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Abbreviation

5-HT

5-hydroxytryptamine (serotonin)

AChE

acety lcholinesterase

AOS

accessory optic system

APB

2-amino-4-phosphonobutyrate

ChAT

choline acetyl transf erase

CNS

central nervous system

DS

directional selectivity

EAA

excitatory amino acid

ECMA

ethylcholine mustard aziridinium ion

EMD

elementary motion detector

GABA

gamma-aminobutyric acid

GAD

glutamic acid decarboxylase

GCL

ganglion cell layer

INL

inner nuclear layer

IPL

inner plexiform layer

KA

kainic acid

LM

lentiform nucleus

nBOR

nucleus of the basal optic root

NMDA

N-methyl-D-aspartic acid

OFL

optic fibre layer

OKN

optokinetic nystagmus

ONL

outer nuclear layer

OPL

outer plexiform layer

QA

quisqualic acid

V

RDGC

retinal displaced ganglion cell

RF

receptive field
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Abstract

(1)

The responses of chicken retinal ganglion cells were recorded from the surface of

the contralateral optic tectum by recording from their axons or axon terminals.
ganglion cells typically had low or zero maintained firing rates.
could be divided into centre and surround components.

Retinal

Their receptive fields

The centres gave a robust

transient response to a flashing spot located within the receptive field (RF) centre. They
gave a weak or no response to a diffuse light stimulus.

The majority of ganglion cells

(90 %) recorded from the optic tectum were ON-OFF type, with ON-transient and
OFF-transient units being rarely encountered.

The sensitivities of the ON- and OFF-

responses were not same across the receptive field centre. Normally, at the periphery of
the receptive field centre, cells responded only to the ON- set of light. As the intensity
increased, the average number of spikes per response increased while the response
latency decreased.

(2)

Stimulating the surround with an annulus inhibited the centre firing induced by a

central spot.

The receptive field surround could be divided into a responsive surround

and a 'silent' inhibitory surround.

The responsive surround not only inhibited centre-

driven activity, but also produced firing in the absence of centre stimulation, while the
'silent' surround inhibited the centre response, but was not able to drive the cells.

(3) The dynamic properties of the silent inhibitory surround were studied by stimulating
the silent surround with an annulus presented at different timing and then the centre
activity was monitored.

It was found that the maximum inhibition occurred when the

annulus was presented 40-80 msec ahead the central spot, suggesting that the silent
surround has a longer latency than that the centre mechanism .
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(4)

N-methyl-D-aspartic acid (NMDA) lesions in the chicken retina result in

selective destruction of the 80-90% of the amacrine cells.

Recording from ganglion cell

axons in the optic tectum contralateral to the lesioned retina showed that the basic centre
response properties (ON-OFF responses to a flashing spot, receptive field centre size)
were not affected by the extensive loss of amacrine cells.

Intensity-number of spikes,

intensity-latency and intensity-duration functions for the ON- component of the
responses were normal, but in about 40% of the units the OFF-response was enhanced,
and its threshold was lowered.

These results suggest that the basic responses of the

ganglion cells are linked with bipolar cell inputs rather than with amacrine cell inputs.

(5) In the NMDA-lesioned retina, centre responses of the ganglion cells remained highly
transient, despite the extensive disruption of the amacrine cell network.

(6)

Both the silent inhibitory and responsive surrounds of the ganglion cell were

disrupted in the NMDA-lesioned retina, indicating that amacnne cells are involved in
generating surround organization in the chicken retina. While the surround effect on the
ON-component of the responses was abolished, the silent surround of the OFFcomponent of the responses, and the responsive surround were less affected by the
lesion.

(7)

Neurons in the nucleus of basal optic root (nBOR), a component of the accessory

optic system (AOS) in the avian were recorded extracellularly.

Visual stimuli such as

moving gratings were used to characterize their response properties. Units in the nBOR
had maintained discharge rates of 2-30 spikes/sec. Their receptive fields were generally
very large.
direction.

They responded best to large textured patterns moving in the preferred
They responded weakly, or not at all, to small targets.

The majority of

nBOR units encountered were OFF- units, in that they gave a excitatory response to the
OFF-set of diffuse light.

...
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(8) NBOR units were highly motion-sensitive and directionally selective, with preferred
directions either vertically upwards or vertically downwards.
were encountered.

Two kinds of nBOR units

One type had polar plots which were sharply tuned, and this group

of cells normally had lower maintained discharge rates.

The other type had polar plots

which were more broadly tuned, and their maintained firing rates were higher.
types had preferred directions in either upward or downward.

Both

After subtraction of the

maintained discharge, both cell types showed similar directional tuning.

