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Preface

THE title and with it the theme of these lectures was suggested by my
friend and colleague John Fulton and tempted me immediately because
I thought it might be of interest at this particular moment to comment
on the achievements of a quarter century of work by electronic methods
on the special senses. It was clear that there was no need for an annual-
review type of book, or for one expanded to deal with the results text-
book fashion. Again, a complete general physiology of the special
senses, apart from the danger of being too pretentious for the present
age, might easily turn out to be too general for the specialist, yet too
special for the general scientific reader.

Thus I felt I had good excuse for following my natural inclination to
go into detail only in the fields where I felt I had mastered the details,
to extract general principles from them, and to look for applications in
adjacent fields. It seemed to me also that what we as experimenters
individually pay a price for is laboratory experience and that therefore
my innumerable omissions might be more generously forgiven if, as a
counterpoise, I inserted chapters based on first-hand knowledge ac-
quired by experimentation. The sections on the eye, on the muscle
receptors with their reflexes, and on centrifugal control of sense organs
serve this purpose.

My major omissions concern audition, which as a subject of electro-
physiological research has been so beautifully developed by several
workers in the United States. I try to follow the work on the ear but
am not expert enough in the field to include a separate chapter on it.

Now, why is this an appropriate moment for commenting on the
aims, means, and results of research by electrical methods on various
aspects of perception? Clearly, the main reason is that we have actually
arrived at principles which ought to be formulated and held to a mirror
in order to prevent them from becoming immersed in the steady stream
of annual contributions from many different points of view. Such prin-
ciples concern, among others, “receptive fields,” “generator potentials,”
“centrifugal control,” “specific and unspecific afferents,” and “organi-
zation of the frequency code.” These and many others will be dealt with
below,

Much as I speak about results obtained by electrical methods, my
v



Vi. RECEPTORS AND SENSORY PERCEPTION

seoret plea between the lines—I emphasize it now—is really for this
kind of work combined with adequate stimulation of sense organs. I see
no other way to a real understanding of the principles of organization of
the central nervous system. This, in a different way, was emphasized
very long ago by John Locke (see below, introductory quotation). The
brain, after all, is the great interpreter of the senses.

While preparing these lectures I occasionally felt some apprehension
that the time required was being spent less profitably than for labora-
tory work. I then derived some solace from the thought that the genera-
tion of postgraduate students about to enter this field may find the
book useful as an introduction to the principles involved. At other
times, in other moods, I have greatly enjoyed both the excuse for writ-
ing and the writing itself, feeling stimulated by the hope of, perhaps,
gathering something of what, with Walter B. Cannon, one might refer
to as the “durable results of the perishable years.”

In the preparation of the manuscript my secretary, Gunvor Larsson,
has given freely of her spare hours in order to make it possible to finish
the book in time for the lectures. Evi Reigo and Anne-Marie Bengtson
took charge of the illustrations and legends. At Yale John F. Fulton
and Mary P. Wheeler devoted a great deal of unselfish care and labor
to the perusal of the manuscript, suggesting improvements and correc-
tions. The book and its author owe a great deal to these collaborators.

Several members of the staff of the Nobel Institute for Neurophysiol-
ogy, as well as guest workers, have read parts of the manuscript and
made valuable suggestions. Friends in Stockholm, London, and Cam-
bridge have read sections of the book and given me the benefit of their
criticism. Many more in different parts of the world have liberally lent
me originals of illustrations from their papers and given me access to
data in the course of publication. Though no one is specifically men-
tioned, none is forgotten, and I thank them all.

It is seldom that one has an opportunity of expressing one’s grati-
tude to the foundations which have supported the Nobel Institute and
made its work possible. This seems such an occasion, and I therefore
wish to put on record my great indebtedness to the Knut och Alice
Wallenbergs Stiftelse, the Royal Caroline Institute, the Nobel Founda-
tion, the Rockefeller Foundation, and the Swedish Medical Research
Council. Originally my Institute was set up in 1940 by a generous
combined gift from the Wallenberg and the Rockefeller Foundations.

Finally, to the officers of Yale University and the members of the
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Silliman Committee I wish to convey my sincere thanks for the invi-
tation to deliver the Silliman Lectures. The great care taken by the
Yale University Press in publishing this book is gratefully acknowl-
edged.
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If it shall be demanded, then, when a man begins to have any ideas?
I think, the true answer is, When he first has any sensation. For since
there appear not to be any ideas in the mind before the senses have
conveyed any in, I conceive that ideas in the understanding are co-
eval with sensation; which is such an impression or motion made in
some part of the body as produces some perception in the understand-
ing. It is about these impressions made on our senses by outward ob-
jects, that the mind seems first to employ itself in such operations as
we call “perception, remembering, consideration, reasoning,” &c.

John Locke, An Essay concerning Human Understanding

Chapter 1

Historical Background.
The Electrophysiological Approach to

Primary Processes

1. Introduction

AT the time when the psychophysical era of sensory research was
beginning to feel the impact of electrophysiological analysis J. von
Kries in his Allgemeine Sinnesphysiologie (1923) gave a masterly
presentation of the main principles discovered in the last epoch of
research, as well as the psychological and epistemological background.
To show how ripe the time was for Adrian’s discovery of the frequency
variation in single sensory afferents, I offer this translated quotation
from Von Kries’ book (pp. 51-2):

For skeletal muscle we now regard the rhythmic nature of the
motor innervation as certain. We see in this one of its most impor-
tant distinctive features, and the frequency of this rhythm has been
the subject of much research. It is a question of fundamental im-
portance whether in a similar way the activity in the sensory nerves
is rhythmical, but on this question it is not yet possible to pass defi-
nite judgement. Frohlich has observed action potentials of very
regular rhythms in certain sensory nerves of cephalopods. In afferent
nerves of higher animals corresponding phenomena have not yet
been established. Nevertheless, Frohlich is inclined to accept the
rhythmical nature of activity for all sensory nerves, and he assumes
that it has escaped notice in higher animals because the frequency
is relatively high, so that the string galvanometer fails to record it.

Von Kries goes on to discuss the all-or-none law of the nerve im-
pulse and concludes, “If we transfer these notions—which, at least for
motor nerves, seem probable—to sensory nerves, we have to assume
that stronger stimuli give a more frequent, weaker stimuli a rarer,

reiteration of the same process” [viz. the action current].
1



2 RECEPTORS AND SENSORY PERCEPTION

Having made the distinction—somewhat artificial, like all such
distinctions—between the mainly psychophysical epoch of sensory re-
search and the present era dominated by electrophysiology, I feel
obliged to consider briefly the background of the latter in order to
indicate its legitimate claim to a title of its own. In a recent lecture
Adrian (1953) captured something of the atmosphere of the early
twenties when he said:

No one in those days who was interested in electrophysiology
could have failed to realise what it might mean to his own work
when the initial difficulties were overcome, and then came the papers
of ALEXANDER FORBES and of GASSER & NEWCOMER * to show that
the difficulties were already yielding. The technique they were using
was clearly not to be undertaken lightly; it involved all sorts of un-
familiar components, high tension batteries, condensers and resist-
ances—electrical gear which now overflows our store cupboards but
then had all to be made by hand in the laboratory. But the technique
could be used for physiological purposes. It was a practical method
for magnifying the very small electrical changes which had been
beyond the reach of our recording instruments. It promised direct
information about events which formerly we had only been able to
study by inference.

Reading some of the early papers of that time one cannot help
remembering what a pleasure it was to find that most of the infer-
ences had been correct. Impulses arising in sense organs or nerve
cells were accompanied by action potentials like those in a nerve
trunk stimulated electrically They followed the all-or-nothing rule
inferred from KEITH LUCAS’S  work on the frog’s dorso-cutaneous
muscle. They appeared Where and when we had reason to expect
them, in sensory and in motor nerves. In fact there was no need to
revise the accepted theories of the nature of nervous communica-
tion. It was carried out by impulses of the familiar type.

Having myself from the beginning been interested in the special
senses and consequently in psychophysics, I can well remember how
deeply stirred I was when Adrian’s first contributions began to appear
(1926, 1926-27; see also his summaries of 1928 and 1932b). It sud-
denly became clear that both sense organs and neurones (cf. Denny-
Brown, 1929) delivered a message of repeated brief, electrical im-

* The papers intended I take to be Forbes and Thacher (1920) and Gasser
and Newcomer (1921). For these and all other references see pp. 303 ff.
T See Lucas (1917) in References.
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pulses, so-called spikes, all of which were of the same size but increased
in frequency when the stimulus was made more intense. Such spikes
are shown in Fig. 1 in response to touch (4) and a painful stimulus
(B). The message in the individual nerve fibers thus had the character
of a simple frequency code! And it was all made more exciting by
the fact that one could listen through the loudspeaker (Adrian and
Bronk, 1928) to the code of the nervous message in the act of being
delivered. An immense field was opened up for research. The code
itself had to be studied in various sense organs. The retina and the

Fig. 1. Discharges in dorsal cutaneous nerves of frog. 4 shows large rapid
impulses due to touching skin; B, slow impulses produced by 2% acetic acid on
skin. (Adrian, The mechanism of nervous action, Oxford University Press,
London, 1932b.)

organ of Corti seemed particularly fascinating. For these organs there
was available an enormous body of psychophysical information to
direct further research by the new method. Adrian immediately showed
that impulse frequency diminished during continuous stimulation and
so put sensory adaptation to the stimulus on a firm basis. It was obvi-
ous, too, that with such a definite measure available as spike frequency
many new sense organs would be discovered. This expectation has been
fulfilled. So far the only serious disappointment of this technique has
been with the very thin nerves from some insect sense organs, which
even expert technicians have attacked in vain (Hartline, Waterman,
in personal communications).

Another source of inspiration around the same period was Erlanger
and Gasser’s work (see e.g. their summary, 1937). This prov1ded a
clear picture of the properties of the nerve impulse in terms of fiber
size and conduction rate and thus laid the basis for the precise analysis
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of electrical events which plays such a great role in contemporary
work. In the physiology of the special senses its general significance
has been obvious in the study of primary mechanisms, impulse genera-
tion, and sensory discrimination.

Forbes and his collaborators (1937) introduced the microelectrode
technique for the study of neurone responses.* This method (cf.
Buchthal, 1934) became an important supplement to nerve dissection
(see Adrian, 1928) which technically had culminated in Hartline’s
(1938a) work on single fibers in the frog retina. First the retina (for
a summary see Granit, 1947, 1950b) and then the organ of Corti
(Galambos and Davis, 1943, 1944, 1948) were studied with the aid
of microelectrode records, and a vast amount of new information was
obtained. Perhaps the main advantage of the technique at this stage
was that it made the mammalian eye and ear, as well as several nervous
centers, available for analysis. Most of our detailed information about
the elementary properties of sensory end organs and neurones has
come from later improvements of the microelectrode technique, about
which a great deal more will be said below.

The discovery by Wever and Bray (1930) of what is nowadays
called the cochlear microphonic potential, even though first not under-
stood, should rightly be mentioned in this place because it created very
great interest at the time and served as a starting point for much im-
portant work.

Berger’s rediscovery of the electrical potentials of the brain, popu-
larly called “brain waves,” his early fundamental results, subsequent
scepticism as to the value of such mass analysis, and the final justifica-
tion of this mode of approach, also had repercussions in the sensory
field (1929; for a good historical review in English see Gibbs and
Gibbs, 1948). These will be dealt with below when sensory projections
and specific and unspecific relays are discussed. Adrian in England,
Bremer in Belgium, and Bard and Fulton in the United States took up
the study of sensory and motor projections and thus pioneered the
large amount of important work that is being carried out today. It is
well known that modern psychosurgery, which began as frontal lobot-
omy, owes its origin to experimental work carried out at Yale Uni-

* A number of reports of the new method were published, but the most com-
plete description of it was given by Renshaw, Forbes, and Morison (1940). In this
paper will be found a full account of the physical principles involved in record-
ing with microelectrodes from a volume conductor. As early as 1934 Buchthal

had used microelectrodes for electrophysiological work on single muscle fi-
bers.
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versity by Jacobsen and Fulton (for a review see Fulton, 1949a,b;
1951).

I recall these events in passing as memoirs of a sense-organ man,
because it may be of some historical interest to put such impressions
on record. In retrospect they seem to me formative influences. At that
time the electrophysiology of the sense organs did not as a field enjoy
the popularity that has fallen to its lot today. One of the reasons for
the revival of interest seems to be the appeal of the microelectrode
technique, with its emphasis upon general principles of cellular be-
havior. This puts a premium on easily accessible reactive structures
wherever such structures may be found. It is particularly convenient
to use sense organs because they are accessible to both adequate and
electrical stimulation.

May I also venture to suggest that the general importance of re-
ceptors has been emphasized by such discoveries as that by Heymans
and Heymans (1927) of chemoreceptive regulation of respiration from
glomus caroticum; by Verney (1947) of osmosensitive structures in
the brain stem; by Ranson (see e.g. 1940) of heat-sensitive structures
in the hypothalamus; followed more recently by C. von Euler’s and
Soderberg’s (1952a,b) demonstration that the region in the medulla
which is sensitive to carbon dioxide has in every respect properties of
receptors such as those to be described below. It has been realized
for a century to be sure, that the body contains a considerable number
of internal measuring instruments—Sherrington (1906) used to speak
of interoceptors as opposed to exteroceptors—but electrical methods
have invited close analysis of their effects and made it imperative for
both general physiologists and neurophysiologists to cross the bound-
aries of their own limited territories and invade each other’s domains
of research. For instance, the heart specialist must know something
about receptors because study of cardiac afferent impulses, important
for reflex self-regulation within the vascular system, has again attracted
a large body of workers. (See e.g. Amann and Schaefer, 1943; Jarisch
and Zotterman, 1948; Whitteridge, 1948; Dickinson, 1950; Schaefer,
1950; Paintal, 1953b.) The recent pioneer work in this field was begun
by Jarisch (1940, 1941), who took up the well-known problem of the
Bezold reflex.

2. Scope of the study

The sense organs are our “private” measuring instruments and, like
other instruments, they have properties such as sensitivity, range, speed,
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and power of resolution. The study of these is common to both psy-
chophysics and electrophysiology. A great deal of experimental work
has gone into determining the limitations of the senses as interpreters
of the external world in terms of perception. The analysis by electrical
methods of primary processes in sense organs is part of this study but
at the same time is also part of general neurophysiology.

At this point it is appropriate to remember that in the course of
evolution the sense organs have developed by being in intimate contact
with movement to or from external objects. This principle of organiza-
tion is preserved in the reflex arcs of man and all animals. Indeed,
highly important receptors, e.g. the vestibular ones, adjust balance by
reflex postural contractions—according to most authors—without ever
entering the world of perception. Many sense organs have pathways
which do and others which do not evoke that particular conscious state
which is called perception or sensation. We are not aware of our pupil-
lomotor reflexes; yet their afferent path is that of light. All this is
significant because the electronic era of work on sense organs has made
some of its greatest contributions to the understanding of first principles
by analyzing receptors lacking psychological equivalents in perception.
It is not untrue perhaps to state that by comparison the previous era
was one of great psychophysical discoveries.

In vision I can think of only one major psychophysical discovery
from the same period, the “directional effect” (Stiles and Crawford,
1933; Stiles, 1939), which implies that the effect of light falling on
the cones depends upon its angle of incidence. Of course there has
been brilliant work done in sensory physiology with methods involv-
ing little or no electronics. I should like to mention the discovery of
the “supersonic radar” of bats in flight (Griffin and Galambos, 1941;
Galambos and Griffin, 1942; Galambos, 1942) suggested by Hart-
ridge’s early experiments (1920); Von Frisch’s (1946, 1949, 1950)
beautiful results on the orientation of bees; Waterman’s (1950) precise
analysis of the polarizing properties of the eye of Limulus; and Dethier’s
(1953) study of taste receptors on the legs of flies. Several others will
be mentioned below when the subjects are discussed.

In many instances it is exceedingly difficult to translate electro-
physiological results into sensory equivalents at the psychological level.
I shall return to this point in Chapter 8 and when discussing micro-
dissection and microelectrode techniques, which set problems that
cannot be translated into perceptual terms. I do not mean problems
which by definition are purely physicochemical propositions, e.g. ion
transfer in impulse generation, but problems concerning the organiza-

8 RECEPTORS AND SENSORY PERCEPTION

are often difficult to approach in terms of perception. It is fortunate
that in higher animals inhibition of motor performance is organized
entirely within the central nervous system, not, as in some arthropods,
by additional inhibitory mechanisms in the muscles themselves (Bieder-
mann, 1895; Marmont and Wiersma, 1938; Kuffler and Katz, 1946;
Fatt and Katz, 1952b), because it means that impulses in the efferent
branch of a reflex to a muscle, or movement in the latter itself, can
be used as an index to gain insight into central inhibitory mechanisms.
It is well known that fine adjustment on the motor side involves an
interplay of inhibition and excitation. The same is true for many acts
of sensory discrimination, and inhibition by light has actually been
discovered in the retina (for a summary see e.g. Granit, 1952b), but
often the motor act is easier to understand by analysis than is the per-
ceptual effect.

For many purposes, e.g. physicochemical studies of primary events,
we can neglect the teleological aspects of the sensory message and the
general problem of central decoding of the code of spikes, but I want
to emphasize that research into special senses differs from many other
recognized branches of physiology in presupposing and accepting the
fact that understanding of biological purpose is part of its aim, be it
movement or perception. To close one’s eyes to this aspect of sensory
physiology is to neglect the biological, psychological, and philosophical
implications of a branch of natural science which actually is capable
of giving some meaning to “meaning.”

3. The psychophysical approach and the
Fechner integration

In studying our “private” measuring instruments, the sense organs,
we use “public’ measuring instruments, “meters” of various kinds
which disregard the limitations of our sensory experiences. Weighing,
for instance, can be performed only within a limited range with the
aid of our sensations of touch, weight, and pressure; but the principle,
once applied, can be extended to an enormous range. It suffices to
draw attention to the notion of wave length or frequency in optics to
realize how much we have expanded the very limited perceptual range
of our eye and what amount of insight we have achieved by measuring
based on this notion. Adaptation in the sense organs tends to make our
private measuring instruments fraudulent (to be sure, for a very good
biological purpose), but, having developed units for measuring, we
have also become capable of exposing the fraud and creating concepts
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such as that of a constant stimulus or any other constant event for that
matter (see Chapter 8).

It is perhaps surprising that we should have succeeded in creating
the idea of constancy in the face of sensory adaptation. Coal reflects
more light in bright sunshine than snow in the evening and yet coal is
always perceived as black and snow as white (Hering, summary,
1925). Wherever I move within a lecture theater (for example) you
will see me as a person of constant size, yet the retinal image changes
with the distance of the observer, as the renaissance inventors of the
perspective truly realized. Similarly, movement, color, and form of
objects remain constant within considerable limits of physical varia-
tion. Thus we may say that the unconscious processes of sensory inte-
gration (to which I shall return in Chapter 8) have dropped us a good
hint of the possibility of things constant in a changing world. If these
had not been designed that way, would we ever have succeeded in
creating the idea of constancy? The reply is that all possible worlds are
within us; they are our present and inherited responses to information
from sense organs laid down with reasonable phylogenetic constancy
(cf. Lawrence, 1949; Hilgard, 1951).

Relatively late in the history of civilization systematic investigation
of our private measuring instruments with the aid of public measuring
instruments began in earnest. The new science which ultimately was
called psychophysics (Fechner, 1862) consisted of the application of
the system of conventions known as the c.g.s. units (centimeter, gram,
second) to sensation. It was forced to jump the intermediate links
(which are the subject of these lectures) when it defined sensation in
terms of the c.g.s. units, so-called stimuli. It seems like a vicious circle,
first to derive c.g.s. units from sensory experiences and then to study
these experiences by means of the same units. However, definition of
stimuli in this fashion is no more “vicious” than any other application
of the same or other conventional sets of rules to establish a system
of relations. Science is pragmatic, as should be well known in the
country of Peirce and James. It has rules for what is done and what
isn’t done, and just as in society its norm is a convention that must not
be broken. The reward is prediction of behavior.

Psychophysics, for instance, predicts that most people see yellow
when the stimulus is defined as 5800 units of Angstrém. This, by hy-
pothesis, is ascribed to certain events which are assumed to be absent
or otherwise abnormal if people fail to see as predicted. Several great
deductions were made in psychophysics on this general basis. They
were stimulated by discoveries which in turn stimulated new discov-
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eries, perhaps the most famous ones dealing with vision and hearing.
I need not now enumerate the achievements of Thomas Young, Von
Helmbholtz, Maxwell, Hering, and many others. However, as an intro-
duction to the study of impulse generation in sense organs, Fechner’s
classical integration should not be forgotten. I will try to explain what
it means and how it has fared when confronted with electrophysiology.

Exactly 121 years ago E. H. Weber published some experiments in
which he tried to measure the difference threshold for weights, tones,
and the appreciation of length. The experiments with weights were
carried out in two ways. In some of them he used what he held to be
sense of pressure alone, the hand lying flat on the table while different
weights were applied. He concluded that one weight felt heavier than
another when they were related as 29:30. In the other set of experi-
ments the muscle sense was also involved because the weights, covered
in cloth, were actually lifted. The difference threshold was then 39:40
(description from Weber, 1846).

Fechner (1862) drew the conclusion that the increment threshold
AR of the stimulus R was constant, and he carried out several series
of experiments to establish the validity of this generalization AR/R —
constant. The constant itself he regarded as a minute sensory unit AS.
He then defined as Weber’s law or the fundamental law (Fundamen-
talformel) :

1. AR/R =k AS, (in which k is a factor of proportionality).

His next daring step was to suggest that AR and AS were true limit-
ing values dR and dS, such as required by the definitions of calculus,
and that one therefore could rewrite (1) as an elementary differential
equation, here rearranged as

2. dS/dR = 1/kR,
from which by integration one obtains

3. S=alogR + b,
in which the constant a also includes the coefficient for transformation
into decadic logarithms and b is an integration constant.

This, then, is Fechner’s law (Massformel), which he also derived
in other ways. It states that something in sensation that one might call
its quantity § is proportional to the logarithm of the stimulus R.

There is an enormous literature dealing with Fechner’s law: tests
of its validity, criticism of the assumptions—which as mathematical
propositions are indeed open to criticism—attempts to replace it with
better expressions, epistemological difficulties, etc. (cf. Von Kries,
'1923). If one scrutinizes Fechner’s own data, these, too, must be
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taken with a grain of salt because there are often systematic variations
of the Weber fraction. Many other tests reveal weaknesses. Neverthe-
less, despite the validity of much of the criticism directed against it,
Fechner’s law has survived every attack. The psychophysicists of to-
day still keep it in their arsenal as a convenient rule of thumb to be
taken down from the shelf whenever difference thresholds are dis-
cussed.

It would show lack of historical sense to look upon Fechner’s famous
integration as a mathematical treatment that could not be improved
upon. The real question again is pragmatic: did he or did he not hit
upon something important? His law shows that when stimulus strength
R increases in geometric progression, something in sensation that we
call its quantity S increases in arithmetical progression. Has this law
been useful in the same way as other concepts of limited validity, such
as the well-known elementary relation between volume and pressure?
Very few laws, if any, have eternal validity and many useful laws are
restricted in range.

This brings us back to the present day of electronics because if
Fechner served psychophysics well, he must also be said to have raised
a number of valid problems for the electrophysiology of the special
senses.

4. Stimulus strength, generator potential,
and impulse frequency

We admit to a property of “quantity” in sensations. We speak of
tones of different loudness, light of different brightness, pain more or
less intense. When Adrian (1926) showed that nerve impulses from
the sense organs registered stimulus intensity by a frequency variation,
there arose an opportunity of testing Fechner’s generalization. The
curve in Fig. 2 was recorded by Matthews (1931a) in Adrian’s labo-
ratory and refers, indeed, to the muscle sense (cf. Leeuwen, 1949),
but in this case to a single end organ in the small muscle on the upper,
outer side of the middle toe of the frog, a toe extensor. The logarithm
of the load in grams is plotted against impulse frequency per second,
one second after loading. We see that impulse frequency is propor-
tional to the logarithm of the stimulus as implied by Fechner’s law.

To be sure, it is not very easy to define the stimulus of a muscle
receptor with great precision, Ultimately it must be in the nature of a
mechanical deformation set up by stretch, and it is possible to argue
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that length rather than load is the decisive factor. According to Hooke’s
law length would be proportional to tension, but muscle does not obey
this law strictly (Buchthal, 1942; Hill, 1953).
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Fig. 2. Discharge of frog muscle spindle under different loads. Graphs show-
ing the relationship of the frequency 1 second after loading to the logarithm of
the load. Temperature 15°C. (Matthews, J. Physiol., 71, 64. 1931a.)

A better example is the visual end organ of the horseshoe crab
(Limulus polyphemus) for which the stimulus can be defined with
greater precision. This eye consists of ommatidia or sensory units;
and one big nerve fiber, held to be coming from a definite isolated
structure—the so-called excentric cell (Hartline, Wagner, and Mac-
Nichol, 1952)—can easily be isolated. Hartline and Graham (1932)
have recorded the curve illustrated in Fig. 3. Again spike frequency
is proportional to the logarithm of the stimulus intensity. Such exam-
ples could be multiplied (cf. e.g., single auditory fibers, Galambos and
Davis, 1943).

It seems reasonable to conclude that Fechner did arrive at a sound
generalization and that its basis is laid down somewhere in the receptor
mechanism.

The next question is therefore: if this is so, where does the logarithm
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come in? There must obviously be some generator mechanism starting
the discharge of impulses in the nerve, apparently preceded by at least
one mechanism that provides the specific sensitivity of the end organ
to its adequate stimulus. This question immediately raises the whole
problem of impulse generation in sense organs (cf. Granit, 1947).
We have some information about the generative mechanism, but the
specific ones are not very well known, except in some instances. Their
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Fig. 3. The relation between frequency of impulses (number per sec.) and
log. of the intensity of stimulating light. Intensity in arbitrary units (1 unit =
630,000 meter candles). Curve A shows frequency of the initial maximal dis-
charge; curve B, frequency of discharge 3.5 sec. after onset of illumination.
(Hartline and Graham, J. Cell. Comp. Physiol., 1, 277. 1932.)

very specificity suggests that they are different for different receptors,
while the generative mechanism, faced everywhere with the same
problem of initiating impulses at nerve endings, is likely to be run on
similar principles throughout the whole gamut of receptors. Further-
more, these principles are likely to be familiar from work on peripheral
nerves. Keeping this in mind and considering the fact that the work
on simple eyes—i.e. eyes uncomplicated by the presence of ganglionic
structures at the precise level of the retina, such as those of cephalopods
studied by Frohlich (1914, 1921)—presented evidence for maintained
depolarization potentials in the sense cells during illumination, one
may say it is likely that the impulse discharge is initiated and kept
up by a generator potential of depolarization which either directly or
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by electrotonic transfer along the fine nerve terminals depolarizes the
nerve and sets up impulses. For a review of these arguments, see Granit
(1947). It is hardly necessary to repeat them, beyond mentioning
that depolarization potentials from simple visual receptors such as
those of cephalopods and some arthropods have been recorded from
the beginning of the electrophysiology of vision. Frohlich’s (1921)
classical picture of depolarization in the visual cells of the cephalopod
eye is shown in Fig. 4. Autrum and his collaborators (1951, 1952)
have systematically studied receptor depolarizations in insect eyes of

e

Fig. 4. Electroretinogram of Eledone moschata. Time marking: 1/5 sec.
(Frohlich, Grundziige einer Lehre vom Licht- und Farbensinn, Fischer, Jena,
1921.)

the type in which receptors and neural layers are far apart. Dewar and
McKendrick (1873a,b) were the first to observe the electrical response
of the invertebrate eye to illumination. They were followed by Chatin
(1880), Beck (1899), Piper (1904), and Frohlich (1914, 1921).
Hartline (1928) later studied a number of insect eyes, some of which
were complex and gave complicated responses, and then in Limulus
found the relatively simple preparation mentioned. I shall return to
it below.

The arguments concerning the Fechner integration having been
developed on the basis of muscle receptors, it is of some interest to
continue along this line. Recently Katz (1949, 1950a,b) recorded the
electrical changes in afferent nerve terminals of the extensor digiti IV
muscle of the frog which appear when the muscle is subjected to
stretch. Fig. 5 presents a photomicrograph of this preparation, in
which I want to draw special attention (in B) to the splitting up of
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the single afferent fiber into a number of fine terminals. Such branch-
ing seems to be characteristic of most sensory nerve fibers, and we
shall have reason to consider its physiological significance below.

Fig. 5. Photomicrographs of frog muscle spindles. 4: isolated living spindle
immersed in Ringer solution, showing capsule, intrafusal muscle fibers, and
nerve supply. The nerve contained a sensory and a motor axon which was cut.
B: stained preparation (osmic acid). Muscle with two sensory axonms, one of
which was cut. The muscle was flattened between slides before fixation. (Katz,
J. Physiol., 111, 248. 1950.)

In Figs. 6a and 6b the muscle with its sensory organs (spindles)
had been subjected to stretch. In record Al there is a spontaneous
discharge at rest but in 2—4 a stretch of increasing intensity is seen to
have elicited not only impulses, the fast deflections, but also a slow
potential change shifting the baseline downward. On the right (B)
are similar records made monophasic by crushing the central portion
of the axon. The slow potential change has apparently originated
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Fig. 6a. Potential changes in a sensory axon when the muscle is subjected to
a transient stretch. The stretch was applied by a sartorius muscle contracting
against the M. extensor dig. IV. All records read from left to right and show
“spindle negativity” (i.e. a positive potential difference between electrodes)
as a downward deflection. A4: usual recording from uninjured axon—I1, at
“rest”; 2—4, with increasing intensity of stretching. B: the records have been
made monophasic by crushing the central portion of the axon. (Note: in this
preparation the axon divided into two branches before entering the muscle.)
Occasional alternations in spike size (e.g. record 42) are probably to be at-
tributed to impulses starting along alternate branches of the axon. (Katz,
J. Physiol., 111, 261. 1950.)

Fig. 6b. Electric responses (lower trace of each pair) during three mechanical
stretches at different rates (upper traces). The response consists of spikes and
of a slow local depolarization which depends upon rate and amplitude of
stretching. Time signal: 500 cyc./sec. (Katz, J. Physiol., 109, 9P. 1949.)
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Fig. 7a. Like Fig. 6b, but the impulses have been removed by application of
0.5% procaine, so that the slow potential change alone remains. (Katz, J.
Physiol., 111, 261. 1950.)

Fig. 7b. “Off-effect” at the end of a period of stretching. Initial length 15—
16 mm. In records 2-6 a 1.8 mm. stretch was applied. Records 1-3: normal
preparation, initial length being slightly less in 3 than in 1 and 2. Record 1 shows
“resting” discharge. Records 4 and 5: after application of 0.15% procaine;
record 6, after 0.3% procaine. In records 4 and 5 an initial spike was present
but is not visible in the reproduction. (Katz, J. Physiol., 111, 261. 1950.)

within the sensory end organ itself and been conducted electrotonically
along the nerve terminals to the recording electrodes.* During intense

* Kuffler (J. Neurophysiol., in course of publication) has since obtained direct
records from the receptor end of a muscle spindle in the dorsal tail muscles of
the crayfish. Katz’s results, obtained by recording from the nerve terminals, are
confirmed in every aspect as reviewed in this chapter.
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depolarization by stretch (Fig. 6a, record B4) the size of the spike
is diminished. This is due to the local depolarization and not to con-
duction in the refractory period, because in the diphasic record (44)
the effect is absent, meaning that a few millimeters away, in a region
outside the reach of electrotonic spread from the terminals, the im-
pulses have recovered their full size. The spikes and the terminal de-
polarization potentials are shown in Fig. 6b as a function of rate of
stretch.

After application of procaine the impulses disappear but the slow
potential change remains and can thus be studied in isolation. Fig. 7a
shows this effect for stretch at different rates (recorded upward).
There is an initial rapid swing, which Katz calls the dynamic effect,

followed by a maintained static effect. A dynamic overswing in the .

opposite positive direction, a hyperpolarization, follows at cessation
of stretch, as shown in Fig. 7b, and it is clear that the afferent axon
is silent during this time.

Before considering the slow potential changes accompanying ex-
citation in the terminals, it is of interest to study Fig. 8, which repre-
sents the relation between impulse frequency and the maintained local
depolarization in millivolts. This relationship is one of direct propor-
tionality. In Fig. 2 it was shown that the impulse frequency of the
frog’s muscle spindle is proportional to the logarithm of the load, and
we raised the question of where in the receptive mechanism the loga-
rithmic relation came in: clearly not between the generator potential
and the discharge of impulses, because the size of the generator po-
tential determines frequency directly. It must arise earlier in the chain
of events, but Katz’s experiments do not provide any evidence of how
the energy of mechanical stretch is converted into a local depolariza-
tion.

At the moment it is probably too early to make too much out of the
differentiation of the depolarization potential into a dynamic and static
component. The positive overswing of hyperpolarization of the mem-
brane potential at cessation of stimulation seems, however, a singu-
larly interesting observation and may well be a general phenomenon
because, as we shall see below, there is evidence for a postexcitatory
depression of afferent impulse frequency in many sense organs other
than the frog muscle spindle.

Katz has not plotted his data so as to allow direct comparison with
those of Fig. 2, illustrating the relation between spike frequency and
the logarithm of the load. I therefore return to the visual cells of eyes
in which their response can be recorded, if not pure yet without ad-
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mixture of ganglionic potentials from nervous centers in close contact
with the receptor layer. One’s expectation is to find the generator
potentials roughly proportional to the logarithm of stimulus intensity,
and Fig. 9a shows that for the cephalopod eye this is the case. For
comparison I have added to this figure a curve (9b) referring to the
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Fig. 8. Frog muscle spindle. Relation between local depolarization (ab-
scissae) and frequency of impulses (ordinates). A regression line has been drawn
through the results obtained from 91 pairs of observations. (Katz, J. Physiol.,
111, 261. 1950.)

initial phase of the electrical response of a complex eye such as that
of the cat, to be discussed in Chapter 5. (Cf. in Granit, 1947, the
critical remarks on pp. 109—19.) In view of all these results we have
some reason for stating that despite the many objections raised against
Fechner’s generalization, he did succeed in getting hold of something
fundamental. The maintained generator potential is logarithmically
related to stimulus intensity, though, as I said, when full-range results
from various single end organs become available, other formulas prob-
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ably will be found which fit better. The curves in general tend to be
S-shaped. I have taken up this question against the background of the
classical law because in the end one must be grateful for work which
has left as its inheritance such keen insight into problems.

b-wave in mY
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Fig. 9a. Size of electrical response to illumination in cephalopod eye. Ordi-
nates: millivolts. Abscissae: log. relative intensity of illumination. (Frohlich,
Grundziige einer Lehre vom Licht- und Farbensinn, Fischer, Jena, 1921.)

Fig. 9b. Same for dark-adapted cat in terms of size of b-wave. At arrow,
when curve approaches asymptote, the rate of rise of the b-wave continues to
increase for higher intensities (cf. Fig. 69, p. 155).

Further expansion of this line of work on the generator potential
should profit a great deal from the technique of the internal capillary
microelectrode in the form developed particularly by Graham and
Gerard (1946) and Ling and Gerard (1949). Their electrodes are fine
micropipettes which can be inserted into single cells.

Microelectrodes were pushed into giant nerve fibers of squids from the
cut end by Hodgkin and Huxley (1939) and Curtis and Cole (1940) in
order to measure the membrane potential directly, both in rest and during
activity, which led among other things to the important discovery that
the spike of the action potential exceeds the membrane potential. These
microelectrodes did not have to be very fine because the giant nerve fibers
are of the order of half a millimeter in diameter. The capillary micro-
pipettes of Gerard, Graham, and Ling are below 0.5y in diameter at the
tip, and when they are inserted into the cell its membrane tends to seal
around the capillary, thereby preventing free ionic exchange through the
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opening. They can be left in the cell for a considerable time. Important
work on ventral horn cells has been carried out with this technique by
Brock, Coombs, and Eccles (1951, 1952).

Hartline and his collaborators have recently published some pre-
liminary results obtained by this technique on the isolated ommatidium
of the Limulus eye (Hartline, Wagner, and MacNichol, 1952). The
uppermost record of Fig. 10, introduced for comparison, is obtained
from a single ommatidium and its nerve fiber in the ordinary way by
enclosing both structures within the leads. It shows that the impulses
arise on the rising phase of the ommatidial depolarization potential,
the frequency decreasing when the electrical response of the omma-
tidium decreases. The relation between size of potential and spike
frequency was not, however, as simple as at the nerve terminals of
the frog muscle spindle. They suspect that there are at least two po-
tential sources, the ommatidium as well as the nerve strand. To quote:

The nerve strand itself appears to contribute significantly to the
potential gradients thus recorded. This contribution can be seen
directly in some preparations, especially in those that have been
slightly damaged so that the repetitive discharge of nerve impulses
no longer takes place. When these slow potential changes [partly
electrotonic ones, comparable with those measured by Katz] in the
nerve strand can be observed, their time course is very similar to
the rise and fall of frequency of impulses discharged from undam-
aged preparations . . . although no exact quantitative compari-
sons have yet been made [p. 135].

The notion that the electrotonic spread is the stimulus for the nerve
terminals was part of the theory of “generator potentials” (see Granit,
1947). Electrotonic potentials in the frog’s optic nerve were described
by Granit and Therman (1938) and measured in our laboratory by
Bernhard (1942) on Dytiscus. Electrotonic spread into the optic nerve
of Limulus can be seen also in the early records of Hartline and
Graham (1932).

In the lower part of Fig. 10 the upper record has been obtained with
a micropipette. Since these experiments are not yet published in full,
I shall report them in the authors’ own words (Hartline, Wagner and
MacNichol, 1952):

Many probings by the pipette were necessary before the responses
illustrated were obtained, even though the group of retinula cells
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always comprises a sizable fraction of the volume of the ommatid-
jum. This would seem to support our belief that it is the eccentric
cell that is responsible for the discharge of nerve impulses. In the
experiment [from which Fig. 10 is taken] . . . the final successful
probing resulted in a sudden change in the potential of the micro-
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Fig. 10a. Action potential of isolated ommatidium (Limulus eye) and its
nerve strand in response to prolonged steady illumination. Deflection upward
indicates increasing negativity of cornea with respect to cut end of nerve strand.
DC amplification. Black line above time scale signals period of illumination
(record interrupted for approximately 8 sec.).

Fig. 10b. Simultaneous records of the potentials arising within an om-
matidium (upper trace) and from the nerve bundle attached to the ommatidium
(lower trace) in response to prolonged illumination. The black band under the
lower trace indicates the duration of illumination. The activity of the ommatid-
ium was recorded between a micropipette (tip diameter 1) inserted into it and
an indifferent electrode in the solution covering the eye. DC amplification was
used, the resting potential having been canceled by means of a potentiometer.
Wick electrodes and a capacitance-coupled amplifier were used for recording
the potentials from the nerve. Interval between time marks = 1/5 sec. (Hartline,
Wagner, and MacNichol, Cold Spr. Harb. Symp. Quant. Biol., 17, 125. 1952.)

pipette, the electrode becoming more negative with respect to an
indifferent lead by at least 50 mv. At the same time, the nerve
bundle from the ommatidium suddenly began to discharge impulses
spontaneously, and, synchronously with each nerve impulse, spike-
like positive deflections were recorded by the micropipette [as shown
by Fig. 10]. . . . The higher the intensity of the stimulating light,
the greater was the elevation of potential of the micro-electrode,
and the greater was the increase in the frequency of the discharge
of impulses [pp. 136-137].
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The authors conclude: “Our experience with this type of preparation
is too limited to permit us to discuss the relation between the potential
level and the frequency of nerve discharge, or to relate the potential
changes recorded by means of the micropipette to the slow action
potentials recorded with external electrodes [Fig. 10a] on the omma-
tidium or its nerve bundle” (p. 137). No doubt further experience
with this preparation will soon supply the missing links.* With the
vertebrate retina a corresponding degree of clarity has not yet been
reached. This I shall discuss in Chapter 5.

Recently, two research groups (Alvarez-Buylla and Ramirez de
Arellano, 1953; Gray and Sato, 1953a,b) have succeeded in record-
ing the generator potential of the Pacini body (for the histology of
this organ, see below, p. 38), thus supporting with one moze example
the theory of stimulation by generator potentials. Its application to the
ear has been discussed by Davis, Tasaki, and Goldstein (1952) and
Tasaki and Fernandez (1952). In brilliant work with an internal
vibrating microelectrode Von Békésy (1952b) showed that the coch-
lear microphonic potential probably arises in the sensory hair cells rid-
ing on the basilar membrane. Thus, after having once been relegated to
the role of an epiphenomenon, the cochlear microphonics are now again
held to be the generator potentials of the mechanoreceptors in the ear.
Eleven years ago Zotterman (1943) studied the distribution of the
microphonic potential over the large sacculus of the pike with the aid
of one of my platinum microelectrodes and a micromanipulator, as
used for the retina. It was quite evident that the microphonic potential
was generated over the sensitive macular region of this organ. Leads
from the nerve showed that the spikes arose on top of the microphonic
wave. Ever since I had the pleasure of seeing those experiments per-
formed I have been waiting for the moment when the ear physiologists
would return to the notion that the cochlear microphonics might serve
as generator potentials in the organ of Corti. The work of Von Békésy
(1952a,b) also contains an important analysis with microelectrodes
in this organ of the distribution of AC and DC potentials.

All these results with generator potentials do not, of course, exclude
the possibility that some end organs may be driven by chemical mech-
anisms with little or no generator potentials as intermediaries.

* Since this was written Hartline and his collaborators (in personal communica-
tion) have actually shown that, just as in muscle spindles, the impulse frequency
is directly proportional to the semistationary (static) phase of the generator po-
tential recorded across the ommatidium alone. This potential is logarithmically
related to light intensity.
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5. Sensory adaptation. Accommodation

The best known electrophysiological equivalent of sensory adapta-
tion is the decline in the frequency of discharge of a single afferent
coming from an end organ which is being subjected to continuous
stimulation. This has been well illustrated in many of the records al-
ready shown. Since Adrian’s early work (1928) it has been known
that there are slowly and rapidly adapting end organs. The fast touch
receptors and the slowly adapting muscle spindles (to be discussed in
Chapter 6) may be taken as prototypes of these two categories. A
relatively full discussion of adaptation from the standpoint that sense
organs act by setting up generator potentials which stimulate the nerve
terminals is found in my book of 1947. At that time it was still neces-
sary to refer to analogies with results of stimulation of peripheral
nerves with slowly rising constant currents. The last section has shown
that the generator potentials today are being analyzed directly with
microelectrodes at the site of spike generation. This clearly is the road
of future progress. The notion of generator potentials as intermediates
in the production of a sensory discharge—whatever its ultimate fate—
has proved a useful theory, directing further research into the actual
mechanism of impulse generation.

An end-organ consists of at least two intimately associated mecha-
nisms: one responsible for its specific sensitivity, e.g. a photochemical
substance in the case of the eye, and another, €.g. the generator po-
tential, responsible for the transformation of the specific change into
a form of energy capable of discharging the nerve terminals. Both may
adapt to the stimulus, but inasmuch as the generator potential is the
one responsible for the discharge, it would also, by its fall, indicate
adaptation of the former. The primary approach to the problem of
adaptation is therefore identical with a study of the generator potential
and its relation to the spike frequency (cf. above). The motoneurone
is a good model. Brock, Coombs, and Eccles (1951, 1952) have in-
serted a microelectrode into the motoneurones and directly recorded
its generator potential, a characteristic depolarization of the cell which
they assume is dependent upon a chemical mediator. In the eye the
photosensitive substances may be regarded as the best candidates for
the role of chemical mediators. At the motor end plates in the muscle
the end-plate potential, first seen by Gopfert and Schaefer (1938),
has been shown by Eccles and O’Connor (1939), Eccles, Katz, and
Kuffler (1941), and Kufiler (1942, 1949) to be a generator potential.
Finally, Fatt and Katz (1951) by intracellular recording have shown
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in a model fashion how release of acetylcholine elicits this end-plate
potential and the latter the discharge, thus integrating Dale’s (1952)
classical acetylcholine theory into the electrical mechanism.

This raises the general problem of whether chemical mediators also
play a part in translating, e.g., mechanical deformation of touch and stretch
receptors into generator potentials. Brown and Gray (1948) and Douglas
and Gray (1953) have recorded sensory discharges from skin and mesen-
tery in response to arterial injections of acetylcholine. Dodt, Skouby, and
Zotterman (1953) report similar results with afferents from thermo-
receptors (cf. psychophysical tests by Bing and Skouby, 1950). It does not
necessarily follow that this substance plays a role in normal transmission,
nor is this assumed by the authors cited. Indeed, Brown, Douglas, and Gray
present evidence against this view. Hunt (1952b) has reported that acetyl-
choline fires the large nuclear bag (annulospiral) afferents of the muscle
spindle, but his evidence indicates that the effect is indirect and caused by
the depolarizing action of this substance on the motor end plates of the
efferent gamma fibers which contract the muscle spindle (see Chapter 6).
With respect to acetylcholine the gamma end plates behave like ordi-
nary motor or alpha end plates. Granit, Skoglund, and Thesleff (1953) find
that the same spindle afferents are fired by very small doses of succinyl-
choline, but in their case there is also some evidence for a direct effect on
the sensory organ itself. Similarly, succinylcholine discharges the chemo-
receptors of the glomus caroticum (Landgren, Liljestrand, and Zotterman,
1952), which lack the complications of a muscular apparatus attached to
the sense organ. This gives an indication of how matters stand at the
moment.* Clearly work at the microlevel would be needed for the elucida-
tion of these problems. As such, chemical mediation seems unnecessary
for mechanoreceptors (cf. Gray and Malcolm, 1950; Douglas and Gray,
1953). Mechanical stimulation of nerve was demonstrated and studied by
Tigerstedt as early as 1880. In the mechanoreceptors of the ear the latent
period seems too short for anything but direct mechanical stimulation—
in fact, 0.15 msec. with strong stimuli (Davis, Tasaki, and Goldstein,
1952).

At the nerve end of the receptor’s generator potential nerve accom-
modation may be a contributing factor to adaptation, though on the
other hand it is well known from the early work of Adrian, Cattell,
and Hoagland (1931) and Cattell and Hoagland (1931) that skin
receptors can be adapted to zero excitability without firing a single

* G. Liljestrand has recently reviewed the problem of chemical transmission,
with especial reference to chemoreceptors (Pharmacol. Rev., 6, 73-8. 1954).
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impulse. Therefore nerve accommodation alone can never fully explain
receptor adaptation.

Now, what is accommodation? At present it is still a purely formal
description of the fact that each impulse in the nerve is succeeded by
a process of restitution which counteracts the setting up of a fresh
impulse. Some of the best known mathematical treatments of this
problem have been given by A. M. Monnier (1934), Hill (1935-36),
and Katz (1939). A discussion of sense organs is found in Granit
(1947). Accommodation has not yet been given its final place in
modern physicochemical excitation theories, though suggestions based
on experiments have been made by Hodgkin and Huxley (1952). For
the present purpose it suffices to realize that nerve excitation is coun-
teracted by opposing processes which we call “accommodation,” and
it is therefore necessary to consider whether such processes can also
be shown to counteract maintained stimulation by a generator potential
in the receptors. If so, they would contribute to adaptation as defined
by the decline in spike frequency during maintained stimulation.

The classical method of measuring accommodation was introduced
by Von Kries (1884) and consists in stimulating the nerve with a
slowly rising current. The question then arises of whether the nerve
can still respond when the current rises very slowly, so that the ac-
commodative counterprocesses are given full scope. Lucas (1907)
found that there is a “minimal current gradient” or critical slope below
which the current simply fails to excite. This is the pente limite of the
French school (see e.g. A. M. Monnier, 1934). Pente limite is a sign
of accommodation and can be used to measure it. Present-day tech-
niques require that this be established with a single fiber and with a
single Ranvier node stimulated by the outwardly directed current. The
adjacent nodes have to be cocainized. With these strict criteria the
experiment has been repeated by Tasaki (1950, 1953a) and by
Frankenhaeuser (1952), both of whom are in perfect agreement: for
frog nerve there is a minimal current gradient below which it does
not excite. Frankenhaeuser, however, states that repetitive firing may
be obtained if the next Ranvier node is uncocainized, so that the ex-
citatory disturbance can spread to it.

Does this mean, then, that a generator potential in the receptors only
can cause repetitive firing by virtue of its electrotonic spread on to a
number of nodes? Is this how we have to understand that stretch re-
ceptors fire continuously, as shown by Fig. 8, at a rate proportional
to the amount of generator potential, or that a single vertebrate sensory
fiber behaves in much the same way when stimulated with a slowly
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rising current, maintained at different levels of strength, whatever its
rate of rise (e.g. Granit and Skoglund, 1943; Katsuki and Yoshino,
1952)? There is a considerable literature on repetitive firing in nerve.
See e.g. Biedermann (1895), Fessard (1936), Skoglund (1942, with
references), Kugelberg (1944), Laget and Lundberg (1949), and
Sato (1952), to which especially French authors (see below) have
contributed.

My answer to the question raised is simply that we do not yet possess
the necessary information for a final explanation of how generator
potentizls in sense organs can maintain stimulation of their nerve fiber
in the face of accommodation. Fig. 116 (below, p. 246) shows a single
stretch receptor in the leg extensor of a decerebrate cat firing for a
considerable time at a rate as high as 300 impulses per second. The
innervation of the muscle was intact, stimulus was stretch, and only
a thin filament in a dorsal root was taken out for recording. Conditions
were thus perfectly physiological. How is such long-lasting intense
firing possible?

Some alternative explanations, not necessarily mutually exclusive,
may be suggested:

(1) It is known that rhythmic firing with disappearance of accom-
modation can be induced in highly accommodating nerve fibers by,
for instance, decalcifying agents (see e.g. Fessard, 1936; Solandt,
1935-36; Brink and Bronk, 1937; Monnier and Coppée, 1939). Many
sensory nerves may be normally in a state on the verge of firing and
show what L. and M. Lapicque (1937, 1938) used to call autorhyth-
micity (also “climalyse”), a property which Monnier and Coppée
(1939) have characterized by specific resonance phenomena. A. M.
Monnier (1952) has given a summary of his later generalizations on
resonance in nerves. The role of resonance phenomena in specific af-
ferent fibers is still unknown and, to become significant in this connec-
tion, would have to be studied with reference to generator potentials,
spike frequencies, and adaptation.

(2) It is particularly likely that the fine unmyelinated nerve termi-
nals which are a characteristic feature of most sense organs (see Fig.
5, B) are specially adapted to be a relatively nonaccommodating point
of attack for receptor potentials. Thus, Katz (1950a,b) has shown
that the fine terminals of the muscle spindle, even in the absence of
definite provocation by a stimulus, may generate small nonpropagated
spike potentials which mature into a conducted spike when several
of them at the same time reach the confluence point of the undivided
fiber (see also Buller, Nicholls, and Strém, 1953). Spontaneous im-
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pulse generation of this kind is almost conclusive evidence against the
presence of accommodation. I shall discuss these experiments in con-
siderable detail when dealing with the mechanism of generation of
spontaneous impulse discharges from sense organs (Chapter 3). Even
if there were some accommodation in the individual nerve terminals,
their great number ensures stimulation on a statistical basis of simul-
taneous invasion of their common junctional point. This theory has
the further advantage of making a very characteristic morphological
feature of sense organs intelligible. If I have understood Katsuki et al.
(1951) correctly, their views run along similar lines of thinking.

(3) Finally, electrotonic spread of the receptor potential may coun-
teract accommodation.

The amount of accommodation at the receptor end of any fiber, as
pointed out by Granit and Skoglund (1943), is likely to be adjusted
to the needs of the sense organ. Gray and Matthews (1951) have com-
pared accommodation to linearly increasing mechanical stimuli of
individual Pacinian corpuscles in the cat’s mesentery with accom-
modation to linearly rising electrical currents in their afferent fibers.
The two critical slopes for stimulation (pentes limites) were very
similar, suggesting some connection between adaptation and accom-
modation. The recent work on the generator potential of the Pacini
body (Alvarez-Buylla et al., 1953; Gray and Sato, 1953) also shows
this to have a fast exponential decay with a time constant of the order
of 2 msec. In the Pacini organ, however, the nerve fiber’s terminal
portion is of a rare type, a formation reminiscent of a stalk with a
club at the end residing within a number of concentric pouches (see
below, p. 38). Therefore its rapid accommodation to linearly rising
stimuli does not contradict apparent absence of accommodation in an
organ like the stretch receptor, with the common, typical, split-up
nerve terminals (Fig. 5, B) seen also in Golgi tendon organs, muscle
spindles, Ruffini’s “cylindre terminal,” Krause end bulbs, unorganized
beaded terminals subserving pain, nerve nets encircling hair stalks,
and retinal cones—to mention only structures with which I shall deal
below.

6. Sensory hyperpolarizations

In discussing adaptation of sense organs I have so far not considered
the possibility that in some end organs depolarizing generator po-
tentials at cessation of stimulation might be cut short by an opposite
process of hyperpolarization which would act to prevent afterdis-
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charge. In the retina I found it necessary to postulate a process of
postexcitatory inhibition to account for results such as those of Fig.
11, obtained with single elements picked up by a microelectrode in
the eye of the guinea pig. In a, b, and ¢ the duration of stimulation is
lengthened, the last record showing merely the end of an illumination
lasting for 5 seconds. The pause in the spike discharge after cessation

Fig. 11. Postexcitatory inhibition in eye of guinea pig. Microelectrode. Rec-
ords a—d show effect of duration of stimulus of 600 m.c.: a, about 0.5 sec.; b,
1 sec.; ¢, end of exposure of 5 sec.; d, end of exposure of 20 sec. Records e—g
show effect of stimulus intensity: e, 20 m.c.; f, 150 m.c.; g, 500 m.c. (Granit, Vet.
akad. ark. f. zool., A 36, No. 11. 1945a.)

of illumination increases in length when stimulus duration is length-
ened. Similarly, e, f, and g show that an increase of stimulus intensity
lengthens the pause. These are elements of the type discharging merely
to onset of illumination (cf. Chapter 2), very common in the rod eye
of this animal.

These microelectrode records from the retina refer to the third neu-
rone, but similar postexcitatory inhibitions have been described in
many simple sense organs, e.g. the thermoreceptors (Hensel and Zot-
terman, 1951a—c; Dodt, 1952a,b).
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Matthews (1933) described cessation of the discharge of muscle
spindles after stretch, illustrated in Chapter 7 (Fig. 113, 4, B, p. 241).
In this case, as pointed out by him, part of the effect must probably
be ascribed to the viscoelastic forces in the muscle, the spindles being
unloaded for a while during readjustment of tension to length. This,
however, cannot be the whole truth because Katz’s records from the
terminals of frog muscle spindles, shown above in Fig. 7b, very clearly
demonstrate a terminal hyperpolarization potential after stretch, and
during this time the muscle spindle was silenced. It remains to be seen
whether further work at the micrelevel will succeed in demonstrating
similar postexcitatory or secondary hypsrpolarizations in other sense
organs to account for the very common phenomenon of postexcitatory
depression.

Have we any evidence for primary hyperpolarization in sense organs
adequately stimulated? The earliest evidence obtained again refers
to the retina. This, as we shall see below, is a complex organ which
is inverted in vertebrates so that the conventional signs of the poten-
tials in the electroretinogram recorded in the standard leads, cornea
to back of the eye, probably refer to events of opposite sign within
the structure itself. Fig. 12 shows what happens in the frog’s eye during
illumination with a single flash (Granit and Therman, 1938). Four
ways of leading off (I, II, III, and IV) have been used, of which I is
the standard way in which electroretinograms are recorded. The upper
electrode in this figure is always positive and thus in the standard lead
(I) also cornea-positive. In this lead the normal retinogram is initiated
with a negative-positive response at onset of light and completed with
a positive off-effect at cessation of illumination (column marked
normal response, lead I). The cornea-negative response is the so-called
a-wave, the positive the b-wave. A drop of a potassium solution into
the bulb first emphasizes the initial negative a-phase of the negative-
positive complex (soon after potassium, lead I) and ultimately this
response (for some time) without change of latency continues as a
wholly negative retinogram (later after potassium). Potassium is a
well-known depolarizing agent, and so the remaining negative response
to illumination cannot be a depolarization by light. In view of the in-
version of the vertebrate retina its sign, which in the standard lead is
cornea-negative, would actually be cornea-positive with regard to the
orientation of the retinal structures. The conventional nomenclature
will, however, be used everywhere in these lectures.

The other leads show two further events, the electrotonic spread
into the optic nerve superimposed upon the retinogram in II and the
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volleys in the optic nerve isolated in IV. Potassium immediately re-
moved these signs of activity, and so leads I and II after potassium
merely record mirror images of the electroretinogram. I shall discuss
recent developments of electroretinography in Chapter 5 and now
merely reiterate the conclusion that a process of hyperpolarization is
found in the vertebrate retina and that it can be isolated with a de-
polarizing agent which removes the (cornea-positive) depolarization
potential. The latter is upward in lead I (normal response). A full
discussion of these results is given in Granit (1947, 1952b).

LEAD NORMAL
RESPONSE

SOON AFTER
PODTASSIUM

LATER AFTER
POTASSIUM

Fig. 12. The effect of potassium chloride on the frog electroretinogram in
different leads. Upper electrode positive plotted upward. (Granit and Therman,
J. Physiol., 93, 9P. 1938.)

Evidence for primary hyperpolarization in a sense organ comes
from the clear-cut results of Parry (1947) on the single ocellus of a
locust, probably the simplest visual receptor. This organ responds to
illumination by increased polarization. This membrane change can be
recorded from the raised-up ocellar nerve as a positive electrotonic
potential in the way Katz (see above, p. 15) recorded the hyperpolari-
zation potential from the stretch-receptor afferents at cessation of
stimulation. But in Parry’s work, as shown in Fig. 13, the only response
to illumination was this positive effect. At cessation of illumination
the response was reversed; the ocellus now became depolarized with
an overswing toward the negative side. The negative depolarization
potential was thus an off-effect. Neither change caused any discharge
in the optic nerve, which in this animal is quite large (254) but only
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1 mm. in length. However, when the negative electrotonic change
reached the next station, the cells of the circumoesophageal ganglion,
they were found to discharge to the negative swing at “off,” behav.ing
therefore like other cells when depolarized. Here then is a mechanism
for an off-discharge by potential changes similar to the one that origi-
nally was postulated for the vertebrate retina (Granit, 1933, 1947,
1952b). So far this is the only single sensory cell which unequivocally
has been shown to be hyperpolarized instead of depolarized by light.
The eye of Limulus, as we have seen, is merely depolarized by light,

o, 2 —a i —A

Fig. 13. Electrical response of ocellus recorded electrotonically in the ocellar
nerve. Light on and off as marked. See explanation in text. Records read from
right to left; on-response is 0.27 mV. Time marks every 1/10 sec. (Parry, J. Exp.
Biol., 24, 211. 1947.)

and so are all the simple visual receptors mentioned above (sec. 4),
provided that the ganglion layers are absent or have been removed.
Svaetichin (1954a), on the basis of microelectrode work with the fish
retina, states that fish cones discharge to hyperpolarization, but his
evidence seems to me inconclusive. It will be discussed in Chapter 5.
As such, records showing opposite potentials in the retina have bee'n
a feature of electroretinography from 1865 to the present day (Granit,
1947). However, as mentioned above, from ventral horn cells Brock,
Coombs, and Eccles (1951, 1952), using inside microelectrodes, have
found membrane depolarization to excitation and hyperpolarizatilon
to inhibition of the cell. These results are unequivocal in demonstrating
a correlation between excitation and depolarization, and between hy-
perpolarization and inhibition. It is therefore impossib'le to accept the
idea that hyperpolarization causes a discharge until it is backed by
extremely clear-cut and definite evidence.
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7. The on/off system

A brief presentation of this feature of sensory organization should
perhaps be given at this stage because it is part of both the visual and
the auditory responses and thus must be highly important. The sim-
plest on/off system known is that of the clam Pecten (Hartline,
1938b), in the eye of which there are two layers of visual receptors,
the one discharging to onset of light, the other to cessation of light.
Work with internal microelectrodes on these two types of cells is
urgently needed. Something might also be done with polarizing cur-
rents of opposite orientation, because in the vertebrate retina these
tend to have opposite effects on the retinal elements according to
whether they respond chiefly to onset or to cessation of light (Gernandt
and Granit, 1947).

In the eye of Limulus there is no off-effect proper unless individual
fibers are isolated on the central side of the optic ganglion (Wilska
and Hartline, 1941), and the same holds good for the mammalian ear,
in which off-effects do not occur until the discharge has reached the
medial geniculate body (Galambos, 1952). Actually it was first picked
up in the auditory path by Ek and C. von Euler (1943) in frogs and
by Bremer (1943) in the cortex of cats. Evidently, then, off-discharges,
like so-called reflex rebound (Sherrington, 1906), can be produced
by central interaction between structures with mutually antagonistic
effects on the same neurone. There is no reason why the mechanism
of interaction necessarily need be different in peripheral and central
structures. Depolarization and hyperpolarization occur in both. The
only common denominator for on/off systems hitherto found is the
presence of two antagonistic processes. Since the ommatidium of
Limulus generates only a depolarization potential, there is no reason
why there should be an off-effect in it. But if, for the sake of argument,
one takes Hartline’s ommatidium and combines it with Parry’s ocellus
—the former depolarized, the latter hyperpolarized, by light—into an
imaginary double-cell eye, then the outcome might easily be a design
such as the on/off retina of Pecten or the highly complex vertebrate
eye. There would be two potentials of opposite orientation, the one
generating excitation, the other inhibition to illumination, and their
combined effect might produce an on-discharge, an off-discharge, or
even an on/off discharge—in other words, an eye such as the vertebrate
retina.

Actually, this—put in a form easy to understand—is the way think-
ing and experimentation concerned with the vertebrate retina has pro-
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ceeded (see Granit, 1947, 1952b). The deflections to “on” and “off”
of its electroretinogram, as illustrated in Fig. 12 above, have been
known from the beginning of electroretinography. Adrian and R. Mat-
thews (1927a,b, 1928) were the first to pick up the corresponding
discharges in the optic nerve by modern methods (for earlier attempts
see historical section of Granit, 1947). On the basis of an analysis of
the mammalian electroretinogram (Granit, 1933) I postulated inhibi-
tion in the retina to account for the off-discharge and with Therman
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Fig. 14. Diagram illustrating three fibers in the optic nerve firing spontane-
ously and their responses to illumination, as described in text.

(1934, 1935) demonstrated its actual existence. Then followed Hart-
line’s (1935, 1938a) well-known microdissection of the frog optic
nerve fibers, which proved that there were fibers responding either to
onset or to cessation of light as well as fibers responding both to onset
and cessation of light, now commonly spoken of as on-, off- or on/oft
fibers or elements, even though it is realized that these distinctions
represent some oversimplification. His results were soon confirmed
by the microelectrode technique (see Granit, 1947). The inhibition
to light that we had found had been an inhibition of the massed off-
discharge during reillumination. With his single-fiber preparation
Hartline proved that reillumination quenches the off-discharge of in-
dividual off-elements, which thus were silenced by light and, as it were,
set free by darkness.
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All these results may be conveniently summarized in a diagram such
as the one of Fig. 14. There are three fibers which, characteristically,
are firing spontaneously. This activity serves as a background for the
inhibitory effects as well as for the postexcitatory inhibition of Fig. 11,
which without it could not be demonstrated. It was described very
much later (Granit, 1945a). Element 1 discharges to onset of illumina-
tion and is silenced at “off.” Element 2, as illustrated in 2a, is inhibited
by light and discharges at cessation of illumination. In 2b the same
element is supposed to suffer reillumination during its off-discharge
and so again is inhibited. Element 3 is introduced merely to show how
with one particular combination of excitation and inhibition there
would be both an on- and an off-discharge. Such elements, in fact,
tend to be the most common ones. All response types in this diagram
have been seen in actual experiments with retinal elements.

There is, however, a hypothetical component in this brief presenta-
tion of the on/off system. This is the notion that inasmuch as purity
of type could be definitely established, the pure on-element always
would be excited at “on” and inhibited at “off,” the pure off-element
always inhibited at “on” and excited at “off.” Actually the pattern of
opposite retinal potentials, from which the search for inhibition started,
fitted into this scheme, at least as well as could be expected with such
complex structures. Production of inhibition in its purest possible
state by reillumination on top of the off-effect coincided with the onset
of the cornea-negative change of Fig. 12 (Granit and Therman, 1935;
Granit and Helme, 1939), while excitation was found to depend on
the cornea-positive potential (Granit, 1947, 1952b; cf. Noell, 1953).
This, at the time, was the earliest evidence for the view that sensory
excitation and inhibition was characterized by opposite changes of
potential. It has been fully discussed in Granit (1947, 1952b).




Chapter 2

Peripheral Principles of Organization
Discovered in Skin Organs and Retina.
Fiber Size. Receptive Fields. Receptors

Re-represented in the Brain

1. Introduction. Background of electro-
physiological work

THE body turns a large sentient surface toward the external w01j1d,
and this great primitive sense organ has in the course of evolution
evolved focalized structures for specific tasks. To these also belong
several organs for space analysis, e.g. the “glorified heat. spots'” of the
retina (Sherrington’s term, 1941), reaching to astronomical distances,
the vibrissae of certain carnivora—studied by Fitzgerald (1940)—for
displacing touch a little further away from the surface than can beT dor}e
by hairs of ordinary length, or the temperature receptors which in
certain snakes have developed into a special kind of eye for the recep-
tion of infrared radiation. The impulses from this heat-sensitive struc-
ture have recently been studied by Bullock and his collaborators
(1952, 1953). . .
The principle of focalization combined with specializatlgn received
great attention in classical psychophysics because of the discovery by
Blix of Lund (1882-83, partly translated into German 1884) .of .the
punctate representation of cold, warmth, and pressure. Inv§st1gatlon
of touch spots, pain spots, etc. has ever since been a recogplzed part
of skin physiology, just as the Von Frey hairs and algemm.eters of
different types have been part of the standard equipment in most
physiological class rooms. To Von Frey (1895) we owe the notion
that the Krause (1860) end-organs are the cold receptors and that
the Ruffini (1891-92, 1894) cylinder terminal might be the warmth

receptor. Many other end-organs have been identified with specific
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sensory experiences but it serves no obvious purpose to repeat here
what may be found in every textbook dealing with the sensory appa-
ratus of the skin (see also the classical papers by Von Frey, 1894a,b,
1895, 1910). I mention heat and cold because they will be chosen as
models in the following discussion of the problem of specificity of
skin sensations and of the difficulties in identification. Today the zest
for identification of sensory spots with structure is abating. The reasons
for this illustrate present trends of development and therefore deserve
some comment.

The difficulties of identification began to be noticeable at an early
date. At that time “sensation” was often regarded as something simple
and different from “perception,” which was held to be more of an
elaboration of the primary data from sense organs. There may be some
foundation for distinctions along such lines in that sensory experiences
can be more or less elaborated depending upon the significance for
the organism of the information delivered. On the whole, however,
the distinction between sensation and perception has lost its validity
(cf. Graham, 1951), and by the last chapter of this book, if not before,
it should be clear that a sensation is an exceedingly complex affair.
For this reason the age-old question of what structure corresponds
to what sensation may often be irrelevant, except when raised for
highly specialized structures or in a very general fashion.

Bazett and his collaborators (Bazett et al., 1932) tried to determine
as completely as possible the number of sensory experiences obtain-
able from a piece of skin (prepuce) that afterward was sacrificed for
histological study. They could not record more than four types of
sensation—heat, cold, touch, pain—but the piece contained seven
clearly differentiated types of ending. As early as 1905 Ruffini wrote:

De 1891 a aujourd’hui, par 'application des méthodes plus électives
au chlorure d’or et au bleu de méthyléne, le nombre des formes
connues s’est ¢normément accru, sie bien que ne croyons pas
exagérer en disant que la peau, tant en surface qu’en épaisseur, est
littéralement remplie d’expansions nerveuses. Et tandis qu’avant
cette époque les fonctions étaient beaucoup plus nombreuses que
les formes, aujourd’hui, par contre, cettes-ci ont pris leur revanche
sur les premicres [p. 422].

This is one of the many situations in biology in which the extreme
rationalist might have had expectations other than those of the em-
piricist. The former might have referred to Occam’s razor: entia non
sunt multiplicanda praeter necessitatem. But the biologist’s attitude
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should be humbler. His duty is to admit that he does not know nature
well enough to understand its requirements or “necessities.” This is
why he experiments. Some of the histological “entities” may be there
to facilitate discrimination by providing a greater variability of pattern;
some touch receptors may adapt quickly, as those originally described
by Adrian and Zotterman (1926b), others very slowly, as those found
by Frankenhaeuser (1949), which are unorganized endings in the
rabbit’s skin. Some may be there for purposes not necessarily con-
nected with what we call perception (which is a psychological term).
Many of these difficulties are clearly of a conceptual nature and do
not in the same way taint electrophysiological work.

When the electrophysiologist finds an isolated pacinian corpuscle,
which is easy enough in the flexor aspect of tendons (Adrian and
Umrath, 1929) and particularly in the mesentery, where they can be
seen as small translucent ovals embedded in a still more transparent
medium, he can also demonstrate that it is fired by light touch or pull.
Gammon and Bronk (1935) found these rapidly adapting organs to
be sensitive enough to discharge to the pulsations of the mesente-
rial vessels (cf. Gernandt and Zotterman, 1946), much as do the
slowly adapting pressoreceptors in the carotid sinus wall (Bronk
and Stella, 1932, 1935; U. S. von Euler, Liljestrand, and Zotterman,
1941).

