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pattern forwarded to the brain as a result of the regular alterna-
tion of light and dark continually changes, showing that, owing
to variations in sensitivity, the fibres are entering into or drop-
ping out of a state of activity in a way that is reminiscent of
the ‘switching over’ from one type of electroretinogram to an-
other. We do not know whether these variations in sensitivity
are, in the main, spontaneous or whether they are due to the
use of an intermittent stimulus, but it seems probable that
such stimuli, causing, as they do, a multitude of excitatory and
inhibitory effects, themselves contribute to this reshuffling of
the cards before each new deal. A mechanism of this kind is,
of course, most useful as a means of balancing the adaptive
fatigue to be expected in an organ like the eye forced, as it is,
to continuous activity. '

Stability of Types. Other Properties of the Discharge. Posi-excitatory
Inhibition

Hartline’s results on the frog’s eye suggest a relatively simple
division of active elements into those which are inhibited by
illumination and set free by its cessation (pure off-elements)
and those which are only excited by this stimulus (pure on-
elements). These two types are combined to make a third
group, comprising about half the fibres, in which they respond
both to the onset and cessation of illumination because they are
susceptible to both excitatory and inhibitory influences. The
results of our experiments with the micro-electrode present, as
we shall see in Chapter IX (see also Fig. 61), a far more
complicated picture. This is probably due more to the kinds of
retina used than to differences in the experimental technique.

Before one can come to any conclusions as to the stability of
the type of discharge of a particular fibre it is necessary to know
something about its reactions to variations in the intensity of
the effective stimulus. Such variations may be due to changes
either in the actual intensity of illumination or in the sensitivity
(state of adaptation) of the retina. Hartline’s results (1938)
indicate that, in the frog’s eye, each element responds with one
of the three characteristic types of discharge which may be
modified but is not fundamentally altered by variations in
intensity or state of adaptation. Figurc 64, where the inverse
value of the latent period (A) or the frequency of the discharge
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at different times (B, C, and D) are plotted against the logarithm
of the illumination, shows that the off-fibres react with a
diminishing frequency to high intensities of illumination. In
fact, if the intensity is high enough the off-discharge may be
entirely absent. This diminution and final disappearance of an
off-effect as the intensity of the stimulating light is increased
can also be seen in the frog electroretinogram, at least after some
dark adaptation (Wrede, 1937, Therman, 1938). It was first
noticed by Meservey and Chaffee in 1927 in the pure cone eye
of a lizard, Phyronosoma cornutum (the horned toad).

This falling away of the off-effect does not necessarily imply
that the character of the element discharging has undergone a
change, but it does suggest that the cessation of a strong
stimulus produces what may be called post-excitatory inhibi-
tion and the reactions of the spontaneously active fibres in the
cat’s eye show that this suggestion is correct. Actually, most of
the fibres of the cat’s optic nerve are temporarily blocked dur-
ing the onset of high intensity stimulation irrespective of whether
they are of the pure ‘on’ or of the ‘on-off” type (Figs. 61 and 84).
Ifthe fibreis a spontaneously active one its discharge may stop for
a moment after the light is cut off (with high intensities often for
several seconds) before the spontaneous rhythm reappears,
first slowly with one or two impulses and then gradually reach-
ing its original rate. In the cat this is the typical and ‘normal’
reaction.

An instructive set of records illustrating post-excitatory in-
hibition is found in Figure 65a. The records a-d show the effect
of increasing the duration of the exposure, the records e-g that
of increasing the intensity. There is a full explanation of the
records in the figure text. Clearly post-excitatory inhibition,
when present, increases with stimulus intensity and duration
of exposure. If post-excitatory inhibition is well developed in
the sense that it is represented in a large number of elements
one would expect the off-effect to be small also in the electro-
retinograms of such eyes. As post-excitatory inhibition is a
rclatively new discovery (Granit, 1944) it has not yet been
studied as extensively as pre-excitatory inhibition and it is
impossible to ascertain its relative significance for different
types of retinae. Substances such as citrate and strychnine
which are known to reduce accommodation also reduce post-
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Ficure 64. Reactions of different types of single optic nerve
fibre of the frog to changes in the intensity of the stimulus.
A. Relation between the reciprocal of the latent period in
secs. and the log-intensity of the stimulus in an on-ofl-fibre.
B. Relation between frequency per sec. of first 6 impulses
and log-intensity in same fibre. C. Relation between log-
intensity and impulse frequency per sec. for different parts of
the response of an on-fibre. Dols: initial frequency. Circles:
maximum frequency (3 impulses). Crosses: frequency after
4 secs. stimulation. D. Relation between log-intensity and
frequency per sec. of first 6 impulses (F1-6) (circles) and total
number (N) of impulses (dots) of pure off-fibre. (Hartline, 1938,
Amer. J. Physiol., 121)
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excitatory inhibition without influencing pre-cxcitatory in-
hibition. As pointed out in Chapter I, the inhibitory phenomena
in peripheral nerve which are collected under the heading
post-cathodai inhibition also require good accommodation to
be marked (Skoglund, 1945).