(9)

When tested with moving gratings,

nBOR units were found to respond best to a

relatively low spatial frequency of around 0.1-0.2 cycles per visual degree, which
suggests that their retinal inputs have a relatively coarse distribution.

They did not

respond to velocity but to temporal frequency . The optimum temporal frequency ranged
from 1.6 to 3 .2 hz.

(10) Although gratings as stimuli have the advantage of facilitating manipulation of the
spatial and temporal properties of the stimulus in a quantitative manner, they introduce
orientation clues.

To test how important is the orientation parameter to the nBOR

neurons response, Fourier analysis was carried out to separate those two response
components.

It was found that for the nBOR units, the direction response component

was more significant than the orientation component.

(11)

The ganglion cells which project to the nBOR 1n the chicken were studied

anatomically.

A neural tracer, fast blue, was injected into the nBOR to back-label

retinal ganglion cells. There were about 4,000 ganglion cells projecting to the nBOR in
the each retina. All of them were displaced ganglion cells, with their cell bodies located
in the inner nuclear layer (INL).
from IO to 30um in diameter.

The displaced ganglion cells had cell bodies, ranging

The soma size of the displaced ganglion cells gradually

.
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increased from the retinal centre to the periphery. No ganglion cells in the ganglion cell
layer (GCL) were back-labelled from the nBOR, suggesting that the nBOR only receives
inputs from the displaced ganglion cells.

(12) Displaced ganglion cells were not randomly distributed across the entire retina.
They were concentrated slightly more in the retinal periphery, where their density was
about 12-18 cells/mm 2 . In the retinal centre, the cell density was about 5-8 cells/mm2 .
Nearest neighbour distance analysis showed that the distance between two displaced
ganglion cells normally ranged from about I 00 to 200 um, and that the array of cells was
neither randomly nor normally distributed.

The relatively small population and coarse

distribution of displaced ganglion cells is consistent with the physiology of nBOR
neurons which have low spatial resolution.

(13) The fast blue-labelled displaced ganglion cells were intracellularly filled with
Luc ifer Yellow, and their dendritic morphology was revealed.
morphology were observed.
centre of the dendritic field.

Two types of dendritic

Some cells were radially symmetric, with the soma at the
This type normally had four to five primary dendrites

which divided up to 8 to 9 times. The complex dendritic trees could be as large as 500
um in diameter.

The other type had two major dendrites which ramified to fine

processes forming an elliptical dendritic tree.

The coverage factor in the retinal

periphery was about 2-3, and about 1-2 in the retinal centre.

(I 4) In transverse section, displaced ganglion cells had large soma ta situated on the

INL/IPL border, with a prominent axon descending through the IPL. Dendrites initially
descended into the IPL, then ran horizontally through sublamina a (the OFF-sublamina)
of the IPL.

This result is consistent with the finding that the nBOR units were OFF-

units.

X

(15) To test whether the dendrites of the displaced ganglion cells were in close proximity
to those of the cholinergic amacrine cells, sections containing Lucifier Yellow-filled
dendrites were double-labelled either by histochemical staining for acetylcholinesterase
(AChE)

activity

or

by

immunoreactivity (ChA T).

immunohistochemist ry

for

choline

acetyltransferase-lik e

The dendrites of the OFF-directionally selective displaced

ganglion cells co-laminated with those of the type I cholinergic amacrine cells (the OFFcholinergic amacrine cells).

(16) The close relationship between directional selectivity at the ganglion cell level and
the cholinergic amacrine cells was further studied with pharmacological lesioning
techniques. A cholinergic neurotoxin, ethylcholine mustard aziridinium ion (ECMA) was
injected intravitreally to eliminate the type I and type II cholinergic amacrine cells.

It

was found that after the ECMA-lesion, the visual evoked responses of nBOR units were
completely disrupted. Control studies demonstrated that the displaced ganglion cells still
projected to the nBOR and survived physiologically.

This suggests that the cholinergic

amacrine cells provide the displaced ganglion cells with their major, if not their only,
excitatory inputs.

(17)

The response properties of the majority of the ganglion cells which project to the

optic tectum were studied in the ECMA-lesioned retina.

The basic responses including

ON-OFF transiency, receptive field size, response latency and number of spikes per
burst remained unchanged after the lesion.
preserved.

The inhibitory surround was also well

These results suggest that type I and type II cholinergic amacrine cells play

little role in shaping response properties at the ganglion cell level except for the property
of directional selectivity.

.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL VIEW

There are three maJor reasons for studying the vertebrate retina.

Firstly, as the first

neural element in the visual pathway, understanding how it functions is vital for an
understanding of how the entire visual system works.