The pacinian corpuscles are visible to the naked eye, their long axis
being 2 mm., and the organ consists of concentric lamellae around a stalk
with a terminal expansion, thus admirably suited to perceive localized pres-
sure changes. Their impulses, as elicited by pressure, were first recorded
by Adrian and Umrath (1929) from the nerve to the plantar fascia of the
cat’s hind foot (for later work on their generator potentials see Chapter 1,
sec. 3). From such experiments one may infer that these structures, wher-
ever they may be found, have a similar specificity, as envisaged for the
Pacini organ by e.g. Rauber (1867), Von Schumacher (1911), and Sher-
rington (1900b), the last of whom stated: “The ordinary Pacini, embedded
in muscle, is admirably placed for being compressed, especially when, as
sometimes, seated in the retiring angle between a septum or aponeurosis and
obliquely inserted muscle bundles” (p. 1010). Von Schumacher, who
demonstrated that the basal pole of the Pacini organ was vascularized, also
pointed out that they were so intimately joined to the mesenterial vessels
that they were bound to respond to variations of blood pressure (cf. Shee-
han, 1933). A review of the old literature on the pacinian corpuscles and
their discovery has been given by Gray and Malcolm (1950).
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Some further difficulties in identification might be mentioned. Sensa-
tion as a measurable entity is defined psychophysically in c.g.s. units,
the precise values of which are difficult to assess with organs hidden
within the skin. Sensations as well as impulses in response to touch
and pressure arise from skin deformations with unknown distribution
of the forces around the organs. Heat and cold have extension and
gradients in all three space coordinates. Definition of the sensation in
c.g.s. units may therefore prove deceptive. The punctiform mode of
stimulation may often be an abstraction. Also, some sensory qualities
may not be as fundamental as commonly stated.* I, for one, feel that
there is no difference between the modalities of “touch” and “pressure”
other than one of quantity (strength). They are not so distinctly differ-
ent experiences as the two qualities “red” and “green.” Itching or tick-
ling seems to me more genuine as a quality and yet, on reasonably
good evidence, electrophysiological (Zotterman, 1939) as well as clini-
cal (cf. Pritchard, 1932; Walshe, 1948), it is held to be a combination
of messages from touch and pain organs, possibly only from pain organs
feebly stimulated.

Specificity, as defined by electrophysiological means, may have its
limitations—it cannot deal with itching—but, when one does define
any given peripheral afferent fiber as belonging to a sensory “ther-
mometer,” “tactometer,” etc., the appropriate adequate stimulus has
been picked up by the “meter” with one of those particular properties
independently of whether specificity resides in form as seen under a
microscope or in something else. It is not difficult to find examples of
sensitivities to specific agents which are properties of nervous tissues.
The papers on chemical stimulation of nerve fibers are legion. Mechani-
cal stimulation is also well known (Tigerstedt 1880). In our laboratory
we have devoted considerable attention to the fact that nerve fibers
themselves are quite sensitive to temperature changes (Bernhard and
Granit, 1946; C. von Euler, 1947; Granit and Lundberg, 1947; Lund-
berg, 1948). C. von Euler found that small afferent fibers discharge
specifically to heat of only a few degrees above normal, while large
fibers fire to cooling. These effects are extremely selective and the turn-
ing point from heat to cold discharge is around a fiber diameter of
5—6p. Small efferents cannot be thermally stimulated (C. von Euler).
More recently Dodt (1953) has found that the cold fibers (below 5-6u)
also respond to cooling but not to heat. Other valuable observations
on thermosensitivity of nerve fibers were reported in his paper. Here,

* One speaks of “modalities” such as hearing, sight, pain, temperature, and
touch, within each of which are distinguished “qualities” such as color, tone, etc.
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then, is a kind of specificity, perhaps primitive from the point of view
of sense organs but obvious enough to make one realize that very little
improvement of this property in either direction would be needed to
provide us with two temperature end-organs neither of which need be
like a Krause end-organ or a Ruffini terminal cylinder in appearance.

At the opposite extreme there are the glorified heat spots of the
retina which perceive light of the order of a few quanta at the absolute
threshold (Von Kries and Eyster, 1907; Hecht, Shlaer, and Pirenne,
1942; Bouman and Van der Velden, 1947; Baumgardt, 1950; Pirenne,
1953), and the no less glorified mechanoreceptors in the organ of
Corti that are held to respond to vibration of an amplitude of the order
of a fraction of the diameter of the hydrogen atom (Von Békésy and
Rosenblith, 1951). With these structures specificity is such a unique
achievement that they must also be (structurally) unique.

Lesser degrees of specificity may well be found in unorganized end-
ings. Weddell and his colleagues (Hagen et al., 1953; Sinclair et al.,
1952) recorded the number of touch, pain, cold, and warm spots per
unit area in the ear for comparison with similar measurements on
forearm and finger tips (right ring finger). There were only minor
differences in the number of such spots in the places chosen and the
four sensory experiences were everywhere the same. The skin of the
ear was found to be well innervated but there were no organized
endings such as the organs of Krause, Ruflini, or Meissner (tactile
corpuscles). Yet cold, heat, and pressure were perceived. The cartilage
did not contain any nervous tissue apart from the fibers accompanying
the blood vessels. The finger tip was found to contain both free and
organized endings. They write about the latter:

We cannot detect any distinct varieties of the fine arborizing termi-
nal and in the organized group there appears to be an unbroken
and graded series of end organs from the simplest to the most com-
plicated, from superficial, loosely encapsulated whorls to the thickly
capsulated highly complex dermal corpuscles. If we can rid our
minds of the desirability of fitting each observed ending into a rigid
classification, we are forced to admit that no such classification can
justifiably be made. One type of ending insensibly merges into an-
other, and intermediate forms occur in profusion. Our histological
findings, therefore, do but confirm the much neglected statements
made by Ruffini,* who noted the existence of intermediate forms
and the futility of rigid classification.

* Ruffini (1905).
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It might be added that many other histologists (see e.g. Stohr, 1928)
and also psychologists (Nafe, 1942; Morgan, 1951; Jenkins, 1951)
have taken similar standpoints.

Fifty years ago Sherrington (1900a) spent twenty pages of his
presentation of skin perception on “common sensations” such as tick-
ling, shivering, shuddering, sexual feelings, etc., and one may with
some right assume that many of those highly differentiated experiences
project back upon minor variations in the peripheral structures which
in different ways combine to deliver the cues to the interpreting centers
in the brain.

To the electrophysiological approach, as we shall see, the problems
appear in different light. Specificity is immediately given by the stimulus
of lowest threshold eliciting a discharge in one particular fiber, and
identification of the specific end-organ has for its ultimate goal analysis
of its physicochemical properties by microtechniques (which so far,
however, have not been applied to skin organs). Since the afferent
nerves must terminate somehow, it seems only natural that the skin
should be “punctuated” by various types of receptors, as was admira-
bly elucidated by a previous generation of workers despite the many
difficulties alluded to above. The histology of skin innervation is the
natural starting point for electrophysiological research. There are
the curious plexus formations looking like skeins and described by
the early workers (and by nobody of that period better than by Retzius,
1892) and also the organized endings whenever they can be localized.
In more recent times Woollard, by the introduction of his methylene
blue intra vitam stain (1935-40), again drew attention to the plexus
formations, and since Woollard’s death his work has been continued
by his former collaborator Weddell (see his summary, 1945). The
advantage of this method is that both the fiber and its endings can be
traced. It must be admitted that at the moment histology still is far
in advance of physiology, and the electron microscope is likely to add
a few hundred years to this lead.

It appears from Woollard’s and Weddell’s work (see Fig. 15b) that
the cutaneous nerve plexus consists of two layers of dichotomized
nerve fibers forming a meshwork from which fibers run as beaded
terminals to the epidermis as well as to the hairs. Some of Retzius’
drawings are given as Fig. 15a. The network from any one fiber is
interlocked with that of neighboring fibers, a single fiber innervating
an area the size of which presumably depends upon the region in
which it has been found. Two networks were known also at the time
of Von Frey, who wrote (1894b): “What this double innervation
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means from the physiological point of view, if the lower network serves
pressure and the other possibly pain . cannot at the moment be
decided” (p. 296). Waterston (1933), confirmed by Woollard (1936—

Fig. 15a. Skin innervation. al: vertical section through epithelium of soft
palate of human foetus showing nerves (n) ending in free beaded terminals.
a2: Mouse. Innervation of hair roots from cheek. (Retzius, Biologische Unter-
suchungen, 4, 1892.)

1937), showed that the epithelium with its nerve endings could be
sliced away without causing sensations other than touch. Woollard
stated that these epidermal endings are rare in man and may be re-
garded as an accessory organ of touch. The subepidermal nerve net,
on good evidence, is held to subserve pain (Woollard, Weddell, and
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Harpman, 1940). There is definitely branching of one fiber to several
end-organs of a single type as well as multiple (overlapping) innerva-
tion of hairs. Thus, for instance, the number of hair follicle groups
supplied by branches from one fiber was

in the neighbourhood of 300, and a group of hair-follicles may con-
tain up to 10 hairs. The terminal ramifications of every main fibre,

Fig. 15b. Weddell’s conception of cutaneous innervation, based on the
studies described in his article. 4: groups of Meissner’s corpuscles subserving
the sensation of touch. B: beaded nerve nets subserving pain (probably fast pain).
C: Merkel’s discs subserving touch. D: beaded nerve fibers derived from nerve
nets subserving pain and associated with blood vessels (probably slow pain).
E: nerve terminals around the sheath of a hair subserving touch. F: a pacinian
corpuscle subserving pressure. G: a group of Ruffini endings subserving warmth.
H, I: groups of Krause’s end-bulbs subserving cold (these lie at somewhat vari-
able depths beneath the skin surface). Note: The organized endings are ac-
companied in every instance by fine-beaded nerve fibers subserving pain.

(Weddell, Brit. Med. Bull., 3, 167. 1945.)

when traced, were found to remain independent from those of other
fibres, but it was noted that each hair-follicle group was supplied
by branches from at least two main nerve-fibres. This also applies
to individual hairs . so that a single hair may be innervated by
as many as 15 terminal ramifications [Weddell, 1945, p 170].

Itis interesting to note that Von Frey (1894a) found up to 15 pressure-
sensitive points around the hair stalk.
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The encapsulated or otherwise organized endings also tend to occur
in groups (Meissner, Pacini, and Merkel tactile corpuscles). Multiple
innervation is established only with hairs, but several adjacent en-
capsulated endings of the same typc may be innervated individually
or by branching from one fiber. Evidence has been obtained in favor
of associating the Meissner corpuscles with touch and the Krause end-
organs, when they occur, with cold (see the summary by Hensel, 1952).
An interesting point is that the well-known innervation of the hairs
and encapsulated endings by an accessory fiber, to which so many
authors (for references see Woollard, Weddell, and Harpman, 1940)
have drawn attention, is ascribed to the nerve nets subserving pain.
As has been pointed out by Woollard (1936), Weddell (1945), and
Le Gros Clark (1947), this would provide a simple explanation of
the observation (Von Frey, 1894a) that any specific stimulus if suf-
ficiently intense will cause pain. While the threshold to pressure (touch)
is around 2-3 gr/mm.2, it is necessary to use 200 gr/mm.* to elicit
pain from touch spots (Von Frey, 1894a).

From the electrophysiological point of view the problems of skin
innervation canalize themselves into four main channels of approach,
all of which recur with other sense organs. (1) The study of specific
responses to adequate stimuli (touch, pressure, temperature, etc.);
the description and analysis of the sensory endings down to the final
stage of microscopic identification with microtechniques. (2) The re-
sponses should be analyzed from the point of view of principles of
organization. One of the leading principles deals with the organization
of receptors of the same type into receptive fields. (3) A fundamental
problem concerns the significance of fiber size. (4) Finally, the role of
the accessory fibers should be elucidated by electrophysiological means.

2. General experiences with skin afferents

In a sufficiently thin branch of a mixed nerve the impulses running
in medullated fibers of different size stand out by their differences in
spike height. It has been found (cf., for the early work, Erlanger and
Gasser, 1937; for later work, Gasser and Grundfest, 1939) that the
relative size of the spikes in A-fibers of different diameter is propor-
tional to conduction rate, which in its turn is proportional to fiber
diameter (Hursh, 1939a,b; Tasaki, 1953). Rushton (1951) has re-
cently integrated all the observations of Gasser, Erlanger, their co-
workers, and others on conduction velocity and fiber diameter in a
theoretical interpretation based on internodal length, to which refer-
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ence may be made. For the present purpose it is enough to realize that
in very thin strands of nerve it is generally possible to conclude from
differences in spike height that the spikes observed are from individual
afferents conducting at different velocities (for exceptions, see Paintal,
1953). Thus, some identification is possible without actually splitting
the nerve strand into single units, provided that the nerve itself con-
tains fibers of different size. A cross section of a skin nerve, presented
in Fig. 16, shows the latter postulate to be true. Spike heights and

Fig. 16. Cross section of part of cat’s saphenous nerve, stained by Alzheimer-
Mann method.

conduction velocities, both referable to fiber diameter, have therefore
become important landmarks in the identification of specific sensi-
tivities and as such will be continuously referred to in these lectures.
Erlanger (1927) was the first to demonstrate that specific sensitivities
often were represented in afferent fibers of different size.

In 1934 Gasser gave a summary of older and newer attempts to
refer specific sensations from the skin and other receptors of the limbs
to different fibers on the basis of (1) compression experiments, which
act by pressure and asphyxia (cf. Frankenhaeuser, 1949), and (2)
on Jocal anesthesia. At the time he could make out a good case for
the view that differentiation by compression first attacked large fibers,
while local anesthesia suppressed small fibers before large ones (be-
cause of the experiments on electrical identification of fiber size under
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such conditions: Gasser and Erlanger, 1929). There were, however,
considerable discrepancies between the results of various observers,
and we have since had the experiments by Frankenhaeuser (1949),
in which it was proved that rapidly and slowly adapting fibers in the
rabbit’s skin had the same range of conduction velocity, yet the former
survived compression a great deal better than the latter. While this
does not invalidate the general differentiation by compression in the
sense that large fibers suffer before small ones, it is clear that the
method never can be very critical. There were already at that time
many electrophysiological observations on single fiber preparations
from receptors with different specificities, and their number has since
increased. A very complete tabulation of available data has been made
by Hensel (1952). I shall mention actual figures below, as I proceed
with the description of skin afferents. These have supported Gasser’s
conclusion, reiterated in 1943, “that the fibers belonging to different
modalities must be widely distributed throughout the various fiber
sizes.”

This statement should not be interpreted to mean that there is a
complete random distribution of skin sensations over the fiber spec-
trum. Cold and warmth, as we shall see below, have been found repre-
sented only in small fibers, wholly overlapping with pain. Paintal
(1953a), in a study of vagus afferents, found the mean conduction
rate of fibers from slowly adapting pulmonary stretch receptors to
be 36 m/sec., from rapidly adapting ones 25 m/sec., from depressor
receptors 33 m/sec., from right atrial types of receptors 20 m/sec.,
from chemoreceptors 10 m/sec., and from receptors firing on injection
of phenyl diguanide 6 m/sec. For other receptors see Hensel’s table
(1952).

Gasser’s (1943) summary of the status of pain is still valid today,
eleven years later: barring the objection that the study on animals has
to be carried out by observing reflexes or spikes aroused by supposedly
painful stimuli (burning, scraping, crushing), it seems perfectly clear
that the large majority of pain fibers are to be found among the unmyeli-
nated smallest fibers of all, conducting at rates below 2 m/sec. These
give the characteristic massive sensation of burning, lasting pain or
“second pain,” while a faster group conducting at 15-20 m/sec. or
more seems responsible for the initial pain or “first pain” (pin prick)
which is experienced too early for the unmyelinated ones to be in-
volved. There is nothing to add to Gasser’s clear presentation of this
problem, but some papers may be recommended as leading references
for a study of the relevant evidence (Ranson and Billingsley, 1916;
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Adrian, 1931a; Zotterman, 1933; Heinbecker, Bishop, and O’Leary,
1933; Heinbecker, O’Leary, and Bishop, 1934; Clark, Hughes, and
Gasser, 1935; Zotterman, 1936, 1939; Woollard, Weddell, and Harp-
man, 1940; Gernandt and Zotterman, 1946; Maruhashi et al., 1952).
The early experiments by Ranson and Billingsley, carried out in the
pre-electronic era of research, were particularly interesting. Making
use of the fact that in the cat the small fibers enter separately in the
lateral portion of the root, they succeeded in cutting them selectively
by a small incision into the spinal cord. Reflexes characteristic of pain
then disappeared. Unfortunately this arrangement is not found in man.
It is only in the trigeminal region that the small fibers can be separated
from the rest. Sjoqvist’s (1938) operation, the section of the bulbo-
spinal tract of the trigeminus nerve, is based on this fact and leads to
complete loss of pain in the face, thus vindicating the conclusions of
electrophysiology (cf. Zotterman, 1933, 1936).

Tactile fibers seem to be distributed over a particularly large range
of the spectrum, the fastest conducting at 90 m/sec. and the slowest
at 2-20 m/sec. Considering that tactile fibers arise from such widely
different structures as the terminals around the hairs and encapsulated
endings such as those of Meissner, Pacini, and Merkel (see e.g. Wool-
lard, 1936; Weddell, 1945), this also should be expected. Localized
microrecording would be needed to develop this problem in detail. (For
references see Adrian and Zotterman, 1926b; Adrian, 1928, 1932b;
Zotterman, 1939; Maruhashi et al., 1952; Hensel, 1952.) Most of
the early work following Adrian was carried out on frog skin (Dun
and Finley, 1938; Adrian, Cattell, and Hoagland, 1931; Cattell and
Hoagland, 1931; Talaat, 1933; Hogg, 1935; Echlin and Propper,
1937; Fessard and Segers, 1943).

The ambition of the experimenters was generally directed toward
isolating single fibers. However, from the point of view of sensation
as well as the understanding of what a simple stimulus really can do,
it is of equal interest to follow the events in a thin strand of nerve fibers
from a given region in the skin. This was done by Zotterman (1939),
from whose work Fig. 17 is taken. It illustrates the frequency distribu-
tion of rates of conduction of impulses in response to the stimuli char-
acterized in its legend. The values were sometimes measured directly
but were also calculated from the spike height.

Light stroke of the cat’s fur (A4) activated both slow and fast fibers;
very light touch (C and G) activated fibers conducting as slowly as
around 2 m/sec., thus overlapping with pain fibers. At least in man
Waterston’s (1933) results show that light touch is likely to be con-
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ducted in very thin fibers. It should be noted that the spikes of the
smallest unmyelinated fibers tend to be occluded in multifiber records.
Zotterman had good evidence that pain (burning) elicited activity
in such fibers. It will further be noticed that responses in the very small-
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Fig. 17. The frequency distribution of rates of conduction of axon potentials
recorded in response to: A, light stroke; B, pulling a few hairs; C, very light
touch; D, very light stroke. The three lower diagrams give the distribution of
the axon potentials according to spike height: E, needle prick; F, hard stroke;
G, very light touch. Diagrams B, C, E, F, and G all come from the same nerve
preparation. (Zotterman, J. Physiol., 95, 1. 1939.)

est myelinated (and very likely also unmyelinated) fibers appeared
with stimuli as widely different as hard stroke (F) and very light
touch. The actual records showed them to be late and usually appear-
ing as an afterdischarge when stimulation was over, even though only
a few hairs had been moved. Zotterman associated this discharge with
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tickling or itching, as he found these sensations to be absent in the
face of patients who had undergone Sjoqvist’s operation. Tickling
would therefore be a combination of touch and pain. The existence
of accessory pain fibers to the hairs, alluded to above, may also be
adduced in support of his view. Alternatively we may have to assume
the existence of double specificity (see below), touch combined with
pain, or else interaction between the two in the nerve nets below the
epidermis. Inasmuch as interlacing of touch with pain fibers may oc-
cur in this network, interaction is quite possible under pressure (Granit,
Leksell, and Skoglund, 1944), perhaps even without it (Arvanitaki,
1940). Again we conclude that there is room for investigation of skin
receptors and skin afferents with microstimulation. Whatever the causes
of the rich fullness of response in Zotterman’s experiment, it shows
that simple stimuli activate complicated response patterns and em-
phasizes the necessity of going beyond single fiber analysis in the
study of sensation. This was also pointed out by Adrian in his early
summary (1928).

So far we have implicitly accepted the idea of single specificities
as the basis of interpretation. This is nothing but Mueller’s well-known
law of “specific energies” in the modern version, namely that end-organ
specificity is matched by specificity within a central interpreting struc-
ture. Have we any electrophysiological reasons for criticizing this
law? Recently Hensel and Zotterman (1951b) were able to locate in
the cat’s tongue two types of pressure afferents, the large “ordinary”
pressure spike conducted in fibers of 12—154 in diameter and a smaller
one in fibers of 8—10u. The latter is also excited by cooling, but whereas
the specific cold receptors (in still smaller fibers) go on discharging
permanently to a certain temperature, the cold-sensitive pressure re-
ceptors do so only for a few seconds. The effect of direct cooling of
the nerve fibers seems excluded by satisfactory controls as well as
by the results of Dodt’s (1953) later study of thermosensitivity in
nerve. The large pressure spike could be excited only by cold sufficient
to stimulate its nerve fiber directly. It thus differed from the small
pressure spike in being specifically sensitive to pressure alone. The
high cold sensitivity of some afferents may well reside in the finest
nerve terminals rather than in the end-organ itself.

Recently it has been reported by Bullock and Faulstick (1953) that
single afferents from the facial pit organ of the rattlesnake, which is
specifically sensitive to infrared radiation, also subserve touch. Zotter-
man and Hensel did not question Mueller’s law. They suggested that
the combined cold-pressure receptor has what I have called double
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specificity because of some common basic principle in the function
of thermo- and mechanoreceptors. Other alternatives were mentioned
above. One might also consider release of excitatory substances in the
nerve net (Echlin and Propper, 1937; Feng, 1933; Hogg, 1935) as
very convincingly demonstrated by Habgood (1950).

At present, however, double specificities in the sense that two
“meters” have relatively low thresholds seem to be exceptions, and
the rule is that an afferent is connected to one or several receptors
which respond to one particular, so-called adequate, stimulus with
greater facility than to any other, i.e. with the lowest threshold. There-
fore, relative spike size (conduction velocity) in combination with
determination of the adequate stimulus are in actual practice still the
two means used for electrophysiological identification.

What role can we ascribe to fiber size from the point of view of cen-
tral interpretation of the frequency code? Gasser (1943) has pointed
out that faster rate of conduction means that impulses in larger fibers
can initiate or facilitate effects which impulses in slower fibers then
go on to elaborate. He has also drawn attention to the longer dura-
tion of the impulse in small fibers. Certain central systems may there-
fore require spikes of long duration to become activated. Much of
Gasser’s work (see e.g. in Erlanger and Gasser, 1937) has gone to
show that in fibers of different type there are considerable differences
in the slow so-called afterpotentials following upon an impulse. It is
not known whether these differences play a significant role in the fine
terminals at the point of destination of the spike. Gasser himself has
chiefly stressed the element of timing. “The more one sees of the
exquisite precision with which events take place in the central nervous
system the more one is impressed by it. The more the idea of timing
grows in meaning content the more it becomes a directive for future
exploration. Differential axonal velocities must play their part in the
mechanism. Be this their only contribution to integration, it is still
alarge one” (Gasser, 1946, p. 141).

To this one might add the surmise that fiber size must mean some-
thing also in terms of the receiving station in different parts of the
brain. Why, for instance, is the number of small fibers so very much
greater in the ipsilateral than in the contralateral optic tract (P. O.
Bishop, Jeremy, and Lance, 1953, confirmed by myself)? The sense
organs, as we shall see, have other projection areas than the well-
known specific ones.
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3. Specificity illustrated by thermoreceptors.
Re-representation in centers

Among the skin perceptions the temperature sense is particularly
interesting. This is partly because the psychophysical theories (re-
cently reviewed again by Hensel, 1952) have exceeded in number
and complexity what the subject could afford in view of the relative
ease with which they could be tested by spike recording, partly also
because of the analogies with direct thermal stimulation of peripheral
nerve. The rule is that cold and warmth receptors are highly specific
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Fig. 18. Impulses in single cold afferents from the lingual nerve of the cat
in response to sudden temperature drops of 2°, as recorded above the spikes:
A, 44 to 42°; B, 42 to 40°; C, 40 to 38°. Time in 1/50 sec. (Hensel and Zotter-
man, Acta physiol. scand., 23, 291. 1951a.)

(Zotterman, 1935, 1936), both effects being transmitted in relatively
thin fibers (4—6u). In the cat’s tongue the warmth fibers give larger
spikes than the cold fibers, as again confirmed by Dodt and Zotterman
(1952a). Thanks to the psychophysical experiments of Hensel (1952),
who developed excellent stimulating devices, and the electrophysiologi-
cal ones of Hensel and Zotterman and Dodt and Zotterman, we are
now better informed about temperature receptors than about any other
type of skin organ, and for this reason, too, their results deserve to be
singled out for a presentation of the problem of specificity as it appears
in the light of two well-analyzed skin organs,
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These organs, not unexpectedly, turned out to behave like other
relatively nonadapting receptors: to sudden stimulation they responded
with a discharge characterized by a high-frequency onset, gradually
petering out into a low-frequency constant discharge. This is well illus-
trated by Fig. 18 for temperature drops of 2° starting from three differ-
ent levels, 44°, 42°, and 38°. Very clearly the drops of 2° of cooling
were most effective at 38°. The slow rate of firing goes on indefinitely
at sufficiently low temperatures and in this sense every cold receptor
behaves like a thermometer capable of delivering information about
the actual temperature of its surroundings. Some visual receptors and
stretch receptors behave in the same way with respect to their ade-
quate stimuli. With them and most other end-organs (Adrian and
Zotterman, 1926a,b), the cold receptors also share the property of
responding to the gradient stimulus intensity/time. Quick cooling
causes a faster initial discharge than slow cooling. Both these aspects
of behavior have been recognized in the psychophysical work of an
earlier epoch (see Hensel’s summary, 1952), but the clarity of the
electrophysiological analysis makes further comments unnecessary.

Turning now to assemblies of cold receptors, I think that the exist-
ence of an optimum of sensitivity, so clearly shown by Fig. 18, is the
most interesting feature in the design of the receptors for cold. In Fig.
19 a number of cold receptors have been analyzed from this point of
view. The frequency of the final constant discharge plotted against
temperature has optima at different temperatures for different recep-
tors. Sensitivities at the optima are of the order of 2 spikes/sec. for
1° or 20% of the maximum frequency. Considered as organs for re-
sponding to disturbances of chemical equilibria set up by temperature
changes, the specialization of the receptors upon specific temperature
ranges is clearly a more elaborate solution of the probiem of specificity
than the design of one single organ equally sensitive to the full range
needed. There is such an organ in some fish, the Lorenzinian ampullae,
which respond to heat by acceleration, to cold by deceleration, of
the spontaneous discharge (Sand, 1938). The rattlesnake’s heat-sensi-
tive facial pit also belongs to this type (Bullock et al., 1953). Mam-
mals apparently have greater differentiation. Again, Occam’s razor
does not apply. Inasmuch as the end-organs of Krause are responsible
for the sensation of cold, these too vary a great deal in appearance,
as shown by Belonoschkin (1933) in preparations from the human
mamilla, where they are particularly dense and cold sensitivity also
is high. When the many differentially cold-sensitive end-organs act
together, they actually cover the range from 40° to 20° by an approxi-

PERIPHERAL PRINCIPLES OF ORGANIZATION 53

mately linear increase of the fotal discharge frequency. It is tempting
to suggest that the fractional subdivision of this range also is there
for some purpose of its own. It may, for instance, have some signifi-
cance in the thermoregulation, perhaps in the sense that the receptors
with maxima of sensitivity at low temperatures might be more active
than the others in eliciting certain compensatory reflexes of thermo-
regulation. This, however, at the moment remains ‘a conjecture, based
on the general notion that thermoregulation is far more important in
mammals than in, say, the poikilotherm fish.
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Fig. 19. The steady discharge of different isolated «cold afferents in the
lingual nerve of the cat as a function of temperature of the tongue. (Hensel and
Zotterman, Acta physiol. scand., 23, 291. 1951a.)

Hensel and Zotterman (1951c; Hensel, L. Strom, and Zotterman,
1951), with thermodes on both sides of the cat’s tongue, measured
the temperature gradients and spike latencies and could actually local-
ize the depth of the cold receptors with considerable accuracy (to
0.2 mm.). Yet they did not from their histological control (Palmgren
silver stain) attempt any further identification than to state that the
cold receptors were situated subepithelially partly in the papillas, par-
ticularly at their base or just beneath them. However, the tongue is
richly supplied with Krause end-organs (Krause, 1860, pp. 112-39;
Gairns, 1953).

The warmth receptors (Dodt and Zotterman, 1952a) respond to
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heating just as do the cold receptors to cooling, and their range is
shown in Fig. 20. There is a similar differentiation among the warmth
receptors with respect to their. optima, but in the diagram the whole
assembly, compared with that of Fig. 19, is shifted to the right. Never-
theless, the overlap is sufficient to make it seem a difficult task for the
center to distinguish steady warmth from steady cold in the same skin
region without the aid of secondary cues. Actually there are such cues.
The cold receptors fire at a steady rate, the warmth receptors in an
irregular spluttering fashion and also at considerably lower frequencies
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Fig. 20. Graphs showing the frequency of the steady discharge of different
single and dual warm fiber preparations as a function of the temperature of the
tongue. (Dodt and Zotterman, Acta physiol. scand., 26, 345. 1952a.)

than the cold receptors. Fiber size provides an additional cue. Also,
when sensory discrimination is concerned, the leading principle, as
we shall see, is always one of differentiation by pattern as a cue, and
this seems achieved by the statistical sensitivity distributions of the
individual receptive units (Figs. 19 and 20).

The degree of specificity of the cold receptors is actually considera-
ble. This is perhaps best illustrated by the well-known sensation of
paradoxical cold, discovered independently by Lehmann (1892) and
Von Frey (1895, 1910). This is a feeling of cold to stimulation with
heat from 45° upward. Dodt and Zotterman (1952b) have suc-
ceeded in demonstrating that there is a corresponding discharge of
the cold receptors at high temperatures, as illustrated by the secondary
rise of the curve for the cold receptor at high temperatures in Fig. 21.
The curve for a typical warmth receptor has been inserted for com-

PERIPHERAL PRINCIPLES OF ORGANIZATION 55

parison (Dodt and Zotterman, 1952a). Pain fibers will also be stimu-
lated at this temperature (Zotterman, 1939) and, as the sensory
threshold for pain in response to heat is around 47-48° (Skouby,
1952), admixture of pain may explain the curiously biting character
of the sensation of paradoxical cold (cf. Zotterman, 1953). The be-
havior of cold and warmth receptors at extreme temperatures have
been further elucidated by Dodt (1952b). Cold fibers have also been
studied in isolation by Maruhashi, Mizuguchi, and Tasaki (1952).
These fibers were from abdominal skin nerves and the plantar nerves
(cat) and were found to be between 1.5 and 3. in diameter, hence the
smallest among the myelinated fibers.
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Fig. 21. Graphs showing to the left the steady discharge of a typical single
cold fiber (open circles), in the middle a typical single warm fiber (filled circles),
and to the right the paradoxical cold fiber discharge (open circles) as a function
of the temperature. (Dodt and Zotterman, Acta physiol. scand., 26, 345. 1952a.)

A theoretical physicochemical explanation of the high degree of
specificity of the temperature receptors is still lacking. The observa-
tions on heat and cold sensitivity of nerve fibers (cf. in particular the
papers by C. von Euler, 1947, Lundberg, 1948; and Dodt, 1953) sug-
gest an interesting indirect approach by way of analyzing membrane
potentials in nerve fibers as influenced by temperature changes.

The observations on temperature receptors have disclosed that they
will discharge permanently within the whole range of temperatures to
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which the body is likely to be subjected. This seems particularly impor-
tant in view of their role in thermoregulation, which requires continu-
ous information from receptors. In this task the receptors cooperate
with the thermoregulatory center in the hypothalamus known and stud-
ied for a number of years in several laboratories. References may be
made to summaries by Thauer (1939), Ranson and Magoun (1939),
Ranson (1940), Stoll (1943), Grant (1951), Hensel (1952), and Zot-
terman (1953). Lately a number of fresh experimental contributions
have been published by Uvnids and his collaborators, G. Strom and
Folkow (Folkow, Strom, and Uvnis, 1949a,b; Strom, 1950a—c),
who used vasodilatation as an indicator. From our point of view the
central issue concerns the existence of thermoreceptors in the brain
itself. In agreement with the original observations of Ranson’s school
(Magoun et al., 1938; Beaton et al., 1941, and Hemingway et al.,
1940), Folkow, Uvnds, and Strdm (see in particular the paper by
Strom, 1950a) also find that the anterior hypothalamus is sensitive to
local heating with a diathermic needle point, but not to cooling.

Another fresh approach is that of C. von Euler (1950), who noted
that heating in this fashion of the hypothalamic region sets up a local
slow potential obtainable only within a highly circumscribed region
in the anterior hypothalamus. This slow potential is shown in Fig. 22.
It correlates well with thermoregulatory reflexes to heat and is the
most sensitive index of the effect hitherto found. Hence, this central
response is exceedingly specific. Actually, in the best cases, Von Euler
obtained a change of potential of 1 mV. per 0.1°. No similar effect to
cooling could be found anywhere in the brain. Von Euler suggests
that these “heat” potentials serve as generator potentials for the regu-
latory reflexes panting, sweating, vasodilatation, etc. The hypothalamic
local response to heating would therefore mean that the warmth recep-
tors are re-represented in the brain.

These warmth receptors in the hypothalamus are of particular im-
portance because of the relative scarcity of peripheral warmth recep-
tors in relation to cold receptors (cf. Konig, 1943, 1944). The reflex
effects of the latter might easily lead to an overproductjon of heat com-
bined with heat stagnation because of contracted skin vessels. The
warmth receptors in the brain which respond to blood temperature
will prevent this from happening. They are therefore likely to fulfill
the role of brakes in a mechanism of self-regulation in the service of
homeostasis.

This conclusion that a sense organ might be re-represented in the
brain in order to improve certain types of self-regulation in the body
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seems pregnant with possibilities, particularly for chemoreceptors. Von
Euler and Soderberg (1952a,b) followed it up by demonstrating that
the respiratory center in the medulla, which is known to respond to
the arterial pCO, (see e.g. Heymans and Bouckaert, 1939), also sets
up a slow change of potential to an increase of CO, in the inspired
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Fig. 22. From cat under urethane anesthesia. Temperature of the brain stem
and temperature potential from a point 0.3 mm. in front of the anterior edge
of the chiasma, 0.5 mm. lateral of ventr. IIl and 1.5 mm. dorsal of the ventral
boundary of the brain, recorded simultaneously. Upper and lower halves of
picture in direct succession. From this electrode site no potential changes could
be obtained, owing to changes in blood pressure or respiration. The temperature
potential follows the temperature only within a limited region. Records inter-
rupted every 30 seconds. Retouched. (Von Euler. J. Cell. Comp. Physiol., 36,
333. 1950.)

gas. The effect was highly specific for CO, and was obtainable only
within that region of the brain stem from which Comroe (1943) suc-
ceeded in eliciting respiratory responses by injections of a few p1. of
buffered carbonate solution. Von Euler and Soderberg found the effect
also in a completely denervated respiratory center, and it was associ-
ated with the production of a discharge in nerves to respiratory muscles.
Thus, these structures had all the attributes of receptors: specific
chemosensitivity, generator potential, discharge.
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As is well known, Verney (1947) came to the conclusion that
within the central area of distribution of the internal branch of the
common carotid there were receptors specifically sensitive to osmotic
changes. An injection of hypertonic salt solution inhibited diuresis by
an effect on the antidiuretic hormone of the posterior lobe of the
hypophysis. Andersson (1952, 1953) succeeded in eliciting copious
thirst in goats by injecting the paraventricular nuclei with 1.5-2%
NaCl solution in doses of 0.1 cc. C. von Euler (1953), in a prelimi-
nary report, has from this general region obtained slow local changes
of potential of the order of 1 mV. by injections into the carotids in the
manner of Verney. All these observations on receptors in the brain
indicate the opening of a new and important field of research in sensory
physiology. It would not be surprising if many other blood constituents
influenced receptors for hypophyseal control.

4. Receptive fields. Other organizations of
skin receptors

As originally defined by Adrian and his collaborators with reference
to skin receptors in the frog (Adrian, Cattell, and Hoagland, 1931;
Adrian, 1932), a “receptive field” is the surface innervated by a single
afferent fiber. Thus, at least in this animal, the receptive field is not
only a physiological or functional unit but also an anatomical con-
stant. The anatomical criterion is not merely a tautological definition.
We shall see below that the far more complex receptive fields of the
vertebrate eye, though anatomically constant, are variable in size
because of the variable amount of interaction of opposite effects within
them. Tactile fields, as determined by moving the jet of an air nozzle
over the skin, proved to be of exceedingly variable size, from 4 to
100 sq. mm., and overlapped in the manner shown by Fig. 23, from
the work of Adrian et al. (1931). Both these principles, overlap and
variation in size, also occur with the eye and the ear (see below). The
overlap is due to branching of one or several afferents within the
same skin field. It is clear and was fully realized by Adrian that all
these features are integral factors in a mechanism of discrimination
planned for a particular kind of receiver, the central nervous system.
In Adrian’s work on receptive fields in the cat’s paw and with cutaneous
fields in the guinea pig it appeared also that adjacent receptive fields
might be further differentiated in their central projections because
their messages were being delivered in fibers of strikingly different size
(Adrian, 1931a, 1932b). Tower (1940) measured the receptive fields
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in the cornea and found them to extend over very large areas varying
from 50 to 200 sq. mm. It is perhaps not quite clear whether these
receptors subserve pain alone or pain and touch combined, as another
instance of double specificity. Most authors (e.g. Von Frey, 1894a,b;
Nafe and Wagoner, 1937) hold that the cornea feels only pain (see
discussion by Tower, 1940; recent reports on touch in cornea by
Jalavisto, Orma and Tawast, 1951). The free terminals in the cornea
branch widely, as shown in the recent experiments of Rexed and Rexed
(1951, with references). Tower found the receptive fields to be most
sensitive in the middle. In the eye this particular property of the fields
has taken on interesting fresh aspects (cf. below).

Fig. 23. Areas supplied with tactile endings by different cutaneous nerve
trunks in the frog, showing the great overlap in peripheral distribution. (Adrian,
Cattell, and Hoagland, 1931; Adrian, The mechanism of nervous action, Oxford
University Press, London, 1932a.)

Tasaki and his group (Maruhashi et al., 1952) found the receptive
fields for various skin receptors to be punctiform for pressure fibers
(1 to 2 sq. mm.); the nociceptive fields in the plantar cushion of the
toe pad (cat) were small—up to 3 X 3 mm. in area; while those in the
hairy regions were about 10 times larger. Most interesting is their find-
ing of special fibers with excessively large receptive fields up to
50 X 90 mm. Their afferents responded to light touch, and the nerve
fibers had a diameter between 2 and 5p. They were abundant in all
the skin nerves examined. A special study was made of the receptive
fields, of afferents coming from the hair roots. Within their fields,
20 X 25 mm. in area, a response could be elicited by bending every
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individual hair or even by touching the hair tips. Afferents that seemed
to be specifically sensitive to scratch only were also noted.

Summarizing these facts, I conclude that the sentient skin surface
which may be regarded as the prototype of all sense organs well illus-
trates a number of elementary principles in the peripheral organiza-
tion of the sensory message. The stimuli called touch, pressure, and
pain deliver both general and localized messages. The general piece
of information is based on very large receptive fields, the localized
on smaller receptive fields down to punctiform ones. There is con-
siderable overlap of receptive fields. These principles will recur in
other organs, such as the eye and the ear, which are built up as sentient
surfaces. There may well be an inverse ratio between the degree of
specificity of end-organs and the amount of branching of the sensory
nerve.

Discrimination on this basis and general principles concerning the
decoding of the frequency code will be discussed in Chapter 8.

Much has been written about aspects of skin innervation which are
familiar to most physiologists and neurologists under the headings
“protopathic” and “epicritic”” sensations (Head, Rivers, and Sherren,
1905; Rivers and Head, 1908). There is, however, little to add to the
judicious criticism by Walshe (1948).

Receptors may be joined functionally on the basis of principles
other than those concerned with receptive fields. In vision, for instance,
the perception of space and distance brings corresponding points in
the two retinae into an integration which has been studied a great
deal by psychophysical methods but not at all by electrophysiological
ones. In the skin the receptive fields of most sense organs from one
and the same region contribute to a similarly unique integration of
locality. At this stage I shall take but one example of such integrations
referring to the skin, chosen because, to the best of my knowledge,
this is the only one that has been properly analyzed by electrophysio-
logical means (Hagbarth, 1952). Historically it is a development of
Sherrington’s (1906, 1910) notion of the receptive field of a reflex.
Sherrington, of course, used the term “receptive field” in a different
and wider sense to signify the skin area from which a certain type of
reflex response could be elicited. The specific reflex effect is thus an
exponent of “local sign.”

It is well known that the easiest ipsilateral reflexes to elicit from
any nerve are the flexor reflexes, of which there is both a nociceptive
and a postural variety (Sherrington, 1910), the latter generally being
neglected in semipopular accounts in which the reflex of ipsilateral
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flexion is often presented as wholly nociceptive. Submerged below
the general flexor activity may also be found extensor contractions
(e.g. Sherrington and Sowton, 1910-1911). The concealed extensor
reflex, so difficult to elicit and study, was called by Denny-Brown (in
Creed et al., 1932) the “residual ipsilateral extension.” Hagbarth
(1952) brought clarity into this field by proving that there was a defi-
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Fig. 24a. Diagrams showing the extent of inhibitory and excitatory skin
areas for the extensor muscles of the ankle. Results obtained from two spinal
cats. In one (4) the excitatory region was unusually small, in the other (B) it was
relatively large. The shadow indicates the localization of the extensor muscles
investigated. The strength of the responses is approximately indicated by the
density of the signs.

Fig. 24b. Decerebrated cat. Records from the ventral root S.. Monosynaptic
test volleys obtained from the nerve of the ankle extensors. By pinching the
skin of the limb the excitability of the motoneurones is influenced, and the
effect is changed by varying the localization of the skin stimulus. Time in msec.;
on the left. (Hagbarth, Acta physiol. scand., 26, Suppl. 94. 1952.)

nite functional connection between a muscle and the portion of skin
that covers it. Hagbarth’s rule is quite simple: skin and muscle are
functionally integrated, so that the muscle is excited by stimuli within
its own skin area. Adjacent portions of the skin may be inhibitory.
This is true for both flexors and extensors, and so, by his approach, it
proved easy to find the formerly elusive ipsilateral extensor reflexes.
The excitatory and inhibitory skin areas for the ankle extensors are
shown in Fig. 24a; 24b shows the outcome of a test by pinching the
skin over these regions. Testing is carried out monosynaptically (the
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technique is described in detail in Chapter 6) and to understand
the result depicted in Fig. 24b all that is necessary is to realize that
the monosynaptic test volley increases in size during facilitation (upper
curve) and decreases during inhibition (lower curve). The same re-
sult may be obtained by electromyography and by recording the muscle
contraction (myography), but the monosynaptic test, carried out with
de-efferented animals, demonstrated that the effects are direct and
not secondary to events set up by a reflex loop from the afferents of
the recorded muscle or its antagonist.

Thus the skin has established “local signs” for reflex action also,
and not only for conscious perception, as, indeed, has been well known
practically from the beginning of reflexology.

5. Receptive fields of the vertebrate retina

The principle of discrimination by overlapping fields of different
size must indeed be an important one or else it would hardly have
reached its pitch of perfection in an organ such as the retina, which
is the most complex sensory apparatus in the vertebrates and appar-
ently in many invertebrates. One might have expected, once organs
of such minute size as the rods and cones had been developed, that
this fineness of grain, just as in the photographic plate, might have
had for its sole reason reproduction of detail and as a consequence
a 1:1 ratio of sense cells to nerve fibers right up to the center. How-
ever, this cannot be the case, because exceedingly slender elongated rods
are found in deep-sea fishes (Bayliss, Lythgoe, and Tansley, 1936)
in combination with a particularly high ratio of rods to optic nerve
fibers. In general, the cones, the organs for visual acuity and daylight
vision, tend to be somewhat thicker than the rods, which integrate
light over large convergence units with up to hundreds or thousands of
receptors per nerve fiber. It is only in the relatively few species with
a well-developed fovea centralis that the foveal cones become slender
and rodlike in appearance. If we assume that the photochemically sensi-
tive visual purples are located at the surface of the receptors (Granit,
Holmberg, and Zewi, 1938; Lythgoe, 1940), it is likely that fineness
of grain has for one of its reasons expansion of surface (Bayliss et al.,
1936). On the other hand, it cannot be denied that, by analogy to
photographic emulsions, reproduction of detail requires discrete units
(grain) below a certain minimum size, ultimately determined by the
perfection of the optical parts (lens, cornea) as well.
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To the old controversy between Helmholtz and Hering is attributed this
story (to which in 1922 the late Professor A. Gelb of Frankfurt a/M first
drew my attention) : Helmholtz, who had stated that if an optician deliv-
ered to him as bad a lens as that of the eye he would return it, received from
Hering the reply that he might perhaps have kept it after all if he had real-
ized what marvellous compensatory arrangements there were for perfec-
tion of the image (contrast in the first instance). Since that time lenses and
photographic emulsions have improved but the eye with its faulty optics
remains the same, performing better over a range from dusk to brightest
sunlight than any instrument designed to imitate it.

The idea that good reproduction also requires fineness of grain is cer-
tainly supported by comparative studies of the number of optic nerve
fibers in different species. Despite its very much smaller eye, the pigeon,
dominated by cones, has much the same number of optic nerve fibers as
man. Bruesch and Arey (1942) give 1,010,000 for man, 988,000 for the
pigeon, but only 119,000 for a predominantly rod animal such as the cat.
Polyak’s (1941) figure for man is “800,000 to more than 1,100,000.” The
optic nerve fibers in the cat are particularly large, the eye not very much
smaller than our own. Grain size, in order to mean something in our
analogy with photographic emulsions, should, of course, be defined by the
size of the receptive field of a single optic nerve fiber.

It is concluded, then, that though the average convergence of re-
ceptors on optic nerve fibers is very great, say of the order of 100:1,
the retinal surface is nevertheless capable of good discrimination on
the same basic principle as is the skin, i.e. by using overlapping recep-
tive fields of different sizes, from very large to very small, the latter
likely to be multiplied in cone eyes which have good visual acuity.
The presence of an outgrowth of cells from the central nervous system
in two layers below the receptors entails further elaboration of the
message before it is concentrated into the optic nerve fibers. This
makes the retina particularly interesting as a model for what might
happen within central projections elsewhere. Thus it seems that restric-
tion of receptive fields to a limited number of pathways transmitting
a code of spikes (optic nerve fibers) need not necessarily mean dete-
rioration of the information, provided that the message itself is suffi-
ciently elaborated and that a sufficient number of small fields are
included to modulate it. Visual perception, after all, is a dynamic act
maintained by a continuous frequency variation and not by a static
image on a photographic plate.
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Fig. 25. Scheme of the structures of the primate retina as revealed by the
method of Golgi. The designation of the layers and the zones: (1) pigment layer,
(2, a) outer zone, (2, b) inner zone of the rod and cone layer, (3) outer limiting
membrane, (4, a) outer zone, (4, b) inner zone of the outer nuclear layer, (5, a)
outer zone, (5, b) middle zone, (5, ¢) inner zone of the outer plexiform layer,
(6) inner nuclear layer with its four zones, (7) inner plexiform layer, (8) layer
of the ganglion cells, (9) layer of the optic nerve fibers, (10) inner limiting
membrane.

The designation of the nerve cells: (a) rods, (b) cones, (¢) horizontal cells,
(d, e, f, h) bipolar cells, (i, 1) so-called “amacrine cells,” (m, n, o, p, 5) ganglion
cells, (u) “radial fibers” of Miiller.

In this scheme the nervous elements are reduced to their essentials, with,
however, the characteristic features of each variety preserved—the location of
the bodies, the size, the shape, and the spreading of the dendrites and the axis
cylinders—and with the synaptic contacts presented accurately. (Polyak, The
retina, University of Chicago Press, Chicago, 1941.)
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Fig. 26. The structure of the primate retina reduced to its essentials, includ-
ing the synopsis of the propagation of the retinal impulses from the photorecep-
tors to other parts of the retina, to the brain, and from the brain back to the
retina (direction indicated by the arrows). The marking of the layers and the
zones is the same as in Fig. 11.

Labeling of the cells: (a, b) rods and cones, or the photoreceptors where the
nervous impulses are generated by physical “light” (in the scheme only the left
group of the photoreceptors is assumed to be stimulated by light); (c) horizontal
cells, by means of which the impulses are transmitted to the surrounding rods
and cones; (d, e, f, h) centripetal bipolar cells of the mop, brush, flat, and midget
varieties, which transmit the impulses from the photoreceptors to the ganglion
cells, the bipolars serving as analyzers; (i) centrifugal bipolar cell, a variety of
the amacrine cells, which probably receives the impulses from the centripetal
bipolars, from the ganglion cells, and also from the brain, by way of the cen-
trifugal or efferent fibers (1) and transmits them back upon the photoreceptors
(a, b); () an amacrine cell which possibly intercepts a part of the bipolar im-
pulses and spreads them over the surrounding territory; (m, n, o, p, s) ganglion
cells which receive impulses from the centripetal bipolars and transmit them to
the brain along their axons, called “optic nerve fibers.” (Polyak, The retina,
University of Chicago Press, Chicago, 1941.)
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Figs. 25 and 26, from Polyak’s great work on the primate retina,
illustrate the two additional neurones below the receptors, called bi-
polars, and ganglion cells, as well as the lateral connections, one by
the horizontal cells along the feet of the rods and cones, the other by
amacrines above the ganglion cells. There are also centrifugal com-
ponents of which little is known functionally (see Chapter 3, sec. 5).

If the physiological analysis of the messages from the optic nerve
with microdissection (Hartline, 1935, 1938a, 1940a,b,c; Thomson,
1953) or microelectrodes (see my summaries, 1947, 1950b; later
work by Rushton, 1949, 1953; Barlow, 1953a,b; Kuffler, 1952, 1953)
had been able to provide an equivalent interpretation in terms of the
circuits and slow potential changes present, it would have been of
interest to describe the histology in greater detail with the aid of Cajal’s
and Polyak’s diagrams. As it is, an interpretation has not so far become
possible in anything but outlines. And yet, looking back upon what
we knew two decades ago, I think that all the painstaking work on
single fibers has not been in vain. We do not know enough but we do
know a great deal about the workings of the retinal switchboard and
can formulate the problems with greater clarity than was formerly the
case. It is perhaps true, too, that even if there are simpler structures
than the retina available for the study of synaptic excitation and inhibi-
tion, the understanding of the principles of central organization and
transmission of sensory information is never likely to be very much
in advance of our understanding of the principles governing the form
and delivery of the retinal messages.

The retina is organized on the general basis of two successive layers
of superimposed receptive fields: the receptors converge onto the bi-
polars, the latter converge onto the ganglion cells, from which our
information with microtechniques in terms of spike frequencies is de-
rived. At least in primates and birds there are midget bipolars (4 in
Figs. 25 and 26) which potentially are capable of delivering a punctate
message on a 1:1 basis (from a single cone down to the optic nerve
fiber of the ganglion cell), but this message, too, is at the mercy of
interaction from adjacent structures, as contemplation of Fig. 25 will
show. The overlap of receptive fields is clearly shown by the histologi-
cal pictures, and functional analysis tells the same story (Hartline,
1938a, 1940a,b). The possibilities for interaction are legion. Func-
tionally true interaction was first demonstrated by Adrian and R. Mat-
thews (1928). The overlapping receptive fields thus collaborate in
a more complex fashion than in the skin, for which the inhibitory
processes come in at about the level of the spinal cord.
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As stated in Chapter 1, sec. 7, Hartline (1938a) first demonstrated
that the characteristic discharges to onset and cessation of light (on-
discharge, off-discharge) are differentially distributed over the affer-
ents in the optic nerve. There are on-elements (on-fibers), off-elements
and on/off elements, the term “element” standing for the single fiber
or ganglion cell from which recording takes place. A diagrammatic
representation was given in Fig. 14. Some characteristic discharges
are shown in original records in Figs. 27 and 28. The fibers discharg-
ing at cessation of illumination are inhibited by light (see Chapter 1).
In the types of eye so far studied the elements that discharge to both
onset and cessation of illumination are in the majority. As far as the
large fibers are concerned, the guinea pig’s rod eye is an exception. It
contains mostly on-elements (Granit, 1942a,b).

Fig. 27. Effect of different types of stimulus on the form of the response
of a single retinal element of the cat: (1) response to a stimulus of relative energy
6.3 and wave length 6200 A; (2) response to the same wave length at a relative
energy of 2.3; (3) response to a stimulus of relative energy 2.5 and wave length
4600 A; (4) response to a wave length of 5,000 A from another experiment.
Time marking: 1/50 sec. (Granit, Acta physiol. scand., 5, 219. 1943c.)

In our evaluation of these features of organization of the retinal ele-
ments some change has gradually taken place (see Granit, 1950b).
Fifteen years ago one used to think of the types of discharge as rela-
tively stable in the sense that the individual afferents had specialized
upon the delivery of a certain type of response. This may still be true
for certain types of retinae such as that of the frog and the pigeon
(Donner, 1953). In the cat’s retina there is, however, an extreme
variability of the on/off ratio of the elements (calculated on thresh-
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olds or frequencies) with respect to level of intensity, wave length,
and state of adaptation (Granit, 1944; Granit and Tansley, 1948;
Gernandt, 1948b). This led to the conclusion that the balance of dis-
charge between onset and cessation of illumination was one of the
main exponents of interaction in the retina, as further emphasized by
studies with polarizing currents (results summarized by Granit, 1950b).
It was actually possible to suppress or emphasize either the on- or the

Fig. 28. Effect of increasing the intensity of the stimulus on the response of
an isolated retinal element of the guinea pig. Relative energy values of stimuli
(from above downward): 1 (threshold), 1.3, 1.48, 2.22, 3.91, 9.31. Wave length
of stimulus: 5300 A. Time markings: 1/50 sec. (Granit, Acta physiol. scand., 3,
137. 1942a.)

off-discharge to a constant stimulus by maintaining weak polarization
across the retina (Granit, 1948). Finally it was shown by Kuffler
(1952) with punctiform stimuli and the cat’s eye that within the recep-
tive field of a single afferent some spots gave off-responses, others
on-responses, and that mixtures of these in different on/off ratios
could be obtained by combining two stimuli from different spots. It
is probable, therefore, that most elements are on/off elements merely
because this is the most likely state of balance of on- and off-compo-
nents. On/off discharges are also dominant in the cat’s retina if one
tries to evade the large single spikes and uses the massed discharge
of small spikes as index (Bohm and Gernandt, 1950). Interaction
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means plasticity of response, and one of the main variables expressing
plasticity is the on/off ratio.

A further step—at least in my own interpretation of retinal organi-
zations—came from our general observation with the cat’s eye that
the on- and off-components of the discharge tended to be mutually
exclusive (Fig. 29), so that when stimulus intensity was varied, the
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Fig. 29. The large and small spike of Fig. 31, elicited by illumination with
wave length 4600 A at the relative intensities indicated beside the records.
Period of illumination marked by photocell and amplifier connected to second
beam of cathode ray below the one recorded from. This beam also records
the 50-period AC of the mains but, at this film speed, so compressed that the
duration of 1 sec. has been indicated by separate marks below it. (Granit,
J. Neurophysiol., 11, 239. 1948.)

off-discharge often diminished while the on-discharge increased, or
vice versa (Granit, 1944). This is well shown also in Fig. 30, from
the measurements by Donner and Willmer (1950). Was there per-
haps an antagonistic relationship between the two? This problem was
first systematically approached by the technique of polarization of
the retina by a weak electric current through external electrodes on
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either side of the eye bulb. To understand these results it is necessary
to realize that although the on/off ratio is variable, it is possible, even
in the mammalian retina, to distinguish Hartline’s categories of re-
sponse types when a large enough number of elements are studied
under similar conditions, in our case dark-adapted animals and illumi-
nation of the whole retina. Thus, some elements are found which act
as pure on-elements, others as pure off-elements, though the majority
of them respond to both onset and cessation of light.
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Fig. 30. A: discharge of an element which changes from the “on” type to the
“on/off” type as the intensity of the stimulus is raised. B: discharge of an element
which changes from the “on/off” type to the “off” type as the intensity of the
stimulus is raised. Ordinates: impulses per sec. Abscissae: time, the duration
of the stimulus being 3 sec. (Donner and Willmer, J. Physiol., 111, 160. 1950.)

To sudden polarization with the electric current the isolated ele-
ments respond either with excitation or inhibition at the threshold.
Reversal of the current reverses the response. The polarizing electrodes
in such experiments are in the temporal and nasal cavities, the micro-
electrode on the inside opposite the nasal electrode. Also, by this
technique of measuring the threshold effects of polarizing currents,
the antagonism between the on- and off-components of an element
came to light in that the pure on-clements tended to discharge to the
cathode, the pure off-elements to the anode (Gernandt and Granit,
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1947). The same result may also be stated differently: the on-elements
tended to be inhibited by the anode, the off-elements by the cathode. A
third way of stating this generalization is that light and the cathode
tended to act in the same way: the on-elements, excited by light, were
excited by the cathode, the off-elements, inhibited by light and dis-
charging at cessation of illumination, were inhibited by the cathode.
The mixed on/off elements were of either type, cathodal or anodal,
as defined by the excitatory effect. This antagonism between “on” and
“off” is not due to a shift in the leading-off point relative to the distri-
bution of the polarizing current. In Fig. 31 the same microelectrode is

Fig. 31. A large and a small spike isolated by the same microelectrode.
Stimulation between the two clearly visible shock artifacts with nasal electrode
cathode (above) and anode (below). One second marked on lower line in the
middle of each period of stimulation. Note opposite responses of small and large
spike during and after polarization. These spikes are shown in Fig. 29 also.
(Granit, J. Neurophysiol., 11, 239. 1948.)

picking up from two fibers. These adjacent on/off elements are clearly
of opposite polarity. The illustration of the mutually antagonistic be-
havior of the two elements in Fig. 29 with respect to light at different
intensities is from the same experiment with the same spikes.

Perhaps the simplest way in which to demonstrate that the on- and
the off-components are mutually exclusive is to shorten step by step
the duration of stimulation (Granit, 1951). The discharges are long-
lasting events compared with the flash, and so the on- and the off-
discharge will sooner or later collide. In this situation “on” and “off”
do not add their effect upon the ganglion cell, but the one that has
the shorter latency or is otherwise stronger impresses its frequency
upon the cell, and the effect of the other one is inhibited. The same
effect is very marked in an on/off flicker response to intermittent light
at frequencies of stimulation for which the two components clash
(Enroth, 1952). This antagonism of the on- and off-components is
of considerable interest in color reception (Granit, 1949).
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The receptive fields of the retina, to which we now are prepared to
turn our attention, thus contain two antagonistic systems, the one
discharging to onset, the other to cessation of illumination. Whatever
notions one entertains about the origin of on- and off-discharges, it is
clear from what has been said that inasmuch as these two discharge-
provoking systems converge upon the same ganglion cell, they cannot
both activate it at the same moment. The one inhibits the other. Thus
the two systems have confluence points somewhere in the retinal
switchboard above the level of the ganglion cells. When the on-path
is active it places the ofi-path to the same ganglion cell under inhibi-
tion and, vice versa, during the activity of the off-path there is blockage
of the on-path at some confluence point.

As stated above, the off-discharges are inhibited by illumination.
It is possible, of course, to regard this inhibition as but one aspect of
the antagonism of on- and off-components just described. I hesitate
to subscribe to this identification. A very essential feature of pure
off-elements is that they in silence, as it were, pile up excitation during
illumination (see also Hartline, 1938a, 1940b,c), afterward to release
it in the form of a vigorous discharge the moment the light is turned
off. For some time (Granit, 1933, 1947, 1950b, 1952b) I have held
the view that the off-discharge is a release from inhibition produced
by a positive potential change, which upon its return swings to the
negative side and excites at “off.” I find this view supported by Parry’s
(1947) results (see Chapter 1, sec. 6). The total balance of evidence
(see e.g. Granit, 1952b) seems to me to support the idea of a primary
mechanism for the production of off-discharges as well as a primary
excitatory mechanism for the production of on-discharges. However,
since these primary mechanisms themselves are antagonistic, the whole
point of this organization would be missed if at the ganglionic level
on- and off-discharges were mixed indiscriminately. The synaptic ar-
rangements in the retinal switchboard must be organized to preserve
the on/off distinction, and this is done by the mechanism of synaptic
antagonism leading to the inhibition. It will be shown in Chapter 5
that complex electrical feedback mechanismis operate in the retina,
suggesting a definite reason for the arrangement of receptors in com-
bination with synaptic layers. It will be some time before these facts
are fully understood.

It seems to me that Kuffler’s recent work (1952, 1953) shows
that the mutual exclusiveness of “on” and “off” within the receptive
field of the ganglion cell is organized in such a delicate fashion (see
below) that it is easier to understand it in terms of synaptic arrange-
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ments similar to those responsible for the organization of reciprocal
reflex effects in the spinal cord. This also appears to be Kuffler’s view
(1952). Admitting that these problems of retinal inhibition are ex-
ceedingly difficult to penetrate, at the moment I would, nevertheless,
think it the simplest explanation of all the available facts to assume
that primary “on” and “off” mechanisms are taken care of secondarily

by a retinal organization of reciprocal innervation in secondary neu-
rones.
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Fig. 32. Chart of the receptive field of a single optic nerve fiber of the frog.
Each line encloses a retinal region within which the exploring spot light (relative
size shown above, left)}—of an intensity the log. of which is given on the line—
produced a response from the fiber. On each line the indicated intensity was the
threshold; the set of curves constitutes a contour map of the distribution of the
retinal sensitivity to light with reference to this particular fiber. (Hartline, J. Opt.
Soc. Amer., 30, 239. 1940.)

The size of the receptive field was found by Adrian and Matthews
(1927a,b, 1928) to be of the order of 1 mm. in diameter in the eye of
the Conger eel. The result was based on discharges from the whole
nerve. By exploring the frog’s retina with a minute light spot, 0.55
mm. in diameter, Hartline (1940a,c) studied the receptive field from
which the single spike could be elicited. He arrived at much the same
figure. Hartline’s chart is shown in Fig. 32. The receptive field is
very sensitive in the middle, less so toward its edge. The curve of Fig.
33, from Thomson’s work, confirms Hartline’s result and is recorded
from the rabbit with the spike seen in the record, isolated by a micro-
electrode stuck into the optic nerve itself. Barlow (1953a,b), with
the microelectrode technique used as in our laboratory on the inside
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of the opened bulb (frog), added the significant observation that
around the on/off elements the roughly circular receptive field was
surrounded by a ring of inhibition. When this ring was illuminated
separately, a discharge to light elicited from the middle of the recep-
tive field was inhibited, even though the ring illuminated by itself
failed to give a discharge and thus seemed to be outside the zone pro-
jected onto the single fiber. If we assume the receptive field to be the
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Fig. 33. The receptive field demonstrated by measuring the threshold energy
for wave length 5300 A. The logarithm of the threshold energy is plotted on
the ordinate. The degrees through which the stimulating spot has been moved
are shown on the abscissae. Time trace of insert recording: 10 msec. (Thomson,
J. Physiol., 119, 191. 1953.)

sum total of converging receptors and bipolars, this means that the
surrounding inhibition may have been carried by internuncial neurones
for lateral spread (amacrines, as originally suggested by Graham and
Granit, 1931). At any rate, an organized inhibition of the type found
by Barlow is very difficult to understand on any other basis than that
it is organized by the neural network, probably to constitute a basis
for simultaneous contrast. This was Hartline’s (1940a) view also,
based on the fact that within a receptive field there was inhibitory sum-
mation as well as excitatory summation. At the background of this
is Sherrington’s experience that reflex excitation and inhibition in the
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spinal cord have the same properties but with opposite algebraic sign.

Barlow’s experiment raises the question of what to define as a re-
ceptive field. In the absence of proofs to the contrary the discharge
pattern of an element may be assumed to be affected by events so far
away from it that it may seem worth while, for the time being, to
preserve the distinction between element and receptive field, concepts
which otherwise would be undistinguishable. Thus, for instance, Gal-
lego (1953) has recently demonstrated in the cat’s retina a quite
specific widespread plexiform layer which may well serve to integrate
vast areas into a diffuse discharge in the dark. Kuffler (1952) in the
same animal actually has found receptive fields up to 4 mm. across in
the dark but is worried by spread of light, which is known to be con-
siderable. He therefore always uses some background illumination
and then obtains values of the order found by other workers on other
animals. However, when scatter is wholly excluded, as by Wirth and
Zetterstrom’s (1954) method of studying the electroretinogram elic-
ited by light passing through blackened Perspex cones applied directly
onto the retina (see Chapter 5, sec. 1), 4-5 mm. of diameter is also
necessary to obtain all the features of the normal high-intensity type
of electroretinogram. The question of what to include in a receptive
field therefore embodies a real experimental problem and not dialec-
tics. I shall return to it below in connection with the question of recep-
tive fields as a function of state of adaptation.

Hartline (personal communication) found both large and small re-
ceptive fields in the frog’s eye, apart from proving that the field in-
creased as much as double its size when stimulus intensities 100—1000
times the threshold were used. These are still modest intensities for
an eye. Within the receptive field, as stated, there is summation of ex-
citatory effects in on-elements and summation of inhibitory effects in
off-elements (Hartline, 1940a).

An interesting feature of Kuffler’s (1952, 1953) recent study of
the receptive fields in the cat’s eye is the preservation of an intact eye
by inserting the electrode through a small opening in the sclera. By
using two small light spots he was able to demonstrate in a particularly
elegant way the above-mentioned antagonism between the on- and
off-components of an element that T had seen when using the simple
expedient of making on- and off-discharges clash by shortening the
time of exposure (Granit, 1951; Enroth, 1952, with flicker). Kuffler’s
most important new findings concern the minute organization that is
characteristic of the receptive fields. Thus, in Fig. 34 it is seen that
the center of the field gives on-effects only, in an intermediate zone




76 RECEPTORS AND SENSORY PERCEPTION

on/off discharges are obtained, and the surroundings produce pure
off-discharges. There were other fields designed in an opposite fashion:
the center producing off-discharges, the periphery on-discharges. Since
the center, in agreement with all previous work, is the most sensitive
part of the field, its characteristics will be emphasized by properly
choosing stimulus strength and background illumination. All these
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Fig. 34. Cat retina. Distribution of discharge patterns within receptive field
of ganglion cell (located at tip of electrode). Exploring spot was 0.2 mm. in
diameter, about 100 times threshold at center of field. Background illumination
approximately 25 m.c. In central region (crosses) “on” discharges were found,
while in diagonally hatched part only “off” discharges occurred (circles). In
intermediary zone (horizontally hatched) discharges were “on/off.” Note that
change in conditions of illumination (background, etc.) altered discharge pattern
distribution. (Kuftler, J. Neurophysiol., 16, 37. 1953.)

factors, including area of stimulus and position, were studied one by
one and found to be capable of altering the type of discharge from the
field. By these experiments Kuffler also considerably deepened our
understanding of why the on/off ratio of the cat’s eye is so variable,
as we always have found it to be. It is very likely that rod-cone antag-
onism in an eye with a large number of rods complicates this issue.
To illustrate the fundamental antagonism between the on- and the
off-components within a single receptive field I am reproducing as
Fig. 35 an experiment from Kuffler’s work. One of the exploring spots
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(4), 0.2 mm. in diameter, was placed near the tip of the recording
electrode in the center of the receptive field and proved to give a high
frequency on-discharge to light. The other spot (B) was placed within
that part of the field which gave off-discharges only. Each vertical
row of records shows first 4 and then B by itself as control, then the

I

Fig. 35. Cat retina. Interaction of two separate light spots. Single ganglion
cell discharge during background illumination of 20 m.c. Spot 4, 0.1 mm. in
radius, was placed in center of receptive field at tip of recording electrode.
Spot B, 0.2 mm. in radius, was 0.6 mm. away in surroundings. Flashed sepa-
rately, they set up “on” (4) and “off” (B) responses. With a simultaneous flash,
A + B in col. I, “off” response is suppressed and at same time number of “on”
discharges in 4 + B is slightly reduced as compared with 4. In col. II intensity
of spot A was reduced, while spot B was increased (note flash strength indication
on second beam). As a consequence B suppressed “on” discharge of 4. In col. III,
both spots were “strong.” When flashed together (4 4 B) they reduced each
other’s discharges. Flash duration was 0.33 sec.; potentials were 0.3 mV. (Kuf-
fler, J. Neurophysiol., 16, 37. 1953.)

effect of making them clash (A4 + B). In the first vertical row when
A is strong B is suppressed by collision with 4. In the second row A is
weakened and B increased in strength. When they clash, 4 is sup-
pressed. In the third row both 4 and B are strong and both have lost in
effectiveness by the collision. Enroth’s (1952) flicker studies with
single elements gave similar results, though not in terms of receptive
fields.

This antagonism of the on- and off-system in the retina seems to me
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of fundamental importance for another reason: it is maintained over
such a broad range of phenomena. First of all, the on-discharge is
excited by light and stops in the dark, while the off-discharge is in-
hibited by light and excited by darkness (Fig. 14). Second, the two
seem to be closely associated with opposite slow potentials in the
retina. Finally, they are mutually exclusive when they clash on the
ganglion cell. One might say, too, that all these results are a belated
vindication of the essential truth of Hering’s contention that there are
two fundamental processes of opposite character in the retina, even
though he could never have foreseen in what way his idea would come
true. His notions were derived from the phenomena of contrast, for
which no doubt the antagonism described is of fundamental impor-
tance, though a great deal of painstaking work will go into showing
just how.

