
 

 

SPECTRAL PROPERTIES OF DARK-ADAPTED PLAICE 
RETINAL GANGLION CELLS 

 
Peter Hammond  

 
A Thesis Submitted for the Degree of PhD 

at the 
University of St Andrews 

 
 

  

1967  

Full metadata for this item is available in                                                                           
St Andrews Research Repository 

at: 
http://research-repository.st-andrews.ac.uk/ 

 
 
 

Please use this identifier to cite or link to this item: 
http://hdl.handle.net/10023/14650  

    
     
           

 
This item is protected by original copyright 

 

http://research-repository.st-andrews.ac.uk/
http://hdl.handle.net/10023/14650


SPECTRAL PROPERTIES OP DARK-ADAPTED 
PLAICE RETINAL GMÎGLION CELLS

by
Peter Hammond 

The Gatty Liarine Laboratory 
and

Department of Natural History 
University of St. Andrews 

1967

A Thesis submitted for the Degree of Doctor of Philosophy



ProQuest Number: 10167068

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10167068

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLO.

ProQuest LLO.
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346





il

SUPERVISOR’S C LRTIPICATE
I certify that Peter Hammond has fulfilled the 

conditions laid down under Ordinance Ho. 16 of the University 
Court, St. /indrews, and is accordingly qualified to submit 
this thesis for the Degree of Doctor of Philosophy.

DECLAIUTION
I declare that the work reported in this thesis is my 

own and has not been previously submitted̂ for an̂ ’̂ other 
degree.

CURRICUimi VITAE
I graduated in Physiology at University College, London 

in 1964. The work reported here was performed between 1964 
and 1967, while in tenure of a St. Andrews studentship 
awarded by the University. The first eighteen months of 
this period was taken up by the development of a suitable 
preparation, and preliminary experiments with colourless 
visual stimuli. The latter period was concerned with 
colour vision of plaice, the results of which are detailed 
in this thesis.



Ill

k O m O  WLKDGEMENTS

My especial thanJcs to Dr. G.A. Horridge for his 
invaluable supervision and criticism.

Also to J. Stevenson Esq. for his painstaking assistance 
in preparing the figures, and to Dr. R.C.L. Hudson and 
A.C. loannides Esq. for reading the manuscript.

I am most grateful to C.J. Hoemmele Esq. and to 
R. Jack Esq. for the manufacture of much of the hi^- 
quality electronic and mechanical apparatus used in 
experiments; and to R.L. Williamson Esq., of the Mechanical 
Engineering Department, Queen’s College, Dundee, vdio was 
kind enough to manufacture the arcs used for mounting 
the visual stimulus.



CONTENTS

IT

ACl{N0W]j:JDG;JI.2iTS iii

ConTenTs I V

SUl-ü̂ IARY

INTRODUCTION 3

Features of retinal ganglion cells 4
1 . Response types 4
2 # Receptive field sensitivity and inhibition 4
3# Receptive field configurations 5
4. Movement detection 6

Colour vision 7

1. The opponent colour theory 7
2. The retinal "U" potential 8

3* Opponent responses from retinal ganglion
cells 6

4. Opponent colour units in the lateral
geniculate 11

5. Upectral properties of single cones 15
Retino-tectal projection 16



The problem in hand IB
1. Spectral eeneitivity determination IB
2 # iilnergy-quantum relationship of monochromatic

light 21

3. The plaice 22

IIATERIALS & I-IETHQDS 25
/mimais 25

Anaesthesia 28
Stereotaxic clamping 29
Brain exposure and decerebration 29

Visual stimuli 31
Colour stimulus 31

Recording 39
1# Micro-electrodes 39
2. Amplification and display 43

St imulus pro gramme s 45

Programme 1 45
Programme 2 46
Programme 3 47

■ EoULTS 48
A. GENERAL EXPERIMETÎT3 48

Origin of tectally-recorded spikes 48
Variation in spike height 50



Vi

Tectal layering and recording depth 5X
Retino-tectal projection 52

B. SPECTRAL EXPERIHENTS 53

Preliminary considerations 53

Equal quantum spectral response series (Programme 1 ) 5^
1. Type 1 units 55

2. Type 2 units 5g
3. Comment 5g

C. SPECTRAL SENSITIVITY DATA (Programme 2) 5g
Preliminary considerations 59

1* Determination 59

2 . Limitations of the stimulus technique
Spectral sensitivity (Programme 2) 54

Type 1 units G4

1. Spectral intensity-renponse series 54

2. Spectral sensitivity curves G9

3. Aty'pioal units 5g
4» Conclusion Y2

Type 2 units y2

1. Spectral intensity-response series 72

2. Spectral sensitivity curves 75

3. Interaction between inputs 79

4. Atypical units 81

5* Effect of increasing size of equal intensity
centrally-positioned stimulus spots 84



vil

6 . Conclusion 
Rod—cone interaction (Irogramme 2 )

1. Spectral sensitivity
2. Response latency
3. Conclusion

Movement and directional sensitivity 
Type 1 units 
Type 2 units 

Detailed analyses of receptive fields of Type 1 
units

89
89
90 
92
97
98 
98
98

99

DIECUJEIQN
Background ejrieriments 
Bpectral sensitivity

1. Limitations of the stimulus technique
2. Comments on spectral sensitivity
3* Spatial localisation of stimuli: comments

on the "off" component associated with the 
"on'*-field of Type 2 units 

Am Type 1 cells: function
5* Type 2 cells: function
6. Cone-rod interaction
7 * Pealc spectral sensitivity ranges

103
103
104
104
105

108
110
111
112
114

Aj PENDlX - TABLE 2 116
118



m ^ P Œ C Y

1. The spectral, spatial and temporal properties of receptive 
fields of dark-adapted, on-off retinal ganglion cells in the 
intact eye of the plaice, have been analysed by recording 
responses from their axon terminals in the superficial layers 
of the contra-lateral optic tectum with indium micro-electrodes

2. Two cell-types have been identified on criteria of 
discharge patterns. The first type gives spectrally opponent 
"on-off" responses to coloured stimuli, with no subdivision 
of receptive fields into centre and periphery. "On" and 
"off" response-components are mutually inhibitory.

The second type gives slow-adapting, "on—off" or "off" 
responses for different stimulus positions within the 
receptive field, with centre-surround or adjacent field 
patterns. Only "on-off** centre, "off"-surround cells, or 
"off"-centre, "on-off" surround cells have been found.
"On-off" centre cells exhibit mutual antagonism between 
field centre and surround. "Off"-centre cells possess 
inhibitory centres. This cell-type gives only weak opponent, 
or possibly non-opponent responses.

3. Most cells of each type receive rod input in addition
to input from cones. At stimulus intensities suprathreshold



for cones, response—components give spectral maxima in one 
or more of four wavelength ranges; blue, 440-460 mp; 
blue—green, 470-490 mp; green, 510-540 mp; and orange, 
560—590 mp. No cells give red sensitivity maxima. At low 
stimulus intensities all cells with rod input give a sin^e 
spectral peak between 520 and 530 mp.

-It..; ^



irm^QBUCTION

At the retinal level in the vertebrate eye a large 
number of receptors converge upon a smaller number of 
bipolar cells, which converge in turn on sin^e ganglion 
cells. Thus each ganglion cell "sees" a small part of the 
total visual field of one eye, the receptive field, and is 
responsive to visual stimuli placed within that area. In 
addition there is a parallel divergence by which a single 
receptor inputs to a large number of ganglion cells. This 
divergence results in considerable overlap of receptive 
fields. By virtue of both convergence and divergence, 
and the excitatory or inhibitorŷ  inputs from discrete 
receptor populations via bipolar cells, a point to point 
representation of the entire visual field is encoded as 
impulses in the ganglion cell axons running in the optic 
nerve.

The ganglion cells are the final common pathway to 
the optic nerve through which retinal visual information 
must pass. They therefore assume great significance since 
their responses must convey, in spatial and temporal 
parameters, the necessary information for central resolution 
of the visual image. Analysis of response patterns at this 
level in the visual pathway provides indirectly much



information on the nature of earlier retinal processes, 
for only recently has it proved possible to study such 
processes directly#

Features of retinal ganglion cells

1. Response types# 3ince Hartline, the properties 
of retinal ganglion cells have been widely studied in 
amphibia and terrestrial vertebrates, and more recently 
in fish, Hartline (1938; 1940a,b), recording from single 
units in the optic nerve of the frog, was able to identify 
three types of retinal ganglion cells those responding 
only to retinol illumination, those responding only to 
extinction of illumination, and those responding both at 
presentation and extinction, termed on, off and on—off 
respectively. In all more recent studies ganglion cells 
have been found to fit essentially into one of these three 
types,

2# Receptive field sensitivity and inhibition. In 
the isolated frog retime Barlow (1953) observed that retinal 
ganglion cells were maxijally sensitive at the receptive 
field centre, showing at the centre a plateau of hi^ 
sensitivity, with a fall-off in sensitivity towards the 
periphery. In on-off units the rate of this fall-off was



different for the "on" and "off" components of the response. 
In off units subliminal stimuli sumroated over the whole 
receptive field, the strength of the response depending, 
within limits, only upon the total quantity of illumination. 
This finding was also true for the central portion of the 
receptive fields of on-off ganglion cells, but an additional 
phenomenon - inhibition - was apparent on illumination of 
the peripheral field or beyond the periphery. Further, 
Barlow found that the on-off ganglion cells were highly 
sensitive to movement,

3. Receptive field configurations, Evidence for the 
centre-surround receptive field arrangement of on-off 
retinal ganglion cells was first obtained in the cat by 
Huffier (1953). He observed that receptive fields v/ere 
roughly circular in shape and could be subdivided into 
two concentrically-arranged regions. These gave opposite 
responses when separately stimulated. Units were either 
"on"-centre or "off"-centre, with an antagonistic surround 
giving the opposite response. Essentially similar results 
have been obtained from a wide range of vertebrates in 
response to colourless stimuli (Hubei, I960; Hubei &
Diesel, I960; Jacobson & Gaze, 1964; Kuffler, Pitzhugh & 
Barlow, 1957; Rodeick & Stone, 1965b; Wiesel, I960). In 
fish in particular, the "on" and "off" zones of gsuiglion



cells exhibiting spatial segregation of receptive fields 
are commonly adjacent rather than concentric (Jacobson & 
Gaze, 1964),

4, I oyement detection, Barlow (1953) initially 
observed that the on-off retinal ganglion cells of the frog 
are sensitive to movement, This property has since been 
studied in the optic nerve and tectum, and at the retinal 
level. Movement sensitive units have also been identified 
in the lateral geniculate and cortex of higher vertebrates. 
In many instances it has also been shown that units are 
sensitive to the direction of movement. Directionally 
selective units are present at the retinal level in some 
animals. In others, this facility is found only in higher 
order cells. Directionally selective retinal ganglion cells 
have been identified in the rabbit (Barlow & Hill, 1963; 
Barlow, Hill & Levick, 1964 ; Barlow & Levick, 1965), in 
pigeon (Maturana. & Frank, 1963), in the ground squirrel 
(Michael, 1966a), and by inference from tectal recordings 
in frog (Lettvin, Maturana, Pitts & McCulloch, 1959) and 
tectal and optic nerve recordings in goldfish (Jacobson & 
Gaze, 1964), On the other hand such units have not been 
found at the retinal level in cat (Rodeick & Stone, 1965a,b; 
Rodeick, 1965), In this animal they have been identified 
both in the lateral geniculate and cortex (Hubei, 1959;



Hubei & Wiesel, 1959, 1962), and in the lateral geniculate 
of the rabbit (Arden, 1963b).

In goldfish Cronley-Dillon (1964) gives an account of 
one directionally-selective retinal ganglion cell tyqpe, 
based on recordings from the terminal arborisations of 
optic nerve axons in the tectum. In addition, he describes 
a second tj^e with centre-surround receptive fields, that 
respond selectively to centrifugal or centripetal movement 
but which cannot be interpreted as directionally—selective 
in the true sense.

Colour vision

1, The opponent colour theory. The opponent colour 
theory of Hering (transi,, 1964) envisages two opponent 
colour mechanisms in the retina, and a colourless black- 
vdiite machanisD concerned with luminosity functions. The 
two opponent colour mechanisms, red-green and yellow-blue, 
are considered each to ellicit retinal responses both for 
long and short wavelengths. In each case responses from 
the two ends of the spectrum are subtracted at the retinal 
level.

This theory supercedes the original concepts of Young 
embodied in the trichromacy theory. It is on the opponent 
theory that previous results and the results presented in 
this thesis are considered.
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2* The retinal "3" potential. The first evidence that 
colour-dependent responses could be recorded electrophysiol; 
ogically from the retina was put forward by MacNichol & 
Svaetichin (1958). Using KCl micro-pipettes they recorded 
slow potential changes from the isolated retinae of several 
species of marine fish, to rdiich they designated the term 
"3" potential (see also Svaetichin & HacNichol, 1958; 
MacNichol, 1 9 6 6). Two types of "3" potential were identified; 
the luminosity or "I" response, showing hyperpolarisation 
at all wavelengths and associated with the giant horizontal 
cells of the outer plexiform layer; and the chromatic or 
"C" response, showing hyperpolarisation to long wavelengths 
and depolarisation to short wavelengths. The origin of the 
latter potential is uncertain, but probably stems from the 
bipolar or amacrine cells of the inner plexiform layer#

In deep sea fish, %vith achromatic vision, the "L*‘ 
response alone is found. Amongst shallow water fish, all 
give the "L" response, together with the red-green or 
yellow-blue "C" responses, or both (MacNichol & Svaetichin, 
1958).

3. Opponent responses from retinal ganglion cells. 
Studies of "S" potentials in fish, which originate at an 
earlier level in the visual pathway than retinal ganglion 
cells, indicated that the ganglion cells were likely to



be opponent colour-coded. MacNichol and co-workers recorded 
responses of single retinal ganglion cells in the isolated 
goldfish retina and she ;ed that one type of on-off ganglion 
cell was indeed colour-coded (Wagner, MacNichol & Wolbarsht, 
I960, 1963; MacNichol, Wolbarsht & Wagner, 1961; Wolbarsht, 
Wagner & MacNichol, 1961a,b; MacNichol, 1966). They ident: 
ified two classes of opponent cell; those giving "on" 
responses to wavelengths shorter than 550 raju. and "off" 
responses to longer wavelengths; and those showing the 
converse, i.e. "off" responses to vmvelengths shorter than 
550 ujx and "on" responses to longer wavelengths* In many 
of these units no true centre-surround receptive field 
arrangement was found# Receptive fields could be subdivided 
only into regions more likely to give "on" responses and 
regions more likely to give "off" responses. A second on-off 
type, showing the classic centre-surround configuration of 
Kuffler, was identified, but lacked opponent colour properties, 
i.e. the spectral sensitivities of the field centre and 
surround appeared to be identical.

In line with the characteristics of "S" potentials 
these authors postul»'t;̂ <̂  that the "on", "off" and inhibitory 
aspects of retinal ganglion cell responses result from two 
discrete inputs from different populations of receptors, one 
excitatory, the other inhibitory, (.Volbarsht et al, 19 61a).
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The "on" reslonse is ascribed to the excitatory input to 
the ganglion cell. The inhibitory input is considered to 
hyperpolorise the cell during retinal illumination. It 
accounts both for the inhibitory aspect apparent in responses, 
and for the "off" discharge v/hich is a post-inhibitory 
rebound when the hyperpolarising influence is removed. It 
is in the light of these postulates that the properties of 
plaice retinal ganglion cells v/ill be considered.

Jacobson (1964), recording from single units in goldfish 
tectum, identified the two opponent types postulated by 
Hering (via. red-green and yellow-blue) and a further 
opponent type with red-blue sensitivity. Red-green LUiits 
gave photopic sensitivity maxima at 630-651 mp and 497-517 
mjx; sensitivity maxima for yellow-blue units occurred 
between 552—605 and 462+14 mfx; and between 605-651 and 
462+14 niju for red-blue units.

Witkovsky (1 9 6 5) measured the spectral sensitivity of 
retinal ganglion cells in the carp ( Oyprinus ) both in the 
dark-adapted and light-adapted state, when dark-adapted 
only on or off units were found. An additional wavelength- 
dependent on-off type appeared when light-adapted. All 
units gave scotopic sensitivity curves v/ith a single spectral 
peak at about 520 mjXf which agreed well vd.th the absorption
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spectrum of rod pigment 523 isolated by Dartnall from carp 
retina. Photopic sensitivity maxima for on and ofi units 
occurred in one of four wavelength ranges - blue, green, 
orange and red - a number of units showing one or more 
secondary maxima. Most on-off unite were orange-"on", blue- 
"off" or vice versa and shov;cd characteristic opponent colour 
responses.

