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The micro-electrode technique, used in several previous contri-
butiong to the problem of colour reception (Grawir et al., 1939
—42), is particularly well suited for mammals on account of the
ease with which large isolated spikes are obtained from the inside
of their retinae. Rats (1941 a) and guinea pigs (1942 a) have
previously been used in these experiments. Such spikes are here
shown in fig. 1 for the cat’s eye.

The cats have been decerebrated, given some 5—10 ec ure-
thane (20 9), cornea and lens have heen removed from one eye
— the eye of the side on which the carotid artery has been lefi
untied hefore decerebration — and the micro-electrode finally
been inserted under the microscope in the usual manner. This
combination of urethane and decerebration proved to be better
than heavier anaesthesiz or decerebration alone.

The large spikes, seen in fig. 1, are either well synchronized
discharges from the axones of several ganglion cells or else impul-
ses in single fibres. The all-or-none law is no reliable eriterion
for the degree of isolation as with the micro-electrode several
factors, among them the influence of adjacent elements, less
well placed relative to the electrodes, may cause changes in the
size of the epikes. Differentiation between single and synchronized
fibres — though theoretically important — cannot either be ob-
tained by the analysis of the spectral properties of a given discharge
of spikes because of the known existence of convergence of several
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receptors towards the same ganglion cell. This cell may be the
final common path for several rods as well as for rods and cones
together (Poryax, 1936). For this reason we have to expect
both rod- and cone-properties from the same isolated spike,
even if it belongs to a single fibre rather than to a number of well
synchronized fibres. Actually all experiments up to date have
proved this postulate to be correct.

Fig. 1. In each record light signal, time in 50fsce. and epike activity.

1, stimulus of relative energy 6.3 at wavelemgth 0.620 p;

2, same at relative energy 2.3;

3, relative energy 2.5 at 0.460 g

4, from another experiment to illustrate element reacling mercly fo onset

of illomination; wave-dength 0.500 p.

Fig. 1 refers to a particularly interesting, though not a very
common type of response, in which an originally light-adapted
eye had become dark-adapted during the experiment. The spikes
illustrated had first given the distribution of sensitivity charac-
terizing the so-called photopic dominator of fig. 3 whereupon,
during dark-adaption, the sensitivity had risen greatly in the
short wave-lengths. At this moment the records were taken.
1 and 2 are responses to stimulation with red light at relative
energies 2.3 and 6.3, record 3 to stimulation with blue light at
relative energy 2.5. These records are selected from a number
of pictures in which a much larger range of relative energies
from the threshold upwards led to the san-= characteristic dif-
ference in the responses to red and blue stimuli. Thus this difference
could not be an infensity effect. The blue stimuli gave discharges
only at “on” and “off” and nothing during illumination, the
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red stimuli elicited a train of impulses dwring llumination in
addition to increasing the frequency at “on” and “off”. No
difference could be seen between the spikes set up in the ganglions
by the differently coloured stimuli and yet the red end of the
spectrum must have activated the discharging fibre through
another channel than the blue omne.

Alternatively, as stated, the spikes, though they look as if coming
from a single fibre, may have come from well synchronized elements,
split up into separate fibres by the differently coloured stimuli. But
n the latter case one would expect the spiles to decrease in size, when
light from the ends of the spectrum wre used as stimuli, because the
rod and cone ranges only overlap in the middle of the spéetrum. Visual
purple, for instance, bas a negligeable effect from 0.620 g further out
towards the red. But even though the size of the spikes somewhat
varies, it does nob vary with wave-length, True convergence of rods
and cones towards the same ganglion cell is therefore the probable
explanation of the experiment illustrated in fig. 1.

True convergence is alse the most probable explanation of the
fact that in the cat as well as in all other animals with mized
eyes the absorption eurve for wisual purple sooner or later will
determine the distribution of sensitivity of almost any discharge
of spikes after some fime in the dark. With the light-adapted
eat this is a partienlarly serions source of error on account of the
rapidity with which dark-adaptation often takes place, and steps
have to be taken to eounteract the influence of dark-adaptation,
The presence of the broad dominator band of sensitivity in the
cat’s eye in light-adaptation (see fig. 3) makes checking of dark-
adaptation more important than in the mammals hitherto studied
though in principle the procedure is the one already used in
several previous contributions to this problem.