In many visual phenomena light adaptation and illumination of the
background tend to have an equivalent effect (see e.g. Lythgoe and
Tansley’s work on perceived flicker, 1929; Craik and Vernon’s demon-
stration that the summation area shrinks in light adaptation, 1941).
It is therefore of considerable interest that Kuffler (1952) has found
that as the background illumination increases, the receptive fields
shrink. This effect was noted with all types of fields. The smallest re-
ceptive fields reported by Kuffler, explored with light spots 0.1-0.2
mm. in diameter, were themselves not larger than 0.5 mm. in diameter,
yet they responded with on/off discharges. This suggests that the high
flicker frequency noted in light-adapted animals with strong stimuli
(Dodt, 1951a; Dodt and Enroth, 1953; Dodt and Wirth, 1953) and
consequent light adaptation is a flicker with a small receptive field.
Since the pigeon’s eye under such conditions runs up to fusion fre-
quencies of around 140 flashes per second (Dodt and Wirth, 1953),
its cone-retina is probably characterized by particularly small recep-
tive fields, as suggested by Dodt and Wirth on the basis of the pigeon’s
large number of optic nerve fibers, nearly 10 times greater than in the
cat (Bruesch and Arey, 1942).

Kuffler (private communication) in work with Barlow has recently
found that at the threshold (heavy background activity) the receptive
fields in the dark-adapted cat’s eye tend to be uniform, i.e. give over
its whole area the response which is characteristic of the center during
light adaptation. At the same time area summation occurs over the
whole field, while in light this happens only over the small central or
surrounding areas respectively. This again suggests a physiological
role for Gallego’s widespread plexiform layer, mentioned above.
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6. Limitations of the technique of single
fiber analysis

It remains to discuss what limitations should be imposed upon the
interpretation of all these experiments with single fibers or single
ganglion cells in the retina from the point of view of the technique
itself. The experimenter, inasmuch as he wants to perform long-lasting
analyses, tends to go in for large spikes which are delivered by large
ganglion cells (Rushton, 1949, 1953). These in the cat are likely to
have large receptive fields (Cajal, summary, 1933; Polyak, 1941).
In my early work on color reception I did not follow this line of pro-
cedure alone but often measured the threshold of the spike most sensi-
tive to a given narrow spectral region and was not too particular about
isolation. Some of these spikes were just as likely to come from optic
nerve fibers as from ganglion cells because, as pointed out at the time
(Granit, 1941a), when microillumination was used (Granit and
Svaetichin, 1939), there was often a considerable distance between
the spike and the microilluminated spot. Donner (1953) too, in his
recent work on color reception in pigeons, measures the discharge from
isolated small spikes. Gernandt (1948a) studied the spikes more
closely and found two kinds in the cat’s eye which since have been
clearly differentiated by Kuffler (1952) in the same eye and by Barlow
(1953a,b) in the frog eye, the one coming from optic nerve fibers, the
other from ganglion cells. This difference would be of little significance
for analyses in terms of spike frequencies had it not become customary
to go in for rather large spikes in order not to lose them in long-lasting
experiments.

Receptive fields have not been systematically studied with small
spikes but it is well known that these, too, give on/off discharges
(Bohm and Gernandt, 1950, with the cat’s eye; Donner, 1953, with
the pigeon’s eye; Barlow, 1953a,b, with the frog’s eye). Also, some
of the fields studied by Kuffler, as we have seen, were quite small, yet
gave on/off discharges. One further line of evidence suggests that the
difference between large and small spikes should not be exaggerated:
provided stimulus strength is high enough, the large spike in the cat’s
eye can be made to follow flicker up to the highest frequencies known
for the human eye under similar conditions (70-80 flashes per sec-
ond), as proved by Dodt and Enroth (1953). The rod eye of the
guinea pig cannot follow equally fast rates of intermittency (Dodt
and Wirth, 1953). Thus, the large spikes are capable of perfect dis-
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crimination of the flashes in flicker. We shall return to flicker in
connection with the general problem of discrimination. Again, the
assumption that the small spikes do not possess off-discharges is not
only contrary to first-hand experience but also very unlikely when one
considers that the off-discharge is the only retinal phenomenon capable
of furnishing a peripheral cue for successive contrast which reaches
its climax in color vision.

While it is highly desirable to have more work carried out with small
spikes, I cannot share the surmise of Rushton (1953) that the small
spikes may have very different response patterns. Even in the fovea
of primates the private 1:1 path over the midget bipolar has other
connections which make it potentially subject to influences from ad-
jacent paths. It may well act in isolation in one context and together
with adjacent receptors in another. Animals without fovea see well
enough to make it a problem how they can do it. Also, it seems very
unlikely that the principles discovered by the work on relatively large
spikes would suddenly have been sacrificed at the very late stage of
phylogenetic development (primates among mammals, birds) when
a fovea occurs. To enumerate these principles briefly, they are: (1)
the existence of two systems antagonistic throughout—the on- and
the off-systems; (2) an organization similar to the one in the sentient
skin and consisting of overlapping receptive fields of very different
sizes; (3) a minute organization of these fields, which serves to em-
phasize the properties of the center of the field, either “on” or “off,”
at the expense of the periphery; (4) means of expansion or contraction
of the receptive field with variations in state of adaptation.

In the absence of studies of the fovea we can, for the time being,
well disregard it and be content with the fact that the retina is a good
organ for discrimination, even in animals without a fovea. If we fail
to make sense of its properties as known at the moment, we are not
likely to succeed very much better when the foveal records become
available (see Chapter 8, dealing with discrimination).

Chapter 3

Spontaneous Activity in Sense Organs
and Its Functional Signiﬁcance.

The Principle of Centrifugal Control

1. Introduction. The peripheral mechanism

THE ideas we entertain today about spontaneous activity in sense
organs are entirely a product of the electronic era of sensory research
which made it possible to observe the impulse. This does not mean
that these problems are wholly without a history in psychophysical
research. Do we have spontaneous sensations? To be sure, most sense
organs are held to possess in the normal state an absolute zero-point
of no sensation, but of old the eye has been regarded as an exception,
since something is always perceived, even under closed lids in the
dark. This to Helmholtz (1867) was the Eigenlicht produced by in-
ternal excitation and to Hering (1925) the autogenetic gray (das
Eigengrau). These great opponents also disagreed about the sensation
of “black.” With Helmholtz’s acceptance of Young’s color theory went
the notion that white is the sum of all colors and black the absence of
sensation, while to Hering “absence of sensation” was something that
one saw with one’s back, and deep black, as perceived, was just as
positive a sensation as white, besides being obtainable only by con-
trast against white. According to Hering’s theory black and white were
the opposite poles of his two antagonistic processes, assimilation and
dissimilation; and the autogenetic gray, just as any other gray, was
some intermediate point.

If the calculations of Bruesch and Arey (1942) to the effect that
38% of all the sensory input in man is delivered through his one mil-
lion optic nerve fibers are correct, there need not be much spontaneous
activity in these fibers to produce a sensation of gray. We are exception-
ally visual animals.

With the advent of electronics into the study of sense organs spon-
81
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taneous activity arrived—at first as a mild surprise to Adrian and his
collaborators (e.g. Adrian and Zotterman, 1926a), because there was
always a chance of injury or internal stresses in the early muscle and
skin preparations. However, Adrian and R. Matthews (1927a,b;
1928) saw spontaneous discharges very markedly also in the eel’s
optic nerve, and, again, Adrian (1932a, 1937) in the optic ganglion
of the water beetle (Dytiscus marginalis). Matthews (1931a) con-
firmed Adrian and Zotterman’s observation that the end-organs in
frog muscle sometimes may discharge in the absence of any external
tension but held it to be due to slight deformation consequent upon
some internal strain despite absence of external tension. The advent
of the mammalian preparation contributed to establishing the reality
of spontaneous activity because, as a rule, rates of resting discharge
are higher in mammals than in cold-blooded animals. However, we
shall see below that there are sense organs which discharge spontane-
ously in all types of animal as if this form of activity were part of their
normal pattern of behavior.

Gradually, therefore, the idea of spontaneous activity as an integral
part of the performance of the sensory instruments has grown upon
us. My own experience derives from two such highly active sense
organs as the retina and the mammalian muscle spindle, in both of
which the existence of a spontaneous discharge is pregnant with mean-
ing. Apparently because the subject in this way gradually has wheedled
itself into our attention, spontaneous activity has never, to the best of
my knowledge, received the recognition it deserves in the form of a
review of its own which treats it synthetically. This omission is what
I now, belatedly, shall try to rectify.

I have already mentioned (Chapter 1, sec. 3) Katz’s experiments
in which he studied the electrical activity of the afferent terminals of
muscle spindle end-organs in the frog (Chapter 1, sec. 4, Fig. 5).
When the state of tension of the spindle was very low, a random dis-
charge of impulses was observed, but it was quite clear that a con-
siderable number of them never were propagated up the axon but
remained in the abortive state as prepotentials incapable of maturing
into a discharged spike. These abortive impulses at a given ending
occurred in discrete quantal sizes and were not subject to continuous
gradation. They were probably therefore real impulses, but limited to
the fine terminal branches of the end-organ failing to propagate indi-
vidually because of the low safety factor for propagation at the site of
expansion of the fiber. Only when several such impulses arrived
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simultaneously could they set up the current density necessary for
evoking a propagated impulse in the common fiber into which they
fed. As to the cause of the random discharge at very low tension Katz
suggested that there are considerable fluctuations in the excitatory
state of the stretch receptor which possibly are due to molecular agita-
tion in the mechanical receptor substance or ionic noise in the terminal
nerve membrane. This view has been experimentally elaborated by
Buller, Nicholls, and G. Strém (1953). They found in Katz’s type of
preparation the mean value of the standard deviation from a regular
firing frequency to be of the order of 3.0-3.5 impulses per second.
This, they calculated, would correspond to a fluctuation of membrane
potential of the order of = 0.7 mV. in S.D. which may well occur in
terminals below 0.1p (Fatt and Katz, 1952a). Thermal agitation could
therefore be one permanent source for this “biological noise.”

Fatt and Katz (1951, 1952a), using internal microelectrodes, found
a random succession of miniature potentials also in the motor end
plate, their amplitude being of the order of 1/100 of the normal end
plate potential. While admitting that unknown causes may contribute
to this spontaneous activity (cf. Buller et al., 1953 ), they were inclined
to ascribe the phenomenon to thermal agitation of ions within the
membrane. Brock, Coombs, and Eccles, by the same technique
(1952), found similar random fluctuations across the membrane of
the ventral horn cell but those may, partly at least, arise from impulses
arriving into individual synaptic knobs. Analysis of the spontaneous
discharge in the lateral line organ of fish, performed by Katsuki et al.
(1950), also showed a random distribution in addition to a periodic
fluctuation.

Katz’s observations on muscle spindles provide another role for the
characteristic fine divisions of sensory nerve terminals in the periphery
which I have already considered as a possible factor favoring repetitive
firing in many sense organs. Even specialized organs such as the retinal
cones have dendritic_terminals connected with a single bipolar. The
rods which end in round knobs have solved this problem by converg-
ing in large numbers upon a single bipolar. They would therefore be
expected to possess a particularly high capacity for spontaneous im-
pulse generation, as this, on Katz’s results, would be a function of the
number of terminals (rods) impinging upon the fiber (bipolar). This
assumption is borne out by experimentation (see next section).
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2. Role of spontaneous activity illustrated by
retina. The arousal reaction from
reticular centers

In the retina we may also have other sources of spontaneous activity,
it being, as we have seen, a layer of receptors lined by two layers of
neurones. In most of the preparations on which I have made my ob-
servations the optic nerve has been cut (decerebrate cats) or else
excised eyes have been used so that the discharge in the optic nerve
under all circumstances has arrived only from the periphery. It is
therefore from the present points of view immaterial whether the spon-
taneous activity is ascribed to instability in the transition from re-
ceptors to bipolars alone, in the neural structures alone, or in both.

Adrian and Matthews (1928) made the first observations on spon-
taneous rhythms in a retina. They recorded from the whole nerve of
the eel’s eye and often found that the spontaneous activity became
synchronized into large beats when the entire eye was illuminated.
Regular massed rhythms are not seen in the more normal vertebrate
retina unless the animal is given strychnine (Granit, 1945a). It is
likely to be an abnormality also in the excised eye, as suggested by
Adrian (1937) himself in connection with later work on the optic
ganglion of the water-beetle (Dytiscus). The microelectrode tech-
nique, however, will do very little damage to an eye if the electrode is
carefully applied to the retina. The lens and cornea may be removed,
as in our laboratory (Granit, 1947), or the electrode may be stuck in
through a small hole in the bulb, as is being done by Kuffler (1952,
1953). The result is the same. A large number, perhaps most, of the
ganglion cells maintain a spontaneous discharge which fluctuates
somewhat but in general tends to increase a great deal in dark adapta-
tion (see Granit, 1947, pp. 95-6). This I have seen in both frogs and
cats, and Kuffler (1953) in cats. In frog eyes the massed discharge
tends to be considerable in the dark and is small during illumination
or even some time after cessation of illumination (when the off-
discharge proper has disappeared). However, it is never absent and
is found also in pure cone eyes (tortoise, snake). Spontaneous activity
in the auditory nerve fibers and inhibition of it by noise was described
by Galambos and Davis (1944). On the whole, eye and ear present a
series of striking similarities in terms of spike patterns and their be-
havior. A recent important addition to the list of organs with marked
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spontaneous activity is the temperature organ (Hensel, 1952; Zotter-
man, 1953).

In the retina there will be corresponding changes of slow potential
because in this organ, as elsewhere, each impulse is preceded by a
prepotential (Kuffler, 1953; Best, 1953b). One might say that this
little “brain” in the periphery, which is attached to the visual receptors,
behaves like the rest of the brain in that it generates small “brain
waves.” This has recently been emphasized also by Barlow (1953a,b).

In studying the spontaneous activity of the retina with microelec-
trodes I made the curious observation (Granit, 1941a) that, apart from
the spontaneously active cells that could be influenced by light in the
ordinary way, there were others which acted with great independence.
The strongest illumination I had at the time was 2400 meter candles
at the opened eye. Yet, when this light was switched on, there were
spikes which remained uninfluenced. There was no reason to suspect
that mechanical stimulation by the microelectrode had activated the
cell. When slowly screwing the microelectrode into position, looking
at it all the time in the microscope (that was placed above the excised
cone eye of the tortoise used in the experiment of Fig. 36), one often
heard first the rhythm of the discharge in the loudspeaker as a faint
distant noise which gradually increased in strength as the point of
the electrode approached the active unit from above. Recently Kuffler
(1953) also has reported on spontaneously active light-resistant ele-
ments with his preparation, the unopened eye of the cat. This need
not necessarily mean that such units always are, as it were, shut off
from the influence of the receptor layer.

It is far more common, however, to find light to excite or inhibit the
discharge, according to stimulus strength and the nature of the element,
with an over-all effect of considerable depression of the rate of spon-
taneous firing in the light-adapted state. In light adaptation fewer ele-
ments seem to be spontaneously active than in dark adaptation.

The spontaneous activity, so lively in the mammalian retina, is thus
the background against which effects of stimulation are displayed. It
would provide a natural explanation of Hering’s autogenetic gray.
What functions can be ascribed to it on the basis of electrophysiological
research?

With regard to the spikes influenced by light in the ordinary way,
it seems clear that the fluctuating state of excitability expressed by
spontaneous activity must permit some rotation of activity between
individual units. This is evident when intermittent stimulation is com-
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bined with observations of several units at sufficiently high rates of
flicker. Some rotation then takes place, as is shown by Fig. 36.

Further, the increase of the spontaneous firing in the dark may serve
to compensate for the drop in excitability that would be a likely con-
sequence for the visual central projections when they are deprived of
their sensory input. Without the spontaneous rhythm darkness would
be a kind of de-afferentation by natural means of most important
sections of the brain. Some years ago, when the only visual projections
considered were those through the lateral geniculate bodies to the
occipital field in the striate area, permanent cortical facilitation did
not suggest the problems it does today.

Fig. 36. Microelectrode records. 1. Spontaneous activity in dark-adapted
retina of tortoise inhibited by illumination. 2. Same in retina of rat. 3. Response
to intermittent light in retina of frog. Several units and some rotation of activity.
4. Spontaneous activity in retina of tortoise, not influenced by illumination.
Light signal and time in 1/50 sec. above each record. (Granit, Acta physiol.
scand., 1, 370. 1941a; Vet. akad. arkiv f. zool., A 36, No. 11. 1945a.)

On account of the recent electroencephalographical work on facili-
tatory centers for the cortex situated in the brain stem (see below),
the whole problem of the level of activity of the brain centers has
taken on a new aspect. For the eye, however, there was early evidence
in Bremer’s laboratory by Claes (1939) to the effect that the retina
is of considerable importance for the maintenance of a normal elec-
troencephalogram had we but understood its significance. Her results
have been explained by our microelectrode records of spontaneous
activity in the cat’s retina.

Claes used Bremer’s preparation encéphale isolé (Bremer, 1936b).
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The atlanto-occipital membrane of a cat is opened under narcosis and
the medulla cross-sectioned. The animal is then maintained on artificial
respiration without narcosis. In this preparation the brain is active
compared with that of ordinary anesthetized animals. As a most char-
acteristic sign of this state of activity the electroencephalogram from
the striate area is characterized by an incessant low-voltage high-
frequency discharge interrupted by large bursts similar to those seen
under barbiturate anesthesia but somewhat faster and often not quite
as large. Claes studied this electroencephalogram before and after (a)
enucleation of the two bulbs, (b) retrobulbar severance of the optic
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Fig. 37. Cat, encéphale isolé. Electroencephalograms. A4: simultaneous rec-
ords from the two striate areas before bilateral enucleation of the eye bulbs.
B: same after enucleation. Note groups of slow waves separated by almost total
inactivity. (Claes, Arch. Int. Physiol., 48, 181. 1939.)

nerves without enucleation and (in one case) (c¢) cauterization of the
papilla of the optic nerve. The result of those operative procedures in
most animals was that there appeared long periods of almost complete
central inactivity lasting from ten to fifteen seconds, which interrupted
groups of activity of higher voltage but lower frequency than before,
a change in the direction of the one occurring in sleep. Electroenceph-
alograms from the striate area before and after bilateral enucleation
of the bulbs are shown in Fig. 37. I have confirmed her results on one
similar preparation. Ingvar (1954) has since confirmed them on sev-
eral animals with instantaneous severance of both optic nerves behind
the eye bulb. Large scale chronical experiments are still lacking.
This change, Claes observes, is never seen merely in the absence of
stimulation with light, even if darkness be maintained indefinitely.
She concluded that the retina, also in the complete absence of visual
stimuli, exercises a tonic influence upon the level of spontaneous
activity in the brain. This effect is primarily noted in the striate area
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but some influence can also be detected as a repercussation in other
regions—for instance, in the auditory area.

The electroencephalographic results seem capable of explaining the
general biological significance of the striking spontaneous activity that
I at the same time found in the dark-adapted mammalian retina. It
also seems possible that some retinal ganglion cells, as Kuffler and I
have found, actually—while subthreshold—devote themselves chiefly
to the role of “energizers” maintaining the level of excitability of the
centers and for this reason keep up their firing rate with relative dis-
regard of stimulation by light. From the point of view of vision they
would probably be high-threshold units requiring a very great amount
of illumination to alter their firing frequency. I find it difficult to be-
lieve that they would be completely inaccessible to illumination. How-
ever, if the spontaneous activity is partly maintained by the neural
elements, the system may well be temporarily independent of the re-
ceptor input. It would be valuable to have more experimentation
devoted to all these aspects of vision.

Now what is this “tonic influence”? How can sense organs act as
“energizers”? Can we formulate this idea with greater precision?
Spontaneous activity may well be a very important physiological
phenomenon. To this end we have to turn to current notions about
sleep and wakefulness.

Ranson’s group (see e.g. Ranson, 1939; Ranson and Magoun,
1939), in the large-scale work with the Horsley-Clarke instrument
carried out at Northwestern University in Chicago, came to the con-
clusion that the essential problem in sleep, far from being one of
generalized inhibition, had to be turned upside down. Thus, what had
to be accounted for was not in the first instance somnolence but the
state of activity and awareness. Ranson’s view was that the hypothala-
mus contained a “waking center” to take care of these functions. When
this was destroyed, the animals fell asleep. Other aspects of the prob-
lem of sleep need not concern us in this connection except that it is
necessary to realize that opposing systems in the lamina medullaris
interna of the thalamus induce sleep (see e.g. Hess, 1944a,b; Hunter
and Jasper, 1949), including the electroencephalographic signs of
sleep (Akert, Koella, and Hess, 1952). Bremer (1935, 1936a), in
developing his preparation cerveau isolé, had followed a similar line
of thinking, believing the electroencephalographic signs of somnolence
that he observed in his animals were due to section of the specific sen-
sory lemniscal paths running through the thalamic regions to activate the
sensory projections in the cerebrum, a view at the time widely accepted.
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Bremer’s transection for this preparation was at a higher level than
Claes’, through the mesencephalon, and instead of the active brain of
the encéphale isolé by a bulbar section, he now encountered a brain,
the cerveau isolé, with all the electroencephalographic signs of sleep
or of barbiturate anesthesia. Visual and olfactory paths remain, but
if these also are removed by destroying the basal parts of the dien-
cephalon, inactivity becomes profound (Bremer, 1938; Lindsley, Bow-
den, and Magoun, 1949).

The work of Magoun and his collaborators Niemer and Rhines,
which will be discussed in connection with the activation of the muscle
spindles (Chapter 7), had led to the elaboration of the concept of
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Fig. 38. Awakening of a sleeper. Normal adult male. At the beginning of
the records the E.E.G. shows the irregular slow waves which characterize light
sleep; at C, awakening by a call. Note the succession of a slow reaction wave
synchronous in the four leads, a burst of alpha waves, and finally the fast low-
voltage activity of the waking state. The monopolar leads, all on the same left
hemisphere, were frontal, parietal, occipital, and temporal. Calibrations: 20
microvolts, 1 second. (Bremer, Some problems in neurophysiology, Athlone
Press, London, 1953.)

excitatory and inhibitory regions of generalized action in the brain
stem and medulla, serving to induce respectively hyperactivity and
hyporeflexia, with lack of tonus in the periphery, without much dis-
crimination between individual muscle groups. Adding electroenceph-
alography to their methods of research, Moruzzi and Magoun (1949)
and Moruzzi (1949) identified a cephalically directed brain-stem sys-
tem, apparently consisting of reticular relays ascending to the basal
diencephalon and further to the cortex, where it was found to desyn-
chronize the high-voltage slow waves and create a pattern of low-
voltage high-frequency activity, the so-called arousal reaction (see
for a summary, e.g., Bremer, 1953; Magoun, 1950, 1952). Fig. 38,
from Bremer’s work, illustrates this change during awakening in man.
Magoun and his collaborators found that basal mesencephalic and
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diencephalic lesions which abolished the electroencephalographic
arousal reaction had spared the specific sensory relay nuclei which
therefore could hardly be held responsible for the maintenance of the
state of awareness as defined electroencephalographically. Bremer
(1953) fully accepted these conclusions and thus subscribed to the
view that the reticular activating system rather than the specific relay
nuclei, which he first had thought of, were the ones setting up the
arousal reaction.

Several other lines of research by electroencephalographic methods,
carried out practically during the same period, converged toward estab-
lishing and giving precision to the idea of “waking centers” in the
mesencephalic and diencephalic reticular system. Thus, Morison and
his collaborators (Dempsey and Morison, 1942; Morison and Demp-
sey, 1942) originated a very prolific line of experimentation by show-
ing that thalamic stimulation at a slow rate activated a recruiting
response of waves similar to the barbiturate spindles. This was found
in widespread areas of both hemispheres. Stimulation at fast rates,
however, suppressed barbiturate bursts (Dempsey and Morison, 1943;
Morison, Finley, and Lothrop, 1943). The latter observations were
explained by Murphy and Gellhorn (1945), who found that hypo-
thalamic stimulation which suppressed such bursts also dispersed syn-
chronized strychnine spikes and induced the high-frequency low-
voltage response which characterizes awakening or arousal. Jasper
and his group (summary by Jasper, 1949; cf. Hanbery and Jasper,
1953) pointed out that arousal reactions were obtained from stimula-
tion with high frequencies of certain portions of the thalamus and
the posterior hypothalamus. He regards what he calls the thalamic
reticular system as a more highly organized portion with diffuse central
projections capable also of more restricted cortical action and of
setting up the recruiting response types first described by Morison and
Dempsey. In this respect it differs from the mesencephalic reticular
system, the desynchronizing action of which normally will keep the
thalamic neurones under control (see e.g. Jasper, Ajmone-Marsan,
and Stoll, 1952). He agrees, however, with Magoun as to the strongly
desynchronizing action of the mesencephalic reticular system. The
projections of this system upon the thalamic nuclei have been studied
by Starzl, Taylor, and Magoun (1951a).

From the present point of view it seems particularly important that
the system of ascending reticular relays recently has been found to
receive “a hitherto unsuspected wealth of afferent connections” (Ma-
goun, 1952; cf. Dell, 1952). By the technique of evoked potentials
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Starzl, Taylor, and Magoun (1951b) have found in it responses to
somatic and auditory stimuli. French, Van Amerongen, and Magoun
(1952) have also demonstrated visual projections in this area. Simul-
taneous records from cortex and reticular system show the reticular
afferent response to be accompanied by the characteristic arousal re-
action at the higher levels, as obtained by direct electrical stimulation
of the same region. Since decerebellation or decortication did not re-
move the reticular response to afferent stimulation, it was concluded

CEREBRAL CORTEX

HYPO-THALAMUS

ASCENDING RETICULAR ACTIVATING
SYSTEM IN BRAIN STEM

Fig. 39. Outline of brain of cat, showing distribution of afferent collaterals
to ascending reticular activating system in brain stem. (Starzl, Taylor and
Magoun, J. Neurophysiol., 14, 479. 1951b.)

that the effects did not as such depend upon corticofugal paths. Taken
in conjunction with the fact, mentioned above, that destruction of the
specific lemniscal pathways of the sensory impulses did not by itself
suffice to reduce the activity of the brain to somnolence, as defined
electroencephalographically, ail this work seems to support the notion
that the sense organs actually possess another route of relays through
the reticular portion of mesencephalon and diencephalon which is es-
sential in maintaining a state of wakefulness or alertness. Fig. 39 sum-
marizes these conclusions.

Returning, after this excursion, to the question of spontaneous
activity in sense organs, it seems that our “private measuring instru-
ments” must play a great role also in keeping us alert and active.
Spontaneous activity now emerges as something vastly more significant
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than a random noise in itself might have been held to be. It is incor-
porated in the functional plan upon which the body is organized for
action and reaction. We can now better understand how sense organs
can serve as “‘energizers.” A good example on a simpler scale is the
olfactory bulb, which shows continuous fast activity in light anesthesia
but can be induced to rest by intravenous injection of barbiturates or
other anesthetics (Adrian, 1950). In such cases

the intrinsic activity may return after a time as the effect of the
anaesthetic wears off, but before it has returned spontaneously it
can often be started up again by a short period of olfactory stimula-
tion. The sudden resumption of activity is an example of a reaction
which occurs in many other collections of unstable nerve cells and
is best described as the awakening reaction. . . . [This] may be
regarded as little more than the development of a prolonged after
activity in a structure which tends to oscillate when it is disturbed.
In some conditions and in some structures the oscillations die out
in a short time, in others they continue indefinitely. [Adrian, 1950,
pp- 381-2.]

In thinking of the spontaneous activity from sense organs in such
terms it is necessary to recall that some sense organs are provided
with centrifugal fibers which may “set” their permanent output fre-
quency to any desired level. I shall take up this question in sec. 6
below.

In their capacity as “energizers” the sense organs may well be supported
by other structures. I am thinking in particular of the cerebellum, in which
Brookhart, Moruzzi, and Snider (1950), using the microelectrode tech-
nique, have found very high firing frequencies in individual Purkinje or
granular cells. It is difficult to see any other obvious reason for spontaneous
firing at average rates of from 70 to 80 impulses per second in a cerebellum
deprived of its connections with the cerebrum. The cerebellum also re-
ceives a very large number of afferent sensory projections, particularly
from the skin and the muscles and projects to the reticular substance
(Snider, McCulloch, and Magoun, 1949; Whiteside and Snider, 1953).
Excellent anatomical reviews are given by Brodal (1943, 1949). Recently
Jansen and Brodal have summarized the extensive work of the Oslo
school. This should not be interpreted to mean that the cerebellum serves
this purpose alone. One of the more important advances from the last
decade is, indeed, our increasing knowledge about the existence of highly
specific projections on the cerebellar cortex and other functional subdivi-
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sions (Dow, 1939; Adrian, 1943b; Fulton, 1949a; Snider, 1950; Moruzzi,
1950; Woolsey, 1950; Chambers and Sprague, 1951, 1952; Sprague and
Chambers, 1953).

To hold the view that sense organs, and in this particular connection
the retina, energize certain systems and individual cells by way of a
maintained spontaneous activity is to provide a new role for peripheral
inhibition in sense organs, whatever its cause. If all optic nerve fibers
were silent, unless stimulated, an effect of inhibition around the edges
of illuminated patches projected onto the silent retina would be negli-
gible because it would never be transmitted to the perceiving cortex.
But if the sense organ normally is spontaneously active, the suppres-
sion of the inherent activity will be notified to the cortex which, as is
well known (see e.g. Fulton, 1949b), reproduces the peripheral sen-
tient surface on a striate map of its own. The edges around the pro-
jected patches on the cortical map may now appear as regions of
correspondingly altered excitability. There is also a gradation on the
perceptual side in quantity from “black” to “white,” and intense black
is perceived only by contrast against white. These facts presuppose
notification on the part of the periphery, by some kind of “cue” to
the center, that there is complete cessation of impulse activity. The
center may well provide further elaboration, but it is difficult to see
how it could do so except against a background of suppressed dis-
charge.

In studying the optic nerve discharge of a retinal element in dark-
adapted cats, very commonly one finds that inhibition precedes excita-
tion, particularly at high intensities of stimulation (Granit, 1944). If
there is a spontaneous rhythm, it need not be immediately accelerated.
The acceleration may come after an initial inhibition, suggesting that
for some unknown reason the spontaneous discharge is cleared away
before the excitatory message is allowed to reach the brain.

We do not yet fully understand the specific sensory significance of
the maintained spontaneous activity of the retina as distinct from its
general role in activation of the higher centers. The suggestions put
forth have served to emphasize possibilities all of which have one
feature in common: that a background of spontaneous discharge will
enhance the significance of peripheral inhibition. We shall find this
generalization vindicated below by evidence from other sense organs.
The general advantage accruing from this arrangement is the same
as that of a galvanometer with its needle at the midpoint of the scale
instead of at the end.
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Fig. 40. Cortical responses to the stimulation of the lateral geniculate body
as recorded by an electrode inserted into the cortex at a depth about 1.5 mm.
beneath the surface. A4: in dark. B: during retinal illumination. Note the increase
in size of the three radiation potentials in B. (Chang, Res. Publ. Ass. Nerv. Ment.
Dis., 30, 430. 1952.)

To this section also belong some observations by Chang (1950a,b).
He was using cats and recorded the response to light from the lateral
geniculate body which is the first synapse on the path of the optic
nerve. Fig. 40 illustrates that the response to a slowly repeated elec-
trical test shock applied to the optic nerve is small in the dark but
gradually increases in size when the light is allowed to shine for some
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time. The effect is slow but of a remarkable order of magnitude. It
develops within 5 seconds. Light, as it were, potentiates itself! This
effect is also reflected in the striate area and spreads to the auditory
area, proving in a way different from that in the work previously men-
tioned that the discharge through the optic nerve has a great influence
on the general level of activity of the brain. Chang holds that the effect
is caused by excitatory impulses, and he may well be right in this view.
If so, it should occur also at cessation of illumination (off-discharge).

3. Spontaneous activity in certain
mechanoreceptors

Highly sensitive mechanoreceptors like those in the vestibular organ
and in the lateral line of fishes operate on the principle of microlevers
in the shape of hairs standing in fluid. The principle that flow of the
fluid in one direction will excite a discharge and in the other direction
will depress the spontaneous rhythm was established by the work of

Fig. 41. Records showing the effect of perfusing the hyomandibular loop of
a roach on the activity of a number of lateral line receptors. The white line is
the perfusion signal. Its upward displacement signals tailward perfusion, its
downward displacement signals headward perfusion. Time signal in seconds.
Perfusion at 10 cm. water pressure. Further explanation in text. (Sand, Proc.
Roy. Soc. of Lond., B 123, 472. 1937.)

Lowenstein and Sand (1936, 1940) on the semicircular canals of
elasmobranchs. The significance of this result is perhaps easier to
understand if I first consider the lateral line organ of fishes, with
which the vestibular organs are morphologically homologous. It is, in
fact, a bilateral tube containing hairs in endolymph and placed on the
surface of the body. Katsuki, Mizuhira, and Yoshino (1951), in the
relatively wide canal of the Japanese sea eel, found groups of sensory
hair cells covered by a thin transparent cupula.
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Hoagland in a series of papers (1933a,b, 1933-34a,b) described
the spontaneous activity in the nerve of this organ (cf. Katsuki et al.,
1950). Hoagland and independently of him Schriever (1935) found
them to be mechanoreceptors, but it remained for the late Alexander
Sand (1937), who developed a technique for perfusion of the hyo-
mandibular loop of the canal, to show that flow in one direction excited
some receptors, flow in the other direction inhibited them. This is
shown in Fig. 41. Actually there are two types of end-organs which
have opposite responses, as shown in Table 1.

TABLE 1 *
Group 1 Group 1I

During During

Perfusion After-Effect Perfusion  After-Effect
Headward strong response silent period inhibition  accelerated

rhythm
Tailward inhibition accelerated response  silent period
rhythm

* Sand. Proc. Roy. Soc. of Lond., B 123, 481. 1937.

Perhaps one should remark, too, that the lateral line organ obeys
Fechner’s law, the spike frequency being proportional to the logarithm
of the rate of flow. A rate of flow of 16 mm/sec. was a maximal
stimulus for these receptors, and the threshold was so low that it could
not be exactly determined. Actually the gentlest tapping on the table
or footsteps on the floor of the laboratory stimulated the preparation,
effects which, before they were eliminated, proved to be embarrassing
sources of error. This being so, one might think that the marked spon-
taneous activity of the lateral line receptors would be mechanical
artifacts or else due to ciliary movements of the hairs (Hoagland).
But Sand mentions that when he injected the canal with a suspension
of particles of methylene blue, he could not, through a binocular, see
any motion in them during more than an hour of observation. Yet,
though the particles remained motionless, the nerve of the canal
showed a vigorous persistent discharge. As to artifacts, he had his
preparation well under control. In this connection Sand made the
following very good remark: “If it is thought that ciliary activity of
the hair cells is in some way more intelligible than an inherent rhyth-
micity of a purely nervous peripheral mechanism, it is only because
we are familiar with such autonomous peripheral effectors, while the
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conception of an unprovoked peripheral nervous rhythm is new” (p.
490). The marked spontaneous rhythm of the retina and many other
sense organs, and Katz’s evidence on the muscle spindle, reviewed
above, rather tend to lay the burden of proof on those who deny the
existence of true spontaneous impulse generation. Conceptually, one
should perhaps make a distinction between a true resting discharge
and one maintained by a stimulus such as slight tension on a muscle
spindle or mechanical stress influencing receptors around the hair
stalks. For the present problem this distinction is of little importance
but in the last section I will show at what stage in the argument it really
matters.

On the whole I feel inclined to stress that we move on firmer ground
when we tentatively ascribe the close similarities in the principles of
action of various sense organs to the operation of analogous mecha-
nisms, rather than when we proceed to hypothecate a large number of
special mechanisms. Actually, the types of response from receptors
fall into a relatively limited number of categories. When, as shown by
Table 1, in the lateral line organ excitation is followed by inhibition
to flow in one direction, inhibition by excitation to flow in the other
direction, it is likely that these effects in the last instance are due to
depolarization and hyperpolarization of a membrane of the kind previ-
ously discussed (Chapter 1, sec. 4). Another question, then, is how
the movements of the hair succeed in bringing about depolarization
and hyperpolarization. It is perhaps most reasonable to assume two
kinds of hair cells in which the hairs are slightly bent or mechanically
so fixed that flow in one direction augments the stress on them, flow in
the other direction releases it. This problem is unsolved. It recurs with
several other mechanoreceptors of the same type, such as the vestibular
ampullae for which Léwenstein (1953) recently has obtained evidence
in favor of an electrical depolarization potential being responsible for
impulse generation.*

In this place one should perhaps mention the vibrissae of the cat.
They have far more elaborate endings around their stalks than do
ordinary hairs. These endings are surrounded by sensory structures
enclosed in bags, which may provide the mechanical forces necessary
for their directional sensitivity described by Fitzgerald (1940). The
spontaneous discharge is enhanced when the vibrissa is moved in one

* The prediction that depolarization and hyperpolarization will occur in such
organs and depend upon the direction of current flow has since been verified by
Y. Katsuki, H. Uchiyama and G. Totsuka (Proc. Jap. Acad., 30, 248-55. 1954).
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direction, suppressed when it is moved in another direction. This organ
is always under the influence of gravity, and so tensile stress on the
endings around the stalk is probably always maintained.

With regard to the significance of spontaneous activity, the experi-
ments on the lateral line organ are deficient in that the reflex effects
of the receptors are unknown. Thus, it is merely by hypothesis that we
can ascribe to their spontaneous rhythms an activating function of the
type proved to exist for the mammalian retina. This hypothesis was,
in fact, proposed by Hoagland. However, for other homologous struc-
tures the reflexes are known, and it seems reasonably certain, there-
fore, that the inhibitory and excitatory modifications of the spontaneous
activity, also in the lateral line organs, constitute an important mech-
anism for setting up differentiated responses. They are not likely to be
an exception to the general rule that spontaneous rhythms, apart from
activating higher centers, play an important role wherever the periph-
eral mechanism of excitation is developed so as to include peripheral
inhibition.

This conclusion is again emphasized by the behavior of the re-
ceptors in the semicircular canals, which also interpret movement in
space, differing from the lateral line in that the fluid is enclosed in a
tube, put in motion by acceleration, and thus bending the large gelat-
inous “cupula” which is seen in Fig. 42 to ride upon hair cells. The
actual swing-door movement of the cupula within the canal has been
observed on fishes in beautiful experiments by Steinhausen (1931,
1933) and Dohlman (1935, 1941). These semicircular tubes in the
labyrinth of the ear are well known to every student of biology to be
oriented in the three space coordinates—in fact three space organs in
one—and so to be capable of recording acceleration in all directions
(see e.g. the book by Camis, 1930). They are also known to initiate
a large number of compensatory reflexes upon the eye muscles, the
body, and the limbs—elucidated in brilliant experiments by Flourens
(1830a,b), Ewald (1887), Breuer (1889), Magnus (1924), and
others.

The vestibular nerves have been studied by several workers (Ross,
1936; Lowenstein and Sand, 1940; Adrian, 1943a; Gernandt, 1949;
Boenninghaus, Henatsch, and Vilmar, 1952), all of whom have no-
ticed the marked spontanecus resting discharge. In describing the
dynamic responses to acceleration I follow the paper by Lowenstein
and Sand on the thornback ray (Raja clavata). In this animal the
piece of cartilage containing the labyrinth can be removed, studied
in isolation, and thus conveniently rotated in all directions. Their work
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is therefore singularly complete and, as far as any specific aspect of
it is concerned, the results are in essential agreement with those ob-
tained on other animals, including mammals (Adrian, Gernandt).

Fig. 42. Diagrammatic sketch of a crista. On the surface of the crista are the
ciliated cells 4, between which are seen the supporting cells B. Toward the base
of the crista are the undifferentiated epithelial cells C. D indicates large nerve
fibers, the endings of which are connected with the intracellular network. E are
fine nerve fibers in the lateral parts of the crista, with free intercellular endings.
F is the cupula; the hair-processes of the sensory cells are seen penetrating the
canals of the cupula. (Kolmer, Ergebn. Physiol., 11, 372. 1911.)

Lowenstein and Sand made the fundamental observation to which
I have already alluded, namely that for each canal there were two
opposite reactions: rotation one way increased the spontaneous dis-
charge, rotation in the opposite direction suppressed it. Consider now
that there are six such canals, three in each ear, and it will be apparent
that the presence of a spontaneous rhythm that can be accelerated
or decelerated makes for a discrimination which, unless utilized by the
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brain, would be wholly meaningless. Table 2 summarizes the actually
observed responses of the semicircular canals to rotation about three
primary axes.

This table repays close study. The way it resolves space into a num-
ber of permutations makes one feel grateful for having the appropri-
ate compensatory movement in the muscles wholly performed by auto-
matic reflex adjustments! There is no more instructive demonstration
of the significance of pattern for discrimination. The fact that we
do not discriminate vestibular impressions by perception, i.e. con-
sciously (according to most authorities), is not a serious argument
when one considers that this message is correctly interpreted by the
lower centers for the eye muscles. There is no reason to regard con-
sciousness as more than a fringe on the pattern.

An interesting detail is that, to quote Lowenstein and Sand,

the four vertical canals are functionally grouped in pairs, the group-
ing differing in the three types of rotation. Thus, during rotation
about the longitudinal axis (tilting sideways) they may be described
as laterally synergic, during rotation about the transverse axis (tilt-
ing forward and backward) they are transversely synergic, and dur-
ing rotation about the vertical axis (turn-table rotation) they are
diagonally synergic. For example: tilting towards the right excites
the right anterior and posterior canals (lateral synergy), tilting for-
wards excites the right and left anterior canals (transverse synergy)
and clockwise turn-table rotation excites the left anterior and the
right posterior canal (diagonal synergy).

Lowenstein and Sand also present a scheme of correlations with
actual eye muscle movements, but it is not practicable to take it up
in this context. My purpose has been to point out the significance for
discrimination of spontaneous rhythms in receptors. From this point
of view the semicircular canals are a model organ because only one
clearly definable task in space orientation is involved: by their re-
sponse to acceleration they must create means for discriminating one
direction of movement from another in order to be capable of direct-
ing reflex orientation the way they do. They have, as do other sense
organs, only the frequency code at their disposal, grafted, however,
upon a magnificent space-sensitive instrument, the tubes for the spatial
coordinates containing the fluid moving the swing-door cupula. Accel-
eration and deceleration of the spontaneous rhythm of discharge creates
an interpretable pattern. One of our major aims as sensory physiologists
is to attempt to identify peripheral “cues” for sensory discrimination

TABLE 2 *

Responses of the Six Semicircular Canals to Angular Displacements about
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in terms of the frequency code. In this, Lowenstein and Sand have been
successful.

Spontaneous rhythms from the vestibular organs also serve to “ener-
gize” specific structures, such as the ventral horn cells responsible for
the motor part of the tonic or postural reflexes of the body. Long ago,
Fulton, Liddell, and Rioch (1930) showed that destruction of the
vestibular nuclei of animals in the state of decerebrate rigidity made
them atonic, and this experiment has more recently been repeated
and confirmed by Bach and Magoun (1947). Apparently, however,
this is not the sole source of tonic impulses from this region (Sprague
and Chambers, 1953). We shall return to this problem in Chapter 7,
which deals with the control of tonus.

4. Spontaneous discharge in certain
chemoreceptors

The spontaneous activity of the chemoreceptors of glomus caroti-
cum, which were discovered by Heymans and Heymans (1927), is
an interesting case because for these receptors there is an excellent
reflex index of the effect in the animal’s respiration. They respond to
lack of oxygen in the blood. Their impulses were recorded by Von
Euler, Liljestrand, and Zotterman (1939), who found them to be
spontaneously active also in eupneic breathing. Later Bjurstedt (1946),
by cooling the sinus afferents, made systematic observations on re-
moval of the permanent stimulus from the carotid body to the respira-
tory center. Even in the eupneic state, cooling of the sinus nerves
diminished respiration, showing that the reflex drive kept up by spon-
taneous activity was of importance for the normal excitability of the
respiratory center.

5. General significance of spontaneous
activity

By piecing together evidence from different sources it has proved
possible to reach a number of conclusions about the spontaneous
activity that has been observed in various sense organs. When it was
first seen, one was naturally suspicious. The preparation might have
been abnormal; it may have been impossible to avoid some stimula-
tion. Ultimately, however, the existence of spontaneous firing from
sense organs became acknowledged, and now it has been picked up
practically at birth. In several cases it has been shown that it is most
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important for the maintenance of general excitability of the nervous
centers and that, in addition, it has an important function in discrimina-
tion, particularly for sense organs possessing peripheral inhibition.
Thus it supplies the need for private measuring instruments with indi-
cators pointing both ways. We have evidence also for the belief that
the spontaneous activity of the sense organs makes them one of the
brain’s most important “energizers.”

As a young medical student I was told of Striimpell’s (1877) famous
case, which was a curious one of successive loss of the use of the sense
organs. Ultimately only two channels, one eye and one ear were left.
When these two input sources were excluded, the patient regularly fell
asleep, within 2 to 3 minutes. Bremer very much later found that the
electroencephalogram of cats with the brain sectioned at the level
of mesencephalon characteristically changed in the direction of an
electroencephalogram during sleep and inferred that the specific sensory
pathways carried impulses necessary for the state of wakefulness.
Chang, for the visual centers, arrived at the same conclusion from his
experiments (1952) and, indeed, drew attention to Striimpell’s
case. New light has been cast upon these observations by the recent
disclosure (Magoun, 1952) of an unspecific mesencephalic reticular
system which receives branches from various sensory afferents in their
passage upward, and which is engaged in transforming this sensory
input into an activating discharge destined for large portions of the
cerebral cortex. It is now very likely that these unspecific paths rather
than the specific sensory afferents are responsible for the task of energi-
zation.

6. Centrifugal control of sensory messages

Sense organs may have a practically fixed or a variable sensitivity
determined by their design. In addition most of them possess some sort
of regulatory control. Well-known mechanisms of this type are the
pupillary reflexes and those governing the state of contraction of the
two muscles, tensor tympani and stapedius, of the middle ear. A most
elaborate system for self-regulation is built up around the limb muscles.
There are inhibitory reflexes arising in the tendons of the muscles
which prevent the latter from reaching dangerous states of tension.
Other organs, the mammalian muscle spindles, which reside in a
special kind of “intrafusal” muscular tissue, have preserved a high
degree of freedom from the necessity of passively following variations
in length of the ordinary muscle fibers. They owe this independence
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partly to the anatomical arrangement of the intrafusal fibers, partly
to a special kind of spinal centrifugal nerve elements which adjust the
length of these fibers. In recent years we have made great progress in
the understanding of centrifugal control of the spindles and other sense
organs in the muscle. I shall discuss these problems in considerable
detail in Chapters 6 and 7.

What concerns us here is the general principle of control exercised
by centrifugal nerve fibers, because if, as is the case, relatively slowly
adapting and therefore spontaneously active sense organs really are
controlled from nervous centers in the brain, it is clear that spontaneous
activity in the intact organism is not wholly at the mercy of “biologi-
cal noise.” In other words, the spontaneous discharge in sense organs
connected with the rest of the body is no longer wholly spontaneous.
The organism itself can adjust the level of permanent firing to its needs.
How this is arranged with the muscle spindles will be demonstrated
with many examples in Chapters 6 and 7. It suffices here to point out
that the spindle discharge is very effectively controlled from the
mesencephalic reticular activating system (Granit and Kaada, 1952),
which receives an important part of the unspecific sensory input. The
spontaneous discharge from the retina appears to be similarly con-
trolled from the same system (Granit, 1953, and below).

It therefore seems as if there were all requirements present for large
self-exciting loops, e.g. a circuit comprising brain stem — muscle spin-
dles — brain stem. Such loops may well be of great importance. In
pathological cases they may acquire the character of vicious circles
and help to maintain a state of nervous tension. I shall not elaborate
these notions further. There is nothing in them that cannot be ap-
proached experimentally, and ten years hence we shall know a great
deal more about these problems. But a certain amount of—as I hope—
constructive speculation may not at the moment be out of place. The
problems are of the kind that need some guidance by theory if they
are not to fall flat altogether from lack of perspective.

What is, for instance, the role of the centrifugal fibers in the eye and
the ear? What are the elementary facts? Held (1893), recently con-
firmed by Rasmussen (1946, 1950), described the centrifugal fibers
of the ear. Nothing, however, is known about their function. Cajal
(1894, 1933) and Dogiel (1895) found the centrifugal fibers of the
retina (cf. Arey, 1916). Polyak (1941), summarizing the literature,
pointed out that these fibers have not yet been convincingly demon-
strated in the optic nerve with degeneration methods. Some of them
may therefore be recurrent axon collaterals of the type found in the
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ventral horn cells and thus provide inhibitory or excitatory feedbacks
to the retinal neurones. The inhibitory feedback of the ventral horn
cells will be discussed in Chapter 6.
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Fig. 43. Encéphale isolé cat. Curarized. Each sweep represents test with
flash of 2.7 lux. Sweep interval 0.75 sec.; 1-4: controls. 5-15: samples during
stimulation of superficial portion of reticular formation at pretectal level. Stimu-
lus frequency 107/sec. Shock artifacts downward. 16-25: successive sweeps
after stimulation.

On the other hand, with regard to the retina I have recently (1953)
succeeded in demonstrating centrifugal effects from the mesencephalic
reticular activating system, some of which are difficult to understand
unless the centrifugal fibers really exist and can be activated from
structures in this region. The new results have been obtained by record-
ing with microelectrodes from the (curarized) cat’s retina and stimulat-
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ing with frequencies from 50 to 200 per second through needles inserted
into the mesencephalic reticular substance by means of the Horsley-
Clarke stereotaxic orienting instrument.

Fig. 43 illustrates the test response (1-4) to a flash of 2.7 lux swept
across the screen of the cathode ray at intervals of 0.75 sec. The
isolated tips of a pair of parallel stimulating needles were just above
the reticular substance proper. Nevertheless, tetanic stimulation for
11.3 sec. from 5 to 15 was followed by a definite increase of sensitivity

S0 Impfgec.
40

30+

(o} 10 20 30 40 50 60sec.

Fig. 44. Analysis of type of experiment as shown in Fig. 43. The values
plotted per 5 sweeps before, during (broken line), and after stimulation of
reticular formation further down than in Fig. 43 (see text). Same animal and
experiment. The greater facilitation (upper curve) was obtained at stimulus
strength 10 V. and rate 49/sec. Lower curve: same, with stimulus strength 5 V.
and rate 107 /sec.

to the test flash, visible in records 17 to 24. In order to improve the
effect, the pair of needles was pushed down a little deeper into the
mesencephalic reticular system and the two curves of Fig. 44 recorded.
Every point on these curves is an average of the values of five sweeps,
each lasting 284 msec. at sweep intervals of 750 msec. The ordinates
are given in impulses per second, the test response being an on-
discharge to 2.7 lux. Tetanization of the reticular structures (during
broken line) was followed by very great facilitation of the test response.
In Chapter 7 similar effects on the muscle spindles will be described.
In the present case, however, it is a phenomenon wholly within the
central nervous system to which the neural layers of the retina belong.
Yet in general outline the two phenomena look very much alike. In
both cases the reticular substance has to be stimulated for a while,
responds slowly, and remains active for a considerable time after
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cessation of stimulation. The “arousal” response of the cortex, men-
tioned above, behaves in the same way. We might speak of an arousal
of the retina or of the muscle spindles. However, while the electro-
encephalographic arousal of the cortex still must be regarded as im-
perfectly understood as an electrophysiological event, the present ef-
fect, defined in terms of the sensitivity to light of a single retinal
ganglion cell, is perfectly definite: it is a slow semistationary rise or
fall (see below) of the sensitivity of the retina’s own nervous center. If
the retina is spontaneously active, as most good preparations are,
reticular stimulation is followed by a very great increase of the spon-
taneous rhythm. When light is used for testing, the effect consists
partly in an increase of impulse frequency, but just as dominant, some-
times more so, is the extended duration of the discharge. In very active
preparations the whole response pattern changes into a drawn-out
semipermanent discharge within which “on” and “off” appear as a
temporary increase of the spike frequency. In fact, if the reticular
effect is strong, it may often be difficult to detect a clear differentia-
tion of the response into “on” and “off” discharges. The results pre-
sented are so recent that it would be premature at this stage to try to
theorize widely about their significance even though a large number
of tempting consequences readily suggest themselves. However, as a
tribute to Cajal’s acumen, I would like to quote: “Nosotros habiamos
admitido que las fibras centrifugas trafan del cerebro alguna accién
indispensable para el fisiologismo retiniano, algo asi como tensién 6
energia necesaria 4 la buena transmisién” (Cajal, 1904, p. 644). What
he postulated was thus some kind of arousal reaction!

The subject raised ramifies rather widely into different theoretical
and experimental problems of general neurophysiological interest. It
is necessary to dwell upon one more aspect of it in order to explain
why some caution should be exercised in discussing brain control of
the retina. With the aid of the Horsley-Clarke stereotaxic instrument
it is possible to shift the stimulating needles to the pretectal and col-
licular areas and locate places within which the optic nerve fibers
sweep round from the lateral geniculate body to penetrate into these
structures. A relatively small number of optic nerve fibers can thus
be located on the margin between pretectum and the superior colliculus
and, as shown in Fig. 45(I), it is possible to pick up the corresponding
spike in a single retinal ganglion cell. Records C are two control
responses to light preceded by a shock to this region, demonstrating
that the spike is driven from above. Identification in such cases is
obtained by making the driven spike collide with the natural one
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elicited by light. Fig. 45(I) shows that a spike, driven in this fashion
at a high frequency for some 7 seconds (between records 1 and 6),
sets up a strong posttetanic facilitation, like the one illustrated in Fig.
43. In this case, however, in order to obtain an effect it is actually
necessary to be able to drive the spike. If the electrodes are pushed up
or down until driving ceases, there will be a small effect or no post-
tetanic potentiation whatever unless the encéphale isolé preparation
be used and the needle enters the reticular substance. For stimulation
of the latter very much stronger shocks are required. It should be
emphasized that reticular effects such as those of Figs. 43 and 44 take
place without any driving of the ganglion cell, nor need any adjacent
cells be driven by the stimulus.

In Fig. 45(II) the first fast record D again shows that the spike is
driven from above. End of “on” and beginning of “off” have been
visualized on the screen (controls). In this case the effect of tetaniza-
tion is a very strong transient inhibition. Finally in Fig. 45(II) an
inhibition has been obtained by stimulating inside the superior colliculus
at a fairly slow rate. It is easily seen that in this case there was no driv-
ing.

The records presented show all main types of effect hitherto ob-
tained from the retina upon tetanic stimulation of mesencephalic por-
tions of the brain, including the end branches of the optic nerve fibers
in this region. Those of Fig. 45 demonstrate that very little could be
gained by performing this kind of analysis at the optic-tract or optic-
nerve level. Both excitation and inhibition are present and the greater
the cross-section of fibers stimulated, the more complex the sum total
of opposite effects. It is also possible that there are specific after-effects
of “driving,” and for this reason, too, the optic tract is unsuitable for
an analysis of what happens. I have had facilitations of the kind de-
scribed from the optic tract, but inhibition so far has been more com-
mon. There is also a curious inhibition of slow onset that may well
be of vascular origin. The vascular effects are being studied at the
moment.* The effects of facilitation after driving turn up so forcefully
at threshold strengths and, in the best cases, are of such an order of
magnitude that some are likely to be neural. Even during stimulation
the isolated spike may then break through the stimulus rhythm with

* Vascular effects upon reticular stimulation have been described by Ingvar
(1954), who studied the cortical vess=ls under a microscope. They have since been
seen by him, in our laboratory, in thz retina. Part of the arousal effect may there-
fore be vascular arousal.
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Fig. 45. I. Chloralosz-dial cat. Horsley-Clarke stimulation. The two upper-
most records (C) are controls. Single antidromic shock to surface of contralateral
colliculus elicits retinal spike picked up by microelectrode. Shock coincides with
flash of 40 lux, to which same spike responds. It is then driven at rate 333/sec.
for 6 sweeps (about 6.6 sec.) of which the first (1) and last (6) are shown. 7-11:
tests with same light at intervals of 1.1 ssc. show increaszd excitability (post-
tetanic potentiation), which on account of the narcosis is of short duration.
Photocell deflection in this and the other records indicates light upward, dark-
ness downward. Sweep in these records interrupted before flash is over.

II. Pentobarbitone cat. Curarized. Stimulation as above. D: faster sweep to
demonstrate driving. C: controls with test light 500 lux, end of on and beginning
of off shown. 9: last sweep after driving spike at rate 270/sec. for about 10 sec.
10-16, tests with same light proceeding at intervals of 1.1 sec. The effect is an
inhibition which in this case was present despite driving, and required the high
frequency used. Typical effect of driving in these records as well as in those
above (I) is diminution of spike height.

III. Encéphale isolé cat. Curarized. Stimulating electrode now inside collic-
ulus sup. at 2 mm. above Horsley-Clarke zero. C: controls with test light 3 lux,
on-discharge. 1: stimulation at 47/ssc. begins. 18-20: three last sweeps of 22 szc.
period of stimulation. No driving in this case. 21-24: tests with same light pro-
ceeding at intervals of 1.1 sec. The effect is inhibition. Time for all records
50 cy/sec.
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bursts of its own and, if stimulation is prolonged too far, intense firing
ensues.

The particular facilitation that is connected with “driving” is techni-
cally an antidromic (backward) posttetanic potentiation, but at the
outset one hesitates to identify it with the posttetanic potentiations
known. It is not obtained with every ganglion cell, but, when present,
is exceedingly regular and definite. Only orthodromic or normally
directed posttetanic potentiation is known from other structures. Lar-
rabee and Bronk (1947), in describing the orthodromic posttetanic
potentiation of the sympathetic ganglion cell, found suppression only
after antidromic tetanization. There is also suppression after anti-
dromic stimulation of ventral horn cells (cf. Eccles’ summary, 1953)
or oculomotor neurones (Lorente de N6 and Graham, 1938), but
these experiments are likely to be vitiated by the presence of recur-
rent axon collaterals which, according to Cajal (1899), are found in
all nervous centers. They have not been found in the retina (cf. above).

It is interesting to note that Hartline, Wagner, and Tomita (1953;
cf. Hartline, 1949) have found that antidromic stimulation of fibers
in the Limulus eye can inhibit a discharge in a nonstimulated isolated
fiber coming from an adjacent ommatidium. Apparently the antidromic
stimulus activates the inhibitory cross-connections below the omma-
tidia, which Hartline and his collaborators (Hartline et al., 1952,
1953) have found to transmit the effect from one illuminated om-
matidium on to an adjacent one. The retinal ganglion cells are not
homologous with the Limulus ommatidia, but the inhibitory mechanism
may, nevertheless, be run on the same pattern. Dogiel (1895) actually
described two types of centrifugal fibers in the retina. Cajal (1904)
denied the existence of Dogiel’s second type but described different
types of ramification. However, some work must still be done in this
field before vascular effects are finally excluded. The inhibitory effect
in Fig. 45(II) is fast and certainly looks genuine. The reticular ex-
citatory effects which do not require driving are best obtained in good
encéphale isolé preparations at stimulus strengths of from 5 to 10 V.
Facilitation upon driving, the antidromic posttetanic potentiation, can
be obtained, despite some anesthesia, at threshold strengths (1-3 V.).

From time to time it has been suggested that the afferent message
within the central nervous system also might be under regulatory con-
trol (e.g. Head and Holmes, 1911; Brouwer, 1933, Peele, 1942).
Brouwer, for instance, stated that “several descending systems influ-
ence the reflex arcs in its sensory part and many terminate in centers
which are of a pure sensory character” (p. 626). Dusser de Barenne
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Fig. 46. Encéphale isolé cat, curarized. Single test shocks were applied to the
right dorsal root L: to elicit direct wave followed by relayed wave. Tip of record-
ing needle placed in right dorsal column a few tenths of a mm. below the surface
and about 9 cm. above the zone of entrance of the stimulated dorsal root,
part of which was split for simultaneous recording of so-called dorsal root
reflex.

A: dorsal root reflex (upper beam), dorsal column response (lower beam)
before (1), during (2), and after (3); repetitive stimulation at rate 100/sec. in
the bulbar reticular formation.

B: dorsal root reflex (upper beam) and the negative intermediary potential
(lower beam) recorded from the cord surface at the dorsal root zone before,
during, and after stimulating the same area of the bulbar reticular formation,
(Hagbarth and Kerr, J. Neurophysiol., 17, 295. 1954.)
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with several collaborators (see e.g. Dusser de Barenne, 1934; Dusser
de Barenne and McCulloch, 1938) established corticothalamic con-
trol. Recently Hagbarth and Kerr (1953, 1954) have succeeded in
devising experiments which have carried the approach to these prob-
lems to the spinal cord level and thus represent a significant advance.
They stimulated the dorsal root L7 in cats with rectangular shocks
and recorded from the dorsal columns or from part of the stimulated
dorsal root. In the dorsal columns one obtains in response to each
shock a spikelike action potential which is followed by a more pro-
longed relayed discharge, as described by Hursh (1940). The relayed
response has a peripheral counterpart in the so-called dorsal root reflex
(Barron and Matthews, 1935; Toennies, 1938; Barron, 1940). Both
the dorsal column relayed response and the root reflex could be de-
pressed by stimulating regions such as the bulbar and midbrain
reticular formation, the ventro-medial part of the anterior vermis, the
precentral motor cortex, the primary sensory cortex and the so-called
secondary somatic sensory area. This is illustrated in Fig. 46(A4).
Stimulus frequencies of around 100 per second were used. As clearly
shown by the figure, the primary spikelike wave remains uninfluenced.
The cord’s slow so-called intermediary potential, described by Hughes
and Gasser (1934), was also depressed by stimulation in this manner
(Fig. 46, B).

The examples presented should suffice to emphasize that questions
concerning feedback mechanisms and direct neural control of the
sensory input from stations in the brain are now clamoring for atten-
tion. The best known of these mechanisms, the centrifugal control of
the muscle spindles, will be dealt with in detail in Chapters 6 and 7.
The present examples have been added to indicate the scope of these
problems and the necessity of considering them in the light of what
has been set forth above about spontaneous activity and the arousal
reaction. There are, of course, several other aspects to the general
problem of centrifugal control (see Chapter 7), but we do not yet
possess enough evidence for dealing with them, except in the case of
the muscle spindles.

Chapter 4

Present State of Dominator-Modulator

Theory. Photochemical Parallels

1. First principles. Scotopic and photopic
dominators

THE retina may contain one or several photosensitive substances with
absorption maxima in different wave lengths. Since only that light
which is absorbed can be effective in initiating a stimulus, the absorp-
tion spectra of these photosensitive substances are close approxima-
tions to the spectral sensitivities of the mechanisms concerned. It has
been shown that the receptive fields are complex. Taking man as an
example, there are not less than 4 million cones, nearly 7 million ac-
cording to some estimates, and 125,000,000 rods as against only 800,-
000-1,000,000 optic nerve fibers (figures from Polyak, 1941). Evi-
dently a very minor number of receptors can afford to keep a private
path and in view of the way sensory messages are organized else-
where (Chapter 2) the problem of color reception must be solved by
central interpretation of information over a complex frequency code
which also expresses interaction (see Chapter 8). Even if one knew
every photosensitive substance in a retina, the question of how they
are represented in the messages transmitted by the frequency code
would remain a problem in its own right.

Howsoever color reception is approached, whether in terms of sensory
brightness, receptor potential, or spike frequency, the principle always
is the same, and it is easily understood from a schematic presentation.
The following is somewhat inaccurate, but I shall add a photochemical
derivation below. Let the effect of light (sensory brightness, size of
potential, spike frequency) at any wave length be L,. This will be pro-
portional to the amount of energy Ey and the specific sensitivity Sy
for this particular wave length. S, is the retinal sensitivity factor. With
L\ = E\ - S, our problem is to obtain a measure of S,. It is clear that

S\ = L, /E\. If one proceeds to make L, constant (constant bright-
113
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ness, or receptor potential in mV., constant spike frequency, constant
threshold or threshold fusion frequency of flicker), the sensitivity in
every wave length is directly measured by 1/E,. The curves to be de-
scribed below have been obtained by recording energy reciprocals for
a constant effect in the wave lengths tested.

Many photochemical studies have been carried out on substances ex-
tracted from the eye. The absorption spectra of solutions of these substances
are obtained from spectrophotometric measurements. If 7 is the intensity
of light incident on the optical cell containing the solution and I, is the
light transmitted, the absorption coefficient (for wave-length \) is propor-
tional to the density D) = log I,/I;. The amount absorbed is I, = I, — I,
or the difference between light incident and light transmitted. From the
above definition of density (D,) it follows that I,, the amount absorbed,
also may be given as [, (1 — 10 —P,). “For small values of D,, such as
occur in retinas, this expression approximates I, - D,. In the determination
of spectral sensitivities the values of I, are recorded which elicit a response
of constant magnitude. Constancy of response requires constancy of I, - D,
the light absorbed, no matter how complex the relations between them
may be. For any invariant value of I,D, throughout the spectrum, I, will
be an inverse measure of D, and hence 1/I, will reproduce the absorption
spectrum of the visual pigment.” (Dartnall, 1953a, p. 30).

In view of these considerations it was a great event in the history
of psychophysics when the frog’s visual purple, discovered by Boll
(1876, 1877), was for the first time found by Konig * (collected
papers, 1903) to possess an absorption curve which fairly closely
corresponded to the brightness distribution of the dark-adapted or
scotopic human eye. This work, which was soon confirmed by his pupils,
Kéttgen and Abelsdorff (1896), has since been several times repeated
with the improved methods introduced by Lythgoe (1937) and Saito
(1938). Fig. 47 illustrates measurements of frog and human visual
purple by Crescitelli and Dartnall (1953a), compared with a scotopic
brightness distribution averaged by Crawford (1949) from values ob-
tained with fifty observers. Ludvigh and McCarthy’s (1938) correc-
tions for absorption in preretinal media have been applied to Craw-
ford’s values. It can be seen that while frog visual purple has its
maximum at 5020 A, the human visual pigment has it at 4970 A.
From their results Crescitelli and Dartnall calculated that the retinal
density of human visual purple in situ was as low as 0.016 (at its

* This paper was presented in the Berlin Academy of Sciences by Von Helm-
holtz in June, 1894.
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maximum 4970 A), corresponding to 3.5 per cent absorption. Hecht.
Shlaer, and Pirenne (1942), in their work on the number of light
quanta necessary for the scotopic threshold, assumed an upper limit of
20 per cent absorption.
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Fig. 47. Comparison of the human retinal scotopic sensitivities (crossed
circles) with the absorption spectra of visual pigment 497 from man (solid line)
and visual pigment 502 from the frog (broken line). Both pigments are varieties
of visual purple. (Crescitelli and Dartnall, Nature, 172, 195. 1953a.)

Averaging on the basis of perception, one thus (Fig. 47) obtains
a very close replica of the spectral distribution of visual purple photo-
sensitivity, transmitted in terms of the frequency code. Yet the optic
nerve fibers may well have carried a more complex message. The per-
ceived brightness is not based on events in one fiber. In order to study
how transmission takes place it is necessary to establish a set of correla-
tions for an animal such as, for instance, the cat, in which the inter-
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mediate link is accessible to measurement. The cat’s visual purple is
probably identical with that of the human eye rather than with that
of the frog.

Several methods are available for obtaining average scotopic sensi-
tivity distributions from this animal. (1) The most difficult method
was the first to be used (see Granit, 1943a, 1947). It measures optic
nerve frequencies of individual elements with the threshold frequency
as the constant index and averages the results obtained with several
single fibers. This gave good agreement with the visual purple curve.
(2) Behavioristic tests may be applied on trained animals. This method
was used by Gunter (1952), who found agreement with the average
scotopic distribution curve of man, as determined by Stiles and Smith
(1944), as well as with my results (after correction for selective ab-
sorption in preretinal media according to measurements on the bovine
eye by Roggenbau and Wetthauer, 1927). (3) The electroretino-
gram also is an average. This function was studied by Wirth (1953),
who found good agreement with the other measurements. The average
spectral sensitivity of the dark-adapted eye may also be measured by
recording with the aid of electrical resonance a constant electro-
retinographic response in terms of flicker at a fixed rate or flicker
fusion. The principle of this method (Granit and Wirth, 1953) is to
adjust a resonance meter (a tuned amplifier) by varying the energy
in each wave length in the spectrum to give a fixed reading to a flicker-
ing electroretinogram (fusion, if used, being fixed at zero reading).
The flickering electroretinogram is amplified in the usual way (see
Chapter 5) and the amplifier is connected to the resonance meter. The
result is shown in Fig. 48 and is compared with the human scotopic
sensitivity distribution (the so-called scotopic luminosity curve) of
Stiles and Smith (1944). There is perhaps a slight shift toward the
short wave lengths with this method, emphasized in some animals at
certain frequencies of flicker.

So far, then, all is according to expectation, and the cat responds
electroretinographically and acts (by behavioristic tests) as if it had
succeeded in averaging perceptually the information from the retina
when the latter is activated by visual purple.

However, in Granit and Wirth’s, in Wirth’s, and probably also in
Gunter’s experiments intensities considerably above those needed to
activate visual purple were used. Either this animal must possess visual
purple alone or has means of disregarding other types of information.
In order to investigate this question it is necessary (1) to study the
frequency reports from individual retinal elements at the threshold
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with the greatest possible accuracy, as well as (2) to find out whether
other photosensitive substances contribute to the discharge from such
elements.