From the descriptive standpoint this ‘post-excitatory’ inhibi-
tion must be kept distinct from what we have called ‘pre-excita-
tory’ inhibition, in other words that type of inhibition associated

Fioure 65a. Post-excitatory inhibition in eye of guinea pig.
Micro-electrode. Records a-d show effect of duration of stimu-
lus of 600 m.c.,a,about 0.5 sec., b, 1 sec., c,end of exposure of 5

sec.,, d, end of exposure of 20 sec. Records e-g, effect of
stimulus intensity. ¢, 20 m.c.,T, 150 m.c., g, 500 m.c. (Granit,

1945, Vet. Akad. Ark. Zool., 36.)

with PIIT whose withdrawal (swing-back) produces an off-effect
and to which we have hitherto devoted our attention. The term
‘pre-excitatory’ is justified. by the fact that this inhibition has
a shorter latent period than excitation (cf. p. 66). We find a
parallel to post-excitatory inhibition in the extinction in the
central nervous system described by Dusser de Barenne and
his co-workers (1935) and there, as in the eye, extinction pre-
supposes that an active element has been excited to discharge
either at a high frequency or at a lower frequency for a con-
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siderable time. McCouch, Hughes, and Stewart (1941) very
properly point out that extinction should always be termino-
logically differentiated from inhibition. Work on the retina
supports this contention and, in future, I shall use the term
post-excitatory inhibition or extinction in this sense. We have
found that post-excitatory inhibition in the eye behaves like
accommodation in peripheral nerve (cf. Chap. 1) in that it can
be greatly reduced by the application of citrate to the opened
bulb. Pre-excitatory inhibition is not affected by this treatment
unless very high concentrations are reached.

Post-excitatory inhibition antagonizing the off-effect should
be favoured by dark adaptation since this process sensitizes the
receptors connected to a ganglion cell, thereby increasing the
effectiveness of a given stimulus, and both Wrede (1937) and
Therman (1938) have shown that dark adaptation reduces the
off-effect of the frog’s eye, stimulated by high intensities. Now,
since the process PIL is, in part, responsible for both the on- and
the off-effect and since this process becomes slow and long
drawn out in the dark-adapted eye, it is clear that the off-effect
will also be diminished by dark adaptation if the stimulus 1s
too short to give P11 an opportunity of again becoming effective
at off. This is probably the reason why the duration of stimula-
tion necessary for good off-effects is increased by dark adapta-
tion, but it is not certain whether such an explanation is
sufficient to explain post-excitatory inhibition in terms of the
component potentials of the retinal response. Nevertheless, it is
important not only to keep this possibility in mind but also, as
far as possible, to correlate our knowledge of the retinal poten-
tials with the results obtained from the optic nerve before
considering alternative explanations.

[The general significance of the off-effect as a typical central
phenomenon is again emphasized by the recent work of Bremer
(1943) in which he describes an off-effect in the acoustic arca
of the cat upon cessation of stimulation of the ear by a tone.
Re-stimulation by the same tone inhibits this off-effect just as
in the retina. This is also a good example of what I have pointed
out above, namely, that mechanisms found in the retina should
not be regarded as rare specializations—a view very commonly
held—but as type mechanisms which our increasing experience
soon will discover elsewhere in the nervous system.]
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Not all the retinal elements in mammals show post-excitatory
inhibition although most seem to do so. Some typical reactions
fromthe guinea pigeye areillustratedin Figure 65b. The element
whose record is shown in a is one which stops discharging at
off and it is probable that, had it been showing spontaneous
activity, this would have been extinguished at off too. b is the
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Ficure 65b. Responses of pure on-clements of the guinea pig.
(a) response to 12°3 m.c. of dark adapted element with no after
discharge; (b) response to 18.2 m.c. of a dark adapted element
with a long after discharge and slight spontaneous activity;
(c) response of same element when light adapted. (Granit,

1944. J. Physiol., 103.)

record of another type of element giving a long after-discharge
when dark adapted which is cut shortin light adaptation (c), a
typical effect. This particular type of element, then, produces
an after-discharge whatever its state of adaptation so long as
the stimulus is of sufficient strength. It is important to realize
the difference between an after-discharge and an offieffect.
The latter is always, if only temporarily, inhibited by re-
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illumination activating pre-excitatory inhibition while the for-
merremains unaffected althoughitmaybe acceleratedinto anew
on-cffect if the interval before re-illumination is long enough.