Procedure.

A lnrge spike was located, With the clectrode inserfed the animal
was then left in the illumination from the mieroseope-lamp, pleced
above the eye (2,400 m.c.), for 10 min., sometimes longer. It was then
allowed to recover, and its eye was illuminated by brief fiashes of light
of different wave-lengths at intervals of 10 see. in order to measure
the energy mecessaty for the threshold in each wave-length. Recovery
curves during dark-adaptation were plotted from these data m terms
of encrgy reciprocals aghinst time in the dark for a number of regularly
recurring wave-lengtlis (ef. the eye of the rat, Graxzyr, 1941 a). Between
these curves stray observations on other wave-lengths were inserfed
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into the diagrams at their appropriate time moments. From these
diagrams the distribution of sensitivity could be calculated.

A characteristic of such diagrams, of which some have been published
in the work on the rat's eye (1941 a), is that sooner or later the sensi-
tivity in the short wawve-lengths, best represented by wave-length
0.500 g, which is at the top of the absorption curve for visual purple,
begins to inerease at & very much faster rate than the sensitivity to
Hgﬂnﬂni long wave-lengths. Different receptors register this change
after different intervals in the dark. Generally there is a clear break
in the curve, as shown already with the rat's eye (Grawrr, 1941 a)
and also with the frog's eye (Grawir, 1941 h), after which the rate
of rise of sensitivity becomes particularly fast for wave-lengths
around 0.500 . The turning point in the cat’s eye often comes after
about 10—15 min. in the dack. Sometimes the break is less well marked,
the rate of rise of sensitivity being fast from the beginning, sometimes
the change in relative sensitivity to long and short wave-lengths is
very much delayed. When this iz so a relatively pure cone population
may have been struck or else deficient circulation, caused by the
decerebration, may have retarded the regeneration of visual purple
(Zew, 1939).

If the experiments are to reproduce the true photopic distribution
of sensitivity, the result must either be obtained within the first 10
—15 min. or else controls must have demonstrated that the experi-
ment refers to a type of element with delayed dark-adaptation proper,
defined as delayed rise of sensitivity for wave-length 0.500 g

Applying these principles it is possible to obtain from each diagram
a series of values illustrating the photopic distribution of sensitivity.
This is the definition of the term series used in all this work. Sometimes
the same spike could be kept under the electrode for repeated re-
adaptation to light. This gave one or several new sets of values thereby
increasing the aceuracy with which a series could he determined.
Behind a series can thus be a greater or smaller number of readings
of which each series is a final average. Several series of similar distri-
bution of sensitivity have generally been averaged in the presentation
of the results. '

The Photopic and Scotopic Speetra.

Lyrrecor’s (1937) absorption curve for visual purple is drawn
in fig. 2. The circles around it represent 31 averaged values, based
on 102 readings from 4 series in 4 dark-adapted cats. The scotopic
values are relatively too high in 0.540—0.580 g. The maxzimum
of this increase around 0.560 g iz perhaps due to influence from
the photopic dominator, shown in fig. 3. But back reflexion
from the tapetum luecidum provides another probable explanation
of this hump in. the scotopic curve.
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The most striking fact about the licht-adapted eye of the cat
i3 that it possesses the broad photopic dominator band of sensi-
tivity with maximum around 0.860 g (fig. 3), previously seen
in the eyes of frog (GraniT, 1941 b), snake (Grawrr, 1942 o)
and pigeon (GraxrT, 1942 b), e

but not in the rat (Grawrr, le ’\(5{

1941 a) and the guinea pig w T~
{GrawiT, 1942 a). These two / ‘?

are the only mammals hither- ;

to studied. The cat is thus \ |
the first mammal with pho- / 2
topie vision well enough de- /0 \ l
veloped to be represented by &
this very characteristic do- Y\{
mingtor band. The finding is | P
important since it demonstrates 4% 4% S0 550 600

that the prineiples discovered Fig. 2. Lytacos's (1937) absorplion curve
for lower vertebrates also are f°;;f§“l$i’£’féu§’:ﬂﬁrﬁ£ ;’g_?fi'
valid for mammals,

The large circles of fig. 3 and the eurve drawn between them
refer to 4 particularly good series, good in the semse that the
dominator was little if at all influenced by incipient dark-adapta-
tion and that the values in the short wave-lengths were recorded
ab o very early stage of the recovery in the dark after light.