With some care individual retinal elements can be kept under the
microelectrode for several hours, and it is thus possible to measure
with sufficient accuracy their threshold distribution of photosensitivity
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Fig. 48. Human scotopic sensitivity curve of Stiles and Smith (1944). Filled
circles are averages from experiments on four dark-adapted cats, the values be-

ing determined by measuring flicker resonance electrically, as described in text.
(After Granit and Wirth, J. Physiol., 122, 386. 1953.)

in the dark. Donner and Granit (1949) did this and found a con-
siderable number of curves which did not agree with visual purple
absorption. Two examples are shown in Figs. 49 and 50. The maxima
were in the right place and broad-band curves were obtained, but
the curves show very definitely that substances other than visual purple
have influenced them. Fig. 51 illustrates that slight light adaptation
sufficed to bring about specific distortions. There was no more light
adaptation than is consistent with “scotopic” behavior on the part of
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the animal (cf. below, sec. 6). It is necessary, in fact, to use a great
deal more light adaptation to bring about further shifts of the curve.
The conclusion is that in acting as if the information had been based
wholly on visual purple absorption, the animal itself had done the
averaging that the experimenter with the aid of elementary mathe-
matics could produce from a sufficient number of individual curves
referring to single fibers. In Chapter 8 I shall give further instances
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Fig. 49. Absorption in Dartnall’s (1953a) pigment 497 (solid line) compared
with Donner and Granit’s (1949) scotopic dominators from cat (open circles).

of how perceived brightness is averaged. I shall also discuss experi-
ments in which the sensory evaluation of the peripheral message has
been completely transformed by various procedures to the extent of
leaving long-lasting after effects when the observer returned to normal
conditions of observation. I refer to this evidence here merely in order
to raise the point—rarely mentioned in visual psychophysics—that
the largely unknown laws of central integration cannot be neglected
in psychophysical experimentation. It is, for instance, hardly possible
to expect that the effects obtained with individual retinal elements
represent psychophysical functions based on large averages without
considering what averaging implies.
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Fig. 50. Same as Fig. 49.
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Fig. 51. Same as Fig. 49. The black dots show the change of the original
curve (open circles) after moderate light adaptation.
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From both psychophysics and classical electrophysiological work
on animals it is well known that vision, after light adaptation, is taken
over by cones and that their over-all spectral distribution of sensitivity
is different from that of the rods in the dark, based on visual purple.
Neglecting for the moment differences due to absorption in the pre-
retinal media, we may observe that the curve shifts bodily in light
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Fig. 52. Absorption in Dartnall’s (1953a) pigment 497 compared with cat’s
scotopic dominator from Donner and Granit (1949).

adaptation to around 5600 A (see e.g. Granit, 1947). This is the
Purkinje shift, named after its original discoverer. There are thus two
fundamental curves, differing by about 600 A. These are the scotopic
(dark-adapted) and photopic (light-adapted) distributions of spectral
sensitivity.

Now, are there any cones in the cat’s eye? “Fabulous though the
cat’s ability may be for ‘seeing in the dark’, she has a very respectable
number of cones—about a third as many as we ourselves” (Walls,
1942, p. 215). Piper (1905) failed to find a Purkinje shift in this
animal by electroretinography, but the microelectrode is a more sensi-
tive device and I found the shift in some 36% of the spikes studied
in the photopic state, having previously found it regularly in eyes
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from various other animals possessing a relatively greater number of
cones (Granit, 1945b, 1947, for summaries). Fig. 52 shows a rela-
tively pure scotopic curve obtained with a single element. Fig. 53
shows photopic curves from four averaged sets of measurements. The
hump at 6,000 A is of some interest because similar phenomena are
also found in man (see e.g. Sloan, 1928; Wright, 1946; Thomson,
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Fig. 53. Photopic dominator curve of cat. Open circles: averaged results of
4 series in which suppression of dark adaptation was particularly successful.
Black dots: averaged results in 12 series with prominent dominator activity.
Incipient dark adaptation can be seen in the increase of sensitivity of black dots
over open circles at 5,000 A. The average dominator curve (completed along the
dotted line) is similar to that of the frog. Equal quantum intensity spectrum.
(Granit, Acta physiol. scand., 5, 219. 1943¢c.)

1949; Hsia and Graham, 1952; Armington, 1952). These two curves
were called the scotopic and photopic dominators and recurred in all
animals studied in which the visual mechanism in the dark was based
on the type of visual purple known as rhodopsin, provided that the
animals had a sufficient number of cones. Photopic dominators could
not be found in eyes of guinea pigs and rats. This need not mean more
than that the cones are so few in these animals that there is little
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chance of detecting them. The two curves of Figs. 52 and 53 illustrate
the Purkinje shift from scotopic (Fig. 52) to photopic (Fig. 53) vision,
practically identical in cat and man. Thus, the dominators may be
called the carriers of the Purkinje shift.

Rushton (1952) has recently developed a method of measuring
visual purple in animal eyes directly by measuring the different amounts
of light reflected in dark and light adaptation from the same parts of
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Fig. 54. The spectral distribution of fast and slow regeneration in the
living cat’s retina, measured by reflection, after 5 min. of bleaching to 228,000
foot lamberts. (By courtesy of R. A. Weale, Institute of Ophthalmology, Lon-
don.)

the retina. In applying a similar method to the cat’s eye, Weale (1953b)
has found the absorption curves of two substances, one slowly regen-
erating and in good agreement with the absorption of visual purple,
another rapidly regenerating and suggesting the photopic dominator.
Exceedingly bright light was used for bleaching the visual purple.
From the regeneration or re-accumulation data Weale has since (per-
sonal communication) plotted the two curves of Fig. 54.

Owing to the convergence of several receptors on a single optic
nerve fiber, this fiber may respond as a scotopic dominator in the dark-
adapted eye and as a photopic dominator after light adaptation. In
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the experiments on the cat’s eye large fibers were used, and so it may
well be asked whether these run to the striate area in the occipital
cortex. The minimal latency of response in the visual cortex for optic
nerve stimulation is well known to be of the order of 1.6-2.0 msec.
(G. Bishop and O’Leary, 1940; Bartley and Bishop, 1940; Marshall,
Talbot, and Ades, 1943; Chang and Kaada, 1950), a fact easily con-
firmed, and so the message must have been conducted in the largest

%
100
S0+
ol— ; . . g T T
4500 5000 5500 6000 6500 7000 A

Fig. 55. Average of three elements giving the photopic dominator response
(solid line and circles) as compared with the averaged curve for pigeons deter-
mined by Granit (1942c) (broken line). Equal energy spectrum. (Donner, J.
Physiol., 122, 524. 1953.)

and fastest fibers available (average conduction velocity 34 m/sec.,
maximum 70 m/sec., according to P. O. Bishop et al., 1953). This
raises an interesting problem. Since scotopic and photopic dominators
are represented in the same fiber, in proportions depending upon
stimulus strength and state of adaptation, these fibers must deal with
the general brightness distribution, as shown also by the fact that such
elements are the only ones known to reproduce scotopic and photopic
brightness. Independently of whether they act as scotopic or photopic
dominators, they serve as a basis for achromatic vision and can hardly
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represent wave length discrimination (color) except by frequency
modulation (see Donner, 1950, and Chapter 8, p. 289).

My technique at the time proved too coarse for the pigeon’s eye,
which contains a million optic nerve fibers as against 150,000 in the
cat (Bruesh and Arey, 1942). Nevertheless, the average spectral sensi-
tivity of the optic nerve fibers in this eye, in which the cones are in
the majority, could be studied in light adaptation. The averaged curve
should give the averages of the dominator types of response, and so,
indeed, it was found to do, but—curiously enough for an eye based
on the rhodopsin system—with its spectrum shifted to 5800 A. This
further shift from 5600 A was ascribed to absorption by the well-
known colored oil globules (Granit, 1942c). Recently Donner (1953)
has studied the pigeon’s eye with finer microelectrodes and has suc-
ceeded in isolating its photopic dominator response, illustrated in Fig.
55. As will be shown below, there is evidence for ascribing the shift
from 5600 to 5800 A in the pigeon to colored oil globules. In the eyes
of certain fishes and tortoises the two dominator curves are found to
be shifted toward the red end of the spectrum (see below).

In the work on animals with microelectrodes on the retina there also
occurred narrow bands, the so-cailed modulators, centered in three
spectral regions, for which some photochemical equivalents recently
have been found. But this is perhaps easier to understand if I first deal
with some general questions referring to methods of extraction, broad
and narrow absorption bands, and photochemical nomenclature.

2. The photochemical approach. Nomenclature

Visual purple is the term that Kiihne’s (1879) great work made
classical. He also called this substance rhodopsin. Elsewhere I have
given a full account of the historical development of our knowledge
in this field (Granit, 1947). Fig. 47 has already shown that the frog
visual purple has its maximum at 5020 A, the human at 4970 A.
Bliss (1948) described visual purple in the squid with a maximum at
4950 A, placed by Wald (1953) at 4900 A. The maximum of cattle
rhodopsin was given by Krause and Sidwell (1938) at 4950 A, by
Collins and Morton (1950a) at 5,000 A. The maximum of rat rhodop-
sin they placed at 4980 A. This is probably the human and rat visual
purple of Crescitelli and Dartnall (1953a) with maximum at 4970 A
(Fig. 47). These visual purples or rhodopsins about which—despite
minor discrepancies—there seems to be general agreement, thus vary
at least between 4900 and 5020 A. Kiihne and Sewall (1879-80),
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confirmed by Kéttgen and Abelsdorff (1896), described another type
of visual purple in fish with maximum in 5400 A, according to the
latter authors. This they called visual violet,* now better purified and
defined. As will be shown below, there are also variations in its maxi-
mum to be considered.

Two of the leading research groups, that of Wald and his collabo-
rators at Harvard and Dartnall and his colleagues at the Institute of
Ophthalmology in London, are agreed in their desire to drop the old
nomenclature based on color of the pigments which, of course, in the
long run is unsuitable for the simple reason that the photochemically
active (i.e. absorbed) light is not the one transmitted and seen. “Visual
purple,” however, is too well established by tradition to be eradicable
by decree. Wald (see e.g. his summary, 1953) uses the terms rhodopsin
and porphyropsin for visual purple and visual violet respectively, pre-
fixed by the name of the animal from which it is extracted, while
Dartnall (1952a, 1953a) characterizes all pigments by their absorp-
tion maxima in my, e.g. frog pigment 502 (for frog visual purple with
maximum in 5020 in Angstrom units). Considering that there are
visual purples, or rhodopsins in Wald’s terminology, with maximum
varying between 4900 and 5020 A, I think it clarifying to name them
also by their absorption maxima. Behind this disagreement in termi-
nology is also more profound disagreement as to the number and
spectral location of the broad absorption bands concerned.

In this discussion the final decision does not rest with the photo-
chemists alone. Considering how well the averaged dominators, when
known, reproduce the broad absorption bands, it is painstaking experi-
mentation along electrophysiological lines which ultimately will have
to settle the question of whether an absorption band of an extracted
substance is likely to be physiologically significant or not. If a sub-
stance is easily extracted chemically but cannot be demonstrated elec-
trophysiologically, it is likely to be an artifact or to contain impurities.
Many substances absorb light but few are photosensitive. In this field
we can well afford to wait and see.

A common feature of present chemical work with the retina is
that, following Lythgoe (1937) and Saito (1938), the earlier use of
detergents on the detached retina itself has been supplanted by separa-
tion of the outer rod segments in a suspension to which the detergent
(digitonin, bile salts) later is added. Thus, purer solutions are ob-

* Wald (1953) erroneously ascribes the invention of the term “visual violet”
to me. I have used it for historical reasons as a tribute to the discoverers of this
substance.
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tained. Within the London group Arden (1953) rightly has raised the
question of whether the method might not be selective and favor sub-
stances with broad absorption bands at the expense of pigments with
narrow ones. For this reason, as will be shown below, he has intro-
duced direct measurement of absorption in the suspensions of re-
ceptors.

Without entering into further detail in a discussion which cannot
deal with photochemistry except as it touches electrophysiology, let
me briefly summarize the position. In addition to the photopigments
mentioned—490 (or 495), 497, 502—Dartnall (1952a) describes a
pigment 467 found in the retina of the tench, a pigment 510 Dartnall
(1952b) in the bleak (Alburnus lucidus), and a pigment 519 in the
clawed toad (Xenopus laevis) (Dartnall, personal communication).
Crescitelli and Dartnall (1953b) have found a pigment 523 in the carp
(Cyprinus carpio). Wald, Brown, and Smith (1953) have synthesized
a cone pigment cyanopsin (see below), which reproduces my photopic
dominator in the cone eye of the tortoise (and the light-adapted tench,
Granit, 1941b,d), thus at 6200 A. Wald (1937) and Bliss (1946)
have extracted a cone pigment corresponding to the other photopic
dominator, that of man, mammals, frog, etc. (Fig. 53) with maximum
around 5600 A. A similar pigment has since been synthesized (see
below) by Wald, Brown, and Smith (1952). Synthesis of visual pig-
ments is the most important advance of recent research with biochem-
ical methods (see below).

Hubbard and Wald (1952) disagree with Dartnall about the pig-
ment 467, which they regard as an artifact. Further disagreement
concerns the position of fish visual violet, Wald’s porphyropsin. Collins
and Morton (1950a) place it at 5250 A, Kampa (1953) at 5200 A,
Wald (1953) at 5220 A, and Dartnall (1952a) at 5330 A except in
the carp, where it is found at 5230 A. The major argument in Hubbard
and Wald’s criticism of Dartnall’s pigment 467 is that it is a product
of isomerization, which is an early step in regeneration. If so, why is
it absent in pike extracts? Spectral shifts in regeneration is an idea
traceable to an early result of Lythgoe’s, according to which regenera-
tion from the bleached state does not reproduce the original photo-
product. This work was interrupted by Lythgoe’s premature death,
but Collins and Morton (1950b) reinvestigated the problem and
found, indeed, that bleached rhodopsin regenerated into a new sub-
stance, called isorhodopsin, with its spectrum slightly shifted toward
the short wave lengths, Hubbard and Wald found the new maximum
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to be at 4870 A, Collins and Morton at 4920 A. Dartnall’s technique
(described in detail, Dartnall, 1952a) is based on difference spectra,
a method which he has elaborated with great care, and his opinion
(Dartnall, 1953, personal communication) is that the homogeneity
of Wald’s porphyropsin has not been established.

It has been emphasized by Dartnall (1953a) that all these spectra
of the broad type are remarkably similar, merely being displaced along
the abscissa, if plotted in terms of frequency instead of wave length.
He has therefore calculated a nomogram from which it is possible to
plot any absorption curve of the broad type provided its maximum be
known.

Investigation of narrow-band visual pigments is just beginning. As
stated above, it is premature to assume from the facts emerging from
one kind of technique—such as extraction by detergents—that no
photochemically active substances are found in the retina other than
the broad-band absorption curves. Destruction of the cell membrane
may well favor broad bands at the expense of narrow ones. The pos-
sibility of narrow-band pigments based on the chromophore of visual
purples was first envisaged by Ball, Collins, Morton, and Stubbs
(1948), whose work developed Morton and Goodwin’s fundamental
discovery that Wald’s carotenoid retinene (see his summaries, Wald,
1951, 1953) actually was vitamin A aldehyde (cf. Ball et al., 1946,
1948). With the light-sensitive chromophore of the molecule thus
chemically identified, several new possibilities with which I need not
deal in this connection were opened up for the chemical line of attack
(cf. in particular the syntheses by Wald and his collaborators). Prior
to this discovery by the Liverpool group (around Mo:ton), all work,
including Wald’s discovery of retinene, was based merely on colori-
metric reactions. Wald (1953) and his colleagues have since made a
number of important contributions to the chemistry of the visual pig-
ments. Ball ez al. showed that retinene treated with strong acids pro-
duced a variety of narrow-band pigments. This method clearly was
unphysiological but had the merit of showing that narrow-band pig-
ments were within the realm of possibilities. Dartnall (1950) next
found a narrow band in extracts from the eye of the tench, the maxi-
mum being between 6050 and 6100 A. This is illustrated in Fig. 56.
Arden’s (1953) narrow-band pigment in the frog’s retina with maxi-
mum around 5300-5400 A will be discussed below (Fig. 66). Finally,
Dartnall (1953b) has recently mentioned a third narrow-band pigment
565 in the eye of the clawed toad (Xenopus), the absorption spectrum
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of which suggests a hump in this region found in Denton and Pirenne’s
(1954) behavioristic data for the spectral sensitivity of this animal.
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Fig. 56. Evidence for a pigment (in tench retinae) normally destroyed by
extraction in red light. Curve 1: extract of tench retinae made in dim blue-green
light. Curve 2: the same, made in dim red light (curve 2 scaled to agree with
curve 1 at 530 my. Curve 3: Difference between curve 1 and 2. (By courtesy of
H. J. A. Dartnall, Institute of Ophthalmology, London.)

It should be emphasized that two main photochemical systems are
known in the retina (for a historical review see Granit, 1941d, 1947;
Wald, 1953), one based on Wald’s retinene, which is retinaldehyde,
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or vitamin A, aldehyde (Morton and Goodwin, 1944; Ball et al.,
1948), the other based on Wald’s retinene, which is retinaldehyde,
or vitamin A, aldehyde (Morton, Salah, and Stubbs, 1947). I have so
far chosen my examples chiefly from the former system (visual purple
and photopic dominator of mammals, frog, snake). The latter is found
in some fish and in tortoises (visual violet and cone or photopic
dominator of these animals). Isomers of retinene have been found and
discussed by Wald (1953) and his collaborators. They cannot be
taken up in this connection without devoting a great deal more space
to biochemical points of view.

After this brief presentation of the photochemical situation, let us
proceed to compare the photochemical data with the electrophysiologi-
cal, inasmuch as the latter refer to the same animals.

3. Some further comparisons with broad-band
absorption curves

Dartnall (1953a) has made a comparison between broad-band ab-
sorption curves from his nomogram with my data for frog and tench
respectively as representatives of the two main types of scotopic
dominators. To this end it is necessary to know the concentration of
the photosensitive pigment in the retina itself in terms of its optical
density, as defined above. Only for the frog is this figure available
from Dartnall’s work. It was calculated to be 0.25 for visual purple
(recently confirmed by Arden, 1954d), thus a much higher concentra-
tion than in the human retina (cf. above). Fig. 57, from Dartnall’s
work, compares averaged scotopic dominators in frog and tench with
the nomogram curves for pigments 502 and 533 respectively. With the
frog the fit is as good as can be expected; the scotopic dominator of
the tench has an expansion in the short wave lengths which may be
due to fluorescence or to some substance not known (e.g. Dartnall’s
pigment 467). However, riboflavin, which is fluorescent, is a char-
acteristic component of fish retinae (H. von Euler and Adler, 1933).

Fig. 58 illustrates Dartnall’s (1953a) comparison with the photopic
dominators of the same animals, assuming (1) that the cone pigments
have maxima in respectively 5600 and 6100 A and (2) that their
absorption bands agree with the broad-band nomogram template
curves based on scotopic substances. The near fit of the right-hand
limbs of the curves is, of course, a consequence of the assumptions
made concerning the maxima of these absorption bands. Wald’s
(see below) cone substances corresponding to the photopic domi-
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nators of the two systems actually have their maxima in 5620 and
6200 A respectively. What seems significant in Figs. 57 and 58 is that
the cone or photopic dominators average out to be narrower than the
nomogram curve. Dartnall’s final explanation of the discrepancy be-
tween the dominators and his so-called “template curve” is that the
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Fig. 57. Comparison of scotopic dominator data with nomogram curves for
visual pigments 502 and 533. Frog: open circles show Granit’s scotopic sensi-
tivity data; solid line: the absorption spectrum of visual pigment 502 (on which
Dartnall’s nomogram is based); broken line: the spectral variation of light
absorbed by visual pigment 502 at an optical density of 0.25. Tench: filled circles
show Granit’s scotopic sensitivity data (Granit, 1941d); solid line: the absorption
spectrum of visual pigment 533 calculated from Dartnall’s nomogram. (Dartnall,
Brit. Med. Bull.,, 9, 24. 1953a.)

photopic dominators cannot be interpreted in terms of a single visual
pigment, and he cites my evidence to the effect that it is possible, by
selective adaptation, to split dominators (cf. Granit, 1945c, 1947),
as has also been done since by Weale (see below), using the method
of reflection from the living eye.

However, Dartnall’s template curves, if plotted on a basis of wave
length and not against frequency (as in Figs. 57 and 58), expand
toward the long wave lengths; yet the two main photopic dominators
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cover substantially the same spectral area for all animals: cat, frog,
snake, tortoise, tench. They merely fall into two groups, one with
maximum around 5600 A (cat, frog, snake) for the system based on
vitamin A, aldehyde, the other (tortoise, tench) with maximum
around 6200 A, for the system based on vitamin A, aldehyde as
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Fig. 58. Comparison of photopic dominator data with nomogram curves for
hypothetical visual pigments 560 and 610. Frog: open circles show Granit's
photopic sensitivity data (Granit, 1942a); solid line: the absorption spectrum
(calculated from Dartnall’s nomogram of a hypothetical visual pigment with
A max = 560 my. Tench: filled circles show Granit’s photopic sensitivity data
(Granit, 1941d); solid line: the absorption spectrum (calculated from Dartnall’s
nomogram) of a hypothetical visual pigment with A max = 610 my. (Dartnall,
Brit. Med. Bull., 9, 24. 1953a.)

chromophore. A substance corresponding to the latter type of domi-
nator has recently been synthesized by Wald, Brown, and Smith
(1953) from cone protein and retinene, (retinaldehyde,). Their values
(black dots) are compared with my curve for the tortoise’s pure cone
eye, drawn through the open circles, in Fig. 59a. The crossed circles
refer to my measurements with the light-adapted tench. The fit is as
good as can be expected. This substance has not yet been extracted.
However, iodopsin has been both extracted and synthesized from cone
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protein and retinene, (cf. above, Wald, Brown, and Smith, 1952). It
corresponds to the photopic dominator based on vitamin A, aldehyde
(man, cat, frog, etc.). Fig. 59b illustrates comparisons between broad-
band chicken pigments and scotopic and photopic dominators of the
pigeon. The photopic dominator curve is shifted to the right in the
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Fig. 59a. Comparison of dominator of tortoise’s cone eye and photopic
dominator of tench with Wald’s cyanopsin (Science, 118, 505. 1953). Open cir-
cles with curve drawn through them: dominator of tortoise. Crossed circles:
photopic dominator of tench (Granit, Acta physiol. scand., 2, 334. 1941). Black
dots: Wald’s cyanopsin. (By courtesy of G. Wald, Biological Laboratories, Har-
vard.)

spectrum by comparison with the photopigments. The probable ex-
planation of this discrepancy—as stated—is the existence of absorbing
oil globules in the cones of the pigeon. The template curve of Fig. 58
would be a great deal wider than the ones presented in Fig. 59. Ex-
traction, synthesis, and electrophysiological measurements thus show
the photopic cone dominators to be narrower than the scotopic ones.
The reason for this discrepancy may be the one suggested—that ex-
tracts, synthetic substances, and dominators are complex curves; but
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it is just as likely that all three curves represent as pure substances as
those responsible for scotopic dominators. The latter, of course, agree
with Dartnall’s template as well as with absorption in the extracts
from which the template curve was derived. Wald’s (1953) results
seem to presuppose that the dominators actually represent pure sub-

| 1 I I I I I 1 I | T 1 ! !

124 -
ChicKen visval pigments vs. pigeon retinal sensitivity
1.0 1+ ]
= \i ]
081+ \ -
_‘§\ rhodopsin__ o o .
2> = rodopsin ]
= /\/
S scotopic \ 5
ut, 064+ sensitivity, /phofo/_o/_c_ _
1051 \ sens/tivity
< | -]
S
c
L 041 ]
+©
<
BN
E E ]
w o2+ ]
o+ =
400 500 600 700

Wavelength ~mu

Fig. 59b. Scotopic and photopic sensitivities of the pigeon, compared with
the absorption spectra of chicken rhodopsin and iodopsin in digitonin solution.
The absorption spectra are from Wald, Brown, and Smith (1954-55). The
spectral sensitivities were measured electrophysiologically and are plotted in
terms of the reciprocals of the numbers of quanta needed to produce a constant
response. The scotopic luminosity data are from Donner (J. Physiol., 122, 524.
1953); the photopic data from the same source (barred circles) and from Granit
(open circles; Acta physiol. scand., 4, 118. 1942). (From Wald, Brown, and
Smith, J. Gen. Physiol. 1954-55. In press. By courtesy of G. Wald, Biological
Laboratories, Harvard.)

stances. If so, there are narrower absorption bands than the visual
purples. The photopic dominators thus would be a step in the direc-
tion toward narrow-band photopigments responsible for modulators,
though still falling within the category of broad-band spectra. All four
dominators—two in each system—have now been synthesized.
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4. The modulators

In working with the electroretinogram of the frog’s eye Granit and
Wrede (1937) and Granit (published in Wright and Granit, 1938)
showed that it was impossible to account for all the changes in the
response to variations of wave length by merely two substances, one
for the rods and one for the cones. Both in the blue and the red regions
of the spectrum sensitivity changes occurred which were independent
of the two main types of rod and cone response separated by the
Purkinje shift. The general electroretinographic approach has been
developed in a new way by Forbes and Burleigh (1952), who have
tried to discover whether it is possible to shift instantaneously from
one wave length to another without eliciting an electroretinogram. As
a preliminary they proved that shifting from white to another white
could actually be accomplished without any response whatever from
the retina. However, in cone eyes such as those of turtles it was im-
possible to shift from one wave length to another, whatever their
intensity relationship, without producing a fresh electroretinogram.
Their photopic sensitivity cannot therefore be based on the properties
of one substance only. The same held good for the light-adapted retina
of the frog.

Some narrow-band curves were first found in the light-adapted eye
of the frog by Granit and Svaetichin (1939), recording with micro-
electrodes from single and grouped retinal optic nerve fibers and
ganglion cells using microillumination from a spectrum. A very large
number of animals (Granit, 1941-45) were then studied in a series
of papers most of which were reviewed in 1947 (cf. 1945b). This
extensive work gradually led to the conclusion that there were two
main types of responses from single elements, dominators and modu-
lators, the former relatively broad, the latter narrow with respect to
the spectral area enclosed. The modulators were chiefly found in three
regions of predilection widely apart in the spectrum. In my Thomas
Young Oration (1945b) I therefore concluded that Young’s (1801,
1855) main ideas were “fundamentally correct”:

The mechanism of colour reception is organized by the peripheral
visual apparatus, the number of colour-sensitive elements is rela-
tively limited, and these elements represent widely different regions
in the spectrum. Those were Young’s three fundamental assump-
tions. He was right even in assuming three main types of colour-
receiving apparatus. These are the three preferential regions within
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which modulators are found. The electrophysiological work may,
indeed, be said to have confirmed the view he gave of the frame-
work of the mechanism of colour reception. Its finished picture looks
somewhat different, but the old framework was solid enough and
shines through [pp. 462-3].

This view was restated in 1947 (Granit, 1947, p. 317). It was pointed
out that the number of modulators within these areas of predilection
may well be greater than three and that the fundamental response
curves of the trichromatic theory may be mathematical concepts
(averages). At an early stage (Granit, 1942a) I raised the question of
whether it would be necessary to suggest a polychromatic theory. My
reply was: “Statistical averages of the ‘modulator’ groups actually have
three preferential regions, and on this basis it is possible to suggest
a trichromatic theory instead of a polychromatic one” (Granit, 1942a,
p. 148). I see no reason to depart from this view. Later Hartridge
(1950) developed the notion of polychromatism (cf. Motokawa and
Ebe, 1953).

It is often stated (cf. Wald, 1953) that all of my records were from
a specific type of isolated giant ganglion cell. This is erroneous. To
begin with, it was clearly pointed out that I did “not rely merely on
experiments with isolated elements. Strict adherence to this criterion
may, for instance, lead to the conclusion that blue elements are ex-
ceedingly rare whereas often the influence of the blue-sensitive sub-
stance can be traced in a less restricted type of response” (Granit,
1942a, p. 139, paper on frog retina). Records of grouped units were
presented in this paper and a “blue” modulator plotted from a grouped
discharge was shown on p. 144. It is clear that the threshold method
which was used favored the most sensitive elements of the group or
else that specific color receptors occurred in clusters (Hartridge,
1950). It is also well known today that microelectrode records from
frog eyes, unless specifically isolated to contain large spikes only, con-
tain both fiber and ganglion cell responses (Barlow, 1953a,b). As
early as 1941 (Granit, 1941a) 1 pointed out that when microillumina-
tion was used, there was often a distance of several millimeters be-
tween the microilluminated spot and the place from which the micro-
electrode picks up the response. It was only in the later work with the
mammalian eye that the technique of recording from large units was
systematically explored. With the large spikes dominators were ob-
tained—with very few exceptions—and it was necessary to use indirect
methods to split the response into narrower bands. The later work
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with indirect methods was summarized in 1950 (Granit, 1950b). I
shall not deal with its details here. Other indirect methods have been
used by Motokawa, Iwama, and Tukahara (1951) and Tukahara
(1951), confirming the modulator concept.

One of my indirect methods (Granit, 1945¢) based on the micro-
electrode technique, consisted in selective adaptation of the dark-
adapted cat’s retina with red, blue, and green light. These experiments
are of considerable interest today because Weale (personal communi-
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Fig. 60. The method of reflection (as in Fig. 54) applied together with selec-
tive adaptation for the analysis of the spectral sensitivity of the cat’s eye. (By
courtesy of R. A. Weale, Institute of Ophthalmology, London.)

cation) has recently, with the aid of Rushton’s (1952) method of
measuring retinal absorption directly in the living eye by reflection,
tried selective adaptation on the same species. It was found impossible
to account for the bleaching spectra in the medium and short wave
lengths on the basis of visual purple alone. The fast adaptation in
the long wave lengths made work at that end very difficult. Weale’s
results are shown in Fig. 60, mine in Fig. 61. His narrow-band curve
at the blue end of the spectrum is strongly reminiscent of my blue
modulator, as isolated in the frog’s eye by the direct technique and in
the cat’s eye by indirect methods.

This is work in its beginning, by a new method of approach, and
it is still capable of being developed and improved. In itself it is a
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welcome addition to the extraction techniques based on a detergent
which may or may not be selective (cf. Arden, 1953).
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Fig. 61. Averages of individual modulators as obtained by selective adapta-
tion. Filled circles: red modulators; open circles: green modulators; half-filled
circles: blue modulators. Outer contours indicate dispersion. (Granit, J. Neuro-
physiol., 8, 195. 1945c.)
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Fig. 62. Solid line: averaged curve for blue modulator. Four elements.
Broken line, here and in Figs. 63 and 64, indicates modulator curves of frog
(Granit, 1942b). Equal quantum intensity spectrum. (Donner, J. Physiol., 122,
524.1953)

Recently, Donner (1953) with his improved microelectrodes has
measured the sensitivity distribution of individual elements in the
pigeon’s eye, where cone areas are easily found. In addition to the
dominator broad-band sensitivity curves (Fig. 55), he found the
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modulator narrow-band curves illustrated in Figs. 62, 63, and 64. He
has also included frog modulators from my work (Granit, 1942a), from
which the response curves of the pigeon differ in being still narrower
and shifted slightly toward the red end of the spectrum. He ascribes
this shift to colored oil globules. Most interesting is the extreme nar-
rowness of these curves, which illustrate the message as transmitted
through the optic nerve upward. The pigeon’s is an eye at least as good
as and probably better than our own—at any rate very much better
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Fig. 63. Solid line: averaged curve for green modulator. Six elements. Equal
quantum intensity spectrum. (Donner, J. Physiol., 122, 524. 1953.)

provided with cones—and thus it seems that improvement in cone
vision, far from expanding the individual color bands over wider and
wider spectral areas, actually tends rather to take the opposite course
of narrowing them still further.

The cone eye of the snake (Tropidonotus) was used in my experi-
ments (Granit, 1943b), and in this eye, too, it was easy to obtain red
and green modulators. For the blue end of the spectrum the energy
available in the instrument (Hilger-Tutton monochromator) was prob-
ably too low, or else blue modulators are few. Fig. 65 shows pure red
modulators and a red coupled with a hump in the green. Green modu-
lators tended to occur connected with the red one. The red modulator
with maximum around 6,000 A proved to be the easiest to isolate and
was found in a large variety of animals belonging to the retinaldehyde,
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Fig. 64. Solid line: averaged curve for yellow modulator. Three elements.
Equal quantum intensity spectrum. (Donner, J. Physiol., 122, 524. 1953.)
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Fig. 65. Red modulator of snake’s cone eye. Open circles: averaged results
of 7 series; circles on broken line: averaged results in 2 series in which there was
little or no hump in the green. (Granit, Acta physiol. scand., 5, 108. 1943.)
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system with scotopic dominator around 5,000 A and photopic domina-
tor around 5600 A.

In fish eyes (retinaldehyde,), with the spectrum shifted toward the
long wave lengths, a red modulator was found so far out as to be
around 6500 A (Granit, 1941d). As was pointed out above, human
vision is based on the former type of photochemical system (see also
Granit, 1947; Wald, 1953; Ball et al., 1946, 1948; Morton et al., 1947,
for a discussion of vitamin A1 and A2 aldehyde as the respective
chromophoric groups of these two systems).

Recently, Svaetichin (1954a,b) has inserted microelectrodes into the re-
ceptor layer of fish and in some preliminary experiments found color dis-
crimination reminiscent of my results with fishes and tortoises. His conten-
tion that single cones have been obtained can hardly be said to be based
on convincing evidence. Undoubtedly, however, the recording is from rela-
tively restricted areas. Unfortunately, the curves were not recorded in
terms of the photochemical function 1/E. Microelectrodes within the
retina have also been used by Tomita et al. (1953) for color work on the
frog’s retina. Evidence in favor of color discrimination was obtained, but
again in terms which at the moment are difficult to evaluate for compari-
sons with photochemical results.

It should be clearly realized that the concepts “dominators” and
“modulators” refer to the kind of information that is delivered by
optic nerve fibers to the higher stations in the brain and that the
analysis was carried out at the optic nerve level. These generalizations
are therefore as such independent of the nature of the mechanism—
photochemical alone or photochemical plus neural—which makes the
message assume this particular form. It simply has this form and for
this reason it is necessary to consider modulators and dominators as a
device by means of which nature has chosen to deliver a particular
kind of information to the brain.

However, considering that the message, as recorded, actually has
traversed the retina, it is extremely interesting to see how relatively
well it is reproduced in the case of the scotopic and photopic domina-
tors of two such different systems as that of fish and cat, provided that
a number of single fiber responses are averaged. Together with several
other lines of evidence (see Chapter 8), this suggests that averaging
is an important mode of sensory interpretation. With regard to the
photochemical equivalents of the modulators a great deal of work
still remains to be done. “When it is certain that the absorption curves
of such [i.e. cone] extracts represent reasonably pure substances . . .
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then, and not before, is it time to suggest other explanations [i.e. than
photochemical ones] of discrepancies between photochemical and
electrophysiological results” (Granit, 1947, p. 309). Since this was
written, it has become possible to make further comparisons between
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Fig. 66. Arden’s (J. Physiol., 122, 13P. 1953) narrow-band photosensitive
substance from frog’s eye compared with Granit’s (Acta physiol. scand., 3, 137.
1942) averaged green modulators as described in text. (By courtesy of G. B. Ar-
den, Institute of Ophthalmology, London.)

dominators and photochemical absorption curves (cf. above). The
only detailed comparison yet made between a modulator and an ab-
sorption curve comes from Arden’s (1953) work * on suspensions

* A complete account of Arden’s work (1954 a—) has just been published.
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of frog receptors in sucrose. This avoids the use of detergents. In
Fig. 66 the line drawn in full is Arden’s curve, the large circles the
averages of my three green modulators from the frog’s eye. The dotted
line is obtained by assuming that the receptor segment absorbs some
light at 4600 A, but Arden himself is inclined to hold the line drawn
in full to be the correct one.

The other aspect of the question, the neural one, theoretically de-
veloped by Jahn (1946a), was attacked by myself (Granit, 1949)
with the cat’s retina for which, indeed, it was possible to prove that
red and green stimuli interact on the same element. This, however, is a
demonstration of a possible situation. To conclude immediately (as
does Wald, 1953) that all modulators under all circumstances owe
their narrowness merely to neural interaction would be premature and,
today, does not even seem likely. When more cone substances become
available, it should not provide any difficulties, with the much im-
proved microtechniques of today, to return to the problem of neural
interaction. For some time it was maintained that there were only two
photochemical substances in the eyes of the species discussed above.
This view can be entertained no longer. What is required is simply
more work.

5. Some theoretical implications

As for the color-theoretical implications of the dominator-modulator
concept, I can but reiterate my views, as stated in 1947:

The dominator-modulator theory, as such, is only concerned with a
number of facts relating to the reception of and discrimination be-
tween wave-lengths, facts which have been accumulated by means
of the application of the electrophysiological technique to the eye,
as well as with their relation to what we know about the photo-
chemistry and anatomy of the retina. The question as to whether
or no any given experimental animal is capable of utilizing its retinal
mechanism of wave-length discrimination is, therefore, not of im-
mediate interest. Still less it is claimed that the theory can give any
information as to whether, or to what extent, an animal may possess
colour vision [Granit, 1947, p- 298].

This does not mean that one should wholly abstain from interpretation
of the physiological cues, as has been so successfully done in many
cases presented above. Nothing can be gained by refusing to consider
evidence obtained with methods other than psychological ones. The
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task of physiology is to detect cues for behavior based on our “internal
measuring instruments” and to do so at all levels where such cues
might be had.

From this point of view it seems that the dominators, as stated, can
hardly be responsible for anything but the average spectral distribu-
tion of scotopic and photopic brightness and that the modulators pro-
vide the cues for discrimination of wave length. This was my
standpoint, as presented in 1947, when I mentioned some relevant
psychophysical data. It is substantially the same today. The domina-
tors were described as the carriers of the Purkinje shift and there is
no reason whatever to depart from this view either. Nor has, to the
best of my knowledge, any other physiological evidence regarding the
nature of the cues for wave length ever been presented. The recent
valuable work by Jung and his collaborators (Jung et al., 1952) with
microelectrodes in the optical cortex of the cat has not yet been ex-
tended to color reception. It is not intended to discuss physiological
optics from the psychophysical point of view.

A very complete and instructive text book has recently been published
by Yves le Grand (1952). It is at the moment the best survey of the whole
field. Somewhat more popular is a book by Linksz (1952). Color vision
from the standpoint of the trichromatic theory has been discussed in con-
siderable detail by Wright (1946), but a great deal has since been added.
Thus, for instance, Stiles (1953) at the Madrid conference on physiological
optics presented important new results on experimental subdivision of
color sensitivity curves in the short wave lengths. Hartridge (1950) has
given an account of his polychromatic theory.

6. Mode of action of visual purple

There is probably no aspect of visual physiology in which premature
generalizations from apparently simple and incontestable assumptions
have proved more deceptive than in this question of the mode of action
of visual purple on the rod cell. It used to be held that since light
bleached visual purple and regeneration took place in the dark, this
was the basis of its photochemical action. It all began with Kiihne’s
(1877-78) highly seductive optograms. He projected the window of
his laboratory on the retina of the frog’s eye and found it reproduced
like a photographic image, the optogram, in the bleaching pattern of
the photopigment. Then followed the quantitative psychophysical
analysis of the increase of light sensitivity of an originally light-adapted
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observer in the dark as introduced by Aubert (1865). Kohlrausch
(summary, 1931b) was the first to show that dark adaptation in terms
of the logarithm of the threshold sensitivity traced the curve of Fig.
67. There is an initial fast portion and a slower extended phase of in-
crease in sensitivity (drop of threshold). Hecht (see summary, 1937)
repeated the work and expanded these observations in different ways,
agreeing essentially with Kohlrausch about the necessity of ascribing
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Fig. 67. Course of dark adaptation in the human eye. Dieter’s data from
Kohlrausch (Handb. Norm. Path. Physiol., 1, 394. 1931), replotted by Wright
and Granit (Brit. J. Ophthal., Suppl. 9. 1938).

the first portion of the curve to the cones, the second (after the kink)
to the rods. The second phase of the curve was held to indicate that
sensitivity was a simple function of the amount of regenerated visual
purple available at each moment in the dark. The same curve may be
traced in the mixed eye of the frog by electroretinographic methods
(Riggs, 1937), as well as by impulse recording (Granit, 1942a). There
can be no doubt about the fact that—in a general way—the first por-
tion of the curve can be ascribed to the cones, the second to the rods.
In fact, fast and slow regeneration has since been described by Weale
(1953b) in his direct measurements of the light reflected from the
retina, mentioned above. Regeneration of visual purple in the eye of
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the rat (Tansley, 1931) and the frog (Zewi, 1939) has been followed
quantitatively and seemed to be in reasonably good agreement with
expectation from the general theory which has been well stated by
Lythgoe (1940, p. 26) in a paper devoted to criticism of it:

by photochemical reasoning we can say that, in order to produce a
minimal stimulus, a constant amount of visual purple must be
broken down, and the more visual purple there is, the less will be
the illumination necessary to produce this amount of breakdown.
This simple theory can be stated thus: For a threshold stimulus,
llumination X Concentration of Visual Purple = A Constant, pro-
vided the density of visual purple is small.

Around 1937 I began to suspect that all this needed to be recon-
sidered. We (Granit, Holmberg, and Zewi, 1938) therefore made
direct comparisons between the size of the initial so-called b-potential
(Chapter 5) or b-wave of the frog’s electroretinogram and the amount
of visual purple that could be extracted. The size of an electrical test
response to wave length 5,000 A in a Hilger-Tutton monochromator
was first established. Then a filter of density 1.3 was temporarily re-
moved from the beam of the eye, light adapted to one of a number of
wave lengths in the equal energy spectrum for 5 minutes (Granit,
Therman, and Wrede, 1938). There was a very large drop in the size
of the b-wave elicited by the test stimulus when the filter had been re-
inserted. The amount of reduction depended upon wave length of
adaptation. Recovery was followed for 6 minutes. The same experi-
ment was then repeated with a number of animals in which, after 5
minutes exposure to the adapting light, the retina was removed and
put in digitonin for extraction of its visual purple. I am giving a set of
readings referring to the reduction in the size of the b-wave in different
wave-lengths 75 seconds after cessation of bleaching. This additional
delay corresponds to some regeneration during the time necessary for
removing the retina and placing it in digitonin. It is convenient to
give the theoretically expected concentrations of visual purple, as de-
rived by calculation from the drop in the b-wave:

TABLE 3

Reduction in Concentration of Visual Purple 75 Seconds after Cessation
of Adaptation, as It Should Be if Calculated from the Reduction in
Size of the b-Wave of the Electrical Response

Wave lengths in A 5850 5600 5400 5000 4700 4500 4300
Percentage reduction 74 69 77 59 56 35 27
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These are considerable reductions, and if sensitivity, as expressed
by the size of the b-wave (a very good index, as will be shown in Chap-
ter 5), actually is dependent upon the concentration of visual purple,
this drop is of an order of magnitude that should make it easy to de-
tect. We recall (Chapter 1) that the b-wave is roughly proportional
to log. intensity and, since the sensitivity is proportional to the recipro-
cal of intensity, the table means that we are dealing with very large
drops of sensitivity, of the order of 100-1,000fold.

The experiment was next repeated in the following way: The one
eye of the animal was kept as dark-adapted control, the other one
subjected to adaptation exactly as in the electrical tests. Controls
showed that with a sufficient number of animals the concentration of
visual purple in two dark-adapted left and right eyes did not differ by
more than 1%. When the fifteen dark-adapted controls (one eye)
were compared with fifteen bleached retinae (the other eye) the values
were identical within 1% and the individual samples varied between
—4% and +6%. Thus, the adaptation to the weak monochromatic
light led to no definitely measurable reduction of the concentration of
visual purple despite the large reduction in the b-wave. (Incidentally,
it is of considerable interest to note in Table 3 that the short wave
lengths were relatively less efficient in reducing the size of the b-wave
than were the long wave lengths; see e.g. Granit, 1947).

It proved easy to check these results by placing the visual purple
solutions themselves in the spectrum adjusted for adaptation in the
same manner as with the frog’s eye. Even though the absorption trough
(length 20 mm.) containing the solution was kept in the optimal wave
length for visual purple absorption (5,000 A) for 10 minutes, there was
only a reduction of maximally 2—3 %. This has recently been confirmed
by Hagins and Rushton (1953), who used Rushton’s direct method
of measuring visual purple absorption in the living eye. Light of
strength 100,000 times the human threshold had no effect on the
rhodopsin density. Rushton (personal communication), in studying
visual purple in solution, found a few parts in 1,000 bleached by light,
causing a fiftyfold change in threshold.*

Lythgoe (1940) immediately understood and accepted our early
results and himself added a number of arguments from psychophysical
experiments, in addition to suggesting that the findings should be ac-

* Wald (Science, 1954, vol. 119, pp- 887-892) has since taken up the same
problem and calculates that exposure of an eye for 5 sec. to 10 millilamberts
(=100 1ux) bleaches at most 1,200 of the 18 million rhodopsin molecules of
one rod. This, however, would raise the threshold 8.5 times.
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counted for by neural factors. Our view had been that most of the
visual purple was a store in the sense that it had not taken part in the
photochemical reaction leading to a response. There is clearly “an
enormous discrepancy between the brightness needed to bleach the
retina and that which would abolish the electroretinogram,” to put it
the way Rushton and Cohen (1954 ) have stated our findings. Actually.
Baumgardt (1950) has since calculated that very little visual purple
is needed for stimulation and that very little of it would be broken
down unless strong lights were used. Noell’s (1953) results (to be
reported in Chapter 5) show that the greater part of the outer limb
of the rod (which is the structure containing the visual purple) to all
appearances can be degenerated without much diminution in the size
of the b-wave (rabbit eyes).

Lythgoe (1940), as stated, pointed out several discrepancies be-
tween light sensitivity, determined by psychophysical methods during
dark adaptation and the visual purple concentration which was known
from work on animals. A particularly lucid experimental criticism of
the old view has recently been given by Rushton and Cohen (1954):
they light adapted their own eyes for 3 minutes to 30 ft. lamb. and cal-
culating from the quantum efficiency of visual purple in solution (Dart-
nall, Goodeve, and Lythgoe, 1936), concluded that only 0.3 per cent
of the photopigment could have been bleached. Hagins and Rushton
had found, using Rushton’s direct method on rabbits and cats, that the
bleaching rate in the periphery of the living eye was about the same
as in solution or a bit slower (unpublished measurements). Sensitivity,
however, was greatly diminished, and its course of recovery was fol-
lowed alternately with two flashes, one lasting half a second and oc-
cupying a field of 2°, the other 7 msec. with a field of only 3”. The two
curves obtained are illustrated in Fig. 68, the upper referring to the
threshold of the large field, the lower to that of the small. To what is
the vastly superior dark adaptation of the upper curve due?

Since pupil area was constant and the light was focused upon the
center of the pupil, the fraction of light incident and absorbed must
have been constant. But the larger flash represented both a longer
summation time and a larger summation area, which according to
Craik and Vernon (1941) will favor dark adaptation (cf. Lythgoe,
1940; Kuffler, 1953—see Chapter 2, p. 78; and Pirenne and Denton,
1952). The index of sensitivity was the threshold, namely the minimum
number of light quanta N needed. The larger the area and the longer the
time of exposure, the greater the likelihood that N quanta will be
caught and thus lead up to a discharge along the optic nerve. Since, in
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the lower curve, the stimulus area was small and the flash duration
brief, it remains to ask why in this case quantum sensitivity, which is
the inverse of N, has decreased because of light adaptation, despite
the virtual absence of bleaching of visual purple.

Rushton and Cohen conclude that the change in quantum sensitivity
is greatly influenced by events in the nervous network of the retina
(of the kind with which we have become familiar in Chapter 2). Thus
their results showed that quantum sensitivity has decreased in light
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Fig. 68. Threshold intensity of a just visible flash plotted against time from
end of light adaptation (300 ft. L. for 20 sec.) Open circles: 2° field, % sec. flash.
Filled circles: 3’ field, 7 msec. flash. Adjusted to coincide at full adaptation.
(Rushton and Cohen, Nature, 173, 301. 1954.)

adaptation and increased in dark adaptation, perhaps owing to retinal
interaction. Chapter 5 will give further instances of interaction studied
by electrophysiological methods (see also Granit, 1947, chapters 11
and 13). It is also possible that centrifugal action with consequent var-
iations of retinal sensitivity (Chapter 3, sec. 6) might be dependent
upon area and state of adaptation.

As long as modest light adaptation is used, it iS unlikely that the
bleaching of visual purple plays any significant role in determining
the course of dark adaptation. If rhodopsin is removed by bleaching
in strong light, it is reasonable to expect that the substance must be
regenerated in order to be present at all. It is easy enough for any
reader of this section to pick up a number of papers and summaries
on dark adaptation in which most riddles in this field are presented as
solved in terms of the old notion of visual purple concentration, and
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so it is perhaps of some interest to continue to point out difficulties
and obscure points (cf. Jahn, 1946b), all of which must be understood
before it can be said that we know how the rods are excited by their
photopigment.

There is, for instance, a serious discrepancy between on the one
hand the fact that most of the outer limb of the rod can be destroyed
without significant effect on the electroretinogram (Noell, 1953) and
on the other hand the necessity for a high concentration of visual
purple in order to obtain maximal electrical responses (Granit, Mun-
sterhjelm, and Zewi, 1939). It is also well known that after adaptation
to strong light the recovery of log. sensitivity increases parallel,
roughly, with the increase of visual purple (see e.g. Tansley, 1931;
Karpe and Tansley, 1947; Johnson and Riggs, 1951; Best, 1953a) and
that it also requires much the same time as the regeneration of the
photopigment. But sensitivity is defined by the inverse value of energy
and not by the logarithm of the threshold. There are probably also
conelike rods (Granit, 1947) that may contain a relatively stable
variety of rhodopsin.

Bleaching and regeneration play no role in the eye of the horseshoe
crab Limulus (Hartline and McDonald, 1947); yet in several respects
the behavior of this eye when it is left to recover in the dark after light
adaptation is strikingly similar to that of the rods in cat and man.
These similarities have been pointed out by Hartline and McDonald.

Turning to visual purple in solution in order to learn something
about the photochemical effect itself, one may note that the observa-
tion that first pointed out the road to a deeper understanding was
Lythgoe’s (1937) discovery of transient orange. He found that if the
solutions were kept cold, light transformed visual purple into an
orange colored substance that disappeared when the test tube was
warmed. This is the photochemical process; later changes are thermal.
Lythgoe and Quilliam (1938) then proceeded to establish the absorp-
tion curve of transient orange (cf. Dartnall, Goodeve, and Lythgoe,
1938) while Broda and Goodeve (1941) introduced the technique of
studying visual purple in glycerol-water solutions at several degrees
below zero. Thus they succeeded in isolating better than before the
photochemical effect, which is independent of temperature, from the
thermal reactions transforming the original photoproduct transient
orange. This line of work has been continued by Wald and his collab-
orators (see e.g. Wald, 1953), who are in agreement with the British
workers that finding in solution a very small shift toward the short
wave lengths is the only effect induced by light, actually a shift of the
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order of merely 50 A. Wald, however, uses a different terminology
and has split the later thermal reactions into several components.

For the present purpose the important point is that the actual photo-
chemical change (in the retina as well) may consist of the minor shift
of the absorption spectrum toward the short wave lengths. This is not
likely to be measurable in the living eye. However, its relation to
bleaching and regeneration can and must be analyzed so as to bridge
the gap between photochemistry and the slow chemical processes of
bleaching and regeneration which now, to a superficial view, seem so
meaningless for the visual processes after having been in the fore-
ground for almost a hundred years. At the moment we will have to
assume that bleaching of visual purple serves merely to remove it
from harm’s reach when the cones take over the act of vision. This
brings us back to the questions concerning light sensitivity and visual
purple concentrations, discussed above. The late A. F. Bliss (1948)
found the reddish photopigment in the eye of cephalopods, which he
called cephalopsin, to be an unbleachable rhodopsin and yet very
definitely to be the substance mediating the photochemical response
to light. In this animal, which has a homogeneous receptor population,
there seems to be no need for having one kind of photopigment re-
moved when another takes over. Its photopigment has since been
studied by St. George, Goldstone, and Wald (1952).

As to the process of excitation itself, Dartnall (1948b) suggested
that activation of a visual purple chromophore by a light quantum
may be “succeeded by a chemical process resulting in an electron trans-
fer down the conjugated chain to the protein base and thence, in vivo,
to the retinal end organ to which, in all probability, the visual purple
molecules are attached.” Wald and Brown (1952) ascribe to the
—SH group a role in eliciting the electrical generator potential. At the
moment this, however, is a consequence more of their method of
analysis than of their evidence. It is of some interest in this connection
to recall the lamellar structure of the rods, as found by Schmidt
(1938) and studied by Sjostrand (1949, 1953a,b) with the electron
microscope. If the outer limb of the rods consists of superimposed
discs the way Sjostrand pictures them, then considering Noell’s results
mentioned above (and in Chapter 5, p. 184), it seems appropriate
to ask how many discs are necessary for excitation—and to answer,
possibly only the innermost ones. This brings us back to the original
suggestion by Granit, Holmberg, and Zewi (1938) that under such
circumstances the excess visual purple actually may be regarded as a
“store.”

Chapter 5

The Electroretinogram

1. Introduction

AN electrophysiology of the retina was recognized at a time when only
the muscle and nerve action potentials were known and for the his-
tory of this subject I can refer to my book of 1947. It is of some inter-
est to recall that the retinal electrical response to light was discovered
independently in Sweden (Upsala) by Frithiof Holmgren (1865-66,
1870-71) and in Scotland (Edinburgh) by Dewar and M’Kendrick
(1873a,b), because they converged toward the same result from very
different assumptions. The Scottish authors imagined that the newly
discovered photoelectric action of light might be the means of activa-
tion of the eye and Holmgren, following Du Bois Reymond (1849),
wanted to study what was regarded as a natural cross-section of the
optic nerve, where it might be possible to observe the resting potential
as influenced by an impulse without killing the end of the nerve. He
was surprised to find in the fish eyes which were used a deflection of
his galvanometer to onset and cessation of illumination. These he first
misinterpreted, believing them to be the nerve action potentials he was
looking for. Later on (1870-71) Holmgren studied the distribution
of the resting potential around the eye and from these resuits concluded
that the electrical responses to onset and cessation of illumination had
arisen in the retina itself.

Owing largely to the monumental histological work of Ramén y
Cajal (1933), it soon became generally understood what a complex
organ the vertebrate retina really is, but it was not until the electronic
era of sensory research that this knowledge became part of any rele-
vant physiological stock of ideas. This new era of research was her-
alded by the pioneer contributions of Adrian and R. Matthews
(1927a,b, 1928) on the optic nerve response of the Conger eel. A
summary of the achievements up to 1945 was given in my Sensory
mechanisms of the retina (1947), and a later summary dealing with

the organization of the retinal elements was published in 1950
151
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(Granit, 1950b). I now intend to consider the subject in bird’s-eye
perspective in order to indicate briefly what recent advances have
been made in the study of the electroretinogram but also and chiefly
to point out some general trends of thinking in the problems in this
field. It is not intended to review the field monographically with com-
plete references. However, in the presentation of leading ideas a suffi-
cient number of papers will be quoted in order to make it easy for the
reader to trace them back to their original sources and to locate the
growing number of research centers devoting themselves to electro-
retinography.

Figs. 25 and 26 in Chapter 2 (pp. 64, 65) have already drawn
attention to the fact that behind the layer of receptors in the retina
there are two additional neurones, the bipolar cell and the ganglion
cell, and that the axon of the latter is what we conventionally call an
optic nerve fiber, though, strictly speaking, it is what elsewhere in the
central nervous system would be called a tract fiber. In addition there
are lateral connections formed by horizontal and amacrine cells. The
centrifugal or efferent paths were discussed in Chapter 3, sec. 6.
Polyak’s (1941) scholarly book on the histology of the retina deserves
careful study by anyone interested in this field.

2. The electroretinogram, a mass response

It should be realized at the outset that the electroretinogram re-
corded in the standard way in situ with one electrode on the cornea
and the other on the animal’s body is a mass effect dependent upon
the favorable orientation of some retinal structures capable of con-
ducting currents in one direction. Such oriented structures are the rows
of receptors and bipolar cells. There are also two membranes, m.
limitans externa and m. limitans interna, the former at the base of the
receptors, the latter below the ganglion cells. However, according to
Sjostrand’s (1949, 1953a,b) analysis by electron microscopy, m.
limitans externa is not a membrane at all but consists of independent
and isolated rings around each receptor cell. These “membranes” may
nevertheless possess relatively high resistances and so play a signifi-
cant role in determining the distribution of the current between the
two recording electrodes. It is clear from what we know about the
behavior of nerve cells elsewhere that all cell types must be the seat
of potential changes when activated, but for the reasons mentioned
only receptors and bipolars have been seriously considered as signifi-
cant for the currents recorded as electroretinograms. The large re-
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ceptor potentials observed in the retinae of animals having the neural
layers at some distance from the receptors were mentioned in Chapter
1, secs. 3, 4, and 7.

The so-called indifferent electrode on the animal’s body is not wholly
indifferent. Some authors use the other eye, kept in the dark, as the site
of the indifferent electrode but, at least in cats, the “dark” eye may record
the potential of the illuminated eye with inverted sign and so cannot be
neutral. Such effects, inasmuch as consensual pupil reactions have been
excluded, may lead to the conclusion (actually drawn) that centrifugal
fibers have carried an effect reflexly from an illuminated eye onto the
nonilluminated eye, but so far there is no evidence for this conclusion.*
The centrifugal effects have been discussed in Chapter 3. The consensual
pupil contractions have been analyzed by Karpe (1945) and Dodt (1951b).
In small animals the indifferent electrode may also pick up the cortical
visual response if placed near the head. In unoperated cats the indifferent
electrode is best placed in either nasal orifice. The dominating part of the
response is cornea-positive. The initial positivity which at high intensities
is preceded by a small negative a-wave, is called the b-wave (see Figs. 69
and 70).

The large eye of the cat can be used to clarify one of the essential
complications in electroretinography. This is that the eyes of most
laboratory animals, including man, are dominated by rods. Hence they
are very light sensitive when properly dark adapted, so that a rela-
tively weak stimulus, if spread over a sufficiently large area, elicits
an electroretinogram of considerable magnitude. In fact, the stray
light spread diffusely by the different optical media will stimulate the
eye, as is most conclusively shown in clinical electroretinography.
Thus, Karpe (1945) found that large scotomata were perfectly com-
patible with a scotopic retinogram of normal size. This problem of
light scatter has aroused considerable interest. Fry and Bartley (1935)
and Bartley (1941) held the view that the electroretinogram is caused
wholly by stray light. Granit, Rubinstein, and Therman (1935) did
not think their evidence conclusive. Later Asher (1951) showed that
an electroretinogram could be elicited by stimulation of the blind spot,
and Boynton and Riggs (1951) on similar and other evidence again

* Recently Miiller-Limmroth (Zt. Biol., 107, 216-40. 1954) has found that
the slow potential change noted in one eye after illumination of the other actually
disappears after severance of the optic nerve (guinea pigs, urethane narcosis).
So far I have failed to find any corresponding effect on retinal elements in cats
(encéphale isolé, spike recording).
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concluded that the retinogram is produced by stray light (cf. Boynton,
1953). My own standpoint (see Granit, 1947, p. 174, where the earlier
phase of the discussion is reviewed) was that “though it is certain that
scattered light excites receptors outside the area of stimulation, par-
ticularly when the stimulus is strong,” there are nevertheless unsettled
objections to the view that “area” is of no significance. I need not
now enter upon these objections but will limit myself to the description
of a recent experiment in our laboratory (Wirth and Zetterstrom,
1954) in which, for the first time, the effect of area of stimulation upon
the electroretinogram has been recorded in the absence of stray light.
These experiments demonstrate the influence of “area” in an unequiv-
ocal manner. The idea was to illuminate through Perspex cones
blackened on the outside and apply them directly onto the retina of
the opened eye after removel of lens and cornea, while the electro-
retinogram was recorded in the standard way.

Fig. 69 illustrates some results taken with a condenser-coupled
amplifier which has a sufficiently long time constant to reproduce the
fast initial phases correctly. These are the ones generally measured.
On an average it was found that a surface not less than 5 mm. in diam-
eter had to be illuminated to give a full-size electroretinogram. Most
animals gave only a small, slow response with an area 2 mm. in diam-
eter, some none at all. In the best cases it was just possible to notice
a small response with the 1.5 mm. cone. Clearly, therefore, the con-
tention by M. Monnier and Boehm (1947) that perimetry would be
possible by electroretinography can mean only that there are general
differences between central and peripheral responses because of the
variations in the relative number of rods and cones.

It has been stated from the beginning of electroretinography that
area and intensity are interchangeable in determining the size of the
electroretinogram (for references see Granit, 1947), but the experi-
ments illustrated in Fig. 69 which exclude stray light show that it is
impossible to obtain a full-size and high-intensity type of electroretino-
gram by any reasonable intensity if the area goes below a minimum
of the order of 10 sq. mm.—to make a very generous estimate. In
most cats 20 sq. mm. will be needed. Now, since the diameter of the
rods is of the order of 0.002 mm., a truly enormous number of re-
ceptors is required for a full-size and high-intensity type of electro-
retinogram. The most significant result of Fig. 69 is that the responses
to small areas and high intensities never look like high-intensity
responses but in every respect are identical with low-intensity elec-
troretinograms obtained with large areas, rising, like those, slowly
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Fig. 69. Initial phases of electroretinogram of dark-adapted cat. Note change
of calibration for lowest intensities on the left. Left column: pupil filled. Right
column: Perspex cones of 5 and 3 mm. respectively, applied directly onto retina,
as described in text. Note that at high intensities b-wave does not increase in
size, only in rate of rise, and a-wave occurs. Oscillations on the records. Cf., e.g.,
64 lux under different conditions. (Wirth and Zetterstrdm, Brit. J. Ophthalm.,
38, 257. 1954.)

155



156 RECEPTORS AND SENSORY PERCEPTION

toward their maxima and reaching low amplitudes only. True high-
intensity responses (to the left in Fig. 69) are initiated by a small
negative a-wave and have a very fast rate of rise. In fact, as with large
areas, when the high-intensity range is reached, the electroretinogram
does not alter very much in size but chiefly in rate of rise of the positive
b-wave (cf. Granit, 1947, fig. 78, p. 149; Bornschein, 1952). This
effect of rate of rise may account for the fact that in the experiments
with different Perspex cones, flicker frequency proved to be a function
of area and intensity, just as in Granit and Harper’s (1930) experi-
ments on area with perceived flicker (cf. Berger, 1953). The oscilla-
tions on top of the high-intensity responses should also be noted. This
phenomenon has recently attracted the attention of several workers
(Cobb, below; Miiller-Limmroth and Andrée, 1953a; Tomita, 1950;
Ottoson and Svaetichin, 1952; Dodt and Wirth, 1953). Some of the
oscillations are due to nerve impulses, some to b-waves of different
rates of rise in individual elements (Granit, 1947), but as yet unknown
factors cannot be excluded.

Now, what is the explanation of this effect of area? In Chapter 2 it
was pointed out that the receptive fields of a single optic nerve fiber
can be of considerable size; in cats actually a maximum of 4 mm. has
been given by Kuffler (1953). If the retinogram were due, partly at
least, to an integration within the receptive field and thus to summa-
tion in synaptic networks, the effect of area could be simply explained
but the natural consequence of this view would be that the electrical
response would have to be influenced by structures activated in the
chain of events later than the outer portion of the receptors, the first
site of neural interaction being at the synapses with the bipolars. This
problem was first raised by Adrian and Matthews (1927a), who on
the one hand found area and intensity interchangeable with respect to
the latency of the discharge in the optic nerve, on the other hand found
the retinal-nerve interval to be constant when counted from the be-
ginning of the a-wave. These two facts were held to require the spatial
effect to express interaction by convergence, alternatively physical or
chemical direct interaction in the receptors. In both cases the summa-
tive process would have to be at a point somewhere before the retino-
gram had arisen or at this very site—at any rate, not between it and
the spike discharge. Adrian and Matthews assumed the a-wave of the
electroretinogram to be localized in the receptors themselves and inter-
action consequently to be due to physical or chemical direct forces
between the receptors. They did not express any opinion on the locali-
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zation of the b-wave. I shall return below to this question of the locali-
zation of the electroretinogram.

An alternative view to interaction in Wirth and Zetterstrém’s ex-
periments would be that the receptors, even within the rod range, have
widely different thresholds, and so the effect of area would be to add
up charges or “batteries,” much as in the Limulus eye (Graham, 1932),
where the retinal response is dependent merely upon the number of
ommatidia activated. On this view the effect of area on the latent period
would have to be ascribed to the greater probability for the inclu-
sion of a sufficient. number of brief-latency, quickly responding high-
threshold receptors in a response from a larger area. However, the
interaction in the synaptic layers, demonstrated by a very large number
of perfectly clear-cut experiments (see e.g. the summary by Granit,
1850b, and papers by Adrian and R. Matthews, 1927a,b, 1928; Hart-
line, 1938a, 1940a—c; Barlow, 1953a,b; Kuffler, 1953), would then
leave the electroretinogram untouched and the specific features by
which high-intensity electroretinograms of large areas differ from high-
intensity responses of small ones would be wholly accounted for by
the increasing number of high-threshold receptors (cones). As such,
the number of receptors activated must, of course, be a factor of pri-
mary importance. One need but imagine the likelihood that a single
receptor is capable of producing a recordable retinogram, despite
retinal and extra-retinal shunts, in order to realize that the number of
oriented elements is significant.

This should suffice as a first presentation of one of the main prob-
lems of electroretinography. Is it possible definitely to assign the electro-
retinograms to one specific structure and to assert that the electrical
events in that structure are independent of electrical events in adjacent
or proximal structures in the path to the optic nerve? I shall return
to this question below. In 1947 I found it necessary to ascribe the origin
of the electroretinogram to both receptors and neural layers.

3. Rod and cone electroretinograms

Summarizing the knowledge on the electroretinogram (see Fig. 70)
in 1947, I came to the conclusion, based largely on the work of Piper
(1911) and ourselves, that there were two main types of response,
those of E- and I-retinae, which often were represented or “mixed”
in the same eye in such a fashion that it seemed likely that they were
the electroretinograms of the rod- and the cone-systems respectively.
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Fig. 70. Electroretinograms.

a. Cone retina of horned toad, Phyronosoma. (Chaffee and Sutcliffe, Amer.
J. Physiol., 95, 250. 1930.)

b. Cat, dark adapted. Two flash durations. Intensity about 700 m.c. Note
a-wave just visible, b-wave with fast oscillation, drop below baseline before
c-wave begins, and d-wave or off-effect as a retardation of fall of response at
cessation of illumination.

c. Guinea pig, dark adapted. Intensity about 900 lux. Definite a-wave, indi-
cation of double b-wave. In this eye the c-wave or secondary rise tends to be
the most prominent phase of the response. Light signal below retinogram in this
and in b.

d. Gecko. Intensity 1250 m.c. First record is 3.8 sec. illumination after 1 min.
in the dark, second record 2.8 sec. illumination after 2 min. in the dark. Time
marks 0.2 apart. (Dodt and Heck, Pfliig. Arch. ges. Physiol., 259, 226. 1954. By
courtesy of E. Dodt, Physiological Institute, Freiburg in Bresgau.)
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At the time, however, it was felt necessary (Granit, 1947, p. 165) to
insert some words of caution against unqualified acceptance of this
view. It was largely based on anatomical considerations and on our
evidence to the effect that mixed retinae underwent a transition from
E- to I-type in light adaptation, provided they had a sufficient number
of cones. This question must now be re-examined in the light of later
evidence.

Let us begin with an eye, such as that of the frog, in which rods and
cones occur in about equal proportions. It is actually possible to put
this animal or its opened eye (if one uses freshly caught autumn frogs)
in the window and expose it for an hour to bright sunshine and still,
immediately afterward, record a typical electroretinogram, provided
a sufficiently strong light be used. Some changes, to be sure, have taken
place: the slow, so-called c-wave, ascribed to component PI (see
below, Fig. 71), has disappeared, as have also the slow components
of the b-wave and the off-effect; the electroretinogram has decreased
in size and often the negative phases have become more prominent. As
shown by Fig. 70, a, negative phases are more prominent in cone eyes
(Granit, 1947; cf. Noell, 1951; Miiller-Limmroth and Andrée, 1953a).
This is beautifully illustrated also in Schubert and Bornschein’s (1952)
record of the electroretinogram of a congenitally rod-blind observer,
in which the b-wave rises from a negative level of potential. In general,
however, it may be said that the electroretinogram of the light-adapted
frog eye is complete in that it has an initial negative a-wave, a b-wave,
and an off-effect or d-wave. Its spectral distribution of sensitivity is
that of the cones with maximum shifted from 5,000 A to 5600 A
(Granit and Wrede, 1937). The pure cone electroretinogram is perhaps
best illustrated by a diagram based on records from the cone retina of
the horned toad (Fig. 70, a) obtained by Chaffee and Sutcliffe (1930).
No drastic light adaptation has been necessary for this record. Recently
Noell (1951) and Forbes and Burleigh (1952) have recorded electro-
retinograms from pure cone retinae of turtles and in them, too, they
find all the phases described.

As a counterpart to the cone electroretinogram we have in Fig. 70, b,
the electroretinogram in the dark-adapted state of a rod-dominated
animal such as that of the cat, which nevertheless has a sufficient num-
ber of cones to be able to give in light adaptation the cone spectrum
of the photopic dominator (Granit, 1943c with microelectrodes—cf.
ch. 4—and Gunter, 1954) and a flicker fusion frequency as fast as
that of the human eye, with both spikes and electroretinogram, pro-
vided that the stimulus intensity is made very high (Dodt and Enroth,
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1953). The off-effect is small. Fig. 70, ¢, shows the rod electroretino-
gram of the guinea pig. This eye has so few cones (O’Day, 1947) that
it has been impossible to obtain the photopic dominator—so character-
istic for cones—by the microelectrode technique (Granit, 1942b), and
its flicker fusion frequency is also low, even at very high intensities of
stimulation (Dodt and Wirth, 1953). Sometimes one finds a small off-
effect. Guinea pig electroretinograms have also been published by
Adrian (1946), Boehm, Sigg, and Monnier (1944), and others. Fi-
nally, Fig. 70, d, shows two electroretinograms (Dodt and Heck,
1954a) from the pure rod eye of the Gecko. It should be noted that
there is an a-wave, a b-wave, and an off-effect, the last small compared
with that of the horned toad.

