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Introduction.

In studying sense organs one of our ultimate aims is to learn to understand
mechanisms of sensory integration. For this reason it is necessary to
the appropriate adequate stimuli and combine an analysis of the sensory

response in afferent nerves with parallel exploration of what takes place in

the

nervous centres. Every experimenter will realize that there can be no

understanding of sensory integration before we know the specific attributes
whereby. one kind of response is discriminated from another, in fact, the
fundamental general problem facing the investigator nearly always concerns
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fiiscrimination. The more important the sense organ, the better developed
1ts discriminatory function. Sight, our most important channel of information,
has brought discrimination to such a degree of perfection that a nervous
Centre behind the receptors immediately takes charge of the primary message
for burposes of elaboration. This fact should always be borne in mind. It
1S a complication as well as an advantage providing us with unique opport-
Unities for research.

What are those opportunities? They were perfectly understood already
by Parinaup (99) who emphasized «la nécessité de changer l'orientation qui
A €té donnée a l'étude de la vision, de porter la question sur son véritable
terrain qui est celui méme de la physiologie, de chercher l'explication des
Phénomenes visuels dans la structure de I'appareil visuel, dans les propriétés
des ¢léments anatomiques.

Sil'on objecte que, pour expliquer les phénomenes visuels par les propriétés
de structure de I'appareil visuel, il faudrait connaitre cette structure, je
fépondrais: I] est possible que la question soit difficile, mais ce n’est pas en
tournant le dos a la vérité qu’on 12 trouve, et s’il est vrai qu'une question bien
POsée est & moitié résolue, il importe avant tout de bien poser la question. Au
Surplus, la question n’est pas aussi difficile qu’il me semble au premier abord.»

The monumental work of RAMON v CAJAL (104, 105) on the histology of
the eye, by its analysis of the interneurons of the retinal nervous centre, had
Paved the way for a new physiology of the retina, provided that the physio-
logists could produce the tools necessary for their own advance. The body
of knowledge from the earlier epoch of histology, in the hands of SCHULTZE (112),
ParinauD (99), K6N1G (84) and von KRiEs (82), had led to the facts sum-
Marized in the duplicity theory. There was now available in the great work
of SuErrINGTON and his collaborators (24, 113), a structure of concepts for
the analysis of the central nervous system and ADRIANs (1) brilliant research
on the electrical messages from sense organs, in particular his studies with

- MATTHEWS on the eel’s optic nerve (4, 5, 6), clearly indicated the obvious
Course of development for the physiology of the retina. Elsewhere I have
8iven a full account of the electrophysiological work on the retina up to 1945
(52) and this together with the more recent work should be studied against
jthe background sketched above. I need not here rewrite my earlier summary
N an abbreviated form. Since it was published very little has been done
With the retinal, action potential, the so-called electroretinogram, except
human studies [ApriaN (3), KarRPE and TANSLEY (79)] and important clinical
Work [KARPE (76, 77 ,78), MONNIER (90)], so that this field will not be further
Teviewed. I merely want to draw attention to papers by MoTOKAWA (93 —97)
on the human electrdfetinogram which during the war had escaped my
fotice. T shall restrict myself to recent studies on the organization of the
Tetinal elements in vertebrates.

Ergebnisse der Physiologie, Bd. 46. 3a



38 RaGNAR Granit: The organization of the vertebrate retinal elements.

I. Histology of the retina.

The organization of the neural pathway.

PorLvaks (102) scholarly book on the histology of the retina deserves
careful study by everyone interested in this field. It extended CajaLs analysis
to the primate retina, confirmed his main findings and reported interesting
new observations. Fig. 1 is taken from PoLYAKs book and, though not com-
plete, summarizes a number of essential facts. In this schematic picture the

) e e e o o
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Fig. 1. Fig. 2.

Fig. 1. The structure of the primate retina reduced to its essentials, including the synopsis of the pro-
pagation of the retinal impulses from the photoreceptors to other parts of the retina, to the brain, and
from the brain back to the retina (direction indicated by the arrows). Labeling of the cells: (a, b) rods
and cones, or the photoreceptors where the nervous impulses are generated by physical “light’’ (in the
scheme only the left group of the photoreceptors is assumed to be stimulated by light); (¢) horizontal
cells by means of which the impulses are transmitted to the surrounding rods and cones; (d, ¢, f, k) centri-
petal bipolar cells of the mop, brush, flat and midget varieties, which “transmit’’ the impulses from the
photoreceptors to the ganglion cells, the bipolars serving as “analyzers’’; (i) centrifugal bipolar cell, a
variety of the ‘““amacrine cells”,which probably rececives the impulses from the centripetal bipolars, from
the ganglion cells, and also from the brain by way of the centrifugal or efferent fibers (¢) and transmits
them back upon the photoreceptors (a, b); () an ‘‘amacrine cell’’ which possibly intercepts a part of the
bipolar impulses and spreads them over the surrounding territory; (m, #, o, ,s) ganglion cells which
receive impulses from the centripetal bipolars and transmit them to the brain along their axons called
“optic nerve fibers.” (Porvak: Univ. Chicago Press 1941.)

Fig. 2. Scheme of the primate retina, showing the types of the neurons and their synaptical relationships,
so far revealed by means of the method of GorLgl. (PoLvak: Univ. Chicago Press 1941.)

path through the retina resembles the reflex arc of the spinal cord. A receptor,
an intercalated (bipolar) cell, a ganglion cell corresponding to the motor horn
cell, form the main chain and around this main channel a complex system of
interneurones is found. A horizontal cell (¢) is seen to connect the foot of a
cone (b) with adjacent rods () and cones. Adjacent paths are further joined
by the amacrine cell (1) and very complicated interconnections are found at
the level of the ganglion cells (m, #, s). There are several types of bipolar and
ganglion cells. In fig. 2 some ‘diffuse’ bipolars are seen to range over a con-
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Sl_derable number of rods or a group of rods and cones, others, such as % in fig.1
are individual and join a cone to a ganglion cell. The former type is probably
ldentical with CajaLs rod bipolar. PoLYAk distinguishes between mop (4),
brush (e) and flat (/) bipolars within the general category of diffuse ones
see fig, 2). Porvaxk identifies the flat bipolars with CAjaLs cone bipolars.
None of the diffuse bipolars seems to be exclusively a rod bipolar. All of
them may be influenced by the cones too. The individual or midget bipolar,
af:cording to POLYARK, is related to cones alone which therefore have an addi-
tional or glternative individual path to the one in common with the rods. It
Would be a serious misinterpretation of the histological evidence to maintain
that cones can only send their impulses along the path of the midget bipolar.
The individual cone path should be described as a mechanism for giving
additional information. It is a physiological problem to find out when, how,
and to what extent cones can separate themselves from rods. Midget bipolars
have not yet been described in mammals other than primates though they
are seen in birds and lizards. In the light of the available evidence it is very
doubtful whether they exist in the cat, which is the best mammalian prepa-
tation avajlable for the physiologist,

Whatever the potential isolation of the message at the receptor and bipolar
Stage, additional mixing takes place at the ganglionic level, even in primates.
I.n Particular the giant ganglion cells, described by CaJAL, (types # and p of
fig. 2) extend their dendritic network over not less and probably more, than
100%200 cone diameters. POLYAK mentions ‘‘probably more’™ than 350 u.
Their cell bodies are around 30 u.

There cannot be much of a future now for the naive view that single
Cones only form simple straight line 1:1 relays to single cone equivalents in
the central visual projection area. All known sense organs are characterized
by Peripheral and central overlap and the problem of discrimination of colour,
brightness and form cannot be profitably developed without recognition of
this fact. On the simple view the cone paths should also be the simplest
Structures in the retina whilst all the research on the retinal elements (see
below) tends to show that the simplest possible path is a pure rod path, a
Convergence structure of the kind connecting to mop bipolars (d) in fig. 2
delivaring a type of discharge comparable to that of . stretch-receptors (see
below, on-elements).

So far we haye only considered a direction of travel from the receptors
towards the ganglion cells forming the so-called optic nerve as well as a number
of lateral interconnections. But CajAL discovered centrifugal paths in the
lerve and PoLvak describes a kind of centrifugal bipolar, the dotted structure
I fig. 1, Its axon anddendrites are turned so as to suggest opposite functional
Polarity compared with that of the normal path towards the nerve. The
®eutrifugal fibres of CAJAL are drawn to end on the body of this cell,

Ergebnisse der Physiologie, Bd, 46. 3b
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Thus, to sum up, the retina is a complex microcosm of a nervous centre.
It will not be easy to translate structure into function and this task will
require much time and patient work. On the other hand, as PARINAUD pointed
out, this is no reason for turning ones back to the truth and restrict oneself
to the kind of psychophysics or psychophotochemistry that neglects the
existence of the neural network of the retina and the properties of the central
nervous system.

I1. Physiology.

1. General organization of the retinal elements.

Isolation of retinal elements.” By an exquisite technique of microdissection
HARTLINE (65, 66) succeeded in isolating fine strands of fibres from the optic
@ Giploring s nerve of the frog around the blind spot:
at the inside of the opened eye. The
responses to . illumination were what we
have become accustomed to call single

©f fibre discharges, brief spikes of the
all-or-none type, varying in frequency
with changes in illumination. (As to the
- . criteria for single fibre discharges, see 52,
Fig. 3. Chart of the re:::;z've field of a single p- 304) )
optic nerve fibre of the frog. Each line Considering the convergence and inter-

encloses a retinal region within which the . . .-
exploring spot light (relative size shown above nuncial network (flgS. 1 and 2) the single

left), of an intensity of which the log is given : o : .
on the line, produced a response from the splkes mus.t . always rep 're.sent the inte
fibre. On each line the indicated intensity grated activity of a miniature nervous
was the threshold; the set of curves consti- elq . . .

tutes a contour map of the distribution of the centre within the retinal microcosm  of
retinal sensitivity to light with reference to  guch. miniature centres. By exploring

this pamculfa;::;i' [;:A(I:;;BI;E] I Opt. Soc. the frog’s retina with a minute light

spot, 0,5 mm in diameter Hartline (68)
studied the ‘receptive field’ from which the single spike could be elicited
by illumination. The main result of this work is illustrated in fig. 3,
fully explained in its legend. The receptive field is most sensitive in the
centre and its size can be increased by an increase in stimulus intensity. It
is interesting to note that the width of the receptive field (1 mm) fairly well
corresponds to the aréa within which ADRIAN and MATTHEWS (6) in their
pioneer work had found interaction between adjacent and slightly separated
spots of light projected onto the eel’s rétina. By using the flicker method for a
corresponding analysis of interaction between 4 separated light spots on the
hiiman retina I (39) arrived at much the same figure and so did CAJAL (104)
long ag6 in' measuring the maximum distance of spread: of the axon of the
horizontal cells. -The receptive field seems too large for a simple convergence
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Pattern attached to an optic nerve fibre. Within it excitatory and inhibitory
effeets are integrated in a complex fashion (52, 69).

