b) 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-Suiier (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-Sufier 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 (P1. 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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(x) 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

m m

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
amuscle spindle is showing the condition of ‘ in-parallel’ arrangement with the tension
supporting elements. When the muscle fibres a and b contract, they take up any
tension which may previously have been exerted upon s, the muscle spindle. (From
Fulton & Pi-Suiier, 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-Suiier’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.

(1) 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 (8-124 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 (6-9x).
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. IIT) 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 o1l. 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 is 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. s.

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, 19314.)

A B

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 1s 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; Verzér, 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



44 PROPRIOCEPTORS

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

-

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 40 g. Note that the
frequency of discharge is increased during twitch. C. Responses of a tendon organ
during isometric twitch; initial tension 130g. Note the appearance of sensory dis-
charges during contraction. D. Two-fibre preparation containing one flower-spray
(secondary) ending and one tendon organ. During isometric twitch the flower-spray
ending ceases to discharge while at the same time the impulses from the tendon
organ appear. Time marker 3% 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 englings. Tension of high threshold clearly seems to have an in-
hibitory effect as 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 100 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:

T Muscle spindle
| (resting discharge) 1
Active contraction———————— Stretch
¥ : J (passive or by antagonists)
Isotonic Isometric T'
Resting discharge Increased discharge Increased discharge
abolished (primary endings (primary and secondary
(secondary endings) in mammal) endings in mammal)

in mammal)

Execution of movement Reinforcement, Stretch reflex
resistance reflex,
carrying loads

Tendon organ

Tension, high threshold,
active or passive

Inhibition
(lengthening reaction)

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 (T) of a finch. This
strand is completely covered by the overlying muscles. (From Schildmacher, 1931.)
(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 A4
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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, 19oz; Ceccherelli, 1904) 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
(1-5 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. Two 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.

(ii) 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. 9). 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. If 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; o0.h.p. outer coxal hair plate; tr. 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. ¢x. 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 aconstant
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
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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. If in 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 1n 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-Suifier & 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

e

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 (Acanthias) 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 - - - 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
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I. INTRODUCTION

The present Symposium is fittingly opened by a survey of the range and
capabilities of sensc 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 (M