By compressing the time scale and using dark-adapted frogs, it
would be possible to make the frog high-intensity electroretinogram
look more like the cat electroretinogram of Fig. 70, b. There would
be only a more prominent off-effect in the former, but even this differ-
ence could be made less conspicuous by comparing them at shorter
exposures. In cats and rabbits the electroretinogram sometimes swings
toward the negative side after the b-wave, as in the case of Fig. 70, b,
in which the c-wave was small; it does so more regularly in the albino
rat (Charpentier, 1936), in the guinea pig (Boehm, Sigg, and Mon-
nier, 1944), in rabbits (Noell, 1953), and particularly in the dog
(Piper, 1905; Parry, Tansley, and Thomson, 1953). Below, I shall
discuss separately slow negative and positive responses. The positive
secondary rise is well known to be a characteristic of the dark-adapted
state. It is sensitive to ether and for this reason may be absent in the
Gecko which has been anesthetized with ether (for an alternative ex-
planation see below, p. 182). There were some doubts of whether the
dark-adapted human eye has a secondary rise, but these have been
dispelled by Dodt (1951b) and Wirth (1951). It should be realized
that I am speaking of high-intensity electroretinograms capable of dis-
playing all the features of the response.

In conclusion it may be stated that with the exception of the c-wave
or secondary rise all principal features seen in rod (E) electroretino-
grams are also found in cone (I) electroretinograms, but the latter
tend to have a far more conspicuous off-effect or d-wave. There is noth-
ing wholly new in this conclusion. It was also emphasized in the gen-
eral component analyses of the electroretinogram, illustrated in Fig. 71
for the frog eye (for the cat retina see Granit, 1933), in which long
ago our laboratory expanded and developed experimentally the old
work of Piper (1911) and Einthoven and Jolly (1908) in the belief
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that some such skeleton of an analysis was necessary for directing fur-
ther work. These components do exist and for many purposes the
analysis is still serviceable (Miiller-Limmroth and Andrée, 1953a). It
generally seems to have been overlooked that in the light-adapted frog
the whole off-effect could not be accounted for unless an overswing
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Fig. 71. Analysis of the I-electroretinogram. Upper: dark adapted. Lower:
light adapted. Duration of stimulus: 2 sec. (Granit and Riddell, J. Physiol., 81,
1. 1934.)

to the positive side of the component labeled PIII or renewed activa-
tion of PII was assumed to take place, as was experimentally found
by Granit and Therman (1937). This is in agreement with Parry’s
work discussed in Chapter 1, sec. 6 (cf. also Fig. 13) and has recently
been emphasized again by Tomita (1950).

A consequence of this general theory of the electroretinogram, which
after twenty years, no doubt, is ripe for improvement, is that both rod
and cone systems possess the same components but that their relative
size may vary a great deal from animal to animal. In particular the
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negative component PIII was found to be relatively larger in cone
electroretinograms. This, by some authors, has since been taken to
mean that it is specific for cone eyes but it was clearly pointed out
that “of course, both processes [i.e. PII and PIII] are present in all
types of retina” (Granit, 1947, p. 135; cf. Best, 1953a; Noell, 1953;
Dodt and Heck, 1954a). One of the most definite early arguments
that PIII was also present in rod retinae came from Therman’s (1938)
work with the isolated PIII, in which this component was found to
reproduce the visual purple spectrum in dark adaptation (Granit, 1947,
p- 125). To this, Armington, Johnson, and Riggs (1952) and, inde-
pendently, Bornschein (1952) and Best (1953a) have since added
emphasis by demonstrating that in man the initial a-wave which (on
the analysis of Fig. 71) is the initial part of PIIL, if proper precautions
be taken, can also be isolated as a rod phenomenon. Finally, Dodt and
Heck (1954a) for the first time have recorded the electroretinogram
of a pure rod eye (the Gecko, Fig. 71, d) which does not differ funda-
mentally from that of the pure cone eye (Fig. 71, a). There was a defi-
nite a-wave which increased in the dark.

In view of these facts Ottoson and Svaetichin’s statement (1952; re-
iterated by Svaetichin, 1954a,b) that the negative component of the elec-
troretinogram is a pure cone component and that cones do not contribute
to the b-wave cannot be upheld. It is also well known that the b-wave is
a good index of both cone and rod activity—indeed, it is capable of
giving the Purkinje shift (cf. Chapter 4) between the two states of
adaptation. Pure cone eyes are also well known to have positive b-waves
(see Fig. 71, a, and Noell, 1951; Forbes and Burleigh, 1952). Their phasic
components tend to be faster than in rod eyes (Meservey and Chaffee,
1927).

Now, why is the off-effect absent or less conspicuous in the electro-
retinogram of rod eyes? Is it because elements capable of giving off-
discharges are absent or rare in them? With an Adrian-Bronk needle
electrode in the optic nerve I found very marked off-discharges in the
cat’s eye (Granit, 1933). This was confirmed by Bartley and Bishop
(1940)—who used the rabbit’s eye, which likewise is lacking a good
off-effect in its electroretinogram—and by Adrian (1946) with other
retinae of the E-type. Later, using the microelectrode technique, I
found (Granit, 1942b) that pure on-elements were far more common
in the guinea pig’s eye than in any eye containing a greater number of
cones. However, off-discharges were by no means absent, as has been
since confirmed by Adrian (1946), who employed the massed dis-
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charge from the optic nerve of the guinea pig as an index. Apparently
we are dealing with differences of degree rather than of kind. The dif-
ferences between rods and cones should not be exaggerated. Many
facts have, indeed, made it necessary to assume that there are cone-
like rods (Granit, 1947). However, considering the very large number
of pure off-elements in the frog’s eye (Hartline, 1938a), it seemed to
me (1947) that the organization responsible for the off-effect might
well be better developed in cone eyes (see Fig. 71, a). In the eyes
of cats and guinea pigs pure off-elements are rare, possibly absent, “pu-
rity” being partly a matter of definition.

If this view is correct—that the off-mechanism is less developed in
rod eyes, and, when present, possesses slower time constants (Granit
and Munsterhjelm, 1937)—it is clear that at cessation of illumination
the algebraical interference of the components may easily lead to
obliteration of the off-effect in the electroretinogram. Cessation of
illumination is also characterized by postexcitatory inhibition, particu-
larly easy to demonstrate in the retinal elements of guinea pigs (Granit,
1945a). If the latter is opposed by a less active off-mechanism than in
cone eyes it may well dominate the electroretinogram. Sometimes the
electroretinogram actually becomes negative at “off,” as in record C,
Fig. 72, and in some of Noell’s (1953) and Ottoson and Svaetichin’s
(1954) records. It was shown in Chapter 2, sec. 6, that receptor poten-
tials may change polarity at cessation of stimulation (the hyperpolari-
zation of Katz).

The eyes of most laboratory mammals and that of man are dominated
by rods, and so, normally, their electroretinograms would tend to bring
out the interference picture characteristic of the rod system. Pigeons
have been used to some extent in recent work for representative cone
eyes. However, they do not lack rods. Their electroretinograms show
marked off-effects (Piper, 1910, 1911; Granit, 1935; Adrian, 1946;
Dodt and Wirth, 1953).

From what has been mentioned above it should be perfectly clear
that in mammals cone electroretinograms will in general be covered
by rod electroretinograms. This is well known to be the case in man
(Adrian, 1945; Karpe, 1945; Karpe and Tansley, 1947; Johnson and
Riggs, 1951). Some evidence clearly indicates active suppression of
the cones by the rods (Granit, 1947; Dodt, 1952a; Dodt and Heck,
1954b). This being so, it is necessary to look for means of “uncover-
ing” the cones. This general problem, together with clinical applications
of electroretinography, has been very much in the foreground in recent
work on the electroretinogram. The three chief methods applied, singly
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or in combination, have been to use (1) light adaptation to suppress
rods, (2) differences in color sensitivity between rods and cones (see
Chapter 4), and (3) flicker and fusion frequency. All require strong
light sources. In human electroretinography, which is clinically impor-
tant (cf. e.g. Karpe, 1945) and of theoretical interest because of its
bearing upon psychophysical interpretations, much experimentation
has lately been devoted to methods of uncovering cones. It is regrettable
that with few exceptions most workers have neglected the off-effect
and restricted their analysis to the initial phases alone. The cone-
component is just as important at “off.” I shall therefore begin with the
analysis of “flicker,” which has thrown some light on the off-effect.

It should be realized that the human electroretinogram cannot be ex-
pected to give a picture of the average sensory events in which our visual
perceptions are directed by the cones of the fovea with their (relative to
the peripheral rods) enormous sensory projection area. We can see well
with the cones at modest intensities, beginning at about a tenth of a meter
candle, when rod dominance in the electroretinogram still would be prac-
tically complete. Roughly speaking, the sizes of the peripheral and central
parts of the field of vision in primates are inversely represented in retina
and the cortical striate area. The cortex of the cat is likely to be better
interpretable in terms of this animal’s electroretinogram than our own
cortex (or that of a monkey) in terms of our retinal response. The cat has
no fovea, only an area centralis with a greater number of cones than else-
where (Ziirn, 1902). This is not rodfree like the primate fovea.

The most striking differences between the electroretinograms of E-
and I-type are seen in flicker, or the response to intermittent illumina-
tion. The vertical line in Fig. 72 marks cessation of illumination. In the
eyes (4, B, C) which have a good off-effect, resumption of illumina-
tion elicits a negative a-wave followed by a b-wave; however, in the
cat’s rod-dominated eye (D) the first effect of reillumination is a pure
b-wave. In accordance with this, flicker in the electroretinogram of
cone eyes is generally a succession a-b-a-b, while in rod eyes it tends
to be b-b-b-b. This is well known (see Granit, 1947) and has recently
again been confirmed by Miiller-Limmroth and Andrée (1953b) and
Dodt and Heck (1954b). With mixed eyes, using dark adaptation and
low intensities, to keep well within the rod range, the flicker sequence
of wavelets is b-b-b; with strong lights, which cause some light adapta-
tion, the response changes into a-b-a-b (Granit and Riddell, 1934). At
the same time the fusion frequency increases in accordance with the
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likewise well-known fact that cones follow faster rates of flicker than
rods.

Until recently it was thought that eyes dominated by rods could not
flicker at the fast rates required by the presence of a limited number
of cones, the notion being that the cone response in such eyes could not
be traced below the dominating rod response. Thus, the perceived
flicker of the human eye, mediated by cones, was known to run up to

-

Fig. 72. Effect of increasing the interval between two stimuli on the electro-
retinogram of different types of retina. A: frog, B: pigeon, C: owl, D: cat. Upper-
most curve of each series shows the uninterrupted off-effect; short vertical lines
indicate the beginning of the second stimulus. Time marking: 1/10 sec. (Granit,
J. Physiol., 85, 421. 1935.)

values around 70 flashes per second, while the electroretinographically
determined flicker fusion stopped at around 25 flashes per second, a
maximum characteristic of rods. Dodt (1951a; 1952a), however, suc-
ceeded in showing that if sufficiently strong lights were used, the electro-
retinographically determined flicker fusion could be driven up to the
value of the cones. The stimuli naturally had to be very much stronger
than those necessary for perceived flicker, in accordance with the fact
that because of the large central projection area for the fovea, percep-
tion responds in terms of cone vision while the electroretinogram tends
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to reproduce rod behavior based on the numerical preponderance of
the rods in the periphery. Fig. 73 is from Dodt’s paper and shows a
slowly increasing high-intensity flicker in man, for whom the electro-
retinogram is well known to be of the E- or, as we henceforth would
like to say, rod-type. This response begins as a monophasic b-b-b-flicker,
but from the third flash it changes type and continues as a diphasic
a-b-a-flicker. Between the tops of the later b-waves one notices a defi-
nite positive swing, the off-effect. This is very difficult to demonstrate
with a single stimulus. The a-waves in flicker are thus very much larger
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Fig. 73. Flicker in high intensity human electroretinogram. Lower curve in
direct continuation of upper curve. Time in 2 sec. Stimulus duration marked
below record. Onset of light downward, cessation upward. (Dodt, Von Graefes
Arch. Ophthal., 153, 152. 1952a.)

than with nonflickering stimuli. Here, then, flicker with strong light
serves to “uncover” the off-effect and emphasize the a-wave. These two
phenomena seem to belong together. Very large a-waves are seen on
top of off-effects, larger than against zero activity.

This is well illustrated by record C of Fig. 72, in which reillumina-
tion during the off-effect has taken place in the owl’s eye. It is seen that
in eyes with off-effects the a-waves (in response to flashes timed to fall
into different phases of the off-effect) run through a maximum on top
of the latter.

Why is it that flicker can uncover an off-effect and, together with it,
a larger a-wave than would be normal for a single flash at this intensity
(see the first flash of Fig. 73) and thus change the rod electroretinogram
of the human eye into a cone electroretinogram? Part of the answer
is undoubtedly that the high-intensity flickering electroretinogram is
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recorded against a background of permanent illumination carried over,
as it were, from one flash to the next. It is in reality one light super-
imposed upon another. In this way the normal rod electroretinogram
can be sufficiently suppressed to release the cone electroretinogram.
Long ago the same change was shown to take place in another mixed
eye, that of the frog (Granit and Riddell, 1934).

The fast cone-flicker at high intensities may fuse as an a-b-flicker
or a b-b-flicker. What actually happens is difficult to determine with
the small deflections at the limiting point for fusion. Besides, it is a gen-
eral effect of light adaptation to make the phasic components of the
electroretinogram faster. Thus, in Fig. 74 the frog’s eye has been stimu-
lated with 1,800 meter candles. There is the initial a-wave, the b-wave,
and the off-effect or d-wave. The same stimulus is repeated as a brief
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Fig. 74. Effect of a short dark interval on the b-wave produced by reillumi-
nation in the frog. A: original electroretinogram. B: b-wave produced by a flash
superimposed on the off-effect. C: b-wave produced by the same flash 10 sec.
after the end of the off-effect. Time marking: 1 sec. (Granit and Riddell,
J. Physiol., 81, 1. 1934.)

flash on top of the off-effect as B and now produces a quick diphasic
response a-b. The eye was left in the dark for ten seconds and then
stimulation with the brief flash was repeated as C. The effects B and C
of the same flash are vastly different; B is fast and the a- and b-phases of
much the same relative height as compared with C, in which the re-
sponse again has gone morc monophasic and become slow. Similar
changes take place in the human eye, to judge by Dodt’s records of
Fig. 73. But in this eye they develop on a very much faster time scale,
so that in order to see the a-b-flicker and the off-effect one has to use
fast high-intensity intermittent stimulation. It is possible to produce
b-b-flicker and suppress the off-effect in the dark-adapted frog’s eye,
also, by stimulating at a very slow rate with brief flashes.
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It helps to clarify matters if one considers the responses to flicker of
individual elements isolated by the microelectrode technique. These
have been studied by Enroth (1952). The retinal elements flicker with
the off-component, if that is dominating, or with the on-component if
that happens to be dominating. If one has isolated an on/off element,
it flickers with both on- and off-bursts until the rate has become so fast
that the on- and the off-discharges clash. If the rate of flicker is fur-
ther increased, either component takes the lead and flicker goes to its
final fusion point as a pure on-flicker or as a pure off-flicker. Fig. 75 is
from Dodt and Enroth’s (1953) later work with light-adapted cats.
At slow rates of intermittent stimulation there are eSS at both
“on” and “off,” but as the rate increases the ¢ ‘stronger” off-discharge
takes the lead and at the point of fusion, which is as high as 60.8 ﬁashes
per second, flicker has for some time been a pure off-flicker. (By call-
ing the off-component “stronger” or “dominating” I mean that its dis-
charge frequency is higher and latent period shorter.) Similarly, if
the on-component has been dominating, flicker will have fused as on-
flicker. Both on- and off-flicker can run up to the same maximum values
of fusion. It all depends upon the nature of the element. Fundamentally,
both can flicker and fuse at equally fast rates. On the notion that fast
flicker is cone flicker, for which more evidence will be given below,
the result means that both “on” and “off” are represented in the cone
system and that both become faster in light adaptation, provided that
sufficiently high intensities be used. The determining factor, as shown
by Enroth (1952) and confirmed by Dodt and Enroth (1953), is the
impulse frequency in the individual flashes. Fusion frequency is actually
directly proportional to impulse frequency, a remarkable and impor-
tant generalization considering that fusion frequency, as perceived, is
ameasure of brightness. I shall discuss this problem in Chapter 8.

Returning now to high-intensity flicker in the electroretinogram of
the light-adapted cat’s eye, we may note that it rarely if ever changes
into a definite a-b-flicker, as does flicker in the human eye with its
greater number of cones, but generally continues up to maximal values
as a b-b-flicker. Occasionally it is possible to detect true positive off-
effects (cf. Dodt and Heck, 1954b). Fig. 76, from Dodt and Enroth’s
work, shows a flickering electroretinogram in the cat’s eye running up
to 50 flashes per second at fusion. Differences in the shape of the flicker-
ing wavelets of rod and cone flicker in the cat have since been studied
by Dodt and Heck (1954b).

In order to show that the fast flicker actually is cone flicker, com-
parisons may also be made between pigeons (dominated by cones),
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cats (definitely possessing cones capable of giving the cone spectrum
after light adaptation), and guinea pigs (incapable of doing so). Fusion
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Fig. 75. Flicker response of an on/off discharge of a retinal ganglion cell
during increasing frequency of intermittent stimulation. Top trace indicates light
period upward and dark period downward. The off-discharge is much stronger
than the on-discharge and can be traced to frequencies higher than those at
which the two components clash. Fusion frequency 60.8 flashes/sec. Light
intensity 7,000 lux. Time trace: 50 cy/sec. On-latency marked by broken line,
off-latency by dotted line, fusion by arrow. (Dodt and Enroth, Acta physiol.
scand., 30, 375. 1953.)

frequency is plotted against light intensity for these eyes in Fig. 77.
The pigeon’s eye is the fastest, running up to values around 140 flashes
per second; the cat’s curve definitely has two branches and the turning
point is around 500 meter candles at the animal’s eye; the guinea pig
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has a very small second branch, the turning point being around 4,000—
5,000 meter candles. It is quite possible that conelike rods are responsi-
ble for the second branch in the guinea pig’s curve. For man the electro-
retinographically determined turning point is around 5-20 m.c. and
the maximum of the second cone branch around 70 flashes per second
at 1,000 m.c. (Dodt and Wadensten, 1954). The two branches of the
flicker-fusion curve have been well known, from sensory work on

Fig. 76. High intensity record (5260 lux) to show the general features of an
ERG flicker response in the light-adapted cat’s eye. Top trace indicates light
period upward and dark period downward. The frequency of the intermittent
light is slowly increased and the records form a continuous series. Time trace:
50 cy/sec. Fusion frequency 69 flashes/sec. Urethane-chloralose cat. (Dodt and
Enroth, Acta physiol. scand., 30, 375. 1953.)

flicker, ever since the first observations by Porter (1902). The two
branches of Porter’s curve, since repeatedly observed in many labora-
tories, were ascribed respectively to rods and cones by Von Kries as
early as 1903; he supported this conclusion by experiments on a totally
color-blind (cone-blind) observer. A similar observer has been studied
by Dodt and Wadensten (1954) electroretinographically. Not only was
the second portion after the kink in the curve missing, but at intensities
above 60 m.c., when a maximum of 18 flashes per second had been
reached, the fusion frequency again fell at higher intensities. In the
recent work by Dodt and Heck (1954a) on the pure rod eye of the
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Gecko the maximal fusion frequency was also around 20 flashes per
second. The turning point of the mixed human eye in sensory flicker is,
of course, much lower than in the flickering electroretinogram. Ives
(1912) found it to be around 0.25 m.c., Porter around 0.1 m.c.
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Fig. 77. Double logarithmic plot of fusion frequency of the electroretino-
gram against stimulus intensity in meter candles. Open circles: cat; half-filled
circles: guinea pig (2 animals); black dots: pigeon. Replotted from data of Dodt
and Wirth (Acta physiol. scand., 30, 80. 1953) and Dodt and Enroth (Acta
physiol. scand., 390, 375. 1953.)

It is clear from all this evidence that the study of flicker fusion pro-
vides an excellent approach to human cone electroretinography. The
electrical resonance method (Granit and Wirth, 1953) should prove
useful in this work.

In the belief that intermittent stimulation is in many respects one
of the bzst ways to establish a cone electroretinography with most mam-
mals—including man, in which rod dominance is the normal state of
affairs—I have discussed this method of “uncovering” the cones in
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considerable detail. The traditional methods are of course light adapta-
tion and determination of spectral sensitivity, by means of which, as
stated above, it is perfectly easy to show that the frog’s cone electro-
retinogram after adaptation to bright sunshine does not differ funda-
mentally from its rod electroretinogram in the dark. Its spectral sensi-
tivity has, of course, shifted toward the red side. This is the well-known
Purkinje shift (cf. Chapter 4) from visual purple vision with maximum
sensitivity of around 5,000-5,100 A (depending upon corneal absorp-
tion) to around 5,600 A.

Man apparently has a sufficient number of cones to give an indica-

tion of a Purkinje shift of the spectral sensitivity to single flashes in,

light adaptation, as was found by Motokawa and Mita (1943, 1945).
It can never become very marked because of the rod dominance in our
eye (cf. Bornschein, 1952; Armington, 1953). In cats no Purkinje shift
can be demonstrated by ordinary electroretinography (Piper, 1905).
The electroretinogram in this animal approaches the vanishing point
after light adaptation. However, the microelectrode technique brings
out the shift in a certain number of elements (Granit, 1943c), and so
do Weale’s (1954) measurements by direct reflection from the living
eye, as is shown by Fig. 54 in Chapter 4. Flicker has not yet been tried
in combination with a sufficiently intense spectrum, but in view of the
identity of the maximal critical frequencies in cat and man it is more
than likely that the cone b-wave could be uncovered in this way also.
In man Motokawa and Mita (1942) actually found an early and fast
positive wave, shown in Fig. 78, ascribed as coming from cones and
labeled by them the x-wave. Later work by Armington (1952, 1953)
and by Schubert and Bornschein (1952) has identified this wave with
the early b-wave seen by Adrian (1945) and by him definitely proved
to be due to cones. Adrian showed that the initial phases of the electro-
retinogram tended to be slow and monophasic in the short wave lengths
(blue) and fast and diphasic in the long ones (red). In between,
b-waves made up of a slow and a fast component were noted in man,
pigeon, and monkey (Adrian, 1946) but not in cat, rabbit, and guinea
pig, which have a smaller number of cones. This then established a
method of uncovering cones (at onset of illumination) and was also
in complete agreement with the early work on the electroretinogram
which with different eyes had shown that a- and b-waves occurred in
both cone and rod retinae and were faster in the former. The only ques-
tion that remained uncertain was whether the small a-waves that were
always seen in eyes with rod dominance if the stimuli were strong
enough were or were not a sign of cone activity. It has already been
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pointed out above that the isolated cornea-negative component PIII,
of which the a-wave is the initial part, gave the rod spectrum in the
dark. Later work on the human electroretinogram by Armington, John-
son, and Riggs (1952), Bornschein (1953), and Best (1953a) suc-
ceeded in demonstrating beyond doubt that the a-wave, like the b-wave,
could be split up in a slower rod- and a faster cone-component. The
rod a-wave has since been also confirmed with the pure rod eye of the
Gecko (Dodt and Heck, 1954a). Thus, inasmuch as the initial a-b
sequence of events is concerned, we can now be certain that it occurs
in both rods and cones and that these events generally are faster in the
latter. Further progress, no doubt, can be expected from the use of the
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Fig. 78. The fast initial positive response (x) of the human electroretinogram.

Red light, b-wave, and c-wave marked on record. (Motokawa and Mita, Tohoku
J. Exp. Med., 42, 114. 1942))

flicker method at high stimulus intensities, especially with bright spectra.
There is a considerable early literature on the differences between rod
and cone electroretinograms in various animals, including man (cf.
Kohlrausch, 1918, 1931a; Groppel, Haas, and Kohlrausch, 1938), of
which a fairly complete review is given in my summary of 1947.
Motokawa and Mita’s x-wave * was obtained with the electrode on
the bridge of the nose (Motokawa and Mita, 1942), which may have
recorded from both eyes, and so some workers, including myself, were
uncertain of its significance, even though I was aware of Adrian’s re-
sults, referred to above; and Munsterhjelm and I (1937), using a
spectrum, described multiple b-waves in the frog’s eye as well as slow
and fast off-effects. However, Schubert and Bornschein (1952), with
the contact glass electrode, set out to investigate this question and
soon found that the x-wave could be obtained in the normal, hemera-
lopic (rod-blind) and deuteranopic eye but not in the protanopic eye.
This was very definite evidence in favor of its being due to cones. Moto-

* This work did not become available until after the war.
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kawa and Mita (1942) stated that their x-wave was equally definite
in protanopes and deuteranopes. Armington (1952) emphasized the
fast b-wave (x-wave) by using a fast coupling condenser in his ampli-
fier and by this means found an expansion of sensitivity to red light
when determining the spectral distribution of the b-potential in man.
This was absent in the protanopic eye. He also (1953) found the
electroretinograms of two night-blind observers to be less sensitive to
blue light. Taken as a whole, these observations suggest that the fast
b-wave is merely one of several cone components—possibly red cones
only—and that the eye of man, like that of the frog, is capable of
responding with component b-waves of different rates of rise and spec-
tral sensitivity, but that those produced by blue-sensitive and visual
purple receptors are the largest of all and therefore normally dominant.
Elsewhere I have reviewed the evidence for the connection between
blue sensitivity and visual purple sensitivity (1947; cf. Riggs, Berry,
and Wayner, 1949).

Recently Best (1953b) has developed an interesting technique of
recording with the same microelectrode—applied to the cat’s retina—
the spikes and the electroretinogram simultaneously. The light was pro-
jected through the microelectrode, and thus an area of less than 0.1 mm.
was illuminated. From different places very different types of electro-
retinogram were obtained. In most records a definite a-wave was seen,
and the spikes appeared to coincide with the rise of the b-wave.

4. The components of the electroretinogram

The components PI, PII, and PIII were presented in Fig. 71 for the
frog’s eye. This interference construction shows the cornea-negative
a-wave to be the early onset of PIII, interrupted by the rise of the
cornea-positive PII responsible for the b-wave. The slow PI responsi-
ble for the c-wave has been greatly clarified by Noell (1953). Inas-
much as different latencies and rates of rise are represented among the
responding structures, e.g. the differences mentioned above due to rods
and cones, the fast components PII and PIII of opposite sign will be
split up in a corresponding fashion, since the evidence available shows
them to be associated with, respectively, excitation and inhibition (see
Granit, 1947, 1952b; Noell, 1953). The multiple b-waves and off-
effects of the frog’s eye were well known in 1937 (cf. above), yet I did
not consider it necessary to include them in the general diagram of the
analysis. The latter was meant to raise the general question of whether
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such components represent homogeneous events in the sense that they
can (1) be referred to definite structures and (2) ultimately be physico-
chemically explained.

My view in 1947 was that PI and PII probably were such homo-
geneous events or processes but that PIIT apparently represented two
separate events of the same electrical polarity, two components in one.
The difficulties were pointed out in detail, with a full discussion of
alternative localizations and all arguments pro and con the unitary view
of PIIT (pp. 109-19), some of which since have been summarized by
Cobb and Morton (1952). It was explicitly pointed out (Granit, 1947,
p. 113) that we did not know the final answer to the complicated ques-
tions raised.

The most systematic recent attempt to throw fresh light upon the
components of the electroretinogram, as recorded with standard leads,
is that of Noell (1951, 1952a,b, summarized, 1953), which in many
respects has deepened our understanding of the complicated problems
involved. The work has been carried out (under histological control)
with three substances, sodium azide (NaN,), iodoacetate, and sodium
iodate, generally injected intravenously into rabbits.

1. Iodoacetic acid (IAA) abolishes vision and the discharge in the
optic nerve within a few minutes after an injection and, if the spon-
taneous elimination of the substance is delayed by a second injection,
the effect becomes irreversible. Histological examination of the eyes
several weeks after the injection shows widespread disappearance of
the visual cells, while the inner layers generally are well preserved.

2. Sodium iodate produces a severe reduction of vision, developing
within hours or days. Its first and strongest effect is on the pigment
cells. Histologically, there is widespread deterioration of the pigment
epithelium and degeneration of the outer limbs of the receptors.

3. Sodium azide injected in as small a dose as from 10 to 20 mg.
produces a slow potential rise of the type and sign of the c-wave,
reaching maximum values as high as 20 mV. The threshold dose is
only 0.005 mg. While judiciously combining the effects of these fairly
selective poisons, Noell followed the retinogram, optic nerve response,
and histological changes.

The principles of the analysis are easiest to comprehend if a be-
ginning is made with its contribution to the understanding of the gen-
eration of PI, the slow component responsible for the c-wave, which
Therman (1938) showed could be activated by adrenaline. In 1947
a number of facts were held to favor the view “that PI appears early
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in the chain of events initiated by stimulation of rod receptors” (Granit,
1947, p. 112). This component did not seem to be directly associated
with excitation or inhibition of the impulses in the optic nerve.

Fig. 79, tully explained in its legend, illustrates stepwise injections
of azide while tests with illumination at two intensities are repeated.
The effects on the initial a- and b-waves are of a minor order in com-
parison with the enormous increase of the slow cornea-positive c-wave.
Azide, as stated, almost instantaneously raises the slow d.c. potential
of the eye, and this effect is independent of whether the receptors have
been previously degenerated with IAA or still are present. Azide can-
not therefore act by creating a direct current change referable to the
receptors. Since, however, the c-wave of the retinogram can be tested
only by illumination, it is impossible to use eyes without receptors for
this particular type of test, but iodate can be injected to destroy the
pigment epithelium and, if this is done, azide injections cease to be
effective. Simultaneously, the c-wave disappears. The inference is that
the latter (PI) is dependent on the pigment epithelium, thus on a struc-
ture peripherally relative to the receptors and not likely to be of imme-
diate significance for the discharge, except indirectly by the polarizing
currents set up by this comparatively large potential change (Noell,
1953). It may, however, be of considerable significance for the visual
purple mechanism. As such the pigment epithelium can hardly be the
actual seat of PI, because a microelectrode within the pigment layer
does not record any response (Tomita, 1950).

Iodate, in addition, acts on the outer limbs of the receptors, but this
effect is slow. In Fig. 80 the left vertical column shows the initial a- and
b-waves taken at fast sweep speeds, the middle column the full retino-
grams at slower sweep speeds, and the right column the effect of in-
jections of azide. Under the gradual influence of iodate the c-wave dis-
appears and is replaced by a large cornea-negative slow potential while,
as the right column (bottom) shows, the retina has become insensitive
to azide. The changes in the initial a-b-complex during the same time
are of a much smaller order. This azide-insensitive cornea-negative
potential in response to illumination is apparently present from the
beginning (see below) and revealed by the effects of iodate on the pig-
ment epithelium. Previous degeneration of the ganglion cells by optic
nerve section has no influence on any retinal potential, as is also sug-
gested by the failure of my many attempts (see Granit, 1947) to in-
fluence the retinogram by antidromic stimulation of the optic nerve as
well as by clinical experience (Karpe, 1945) with optic nerve diseases
(see also references in Noell, 1953).
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Fig. 79. Effect of azide on the a-, b-, and c-waves. Rabbit. The potential
across the eye is recorded by DC amplifier. The eye is exposed to low intensity
flashes (I-1/100), once every 4 sec. At the illustrated periods the intensity of the
flash is transiently increased 100 times (the two left-side responses are with
1-1/100, the following with I-1). Azide is administered intermittently through-
out the experiment, resulting in stepwise increases of the DC level. Tracing 1
is recorded after the DC potential has been increased by 1.3 mV. from control
value in response to 2.5 mg. NaNy; tracing 2 is recorded 26 minutes later after
a total of 10 mg. has been injected since start of the experiment; 3 is recorded
59 minutes after 1, when the total amount of the injected azide has reached
55 mg.; 4 is recorded 17 minutes later after additional administration of 30 mg.
in 3 injections. Note the additional increase of the c-wave in 4 while DC re-
sponsiveness has diminished and the b-wave has been reduced. The animal is
anesthetized by urethane and artificially ventilated under curarization. (Noell,
Studies on the electrophysiology and the metabolism of the retina. USAF School
of Aviation Medicine, Randolph Field, Texas. 1953.)
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It was pointed out above (cf. Figs. 70 and 80) that the electro-
retinogram often swings toward the cornea-negative side after the
b-wave. In some animals the state of balance between the cornea-

EFFECT OF IODATE
CONTROL
0.1mg AZIDE

L v CONTROL
T-1/10 I-1

190"

N
A e
INCTL

1030" 1080"
Ve

R iy vy

Fig. 80. Effect of iodate on c-wave and azide response. Rabbit, right eye;
electrodes across eye-bulb, DC amplifier. Left column shows on single sweep
the a- and b-waves of the ERGs of the middle column. The light stimulus has a
duration of 130 msec. Amplification of left column is higher than middle column.
Right column presents the responses to 0.1 mg. NaN: in 2 cc., injected rapidly
into leg vein; the interruption in the baseline marks the time of azide injection.
Amplification is the same in middle and right columns; the time base differs.
After the control tracings, 3 cc. of a 5% iodate solution were administered
intravenously. The numbers beside the tracings give the time in seconds after
iodate. Vertical scale is 0.1 mV. units. (Noell, Studies on the electrophysiology
and the metabolism of the retina. USAF School of Aviation Medicine, Ran-
dolph Field, Texas. 1953.)

50 cy

positive PI and the cornea-negative azide-insensitive potential seems
to be displaced in favor of the latter. Fig. 81, from Parry, Tansley, and
Thomson’s (1953) paper, compares dog and rabbit. These authors also
came to the conclusion that their large negative change was not identi-
cal with the one responsible for the a-wave. It is evident, however, that
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both a-wave negativity and the azide-insensitive potential fall into the
category of PIII, which therefore would be made up of a fast and a slow
cornea-negative component, just as the opposite cornea-positive poten-
tials are made up of a fast (PII, b-wave) and a slow (PI, c-wave) com-
ponent.

Turning now for a moment to the old evidence suggesting two com-
ponents in PIII, we find interesting parallels that should be worked out
by further experimentation. PIII was produced by asphyxia or potas-
sium chloride, and in both cases it was often found to linger on after
illumination and return more slowly to the base line than a receptor

Dog Rabbit

_—k‘-/n)

Fig. 81. A comparison of the electroretinogram of red Irish setter and rabbit.
The upper tracing in each record gives the electroretinogram, and the lower,
the time mark. The light is “on” when the time tracing is displaced upward.
The record shows that the normal positive c-wave of rabbits is replaced by a
negative potential in dogs. Time mark: 0.5 sec. Calibration: 50 uV. (Parry,
Tansley, and Thomson, J. Physiol., 120, 28. 1953.)

potential might be expected to do. This was called “remnant negativity”
(Granit, 1947, pp. 55, 132). The many available records of pure
receptor potentials, as e.g., Frohlich’s of the cephalopod eye and Hart-
line’s (1928) of Limulus (see Chapter 1), showed a relatively fast re-
turn to the baseline after illumination and the receptor potentials did
not increase during illumination, as did PIII. Also, PIII had the prop-
erty of practically no adaptation, being easily re-established by re-
illumination. At the time, however, our interest was directed toward
those changes of potential which showed some correlation with excita-
tion or inhibition in the optic nerve, and so the very slow phenomena
were neglected, particularly in potassium-treated retinae, in which there
was no impulse activity left to correlate them with. However, Fig. 82
(Granit, 1938) shows the slow course of “remnant negativity” in one
of the experiments by Granit and Therman, in which the fast negative
dips of reillumination during the cornea-positive off-effect are super-
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imposed upon a slow negative change. The experiment refers to the
potassium-treated frog’s eye stimulated with monochromatic green
light at maximum strength of our Hilger-Tutton monochromator.
Noell’s (1953) observations also show that the c-wave has little if
any direct effect on the optic nerve discharge, and his slow azide-
insensitive negative potential does not seem to be directly concerned
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Fig. 82. Original photograph (cathode ray oscillograph) of electrical re-
sponses of frog’s retina after treatment with potassium. 4. exposure of about
4.8 sec.; B: 7.2 sec.; C: about 12 sec.; D: off-effect alone after exposure of
60 sec. Rate of recovery followed in B, in which two intervals of 5 sec. each
have been cut away from the film. From film C, likewiss, part of the electrical
response is cut out. Time in seconds below. Upper line is photograph of stimulus.

Note: In record A small positive deflection is clearly visible. Off-effect in-
creases with length of exposure. In each case a flash on top of it causes a large
negative deflection (“negative notch”) which does not reach the maximal level
of negativity of PIII. Early in the same experiment it did reach it. (Granit,
Docum. Ophthal., 1, 7. 1938.)

with it. For this reason, in addition to others mentioned above, these
slow changes, which in relation to the fast ones are bigger by a factor of
from 3 to 5, can hardly be ascribed to any system placed on the route
of the excitatory or inhibitory disturbance down to the nerve. Noell
locates both in the pigment epithelium, which is in contact with the
outer limbs. These changes play a great role for the resting potential
across the retina.

Differentiation of PIII into an early and a late component with dif-
ferent time constants is also suggested by the effect of IAA, the sub-
stance destroying the receptors. IAA is combined with iodate in Fig. 83,
in which 1 is the control before iodate, 2 the response after iodate
which has removed PI (c-wave) and laid bare the azide-insensitive,
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Fig. 83. Effect of IAA on the isolated, slow, azide-insensitive potential. Left
column presents the a- and b-waves of the ERGs of the right column. Both
tracings are obtained with DC coupled amplifiers; the a- and b-waves are re-
corded with higher oscilloscope gain than the ERG of right column. 1: control
12 minutes before administration of 3 cc. of a 5% iodate solution; the DC level
is 2.2 mV.; 2: 15 minutes after iodate and 3 minutes prior to the administration
of 20 mg/kg. of IAA; the DC level is 2.5 mV. 3: 5 minutes after TAA; DC level
is 2.9 mV.; a small fraction of the b-wave has survived. 4: 9 minutes after TAA;
DC level 2.8 mV.; the b-wave has disappeared; a-deflection and slow cornea-
negative wave are preserved. 5: 15 minutes after IAA; DC level 2.7 mV.,;
a-deflection and slow negative wave are reduced in amplitude. Vertical scales:
1 mV. units. (Noell, Studies on the electrophysiology and the metabolism of the
retina. USAF School of Aviation Medicine, Randolph Field, Texas. 1953.)
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slow, negative component. At this stage the fast initial changes are
hardly affected at all. Injection of IAA quickly removes the b-wave
(PII) and with it excitation through the retina into the optic nerve, but
the fast and slow negative changes to illumination are present for some
time. The progressive lengthening of the latent period suggests inter-
ference with the fast component. The dose was not large enough for
instantaneous removal of any change other than PIL

PI or the c-wave is held by Noell to be the expression of a process of
active ion transport across the pigment epithelium, which thus is of
great importance for the retinal resting potentials (recently studied also
by Wulff, 1948, and Miiller-Limmroth and Lemaitre, 1953). Its allo-
cation to the pigment layer depends upon the experiments and argu-
ments reviewed, in particular upon the inverse correlation between
effects of the azide injections and the amount of epithelial destruction
by iodate. The azide-insensitive, cornea-negative component is as-
sumed to be a passive ionic transfer, emphasized when a specific “mem-
brane” function of the epithelium has been destroyed. It is impossible
to go into further details of Noell’s theoretical interpretations. Clearly
most important metabolic processes are involved, which probably also
take part in the synthesis of the photosensitive substances in the outer
limbs.

Light adaptation is known to remove PI, but this may now be inter-
preted as—partly at least—due to a shift in the state of balance be-
tween it and the azide-insensitive, slow, negative change. Long ago
(1933) I found that PI in cats could be selectively removed by ether.
This could only be demonstrated by high-intensity responses and at a
stage of anesthesia in which low intensity responses still were normal
and wholly uninfluenced. Accordingly, in this species PI must be a
high-intensity response. The c-wave is also known to require flashes of
long duration (see e.g. Dodt, 1951b; Noell, 1953). These simple
modes of approach, consisting of variations of stimulus intensity and
flash duration, which require no drugs, have not yet been sufficiently
utilized for removing slow components. For instance, it is unknown to
what extent the slow negative component in this respect behaves like
the slow positive one.

Cobb and Morton (1952) and, independently, Rendahl (1952)
have done some work along these lines on man. Very strong brief
flashes have been used, and these emphasize the initial negative a-wave.
Cobb and Morton report a latency as short as from 4 to 7 msec. for
the a-wave (cf. also Einthoven and Jolly, 1908). A set of their records
is shown in Fig. 84 for different intensities, illustrating clearly that the
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large negative response may very well consist of two components.
“Notching of the first three phases is considered to be evidence of the
dual nature of PIII suggested by Granit” (Cobb and Morton, 1952).
This method would seem to be the ideal approach to separation of fast
and slow PIIIL.

The description of the slow components of the electroretinogram
would be incomplete if it were not pointed out that Noell (1953) also
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Fig. 84. FElectroretinogram of human eye to photoflash at the intensities
marked beside records. (By courtesy of W. Cobb, National Hospital, London.)

has found slow reversals of these changes at cessation of illumination,
but for these the reader is referred to the original paper. It is impossible
to take up here the whole of Noell’s extensive work, which is richly
documented and charged with perspectives for future experimentation,
particularly with regard to retinal metabolism and mechanisms of ion
transfer in relation to changes of potential.

It is, however, of some interest in view of the connection between
the fast positive and negative potentials with excitation and inhibition,
to consider his evidence for allocation of the a- and the b-deflections,
PIII and PII (in Noell’s sense), to specific structures. Noell identifies
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his two opposite “fast” potentials with PII and PIII, and distinguishes
them from his two opposite “slow” potentials, one of which is PI. Re-
moval of the fast negative and positive components by IAA, which
destroys the visual cells, is perhaps not so easy to interpret because
absence of receptors means that stimulation by light is impossible.
Todate influences the receptors more slowly and selects the outer limbs,
which in the histological pictures appear degenerated. In Fig. 85 (bot-
tom) are presented the normal controls of the a-b-complex together
with the same responses four days after the injection of iodate. A4 and
B (above) are the histological controls of the eyes of the iodate-treated
animals, from which the responses 4 and B (bottom, on the right) were
obtained just before removal of the bulbs on the 4th day. Noell rightly
draws attention to the “surprising discrepancy between the mainte-
nance of the electrical reaction in response to illumination and the
severity of the rod damage” in the eye of an animal such as the rabbit,
for which the response actually is dominated by rods. We have seen
above that a very large number of receptors is necessary for the record-
ing of an electroretinogram. The whole literature on visual purple in
the retina (summarized, Granit, 1947) goes to show that this light-
sensitive pigment is found only in the outer limbs. The records and
slides of Fig. 85 would be wholly unintelligible if any mechanism re-
sponsible for PII were a membrane potential across boundaries in
the outer limbs of the receptors. Indeed, it is difficult enough to under-
stand how visual purple can exercise its effect on what is left of the
receptor, but it may well be that very little of this extremely light-
sensitive substance is required for stimulation with supramaximal stim-
uli. After all, only a few quanta are needed for a threshold effect (see
above, Chapter 4, sec. 6).

In one monkey Noell (1953) also destroyed the central ophthalmic
artery aseptically, so that the vessels collapsed and immediate blanch-
ing of the retina occurred. Three weeks later the electroretinograms of
both eyes were recorded and the injured eye removed. Both a- and
b-waves were present, the latter reduced to a third or a quarter of its
original size, the former very much less reduced but slower. The sec-
tions showed reduction of the bipolar nuclei and degeneration of the
ganglion cells. The visual cells were entirely normal, the outer nuclear
layer had normal width. Fundamentally, this retina was capable of
giving fast PII and PIII, the latter much better preserved, which fact,
together with the evidence of Fig. 85, limits the generation of PII to
the outer plexiform layer and, at the other end, to the inner limb of the
receptors, while PIII in accordance with earlier evidence and Noell’s

CONTROL
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Fig. 85. The two reproductions of retinal sections (4, B) show visual cells
and ERG from two animals on the 4th day after iodate administration, the
control electroretinograms of which are 4 and B. Hematoxylin-eosin X 770.

ERG was recorded by cotton thread electrodes from the cocainized cornea.
The animal is unanesthetized. The right column gives the ERG tracing on the
4th day just before enucleation. Same amplification and sweep speed as in the
control. (Noell, Studies on the electrophysiology and the metabolism of the
retina. USAF School of Aviation Medicine, Randolph Field, Texas. 1953.)
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results probably is located further toward the receptor end than PIIL.
The most striking result, however, is the fact that the intact visual recep-
tors in this experiment, to be compared with the one of Fig. 85, produce
so little PII. In Noell’s own words: “It is unequivocal in revealing that
the sensory organelles—isolated from functional processes within
proximal portions of the pathway—are unable to generate a normal
b-wave potential.”
Noell accordingly concludes that his assumption

that the inner limbs are an essential element for the manifestation
of a- and b-waves must take into consideration that physico-chemical
changes in the vicinity of the inner limbs seem equally important
in producing these electrical reactions and that consequently the
inner limb can only constitute one ‘electronic’ element of the cur-
rent produced. In case of the a-wave, current flow would probably
not develop without specific reaction at the linkage between inner
and outer limb, and similarly a b-wave current probably does not
ensue unless structures proximal to the inner limbs [i.e. outer plexi-
form layer] participate in the excitation process.

It is, of course, necessary that the large currents recorded as electro-
retinograms in response to light be set up by simultaneous excitation
of a number of closely packed elements of the same kind and orienta-
tion. Bartley (1941) suggested that the bipolars are this pathway, but
Noell’s evidence points to the inner limbs of the receptors and the bi-
polar cells. At the same time, his results serve to explain the difficulties
raised by the integration of “area” into the electroretinogram, discussed
above, as well as the work showing sensitivity of PII to several sub-
stances known to attack central nervous structures. Noell’s results do
so by emphasizing that for normal fast PII potentials the nearest plexi-
form layer is of greater importance than the outer limb of the receptors.

Noell’s work suggests an interesting relation to some observations
by Autrum (summaries, 1951, 1952) on insect eyes, which from a
wholly new angle raise the question of the physiological significance of
the neural layers behind the receptors. There are two extreme types
of insect eyes, the electroretinograms of which are illustrated in Fig.
86, from Autrum’s work. One type, represented in the figure by Tachy-
cines, gives a very simple cornea-negative response to illumination,
the other, Calliphora, a positive-negative deflection to a flash and in
addition a complex off-response at cessation of illumination. To the
latter type belong flies and bees, which Autrum finds follow high-
intensity flicker up to 200-300 flashes per second, depending also upon

THE ELECTRORETINOGRAM 187

temperature. Tachycines, however, cannot follow faster rates than
20-30 flashes per second. If the ganglionic layers, including the one
nearest to the receptors, are removed in Calliphora (Autrum and
Gallwitz, 1951), its eye reacts with the monophasic response of Tachy-
cines. This confirms an experiment of the same type in our laboratory
by Bernhard (1942) with the similarly responding eye of Dytiscus.
Autrum and Gallwitz, however, proceeded to remove the different
ganglionic layers stepwise while determining the fusion frequency. The
intact eye gave a flicker-fusion frequency of around 250/sec.; after
removal of two of the ganglionic layers this value fell to 170/sec.,
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Fig. 86. Electroretinogram of Calliphora (a, b) and Tachycines (c, d). Stimu-
lus duration in a and ¢ 1 sec.; in b and d 1/20 sec. (Autrum, Naturwissenschaften,
39, 290. 1952.)

although the eye still gave complex responses to “on” and “off.” When
finally the pure monophasic receptor response had been isolated by
removal of the nearest ganglion layer, the fusion frequency was only
10/sec.

These results suggest that the ganglionic components play an essen-
tial role in fast flicker. A remarkable confirmation of this conclusion
was obtained with Aeschna cyanea. At the larval stage the first gang-
lionic layer is found at a distance from the receptor layer, the response
to illumination is monophasic, and the fusion frequency is around 40.
In the course of the insect’s development to imago the first neural
layer approaches the receptors, ultimately to become located just be-
low them. The fusion frequency is then found to have risen to 175 and
the response has become diphasic. Autrum concludes that the elec-
trical processes in the ganglionic layers serve to restore the capacity
of the receptors to respond to light, and he develops a tentative hypoth-
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esis to explain how this occurs. For details I refer to his summaries.
The important points in this connection are: his actual evidence for
interdependence of potential changes in adjacent retinal layers, the
demonstration of a definite functional role for this interdependence,
and many suggestions for further work entailed in the results. The
parallel to Noell’s observations on a retina degenerated from “behind”
is obvious and suggestive.

Are there any other results with vertebrate eyes that should be re-
called in this connection? Long ago Creed and I (1933), while study-
ing flicker in the cat’s eye, removed the positive component PII with
ether or asphyxia. We found the remaining negative PIII incapable
of flickering. The result was surprising and inexplicable. It may be that
the pathological condition had been carried too far by these methods
of interference, so that only the slow cornea-negative component re-
mained, but “the possibility that PII and PIII interact, when present
together, is not excluded” (Creed and Granit, 1933, p. 430). In the
frog’s eye a PIII isolated with urea (Miiller-Limmroth, et al., 1953b)
seems capable of flickering, but there again one must raise the question
of whether it actually was wholly free of PII and whether, if so, different
methods of removing PII have a different effect on PIII, depending
upon what they do to the nearest neural layer. Zetterstrom (1951)
has made the interésting observation that the electroretinogram is ab-
sent in newborn children and slowly increases in size during the first
6—7 months, to become normal (initial phases studied) at an age of
around 12 months. In prematurely born children it may last up to
a fortnight before any response to light appears (Zetterstrom, 1952).
The small electroretinograms of infants are also slow and wholly mono-
phasic (b-waves). They cannot follow the fast flicker of the fully de-
veloped response (Zetterstrom, personal communication). Histological
controls are not available, but at the outset it seems difficult to account
for such results on the notion that the receptors—if they generate PII
and PIII—would be deficient for half a year.

These observations are mentioned because they suggest that Au-
trum’s idea of a kind of electrotonic feedback control of one layer by
another deserves to be followed up experimentally in vertebrates. Such
control would, indeed, provide a raison d’étre for what now appears
merely as a freak of nature, namely the addition to the retina of a
nervous center that otherwise might just as well have been placed fur-
ther “upstream” together with all other nervous centers. Electrical
feedback mechanisms, all of which are run by nervous loops carrying
impulses, are discussed in several places in these lectures (particularly
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Chapters 3, 6, and 7). Similar effects may be carried equally well by
electrotonic currents. I would not be surprised if work along these
lines would soon be rewarded with success by the opening of a new
chapter in electroretinography and lead to deeper understanding of
the mode of function of our noblest sense organ.

For the sake of completeness it seems necessary to refer briefly to the
attempts to study the vertebrate retina with penetrating microelectrodes
under microscopic control, initiated by Tomita and his collaborators
(Tomita, 1950; 1951-52). This line of work has since been taken up by
Ottoson and Svaetichin (1952) and Noell (1953). At the moment there
seems to be little agreement between the various workers, making it ex-
ceedingly difficult to review the results. Tomita and his collaborators, as
well as Noell, critically discuss the volume conductor and the difficulties
arising from the fact that all active cells are the seat of potential changes.
They are also fully cware of the differences between the recording of a
mass response and a more or less punctual lead, while Ottoson and
Svaetichin identify the two and state that cones and rods produce mono-
phasic potentials of opposite sign, which means identifying the positive PII
with the rod response and the negative PIII with the cone response. Since
it is well known that pure cone as well as pure rod retinae respond with
both PII and PIII (see above), it is difficult to know just why they have
lost the cornea-positive part of the cone response and the cornea-negative
one of the rods.

In order to indicate briefly the nature of the difficulties encountered, some
further comments might be made. Tomita, for instance, in pushing his micro-
electrode in from the side of the vitreous, finds that the a-wave goes through
a minimum of potential, then disappears, and finally, on the other side of
the bipolar layer, reverses its sign. On this basis he suggests that the micro-
electrode has approached, reached, and passed an electrical doublet in the
bipolar layer, which is contradictory to Svaetichin’s notion that the a-wave
is part of a pure cone potential originating in the receptors. Svaetichin
(1954a,b) and Ottoson and Svaetichin (1954) have also inserted fine micro-
electrodes from the receptor side of the eyes of fish (cones and rods) after
scraping away the pigment layer. Their microelectrodes, finer than those
of Tomita, cause dess damage but may easily bend, and since the distance
between the two limiting membranes is only 170y, of which near the m.
limitans externa 30, is occupied by the bipolar cells, it is difficult in the
absence of controls to be certain about this point. Ottoson and Svaetichin’s
(1954) diagram (their fig. 5) actually shows that when a microelectrode
—recording against a second electrode on the surface of the receptor layer
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—is pushed into the retina, the response begins to diminish rapidly from
a point 100y from the inner limiting membrane. At this point there would
be no reason for a pure receptor potential to decrease, whereas this clearly
would happen if the response were dependent upon both bipolars and
receptors considered as “electronic elements” in Noell’s sense. This result
does not therefore seem to support their inference, which is that the elec-
troretinogram originates in the receptors only. There can be no doubt what-
ever, of course, that receptors are electrically active, but it requires strict
experimental comparisons between macro- and microleads before events
in the two can be identified. Svaetichin (1954a) concludes that in pushing
his microelectrode into a fish retina in which the pigment layer has been
scraped away, he is recording the response of single cones. A very curious
finding in this work is two kinds of “contact potentials,” “expression of the
characteristics of the material in the cell wall.” There are both negative
and positive surface materia, the negative materia on the outer segment
of the receptor, the positive on the inner segment. The cone potential, which
is a membrane positivity generating impulses (in contradistinction to re-
sults by others reviewed in Chapter 1), appears mainly at 40y and 70u.
What makes it so difficult to interpret this work is the fact that it differs
from, say, Katz’s experiments (Chapter 1) in that the electrode tips are
invisible. Yet Svaetichin claims to establish differentiation by 30u. Con-
cepts such as negative and positive surface materia, which are unique in
the steadily increasing literature of work with outside and inside micro-
electrodes, suggest bending of the electrodes, bending of the receptors
(left over after removal of the pigment), or simply variations of resistance
(uncontrolled) in the small microelectrodes, with consequent variations
of grid current. It would also seem more natural to study the cone action
potential in a cone eye rather than in a damaged mixed eye. However, it
seems certain that the opposite potentials, recorded from 1865 onward
by so many experimenters (discussed in the last section of Chapter 1),
also can be obtained by microrecording within the receptor layer. As such,
the microelectrode is as sound an approach as any other, although it should
be realized that it is elective and fails to provide answers to many of the
problems raised by Autrum’s and Noell’s work reviewed above.

Chapter 6

Muscle Receptors and Their Reflexes

1. Introduction

THERE are several reasons why, in my desire to present one system
of input-output relations with relative completeness, I should choose
muscle receptors and their reflexes rather than e.g., skin or vestibular
organs. First of all: with my discussion of this field I want to pay a
tribute to the memory of my teacher, Sir Charles Sherrington, who
has a greater right than any other physiologist to be called its pioneer
and founder. The early fundamental results were presented in his Silli-
man Lectures delivered 50 years ago (published 1906), but many
important observations were made later—indeed, as late as 1925 by
Liddell and Sherrington. Again, problems of muscular receptivity and
muscle reflexes have for something over a decade interested several
laboratories in the United States as well as my own laboratory and
for this reason, too, the theme seems fitting. Finally, we have a con-
siderable number of new facts to weld into a preliminary integration,
and it would seem of some interest to point out the deficiencies in our
knowledge.

In 1945 the problem of centrifugal or motor control of muscle
afferents was raised from a new angle in a thesis from our laboratory
by Leksell. In this work he presented his discovery that the small
efferent fibers in the ventral roots of mammals did not, when selec-
tively stimulated, set up contractions but merely caused afferent firing
from the muscle sense organs. This, of course, means that phasic and
postural reflexes, spasticity, rigidity, etc. must be reconsidered from
the point of view of the mechanism of efferent control. These questions
will be discussed in Chapter 7.

2. The histological basis

More than 100 years ago the muscle spindles, according to Ruffini

(1898), were discovered by Hassall (1851); in Ruffini’s (1898)
191
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opinion Weismann’s paper of 1861 contains the first reliable histo-
logical description of them.* In his extensive histological studies on
the innervation of muscle Kiihne (1863a,b) described the structures
in detail and named them muscle spindles. A review of the old litera-
ture is found in Ruffini’s (1898) paper. Prior to the fundamental con-
tributions by Sherrington (1894) and Ruffini (1897, 1898) there was
actually an extensive literature on muscle spindles. Weismann’s theory
that they were muscular regeneration centers was supported by leading
biologists like Kiihne (1863a) and Kolliker (1863).

A great step forward was taken when Sherrington (1894), by de-
generation experiments, traced their fibers into the dorsal roots and
thus proved these structures to be sensory end-organs provided with
afferents and over a period of about 40 years (1894-1930) finally
developed the study of reflexes from muscles, the essential results of
which for a long time have been part of general medical education.
Ruffini’s histological work was published in English in 1897 and 1898,
and very little has since been added to his and Sherrington’s descrip-
tions of the structure of the muscle spindie. The detailed analysis of
the function of this organ was left for the electronic era of research,
but Ruffini made it perfectly clear that the spindles should be classified
among the most highly developed sense organs in the body, being
second only to the eye and the ear. He said: “Apart from the organs
of special sense (eye, ear, etc.) the body possesses no terminal organ
that can compare with these in richness of nerve-fibres and of nerve
endings.”

In addition to the muscle spindle there is another sensory structure,
the Golgi tendon organ, of which something is known physiologically.
It appears to work in close cooperation with the spindle and is located
at the insertion of the tendons into the muscles but not so strictly that
after cocainization or removal of the tendons one could be certain to
have a preparation devoid of these receptors (see e.g. Barker, 1948).
According to Sherrington (1894) and Barker, there are also tendon
organs at the insertion of the muscle spindles themselves, even “fre-
quently” in Barker’s opinion. The tendon organs were discovered by
Golgi and an excellent description of them is found in Vol. I of his
Opera omnia (1870-83, later ed. 1903). The early work is well re-

* T have seen only A. H. Hassall’s book of 1852 (The microscopic anatomy of
the human body in health and dissase, 2 vols. Taylor, Walton, and Maberley,
London. 570 pp.). To an amateur histologist neither his nor Weismann’s (1861)
paper carries conviction, while Kiihne’s, and particularly Kolliker’s, drawings
leave no doubt about what they have seen.
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viewed by Sherrington (1900b; cf. Cattaneo, 1888), who ascribes their
discovery to Rollett (1876) and Golgi (1880). The latter differentiates
between musculotendineous organs, apparently those which today are
called Golgi tendon organs, and a second type consisting of varieties
of Pacini bodies of different size.

Below we shall confine ourselves to muscle spindles and Golgi tendon
organs, which are the only ones properly analyzed physiologically.
There are also pain endings in muscles, which do not seem to differ
from those described in other tissues.

The following description of the mammalian ‘muscle spindle is based
on the papers of Sherrington (1894), Ruffini (1897, 1898), Kiihne
(1863a,b), Kolliker (1863), Denny-Brown (in Creed et al., 1932) and
Barker (1948). Barker’s paper is particularly complete. It provides a good
reconstruction of a whole spindle from a rabbit, a number of interesting
details, and a well-balanced discussion of the histological and physiological
evidence available up to 1948. A great many new physiological results
have since been added. Excellent reviews of muscle innervation as a whole
have been written by Hinsey (1927) and Hines and Tower (1928). The
most recent review is by Tiegs (1953).

The muscle spindle consists of a number of so-called intrafusal
striated muscle fibers, in cats generally six, and differing from the or-
dinary motor or extrafusal fibers in several ways. The 4—6 intrafusal
fibers form one organ in the sense that they come together, having
often started proximally from different extrafusal fibers, and end to-
gether at a tendon in the distal part, sometimes there, also, attached to
the extrafusal endomysium. The single intrafusal muscle fiber, illus-
trated in Fig. 87a, is seen to consist of two striated polar portions di-
vided by a noncontractile nuclear bag. The transitional or myotube
region on either side of the bag loses its striation as it approaches the
middle of the bag. The main contractile portion receives a motor
innervation of small fibers. The sensory afferents form two systems,
one on the nuclear bag itself, called the primary ending—often, too,
the annulospiral ending—the other the secondary or flower-spray end-
ing located in the myotube region. All these terms are Ruffini’s. In
cats it appears legitimate (Barker) to regard the metaphorical terms
as reasonably accurate, but in, e.g., rabbits and man it is not possible
to distinguish the two types definitely on grounds other than that of
location. Barker therefore prefers Ruffini’s alternative terms “primary”
and “secondary” endings. Fig. 87b shows simple and complex organiza-
tions in detail. In the simplest endings only one fiber is seen to have
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Fig. 87a. Diagram of a single intrafusal muscle fiber; each polar region has
been shortened to about a third of its typical length.

Fig. 87b. Diagrams of the equatorial regions of two rabbit muscle spindles
illustrating types of sensory innervation. Intrafusal muscle bundle shown in
outline only, and area of nuclear bags indicated by exaggerated swelling.
Spindle from m. vastus intermedius of quadriceps. Single and complex ending
shown. (Barker, Quart. J. Micr. Sci., 89, 143. 1948.)
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penetrated into the lymphatic space below the capsule of the bag
to form a primary ending; greater complexity is introduced by single
or double secondary endings, the latter, if double, on either side of
the never missing primary ending. These complex organs are most
common in cats. The primary or nuclear bag endings are “closely
heaped together and occupy approximately 160u of the equatorial
region, the secondary ending is more scattered and covers a length
of approximately 480.” of the myotube region.

The afferent nerves of the primary endings are the largest ones
known in the body of mammals, up to 20u in diameter in the nerve
(Sherrington, 1894), but those of the Golgi tendon organs fall into
the same general category. The secondary endings have smaller fibers.
In view of this it is somewhat unfortunate from the point of view of
nomenclature that Matthews (1933) in making the first physiological
identification called the primary endings A, and the secondary ones A,.
Perhaps new terms such as nuclear bag endings and myotube endings
would help to counteract confusion and terminologically associate
function with anatomy. Contraction of the spindle fiber would stretch
the nuclear bag with its coil of terminals, while the myotube endings,
being themselves in the “myo” or contractile part of the organ, might
be less sensitive to this form of stimulation, the coil perhaps rather
tending to crumple in the shortening process. However, as Fulton and
Pi-Sufier (1927-28) first pointed out, since the intrafusal structure
as a whole is placed parallel to extrafusal or ordinary muscle fibers,
the contraction of the latter should unload the spindle organ and thus
silence it. The Golgi tendon organs, again, being in series with the
extrafusal fibers (unless some really are in series with the spindle)
will record tension equally to stretch and contraction.

The final result of tendon and spindle messages relative to the state
of the extrafusal fibers, on the other hand, might be altered if spindle
and extrafusal fibers could contract independently. The relative ten-
sions of intra- and extrafusal fibers would by such means be adjustable
in a highly plastic fashion to a large variety of conditions. As we shall
see, this is what actually happens, so that Ruffini’s view that the spindle
organ is second in complexity only to the eye and the ear has come true.

Fig. 88 illustrates the motor (4) and sensory (B) innervation of
the muscle spindle (Barker’s diagram). The salient point is that the
intrafusal innervation by small fibers, mentioned above, is profuse
in the sense that the individual fibers dichotomize to form several
small motor end plates on both polar regions. It was shown by Hagbarth
and Wohlfart (1952) that individual fibers also overlap on different
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Fig. 88. Diagrams of an idealized rabbit muscle spindle; polar regions short-
ened to about half their typical length. In A the motor innervation is shown, but
the sensory innervation has been omitted to demonstrate the morphology of
the equatorial region. Motor end plates represented as black disks. B shows the

same spindle with the addition of a sensory innervation comprising one primary
and one secondary ending. (Barker, Quart. J. Micr. Sci., 89, 143. 1948.)
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spindles. The intrafusal or spindle fibers therefore possess what is
called multiple innervation. The small fibers of the spindles I shall
call y fibres in order to have a convenient term. The reason is that
Leksell found (1945) that they conduct impulses at velocities of the
order of 20-44 meters per second, which in the classification of Erlanger
and Gasser (1937) would be y rate of conduction. By contrast the
large ordinary motor fibers conduct at o rates, 60—115 meters per
second. These run to the extrafusal fibers, but in Fig. 88 Barker has
also inserted a relatively large motor fiber for one polar region of the
spindle (see Barker, for relevant literature). The physiological evi-
dence on this point is controversial: Matthews (1933) and Leksell
(1945) came to the conclusion that there may be some « innervation
of the spindles also, but Hunt and Kuffler (1951a), after a careful
search, maintain that this is not the case. Be this as it may, it never-
theless seems clear on their evidence that the main innervation of the
spindles in ankle flexors and extensors is by y fibers. There may well
be differences between different muscles, and it is also clear from all
fiber spectra so far published that some overlap in conduction rates
between fibers with different tasks is to be expected. The terms o and y
are, however, good enough for practical purposes and stand for large-
fiber and small-fiber innervation.

It was found by Tasaki and his collaborators (Tasaki and Mizutani, 1944;
Tasaki and Tsukagoshi, 1944; Kobayashi, Oshima and Tasaki, 1952) that
the effect of direct repetitive stimulation of toad motor nerves of small
diameter was a slow graded muscular contraction accompanied by a non-
propagated muscle potential of long duration. Further study of this system
by Kuffler and Gerard (1947) and Kuffler, Laporte, and Ransmeier
(1947) demonstrated that the muscle potential was confined to the region
of the neuromuscular junction and that this system was widely distributed
in the body and capable of developing considerable tension. Kuffler and
Vaughan Williams (1953a,b) have since proved that the small fibers
actually run to individual muscle fibers with specific slow or “tonic” prop-
erties as well as specific electrical properties, analyzed by them in con-
siderable detail. Actually Kriiger (1952) had found two types of muscle
fiber in the frog and identified them with tonic and phasic muscles, and
there is a considerable old literature on tonic and phasic types of contrac-
tion in frog muscle (for references see Tasaki and Mizutani, 1944; Kuffler
and Vaughan Williams).

However, despite Kriiger's statement that the two types of muscle
occur also in mammals, Hunt and Kuffler (1951a,b) have failed to find
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any evidence in favor of specific tonic muscle fibers in them. In agree-
ment with Leksell (1954) they find that the small y fibers innervate muscle
spindles exclusively and do not set up any contractions. I need not there-
fore discuss the tonic system in frog muscles in this connection. It seems
appropriate, however, to point out that the intrafusal or spindle fibers are
likely to respond very much like the tonic system in the frog. We shall
see below that all the evidence points to the intrafusal fibers being capable
of slow graded contractions based on nonpropagated potentials and not
on conducted action potentials (Kuffler, Hunt, and Quilliam, 1951). Kuffler
and Vaughan Wiliams (1953b) have emphasized the close analogy be-
tween the mammalian small-nerve spindle system and the frog small-nerve
tonus system.

There are several measurements of efferent and afferent fiber spectra
of the nerves leading to the muscles on which the main part of the
physiological work on mammalian spindles has been carried out (e.g.
Eccles and Sherrington, 1930; Rexed and Therman, 1948; Lloyd and
Chang, 1948; Fernand and Young, 1951; Hagbarth and Wohlfart,
1952). The muscle receptors have generally been studied in ankle
flexors and extensors for the simple reason that fixation of the animal
preparation is more reliable at knee and ankle than at hip and knee,
and the spindles are extremely sensitive to movement or vibration.
Fixation at three joints is necessary. There is also in the traditions from
Sherrington’s laboratory a stock of knowledge available about the
reflex behavior of these muscles (see Creed et al., 1932), which has
been very useful. Another valuable preparation has been the tiny hip
flexor m. tenuissimus which in the cat is a slender red band a couple
of mm. in width and innervated by about 85 fibers (Adrian, 1925). This
preparation has been used, e.g., in the important paper by Kuffler,
Hunt, and Quilliam (1951).

In discussing afferent caliber spectra I am using Hagbarth and
Wohlfart’s data because these are the only ones that also contain
spindle counts. The distributions of afferent fiber sizes and muscle
spindles for gastrocnemius medialis, soleus, and tibialis anterior are
shown in Fig. 89.

The big gastrocnemius medialis contained only 45 muscle spindles, as
against 56 and 57 in the considerably smaller soleus and tibialis anterior.
The nuclear bag endings of gastrocnemius medialis thus required only 45
of the 145 thick fibers available. The thin and medium-sized fibers were
25 per cent each. If the thick and medium-sized fibers are considered as
supplying spindle organs, there will be 104 large fibers available for Golgi
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tendon organs. The Pacinian corpuscles must be few in muscles (Wohlfart,
personal communication). Gastrocnemius medialis probably therefore con-
tains a large number of tendon organs. Again, in soleus 59 of the 144
afferents were thick and practically all would be used up by the 56 nuclear
bag endings. There were 31 thin and 54 medium-sized fibers in the soleus.
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Fig. 89a. Number of muscle afferent fibers of different size plotted against
fiber diameter in u (caliber spectrum). 1: soleus, 2: gastrocnemius medialis,
3: tibialis anterior.

Fig. 89b. Distribution of muscle spindles in soleus. (Hagbarth and Wohlfart,
Acta anat., 15, 85. 1952.)

In the tibialis anterior there were 276 afferent fibers, of which as many
as 118 were thin, 81 medium, and 77 large. If the thick and medium-sized
fibers are taken to supply the spindles, there will be 117 large fibers avail-
able for Golgi tendon organs and Pacinian corpuscles. Tibialis anterior is
characterized by a particularly large number of the small and smallest
afferents.