] Around 1937 ForBEs and his collaborators (31) had developed a beautiful
Micro-electrode technique and recorded single spikes from the hippocampus
area. The micro-electrode technique was later (87) taken up by LORENTE
DE N6 and .developed in an. interesting analysis of the properties of some
‘ranial motoneurones. We have since seen it applied in a steadily increasing
Mumber of contributions to the study of the central nervous system, perhaps
the most interesting ones by RENSHAW (107-—409) and Brooks and EccLes
(’1'9*‘22). A parallel development has taken place with the retina (52, 57, 136,
137). The advantage of this technique is, of course, that without much dis-
Section any eye can be.studied by placing the micro-electrode gently onto
1t§~ retina after removal of lens and cornea. The original micro-electrodes
(silver core pulled out by gently heating it together with a surrounding glass
“apillary, according to Svaetichin) were soon given up for another type which
M my experience maintained the spikes better (41). This, which still is being
USed, consists of a 25 micra platinum wire, round which a glass capillary is
fused in such a fashion that the tip forms a well rounded point that can be
nf‘“’edover the retina without causing any harm. Such micro-electrodes
dlsplay condenser properties when tested by a rectangular shock through the
Tecording system (41).

. According to GERNANDT (33) two types of spike can be recorded by the platinum
w‘re.»micro-electrode from the cat’s eye; a small spike which need not concern us, here

®tause these spikes cannot be maintained well enough for the time necessary for ana-
Ytical work, and a considerably larger spike. We have only used the large spike
Which ranges in size from 0.15—0.30 mV, never splits up in two, and in the best experi-
Ments could been maintained under the micro-electrode from 4—35 hours,  Nowadays
We only use the decerebrated cat for analytical work. [ddded in proof. RUSHTON
(A{atwe, 164, 743—744 (1949)), in this laboratory, has since obtained highly satisfactory
Vidence in favour of the view that the single spike in the cat’s eye is delivered by a
Single ganglion cell of the diffuse type.)

The micro-electrode technique .confirmed the fundamental finding by
Harrrine (66) on the frog’s eye, namely that ‘the discharges fall into three
Main types:

(1) on-elements, responding merely to onset of illumination and keeping
u_P their discharge for a duration varying from case to case, apparently on the
Whiole giving more lasting discharges in mammals than in the frog (to judge
by HaRTLINES results on' the latter).

) {1} off-elements, merely responding to cessation of illumination, -the off-

Scharge, These are inhibited by’ illumination, as may be seen when the
e‘lement isolated is spontaneously active, or else, by repeating stimulation with
llgh'('-'Whyile the off-effect is in progress. This is then suppressed by pre-exci-
tatory inhibition, so called because it attacks'at ‘on’ and has a briefer latent
Petiod than excitation at ‘on’.
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(II1) onjoff-elements, combining these two properties.

So far very few types of eye have been surveyed from the point of view
of the relative distribution of the three types of discharge. It would be im-
portant to have such measurements carried out on different animals and
correlated with the histology of their retinae. In the frog’s eye with about an
equal number of rods and cones there are 50% on/off-fibres, 30% off-fibres
and 20 % on-fibres (66). The eye of the guinea pig, dominated by rods, seems
to be dominated by pure on-elements (46). Of the cat’s eye we have a very
complete survey: there are 79 % on/off-elements, 16 % on-elements and only
5% pure off-elements (GRANIT and TANSLEY, 58), counted on a total of 164 ele-
ments without excercising selection by any other criterion than good isolation
of the spike. The figure for the off-elements in cats is a maximum because
the on-components seem to be more sensitive to interference and the definitions
are limited by the strength of the spectrum used in this work as well as by
prescribing dark adaptation. Some dark adapted pure off-elements may in
light adaptation show an on-component (GERNANDT, 36). The cat’s retina is
very similar to our own periphery. According to WALLS (133) it has “a very
respectable number of cones ... about a third as many as we ourselves”. In
mammals the discharges, on the whole, tend to be of longer duration than
in frogs. We do not know whether the micro-electrode isolates the same kind
of spike as does micro-dissection but it seems probable that the micro-electrode
picks up the so-called soma spike [LORENTE DE N6, (87)] of the ganglion. On
the other hand, it should be remembered that well isolated spikes have been
picked up by our technique from dorsal root filaments which shows that the
micro-electrode need not necessarily be on a ganglion (52, Ch. I).

The method of backfiring into the optic nerve might be expected to solve this question.
However, this technique is difficult to apply to an eye and recent evidence on backfiring
into the ventral roots of the spinal cord (85, 21, 107—109) has demonstrated extra-
ordinary and unexpected complications, Thus, for instance the antidromic impulse
only seems to enter a certain fraction of the ventral horn cells [Lrovp (85)] and in
addition it sets up inhibitory effects [RENSHAW (107—109)] which tend to obscure the
inferences from earlier work on antidromic stimulation.

The pure on-elements. These are the simplest structures in the retina in
the sense that they reproduce the typical effect of all other well known sensory
endorgans as well as the type of discharge obtained from the invertebrate
retina of the horshoe crab Limulus polyphemus [HARTLINE and GRAHAM (70)].
Their dominance in the retina of the guinea pig which contains very few
cones (46) suggests that they are characteristic for rods. Whether they also
would be present in pure cone retinae is unknown. They have been extensively
analyzed in the cat’s retina and there been found to reproduce the pure visual
purple curve of spectral photosensitivity [DoNNER and GRANIT (28)]. If an
electrical current is passed through the retina between two electrodes on the
sclera and the micro-electrode is placed just inside one of the electrodes the
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bure on-elements are found to be stimulated by the cathode and inhibited
by the anode differing in this respect from the opposite type, the pure off-
clement, which is stimulated by the anode and depressed by the cathode
(GERNANDT and GRANIT (37)]1. For this reason the pure on-elements have
been called cathodal. The impulse frequency-log intensity curves of the on-
elements generally rise less steeply than those of onjoff-elements and soon
Teach a plateau at a relatively low maximum of around 100 impulses per sec.(49).
If a]1 wave-lengths in a spectrum are adjusted for equal bleaching of visual
Purple, then this relation for pure on-
dements, in terms of impulse frequency

s independent of wave-length at any M%-—*ﬁ

Constant multiple of the visual purple T -
threshold (55). This fact shows that in i ——

the cat’s eye on-elements hardly can

P%ay an important réle in wave-length e

discrimination. The only complication S ——a
Moted in the on-elements is post- WW
€Xcitatory inhibition (49, 50), a kind of “ T | |

depression of their excitability at the
e : ) .

Nd of a discharge. Post-excitatory Fig. 4. Post-cxcitatory inhibition in eye of guinea
pig. Micro-electrode. Records a—d show effect
With: L R ) of duration of stimulus of 600 m.c., a, about 0.3

lthln hrmts, in duration with an in- sec., b, 1sec., ¢, end of exposure of 5 sec., d, end
Creg : . . . - of exposure of 20 scc. Records e—g, effect of

ase m stimulus Strength or stimulus stimulus intensity. ¢, 20 m.c,, f, 150 m.c., g
duration (50). This phenomen is also 300 m.c. [GraniT: Vet. Akad. Ark. Zool. 36

) . (1945).]
Seen in the other typesof element, Fig. 4.

nhibition, when present, increases,

) In summarizing briefly the properties of the pure on-elements or, indeed, of any
¢lements I would like, once and for all to draw attention to the statistical nature of all
erk with isolated units. Only experience, as it grows, can compensate for this factor.

1th this reservation I want to conclude that the pure on-element is a simple convergence
?;[TUCture of the type shown in Poryaks fig. 2 (above), characteristic for rods and that
LS Mmain task in vision is to integrate a general ,,scotopic white‘‘ corresponding to the
tISUaI purple photosensitivity. At higher intensities it may also contribute somewhat
© the background of photopic white.

The off-elements. The response to cessation of illumination is such a

I . .. . .
€markable property of the retina that it is necessary to consider the theoretical
a_speCt of it from the very beginning. In doing so we are faced with two pos-
SihiTie: .

Ibilities : (I) the off-effect could be produced in the neural network of the
retj :

etina in the manner of reflex rebound, well known from SHERRINGTONs (113)
Work on the spinal cord; (II) alternatively there may be special receptors
mhik: . . . .

Dhibited by light and discharging to the removal of the stimulus.

. Inhibition of the off-response by re-illumination was first demonstrated by
RANIT and THERMAN (59, 60) and soon afterwards confirmed by HARTLINE
(65, 66) when, in the frog’s retina, he isolated the pure off-elements. Since
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we have every reason to assume the stimulus to influence the retina by way
of changes of potential across the retinal structures one would, on this view,
expect the off-receptors to set up potential differences of opposite sign to the
changes of potential characterizing pure on-elements. By throwing in flashes
of light timed to fall on top of the off-effect GRANIT and THERMAN (59, 60)
actually showed that the heavy inhibition of the off-discharge, thus elicited,
coincided with a potential change (component potential PIIT of the ERG)
of opposite sign to the one that had been shown to coincide with
excitation [component potential PII of the ERG (40)]. This argument,
that inhibition and excitation are correlated with opposite changes of
potential in the retina, can be adapted to either theory of explaining
the off-discharge, the receptor theory as well as the synaptic theory.
The facts at the moment seem to be of greater importance than the theory
to which they are attached.

HARTLINE (67) has studied an invertebrate retina, that of PECTEN, which
possesses two layers of receptor cells. The one only responds with an on-
discharge, the other one only with an off-discharge. A retinal response has

_not been obtained. This argument, too, is plastic since the receptors may
interact electrically (cf., for instance, in the manner postulated by EccrLEs
[see Brooks and EccLEs (19)] important theory for central inhibition), may
be connected by synapses or may, on the other hand, act separately and
possess receptors which are directly silenced or activated by light. In favour
of a synaptic localization of the inhibitory process is the fact that in Limulus,
on the distal side of the optic ganglion, on/off-responses are obtained instead
of the pure on-responses from its retina (138).

There is a recent interesting paper by PARrY (100) on the ocellus of a
locust (Locusta migratoria migraloroides). This organ responds to illumination
by increased polarization that can be recorded as a positive electrotonic com-
ponent from the ocellar nerves. At cessation of illumination this change is
reversed, the ocellus becomes depolarized with an overswing, and a negative
electrotonic component can be recorded from the ocellar nerves. Neither
change was found to be accompanied by any impulse activity in the ocellar
nerves but the polarization, due to the light and transmitted electrotonically
to the next station in the ganglion cells, discharged a burst of impulses from
the latter down the circum-oesophageal commissural path when the positive
response reversed to negative, that is, at cessation of illumination. Here then
is a clear case of polarization of a sense organ by illumination instead of
depolarization. From what is known about the properties of nerve excitation
this would be expected to silence an active ganglion (if it can reach it) whilst,
similarly, the ensuing depolarization at ‘off’ would be expected to activate
the ganglion. The distance between ocellus and ganglion, bridged by the
exceptionally large (25 u) ocellar nerves, is only 1 mm.
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ParRYs observation provides the first definite evidence for the existence
of sense cells which are polarized by light. The receptors of LiMuLus (70)
and DyTiscus (10) are depolarized by illumination.

