































































































THE DUPLICITY THEORY 167
theory so long as this is extended to include the synaptic
organization of the rod and cone systems. From this point of
view the results may be summarized in a general statement to
the effect that a cone spstem is a mechanism for differentiation, a
rod system one for integration. The properties of a rod system do
not differ very much from those of an isolated receptor. The
extensive convergence of a large number of receptors on to one
final common path seems to be the main feature of the organiza-
tion of a rod system and this is of obvious importance in the
integration of the feeble stimulicharacteristic of thescotopiceye.
The conesystem, on the other hand, seems to-be organized for the
interpretation of changes in the visual field, changes of illumina-
tion, of the area stimulated, of ‘locus’ in the field as a whole
and, as we shall see in Section IV, of colour. The off-effect,
together with the frequency range, plays the major part in the
interpretation of such changes since it is faster than the on-
effect and can be quickly inhibited when necessary. It is prob-
able that there are forms intermediate between the most highly
organized cone systems and the primitive rod systems and it
may not always be possible to distinguish these from one another
cither histologically or functionally, the less so since, appar-
ently, they often converge on to the same ganglion cell. But
the general trend of development from the extreme rod to the
extreme cone system goes from simple to complex responses,
from integration to differentiation.

From the histological point of view the difference between
the synaptic apparatus of rods and cones lies in the presence of
the amacrine cells in the latter. The hypothesis, suggested by
Graham and Granit in 1931 (before inhibition had been
demonstrated in the optic nerve), that the amacrine cells dis-
tribute inhibition, is, therefore, still worth considering since
pre-excitatory inhibition appears to be one of the main con-
tributions of the cone system to the visual instrument. It seems,
therefore, that the nature of its whole synaptic organization
may be more important in defining a cone than the shape of
the receptor or the way in which it makes connexion with its
bipolar cell.

Sensory Diserimination
If, for the moment, we neglect the main anatomical factor
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in discrimination, i.c. the size of the ‘receptor unit’ (larger for
the rods because of the greater number attached to one gang-
lion cell), and restrict our attention to the question of impulse
activity, there would seem to be two properties of the conesystem
which determine its discriminative power. First we have the
cones’ capacity for responding, within a large range, to changes
of illumination with changes in the frequency of the discharge,
a capacity much less well developed in the rods, and secondly
there are the complicated patterns of impulses put out by the
cones in contrast to the more uniform rod patterns. It appears,
therefore, that discrimination (see Wright, 1937; Wright and
Granit, 1938) is a function of both the frequency and the pat-
tern of the optic nerve discharge and that both contribute to
the final result. The significance of the pattern of the dis-
charge is now being, although gradually, realized by investiga-
tors studying discrimination by means of human sensation or
animal bzhaviour (Anderson and Weymouth, 1923; Crozier
an Holway, 1940; Berger and Buchtal, 1938; Bartley, 1941).
Frequency must be of particular importance for the discrimina-
tion of changes of stimulus intensity, pattern not only for this
task but for the recognition of spatial phenomena such as the
dominance of contour and ‘local sign’.

Wright and Granit (1938), in discussing Wright’s (1937)
pattern theory have already drawn attention to the many
factors which interfere with the precise definition of the retinal
image. These include the gencral defects of the eye as an optical
instrument, the anatomical shortcomings of the retina as a
focusing screen and last, but not least, the rapid movements
of the eyeball, also emphasized by Weymouth (1928). Granting
that the fineness of the retinal ‘grain’ is the primary condition
of good discrimination, whether it be visual acuity or brightness
discrimination, these defects must, nevertheless, lead to a
considerable amount of overlapping of adjacent retinal images.
Under such circumstances the high degree of differentiation
of which the cone system is capable can only be explained on
a pattern theory. The accurate appreciation of contour, in
particular, must be due to minute fluctuations of the eyeballs
resulting in on- and off-effects as well as sudden inhibitions of
the latter. Even if it were possible to keep the eye absolutely
still every sharp intensity gradient must give rise to very com-
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plicated excitation inhibition patterns tending to emphasize
the gradient and giving the higher centres a cue for discrimina
tion.

All the work on sensation from the days of Konig (1906), and
v. Kries, up to the present time, is in agreement with the view
that the rods cannot follow a large range of intensities with
equivalent changes in the frequency of the impulses dis-
charged. All the curves which have been constructed relating
various aspects of discrimination (visual acuity, etc.) to the
intensity of illumination are flatter in the rod than in the cone
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Freure 85. Comparison of the rise in the sensation of bright-

ness in man (Broca and Sulzer) with the rise in frequency of

the discharge in the optic nerve of the eel (Adrian and Mat-
thews) (Adrian, 1928, The Basis of Sensation, London)

region. The electrophysiological results reported in Chapter
IX show that the frequency of the discharge must have a
central place in any interpretation of these phenomena in
preference to such alternative explanations as variations in
threshold.