Witkovsky ’̂s most interesting: findings are that a number 
of off units with predominant orange maxima, which gave 
secondary maxima in the blue or green, became on-off units 
when selectively bleached \7ith red li^t. Presumably this 
is due to reduction in sensitivity of the inhibitory orange 
component, thougii selective adaptation with red or green 
light produce"̂  no wavelength shift of the orange peak. This 
indicates that the orange sensitivity is not due to mixed 
red-green input, but rather to a single input, presumably 
from red-green twin cones as described by Marks (1365) in 
goldfish.

4. Opponent colour units in the lateral geniculate.
In higher vertebrates Hubei & Aiesel (i960) have made some 
preliminary investigations on opponent retinal ganglion cells 
of the spider mon3:ey, recording from the optic nerve. Michael 
(1966) has recorded opponent units in the optic nerve of 
the ground squirrel. Apart from these authors, research



12

into colour systems of higher vertebrates has centred on 
recordings from the lateral geniculate nucleus. Monkeys 
iiave been used for the majority of these experiments since 
the visual system of this primate shows the closest correlation 
with that of man. Such work has advanced in parallel with 
that previously described for goldfish, and in conjunction 
with behavioural studies.

In the macaque monkey, De Valois and co-workers define 
four classes of opponent cell in the lateral geniculate, 
which they classify according to whether colour stimulation 
evokes an increase (+) or decrease (-) in the spontaneous 
firing frequency of the cell (De Valois, 1360, 1965, 1966;
De Valois & Jones, 1961; De Valois & Abramov, 1966; De 
Valois, Abramov & Jacobs, 1966). These classes are +R—G,
+G—R, +Y-B and +B-Y, where R, Y, G and B respectively denote 
whether effects are maximul to red, yellow, green or blue 
stimuli. Occasionally the above authors obtained records 
from cells which showed excitation or inhibition, each with 
sensitivity maxima in two spectral regions. This result 
provides an interesting comparison with the properties of 
retinal ganglion cells subsequently detailed for the plaice. 
Utrong post-inhibitory "off" discharges are characteristic 
of fish retinal ganglion cells (see later). They were not 
observed in lateral geniculate cell responses in the macaque 
monkey.
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On the other hand, Jones (1966) found no evidence for 
opponent colour units in the lateral geniculate of the owl 
monkey which possesses wiiat is possibly a pure rod retina. 
Instead, on and off cells fall into one of three classes 
distributed around means of 500, 530 and 560 mjXm respectively. 
However, this particular animal gives both scotopic and 
photopic luminosity functions and a 1urkinje shift* This 
suggests that two or more rod populations, in the absence 
of cones, are sufficient for colour discrimination.

Recently the remarkable work of IViesel 6 Hubei (1966) 
on the rhesus nonliey revealed tliree cell types in the dorsal 
layers of the lateral geniculate, tiiat code spatial, intensity 
and colour variables of the visual input, ime type demonstrates 
both centre-flurround receptive field patterns and opponent 
colour responses. The sensitivities of the field centre 
and surround are maximal in different spectral regions.
Cells of this type were either red "on"-centre, green "off"- 
surround; red "off"-centre, green "on"- surround; green 
"on"-centre, red "off"-surround; green "off"—centre, red 
"on"-surround, or occasionally blue "on"-centre, green 
"off"-surround. Like lateral geniculate cells previously 
described, and unlike fish retinal ganglion cells, the 
expression of the inhibitory component as an "off" discharge, 
in addition to inhibition, was rare.
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The second cell type lacked spatial segregation of the 
receptive field, but invariably showed opponent colour 
responses of two varieties, either ^reen-"on", blue-’off" 
or blue-"on", green-"off"# In these respects they resemble 
the opponent on-off cells found by MacNichol and others in 
goldfish retina.

The third type possessed receptive fields with centre- 
surround arrangement, either "on"-centre or "off"-centre 
v/ith an inhibitory surround. However the spectral sennit : 
ivities of the centre and surround v;ere identical. These 
cells reserble the non-opponent, centre-surround cells also 
found in goldfish at the retinal level.

Some cells of both the first and third type showed 
evidence of rod input, in addition to that from cones. No 
evidence for rod input was found in the second cell type, 
namely that lacking centre-surround receptive field 
configurations.

Hubei & VYiesel’s interpretations were that the third 
cell type was concerned with spatial ini'ormation, the second 
with colour, while the first type combined spectral with 
spatial information, liaice retinal ganglion cells exhibit 
many similarities with these three types. Comparisons are 
made in the Discussion.
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5. Epectral properties of single cones. The nature 
and spectral sensitivity of rod pigments is well-documented 
since they have been extracted and isolated in solution, 
several authors have measured the absorption spectra of 
single rods (e.g. Brovai & Wald, 1964)# It has long been 
thought that there are tliree cone types in the retina, each 
containing a single colour-sensitive photopigment - the 
basis of the Young trichromacy theory. However it has not 
proved possible to isolate cone pigments. Until recently, 
evidence for three cone types and three cone pigments has 
been entirely of an indirect nature such as from behavioural 
colour discrimina.tion experiments, Rushton’s reflection 
densitometry measurements on protanopes :md deuteranopes, 
and from the properties of colour-coded i*etinal ganglion 
cell and lateral geniculate cell responses.

Marks (1965), using: microspectrophotoroetric teclinicues, 
was first able to measure the difference spectra of single 
goldfish cones, by passing.; liglit of different wavelengths 
through the cone outer segments. He identified three cone 
types, each containing a single visual pigjaent, with wavelength 
maxima, at 455+15 mp, 530+5 mp or 625+5 mp. Occasional maxima 
found at 480 and 570 mp were interpreted as secondary photo: 
products and as the composite difference maxima of red-green 
twin cones respectively.
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Similar methods applied subsecuently to primate cones 
gave absorption maxima at 4 4 5, 530 or 570 rnp, i.e. blue, 
green and orange, but failed to show red maxima (I.arks, 
Dobelle & MacNichol, 1964). These results were confirmed 
by Brown & Wald in human and monkey retinae (1963), and in 
human retinae (1 9 6 4).

Finally, Tomita (quoted by MacNichol, 1966) has 
succeeded in recording potentials from single carp cones 
and identified three cone types v/ith sensitivity maxima 
which agree well with Marks’ values for g;oldfish.

jùetino-tectal projection

anatomical methods have shown thot in fish the retinal 
ganglion cell axons run in the optic nerve to the contra
lateral optic tectum, with complete decussation in the 
optic chiasma. Detailed maps of the projection from the 
retina to the contra-lateral tectum have been obtained 
electrophysiologically. Jacobson & Gaze (1964) demonstrated 
an ordered retino-tectal projection in goldfish, following 
stimulation of the eye through air. The anterior retina 
(posterior visual field) projects to the posterior tectum, 
the dorsal retina to the ventral tectum cind so on. similar 
maps were obtained for black bass, bluegill, carp and 
goldfish ( Schwassmann & Mruger, 1965) vdien the eye was
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stimulated through water; and for the optic tecta of 
several other vertebrate classes, e.g. amphibia - frog 
(Gaze, 1958), reptiles - alligator (Heric & ICruger, 1965), 
and birds - pigeon (Hamdi £': Whitteridge, 1954). These 
results are comparable r/ith the projection from the retina 
to the superior colliculun in mmamals (Hamdi & Whitteridge, 
1953).

In fish, unlike other classes, receptive fields of 
ganglion cells in different retinal regions appear to be 
remarkably uniform in size and density (Jacobson & Gaze, 1964; 
bchwassmann & li'uger, 1965). There is no evidence of small 
receptive fields in the foveal region, or enhancement of 
the area of tec tail representation for an̂ ' part of the retina.

In frog, katurana, Lettvin, icCulloch & Pitts (I960) 
demonstrated not only an ordered retino-tectal projection 
of eJLl the cell types they identified, but in addition an 
orderly depth-sequence at which the axons of the various 
types terminate in the superficial fibre layers of the 
tectuiii. In fish neither Jacobson à Gaze (1964) nor *
laann & IZruger (1965) could detect any such depth relationship.
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The problem in hand

The preceding description indicates that the retinal 
ganglion cells are a conveniently simple level for an 
electrophysiological analysis of the v/ay in which visual 
information is encoded in the visual pathway. Their 
properties have been studied in terms of intensity, temporal 
and spatial variables, movement and directional movement 
discrimination, and finally colour. The properties of these 
cells per se have indirectly revealed much about the nature 
of earlier visual processes, for until recently it has not 
proved feasible to record directly from the receptors 
themselves.

1. Spectral sensitivity determination. Host studies 
of retinal ganglion cells to date have been designed to 
analyse the properties of large representative samples in 
terms of only one or two of the above stimulus parameters.
For example, spectral sensitivity measurements on each cell 
have been obtained simply by determining stimulus intensities 
required either for threshold or constant response at a 
number of wavelengths through the spectruja, v/ithout systematic 
attempts to measure the intensity-response relationships at 
each wavelength (e.g. Witkovsky, 1965; VViesel & Hubei, 1966; 
and papers by IviacNichol, Wagner & V/olbarsht). Throughout
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this thesis '’intensity-response** functions should strictly 
be termed log intensity-response functions, but the former 
terminologŷ  has been adopted for simplicity.

whilst the threshold method is reliable, alone it 
yields little information on the nature of interaction, if 
any, between excitatory and inhibitory inputs to the cell.
The constant response method is unreliable in it * s present 
form, where no intensity-response data is provided, for 
there remain the following un^mswered questions:

1. Is the slope of the intensity-response curve through 
the point of constant response the same at all wavelengths 
for a given cell? - If not:

2. To what extent do inhibitory and/or excitatory 
interactions between the ganglion cell inputs responsible 
for the "on" and "off" discharges affect the slope of this 
curve, and thus the intensity relative to threshold which 
this constant response represents?

In view of these questions it is a dangerous assumption 
to make, as a number of workers have done, that a constant 
res onse to different stimulus colours is necessarily at 
constant intensity above tlircshold. without having examined 
intensity-response relationships in detail at each wavelen£i;h 
it would seem unlikely that this is so. In fact, from the 
shape of curves of absorption spectra of visual pigments,
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and even assuming that the Weber function:

—  = constant, \*ühere 1 = intensity,
I

holds over the whole visual intensity range from threshold 
to saturation, it is likely that the slope of this relation: 
ship varies v/ith wavelength.

Both Hartline (1938), recording from single optic nerve 
fibres (ganglion cell axons) in the frog, and De Valois (i960) 
from single monlzey lateral geniculate cells, show sigmoid
shaped intensity-response functions to white light stimuli.
hven reasonable agreement with the Weber relationship holds |

ionly for a narrow intensity range mid-way between threshold |
Iand satui'ation. Hartline observed in addition a suppression 

of response magnitude at stimulus intensities above saturation, |
'J')

* though it is questionable whether this is a super-saturation I
Ieffect or the expression of on inhibitory process at these 1Ivery high intensities. I
gHkrticheva & Gamsonova (1966) in a more detailed analysis |

of %ilent tectal neurones" in the frog, give results similar i
1to those of Hartline which show suppression of the response |
Iat high stimulus intensities. The former authors however i
Ifailed to indicate whether they were recording from the |
1

axon terminals of retinal ganglion cells or from intrinsic
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tectal neurones. Changes in reeponses from threshold to 
maximal are sliovm to occur over narrow and wide intensity 
ranges for their fast and slow adapting types respectively, 
with strong suppression of the response to supramaximal 
stimulus intensities. However, Hkrticheva & Jamsonova make 
no mention of whether cells analysed were on, off or on-off. 
If on-off cells were included in their classification, the 
suppression effects may well be the expression of interaction 
between excitatory and inhibitory inputs.

2. x,nermr-quantum relationship of monochromatic light 
Changes occurring in visual piments of photoreceptors when 
illuminated are related to the number of light quanta, not 
to their energŷ  (Hecht, Gchlaer & Iirenne, 1942). 3ince 
the energy; of quanta of light is related to wavelength by 
the Planck eouation:

lit %= h.cX
where 2 = energy

h = îlanck’s constant 
c = velocity of light 

and X K wavelength of light

it is immediately apparent that, for the extreme ranges of 
the visible spectrum, blue light quanta possess almost tvdce 
as much energy as quanta of red light.

Despite this, all previous investigations of the 
chromatic properties of retinal ganglion cells, with the
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single exception of .Yitkovsky’s (1965) work on carp, have 
been based on equal energy spectra. As a result, blue 
stimuli contained only about half as many quanta as red light 
stimuli. This has led to distortion of the true form of 
spectral sensitivity curves.

3* The plaice. hüst the properties of retinal 
ganglion cells of amphibia, mammals and fresh v/ater fish 
have received considerable attention, there is no data 
available for marine fish. In this latter case, apart from 
Svaetichin & HacNichol’s (1958) early work on the retinal 
"S" potential, results have been confined to spectral 
sensitivity measurements from purely behavioural experiments 
(e.g. Blaxter, 1963), and to the identification and isolation 
of visual pigments.

The experiments reported here were designed to test 
whether plaice retinal gan̂ ;lion cells are colour-sensitive, 
and if so to characterise the spectral, spatial and temporal 
properties of a small number of such cells in great detail.
This work was intended to fill a gap in knov/ledge of ganglion 
cells. It has been treated comparatively between marine 
fish on the one hand and fresh water fish on the other.
Analogies have been drawn with LGN cells of higher vertebrates. |

Blaxter (1967, personal communication) informs me that
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larval plaice possess a pure single cone retina. Both rods 
and cones occur in the retina of the adult. The rods develop 
at metamorphosis. Jngstrom & Ahlbert (1963) reported the 
presence of single and tv.dn cones distributed throughout 
plaice retinae, ihd also triple conet» vd;ich are restricted 
to a specialised region of the dorsal retina. Nicol (1965) 
found that in addition to migrations of the retinal pilent 
layer in plaice, depending on the state of light adaptation, 
cones and rods also show migratory movements. Under illumin: 
ation the pigment layer is fully extended and the rods 
extend fully into the pigment ; cones are fully retracted
against the external limiting membrane. Nicol interprets)
this as a mechanism by v/hich rods are preserved in the 
dark-adapted state. In darkness the pigment layer is 
retracted, the cones are extended towards the pilent ; the 
rods become fully retracted against the external limiting 
membrane for optimal function*

Since MacNichol & co-workers (1961, 1961a, 1963, 1966) 
showed that certain on-off retinal ganglion cells in goldfish 
give opponent colour responses, experiments in plaice hove 
been confined to gang;lion cells of this type. Experiments 
were performed in the dark—adapted state for simplicity of 
manipulation. PollovTing preliminary analysis for units 
giving opponent responses to equal quantum spectra, detailed
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intensity-response functions were obtained at intervals 
through the spectrum for some twenty units. Receptive fields 
of a fev/ units were investigated in detail.

The shortcomings of the methods are considered later, 
but the prime considerations throughout were to maintain 
fish as physiologically normal as experimental conditions 
would permit. To accomplish this the methods of Biaturana 
et al (i9 6 0) and Jacobson & Gaze (1964) were adopted, rather 
than record from the isolated retina or penetrate the eye 
as most authors have done. Units were recorded from the 
superficial fibre-1ayers of the contra—lateral optic tectum 
v/ith extracellular micro-electrodes. The sole operative 
procedure consisted of exposing the brain and removing the 
cerebral hemispheres. For a number of reasons it was 
necessary to stimulate the eye through air, rather than 
tlirough water (see later). The results are compared v/ith 
those of Jacobson & Gaze (1964) who used a similar technique. 
This method appeared to be adequate, since the receptive 
field configurations and properties were the main features 
of interest, rather than the measurement of their absolute 
sizes.
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IIAT2HIAL3 & I ..TIIODJ

Animals

Ninety-fouj’ adult plaice (l leuronectes platessa, 1.), 
10-13 inches in length, v/ere used. Jeveral factors determined 
the choice of plaice as the experimental animal:

1. Plaice are available locally throughout the year.
2. They live well in captivity and under exp erimental 

conditions.
3. Their flatness facilitates stereotaxic clamping, 

and they remain immobile for long periods of time.
4. The eyes are bulbous and consequently easily held 

immobile.
5. Operative procedures are simple.

In a fev/ pilot experiments, skate (Tlaia bat is) and Cottus 
were used, vhile operative procedures v/ere simple, the 
accompanying haemorrhage was greater than in plaice. These 
species v;ere more difficult to clamp stereotaxically and 
maintain under experimental conditions.

The first 46 fish v/ere used in a number of ways, to 
develop a suitable preparation and in preliminary e:-pcriments 
with white-light stimuli :

1. Preparation of serial transverse sections of plaice
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brain, stained for nerves, as histological background.
2. Determination of a suitable anaesthetic.
3. Development of stereotaxic clamping apparatus.
4. Maintenance under experimental conditions, by sea 

water perfusion of the gills.
5. Development of suitable operative procedures, 

including decerebration. J
6. ireliminary investigations of types of tectal unit 
responsive to black and white, stationary and moving

visual stimuli; mapping of the retinal projection 
from the left eye to the right optic tectum.