On the strength of PaRRYs evidence it is conceivable that there might
be two kinds of sense cells in the vertebrate retina and that the opposite
Component potentlals PII and PIII of the electroretinogram which have been
Interpreted as truly opposite potential changes (56, 52) arise because of the
£xistence of two systems of opposite polarity. On the other hand, this evidence
Tefers to a photoreceptor of a very primitive type.

Inhibition is such a well-known property of the central nervous system,
of which the retina is a part, that one must seriously consider synaptic in-

» 'Fibition in the eye. Even though the precise mechanism of synaptic inhibition
s unknown — and it is impossible to review this problem here — the safest
Statement at present seems to be that the retinal types of inhibition, the pre-
€Xcitatory and probably also the post-excitatory form, belong to this class
of phenomena. The existence of opposite-component potentials of the electro-
Tetinogram, of which PII has been shown to be connected with excitation
and PIII found to be dominant when the chief effect of light is inhibition
(as when a flash is thrown in on top of the off-effect), suggests interesting
Correlations with the central nervous system which have been discussed at
Some length in my recent summary (52) as well as by EccLEs (19).

Finally the polarization test has given new information. Whilst the pure
on-element is excited to discharge by cathodal polarization and is inhibited
by anodal polarization, the pure off-element has opposite properties (37, 53).
It is excited by the anode and inhibited by the cathode. Simultaneous tests
With illumination have added to this distinction.and it will be discussed in
detail below. when we have become acquainted with the on/off-elements. In
Several types of test their off-components behave like the pure off-discharges.

oth with the off-component of the electroretinogram (52) as well as with
that of the nervous discharge (66, 52) it has been observed that the light has
to shine for some time in order to elicit an off-effect. The eye therefore seems
to be somehow prepared by the inhibitory process and by it brought into
Such a state that it can respond at ‘off’. However, in the cat's eye several
Pure off-elements have been found to respond to the very biefest flashes of
light,

The on/off-elements. These together with the pure off-elements seem to

€ in the majority in any eye containing cones. It would be premature to
Conclude from this fact that off-components necessarily presuppose cones.
€asurements carried out over several years have shown that even some pure
Off-elements merely reproduce the visual purple distribution of sensitivity.in
the dark adapted eye (28,.58) and, at least in the eye of the dark adapted cat,
all on/off-elements show the influence of visual purple upon the distribution
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of spectral sensitivity in the dark (28, 52). We have reason to believe that
some on/off-elements actually consist of rods alone (28). On the other hand,
off-components are more prominent in eyes with cones (58). We shall return
to this question below. But it is clear that, since the mechanism of colour
contrast must be organized by a system capable of responding at ‘off’, there
are strong a priori grounds for assuming the cone system to be the one that
particularly has specialized on the developmental possibilities inherent in an
organization capable of signalling both onset and cessation of light. Such a
system, utilizing both excitation and inhibition, must do what co-operation
between similar processes of opposite sign are doing for fineness of function
elsewhere in the central nervous system, 7. e. further discrimination.

The on/off-elements respond to increasing stimulus intensity by frequency
variations within a greater range than the pure on-elements (49). In guinea
pigs the latter only reached a frequency maximum of 100 impulses per sec.,
counted per 1 second. (By measuring the least interval between two conse-
cutive impulses at the top of the time-frequency curve one may, of course,
reach higher values.) With on/off-elements I have measured (for 0.1 second)
values above 300 impulses per sec. For'white’ light the frequency-log intensity
curves differ a great deal froin element to element in the cat, and most ele-
ments loose the main part of their on-component in the high intensity range
as if, at ‘on’, inhibition took precedence over excitation. This was noted by
ADRIAN too (2) in records from the whole optic nerve suggesting that this
type of element actually is in the majority in cats. In the optic nerve of the
monkey the on-components were better preserved at higher intensities (cf.
the frog, 66). In the cat some elements tend to loose their off-components
in the high intensity range and quite often one finds elements for which either
component is suppressed at some intermediate light intensity and again
reappears as stimulus intensity is increased. This suggests that receptors of
different spectral sensitivity and threshold take part in the make-up of an
element leading to variations in the balance of excitatory and inhibitory
influences as the light increases in strength. We shall return to this question
below.

The off/on-ratio. An interesting. property of the on/off-elements is their
off/fon-ratio (58, 34, 35, 37); this is the ratio of off-sensitivity to on-sensitivity
at the threshold of the fully dark adapted eye. (Since threshold energies
are the reciprocals of the sensitivities the figures for the offfon-ratios give
the on/off-ratio in terms of energy.} This is best understood by imagining 2
threshold measurement carried out with gradually increasing stimulus inten-
sity. In some elements the on-component turns up first and the intensity
has to be increased in order to evoke an off-component. Vice versa, there
are elements for which the off-component is more sensitive and the on-com-
ponent turns up at higher intensities. This range of variation is enormous
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and, in a sense, one may say that the off/on-ratio is infinitely high with the
Pure off-elements and zero with the pure on-elements. But among the ele-
Ments that clearly behave as onjoff-elements some may be 1000 times more
Sensitive at ‘on’, others 1000 times more sensitive at ‘off’. The largest col-
?ection of data has been assembled by GERNANDT (34) from whose work: fig. 5
'S taken, It refers to 196 elements tested with green (5200A), 105 with red
(GSOOA) and 100 tested with blue (4600 A) light. Of these 72 were tested
With all three lights.
It was pointed out above that in the polarization test the pure on-elements
- Were cathodal, the pure off-elements anodal. The on/off-elements were anodal
o7 cathodal (37, 53) and in fig. 5 the white columns refer to anodal elements,
the black ones to cathodal ele-

72
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Dents. It also is seen in fig. 5
that polarity tosome extentisa
function of wave-length. With
thegreen test light the cathodal
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Ments. In some on/off-elements or ¢

Polarity can be changed by light 25
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these elements contain both § 1
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Fig. 5. The ordinates show the number of elements present
within certain ranges of off/on-ratios, which’are grouped in
logarithmic units on the abscissae. A4 Green, B Blue, C

fo/on-ratio and, similarly,
though Jess markedly so, for
the blye test light. With the red test light which (in 6500 A) very little if
flt all stimulates visual purple receptors the off/on-ratio seems to be distributed
‘B2 more symmetrical fashion over anodal and cathodal elements. Considering
that the pure on-element is cathodal, GERNANDT suggests that in dark adapted
:at‘s the correlation between cathodality and low off/on-ratio or high on—sénsh
"Vity depends upon the same factors that make the pure on-elements cathodal.
r;gce these by several criteria are rods it is probably a greater contribution of

-activity (the visual purple maximum being in the green) that tends to
Make certain onjoff-elements of low off/on-ratio cathodal.

ACCording to this view there must be some correlation between wave-
*gth and offjfon-ratio. In a large number of elements, measured at the
erfShOId there is none. The offfon-ratio is practically constant in the spectrum
i h'e dark adapted cat retina suggesting visual purple dominance. But it

Quite common, too, to find elements that vary and then (most of them —
©Ugh not all) tend to vary in the fashion shown by fig. 6 ([GERNANDT (35)1.
N ?}lle off/‘on-ratio, instead of being measured on a threshold basis, is given
€ ratio of impulse frequencies at some supra-threshold level of the dark

Red. [GERNANDT: Acta Physiol. scand. (Stockh.) 15 (1948).]
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adapted eye, one often obtains the same type of curve (55) provided that all
spectral energies are adjusted for equal visual purple absorption so as to keep
this factor constant. Thus, towards the ends of the spectrum, very many
elements tend to become more off-sensitive, more so in the red than in the
violet. Since this takes place with the spectral energies adjusted for equal
stimulation of visual purple it is clear that other receptors must have been
activated at the two ends in the red and the violet. There is, to be sure, a
general correlation for all colours in the sense that the general level of the
offfon-ratio at the threshold is maintained throughout the spectrum. A highly
off-sensitive element belongs to that category whatever the stimulating
wave-length of light may be. The threshold variations with wave-length are on
a smaller scale and take place within the range of the general effect. But at
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Fig. 6. Average off/on-ratios of 8 (above) and 7 (below) elements as a function of wave-length. For the

individual curves averaged in 4 and B the minimum off/on-ratio was given the value of 100 and for the

other wave-lengths the values were given as multiples of 100 so as to make it possible to average offjon-
ratios from different experiments. [GrRNAaNDT: Acta Physiol. scand. (Stockh.} 17 (1949).]

higher levels of intensity the variations in off/on-ratio with wave-length become
dominant showing, as so many other facts, that much as one would like to
establish a physiology of the retina on the basis of the far more convenient
experimentation with white light alone this is impossible and means deliberate
neglect of one of the most important variables in the organization of the
retinal elements. Sooner or later all types of experiment lead to the problem

of wave-length reception.

It is being claimed by animal psychologists that our best experimental animal, the
cat, is lacking colour vision.” A wealth of experimental experience with the retinal ele-
ments, to be reviewed below, shows that cats definitely possess receptors with sensitivity
optima located in three preferential regions far apart, so that they must have some of
the fundamental peripheral mechanisms necessary for colour vision. Personally I fail
to see how an experiment, based on animal behaviour, ever could exclude more than
that, the messages from certain types of receptors play a dominant role in an animal’s
pattern of behaviour. For such reasons an animal may refuse to co-operate in the ex:
periments.” Considering the complex nature of behaviouristic experiments it is curious
that so much attention should be payed to a negative result. In far simpler experiments
one is rightly cautious in drawing conclusions from negative answers.

Returmng to the variation in the offfon-ratio at the absolute threshold
of the dark adapted eye it is necessary to realize that it:is impossible to ascribe
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it Merely to threshold variations in the receptors. The eye is fully dark adapted
and in that state all elements (and by now a very large number has been
Measured in the course of various experiments) show the influence of the
Visual purple spectral distribution of sensitivity. Under such circumstances
the range of variation in the offjfon-ratio from element to element must be
chiefly due to a variation caused by the interneurons of the retina [GranIiT
and TaNsLEy (58)]. The polarization technique to which we now will return
has Proved this view to be correct.

Polarity of the retinal elements. Polarization of the retina was used for analytical
Purposes already by WaLLER (131, 132) in an early study of the electroretinogram and
Rengvisy {106) showed that the slow phase of the retinal response could be removed

Y these means. Already 130 years ago PURKINJE (103) and others around the same
Period tried to investigate the effect of polarization of the eye upon our colour sensations
and, indeed, found a general effect, the cathode tending to introduce phosphenes from
the long wave-lengths, the anode from the short wave-lengths. A review of this work
has heen given by ScHAEFER (111). The most important and comprehensive study of
the effect of polarizing currents on colour vision we owe to the eminent psychologist G.E.