Golgi tendon organs conducting as rapidly as spindles are by no means
difficult to find (Hunt and Kuffler, 1951b), For gastrocnemius and tibialis
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anterior the anatomical evidence (Sherrington, Ruffini, Barker) cited
above to the effect that the nuclear bag endings are innervated by the
largest fibers and the myotube endings by somewhat smaller fibers is in
agreement with Hagbarth and Wohlfart’s data.

On the efferent side the situation seems simpler. Fig. 90, from the
paper by Eccles and Sherrington (1930), shows that the fibers fall
into two main groups, those which somewhat schematically have
been called « and y. For the comparisons with the three muscles dis-
cussed above I return to Hagbarth and Wohlfart’s data. There were
430 efferent fibers in gastrocnemius medialis, 25—-30 per cent of which
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Fig. 90. Cross section of branch of deafferented motor nerve to the lateral
gastrocnemius muscle. Note typical difference between large alpha fibers and
small gamma fibers. (Eccles and Sherrington, Proc. Roy. Soc. of Lond., B 106,
326. 1930.)

were thin ones. The minimum number of y fibers for the 45 muscle
spindles, on the notion that there is at least one end plate to each
polar region and 6 intrafusal fibers in the cat’s spindle, is
2 X 6 X 45 = 450, as against the 106—129 actually found by count-
ing. The y fibers must therefore branch and overlap profusely (cf.
above, Barker). In soleus there would be about 200 « fibers (or motor
units in the sense of Eccles and Sherrington, 1930) and 90 y fibers,
the number of y being given by the latter authors as 31 per cent. In
tibialis anterior Rexed and Therman (1948) found 38 per cent of
y fibers. This means, on Hagbarth and Wohlfart’s data, that there
are 206 such fibers and 337 o fibers or motor units. Since the num-
ber of muscle fibers in tibialis anterior was about 37,000, the motor
unit comprises on an average 110 muscle fibers.

Eccles and Sherrington, in assigning maximum contraction values to
the motor units, included the y fibers, which at that time were not known
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to supply spindles exclusively. Some recalculations may therefore be of
interest. If for the parallel-fibered soleus we take approximately 265 ef-
ferent fibers, considering the data of both Eccles and Sherrington and
Hagbarth and Wohlfart, 185 would belong to motor units capable of de-
livering a maximum tetanic contraction of 2230 grams, or approximately
2 g. per unit (12 X 185 = 2220). The maximal twitch is taken to be
580 g. and thus for each motor unit (580:185) something around 3 g.
Assuming these effects are given by some 100 extrafusal muscle fibers
(see above for tib. ant.), it seems clear that the chance of obtaining a
measurable amount of tension from an individual muscle spindle con-
tracting maximally is nil. Even if all 56 spindles in soleus were stimulated
together in a selective fashion, as with some luck may be done (see Chap-
ter 7), it is unlikely that one would succeed in obtaining a measurable
spindle contraction, considering how the spindles are distributed inside a
muscle (see Fig. 89).

The calculations by Eccles and Sherrington, of which these are but a
recalculation, have, however, been contested by Kobayashi, Oshima, and
Tasaki (1952), who maintain that direct tetanic stimulation of single fibers
running, e.g., to soleus, produces a tension of 1-2 g., the initial tension
of the muscle being 50 g. They obtained values of the same order also
by the technique of Eccles and Sherrington, that is, by stimulating the
whole muscle nerve and dividing maximum tension by fiber number. It
seems fairly obvious that their values cannot be correct. With tibialis
anterior they themselves recorded on an average 2300 g. tension, a most
probable value. This means about 7 g. for the motor unit, despite the low
initial tension used, as against their own average value of 1.8 g. On their
own tension values a similar calculation for soleus would give 2420/185
which is around 13 g. or almost exactly the figure given above (12 g.).
There are apparently errors in their histological work, since in order to
obtain their value (1.8 g.) they would have to have 1344 4 fibers, which
is 7-8 times more than anybody else has seen. The directly recorded values
of the Japanese authors are likely to apply to minimal rather than maximal
performance.

3. Physiological properties of muscle receptors

Following upon the early isolation of stretch receptors in muscles
by Adrian and Zotterman (1926a), Matthews in a series of papers
(1929, 1931a,b, 1933) studied them thoroughly by the single fiber
technique and described the basic responses to stretch and contraction
of muscle-nerve preparations. With the frog’s muscle spindle (1931)
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he first found evidence in support of Fulton and Pi-Sufier’s (1927—
28) prediction that the spindle organs would pause during a con-
traction of the extrafusal (motor) fibers because the intrafusal
fibers were parallel to the contracting extrafusal ones and hence un-
loaded. Also, in isometric (constant length) contractions unloading
would occur because the tendons are elastic, so that some shorten-
ing of the extrafusal muscle fibers actually could take place.

The diagram of Fig. 91 summarizes the behavior of a Golgi ten-
don organ and a muscle spindle sense organ in relation to muscle
length. The following features, all taken from Matthews’ (1933) work
with mammalian muscle receptors, should be noted; the tendon
organ has a slow spontaneous discharge at the slight initial tension
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Fig. 91. Diagram illustrating the response of a Golgi tendon organ and a
spindle ending during stretch and contraction of the muscle. The muscle is drawn
below in black, between lines indicating its insertions. See text.

assumed to be given to the muscle, the spindle organ a faster one.
The higher threshold of the tendon organ may, partly at least, account
for this. At 1 the muscle is stretched and both organs fire, adaptation
being more rapid in the spindle organ. At 2 the muscle resumes its
original tension and length. There is a drop in frequency before the
spontaneous activity returns in the spindle, partly (and probably
largely) on account of the viscoelastic properties of the muscle fibers
(Matthews), partly owing to postexcitatory inhibition with a positive
swing of the potential recorded at the end-plate terminals (see Chap-
ter 1, sec. 4). With the slow spontaneous discharge of the tendon or-
gan the postexcitatory inhibition is less in evidence. At 3 the muscle
is assumed to shorten, owing to tetanic stimulation of the « fibers of
its nerve. The spindle organ is now unloaded and pauses at the time
when the tendon organ, being in series with the contracting muscle,
records the increased tension by a discharge. At 4 the muscle is
pulled out by the myograph at cessation of stimulation. The slack
spindles will now be pulled upon and consequently discharge, while
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the tendon organs will be silenced by the drop of tension. Both nuclear
bag and myotube endings in the spindle would in this test behave in a
similar way. Thus, Matthews succeeded in differentiating clearly be-
tween spindle organs (his A-type) and tendon organs (his B-type).
Their different behavior during contraction will hence be our main
criterion for identification of single fiber discharges from a given
muscle.
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Fig. 92. Above: histological fiber diameter spectrum of nerve to soleus (cat)
taken rrom Lloyd and Chang (1948). Below: conduction velocities of individual
fibers from stretch receptors in soleus plotted against number of fibers. Solid
line: A units spindles; broken line: B units Golgi. Scale of conduction velocity
has been made comparable to scale of diameters in upper figure. Note lack of
difference in velocities in A and B fibers. Both fall into the larger group (I) of
the histological spectrum. (Hunt and Kuffler, J. Physiol., 113, 298. 1951b.)

Matthews’ work also suggested a differentiation between nuclear bag
and myotube endings in the spindle. The nuclear bag endings (A2)
were found to give larger spikes than the other (Al), and slightly
supramaximal stimuli (10-Z0 per cent) made them discharge during
the pause showing—it was assumed—that the intrafusal fibers had
been made to contract, and thus the endings were restimulated. He did



204 RECEPTORS AND SENSORY PERCEPTION

not succeed in making the myotube endings discharge during the pause.
Thus, judging by spike height, Matthews concluded that the afferents
of nuclear bag and tendon organs (B) had much the same range of
conduction velocity, while those of the myotube endings conducted at
a slower rate.

Fig. 93. Records from slow- and fast-conducting spindle afferents in tibialis
anterior recorded in dorsal root filaments. The top records show the characteris-
tic pause in discharge during active contraction of the muscle to a single maximal
shock. Time calibration scales for top records 1/10 sec. In the lower records
the nerve to tibialis was stimulated by electrodes close to the muscle and the
interval between shock artifact and spike potential is a measure of conduction
velocity. Time: 1,000 cy/sec. Conduction distance approximately 14 cms. For the
slow afferent fiber in « the velocity is 33 m/sec., for the fast afferent in b,
100 m/sec. In a there was no change in latency when the nerve was cut between
stimulating electrode and muscle; so the impulse recorded is not a back response
from the muscle. (By courtesy of P. A. Merton, Nobel Institute for Neuro-
physiology, Stockholm.)

Hunt and Kuffler (1951b), with the sweep circuits nowadays availa-
ble for latency measurements, isolated a very large number of single
muscle spindle afferents in the dorsal roots of the cat and measured
conduction velocities. They found only one type of spindle afferent,
the nuclear bag ending, as identified by Matthews (1933), and Fig.
92 shows the distribution of their conduction velocities compared with
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the afferent fiber spectrum of Lloyd and Chang (1948), which has a
more marked group of medium-sized fibers than in many other measure-
ments. All the spindle endings were found to belong to the group of
large and fast fibers. In agreement with Matthews they also placed
the Golgi tendon organs within the same group. In view of Matthews’
results and the measurements by, e.g., Hagbarth and Wobhlfart (1952)
presented above, Merton (1953) concluded that they had missed the
myotube endings and took up this question for reinvestigation. Mat-
thews isolated the fibers in the muscle nerves and not in the roots, as
did Hunt and Kuffler. In the work of the latter it seems that the more
delicate medium-sized fibers tend to become inactive very quickly
(Merton, 1953). Yet every now and then one finds slowly conducted
responses of the spindle or A-type also in the roots, and Fig. 93 shows
a comparison between a slowly and a rapidly conducted spindle re-
sponse from the cat’s tibialis anterior muscle recorded by Merton.
At about the same time Hunt (1953) must have arrived at a similar
conclusion, because at the Montreal congress he also presented results
referring to slowly conducted endings of the spindle type. The results
of Matthews therefore stand unchallenged: there are slowly and rapidly
conducting spindle afferents, the latter conducting at much the same
rate as the Golgi tendon organs. Actually, Matthews found the myo-
tube endings to be in the majority (50% ), as, indeed, all histological
work (see above) has suggested.

4. The efferent spindle control

As pointed out above, it has been known for a very long time that
the spindles are provided with motor end plates. Matthews (1933)
found (with nuclear bag endings) that supramaximal stimuli of 10-20
per cent were needed to make a spindle contract so as to fill out the
pause during contraction with a discharge. Leksell (1945) was the
first to succeed in recording the electroneurogram of the y fibers.
Fig. 94a is from his paper and shows the large-fiber response succeeded
by the small-fiber response, both elicited by a single shock to a muscle
nerve. Fig. 94b is a record by Hunt (1951) showing similarly the
response in one large fiber followed by that of a small fiber in the
cat’s tenuissimus. Leksell’s measurements of conduction velocities gave
values which for the small fibers were 20—38 per cent of those obtained
with the fastest « fibers. These he found to conduct at rates of 90-115
meters per second.

Kuffler, Hunt, and Quilliam proceeded to work out these relations
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in terms of single fiber responses and found for the cat’s soleus small-
fiber y conduction rates of 15-50 m/sec with a peak at 30 m/sec.
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Fig. 94a. Correlation between the action potential and the size of the ventral
root fibers. The action potential was recorded in the ventral root S, in response
to stimulation of the tibial nerve. 4: time scale in msec. B and C: caliber scales
of the outside diameters of the nerve fibers in «. Scale B corresponds to a
direct relation between outside diameter and conduction velocity. Scale C
corresponds to a direct relation between axon diameter and conduction velocity.
(Leksell, Acta physiol. scand., 10, Suppl. 31. 1945.)

Fig. 94b. Recording from nerve to tenuissimus. Stimulation of single large
and small fibers in ventral root filament. Note difference in potential size. Fiber
giving larger potential conducted at 92 m/sec., the smaller at 30 m/sec. This
corresponds to fiber diameters of 15 and 5. Time scale; 1000 cy/sec. Conduc-
tion distance 11 cm. (Hunt, J. Physiol., 115, 456. 1951.)

TABLE 4

Relative Threshold of Ventral Root Fibers *

Recorded
Stimulated Ventral Alpha Alpha Gamma Gamma
Nerve Root Threshold Maximum Threshold Maximum
Sciatic L6 1 3.3 3.7 13
Peroneal L6 1 3.5 3.5 15
Peroneal L7 1 3.1 3.9 23
Gastroc. med. S1 1 3.3 4.0 12
Tibial S1 1 2.3 4.2 16

* Leksell, Acta physiol. scand., 10, Suppl. 31. 1945.

From Table 4 it appears that in order to bring in all the y fibers
by stimulation of the whole nerve trunk to a muscle, very strong shocks
must be used. The whole « supply, as evidenced by both spike height
and maximal contraction, is activated by stimuli which are but 2.3
to 3.5 times threshold strength (cf. O’Leary, Heinbecker, and Bishop,
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1935). At 3.5 to 4.2 times the threshold the y responses begin to
occur, but full y activation requires 12 to 23 times the a threshold.
Since Matthews (1933) obtained effects upon the nuclear bag endings
with shocks only 10-20 per cent suprathreshold, he must have used
longer shocks than Leksell or else stimulated small o efferents capable
of exciting mechanical effects upon suitably located spindles (Hunt
and Kuffler, 1951a).

Leksell’s next step was to show that it was possible by compression
of the nerve to block the « fibers selectively (cf. Gasser and Erlanger,
1929). The remaining y response was incapable of eliciting a muscle
contraction. However, when the leading-off electrodes were shifted to
the dorsal roots, selective y stimulation was found to set up a heavy
discharge from the muscle sense organs despite absence of contrac-
tion. For this, however, there had to be some tension in the muscle.
He concluded that the y fibers probably were motor for the intrafusal
or spindle fibers.

Kuffler, Hunt, and Quilliam, by the technique of single-fiber isola-
tion, confirmed Leksell’s results and proved that the sense organs be-
longed to the spindle type, as Leksell had surmised. Golgi tendon
organs did not respond. Fig. 95, from Kuffler, Hunt, and Quilliam’s
paper, illustrates the response of a spindle organ to stimulation of one
v fiber (soleus). This spindle seems to have been silent at zero tension.
The favorable effects of tension and stimulus frequency on the dis-
charge are beautifully recorded. Efferent fibers conducting below 55
m/sec. never succeeded in setting up contractions in the muscle and
were always found to be destined for the spindles. Their detailed
elaboration of the y system thus corroborated Leksell’s pioneer work.
Several new facts were added. It is particularly interesting that pe-
ripheral postexcitatory facilitation of the spindle discharge was noted
in addition to the expected postexcitatory inhibition (see above).
Several spindles go on discharging after cessation of y stimulation—
in fact, Hunt and Kuffler (1951a) later reported that such effects
could be noted up to 7 seconds after stimulation at 20/sec. for 1-2
seconds. Such relatively long-lasting after-effects of stimulation would
be expected on the view (cf. above) that the intrafusal muscle fibers
have the slow tonic properties of the specific tonic fibers in frogs and
toads.

The y mechanism of efferent control is capable of filling out the
pause in the discharge of the spindle during isometric contraction.
This is clear from Fig. 96, from Hunt and Kuffler’s (1951a) work.
A is the baseline discharge at three different tensions, B the effect of
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stimulation of a single y fiber which exclusively activates the spindle
while the myograph record remains quiet. In D the muscle is made
to contract by large fiber or « stimulation alone and the pause is clearly
displayed. In C the small y fiber has been stimulated as in B but this
time together with the large o fibers as in D. The pause is now being
filled out—the more efficiently, the greater the initial tension.

O gm 20 gm

S0 cps

Fig. 95. Recording of single afferent discharges in dorsal root S; from soleus
on sweep of 260 msec. duration. External stretch on muscle of 0, of 5 and 20 g.
Stimulation of single small efferent fiber to soleus in S, at 100/sec. Artifacts
indicated by small downward deflections. 4: no stimulation, B: 4-6 stimuli, C:
9-11 stimuli, D: 14-16 stimuli. Note change in baseline discharge rate at dif-
ferent tensions. Effectiveness of small-nerve v stimulation is greater at higher
tensions and increases with number of stimuli. In this unit continued excitation
at 100/sec. eventually established, after period of facilitation, response rate
which was same as stimulus frequency (“driving”), even at zero tension. (Kuffler,
Hunt, and Quilliam, J. Neurophysiol., 14, 29. 1951.)

In the anatomical section (above) it was also pointed out that the
spindle efferents overlap profusely. By isolating single y efferents Hunt
and Kuffler (1951a) have confirmed this physiologically. All spindles
examined from this point of view showed evidence of multiple innerva-
tion and three to five y efferents to the same spindle could often be
isolated. Some were more efficient, some less, and their effects were
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Fig. 96. Effect of contraction on response to small-nerve v stimulation. Re-
cording from single A or spindle receptor from flexor digitorum longus at initial
tensions of 2, 15, and 35 g. Second beam indicates strain gauge response. A4:
baseline discharge. B: stimulation of isolated v fiber (9 stimuli at 10 msec. intervals
at beginning of sweep). Note that effect on afferent discharge increases as muscle
tension is raised. No muscle contraction results. D: similar stimulation of a
portion of the ventral root containing no v fibers. Cessation of discharge during
contraction. C: simultaneous stimulation of v fiber as in B and large « fibers
asin D. At 2 g. tension there is a pause in the discharge while at 15 and 35 g. v
stimulation becomes increasingly effective. Potentials 0.2 mV. Maximal tetanus
tension 140 g. (Hunt and Kuffler, J. Physiol., 113, 283. 1951a.)
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summed. A single shock to one single y fiber rarely succeeded in activat-
ing the end organ, but one shock to two or several efferents elicited
a discharge. We have already noted the favorable effect of stimulus
iteration.

5. The pause, the silent period, and the
recurrent collaterals

By the pause is meant the purely peripheral phenomenon, studied
in so many of the records shown in the previous section—namely, that
the muscle spindles do pause during a contraction unless they are
specifically activated by efferents. They will not be activated during a
twitch to « fibers alone, and so the question arises of what this pause
in the afferent input may signify in the reflex output which the spindle
afferents are likely to produce. Actually, Hoffmann (1919, 1922)
found in man, using electromyography, that if by volitional contrac-
tion a steady background of action potentials was maintained in a
muscle, these ceased for a while during a contraction. This is the silent
period (Fig. 100, record 1). There were two early theories explaining
the silent period: one, sponsored by Denny-Brown (1928), assumed
that a refractory phase after a relatively synchronous motor volley
was maintained afterward by inhibitory impulses from nuclear bag
afferents, the other, by Fulton and Pi-Sufier (1927-28), ascribed it
to cessation of spindle impulses (the pause) postulated to occur be-
cause of the anatomical arrangement of the intrafusal fibers parallel
to the extrafusal ones. Hoffmann himself at the time thought of the
silent period in terms of central refractoriness of some kind. Denny-
Brown also demonstrated a period of silence in the motoneurones after
an antidromic shock. This was limited to the muscle-nerve stimulated.
The actual demonstration of the pause by Matthews in 1933 placed
Fulton and Pi-Sufier’s explanation of the silent period in the fore-
ground, and made it unlikely that the spindles (which paused) could
be responsible for the inhibition, even if inhibition did occur.

Today we know that the silent period is a complex integration of
two peripheral factors, the pause and autogenetic inhibitory impulses
from the muscle, and at least one, and possibly two, central factors.
This will gradually become clear when I have described the reflex
effects of the spindles and the tendon organs, as known from a large
number of recent experiments. However, from other points of view
the question of the silent period is an excellent introduction to all
these problems and therefore deserves to be presented at this stage.
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Thus, for instance, it is clear that either of the pausing end-organs—
nuclear bag or myotube endings—must be excitatory if either or both
play a role in the silent period. Inasmuch as inhibition is engaged in
this phenomenon, the Golgi tendon organs, which fire during the con-
traction in proportion to the amount of tension developed, would have
to be inhibitory, provided that the contraction is set up by « fibers alone.

Fig. 97. Pyramidal cell from upper part of cat visual cortex. Golgi rapid
preparation, 150 u thick. Tracing from three plates at different focal planes. Note
recurrent collaterals from axon. (By courtesy of D. A. Sholl, University College,
London.)

As for the central factors, an important feature of the organization
of the ventral horn cells is the presence of the recurrent axon collateral
which, according to Cajal (1899, 1904), first was seen by Golgi. How-
ever, Cajal made a special study of this feature of neural organization
and stated that recurrent axon collaterals are found in all nervous
centers. In the ventral horn cell the axon divides about 1 mm. from
the cell body, and one branch returns to the spinal cord. The beautiful
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tracing by Sholl (Fig. 97) is actually of a pyramidal cell from
the visual cortex but, as stated, these recurrent collaterals occur every-
where and have been extensively pictured by Cajal. Now, is this feed-
back excitatory or inhibitory on the ventral horn cell?

This problem was raised as early as 1914 by Graham Brown (cf.
Denny-Brown, 1928; Forbes et al., 1933), but Renshaw (1941) was
the first to produce evidence to the effect that the synergists also of
a given muscle were inhibited by a shock backfired (antidromically)
into its ventral horn cells. This inhibition lasted for some 40-50 msec.
In a second paper (1946) he made the remarkable observation that
the inhibition coincided with a peculiar high-frequency discharge of
up to 1500 impulses per second in cells located among the motor
neurones. These impulses were picked up by microelectrodes inserted
into the spinal cord. At the time alternative explanations of antidromic
inhibition, such as purely electrical interaction or afterpositivity coupled
with subnormal excitability (Eccles, 1931, 1953; Gasser, 1937) in
the motoneurones had to be considered, but Eccles, Fatt, and Koketsu
(1954), returning to this problem with the aid of an internal micro-
electrode inserted into a single ventral horn cell (Brock et al., 1952),
have since shown that this cell becomes hyperpolarized by an anti-
dromic shock to synergist motoneurones just as it does when inhibited
by other means (cf. Chapter 1, sec. 6, and below). This is illustrated
in Fig. 98A, while 98B confirms the observation by Renshaw (1946)
that the phase of hyperpolarization coincides with a high frequency
discharge which they ascribe to cells located amongst the motoneurones
and assume to inhibit the latter. The initial ripples on the hyperpolariza-
tion in record A are ascribed to these impulses.

The latent period of the effect agreed with the idea that the recurrent
collaterals had traversed one synaptic junction. Renshaw (1941,
1946) also found the excitability of some motoneurones raised by
the antidromic shock.

As soon as this notion of an inhibitory feedback through the reflex
collaterals is accepted (and, indeed, if it merely were highly probable)
it becomes very difficult, not to say impossible, to separate the inhibi-
tion from the state of subnormal excitability that follows in the wake
of an impulse and which is preceded by a brief moment of genuine
refractoriness. Every outgoing impulse in an efferent o fiber, just as
every antidromic ingoing one, inhibits, if not its own, at any rate ad-
jacent, ventral horn cells as soon as it has been returned through
the small-cell internuncial neurones which serve as a kind of “com-
mutator,” switching the effect from excitation to inhibition. Another
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matter is, then, to what extent this inhibition actually is effectual when
pitted against excitation. This will depend on the state of excitability
of the ventral horn cell. The role of the feedback is probably to stabilize

| e—

Fig. 98A. Intracellular recording from a biceps-semitendinosus motoneurone
showing, from above downward, hyperpolarizations produced by antidromic
volleys in the biceps-semitendinosus and in the semimembranosus motor axons,
while lowest record shows zero effect of a plantaris antidromic volley. The
motoneurone was not invaded antidromically by the impulse in its own motor
axon; so in the uppermost record there is no complication by the positive after-
potential. Potential simultaneously recorded by a surface lead on dorso-lateral
aspect of spinal cord is shown above the first two intracellular records. All
records made by superimposition of about 40 faint traces so as to eliminate
random noise. Time: msec. Potential scale: 5 mV.

Fig. 98B. Upper record shows the rhythmic response set up in an interneu-
rone by an antidromic volley in the biceps-semitendinosus motor axons. Other
records, from above downward: responses of same interneurone elicited by
antidromic volleys in the motor axons to gastrocnemius, flexor longus digitorum,

and the deep peroneal group of muscles respectively. Time: msec. Potential
scale: 0.5 mV.

(By courtesy of J. C. Eccles, Australian National University, Canberra.)

the output frequency to the low values adapted for driving muscular
tissue.

Much work on reflex effects in recent years has been carried out
with anesthetized preparations or acute spinal animals in which inter-
nuncial effects and slow changes of excitability are small or absent
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at the same time that responses to single synchronous shocks are easily
obtained. Synchronous tetanization of afferent muscle nerves elicits
slow facilitatory effects, which are abolished by doses as small as 0.3
ml. of dial per kg. (Hagbarth and Naess, 1950b). The Renshaw feed-
back, if assumed to be maintained in operation by a persistent dis-
charge, is likely to belong to this particular category of reflexes which
require reasonably active preparations to exercise their normal func-
tion. In the experiment of Fig. 99a Holmgren and Merton (1953)
therefore used an active decerebrate animal in which the electromyo-
gram of the deafferented soleus was analyzed. Reflex activity in this
muscle was obtained by rubbing the animal’s contralateral flank
(crossed extensor). Record 1 shows that an antidromic volley to the
medial gastrocnemius nerve, which belongs to a close synergist, sets
up a silent period. With less intense background discharge the silent
period (in record 2) almost doubled its duration. Fig. 99b is a similar
experiment, but in this case record 1 shows the block obtained by a
maximal antidromic shock in the motor nerve to soleus and gas-
trocnemius lateralis. In record 2 a silent period of somewhat shorter
duration is elicited by an orthodromic shock to the ipsilateral dorsal
root L. setting up the synchronous monosynaptic reflex of Eccles and
Pritchard (1937) and Renshaw (1940). Records 3 and 4 compare
a maximal (3) with a partial antidromic volley. Even in the latter
case the block is complete, though of shorter duration. Actually, Holm-
gren and Merton found that antidromic volleys as weak as 25 % max-
imal sometimes succeeded in setting up a complete block. The interpre-
tation is that the Renshaw feedback through the recurrent collaterals
ramifies rather widely among the motor neurones of these synergist
muscles.

In order to study the effect of the pause in the spindle discharge
upon the silent period (see Denny-Brown, 1928; Lindsley, 1934; Hoft
et al., 1934; Moldaver, 1936) it is necessary, as pointed out by Merton
(1950, 1951), to know the amount of extrafusal contraction. If this
is kept the same, the silent period is extremely constant, and if the
muscle contraction is slowed down by cooling, the silent period is
lengthened accordingly. It thus expresses the pause in the spindle dis-
charge shifted forward by the time of the conduction distance. Silent
periods during contractions of soleus in man are illustrated in Fig.
100, myograms in the upper row, electromyograms below (Merton,
1954). Records 1 refer to a reflex soleus jerk elicited by tapping the
tendon. The silent period follows close on the heels of the synchronous
reflex volley before the muscle has started its reflex contraction. In
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this early part central refractoriness, subnormal excitability due to
positive after-potential, and the Renshaw feedback will be collaborat-

1 A 2 i
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Fig. 99a. Decerebrate cat; electromyogram of deafferented soleus muscle.
Ten sweeps superimposed in each record. Contraction elicited by rubbing skin
of opposite flank. Blockage of soleus motoneurone discharge by an antidromic
volley in the medial gastrocnemius nerve. Note also that the duration of block
is briefer with a more intense background discharge (record 1).

Fig. 99b. Decerebrate cat; electromyogram of deafferented soleus muscle.
Ten sweeps superimposed in each record. Contraction elicited by rubbing skin
of opposite flank. 1: block produced by a maximal antidromic volley in the
motor nerve to soleus and gastrocnemius lateralis. 2: block following intercur-
rent monosynaptic reflex set up by small shock to the cut ipsilateral L: dorsal
root. Same gain as record 1. The character of the block is apparently the same
with either anti- or orthodromic discharge of the motoneurone. 3 and 4: late
in same experiment. Comparison of block due to 3, a maximal, and 4, a partial,
antidromic volley. The small volley causes complete block of short duration.

(By courtesy of B. Holmgren and P. A. Merton, Nobel Institute for Neuro-
physiology, Stockholm.)

ing. Cessation of spindle activity follows and maintains silence in
the electromyogram. In record 2 a weak shock to the nerve in the
fossa poplitea has stimulated the large-diameter afferents but only a
very small number of efferents, too small to give a myogram. Conse-
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quently, there is only a small initial hump after about 10 msec. in
the electromyogram, confirming Hoffmann (1924) and Magladery
and his co-workers (e.g. Magladery et al., 1950). Then follows the
large electromyographic response of the reflex, succeeded by the silent
period. In record 3 the myogram refers to the gastrocnemius muscle
but the electromyogram is still recorded in soleus. The lateral gas-

Fig. 100. Silent periods in the human soleus recorded with a needle electrode.
A hinge fitted beneath the heel of the subject and tension in the ankle extensors
(top trace) recorded as the downward pressure at the toe. Time: 10 and
100 msec. Five superimposed records in each picture. 1: silent period during
a tendon jerk elicited by a tap in the Achilles tendon. Contact of the hammer
with skin triggers sweep. 2: during a reflex contraction set up by a shock to
afferent fibers in the popliteal fossa. 3. during a twitch in the lateral part of
gastrocnemius set up by a stimulus over that muscle. Note that soleus itself is
not excited by the stimulus. (By courtesy of P. A. Merton, National Hospital,
Queen Square, London.)

trocnemius has contracted alone in response to stimulation of its motor
point; yet a silent period is seen in the soleus. Its cause is likely to
be the Renshaw feedback-inhibition spreading from the gastrocnemius
to the soleus neurones, lengthened by autogenetic inhibitory impulses
from the contracting gastrocnemius (Granit, 1950a; see also below).
Since the silent period corresponds to the briefer duration of the gas-
trocnemius twitch rather than to the longer one of the slow soleus mus-
cle, the pause in the gastrocnemius may be assumed to have withdrawn
facilitatory support from its synergist soleus.
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6. Comments on methodical limitations

When attempting to understand the reflex effects of stretch and
contraction in terms of the spindle and Golgi tendon organs, it is im-
perative to realize that one method alone used on one type of prepara-
tion cannot be expected to give all the information desired. Sherring-
ton’s early discoveries (Sherrington, 1900b, 1906, 1909, 1913, 1924)
followed by the later ones of Liddell and Sherrington (1924, 1925)
were made on the decerebrate preparation with the aid of myography,
in the later work isometric recording checked by simultaneous elec-
tromyography. Today it should be realized that reflexes on o and y
efferents must be separately studied and that the y-loop through the
muscle spindles must be considered in connection with both the me-
chanical events in the muscle and its effect upon the ventral horn cells
through nuclear bag and myotube afferents. As will be shown in Chap-
ter 7, it is necessary to study stretch and contraction with and without
the y-loop. In the latter case one will often be forced to de-efferent, i.e.
sever, the ventral roots. One then loses the two indicators of reflex activ-
ity, myogram and electromyogram, and so is restricted to the method
of monosynaptic testing (see below) or some other method by means
of which the effect can be recorded electrically from the cut ventral
roots. A further advantage of these methods is that muscle nerves can
be stimulated electrically to give pure afferent effects, lacking the
antidromic depolarization followed by activation of recurrent col-
laterals, which complicate reflex work based on myography alone.
The contribution to the total effect of these (antidromic) factors may
be insignificant in anesthetized or acutely spinalized animals but can-
not without proof to the contrary be assumed to be so in the normal
animal or in the decerebrated one. Again in the latter, as we shall see,
inhibitory effects are often suppressed in the hyperexcited extensor
muscles and therefore identification of some receptor effects is better
carried out under anesthesia or after spinalization.

Hoffmann and his collaborators (Hoffmann, 1922; Hoffmann and
Keller, 1928) in work on man had come to the conclusion that the
earliest reflexes from muscle afferents, seen when tendons are tapped,
are monosynaptic ones carried directly by large afferents to the ven-
tral horn cells, even though Hoffmann and Keller were careful to
enunciate this view as a theory. On account of the brief latency of
these reflexes (see Fig. 100), it seemed highly plausible even at that
time. Magladery and his group (Magladery et al., 1950, 1951), also
working on man, have called them H-reflexes; Hoffmann spoke of



218 RECEPTORS AND SENSORY PERCEPTION

“Eigenreflexe.” By a histological degeneration method Szentdgothai
(1948) has verified the existence of a monosynaptic arc from muscle
afferents. Eccles and Pritchard (1937) and Renshaw (1940), by di-
rect recording from the ventral roots, demonstrated a monosynaptic
reflex to stimulation of the dorsal roots,* and Lloyd (1943b) proved
it to be elicitable by brief phasic stretch and to be capable of being run
at maximal afferent conduction velocities of 116m/sec. This, in terms
of the anatomical and physiological knowledge then available and
since confirmed (see above), could only mean that either type of large
afferent, from nuclear bag endings or Golgi tendon organs, was re-
sponsible for the monosynaptic reflex effect which, in agreement with
Sherrington’s old results (1906, 1909, 1913) and Hoffmann’s work,
was found to be facilitatory on the ventral horn cells of the stretched
muscles. This reflex undoubtedly is part of the classical stretch reflex
of Liddell and Sherrington.

Renshaw (1940) and Lloyd (1941, 1943a) on this basis developed
a method of monosynaptic testing of reflex excitability which has proved
very useful. The principle of this method is simple: an electrical shock,
say, to the medial gastrocnemius nerve is kept weak enough to stimu-
late large afferents only. Let us assume that it succeeds in activating 25
per cent of the ventral horn cells, which will respond with a synchro-
nous reflex volley 25 per cent maximal. If, then, the same or a synergist
motoneurone “pool” is activated in advance by a subthreshold condi-
tioning shock to the medial or lateral gastrocnemius nerve, the mono-
synaptic reflex will be found to have increased to, say, 75 per cent
maximal. This signifies that additional ventral horn cells, remaining
in a state of subliminal excitability (the “subliminal fringe” of Denny-
Brown and Sherrington, 1928) after the first or conditioning shock,
were raised to firing level by the monosynaptic test shock. The advan-
tage of this method of measuring reflex excitability by the size of the
subliminal fringe is that it avoids the complications of antidromic
stimulation and of the y-loop because the ventral roots may be cut.

From what has been stated above it is clear that this advantage is to
be had in full measure only if the first or conditioning shock actually
has been subliminal, so that no neurones have fired and consequently
were not able to backfire into the spinal cord by the Renshaw feed-
back. In trying to develop monosynaptic testing for use with stretch or
contraction of the muscle as a conditioning stimulus, I found it (1950a)
to work reasonably well with anesthetized animals, and also if the

* Actually, Eccles and Sherrington (1931) saw a reflex latency as short as 0.4
msec.

MUSCLE RECEPTORS. THEIR REFLEXES 219

monosynaptic test volley was elicited from the cut nerve of a synergist
to the stretched or contracting muscle. For this situation Brock, Ec-
cles, and Rall (1951) introduced the term heterosynaptic testing (i.e.
synergist testing). By homosynaptic testing they meant condition-
ing and test volleys traveling in the same afferent nerve, a situation likely
to introduce some complications from firing, unless the excitability of
the spinal cord be lowered by anesthesia.

Actually, Brooks, Downman, and Eccles (1950a,b) held that the ventral
horn cells became depressed in excitability even by afferent shocks at
strengths below firing level for the efferents, their so-called “subsynaptic
depression.” It is difficult today to accept this notion without further evi-
dence. The reason for this is twofold: partly, as will be shown below, that
there are both excitatory and inhibitory afferents represented among the
rapidly conducting fibers, partly that the Renshaw feedback does not re-
quire many firing cells to come into operation (see above), and in record-
ing from undivided roots it is very difficult to be certain whether or not a
few fibers have fired.

As pointed out by Granit and Job (1952) and by Hunt (1952a) the
results obtained in studying reflex effects of stretch and contraction differ
according to whether motoneurone excitability is defined by monosynaptic
testing or by myography and electromyography in the classical way (cf.
Job, 1953a,b). This we understand still better today, now that the role of
the recurrent collaterals has been clarified by the work referred to. Thus,
for instance, the higher the initial tension, the greater, within limits, the
reflex contractile response to stretch (Liddell and Sherrington’s stretch
reflex) ; yet, by contrast, monosynaptic testing will in general indicate the
greatest amount of facilitation to stretch in very light initial tension. There
are other situations, such as anesthesia, spinalization, etc. (Granit and
Job, 1952), in which electromyography and monosynaptic testing are at
variance, partly, at least, because the latter test measures the number of
neurones in the subliminal fringe, many of which may not fire, or if they
do may exert a stronger feedback inhibition upon the subliminally activated
neurones in the fringe than upon those which are kept active by a particu-
larly large number of facilitatory channels. There may also be physiologi-
cally significant differences, at the moment unknown, in the strategic
organization of mono- and polysynaptic projections on the ventral horn
cells. Stretch is a far more complicated stimulus than a test shock.

The new methods of testing have not abrogated the old standards of
control based upon proper fixation, denervations of the limb, and isola-
tion of the muscles the reflexes of which are to be studied. These methods
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were developed in Sherrington’s laboratory and should be well known.
Yet in much work of recent years, not to be taken up in this chapter,
attention has not been paid to such precautions, and for this reason the
results are often difficult to interpret.

7. The stretch reflexes on a-efferents

The classical work of the Sherrington school established the well-
known facilitatory stretch reflex, phasic and postural (tonic), which
was mainly studied on the decerebrate preparation in which, as we shall
see, the reflexes of the y fibers also are particularly lively. These were
not known at the time. They will be discussed in Chapter 7. Myog-
raphy and electromyography being the only indicators available at that
time, the output had to be considered in terms of « fibers alone. When
in the decerebrate animal a limb was excessively bent, the extensors
were found to put up reflex resistance, which increased up to a point
and then suddenly gave way. This was the “clasp-knife” or “length-
ening” reaction (Sherrington, 1909, 1913) assumed to be caused by
stimulation of high-threshold inhibitory receptors by excessive tension,
so-called autogenetic inhibition. The term “autogenetic” implies re-
flexes which arise in the muscle studied and return to it. As we shall
see, no reflexes are strictly autogenetic. The facilitatory stretch reflex
Sherrington found to be inhibitory on the antagonist muscles, and thus
it fitted into his scheme of reciprocal innervation (see also Creed et al.,
1932). Lloyd (1941, 1946a,b) later propounded the view that the
inhibition on the antagonists also was monosynaptic, but the recent
work by Eccles, Fatt, and Landgren (1954) does not support it. They
find that antagonist inhibition to stretch is disynaptic, thus involving—
as one might put it—an inhibitory “commutator.” For the present pur-
pose this difference of opinion can be neglected.

The previous sections have made it clear that our first aim should be
to describe the reflex effects of two rapidly conducted types of afferents
arriving from nuclear bag endings and Golgi tendon organs respec-
tively, as well as of one from the slower myotube endings. From
Lloyd’s measurements, mentioned above, it was clear that either nu-
clear bag endings or Golgi tendon organs must be responsible for-auto-
genetic excitation. Approaching this problem from the other end, that
of autogenetic inhibition, I made use (1950a) of the arrangement for
monosynaptic testing illustrated in Fig. 101a. The ventral root is cut
(together with all adjacent ventral roots) and recording electrodes for
the monosynaptic test response applied to the central stump. Through
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Fig. 101a. Cat. Dial. Excitability of gastrocnemius during contraction of
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diagram illustrating experimental arrangement. Right:

Left:

¢, conditioning shock alone, its discharge above, its myogram below; T (upper),

test shock with its myogram; 1-4, both together at different time intervals
(t=1 msec.); T (lower), test shock alone at = 10 msec.; 5, together with

conditioning shock at ¢

10 msec.

Fig. 101b. Cat. Dial. Variation of spike height relative to monosynaptic con-
trol = 1.0 plotted against interval between conditioning and test shock. Con-
ditioning shock on ventral root L:, test shock on med. and lat. gastroc. nerves.

Initial tension 250 gm. Conditioning shock elicits contraction of 550 gm.

(Granit, J. Neurophysiol., 13, 351. 1950a.)
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the peripheral stump a contraction could be elicited, and also by
direct stimulation of the muscle. The test shock for the monosynaptic
volley was applied to the muscle nerve, alternatively to a cut branch
of a synergist for heterosynaptic testing. Both methods were used.

The control monosynaptic response is shown in 7' (Fig. 101a), and
in C the very small reflex response from the contracting muscle, small
owing to barbiturate anesthesia. Samples illustrating the initial facilita-
tion and the later depression of the monosynaptic response are shown
in 1-5, for different sweep speeds of the cathode ray. On the right is
the curve obtained. Thus, reflex contraction works with self-regulation.
It is first speeded up by facilitation, then brakes are applied to stop
further self-excitation (cf. Granit and Suursoet, 1949, and for work
on man, Magladery et al., 1951).

Fig. 102 illustrates an experiment (Granit, 1950a) with hetero-
synaptic or synergist testing, the contraction (lower record) being in
the ankle extensor gastrocnemius, the test (upper record) in the hip
extensor quadriceps. The animal was in Dial anesthesia and in addi-
tion was spinalized. To the left, contraction is elicited with a single
shock, to the right with a tetanus. There is profound inhibition, the
monosynaptic test response (control in record 1) being completely
obliterated during the whole period of just maximal tetanic stimula-
tion, i.e. at stimulus strength below the value necessary for activating
the muscle spindles by v fibers. Clearly, then, inhibition cannot be due
to a sense organ of spindle type that, unless specifically activated, pauses
during a pure « contraction. This experiment has since been con-
firmed by Hunt (1952a), who has drawn the same conclusion.

These results on autogenetic inhibition naturally pointed to the
Golgi tendon organs, the more so because at the same time McCouch
and his collaborators (1950) were carrying out experiments with
electrical stimulation of the quadriceps tendon and in some experi-
ments succeeded in obtaining a relatively pure early inhibition which
they also ascribed to tendon endings. It proved difficult to obtain in-
hibition selectively; they had, in fact, an early facilitation lasting about
2 msec., which suggested that the stimulus first activated another type
of receptor.

In our experiments the early facilitation speeding up the muscle
contraction was often of shorter duration than in Fig. 101. Again, in
the livelier decerebrate preparation, inhibition is often concealed but
can then easily be uncovered by superimposing stretch upon contrac-
tion (Hagbarth and Naess, 1950a). Inhibition was favored by an in-
crease in initial tension (Granit, 1950a), in agreement with the fact
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that the tendon organs have higher thresholds than the muscle spindles
(Matthews, 1933, since repeatedly confirmed by Kuffler, Hunt, and
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Fig. 102. Experimental arrangement as in Fig. 101. Stimulation of severed
ventral root to elicit gastrocnemius contraction, during which the spinal center
of the quadriceps muscle is studied by monosynaptic testing. 1: quadriceps
monosynaptic control, 2: effect of conditioning shock alone at high amplifica-
tion, 3-5: combined responses, 6: form of tetanic stimulus, 7-11: combined
responses showing complete inhibition that lasted within the visible range of the
tetanic gastrocnemius contraction, while with the single shock (left) inhibition
nowhere in the contraction went below minimum illustrated in record 5. Time:
100 cy/sec. (Granit, J. Neurophysiol., 13, 351. 1950a.)

our group). Job (1953b) made a special comparison of decerebrate
and spinal animals and in the latter found autogenetic inhibition domi-
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nating autogenetic excitation. He also confirmed the fact illustrated
by Fig. 102 that autogenetic inhibition actually is distributed to dis-
tant synergists at an adjacent joint and thus is not strictly autogenetic,
though I have preserved Sherrington’s classical term. Actually, Denny-
Brown (1928) observed that the silent period (orthodromic shock)
spread to adjacent muscles and for this reason postulated an inhibitory
component from muscle afferents. This one would now interpret as an
effect of the Renshaw feedback through the Golgi recurrent collaterals.

Working on the assumption that tendon organs would be less sus-
ceptible to cooling of the muscle and interference with its blood supply
than the muscle spindles (Matthews, 1933), Job (1953b) also tried
such procedures and succeeded in demonstrating that excitatory effects
reverted to inhibitory ones in muscle maltreated in various ways.
Henneman (1951) found the temperature of the spinal cord to deter-
mine the relative preponderance of excitation or inhibition.

As we have seen, both tendon organs and muscle spindles are
stretch-sensitive, the latter, however, generally being of lower thresh-
old. In accordance with this fact, inhibition in my experiments, both
by homo- and heterosynaptic testing, was found to succeed facilitation
to stretch. With stretch facilitation tended to dominate over inhibition
and, indeed, sometimes in light stretch increased as much as fivefold.
Inhibition was often found to be concealed but could be uncovered by
various measures (Granit, 1950a). Similar results have since been re-
ported by Hunt (1952a).

In view of what has been said above about the recurrent collaterals
and the inhibitory feedback, it is of importance to investigate inhibition
to stretch in circumstances which suppress firing on the part of the
ventral horn cells. Spinal, barbiturate animals are the most favorable
ones. Fig. 103 (arrangement as in Fig. 101) illustrates an experiment
on an animal of this type. A single ventral horn cell has been isolated
(Granit and Strom, 1951a). It was identified as belonging to the
gastrocnemius muscle. In the uppermost record it has been activated
by a shock to the gastrocnemius nerve. In the next record the test
shock (see artifact) has been tried again but in this case after the
experimenter has very slowly weighed down the thread joining muscle
and myograph so as to increase initial tension and yet avoid reflex
activation. During pressure maintained thus the ventral horn cell be-
came inhibited to the extent of refusing to discharge to the test shock.
This happened without reflex firing of the cell. The experiment has
since been repeated and confirmed by Hunt (1952a). With the mass
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response from the root it has also been carried out by Henneman
(1951).

From this experiment alone it could not be concluded that the
inhibition arose only in Golgi tendon organs. I had found (Granit,
1950a) that when the nerve to a limb extensor was compressed, excita-
tion to stretch disappeared sho:tly before inhibition, suggesting that
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Fig. 103. Single ventral root fiber reflexly activated by test shock to gas-
trocnemius nerves (note shock artifact). Uppermost record taken with muscle
at light tension. Middle, effect of test shock completely inhibited during perma-
nent pressure on string joining muscle and myograph. Boftom, after release
of pressure. No phasic stretch. Time in msec. (Granit and Strém, J. Neurophysiol.,
14, 113. 1951a.)

among the slowly conducting extensor afferents there would be a rela-
tively greater number of inhibitory ones. In the same paper it was re-
ported that when an extensor muscle was stimulated (in the arrange-
ment of Fig. 101) through the cut ventral root at strengths sufficient
to activate y efferents the effect was an increase of inhibition, although,
of course, the myogram remained uninfluenced. We (Granit and
Strém, 1951a) therefore tried to find out how early single ventral horn
cells could be inhibited at high initial tensions in the absence of firing.

The experiment of Fig. 104 (arrangement as in Fig. 101) was car-
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ried out on a single ventral horn cell stimulated by stretch. The
monosynaptic test shock in the upper half of the figure (low initial
tension) was just subliminal, so that in ten control trials without
stretch it failed to fire the ventral horn cell. The test shock was elicited
from thes medial gastrocnemius nerve. The lateral branch could neither
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Fig. 104. Early facilitation at light tension and early inhibition at high
tension during slow stretch starting at zero abscissa. Single fiber preparation
analyzed in terms of probability (Pr) of response.

A neurone tested during stretch by shock from med. gastroc. nerve. Upper
curve: light tension and stretch. Test shock (Pr = 0/10 at rest) subliminal so as
to reveal level of excitability during facilitation by stretch. Lower curve: med.
gastroc. nerve now tied below electrodes, and muscle at high initial tension.
Pr put at 10/10. Afferent discharge (through lat. gastroc. nerve), as shown by
large number of observations taken (200), now gave inhibition from beginning.
(Granit and Strom, J. Neurophysiol., 14, 113. 1951a.)

by itself nor supported by afferent stretch impulses from both nerves
elicit an effect to a supramaximal test shock. The upper curve illus-
trates that with light tension and 2 mm. stretch (proceeding at con-
stant rate along the abscissa) there was facilitation as long as the
medial gastrocnemius nerve was intact. The ordinates show probability
of response (Pr) in ten trials for each moment of stretch tested. Each
experimental point is therefore based on 10 observations. The single
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ventral horn cell did not fire in response to the test shock alone
(Pr = 0), but facilitated by stretch it fired with a probability (Pr) of
10/10, i.e. ten times in ten trials. Then, in order to curtail the afferent
inflow, the medial gastrocnemius nerve was severed and at the same
time the muscle was put under high initial tension to increase auto-
genetic inhibition. With the curtailed inflow this proved possible with-
out eliciting a natural reflex impulse to stretch. The test was adjusted to
give a control probability of response of 10/10(Pr = 1.0) and this
basic value was repeatedly checked. Now there was inhibition (lower
curve) from the very beginning. The experiment demonstrates that
the inhibitory organs require high tension in order to overcome the
effect of the excitatory ones and that under such circumstances they
may succeed in blocking the discharge as quickly as the excitatory ones
can facilitate it.

It seemed fairly clear from all these experiments that there are
inhibitory fibers just as fast as those responsible for excitation and, also,
that they are capable of exercising their effect during contraction when
the spindles are silent. It was hence concluded that the spindle end-
ings represented in fast afferents were destined to become the excitatory
monosynaptic ones of Lloyd (1943b), while autogenetic inhibition
was carried by the similarly fast Golgi tendon organs.

Szentdgothai (1948) had reported that the afferent fibers from the
jaw closing muscles enter the brain stem by way of the motor root,
while those of the tendon organs pass through the sensory root. This
interesting anomaly was utilized by McIntyre (1951) to demonstrate
that responses of endings having the characteristics of spindle receptors
actually were obtained from the severed motor root of the fifth cranial
nerve. Since these were large-fiber afferents, McIntyre concluded that
they were of the nuclear bag type.

Denny-Brown (1928) saw activation of the antagonist flexor dur-
ing contraction in the ankle extensor and associated it with genuine
inhibition during the silent period. Fig. 105 shows an analysis of the
reciprocal component of gastrocnemius excitation as measured by the
behavior of the monosynaptic response elicited in the nerve stem to the
ankle flexors. It is seen that during the rising phase of the gastrocnemius
contraction, which is the time of the pause in the spindle discharge, the
flexor monosynaptic response is facilitated. The autogenetic extensor
inhibition thus provides reciprocal excitation to the antagonist flexor.
This reciprocal effect could occasionally be demonstrated with stretch,
but it hardly ever failed to appear even in submaximal contraction in
agreement with the fact mentioned that contraction stimulates the
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tendon organs far more powerfully than stretch and also sets up more
autogenetic inhibition (Granit, 1950a, 1952a). The same experi-
ment has been performed by Hunt (1952a), with the same outcome.
These results should also be interpreted in the light of the statement
made in sec. 5 to the effect that autogenetic inhibition is integrated into
the silent period as one of the brakes in reflex self-regulation of the
muscle contraction. Cessation of spindle firing leaves the discharge
from the Golgi tendon organs in possession of the field.
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Fig. 105. Cat, decerebrated, spinal. Four supramaximal stimuli to S, cut
ventral root, setting up contraction of gastrocnemius (extensor). Monosynaptic
test response from deep peroneal nerve (to flexors) recorded from L: ventral
root. Monosynaptic control uppermost record, left. Time: 100 cy/sec. (Granit,
J. Neurophysiol., 15, 269. 1952a.)

The decerebrate preparation used in classical reflexology made it
easy to study the effects of stretch and contraction of flexors upon
extensors which, on account of the postural contraction, provided a
good background for both excitation and inhibition. The old work had
made it clear (see e.g. Sherrington, 1909, 1913; Cooper and Creed,
1927a,b; Liddell and Sherrington, 1925) that stretch or contraction
of the flexors regularly inhibited the extensors. Similarly, from Lloyd’s
work (1946a,b) it appeared that his monosynaptic facilitatory stretch
reflex behaved in the same manner. Thus, autogenetic facilitation,
like autogenetic inhibition, is organized in a reciprocal fashion. Ankle
flexors and extensors act according to the principle of Sherrington’s
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(1913) “double reciprocal innervation.” In terms of receptors: the
spindles facilitate their own muscle and inhibit the antagonist, the
Golgi tendon organs do the reverse. The net result of this may some-
times be simultaneous contraction or slackening of both flexors and
extensors. Observing such “exceptions,” some have concluded that
true reciprocal innervation does not exist. Sherrington, however, real-
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Fig. 106. Effect of a tetanic gastrocnemius contraction from the severed
ventral root S; on its own spinal center (Gastroc.) and that of the antagonist
flexor (Per. prof.). Spinal cat. Dial. Tetanic stimulation at 15 X threshold, pro-
ceeding at a rate of 240/sec. Analysis of variations in monosynaptic responses
recorded from L: ventral root, as described in text. Gastrocnemius contraction
at good initial tension. (Granit, J. Neurophysiol., 15, 269. 1952a.)

ized from the beginning that reciprocal action on antagonists meant
something only in terms of one type of receptor.

While double reciprocal innervation is the principle of reflex organ-
ization, this does not necessarily mean that the effects are symmetrical
in flexors and extensors. In fact, I have never found it to be so. In the
anatomical section it was pointed out that the afferent caliber spectra
of the ankle extensors also differed considerably from that of the ankle
flexor (tib. ant.). The typical physiological result, if both systems are
tested in the same preparation, is illustrated in Fig. 106. The flexor
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response (per. prof.) was tested during gastrocnemius contraction.
There was no early reciprocal inhibition in the flexor corresponding
to the early facilitation in the gastrocnemius system (tested afterward
heterosynaptically). The autogenetic inhibition in the gastrocnemius—
as in Fig. 105 and practically always—activated the flexor center
reciprocally. Again, with the ankle flexor contraction one generally
obtains pure inhibition of the extensor system, not the reciprocal
facilitation from tendon organs. The two systems moving the limb
around the ankle are therefore highly asymmetrical: the reciprocal
effect of the flexor upon the extensor is chiefly run by the spindles and
consists of reciprocal inhibition, while the corresponding effect of the
extensor upon the flexor is run by the Golgi tendon organs—and prob-
ably by myotube endings—and consists of excitation. According to the
recent results by Hunt (1953) the myotube endings are inhibitory on
extensors and excitatory on flexors. The double reciprocal effects can
be found, but special measures must be taken to uncover them (cf.
Hunt, 1952a, 1953). Normally they are concealed (Granit, 1952a)
below the dominant factor in the sum total of events.

The asymmetry may seem surprising, but with Sherrington (1913)
we have to inquire into the “biological meaning” of it, and then it
seems reasonable. The powerful extensor muscles support the weight
of the body, while the step is started by the less well-developed flexors,
the leg being lifted from the ground. The flexor contraction immedi-
ately inhibits the extensors reciprocally, and this process, as we have
seen, is started by the spindles in the flexor. This initial inhibition upon
the extensors, however, is soon overcome by the powerful stretch re-
flex started in their spindles (nuclear bag endings) when the knee is
bent in being lifted from the ground, with consequent stretch of the
extensors. The extensors contract and the leg is swung forward. Over-
swing is prevented by the tension exerted by the contraction upon the
Golgi tendon organs, which inhibit the extensor contraction and at the
same time help to fix the leg by eliciting a reciprocal contraction in the
flexors. It should be clearly understood that the step is regulated by
other spinal mechanisms (Sherrington, 1913, Graham Brown, 1914),
including the efferent spindle innervation, but the general principles of
peripheral self-regulation are laid down in this asymmetrical system
of double reciprocal innervation that I have described. Into this the
events in the myotube endings should be fitted. The systems are beau-
tifully organized and we shall see later how the efferent spindle innerva-
tion adds to the perfection.

The general conclusions concerning the reflex effects of nuclear bag
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Fig. 107. Decerebrate cat. Record of group monosynaptic response to single
shock stimulation of intact nerve of gastrocnemius medialis at 0, 350, and
1080 g. initial tension. Second trace: strain gauge record. Muscle nerve stimulus
at beginning of sweep. A4: control responses. B: same with preceding stimulation
of 28 small-nerve fibers to this muscle—muscle nerve shock (MN) at onset of
sweep coincides with last of a train of 9 stimuli at 100/sec. to small-nerve fibers
(SN), as shown on reduced time-base speed in bottom record. Time signal:
1,000 cy/sec. Note that in 4 monosynaptic response with latency of 2—5 msec.
is followed by a second potential (less at higher tensions). At zero tension, small-
nerve stimulation has no demonstrable effect, while at 350 g. the monosynaptic
response is facilitated (B) and the second potential reduced. At 1080 g the
facilitation is greater. (Hunt, J. Physiol.,, 117, 359, 1952a.)
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endings and Golgi tendon organs have been tested and confirmed by
Hunt (1952a), who also approached the problems with the technique
of setting up a contraction in the intrafusal fibers by selective stimula-
tion of y fibers. Some of his results on the spindles are shown in Fig.
107. As expected, the spindles were found to be responsible for auto-
genetic facilitation, i.e. the autogenetic stretch reflex. As for the Golgi
tendon organs in the knee extensors, he concluded that they were re-
sponsible for autogenetic inhibition and reciprocal facilitation of the
flexors. It should be realized, however, that at the time of publication of
this work Hunt had not yet considered it necessary or possible to sep-
arate the effects of nuclear bag and myotube endings. Just how, or if
at all, y stimulation differentiates between nuclear bag and myotube
endings is unknown.

In another manner these problems have been approached by Hag-
barth and Naess (1950b), Laporte and Lloyd (1952), and Eccles and
his collaborators (see below), all working with shocks to severed mus-
cular afferents. Hagbarth and Naess first established a strength of
conditioning shock that gave Lloyd’s well-known curve of mono-
synaptic facilitation, illustrated in Fig. 108. It was then expected that
tetanic conditioning at this strength would maintain the facilitation, but
contrary to expectation tetanic conditioning often disclosed an inhibi-
tion which they therefore concluded had been carried by afferents of
the same size (same threshold) as those eliciting facilitation. The result
was held to confirm the conclusion (Granit, 1950a; Granit and Strom,
1951a) that both excitatory and inhibitory effects were represented
among the large-fiber afferents. It might be pointed out that in all such
experiments it is only the upper range of conduction velocities that are
being established. There may be any number of inhibitory and excita-
tory afferents of lower conduction velocity (smaller fiber diameter). It
should be made perfectly clear that there are methodical limitations
in work of this kind ultimately ascribable to the fact that reflexes are
averages based upon effects in a large number of afferents. We have
tried, but failed, to elicit reflex action from a very small number of
fibers split within the muscular tissue.

Starting similarly with the summation curve for monosynaptic auto-
genetic facilitation of Fig. 108, Laporte and Lloyd (1952) noted
deviations from it in the direction of inhibition at shock strength which
sufficed to activate only large afferents. The inhibition appeared after a
central delay of roughly one half additional msec., suggesting one
additional synapse. This then, on their evidence, is a disynaptic inhi-
bition carried by large afferents, which like the one studied above with
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stretch and contraction was widely distributed to synergists and facili-
tated antagonists. Their method of using “canonical” curves for ex-
citation and inhibition obtained by shocks to mixed muscle nerves, and
drawing conclusions from their deviations, has been criticized by
Bradley, Easton, and Eccles (1953). Yet, with the support of Lloyd’s
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Fig. 108. Facilitation of motoneurones by impulses in primary afferent
fibers. Points from seven experiments, scaled on the ordinates to coincide at
the time of maximum facilitation. Relative facilitation, expressed in per cent
maximum, is plotted as a function of time. The plotted curve is an exponential
regression having successive half-values at 2.8, 5.6, 8.4, 11.2, and 14 msec. In
four experiments facilitation in flexor nuclei was examined; the remaining
three were concerned with extensor nuclei. (Lloyd, J. Neurophysiol., 9, 421.
1946a.)

considerable experience, it apparently has worked well enough to de-
liver results in substantial agreement with our results and those of
Hunt on autogenetic inhibition from the Golgi tendon organs.

Eccles and his collaborators (Brock, Eccles, and Rall, 1951; Eccles
and Rall, 1951; Bradley and Eccles, 1953; Bradley, Easton, and
Eccles, 1953) find that the large excitatory and inhibitory afferents
(autogenetic) in the quadriceps muscle actually are grouped around
two maxima, just separable. The monosynaptic excitatory afferents are
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faster and conduction velocities range from 95 to 114 m/sec. For the
inhibitory ones values from 80 to 95 m/sec were obtained (Bradley
and Eccles, 1953). They hold that the latter are derived from Golgi
tendon organs. In the ankle muscles there is no such differentiation.

The experiments so far described have been carried out with animals
in which the external loop through the muscle has been eliminated by
de-efferentation or else (Hunt, 1952a) controlled. The effects of the y
efferents have thus also been eliminated. We have concluded that the
nuclear bag endings are facilitatory for autogenetic reflexes, and this
can hardly be doubted. However, there are some complications not yet
understood. The first experiment undertaken to study the reflex effect
of v efferents (Granit, 1950a) showed, on the contrary, that increased
autogenetic inhibition was obtained by stimulating the y system. This
is illustrated in Fig. 109. The experimental arrangement is that of Fig.
101. The efferent root is divided, the peripheral stump being used for
stimulation of the gastrocnemius muscle (twitch), while the central
stump records the monosynaptic test response. Two moments, one 15
msec., the other 32, after the conditioning shock eliciting the twitch
have been picked out to demonstrate the size of the monosynaptic
reflex volley (ordinate) as a function of stimulus strength (abscissa),
which was carried far beyond the range that is supramaximal for the
extrafusal fibers (cf. Table 4, p. 206). Thus, with increasing strength
more intrafusal fibers are brought in by the activation of y efferents.
It is clear from Fig. 109 that y stimulation of increasing strength also
may augment inhibition. This experiment was repeated and confirmed
by Hagbarth and Naess (1950a). Then Hunt (1952a) repeated it with
tetanic conditioning, which still more effectively stimulates the v fibers,
and again confirmed it. I had already pointed out myself that the effect
was not always demonstrable but, when present, it was definite. This,
at the time, was a puzzling result. I drew attention to the fact that both
Sherrington (1894) and Barker (1948) had also seen Golgi tendon
organs in the spindles at their insertion points. But clearly, inhibitory
spindle organs (myotube endings) will now have to be considered
(Hunt, 1953).

Hunt (1953) has since studied separately the reflex effects of the
slowly conducted impulses from myotube endings in the spindles and
found them to be in the flexor pattern, i.e. inhibitory on the extensors
and excitatory on the flexors. The results have not at the present time
been published in full. Clearly, the lack of knowledge about the role
of the myotube endings in the spindles, which, according to Matthews
(1933), are the most common ones, has been a deficiency in the pic-
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ture so far established. It is satisfactory to know that these are being
studied.

A great deal has been said above about the monosynaptic stretch
reflex in the nuclear bag afferents, so useful in testing reflex excita-
bility. Can we assume that the nuclear bag endings act exclusively by
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Fig. 109. Cat. Experimental arrangement as in Fig. 101. Gastrocnemius
muscle stimulated by shock to cut ventral root, and the afferent effect on the
spinal center analyzed by monosynaptic testing. Analysis of effect of stimulus
strength.

Effect of strength of conditioning shock for gastrocnemius muscle from
ventral root S; on size of monosynaptic response at intervals 15 (upper) and
32 (lower) msec. between conditioning and test shock. Abscissae: stimulus
strength in multiples of threshold strength. Modest initial tension. (Granit,
J. Neurophysiol., 13, 351. 1950a.)

monosynaptic paths to the ventral horn cells? This conclusion would
undoubtedly be premature. On purely histological grounds it seems
exceedingly unlikely that the fibers of the nuclear bag afferents would
fail to branch into polysynaptic paths when coursing from dorsal to
ventral roots. Again, if we make this unlikely assumption, it is to be
remembered that, e.g., in the muscle gastrocnemius medialis some 45
afferent fibers would be responsible for the stretch reflex in about 300
motoneurones. In view of the large subliminal fringe, the overlap would
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have to be considerable and consequently the reflex very easy to elicit.
This, however, is by no means the case. The monosynaptic response is
often far more difficult to elicit than the stretch reflex. The two may
even behave as if there were some competition. The stretch reflex tends,
for instance, to disappear in light anesthesia when the monosynaptic
response may be better than before (cf. similar observations by Brooks
and Fuortes, 1952; Alvord and Fuortes, 1953). Park, Teasdall, and
Magladery (1951) and Dodt and Gohl (1952) point out that for man
the monosynaptic response (their H-reflex or Hoffmann-reflex) may
often be absent in patients who to all appearances have excellent mus-
cular control.

Liddell and Sherrington (1924, 1925) and Lloyd (1943b) held the
stretch reflex to be highly autogenetic. Granit and Strom (1951a)
found that despite light anesthesia some individual ventral horn cells
were fired by both the medial and lateral gastrocnemius nerve provided
that some facilitation by stretch was added. Job (1953a), in our lab-
oratory, made a special study of this question by recording from both
severed ventral roots and severed peripheral nerves and proved that
synergists could fire each other’s motoneurones under a variety of con-
ditions, all defined by sufficient facilitatory support from themselves or
other systems. This has been confirmed independently by Roberts
(1952), Cohen (1953), and Alvord and Fuortes (1953).

Many of the questions dealt with in this chapter closely concern the
physiology of the spinal cord. It has been necessary, however, to de-
limit the subject and make a halt somewhere as an alternative to writ-
ing a chapter on the spinal cord. The latter subject will be found ex-
tensively treated by Lloyd in Howell’s textbook of physiology, edited
by Fulton (1946), as well as by Eccles (1953) in a recent monograph
(cf. Creed et al., 1932).

Chapter 7

Spinal and Supraspinal Control of Posture
and Movement by the Loop to the Muscle
Spindles. Rigidity. Spasticity

1. Introduction

It appears that Rossi (see below) in 1927 was the first to envisage a
role for the spindle innervation corresponding to the ideas prevalent
today. Leksell (1945) realized that his work required completion with
a study of reflex effects of the y fibers but did not himself attempt ex-
perimentation along these lines. Granit (1950a) and Hagbarth and
Naess (1950a) next published the experiments already mentioned and
were surprised to find inhibition with supramaximal stimulation of the
ventral root of sufficient strength to bring in y efferents. On Hunt’s
(1953) recent evidence this inhibition may well have arisen in the
myotube endings of the muscle spindles.

Granit and Strom (1951b, 1952), studying the stretch reflex at
light initial tension in decerebrate animals, found earlier facilitation if
the external loop was left intact than after de-efferentation and con-
cluded that the spindles were tonically innervated by the y fibers.
Sommer (1940) and Hoffmann (1951) suggested that activation of the
tendon jerk in man by Jendrassik’s well-known method was due to
spindle activation because it was found to take place without an increase
of tension in the muscle concerned.

However, most of the new information on reflexes and supraspinal
control in terms of spindle afferents and y efferents has come from the
direct approach of Hunt (1951, 1952a, 1953), Kobayashi et al.
(1952), Granit and Kaada (1952), Granit, Job, and Kaada (1952),
Eldred, Granit, and Merton (1953), Eldred and Hagbarth (1954),
and Granit, Holmgren, and Merton (1954). In presenting the results
I shall try to build up a synthetic view based on the results of Hunt,
the Japanese authors, and our group, all of which deal with the func-

tional interpretation of records from vy fibers and spindle afferents.
237
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Fig. 110 presents a schematic diagram of the experimental arrange-
ment used in this kind of work unless the records are taken directly
from y efferents. The nuclear bag afferent in a root filament serves as
indicator of spindle activation. The advantage of studying the spindle
afferent rather than the y efferent is that the mechanical muscular
events are integrated into the picture.

Single
spindle

Y motfo- .-\
neurone

Strain
gauge

Fig. 110. Diagram illustrating arrangement of experiment for reflex work
with simultaneous spindle control. Muscle with parallel intrafusal fiber contain-
ing $pindle connected to strain gauge. Afferent fiber discharge from spindle
isolated in dorsal root and projected on oscilloscope. Destination of @ and v fiber
from ventral root of spinal cord shown. (Granit, Holmgren, and Merton, 1954.)

2. The tonic discharge and its effect on
extensor spindles

Tasaki and his collaborators appear to have been the first to study
the activity of individual y fibers, and their work from 1944 onward
has recently been summarized in English (Kobayashi, Oshima, and
Tasaki, 1952). Having been ignorant of Leksell’s (1945) simul-
taneous work, they did not realize that the small efferents in mammals
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were the motor fibers of intrafusal muscle (cf. preceding chapter), but
they did record their discharge. It is perfectly clear from Fig. 111 that
they noted the tonic firing in the fibers, found by Kuffler, Hunt, and
Quilliam (1951), Hunt (1951), and Granit and Kaada (1952),
which firing, indeed, is such a very striking feature of this system. The
tonic resting frequencies are high. Even in his spinal animals Hunt
(1951) recorded values from 20 to 60 per sec.
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Fig. 111. Cat under urethane. Action currents recorded from three mye-
linated fibers of below 5 u in diameter innervating the medial head of gas-
trocnemius. 4: spontaneous efferent discharge from the spinal cord, B: increase
in the frequency of discharge by decerebration, C: record taken about 10 min.
after decerebration, D: increase of the frequency by repetitive induction shocks
applied to the contralateral sciatic nerve (started at the arrow). Time: 10 msec.
(Kobayashi, Oshima, and Tasaki, J. Physiol., 117, 152. 1952.)

As shown by Fig. 111, Kobayashi et al. found the discharge to in-
crease after decerebration and to accompany reflex action. Their re-
sults with the well-known spinal reflexes agree with those of Hunt
insofar as y activity is concerned, but their interpretation is that these
fibers are tonic motor fibers capable of supporting decerebrate rigidity
by themselves. This conclusion is based on the observation that the
large o fibers were found to be silent in decerebrate rigidity. However,
long ago Dusser de Barenne (1911) and Buytendijk (1912) showed
that string galvanometer records of the electromyogram in decerebrate
rigidity indicated persistent activity, for some time afterward spoken
of as the Dusser de Barenne-Buytendijk vibrations, and so it is rather
improbable that their view can be correct even if, as pointed out above,
functions to some extent will overlap in caliber spectra. Long ago



240 RECEPTORS AND SENSORY PERCEPTION

Denny-Brown (1929) and Adrian and Bronk (1929) studied this
tonic activity in single motor units. Granit and Kaada (1952) isolated
a large number of small and large fibers in ventral roots. In general it
seems true that most small fibers discharge tonically while most large
fibers are silent, but even in barbiturate anesthesia there will be active
a fibers. Recently Gernandt (1952) has studied vestibular reflexes
(cf. Adrian and Bronk, 1929) in decerebrate animals and has had no
difficulties in finding persistent o activity.