Figure 65b emphasizes a differentiation of mammalian visual
elements into two types which is much less marked in the frog.
These two are those which react to changes of illumination (at
‘on’ and ‘off’) and those which respond continuously so long
as the stimulus is applied and even after. This division of
mammalian receptors is, in fact, just as striking as that into
pure off-elements, pure on-elements and on-off-elements. Tt is
even doubtful whether pure off-elements belong to the char-
acteristic visual pattern of mammals at all. T have myself come
across them in the rat, guinea pig and cat, but only very seldom
and all had very high thresholds, rarely below 1,000 m.c.

All this suggests that pure off-elements, pre-supposing, as
they do, an exceedingly efficient and low threshold pre-
excitatory inhibitory mechanism, will tend to be found in those
eyes in which PIII has a low threshold, and this is actually the
case in those cold-blooded eyes which have been studied; the
threshold of PIII secems to be much lower in these than in
mammalian eves (p. 129).

Furthermore the fact that continuous discharges are as
common in mammals as they are rare in frogs together with the
fact that pure off-clements are so seldom encountered in the
mammalian eye (and then perhaps only if the stimulus is very
strong) gives us a clue to the real difference between E- and
I-retinas. All the mammals studied so far have had retinas of
the E-type while most of the other eyes have had I-retinas with
a tendency to react like an E-retina dur{nq rod activity (dark
adaptation). The I-electroretinogram is characterized by a very
marked initial a-wave and a large ofl-eflect casily inhibited by
re-illumination resulting in a very large a-wave Superlmposed
upon the off-effect (p. 58, Granit and Riddell, 1934) all
indicative of PIII activity. Since the discharge of a pure off-
element is completely inhibited by re-illumination whereas that
of on-off-clements in mammals is only blocked temporarily, it is
clear that these very large %-waves can only occur in a retina
with a high proportion of off-elements. These pure ofl-clements
are, of course, also responsible for the particularly vigorous off-
effects typical of an I-electroretinogram.

I
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The proportions of the different types of element found in
mammalian and frog cyes agree with these conclusions. Hart-
line (1938) found 3o per cent pure ofI-elements in the [-retina
of the frog whereas our work on mammalian eyes would suggest
a figure of 1-2 per cent. For pure on-clements Hartline gives a
proportion of 20 per cent for the frog while I would say they
comprise ahout go per cent of the total in the guinea pig and
30-40 per cent in the cat. 50 per cent of the frog receptors are
on-off elements whereas my experiments suggest 10 per cent
in the guinea pig and 60-70 per cent in the cat. In mammals,
however, these last elements are not nearly so stable in their
reactions as they are in the frog (Hartline, 1938). At some in-
tensities of illumination the ‘on’ character comes to the fore
while at other levels the ‘off” character is more prominent. We
shall return to this question in Chapter IX.

It is highly significant that the guinea pig, which has the
purest rod retina of all the mammals studied, should be char-
acterized by such a high proportion of pure on-elements
(reminiscent of the single discharge receptors of Limulus). The
cat, which has a fair number of cones (1:6 or 1:10 according to
Ziirn, 1902), enough to produce a Purkinje shift (Granit, 1943),
also has a large number of fibres reacting both at on and off.
This increase in on-off-fibres in the optic nerve may, therefore,
be connected with the greater complexity of the synaptic path-
ways of the cones. We shall see later (p. 128) that there is much
to be said in favour of the view that PIII activity and the I-type
of behaviour is more marked in cone than in rod retinas
although, of course, PIII is present in all types. In Chapter 1X
I shall return to a consideration of the differences between the
guinea pig and the cat, the former with a pure rod retina and
the latter with a mixed rod-cone retina in which rods pre-
dominate. The dominant type of visual cell in a retina must, of
course, determine an over-all reaction such as that recorded in
an electroretinogram,

The Nature of the Off-effect. Experiments with Limulus and Pecten
In 1938 Hartline found that the scallop Pecten irradians has a
retina with only two layers of primary sense cells, each con-
nected to a separate optic nerve fibre, of which the proximal
responds only to the onset of illumination, the distal only to
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its cessation. The latter behaved in every respect like the off-
fibres of the [rog’s optic nerve. This finding at once raised the
possibility that primary scnsory cells, such as vertebrate rods
and cones, might be capable of responding directly to the with-
drawal of a stimulus. Having mentioned this possibility Hartline
states the following two alternatives. First, that, contrary to
anatomical opinion, the distal cells of Pecten, those showing
inhibition, may really be second order ncurones depending on
the proximal cells as their source of excitation or, secondly,
that the closely adjacent cell layers might influence one another
by chemical or electrical means and so function in the same
sort of way as the more complex vertebrate rctina. In view of
the association between PIIT and inhibition in the vertebrate
retina, I am inclhined to stress Hartline’s second alternative.
Excitation of the proximal layer in Pecten may cause an electro-
tonic blocking of the distal layer either through internuncial
neurones or by direct leakage, and such an inhibition would
revert to excitation when the block was removed. Analogous
phenomena are known to cccur in peripheral nerves (Skoglund,
1945).