These earlier experiments are considered here only insofar 
as they have a direct bearing on experiments with a further 
48 fish, concerned with the spectral properties of retinal 
ganglion cells.

-inatomy

The anatomy of the plaice is peculiar in that the fish 
lies on its left (eyeless) side. The left eye has migrated 
to the right (ocular) surface during development. The brain 
is twisted on its axis so that the right optic tectum overlies 
the left tectum when exposed from the ocular surface (Fig. 1).
It is necessary to penetrate blindly to record from the 
underlying left tectum, making location of the micro—electrode
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uncertain. Th refore all unite v/ere recorded from the 
right tectun in response to stimulation of the left eye.

Lim its of 
Ascofdlng A rM

O p tic  T .c t .

Pig. 1. Diagram of plaice brain as seen from the ocular 
surface. Ihe visual field of the left eye available for 
stimulation projected to the area marked on the rigiit tectum, 
v/ith conventional antero—posterior and dorsi—ventral retino- 
tectal projection patterns (see text). All units described 
v/ere recorded from v/ithin these approximate limits. A few 
units recorded from the visible portion of the underlying 
left tectum showed similar projections and properties.(ücale

It was anticipated from the asymmetry of the fish that 
there migzht be differences in responses of units recorded 
from the two optic tecta. No evidence v;as found in support 
of this view from the few units recorded from the left tectum, 
responsive to stimulation of the right eye.
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iinaestlienia

Intra-peritoneal injections of solutions of various 
concentrations of Urethane in 0.9/̂  saline were most unreliable 
for maintaining fish at constant levels of anaesthesia. The 
heaviest doses of Urethane v/hich could be administered 
without killing fish were effective for 20 mins. or less.
Doses sufficient to suppress reflexes also suppressed all 
tectal neural activity.

Gill-perfusion with sea water containing concentrations 
of Urethane adequate to suppress reflexes, whilst maintaining 
fish at reliable levels of anaesthesia, invariably abolished 
all tectal neural activity.

The method of anaesthesia adopted v/as to immerse fish 
in a 1/5 ,000-1/1 0 ,0 0 0 solution of 113222 (Uandoz) in aerated 
sea water. Reflexes were suppressed after 3—7 mine, immersion, 
and respiratory movements ceased approximately 2 mins. later. 
Fish were then immediately transferred to a bath of sea 
water, clamped stereotaxically, and the gills continually/ 
perfused with aerated sea v/ater. The depth of anaesthesia 
remained adequate sufficiently long for operative procedures 
to be completed.
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Stereotaxic clarming

Pish v/ere mounted, ocular side upperaost, on o. matt 
black sheet of perspex (to minimise reflection of stray light 
onto the eyes) and clamped between this and four, horizontal, 
transverse bars shaped to fit the ocular surface of the 
animal. These bars were placed immediately behind the eyes, 
behind the gills, across the body and across the aper of the 
tail. Îreparations v/ere orientated v/ith the antero-posterior 
axis of the animal parallel to the longitudinal â ris of the 
perspex sheet. The left eye was centred over a locating 
mark scribed on the sheet. The whole arrangement was fixed 
into a shallow, rectangular perspex bath by four locating 
screv/s. The gills were perfused, at a controlled rate of 
flow, with aerated sea water, by gravity—flow from a roser: 
voir. Excess sea water was removed from the bath by gravity- 
flow throwh an outlet tube. The level of this outlet could 
be adjusted so as to maintain most of the fish ir sea v/ater, 
with only the eyes and the ocular sui'face of the skull in air.

Brain exposuro and decerebration

The optic tecta and cerebral hemispheres were exposed 
from the ocular surface by removal of skin, muscle and 
skull-bone between the third and fourth tuberosities with
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a Biaall dental, burr. The gelatinous substance surrounding 
the brain, and the cerebral hemispheres were removed by 
suction. Haemorrhage was usually slight. In the few cases 
where it was excessive, tectal neural activity was subsequently 
absent and fish were destroyed. The dura and tectal blood 
supply remained intact. The brain was kept moist by the 
surrounding fluid within the cranial cavity.

LIGHT STIMULUS

M* RADIUS ARCS

Fig. 2. Hiagrojpinatic representation of the stimulus arrange: 
ment. The visual stimulus wa.s contained in a light-proof tube and mounted radially by- a slide on the vertical arc.
The vertical arc was mounted by a slide at the base onto the 
horizontal arc, so as to pivot around the vertical axis. The 
fish was orientated so that the left eye was positioned at 
the effective centre of the sphere described by the arcs, and 
clamped directing 30 forwards (anterior) and 30 upvnrds 
(dorsal)•
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The left eye wo.s clamped projecting approximately 30̂  
forwards and 30̂  upv/axds by a system of needles (Fig. 2), so 
that the portion of the visual field available for stimulation 
projected to that part of the right tectum visible and accès: 
Bible from the ocular surface (see Pig. 1). This procedure 
was adopted, rather than immobilisation by curarisation, to 
avoid the tedious necessity of giving 46 hours notice to the 
Home Office prior to each experiment.

Visual stimuli

In pilot experiments designed to test whether the 
retino-tectal projection and types of tectally-recorded units 
were similar to those found in other fish and vertebrates, 
a variety of white-light stiruli were used.

Colour stimulus. Details of the visual stimulus tech: 
nique used to study the spectral properties of retinal 
ganglion cells are illustrated in Pigs. 2 & 3. The components 
of the visual stimulus v/ere housed in a ligçht-proof tube.
This was mounted radially by a slide on the vertical of a 
pair of 90̂ , 17 cm.-radius arcs sot in the horizontal and 
vertical planes and describing a sphere v.dth the left eye 
at the effective centre (Fig. 2). The vertical arc was 
attached, by a slide at the base, to the horizontal arc.
Hach arc v/as calibrated in degrees.
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ig. 3. Details of the coiupo: 
nents of the visual stimulus, 
mounted in a light-proof tube. 
The final variable aperture 
was positioned 15.0 cm. from 
the eye and produced uniformly 
illuminated, circular spots of 
light subtending angles of 0.5, 
1, 3 or 6 degrees in air at the 
comeal surface •

M m M

The light source consisted of a 6 . 1 5 plone-filament 
tungsten bulb (Ihillips 13347 0), owered from a mains 
constant voltage transformer stepped dovm by a 240:6V. 
transformer, light was focused by a pair of bi-conve:: lenses 
(juenses 1 & 2, Fig. 3) onto a small fired aperture, more-or- 
leso collimated by a third bi-convex lens (Lens 3, x ig. 3). 
Light then passed in turn through interference filters end 
neutral density filters onto a fine ground-glass screen, to 
provide uniform illumination and to defocus the filament
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image. Uniformly-illuminated circular spots of light 
subtending 0.5, 1, 3 or 6 degrees at a distance of 15 cm. 
from the eye, were obtained by adjusting the variable aperture 
placed immediately in front of the screen.

The light-concentrating lens system was necessary to 
provide a wide range of suprathreshold stimuli, despite 
transmission losses due to the optical components of the 
stimulus. Achromatic lenses were unnecessary since narrow 
bandwidth interference filters were used.

It was necessary to work with the eye of the fish in 
air, since it is difficult to cover the eye with v/ater 
without flooding the exposed brain. In v/a.ter the near point 
is about 14 cm. Thus in air this value is reduced and the 
stimulus final aperture is presumably within the range of 
accommodation. Ho correction was made in the final analysis 
for the resultant refractive error when a normally acu&\tic 
eye is stimulated through air (but see Discussion). Initial 
attempts v/ere made to overcome this. A water-filled cunrter- 
sphere, constructed from a 10 litre round-bottom flask with 
on external radius of 14 cm., v/as positioned above the eye 
(Pig. 4). The flask section was sealed with two thin perspex 
hoIf-discs. The horizontal half-disc was inset 0.5 cm., so 
that the eye could be positioned at the effective centre of 
the quarter-sphere. dea water covering the eye was held by 
surface tension against the underside of the horizontal
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'if# 4. Jiafrain of the water-filled cuarter-spliere used in 
an attempt to simulate stimulation of the eye through v/nter. 
The stimulus beam passed normally through the spherical 
surface. The eye was positioned in sea water at the effective 
centre of the sphere, which was adjusted by three screw feet mounted alonf the perimeter of the horizontal half-disc.
efractive errors due to this half-disc were small, since the 
disc was thin, but the back-reflection from the surface of 
the horizontal half-disc varied appreciably with the anfle 
of incidence of the stimulus light path*

half-disc. Stimuli were presented nonnally at the spherical 
surface of the quarter-sphere. Since the horizontal half
disc wiB thin, refractive errors and differences in the real 
and apparent positions of the stimulus due to this half-disc 
were small. On the other hand the back-reflaction from it 
varied substantially, depending on the angle of incidence 
of the sticiulus light path, giving large errors in the 
actual intensity of illumination incident on the eye. .or 
this reason alone the technique was abandoned.
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Fifteen narrow bandwidth interference filters (Barr & 
otroud), between 409 and 705 mp., were standardieed vdth a 
calibrated phototube (3:0A 935, Fig. 5)* An approximately 
eoual quantum spectrum was obtained by regulating the light 
intensity of the source v/ith a 5fl heavĵ  duty potentiometer 
in series. Interference filter characteristics, and correction

Fig. 5. Circuit diagram 
for the phototube used 
to calibrate interference 
and neutral density fil: 
ters. Signalé v/ere led 
to the high-impedance, 
differential DC input of a Nagard oscilloscope 
(pre-amplifier type 311V) 
with calibrated gain*

Phototub* 
RCA 935

o-
Nagard ( lH  V )
d iffo ron tia l
am plifior

Input
impodanc*
1C MO Oh

DC :#ov

factors reruired to give equal quantum emission v/ithin 
+ 2*55̂  are given in Table 1. The required reduction of light 
intensity of the source was maximal for red filters and 
minimal for blue filters* This has an advantage over 
standardisation with neutral density filters, since for a 
tungsten source relatively more red light is emitted at low 
intensity and relatively more blue light at high intensity. 
As a result the shift of spectral peaks and distortion of 
baadv/idths of interference filters are minimised.
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TABLB 1
Interference filter characteristics

Bandwidtli ïransmifîflion l0£ Rel.
(wp.) (mu) (?J) L.uantum mission

409 13.7 25 - 0.15
422 14.3 15 - 0*12
439 12.0 16 - 0.19
472 18.2 27 - 0*25
464 19.0 19 0
506 12.5 37 — 0* 08
536 9.8 26 - 0*01
558 14.0 45 — 0 • 20
574 15.3 22 - 0.05
586 17.0 46 — 0*14
600 18.0 48 — 0 • 06
622 11.5 25 - 0*07
653 13.0 49 - 0*12
675 18.5 48 - 0.21
705 19.0 45 - 0*25

Filters were calibrated (as described in the text) to give 
approximately equal quantum emission (column 4). Corrections 
given in this column were applied throughout in spectral 
sensitivity analyses, to correct relative quantum emission 
of stimuli to within 4-2.5/̂ #
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Transmission peaks and band widths of the interference 

filters were checked with a spectrophotometer (Unicam 3P 600). 
Deviations of less than 6 mp from the manufacturers^ 
specifications were found.

Neutral density filters (Kodak Wratten) provided 
intensity reduction in steps of 0.1 log unit over a range 
of 3 log units. They were calibrated through the visible 
spectrum v/ith a spectrophotometer (Unicam 31 800), and 
cross-checked at each interference filter wavelength with 
the phototube. No significant differences were found 
between values obtained by the two methods. The values 
obtained with the spectrophotometer are given in Table 2 
(Appendix) for each interference filter wavelength. These 
values have been used throughout.

Light flashes of variable duration and frequency could 
be controlled by a mechanical relay-driven shutter at the 
point of focus of the light path (Fig. 3)* The durations 
of onset and offset of the stimulus were not more than 
10—15 msec. The relay was activated by a 1 sec., square 
DC pulse from a modified Tektronix 161 Pulse Generator, 
triggered from a Tektronix 162 .'aveform Generator. The name 
trigger pulse was used to trigger the sweep of a Tektronix 
502A oscilloscope (Fig. 6). Flash durations of one second 
were chosen to give complete separation of responses.
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1 ulse i on orator 2 ( - / : each large spike triggered a
2 msec, 0 •̂ ■ulse - p.o. - fed caaacitively to the tape 
recorder channel 1.
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Hecordiii/'

The respoiiGes of single units to stimulation of the 
left eye v/ere recorded from their axon terminals in the 
superficial layers of the right (upper.' tectum with platinum 
black tipped, indium micro-electrodes. Treasons for inferring 
that tectal recordings were from retinol ganglion cells are 
considered in the lie suits section*

1* Micro-electrodes. The electrodes used v/ere a form 
of the indium micro-electrode described by Dowben & Hose 
(1953) and modified by Gesteland, Howland, Lettvin & Fitts 
(1959).

A. Eiicro-pipettes with long flexible tapers were drav/n 
on a FalTDcr electrode puller from fine Pyrex glass capillary 
tubing (Coming).

B. Tips were broken off to give tip diameters of 2-4 |a, 
by butting them up against a glass slide under a microscope.

C. jvn alloy of v7ood’s metal and indium, with approx: 
imately the same coefficient of exjiansion as Pj’rex glass, 
was prepared* A mixture of 70,' Wood’s metal and 30/• indium 
was found by trial and error to be most suitable. The alloj?- 
was melted and drawn by suction into polj^hene tubing v/ith 
an internal diameter slightly smaller tlian that of the I yrex 
glass used, and allowed to solidify. The polythene was
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stripped off when the alloy was required. Cylinders of the 
alloy, 0.5 cm. in length, were inserted into the shafts of 
micro-pipettes and pushed as far as the shanlc with plungers 
consisting of lengths of 22 gauge tinned-copper wire. 
Micro-pipettes were warmed over a small heating coil until 
the alloy cylinder melted. Using the wire ae a plunger, the 
metal was forced through the taper as far as the tip. The 
wire was sealed into the alloy as a contact. Brief re-heating 
of the tip resulted in extrusion of alloy as a small ball 
which was knocked off by tapping the wire contact. Blectrodes 
were stored in this form until required for use, and v/ere 
examined microscopically to detect any air pockets in the 
metal column within the taper.

D. Micro-electrode tips were plated with platinum black 
by the following method:

i. iVash by dipping into distilled water.
ii. Cleon by dipping into a freshly-prepared solution

of snot remover (50̂-' conc. 50/> 100 vol. H2O2 )* |
-iIt was found in practice that this solution successfully
'1etched away alloy within the tip, rendering it unnecessary 

to use the HCl/HgOg etch recommended by Gesteland et al (1959).
iii. Wash in distilled v/ater.
iv. Plate. The most successful plating solution used 

had the following composition:
50/> of O.lj chloroplatinic acid solution,
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30/ dil. agar solution to bind the platinum tip,
20‘/̂ distilled water, and a few drops of dil. lead 
acetate solution to poison the platinum black and 
prevent catalytic action on tissues.

A gold wire anode vra.s placed in the plating solution and 
connected through a 1.5V. dry cell to the micro-electrode. 
The electrode tip was dipped repeatedly into the plating 
solution, thus closing the circuit. Tip resistances were 
monitored with a valve-voltrneter modified to read resistance 
directly. A small platinum-black cap was formed on the 
micro-electrode tip, and plating was continued until the 
tip resistance was reduced to less than 10 In.

The use of a gold anode, rather than platinum, succès; 
sfully reduced the rate of deposition of platinum black. 
Deposition was thus easily controlled and finely divided. 
This had the advantage of giving lovv-resistance electrodes 
with a minimal si::o of platinum cap, and consequently 
facilitated penetrations.

V .  V/ash in distilled water.

Optimal recording cliaracteristics were given by 
electrodes with tip diameters of 2-4 iJi, and a cylindrical 
platinum black cap 4-6 p in diameter, duch electrodes 
combined tip resistances low enough (less than 10 Kn) to 
give spike:noise discrimination ratios of at least 3 to 1,
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'.vith ti dimenBionB small enougih to isolate single units, 
ilie indifferent electrode v/as a silver wire placed on the 
head; the surrounding sea v/a-ter was earthed.