Secondly, as part of the brain, it

is a simple model system for understanding how the brain works.

Because of its

relatively simple structure, and the ease with which retinal input can be controlled and
retinal output monitored, the operation of the retina can be analyzed with current
techniques.

Thirdly, from a more practical perspective, studying the retina could help

in designing artificial sensory processing devices.

The vertebrate retina has three basic functions: (1) transducing the energy from
incoming photons in the visual field into changes in membrane potential in the
photoreceptors; (2) processing the information encoded in this way and (3) sending this
information to the brain.

A great deal is known about the input and output properties

of the retina, but much less is known about the way in which visual information is
processed within the retina to produce the outputs.
sensory devices,

In terms of designing artificial

modern technology can transform optical inputs into electrical signals

and send them thousands of miles without much difficulty.

However, how the input

should be processed to perform certain tasks, and how to do this as effectively as the
retina, remain a big challenge.

The approach of this thesis is to analyze the retinal circuitry involved in information
processing .

In particular, I have concentrated on information processing in the inner

1
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retina of the chicken, attempting to link neural circuitry 1n the inner plexiform layer
(IPL) with the response properties of ganglion cells.

These properties include general

receptive field organization, centre-surround organization, dynamic f ea tu res, motion
sensitivity and directional selectivity.

1.2 RETINAL STRUCTURE AND FUNCTIONS

A bout I 00 years ago, the basic structure of 3 nuclear layers and 2 plexiform layers
common to all vertebrate retinas was described by Ramon y Cajal (1893). In the past 30
years, some understanding of the functioning of the retina has been obtained, largely
from electrophysiological and morphological studies.

Fig. I. I is a schematic retina in

which the 6 types of neurons and their connections are shown.

1.2.l PHOTORECEPTORS
The vertebrate retina has two basic types of photoreceptor: rods and cones.

Both of

them have their nuclei in the outer nuclear layer (ONL) and their outer segments in the
outermost part of the retina opposed to the pigment epithelium.

The visual pigments in

the outer segments absorb photons, initiating visual transduction.

Photoreceptors make

synaptic contact with bipolar and horizontal cells in the outer plexiform layer (OPL),
where they form specialized synaptic complexes called triads.

The triad consists of a

photoreceptor making synaptic contact with two horizontal cell processes and a central
bipolar cell process (Dowling & Boycott, 1966; Werblin & Dowling, 1969).

Through this

unique structure, photoreceptors pass information directly to some bipolar cells, and
indirectly to
Dowling, 1987).

more

distal

bipolar cells

via

the

horizontal

cells

(for

review

see

The leading candidate for the neurotransmitter used by photoreceptors

at chemical synapses onto other neurons is L-glutamate, or a glutamate-like substance,
since L-glutamate and analogues such as kainic acid can hyperpolarize the ON bipolar

2
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Fig. 1.1

Schematic diagram shows the basic structure of the vertebrate retina.

R,

photoreceptors which terminate in the outer plexiform layer (OPL); H, horizontal cells

1
I

which sit in the outer part of the inner nuclear layer (INL) and make contact with
photoreceptors and bipolar cells; B, bipolar cells which transmit information from the
OPL to the inner plexiform layer (IPL); A, amacrine cells which sit in the inner part of
the INL and send their processes into the IPL; G, ganglion cells which have their cell

I
l

body in the ganglion cell layer (GL), are the outputs of the retina; OFL, optic fiber
layer, formed by the ganglion cell axo ns leaving the retina for the brain.

[Modified

from Dowling, 1968].

i
I

I

I,.._

/

R

/

R

I

OPL

INL

IPL

8

8

GL
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OFL
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cells and depolar ize the OFF bipolar cells, thus mimick ing the action of the endoge nous
transm itter (Shiells et al.,1981 ; Slaugh ter & Miller,1 983c; Ariel et al.,1984 ).

In the darknes s, photore ceptors have a resting potenti al of about -IO to -30 mv.

When

stimula ted by light, photore ceptors give slow hyperp olarizin g respons es due to the
closing of sodium channe ls (Hagin s, 1979; Lamb, 1986).

Photore ceptors show spatial

summa tion by means of electric al couplin g via gap junctio ns over a limited range
(Baylor et al, 1971; Werblin , 1978), but beyond this range, they have an antagon istic
surroun d which seems to be generat ed by feed-ba ck from horizon tal cells (Attwe ll et
al, 1983; Kaneko et al, 1985).