UELLER (98). The differential effect of anode and cathode on short and long wave-
°Ngths was confirmed. The most recent contribution to this aspect of the problem
IS due to Kravkov and GALOCHKINA (81) who found that the spectral sensitivity to
short wave-lengths was increased by the anode, that to long wave-lengths by the cathode,

'om other points of view the effects of polarization on the human eye have been studied
by a group of French workers (17, 18).

Our own work began in 1939 with a study of the effect of polarization on the electro-
Tetinogram (56). I tried, at that time, but did not succeed in recording by a micro-
®lectrode from the frog’s retina during polarization. Nor have I since found this possible.
In this smalt eye the current upsets the baseline of the recording instrument. Not until
the cat’s eye became our standard preparation did it prove possible to study the response
of single elements during polarization (51). In the meantime BernHarRD, GRaNIT and

KOGLUND {11} had polarized the optic ganglion of the waterbeetle, Dytiscus marginalis,
and noted that both the anode and the cathode had excitatory and inhibitory effects.

KOGLUND (11 5—117) then took up polarization of the vertebrate spinal cord and made
he valuable observation that extensor reflexes were elicited more easily by the anode,
flexor reflexes by the cathode. In pursuing this problem he found that Lors (86) previ-
©usly had made similar observations with invertebrates. GERNANDT and 1 (37) then
Undertgok g systematic study of the effects of polarization on retinal elements of dif-
ferent type: We found, as pointed out above, that the on-elements were excited by the
Cathode and inhibited by the anode whilst the off-elements were excited by the anode
and inhibited by the cathode. At cessation of polarization there was reversal of these
e.ﬁeCtS. The on/off-elements were anodal o7 cathodal, as pointed out above. GERNANDT (32}
first studied the effect of polarization upaon,the spectral thresholds of single elements
20d found the on-elements to be relatively insensitive whilst in the on/off-elements the

Tesholds for certain wave-lengths were selectively facilitated or inhibited by polari-
“tion, I shall return to this question in connection with the problems of colour vision

{p. 62).

The polarity of the retinal elements (fig. 7) and, in particular, the fact
that the on- and the ~off-elements are stimulated by opposite poles must
TAeﬂeCt some fundamental properties of organization. Measurements of the
light thresholds during polarization have given interesting information (53):

We define as the rheobase the minimum current necessary for the element
Ergebnisse der Physiclogie, Bd. 46 ’ 4
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to discharge in response to polarization. Then polarization strength can be
given in multiples of the rheobasic current. Similarly the changes of the
light threshold can be given in multiples of the threshold before polarization.
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Fig. 7. The effect of currents of oppuosite direction on cathodal clement. Increasing curvent strength
{right) in termis of multiples of rheobase (uppermost record). Onset and cessation of clectrical stimulation
clearly shown by shock artefacts. One sccond marked by dots below each record. [Grastr: J. Neuro-
physiol. 11 (1948).]
Fig. 8 shows what has happened to the light threshold (the off-component
of an anodal on/off-element and a pure (anodal) off-element) during cathodal
polarization which, as stated above, would be inhibitory for anodal elements.
The light threshold isrelatively little influenced

200

I [’Wﬁ/fm” by modest polarizing currents but above 5
%750 /I M a /,’/ rheobases the curves riseat arapid rate demon-
s ! / strating that the light threshold of the off-
ém— / ,1,,/”,,2 component has been greatly raised by the
§’> /'I //”"za passage of current through the retina. This
g sl / // heavy suppression of the off-component by the
S [ polarizing current can be studied in the actual
x _.d;::{'/[ ) records of fig. 9. There is first, in record 1,

[
g 5 w8 20 the normal response of the element to onset
Hulfiples of polarizafion threshold . . . . ..
Fig. 8. Plot of inercase of light thres- aNd cessation of illumination, this time at a
hold (inhibition) for wavelength 5200 A guprathreshold intensity. In record 2 the
against polarization strength for the L.
off-component of an anodal onfofi-  polarizing current (20 rheobases) has somewhat
element and for pure off-clement, Pt
both polarized eathodally, [GRANIT. diminished the on-component but completely
J. of Neurophysiol. 11 (1948).] suppressed the off-response. Records 3 and 4
show respectively normal control and effect of
polarization for a 10 times stronger illumination. Facilitations are rarely as
marked as inhibitions but fig. 10 shows a case of striking facilitation in a
cathodal on/off-element.
It should now be realized that such effects of polarization upon the light
threshold have not been obtained with the pure on-elements (53). There
may be a small just measurable rise or fall of the threshold corresponding to

the early part of the curve of fig. 8 but the large effects have not been found
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With pure on-elements, neither by GERNANDT (34—36) nor by myself (53)
W'Orkmg independently. Therefore the effects of polarization can hardly be
directed towards the straight forward path from receptor over bipolar to

S— —

4 — “H l I

I"g' 9. Anodal clement. 1, normal response to illumination; 2, same during cathodal stimulation;

2;‘“‘1 4, similar pairs but for 10 times stronger illumination, as fully explained in text. About 1 second
Out in the middle of records 3 and 4. Period of 50/sec. marked on line below record. Beginning and
end of stimulation with light as artefacts on time base. [Graxir: J. of Neurophysiol. 11 (1948).]

8anglion cell. Several cathodal on/off-elements have behaved like the pure
On-elements suggesting that these too must have been deficient in the specific
Structures necessary for an effect of polarizing currents upon the light thres-
holds, These structures must therefore be

1 . 750 r Facilitation
Ocalized to interneurones. Furthermore, the 3 A ofF
~
effects upon the light thresholds are more gmw //’ e
. ~

often than not highly selective in the sense § K s
that sometimes the on- sometimes the off- f’ // *
€omponent alone is affected. Nearly always g | /
there s great asymmetry in the effects on § /
th . ® -9 L L !

€se two components of the light response. 0 5 10 75 20

In Particular the anodal elements (pure off- Mulfples of polorization threshold

ang , Fig. 10. Same as in fig. 8§ but this time
On/off—elements) seem to contain an  decrease of threshold (facilitation) for the
abun cpl ;. off-component of a cathodal on/off-ele-
Zats dance of structures sensitive to POIarl ment during cathodal polarization.
Ation but there are some cathodal onfoff-  [Grawir: J. of Neurophysiol. 11 (1948).]
e . .. .

lementsg that behave in a similar fashion,

;nere]y displaying opposite effects on account of their opposite polarity,
dcilitation at the cathode and inhibition at the anode (note that the inhibition

Was cathodal in the anodal element of fig. 8).

From another point of view the structures, assumed to be interneurones,
Which asymmetrically influence the light thresholds of on/off-elements during
Polarization, may be called structures maintaining the off/on-ratio or at least
Tgely responsible for-this variation. The reason for this conclusion is the

act that polarization may be described as a method of changing the off/on-

Tatio of an element (see figs. 9 and 11). I have actually seen elements with

& normal threshold offfon-ratio of 0.008 (in the dark) during polarization
4*
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acquire an offfon-ratio of 1.0. In view of such facts it would seem to
be necessary to conclude that the offfon-ratio already at the threshold is

Fig. 11. A large and a small spilie isolated by the same micro-clectrode.  Stimulation belween the two

clearly visible shock artefacts with nasal clectrode cathode (above) and anode (below). One second marked

on lower line in the middle of each period of stimulation. Note opposite responses of small and large
spike during and after polarization. [Graxit: J. of Neurophysiol. 11 (1648).]

maintained by some interaction pattern determined by internuncial neurones
which, indeed, even may expend energy on the upkeep of a particular
state of balance between

0012 excitation and inhibi-

tion. The polarization ex-

periments may therefore
be said to have deli-
vered the formal proof

of the statement, made
above, that the off/on-
ratio is determined by

the interneurones of the

retina.
12 Just as polarization
influences the light thres-
% hold so also does illu-
[REE S 4

T T —— mination at about 1000
Fig. 12. The large and small spike of fig. 11 clicited by illumination time threshold sensitivity

with wave-length 4600 A at the relative intensities indicated beside
the records. Period of illumination marcked by photocell and ampli- Change the threshold for

fier connected to second beam of cathode ray below the one recorded polarization effects (29’
from. This beam also records the 50-period A.C. of the mains but,

at this film speed, so compressed that the duration of 1 second has 51), generally by raising
been indicated by separate marks below it. [GraniT: J. of Neuro- : : : :
e
physiol. 11 (1948).] it. After illumination th
polarization  threshold
quickly returns to normal while it may last a very long time before the

light sensitivity of a dark adapted eye has returned to its original value.

In order to summarize the effects of polarity on the onjoff-elements and
at the same time obtain some idea of the changes in offfon-ratio with stimulus
intensity we can study fig. 11 and fig. 12. It is a case in which two spikes
have been localized by the same niicro-electrode. In the upper record of
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f‘g- 11 the small cathodal spike is stimulated by the cathode and inhibited at
off’, the large anodal spike is inhibited by onset of polarization and activated
at cessation of polarization. For the lower record the polarization current
has been reversed. Now the large anodal spike is excited by onset of polari-
zation and the small cathodal one inhibited. At ‘off’ the small spike is
accelerated and the large one inhibited. The same pair of spikes in the same
€Xperiment was next tested by stimulation with Zght (fig. 12). The light
Intensity increases from record to record downwards in the figure. For both
elements a complete shift of off/on-ratio takes place when the light is made
?tronger. The large anodal spike has a low off/on-ratio at the low stimulus
Intensity and an infinitely high off/on-ratio at the high intensity. It is now
Completely inhibited by the onset of illumination. At this high intensity the
Small cathodal spike takes over signalling to onset of illumination. It is as
1f the low light intensity in this particular case had represented an anodal
Stimulus, the high intensity a cathodal stimulus. The elements of opposite
Polarity seem to be part and parcel of a system organized for a definite purpose.
The presence of slow opposite potentials in the retina adds significance to
this fact, Perhaps, at this point, attention should be drawn to PoLYAKs
Centrifugal bipolars as a possible explanation of the opposite polarity of the
off-element.

It will probably require years of research before the full significance of
all these facts in the organization of the retinal elements are fully understood.
Alr eady, however, it seems clear that a variation in off/on-ratio from the point
°f view of vision must enhance discrimination, representing, as it does, a
Temarkable device for changing pattern with stimulus intensity. In addition
F}ERNANDT (35, 36) has found that, in general, the more sensitive component
IS the first to be attacked by adaptation to light. It is, so to speak, the re-
acﬁng component of the element, a tentacle stretched out towards the energy
Variation called light. In studying colour thresholds he also found that there
Was a negative correlation between green-sensitivity in the on-component and
Ted-sensitivity in the off-component signifying that the elements that were
Specialized on responding to red at ‘on’ did not in general combine this pro-
Perty with a response to green at ‘off’ whilst between red and blue or green
And blue no such correlations were found.

