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A Relation between Rod and Cone Substances,

Based on Scotopic and Photopic Spectra of Cyprinus, Tinca,
Anguilla and Testudo?

By
RAGNAR GRANIT.

Two as widely different animals as man and the frog have
the same visual purple with maximal absorption around 0.500
and also much the same daylight or photopic “visibility” curves
with maxima around 0.560 g. For man the sensation of bright-
ness has been the index needed in measuring these curves. For
frogs, however, the number of impulses, o threshold discharge
or the size of the eclectroretinogram has been the index used.
In the former case we generally speak of a “luminosity” curve,
but probably the frog perceives brightness much as man does.
Nevertheless the neutral, but very awkward term “visibility”
curve is commonly used for animals, and quite often also
as a substitute for “luminosity” when human sensations are
concerned. As is well known Parsoxs has introduced the adjec-
tives “photopic” and “scotopic™ for respectively daylight- and
dim light- vision, and taking up them I shall use the brief terms
“photopic” and “scotopic spectra” for daylight and dim light
“visibility curves”.

We now know that the photopic spectrum of the frog's eye
represents a composite curve (Graxir and Svaeriomy, 1939)
consisting of narrow elementary sensitivity bands, but also, as
I have been able to confirm later, of broad bands very much
like the average photopic curve, but lacking its expansion into
the blue end of the spectrum. Further out than in 0.600 g I
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2. Fhotopic and Scotopic Spectra of Cyprinus.

Use of the string galvanometer with this fish, of which only
a limited number was available, necessitated relatively strong
light in order to obtain a sufficiently large deflection ss index
of sensitivity. This means that both photopic and scotopic ele-
ments are stimulated simultaneously, at least in the dark-adapted
state. According to Wunper (1925) this eye has roughly 38
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Fig. 1. Avernge distribution of sen-
sitivity to supra-threshold spectral light
of @ 3 scofopie and O 2 photopio carp.
Eroken line traces eurve for isolnted
“red" element of the tortoips (GRAXIT,

Fig. 2. Average of 230 readings from

eyes of 14 tortolsss (Testuds greecal),

recorded with microslectrodes. Broken

ling as in fig. 1, Specirum of equal
guantum intensity.

1941, a, b). Btring galvanometer. Spee-
trum of egual quontum intensity.

rods per 12 cones, or a relatively high number of cones. The
a-wave proved a better index than the b-wave.

Fig. 1 shows the photopic and scotopic spectra of three dark-
adapted and two light-adapted carps. The scotopic curve clearly
it composite and has two maxima, in 0.040 and in 0.600 u. After
light-adaptation the “green’ half of the eurve is greatly dimin-
ished and the remaining curve has expanded towards the long
wave-lengths. Light-adaptation is probably not complete. ‘f[:_ht'.
curve ji: broken lines illustrates the distribution of sensitivity
of the isolated “red” receptor of Testudo (GmanT, 1941 8, b).

8. The Photopic Spectrum of Testudo.

. In this practically pure cone-eye there is no djﬁere?ce hetwee?ﬁ
the photopic and scotopic curves. The eye an];r inereases in
sensitivity during dark-adaptation. The interesting point here
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is the likeness between the photopic spectra of fish and the cone
spectrum of the tortoise.

From this peint of view it seemed of particular intercst to
average all the available data on the tortoisc’s eye indepen-
dently of the type of curve to which they may have belonged.
The curve of fig. 2 shows the result. The 230 average readings

100 7 were all obtained with micro-
1 j 3\1 electrodes, The curve for the
" T G‘\ isolated “red” element is also
v al ¢ \ shown in the same figure, The
,/@/ ¥ Kﬁ. average curve is almost iden-
—~ . tical with that of photopic
J/ 1 carps, but its form is, of
“ 7 w course, also determined by the
relative number of readings in
Fig.jmﬂ, ;:umg::aai ;;um;:‘; s ;r::l the different regions of the
4 eyes of the tortoise, Broken line as in Spectrum.
fig. 1. X String Eﬂlfﬂﬂﬂm‘-;'”- Spectrun Now the number of observa-
M s tions in the short wave-lengths
were few owing to the easec with which red-sensitive elements are
obtained and the difficulty of finding other ones, so that it was
deemed necessary to add a few observations on the composite
response recorded with the string galvanometer. The eye of
Testude gives chietly negative electroretinograms with relatively
small positive phases (Berymarn, 1941). Therefore the a-wave
was used as index of sensitivity. The eurve obtained is shown
in {ig. 3. The presence of blue-sensitive elements is indicated
by the hump in the short wave-lengths, But I have never suc-
ceeded in isolating a blue clement in this eye, be it then that
they do not come isolated or are few in number or of low sen-
sitivity relative to the energy available in my spectrum. Some
caution in interpreting this result is also suggested with all red-
sensitive eyes owing to the fact that the diffusely spreading light
of the spectrum is reddish in character.

