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A preliminary account, dealing chiefly with the technique of
micro-recording from the retina and of controlling the energy
of the spectrum, but also presenting a number of typical curves
for the spectral distribution of sensitivity of single or a restricted
number of elements in the frog’s retina was published in 193%
by Granit and SvarricEiN. In their work it was proved that
THoMAS YOoUNG was right in his main idea that different elements
had different colour sensitivity. Since that time work on the
frog’s retina has been regularly continued in parallel with work
on other eyes in order to collect a very large material of obser-
vations permitting us to describe colour reception of the frog’s
eye with some pretense to completeness. A large number of
observations has been necessary because the better the isolation
with micro-electrode the more likely that common types of colour
sensitive elements have been selected at the expense of rare ones.

Clearly it is impossible to explore every type of eye with the
same degree of completeness, except in the course of years of
research. I have therefore chosen to give an account of the typi-
cal sensitivity-bands for some types of retinae (GrawiT, 1941
a—d) and selected the frog’s eye for a more exhaustive study
of the problem. For this choice it has been of some significance
that the retina of the frog has properties strongly reminiscent
of the human periphery, Thus, the Purkinje-shift, first describ-
ed for this eye by HimstepT and Nacer (1901), corresponds
to that of the human eye, as demonstrated quantitatively by
Granit and WrEDE (1937) with the aid of the electroretinogram;
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the visual purples seem to be identical in these two types of eye
as are also their scotopic spectra (CrarreE and Hamresox, 1924,
GraNIT and MUNSTERHIELM, 1937, GRANIT, 1937). A difference
seems to he the greater sensitivity of the frog’s eye to blue light,
discussed in the papers mentioned by the author and his colla-
borators.

An experimental material describing colour receptors can, of
course, never be complete. But, having now analyzed well over
100 retinae, I have come to the stage when the experiments
never bring anything new or unexpected. This is the reason
for my attempt to summarize the observations.

Methods.

The necessary equipment has consisted of a spectrum, controlled
with respect to energy, a graded and calibrated wedge for varying
the intensity of the stimulus, micro-electrode, amplifier, cathode ray,
and loudspeaker (sce GraxiT and Svaeticuary, 1939). The same unit
has been used in a number of experiments with other types of eyes
(GraxiT, 1941 a—d). An improvement of the technique since 1939
has been the use of an amplifier for the loudspeaker stage which is
worked at the bend of the characteristic of the valve so that only
spikes ahbove a certain height hecome audible and base-line noise is
removed. The whole retina has been illuminated with light from the
monochromator. Before the experiment the frogs have been light-
adapted in our standard light-adapting apparatus (Zewr, 1939).

The principle of the experiments has been to listen to the discharge,
which at the same time is seen on the screen of the cathode ray, and
thus to determine the amount of energy necessary for the threshold
or for another constant index such as cessation of “flicker”. The re-
sults are given in terms of the inverse value of this amount of energy
in the different wave-lengths, generally in per cent of the maximum.

Results.

1. Some General Obsorvations.

Sometimes the micro-electrode isolates an element with the
same degree of precision, as in HARTLINE's (1938) work on single
fibres in the optic nerve, as seen for instance in fig. 1. Some-
times the discharge consists of a number of elements. When to
all appearance a single element is active it is impossible to ex-
clude the possibility that the unitary character of the response
is due to synchronization. On the other hand, it is likely that
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the better the isolation, the
greater the probability that
the type of element isolated
belongs to the most common
ones. For this reason it is
necessary not to rely merely
on experiments with isolated
elements. Strict adherence
to this criterion may, for
instance, lead to the con-
clusion that blue elements
are exceedingly rare where-
as often the influence of
the blue-sensitive substance
can be traced in a less re-
stricted type ot response.
Most interesting is to fol-
low how a discharge disap-
pears below and rises above
the threshold when the in-
tensity of the stimulus is
altered. Relatively rarely
one finds, with decreasing
intensity, the frequency of
the spikes to diminish in
such a fashion as to end
with one or two spikes
just above the threshold.
A case of this type is
shown in fig. 1. Com-
mon, however, is the

grouped type of dis- .2
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Fig. 1, Isolated spikes from frog’s eye in
response to different wave-léngths. Light
signal and time in 1/50 sec. above each record.
From above downwards: 1, threshold at
0.600 1; 2, well above threshold at 0.540 #;
3, necar threshold at same wave-length: 4,
near threshold at 0.520 #; 5, just below
threshold at same wave-length, differing by
5 mm. on wedge from record 4. In thisand
most experiments the size of the spikes
gradually diminishes in course of experiment.
‘Note the long latent period at threshold.