Frequency must also be the main factor in the perception of
brightness, but this property must also be considered in relation
to the sensitivity of the different receptive elements to changes
in the wave-length of the stimulating light (Section IV).

However, the initial rise and fall of the frequency at the onset
N
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of illumination is obviously reflected in the concurrent change
in the sensation of brightness (see Broca and Sulzer, 1goz;
Granit and Hammond, 1931; and Adrian, 1928, whose com-
parison of the time course of the frequency changes in the optic
nerve with the sensation changes is illustrated in Fig. 85).

Sensory Work on Inhibition

Very little of the work that has heen done on visual sensation
can profitably be correlated with the electrophysiological
observations on pre-excitatory inhibition and extinction in the
retina. Such work is urgently needed. Schouten (1937) showed
that illuminaticn of a given retinal area produced what he called
alpha-adaptation, a depression of sensitivity spreading almost
instantaneously to adjacent areas as if it were caused by an
electrical potential. He compared the time course of alpha-
adaptation with that of the retinal potential PIII. Important
work on alpha-adaptation has recently been carried out by
Pitt (1939) as well as by Schouten and Ornstein (1939).



CHaPrEr XI

INTERACTION. AREA, DURATION AND INTENSITY
OF THE STIMULUS AS INTERCHANGEABLE VARI-
ABLES

The Effect of the Duration and Area of the Stimulus on the Electro-
retinogram

When only a small spot on the retina is illuminated an
electroretinogram can be recorded from arcas outside that
stimulated. This is due both to physical and physiological
(clectrotonic) causes. Unfortunately we have very little precise
electrophysiological information about this spread of the effect
of localized stimulation except in the case of Oclopus (Frohlich,
1914) and more work using the highly developed micro-
electrode technique of to-day is much to be desired. Frohlich’s
results, such as they are, indicate that the electrical potential
recorded from a small illuminated spot (1'5 m.m. in diameter)
on the retina falls off sharply in the surrounding area. It must
be remembered, however, that the cephalopod retina does not
contain lateral connexions, nor are there secondary and tertiary
neurones to be influenced by clectrotonic spread as in the
vertebrate retina.

It has been shown that, in vertebrates, the size and shape of
the clectroretinogram is affected by decreasing the retinal area
stimulated in the same way as by decreasing the intensity
of the stimulus, and the same relation holds for the simple
retinas of the cephalopods (Frohlich, 1928) and Limulus
(Graham, 1932). In view of the well-known fact that, at the
threshold of perception, the effects of alteration of area and
intensity are interchangeable (sec p. 178) it is unfortunate that
the quantitative relationship between these two factors has
never been worked out for a mammalian eye so that one might
know to what extent and within what limits the total quantity
of excitation must be kept constant if a constant response is to
be obtained. Such data are only available for Limulus (Graham,
1932) in which, as might be expected, the electroretinogram
over a considerable range is simply proportional to the number
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172 SENSORY MECHANISMS OF THE RETINA
of ommatidia stimulated. In this case, therefore, there is no
interaction.

The best evidence that, in the vertebrate eye, interaction
between adjacent retinal elements plays an important part in
vision comes from work on the optic nerve and, for this reason,
we shall only deal briefly with the less easily interpreted results
on the electroretinogram.

Gotch (1903, 1904), using the capillary electrometer, was the
first to produce accurate measurements of the latent period.
He showed that the latent period of the retinal response de-
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Figure 86. Effect of stimulus intensity and area on the cat
clectroretinogram. A: variation of latent period of b-wave;
B: reciprocals of values in A; C: variations of latent period
from another experiment. Vertical lines, intensity values;
crosses, areas (max. 1,660 mm.%). Abscissae: log T in milli-
lamberts and log area in arbitrary units. (Creed and Granit,

1933, J. Physiol., 78)

creased when the intensity of stimulation was increased.
Although this finding has since been confirmed by every worker
on the subject, the only quantitative measurements over a large
range of intensities (Fig. 86) are those of Creed and Granit
(1933) of the b-wave of the cat electroretinogram. Einthoven
and Jolly (19o8) confined their attention to measurements of
the extreme values at maximal and minimal intensities. They
found, in the frog, that the e-wave could be elicited after as
little as 10 msecs. if the stimulus was strong enough, but that
values around 40 msecs. were more common. At such high
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intensities the appearance of the a-wave masks that of the
b-wave. The longest latent period obtained by these workers
for very weak stimuli was 22 secs.