Only once I have found a “green” maximum coupled with
relatively low red-sensitivity. This curve is shown in fig. 4. Its
maximum could well be caused by a low concentration of visual
violet.

The photopic spectrum of the frog’s eye is composite and for
this reason it is of some interest to show a number of typical
curves from the eye of the tortoise. Fig, b illustrates that there
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Fig. 4. Micro-cleetrode record of diss Fig. & Showing individoal curves for

tribution of ecnsitivity of discharge with the distribution of sensitivity to spectral

maximum in 0.540 & in the retina of light in torloises. Recording with micro.

a tortoies. Speetrum of equel guantum clectrodes. Egual energy spectrum,
intensity.,

is considerable variability also in this eye among the dominat-
ingly red-sensitive clements,

4. The Scotopic and Photopic Specira of Tinca.

Microelectrodes were used in all work with the tench. The
relation of rods to concs in this fish 1s about 33: 15 (WuxpER,
1925). The average curve for dark-adapted fish is given in fig.
6 where it is being compared with the absorption curve of the
visunl violet of the same animal, The latter curve is from & paper
by Bavwiss, Lyrucoe and Tawstey (1936) devoted to spectro-
photometric analysis of visual purple in fishes. There is close
agreement, except in the Llue, where again is found a secondary
rize. If dark-adaptation is insufficient or the light too strong,
there is also found a hump around 0,600 x just as in similar cir-
cumstances the frog's eye tends to give a hump around 0.560 u
{Graxtr, 1937). As some light is needed to insert the micro-
electrode, it is necessary to wait some time before one hegins
to read off the vnlues in the different regions of the spectrum.

In fig. 7 is illustrated the average photopic curve of Tinen.
It tends to be somewhat broader towards the red end then the
curve for the isolated “red” element of festudo, shown in the
same figure. There is still more variahility among the “red_“
elements of this fish than in the tortoise, The reason for this
may be that more ohservations from the red end were ava_il-
able. But I am rather inclined to believe that the greater varia-
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tion is physiologicnl. Occasionully one could find a maximum
as far out as in 0.640 g with the tortoize, but such curves were
more often scen with the tench. Also there were some very nar-
row curves in the eve of Tineca just ns in the frog's eve. Samples
of individual photopic curves are shown in fig. 8.
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5. The Photopic Spectrum of Anguilla.

The so-called freshwater eel has a visual purple of the type
found in frogs and mammals (Bayiiss, Lytecor and TansLey,
1936). Its retina is dominated by rods but iz also supplied with
cones (Baviiss, Lytucor and Taxstey, 1936). The eyes of el
survived better than those of the other fishes and it could
easily be shown that during dark-adaptation the spectrum shitted
to the region of 0.500 g. But the attention in this work was
devoted to looking for the extremely red-sensitive receptors
which are found everywhere in the retinze of carp, tench and
tortoise. To this end the microelectrode was shifted from spot
to spot in a search for such red-sensitive elements. But the search
proved fruitless. In the § fishes available only curves of the type
previously seen with the frog's eye were found. Samples are
given in fig. 9. The shortening of the spectram towards the
red end is very obvious by comparison with the curves shown
in the previous figures.

As a matter of fact it proved very difficult to light-ndapt eel.
Most curves tended to give secondary maxima between 0.600 p
and 0.5660 g and it was impossible to find any maxima outside
0.560 u. Strong light-adaptation of the opened excised eye
tended to depress the sensitivity below the threshold of the
energy available in the spectrum. The reason for this is probably
the relative paucity of cones (rods: cones = 143:%7, Wuxpes,
1925). The sensitivity to red was remarkably low also in absolute
terms and not only by comparison with the maxima found. An
interesting fact was the tendency of the slightly dark-adapted
eel’s retina to discharge for several minutes when left illuminated
by the light of the binocular microscope.

Relation hetween the Visual Purples and the Cone
Substances.