1o ——— adaptation. The hlack dots
X ﬁ i, refer to 87 averages collected
¢ from 188 readings representing

all the twelve series in which
the dominator with maximum
in 0.560 g was reasonably free
from influence from the absorp-
tion curve for wvisual purple.
N, A slight rise in the green is
just noticeable, As there were
33 photopic series the domin-
ator has been present in 36 9
of the photopic elements ana-
lyzed. The great majority of them represemted single spikes of
the kind shown in fig. 1.
There is a regularly recurring asymmetry in the dominator
which in fig. 3 has been filled out by a broken line. Completed
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Fig. 3. Photopio dominntor of cat, as
deagribed in text.
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in this manner the curve is identical with the dominator found
in the frog's eye. What is the reason for the asymmetry?

In order to answer this question we must first consider the
organisation of colour reception as revealed by these experiments
on different animals. Perfect colour reception seems to necessitate
a dominator band for the perception of luminosity and a number
of narrow modulator bands in different regions of the spectrum
te modulate the impression of luminosity (white) to colour
(Grawit, 1941 ¢). One of the most regularly recurring modulators,
seen in rats, frogs and snakes, has its maximum in 0.600 g. The
asymmetry in the dominator curve of fig. 3 could be due to un-
successful isolation or deficient development of this modulator
which therefore only would be capable of pushing up a hump
in 0.600 g. Up till now it has always been possible to isolate
this modulator in those animals where it has been present. But
the narrow “red” modulator has not been found in the isolated
state in the cat’s eye. The hump in this region therefore suggests
some defect in the development of the modulator. The dominator
may also be somewhat modified by back reflexion from the
tapetum leading to a relative increase of stimulus strength in the
region of the spectrum that is reflected.

If the tapeium be removed from the eye for examination it
is found to reflect a dominantly yellow-green light. To my eye
pure yellow is in 0.580 . Yellow-green would therefore correspond
fairly well to the maximum of the dominator in 0.560 gz which
thus by back reflexion may have received sn additional stimulus
making it possible to diminish the energy used for the spectral
stimulus in this region. This in turn would lead to an accentuated
top of the dominator curve. The tapetum of the cat’s eye is & very
efficient reflector, especially by comparison with the black pig-
ment which in most eyes absorbs stray light of all wave-lengths.
It is therefore reasonable to expect it to modify the curves in
the region where it reflects maximally. The rise in the scotopic
curve of fig. 2 in the same region suggests that in both cases
the same factor is at work. Therefore a common explanation
seems probable.

Some of the experiments for which the early values after light-
adaptation were plotted in fig. 3 were continued, despite incipient
dark-adaptation, for some time afterwards in order to illustrate
the expansion of the dominator towards the short wave-lengths.
In fig. 4 the filled circles illustrate 63 averages from 7 series of
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this type (119 readings). The curve is drawn between the values
for 0.520 ¢ and 0.540 g but the indication of a hump in 0.520 4
is probably significant. The asymmetry to the right of 0.560 »
is still noticeable,

8o far we have only been concerned with 36 %, of the photopic
series, those possessing their menimum in 0.56v g. In the Te-
maining 64 9 light-adaptation .
did not suceeed in pushing the ¥ o
maximum further to the right = -
than to 0,520 g These curves
have always had a secondary 4
maximum in 0.560 . Assuch J
curves were obtained in the z
majority of ourexperiments the o
maximum for all 33 photopic N
series averaged together liesin  ——s—t——— 0
0.520 . The average photopic gy, 4 Averages, ss deacribed in text.
curve obtained in this manner
is shown in fig. 4 (line between open circles), In this curve 425
rendings from 13 cats have been collected into 200 averages
which in their turn have been averaged for the wvalues plotted
{(open circles), The result means that the dominators have heen
too fow to effect a complete Purkinje shift but sufficiently many
to create a relatively large secondary hump in 0.560 g and give
the eye o considerable sensitivity to red light.