charge, shown in figs. 2
and 6, which in response
to variations in the in-

tensity of the stimulus E

falls below and rises '~
above the threshold as a
grouped unit. Often the
spikes of such a group
are of different type. It

Tig. 2. Grouped discharge. Light and time signal

as in fig. 1; 1, typical group near threshold at

0.540 #; 2 and 3 from another experiment. . Same

wave-length and successive records at respe ctively

68 and 70 mm. on wedge, the former just above,
the latter just below threshold.
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1s difficult to say whether this is a physiological variation in
the discharge of a single unit or whether the group consists of
several units with some rotation of activity (Graxit, 1941 a).
Nevertheless this group acts as a physiological unit to variations
of colour around the threshold. Such “grouped discharges”
have also been described by e. g. ForsEs and his collaborators
(Rexsmaw, ForBEs, and Morisoxn, 1940) in the hippocampus
area and by Apriax and Moruzzr (1940) in the spinal cord.

2. Dark-Adaptation.

After light-adaptation the frog’s spectrum generally has its
maximum around 0.560 p with individual elements possessing
maxima still further out in the long wave-lengths. Immediately
afterwards the sensitivity begins to increase. A typical case is
shown 1n fig. 3, where the relative energies at the threshold (E),
the inverse value (1/E), and log E have been plotted against
time of recovery in the dark for a diffuse discharge and wave-
length 0.500 u. The two-step rise of sensitivity can be seen in
all curves. The logarithmic plot is commonly used in sensory
work and has obvious advantages.
The theoretically best plot is perhaps
1/E illustrating sensitivity — origin-
ally used also in psychophysical
sensory work — since with the rat’s
eye, having very few cones, as well
as with dark-adapted frogs a plot of
1/E against the wave-lengths of the
spectrum has been shown to follow
the absorption curve for visual purple
(cf. CuaFrEE and Hawmesox, 1924,
GramayM and Rices, 1935, GRANIT,
1941 c¢). The two phases of dark-
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Fig. 3. Hungarian frog. Dark-
adaptation of restricted discharge
followed by measurements of ab-
solute threshold for wave-length
0.500 n. Abscissae: time in the
dark in min. Ordinates: E, relative
energy necessary for threshold, in
addition 1/E and log E have been
plotted. To be compared with
curves showing regeneration of
visual purple in excised, opened
eyes by Zewr (1939).

adaptation, seen in fig. 3, are known
since the work of KonLravsce (1922)
for the human eye, and have been
demonstrated electrophysiologically
by a number of authors (GraNIT and
WrEDE, 1937, WREDE, 1937, RIGGS,
1937 for frogs; GraxiT, 1941 ¢ for
rats). It can be shown that the red
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end of the spectrum does not take part in the second phase of
the rise of sensitivity. This is illustrated by the uppermost curve
of fig. 4. The same holds good for man.

Independently of the degree of isolation reached with the
micro-clectrode the second phase of dark-adaptation nearly
always sets in. This phase goes with a shift in the absorptive
properties tending to place the maximum of sensitivity around
0.500 p. With some justification it may thus be called dark-
adaptation proper, meaning that the elements under the micro-
electrode begin to react as they would do if their sensitivity were
determined by visual purple. As we have pointed out elsewhere,
the increasing sensitivity of rod vision is not proportional to the
increase in the concentration of visual purple, as studied by
ZeEw (1939) on {frogs. This statement holds good both when
size of the electroretinogram is used as index (Granit, HoLn-
BERG, and Zewi, 1938, GraniT, MUNSTERHJELM, and ZEWI,
1939), as well as when the index is sensitivity (1/E in fig. 3).
There is a period of delay in the rise of sensitivity ot the rods
but none whatever in the general rise of sensitivity nor in the
regeneration of visual purple unless light-adaptation be very
brief and intense (ZEwi, 1939). During this early period of in-
creasing sensitivity the eye reacts as a cone-cye with a broad-
ening photopic maximum around 0.560 s.