Kérreen and AmELsporrr (1896), Gmuxprest (1932) and
Bavriss, Lyrecor and Tawsrey (1936) all came to the conclu-
sion that the maximum of the difference spectrum of visual
violet was located between 0.585—0.540 g, but the last men-
tioned authors also describe & number of other forms of visual
purple with maxima intermediate between the two previously
known substances. WarLp (1939) objects to the use of difference
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spectra and seems to hold that there are only two substances,
the visual purple (rhodopsin) and the visual violet, which he
calls porphyropsin. The latter substance is found in freshwater
fishes. According to his view intermediate maxima must be
given by mixtures of rhodopsin and porphyropsin. This question
cannot yet be regarded as experimentally decided though Warp’s
suggestion seems probable. But it is of no immediate interest
here as the eyes of the tench (Bavriss T AL.) and the carp (Sa1-
To, 1938, WaLp, 1939) only contain visual violet. The maximum
of this substance, if not measured as a difference spectrum, is
between 0.520 and 0.530 g (Sarro, 1938, Warp, 1939). The
measurements presented above for the tench show the values
for 0.520 and 0.540 g to be respectively 96 and 100 %. The dif-
ference is small and absorbing filters may influence electro-physio-
logical measurements and also spectrophotometric ones, until solu-
tions of visual violet can be guaranteed to be chemiecally pure.

Too much emphasis should not be laid on the precise distance
in the spectrum between, on the one hand, visual purple and the
photopic spectrum, and, on the other hand, visual violet and the
photopic spectra found in fishes possessing porphyropsin. The
photopic spectra are dominated by components with maxima
which may be some 0.050 g apart, components which may re-
present narrow or broad sensitivity bands. Though in the eyes
of fish having visual violet they average out to a maximum
between 0.600 and 0.620 g, individual narrow curves in the frog’s
eye also may reach a maximum as far out as in 0.600 x. But
then individual sensitivity bands in the eye of the tench may
go still some 0.050 p further out into the red. And this is not
a peculiarity of fish cones as such since the photopic eye of the
eel containing the ordinary visual purple is even less sensitive,
on an average, to red than that of the frog.

The principal conclusion must therefore be that in eyes containing
visual violet with absorption shifted further out towards the red end
by comparison with the type 0.500 p visual purple, the photopic
spectra of the dominating cone substances are also shifted fur-
ther out in the same direction. This result is difficult to under-
stand, particularly in the light of the experiments with Anguilla,
unless it be assumed that the cone substances are chemically
related to the rod substances. This assumption is as old as the
knowledge of visual purple but it is now based on facts which
otherwise are difficult to explain except as sheer coincidences!
It is quite possible that such substances are being formed in the
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rods during illumination. Such echanges I found it necessary
to assume in order to explain results with the rat’s eye (Gramr,
1941 ¢) but these substances must also be preformed in the cones.
The discovery in Teetudo of u cone-system with similar proper-
ties as those found in photopic eyes containing visual vielet
shows that preformed cone-substances cannot be distinguished
from those found after light-adaptation in fish.

Visunl violet and visual purple behave similarly in solution
but the speetra of bleached products are, for the latter substance,
uniformly displaced 0.020—0.030 p towards the red (Waip,
1939). Thus, for instance, the yellow carotinoid retinine, ex-
tracted by Waup after decomposition of wvisual purple has its
counterpart in o deep yellow retinine, obtained from similarly
treated solutions of visual vielet, Of great interest is the fact
that the vitamin A, in the eyes of frogs and fishes possessing
visual purple i= replaced with vitamin A; in eyes having visual
violet {Warn, 1939).

We may regard visual purple az n chromoprotein (WaLp,
1835—36; Kravse and Stoweri, 1938) with & protein carrier
in which every molecule “carries” about 10 chromophores (Bro-
pa, Goopeve and Lyrtecog, 1940). It can easily be imagined
that o small hift in the structure of the linkage between chro-
mophores and carrier suffices to change the absorption spectra
and stabilize the strueture into something less sensitive to light
than the original form. WeiGErRT (sce summary by WEIGERT
and MorTox, 1940) has made interesting models of visnal purple
dissolved in pelatine reproducing characteristics of colour re-
ception. And the “green” substance of the rat’s eye has been
shown to have the absorption spectrum of a "narrow” wvisual
purple curve (Grawtr, 1941 c).

v. SrunxrTz (1937, 1940) has studied “cone substances” from
the eyes of {frog, fish and tortoise and in all cases found maxima
around 0.560 p. Actually the cone substance of the tortoise,
as we have seen, has ifs maximum shifted about 0.050 ;e towards
the red from that of the frog. This difference iz not reproduced
by v. Stupmitz’s methods and his results for the tortoise thus
do not show anything like the order of agreement found between
my results and the measurements of visual pu.tple absorption
epectra.l For this reason his work fails to convince.

: «In Bezug auf ilre Lichtabsorption vecholten sich dis Atherextralie pus
Fisch- und Froschnetzhfinten genau gleich den von den Bchildkréton erhaltenens
{v. BTUDyTTZ, 10GT).