The electric al couplin g betwee n photore ceptors in lower

vertebr ates is very strong, with thousan ds of rods being interco nnected , while in
mamma ls the interac tions are much weaker (Gold & Dowlin g, 1979; Kolb, 1977). Overall
,
the respons es of photore ceptors are very simple in compar ison with those of other retinal
neurons . They simply code illumin ation as a OFF-su stained graded potenti al. The cones
also have a critical role in colour vision, since it is the differe ntial absorpt ion of light of
differe nt frequen cies, by the visual pigmen ts in the differe nt types of cone which makes
colour vision possibl e.

Howev er, since this thesis does not deal with colour vision, this

aspect of retinal functio n will not be discuss ed further .

Chicke n retinas are cone-d ominat ed but contain both rods and cones, and may contain
more cone types than the three normal ly encoun tered in mamma lian retina (Morris &
Shorey , 1967). There are six types of coloure d oil droplet s, which are placed in front of
the outer segmen ts of the cones, and may act as colour filters (Bowm aker & Knowle s
,
1977). Each one of these seems to be associa ted with a morpho logical ly distinc t type of
cone.

1.2.2 HORIZ ONTA L CELLS

3
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The horizontal cell was named by Ramon y Cajal (1892) from Golgi studies about 100
years ago.

Horizontal cells have their cell bodies in the outer part of the INL and

widely extended processes in the OPL. Their function began to be elucidated in l 950's,
when the first intracellular recording experiments were made in the retina by Svaetichin
(1953). He measured a sustained graded light-induced hyperpolarization, later called the
S-potential, which proved to be from single horizontal cells (Kaneko, 1970).

When the

retina is stimulated by light, photoreceptors are hyperpolarized (Tomita, 1965).
resulting

decrease

In

the

release

hyperpolarization of horizontal cells.
junctions, and
(Kaneko, 1971 a).

the ref ore

have

of

an

excitatory

transmitter

results

In

The
the

Horizontal cells are electrically coupled via gap

receptive

fields

larger

than

their

dendritic

fields

Horizontal cells are generally thought to act as a pathway for lateral

transmission of information in the retina and to play a important role in the spatial
domain (Werblin & Dowling, 1969).

Physiological studies have shown that the horizontal

cells make inhibitory feedback synapses onto photoreceptors (Baylor et al., 1971, 1979;
Fain et al.,1978), but there is no anatomical evidence for such synapses. The inhibitory
neurotransmitter, GABA, is probably used by some horizontal cells.

In non-mammals,

horizontal cells are labelled by 3H-GABA uptake, and by anti-GABA or anti-GAD
immunohistochemistry (Lam & Steinman, 1971; Lam et al., 1979; Hayashi & Negishi, 1981;
Zucker,et al.,1984; see review, Yazulla,1986).

The release of GABA from horizontal

cells is Ca 2 + independent, and the refore it has been suggested that the release is not
from synaptic vesicles (Schwartz, 1982; Ayoub & Lam, 1984 ).

Whether horizontal cells in

mammals use GABA as a transmitter is not known, although recently, Wassle and Chun
(1989) found that horizontal cells contained GABA-like immunoreactivity in the cat
retina.

Teleost fish have three or four types of horizontal cells with different spectral
sensitivities (Stell & Lightfoot, 1975), while in mammals, only two types of horizontal
cells have been described (Fisher & Boycott, 197 4 ).

4

Three types of horizontal cells have
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been found in avian retina, one is a short axon horizontal cell and the other two are the
axonless type I and type II horizontal cells (Gallego, 1986).

1.2.3 BIPOLAR CELLS
Bipolar cells form a direct pathway transmitting visual information from the outer to the
inner part of the retina.

Their cell bodies are located in the INL with their dendritic

processes in the OPL and axon-like processes entering the IPL.

Two types of bipolar

cells have been identified in mammals: rod bipolar cells which make post-synaptic
contact with the rod terminals, and cone bipolar cells which make post-synaptic contact
with cone terminals, but in lower vertebrate, rods and cones often converge onto the
same bipolar cells (Stell, 1967; Boycott & Kolb, 1973; Scholes & Morris, 1973; Famiglietti
& Kolb, 1975; see review Boycott, 1974).

Bipolar cells in all vertebrates can be classified

as either ON-bipolar or OFF-bipolar cells.

Generally, OFF-bipolar cells give sustained

hyperpolarizations to light, and have axonal terminals in the outer part of the IPL sublamina a.

ON-bipolar cells depolarize in response to light and arborize deeper down

in the inner part of the IPL - sublamina b (Famiglietti et al.,1977).
exceptions to this ON/OFF sublamination scheme.

For instance,

However, there are
it does not hold for

bipolar cells in the cat retina (Nelson & Kolb,1983; McGuire et al., 1984).