The single receptor layer of Limulus only responds to the
onset of illumination, but recently Hartline and his collabora-
tors (Wilska and Hartline, 1941) have found that off-discharges
of the usual type may be obtained from the other side of the
optic lobe after the wave of excitation has passed through it.
Electrical stimulation of the optic nerve also caused off-effects
on the far- but not the near-side of the optic lobe. Therefore
only after passage through the ganglion did the discharge
become differentiated into types like those found in the verte-
brate fibres. It must be remembered that in the vertebrate
retina the discharge is always picked up after it has passed
through the synaptic layers.

Further, if we consider how inhibition 1s influenced by inter-
action (Chap. I), we must conclude that inhibition and its
release, with consequent excitation at ‘off”, cannot be regarded
as a typical response for an isolated receptor, unless we assume
that on- and off-receptors arc differentially polarized (Granit,
1946). Even in Pecten it is significant that there are two layers of
cells. The results from Peclen, taken together with those from
Limulus, suggest the conclusion that at least two layers of cells are
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necessary for an ‘inhibition-off-release’ system to be possible. The
receptors themselves set up a continuous discharge, interrupted,
when high-intensity stimuli are used, by silent periods. In a rela-
tively simple synaptic system such as that in the rod-retina of the
guinca pig or in some 20 per cent of the units (pure on-fibres) in
the frog this discharge apparently passes through the synapses
with comparatively insignificant modification. Other synaptic
pathways (those present in I-retinas, in cone-retinas in general,
in the optic ganglion of Limulus as well as in the retina of Pecten)
are more complex and the result is inhibition released at off with
consequent reversal to excitation. In the vertebrate retina this
interesting ‘inhibition-ofl-release’ system is intimately connected
with the presence and properties of PIIT. The significance of
this last fact in an hypothetical explanation of inhibition will
be discussed in the next chapter.

At this stage it is interesting to recall that Sherrington’s
classical work on the reflex post-inhibitory rebound of excitation
(see e.g. his Selected Writings edited by Denny-Brown, 1939) led
him to the conclusion that the rebound phenomena ‘seem
comparable with the phase of super-excitability ensuent in
nerve after the anelectrotonus obtained in the anodal region of
a galvanic current. Post-inhibitory rebound contraction is a
common sequel to strong inhibition, and can be viewed as
essentially analogous, although in terms of reflex action, to the
“breakdown” arising in nerve at the seat of the anode on cessa-
tion of a strong galvanic current.” Striking confirmation of the
essential correctness of this point of view has been obtained in
my recent experiments on electrical stimulation of the retina
(Granit, 1946) to be described below (p. 11%). If we also wish to
explain posi-excitatory inhibition in terms of the general prin-
ciples of nerve physiology we have the cathodal and post-
cathodal block, described in Chapter I, and shown there to pre-
suppose good accommodation. An explanation on these lines
would postulate a point of high accommodative resistance,
responding with well-marked post-excitatory inhibition, some-
where in the path of the elements.



CHAPTER VI

THE COMPONENT POTENTIALS IN RELATION TO
EXCITATION AND INHIBITION: SUMMARY OF
CHAPTERS I-V

Localization of the Component Poleniials

When we come to consider the site of origin of the component
potentials, which, recorded together, produce an electro-
retinogram, we have to bear the structure of the retina con-
stantly in mind. Figure 26 reminds us that there are five separate
types of cell (receptor, bipolar, horizontal, amacrine, and
ganglion cells) all of which, with their synaptic connexions,
must be considered as possible sources of the potentials which
we can record. Although our present knowledge of bioelectric
potentials leads us to assume that each of the cell types of the
retina will become the seat of potential changes when they are
activated, it is unlikely that all these changes will affect elec-
trodes placed on opposite surfaces of the retina to the same
degree (Bartley, 1939). The structure of the receptors and bi-
polars, orientated, as they are, at right angles to the retinal
surfaces, suggests that changes in them would be the casiest to
record. As far as the rods and cones are concerned it is probable,
in view of the large monophasic potential changes occurring
in the homologous sense cells of Limulus and Dyliscus, that they
are responsible for at least onc of the component potentials of
the electroretinogram. This argument alone, however, can
hardly be regarded as conclusive.