2. The organization of colour reception.

Historical comments. The electrophysiological analysis of colour reception has a
fairly brief history. I have reviewed it elsewhere (52) and pointed out that the early
Period of research did not succeed in advancing beyond the, as such, important con-
clusion that there were some differences in the electrical response of rods and cones,
8s recorded by the electroretinogram, and that, by this index, there was a PURKINJE
shift jn consequence of a change in the state of adaptation. Equal energy spectra were
n(?t used and for this reason the PURKINJE shift could not be quantitatively measured.

ifferences between rods and cones need not mean differential colour sensitivity.

Ergebnisse der Physiologie, Bd. 46. 4a
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In 1935 GranaM and HARTLINE (38) studied the horshoe crab using the single fibre
preparation and six colour filters. There was, to be sure, a slight variation between
the fibres analyzed and the authors concluded that it would fit in with a colour theory
along the lines of HecHT (72) in which all colour-primaries are assumed to have practi-
cally the same spectral distribution of sensitivity. Colour discrimination, on the theory,
is the result of this slight variation around the mean. However, this is not the way
colour reception is organized to judge by all our work on the vertebrate eye in which,
in contradistinction to the results on the horshoe crab, there are definite maxima in
three regions of predilection rather far apart in the spectrum. Our results, to be reviewed
below, have put HecHTs theory out of court. This theory also has not found any
support in the recent experiments on the human eye which rather uniformly support
the view of sensitivity maxima in different regions of the spectrum [see e.g. STILES
(118, 119), WRIGHT (139, 140), WALTERS (134), WALTERs and WRIGHT (135), THOMSON
(122, 123), Jupp (75), HARTRIDGE (71)]. Not only is there no evidence in favour of
HecuTs theory but it also would seem to require central properties of unimaginable
fineness to evaluate messages which hardly differ at all at the primary station of
reception. Mutatis mutandis this holds good for the crab eye too.

Our own attempt to investigate colour vision began in 1937 with a study of the electro-
retinogram [GraniT and WREDE (62)] in which it was established that the light adapted
frog’s eye in addition to visual purple and some photopic substance with maximum
around 5600 A, contained a special blue-sensitive substance, as confirmed by GRANTT,
TrERMAN and WREDE (61). I next tried selective adaptation on the electroretinogram
and ‘demonstrated that the red end of the spectrum was selectively depressed by red
pre-adaptation whilst the green part of the spectrum maintained itself with green pre-
adaptation. It was thus established that there must be some substance in the long
wave-lengths in addition to the substance in the short wave-lengths and also something
in the green region. The experiments on selective adaptation were published in a review
written together with Dr. W. D. WrRIGHT (141). All these experiments were carried
out with the frog’s eye in which rods and cones occur in about equal proportion. Next
followed the experiments with micro-electrodes [GRANIT and SvarTICHIN (57)] on the
frog eye confirming the conclusion that there are colour sensitive substances with maxima
in different spectral regions. The final development of this work lasted several years
and was carried out with a variety of animals utilizing both direct methods based on
plotting of the curves as recorded by the micro-electrode technique as well as indirect
methods such as selective adaptation and polarization. The micro-electrode technique
extended the scope of analysis, particularly since,. in the last four years, it was improved
so as to make it possible in the best experiments with the cat’s retina to maintain the
same element under the electrode for 4—5 hours.

The scotopic dominator. Visual purple being the best known of all the

substances in the retina it seemed reasonable to expect its absorption curve
to be represented in the responses recorded by the micro-electrode from dark
adapted retinae containing rods. . The work of K&NIG (84)'and TRENDELEN-
BURG (124) had made its absorption spectrum known. The first and most
accurate measurements from recent times we owe to the late R. J. LyTH-
GOE (88). Somewhat later KRAUSE and SipwELL (80), CHASE and Haic (23),
Sarro (110). and WALD (127) published their measurements and the values
of some of these workers have been averaged by HECHT, SHLAER and
PIRENNE (73) who, besides, have tried to arrive at some idea about the actual
concentration of visual purple in the human retina. It should be noted that
light absorptionisa quantum affair whilst the spectra, asa rule, are calibrated
for equal energy. Comparisons with actual photochemical data therefore
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Presuppose a minor correction for equal quantum intensity which, of course, can
be derived exactly from the spectral energy data [DARTNALL and GOODEVE (26)].
) All micro-electrode work has, in fact, shown with great uniformity that
If an eye contains visnal purple, then, in the state of dark adaptation, its
absorption spectrum is reflected in the @[
Curves obtained (see e.g. summary 52).
Besides, this has been demonstrated with
the electroretinogram (52). In eyes con- s|-
taming visual violet, this substance takes [
the place of visual purple (44, 52). The %
Question is now with what accuracy the i
Curve for visual purple photosensitivity is |

Teproduced by threshold measurements o 2
With isolated elemes o W0 w0 50 50 600 w69
1solated elements. ur cur YeS are Fig. 13. Dots: in this and figures to follow,
&1Ways measured in terms of reciprocal standard visual purple curve. Curve drawn
of . . ‘ through the readings: spectral distribution
Quantum intensity necessary for an o scotopic sensitivity of pure on-element.
audj : : In this and all other figures the spectrum
T dible acceleration of mp ulse frefluency' is corrected for equal quantum intensity.
he pure on-elements are least likely to  [Doxner and Grantr: Acta physiol. scand.

: . . . h. .
be influenced by retinal interaction and (Stockh.) 17 {1949).]

their great number in the rod-retinae of guinea pigs (46) suggests that such
elements also are likely to give the purest visual purple-rod response obtainable.

1 1 1

It should be noted that in thus measuring

he threshold of any element in different wave-
l_engths' it is imperative to allow for any change
I the general level of sensitivity. This may be
done by measuring between every second or
thirg reading the threshold for some fixed wave-
length near the maximum of spectral sensitivity.
hresholds at each stage of the experiment are
then expressed as multiples of the control
threshold obtined at that moment. All our
®Xperimentson the spectral properties of retinal
Clements the earlier ones as well as the more
Tecent ones, have been carried out with a calibr-
ation wave.length and they haveall been thresh-
old ‘measurements. If these conditions are not
adhered to, any sort of result may be obtained.
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Fig. 14. Average distribution of scotopic
sensitivity of four pure on-elements compared

Our best individual curve (on-element with the V.P. curve. Logarithmic ordinates,
of . . I [DonNERr and GRANIT: Acta physiol. scand.
Scotopic cat) isshown in fig. 13 and four (Stockh.) 17 (1949).)
CUrves are averaged in fig. 14, plotted on a.
logarithmic basis to show the base of the curve more clearly [DONNER and
Granrr (28)]. The small black dots represent the average curve for visual

Purple in solution (73).” Some of our earlier curves were almost equally good (52).

These curves illustrate the spectral distribution of sensitivity of the so-
Called pure scotopic dominator. They are seen to be somewhat narrower than
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the visual purple curve. A very great number of measurements have now
been made on various elements in the scotopic cat’s eye. All of them show
the influence of the scotopic dominator, a fact which is in agreement with

Fig. 15. Averaged scotopic values faor onfoff-com-  Fig. 16. Averaged scbtopic values of on/off-com-

ponents of an onjoff-element.

[Donner and ponents of a relatively off-sensitive element ob-
GRANIT: Acta physiol. scand. (Stockh.) 17 (1949).] served during 4%/, hours. [DoNNER and GRANIT:

Acta physiol. scand. {Stockh.) 17 (1949).]

the convergence of rods and cones upon the same ganglion cell as demon-
strated by PoLyax (101). Several on/off-elements also give the curve of
fig. 14 with the same degree of purity as the pure on-elements. Apparently

\

450

1 ]
500 850

)
600

M 65

Fig. 17. Logarithmic plot of average
scotopic curve from the work of GRANIT
(1945). The thin line joins the dots repre-
senting the V.P, standard. [DoxNgR and
GraNIT: Acta physiol. scand. (Stockh.)

17 (1949).]

then, these are also relatively pure rod-
elements or, if they contain cones, these do
not occur in sufficient number to.cause any
deviation from thescotopic dominator (28,53).

However, a certain number of on/off-
elements do not reproduce the scotopic
dominator in the relatively pure state in
which it is found in fig. 14. They very
definitely show the influence of something
else. Specimens are given in figs. 15, 16
and 17. There are humps in both the long
and short wave-lengths, particularly interest-
ing the hump that sometimes is seen
as far out as at 4200 A. Humps in the
red are quite common, as are also humps in
the blue around 4600 A.

It is possible to show that these humps represent a differential sensitivity
to light because modest light adaptation may make them more prominent
than they were in the dark. Examples are given in the two curves of figs. 18

and 19,

before (curves drawn in full) and after (curves in broken
lines) adaptation to a neutral light of 800 m.c., diminished by a neutral
filter of density 2.4.
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What is the explanation of these humps? By labelling the differentially
Sensitive components (contributing to the convergence structure recorded
ffom) cones we have merely given them a different name. The final explana-
tion muyst always be in terms of photo- s
Chemically sensitive compounds. Theidea L
that breakdown products, formed by visual T
Pll.rple’ by serving as internal filters may -
S_hlft its spectral sensitivity owing toselec- |
tive absorption [DARTNALL (25)] en- w|-
Counters the difficulty that the humpsare
Seen at the absolute threshold in the state [
of Complete dark adaptation without any

Teakdown of visual purple. There is the

ol ] ] 1 I
0 M0 - LS00 5350 800 P’ 650

Fig. 18. The scotopic curve, !/drawn in full,

further difficulty that the humps occur in
both the short and long wave-lengths
Making theory based on decomposition

refers to the off-component of a slightly
more off sensitive on/off-element. The dotted
curve represents the properties of the same
element after modest light adaptation, as

explained in the text. [DoNNER and GRANIT:

ro . .
P dUCts of visual purple not Only M= Acta physiol. scand. (Stockh.) 17 (1949).]

Probable but also of questionable value
3% an aid to experimentation because it becomes necessary to invent additional
n_7‘(3Chanisms to explain the nice adjustment and maintenance of these internal
filters a¢ appropriate levels of density.
évertheless DARTNALLs work is of value '
3 a quantitative attempt to examine a
®finite set of ideas.
Since only one photochemically active &
“Ompound, visual purple, is known in the
Tetina, it would seem to be fundamentally .
‘Sound to enquire whether this compound ME
IS plastic enough to undergo the.chemical
transformations necessary for shifts in its % T — 7 4
abSQrption curve. The humps would then  Fig. 19. Same experiment as in fig. 18 with
€ due to actual variations in the chromo- amth;r ?cl)?ziﬁd[])(g?;iiin?;hzgg):.?aa
physiol. . s
Phore or its linkage with the proteins of
€ Teceptors (7, 52). I shall end this summary by considering the evidence
for this view. The conclusions will be easier to understand when some further
facts have been presented.