By proving that the retinal-nerve interval (from the begin-
ning of the a-wave to the appearance of the optic nerve dis-
charge) is constant and so showing that the latent period of the
nerve discharge can be decreased by increasing the retinal area
stimulated, Adrian and Matthews (1927) were the first fully to
realize the significance of area as a factor in the electrical
response. Of course other aspects of this problem were quite
familiar to many of the workers on visual sensation, but Adrian
and Matthews’ results provided the opportunity for attacking
it without the complications added by possible specific integra-
tions in the higher centres. The effect of area on the electro-
retinogram has since been confirmed by a number of workers
(Fry and Bartley, 1935; Creed and Granit, 1933; Granit, 1933.
For measurements over large ranges sce Granit, 1933, and
Creed and Granit, 1g933; also I'ig. 86). The effect is the same
whether the a- or the b-wave is used as an index. Further, even
if two stimuli are applied at some distance from one another
their influence must spread because the combined effect is to
decrease the latent period of the b-wave below that produced
by either stimulus alone (Adrian and Matthews, 1928; Granit,
1933).

What is the significance of this effect? According to Fry and
Bartley (1935) and Bartley (rg41) it is wholly due to stray
light. In my opinion, however, it cannot be explained on these
lines although, no doubt, stray light may modify a genuine
area cffect. It appears that Bartley’s point (1941) is that the
alternative explanation, assuming the presence of some sort of
interaction, is based on the reactions of the optic nerve and
not of the retina. On the other hand, since he believes that the
b-wave is produced by the reactions of the neural layers of
the retina where interaction must take place ifit is to affect the
optic nerve at all, why cannot interaction be indicated by the
b-wave? Fry and Bartley quote the following experiment in
answer to this question. In a rabbit eye two adjacent stimuli
produced potentials (b-waves) a and b when used separately
so that a rapid alternation of the two was expected to produce
a and b potentials of partly overlapping sequence. Actually
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only the first stimulus gave its response (a), the response b
being occluded. Their explanation is that the focal light only
elicits a negligible fraction of the electrical response which
they hold to be mainly due to scattered light, leaving the retina
refractory to the second stimulus. This explanation is probably
correct for strong stimuli. Granit, Rubinstein, and Therman
(1935) repeated the experiment using an excised and opened
frog eye, a lens of good optical properties and two light spots
about 0’4 mm. across, thrown 0'3 mm. apart on the retina.
These stimuli were made weak enough to elicit retinal re-
sponses of about 50 uV. each. With such a preparation the
two stimuli together produced a response about 10-15 per cent
less than the theoretical value a-b. Scattered light, therefore,
could not account for more than 10-15 per cent of the combined
response. When, however, the second stimulus follewed the first
after a brief interval of darkness it was unable to elicit its
own b-wave. Therefore it seems that adjacent neurones must be
influenced by some kind of physiological spread of the electrical
response from the stimulated area.

Even though it is certain that scattered light excites recep-
tors outside the area of stimulation, particularly when the
stimulus is strong, it is not clear why just the closely adjacent
receptors should have especially short latent periods. They have,
after all, received a weaker stimulus than those in the focal area.
The eflect of area on the latent period of the retinal response
can hardly be explained by such arguments alone. If Adrian and
Matthews are right in concluding that the retinal-nerve interval
1s constant, a further argument against the ‘stray light hypo-
thesis’ is to be found in their demonstration that, within limits,
the nerve responds with a shortening of its latency to the integ-
rated product of area and intensity. This shortening must then
be due to a shortened retinal latency.

Let us now investigate the possibility of finding a physio-
logical explanation of the shortening of the latent period of the
a- and b-waves of the electroretinogram when the retinal area
stimulated is increased. In order to understand how the effect
of area and intensity can be interchangeable one must imagine
some process whereby a reinforcement of excitation can be
caused by increasing the number of neurones activated. There
are two possible mechanisms both of which are known to occur
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in other parts of the nervous system; first, facilitation by trans-
mission across synapses and second, further stimulation by
the electrical field set up within the illuminated area. Probably
both mechanisms play their part. Some ten years ago, when the
problem first arosc, there was no direct experimental evidence
in support of the second alternative and so the first only was
considered. This naturally led to the suggestion that the whole
electroretinogram was the result of post-synaptic reactions
(Adrian and Matthews, 1928; Granit, 1933). To-day, knowing
as we do, that the electrical field around a group of active
neurones can excite other neurones (see e.g. a summary by
Gerard, 1942), the question of the localization of the various
retinal processes reflected in the electroretinogram are better
discussed in the light of other evidence (see Chap. VI).