In considering this question of localization it is important to
remember that the potential PI11, although definitely produced
in the retina, is not electrotonically transmitted to the optic
nerve, This peculiarity of PITI, together with the shortness of
its latent period at both on and off; indicates that this potential
arises earlier than PII, and Piéron and Segal (1939) also came
to this conclusion when they found that the latent period of
the a-wave of the electroretinogram is far less sensitive to cold
than that of the b-wave. When we add that PIIT is much more
resistant to almost any kind of interference than PIIL, that,

100
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according to Keeler, Sutcliffe, and Chaffec (1928) PIII is
ontogenetically the oldest component, the first to appear in a
developing retina, and that its form is so reminiscent of the
simple potential changes occurring in Lonulus, Loligo, Eledone,
and Dyliscus, we find that we have some reason for placing itin
the receptors themselves. Before we finally accept this conclu-
sion, however, it is necessary to consider several objections to
it as well as the probable location of PIT. ‘

There is some reason for excluding the ganglion cells them-
selves as the source of PII or, indeed, of any component poten-
tial, for if this potential were to arise in consequence of a
depolarization of the last cell station, that giving rise to the
actual optic nerve fibres, it should be possible, utilizing the
principle of ‘backfiring” as first developed by Denny-Brown
(1929), to diminish PII by electrical stimulation of the optic
nerve. In this case, according to Eccles’ (1936) very reasonable
argument, the antidromic impulses should travel backwards
until they are blocked by the synapse with the preceding
ncurone in the chain (the bipolar), thereby depolarizing the
ganglion cell. In actual fact, if the nerve is stimulated electri-
cally at the same time as the eye is stimulated by light, the
electroretinogram is quite unaffected by the antidromic stimu-
lus (Granit and Helme, 1939) whether this comes before, after,
or during the development of the retinal response.

If the ganglion cells contributed to any of the potential
changes which we have so far been able to record one would
expect them to add to, if they were not wholly responsible for,
the electrotonic potential in the optic nerve. We have no direct
evidence on this point, but when Barron and Matthews (1938)
found that the clectrotonic potential of reflexly activated ven-
tral roots of the spinal cord is hardly aflected by antidromic
impulses, they concluded that the depolarization must be due to
changes outside the motor neurone. As the ganglion cells arc
in much the same place, and are activated like the ventral horn
cells we may draw the same conclusion. (But of Eccles. J.
Neurophysiol. 1946. g, 87.)

The reaction of PII to chemical agents provides evidence
that the process responsible for it is not localized in the recep-
tors. For instance, P11 is rapidly destroyed by potassium chlo-
ride to which the pure receptor potential of Loligo is extremely
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resistant (Therman, 1940). PII is also very sensitive to lack of
oxygen, a property which it shares with the bioclectric poten-
tials developed in the central nervous system (Westerlund,
1907, Granit, 1933). Again, Therman’s (1938) observation that
PIT is augmented by strychnine agrees with the similar effect
of this drug on the cortical potentials (see c.g. Bartley, 1941).
It can be justly stated that all the results described hitherto
support the view that PII is an electrical charge of the same
type as that often found in ganghd (e g. the sustained ncgatlve
potential found in the superior cervical ganglion by Eccles in
1935 and in the cardiac ganglion by Heinbecker in 1936), in
other words that it is a ‘cortical potential’ of the kind that one
expects from a true nervous centre (cf. Schaeler, 1g42).
Actually a swinging of the potential at on and off similar to
that shown by PIT was found by Fischer to occur in the occipital
lobe on the arrival of the discharge from the periphery. The
relative stability of the retinal response, as compared with that
from the highly active cortical centres, made it possible to
establish the true form of PIT and its connexion with excitation
(Granit, 1932, 1933) at a time when similar potential changes
occurring elsewhere were only just beginning to receive atten-
tion.

So we believe that PII originates somewhere in the neural
pathways between the receptors and the ganglion cells (Bartley
locates it in the bipolar cells) and that it is the electrical mani-
festation of excitation in these pathways. We must not, how-
ever, forget that, for some reason at present unknown, the rod
paths are much more efficient generators of PII than are those
of the cones, for PII is greatly reduced by light adaptation
(Chap. VII) and, in cold-blooded eyes, is larger in the mixed
than in the pure cone retinas.

We have but little information that can help us to decide
where PI originates. This component potential is augmented
and made independent of light adaptation by adrenaline, is
relatively resistant to asphyxia, is easily destroyed by ether,
cannot be demonstrated in the optic nerve and appears to bhe
chiefly, if not exclusively, localized in the rod pathways. Since
PI has a sensitizing influence on PII it must either arise at the
same time or before the latter. The rods themselves cannot be
excluded as the source of PI and, indeed, we have found a slow
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potential change with the high threshold characteristic of PI
(Fig. 24) in the isolated retina of Dytiscus. If PI were to arise
in the neural pathways in close connexion with PII it is difficult
to see why it is not also electrotonically transmitted to the optic
nerve, and this fact also favours the view that PI appears early
in the chain of events initiated by stimulation of the rod
receptors.

Returning now to PIII let us first consider what appears to
be the main reason against assigning this potential to the
receptors, namely, its clectrical sign. Even if the retina is re-
moved from the bulb and placed between the electrodes the
direction of PIII remains the same; the inner surface of the
retina becomes negative and the outer surface positive. This
means, if the receptors are involved, that their free ends become
positive relative to their bases when they are subjected to
illumination. If we accept this conclusion we must believe that
PIII differs from all the isolated receptor potentials hitherto
discovered with respect to its electrical sign.