Az o matter of fnct Prrer (1905) failed to find a Purkinje shift with
the clectroretinogram as index but the reason for this may also have
been that he did not realize what precautions have to be taken to
¢nsure light-adaptation in an animal of this type. To the absence of
a Purkinje shift in Preer’s experiments may also bave contriboted
the faet that the cleetroretinogram to a stimulus spreading diffnsely
over the retina is an average from the whole retine including the
periphery where cones may be scarce or absent. Finally, in the author’s
experience (GRaxrT, 1835, (GRAwIT, MUNSTERHIELM and Zrws, 1930
really efficient light-adaptation in cats almost removes the h-wave
or at any rate makes it so small that within the first 10 min. after light-
adaptation quantitative worl with the clectroretinogram as index
ie very diffieult,

With g method based on animal behaviour Muzg (1932) succeeded in
demonstrating after light-adaptation a shift of the luminosity curve of
the order of 0.015 g towards the long wave-lengths but his results for
the completely dark-edapted eye, when corrected for equal quantum
intensity ond compared with visual purple absorption, are difficult to

15—424675. Aefa phys. Seandinar. FVol. 5.
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understand withont assuming experimental errors of some kind. Tt is
an exceedingly narrow curve with maximum around 0.525 g, and in
0.480 g &t only ebout 30 9, as compared with 88 %, for visual purple.
Mugr only knew the energy of his stimuli at the light source and relied
upon it being similarly distributed after passage through the spectro-
scope and reflexion from the grey paper covering the food which the
animals had to locate. This fact must be responsible for considerable
errors in the caleulation of the energy of the spectral light reflected to
the eye.

The average photopic curve of fig. 4 contains the dominator
and at least one additional sensitivity curve combined with it.
It is possible to show that this second curve in the green cannot
be an unmodified curve for visual purple absorption. This can be
done by adding to the dominator the absorption curve for visual
purple in different proportions and plotting on a percentage
basis the complex curves obtained. These do not show the sharp
hump in 0.520 g, seen in the average curve of fig. 4, though ac-
tually, with certain proportions between dominator and visual
purple, the maximum is located in 0.520 .

From the experiments with rats and guinea pigs it is known
that after light-adaptation a number of elements are found to be
characterized by sensitivity curves which look like abnormally
narrow curves for visual purple absorption. If similar elements
are found in the ecat’s retina in sufficient numbers they would
combine with the dominator to give just the kind of curve shown
in fig. 4.

The curves of fig. 5§, both referring to early values for single
spikes in the light-adapted eye show that this explanation of the

! hump in 0.520 g probably is
A
&0 3 T

correct. Influence of the do-
minator is very marked in the
curve drawn in broken lines,
less marked in the curve drawn
in full which is the narrowest
one ever obtained in the ex-
periments with the cat. Both
show that a narrow hand of

\. modulator type can be super-
imposed upon the dominator.
40 a0 0 8% p89 The maximum of this modul-

Fig. 5. Two experiments on single spikes gt0r js hetween 0.500 and 0.530
showing combination of narrow “green” 4
curve with dominator. See text. g in these curves. But con-
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sidering that on the right side of the maximum the dominator
contributes to the total result, it is necessary to place the
maximum of the modulator nearer to 0.600 4. This means that
it must be identical with the modulator seen previously in guinea
pige and rats and there described as an abnormally narrow
nbsorption curve for wisual purple,

Thus, in order to explain all our results with the light-adapted
retina of the cat, it has only been necessary to supplement the
demonstration of the existence of a dominator and a green mo-
dulator by the assumption that they combine so that the average
photopic curve of fig. 4 is dominated by an abnormally narrow
absorption eurve for visual purple npon which is superimposed
the dominator, slightly modified by back reflexion from the
tapetum lucidum. On account of the dominntor the maximum
of the average curve iz shifted to 0.520 g instead of being in
0.500 g where it is found in guinea pigs and rats which are lacking
the dominator.