The duration of the illumination has long been recognized
to be one of the factors determining its effect, whether in the
production of a sensation (Bloch, 1885), a nerve response (re-
flex temporal summation) or a photochemical reaction (Bun-
sen-Roscoe law). Using the ballistically recorded electroretino-
gram as an index, de Haas (1903), in a quantitative study,
found that the size of the response was constant so long as the
product of intensity and time of illumination was kept constant
and that this law held for durations up to as long as 8 seconds,
suggesting that the effect is not a purely photochemical one.
De Haas’ results were confirmed by Hartline’s (1928) investiga-
tion of the electroretinograms of various insect eyes. Further
discussion of this question in the light of evidence obtained
from the examination of the optic nerve response will be
deferred until later (p. 177).

‘Duration’ and ‘Area’ as Factors in Excitation. Studies on the Whole
Optic nerve

Adrian and Matthews (1927a) directed the analysis of these
questions into new channels when they demonstrated that the
latent period of the discharge in the eel optic nerve can be
decreased by increasing either the intensity, area or duration of
the stimulus. These three factors are thus, within limits, inter-
changeable and the end effect determined by their total pro-
duct. This relation was found to be approximately valid so long
as the retinal area was not more than 1 mm. in diameter.
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When the duration of the stimulus was the variable factor it
was found that, for any given intensity, there was an optimal
duration at which the stimulus has a maximal effect in shorten-
ing the latent period of the nerve discharge. If the exposure is
reduced, not only does the latent period increase, but there is a
reduction both in the frequency and number of impulses so
that the reciprocal of the latent period is a good measure of
the average activity in the nerve. Obviously the effect of the
duration of the stimulus on the latent period cannot extend
beyond the moment at which the discharge first appears. Hence,
as a determinant to latency, duration can never exceed a critical
value somewhat less than the latent period determined by the
intensity and area used.

Adrian and Matthews pointed out that the spatial effect must
be explained on some such assumption as ‘that the total effect
of the light is transmitted to some region whose extent is
independent of the area illuminated’. They discuss the two
explanations already mentioned in connexion with the electro-
retinogram: clectrical spread and transmission across converg-
ing synapses. They also realized that, if the retinal-nerve
interval is constant, the latter alternative implies a post-
synaptic localization of the reactions responsible for the
clectroretinogram.

An important contribution to this problem was provided by
Graham’s (1932) demonstration that the size of the area
stimulated has no effect on the latent period of the nerve dis-
charge in Limulus. In this preparation the latent period is
simply determined by the particular ommatidium which first
activates its nerve fibre. Even in a retina of this type, lacking,
as it does, the synaptic apparatus of the vertebrate eye, there
is still ample scope for electrical spread so that Graham’s
results imply that the spatial effect in vertebrates depends on
synaptic convergence.

The Effect of ‘Duration’ Studied in Isolated Fibres

The single, non-synaptic receptor unit of Limulus is an ideal
preparation for studying the photochemical aspect of the
problem of the effect of the duration of illumination on the
response and it has been used by Hartline (1934) for this pur-
pose. The effect of alternately varying the duration and inten-
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sity of the stimulus is illustrated in Figure 87 (taken from
Hartline’s paper). He found that, for short exposures, the
expected reciprocal relation between duration and intensity
held good. In Figure 88 the logarithm of the product of dura-
tion and intensity necessary to produce a constant response 1s
plotted against the duration, and the point at which the dis-
charge first appears is marked by the arrows. It will be seen
that the critical duration (indicated by the horizontal part of
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Ficure 87. Effect of intensity and duration of the stimulus on
the frequency of the discharge in a single optic nerve fibre of
Limulus. Relative intensity for each horizontal row on right
(10 =g x 10% m.c.). Duration of stimulus (in sec.) for each
vertical column at top. Light flash blackens the white line
above the time marker (arrows mark the position of the flash for
very short durations). Time marking: 1/5 sec. (Hartline, 1934,
J. Cell. comp. Physiol., 5)

INTENSITY

the curve) is a little shorter than the latent period. Afterwards
the curve rises, in accordance with the fact that the frequency
is now dependent on intensity alone. In the two curves of
Figure 88 the response used as an index was an initial frequency
of 40 per second for the upper and a maximum frequency of
56 per second for the lower. If, instead, the total number of
impulses produced by the stimulus is used as an index, the
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reciprocity relation holds for even longer durations. It must, of
course, finally break down whatever criterion is used both
because of the linear relation between frequency and the
logarithm of the intensity and because of the existence of a
threshold intensity below which no impulses can be elicited
however long the exposure (Fig. 87, bottom record).