What are the alternatives in this dilemma? We may cither
assume that the inversion of the vertebrate retina has led to a
redistribution of its internal resistances in such a manner that
the electrical sign of its receptor potential has become inverted,
or we can assume that PITI does not belong to the receptors
at all but to the amacrine, bipolar, or horizontal cells. With
regard to the first of these alternatives we may recall that
Therman’s (1940) experiments with Loligo (cf. above, p. 36)
showed that one must be cautious in coming to conclusions
based merely on a comparison of the signs of potentials. He
found that when, upon illumination, the back of the bulb be-
came positive and the receptor layer inside the bulb negative
with respect to a neutral reference electrode the experimental
removal of the negative potential led to a change of sign of the
recorded potential so that the inside of the bulb now became
posttive upon illumination. Our second alternative leads to the
radical conclusion that the large, brisk receptor responses of
the simpler types of eye are, in the vertebrate retina, com-
pletely excluded from influencing the recording electrodes,
cither because they are outbalanced by opposite processes or
because they are shunted down. Two facts, neither of them
conclusive, can be advanced in favour of this hypothesis. The
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first is that PIIT is far more resistant to illumination than the
receptor response of Limulus, the size of which has been used by
Hartline (1930) as a good quantitative measure of the degree
of light or dark adaptation. There are even reasons for believing
that PIII is increased by illumination. The other fact is that
the latent period of PIIT decreases if the area of retina stimu-
lated is increased, suggesting that PIII is influenced by inter-
action in the retinal synapses (Adrian and Matthews, 1928).

" Perhaps one should also add that the sensitivity of PIII to
alcohol does not suggest a receptor potential. All the other
properties of PIII known to us indicate that this potential
represents the response of the primary sense cell, homologous
for the whole phylogenetic tree (Kapper, Huber, and Crosby,
1936). It is possible that PIIT might turn out to be made up of
two components, one localized in the neural structures, the other
in the receptors, in which case their separation would introduce
more complications. Tt is to be hoped that further work will
provide a final answer to this complicated question.

Rushton (personal communication) has made another sug-
gestion. He says: ‘The fact that both in vertebrates and inverte-
brates the sign of PIII depends upon the direction of the inci-
dent light and not upon the orientation of the photoreceptors
suggests another interpretation. The rate of light absorption
and hence the photochemical reaction is likely to be greater
in that part of the absorbing medium on which the light falls.
If this reaction is quantitatively associated with the develop-
ment of “‘negativity’ relative to the surroundings, the observed
sign of PIII is explained in both types of eyc’.

P and Inhibilion

The facts which connect the process PITT with inhibition
add up to a very striking whole. First of all, if the eye is sub-
jected to a second stimulus so as to cause PIIT activity (a-wave)
on top of the off-effect the result is an inhibition of the optic
nerve discharge, an effect which is diminished hy treatment with
alcohol which has the power to destroy PITL. The whole picture
of the behaviour of PIIT during and after illumination (Iig. 66)
suggests a piling up of inhibition during stimulation followed by
its sudden destruction at ‘ofl” resulting in a release of excitation.
Further, the a-waves and off-effects of the electroretinograms
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of I-retinas arc particularly well marked and it is in this type
of retina, in any case in the frog, that we find such a large pro-
portion of fibres which are apparently inhibited from reacting
when the light is turned on, but which are excited when it is
turned off. In the E-retina, on the other hand, this type of
fibre is rare and where it is present the elements have a high
threshold and PIIT reactions are more marked at high illumina-
tions. In fact, I originally suggested the terms E- and I-retina
in 1935 because even at that time it seemed probable that the
latter made more use of inhibitory mechanisms than the former,
although it should not be supposed that inhibition is never
present in an E-retina.

The association of PIII and inhibition, as well as that be-
tween PIT and excitation, is an experimental fact and it will be
Ll
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Freure 66. Diagram illustrating how the component potential

PIIT by its return to zero after different exposures might cause

a discharge of increasing frequency after pre-excitatory inhibi-
tion. N, impulses in fibre of optic nerve.

well to consider it as such without, as yet, making any attempt
to link the phenomena as cause and effect. The preponderance
of cones in I-rctinas suggests that PIIT is better developed in
those nervous pathways which begin with a cone, an idea for
which I shall produce more evidence when, later on, we come
to consider questions of adaptation and flicker in both rod and
cone retinas. The fact that inhibition is more highly developed
in a cone retina supports the assumption made by Graham and
Granitin 1931 that the amacrine cells, which are characteristic
of cone pathways, are somehow concerned in the process. Rod
retinas appear to depend more on excitation to take care of the
visual situation. Post-excitatory inhibition is well developed in
both rod and cone retinas. The application of the duplicity
theory to the E- and I-types of reaction will be discussed in
Section TT.
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The Generation of Excitation and Inkibition