The work in which size of the clectroretinogram to a constant sti-
mulus was used as index of sensitivity in parallel with measurements
of visual purple concentration (Graxit et al., 1938, 1_939) cannot be
directly compared with these experiments where the index has been
energy necessary for the threshold, even though both sets of results
are presented in 2 common unit such as 1/E. The experimental con-
ditions are too different. Thus it is important to realize that the in-
tensity level of the constant stimulus, used for eliciting an electro-
retinogram, indicates incipient dark-adaptation at an earlier stage if
the stimulus is of very low intensity than when it is of high intensity
(Graxit and WREDE, 1937, Rices, 1937), and that it is difficult to
use so low intensities in work with the electroretinogram as to ap-
proach the condition that a few spikes just are allowed to pass through
the micro-electrode. The latter also selects the most sensitive elements
at their threshold while the great majority of elements, summing up
to a measurable retinogram, still may be uninfluenced by dark-adap-
tation. Further, the size of the electroretinogram is proportional to

VE (Bovie, Ciarree, and HaMpsox, 1924) and therefore must il};
crease very slowly in the early critical period of dark-adaptation, 1
not replotted in terms of some other unit. For these reasons the micro-
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electrode technique should show up dark-adaptation before it is clearly
visible in the deflection of the retinal response to a constant stimulus.
The time and strength of light-adaptation also is of importance. In
the work of Ricgs (1937) a short duration of light-adaptation and a
weak adapting light were used.

The micro-electrode experiments on dark-adaptation were car-
ried out after not less than 1 hour of light-adaptation to 20,000
m. c. in the same apparatus that was used by Zewi (1939) in
his quantitative measurements of visual purple regeneration
under various conditions. His values for excised eyes can be
directly compared with my curves. Visual purple regeneration
is very much slowed down in excised eyes which lack the rapid
regeneration component sensitive to temperature (Zewr, 1939,
1940). In the intact animals a fast risc of the electroretinogram
sets in when, during regeneration, the visual purple concentra-
tion has reached 50 9 of its final value in frogs or cats (GraxIT
et al., 1939). The fast rise, “dark-adaptation proper”, of fig. 3,
plotted from micro-electrode work in terms of 1/E, sets in when
20 9/, of visual purple has regenerated in the excised eye. This
difference between intact animals and excised opened eyes should
be considered in the light of the remarks made in the previous
paragraph.

Both methods demonstrate, the micro-electrode technique in
addition with isolated elements, that cone-properties dominate
until at a certain stage some “intermediate process” makes the
visual purple an active rod-substance, and the maximum in the
spectrum gradually shifts over to the region around 0.500 g.
(For a discussion of this intermediate process see GRrRAXIT et al.,
1939, LyrrGoE, 1940, and GrawniT, 1941 c.)

Though most isolated elements dark-adapt and sooner or
later become dominated by the photochemical properties of
visual purple, there are some exceptions. One such case is shown
in fig. 8 where the element with maximum in 0.600 x did not
change its absorption spectrum in the course of 40 min.

3. Dark-Adaptation and the “Blue” Receptor.

There can be no doubt but that the frog’s retina possesses a
“blue” substance. But for some reason or other the “blue” re-
ceptor is exceedingly difficult to isolate. However, by utilizing
its adaptive properties significant results are obtained.
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A most interesting case is the one shown in fig. 4 in which
dark-adaptation was followed with a moderately restricted dis-
charge for the wave-lengths 0.500, 0.650, 0.450 p and plotted in
terms of log intensity for a threshold response. The blue element
(0.450 ) dark-adapts at a faster rate than the others so that
between the 12th and 25th min. of dark-adaptation the maximum
of the sensitivity is in the-blue region. Later, during the second
phase of dark-adaptation visual purple takes the lead and the
maximum shifts towards 0.500 x. As pointed out above, the
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Fig. 5. Spectra for threc stages of
“recovery” after light-adaptation of
restricted discharge. Ordinates: inverse
value of energy necessary for threshold
but not, as usual, in per cent of the

"i” w0 maximum. Therefore the three curves
Fig.4. The thresholds for three also show three levels of increasing sen-
wave-lengths 0.650, 0.500, and sitivity. See text.