It is interesting to compare these results with what is known
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Iieure 88. Relation of the energy of a stimulus necessary to
produce a constant response in a single optic nerve fibre of
Limulus to its duration. Abscissae: log (base 10) duration
(secs.). Ordinates: log (base 10) energy (1 unit of energy =
3 x 10% m.c. secs.). The upper curve shows the energy necessary
to produce an initial frequency (first three impulses) of 40 per
sec.; the lower the energy necessary to produce a maximum
frequency (three impulses) of 56 per sec. The time of appearance
of the impulses concerned is indicated by the arrows marked
with the number of the impulse. (Hartline, 1934, J. Cell. comp.
Physiol., 5)

of human vision in experiments in which it has been usual to
take the absolute threshold as an index instead of a constant
response of the nerve. Bloch (1885) discovered the original
reciprocal relation of intensity and duration and later workers
(Piéron, 1920; Blondel and Rey, 1912; and many others)
found it to fit very well for short exposures up to about 30
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I'icure 8g. Relation of the logarithm of the product of duration

and intensity at the threshold at 15 degrees in man to the

logarithm of the duration. The curves are for different areas of

the sizes marked. (Graham and Margaria, 1935, Amer. J.
Physiol., 113)



180 SENSORY MECHANISMS OF THE RETINA

msecs. Blondel and Rey found that for longer exposures a better
fit was given by the equation:

tt=a-bt

where ¢ is the intensity, ¢ the duration and a and & constants.
This equation is illustrated by the dotted line in Figure 88,
asymptotic to Hartline’s two intersecting lines. According to
Braunstein (1923) the reciprocal relation between duration
and intensity holds good up to about a 10 msecs. exposure,
but only if the area stimulated is small. For an account of much
valuable work on the reflex reactions of lower animals Hecht’s
summary (1929) should be consulted (cf. also Piéron, 1941).

Because of the part played by spatial interaction in the
vertebrate eye it is always advisable, when working on sensa-
tion, to use retinal areas of several different sizes for stimula-
tion. When Graham and Margaria did this (Fig. 89) they found
that with a small area (2”) their results were similar to Hart-
line’s (cf. top curve in Fig. 89 to Fig. 88), but that with larger
areas, where there is more spatial interaction, they fitted
Blondel and Rey’s equation better. They pointed out that, in
accordance with the laws enunciated by Riccd (1887) and
Piper (1903), the absolute threshold is lower the greater the
area stimulated and that for small areas and short exposures
it is determined by the total quantity of energy received.

The reciprocity relation for short exposures is no doubt
determined by the fundamental photochemical process and so
obeys the Bunsen-Roscoe law. Unfortunately we have no data,
either for isolated receptors or for the retina; on the time course
of the summation of subliminal stimuli so that we do not know
the limits within which temporal summation can occur, Using
sensory criteria, Richet and Bréguet (1880) showed that sub-
liminal stimuli are summated in the human eye, and Granit
and Davis (1931) measured the times within which two
subliminal stimuli could summate to produce a threshold
sensation (Fig. go). In this figure the fall of the curve represents
the way in which the level of the excitatory remainder of a
flash (capable of pushing a second subliminal stimulus up to
the threshold value) decreases with time. The initial, flatter,
part of the curve probably indicates the time during which the
straightforward reciprocal relationship between duration and
intensity holds. The longest interval for the summation of
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subliminal stimuli was between 130 and 140 msecs. These
results were held to imply that the time relations of excitation
are determined by temporal summation in the synapses as well
as by photochemical processes.
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Fraure go. Temporal course of the excitatory remainder caused
by a subliminal flash into the human eye. Abscissae: interval
between first, subliminal, flash and second, test, flash. Ordin-
ates: duration of second flash necessary to push excitatory
remainder of first over threshold in percentage of duration
of first flash (upper curves) and absolute value in msec. (lower
curves). Dotted line: 10° other curves: fovea. (Granit and

Davis, 1931, Amer. J. Physiol., g8)

Analysis of the Area Effect

In order to analyse the spatial effect Adrian and Matthews
(1928) used four spots of light so far apart that all together gave
the same latent period before the appearance of the optic nerve
discharge as any one of them alone. They found that the
addition of strychnine, a drug which is known to increase
synaptic interaction, resulted in a shortening of the latent
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period when all four areas were stimulated together. The
possibility of using an absolute measure such as the latent
period, gives the objective methods used by Adrian and
Matthews a distinct advanmgc over sensory methods in which
one must use a comparison with a standard intensity if one
is to exclude the effects of integration in the higher centres
(Ricco, 1887; Piper, 1903).