We are now faced with the question as to whether all or any
of the component potentials of the electrical response of the
retina to stimulation are the causal factors in the production of
excitation and pre-excitatory inhibition or are merely an
clectrical accompaniment of chemical changes which deter-
mine the transmission or blocking of excitation. This question
is irrelevant if we are only interested in the clectrical changes as
a means of studying what happens in the retina in responsc
to illumination. They are, after all, the only means whereby we
can obtain any information about the fast processes occurring
in the retina itself. The question does, however, become signifi-
cant if it is put in another way; if, in fact, we ask if there is
anything about these electrical changes which would suggest a
reasonable electrical theory of the generation of excitation and
inhibition in the retina. The following discussion is based on
arguments considered by Bernhard, Granit, and Skoglund in
1942 (cf. Schaefer, 1942).

If excitation of nerve fibres is to be produced electrically
there must be depolarization where such fibres arise from the
retinal structures concerned. Such a depolarization could. be
caused by the electrotonic potential in a way reminiscent
of a similar change in the ventral roots of the cord (Barron
and Matthews, 1938). Since Barron and Matthews published
their paper further information on the subject of accommoda-
tion in sensory nerves suggests (see Chap. I) that, as far as rate
of rise, amount of potential developed and their extension along
the nerve are concerned, the electrotonically conducted poten-
tial changes are also big enough for the task. We know now that
the discharge may be either initiated only during the rising phase
of the potential change (briefon-discharge) or during the plateau
period as well (prolonged discharge) and that this depends not
only on the generator potentials but also on the accommodative
resistance of the neurones. IFurther, we know that PII, which is
reflected by the electrotonic potential, is made up of several
components with different latent periods, rates of rise and
amounts of potential and that both PII and the electrotonic
potential precede the discharge in the nerve.

If one may judge from the reactions of the much studied
optic nerve of Limulus, accommodation does not secem to be
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very highly developed in the primitive visual unit. So long as
a strong enough stimulus is used the typical discharge in the
Limulus optic nerve is a long burst of impulses. In the verte-
brate eye, on the other hand, it is exceptional for the stream of
impulses released by the visual cell to pass through the retinal
system of neurones and synapses without considerable modifica-
tion. It is true that the relatively pure rod retina of the guinea
pig does possess a large number of pathways capable of con-
ducting the impulse pattern almost unchanged, but some
on-off-elements are to be found even in this retina. In the cat,
as well as in all other mixed retinas examined, there is a high
proportion of these latter elements. We do not yet know whether
a pure cone retina possesses an equally high proportion of pure
off-elements. We have shown that the complications of the
retinal responsc at ‘on’ and ‘off” are due to the intervention of
pre- and post-excitatory inhibition, continuously active pro-
cesses which are of extreme importance to the visual act. The
discovery of the part played by inhibition in the retinal re-
sponse, particularly with regard to the off-effect, is the most
important contribution that has been made by the electro-
physiological method to the study of vision as a whole. This
point cannot be too strongly emphasized at the present time
since the vital part played by inhibition has not been realized
either by those studying visualsensationorby those (e.g. Bartley,
1941) interested in the electrical reactions of the higher visual
pathways. We shall discuss the way in which inhibition in-
fluences the responses to diflerent intensities of stimulation in
Chapter IX.

Just as in the cord, where inhibition, in Sherrington’s words,
arises ‘upstream’ relative to the ventral horn cells, delivering
impulses, the retinal structures responsible for inhibition lie
distal or ‘upstream’ to those where excitation in the optic
nerve is produced. In working with the retina the experimental
situation has been particularly fortunate since here we have
been able to observe the effects of a process (PIII) which is
able to block, to a greater or less extent, the discharge in some
cells so that excitation occurs later after its influence has been
removed (cf. dizcharge after an electrotonic block). The post-
synaptic localization of retinal inhibition would suggest a similar
site of origin for PIIT or else it would be possible for PIII,
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localized in the receptors, to affect this region by electrotonic
spread.

At the present time we know of no facts which would place
this electrical theory of excitation and inhibition in the retina
out of court. Nevertheless it must be emphasized that it is only
a theory. All the same, along with the analysis of the electro-
retinogram into its component potentials, it has done good
service in guiding research and it may still suggest many useful
newexperiments beforeithas to make room for something better.
Also, in so far as it explains excitation as a series of generator
potentials in the neurones which finally depolarize the optic
nerve, it has the merit of suggesting a definite task for the
electrical reaction of the visual cells and their neurones as well
as an explanation of the long latent period of the nerve itself
(cf. Chap. I).