0.450 z has been followed during

dark-adaptation and plotted in
terms of log energy necessary for extre.me red (0.650 u) does not take
discharge. Note fast recovery partmthesecondphase of dark-adapta-

of "blue” ‘,‘,’;{ffu‘ie‘;j_" Time in 4151 probably owing to the negligeable
absorption which characterizes visual
purple outside 0.620 z. It is a characteristic of the “blue”
substance that after light-adaptation it recovers even faster than
the region influenced by visual purple. This circumstance enabled
GrANIT and WREDE (1937) for the first time to place its existence
beyond doubt, though at that time only the spectra and not the
recovery curves were measured.
What is the absorption spectrum of the blue substance? Fig.
5 shows the distribution of sensitivity for an off-discharge of a
highly restricted character for which the index was cessation
of flicker. It is plotted in terms of 1/E: immediately after a
light-adaptation of 2 Hours (lowest curve), somewhat later (middle
curve), and still later (uppermost curve). There the blue sensitive
maximum is between 0.450—0.460 u. An isolated grouped dis-
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charge of a blue-sensi-
tive element for which
a complete curve was
obtained is shown in
fig. 6; 1ts sensitivity dis-
tribution illustrate the
filled circles of fig. 7.
The open circles in the
same fig. helong to an-
other case in which the
maximum sensitivity al-
so was in the blue region
but placed somewhat
further out in the short
wave-lengths. In other
experiments the “blue”
substance has merely

Fig. 6. Blue-sensitive grouped discharge giving
sensitivity distribution shown in fig. 7. All values
near threshold; only the grouped discharge audible
in loud-speaker as sharp rattle. 1, wave-length
0.670 1; 2, 0.530 2¢; 3, 0.500 1¢; 4, 0.450 1. Note,
that the small inaudible discharge of spikesis less
sensitive to short wave.lengths to judge by the fact
that its latent period increases downwards in the

made itself felt as an ex-
pansion of the curvesin
the short wave-lengths
outside the absorption
curve for visual purple.

records as wave-length shortens.

.l;f.l .S'I.}D -5;0 .bl;_ﬂ .&5‘0
Fig. 7. Filled circles: distribution of sen-
sitivity of the “grouped™ discharge shown
in fig. 6. Open circles: another “blue” re-
ceptor, less completely analyzed. Here, as
in all curves to follow, the inverse value of
energy necessary for the threshold has been

plotted in per-cent of the maximum.

00

The “blue” elements are
so rare in the isolated stage
that it is not possible to
state whether they consist
of a number of somewhat
different narrow sensitivity
bands, or whether the varia-
tions obtained merely are
due to the limited number of
observations available. The
most striking property of
“blue” elements apart from
their distribution of sensi-
tivity, is their tast recovery
afterlight-adaptation, when
compared with the rise of
sensitivity directly due to

regeneration of visual purple. Also in the human eye sensory

£ blue.!J

recovers faster than other colours (WriecmT, 1937).
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4. The Red-Sensitive and Green-Sensitive Elements.

As pointed out already by GraniT and Svarticmin (1939)
one often obtains relatively narrow sensitivity bands outside the
average maximum of light-adapted eyes (in 0.560 u). I have
confirmed this observation and come to the conclusion that the
maxima of such elements are located between 0.580—0.600 .
Specimens of such elements are given in fig. 8. I have never
seen a maximum beyond
0.600 gx. ‘hen, however, ’;/0
the maximum shifts to 7§
0.560 g or has been there 8o
from the beginning, the
curves tend to Dbecome oo
broad.

An example of broad
curves with maximum in
0.560 g i1s shown in fig. 9

20
which is an average of sev-

eral such elements. The ) N ' A
curve practically coincides 500 550 600 650

“'ith. the average curve Fig. 8. Types of isolated photopic receptors
for hght-adapted frags puh~ with narrow bands sensitive to the red and

lished by Graxiz and Svap- I Ste o I R cetnning rie
TICHIN. The latter has only of sensitivity in the region of the maximum
a still more marked expan- for visual purple (0.500 .

sion in the blue region. For
some time I suspected this
curve to indicate that sev- /]
eral units took partin the °f
response. But then I suc-
ceded in establishing that 99
similar curves also could [
be obtained when to all ap- 4of
pearance a single unit was
active. The broad curve 20}
with maximum around
0.560 x is the most com-

mon curve ot all. lements with broad band
N oy s M . Photopic elements Wi
Maxima of sen51t1v1ty are ﬁ;gs.egsitizit; “%bh maximum around 0.560 .

also found in the region of Average curve (see text).
10—%413286. Acta phys. Scandinav. Vol. 3.