The photopic dominator (fig. 20). If a retina contains a sufficient number
of cones good light adaptation, neutral in colour, shifts the spectral sensitivity
of most of its elements. towards the red end and the maximum now occurs
at'5600 A. This, in terms of retinal elements, is the equivalent of the PURKIN]JE
shift of the human luminosity curve. In the laboratory animals such as the
@t it js quite clear that the same element, depending upon the state of
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adaptation, can serve both as scotopic dominator with maximum at 5000 A and
as photopic dominator with maximum at 5600 A. Photopic dominators aré
easily found in frogs (45) but not in the eyes of rats and guinea pigs (43, 46)
which have a very modest number of cones. In the cat only 36% of the
elements investigated gave the full shift to the photopic dominator (48). In
the rest the number of cones probably was insufficient since the maximum
only shifted to about 5200 A with a secondary hump at 5600 A, or it remained
at 5000 A.

This being so it would be of great value to find a pure cone eye. The
snake retina proved to be useful. No scotopic dominator was ever found it
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Fig. 20. Photopic dominator curves of frog and  Fig. 21. Scotopic (left), photopic (right) spectral

snake (---+ ). Equal quantum intensity spectrum. distribution of sensitivity for tench, the formef

[GraNiT: Nature (Lond.) 151 (1943).] compared with visual violet (see text). Spectra of
equal quantum intensity.

this eye, but the photopic dominator was easy to demonstrate and found to
be independent of state of adaptation (47). Photopic dominators are shown
in fig. 20.

Recalling that visual violet (porphyropsin), discovered by KUHNE and
SEWALL (83), is a substance very similar to visual purple (rhodopsin) and that
it occurs in certain fishes I studied a number of fish retinae containing visual
violet and also that of the fresh water eel which belongs to the ordinary visual
purple type. In fig. 21 (left) the spectral absorption curve of visual violet
(tench, Tinca), as determined by Bavriss, LyTHGOE and TANSLEY (9), iS
compared with the electrically measured sensitivity curve and the agreement
is seen to be good. The physiological curve is somewhat broader in the short
wave-lengths. Whether this is due to fluorescent substances such as riboflavin
[v. EULER and ADLER (30)], to impurities in the visual violet extracted by
BAvLIss ef al. or to some other cause is at present unknown.

Now GRUNDFEST (63, 64) had shown with the aid of behaviouristic tests
that the sensitivity of the sunfish {Lepomis) after light adaptation undergoes
a PURKINJE shift to the region around 6000 A from its dark adapted por-
phyropsin maximum around 5300 A. The spectra of the fish were somewhat
distorted by what he held to be selective filters 'within the eye. An electro-
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thSiOIOgica.l analysis showed, indeed, that the sensitivity maximum of the
Visual viglet system of fishes, after light adaptation, shifts towards the long
Wave-lengths by the same amount as that of the visual purple system so that
the Photopic dominator in porphyropsin eyes actually has its maximum
around 60006100 A (see fig. 21, right). The fresh water eel, a fish with its
Scotopic dominator around 5000 A (visual purple), had a shift to only 5600 A.
Thus the photopic dominator, whether belonging to the rhodopsin or the
Porphyropsin eye, always occurs at a fixed spectral distance from the scotopic
dominator, This being so, we may well ask whether, corresponding to the
Pure cone eye of the snake, there might not also exist pure cone eyes belonging
to the visual violet system. I found the tortoise (Testudo) to be such a species '
42, 44). Single elements were easily obtained in this eye and their maxima
round 6000—6100 A were independent of state of adaptation. It was,
M fact, a curve identical with that of fig. 21 (right).

The results just mentioned are of particular interest for the theory of photo-
TeCeption because they very definitely suggest some chemical interrelation-
ship between the substances responsible for the scotopic and photopic
dominators. On the chemical“side this fact is further emphasized by WALDs
?bsﬁl'vation (125, 127, 128, 129) that visual purple, upon bleaching, ultimately
I8 transformed into vitamin A, whilst visual violet is changed into vitamin A,.
Otherwise too the decomposition products of rhodopsin and porphyropsin
?t all stages are chemically similar and merely appear displaced symmetrically
™ the spectrum in various tests, the porphyropsin photoproducts, like vit-
min A, and porphyropsin itself, being shifted towards the long wave-lengths.
o In conclusion we may state that two photochemical systems are known
N vertebrates, the rhodopsin and the porphyropsin systems, both represented
M records from. retinal elements by the micro-clectrode technique with their
T®Spective scotopic and photopic dominators.

‘The modulators. In the eye of the light adapted frog (45) very much
arrower curves than the photopic dominators were also obtained. Parti-
Cularly definite was a narrow curve with maximum around 6000 A and another
%€ in the blue region around 4600 A. Demonstration, in the frog’s eye, of
a'nai’mw green curve with maximum around 5300 A proved somewhat more
dffﬁcult becanse incipient dark adaptation, tending to favour a change in the

Tection of the scotopic dominator, had to be avoided. These narrow curves
Were called modulators. With the intention of basing further analysis of cone
€¥es on simpler results with an eye in which rods would predominate I next
%0k up the rat’s eye with the micro-electrode technique (43). Greatly to my
SllrpriSe’ I found in this retina the red modulator at 6000 A. In a certain
"Wnber of elements good neutral light adaptation completely suppressed
*NSitivity in the rest of the spectrum (i. e. suppressed it below the instru-
Menta] threshold of the HILGER-TUTTON spectrometer then in use) so that
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the red modulator remained alone in a practically isolated state. This red
modulator, sometimes in combination with a narrow band in the region of
visual purple, was the only indication of something that could not be referred
to the rods which are assumed to respond by the rhodopsin distribution of
sensitivity. At that time I had not yet made a systematical study of the
sensitivity distribution of pure on-elements (see above) but the photopic
curves with maximum at 5000 A were narrower than the visual purple curves
of fully dark adapted rats. To prevent misunderstanding it should be realized
that the early colour work with various eyes differs from the later experi-

| ments in not being limited to single spikes.

”:/‘: m Thisis clearly pointed out in my summary
0l — (52) as well as in the original papers.
/ \ This very definite evidence for a

b red modulator at 6000 A, occurring
w f without a sign of a photopic dominator,
/{ ?I was somewhat perplexing and suggested

2 7 that the dominators could be compound
, of curves in which several types of photopic

woosw S0 40 6% p % receptors were thrown together into
Fig. 22. Red modulator curve of smake. one element for activity in wunison.
Averaged results of 7 series; (dotted line) . . . . .
averaged results in 2 series in which there Before investigating this point, however,
s lile o ne Iomp in the green Bawl it seemed necessary to obtain some
physiol. scand. (Stockh.) § (1943).] information with the pure cone eye
of the snake. This has high thresholds
(partly due to the urethane narcosis, possibly also due to the absence
of visual purple) so that the blue end of the spectrum which in itself
has a low energy content could not be included in the measurements. The
red modulator at 6000 A was easily found. Generally it occurred together
with a hump at 5200 A and there were all kinds of gradations in the purity
of these two maxima, from practically pure red modulators, over red modu-
lators with small and large humps in the green at 5200 up to photopic modu-~
lators with more or less well-marked humps at 6000 A. An example is show?
in fig. 22, several others in the original paper (47).

Are the modulators at 6000, 5200 and 4600 A the only ones found? BY
the direct technique, so far discussed, a yellow modulator at 5800 A, was seen
in the frog’s eye. The rat had a green modulator at.5000 A looking like 2
narrow visual purple curve whilst in the frog the green modulators did not
appear at 5200 but somewhat further towards the red end at 5400 A. Quite
clearly, however, the modulators were confined to three regions of predilectiof
one in the red, one in the green and one in the blue part of the spectrum. But
within these regions there was some variation, difficult to ascribe to errof$

_ of measurement because of the use of a calibration wave-length and als?
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because the curves were so narrow. The latter circumstance tended to make
the Mmaxima at the top stand out rather clearly whatever the uncertainty at
th(? base. In fig. 23 is given a summary of the modulators seen in various
ammals, all obtained by the technique of direct threshold measurement.

In a mammal such as the cat (48) the w0~y Tomer TN T
Photopic dominator had a hump at 6000 A * ol / N\ ‘ﬁ\ 3 -

A 3

but only once I obtained a curve that could ¥ / ¥ { { \ b

b IRV ZAVIER
y— f '

© p ut_ down as a modulator. This curve 0
had jtg maximum at 5200 A. Here then it / r: ; \ // )

Wag Necessary to employ some indirect @ AR A \ i\
technique which at the same time would I /' \ X \‘%\ ]
Show whether the photopic dominator was |7 AVAS RN \

4 Compound curveas suggested by its hump 0;4 TN TSN
At 6000 A. This it shared, for instance, o s

wi th Fig. 23. Modulator curves. Dots:rats; broken
the pure cone eye of the snake and lines: guinea pig; continuous line: irog; o—o:

b , . e snake, Equal quantum intensity spectrum.

ty t.he rat’s eye. The f{irst indirect [GraniT: Nature (Lond.) 151 (1943).]

®hnique used was selective adaptation

(52) based on the idea that illumination of the eye with light selected from the
vy £

.red, green or blue regions of the spectrum would suppress the sensitivity of
U own receptor and thus make

Other components visible. The ease faay’ Y i 1
}Vith which single spikes can be o[- f v, H
Solated and maintained in the cat’s fif (7
¢¥e made it a very suitable animal oo $
O this purpose. LY RN )

Some elements did not respond ' ‘ﬁ ]
SeIEC’tiVelyto'selectiveada tati d 2 o o A

ptationan 11 38 & SEEN
US must have been pure visual pur- S o e aayad -

S

Ple elements. But others gavecurves W #0 A0 .80 .G
ot e narrow modulator type, and, L3 AvE Tt e v e
. T, some variation was foundwith- € blue. Outer curves indicate the dispersion of the
In the three regions of predilection. results m:lic.hjcsz‘Nfu‘i‘(‘)‘;lh‘;‘;iegfy Sﬁ?ﬁfﬁ“‘ [GRA-
The req modulator at 6000 A was th - ’ '
a was the .
M08t common one but in addition a yellow modulator with a maximum at 5800 A
Vas seen twice. Green modulators were found at 5000, 5200 and 5400 A,
¢ modulators at 4600; one was further out in the short wave-lengths,
4400 A, This violet modulator came as a surprise but the later analysis of
€ scotopic dominator by DoNNER and myself (28) showed, indeed, humps
3 far out in the violet- as at 4200 A (cf. above fig. 15). The modulators
Obt'ﬁ%d by selective adaptation are averaged in fig. 24 which thus illustrates
€ Centres of gravity of the three regions of predilection. The three funda-

Mental maxima are seen to be around 4500—4600, 5200—5300 and 6000 A.