Itis, of course, possible to formulate other theories to account
for the connexion between PIII and inhibition, but for this we
must make further assumptions. We could, for instance, assume
that PIII is a receptor potential particularly well developed in
the cones but that it shows such a close association with inhibi-
tion merely because inhibition is for other reasons particularly
well developed in the cone pathways. But if we deny a causal
connexion between PIII and inhibition we must invent a new
process to explain why inhibition is followed by a fresh excita-
tion of the same clements at ‘off’, an occurrence which can be
casily understood if we accept it as due to restimulation of P11
by the returning PIII just as excitation is caused by a dis-
appearing anelectrotonic block in peripheral nerve. In fact,
the re-cxcitation at ‘off”is extremely difficult to explain on any
but electrical principles. We still do not know whether there is
any similar inhibitory mechanism, apparently of electrical
origin, in the ganglion cells of Limulus.

New light has heen thrown on these questions by experiments
(Granit, 1946) in which the response of single fibres from the
cal eye to electrical stimulation of the retina by a polarizing
current were studied. It was found that different fibres from the
same retinal region responded to the onset of a weak polarizing
current (0.5—1.0 mA) either by excitation or by (pre-excita-
tory) inhibition, and that their reaction to cessation of such
stimulation were in the opposite direction, so that the inhibited
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fibres responded with an off-effect and the excited ones with
post-excitatory inhibition. If the direction of the polarizing cur-
rent was then reversed the responses of each type of fibre were
also symmetrically reversed. The observation of interference be-
tween stimulation by light and by polarizing currents showed
that the effects of the latter must occur in the retina. Apart from
suggesting how the polarizing currents, generated within the
retina itself in response to illumination, might be able to pro-
duce the complex and opposite excitatory and inhibitory eflects
described in this book, these results also indicate that such cur-
rents operate a mechanism of reciprocal innervation (Sherring-
ton) similar to that found in the spinal cord.

Similar symmetrical excitation and inhibition effects can
easily be demonstrated in peripheral nerves by stimulating ano-
dally or cathodally polarized regions with pelarizing currents
(Skoglund, 1945). On- and off-excitations and inhibitions can
be produced which are strikingly similar to those just described
in the retina. All these results suggest that the retinal neurones
may normally be differentially polarized, perhaps by the resting
current of the eye.

Our question as to whether it is possible to formulate a
reasonable electrical theory of the generation of excitation and
inhibition in the retina on the basis of the clectrical changes
which follow stimulation by light must, therefore, be answered
in the affirmative. It seems unnecessary, at present, to elaborate
such a theory in detail. The results described in Chapter T,
taken together with the intricate structure of the retina, give
ample scope for the exercise of imagination and initiative on
the part of those familiar with the concepts of electrophysiology.

Electrical Stimulation of the Eye

In describing the electroretinogram 1 have deliberately
avoided any reference to the early results of electrical stimulation
of the eye because these are difficult to evaluate although they
are certainly not unimportant,

Rescarch along these lines was initiated by Waller (1goob-
1901) who found that either a condenser discharge or a single
induction shock elicited a positive response (i.c. in the direc-
tion of the electroretinogram) which he called the ‘blaze cur-
rent’ or simply the ‘blaze’, and that this effect was independent
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of the direction of the clectrical stimulus. The blaze was in-
fluenced by summation of stimuli and showed both a staircase
effect and a decline due to ‘fatigue’. It could also be temporar-
ily abolished by tetanization without influencing the normal
electroretinogram. Since the blaze could be demonstrated in
an eye as much as five days after excision it is hard to believe
that it can have any connexion with the excitatory mechanisms
of the retina, particularly since it can also be elicited by
mechanical stimulation. Waller, therefore, suggested that it
may be due merely to rough handling of the eye and thus be
partly responsible for the resting potential. The blaze may last
for 5-10 minutes.

The effect of galvanic stimulation was tried by Renqvist
(1924) who succeeded in removing the c-wave of the electro-
retinogram by this method (see p. 45). A systematic study of
the effect of this type of electrical stimulus on all the component
potentials was undertaken by Granit and Helme in 1939. They
found that, when the inside of the eye was the cathode and the
outside the anode, both PIT and PIII were enhanced but that
when the polarity of the galvanic current was reversed both
potentials were depressed. Again, when the inside of the eye
was the cathode the ofl-effect disappeared last of all on increas-
ing the strength of the current, but after reversal it went first.
These results were regarded as supporting the view that PII
and PIII are really of opposite sign and not the same potential
in structures of opposite orientation relative to the leads.

Finally Bernhard, Granit and Skoglund (1941) have re-
ported the observations on the effect of galvanic stimulation
of the optic ganglion of Dytiscus already mentioned in Chap-
ter T1.

The effects of electrical stimulation of the eye have also been
studied in experiments which are not concerned with its natural
mechanisms of stimulation. These experiments have recently
been adequately reviewed by Schaefer (1g42).