100}

450 500 550 600 650k
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0.520—0.540 u. Such curves are shown in fig. 10 and they also be-
long to the narrow type. GRrANIT and SvaeTICHIN (1939) discussed
the possibility that these curves represented a certain amount

toof
%
80
60t

401

20
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Fig. 10. Types of isolated photopic
receptors with narrow bands sensitive

to green, 0.560—0.540 u.

of dark-adaptation of elements
with maxima in 0.560 u. Ihave
since come to the conclusion that
elements of this type are genuine.
Isolated units have been seen to
have this type of distribution of
sensitivity so soon after light-
adaptation that participation of
active visual purple should be
excluded. I have also seen them
in the photopic eyes of guinea-
pigs in which so far I have
not found any maxima outside
D.540 p:

It would be a mistake to be-
lieve that all curves have been as

simple as those shown above. In order to illustrate how complex
the results can be I have added fig. 11, without being able to

state that such curves refer

100
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to single units of activity.
But they do represent a
high degree of isolation.
On the other hand it should
be realized that units may
be coupled physiologically
in the synaptic layer, that
“double cones” have been
described by the histolog-
ists, and that even the
9} micro-electrode by causing

450 .500 550 .600

Fig. 11. Types of curves showing variations
in the distribution of spectral sensitivity.

See text.

% 650

irritation due fo pressure
may force elements to
act in unison. There is
also “rotation of activity”

(GraxiT, 1941 b) and formation of visual purple to be con-

sidered as factors antagonizing isolation.

Briefly, it can be

stated that, even when neglecting a source of error such as
the dimensions of the micro-electrode itself, there is a great
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number of complicating factors left, all of which conspire to
antagonize isolation. For this reason the narrow curves that
have been obtained have the great value of positive evidence.

Discussion.

Birugow (1939) has recently studied colour discrimination in
frogs and finds that they are capable of distinguishing colours.
Very precise information can hardly be obtained on the basis
of an analysis of animal behaviour, but it seems as if frogs had
a type of colour system reminiscent of that in man, only with
less developed sensitivity to green. )

- Assuming now that we have discovered all the important
types of elements in frogs, what conclusions would offer the most
reasonable -description of colour vision in this animal? Would
it be necessary to suggest a ‘“‘polychromatic” theory of vision?
What would, in the first instance, be the equivalent of bright-
ness? There is every reason to suppose that the average photopic
curve with its maximum around 0.560 p (GRANIT and SVAETI-
CHIN, 1939) determines brightness in frogs just as in man. Per-
haps brightness or “whiteness”” in the frog has a slightly more
blueish tinge. On this view brightness would be determined by
the total number of impulses from the dominant receptors. The
size of the electroretinogram in different regions of the spectrum
would also give a good idea of the brightness distribution (GRa-
NiT and WREDE, 1937, for photopic eyes).

It must have some significance that the majority of the curves
obtained from photopic frogs tend to coincide with the average
curve (see fig. 9). Brightness, after all, must be the fundamental
quality of visual reception. It is hardly likely that the broad
curves initiate impressions of any particular colour. Tl}ey do
differ to some extent from each other but it is not possible to
state definitely that these differences exceed the limits of vama-
tions set by the difficulties of the experiment. .

Colour must be the result of the amount of discrimination
caused by sensitivity bands serving as “modulators” of thf: aver-
age curve and of the dominant type of distribution of sensitivity.
Such “modulators” have also been found in a sufficient nm:(uzber
and sufficiently far apart to serve, as it were, as landmarks for
colour discrimination. We have seen that maxima of individual
sensitivity bands may turn up within as large a range as from
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0.450—0.600 y. They have also tended to be grouped around
certain regions of the spectrum. One such region of “modula-
tors” has been 0.580—0.600 o, less commonly maxima have
been seen between 0.520—0.540 #, and relatively rarely hetween
0.450—0.470 ;. Statistical averages of the “modulator” groups
actually have three preferential regions, and on this basis it is
possible to suggest a trichromatic theory instead of a polychro-
matic one. The sensitivity bands of these regions have also tend-
ed to be narrower than the average curve and that of domina-
ting elements possessing the maximum of the latter. Therefore
1t 1s reasonable to assume that maxima of discrimination are to
be found precisely in these regions. Discrimination would thus
be a function of the number, steepness and density of these “mo-
dulators™.