In order to make clear what the tonic y discharge signifies in terms
of spindle activity Fig. 112,B, compares, for a decerebrate animal, the
spontaneous activity of the spindle with intact innervation with C, the
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Fig. 112. Effect of activity in v motor fibers on spindle discharge. 4. irregu-
lar discharge before and during a 10 mm. stretch. Note rhythmic bursts. B:
samples at high myograph sensitivity to show irregularity in the absence of any
corresponding muscle contraction. C: same spindle after de-efferentation, re-
sponding with characteristic regularity. Anemic decerebration and chloralose
(20 mg/kg.). Spindle in gastrocnemius. Myograph on second trace. (Eldred,
Granit, and Merton, J. Physiol., 122, 498. 1953.)

same baseline discharge after de-efferentation. When here, as else-
where, I speak of spindle activity I refer to a nuclear bag afferent as
indicator because the single fibers have been isolated in the roots (Fig.
110) in which myotube afferents are but rarely obtained. The excited
spindle exhibits a persistent irregular discharge, often grouped, while
the nonexcited spindle (which is identical with the purely peripheral
muscle-nerve preparation hitherto discussed) has a very much lower
rate of spontaneous firing. This also is characteristically regular unless
too low. A spindle discharging at a rate below some five impulses per
second does not seem to be able to fire regularly (cf. Matthews, 1933).
Also in barbiturate anesthesia there is irregular firing in excited spin-
dles. In Fig. 112,4, stretch has been applied and the grouping of the
spindle discharges may well indicate synchronous rhythmic y outbursts
to the intrafusal fibers. For convenience I shall speak below of excited
and nonexcited spindles when comparing discharges before and after
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de-efferentation. In our work de-efferentation has been used as a stand-
ard of comparison for describing effects of y efferents against a refer-
ence point of zero y control.

The two upper records of Fig. 113 illustrate a 10 mm. stretch of
the muscle for an excited spindle with a spontaneous rate as high
as 40/sec. at the zero initial tension used, the lower ones the same
experiment after de-efferentation. The strain gauge myograph had
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Fig. 113. Effect of v activity during phasic stretch. Records from a gastrocne-
mius spindle. 4: muscle slack and then extended 10 mm. B: continuation of A
after a break of 10 sec. C: a similar stretch after cutting the ventral roots; smaller
myograph excursion due to absence of stretch reflex. D: continuation of C after
a break of 32 sec. Same spindle as in Fig. 112. (Eldred, Granit, and Merton,
J. Physiol., 122, 498. 1953.)

been mounted on rollers and movement started with the muscle
just slack. There is clearly a considerable stretch reflex in the intact
preparation A—B (decerebrate cat) as can be seen by comparing the
myograms of, respectively, the upper and lower sets of records. The
nonexcited spindle C—D was silent at zero tension when stretch started.
While stretch is maintained, some adaptation takes place, as has been
shown by Adrian and Zotterman (1926a) and Matthews (1933) for
the nonexcited spindles they always used, even though these organs
belong to the category of receptors which have little adaptation com-
pared with rapidly adapting ones. Part of this adaptation will be due
to the viscoelastic properties of the stretched tissues but—as in other
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receptors—there must be a genuine adaptive mechanism superim-
posed upon the effects of the mechanical factors. Adaptation in stretch
receptors has been studied by Bronk (1929) and Matthews (1931).
Now, when comparing the adaptive process in excited and nonexcited
spindles, we found that the impulse frequencies, though throughout
very much higher for the excited spindle, tend to drop along roughly
parallel curves in both instances, but for the excited spindles this curve
is displaced upward in a coordinate system of frequency plotted against
tension or length. This means that y bias still must be considerable at a
time, late in stretch, when the nonexcited spindle fires very slowly or
may even have ceased altogether to respond. The same shift upward in
the general level of activity was also noticed at all degrees of initial ten-
sion from zero upward. While it is quite common at zero tension to find
nonexcited or de-efferented spindles silent, those of the intact decere-
brate (excited) preparations in good condition are practically always
firing. As a consequence the threshold of excitation generally is con-
siderably lower in the excited spindle than in the nonexcited one, a
fact of great physiological importance. These observations on decere-
brate preparations refer to Eldred, Granit, and Merton (1953).

The Japanese authors found more y activity in decerebrate prepara-
tions than after spinalization, and Granit and Kaada (1952) also re-
ported their impression that the spindles were particularly active in
their decerebrate animals. Since that time our very much extended
experience has made it possible to state that in cats decerebrated by
pre- or intercollicular sections the spindles uniformly fire at excep-
tionally high rates and do so even in the absence of rigidity (o activity).
Hunt noted that when, in decerebrate animals, a spontaneous increase
of tension took place, this too was accompanied by efferent y firing,
and Granit and Kaada confirmed this, using the spindle as afferent
indicator.

In order further to elucidate this question an experiment was de-
vised, based on the principle of the anemic decerebration of Pollock
and Davis (1930). The basilar artery of the cat (chloralose) was tied
under ether at the operating table and slings placed around the com-
mon carotids. When the strings were pulled, anemic decerebration took
place. As soon as the rise in tension began, or at the latest when it was
maximal, the slings were released and the animal allowed gradually to
return to the status quo ante. This kind of decerebration has the ad-
vantage that it can be repeated several times.

Fig. 114 is an evaluation of spindle frequencies and myograph values
during this procedure. It is seen to have taken 20 seconds of carotid
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occlusion to release the formidable rise of tension which is the initial
phase of anemic decerebration. The soleus muscle was used, and it has
apparently contracted to the maximum obtainable (cf. the maximal
tetanic contraction values for this muscle given by Eccles and Sher-
rington, 1930 and in Chapter 6). The interesting point, however, is
that this activity not only is initiated in the spindles (cf. Hunt, 1951)
but that in addition the spindle discharge is maintained high through-
out the slow tonic contraction. This would hardly be possible against
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Fig. 114. Cat. Chloralose 20 mg/kg. Permanent clamp on basilar artery.
Slings around carotids. The two ordinates refer to myogram (T and filled
circles) and spindle frequency (S and open circles). At zero abscissa, carotids
occluded and released when tension reached maximum. Compare curves S and
7.

the strong extrafusal contraction without intrafusal contraction of
much the same order. When the muscle tension drops, the spindle con-
tinues to fire for some time. Hence the contracted intrafusal fibers are
pulled upon and consequently stimulated. There are, thus, a number
of violent intrafusal stretches superimposed upon the fall of the tonic
extrafusal contraction toward the baseline. By themselves the spindles
do not succeed in causing a renewed rise of tension (fatigue of the
muscle?), but they may have retarded the fall. This experiment, as
stated, is easily repeatable 3 to 4 times in the same cat and has given
the same result in a number of animals. Hence it supports the conclu-
sion that y hyperactivity leading to intrafusal cramp is an important
feature of rigidity.

If the carotids are left occluded, there is a fall in tension after the
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strong initial effect described above. When later on smaller postural
contractions spontaneously return and disappear, the same sequence
of events is observed. It will be shown below that after permanent
anemic decerebration of animals left to recover from the ether narcosis
without additional anesthetics, a curious disintegration of « from y
activity takes place. In fact, decerebration by the anemic and trephine
methods respectively produces two different types of rigidity. The
latter method alone can be relied upon to elicit with great regularity a
high level of spindle activity.

Sherrington (1898) pointed out that the anomalous state which he
called decerebrate rigidity may not be the only kind of rigidity and it
is clear from very satisfactory evidence that states of the same general
type may occur in animals deprived by de-afferentation of both y loop
and postural limb reflexes (see for references the recent review by
Moruzzi, 1953). I shall return to this question below. Sherrington
used to speak of the state of decerebrate rigidity as exaggerated posture.
Apparently the spindles through their facilitatory effects on the ventral
horn cells contribute their full share of this exaggeration.

3. Inhibition of vy fibers in stretch. Integration
of a and v in the “lengthening reaction”

One of the most important observations made by Hunt (1951) on
y fibers is recorded in Fig. 115. Records 1 and 2 from a spinal cat show
a few efferent o and vy fibers in isolation. In record 1 the baseline or
tonic discharge, as usual, consists of pure y activity. When the muscle
is stretched (2), reflex « activity appears but the y outflow is inhibited.
This, at the moment, is the only known proprioceptive reflex on the y
motoneurones. Biologically the purpose of the y inhibition must be to
suppress excessive spindle stimulation at a time when the spindle
already is being stimulated by stretch, one more example of a reflex
self-regulation which is similar to the autogenetic inhibition from the
Golgi tendon organs. It is not yet known whether the inhibition of y
activity also is initiated by the tendon organs and thus is strictly parallel
to the autogenetic o inhibition described in the previous chapter. Pos-
sibly the effect derives from the myotube endings. Nevertheless it seems
clear that both inhibitions are likely to be coordinated in reflex self-
regulation of muscle activity and for this reason it is of interest to exam-
ine the “lengthening reaction” with, if possible, simultaneous records
trom spindle and Golgi afferents.

The lengthening reaction, as originally described by Sherrington
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(1909), cannot be wholly autogenetic. To be sure, the true autogenetic
inhibition from the Golgi tendon organs must on the evidence of Chap-
ter 6 be one of its essential components but actually Sherrington’s ex-
periments were performed with otherwise intact decerebrate animals
and it does not succeed very well with muscles in isolation after proper
denervations of other limb muscles. The sudden clasp-knife cessation
of muscular resistance is well developed only if the extensive synergist
inhibition set up by the tendon organs in response to muscular tension
(Granit, 1950a and Chapter 6, sec. 6) is allowed free play.

Fig. 115. Spinal cat. Ventral root filaments containing one large fiber and
small fibers. 1: small fibers show continuous activity while large fiber is silent.
2: during stretch reflex excitation of large fiber and reflex inhibition of small
fibers. (Hunt, J. Physiol., 115, 456. 1951.)

In Fig. 116 is shown an experiment (Eldred ef al., 1953) in which
the limb innervation of a decerebrate animal is intact except for a
tiny filament in the dorsal root in which one spindle and one Golgi
tendon organ have been identified as belonging to the ankle extensor.
The limb was intact, so also the Achilles tendon, but a small opening
had been made for placing electrodes on the nerves of the ankle exten-
sors so as to obtain a twitch to a test shock. The first record on the left
(A) is a response to this shock. The myograph could not be used with
the intact animal, but it can easily be seen that the large spike responds
and the small spike is silent early in the record A where the twitch
occurred. The small spike thus gave the pause of the spindles, the large
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spike the tendon organ increase of spike frequency to the increase in ten-
sion during the twitch. This identification of the small spike as a spindle
was confirmed (records on the extreme right) by its behavior in the
pinna reflex. Granit, Job, and Kaada (1952) showed that there are very
active pinna reflexes (see Fig. 120) on the y fibers, often without any ef-
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Fig. 116. Inhibition of v discharge by stretch. Records from a spindle (small
spike) and a Golgi tendon organ (large spike) in the ankle extensors. A: re-
sponses during twitch (no myograph). B: base-line discharge with ankle fully
extended. C—J: responses during slow continued flexion of the ankle. K: second
base-line. L-O: response during twist of pinna. Decerebrate cat. (Eldred, Granit,
and Merton, J. Physiol., 122, 498. 1953.)

fect on the motor contraction, and this method of identification we gen-
erally use in our laboratory, in addition to testing with a twitch. There
was a good response in this case (see records N and O). The Golgi ten-
don organ, which was silent as long as the limb was held straight, did not
fire to twisting of the cat’s pinna.

The experimenter, then, to elicit the lengthening reaction, grasped
the animal’s leg with one hand, steadying its knee with the other. After
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a while he started to bend the leg slowly, thus stretching the ankle
extensors, and the records from B onward are taken during this act
of bending the leg up to its minimal angle. The spindle firing as directly
recorded, and the stretch reflex, as felt, increase steadily from record
to record and ultimately the discharge frequency reaches the ex-
ceedingly high maintained value of 300 impulses per second in G.
The greatest tension is in H, where the Golgi tendon organ has its
peak frequency. The latter picked up tension relatively late (in D)
owing to its characteristically high threshold. Then, quite suddenly in
1, the spindle discharge is inhibited and this inhibition must have been
very strong to suppress its activity to such a low level despite the in-
creased pull due to continued bending of the leg. At the same time
the muscle relaxes, as is clearly demonstrated objectively by the slow-
ing of the Golgi tendon organ. This sudden drop of tension is Sherring-
ton’s lengthening reaction. There is thus perfect cooperation between
spindle inhibition and tendon autogenetic inhibition in preventing ex-
cessive states of tension in stretch, a self-regulation run with a double
safety mechanism comparable to the triple safety arrangements in the
silent period. This double safety mechanism is supported by the exten-
sive inhibitory overlap to synergists described above (see Chapter 6),
by means of which it can overcome the tremendous facilitatory back-
ground of stretch combined with spindle cramp (decerebrate animal).
Sherrington’s lengthening reaction has thus been satisfactorily ex-
plained and has also served to lay bare the details of an important
integrative mechanism in reflex self-regulation of muscle activity.

Attention should also be called to the steady and very high rate of firing
of the excited spindle in the intact limb (Fig. 116), hardly to be expected
in view of Hunt’s inhibition of the y efferents by stretch. (Fig. 115. Prob-
ably Hunt carried out this type of experiment only on spinal animals.) A
frequency of 300 per second can be obtained with nonexcited spindles
only in the very beginning of sudden, heavy stretch. Inhibition of the y
discharge by stretch in a decerebrate animal apparently requires a con-
siderable amount of tension. It behaves in this respect like the autogenetic
inhibition from the Golgi tendon organs (cf. Job, 1953b). Both inhibitions
are probably suppressed in the decerebrated state by hyperexcitation from
higher sources, direct as well as indirect through the y loop.

These high frequencies are interesting from many other points of view.
Thus one may well ask what is achieved in the centers by such high rates
in view of the low firing frequency of the motoneurones (Adrian and
Bronk, 1929; Denny-Brown, 1929). Do they mobilize other systems more



248 RECEPTORS AND SENSORY PERCEPTION

effectively than the monosynaptic one? The discharge frequency of the
motoneurones is apparently regulated within narrow limits by the Renshaw
feedback, but the high frequency effect may well be piled up elsewhere—
for instance in the reticular structures, which to high frequencies set up
lasting states of excitation (see below). High frequencies are by no means
restricted to muscle spindles. In the retina it is common to find maintained
rates of discharge up to 400/sec. (Granit, 1944) and for short times
values between 800 and 900 per second have been recorded by Enroth
(1952) and Kuffler (1953). They also present an interesting problem
from the point of view of impulse generation. How can the generator po-
tential maintain such high frequencies in the face of accommodation and
cathodal depression?

With stretch mobilizing excitatory and inhibitory afferents for the a
motoneurones as well as inhibitory ones for the y motoneurones, one
may well ask what the sum total will turn out to be in terms of reflex
contraction. There is no general answer to this question. It will vary
with type of preparation, state of excitability in motor and premotor
neurones, as always is the case with reflex effects. The simplest way of
attacking this question is by means of monosynaptic (heterosynaptic)
testing, because it is possible to cut a number of sample filaments in
the ventral root for permanent recording of the effect of the mono-
synaptic test volley while the rest are (a) left intact and (b) after-
ward severed. The principle of this mode of approach may be studied
in Fig. 117, and it has been tried by Granit and Strom (1951b, 1952)
on decerebrate animals. Their intention was to study the excitability of
the ventral horn cells of the ankle extensors with excited and non-
excited spindles. At low initial tension it was actually possible to dem-
onstrate that in stretch monosynaptic facilitation started earlier before
de-efferentation than after, but the difference was small and later on in
stretch not at all definite. However, when high initial tension was used,
there was no such difference early in stretch but, later on, actually
more inhibition with the y loop through the intact muscle. Thus, as
soon as initial tension is sufficiently high, the sum total in the balance of
excitatory and inhibitory reflexes, even in the decerebrate preparation,
is in favor of inhibition. This does not seem difficult to understand. In
the de-efferented state there is no reflex motor contraction. However,
with the loop intact there is a stretch reflex which augments the sum
total of tension enough to mobilize autogenetic inhibition for both o
and y motoneurones.
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These experiments on stretch reflexes show what a complex machin-
ery is put into operation when, as was done exclusively in classical
reflexology, the contracting muscle itself with its highly differentiated
receptors was used to measure any single reflex. Even the simple
stretch response of Liddell and Sherrington consists of a minimum of

To stretch
apparatus

Fig. 117. Diagram illustrating semisections of spinal cord at the segmental
levels of L: and S:, and arrangement of experiment. Test shock to severed
lateral gastroc. nerve (GL), recording of monosynaptic reflex response from
filament of ventral root L: as well as the whole of S: ventral root connected with
gastroc. muscle through medial gastroc. nerve (GM). (Granit and Strém, Acta
physiol. scand., 27, 255. 1952.)

four reflexes: (1) facilitation from nuclear bag endings upon the
ventral horn cells, (2) inhibition from Golgi tendon organs upon the
ventral horn cells (o inhibition), and (3) inhibition from unknown
endings upon the y cells (y inhibition), with consequent indirect re-
moval of excitation upon the « motoneurones from nuclear bag end-
ings. Also (4), the myotube endings, as stated, will add inhibition to
the extensors and excitation to the flexors (Hunt, 1953).
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Fig. 118. Spinal cat. Simultaneous recording from central end of cut upper
nerve branch to tenuissimus and from lower end of muscle with intact innerva-
tion. Note difference in amplification. 4: baseline in “resting” state. Note dis-
charge in nerve giving impulses of small potential, while no potentials are re-
corded from the muscle surface. B: ipsilateral foot touched. Small-nerve dis-
charge increased and activity set up in fiber giving large potentials. Each large-
nerve impulse is accompanied by propagated potentials recorded from the
muscle surface. C: contralateral foot touched. Background small-nerve dis-
charge completely inhibited. Diagram iilustrates leading conditions. (Hunt,
J. Physiol., 115, 456. 1951.)
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4. Some skin reflexes on the vy system

Hunt (1951) as well as the Japanese authors (Kobayashi et al.,
1952) described the spinal y reflexes in very similar terms. By care-
fully grading stimulation in the flexion reflex it was shown that the vy
system responded more readily to touch of the skin than the o system.
With increasing stimulus strength both systems went off. Fig. 118 is an
illustration from Hunt’s paper, reproducing « and y reflexes together
with the electromyogram. Fig. 119, by the Japanese authors, demon-
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Fig. 119. Inhibition of contralateral extension reflex by induction shocks
applied to the ipsilateral peroneal nerve. Action currents were led from five
fibers, between 20 and 5 u, innervating the lateral head of gastrocnemius of a
decerebrated cat. The crossed reflex was maintained by continued stimulation
of the contralateral peroneal nerve. Only one fiber of 5 u is active in the crosssd
reflex. Time: 10 msec. (Kobayashi, Oshima and Tasaki, J. Physiol., 117, 152.
1952.)

strates with a y efferent fiber the inhibition of a contralateral extension
reflex by ipsilateral electrical stimulation. In the well-known spinal
reflexes it appears that there is strict correlation between « and v activa-
tion. The typical response will therefore be intra- and extrafusal co-
contraction. Hunt, in particular, emphasized that the y fibers have
receptive fields from a large variety of end organs.

Granit, Job, and Kaada (1952) studied Sherrington’s pinna reflex
with both vy efferents and muscle spindle afferents. This reflex has a
very strong y component. Upon touching the ear sometimes pure
excitation is obtained, sometimes inhibition which is later followed by
a vigorous excitatory rebound when the pinna is released. An example
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of the first type is shown in Fig. 120. Very often the y reflex is obtained
in isolation; sometimes it leads up to a contraction (isolated limb mus-
cle) during which the intrafusal fibers are co-activated to such an extent
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Fig. 120. Effect of twisting ear on muscle spindle afferent from gastrocne-
mius. Dial-chloralose. Initial tension 35 g. Myogram (M) in record 1, hori-
zontally; in the successive sweeps, 2-20, vertically. Distance between M and
baseline (B) corresponds to 15 g. Contraction of 118 g. in record 1 to demon-
strate spindle-character of ending. 2-7: control, 8: twist of ear, (marked
“Pinna”), 9-20: acceleration of spindle discharge in pinna reflex from a baseline
discharge of about 7/sec. to about 36/sec. Interval between sweeps 2 sec.
(Granit, Job, and Kaada, Acta physiol. scand., 27, 161. 1952.)

that the effect of extrafusal unloading is more than neutralized. As with
onset of rigidity (Hunt, 1951; Kobayashi et al., 1952, and Fig. 114
above) both y and spindle discharges generally precede the « discharge.
In the pinna reflex on the hind limb the y action apparently serves to
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prepare the ground for the postural and phasic changes leading up to a
scratch reflex (cf. Sherrington, 1917).

The muscle-skin organization of reflexes, discovered by Hagbarth
(1952), is particularly well suited for analysis of y reflexes because
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Fig. 121. Spinal cat. Records from central end of cut branch of medial
gastrocnemius nerve. Vertical lines to the right indicate the approximate dura-
tion and strength of pinches applied to the skin at the sites indicated by arrows.
v fiber activity, represented by the short spikes, is inhibited from the toe-pads
(@) but facilitated from the skin on the dorsal aspect of the leg (b). With stronger
stimulus at the latter site, tall spikes of an « fiber appear together with a deflec-
tion of myograph (M). Initial tensions in this and succeeding illustrations about
40 grams. (Eldred and Hagbarth, J. Neurophysiol., 17, 59. 1954.)

of its strict reciprocal organization. Hagbarth (cf. Chapter 2, sec. 4)
found that independently of whether limb flexors or limb extensors
were studied, the receptors in the skin above any particular muscle
facilitated the motoneurones of this muscle and inhibited those of
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antagonists. Eldred and Hagbarth (1954) then investigated Hagbarth’s
system with a view of correlating « and vy activity. Their results uni-
formly fell out as illustrated by Fig. 121. Co-excitation and co-inhibi-
tion was precise and strictly reciprocal in both types of efferents. The
v neurones had a lower reflex threshold than the o fibers and generally
started discharging before the latter.

Even when needles are inserted into the brain for electrical stimula-
tion or when cortical structures in the cerebrum and cerebellum are
stimulated electrically (Granit and Kaada, 1952), the y fibers are
commonly found to go off in advance of the « fibers, and it is com-
paratively easy to stimulate them in a selective way. All this can only
mean that connections to this system are profuse in the spinal and
supraspinal centers in the same way as in the muscles where y innerva-
tion is found to be profusely distributed over the spindles (cf. Hunt,
1951).

In every instance hitherto analyzed the « and vy reflexes have proved
to be linked, co-excited, and co-inhibited, often with the y reflexes
leading. All experimenters have been struck by this fact. The sig-
nificance of «-y linkage may now be preliminarily assessed in general
terms: excitation of the « motoneurones over the y loop through nuclear
bag afferents is sufficiently important to be organized for cooperation
with direct o excitation. Is it important enough to have a decisive in-
fluence on motor performance?

In order to reply to this question it is necessary to study o and y
reflexes before and after de-afferentation. Clearly the reply to our
question will be largely dependent upon the amount of tonic or perma-
nent activity going on in the y system and the spindles. Suspecting that
this was controlled from cortical centers in the brain stem and else-
where, we (Granit and Kaada, 1952) took up this problem first. The
next step in our research involved de-afferentation. Below, in present-
ing the results, I shall follow the same order of procedure.

5. Supraspinal control of the muscle spindles

It proved particularly easy to obtain selective y excitation from
many places within the brain stem reticular system. In Fig. 122 are
shown some records from a few fibers in the ventral root S,. In 4
a 3 msec. shock to the motor cortex is seen to have activated only
the small y efferent at low strength, while a somewhat stronger shock
also activated the large spike of the o fiber. These records are given
merely to show that there was one « and one y fiber in the filament
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that had been picked up. Then the mesencephalic tegmentum was
stimulated repetitively in B between “Stim on” and “Stim off.” The
o fiber remained silent but the y fiber’s firing frequency gradually rose
from 8 to 40/sec. and very slowly fell back to the resting value. The

5 ey, /0 ey, *
tstim.on . '
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Fig. 122. Effect of stimulation of motor cortex (4) and messncephalic teg-
mentum (B) on discharges in ventral root S.. Dial-chloraloss. A: single shock to
motor cortex, as marked by large shock artifact (point)—1: relative strength 5,
only small fiber responds, 2: relative strength 6, large fiber is also brought in.
B same experiment directly continued with tegmental stimulation—3-4: spon-
taneous rate of firing of the small unit; 5-9: tegmentum stimulated at a rate of
32/sec. for 19 sec. Timing of sweeps marked on records. “Driving” of small-
fiber discharge at the stimulus rate in 7 and 8. 10-12: after stimulation, at times
marked on records.

Note: gradual recruitment of discharge rate of small spike during stimulation
from originally around 8/sec. to maximally 40/sec. without a large spike activa-
tion. Note also after-discharge. (Granit and Kaada, Acta physiol. scand., 27,
130. 1952.)

spindle counterpart of this experiment is shown in Fig. 123 for a
nuclear bag afferent from the gastrocnemius. Above is the test with
a motor twitch to demonstrate the pause of the spindle. The myograph
was then shifted to M alongside the record and 4 sweeps 2 seconds
apart are given to illustrate the baseline discharge. Stimulation of the
midbrain tegmentum (between arrows) gradually excited the spindle,

which still fired at maximum frequency 20 seconds after cessation of



Fig. 123. Effect of brain stem reticular (midbrain tegmentum) stimulation
(between sweeps 4 and 12) on a gastrocnemius muscle spindle afferent. Above:
contraction of 134 g. at low myograph sensitivity to demonstrate pause of large
unit. Initial tension throughout: 52 g. Dial-chloralose. 1-4: control before
reticular stimulation; 5-11: during stimulation at a frequency of 37/sec.; 12-31:
after stimulation. Consecutive sweeps at 2-sec. intervals. Myograph (M) along-
side film. Distance M-B (baseline) corresponds to 10 g. (Granit and Kaada,
Acta physiol. scand., 27, 130. 1952.)
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stimulation. The muscle was silent; hence the stimulus was again highly
selective. Such recruitment and long-lasting after effect are typical
for the brain stem and diencephalic reticular system and are compara-
ble to the recruitment and after effect seen by facilitation of reflex
and cortically induced movements as a result of stimulation of the
same structures. We generally tested for cortically induced movement
when stimulating the reticular structures, and the outcome was prac-
tically always positive.

It seems likely that all along the motor path, from the cortex down-
ward, fibers are directed to y centers in this region. In one instance we
also stimulated the pyramidal tract with a needle electrode. There was
some selective activation of the spindle but it did not have the slowly re-
cruiting character of the typical reticular response. Since Brodal and Wal-
berg (1952) and Brodal and Kaada (1953) recently have demonstrated
afferents in the pyramidal path by histological and electrophysiological
methods, we thought it necessary to make a double-sided resection of the
motor cortex in this experiment. The pyramidal effect proved to be un-
influenced. So far this is the only exception to the rule that vy effects rise
and fall slowly.

Magoun and his collaborators (Magoun, 1944; Magoun and Rhines,
1945, 1946; Niemer and Magoun, 1947) have described a diffuse
bulboreticular inhibitory system. Inhibition of stretch reflexes and
tonus have been obtained from the anterior limbic gyrus (Smith, 1945;
Kaada, 1951; Hodes, Peacock, and Heath, 1951). Cerebellar inhibi-
tion of rigidity is well known from early papers by Loewenthal and
Horsley (1897) and Sherrington (1898). These three inhibitory sites
were stimulated in the experiment of Fig. 124, in which some « and
y fibers were isolated in the ventral root L,. Complete inhibition of
both o and y discharge was obtained in all three cases. Similar experi-
ments were also carried out with isolated spindle afferents.

In view of the fact that onset of decerebrate rigidity is marked by
y excitation, it is of particular interest to perform the classical experi-
ment on cerebellar inhibition of rigidity in order to see if it can be
done with the y system alone. It is actually possible to make inhibitory
stimulation highly selective. The experiment of Fig. 125 was carried
out on a decerebrate animal slightly clonic, as shown by the response
(record 1) to the shock for the test twitch. There follows the baseline
discharge (2—4) of the isolated spindle afferent. Stimulation of the
anterior lobe of the cerebellum between records 5 and 10 gave complete
inhibition of the spindle with some escape at the end. Nothing hap-
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pened in the muscle. The effect was readily reproducible. It was, in-
deed, quite a striking experience to watch the screen of the cathode
ray and the wholly quiet animal and listen to the sudden cessation of
detonations in the loudspeaker when this long-range control of a sense
organ was put into operation. It is of some interest to note that a
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Fig. 124. Inhibition of ventral root discharges (L:) to stimulation of (4) the
bulboreticular inhibitory system (at arrow on szction), (B) the anterior lobe of
cerebellum, and (C) the anterior limbic (cingular) area. Nembutal. 1 (in each
column): control before stimulation (note small and large spikes); 2-3: during
stimulation at 120/sec. for 10 szc. Time from onset of stimulation marked on
records. 4-5: 1 and 10 sec. respectively after cessation of stimulation. Note the
practically complete inhibition in records 43 and B3 and the rebound in B4
after cessation of cerebellar stimulation. (Granit and Kaada, Acta physiol.
scand., 27, 130. 1952.)

cerebello-bulbo-reticular pathway for inhibition has been found by
Snider, McCulloch, and Magoun (1949).

Cerebellar excitation may also be obtained by electrical stimulation
(e.g. Moruzzi, 1950). In some cases we succeeded in stimulating the
spindles from the cerebellum.

It is hardly necessary to adduce further examples to illustrate the
main results of Granit and Kaada, which were that (1) there is close
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correlation between o and y activity in the various systems in the brain
known to be engaged in motor activity; (2) it is oftsn easy in Dial

Fig. 125. Inhibition of muscle spindle discharge from antericr lobe of cere-
bellum (culmen). Decerebrate animal. Gastrocnemius. Initial tension 66 g.
Myograph at maximum sensitivity (see record 12) except in 1, in which (clonic)
contraction to single shock to the gastrccnemius nerves demonstrates silent
period. 2—4: controls before stimulation, 5-10: during cerebellar stimulation at
140/sec. with 1-msec. shocks for 26 sec., 5-7: after 18-20 sec., 8-10: after
24-26 sec., 11-12: immediately after cessation of stimulation. Note: drop in
spindle frequency from about 20/szc. to an irregular discharge frequency of
about 5/sec. (Granit and Kaada, Acta physiol. scand., 27, 130. 1952.)

or chloralose animals to activate or inhibit the y neurones selectively;
(3) there is considerable supraspinal tonic activity going on all the
time in a good preparation; and (4) powerful excitatory effects are
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with great regularity obtained from the excitatory brain stem and
diencephalic reticular formation as well as corresponding inhibitory
ones from those parts of it which inhibit motor performance.

In view of the low threshold to stimulation, the v system also in these
regions must be provided with rich diffuse connections, but somewhere
there ought to be a collecting network for them. It seems very likely that

Fig. 126. Effect of stimulation of leg area in chloralose (20 mg/kg.). Each
set of records taken with two parallel, double-beam oscilloscopes. On the left,
electromyogram and time in 100 cy/sec.; on the right, tib. ant. spindle and
myogram of tib. ant. muscle. 1: single shock, 2: stimulation at 15/sec. during
3 sec., 3-5: rate of stimulation reduced to 1/sec. Note effects on spindle dis-
charge.

the reticular formation from diencephalon down to the spinal cord serves
in this capacity. In the bulb and the brain stem this extensive system has
lately attracted a great deal of attention (cf. Chapter 3). It includes parts
of the bulbar reticular formation, the pontile tegmentum, the central grey
matter and tegmentum of the mesencephalon (Magoun, 1944; Rhines and
Magoun, 1946), the ventral diencephalon—sub- and hypothalamus—
(Murphy and Gellhorn, 1945; Rhines and Magoun, 1946), parts of the
midline and intralaminar group of thalamic nuclei, and certain of the
specific thalamic nuclei as well (Murphy and Gellhorn, 1945; Jasper,
1949; Austin and Jasper, 1950; Peacock and Hodes, 1951). This facilita-
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tory system of large dimensions has properties characteristic of y activity,
such as long duration, broad front of attack, and great range, and may
therefore play a leading role in + activation, even when the y neurones are
excited over the motor cortex.

With sufficiently long shocks it is possible, even in the modestly
developed cat’s motor cortex, to elicit differentiated single contrac-
tions in single leg muscles, particularly from the tib. ant., which then
responds in the twitchlike fashion illustrated in Fig. 126, record 1.
This is very much of a pure « contraction, as seen by the pause of the
spindle discharge. Yet the stimulus activates the y system too (Granit
and Kaada, 1952), as can be seen by making it repetitive, as in record
2. Its destination may be by extrapyramidal paths to the similarly
extrapyramidal activating centers in the reticular formation, because
the effect does not look at all like the differential « outbursts setting
up the rhythmic contraction in record 2. Characteristically, the y
activation lasts for a long time, as seen when the original firing rate
of once per second was reinstalled. The pause is filled out in record
3, which is a definite sign of intrafusal contraction by y activity, but
gradually returns in records 4 to 6.

An interesting aspect of this result is its possible significance for Hugh-
lings Jackson’s well-known “march of movement,” which signifies that the
effect from a cortical point stimulated slowly at constant strength gradually
spreads from muscle to muscle, just as does the focalized epileptogenic fit.
Part of this spread may well also be indirect, facilitation by diffuse y action
of the ventral horn cells of muscle after muscle through the spindle loop.
This question deserves to be investigated.

The notion that the general facilitatory and inhibitory systems of
the brain stem are instrumental in determining the level of tonic facili-
tation through the spindle loop as well as in switching it on and off
receives some support also from our attempts to determine the range
of the effect, from maximum excitation to maximum inhibition. This
question implies that two places must be found in the brain, one of
which excites, another which inhibits the same sensitive spindle selec-
tively. Fig. 127 illustrates an experiment with a low-threshold muscle
spindle afferent in soleus which could be selectively excited from the
contralateral inferior colliculus and similarly inhibited from a place
in the contralateral internal capsule alongside the caudate nucleus.
The sections showing the actual needle tracks are given in Fig. 128. The
whole experiment was carried out with the same soleus spindle, which
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was very sensitive and at the same time stable, so that it could ulti-
mately be tested in the nonexcited state also, after de-efferentation.
The central foci remained constant for hours and were highly selective.
Fig. 127 illustrates this selectivity with myographic control during in-
hibition and excitation at stimulus rates and strengths which then were
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Fig. 127. Spindle in soleus. Effect of stimulation of the inhibitory and ex-
citatory loci shown in Fig. 128. A4: base-line, B: first record during stimulation
(note shock artifacts), C: during stimulation, D: last record before cessation of
stimulation, E, F: immediately afterward. Myograph record on lower trace;

initial tension 55 g. Cat under chloralose and dial. (Eldred, Granit, and Merton,
J. Physiol., 122, 498. 1953.)

preserved throughout the whole experiment. In this test it is necessary
to be able to assert that the effects observed did not depend on mechan-
ical events in the muscle set up by « activation. Very high myograph
sensitivity was therefore used. There is, during inhibition, a slight fall
of tension of 0.1-0.2 g. which may or may not have been accidental.
If it had been due to concomitant inhibition the spindle would have
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been pulled upon and hence accelerated. Actually it was inhibited down
to zero. Therefore the fall in tension is inconsequential.

In Fig. 129 the same excitatory and inhibitory foci have been studied
at different initial lengths increasing downward and shown to the left
in the figure. The first vertical row illustrates the baseline discharge
with loop intact, the second and third during supraspinal excitation
and inhibition as in Fig. 127, the third the baseline of the de-efferented
noaexcited spindle with which the first vertical row of the excited
spindle should be compared. At 13 mm. extension a good initial ten-
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Fig. 128. Sections to show the position of the stimulating needles in the
experiment illustrated in Figs. 127, 129, 130. 4: the inhibitory point in the con-
tralateral internal capsule, B: the excitatory point in the contralateral inferior
colliculus. The scale applies to both sections. (Eldred, Granit, and Merton,
J. Physiol., 122, 498. 1953.)

sion was developed—in fact 450 g. Again it can be seen that spindle
excitation is sufficient to overcompensate for the y inhibition to stretch,
even though stimulation of the excitatory focus still is capable of caus-
ing further increase of the discharge. The initial effect of inhibition
is actually to suppress the rate of firing below that of the nonexcited
spindle, but this is certainly due to the sudden unloading which was
shown by Matthews (1933) to cause a pause of several seconds, during
which excitability was built up to the level characteristic for the new
length (cf. Chapter 1, Katz’s positive terminal potential, Figs. 6 and
7). This recovery can actually be seen in Fig. 127, which traces the
inhibitory effect for several sweeps, while in Figs. 129 and 130 only
the maxima of excitation and inhibition have been picked out.
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The main results of the experiment are summarized in Fig. 130.
The high rate of firing of the excited spindle should be noted. It reached
a peak value of as much as 215/sec., averaged over a fifth of a second.
The maximum range, which is the difference between spindle frequen-
cies during central excitation and inhibition, is reached at an extension
of about 8 mm. and is of the order of 160 impulses per second. It
should further be noted that spindle excitation is considerable also
at zero tension.

Eldred, Granit, and Merton (1953) have introduced the notion of
excitatory spindle bias in terms of equivalent length. The bias is that
shortening of the muscle which reduces the rate of discharge of the
biased (excited) spindle to that of the unbiased (nonexcited) de-
efferented spindle at the original length. I mention this concept not
in order to elaborate its significance in detail, but merely to point out
that at zero tension extrapolation of the curve for the excited spindle
would give a bias as high as 5 mm. below the length of the slack muscle.
The result suggests that a spindle under command from the supra-
spinal centers, and thus excited by natural means, would work also
in isotonic contraction. The supraspinal commands clearly possess
extreme range and potency. On the one hand it was possible to abolish
normal y bias completely; at the opposite end of the scale a state of
spindle excitation was obtained which was so intense that it becomes
doubtful whether further increase serves any practical purpose in the
normal life of the animal.

The fact that the y loop is at the disposal of powerful supraspinal
mechanisms should also be considered in the light of the observations
on the arousal reaction from the reticular activating system in the brain
stem, discussed in Chapter 3, sec. 6, from other points of view. The
spindle loop integrates motor and sensory performance in a curious and
fascinating manner. The brain drives and sensitizes end organs, which
in their turn are capable of driving the muscle which contains these
end organs as well as its synergistic muscles. Now, muscle is the instru-
ment of action, and so it seems natural that it should be made to feel
the arousal reaction of an animal aroused. Again, considered from the
sensory point of view, a pure extrafusal « arousal without concomitant
y arousal of the intrafusal fibers of the muscle spindle would make the
sense organ pause and consequently be incapable of serving as an
“internal measuring instrument” and hence useless for the animal at
the very moment when it is needed.
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Fig. 129. Same spindle as Fig. 127. Records at various extensions of the
resting, maximally excited, maximally inhibited, and de-efferented spindle. Stim-
ulating loci as in Fig. 128. (Eldred, Granit, and Merton, J. Physiol., 122, 498.
1953)
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Fig. 130. Discharge frequency of a spindle in soleus at various extensions.
The effect of stimulating an excitatory and inhibitory locus in the brain (shown
in Fig. 128). The muscle afterward de-efferented. Same spindle as in Figs. 127
and 129. Spindle frequencies during stimulation averaged over 0.2 sec. instead
of the usual 1.0 sec, (Eldred, Granit, and Merton, J. Physiol., 122, 498. 1953.)
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6. Reflexes before and after de-afferentation

One of Sherrington’s best known experiments proved that in the
decerebrate animal rigidity of a limb could be abolished by acute sever-
ance of the dorsal roots. The remaining ventral roots could not maintain
this state of activity unless the ventral horn cells received the facilita-
tory influx from the limb afferents. The level of excitation of the a
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Fig. 131. Reflex activation of o« and v systems by head movement in the
vertical plane. Rigid decerebrate cat with brisk ankle jerk and spontaneous «
activity (record 4). Myograph shows tendon tap succeeded by jerk. Records
from soleus spindle with head level (record B), flexed backward (C), and sud-
denly (at the interruption of the traces) flexed downward and held there (D).
After de-afferentation the same sequence (E-G) produces v response but no «
discharge. Initial tension approximately 85 g. (Eldred, Granit, and Merton,
J. Physiol., 122, 498. 1953.)

system isolated from the proprioceptive inflow was too low. Do the v
cells share with the a cells this state of depression? Or are they relatively
independent, despite a-y linkage?

In the experiment of Fig. 131 (Eldred, Granit, and Merton, 1953)
the tonic neck reflex of Magnus (1924) has been used to test this
point. The receptors have been found to be in the ligaments of the
joint (McCouch et al., 1951). A spindle afferent has been isolated and
in A some tendon jerks have been elicited to show that it pauses during
the muscle contraction. The experimenter then grasped the animal’s
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head firmly and waited until the y reflexes to touch and pressure had
disappeared. In B is found the baseline discharge of the spindle to-
gether with the myograph record of tonic o activity, indicated by ir-
regular small movements. The head was next turned upward to elicit
the characteristic Magnus inhibition of hind limb tonus (cf. myograph),
which also is reflected in the slowed rhythm of the spindle afferent
(record C). During the interruption in the record the head was bent
downward and held there (D). There followed in the muscle a violent
contraction, carrying the cathode ray off the face of the tube, and a
no less violent discharge of the spindle. In the lower half of Fig. 131
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Fig. 132. Reflex activation of « and v systems by rhythmic turning of the
head in the horizontal plane. Records from soleus spindle. With intact reflex
connections both « and 7 systems responded synchronously. After de-afferentation
a response vanished. Same experiment and spindle as Fig. 131. (Eldred, Granit,
and Merton, J. Physiol., 122, 498. 1953.)

the same procedures were repeated at higher myograph sensitivity
after de-afferentation. E is the baseline discharge. The muscle was
silent throughout but the spindle (in F) repeated its previous per-
formance (as in C). The motoneurones of the o system were thus
greatly depressed by de-afferentation, but the y motor cells, though
slightly less active than before, were fully capable of responding to
the stimulus in the normal way.

Similar experiments were successfully carried out with other re-
flexes as indicators. Fig. 132 illustrates the response to rthythmic move-
ment of the head from right to left in the horizontal plane. Intrafusal
spindle and extrafusal motor contraction go off together. After de-
afferentation (lower record) the spindles alone respond as before,
while the muscle is quiet.

The effects of central stimulation at different initial tensions of the
muscle in the manner of Granit and Kaada were compared before
and after de-afferentation. The y effects studied in the spindles were
in the main independent of whether the limb was intact or de-afferented.
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At low tensions tonic spindle activity tended to be somewhat reduced.
If a place was selected from which both y and « activity could be
obtained, the threshold for the latter effect was generally found to
have risen a great deal after de-afferentation, while the y system was
practically as sensitive as before the operation.

The interpretation of all these experiments is that the y system is
there not only to improve the performance of the sense organ but also
as an “ignition mechanism” to initiate movement as well as to maintain
tonus. When the loop through the muscle to the ventral horn cell has
been interrupted on its afferent side, the y system still operates to
carry out its task in the activation of the ventral horn cells, but the
nuclear bag impulses are prevented from reaching the latter, and so
the « reflexes do not come off. A consequence of this interpretation
is that the muscles possessing spindles actually are provided with two
motor systems. This being so, a-y linkage, in which mostly y activity
is leading, means that a very large number of motor acts do not at all
take place the way one imagined and held to be self-evident, namely
that the o contraction simply was put on by whatever circuits hap-
pened to be activated. In many if not most natural contractions hitherto
studied the y loop was first started, the nuclear bag afferents then
facilitated, and the appropriate « motor neurones and direct « activa-
tion came last or together with y activity. With this arrangement the
sense organs in the muscle are immediately ready to “measure” during
the ensuing contraction.

For the first time this makes the existence of a monosynaptic reflex
from muscle afferents intelligible. Half a millisecond one way or an-
other can hardly as such be of any significance whatever for large limb
muscles and bones of considerable inertia and momentum. But for
the cerebral command to the loop it is essential that it be carried straight
to the ventral horn cells by a fast path not subject to complex poly-
synaptic influences. Their role is a later modulation.

This should not be interpreted to mean that direct « action, such
as seen by electrical stimulation of the brain by single shocks or in
tendon jerks, is excluded. It does mean, however, that the relative
significance of « and y activation must be elucidated case by case.
Merton (1951), investigating the servo-loop in the human subject
found, for instance, that sudden movements could always break’
through, presumably by direct o activation. Tendon jerks and single
shocks to the motor cortex do the same.

The results on de-afferentation also mean that the « and y systems
are fundamentally independent. De-afferentation, as we have seen,
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treated them very differently. Their respective motoneurones are con-
verged upon by different influences. This being so, it is clear that
the a-y linkage is maintained by some property of organization. If it
were possible to destroy the linkage experimentally, one could from
such experiments derive some notion of where coordination takes
place. Apparently such organizations exist at different levels in the
neuraxis, to judge from the fact that a-y linkage is found also in spinal
animals. We have studied this question in the decerebrate preparation.

It is interesting to note that insofar as tonic firing is concerned, Rossi
(1927) deduced an essentially correct picture of the role of spindle
innervation. He thought of tonic firing of muscle spindles at various
lengths of the muscle as a fixation of the intrafusal fibers at appropriate
lengths by specific motor fibers to them. Thus, he said, it would become
possible for the higher centers to be at rest while charging lower centers
with the duty of keeping up a suitable amount of spindle or intrafusal
contraction to maintain postural tonus. Now, twenty-five years later
and unaware of his deductions, we have ultimately succeeded in prov-
ing him right, in the sense that tonic facilitation of the ventral horn cells
is maintained by the spindle loop.

7. Experimental destruction of the o~y linkage.
The o animal

It is well known that the preparation obtained by anemic decerebra-
tion (Pollock and Davis, 1930), in which half the cerebellum and a
considerable part of the pons is destroyed, is intensely rigid, despite
de-afferentation (Pollock and Davis, 1931). Moruzzi (1953) and
Kaada (1953) have recently reviewed the literature in this field and
in Moruzzi’s laboratory Terzuolo and Terzian (1953) have made a
comprehensive study of this preparation after both acute and chronic
de-afferentation. Rigidity was preserved in both cases, despite lack of
support of the y loop. Both inhibition and excitation of fore limb
muscles could be obtained by appropriate electrical stimulation (cf.
Moruzzi, 1950) of the cerebellum.

Here, then, is a state representing an exaggeration of standing which
must be maintained by pure a activity. This, of course, does not exclude
the possibility that the y fibers might be as heavily biased as after inter-
collicular decerebration, or that they actively participate in both
postural and phasic reflexes. The results mentioned show merely that
o activity by itself is sufficient for rigidity in this particular case.

However, when we began to make anemic decerebrations, taking
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care to tie both the internal and external carotids in addition to the
basilar artery (adding intercollicular decerebration if the animals were
restless), we were struck by the circumstance that though the spindles
were excited, this bias generally was modest, particularly by compari-
son with the « activity as simultaneously recorded myographically
by electrodes in the extensor muscles of the hind limb. Also, the a-y
linkage was broken. It is well known that the reflex behavior of this
preparation is frequently erratic (Pollock and Davis, 1930, 1931),
suggesting that something has gone wrong in the coordination of the
events leading up to a reflex contraction. In the Sherrington decerebrate
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Fig. 133. Precollicular decerebration and section of cerebellar vermis remov-
ing culmen and lobulus med. Soleus muscle. Spindle discharge, myogram,
electromyogram, and time in 100 cy/sec., recorded by four cathode ray beams.

Upper records: fast movement of head up. Lower records: same at slower rate
with two taps on tendon of synergist gastrocnemius muscle. Note in both re-
flexes a activity, indicated by myogram and electromyogram, with little if any v
activity. Silent period in soleus, following taps on gastroc. tendon. (Observations
by Granit, Holmgren, and Merton.)

animal one hardly ever fails to find both onset and cessation of rigidity
as well as permanent high rigidity accompanied by the appropriate
spindle adjustments as discussed above. This is not so in the Pollock-
Davis animal. These behave like “a cats.”

In the reflex responses, illustrated in Fig. 133, the spindle bias is
obvious, to judge by the signs that by now should be familiar. Yet both
the reflex contractions displayed—and they are big ones (cf. calibra-
tion)—begin with « activity. In the upper there is a very small increase
of spindle discharge, in the lower practically pure « discharge, as shown
also by the electromyogram. In Fig. 134 the experiment of Fig. 131
with the neck reflexes is repeated in an « animal, before and after de-
afferentation. The spindles behave in a wholly passive manner, pausing
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Fig. 134. Anemic decerebration. Soleus muscle before and after de-afferenta-
tion. Neck reflexes as indicated above records. Note that spindle fires on falling
phase of reflex contraction. Time in 1/5 sec. (Observations by Granit, Holmgren,
and Merton.)
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during the onset of the contractions and firing when tension drops.
Therefore the preparation obtained by anemic decerebration, despite
some spindle bias, is lacking the very characteristic a-y linkage of
other preparations, such as the Sherrington type of decerebrate animal,
the spinal animal, and the barbiturate or chloralose animals studied
in the previous sections.

It is not easy to give a wholly satisfactory answer to the many ques-
tions raised by these observations on destroyed a-y linkage. Suspecting
that the anterior part of the cerebellum was involved, we carried out
a considerable number of experiments to test this hypothesis. Essen-
tially it implies that a-y linkage has an important part of its organization
run by circuits passing through the cerebellum. Cooling and removal
of the anterior part of the cerebellum were tried.

L S e s

Fig. 135. Same preparation as in Fig. 133. Spontaneous slow clonus. Note
that spindle fires on falling phase of contraction. (Observations by Granit, Holm-
gren, and Merton.)

In the experiment of Fig. 135 the animal was originally decerebrated
by precollicular section. Then under trilene a section was made, remov-
ing vermis, culmen, and lobulus med. The trilene anesthesia rapidly
disappeared and the muscle isolated went into spontaneous slow clonus.
This is seen to be a pure « clonus. The spindles are passive and respond
on the falling instead of on the rising phase of the contraction (cf. Fig.
132). In the experiment illustrated in Fig. 136 the left tentorium was
removed from the inside and a piece of frozen saline (record in the
middle) placed on the corresponding anterior lobe, ipsilateral with
respect to the muscle isolated. The spindle activity disappeared com-
pletely, some increase of a activity occurred. When ultimately (bottom
record) the cerebellar surface was warmed up again, spindle activity
reappeared. The necessity of carrying out these experiments on hind
limb muscles in order to have good fixation and long root filaments
often makes the results less striking than they would be if fore limb
muscles had been used, the latter responding more actively to destruc-
tion or cooling of the anterior lobe. However, when a definite effect
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is observed, it is in the ditection illustrated by the experiments of Figs.
135 and 136.

For this reason it seems likely that the cerebellum does play an im-
portant role in organizing a-y linkage. Essentially the results presented
signify that these types of preparation cannot use their “internal measur-
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Fig. 136. Precollicular decerebration. Left side of tentorium removed. Left
soleus. From above downward in each set of records: spindle, myogram, elec-
tromyogram, and time in 50 cy/sec. 1: basal activity before cooling, 2: cooling
cerebellum with iced Ringer on culmen, 3: cerebellum warmed with Ringer at
38° C. Note, in record 2, rise of contraction shifting myograph record to coin-
cide with spindle record. Spindle silenced. (Observations by Granit, Holmgren,
and Merton.)

ing instruments” in the spindles in the normal way because normal
behavior is based on a-y linkage. They are therefore to be regarded
as objective evidence in favor of dysmetria, well known in connection
with cerebellar disturbances.

8. Rigidity, spasticity

The gist of this chapter has been to underline the realization that
the ventral roots contain two motor systems, those that have been called
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« and y. This has compelled some revision of our concepts. Clearly
much work still remains to be done before we are ready for a final
assessment of the relative significance of « and y components for move-
ment in relation to muscular receptivity and central control. Thus, for
instance, when the reflex effects of the myotube afferents have become
fully worked out, a number of new facts will have to be incorporated
into the picture. Even at the present stage, however, the clinician will
be interested in what the new knowledge might mean for concepts such
as rigidity and spasticity (for recent literature see Fulton, 1949b;
Denny-Brown, 1950; Magoun and Rhines, 1947; Stella, 1944a,b;
Ward, 1947; Cardin, 1952; Sprague and Chambers, 1953).

With regard to “rigidity” it is clear that the two types studied above,
one with strongly active y loop, the other with « hyperactivity, represent
only limited aspects of rigidity regarded as a clinical proposition (cf.
Denny-Brown, 1950). The new information, as far as it goes, raises
more questions than it solves, but it does show that both systems should
be taken into account. And it demonstrates in precise terms a number
of factors that have to be considered in a test as simple as a pull on
a muscle. Both physiological varieties of rigidity, studied above, are
really better characterized in clinical terms as spastic states (cf. Hoefer
and Putnam, 1940; Sprague and Chambers, 1953), i.e. by their exag-
gerated stretch reflexes. Whatever the ultimate cause of the y hyper-
activity in the ordinary decerebrate preparation, the ensuing afferent
discharge must help toward keeping up some depolarization of the
ventral horn cells and thus facilitate the elicitation of the stretch reflex.
Yet this type of preparation may often lack persistent rigidity in the
isolated hind limb muscles which have been used above for isolation
of the factors concerned. The « cat, however, is always intensely rigid
and spastic, even despite virtual absence of y bias.

I have also tried to evaluate the tendon reflexes from these points
of view, but at the moment it is perfectly clear that we do not under-
stand why tendon reflexes are sometimes absent, sometimes enhanced.
Even at the spinal level they cannot be explained in terms of a concept
as simple as “excitability of the ventral horn cells.” In a general way
some increase of a excitability facilitates the appearance of tendon re-
flexes, and they are nearly always present in the o cat. But it may
happen that if this preparation is given sufficient pentobarbitone to
stop persistent o activity and active stretch reflexes, the tendon jerk
suddenly springs into existence in supernormal size. When stimulating
various regions in the brain stem, one can easily demonstrate that
under maintained iterative stimulation of long duration the tendon
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jerk may come and go seemingly independent of the amount of spindle
firing. It is true that it does tend to appear when a slow tonic contrac-
tion becomes visible in the muscle as a sign of increased excitability
of the « cells. However, even this simple rule is not without exceptions,
and after cessation of stimulation I have actually seen tendon jerks at
their best when both « and y activity to all appearance have been com-
pletely in abeyance. The tendon jerk is thus quite capable of surprising
the experimenter just as much as is its nearest electrical equivalent, the
monosynaptic reflex. In both cases it is best to admit that we do not
yet understand all aspects of what constitutes “motoneurone excita-
bility.”

An exaggerated importance has in the past been attached to indi-
vidual components in motor action and their topology. Yet Adrian
and Moruzzi (1940) found impulses traveling in the pyramidal tract
without corresponding motor contractions. In the light of the results
by Brodal and Walberg (1952) and Brodal and Kaada (1953) one
might suggest that some of them may have been sensory impulses, but
we have also in the course of the present work seen several examples
of intense spindle firing without motor action. Unless stimulation in
any one system is highly synchronous, it is likely to be rather ineffec-
tive without support from some other system. And in all this there may
well be unknown factors of strategic approach to the cell to be fired.
Clearly motor, just as sensory, integration always involves the col-
laboration of several systems, general or unspecific as well as specific
ones. I fail to see any fundamental necessity for excluding the possi-
bility of specific action from what nowadays are often called systems
for widespread diffuse action, such as those described by Magoun and
discussed in Chapter 3 and above. The retina is a good example: there
are some cells which integrate vast areas into a final common path of
discharge, others which restrict themselves to picking up effects from
highly circumscribed areas. In this vein I interpret the recent demonstra-
tions by, e.g., Austin (1952), Gernandt (1952), and Sprague and
Chambers (1954) that the brain stem reticular system, held to possess
generalized action, also contains structures for differentiated action
upon specific muscle groups.

9. Sensory aspects

Throughout my presentation of the muscle receptors the “muscle
sense” has been deliberately kept in the background. This is because
it would be premature at the present stage to venture much beyond
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general statements. We are lacking detailed information about the
central projections of the joint receptors which in this connection can
hardly be neglected. On the muscle receptors the information is con-
troversial. Thus, for instance, Mountcastle, Covian, and Harrison
(1952), on the one hand, find only the smallest fibers of muscle nerves
represented in the cerebrum, while Mclntyre (1953), on the other,
states that so-called Group II afferents containing what we have called
myotube afferents definitely have such projections. Both agree that
the nuclear bag afferents pass only to the cerebellum. These statements
are subject to the limitations of the technique of evoked potentials
and raise the question of whether a representation might not be found
if one knew what systems it would be necessary to facilitate in order
to make the technique more sensitive.

With regard to the muscle receptors being “private measuring instru-
ments,” it seems clear that the Golgi tendon organs would serve as
tension recorders, while the impulses from the spindles probably would
be appraised by a differential determined by the relative spike patterns
in nuclear bag and myotube endings. Of the latter we know too little
to say anything definite. They may well be in a state of rest when the
contractile myotube portion is contracted and pulls on the passive
nuclear bag. On the servo-theory it is possible to describe the nuclear
bag endings as “length recorders” or misalinement detectors measuring
the difference in length between intrafusal and extrafusal fibers. Sher-
rington (1900b, 1924) also thought of them as length recorders. In
this capacity the nuclear bag endings have the property of discharging
with a frequency roughly proportional to the length of the intrafusal
fiber (Eldred, Granit, and Merton, 1953).

New information on stretch receptors in muscles other than those
mentioned has been obtained by Cooper, Daniel, and Whitteridge
(1951, 1953) from the intrinsic eye muscles of the goat. Cooper
(1953) has recently described stretch receptors in the intrinsic muscles
of the human tongue.

Chapter 8

Sensory Discrimination and Integration

1. General anatomical principles

By discrimination is meant the capacity to distinguish one sensory
experience from another. Primarily this property is laid down as a
differentiation in anatomical space and has culminated in the topo-
graphical map of projectionis on the cerebrum of the higher species,
which have greatly developed special fields for special senses and motor
performance. However, within the definition of topography also falls
any single path or loop in a synaptic network by which the impulses
from one point are carried along a route different from that of any
other. A good example of the significance of the topographical factor
is provided by the fovea of the primates, which is projected on the
cortical striate area on a vastly enlarged scale. Another example is the
map of somatic sensory projections of the body on the thalamus,
worked out by Henneman and Mountcastle (1948) with the aid of the
technique of evoked potentials. 1 shall return below to sensory projec-
tions. This brief introduction serves merely to emphasize the funda-
mental topographical principle. If we refuse to admit that discrimina-
tion is in some way based on different anatomical constituents differ-
ently located in the brain, we may as well give up altogether.

Whatever the nature of the central mechanisms, they must be capa-
ble of interpreting the frequency code. We first face the general prob-
lem of how uniqueness is established by these means, because if two
adjacent touch spots on the skin can be discriminated, the frequency
code must have transmitted “uniqueness” for each of them. Wherein
are they unique? In the early chapters we had to give up the 1:1 rela-
tion of skin organ: nerve: brain cell which, if it had existed, might have
been adduced in favor of uniqueness wholly anatomical. This would
have been a solution of the problem similar to the one applied in
photography and very generally in the technique of reproduction and
based on what was called fineness of grain. The image is projected
piecemeal for corresponding parts of prototype and reproduction, the



278 RECEPTORS AND SENSORY PERCEPTION

grain being made the finer, the greater the desired amount of detail.
Skin and retina have been our examples (Chapter 2) for demonstrat-
ing that the frequency code has permitted application of principles,
such as that of overlapping fields of different size, which would be
deleterious in photographic reproduction. Fineness of grain has been
shown above to be of some significance in the retina, and this is rea-
sonable enough, but even for the fovea it has not been possible to
demonstrate any single path from receptor to the optic nerve wholly
disconnected from the synaptic network of specific internuncial cells.
Man has some 3—6 million cones and 125 million rods and only around
one million optic nerve fibers (Polyak, 1941). Thus, at any time
internuncial effects might alter the nature of the message as a conse-
quence of events in overlapping receptive fields and thus bring about
changes similar to those in fibers from larger receptive fields. And so
far we have omitted all possible interactions on the further passage
upward.

Retina, ear, skin, and vestibular organs uniformly present the periph-
eral problem of discrimination as one of organization rather than of
complete anatomical isolation. The receptive field, if large, is most
sensitive in the middle. In the eye it can shrink or expand, depending
inter alia upon the state of adaptation; this agrees with the fact that
the dark-adapted eye with its strongly convergent highly sensitive rods
integrates light at feeble illuminations (large fields), while the light-
adapted eye (small fields) is an organ for differentiation (cf. Granit,
1947). However, both functions may be carried by the same nerve
fiber since, depending upon the state of adaptation, its spectrum may
be characteristic of the respective dominators of rods or cones (Chap-
ter 1). In the two states of adaptation the fiber for the two dominators
works, as it were, in different context and with other frequency patterns
in itself and adjacent cells. In the one context it acts as scotopic, in the
other as photopic dominator (Chapter 4). The modulators (Chap-
ter 4), like some discrete and well localized modalities in the skin
(Chapter 2), may well represent particularly small receptive fields.

In the vestibular organ (see Chapter 3), which deals with three
space coordinates, there is an equivalent organization for transmitting
the “local sign” of space as a pattern of permutations.

In the skin the receptive field (Chapter 2) is a complex structure of
several intermingled modalities many of which actually are evoked
together by the simplest kind of touch stimulus and many more by
pressure. The fields again overlap and the larger ones are punctated
by smaller fields, the smallest of all apparently referring to encap-
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sulated or otherwise organized endings with highly developed specific-
ity. Any one of the modalities may be pictured as a relief map over
the skin, in which peaks represent high sensitivity and valleys low
sensitivity. As low down as in the spinal cord segregation of paths from
different senses takes place, as is well known from a host of clinical
observations, e.g. on separation of pain and temperature sensations
from those of pressure, as well as from discrimination of points and
awareness of position. There is further separation by fiber size within
each modality. Such anatomical segregation may aid differentiation
within overlapping receptive fields.

Overlap in itself and alone should be a potent analyzer within any
one modality, inasmuch as a number of adjacent touch spots may, for
instance, activate one, two, or several fibers with different relative
strength, depending upon their distance from the center of each field
participating in the overlap. Several permutations are thus possible, not
only because of the overlap but also because of the sensitivity variation
from mid point to edge within each field.

In conclusion, then, it seems that the anatomical principle laid
down as a peripheral basis for “uniqueness” might be described as
a compromise between segregation and overlap. The sensory input is
organized for a particular kind of receiver which can deal with the
spike patterns from overlapping fields. I would not be surprised if the
different central receivers were correspondingly organized, some to
take care of large receptive fields and others of small ones. So far,
however, the analysis of sensory projections has not been developed
very much in terms of the properties of sense organs. It has dealt
chiefly with gross anatomical differentiation of the sensory projections
on different surfaces. We possess very little material for the second
part of this theme: receptors and sensory perception regarded from the
electrophysiological point of view.

A large amount of the thinking in the matter of sensory discrimina-
tion will at every phase of development assume the form of physical or
technical analogies stimulated by the status of those subjects at the
time of writing. Nowadays servo-mechanisms and electronics play this
role. The adjustments in the sensori-motor loops through the muscle,
the inhibitions to stretch that were studied in such detail in Chapters 6
and 7—these can be discussed in terms of negative and positive feed-
backs of a servo-mechanism, but none of the many new discoveries
were really actuated by this line of thinking; they arose from biological
experimentation in the classical vein of this field. The concept of servo-
control is practically as old as experimental physiology and if we want
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to date it, Claude Berna:d’s idea of the constancy of the milieu in-
térieur enunciated in 1865 is based on a discussion of servo-mechanisms
as penetrating as any of today’s choosing. By these remarks I do not
intend to dispute the fact that there may be workers who are induced
to sound experimentation by taking off from a physical analogy.

My intention is merely to insist that our theories should be based on
the actual biological evidence at hand, so as to prepare the ground for
the next step in experimentation, and not primarily on physical analo-
gies. The organized receptive field with its maximum sensitivity in the
middle is one such definite datum, and so is the overlap. Timing and
spike duration are similar examples, the frequency code another. Thus,
for instance, time differences between sounds reaching the two ears
are well-known aids to discrimination of auditory space. As for the
centers, we know from Cajal’s work (1900, 1904) that these are or-
ganized on the principle of overlap and expanding sectors; therefore
the next step would be to approach the physiology of these “sectors” in
peripheral terms. That this would be profitable has already been dem-
onstrated by Marshall, Woolsey, and Bard (1941), who by the tech-
nique of evoked brain potentials studied the sensory representation
to touching hairs on the skin of cats and monkeys. Each central region
was found to consist of a spot of maximal primary response surrounded
by a fringe of submaximal responses. There was considerable overlap
of the submaximal margins for adjacent peripheral regions, and defi-
nite interaction was usually found within the overlap (see also Amas-
sian, 1952; Chang, 1953).

2. The frequency code

The further upward we go from the receptor, the more the message
is likely to be transformed. In the eye this happens even at the retinal
stage, and we obtain the curious on/off response of variable on/off
ratio that has been described in considerable detail. The very first ques-
tion we can raise is how intensity (in man the basis of “brightness”)
is transmitted in an animal such as the cat in which the on/off ratio is
so variable as to be likely to distort any primary relationship between
stimulus intensity and impulse frequency. Fortunately we are in posses-
sion of a very satisfactory answer.

This will be easier to understand if muscle is considered first. The
reflex effects from sense organs on muscle very definitely support the
notion that the amount of reflex contraction is a function of input fre-
quency unless this has been centrally inhibited. Adrian and Bronk
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(1928, 1929) made a study of the motor side, first on the phrenic nerve
innervating the diaphragm in respiration, then on the flexor reflex and
the crossed extensor. It appeared that in these reflexes two mechanisms
of gradation of the response operated. One was a gradation by output
frequency to the muscle (diaphragm and flexor), the other was, in
addition, by number of firing motor units (crossed extensor).

Going back to Fig. 123 (Chapter 7) we see that the muscle spindle
has fired at a very high frequency when activated from the brain over
the diffuse y system without the slightest movement in the muscle.
Clearly, then, high discharge frequency in one system alone may not
be sufficient unless some additional factor, the one we call facilitation
or level of excitability, is there to determine the number of neurones
that will be available for the effect of frequency. In discussing mono-
synaptic testing it was also shown that around the active neurones,
which fire into the muscle, there was a large fringe of subliminally
excited fellow units which just failed to be excited by the natural stimu-
lus. Number and frequency will therefore collaborate in determining
the central effect in terms of “intensity.” Cajal’s principle of expanding
sectors may well have as one of its biological purposes increase of
number to guarantee an effect. Thus, in a spinal cord at a high level of
excitability (many facilitated motoneurones) the slightest pull on the
muscle suffices to elicit a stretch reflex (Chapter 6). The factor of
“number” is in this center under constant control from other systems
and will be also in the cerebral sensory centers, as shown by the arousal
reactions from certain general facilitating systems, discussed in Chap-
ter 3.

In view of these experiences from the motor field it is reasonable to
suggest that unless a very small receptive area has a very large central
projection, such as has the human fovea, its only chance of activating
anything at all will be by being placed within a large overlapping field
the way it actually is placed. This overlap will have to be transmitted
to the center. Sholl (1954) has recently studied the visual cortex and
on the basis of this work calculated that “some 5000 neurones may be
directly activated by impulses from a single thalamic fibre” and “a
neurone within the Gennari zone may embrace up to 4000 neurones
within its own dendritic field.” Most acts of discrimination in daily life
are by overlapping fields already in the periphery. To this comes cen-
tral expansion on an enormous scale, as Cajal pointed out.

The number of activated cells or fibers being, by all that is known
about the mode of action of the central nervous system, an important
factor in determining the effect in the organization interpreting the fre-
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quency code, we would be ill-advised to try to explain sensory cquiv-
alents of “intensity” by frequency alone. However, as soon as the
number of firing units becomes important, it becomes necessary to
consider the behavior of a statistical assembly rather than a single
sample unit.

The consequence of this is that a transformed frequency pattern,
though it may lose some of its characteristics considered as a primary
frequency representation of intensity, may nevertheless preserve this
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Fig. 137. Comparison of the risz in the sensation of brightness in man
(Broca and Sulzer) with the rise in frequency of the discharge in the optic nerve
of the eel. (Adrian, The basis of sznsation, London, 1928.)

relationship in an over-all fashion. Another consequence is that the
frequency code—as will be shown below—has a perfectly good chance
of transmitting several types of information at the same time along a
single line.

I can now return to specific cases, such as frequency and intensity
in retina and vision. Fig. 137 is from Adrian’s early summary (1928)
and compares the brightness of light as perceived with the frequency
variation in the eel’s optic nerve. It should be recalled that in those
days the frequency counts were rough counts obtained from the whole
nerve and thus they illustrate the average function that has been dis-
cussed. The brightness variation is from measurements by Broca and
Sulzer (1902), which have been repeatedly confirmed (see e.g. Granit

DISCRIMINATION AND INTEGRATION 283

and Hammond, 1931). “Comparing,” said Adrian, “the impulse dis-
charge in an eel’s optic nerve and the brightness of a visual image in
man may be like the comparison of chalk with cheese, but it seems to
be justified by the likeness of the two sets of curves. Those from the
eel’s nerve have much longer time relations, as we should naturally
expect in a cold-blooded animal, but the general form with different
intensities of light is surprisingly alike in the two cases” (p. 171).
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Fig. 138. Human periphery. Perceived fusion frequency plotted against log.
intensity of the stimulus for different areas. Ordinates in cy/sec. should be mul-
tiplied by 2 to give flashes per second. Intensity in candle powers. (Granit and
Harper, Amer. J. Physiol., 95, 211. 1930.)