In an attempt to discover how far human visual sensations
arc dependent on interaction in the retina I repeated Adrian
and Matthews’ experiment using the fusion ﬁcquency of
flicker as an index of effect (Granit, 1930). This also gives an
absolute value known to increase with the intensity of the
stimulus according to a definite law (Ferry-Porter law). lllc
test-object consisted of a four-spot pattern (each spot 1° in
diameter and placed on the circumference of an imaginary
circle 3° in diameter) which could be viewed either with the
peripheral (10°) or the central retina. The background was
illuminated to collect and neutralize scattered light. When
fixation was peripheral and the intensity of the stimulus g4 m.c.
the fusion frequency was significantly higher when the four
points were used than when one was used alone (398 compared
to 45°'5). With central fixation, on the other hand, the effect was
small and at an intensity of 0'g4 m.c. was achnt altogether.
The greater capacity for summation shown by the periphery
in this experiment must be due to the greater amount of con-
vergence on to the ganglion cells characteristic of this region
as comparcd to the centre. Strychnine increased the spatial
effect (Granit, 1932a). This work was developed into an exten-
sive analysis of spatial effects by the flicker method (Granit and
Ammon, 1930; Granit and Davis, 1931; Granit and Hammond,
1931; Granit and Harper, 1930) and neced not be reviewed
here since good summaries are available in works devoted to
visual sensation (Graham, 1934; Bartley, 1941). Flgure gIA
illustrates the apparatus used for this type of experiment; some
of the curves obtained are shown in Figure g1B. These and
many more experiments of the same type have proved conclu-
sively that interaction at the retinal level does play an important
partin our visual sensations. In the peripheral retina interaction
scems gencrally to produce summation of excitation; at the
fovea the effects are usually more complex (Graham and Granit,
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distance apart on the interaction of two flickering stimuli.

B: relation between separation and fusion frequency at o°

and ro° when one (S) or both (D) areas are flickering. (Granit,
and Harper, 1930, Amer. J. Physiol., g5)
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1931) and suggest inhibition. Graham and his collaborators,
also using sensory methods, have since published several
important contributions to the elucidation of these problems
(Beitel, 1936; Graham and Bartlett, 1939-40; Graham, Brown,
and Mote, 1937; cf. also Rubinstein and Therman, 1935).
Hartline (1940 a and b) has recently used his single fibre
preparation with a micro-illuminator to study the area effect
due to anatomical convergence in the frog retina. He has called
that part of the retina from which stimulation elicits a discharge

EXPLORING
spot

Figure g2. Chart of the receptive field of a single optic nerve
fibre of the frog. Each line encloses a retinal region within
which the exploring spot light (relative size shown above left),
of an intensity of which the log is given on the line, produced
a response from the fibre. 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 refer-
ence to this particular fibre. (Hartline, 1940, J. Opt. Soc. Amer.,

30)

in a given fibre, the ‘receptive field” of the fibre. Figure g2
illustrates the extent and sensitivity (in log units of the illu-
mination necessary to produce a response) of such a receptive
field. The receptive field is most sensitive in the centre and is
smallest (0'50 m.m. in diameter) when a threshold stimulus is
used. With intensities of 100-1,000 times the threshold it may
increase to twice its original size (cf. Adrian and Matthews,
1928, and p. 175). The greatest responsc with the shortest
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latent period is always obtained by stimulation of the centre of
the field.

Within the receptive field area and intensity are inter-
changeable whether the length of the latent period or the fre-
quency of the impulses elicited in the fibre is used as an index.
This interchangeability, however, only holds up to a certain
point above which the ganglion cell behaves as though it were
‘overloaded’ (cf. the results on the cat illustrated in Fig. 84
where intensity was the variable factor). The less sensitive
parts of the field, along its edges, contribute less to the spatial
eflect and those outside it not at all. Summation was also found
when four separate points within the field were stimulated
simultaneously. As is the case for neurones in other parts of the
central nervous system, so also in the retina is it necessary for
a number of impulses to converge on to a ganglion cell from
different terminals before a response can occur in the nerve
fibre (Hartline).

So far, in considering Hartline’s results, we have only dealt
with summation of excitation. He has also shown that summa-
tion ol pre-excitatory inhibition takes place in those fibres
whose discharge is inhibited by illumination and which respond
to its cessation with an off-effect. In such fibres there is an
increased off-effect when the stimulated area is increased or
when several points within the receptive field are illuminated
at once, and the off-response can be inhibited by reillumina-
tion of a point within the field. Itis well known, from work on the
nervous system, that inhibitory as well as excitatory influences
show summation. As Sherrington has aptly said, inhibition shows
all the properties of excitation, but with the opposite sign.