-
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Evidence for n common origin of rod and cone substances
has also been supplied by Jeaxs and ZExtyvine (1934) who in
the belief that they measured dark-adaptation of the reds studied
the early phase of dark-ndaptation with a sensory method and
found this phase to be sensitive to lack of vitamin A in the food.
To those acquainted with the subject of vision it was clear that
cone-ndaptation was being studied. With improved technique
Heent and Maxprrpavy (1940) confirmed their resalts nnd
drew the obvious conclusion which Juaxs and Zextyime had
misse:d,

Colour Reception.

A diseussion of colour reception is better postponed to theo-
retienl papers dealing with all the results nscombled with dif-
ferent types o1 eves, The results precented in this paper show
that colour reception in fishes and tortoises i+ organized on the
principles previously deseribed for frops (Graxit and Svae-
TIcHIN, 1039) and rats (Geaxir, 1941 ¢). 1t @5 also well known
that fishes ean be trained to react on the basis of o high degree
of colour diserimination. (See ¢, 4. a review by v, Frizcn, 1925,
nnd later papers mentioned in a hook by v. STUpNITE, 1040),

In this connexion T only want to point out the limitations
of the micro-clectrode technique which chooses the common
types of elements at the expense of rare ones, From this point
of view it is interesting to compare the average curve from the
eye of the tortoise, taken with string galvanometer and large
electrodes (fig. 3), with the eurves obtained with micro-clectrodes
(fig. 5). There is n hump in the green and one in vie blue region,
but with the miero-clectrode T have only once had a definite
“green” maximum and never n blue one, though some of the
“red” curves have had o hump in the blue region. With my
very much larger materinl of curves from the frops eve I have
about 3—4 9 of definitely and predominantly “blue” elements.
If with the very red-semsitive fishes nnd tortoises the expansion
and secondary humps in the blue and violet region merely were
due to irradiated reddish light in the spectrum it would be dif-
fieult to understand the high degree of selectivity with which
sensitiveness to short wave-lengths occurs from experiment to
experiment. Considering that fishes are red-sensitive it is re-
markable how far out into the violet thex are eapable of reacting
to light. This is also the experience of those who have studied
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colour discrimination with training methods (see e. g Scmrz-
ME¥z, 1924; Worrr, 1925).

The explanation of the fact that dominatingly blue- or viclet-
sensitive elements have not been found with the micro-electrodes
must be that these elements are relatively few or else that they
are coupled to the other ones and thus not independent. The
curves indicate that these elements would be sufficiently sensitive,
at least in the eyes of the tench, to be above the threshold of
the apparatus,

In the tortoise it is clear that the broad average curve re-
corded with string-galvanometer hides other elements than the
“red” one which is so easy to isolate.

Summary.

The distribution of sensitivity to spectral light of light-adapted
(“photopic spectra™) and dark-ndapted (“seotopic spectra™)
fishes and the tortoise (Testudo gracca) have bLeen determined
for isolated or a restricted number of elements with micro-elect-
rodes, leading off from the retina to amplifier, cathode-ray and
loudspeaker. In some cases the average distribution of sensitiv-
ity has been directly recorded with string-galvanometer.

Fishes with “visual violet” absorbing maximally around 0.530
—0,540 u have scotopic spectra determined by the absorption
curve of this substance; fish (ecl) with “visual purple” absorbing
maximally around 0.500 g have a scotopie spectrum determined
by the latter substance. The sensitivity to short wave-lenpths,
however, is greater than is to be expected from spectrophoto-
metric measurements of visual purples.

After light-adaptation fishes with visual violet give an average
photopic spectrum with maximum between 0.600—0.620 w
whereas the photopic eurves of the.eel (visual purple) do not
have maxima further out than in 0.560 u.

The fact that the photopic curves for different species are
shifted towards the red end in proportion to the scotopic curves
of the same species is regarded as evidence for chemical inter-
relationship between rod and cone substances.

The practically pure cone-eye of the tortoise is found to have
its system of colour reception organized on the same principles
as that of photopic fish with eyes containing visual violet.

The average curves are composite curves, consisting of ele-
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mentary curves, some of which are broad, others narrow, and
having maxima which may be some 0.050 g apart in the speetrum,
This should form a basis for colour discrimination.

In addition it is necessary to postulate at least one eaparate
substance sensitive to short wave-lengths,

Comparison of the nverage eurve for the tortoise, ns reenrded
with string-galvanometer, with that of the i=solated “red™ cle-
ment shows that the latter alone cannot he responsible for the
high values and the "hump" in the green and the blue regions
of the spectrum.

The author is indebted to The Rockefoller Foundation for n
grant to this Laboratory.
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