Fig. 7. holder for indium 
micro-electrodes. The glass 
micro-pipette v/as clamped by 
a screw in the insulated 
section, and the wire contact 
by a screw in the brass mid- 
section. signals were led 
from the contact to the diff: 
erential input of an AC- 
coupled cathode follower 
(Fig. 6). (The electrode 
tip is disproportionately 
enlarged for clarity.)

t .  M ic r.m M l^ u la to r

to cathodo-

-S tM l Rod

1"^
Pwoyox Insulation

Braaa Contact 

Sot Scrow

Rorapox Insulation

Sot Scrow

Tinned Copper 
W ire  C w ta c t

Alloy

R lot Inont-Slack T ip

The micro-electrode was mounted in an insulated holder 
(Fig. 7) and positioned vertically over the right tectum by 
a lathe bed mounted horizontally on a micro—manipulator.
It V/O.S lowered by a vertical micrometer drive until the 
electrode tip made contact with the tectal dura, assessed 
by a 10-15-fold reduction in the recording noise level.
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Further advance dimpled the tectal surface under the micro- 
electrode tip, with a sli£dit increase in noise which fell 
to the previous level as soon as the dura was penetrated* 
lenetration resulted in breakage of numerous electrode tips 
but attempts to overcome this, either by removal of the dura 
or by making small incisions, were invariably accompanied 
by haemorrhage and loss of neural activity. The electrode 
was advanced in search of single units responsive to ntinu: 
lation of the left eye. vhen such a unit v/as located, the 
electrode was adjusted to record impulses optimally, often 
accomplished by lightly springing the electrode taper by 
slight lateral movement.

2. amplification and display* Impulses were channelled 
tlirough a differential, AC-coupled cathode follower (Fig. 8), 
amplified (pass-band 100 c/s-1 kc/s) and displayed oscillo: 
graphically (Tektronix 502A). Oscillographs were recorded 
on stationary or moving photographic paper (Ilford N36) and 
simultaneously recorded on'tape (Fig. 6).

In the earlier experiments the Y-plates of the GMT 
were capacitively coupled to the tape recorder input. This 
resulted in attenuation of spikes to give a poor spike :noise 
discrimination ratio on playback. Subsequently, the Y-plates 
were capacitively coupled and connected tlirough a 2 ka 
potentiometer, to earth and to the input of a Tektronix
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161 Pulse Generator (Fig. 6). The potentiometer could thus 
be set BO that only those impulses above a certain amplitude 
triggered the pulse generator, i.e. impulses from a single 
unit could be selectively isolated. ,ach trigger pulse 
\TXB converted to a 2 msec. DC pulse, fed capacitively to 
the tape recorder input.

n  KQ

M  MO M M D

Pig. 8. Circuit diâ ’xam for the AC-coupled, differential cathode follower, gain 0.92. The output was led to a diff: 
erential AC pre-amplifier. (Circuit dia^xam kindly designed by C.J. Roemmele Esq.,)

On completion of recording from a unit, spikes in each 
response were counted automatically on a scaler (x̂clio 11530?), 
from tape recordings converted to 2 msec. DC pulses of 
suitable amplitude. The responses obtained from each unit 
were counted either in toto or for a standard time interval.
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stimulus programmes

Pish were dark—adapted for at least 30 minutes. A 
single unit, giving **on-off” responses to coloured light !
stimuli, was isolated in the superficial tectum. The i
receptive field centre v/as determined by preliminary tests.
Units were subjected to one or more of the following programmes.

Programme 1. This programme was used to study the 
early recorded units of the two types identified (Types 1 
and 2, see Results). Starting with a blue filter, peak 
409 mjU", responses were recorded to visual stimulation with 
1 sec. flashes of light, delivered every 4 or 5 secs., at 
a fixed quantum intensity level, usually the maximum 
available. Responses were recorded for each colour-filter 
wavelength, in order through the spectrum, at the same 
ouantum intensity level. Response series obtained are 
subsequently termed ”equal quantum spectral response series”.
The full available range of spot sizes was used for different 
units. However the smallest stimulus spot (0.5^) was used 
preferentially, since it gave maximal discrimination of 
responses spatially, and minimal reduction in the level of 
dark-adaptat ion•

Since Type 1 units showed no centre-surround receptive 
field arrangement, the stimulus spot was positioned at the
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geometric centre of the receptive field. In Type 2 units, 
with the classic centre-surround pattern, stimuli were 
positioned in the transitional portion of the field to give 
mixed ”on-off” responses.

Iropramiiie 2. Units recorded more recently were analysed 
in greater detail. Again starting with the blue filter, peak 
409 D^, responses to 1 sec. flashes of light were recorded, 
at intensities reduced in steps of 0.2 or 0.4 log units over 
a 3 log unit range. This was repeated for each interference 
filter, in order through the spectrum. The flash frequency 
was increased to 1 per 2 sec. in order to obtain complete 
runs within the time for which units could be held, apparently 
without reduction in the level of dark-adaptation (see later).

For Type 1 units stimuli v/ere presented at the geometric 
centre of the receptive field. For Type 2 units stimuli 
were positioned so as to give the purest ”on” or ”off” 
responses possible from the field centre; where units could 
be held long enough, a similar series was also obtained for 
a stimulus positioned in the sui'round. Intensity-response 
curves were plotted at each stimulus-v/avelength, and sub; 
secuently are collectively termed ”spectral intensity-response 
series”.

In most cases the smallest stimulus spot was used.
This gave optimal isolation of field-centre and field-sorround
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responses. Detailed analyses involved some 900 responses 
per unit.

Spectral sensitivity curves for the ”on” and ’’off” 
components of the response, were constructed from series of 
intensity-response curves by reading-off from these curves 
the log relative intensity of the stimulus at each wavelength 
required to give the same number of spikes in the response.
The correction factors given in Table 1 were applied before 
sensitivity curves were plotted.

In both programmes an average of 5 responses was taken 
at each stimulus wavelength and intensity, as a necessary 
smoothing of response variability* For some units a return 
series was recorded and in all cases random checks were made 
at the end of a run, for a fev/ wavelengths.

I'rogrcimme 3. On completion of the previous pro examine, 
units were tested for movement and directional sensitivity, 
to coloured stimuli moved across the receptive field in the 
horizontal and vertical planes.

The effect of increasing the size of centrally^-positioned 
stimulus spots was investigated for some units with centre- 
surround receptive fields, at a number of wavelengths through 
the spectrum. Receptive fields of several units were invest: 
igated in detail y/ith 0.5^ stimulus spots of different colours.
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REDUITS

A. GEHEKAL E.::EEILENTS

Origin of toctally-recorded spikes
It is inferred from the criteria of Eaturana, Lettvin, 

lucCxilloch & Pitts (I960) for frog tectum, from Luffler’s 
(1953) criteria for discriminating^ cell and axon spilces, 
and from the work of Jacobson & Gaze (1964) on goldfish tectum, 
that the extracellular unit recordings described here v/ere 
from the terminal arborisations of retinal ganglion cell 
axons. These units were encountered only in the most 
superficial layers of the tectum, almost immediately beneath 
the dura, and could usually be recorded, much reduced in 
amplitude, with the electrode tip pressing against the dura 
before penetration. Spikes v/ere characteristically tri-phasic, 
with the predominant %)hase negative (Fig. 9) and satisfied 
the following criteria for single unit recordings, inly 
units giving a clear spike;noise discrimination ratio, and 
audibly distinguishable, were analysed. Dpikes were commonly 
attenuated at high firing frequencies; similar phenomena 
were observed by Kuffler (1953) in single unit recordings 
from cat retina. Limits of receptive fields, and boundaries 
between receptive field sub-divisions, were well-defined. 
Patterns of spike trains were reproducible. Once a unit
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had been isolated, slight movement of the electrode tip 
invariably attneuated or magnified all spikes, without 
differentiation of disciia.rges into spikes of different 
amplitude, buch single units could often be held for several 
hours.

Pig. 9# Cell spikes (A) 
and axon spikes (B) recorded 
extracellularly from the 
superficial tectal layers. 
Time mark - 1 msec. Gain 
in B is approximately 10 
times gain in A. Cell spikes 
are predominantly positive 
and of long time course.
Two forms of axon spike are 
shown, depending on the 
location of the electrode 
tip relative to the source 
of potential. Spikes in 
the lower left hand record 
are typical - triphasic and 
predominantly negative - 
with a fast rise time. 
(Amplifier pass-band: 80 c/s 
- 10 kc/s.)

B

Infrequent recordings from cells resulted in spikes 
of much larger amplitude, longer time-course and opposite 
predominant polarity (Fig. 9)* This is substantiated by 
histological evidunce Indicating that the superficial tectum 
is only sparsely populated with cell bodies. These spikes 
could be held only transitorily and showed a rapid decline 
in amplitude, presumably due to cell damage.

The response patterns of single units recorded from 
the superficial tectum of the plaice are similar to those
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recorded from the optic nerve* They are remarkably similar 
to responses of goldfish retinal ganglion cells (//agner, 
KacNichol <f: v/olbarsht, I960; KacNichol, v/olbarsht c: .agner, 
1961; Wolbarsht, MacNichol & Wagner, 1961a,b). Further 
they are comparable to units identified in other vertebrate 
classes (see Discussion).

Variation in spike height
In all units recorded there was a more-or-less rhythmic 

variation in spike height. However, from the spike:noise 
discrimination ratio and patterns and frequencies of firing, 
it was clear that these recordings were from single units. 
Rhythmic variations could be abolished by vascular occlusion. 
Spike amplitudes were commonly attenuated when firing free ; 
uencies increased (compare with Kuffler, 1953)*

Often during the course of recordings from a unit there 
Wc3.s a gradual decrease in spike amplitude. This may be due 
to movement, since si^nal-to-noise ratios could be improved 
by fractional adjustment of the electrode. On the other 
hand, when electrodes v/ere withdrawn on completion of 
recording from a unit an adherent shell of tissue v/as often 
•bumf onto the tip, despite the addition of lead acetate 
to the plating solution to poison the catalyst. Gesteland 
et al (1959) suggest that, by increasing the separation 
between the electrode tip and the source of spike potential.
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this shell might account for the observed reduction in 
spike amplitude.

Tectal layering and recording depth
Ho reliable estimates of recording depth could be 

obtained simply from readings on the vertical micrometer 
advance, since electrode penetrations caused dimpling and 
drag of the tectal surface. However, the orderly sequence 
of unit types v/as clearly demonstrated by successivelyV ‘
advancing the micro-electrode during a single penetration.
On and off units v/ere encountered most superficially. Two 
on-off types, lying in close, but discrete, deeper layers 
were preliminarily identified by the nature of their ”on” 
and "off” discharge patterns. The first on-off type, 
subsequently termed Type 1, gave fast-adapting, phasic 
”on-off” discharges. Type 2 on-off units gave slov;-adapting 
”on-off” discharges, and were isolated slightly deeper in 
the tectum th?3n Type 1 units.

Deeper penetrations revealed a broad, silent band 
beneath the superficial layers. At still greater depths 
additional spike activity, often rhythmic in nature and 
presumably of intrinsic tectal origin, was found. A few 
unsuccessful attempts v/ere made to categorise the properties 
of these units. They are certainly more complex than the
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superficial units and have retinal projections too large 
to assess with the present stimulus ari'angcraents.

Retino-tectal projection
Attempts were made to map the projection from the left 

retina on an enlarged photograph of the right tectum. Blood 
vessels on the tectal surface showed considerable variation 
in course in different fish, but for any particular animal 
served as reliable landmarks for the location of recording 
sites. Lateral movement of the electrode over the tectal 
surface was accomplished by a lathe bed mounted on the 
micro-manipula tor. This gave calibrated movement in steps 
of 10 p in two directions in the horizontal plane, parallel 
to the longitudinal and transverse axes of the fish. 
Coordinates were talc en for two vd.dely-separated points on 
the tectal surface, vdlth the electrode tip positioned above 
prominent junctions of blood vessels. Single units of the 
various types were isolated in the superficial tectum, and 
the coordinates of each recording site noted. Recording 
sites v/ere subsequently plotted on the appropriate tectal 
photograph. Coordinates of these sites were related to 
the two original landmarks by simple geometry. The ma^nlf : 
ication of the photograph was taken into account.

Coordinates of the stimulus positions were read in 
degrees from the horizontal and vertical arcs, for each
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recording site, for stimuli positioned at the centres of 
receptive fields.

This tecimique should have provided accurate naps of 
the retino-tectal projection patterns of those parts of 
the visual field and right tectum simultaneously accessible 
with the present stimulus and recording arrangements. The 
accuracy of such maps v/as however limited, since the tectum 
underwent considerable lateral movement during electrode 
penetrations. Despite this, it was clear that the retino- 
tectal projection of all types of unit was ordered. The 
posterior retina (anterior visual field) projected to the 
anterior tectum, with' corresponding anterior-to-posterior, 
ventral-to-dorsal and dorsal-to-ventral projections.

B. SPECTRAL EXPERIKBNT8

Preliminary considerations
Experiments were designed to establish the existence 

and properties of colour-sensitive elements in the retina 
of plaice, a marine teleost. Such elements have been 
identified in numerous fresh-v/ater teleosts. PacNichol & 
others have shown that in goldfish certain on-off retinal 
ganglion cells give opponent colour responses. Thus in 
plaice attention v/a.s centred on on-off ganglion cells,
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studied in the dark-adapted state. Under such conditions 
it is easier to manufacture and manipulate stimuli free from 
spurious secondary stimuli, e.g. stray reflected light from the 
stimulus and ê rtraneous sources, and movements of the operator.
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Fig. 10. Responses of a lype 1 on-oif unit to stimulation 
at three v/avelengths and different intensities with a 0.5 
stimulus spot positioned at the receptive field centre. For 
illustration, records showing responses nearest to the average 
of 5 at each intensity iiave been shovm. Top records are for 
maximum available stimulus intensity at each wavelength. The 
log relative cuantum intensity of the stimulus is given at the left of each record. Upv/ard deflection of lower trace 
indicates stimulus-on, and downward deflection stimulus—off.
A 100 msec, time mark is superimposed on the lower trace. 
Dtimuli consisted of 1 sec. flashes of light delivered at 
2 HOC. intervals. lio spatial zonation of receptive fields; 
responses are mixed "on—off” at all v/avelengths (but note 
isolation of responses by intensity modulation in second from bottom records of columns 1 & 3)*
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Preliminary experiments v/ith black and white stimuli 
revealed two on—off ganglion cell types with quite different 
discharge patterns and receptive field arrangements:

Tyne 1. Brief, phasic "on-off” discliarges in response 
to stimuli placed anywhere within the receptive field (see 
Fig. 10). No Gentre-surround field arrangement, i.e. "on" 
and "off" response-conponents could never be evoked in 
isolation by using spatial variables of the stimulus alone. 
(This was sometimes possible by intensity modulation, nee 
Fig. 10.)

Type 2. Slow-adapting "on-off" discharges, invariably 
showing cent re-surround or adjacent receptive field arrange ; 
ment8, i.e. "on" and "off" discharges could be separately 
evoked by spatial positioning of the stimulus v/ithin the 
receptive field, (see Fig. 11). Type 2 units have receptive 
fields larger than those of Type 1 units, v/ith axon terminals 
ending slightly deeper in the tectum (see p. 51). For both 
the "on" and "off" responses, an initial high-frequency 
burst of impulses is followed, after a short latency, by a 
second lower-frecuency discharge lasting for many seconds 
or even minutes. In experiments this was terminated by the 
offset of the stimulus or the onset of the succeeding stimulus.

Ganglion cells were classified throughout subseoucnt 
experimental work into one of the two types described above.



56

». on contre b.oN surround

5 É ..* 
ÜP-.

BP -.-BP
I -t-3Pr -t.»3BP

Æ-.JBP
«3 5 !!!!! -m»!!SB?

SSImfi

— -7} ̂

-117

-1  ## — *

o “M4 —

». M°dor»»l 
1*°lateral

b.ll̂ dorsal 
1*"latoral

Aperture #-5®

Pig* 11. Records of responsee 
of a Type 2 "on”-centre unit to 
a 0.5 stimulus spot positioned 
a) at the field centre, b) in 
the surround. The initial high- 
frequency, siiort-latency burst of 
the "on” response is absent at 
low intensities, whereas the 
1onger-latency, sustained discharge 
is present at all intensities, 
indicative of both cone and rod 
input to the cell. Top records 
are for maximum available stimulus 
intensity at each \mvelenf-th. The 
log relative quantum intensity of 
the stimulus is given at the left 
of each record. Upward deflection 
of lower trace indicates stimulus- 
on, and downward deflection stim: 
ulus-off. Time mark is 100 msec. 
Stimuli consisted of 1 sec. flashes 
of light delivered at 2 sec. 
intervals.

Ecual quantum spectral response series (Programme 1)

1. T̂ i3C 1 units. Deries of responses to erual cuontum 
spectra were obtained from 12 Ty^e 1 units. All units fTive 
opponent responses through all or part of the spectrum. 
Oiponent responses of two units to equal quantum snectra 
are illustrated in Fig. 12. The first of these is shown 
graphical'*y in Fî  . 13. In some, the peak of one response 
component occurred in the green, whilst the other component 
peaked at either end of the spectrum (e.^. Unit P64, Pigs.
12 & 13)* In others, the "on" response was greatest towards



57

one end of the spectrum, whilst the "off” response peaked 
tov/ards the opposite end (e.g. Unit P69> Fig. 12).