0 550 pre 700
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When GERNANDT (32) had demonstrated the possibilities for colour ana-
lysis by the method of polarization, I made a systematic analysis of on/off-
elements by this technique (54). The threshold rises or falls in different
P wave-lengths as a consequence of the
weak polarization and the effect can
be plotted as a polarization factor
along the spectrum showing how many
times the threshold has risen or fallen
in each wave-length. Some specimens
illustrating the properties of individual
elements are given in fig. 25 and the
averages of all the 283 polarization
factors from 28 elements are plotted in
fig. 26 giving the outcome of a sta-
tistical analysis (performed by Dr. L.

R K7 500 560 808 687 L

-
400 450 s 55 500 650 GOLDBERG of the Caroline Institute,

Fig. 25. Two clements for which the polarization Stockholm). Again the same three
factors are plotted against wave-length. The

numbers within the circles show order of taking  Spectral regions of predilection tur-

the observations. Polarizations switched off ned u
between each observation. . [GraniT: J. of p-

Neurophysiol. 11 (1948).] It seems then that modulators

in the cat’s eye can be produced
indirectly by various means but that a general analysis of the results
returns the maxima in the three preferential regions of the spectrum.

Polarizofion factor

25 [Added in proof. Recently the same
three regions have been found in man

20 and frog by Motokawa []. of Neuro-
physiol. 12, 291 (1949)] using a polariz-

1.5 ation technique of a very different
kind. His curves agree fairly well with

L e TP S BN SO S S S those in fig. 28B.]

0 450 500 550 600 .6'50}1-

: . Whenever one makes a detailed ana-
Fig. 26. The average 283 polarization factors
plotted against wave-length. Thin lines show lysis by the micro-electrode technique
mean variation, [GrAaNIT: J. of Neurophysiol. . ST
11 (1948).] one obtains more variability among the
elements than is expected on a simple
and straightforward colour theory of the YouNc-HELMHOLTZ type. This fact
was brought home with particular emphasis when, somewhat later, GER-
NANDT (35) again took up selective adaptation in order to see whether some
simple rule would emerge from the analysis of adaptation factors. The green
red and blue Ilford spectral filters were used, the cat’s eye was fully dark
adapted and single, well maintained elements, perfectly outlined against
a negligible background noise level, were analysed before and after illumination
through these filters. Three test lights, 6500 (red), 5000 (green) and 4600 A
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(blue) Wwere employed. After § min. continuous illumination through either
of these filters the adapting light was switched off and the threshold re-
determined for the test lights. It was generally found to have risen as a
Consequence of the adaptation and the ‘adaptation factors’ show the amount
of this change in multiples of the normal value before selective adaptation.

€Covery was followed in the dark to ensure that the thresholds returned

Table 1
———
Blue adaptation Green adaptation Red adaptation
No cTc;?s::]r Adaptation factors Adaptation factors Adaptation factors
\‘ on off on ‘ off on off
' | Green 323 15.5 17.3 ‘ 1.0 10.0 4.0
Red 23.8 15.2 23.8 2.1 6.7 15.1
Blue 96.6 39.2 13.1 1.3 40 | 9.9
2 | Green 23.6 10.0 550 91.1 142 26.
Red 6.6 1.5 23.8 23.3 23.8 6.6
Blue 389 5.0 308 100 24.7 15.6
31 Green 2.7 2.7 100 244 6.4 273
Red 4.3 3.6 1.5 2.8 36.2 159
Blue 4.4 10.3 50.0 123 4.0 15.5
4 | Green 9.7 170 9.0 1.5 3.8 2.4
Red 3.6 12.8 1.5 1.2 2.9 4.5
Blue 0.8 8.2 3.9 1.0 7.9 2.0

to thejr original value. If they did not do so the result was discarded (pressure
¥ the micro-electrode may then have damaged the sensitive retinal structures
Solated), Great precautions were thus taken to ensure optimal conditions.
A glance at table 1, illustrating the adaptation factors of four elements
out of 72, will immediately show the extreme degree of variation in the design
Of the elements as wave-length detectors. Indeed, the retinal mosaic may
Almogt be likened to a many-coloured Turkish carpet! The four elements
a‘Ve been chosen to illustrate variations in colour sensitivity as well as vari-
Ations ip adaptability. No wonder that simplification only is obtained as a
Tesult of statistical analysis. Clearly some process of modulation is at work
Ut at what stage and how? Is the modulation photochemical and due merely
to_ the plasticity of the chemical combination of a labile chromophore con-
Alning several double bonds and free electrons capable of turning the balance
°Re Way or another in addition to whatever further possibilities are provided
S:f the linkage with receptor proteins, or is there a very limited number of,
Y, three or four substances modulated by interaction in the retinal switch-
©ard of internenrons?
‘Colour mixture’ within an element. The appearance of modulators by the
Polarization technique suggested interaction (see above, p. 51) but it was
Reverthelegs deemed important to prove by illumination experiments that
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interaction between two wave-lengths of light shining on the same element
could produce new patterns. This problem was attacked by means of our
WRIGHT colorimeter [see e.g. WRIGHT (140)] in which two wave-lengths can
be selected and made to illuminate the eye singly or together. The fully dark
adapted cat was used (55) and the spectral energy for every wave-length
adjusted to equal visual purple absorption in terms of the measurements by
w zporr DONNER and myself (28), published above
i f) in fig. 14, and obtained by the same
apparatus.
In several elements it was immaterial
whether the spectrum was used at full
intensity or if neutral filters were inter-

S
T

&
T

posed. An equation of two colours in
terms of equal visual purple energy values
gave the same spike pattern for all wave-
p ] lengths, whatever the intensity level.
L3 0-— Clearly then these elements can only have

7 7 100 7000 : . ’
Log. energy contained visual purple and their fre-

Fig. 27. Spike frequency — log intensity —quency-log intensity curves must have
curves for on- and off-components of a red b id ical 1 all w 1 h s
6200 A and a green 5200 A stimulus. The een 1dentical for all wave-lengths, as,

logarithmic abscissae are in terms of multiples  indeed pI‘OVBd to be the case wheneverl
of energy necessary for visual purple threshold ’

response. The two places marked R and ¢ they were determined. But in a consi

refer to experiment not to be reviewed i 1
below. [GrANiT: Acta physiol scand. derable number of elements equal visua

(Stockh.) 18, 281 (1949)]. purple energy values did not give equzzl1

2
T

responses in terms of impulse frequency
at ‘on’ and ‘off’. A specimen is shown in fig. 27. For the two wave-lengths
chosen, 5200 (green) and 6200 A (red), impulse frequency is plotted against
log energy in multiples of the visual purple threshold as abscissae. For
no value on the abscissa can the impulse {requencies be matched in the
red and the green.

What happens when, with such types of elements, the red and the green
are thrown in simultaneously after reduction of the energy by one half s¢
as to maintain the total energy for the double stimulus constant in terms
of visual purple absorption. Do the impulse frequencies of the two add, do
they strike a mean between the singles or does either of the two “‘win” it
the sense that it succeeds in impressing its value upon the sum? The results
were perfectly clear cut: provided that the two wave-lengths chosen weré
sufficiently far apart so as to differ in impulse frequency, when adjusted it
energy according to visual purple absorption, either of the two mostly
succeeded in imposing its frequency pattern upon the sum. The othef
one behaved as if non-existent from the point of view of specificity of
impulse pattern or offfon-ratio.
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- Table 2 compares the full and half values for a green at 5200 A with the
Corresponding values for a red at 6400 A and with the sum of the red and
jthe 8reen stimulus, both halved so as to maintain the total energy constant
In terms of visual purple. It also presents the offfon-ratios. The values have
been determined with our automatic frequency counter recording the impulses
Separately at ‘on’ and ‘off’. By means of this device a large number of readings

Table 2.
G, full G, half R, full R, half ’ Half (R + G)
On-off 27—16 | 21—9 25—30 | 21—16 23—18
Off/on-ratio 0.6 0.4 1.2 0.8 0.8

an be quickly assembled. Clearly the sum of red and green at half intensity
has reproduced the offfon-ratio as well as the absolute frequencies of the red
half valye.

In such experiments it is not difficult to find elements of the type for
Which the off-components are more marked in the red. When this is the
Case there is nearly always a smaller rise of the off-response in the violet too.
It is 4lso relatively easy to find elements in which the red dominates in the
Combinations of the two, less commonly one encounters elements with green
dOminance in the sum but even in such cases the green stimulus may give
2 lower offfon-ratio. The variations in off/on-ratio with wave-length may as
Such be an aid in discrimination. They, of course, signify that the frequency-
log intensity curves are running a different course for different wave-lengths.

hen an animal turns its eye towards the coloured light these differences will
®Merge in the pulsations of frequency set up by the stimulus.
' These experiments on ‘colour mixture’ within a single element are of
Wterest from the point of view of the psychophysics of colour mixing but in
this connexion they are chiefly taken up because of the principle involved
and itg significance for the understanding of the nature of the modulators.
(The reader is referred to the original paper for details (55).] They establish
the fact that at least at suprathveshold z'nte-nsitie_s a zone of overlap between
the Spectral absorption curves of two substances in different receptors con-
Verging towards the same ganglion cell may lead to interference altering the
Shape of the absorption curves responsible for the primary effect in the
Teceptors,

Wave-length and spike frequency-time curves. DONNER (27) has recently
Tr.lade the important observation that the spike frequency as a function of
time can be used to detect specific colour sensitivities in the retinal elements
of the fully dark adapted cat. He developed an electronic shutter for our
Atomatic frequency counter and by means of this apparatus selected a

Ergebnisse der Physiologie, Bd. 46. 5
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counting period of 0.1 sec. and shifted it along the course of the on- or the
off-discharge. By means of this device the temporal course of the spike
frequency in about one hundred elements could be studied without the irksome
analysis of several thousand metres of film. In the on-elements the impulse
frequency rose along similar curves for all wave-lengths (adjusted for equal
visual purple stimulation). But in a considerable number of on/off-elements
specific changes took place with a change
S -— in wave-length.

A case in point is the element shown
in fig. 28 A. The impulse frequency for
=== the red stimulus (6000 A) rises along the
curve drawn in full. The frequency for

sec.
o
S
1]

Impulses per
3
1

' . . .5:94‘0”05‘
p) 77 ez 23 e¥ g5 the green stimulus (5200 A) is shown by
Time atter cessation of ight the broken line and that for the blue
el stimulus (4600 A) by the dotted line.
% Since the energy values for red, green
5” i and blue were adjusted for equal visual
~§ ol purple absorption the curves ought to be
S identical (as, indeed, they were for the
TR — iy Dure on-elements and several onfoff-ele-

Wave—lengtts in p ments). But these curves are not. Some-
Fig.28. A. Spike frequency-time curves for  times, too, there was an early rise, pro-
the off-effect of single retinal element at three . . .
wave-lengths: 6000 A: line drawn in full, bably due to visual purple stimulation,
5200 A: broken line, 4600 k: dotted line.  detectable for all colours which then
Duration and location of counting periods .
marked above record. B. Analysis of 9 Separated themselves according to the
elements. Averaged spike frequency for .. . . R
counting period of 0.1 sec. located on top of prmmple established by flg‘ 28A: the red
the three maxima for red, green, and blue maximum is always the first one, next

as explained in text. [DoNNER: Experientia §, . . .
(1949).] ‘ follows the green maximum, and, finally,
a great deal later, the blue has the highest
frequency of the three. The blue maximum is not definite in the example
chosen but in some of DONNERs curves it is quite prominent. The temporal
location of the three maxima was fairly stable from element to element. It
was not necessary to maintain the adjustment for equal stimulation of visual
purple to see the three humps separate themselves. DONNER found thein
also in a number of experiments in which the spectrum was adjusted for
equal energy. As soon as an intensity level had been reached at which the
humps became visible they often maintained themselves in their relative
location within a considerable intensity range.