We have pointed out more than once that, when an eye has to
produce a quick reaction, the off-effect is of particular import-
ance. Thus, if a pencil is passed through the beam of light
illuminating a frog’s eye, its passage is at once recorded by a
brief off-discharge in the optic nerve (Granit and Therman,
1935). With the single fibre preparation, the shadow of a thin
wire will produce a response every time it is moved within the
receptive field (Hartline), and even if the light is only shifted
outwards, to fall on the less sensitive parts of the field, an off-
eflect can be obtained from its centre. It is clear, therefore,
that the spatial eflect cannot be due to scattered light.

(9}
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Receptive fields overlap one another considerably so that
illumination of any given point on the retina may activate
several fibres. In so far as such fibres may be of different types
and combined in different ways it is clear that form discrimina-
tion and ‘local sign’ can be developed to a very high degree of
perfection by such a mechanism (cf. Chap. IX).

When Adrian and Matthews first demonstrated that the inter-
action which is to be expected from the retinal structure actu-
ally does exist, they were puzzled as to how to reconcile it with
the high degree of isolation which is necessary to give, for
instance, the visual acuity of which the human eye is capable.
I found myself in the same difficulty during my early work on
flicker (Granit and Harper, 1930). It has been shown (Chap.
IX) that such difficulties do not exist to-day. The highly
differentiated responses obtained from adjacent retinal areas,
further differentiated as they are by minute changes in area
and intensity, give a retina which is adequately supplied
with cones extreme efficiency in transforming a visual field into
complex excitation patterns to be relayed to the higher centres.
Bartley (1941) still refers to the co-existence of interaction and
insulation in the retina as a ‘major puzzle’ in the physiology of
vision. This outlook can only be due to lack of penetration into
the electrophysiological reactions of the retina since these have
provided the solution of the mystery. Indeed, if the clues for
such expericnces as ‘form’, ‘colour’, and ‘visual acuity’ are not
provided by the retina they can never be created out of nothing
by the higher centres.

Thanks to the presence of a nervous centre in the eye, next to
and in the same plane as the receptor layer, the retina is able
to operate as though it were a highly differentiated ‘electrical
feeler’ responding with patterns of sparks (impulses) and thus
interpreting the distribution of luminous flux in the universe
around us.

We are still far from understanding the mechanisms of ex-
citation and inhibition in the neural layers of the retina. Sum-
mation of excitation and inhibition is a matter of convergence,
but we do not know to what extent it is merely a question of
several rods and cones connected to one bipolar cell and
several of these to one ganglion cell or how far it is dependent
on horizontal and amacrine cells serving as internuncial neu-
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rones for adjacent fields. Nor do we know what part, if any, the
electrical ficld set up by a stimulus plays in interaction.

According to Greef (19oo) the number of horizontal con-
nexions in the retina increases with the developmental stage
of an animal. If this is so one would expect interaction to in-
crease in importance as one passes from the lower vertebrates
to the higher mammals. The cones, which seem to be a more
highly developed product, functionally, than the rods, are each
supplied with a separate amacrine cell in the human fovea.

Considering the rapid advances made in the analysis of
retinal physiology by electrical methods, we are, perhaps, safe
in relying on further progress in this field. It is still true that
‘more work with the retina rather than sensations would appear
to be necessary for the establishment of a retinal physiology on
a sufficiently broad and unprejudiced basis’ (Granit, 1933), but
the progress made during the ten years that have clapsed since
those words were written has amply justified the hopes enter-
tained by the writer at that time.



CuaprTErR XII

SOME OTHER FORMS OF INTERACTION. SYN-
CHRONIZATION

Synchronization of the Response from Large Areas

Owing to the complexity of the excitation patterns set up
in the optic nerve by illumination of the retina, records from
the whole nerve appear, for purely statistical reasons, in the
form of irregularly synchronized beats of grouped impulses and
similar beats are also superimposed on the retinal records,
particularly on those from opened eyes. Such beats are more
prominent when the record is made from the nerve. In addition
to this type of synchronization, which has no biological founda-
tion, there is a true physiological interaction between large
adjacent retinal areas. This phenomenon was first observed in
the eel’s eye by Adrian and Matthews (1928) who found that
an essential condition for obtaining large regular waves of
excitation in the optic nerve, at about 25 per second, was even
illumination of the whole retina. The frequency of these waves
increased somewhat when high light intensities were used.

In this respect the retina behaves like other massed ganglia
in the nervous system and elsewhere, and the essential similarity
of all such reactions is emphasized by their response to strych-
nine which can start rhythmic beats both in the central nervous
system and in the optic nerve of an eye kept in the dark (Adrian
and Matthews, 1928). We have already shown that spontane-
ous activity is not uncommon in the retina and it appears that
the interaction of adjacent regions may develop as a result of
gradually increasing spontancous activity creating electrical
fields capable of synchronizing the discharges from different
retinal areas (see Chap. V on the rotation of activity).