PM

471

ffPjf

Fig. 12. Opponent responses of 
two Type 1 on-off units to an 
equal quantum stimulus through 
the spectrum. Intensity, maximum 
available, thus showing some 
phasic activity in common with 
other Type 1 units. 3 stimulus 
spot positioned at the receptive 
field centre, stimuli were 1 sec. 
flashes of light delivered at 5 
sec. intervals, bpikes are re: 
presented as 2 msec, pulses from 
playback of tape recordings.

1 À

At the receptive field centre either the "on” or "off" 
component of the response was stronger at all or most wave : 
lengths, but v/ith a marked variation in the "on" :"off" ratio 
in different spectral regions. Stimulus testing in the more 
peripheral field indicated that the sensitivity of the 
stronger component at the field centre fell-off more rapidly 
than that of the v/eaker component towards the periphery (see 
p. 99 , Detailed analysis of receptive fields).
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Fig* 13* Graphical reprcoentation of responsea recorded 
from Unit 1, P64, an illustrated in Fig* 12, plotted against 
wavelen̂ rkh to bring out the opponent nature of the unit, 
î/ach point is an average of 5 responses*

2. Tyne 2 units* Response series to equal quantum 
spectra were obtained for four Type 2 units, vfith stimuli 
positioned to give mixed "on-off" responses* By contrast 
with Type 1 units, these units showed at best only we ale 
opponent responses, with much lees-pronounced differences 
in the ’*on“ :**off” ratio for equal quantum stinuZi of 
different wavelengths*

3* Comment * The opponent nature of units v/as more 
marked in light-adapted eyes and at high stimulus intensities, 
as expected. Low-intensity, white light background illumination
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applied during the testing of two units, enhanced the 
opponent response.

This prog>'aiame indicates that Type 1 units, at least, 
are opponent colour sensitive. But vdthout additional 
intensity-response data it gives little indication of 
the spectral sensitivities and types of input to the ganglion 
cells. The following experiments in which spectral, spatial 
and temporal properties of a few units have been studied in 
great detail, form the bulk of this thesis.

C. UPBCTKlL JBNSITIVITY DATA (Programme 2)

Preliminary considerations

1. Determination. Upectral sensitivities can be 
determined by measuring the stimulus intensities required 
either for threshold or for constant response (in this 
situation a standard number of spikes in the "on" or "off" 
response component) at each wavelength through the spectrum. 
The latter method was used for the following reasons:

1. Retinal ganglion cells receive inputs from several 
cone-types and from rods. In the dark-adapted state threshold 
measurements indicate only rod peaks.

2. Most units studied exhibit some spontaneous activity 
in darlcness, in the absence of visual stimulation. Thus
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minimal chariges in firing patterns are masked. Thus v/ithout 
making elaborate measurements of the statistical regularity 
of spikes it is impracticable to measure threshold accurately.

3. Threshold-intensity measurements are unreliable since, 
at the appropriately low stimulus intensities, the preparation 
is susceptible to the slightest variations in general 
background luminance.

Intensity-response curves are classically sigmoidal 
see Introduction p. 20). Thus experimentally, if one 
works on the more or less linear portion where V/eber functions 

it is sufficient to determine at each test-wave length 
the stimulus intensities required to give responses just 
greater, and just less, than the constant response. The 
intensity necessary to give a constant response can be obtained 
to a close approximation by linear interpolation from these 
measurements.

In subsequent experiments on the spectral sensitivity 
of retinal ganglion cells, intensity-response functions were 
determined at each wavelength over a wide intensity range.
It was found that intensity-response curves were rarely 
sigmoid, and seldom linear over an appreciable rsnge.
Moreover they revealed much more information on the nature 
and interaction of inputs to ganglion cells than would have 
been obtained working solely from the previous assumption.
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2. limitations of the stimulus teclmioue. In order 
to obtain complete spectral intensity-response series within 
the time units could be held, it wa.s necessary to increase 
the frequency of stimulation to 1 sec. flashes of light 
delivered at 2 sec. intervals. The technique was standardised 
as far as possible. For any particular wavelength flashes 
were delivered in gi’oups of five at each intensity, followed 
by a standard interval of darkness lasting 5 secs, (the time 
required to change neutral density filters to obtain the 
subsequent intensity level.)

Each group of five responses at any particular wavelength 
and intensity invariably showed some adaptation. The first 
"on" response was usually the strongest. V/here this was so 
the corresponding "off" response was usually weaker than 
subsequent responses. For constant response to different 
wavelengths, one can make the assumption that this adaptation 
follows a similar course. Thus the averaging of any group 
of five responses leads to no appreciable error in the 
determination of spectral sensitivity.

Experiments were performed v/ith the smallest light 
spots available (0#5^), to give minimal effects on dark- 
adapt at ion. However, responses were not always maximal to 
the highest stimulus intensities used at some wavelengths (see 
Figs. 14 & 21). It might be argued that at these intensities 
(some 3 log units above threshold), coupled
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with high stimulation frequencies, sensitivity is decreased 
by reduction in the level of dark-adapt at ion* Tha.t this is 
not the case was shown by results from a few experiments in 
which stimulus intensities at a given v/avelength were reduced 
without the 5 sec. standard interval in the flash-frepuency, 
i.e. filters were changed in the 1 sec. period of stimulus- 
off. Responses were weaker and occurred with greater 
latencies at the higher intensity. Therefore the effect 
is not due to reduction of dark-adaptation, but to inhibition. 
This was borne out by subsequent experiments.

Spectral intensity-response series were thus complicated 
by the inhibitory interaction of the response- components. 
This was particularly so in Type 1 units, where it was not 
possible to isolate the components. As a result the spectral 
sensitivity of one component was partially suppressed in the 
range of peak sensitivity of the other component. Intensity- 
response series were further complicated in units receiving 
both cone and rod input. Thus, for example, where cone 
peaks occurred in the blue and/or orange, sensitivity curves 
were commonly broadened in the green due to rod input (see 
Pig. 22a). For these reasons spectral sensitivity functions 
were normally obtained at a constant response level below 
that where inhibition wa.s marked, i.e. on the linear portion 
of the falling phase of intensity-response curves (e.g. Pig. 
15). This minimised distortion and shift of peak sensitivity
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In a few units constant response levels were talien on the 
rising phrase of intensity-response curves, i.e# at high 
stimulus intensities where inliibition was marked (e.g. rig. 
15)» to show the effect of inhibition on spectral sensitivity.

1
i
%

rig. 14# Intensity-response curves for the **on** and **off*’ 
ronponse-coiaponents of a 1 unit» at two %velengths
from the spectral series. This unit gave predominant "on** responses at all wavelengths to a 3 stimulus spot positioned 
at the receptive field centre. Each responee—component 
showed marked inhibition (rising phüse of curves) at Mgh 
stimulus intensities, maximal for colour filters in the 
peak spectral sensitivity range of the opposite component $ 
stimuli were 1 sec. flashes of light delivered at 5 sec. 
intervals* Each point is an average of 5 responses.
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Jpectral sensitivity (Programme 2)

Type 1 units

1. Spectral intensity-responee series* Typical 
intensity-response records for a Type 1 unit, at three 
wavelengths from the spectral series, are shov/n in Fig* 10 
(p. 54). Responses were rapidly-adapting, brief bursts of 
spikes except at the highest stimulus intensities used at 
each wavelength* Complete series were obtained for seven 
Type 1 units, and partial series for a number of further 
units, in response to stimulus spots positioned at the 
centres of receptive fields*

The opponent nature of responses in such records v/as 
seldom marked, but as mentioned previously can be brought 
out more clearly by light-adapting the eye* It becomes 
apparent when spectral sensitivity functions are determined 
for each unit (see below).

Intensity-response curves were plotted at each wavelength 
for both the *̂on’* and "off** components of the response. They 
show a smooth transition from wavelength to wavelength 
tlirough the series. Typical curves for a Type 1 on-off 
unit are shown in Fig. 14, at two wavelengths from the 
spectral series. In this unit the **on** com])onent of the
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responae v/as strongest at the receptive field centre* liiree 
out of seven fully-characterised units gave stronger "on" 
responses, whilst four gave stronger "off" responses for 
this stimulus locus.

- Q

Fig. 15# iJpectral sensitivity of the same Type 1 unit as 
in Fig. 14, abstracted from intensity-response series at 
several constant response levels for the "on" and "off" 
components. This unit was of the orange-"on", #reen-"off" 
type. Open triangles, talcen for constant response levels 
on the rising (inhibition) phase of the "off" component 
intensity-response curves, indicate suppression of the 
green-"off" peak by inhibition from the "on" comnonent.

2. Spectral eeneitlvity curves. In most fully- 
characterised units it was possible to plot constant response 
spectral sensitivity curves for both components of the 
response. In two, discrepancies in the intensity-response 
curves of the v/eaker component through the series were so
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great that no attempt was made to plot the spectral 
sensitivity of this weaker component.

#00
Wi

Fig. 16. Spectral sensitivity of a green-'*off", blue-'*on" 
Type 1 unit, which gave predominant "off" responses to a 
1  ̂stimulus spot positioned at the geometric centre of the 
receptive field.

All Type 1 units gave spectrally-opponent "on—off" 
responses. It was apparent from intensity-response series 
and from latency measurements that the two response-components 
v/ere mutually antagonistic. There was partial suppression 
of both responses at high stimulus intensities (Fig. 14). 
Response latencies were greater v/here suppression was marked, 
than at lower stimulus intensities where suppression was
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lesB-rnarked or absent. Inhibition by the dominant central 
response was more marked than that due to the weaker 
component. uppression in sensitivity of the "on” component 
was maximal at wavelengths corresponding to the spectral 
sensitivity peak of the "off” component, and vice versa.

----

Î
I
I

Fig. 17. Spectral sensitivity of a Type 1 unit, sho dng 
enhanced sensitivity in the green at low stimulus intensities 
due to rod input (see later). Sensitivity curves of several 
units were indeterminate at high stimulus intensities, apparent in this Figure and suggestive of inputs from several 
cone-types.

Upectral sensitivity curves for tiiree Type 1 units 
are illustrated in Figs. 15-17# In Fig. 15 the spectral 
sensitivities of the ”on” and "off' components of the same 
unit as in Fig. 14f are plotted at several constant response 
levels. Sensitivity peaks are indicated in the orange for
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the predominant "on" component, and in the gxeen for the 
"off" component. At low stimulus intensities (suhthreshold 
for cones) the green "off" peak was more pronounced, indicative 
of rod input. A second unit was green-sensitive for the 
predominant "off" response, and blue-sensitive for the 
v/eaker "on" component (Pig. 16). A third unit, with 
indeterminate spectral sensitivity at hi^h stimulus intens: 
ities, is shovn in Pig. 17#

3. .-t̂ noical units. One unit showed the field arrange: 
ment and discharge pattern typical of Type 1 units (Pig. 18). 
However, spectral intensity-response series (Pig. 19) and 
spectral sensitivity curves (Fig. 20) for the "on" and "off" 
response-coraponents were quite different.

Intensity-response curves were complicated by several 
peaks falling v/ithin the stimulus intensity range (Fig. 19).
For the predominant "off" response, blue filters gave a 
single peak, maximal at about 440-450 mp.. For filters 
more into the green a second peaic was expressed at higher 
stimulus intensities, maximal at 530-550 mu, with attenuation

i

of the blue peak. A third pealc, maximal at about 600 mu, 
was expressed for orange filters. Colour filters inter: 
mediate between those wavelengths illustrated in Fig. 19 
showed a smooth transition of peaks from \mvelength to 
wavelength. Similar peaks occuî red in intensity-response 
curves for the weaker "on" component.
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Fig. IC. responses of the 
atyî ical Type I unit described, 
which exhibited a series of 
response peaîcs, v/ithin the 
stimulus intensity range, at 
different wavelengths. espouses 
at different intensities are 
illustrated for three \mvelengths, 
for a 0#5 stimulus spot posi: tioned at the receptive field 
centre. Top records are for 
maximum available stimulus 
intensity at each wavelength.
The log relative quantum int : 
en sit y of the stimulus is given 
at the left of each record.
Upv/ard deflection of lower trace 
indicates stimulus-on, and 
downward deflection stimulus—off. 
Time mark is 100 msec. ..stimuli were 1 sec. flashes of light 
delivered at 2 sec. intervals.

At high stimulus intensities spectral sensitivity 
curves indicated sensitivity peaks in the blue, green and 
orange for both "on" and "off" response com̂ ionents, vdth 
the same wavelength maxima as for peaks expressed in the 
spectral intensity-response series. These peaks were not 
apparent at low stimulus intensities, v/here the spectral 
sensitivity curve for each component showed a single peek 
in the green (Fig. 20).

Several Type 1 units (and also some Type 2 units) gave 
a single pealc v/ithin the stimulus intensity range, similar
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Fig. 19* Inteneity-reeponse curvee at three wavelengths 
for the "on" and **off** response-components of the atypical 
Type 1 unit shovm in Fig. 16. The series of peaks expressed 
within the stimulus intensity rcmge were maximal at the same 
wavelengths as the spectral sensitivity peaks for the unit 
(Fig. 20a,b). Intensit^’-responae curves at wavelengths 
intermediate between those illustrated showed a smooth 
transition of peaks from wavelength to wavelength. Each 
point is an average of 5 responses.

to the intensity-response curve at wavelength 439 mp. for 
the above unit (Fig. 19). ith the exception of one Type 
2 unit, in no other case was a multiple-pealc system encoun: 
tered in spectral intensity-response series. Of course, 
intensity-response peaks and. spectral sensitivity peaks 
show the same wavelength maxima, typical of either cone or 
rod input. Therefore, where such peaks occur in intensity'-
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response curves, they have been interpreted as the expression 
of specific inputs to ganglion cells#

A

y

o n - o f f  ty p *  1 
4 2 ° d o r » l  2 l ° la t r r ,

C onstan t Rotponaa

# -  o f f  12 im p u ls

/

W ave le n g th  mp

B C onstan t R etpo i

W avelength

Fig# 20a,b# Spectral sensitivity of the atypical Type 1 
unit of Figs# 16 & 19; A) "off" component; B) *'on'* component, 
iilach component gave spectral peaks in tiiree regions at high 
stimulus intensities. At low intensities these peaks were 
strikingly absent, with spectral sensitivity and peak 
characteristic of rod input.

j
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The rising phase of curves at slightly higher stimulus 
intensities is presumably the expression of inhibitory action 
on the specific input.

4, Conclusion. The following Type 1 units have been 
recorded in detail and clearly identified;

No. of
units

orange-̂ * on" green-"off". 1
green-*'on" orange-"off"• 2
green-"off" blue-"on". 1
blue-"off" green—"on". 1
green-"off" orange-"on"• 1
blue/green/orange "on-off" 1

Type 2 units

1, Spectral intensity-response series. T%p:e 2 units 
show centre-surround or adjacent receptive field arrangements, 
similar to those described by huffier (1953) in cat retina. 
They give one response to illumination of the receptive 
field centre and the opposite resx̂ onse to illumination of 
the surround. Consequently it has been more difficult to 
obtain complete data for this type, since it was necessary 
to obtain intensity-response series for two stiiulus positions 
in the receptive field; at the field centre and in the
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surround. Complete data has been obtained for both stimulus 
positions in four units; and series for the central response 
only, in a further four units.

In all units, with the exception of one "off"-centre 
unit (see section 3. Atypical units), the stimulus could 
be positioned in one part of the receptive field to evoke 
pure "off" responses. Activity during stimulus-on was 
completely suppressed, except at low stimulus intensities.
At these intensities a fev/ spontaneous impulses appeared 
during illumination.

Although it seemed likely that solely excitatory 
regions of receptive fields were present, for they have been 
found in many other vertebrate types, when stimuli were 
positioned appropriately, mixed "on-off" responses were 
always ellicited. Only at the lov/est stimulus intensities 
used was the associated "off" component absent. The 
implications of this latter component are considered in 
the Discussion.

Unit types essentially similar to Kuffler*s were 
identified; either "off"-centre, "on-off" surround; or 
"on-off" centre, "off"-surround, r/ith a preponderance of 
"off**-centre units.



74

Records typical for Type 2 units are ohovm in Fig. 11a,b 
for the centre and surround responses of a Type 2 **on-off” 
centre unit, at wevelengths giving the clearest intensity- 
response patterns. In a number of units, as is clearly 
sho\yn for the "on” component of the centre res-ionse for this 
unit, the initial high-frequency, short latency burst of 
spikes was absent at lower stimulus intensities, indicative 
of both cone and rod input to the unit (see later section).

I

I

I

Fig. 21. Typical T̂ -pe 2 unit intensity-response curves 
for the ”off”-surround response, and for the ”on” and "off" 
components of the centre response at one wavelength, for 
the unit illustrated in Fig. 11. î ach point is an average 
of 5 responses.

Intensity-response curves were plotted at each vzavelength, 
for the "on" and "off" comj)onents of the "on—off" response,
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and for the "off" response. Curves were also plotted for 
the spontaneous activity occurring during the "on" of the 
stimulus, when stimulating the "off"-field. Typical curves 
for the "on" and "off" components of the "on-off" centre 
response, and for the "off" response and spontaneous 
activity of the field surround, are shov/n in Fig. 21 for 
a Type 2 "on-off" centre unit.