Colonr Heception.

Scnurtze (1866) stated that the cat’s retina contains 2 or 3
times more rods per cone than the human eye. Considering that
in the eye of the guinea piz, which according to the same author
is lacking cones, the dominator band and all red-sensitive elements
are absent, and that, further, the dominator, where it is found,
is responsible for the Purkinje shift in light-adaptation, it is
clear that the dominator must be located to the cones. The narrow
“green” hand with the maximum of visual purple absorption
has been seen in the guinea pig (Granrr, 1942 a) and in the rat
(Graxir, 1941 a). It must therefore be located to the rods and
probably is due to a slight modification of the wvisual purple
molecule, That this band ean be used by different animals in
the state of light-adaptation seems clear. But whether it actually
serves as a modulator for green, in every respect comparable
with the “red” modulator in 0.600 g and the “green” one in
0.530 g, is perhaps less certain. If it does, the cat may be able
to diseriminate colours in the green region of the spectrum,
though this discriminative mechanism must be primitive. The
Inck of a definite “red” modulator suggests relatively incomplete
discrimination also in the red. However the experiments have nob
definitely cxcluded red-sensitive modulators. The hump in 0.600
p suggests inadequate development of such elements.
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The presence of the dominator in the animals, previously stu-
died, has indicated good colour vision. By this criterion the cat’s
retina is an improvement upon the retinae of guinea pigs and rats,
If the modulators are few they may be difficult to discover, and,
yet, the animal be able to discriminate colours with sufficiently
strong stimuli. But no doubt even the presence of the dominator
without modulators must be regarded as an advantage as through
thi= band a large range of the spectrum becomes available in
daylight at a level of intensity diminishing the usefulness of visual
purple.

Most mammals with cones have some kind of area centralis in
which cones are present in larger guantities than elsewhere. The
relative number of rods and cones in the area which the cat uses
in day-light will determine whether the mazimum of its photopic
luminosity curve is around 0.560 g or around 0.520 g ar occupies
some place between these two points. Considered from the point
of view of the human eye the cat would thus, if colour blind,
either be a deuteranope or a protanope, both states being defined
as red-green blindness, the former with the luminosity curve of
normal subjects, the latter with the luminosity cvrve shifted
towards the short wave-lengths. It is also possible that the cat,
in ease it possessed some red modulators, is better defined as
merely being derteranomalous or protanomslous. These states
would be slightly modified by tapetum reflesion.

Cats are generally regarded to be colour-blind (Sracxer, 1951).
So is the human periphery. But if strong lights are used the human
periphery becomes colour-sensitive suggesting that it merely is
a question of the relative number of modulators in different
regions of the retina. Similarly the cat, with a very limited number
of modulators, may be sensitive to colour if it is well light-adapted
and very strong stimuli are used. In testing this properly atropine
would have to be used to keep the pupil well opened as otherwise
the contraction of it to a small slit may prevent both light-adapta-
tion and sufficiently strong stimulation.

Summary.

The micro-electrode technique has been used for the recording
of spikes of activity from the retina of the cat in order to study
the distribution of semsitivity to spectral light of the retinal
elements.
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In dark-adapted cats the distribution of sensitivity corresponds
to the absorption curve for vismal purple.

In light-ndapted cats some elements give the broad so-ealled
photopic dominator band with maximum in 0.560 g, others a
narrow curve with maeximum in 0.520 g combined with the
dominator in different ratios.

The narrow curve is probably identical with the band seen in
the eyes of rats and guinea pigs corresponding to an abnormally
narrow absorption curve for vismal purple, in the cat shifted
somewhat to the right because of the added effect of the domi-
nator. .

Some results indicate that back reflexion from the fapetum
lueidum plays a réle in determining the shape of the curves in
the yellow-green region of the spectrum.

The colour vision of the cat has been discussed in the light
of the results arrived af.

The author iz indebted to the Rockefeller Foundaiion for a
grant to this laboratory.
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