DoNNERs result made it possible for him to select the average loci for the
three maxima in the frequency-time curve and study each independently
in the whole spectrum by delaying the counting period in an appropriate
fashion. The question attacked by this method is clearly as follows: within
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What Spectral range can the specific ‘red’, ‘green’ and ‘blue’ maxima be demon-
Strated? The answer is provided by fig. 28 B, an average for 9 clements.
The req maximum is seen to be best marked for wave-length 6000 A, then
tf’ diminish rapidly towards the green and to rise again in the violet. The
Tise in the violet is particularly interesting in view of the fact, mentioned
a_bOVe, that elements with a high off/on-ratio in the red also tend to have a
Tise in the violet.. The green maximum is at its best at 5200 A, the blue one
at 4600 A. Again the maxima coincide with those obtained by myself with
the aid of the indirect methods of selective adaptation and polarization.
‘BeSides, by the direct method, the maxima at 6000 and 5200 A were found
In the pure cone eye of the snake. [Added in proof. DONNERs curves should
be Compared with those of MoTorAwA []J. of Neurophysiol. 12, 291 (1949)]
for man and frog. They also have the rise in the violet.]

It is clear that these curves cannot represent the primary photochemical
Substances although, taken in conjunction with all the other evidence pre-
Sented above, they emphasize the necessity for a minimum of three primary
PhOtochemical compounds to account for the ever-recurring three preferential
Tegions in the spectrum. From another point of view DONNERs results are
$till more interesting. This is the question as to how discrimination is possible
n view of the fact that different colour receptors very definitely are connected
to the same cable destined for the higher centres. I have already pointed
ut that in such a system discrimination can be facilitated by variations in
the off/on-ratio signifying different rates of rise of the frequency-log intensity
furves. DonNERs results show that additional clues are provided by the
fr'eq‘lency differential with respect to time.

Sensation-time curves have been a favourite topic of psychophysical
Tesearch [see e.g. a monograph by Bills (12)] and it is well known that colour
Sensations develop at different rates, the red being the fastest one, then follow
green and blue, all thus in the same order as the rates of rise of spike fre-
Quencies in the cat.

Theoretical considerations. For the scotopic dominator it is easy to point
t0 the existence of an equivalent photochemical compound, be it the visual
Purple or visual violet. In this case there is merely the question as to what
eXtent can we be certain that visual purple occurs in one form only in the
dark adapted retina, i.e. the most stable form that corresponds to the extrac-
table substance. We have seen in figs. 15—17 that, at the absolute threshold
f vision where interaction might be supposed to be at its minimum and
Cones are supposed to be less sensitive, there are humps on the electrically
determined curves. Are these humps due to a natural chemical process of
Vartiation within the visual purple compound, a kind of photochemical modu-

tion, or do they signify that cone substances are more sensitive than one
Might have thought? I cannot be convinced that the traditional distinction
5*
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between rods and cones, inherited from the duplicity theory, can aid us so
much in interpreting our experiments.

MorToN and his collaborators (7, 91) have shown that other points of
view are likely to be more profitable. Before reviewing them I want to draw
attention to the curious fact that the centres of gravity of the red and green
spectral modulator regions of the visual purple eye correspond with the maxima
of visual violet itself and its photopic dominator at 6000 A suggesting that
visual purple easily is transformed into something that absorbs at these
particular maxima. I have pointed out this fact before (52) and still think
it highly significant. Now one of the breakdown products after illumination
of visual purple in solution is the carotenoid called retinene,, if formed from
visual purple, and retinene, when formed from visual violet [WALD (125, 127
to 129)]. MorroN and GOODWIN (92) set out by demonstrating that these
retinenes are the aldehydes of respectively vitamin A, and vitamin A,. By
the oxidation of vitamin A, Barr, MorToN and Goopwin (8) produced
retinene and could now consider further steps of analysis based on the pure
substance. Thus, by combining retinene;, dissolved in aquaeous alcohol,
with suitable proteins or amino-acids, they obtained absorption maxima
around 4400—4600 A after acidification; with p-aminobenzoic acid the
maximum was found around 5350 A and this substance was easily decomposed
by light. Modulator analogues were produced by dissolving vitamin A or
retinene in concentrated sulphuric acid or syrupy phosphoric acid at tem-
peratures near 0° C. In fact, the ‘modulator analogues’ exhibited narrow
maxima in fairly good agreement with those obtained from. various eyes by
the physiological method (see above fig. 23) and.the substances were light
sensitive, unfortunately also thermolabile [Bair, CoLLiNs, MORTON and
Stuse (7)].

MorToN and his colleagues do not claim to have discovered the photo-
chemical substrates of the modulators. They fully realize that their methods
have been unphysiological. The great value of their work lies in the freshness
of the approach and the new experimental ideas. Their-work has introduced
the many interesting concepts and possibilities of modern structural chemistry
into this field. By discovering the chemical relationship between vitamin A
and WALDs retinene they transferred general experimentation with colour
reactions into work with known chemical structures. Qur chemical knowledge
about the significance of the number of double bonds and free electrons
within a chromophore for the colour of the latter now stands available fof
the further analysis of these problems.

~This is not to be a review of the photochemistry of visual purple. Enough
has been said, however, to make it intelligible that molecular changes within
the chromophore and in its combination with proteins can produce spectral
shifts and variations of colour sensitivity. Even visual purple itself may bé



The modulators. 69

Modulated in such a manner and this effect, inasmuch as it is due to free
€lectrons, would not show up in the substance finally extracted after treatment
f’f A retina with digitonin or saponin. It seems likely — and this hypothesis
IS to-day in the centre of most photochemical work on the retina — that
‘_ﬂl rod and cone substances are structural variations on the same theme and
1t may well be that the variations at the absolute threshold of reception of
the Scotopic modulator, shown in fig. 15—17, may be a kind of Nature’s
attempt to try out a mechanism of photochemical modulation that has led
to a stable result in the pure cone eyes. The humps on the scotopic dominator
May be further emphasized by the internuncial mechanisms of interaction
between receptors of different spectral sensitivity joined to the same element.
The photopic dominator presents a particularly interesting problem. Just
3S the scotopic dominator, it can hardly in itself be responsible for any colour
discrimination. Its spectral absorption curve is too broad to mediate more than
4N over-all increase in impulse frequency, probably responsible for brightness.
The interesting problem here is that the work with the retinae of rats and guinea
Pigs (I) so clearly showed that a considerable number of cones is necessary
T a photopic dominator to exist in an eye, (II) that e.g. a red modulator
at 6000 A may be present without a dominator at 5600 A, and further,
that (III) the work with the cat retina, reviewed above, suggested that the
dominator is a compound curve because modulators confined to three pre-
ferentia) areas could be obtained by indirect methods such as selective
daptation, polarization and DoNNERs method based on the frequency-times
“urve; and yet, in spite of all this, we have evidence in the work of WALD (126)
nd Briss (14) to the effect that a substance, their iodopsin, with the general
abs"’I'Ption curve of the photopic dominator can be extracted from the eyes
of chicken. One might say that such a substance is unnecessary! It provides
US with an embarras de vichesse of possibilities because we can quite satis-
faCtorily account for the photopic dominator by a process of neural combi-
l_latiOIl, as pointed out above. Is the iodopsin too a compound substance (we
8ather that its spectral photosensitivity is not as well known as that of visual
P }lrple) or does the internuncial system act in two ways: (I) to increase the
SCrimination provided by a limited number of substances as well as (II) also
t0 alloy these substances to deliver their primary photochemical distribution
of Sensitivity in the shape of dominators ? V
Whatever the “solution of these problems the photopic dominator is a
P hySiOIOgical reality in the response that is forwarded to the higher centres
¥ Banglion cells forming optic nerve fibres and so cannot be left out of account
R our attempts to understand the processes of vision.
The modulators provide a somewhat similar problem. We can account for
® Certain amount of modulation by neural interaction although it is uncertain
hether at the threshold of photoreception, this process of interaction is
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strong enough to create the narrow curves recorded. But the basic evidence
for the existence of a neural process of interaction capable of sharpening the
colour bands is now definite enough in some types of the experiments des-
cribed above. On the other hand, it seems probable that within the next few
years retinal photochemistry will make further progress and provide new
possibilities. In addition to the substances produced by MorTON and his col-
laborators (7), there is LYTHGOEs transient orange [LYTHGOE (88), LYTHGOE
and QUILLIAM (89)), WALDs new substance (130) with maximum at 5300 A,
some results in interesting reports by Briss (13, 15, 16). A minimum of three
primary photocheinical compounds in addition to visual purple would seem
necessary to account for the three preferential regions but there may well
be a greater number of such compounds accounting for the variation that
expresses itself in the modulators and in the extreme variability of specific
colour sensitivity in GERNANDTs experiments on adaptation (35, 36). The
chemical methods of extraction can as yet neither deal with single elements
nor with the problem of free radicals.

A few words might be added about the so-called cone substances of v. STuDNITZ
[see e.g. his summary (121)]. I am taking these words from the paper by Briss (14):
“In recent years several investigators have reported the extraction of cone pigments
from tortoises, chickens and frogs. The first claim was made by von Srupnirz (1937)
who reported that ether extracts of tortoise and frog retinas contained a photosensitive
substance with a maximum absorption at 570 mu. However, this claim cannot be
accepted because the height of this absorption maximum is little greater than the sensi-
tivity of his galvanometer (1 mm. deflection for 0.1 lux). In his figure of the absorption
spectrum of cone substance from frogs the absorption peak at 570 mu absorbs 0.3 per
cent more light than the minimum on the long wave side. Since the total illumination
is 4.5 lux, a difference in absorption of 0.3 per cent would cause the scarcely detectable
change in deflection of only 0.14 mm. The insignificance of this peak is further emphasi-
zed by the fact that von STUDNITZ ignores the existence of an absorption at 630 mg
actually greater than that at 570 myu.

So much has been made of these findings by voN STUDNITZ (1940) that the experi-
ments seemed worthy of repetition even though Hosova, Oxita, and AKUNE (1938)
and WarLp (1943} have already failed to confirm them. An ether extract of frog retinas
was prepared following the procedure in his report and was measured on SHLAERs spectro-
photometer (1937). The solution yielded only a smooth absorption curve into the violet
and showed no photosensitivity.”