2. spectral sensitivity curves. Constant response 
spectral sensitivity curves were plotted for a number of 
units, for each component of centre and surround responses, 
(Pigs. 22-24 & 27-28). Sensitivity curves were also plotted 
for "spontaneous zero" of each unit, when stimulating the 
"off"-field.

"Spontaneous zero" was measured from the spontaneous 
activity "intensity-response" series. It is defined as 
the minimum stimulus intensity required at each wavelength, 
when stimulating the "off"-field, to give complete suppression 
of spontaneous discharges from ganglion cells during 
stimulus-on. In units from which complete intensity- 
response series were obtained both for the "off"-field and 
for the "on-off" field, the "spontaneous zero" spectral 
sensitivity curve wo.s found to parallel closely the spectral 
sensitivitŷ  of the "on-off" response (e.g. Fig. 22a,b,c).
This is a puzzling feature, for one would expect the

_
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Pi g, 22. ipcctral oeiinitivity 
curven at neveral constant 
reeponse leveln, for the Bon3e 
Type 2 unit an illuntrated in 
the previous figure; A, "off"- surround; B : C, and
‘♦off* components respectively 
of the field centre. Che 
spontaneous aero sensitivity 
curve is a measure of the 
minimum stimulus intensity at 
each test-v/avelength, v.hen 
stimulating the ‘̂off*’-field, 
required to give complete 
suppression of activity during 
stinulus-on. It gives close 
agreement \7ith the sensitivity 
of the "on-off' field. The field centre gave peaks in the 
green for both "on" and "off" 
response-components. Che 
"off"-surround m s  maximally 
sensitive in the blue.
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*’opontaneous aero" sensitivity to reflect the sensitivity 
of the inhibitory "off"-field. Hone-the-less, the "spontan: 
ecus aero" sensitivity curve has been used as an estimate 
of the sensitivity of the "on-off" surround in those units 
which could be held long enough only for characterisation 
of the "off"-centre response (e.g. Figs. 23 & 24).

Wavelength

/ig. 23. opectral sensitivity of the field centre of a 
lype 2 "off"-centre unit. This unit was orange-and-bluc 
sensitive for the "off"-centre of the receptive field, 
and green-sensitive in the "on-off" surround.

Spectral sensitivity curves were generally broader 
than for Type 1 units, presumably because of the v/ealc 
opponent nature of response s and the prominence of rod 
input. Response thresholds were lower, dpectral sensitivity
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Fig. 24. Spectral sensitivity of a Type 2 ** off "-centre 
unit. This unit was centre-sensitive in the blue and orange. At low intensity, the sensitivity was enhanced in the green, 
due to rod input. The "spontaneous zero" curve reflected the 
sensitivity of the surround.

curves at high stimulus intensities showed one or more 
peaks with maxima t^^ical for cones. In several units 
either the centre or surround gave two such peaks at different 
wavelengths, e.g. blue and orange (see Figs. 23 & 24).

ÎÛOS+ 2 units gave evidence of both cone and rod
input. A reduction in stimulus intensity was followed by 
a change in the form of sensitivity curves. All units with 
rod input gave a single spectral peak in the green at low 
intensities. As with Type 1 units, where this was the case 
a single peak was also expressed in the intensity-response
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series (e.g. Fig. 26, **off"-centre response).
In every unit the "on" and "off" components of the 

"on-off" response, whether this was the centre or surround 
response, showed the same spectral sensitivity. This finding 
has a number of implications which are considered in the 
Discussion.

In most units it was clear that the spectral sensitiv: 
ities of the field centre and surround were different ; i.e. 
peak "on-off" and "off" responses occuired in different 
spectral regions. In one or two units however (see Fig.
2 7, for example), peaks were indetermina,te and it was not 
clear whether the sensitivities of the field centre and 
surround were different or identical. It is possible that 
the study of a greater number of Type 2 units might reveal 
two sub-types, opponent and non—opponent.

j. Interaction between inruts. In "off"-centre 
units there wo.r strong mutual inhibition between the "on” 
component of the centre response and the "off"-surround 
response at high stimulus intensities (Fig. 21). In "off"- 
centre units the "on” component of the surround response 
showed marked inhibition from the centre, but inhibition 
of the "off"-centre response was comparatively weak (Fig.
26 and see also Section 5). Inhibition was most marked 
at the peak spectral sensitivity of the inhibitory component,
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Pig. 25. Records of responses from the centre and surround of the receptive field of one atypical Type 2 "off"-centre 
unit ; a) centre responses, b) surround responses, each at 
one wavelength rnd different intensities. Top records are 
for the maximur intensity available at each wavelength.
Only in this one unit was the response from the "off"-field 
accompanied by an "on" component. The "on" component was 
completely suppressed at high stimulus intensities. Spikes 
during stimulus-on in the lowest left hand trace are of 
resumed spontaneous activity. Note also the suppression 
of the "on"-surround response at the highest intensities, 
end the weak accompanying "off" discharge. Upward deflection 
of lower trace indicates stimulus-on, and downward deflection 
stimulus-off. Time mark is 100 msec. Stimuli were 1 sec. 
flashes of light delivered at 2 sec. intervals.
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and at hif'Ji stiniulus intensities* It was weak or absent 
at low intensities* Inhibition of the "off* component of 
the "on-off" response was not observed in any units studied. 
This is to be expected, and is considered in the Discussion. 
No examples of centre-and-surround summation were found.

i
1
j

I—

Pig. 26. Intensity-response curves for the centre and 
surround response-components of the atypical Type 2 unit of 
the previous figure. With the exception of the centre "on" 
component, these curves are tjrpical for "off"-centre units; 
i.e. absence or weakness of inhibition of the "off"-centre 
response, strong inhibition of the "on”-surround component 
at high intensities and lack of inhibition of the we^ 
accompanying "off" component. Each point is an average 
of 5 responses.

4. Atypical units. In one "off"-centre unit the 
"off" response was accompanied by an "on" component. This 
"on" component was completely suppressed by intense stimuli 
at all wavelengths, (Figs. 23 & 26); suppression was very
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Pig. 2 7. Spectral sensitivity of the atypical Type 2 '* off-
centre unit of Pigs. 25 & 26 
(see also text), kp "off-
centre response ; B, "on- coxnpo: 
nent of centre response; C, ”on” 
and -off- components of surround 
response. Spectral sensitivities 
of the field centre and surround 
are indeterminate. It is not 
clear v/hether the unit is oppon: 
ent or non-opponent. Inhibition 
of the -on- component of the 
centre response(B, broken curve) 
is maximal at the peak sensit: 
ivity of both centre and surround,
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marked over a broad rangée of intensity, and maximal for 
freen filters. The spectral sensitivity was similar to 
that of the accompanying *’off**-centre response (Pig. 27a,b). 
Centre and surround responses both showed sensitivity to 
blue and (Teen, but with an indication that green sensitivity 
was greater at high intensities in the surround and at low 
intensities for the field centre.

Î

Pig. 28. Spectral sensitivity of the field centre of a 
Type 2 **off**-centre unit. At stimulus intensities 
supratlireshold for cones (lowest curve) there is a suggestion 
of three peaks in the ranges of typical cone absorp,tion 
spectra (compare with the Type 1 unit of Fig. 20, p. 71). 
i/ith reduction in intensity there is a change in sensitivity 
to give curves more typical of rod input. The "spontaneous 
sero** curve indicates blue—green sensitivity for the field surround.

The **off**—centre response of one Type 2 unit gave 
intensity-response series and spectral sensitivity somewhat
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similar to the atypical Type 1 unit described earlier. At 
high stimulus intensities there is a suggestion of three 
spectral peaks - blue, green and orange. At intensities 
below the peak expressed within the intensity range used, 
spectral sensitivity curves indicated that responses were 
dependent on rod input alone#

5. Effect of increasing sise of egual-lntensity, 
centrally-positioned stimulus spots (Programme 3). In two 
** off "-centre units where the spectral sensitivity of both 
field centre and surround had been fully characterised, 
the effect of increasing the size of a centrally-positioned 
stimulus spot from 0#5^ to 3̂  was investigated at a number 
of wavelengths through the spectrum. Stimuli having an 
approximately equal quantum output per unit area at each 
wavelength were used.

The first laiit was tested at the highest stimulus 
intensity available for each wavelength; i.e. without 
interposition of any neutral density filters in the 
stimulating light path. Responses to a 3̂  spot were always 
weaker than responses to a 0.5^ spot of the same wavelength 
and intensity per unit area, and their latencies were 
greater. Illustrative records are shorn in Fig. 29, selected
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from groups of five responses for each vmvelength and spot 
size. Averaged values for the number of spikes in each 
group of "off" responses are given in Table 3, together 
with the "suppression factor" which has been defined as 
the ratio of the response strength for the small spot to 
that of the large spot.

o f f  c e n t r e

OS"
X

484

536----- .

i r i r

Pig* 2 9* Effect of increasing size of 
a centrally-positioned stimulus spot 
on the centre response of a Type 2 "off-
centre unit. Records for two spot sizes 
of the same intensity per unit area are 
shown at a number of wavelengths.
Response strengths to the larger spot 
are decreased and latencies increased, 
indicating inhibition* Inhibition is 
maximal at the spectral peak (484mu) of the field surround (see also Table 3)*
Note the pause between the initial and 
second phases of the response in two of the left hand records, indicating cone- 
rod input (see later). Downward deflection 
of lower trace marks stimulus-off.
Stimuli were 1 sec. flashes of light 
delivered at 2 sec. intervals. Stimulus 
intensity is maximum available at each 
wavelength.

TABLE 3

./avelen/rth (niu) 439 484 536 574 600 653
Reanonse (no. of snikea)

A. 0,5° spot 35 37 31 33 37 36
B. 3° spot 27 24 24 29 31 33

Suppression factor (.A/'S) 1 .2 9 1.56 1.28 1.17 1.22 1.18
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That this is inhibition we knov/ from the increased 
latency of the response, a recognised phenomenon in other 
work. Moreover the intensity level at which responses were 
measured falls on the rising (inhibition) phase of intensity- 
response curves for the "off"-centre response of this unit.
The inhibition and latency of the response are maximal in 
the range of peak sensitivity of the "on" component of the 
surround response, which is approximated by the "spontaneous 
zero" curve in Fig. 24.

The anomaly of this data lies in the fact that when 
the limits of the **off"-centre of the unit were determined 
v/ith a small exploratory spot, even a 3̂  spot positioned at 
the locus from which the above data was obtained fell well 
within the limits of the field centre. It is possible that 
the inhibition observed is due to light scatter from the 
stimulus, or to optical errors invoked by stimulation of 
an aquatic eye in air. But these possibilities are discounted 
by certain points raised in the Discussion.

A second unit, tested in an identical manner to the 
first, but with a 1 log unit neutral density filter inter I 
posed in the stimulus light path, showed exactly opposite 
effects. The larger spot evoked stronger responses at all 
wavelengths, (Pig. 30 & Table 4). These results are not 
incompatible with the concept of inhibitorŷ  surrounds, for



responses at this intensity level lie on the falling pliase 
of intensity-response curves, where there is little or no 
inhibition apparent. In this case, provided stimuli fall 
within the field centre, stronger responses with shorter 
latencies are exiiected either for on increase in stimulus 
intensity, or for an increase in area of the stimulus at 
the same intensity.

mV

o f f  c e n t r e
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Fig. 30. Type 2 unit: "off"-centre 
responses to equal-intensity stimulus 
spots of two sizes at a number of wave: 
lengths. Downward deflection of lower 
trace indicates stimulus-off. Stimulus 
intensity: approximately 1 log unit 
below maximum. Stimuli were 1 sec. 
flashes of light delivered at 2 sec. 
intervals. Note: in the bottom left
hand record illumination is insufficient 
to suppress spontaneous activity.

653

In Table 4 are given the averaged number of spikes 
from groups of five responses to 0.5^ and 3̂  stimulus spots 
of equal intensity per unit area, at a number of wavelengths



68

TABLE 4

VQvelength (m|x) 409 422 439 472 464 508 536 556 574 586 600
Observed response 
(no. of spikes)

A. 0.5° spot 39 36 35 36 41 42 41 41 45 41 39
B. 3° spot 57 56 57 55 52 55 53 57 57 53 50

expected, response
(no. of spikes)

Ü. 3° spot 54 50 48 53 55 54 52 58 62 55 52
Observed/Oxrected

D/D (fo) 106 116 119 104 95 102 102 98 92 96 96

The area of the 3̂  spot was accurately measured to be 45
times that of the smaller spot. Thus on Hartline and 
Barlow’s assumption that response strength depends only on 
the total quantity of illumination (see Introduction) equal 
responses to the two stimuli v/ould be expected if the 
intensity of the smaller spot was 1.69 log units above 
that of the larger spot. (Both spot sizes fell well T/ithin 
the limits of the receptive field ccrtre, which were deter: 
mined previously.) To test this theory the expected resnonse 
strength (Table 4, line C) was estimated from intensity- 
response series obtained previously for a 0.5^ stimulus spot, 
at c'in intensity level 1.65 log units above the point giving 
the observed response to a 0.5^ spot (shorn in Table 4, 
line A). The obser\red response to a 3̂  spot is given in
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line B. The observed and expected responses to a 3̂  spot 
at each wavelength are then compared and expressed as a 
percentage (line D). Deviations from the expected relation 
ship are significant only for filters in the far blue, 
indicating pure excitation and responses depending only on 
the total cuantity of illumination*

6. Concluion. The following Type 2 units liave been 
characterised and identified:

"On-off" centre, "off"-surround: 
green centre, blue surround 
green centre, orange—and-blue surround 

"Off"-centre, "on—off" surround:
orange-^ond-blue centre, green surround 
blue centre, green or blue-green surround 
blue-green centre, green (-f blue) surround 
green (+ blue 4- orange) centre, green surround

No. of units
1
1

2
2
1
1

Rod-cone interaction (Programme 2)

At least for some animals with cone—rod retinae it 
is well-established that the responses of single retinal 
anglion cells are influenced by inputs both from cones 
and rods. In plaice also this feature is apparent from
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records of most ganglion cells of both on-off types.
Many teclmiques have been employed to test this premise.

The most obvious line of evidence is the difference in 
spectral sensitivity of single units when light-adapted 
and when in the dark-adapted state. Alternatively Gouras 
& Link (1966) showed that for dark-adapted perifoveal monkey 
ganglion cells receiving mixed cone-rod input, cone-induced 
responses have shorter latencies. Tliua at stimulus intens: 
ities supratlireshold for cones, it is the cones which 
determine response latency. At lower intensities latencies 
are greater and are determined by the more sensitive rod 
input.

Evidence for cone-rod input to dark-adapted plaice 
retinal ganglion cells, and the interaction of the two 
processes, is considered in terms of spectral sensitivity 
and response latency, determined from the same set of 
records for each cell.

1. Epectral sensitivity. In most units spectral 
sensitivity curves plotted for low constant response levels 
(i.e. at intensities subthreshold for cones) showed a marked | 
difference to sensitivity curves for high stimulus intensities. 
With reduction of intensity there was a transition from 
curves showing one or more spectral peaks at wavelengths 
typical for cones, to those which exhibited a single pealc



91

at 920-530 nip, characteristic of rod input. This is seen 
particularly for the ''off" component of the Type 1 unit 
of Pig. 20a, p. 71.

C o n s ta n t R aspon i

Pig. 31. Spectral sensitivity of the predominant "on" 
component of a Type 1 unit v/ith cone-rod input. At low 
stimulus intensities curves showed a single peaJc in the 
green at about 520-530 rap. (upper two curves) • These curves 
are compared with the empirically-derived absorption 
spectrum for a rod pigment with spectral peak at 525 mp, 
constructed from the Jartnall nomogram (Oartnall, 1953).

The spectral sensitivity of a Type 1 unit is shown in 
/ig. 31 at two low-intensity, constant response levels, for 
the predominant "on" component at the field centre, -.rper: 
imental curves are compared with the sensitivity curve for 
rod pigment 525, constructed from the Dartnall nomogram 
(Dartnfill, 1953). In this and in other units, experimental
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curveB agree well with the Dartnall curve. The shift on 
the ordinate is immaterial since the sensitivity scale is 
relative only. At the extremes of the spectrum, the 
experimental curve is narrower than the fitted curve in 
some cases. This can be ascribed to absorption by the 
lens and ocular media, since Dartnall*s measurements 
involved pigment extracts.

2. Response latency. The expression of cone and 
rod inputs in ganglion cell responses is moot obvious in 
records from Type 2 units - those with sustained discharges 
v/here the response consists of two phases: 1, an initial,
short-latency, high-frequency burst and 2, a longer-latency, 
maintained discharge. At high stimulus intensities, 
suprathreshold for cones as adjudged from spectral sensitivity 
peaks, the response is of short latency since both phases 
are present (see Pig. 11a, p. 56). At low intensity the 
initial burst is absent, which results in a step—increase 
in response latency.