Enroth (1952, 1953) has completed a piece of analysis which, to
use Adrian’s simile, is more like comparing two kinds of chalk. She
has analyzed the fusion frequency of intermittent stimuli (flicker) for
individual retinal elements and then studied its relation to impulse
frequency in a large assortment of elements. To understand this it is
necessary to know that brightness and fusion flicker frequency, as per-
ceived, are related by a simple rule valid over a considerable range.
This is the Ferry-Porter law (Ferry, 1892; Porter, 1898, 1902), which
states that the frequency at which a flickering light appears fused is
proportional to the logarithm of brightness (see Fig. 138). The prin-
ciple of the flicker photometer for measuring brightness of differently
colored lights is based on this law which makes it possible to circum-
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vent the difficulty of comparing lights of different color. Clearly, then, if
brightness is determined by impulse frequency as well as by fusion
frequency, these two factors should be very simply related. Thus, in
determining fusion frequency we have another way of approaching the
relation between impulse frequency and brightness, assuming that cat
and man cannot be very different in such very elementary properties
of sight.

The fusion frequency of individual elements can be determined with
considerable accuracy, both for the on- and the off-component of the
discharge; it is that frequency at which each flash is no longer followed
by a separate outburst of spikes. Fig. 75 (Chapter 5) illustrates a
flickering response carried up to the point of fusion. Just before fu-
sion occurs it is possible to measure the spike frequency within the
individual outbursts of impulses caused by the flash, or by the cessa-
tion of the flash, if it is an off-discharge. Enroth generally counted the
average spike frequency in the last four flashes before fusion occurred,
and it did not make any difference if she went from flicker to fusion or
from fusion to flicker. The details will be found in Enroth’s thesis
(1952).

From a very large number of data in which there was no difference
between on-flicker and off-flicker with respect to fusion she (1953)
then plotted the graph of Fig. 139, in which impulse frequency and
fusion frequency are compared. The relation is one of direct propor-
tionality. Thus, fusion frequency is a measure of impulse frequency.
Since fusion frequency is also a measure of brightness, it is clear that
brightness emerges as a simple function of the impulse frequency at
the point of fusion. The same relation was later found to hold for the
light-adapted eye stimulated with strong intensities (Dodt and En-
roth, 1953).

One may with full justification say that the retinal events in flicker
are exceedingly complex, both inhibition and excitation being at work,
as is always true when more complex functions are studied. The high
degree of temporal discrimination of light from darkness, which is also
found in the large retinal units studied by Enroth and thus in units
representing large receptive fields, would hardly have been possible on
the basis of excitation alone. The results were interesting from this
point of view also because they showed in detail how excitation and
inhibition cooperate to make temporal differentiation possible. It is
all the more surprising, therefore, that such a simple rule as hers
emerges from the study of several units. All elements cannot go up to
all values of fusion, but in a sufficiently large assembly of elements there
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will always be a sufficient number capable of giving high impulse
frequencies, and these will take care of the upper range of fusion fre-
quencies.
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under varying conditions, as described in text. Point in circle: on-discharge;

crossed circle: off-discharge; open circle: unidentified discharge. (Enroth, Acta
physiol. scand. 29, 19. 1953.)

Enroth’s results thus provide a physiological explanation of why
flicker photometry is possible on the basis of the idea that impulse
frequency should measure “intensity,” which in vision has brightness
for its equivalent. The individual elements behave in many different
ways, but the relationship between intensity and impulse frequency is
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preserved in an over-all fashion for the whole assembly. The necessity
of considering a statistical approach to such problems has been ad-
umbrated by McCulloch and Pitts (1948) in mathematical terms but,
again, what is wanted is precise analysis in experimental terms, such
as Enroth’s correlating brightness, flicker fusion, and spike frequency.

A similar case is the perception of scotopic brightness, dependent
upon the scotopic dominator (Chapter 4), which in its turn is depend-
ent upon the spectral distribution of photosensitivity of visual purple.
Donner and I (Chapter 4, Figs. 49-51) devoted a great deal of care
to the study of the spectral distribution of sensitivity of individual
dominators in the dark-adapted eye of the cat. The whole aim of the
work was to multiply observations with the single spike until one
could be certain of having obtained as many points as are compatible
with the maintenance of a spike in a living eye under the micro-
electrode. We generally succeeded in observing each spike for several
hours. It transpired (Chapter 4) that many of the elements isolated
gave considerable and definite deviations from the spectral distribu-
tion of visual purple. By averaging the values for several spikes or,
still better, by recording the same function electroretinographically
with the new method of electrical resonance (Granit and Wirth, 1953),
one obtained the average scotopic visibility curve for which the values
fell on the points established on man by psychophysical measurements
(Stiles and Smith, 1944) and by Gunter (1952), who measured per-
ceived brightness in cats by behavioristic tests. This shows that the
psychophysical process involves selection, averaging, or taking a
weighted mean. Theoretically this case is of great interest, because there
is such a perfect series of correlations at different levels: the spectral
photosensitivity distribution of visual purple in the receptors; its pre-
cise reproduction by the average electroretinogram of a rod-dominated
eye in the dark; then, at the optic nerve level, considerable variations
within individual fibers—such as humps and skew distributions—ow-
ing to the complex nature of the receptive fields and interaction within
them. Finally, there is a resynthesis of the original photochemical curve
at the psychological level, either by some process of averaging or per-
haps by selection, in case the visual purple curve should be repre-
sented by a greater number of individual elements than the curves
showing deviations from it. Averaging on the basis of number seems
most likely because of the nonhomogeneity of the receptive fields. The
function concerned again is one of brightness or intensity and may just
as well have been derived from the average spike frequency of an
assembly.
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I have emphasized above that large overlapping receptive fields are
part of the peripheral organization. Since, as has been shown, it is
necessary to conceive the interpretation of intensity (“brightness” in
vision) on the basis of spike frequency as some kind of averaging
process, it is clear that in this task large overlapping fields would be able
to play the very useful role of supporting the process of averaging. The
largest ganglion cells in the cat’s retina collect information from thou-
sands of receptors. These, the dominators, are aptly designed for the
purpose of averaging the brightness distribution; their own deviations
from the mean in terms of spike frequencies will be averaged a second
time in the center on the basis of number.

The examples chosen have the clarity of all precise relations, as
contrasted with general conjectures, and show how the frequency code
on a statistical basis can transmit stimulus intensity in terms of its
psychophysical equivalent, brightness, in spite of considerable retinal
interaction with consequent transformation of the message. They also
serve to illustrate what is meant by the statement that it is necessary to
go ahead with the factual information available rather than to elab-
orate analogies.

Have we any evidence for the possibility that one fiber can transmit
several messages at the same time? There is available another inter-
esting example from the field of vision. The results were obtained with
isolated spikes from the cat’s retina and form the basis of a thesis by
Donner (1950). It should again be recalled that the spike frequency of
the retinal element, which is being studied in the dark-adapted state,
reproduces in rough outline the broad dominator curve of spectral
distribution that is characteristic of the photochemical absorption of
visual purple. On the other hand, the element, as pointed out, is a con-
vergence unit representing a very large number of receptors. The ques-
tion raised was whether the presence of receptors other than those
charged with visual purple, so easily demonstrable in individual domi-
nator curves, can be signaled by the frequency code of a single element.
If we assume first that this would not be the case, the curves illustrat-
ing—for different wave lengths—spike frequency as a function of time
(as in Fig. 137) could be made identical if the energy values in all
wave lengths were adjusted to correspond to unitary stimulation of
visual purple, i.e. constant amount absorbed. This proved not to be
possible, except with a limited number of elements. With the spectrum
adjusted in this fashion it was clear that for many other elements
the rate of rise of spike frequency against time, the so-called spike
frequency/time differential, varied in a specific fashion with wave



288 RECEPTORS AND SENSORY PERCEPTION

length. An instance is given in Fig. 140 for a single spike. It was found
that for the wave lengths 6,000 A (red), 5200 A (green), and 4600
A (blue) the spike frequency/time differentials had their maxima at
respectively 0.03, 0.17, and 0.24 seconds. This being so, it is clearly
possible to measure the spike frequencies at those three moments and
plot three functions through the spectrum, as has been done in Fig. 141.
There emerges a color specificity expressed in terms of spike frequency
at the three optima. A most interesting by-product is the secondary rise
of the red maximum toward the violet, suggesting a physiological basis
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Fig. 140. Frequency-time curves for the off-effect of an on/off element. Open
circles: 6,000 A; half-filled circles: 5200 A; filled circles: 4600 A. 100 times the
threshold. Spontaneous background activity was 27 impulses per second. Equal
visual purple stimulation for all wave lengths. (Donner, Acta physiol. scand., 21,
Suppl. 72. 1950.)

for the fact that violet appears as a mixture of red and blue. The retinal
basis for this result may be a property of the receptors, of the neural
structures, or of both, but it clearly does not lie in the ganglion cell,
which merely serves to sum up and transmit the finished product in
terms of the frequency code. Motokawa’s (1949a—c, 1950) re-
sults based on the increased retinal sensitivity to a polarizing current
after preillumination with various wave lengths show a similar relative
order of time factors in color perception, and so does the rate of rise of
different colors as perceived (for a summary of old work, see e.g. Bills,
1920; Kleitman and Piéron, 1925). According to Chang (1952a,b) the
same relative order of events can be traced to the cortical station in cats.

Cats are generally held to be color-blind which may or may not be
true. The point I have raised is not necessarily dependent upon the
extent to which this animal uses a mechanism of color reception that
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may well be rudimentary and damped by scotopic and photopic domi-
nators, which with rare exceptions are the only ones that have been
obtained in this animal with the aid of single spikes (without recourse
to indirect methods such as the one just mentioned as well as electrical
polarization or selective adaptation). For be that as it may, the essen-
tial point here is to establish experimentally the fact that a single spike
is capable of transmitting different types of information by utilizing the
frequency code.
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Fig. 141. Analysis of 9 elements. Average spike frequency for counting
period of 0.1 sec. located on top of the three maxima for red, green, and blue as
explained in text. Open circles: 5 curves, average delay of counting period
0.03 sec.; half-filled circles: 5 curves, average delay 0.17 sec.; filled circles:
4 curves, average delay 0.24 sec. Equal visual purple stimulation. (Donner,
Acta physiol. scand., 21, Suppl. 72. 1950.)

In animals well supplied with modulators, such as snakes, pigeons,
and to some extent frogs (see Chapter 4), color reception is likely to
be based on both “topography” (“place” or “local sign”) carried by
modulators and on specific frequency patterns. These frequency-time
differentials have not yet been analyzed for modulators. The color-
theoretical generalizations known as trichromatic, four-component, or
polychromatic theories need not concern us very much as long as it is
unknown how the brain, in particular the striate area, evaluates the
information it receives. A process of averaging may well be carried out
on a trichromatic principle, and I fail to see how any of these theories
ever could be adduced as an argument against the data that physiolo-
gists obtain from optic nerve fibers. With equal justification it is possi-
ble to argue that the data on dominators are meaningless because these
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but rarely have the form of the canonical curves averaged from sensory
measurements of brightness distributions in photopic and scotopic vi-
sion. The physiologists will have to proceed by their own methods and
follow them to the end. Color discrimination is certainly easier to under-
stand on the basis of the dominator-modulator theory (Granit, 1945b,
1947) than on any other theory where it emerges from calculations,
even from computations with wholly imaginary curves such as those of
Hecht (1931), or from curves which bear a greater resemblance to
anything that is likely to be found in nature. Such calculations prove
two things: (1) that nature’s way of dealing with the visual informa-
tion is sufficiently consistent to be synthesized in the form of logical
structures from a moiety of reasonably good psychophysical data and
(2) that the research worker has been ingenious enough to deduce one
possible logical connection between the data available.
Discrimination of brightness and color are only two aspects of the
visual message. The same fiber also carries on- and off-discharges. One
would therefore expect to see a red flash twice, once at “on” and once
at “off.” Yet we do not see a red message from a brief illumination twice
in succession but rather tend to see green (off) after red (on). How this
well-known mechanism of successive contrast is organized is at the
moment wholly unknown, but it may be profitable to inquire what else
an off-discharge might be capable of doing that would not be better
achieved by silence at “off,” such as in the fibers giving postexcitatory
inhibition. The most obvious answer is: “movement” and its direc-
tion. Movement of a line or point across the visual field will light up
with sparks of on- and off-impulses, and the trail of off-impulses will
fix its direction and do so better than “silence” (cf. Barlow, 1953a,b).
Movement, and with it the on/off transition, is likely to play a role, too,
in the fixation of contours. The eye is rarely wholly quiet; it moves
from point to point and even in fixation (Lord, 1952; Barlow, 1952)
makes small flicker or saccadic movements, and so on/off transitions
may raise a dynamic pattern around spatial gradients of intensity or
color.* Riggs et al. (1953) have compared “stopped images” with
images in normal and exaggerated eye movements and find that in the
first case they tend to disappear in accordance with the old work on
“fixation blindness.” By the small saccadic movements the eye may also

* Owing to the introduction of contact lenses for the reflected light beam,
recording the eye movements, this fact has now been established with a very high
degree of accuracy (L. A. Riggs, J. C. Armington, and F. Ratliff, J. Opz. Soc.
Amer., 44, 315-21, 1954; R. W. Ditchburn and B. L. Ginsborg, J. Physiol., 119,
1-17, 1953).
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receive some aid in counteracting its well-known deficiencies as an
optical instrument. I do not think that these suggestions completely
account for the existence of an off-discharge. Its role is not yet fully
understood, especially in relation to the variations in the on/off ratio.
Of these variations it is possible to say only that they probably serve
creation of patterns to aid discrimination.

A single fiber can thus do a great deal with the frequency code,
particularly when it operates as a “final common path” after one or
several stages of neural transformation. And so far the organization of
the central receivers has been left wholly out of account because of lack
of information. The simplest pattern-sensitive receiver that I happen
to be aware of is a peripheral one, the opener muscle of the hermit
crab (Eupagurus bernhardus) studied by Wiersma and his collabora-
tors (Wiersma and Adams, 1950; Wiersma, 1951; Ripley and
Wiersma, 1953). Stimulation of a single axon running to the claw
opener produces two types of contraction, fast or slow, depending
upon how the stimuli are spaced. It is not yet known if this effect pre-
supposes two types of end plates or if it is due to properties of differ-
ent muscle fibers. However, it is present only in certain types of fast
crab muscle.

3. Comments on cortical sensory representation

In classical psychophysics vision used to be described as a synthetic,
and audition as an analytic sense. The reason for this was—to put it
simply—that the trained ear can analyze vibrations into components
while the eye in matching, for instance, the famous Rayleigh equation
(Rayleigh, 1881), lithium red —+ thallium green = sodium yellow,
cannot distinguish the components of the left half of the match from
the homogeneous yellow of the right. Yet both the eye and the ear are
designed as sentient surfaces with very precise central projections (as
well reviewed by Fulton, 1949b). The eye, however, in spite of its
being such a “good mixer” with regard to color, refuses to mix space
coordinates except for definite purposes in the perception of depth. The
early anatomical work proved that the visual projection on both cor-
tex and superior colliculus (eye movements) was a singularly precise
map of the retina, and this has been confirmed by the electrical tech-
nique of “evoked potentials” (see e.g. for cortex: Talbot, 1940; Talbot,
Woolsey, and Thompson, 1946; Thompson, Woolsey, and Talbot,
1950; for colliculus: Apter, 1945). Color is not part of the spatial lay-
out in the visual projections, while pitch of a tone, though in many
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other respects the acoustic pendant of color, recurs centrally as a
spatial pattern corresponding to the tonal properties of the sentient
surface in the periphery. This topographical differentiation is probably
the basis of the analytical properties of the ear. The visual projections,
though carefully analyzed in terms of anatomy, have hitherto attracted
very little interest from the point of view of the discrimination of
brightness, color, and binocular vision. We know them chiefly in elec-
trical terms (see e.g. Wang, 1934; Gerard, Marshall, and Saul, 1936;
Marshall, 1949; Marshall, Talbot, and Ades, 1943; Bishop and Clare,
1953; Chang and Kaada, 1950; and for recent microelectrode work
Jung, Von Baumgarten, and Baumgartner, 1952), which at the mo-
ment possess relatively little meaning for the interpretation of the
visual act. I shall therefore discuss the auditory projections, which are
better known from the point of view of sensation, and finish by con-
sidering some important psychological experiments on visual percep-
tions in statu nascendi.

It is necessary to start—as so often in these discussions—with a
pioneer contribution by Adrian (1941), who found a double projec-
tion of the digits of the cat in two separate cortical regions and thereby
originated the notion of double sensory representation. Talbot, Wool-
sey, and Thompson (1946) showed that the visual projections also had
a double cortical representation; Woolsey and Walzl (1942) and Ades
(1943) gave the first description of auditory areas I and II (for early
work see Bremer and Dow, 1939). A considerable literature has since
arisen, particularly on somatic areas I and II and the auditory and
visual areas I and II (for a review see e.g. Fulton, 1949b). This can-
not be dealt with here, but for a convenient elementary summary of
the areas localized Fig. 142, from a review by Bremer (1952), should
be studied. The figure is self-explanatory.

The auditory area, with which I shall deal in a moment, is of particu-
lar interest because of the tonal localization within the organ of Corti
in the ear and its manner of representation on the sensory cortex. To
this end I must return to the periphery for a while to consider the
organization of the acoustic “xylophone” made up of the basilar mem-
brane winding its way through the spiral of the cochlea as a floor for
the organ of Corti. This membrane changes width from base to apex of
the cochlea, being narrow at the base and broader at the top. On it ride
the sensitive mechanoreceptors, hair cells, the hairs of which are in
contact with a thin tectorial membrane serving as their roof. Mechano-
receptors of this general type (vestibular organ, lateral line) have
already been considered in Chapter 3. For the present purposes the
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winding of the basilar membrane may be disregarded. It can be thought
of as a flattened-out sentient surface exhibiting tonal localization.

In the light of later work the essential feature of Von Helmholtz’s
famous resonance theory of hearing (the historical background of
which has been well reviewed by Von Békésy and Rosenblith, 1948)
has become its insistence on tonal localization to specific receptors
rather than on a particular mechanism of resonance in terms of the
physics of Von Helmholtz’s day. This topographical element of the
theory has since been investigated by every generation of research

Fig. 142. Sensory projection areas on the cat’s brain. S;: somatic area I, with
its somatotopic subdivisions; S.: somatic area II, with subdivisions not indi-
cated; Ai, A», As: auditory areas I, II, and III; Vi, V.: visual areas I and II.
(Bremer, Les Aires auditives de 1’écorce cérébrale, Paris, 1952.)

workers with the techniques available at each period and generally also
been confirmed. If I begin as late as 1942 with Von Békésy’s (English
trans. 1949) well-known experiments on his cochlear model, carried
over into direct observations of the vibration of the cochlear partition
in post-mortem material, it is because this was the first application of
reliable micromethods to this organ. In addition to demonstrating the
complex type of vibration pattern to sound waves it led to a frequency
map for the distribution of tones over the cochlea in good agreement
with maps, based on other less direct methods. The low tones of the fre-
quency band arise in the upper turns of the cochlea, the high tones at the
base, as was always assumed. Tasaki, Davis, and Legouix (1952) have
recently brought forward another confirmation by localized recording of
the cochlear microphonics with microelectrodes. Ultimately Tasaki
(1953b) with the Gerard-Ling type of microelectrode (cf. above, p.
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20) has succeeded in picking up the discharge from single cochlear
nerve fibers, thus again confirming tonal localization with an ex-
tremely direct and delicate method.

In a sense, then, the sentient surface is a kind of xylophone, but Von
Békésy also proved that there could be no question of lined-up reson-
ators because direct observation of the wave form, as visualized in
post-mortem material by a stroboscopic technique (the light being
reflected from minute silver crystals strewn over the cochlear parti-
tion), showed the basilar membrane together with the organ of Corti
and its tectorial membrane to respond to a vibration by a damped
traveling wave having a relatively broad displacement area. The maxi-
mum amplitude shifted along the basilar membrane with frequency of
stimulation in the manner mentioned above. The organ of Corti is thus
a kind of frequency analyzer, though with a fairly low mechanical re-
solving power. Actually, it improves in the higher frequency ranges, at
least as far as it has been possible to measure them (4,000 cps.). It
does not compare favorably in selectivity with a high-class electronic
vibration analyzer. In this it reminds one of the eye, the optics of which
is by no means remarkable compared to high-class lenses. The image
of a point source is surrounded by a considerable halo of diminishing
brightness. For the eye it has already been shown how the image may be
sharpened by neural mechanisms.

Whatever additional inside mechanisms the ear may contain, it must
in the end fall back upon the frequency code, and here there is con-
siderable similarity between eye and ear. Both have a spontaneous
discharge which after the second neurone is often found to be in-
hibited by light or noise respectively. There is an off-discharge in the
acoustic path too. This has been picked up with microelectrodes in the
frog’s brain by Ek and C. von Euler (1943) and in the geniculate body
of cats by Galambos and his collaborators (Galambos, 1952; cf.
Galambos, Rose, et al., 1952) as well as earlier by Bremer (1943) in
the cortical 'auditory area. Galambos mentions that some neurones,
spontaneously active, are silenced by noise and discharge at “off.”
Just as in the eye, the frequency of discharge of individual neurones
may behave very differently with respect to an increase of stimulus in-
tensity. Some may increase their spike frequency and respond after
shorter latencies in the higher intensity ranges, others may become
inhibited, thus showing diametrically opposed behavior. The results on
visual flicker in individual fibers demonstrated that despite these ir-
regularities intensity is represented by frequency in an over-all manner.

There is no corresponding detailed analysis of auditory spike fre-
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quencies. We are better informed about the use of the frequency code
in vision. However, the close analogy between vision and audition
suggests that utilization of this code for the two senses follows similar
principles, and this in itself seems significant. The advance made in
either field will have repercussions upon the other. Again, with respect
to modulation of the mechanical vibration analyzer within the ear, there
are the well-known results by Galambos and Davis (1943, 1944) ac-
cording to which single neurones exhibit very narrow tuning at the
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Fig. 143. Response areas for 4 different fibers. The three at the left of the
figure are from the same animal. (Galambos and Davis, J. Neurophysiol., 6, 45.
1943.)

threshold, as shown in Fig. 143, reminiscent of the retinal modulators.
The frequency bands broaden at higher stimulation intensities. It seems
likely that neural inhibition between adjacent frequency bands within a
region of overlap serves to sharpen the tuning of the mechanical vibra-
tion analyzer in the organ of Corti because, when ultimately the mes-
sage reaches the cortical receiving station, it is found to be beautifully
organized as a spatial lay-out in auditory areas I and IT (Woolsey and
Walzl, 1942; Tunturi, 1950a,b; Hind, 1953, and others).

Tunturi’s work on dogs is of particular interest because he used a
modification of Dusser de Barenne’s (1934) well-known strychnine
technique for local sensitization of spots within the cortical auditory
areas to potentials evoked by tonal stimulation. The strychnine was
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applied locally with 1 sq. mm. strips of filter paper dipped in a 3 per
cent solution of strychnine sulphate colored with toluidine blue. The
paper was quickly removed and the spot tested by calibrated tonal
stimulation near threshold intensity. This enhances the size of the
“evoked potential” (Curtis, 1940). Afterward the activity in the spot
thus localized was suppressed by application of a similar filter paper
dipped in 6 per cent pentobarbital sodium, and attention was turned
to the next spot.
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Fig. 144. Arrangement of afferent fiber endings in middle ectosylvian area.
AES: anterior ectosylvian area, MES: middle ectosylvian area, PES: posterior
ectosylvian area. 125-8,000 represent frequency in cps. which caused induced
strychnine spikes with lowest intensity level in band indicated. Spacing between
bands is 2 mm., and each band is drawn to a width of 0.2 mm., representing
0.1 octave. Squares indicate position of strychninized cortex for response curves
found in the original paper, Figs. 4 and 5. Bands indicated by broken lines were
not determined experimentally, but their location is suggested by the data.
(Tunturi, Amer. J. Physiol., 162, 489. 1950.)

Fig. 144, from Tunturi’s work (1950b), illustrates that the “xylo-
phone” on the basilar membrane is actually reproduced as a cortical
pendant of great perfection and regularity. This is all the more re-
markable when one takes into account how difficult it has been to under-
stand the message at intermediate levels in terms of spike frequency
and when one considers the complexity of the auditory path. This runs
through a very much longer chain of relays than does the visual path,
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and its different fibers have their first, second, and nth relay in dif-
ferent nuclei (Held, 1893). If there had been any reason to doubt that
the seemingly unintelligible frequency code of Galambos and his col-
laborators could deal with the matter in hand, Tunturi’s map should
serve to dispel them! The high audio frequencies are found in the an-
terior part of the middle ectosylvian gyrus of the dog’s cortex, the low
frequencies in the posterior portion. The intermediate tonal bands are
spaced 2 mm. apart and each represents one octave.

There is no better demonstration in the whole literature on sensory
representation in the cortex of the significance of differentiation by
spatial factors, which in the beginning of this chapter was laid down as
the basic principle of sensory discrimination. Quality (pitch) within
the acoustic modality just happens to be an ideal case because the
peripheral sentient surface is itself spatially organized in terms of this
quality. In the retina the attributes of quality (color) are spatially in-
tegrated within each minute fraction of the sentient surface, in the skin,
modalities and qualities are similarly represented within much the
same units of surface. Hence these two organs differentiate space and
direction by their general topographical layout on the cortex, and it is
not likely that, for instance, red, green, and blue would be found in dif-
ferent regions of the occipital pole of the brain (except as projections
of the general retinal color fields). When we obtain the ultimate
topographical analysis of the vestibular organs, this is likely to be
similar to the one found for the cochlea.

Since this was written I have seen the results of work by Andersson
and Gernandt (1954), in which Tunturi’s strychnine method has been
applied in order to study the responses to electrical stimulation of the
nerve fibers to the utricle and two of the semicircular canals. All these
have separate projections (1, 2, and 3 in Fig. 145) and the enhance-
ment by strychnine is marked and selective, as seen in the figure.

At the moment I think it premature to discuss the puzzling and in-
teresting secondary and tertiary sensory areas in electrophysiological
terms. In this field it is hardly possible to go much beyond the descrip-
tive stage. For valuable comments I refer to Bremer’s recent lectures
(1953), Fulton’s (1949b) “Physiology of the nervous system,” and
Ruch’s (1951) review, “Sensory mechanisms.”

4. Comments on sensory integration

In the previous sections the formidable problem of sensory integra-
tion has been encountered and presented as a physiological develop-
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ment of classical psychophysics. The major problem of the latter has
been aptly reformulated for physiologists by Kliiver (1942) as the
problem of stimulus equivalence. Originally the experimenters at-

Fig. 145. Component vestibular responses of various cortical areas recorded
from points 1, 2, and 3, indicated on the surface of diagrammatic cat’s brain.
Point 1 is a utricular projection, 2 belongs to the lateral, 3 to the superior semi-
circular canal. Strychnine in a on point 1, in b on point 2, in ¢ on point 3. A:1,
A:3, and A:5 (utricle); B:1, B:3, and B:5 (superior ampulla); C:1, C:3, and
C:5 (lateral ampulla)—before local strychninization. 4:2, 4:4, and 4:6 (utricle);
B:2, B:4, and B:6 (superior ampulla); C:2, C:4, and C:6 (lateral ampulla)—after
strychninization. Time in 1 and 10 msec. (By courtesy of B. Gernandt, Medical
School, Gothenburg, Sweden.)

tempted to establish correlations between physics and psychology
(phenomenology), e.g. in c.g.s. units of wave length or frequency for
color of light and pitch of tone. The electronic era of research brought
about a change of viewpoint. I have illustrated this change by present-
ing attempts to explain stimulus equivalence in terms of frequency
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code, cell number, properties of receptors, their receptive fields, and
sensory projection areas. In this sense physiology is a science of “cues”
for sensory integration. The psychological datum itself, e.g. bright-
ness, color, or pitch, is a primary datum of experience approached
from another point of view and can be studied only by psychological
analysis of the building up of experience, of which I shall give an exam-
ple below. It is not and never can be a physiological datum. The
physiological “cues” for sensory data do not derive their interest merely
from their role as cues. A much greater number of cues is likely to
enter into the sensory evaluation of any given stimulus situation than
we can ever hope to unravel. They are interesting in themselves as
contributions to the understanding of that organization of function in
the nervous system on which ultimately our theoretical and practical
medicine will have to be based. This is clearly shown by the parallels
drawn between the motor (Chapters 6 and 7) and the sensory spheres.

I have not paid any attention to explanations devoid of an experi-
mental basis. These often tend to assume the character of merely
labeling events with names such as “Gestalt,” “reverberating circuits,”
“feedbacks,” etc. I have, indeed, mentioned newly discovered exam-
ples of sensory “feedback” but only in cases where it has been possible
to demonstrate how the feedback actually works. As for reverberating
circuits, I have no doubt whatever that they are of importance for
sensory performance, but I have not been able to put my finger on any
specific explanation of just how. And as for Gestalt (remembering
gratefully that I was introduced to these problems in 1922 by E. Kaila
and the late A. Gelb), I have never been able to persuade myself that
this concept has been successfully disentangled from the averaging on
the basis of experience which in this context has been exemplified by
the sensory interpretation of visual brightness by means of the fre-
quency code (cf. Morgan, 1951; Hilgard, 1951; Lawrence, 1949).
However, the factor “experience” in perception deserves further com-
ment.

Among the most remarkable experiments ever performed on the
organization and building up of experience were those carried out in
this country by Stratton (1896, 1897) more than half a century ago.
Stratton studied vision without inversion of the retinal image. The ex-
periments were done monocularly with an inversion lens, the other eye
being covered. He wore this lens for eight consecutive days. Physiologi-
cally this amounted to a blatant clash between the information from
the sensory fields representing the body (surface, muscle, joints, etc.)
and those organized to deal with visual space, in which, now, right was
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left or up was down. From Stratton’s vivid description it is clear that
two realities were encountered. One the second day of his experiment
the room was upside down but the body was represented in pre-
experimental terms and was felt as a standard. “I could voluntarily feel
my feet strike on the ground seen in the upper part of my visual field.”
On the fourth day it was quite clear that the tactile areas would win the
game and force the visual perceptions to obedience. “When I looked
at my legs and arms, upright but if I looked away everything upside
down.” On the fifth day the new visual space had established itself so
well that there was no anticipatory drawing in of chin and chest when
a solid object passed through the visual field in the direction which in
normal vision would have meant a blow. On the eighth day it was clear
that as long as the new localization of the experimenter’s body was vivid
the general experience was harmonious. “But when . . . [an involun-
tary lapse into the older memory materials, or a willful recall of these
older forms] the pre-experimental localization of my body was prom-
inently in mind, then as I looked out on the scene before me the scene
was involuntarily taken as the standard of right directions, and my body
was felt to be in an inharmonious position with reference to the rest.
I seemed to be viewing the scene from an inverted body.”

These experiments have often been repeated and recently by Kohler
(1951) with a number of observers, who varied them in several ways,
with results of great interest. With binocular inversion spectacles he
found, like Stratton with monocular ones, that the two “realities” were
directed by the sensations from the body. On the tenth day, for instance,
a weight was swung on a cord in front of the observer and appeared
upside down but as soon as he was allowed to touch the upper end in
order to swing it himself it reverted instantaneously to the normal type
of pendulum movement in the same way as Schrder’s well-known
staircase illusion suddenly inverts in front of one’s gaze. The same hap-
pened to an inverted landscape while he was driving uphill in a car,
so that gravity was allowed to come in as a cue. No wonder that the
observer by the tenth day was perfect on skis (Innsbruck, Austria, at
the foot of mountains). It took him only five days to complete reflex
reorientation.

In another set of experiments (with several observers) Kohler used
prismatic spectacles (angles 15-20°) carried both mono- and binocu-
larly, maximally for 124 days. After 10 days bends and distortions were
straightened out, but if the spectacles (binocular) were then taken
away, there were after effects of bends in the opposite direction lasting
for four days. Abnormal positions of the head occurred in com-
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pensation for disturbance of direction. Prisms deflect the long and
short wave lengths of the spectrum differently, and the observers began
by seeing “rainbows” at contrasting surfaces, the dominating colors of
which depended upon whether the brighter field was to the right or to
the left. After months of use of prisms, they ultimately succeeded in
compensating for these color disturbances. The long time suggests the
development of a mechanism of considerable precision. When ulti-
mately the prisms were taken away, there occurred as after effect
chromatic deviations of opposite nature, visible even in monochromatic
yellow light. The after effects in this case lasted for weeks. Some
mechanism had been established whereby the correct or normal cue
for color had obtained an abnormal significance. Similar observations
were made with glasses half-blue, half-yellow. It is regrettable that
these transformations of sensations of color and brightness have not
been analyzed with any of the many accurate psychophysical methods
available for such purposes.

In all these cases the apparent plasticity of the psychological inter-
pretation is an adaptation to the organism’s needs. In this the con-
scious component follows and agrees with reflex motor performance.
The psychological datum which we try to trap in psychophysical ex-
periments is an organized response to a large number of cues. If ex-
perience proves them unreliable a new and better system of interpreta-
tion is elaborated. The brain chooses and rejects, connects and dis-
connects. It is possible, even without elaborate experiments, to see
something of these processes of purposeful integration in the many
well-known visual and tactual illusions. Methodical disturbing of cues,
as in Kohler’s observations, is another means to the same end. I have
described them here in order to exemplify the element of experience in
perception and the nature of the psychological or phenomenological
data for which we as sensory physiologists try to supply cues.

The experiments just mentioned also gave a good illustration of what
used to be thought of as a philosophical problem of illusion as against
reality. The observer with inversion spectacles had two illusions or two
realities, as when looking at the swinging pendulum. By touching the
cord he instantaneously changed over from one reality (illusion) to
another. Ernst Mach in his classical Analyse der Empfindungen (1919)
discussed this pseudoproblem among others and pointed out that it
had only a practical but no scientific meaning when one speaks of a
difference between appearance and reality. In the last instance reality
is organized experience based on our sensations. Continuing on the
line of Berkeley and Hume, Mach pointed the way to modern logical
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positivism by emphasizing that it is meaningless to ask how material
processes are translated into conscious psychological events when the
distinction made between the two concerns merely the way in which we
approach one and the same Bewusstseinsinhalt, as well as what system
of relations and fundamentals we try to establish. Mach himself rightly
states that his basic ideas had been expressed previously by Leibniz
and Hume.

As is well known, our own time has seen the development of this
attitude into a scrutiny of the foundations of logic and the definitions of
language, in which Austrian and British thinkers have played a leading
role—Carnap, Wittgenstein, Russell, and Whitehead, to mention only
a few of the founders of logical positivism. I shall restrict my com-
ments on epistemology to stating that the time is past when physiolo-
gists ex cathedra could issue naive views on the nature of knowledge,
“brain and mind,” reality and appearance, and similar concepts with-
out penetrating the philosophical aspects of these problems in detail.
They will merely be snared by their own lack of insight in the logical
analysis of the conventions of language.

The physiologist’s pragmatic business is with his own world of con-
ventions, symbols, and relations—to determine whether they are any
good and what they are good for. Faced with this situation, everyone
makes his own selection from available knowledge, just as in these
discussions I have made mine. It then remains to be seen if they stand
the test of time and experimentation. However, one can be quite satis-
fied if they prove useful for the time being.
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357-72. 1953.
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Absorption spectra, Ch. 4; defined, 114

Accessory fibers to end organs, 44, 49

Accommodation, 24-8, 248

Acetylcholine. See Chemical media-
tors

Activating system. See Reticular (ac-
tivating) system

Adaptation, 3, 8-9, 24-8, 38, 46, 51,
104, 202, 240-2; see also Dark
adaptation, Light adaptation

Adrenalin, effect on electroretinogram
of, 175

Aeschna (dragon fly), 187

Afferent terminals, 14-5, 17-21, 24,
27-8, 41-3, 83, 262; see also Beaded
terminals

Afterpotentials, 50, 212

Alburnus (bleak), 126

All-or-none law, 2-3

Alpha fibers, definition of, 197, 200

Alpha-gamma (a-v) linkage (= reflex
coactivation of a and 7 fibers), 251—
4, 264, 266, 269-73

Ampullae of Lorenzini, 52

Ankle muscles, reflex organization of,
229-30; see also Gastrocnemius,
Soleus, Tibialis muscles

Annulospiral endings. See Muscle spin-
dles, nuclear bag endings within

Antidromic stimulation of Limulus
eye, 110; of oculomotor neurones,
110; of optic nerve fibers, 107-10,
176; of sympathetic ganglions, 110;
of ventral horn cell axons, 110, 210,
212-5, 217

Area centralis retinae, 164

Area striata. See Visual areas

Arousal response, 84, 89-90; of mus-
cle spindles, 107, 112, 260-1, 264;
of retina, 107-8; see also Centrifu-
gal fibers, Electroencephalogram

Auditory areas: primary, 88, 95, 292,
295-7; secondary, 293, 295, 297
Auditory nerve paths, 12, 33, 84, 294—
5, 297

Autogenetic facilitation, 220, 228; def-
inition of, 220; see also Monosyn-
aptic reflexes, Muscle contraction,
Muscle spindles, Stretch

Autogenetic gray, 81, 85

Autogenetic inhibition, definition of,
220; see also Inhibition

Barbiturates: effect on electroenceph-
alogram, 87, 90; on gamma loop,
259, 274; on spinal cord, 214, 222,
224, 240, 274; local application of,
295-7

Bats, 6

Beaded terminals, 28, 42

Bees, 6

Bezold-Jarisch reflex, 5

Biceps muscle, 213

Birds: dominators of, 124, 132-3; elec-
troretinograms of, 78, 160, 163,
169-71; flicker fusion in, 78, 169—
71; modulators of, 137-9, 289; oil
globules in retina of, 124, 132, 138;
optic nerve of, 63, 67, 78-9, 124,
162-3; photopigments of, 132-3;
retina of, 67, 78-80

Black, sensation of, 81, 92

“Brain waves.” See Electroencephalo-
gram

Brightness, 11, 114-6, 118, 120, 143,
168, 282-3, 285-6, 290, 301; flicker
and, 168, 283-5; impulse frequency
determining, 282-5; number of cells
determining, 118, 285-6; photopic
luminosity curve and, 120; scotopic
luminosity curve and, 114-8, 120,
286-7; statistical aspects of, 115-9,
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Brightness (continued)
140, 286-7; theoretical discussion
of, 113-6, 140-3, 282-3, 286-7; see
also Discrimination “cues,” Domi-
nators, Flicker, Purkinje shift

Calliphora (bluebottle), 186-7

Cardiac afferents, 5

Carotid body: chemoreceptors, 5, 25,
102; pressoreceptors, 38

Cathodal depression, 248

Caudate nucleus, 261-2

Centrifugal fibers: in auditory nerve,
104; in optic nerve, 65-6, 104-10,
152; to muscle spindles (see Gamma
fibers)

Cephalopods, 13-4, 19-20, 179;
squids, 124, 150

Cerebellum, 91-2, 112; effects on
gamma system, 257-9, 269-73, 276

Cerveau isolé, 88-9

Chemical mediators, 24-35, 50

Chemoreceptors, 5; in brain stem, 5,
56-7; see also Carotid body

Chicken. See Birds

“Clasp-knife” reaction. See Lengthen-
ing reaction

Clonus, 257, 272

Cochlea: microphonics, 4, 23, 25, 293;
model of, 293; organ of Corti, 4,
292-5; tonal localization within,
293-5

Cold receptors. See Krause end bulbs,
Thermoreceptors

Colliculus: superior, 107-9, 291; in-
ferior, 262

Color blindness: deuteranopic, 174; in
cats, 288-9; protanopic, 173-4;
total, 170

Color perception, 134-5, 142-3, 288
90, 297, 300-1; see also Modulators,
Young-Helmholtz theory

Conduction velocity: discovery of re-
lation to fiber size, 3—4, 44; in car-
diac afferents, 46; in muscle affer-
ents, 45, 195, 197, 199, 203-5, 218,
225, 227, 232-4; in muscle efferents,
195, 197, 205-7; in optic nerve, 50,
123; in skin nerves, 45-9; in various

afferents, 46; relation to internodal
length, 44; to spike height, 44-5,
48; specific sensations related to, 45—
9; see also Nerve fibers

Cone-blind observer, 170

Cones, Chs. 2, 4; anatomical data, 62,
64-6, 278; electroretinogram of,
157-74, 189-90; methods of “un-
covering,” 163-4; photosensitive
substances of (see Photopigments)

Conger (eel), 73, 84, 151

Constancy of sensation, 9

Contrast, 63, 74, 80, 93, 290

Cooling of carotid sinus afferents, 102;
of cerebellum, 272-3; of muscle re-
ceptors, 224; of spinal cord, 224; see
also Temperature, Thermoreceptors

Cortically induced movement, 257

Corticothalamic control, 112

Cues. See Discrimination cues, Inte-
gration

Cyanopsin. See Photopigments

Cyprinus (carp), 126

Dark adaptation, 114-20, 143-5, 148;
electrophysiological ~ analysis  of,
145-6, 149, 159-67; electroretino-
grams in, 154-5, 158, 161, 167;
integration and, 78, 278; sponta-
neous activity in, 84-6; theoretical
discussion of, 143-50; see also Pur-
kinje shift, Visual purple

De-afferentation, 86, 244, 254, 266-70,
278

Decerebrate rigidity: gamma fibers in,
23940, 242, 257, 269, 274-5; in-
hibition of, 258-9; Pollock-Davis
(anemic) type of, 242-4, 269-74;
Sherrington (intercollicular) type of,
84, 102, 214-5, 217, 220, 228, 231,
239-42, 244, 245-8, 257, 259, 266,
270, 272-4; spindle discharge in,
27, 240-4, 246-8, 266-7, 269-73;
see also Gamma fibers, Lengthening
reaction

De-efferentation, 61, 217, 234, 237,
240-2, 248-9, 262-5

Depolarization, 13, 14-25, 30-3, 35,
97, 274; see also Generator potential

INDEX OF SUBJECTS

Diaphragm, innervation of, 281

Difference thresholds, 10-12

Directional effect ( = Stiles-Crawford
effect), 6

Discrimination “cues”: number of
cells and, 281-7; of brightness, 142—
3, 278-85, 289-90, 299; of fiber size,
44, 50, 54, 60, 279; of frequency,
280-7, 289-91, 299; of grain size,
62-3, 277-8; of pattern, 7, 49, 54,
100-2, 279, 291; of receptive fields,
44, 58, 60, 62-3, 80, 278-9, 281,
286-7; of wavelength, 124, 142-3,
278, 289-90; spontaneous activity
as, 93, 102-3; statistical aspects of,
54, 118, 285-7, 289-90; timing and,
50, 280, 287-90; topographical fac-
tors as, 277-9, 291-3, 295-7; see
also Difference thresholds, Fech-
ner’s law, Flicker, Weber’s law

Disynaptic reflexes, 220, 232

Dominators, 121, 125, 134-5; pho-
topic, 121-4, 126, 129-33, 137, 159,
278; scotopic, 121-3, 129-33, 137,
278, 286; theoretical discussion of,
140-3, 2867, 289-90; see also Pho-
topigments, Visual purple

Dorsal root reflex, 112

Dysmetria, cerebellar, 273

Dytiscus (water beetle), 21, 82, 84, 187

Electroencephalogram: arousal reac-
tion in, 86-7, 89-92, 103, 106-8,
112, 264, 281; barbiturate spindles
in, 87, 90; discovery of, 4; recruit-
ing response in, 90; retinal, 85; sleep
indicated by, 88-9, 91-2, 103; see
also Sleep

Electromyography, 62, 210, 215-8,
220, 239, 251; see also Silent period

Electroretinogram, Chs. 1, 5; area of
stimulus influencing, 75, 154-7, 186;
arthropod, 14, 19-22, 33, 187-9;
artifacts in recording, 152-3; cepha-
lopod, 14, 19-20, 179; chemical
analysis of, 30-1, 175-82, 184-6;
components of, 30-3, 160-4, 174—
90; dark adaptation studied in, 145—
9, 160-1, 167; discovery of, 151;
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electrical resonance for study of,
116-7, 171, 286; electrotonic spread
of, 21, 28, 30-1, 188-9; feedback
mechanisms of, 72, 186-9; micro-
electrode studies of, 174, 176, 189—
90; of newborn children, 188; of
partly degenerated retina, 176-8,
184-5; of rod-blind man, 159; of
rods and cones compared, 157-74;
oscillations on, 155-6; photosensi-
tivity studied by, 116-7, 120, 134,
140, 145-6, 149, 172-4, 286; pig-
ment epithelium influencing, 175-7,
180-2, 189; related to optic nerve
discharge, 31, 35, 174, 176, 180;
“remnant negativity” in, 179-80;
stimulus intensity influencing, 20,
154-6, 160; technique of recording,
30-1, 152-3; theoretical discussion
of, 30-1, 33, 156-7, 182-8; x-wave
of, 172—4; see also Cones, Flicker,
Light adaptation, Limulus, On/oft
systems, Rods

Electrotonic potentials, 16-8, 21, 26,
28, 30-2, 188-9

Encéphale isolé, 86-7, 89, 105-9

End plates. See Motor end plates

“Energizers,” sense organs as, 88, 92—
3, 103

Epicritic sensations, 60

Epilepsy, focal type of, 261

Epistemological considerations, 301-2

Esox (pike), 126

Ether, effect on electroretinogram, 182

Eupagurus (crab), 291

Evoked potentials, sensory areas
studied by, 276-7, 280, 291-3, 295-
8; see also Auditory areas, Somatic
areas, Visual areas

Extensor digiti IV muscle, 10, 14-8

Extensor reflexes: crossed, 215, 239,
281; residual ipsilateral extensors,
61-2; see also under names of mus-
cle concerned

Extrafusal fibers, definition of, 193

Extrapyramidal paths. 261

Eye movements, 290

Eyes of invertebrates. See Cephalo-
pods, Electroretinogram, Limulus
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Fechner’s law, 10-14, 18-9, 96

Feedback mechanisms, Chs. 3, 6, 7; in
retina, 72, 104-5, 112, 186-9; of
ventral horn cells, 211-6, 218-9,
224, 247-8; servo-theory and, 268,
276, 279-80, 298

Ferry-Porter’s law, 170, 283

Fiber size. See Conduction velocity,
Nerve fibers

Fish, 140, 189-90; see also Alburnus,
Conger, Cyprinus, Esox, Raja, Tinca

Flexor digitorum longus muscle, 209

Flexor reflexes, 61-2, 213, 233, 260—
1; see also under Skin reflexes, and
names of muscle concerned

Flicker: electroretinographic, 77-9,
116-7, 156, 160, 165-71; feedback
mechanisms in, 186-9; Ferry-Por-
ter’s law of, 170, 283; frequency law
of fusion in, 283-6; fusion fre-
quency of, 78-9, 116, 156, 160, 165—
71, 186-8, 283-6; in hemeralopia,
170; inhibition in, 71; in insect eyes,
186-7; in newborn children, 188;
photometry by, 283-4; resonance
method of measuring, 116-7, 171,
286; rod-cone differentiation by,
165-71; rotation of activity in, 86;
spikes, 77, 79-80, 168-9; types of,
164-71; see also Brightness

Flies, 6, 186-7

Flower-spray endings. See Muscle
spindles, myotube endings within

Fovea, 62, 80, 164, 277, 281

Frequency code: significance of, for
information, 7, 277-8, 280-91, 297;
for reflex activity, 281; see also
Brightness,  Flicker,  Frequency
modulation

Frequency modulation, 7, 124, 282,
287-9; rise of sensation determined
by, 282-3

Gamma fibers, Chs. 6, 7; cerebellar ef-
fects on, 257-9, 269-73, 276; con-
duction velocity of, 205-6; defini-
tions, 195; discovery of function of,
191, 205-7; inhibition of discharge
in, 244-9, 251, 2534, 257-9; multi-

ple innervation by, 100, 195-6, 209~
10; reflexes on, 217, 234-5, 237,
239-40, 242, 244-54; supraspinal
control of, 237, 254-65, 268-9, 274—
5; tonic discharge in, 238-44, 248,
250-1, 253-5, 258, 269, 274; see
also Alpha-gamma (a-v) linkage,
Muscle spindles

Gastrocnemius muscle, innervation of,
61, 199-201, 214-6, 222-31, 234-6,
239-41, 249, 251-3, 259; see also
Ankle muscles

Gecko, 158, 160, 170-1, 173

Generator potential, 11-25, 27-8, 32—
3, 35, 56-7, 72, 150, 248

Geniculate bodies: medial, 33, 294,
lateral, 86, 94, 107

Gestalt, 299

Giant nerve fibers, 20

Golgi tendon organs. See Tendon or-
gans

Gradient in stimulation of end organs,
16-7, 26, 28, 52

Hair innervation, 25, 41-3, 47-8, 58-9

Heat centers, 56-7

Heat receptors. See Thermoreceptors

Hemeralopia. See Rod-blindness

Hering’s color theory, 78, 81, 289

Heterosynaptic testing, definition of,
219

Homosynaptic testing, definition of,
219

Hyperpolarization, 17-8, 30-4, 97,
202, 212-3, 263; in ocellus, 31-2; in
retina, 30-5, 189-90; in stretch re-
ceptors, 17-8, 30, 263; in ventral
horn cells, 20, 32, 212-3

Hypophysis, 58

Hypothalamus, 5, 56-7, 88, 260

Illusions, visual and tactual, 301-2

Infrared receptors, 36, 49, 52

Inhibition: auditory, 84, 295; auto-
genetic, 216, 220-30, 244-8, 251,
279; centrifugal on retina, 106-9; on
spinal cord, 111-12; cerebellar,
257-9, 269; feedback, 108-9, 211—
6; generalized bulboreticular, 88-
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Inhibition (continued)
90, 257-8; general remarks on, 7-8,
18, 29, 324, 61, 74, 210, 220, 227—-
30; of discharge in gamma fibers,
244-8, 254-8, 267; of Limulus eye,
33, 110; of peripheral structures, 8,
17-8, 29, 96-7, 99-101, 103, 110,
202; of retina, 8, 29-35, 67, 70-2,
74, 77-8, 85, 93, 105, 108-10, 174,
284; of rods upon cones, 76, 163;
skin regions for, 61-2; to stimula-
tion of gamma efferents, 234-5,
237; of muscular afferents (see
above, autogenetic); see also Gam-
ma fibers, Hyperpolarization, Inhibi-
tory centers, On/off systems, Post-
excitatory inhibition

Integration, cues for, 60-1, 118, 123—
4, 140-3, 247, 275, 297-301

Intermittent illumination. See Flicker

Intrafusal fibers. See Muscle spindles,
anatomy of

Inversion of retinal image, 299-301

Iodoacetic acid. See Electroretinogram

Todopsin. See Photopigments

Itching, 39, 49

Jendrassik’s method, 237
Joint receptors, 266, 276

Krause end bulbs, 28, 36, 40, 43, 52-3

Lateral line organ, 83, 95-6, 292

Lengthening reaction, 220, 244-7; see
also Inhibition, autogenetic

Light adaptation: differentiation fa-
vored by, 278; effect on electrore-
tinogram, 159-61, 164, 167-72, 182;
on photosensitivity (see Dominators,
Purkinje shift); on spontaneous dis-
charge, 85-6; see also Dominators,
Purkinje shift

Limbic region, 319

Limulus (crab), lateral eye of, 12-3,
21-3, 32-3, 110, 149, 157, 179; see
also Inhibition, Ommatidia

Local sign, 60-1, 278, 289

Locust ocellus. See Ocellus

Logical positivism, 301-2

Loudspeaker, physiological use of, 3,
85, 258
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Luminosity curve, 114-7, 143, 2834,
286-7; see also Brightness, Domina-
tors, Purkinje shift

“March of movement,” 261

Meissner corpuscles, 40, 43—4, 47

Merkel discs, 434, 47

Microelectrode techniques, 4, 6, 20-4,
29, 33, 67-79, 83-5, 105-9, 124,
135-7, 140, 143, 189-90, 212-3,
293-5

Microphonic potential. See Cochlea

Mind, 302

Minimal current gradient, 26-8

Modalities, 39, 278-9, 297

Modulators, 124, 133-42, 278, 289,
295; comparison with photochemi-
cal data, 136, 141-2; theoretical dis-
cussion of, 134-5, 140-2, 278, 289~
90, 295

Monosynaptic reflexes, 61-2, 215,
217-9, 222-36, 248-9, 268, 274-53;
compared with stretch reflexes, 218—
9, 236, 248-9, 274-5; see also
Monosynaptic testing

Monosynaptic testing, 60-1, 217-20,
224, 248-9; probability method ap-
plied to, 226-7; see also Heterosyn-
aptic testing, Homosynaptic testing

Motoneurone. See Motor units, Ven-
tral horn cells

Motor cortex, 112, 254, 257, 260, 268

Motor end plates of alpha fibers, 24—
5, 83, 195-200; of gamma fibers,
25, 195-200

Motor units, size of, 200-1

Movement, perception of, 10, 290

Muscle contraction, reflex effects of,
210-11, 214-8, 220-3, 227-31,
234-5

Muscle spindles, Chs. 1, 3, 6, 7; adap-
tation of, 24, 28, 240-2; anatomy of,
14-5, 25, 193-200; as length record-
ers, 202, 262-5, 276; bias of, 242,
264, 269-73; central projections of,
276; cerebellar effects on, 257-9,
266-9; chemical stimulation of, 25;
crayfish, 17; de-afferentation influ-
encing, 266-9; depolarization of,
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Muscle spindles (continued)
15-9, 27-8, 274; discovery of, 192~
3; excited, 239-42, 247, 262-4, 270;
frequency of discharge of, 11-12,
16-9, 27, 202, 240-3, 247-8, 262-4,
275-6; general physiological pro-
perties of, 15-9, 27-8, 201-10, 214—
6, 240-2; hyperpolarization of, 17—
8, 30-1, 202; myotube endings
within, 193, 195-6, 203-5, 211, 217,
230, 232, 234, 237, 240, 244, 249,
274, 276; nonexcited 240-2, 248,
262-4; nuclear bag endings within,
25, 193, 195-6, 203-5, 207, 211,
217-8, 227, 230, 235, 238, 240, 249,
254-5, 268, 276; of eye muscles,
276; of jaw closing muscles, 227;
pause in discharge of, 195, 202-4,
207-11, 214-6, 222, 227, 245, 252,
255, 263-4, 266, 270; postexcitatory
facilitation in, 207; reflex effects up-
on, Ch. 7; reflexes initiated by, 210,
214-8, 220-32, 234-6, 244-9, 268
(see also Silent period); spontaneous
discharge of, 17, 27-8, 83, 97, 238
40; statistical basis of discharge of,
27-8, 83; stretch stimulating, 15-8,
202-4, 224, 243-7; supraspinal con-
trol of, 254-65, 267-9, 274-5, 281;
terminals of, 14-5, 17-9, 27-8, 83,
202, 263; tonic firing of, 208-9,
237-40, 2424, 261, 266-9; see also
Decerebrate rigidity, Gamma fibers,
Inhibition, Lengthening reaction,
Muscle contraction, Reciprocal in-
nervation, Stretch

Muscle tonus, 89, 102, 197-8, 207,
220, 239, 242-4, 261, 266-75; see
also Decerebrate rigidity, Gamma
fibers, Muscle spindles, Postural re-
flexes

Neck reflexes, 266-73

Nerve fibers: block of, 45-6; diameter
of, 39, 44-5, 49-51, 59, 195, 198—
200, 203-6; nodes of Ranvier in, 26,
44; refractory period of, 18, 210,
212; significance of variation in size
of, 50; see¢ also Conduction velocity

Occam’s razor, 37, 52

Ocellus, 31-2

Oil globules. See Birds

Olfactory bulb, 92

Ommatidia, 12, 22-3; interaction be-
tween, 110; microelectrode studies
of, 21-3, 33

On/off systems: antagonism of com-
ponents in, 33, 69-72, 78; auditory,
32, 294; electroretinographic studies
of, 30-5, 69-70, 78, 158-70, 174,
186-7; inhibition in, 33-5, 71-2,
75-80; in Limulus optic ganglion,
33; in locust ocellus, 32; in mechano-
receptors, 95-101; in Pecten, 33;
in stretch receptors, 17-8; polariza-
tion analysis of, 69-71, 97; related
to rods and cones, 159-70; retinal
elements in, 33-5, 67-72, 75-80,
107-9, 284; theoretical discussion
of, 35, 72, 95, 97, 284, 290; see also
Electroretinogram, Flicker, Recep-
tive fields, Retina of vertebrates

Optic nerve, 6, 63-5, 73, 79, 81-2, 87,
93-5, 107-8, 113, 122, 135, 140,
151-2, 156, 162, 173, 176, 179, 278,
282, 286, 289; conduction velocity
in, 123; section of, 87, 176; see also
Centrifugal fibers

Optograms, 143

Organ of Corti. See Cochlea

Orientation by receptors, 6

Osmoreceptors, 5, 58

Pacini organ, 23, 28, 38, 43-4, 47, 198

Pain, 3, 11, 37, 39-40, 424, 46-9, 55,
59-60, 193, 279

Paradoxical cold, 54-5

Paraventricular nuclei, 58

Pattern in discrimination, 7, 49, 52,
100-2

Pecten (clam), 33

Pente limite. See Minimal current
gradient

Perception: concept discussed, 37-9,
286-7, 299-302; experience con-
tributing to, 118, 299-301; statistical
factors in, 47-8, 52-4, 100-2, 115,
118, 135, 140, 281-7
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Respiratory center, 5, 57, 102

Reticular (activating) system: bulbar,
89, 111-12, 257-8, 260, 275; dien-
cephalic, 89-91, 257, 260; effect on
gamma fibers, 104, 255, 257-8; on
retina, 105-9; on spindles, 256-7,
261-5, 275; general description of,
89-92, 260-1, 274-5; mesence-
phalic, 89-91, 103-9, 255-7, 260;
recruiting type of response in, 90,
106, 257, 261; unspecific sensory
projections to, 89-91, 103, 275; see
also Centrifugal fibers, Electroence-
phalogram

Retina of vertebrates: anatomical
data, 62-6, 152, 164, 278; antago-
nistic systems in, 69-72, 76-8; elec-
tron microscopy of, 150, 152; phys-
iological ~organization of (sum-
marized), 80; prepotentials in, 85;
resting potential of, 151, 180;
spontaneous activity in, 35, 82, 84—
8, 91-3; tonic effect on brain of, 87—
8, 91-3; see also Centrifugal fibers,
Electroretinogram, On/off systems,
Receptive fields

Retinene. See Photopigments, chromo-
phores of

Reverberating circuits, 299

Rhodopsin. See Photopigments

Riboflavin, 129

Rigidity, 190, 239, 242-7, 257, 269-
70, 273-4; see also Decerebrate
rigidity

Rod-blindness, 159, 173

Rods, Chs. 2, 4, 5; anatomical data
concerning, 62-6, 150, 152, 278; de-
generation of, 175-8, 180-2, 184-5;
photosensitive substances of (see
Photopigments); pure rod eye (see
Gecko); see also Electroretinogram

Rotation of activity, 85

Ruffini cylindre terminal, 28, 36, 40,
43

Sacculus, 23

Scattered light, 1534

Scotopic, definition of, 116-7, 120
Secondary sensory areas, 112, 292, 295

Selective adaptation to light, 136-7,
145-6, 289

Semicircular canals. See Vestibular or-
gan

emimembranosus muscle, 213

Semitendinosus muscle, 213

Sensory projections. See Auditory
areas, Evoked potentials, Receptive
fie'ds, Somatic areas, Visual areas

Sensory terminals. See Afferent ter-
minals

Servo-theory, 268, 276, 279-80, 298

Silent period, definition of, 210; ex-
planation of, 210-6, 222, 227-8,
247

Skin reflexes, 60-1, 251-4

Sleep, 88-91, 102-3

Snake. See Tropidonotus

Sodium azide. See Electroretinogram

Soleus muscle, 198-201, 203, 2056-8,
214-6, 243, 262-7

Somatic areas: primary, 112, 280,
292-3; secondary, 112, 292-3; sce
also Evoked potentials

Spasticity, 191, 273-5

Specific afferents, 4, 39-41, 44-0, 49—
52, 55-7, 88, 91; lemniscal relays of,
88, 90-1; see also Unspecific affer-
ents

Specific energies, Mueller’s law of,
49-50

Spinal animals, 213, 217, 219, 222-3,
228, 239, 242, 244-5, 247, 250;
gamma activity in, 239, 242, 244-5,
247, 269

Spinal cord, Ch. 6; 75, 89, 266-9;
brain control of, 111-12; dorsal root
reflex, 111-12; Golgi recurrent col-
laterals (see Recurrent axon col-
laterals); intermediary potential,
111-12; segregation of afferents in,
279; subliminal fringe in, 218-9,
235; see also Afterpotentials, Anti-
dromic stimulation, Feedback mech-
anisms, Inhibition, Reciprocal in-
nervation, Reflexes, Silent period,
Skin reflexes, Tendon jerks, and
Ventral horn cells

Spontaneous sensations, 81, 85
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Photochemical data, discussion of,
124-9; see also Photosensitivity

Photopic, definition of, 120

Photopigments, 124-9; cephalopsin,
150; chromophores of, 127-9, 131-
2, 140; comparisons with physiologi-
cal data, 114-24, 126, 129-33, 136—
42, 286; cone substances, 126, 130—
3, 140-2; cyanopsin, 126, 132; dif-
ferential spectra of, 127; iodopsin,
131, 133; isomers of, 126, 129;
measured by reflection, 122, 130,
136, 146-7; porphyropsin, 125, 127
(see also Visual violet); regeneration
of, 122, 136, 143-50; rhodopsin,
121, 124, 126, 150 (see also Visual
purple); studied in suspensions, 126,
141-2; synthesis of, 126-7, 131-3;
template absorption curves of, 129—
31; vitamins related to (see above,
chromophores of)

Photosensitivity, definition of, 113-4,
145, 149

Phyronosoma (horned toad), 158-9

Pigeon. See Birds

Pigment epithelium of retina. See Elec-
troretinogram

Pinna reflex, 246, 251-2

Pitch, 291-8

Polarization, electrical: of retina, 33,
69-71, 176, 288; of vestibular or-
gans, 97

Polarized light, 6

Polychromatic color theory, 135, 143,
289

Polysynaptic reflexes, 219, 235, 268;
see also Gamma fibers, Muscle
spindles, Pinna reflex, Skin re-
flexes

Pons, 260, 269

Porphyropsin. See Photopigments

Positive potentials. See Afterpoten-
tials, Electroretinogram, Hyperpo-
larization

Postexcitatory inhibition, 18, 29-30,
35, 163, 202, 207, 263, 290; see also
Hyperpolarization

Postural reflexes, 191, 197-8, 220,
228, 237, 243-4, 253, 266-73; see
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also Decerebrate rigidity, Muscle
tonus, Neck reflexes, Stretch

Potassium, effect of, on retina, 30-1,
179-80

Potentiation, post-tetanic: antidromic,
108-10; orthodromic, 110

Pressure, 8, 10, 37, 39-40, 43, 47-9,
59, 266-7, 278-9

Pretectum, 107

Protopathic sensation, 60

Pseudemys (turtle), 134, 159, 162

Psychophysical definitions, 9-10, 39;
see also Fechner’s law, Weber’s law

Purkinje shift, 120, 122, 124, 130-1,
143, 159, 162, 172; see also Lumi-
nosity curve

Pyramidal path, 257, 275

Quadriceps muscle, 222-3, 233

Quantum absorptions. See Visual
purple

Raja (ray), 98-101

Rayleigh equation, 291

Rebound, 33, 251, 258

Receptive fields: discrimination by, 60,
278-9, 287; of brain centers, 278,
280-1, 287, 295-7; of eye, 58-60,
62-3, 73-80, 113-56, 278-80; of
skin, 44, 58-60, 80, 251, 278-80

Reciprocal innervation, 73, 220, 227-
30, 2534

Recruiting response. See Electroence-
phalogram, Reticular system

Recurrent axon collaterals, 104, 110,
210-6, 218-9, 224; see also Feed-
back mechanisms

Reflexes, general remarks, 6-7; see
also Disynaptic reflexes, Monosyn-
aptic reflexes, Muscle contraction,
Muscle spindles, Neck reflexes,
Pinna reflex, Polysynaptic reflexes,
Skin reflexes, Stretch, Tendon jerk,
and under names of reflexly acting
muscle

Renshaw feedback. See Feedback
mechanisms, Recurrent collaterals

Resonance: in nerve, 27; in retina to
flicker, 116-7, 171, 286; theory of
hearing, 293-4
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Stapedius muscle, 103

Stimulus definitions, 9-11, 37-9

Stimulus equivalence, 298

Stretch, 202; localized character of re-
flexes to, 236; reflex effects of, 217—
28, 230, 232, 236, 240-4, 246-9,
257, 262-5, 274, 279, 281; total
number of reflexes set up by, 249;
see also Muscle spindles, Tendon
organs

Stretch receptors: of heart, 46; of in-
trafusal fibers, 243; of lung, 46; of
tongue, 276; see also Carotid body,
Tendon organs, Muscle spindles,
Stretch

Strychnine, 84, 90, 295-7

Subliminal fringe, 281; see also Spinal
cord

Subsynaptic depression. See Ventral
horn cells

Succinylcholine, 25

Tachycines (locust), 1867

Taste receptors, 6

Teleological points of view, 7-8

Temperature: effect on nerves, 39, 49,
55; on spinal cord, 224; see also
Thermoreceptors

Tendon jerks, 214-8, 236

Tendon organs: anatomy of, 192, 195,
199; as tension recorders, 195, 202,
211, 223, 246-7, 276; discovery of,
192-3; general physiological prop-
erties of, 199, 202-3, 205, 207, 211,
223, 227, 246-7; in series with mus-
cle fibers, 195; reflexes attributed to,
103, 211, 218, 220-34, 244-7, 249,
276; terminals of, 28; see also In-
hibition, autogenetic, Lengthening
reaction

Tenuissimus muscle, 198, 205-6, 250

Tensor tympani muscle, 103

Terminals. See Afferent termina’s,
Beaded terminals

Testudo (tortoise), 84-5, 126, 129,
131-2, 140

Thalamus, 88, 90, 260, 342

Thermoreceptors, 24; ampullae of
Lorenzini, 52; cold, 31-7, 39-40,
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43-4, 46, 49-56; infrared receptor,
36, 49, 52; in hypothalamus, 5, 56—
7, 88; postexcitatory inhihition in,
29; spontaneous activity in, 84-5;
warmth, 36-7, 39-40, 43, 46, 49—
50, 54-7

Thermoregulation, 53, 56-7

Thirst, 58

Thresholds, absolute, 40, 55, 115, 147,
184

Tibialis anterior muscle, 198-9, 227~
8, 260-1; innervation of, 198-9,
204; see also Ankle muscles

Tickling, 39, 41, 49

Tinca (tench), 126-8, 130-2

Tongue receptors, 53, 276

Tonic muscle, 197-8, 207

Tonus. See Gamma fibers, Muscle
spindles, Muscle tonus, Neck re-
flexes, Tonic nerve action

Touch, 3, 8, 24-6, 28, 36-40, 43-4,
46-50, 58-60, 251, 267, 277, 279—-
80

Tortoise. See Testudo

Transient orange, 149-50

Trichromatic theory. See Young-
Helmholtz theory

Tropidonotus (snake), 84, 138-9, 289

Turtle. See Pseudemys

Unspecific afferents, 4, 89-91, 1034
Utricle, 370

Ventral horn cells: antidromic effects
on, 110, 210-8; de- and hyperpolari-
zation of (see below, inside record-
ing from); excitability of, concept
discussed, 274-5; firing frequency
of, 247-8; inhibition of (see Inhibi-
tion); inside recording from, 20, 24,
32, 83, 110, 212-3; probability
method of studying, 226-7; re-
fractory phase of, 210, 215; sub-
normal excitability in, 212-3, 215;
subsynaptic depression in, 218; see
also  Afterpotentials, Antidromic
stimulation, Feedback mechanisms,
Hyperpolarization, Monosynaptic re-
flexes, Recurrent axon collaterals,
Silent period, Spinal cord
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Vestibular nuclei, 102

Vestibular organ, 6, 23, 97-102, 240,
278, 292; sensory projections of,
368-9

Vibrissae, 36, 97-8

Visibility curve. See Luminosity curve

Visual areas: primary, 86-7, 93-4,
103, 123, 164, 211, 277, 281, 289,
291-3, 297; secondary, 292-3

Visual purple: absorption spectra of,
114-5, 124-6, 130-1; bleaching of,
118-9, 136-7, 145-9; blue-sensitiv-
ity and, 146, 174; comparisons of,
with physiological data, 114-22,
130-1, 133, 136, 142-50, 162, 286—
7; in degenerated rods, 146, 184; in
man, 114-5; measurement by re-
flection, 122, 130, 136, 146-7, 172;
methods of extraction, 125-6, 149;
mode of action of, 143-50, 184; pig-
ment epithelium and, 175-8, 180-2;

quantum absorption of, 114-5, 147-
8, 184; regeneration of, 122, 126,
144-5, 147-8; scotopic brightness
and, 114-7, 123, 142-3, 287-90; see
also Photopigments, rhodopsin

Visual violet, 124—6, 129-31; see also
Photopigments, porphyropsin

Vitamins A, and A,. See Photopig-
ments, chromophores of

“Waking center,” 88, 90; see also
Arousal response, Electroencephalo-
gram

Warmth receptors. See Infrared recep-
tors, Ruffini cylindre terminal, Ther-
moreceptors

Weber’s law, 10-11

Xenopus (clawed toad), 126-7

Young-Helmbholtz theory, 134-5, 143,
289
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