In the photopic rat’s eye (Graxit, 1941 c) there were only
two narrow “modulator” bands with maxima in respectively
0.600 and 0.500 y coupled together. The “dominating” clement
with maximum in 0.560 ;¢ was lacking. The former band showed
the characteristic two-step rise of recovery after light adapta-
tion and during the later phase became transformed into a vi-
sual purple absorption curve. This led to the assumption that
the perception of green of the photopic eve in ‘this case was me-
diated by slightly modified visual purple. It is possible that
visual purple behaves similarly in the frog’s eye which implies
that the maximum of discrimination in the green would shift
towards 0.500 y. If this were so, all the maxima of discrimina-
tion in the frog’s eye would coincide with the maxima of hue
discrimination of man, as determined, for instance, by WRIGHT
and Pirr (1934). Otherwise the “green” maximum would be
slightly shifted to the right in comparison with man.

The broad curve of the dominating element of fig. 9 could be
due to a coupling of the narrow curves which have maxima to
either side of it, as indicated by fig. 12 in which some typical
responses for the sake of comparison have been plotted to the
same abscissa. The coupling might be “photochemical” in the
sense that the substances are mixed already in the receptors,
or physiological, meaning that different receptors are intercon-
nected either as “double cones” or else in the synapses. As is
well known there is in the retina convergence of receptors and
bipolars towards the final common path- taking its origin from
the ganglion cell from which the micro-electrode picks up the
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discharge (Graxit, 1941 a). Thus, for instance, when a cone
during dark-adaptation changes into a rod the reason for this
probakly is convergence.

Elsewhere (GraxiT, 1941 c, d) I have given experimental rea-
sons for assuming the cone substances to be chemically related
to the visual purple. So far only yellow substances have been
found in solutions g,
of Dbleached wvisual %
purple, substances
such as the relatively
light-resistant “indi-
cator yellow” (LyTH- 60}
GOE, 1937) or “re-
tinine” (WaLp,1936, ,ot
1939) and the labile
“transient orange”
(LYTHGOE and QUIiL-
LiaM, 1938) which
may account for the
reception of blue. _ i
The worl of Hax. 5 1% Sme o e puvioy e pheed o
sTROM (1940) indi-
cates the presence of a red substance in extracts from eyes of
monkeys. v. STuDN1TZ (see his book, 1940) claims to have found a
substance in the frog’s eye with maximum in 0.560 x and fitting
our average photopic curve of this animal, but, on the other hand,
he finds the same substance in the eye of the tortoise where the
physiologically determined maximum is located between 0.600—
0.620 u (GrantT, 1941 a, d). It is therefore doubtful whether
his methods are adequate enough to support his claims.

80

20F
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Summary.

Spikes have been recorded with micro-electrodes, amplifier
and cathode ray oscillograph from the retinae of light-adapted
frogs and during dark-adaptation.

The chief aim of this work has been to collect a large number
of curves showing the distribution of sensitivity to spectral light
of single or a restricted number of elements.

Most elements have a distribution of sensitivity which coin-
cides with the average curve with its maximum in 0.560 z and
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legs extending over a relatively large part of the speetrum (see
fig. 9).

But there are also narrow bands of sensitivity with maxima
ranging between 0.450—0.600 s. The maxima of these bands
are chiefly gathered around 0.580—0.600 2, 0.520—0.540 s, and
0.450—0.470 se. Curves from the last mentioned group are rare.

Curves illustrating dark-adaptation (or recovery of sensitivi-
ty) for different wave-lengths are given in the paper and compared
with visual purple regeneration.

The blue-sensitive elements recover at a faster rate than others
after light-adaptation and in this way can also be isolated from
the region around 0.500 g eccupied by the absorption band of
visual purple.

The kind of mechanism of colour reception that might be ex-
pected from such a system is briefly discussed, and it is suggested
that in many respects it may be very like that of man.

The author is indebted to the Rockefeller Foundation for
support.
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