As with huffier*s (1953) records the initial burst 
at some intensities is followed by a transient pause before 
onset of the maintained phase (see Figs. 25b, 29 à 30).
The intensity level at which the pause occurs corresponds 
to the trough immediately preceding peaks commonly expressed 
in intensity-resnonse curves within the stimulus intensity
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range used (see Fig. 26, **off"-centre response). Gouraa 
& Link (1 9 6 6) observe a transitory refractoriness following 
cone responses. This is almost certainly the explanation 
of the pause.

In several Type 2 units attempts were made to plot 
intensity-response curves at each wavelength for the initial 
and later phases of the response, in the hope of obtaining 
sensitivity curves with peaks characteristic for cones and 
rods respectively. This was not possible, however, because 
of the interaction between the inputs and the temporal 
overlap of the two discliarge phases in the mid-region of 
the stimulus intensity range.

If latencies of all responses recorded through the 
stimulus intensity range at any one wavelength are measixred 
and plotted as a latency histogram, good confirmation of 
mixed cone-rod input is obtained if the distribution is 
bimodal. Further, cone or rod input alone will be indicated 
by a unimodal distribution of shorter or longer latency 
respectively. No assumptions of characteristic or average 
cone or rod latencies can be made, for stimulus intensities 
used were limited to a 3 log unit range embracing cone 
thresholds and did not cover the total cone and rod intensity- 
response range. Hence histogram peaks are somewhat skewed.
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Latency histograms of a large number of Type 1 and 
Type 2 units v/ere plotted in this way. There is good 
correlation v/ith spectral sensitivity curves for each unit 
in every case. Examples for both unit types are illustrated 
in Figs. 32-34.

Fig. 32. Type 1 unit : response
latency histograms. A, B & C - 
predominant "off” component at 
three wavelengths. The bimodal 
distribution in A and B indicates 
both cone (short latency peak) and 
rod (longer latency peak) influences 
on responses to blue and green stimuli. In the orange (C) only 
the rod peak is apparent.

R tS r O n t l  LATiMCT

Response-latency histograms for the "off” component 
of a Type 1 unit are shovm for three wavelengths in Pig. 32. 
Spectral sensitivity measurements on this unit indicated 
blue and possibly green cone inputs for the predominant 
"off" component, v/ith rod input apparent at low stimulus 
intensities. Latency histograms are clearly bimodal at
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wavelengths 439 (blue) and 556 rap. (green), but unteodal 
at 600 mp. (orange) where the single peak corresponds in 
latency to the second (longer latency) peak at the two 
former wavelengths. Inputs from blue cones, green cones, 
and rods are thus indicated, confirming previous findings.

. à . 0 # -C « *T M

_ #. ofF-summuND
Fig. 33. Type 2 ”on-off** centre 
unit: response latency histograms.
A, ”on'* component of centre response? 
bimodal distribution for green 
filters indicates both green cones, and rods. B & C, ”off**-surround 
response at two wavelengths; 
hlBto£crams are bimodal only for 
blue filters, indicating inputs 
from blue cones and from rods.

M M M f  LA T ffIC  r  mm

Latency histograms for Type 2 units show similar 
correlations with spectral sensitivity. The example chosen 
for illustration (Pig. 33) is the Type 2 ”on-off** centre 
unit also shown in Fig. 22. The field centre of this unit 
was green-sensitive, but from spectral sensitivity alone
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it was not possible to determine whether this wa.s due only 
to cones, or to rods, or both. The surround was blue- 
sensitive, with rod input in addition. The latency histogram 
for the centre response (Pig. 33a) at wavelength 536 mp 
(green) is clearly bimodal, indicative of green cones, and 
rod input. Similarly for the **off”-surround the latency 
histogiam at 472 mp. (blue-green) indicates inputs from blue 
cones, and from rods (Pig. 33b), but for orange wavelengths 
(Pig. 33c) only rods are active.

^  A. O f f  C O M fO M N T A T Y flC A L  T Y M  1

Pig. 34. Atypical Type 1 unit: 
response-latency histograms for 
the predominant "off * component 
at three wa.velengths, ohort- 
latency peaks at all three wave: lengths substantiate evidence 
from spectral sensitivity 
measurements (Pig. 20a) for 
inputs from three discrete cone 
types.

Axi interesting case is the atypical Type 1 unit of 
Pig. 20. Each response-component gave spectral peaks in
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three regions* It was concluded that these were the 
expression of three cone inputs - blue, green and orange.
For the "off" component at least (Fig. 20a), green sensitivity 
was enhanced at low stimulus intensities. This was attributed 
to rod input. The short-latency peaks of latency liistograms 
at three wavelengths for this "off" component (Pig. 34) 
substantiate the conclusion that there are inputs from 
three cone types. Only in histograms A and C (Fig. 34) is 
there evidence for a longer-latency rod peak. However, 
where cones are active they, and not rods, determine response 
latency. Thus if the sensitivity of blue and green cones 
is higher than that of orange cones, rod response latencies 
would be masked at corresponding wavelengths.

3* Conclusion. On this evidence it is concluded 
that ganglion cells receive inputs from one or more cone 
types, and usually from rods also. In Type 2 units the 
short-latency component is presumably the expression of 
cone input to the cell, while the longer-latency more 
sensitive component is due to rod input.
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Movement and directional sensitivity (Programme 3)

On completion of spectral sensitivity measurements, 
some units were tested for responses to movement in the 
horizontal and vertical planes. Stinuli consisted of 
steadily-illuminated, coloured apertures. V/ith the present 
stimulus arrangement it was not possible to refine the 
velocity parameters of these tests, but all Type 1 and 
Type 2 units gave strong responses to movement.

Type 1 units. Type 1 units gave brisk discharges to 
movement in either direction and in either plane. These 
crude tests revealed no directional selectivity, unlike 
similar units identified in goldfish (Gronley-Dillon, 1964). 
The strength of discharges was governed in a rational way, 
depending on the intensity, size and colour of the stimulus, 
strongest responses to movement of stimuli of different 
colours and equal quantum emission, were given at the peak 
spectral sensitivity of the predominant response-component.

Type 2 units. As with Type 1 units, every unit tested 
was higlily-sensitive to movement, but in a manner governed 
by the centre-surround or adjacent subdivision of the 
receptive fields. "Off"-centre units respond to centripetal, 
and "on-off* centre units to centrifugal movement (compare
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with Cronley-Dillon, 1964), without t?howing true directional 
selectivity. This feature is found only in Type 2 units 
with adjacent, rather than concentric, "on-off" and "off" 
receptive field zones.

Detailed analyses of receptive fields of Type 1 units

Of particular interest were the receptive fields of 
Type 1 units, those receiving both excitatory and inhibitory 
inputs, yet shov/ing no segregation of receptive fields into 
centre and surround. Stimulation of an aquatic eye through 
air may lead to vast optical distortion and preclude the 
identification of such receptive field subdivisions. A 
few experiments, such as tluit described below, were aimed 
at elliminating this possibility.

The technique employed was to determine the receptive 
field centre by preliminary tests (i.e. the central position 
giving maximal responses) and then to record responses to 
stimulation at intervals across the receptive field, 
horizontally and vertically tlorough the field centre. The 
smallest light spot available (0.5̂ ) wa,s used, to give 
maximal discrimination of responses. At each test locus, 
equal quantum stimuli of three wavelengths (439, 536 and 
600 m|x) - chosen to correspond roughly with cone and rod 
peaks - were delivered as one second flashes of light.
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The nector of the visual field available for stimulation 
is limited to the quadrant described by the paired axes of 
the stimulus mounting;, with the eye projecting- 30̂  anterior 
(60̂  lateral) and 30^ upwards (dorsal) as shovai in Fig. 2. 
diagrams of receptive fields are thus related to this 
cuadrant by coordinates as follows:
0̂  dorsal, 0̂  lateral = anterior to eye in horizontal plane, 
0̂  dorsal, 90^ lateral = lateral to eye in horizontal plane,
and 90 dorsal e= vertically above the eye.

Fig. 35. Receptive field plot for a Type 1 green-"on", 
orange-"off" unit. Numbers of spikes in each component of 
the mixed "on-off" response are shown for three wavelengths 
at a number of stimulus loci, horizontally and vertically 
through the field centre. Diagrams represent a section of 
the sphere described by the radius arcs of the stimulus 
arrangement, with the eye centred at 60 lateral, 30 dorsal 
Stimuli were 1 sec. flashes of light, aperture 0#5 , giving 
an equal quantum emission at each test wavelength.
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Pig. 36. Response profile for the Typo 1 green-*on", orange- 
"off" unit of Pig. 35, horizontally through the receptive 
field centre. Both components are shovm at three wavelengths, 
expressed as percentages of the maximal response at each 
wavelength. The average profile of these three wavelengths 
is shovm in the bottom right hand graph.

The receptive field of a Type 1 unit is illustrated 
in Pig. 35. The number of spikes in the "on" and "off" 
components of the mixed "on-off" response are shovm separately 
for each stimulus position and wavelength. This unit was 
of the green-"on", orange-"off" variety, giving; a predominant 
"on" response at the field centre. Strengths of the "off" 
component at 536 and 600 mp. are not markedly different, 
since the orange-"off" peak occurred between these two 
wavelengths. For stimulation, a ouantum intensity level 
about 1 log unit below the maximum available was used, since
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at this level intensity-response functions had revealed 
little interaction between the response components. The 
receptive field was roughly circular in shape, some 30̂  in 
diameter.

The response profile of the receptive field, horizontally 
through the field centre, is shorn graphically in Fig. 36 
for each wavelength. "On” and "off” components are expressed 
as percentages of the maximal response from the field centre 
at each wavelength.

The fall-off in sensitivity of each component, tormrds 
the periphery, appears to be similar. There is some 
suggestion tha.t the positions of maximal sensitivity of 
the "off” and ”on” components lie just anterior and lateral 
to the field centre respectively. There is no indication 
of spatial segregation of the receptive field into adjacent 
or concentric ”on” and "off” zones.
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DIüCUSüION

An attempt ha.s been made to analyse the spectral, 
spatial and teinporal properties of a relatively small number 
of on-off retinal ganglion cells in plaice in great detail, 
and to investigate the nature and interaction of the several 
discrete inputs to these cells* It is likely that there are 
further variations within each of the two cell types 
identified, but on the basis of discharge patterns every 
cell, without exception, fits one of the two recognised 
types.

Background Experiments

The retino-tectal projection in the plaice is similar 
to that found in other fish; goldfish (Jacobson & Gaze,
1964); black bass, bluegill, carp and goldfish (Schvmssmann 
& Kruger, 1965); and in the optic tecta of several vertebrate 
classes; in amphibia - frog (Gaze, 1958; Maturana et al, 
I960); in reptiles - alligator (Heric & Kruger, 1965); and 
in birds - pigeon (Hamdi & V.hitteridge, 1954).

In plaice, tectal-layering of axon terminals of the 
several ganglion cell types appears to be well-defined.
On and off cells terminate most superficially. The two 
on-off types terminate in discrete deeper layers. This is



104

more akin to the situation found in frog (Blaturana et al, 
I960). Jacobson & Gaze (1964) found no evidence of tectal- 
layering in goldfish.

Spectral sensitivity

1. Limitations of the stimulus technique. An obvious 
criticism of the present work is the stimulation of an 
aquatic eye through air. This shortcoming is difficult 
to obviate since stimulation tlirough water, while ruling 
out refractive errors, brings in unPcnovn errors in the 
intensity of light incident on the eye. Fish are naturally 
myopic even in their normal environment. As pointed out 
earlier, the near point in air must lie even nearer to the 
eye, so that the fina.l aperture of the stimulus probably 
lies within the range of accommodation. No examination was 
made to test this, but it seems likely that reasonable 
irage formation is possible in air, for boundaries of 
receptive fields and divisions between field centre and 
surround in Type 2 units were sharp. Moreover there appears 
to be little distortion in the shapes and configurations of 
receptive fields. These tend to be of the conventional 
circular or elliptical pattern. The presence of centre- 
surround or adjacent subdivisions of receptive fields of 
Type 2 units is in agreement with the work of others.
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The prominent feature of stimulation through air is 
the enhanced visual angle which receptive fields of single 
ganglion cells subtend. Thus Type 1 units have receptive 
fields up to 30^ in diameter. Type 2 units have larger 
receptive fields, often as much as 50̂  in diameter. These 
figures are of the same order as those of Jacobson & Gaze
(1964), who recorded responses from goldfish tectum to 
stimulation of the eye through air.

At stimulus frequencies necessary for complete 
characterisation of units within the time for which they 
could be held, coupled with the intensities used, it is 
likely that one is not working with truly dark-adapted 
eyes; rather at a more-or-less constant level betvmen 
full dark- and full light-adaptation. There was no way of 
overcoming this, other than using the smallest stimulus 
apertures available. Response variability made it necessary 
to average five responses at each wavelength and intensity 
setting. Errors were accounted for as far as possible by 
standardising both the sequence and time intervals of 
sti23ulus presentations.

2. Comments on spectral sensitivity. Peaka of 
constant response spectral sensitivity curves are not 
always reliable estimates of cone or rod input to units.
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At stimulus intensities necessary to excite cones there 
is marked inhibitory interaction between inputs, resulting 
in distortion and apparent wavelength shifts of spectral 
peaks. This is particularly true of Typé 1 units, those 
without centrG-surround receptive fields, in which it has 
not proved possible to stimulate either the excitatorj»̂  or 
the inhibitory input in isolation. In fact, wherever both 
"on” (excitation) and "off” (inhibition) dischaig occur 
together there must be some interaction and sensitivity 
distortion, for both processes input to single units. To 
an extent this distortion can be overcome by working on 
the more-or-less linear portion of intensity-response 
curves, at intensity levels below those where inhibition 
is marked. However, this has involved working at intensity 
levels near to cone thresholds. Consequently cone peaks 
are weak. This explains why opponent responses are not 
as marked as in light-adapted eyes, quite apart from the 
effects due to migratory movements of cones (Nicol, 1965). 
But cone peaks are more faitlifully defined, for to intense 
stimuli opponent responses are the resultant of inputs from 
discrete cone-populations and strong interaction betv/een 
these inputs.

The inferred connections of cones to retinal ganglion 
cells of Types 1 and 2 are illustrated diagrammatically in
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Fige 37. Principal inferred connections of cones to retinal 
ganglion cells of îjn̂ es 1 and 2* Type 1 units gave n u tU v .lly - 
inhibitory opponent **on-offresponses to stimulation anjv/liere 
within the receptive field, i,e. no centre-surround field 
arrangement* The cell illustrated vfas orange-”on̂ *, green-”off”. 
”Off”-centre Type 2 units showed strong surround inliibition ;
”On-off” centre Type 2 units showed strong centre and surround inhibition. Field centre and surround showed different 
spectral sensitivities. A further possible variation of 
Type 2 unit ( either "on-off” or "off” centre) is shown, in 
which sensitivities of the field centre and surround are similar, since it was uncertain whether all Type 2 units 
were speotrally-opponent * (+ indicates excitatory input to
the ganglion cell, i.e. from the "on”-field; - indicates 
inhibitory input from the "off”-field. Arrows indicate 
inhibition between the inputs, presumably earlier than the 
ganglion cell level; thick arrows indicate strong inliibition 
and thin arrows weak inhibition.)

Fig. 37* It would appear from the results reported hero, 
and on the assumptions that retinal connections in fish 
are comparable to the Dov/ling-Boycott picture for primate 
retina. (Dowling & Boycott, 1966), tĥ it the inputs to ganglion
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cells are more complex than. V/olbarsht & others (1961a) ]I
suggest from their work on goldfish. These latter authors ]
sixggest that the "on”, ”off̂ ’ and inhibitory aspects of i
ganglion cell discharges can be explained in terms of two 
inputs, excitatory and inhibitory, and that the inhibitory 
aspect is associated only with the "off” discharge.

This explanation may hold for plaice also, but inhibition ■ 
of the ”off” discharge is also observed both in Type 1 units j
and in ”on-off” centre Type 2 units. This effect may be i
due to a reduction in the inhibitory hyperpolarisation of i

the cell by the excitatory input. In terms of the Bowling- |
■IBoycott model on the other hand, it seems likely that

inhibitory interactions between receptor populations from \
1

the field centre and surround occur, at least in part, at j
an earlier level than the ganglion cells, presumably in the |
horizontal and/or amacrinc cell layers. This is indicated j

àby arrows in Fig. 37; thick arrows Indicate strong j

inhibition and thin arrows weals: inhibition. I1
3. dpatial localisation of stimuli: comments on the J

”off” component associated with the ”on”-field of Tyne 2 units, i
AThe inability to demonstrate centre-surround or adjacent 1

receptive field configurations in Type 1 units may be 
criticised on the grounds of poor spatial localisation of |Istiî uli. Receptive field analyses, however, show very |
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clearly that both the "on” and ”off” components of the 
response occur throughout the receptive field, and that 
the sensitivity of both is maximal at the field centre.
If spatial localisation were poor one would not expect to 
detect clearly-defined centre-surround or adjacent fields 
in Type 2 units.