It is doubtful whether the production of such large syn-
chronized bheats is, in fact, a normal form of retinal activity
since Adrian’s later work, (1932, 1937) on the optic ganglion of
Dytiscus showed that they were encouraged by abnormal condi-
tions. For instance, ageing of the preparation seemed to be
essential for the production of large rhythmic beats and the

188
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same finding was reported by Bernhard (1942) in other insects
as well as in Dytiscus. (For further work on insects see Roeder,
1939, 1940.)

An interesting feature of this rhythmic activity in the optic
nerve is the presence of two types of rhythm, called by Adrian
‘dark rhythms’ and ‘bright rhythms’. As these names imply
the first is obtained from eyes completely shiclded from light,
the second as a result of illumination. The beautiful example
of a ‘bright rhythm’, shown in Figure g3, is taken from an
unpublished experiment of Bernhard’s on the eye of the common
house-fly; this preparation includes both the retina and optic
ganglion. In this record two sets of frequencies, apparently of

B e o i i

Ficure 9. ‘Bright rhythms’ in the optic ganglion of the house
fly. Time marking: 1/5 sec.
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FicurE g4. ‘Dark rhythms’ in the optic ganglion of the wasp.
Note their inhibition by illumination. Time marking: 1/5 sec.

110 and 115 per second, secem to be interfering with one an-
other. An example of a ‘dark rhythm’, also obtained by Bern-
hard from a similar preparation of the wasp eye, is given in
Figure 94. It will be seen that illumination completely destroys
the rhythmic character of the record. This effect was also
noticed by Adrian in Dytiscus and is characteristic of ‘dark
rhythms’. Bernhard has shown that, in insects, these rhythms
originate in the optic ganglion; they are not produced by the
isolated receptors of, for example, Dyfiscus.

Crescitelli and Jahn (1939) have reported similar rhythmic
activity in the grasshopper eye and have found that it is fav-
oured by raising the temperature. It is most easily obtained
by intermittent stimulation with brief flashes of light, and there
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is then an optimum frequency of stimulation at which the
rhythm is most prominent.

All these observations confirm Adrian and Matthews’ original
suggestion that the normal response to “flicker” may play upon
tendencies to rhythmic activity in large groups of neurones.
Even when isolated elements are used a dormant tendency to
rhythmic activity can be aroused by intermittent illumination.
A “flickering’ stimulus may also force its rhythm on a spontanc-
ously active element for a time before the latter is able to regain
its own frequency (Granit, 1941b).

Synchronization at ‘On’ and *Off

Most text-books on vision devote considerable space to such
phenomena as ‘recurrent images’, ‘ghoqts’ and spontaneously
appearing and disappearing after-images, phenomena which
have been responsible for a large number of ohservations,
measurements and theories. All that we now know from work
on the optic nerve suggests that many of these effects must
originate in the retina (cf. Kohlrausch, 1925, for rhythmic
electroretinograms after short exposures), although, of course,
recurrent excitation is also quite common in the higher centres
(cf. Bartley, 1941). The off-effect, in particular, is liable to set
off rhythmic beats (Granit and Therman, 1935; Hartline,
1938; Wilska, 1939b), but they are sometimes produced by
the on-effect as well, especially after short exposures. Re-
current images could also be due to a temporary extinction of
activity (cf. Fig. 84) such as so often follows high frequency
discharges or results from ‘silent periods’. Recent experiments
performed by Craik (1940), who temporarily blinded an oh-
server’s eye by pressure and still found recurrent images when
the pressure was released, are certainly in favour of a peripheral
localization of such phenomena.

Interaction Between the Two Eyes

Cajal (18g4) believed that the optic nerve contains efferent
fibres. The clectrophysiological method would seem to be the
natural one for discovering whether, in fact, reactions in one
eye can affect the other by way of such fibres. Engelmann and
Grijns (1891, 1898) have claimed that such effects do occur.
They found that illumination of one eye in the frog produced
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a response from the other when it was kept dark, and that the
response was diminished by section of the optic nerve. Part of
the effect was found to be due to skin reactions, but some of it
was held to be genuine. Work along these lines should be
repeated with the more satisfactory modern methods.

Since antidromic stimulation of the optic nerve has been
shown to have no effect on the retinal response (Granit and
Helme, 1939) one is inclined to doubt the existence of an
interretinal reflex concerned with the electrical reactions to
light. However, centrifugal effects may well arise elsewhere in
the central nervous system and take effect peripheral to the
‘locus’ responsible for the clectroretinogram. This is a problem
which should undoubtedly be investigated.