Again, in Type 2 units the inability to obtain pure 
”on” responses from the ”on”-field may stem from the 
refractive error inherent in an aquatic eye situated in 
air and be due t^ light scatter from the stimulus. Inhibition 
from the ”on”-field is invariably v/eaker than that associated 
v/ith the ” off "-field, possibly even absent in ” off "-centre 
cells. Presumably it is inadequate to suppress "off" 
responses from the "off”-field, if light scattered from 
the stimulus. This cannot be so for opponent cells, since 
the "on" and "off” components of the mixed "on—off” response 
invariably show the same spectral sensitivity, indicating 
that they both originate from receptors in the ”on"-field.
Two possibilities remain:

1. that there are two similar populations of receptors 
in the “on”-field, one having excitatory, and the other 
inhibitory influences on the cell. This is not likely, 
for such an arrangement has been found in no other vertebrate 
class.
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2. The most likely explanation, as Dowling & Boycott 
(1 9 6 6) suggest for similar phenomena observed by Wagner & 
others (I960) in goldfish, is that when stimulating the 
"on"-fieId, the associated "off" component is due to amacrine 
cells which extend across the receptive field and invade the 
"off" zone* In this case one would expect the "off" component 
of the mixed "on-off" response to mirror the spectral 
sensitivity of the "on" response, since both derive from 
the same set of receptors. This in fact in found in plaice.

As one might expect, the "off" component of mixed 
"on-off" responses of Type 2 units is most prominent at 
high stimulus intensities, and often absent at low intensities 
when pure "on" responses are obtained. Similar intensity- 
dependent "on-off" responses have been observed in goldfish 
(Wolbarsht et al, 1961a). Further, if the associated "off"* 
component in due to amacrine spread from the "on"-field, 
absence of any inhibitory aspect on this component is to 
be expected.

4. Type 1 cells: function. Type 1 units appear to
be similar to some opponent ganglion cells found in goldfish 
(ivIacNichol et al, 1961; Wolbarsht et al, 1961b), and 
comparable to one type of opponent cell recently described 
by Wiesel & Hubei (1966) in the lateral geniculate of the 
monkey.



Ill

By virtue of their opponent nature, Type 1 unite are 
interpreted ae being primarily concerned with colour-coding 
of visual information. Mutual antagonism betv/een "on" and 
"off" components of the response would serve to enliance 
the colour contrast sensitivity. Since these cells exhibit 
no centre-surround receptive field arrangement, it is 
unlikely that they are concerned with the analysis of sise 
or form, or directional movement discrimination. This 
latter has been confirmed by preliminary tests with 
appropriate stimuli.

5. Type 2 cells: function. Type 2 units tend to
give much broader spectral sensitivity curves and only 
weak opponent responses. In some, spectral peaks are 
clearly-defined for field centre and surround, with peaks 
in different spectral regions. In others, spectral peeks 
are indeterminate and centre and surround colour sensiti\'ity 
may be identical. In the latter case, wealc opponent properties, 
and differences in centre and surround spectral sensitivity 
may be apparent only and renult from the inhibitory interaction 
between field centre and surround.

Two classes of cell may emerge from the initial Tjnpe 
2 classification, the non-opponent cells being similar to 
cells found by Wolbarsht & others (1961b) in goldfish. 'i

Both opponent and non—opponent lateral geniculate cells 1
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with centre-Burround field arrangements have been found 
in the monkey (Wiesel & Hubei, 1966). They are comparable 
in some respects to the Type 2 units described here.

Type 2 units are presumably concerned with size and 
form analysis, since they possess antagonistic centre- 
surround receptive fields. Opponent cells of this type 
are also capable of colour discrimination. Since rod input, 
in addition to cones, is more common in this type, they 
function over a wide spectral and intensity mnge. This 
and their high-frequency and maintained discharges suggest 
that these cells may also perform the important function 
of intensity discrimination. Type 2 units with adjacent 
"on" and "off" field zones are directionally selective to 
moving stimuli, whilst cells with concentrically-arran£:ed 
fields respond preferentially to centripetal or centrifug'ial 
movement* These findings can be predicted for each unit 
from its receptive field configuration.

6. Cone-rod interaction. From spectral sensitivity 
determinations and their comparisons with empirical Dartnall 
nomogram curves, and from measurements of response latency, 
evidence for both cone and rod input is found in many units 
of both types. High stimulus intensities reveal sensitivity 
peaks at wavelengths typical for cones, for each response- 
component. For Type 2 units it is not uncommon for one
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response-component to exhibit pealc sensitivity to two 
well-separated wavelengths; i.e. inputs from two cone 
populations, for example blue and orange (compare r.dth the 
work of De Valois & others on monkey LGN cells). In others, 
it is debatable whether the input is blue and green, for 
example, or blue-green. It is not expected that these 
peaks will approximate to cone absorption spectra, since 
there are intervening processes and, as mentioned earlier, 
the inhibitory interactions are considerable at intensities 
sufficient to stimulate cones. Moreover when stimulus 
brightness, rather than threshold, is measured in terms 
of ganglion cell responses, cones and rods are not independent 
of one another. Rod input to a cell will thus distort 
responses at stimulus intensities suprathreshold for cones.

Jherever rod input is apparent from the previous 
criteria, a peak is expressed in intensity-response curves 
within the stimulus intensity range used (e.g. Pig. 26).
In some units a similar peak occurs at higher intensities.
This is presumably due to cones since it is maximal at 
wavelengths corresponding to cone absorption peaks. At 
intensities subthreshold for cones, the spectral sensitivity 
of cells with rod input approximates closely to rod absorption 
spectra. At these intensities responses are independent of 
cones, interaction between inputs is slight, and distortion 
is therefore minimal.
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7. Peak spectral aensitivity ranges. CJpectral peaks 
for response-coraponents at high stimulus intensities occur 
predominantly in one or more of three spectral ranf;es: in
the blue (440—460 mp.) ; in the green (510-540 mpi) ; and in 
the orange (560-590 mp.). Peaks were found in the blue-green 
(470-490 mp) in two units. The first and second agree 
tolerably well v/ith peaks obtained by îîorks (1965) for 
single goldfish cones; the first and third with Jacobson’s
(1964) data for tectally-recorded units in goldfish; and 
the second and third with the results of .itkovsky (1965) 
for carp retinal ganglion cells. Spectral peaks were never 
found in the red in any units analysed, which contrasts 
sharply with results for the fresh-water goldfish and car%). 
This finding is not surprising, for marine fish live in an 
environment where red light is largely absent. Both harks
(1 9 6 5) and Witkovslcy (1965 ) also obtained peaks in the same 
spectral region as the orange and blue-green peaks evident 
in plaice. These pealcs were interpreted by Llarks as red- 
è^een twin cones and secondary photoproducts respectively.
It is possible that the absence of red sensitivity and the 
commonness of orange sensitivity in plaice is associated 
with the prominence of twin-cones, identified by ingstrom
à ihlbert (1963) in plaice retinae. In the t?/o atypical 
cells recorded, which gave sensitivity peaks in the blue, 
green and orange, it is not possible to tell whether this
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is due to three discrete cone inputs, or to triple cones 
which the latter authors identified in the special-ised 
dorsal retina of plaice.

In all cells which gave evidence of rod input, spectral 
sensitivity curves and peaks at low stimulus intensities 
were in good agreement with the fitted absorption spectrum 
of rod pigment 525, constructed from the Dartnall nomogram 
(Dartnall, 1953). The indication is that in plaice the 
predominant rod pigment is of the "porphyropsin" rather 
than the "rhodopsin" type.
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;UTEimiX - TABLE 2
(Part A)

Characteristics of Neutral Density Filters
Spectrophotometer (Unicam UP 800) calibrations of .-ratten 
neutral density filters at each interference filter wavelength. 
Values’ given are for optical density in log units.

Filter
name 409 422 439

V/avelength (mu) 
472 484 508 536 558

0.1 0.11 0.11 0.10 0.09 0.09 0.09 ' 0.09 0.09
0.2 0.27 0.25 0.24 0.23 0.23 0.22 0.22 0.21
0.3 0.41 0.39 0.37 0.34 0.34 0.33 0.32 0.32
0.4 0.53 0.50 0.48 0.45 0.44 0.43 0.43 0.43
0.5 0.65 0.61 0.59 0.55 0.55 0.54 0.53 0.53
0.6 0.77 0.74 0.72 0.67 0.67 0.65 0.64 0.65
0.7 0.93 0.89 0.83 0.81 0.60 0.78 0.77 0.76
0.8 1.06 1.01 0.97 0 .9 2 0.91 0.88 0.67 0.86
0.9 1.23 1.18 1.13 1.06 1.03 1.02 0.99 0.97
1.0 1.28 1.23 1.18 1.12 1.11 1.09 1.07 1.06
1.1 1.39 1.34 1.28 1.21 1.20 1.18 1.16 1.15
1.2 1.55 1.48 1.43 1.35 1.34 1.31 1.29 1.26
1.3 1.69 1.62 1.55 1.46 1.44 1.42 1.39 1.39
1.4 1.81 1.74 1.66 1.57 1.55 1 .5 2 1.50 1.49
1.5 1.93 1.85 1.78 1.67 1.66 1.62 1.60 1.59
1.6 2.05 1.97 1 .9 0 1.79 1.77 1.74 1.71 1.71
1.7 2.21 2.12 2.02 1.93 1.91 1.87 1.84 1.83
1.8 2.34 2.24 2.16 2.04 2.01 1.97 1.94 1.93
1.9 2.51 2.41 2.31 2.18 2.14 2.11 2.06 2.04
2.0 2.48 2.38 2.31 2.18 2.15 2.13 2.10 2.09
2.1 2.59 2.49 2.41 2.28 2.25 2.22 2.19 2.16
2.2 2.75 2.63 2.55 2.41 2.39 2.34 2.32 2.30
2.3 2.88 2.77 2.67 2 .5 2 2.49 2.46 2.42 2.41
2.4 3.01 2.89 2.76 2.63 2.60 2.59 2.53 2.52
2.5 3.13 2.99 2.90 2.74 2.70 2.66 2.63 2.62
2.6 3.25 3.12 3.02 2.86 2.82 2.78 2.74 2.74
2.7 3.41 3.27 3.14 2.99 2.95 2.91 2.87 2.85
2.8 3.54 3.39 3.28 3.10 3.06 3.01 2.97 2.95
2.9 3.71 3.56 3.43 3.25 3.19 3.14 3.09 3.06

continued over
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ATIBNDIX - TABLE 2 
(Part B)

' Characteristics of Neutral Density Filters
Spectrophotometer (Unicam S? 800) calibrations of Wratten 
neutral density filters at each interference filter wavelength. Values given are for optical density in log units.

Filter
name 574 586

.Wavelength 
600 622

(mu)
%53 675 , 705

0.1 0.09 0.09 0.10 0.09 0.09 0.09 0.08
0.2 0.23 0.22 0.22 0.23 0:23 0.23 0.20
0.3 0.32 0.33 0.33 0.34 0.34 0.34 0 .2 9
0.4 0.42 0.43 0.43 0.44 0.44 0.45 0.38
0.5 0.53 0.53 0.54 0.56 0.55 0.56 0.46
0.6 0.65 0.65 0.66 0.68 0.69 0.69 0.60
0.7 0.76 0.76 0.76 0.79 0.79 0.79 0.70
0.8 0.B7 0.86 0.87 0.89 0.90 0.69 0.78
0.9 0.98 0.98 0.98 1.00 1.00 1.00 0.88
1.0 1.06 1.06 1.07 1.10 1.11 1.11 0.98
1.1 1.16 1.16 1.17 1.19 1.20 1.20 1.06
1.2 1.29 1.28 1.29 1.33 1.34 1.34 1.18
1.3 1.39 1.39 1.40 1.44 1.45 1.45 1.27
1.4 1.49 1.49 1.50 1.54 1.55 1.56 1.36
1.5 1.60 1.59 1.61 1.66 1.66 1.67 1.46
1.6 1.72 1.71 1.73 1.78 1.80 1.80 1.58
1.7 1.82 1.82 1.84 1.89 1 .9 0 1.90 1.68
1.8 1.93 1.93 1.94 1.99 2.01 2.00 1.76
1.9 2.04 2.04 2.05 2.10 2.11 2.11 1.86
2.0 2.11 2.12 2.14 2.22 2.26 2.26 2.02
2.1 2.20 2.21 2.23 2.31 2.35 2.35 2.10
2.2 2.34 2.34 2.35 2.45 2.49 2.49 2.22
2.3 2.43 2.44 2.47 2.56 2.60 2.60 2.31
2.4 2.53 2.54 2.57 2.66 2.70 2.71 2.40
2.5 2.64 2.65 2.67 2.78 2.81 2.62 2.50
2.6 2.76 2.77 2.79 2.90 2.95 2.95 2.62
2.7 2.87 2.88 2.90 3.01 3.05 3.05 2 .7 2
2.8 2.98 2.98 3.00 3.11 3.16 3.15 2.80
2.9 3.09 3.09 3.12 3.22 3.26 3.26 2.90



118

ARDEN, G.B. (1963a). Types of response and organisation of
simple receptive fields in cells of the rabbit's lateral
geniculate body. J. Physiol.» 166, 449-̂ .67.

ARD.‘iIN, G.B. (1963b). Complex receptive fields and responses 
to moving objects in cells of the rabbit's lateral 
geniculate body. J. Physiol., 166, 468-488.

BARLOW, II.B. (1953). Summation and inhibition in the frog's
retina. J. Physiol., 119. 69-88.

BARLOV/, H.B., PIT2HUGH, R. &1UPFLER, S.W. (1957). Change 
of organisation in the receptive fields of the cat's 
retina, during dark-adaptat ion. J. Physiol., 137. 338-354

BARLOW, H.B. & HILL, R.M. (1963). Selective sensitivity to 
direction of movement in ganglion cells of the rabbit's 
retina. Science, 139. 412-414.

BARLOW, H.B., HILL, R.M. & LiT/ICK, W.R. (1964). 'Retinal 
ganglion cells responding selectively to direction 
îuid. speed of image motion in the rabbit. J. Physiol., 
173, 377-407.

BARLOv/, H.B. & LE'V̂ ICK, 'W.R. (1965). The mechanism of
directionally selective units in the rabbit's retina,.
J. ihysiol., 176. 477-504.

BERNHARD, G. (1940). On-off tectal response using isolated 
head. Acta Ihysiol. Ecand., 1, Suppl. 1, 45.



119

BICKING, L.A. (1965;. Borne quantitative studies on retinal
ganglion cells. Ph.D. Thesis, Johns Hopkins University, 
Baltimore, Llaryland.

BLAJCTEH, J.H.S. (1963). Spectral sensitivity of the herring, 
(Glupea harengus, L.). J. Bxp. Biol., 41, 155-162.

BRO'Mf P.K. <5: V/ALD, G. (1963). Visual pigments in human
and monrey retinae. Nature, 200, 37-43.

BROv/N, P.K. & WALD, G. (1964). Visua,l pigments of single
rods and cones in human retina. Science, 144, 45-52.

BROWN, Margaret E. (1957). The Physiology of Fishes, 2 
volumes. Academic Press, N.Y.

BUmCHARDT, D.A. (1966). The goldfish ERG - relation between 
photopic spectral sensitivity functions and cone 
absorption spectra. Vision Res., j6, 517—532.

COLE, F.J. & JOHNBTONE, J. (1901). Liverpool Llarine Biological 
Committee, Memoir VIII; Pleuronectes, Williams & Norgate.

CRONLEY-DILLON, J.R. (1964). Units sensitive to direction
of movement in goldfish optic tectun). Nature, 203# 214-2151

DARTNALL, H.J.A. (1953). The interpretation of spectral 
sensitivity curves. Brit. Med. Dull., 24-30.

DAVSON, H. (1962). , VQ.lium Z:— Yha Viaual, ,,r',r,anftaa,
Academic Press, London.

DE VALOIS, R.L. (I960). Colour vision mechanisms in the 
monliey. J. Gen. Ihysiol., 43, Suppl., 115-126.



120

DE VALOIS, R.L. (1965). Analysis and coding of colour
vision in the primate visual system. Cold Spr. Rarb.
S y m u a n t .  Biol., 30. 567-579.

DE VALOIS, R.L. (1966). Colour vision, from the McGravf-iiill 
Year Book of Science and Technology.

DE VALOIS, R.L. & ABRAMOV, I. (1966). Colour vision.
/inn. Rev. Psychol., 17, 337-362.

DE VALOIS, R.L. , ABRAÎ.10V, I. & JACOBS, G.H. (1966). Ânalysis 
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