Since

photoreceptors hyperpolarize to light and hence decrease transmitter release, the synaptic
connections between photoreceptors and OFF-bipolar cells must be excitatory, while that
between photoreceptor and ON-bipolar cells must be inhibitory.

The difference is due

to different types of post-synaptic glutamate receptors (Murakami et al., 1975; Slaughter
& Miller, 1983 b ).

cells may

use

What transmitters are used by the bipolar cells is less clear.
excitatory amino

acids,

like glutamate or aspartate

Bipolar

(Slaughter

&

Miller, 1983a; Bloomfield & Dowling, 1985a). Uptake studies show that some bipolar cells
take up glycine (Pourcho, 1980) and serotonin (Brunken et al.1986), but whether these are
used as transmitters is not known.

5
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Fig. 1.2 Golgi stained chicken retinal neurons: photoreceptors, horizontal cells, bipolar
cells and amacrine cells.

Each type of neuron is classified further into many subtypes.

Note the diversity of amacrine cells, which have been divided into 14 different subtypes.
[from Ramon y Cajal, 1883].
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Neurons of the chicken retina.
(A)
small amacrine cell of the first level;
(B)
a much smaller amacrine cell of the same type;
(C)
another, larger amacrine cell;
(D) (F)
amacrine cells with tightly packed dendrites at the second
level;
(E)
radiating amacrine cell of the second level;
(G) (L)
nonstratified amacrine cells. the numbers indicate the levels
of the plexiform layer;
( H) ( N) amacrine cells of the fourth level;
(I)
radiating amacrine cell of the fifth level:
(J) (K)
amacrine cells with sinuous dendrites at the third level ;
(M)
giant ama crine cell of the third level:
(a)
rod :
(h)
upright co ne :

(c)
(d)

--- --{

~--
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,_

oblique cone;
cone whose pedicle lies below the pl exiform layer :
twin cones ;
(e) (f)
(g)
terminal arborization of an axon arising from a bru sh-shaped
horizontal cell ;
(h)
cones with basal filaments descending in bundles:
(i)
brush-shaped horizontal cells:
(j)
flattened horizontal cells ;
(k)
terminal arborization of an axon arising fr om a brush-shared
horizontal cell;
(/)
Landolt club:
(11)
large or o uter bipol a r :
(o) (p) (q) thin bipo lars:
(s)
terminal arbo ri zati o ns of bipo lar ce ll s :
(1)
arbo ri zati o n sprea din g out in tw o o ppos in g pl anes .
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In the avian retina, Ramon y Cajal (1893) disting uished seven varietie s of bipolar cells .
They were uni, bi, and multi-s tratifie d, and had dendrit ic fields of differe nt sizes
(Fig.1.2 ).

1.2.4 AMAC RINE CELLS

Amacri ne cells form very compli cated lateral circuits 1n the inner retina.

In the IPL

they make both pre- and post- synapti c contact s with bipolar cells and with other
amacrin e cells, and are pre-syn aptic to ganglio n cells. Ramon y Cajal first named these
axonles s retinal neuron s amacri ne cells about I 00 years ago.

By using a Golgi stainin g

method , he was able to classify them into many differe nt morpho logical subtype s in a
wide variety of vertebr ate retinas.
appreci ated until recentl y.

But the full heterog eneity of amacri ne cells was not

It is now believe d that morpho logical ly differe nt subtype s

may actually use differe nt neurotr ansmitt ers, and perform quite distinc t functio ns
(Ehing er

and

Falk,19 66;

Ehinge r,1983;

Brecha

et

al.,1984 ).

Combi ned

morpho logical /physio logical classifi cations suggest that there are as many as 50 differe nt
types.

Intrace llular recordi ngs in amphib ia and fish have demons trated that there are two basic
types of amacri ne cells: sustain ed and transien t.

Sustain ed amacri ne cells give steady

respons es, either hyperp olariza tions or depolar ization s, to illumin ation, which resemb les
the behavio ur of bipolar cells (Sakura naga & Naka, 1985).

The behavi our of transie nt

amacrin e cells is much more comple x. They give a rapid excitat ory respons e to both the
ON- and OFF-se t of illumin ation, like an ON-OF F rectifie r (Kanek o, 1971 b; Toyada et
al, 1973; Naka & Ohtsuk a, 1975; Dowlin g & Werblin , 1969). Some sustain ed amacri ne cells
show centre- surroun d antagon ism (Toyad a, 1973).
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Table I. I Neurotransmitter candidates used by retinal amacrine cells.

dopamine
glycine
GABA

serotonin
acetylcholine

peptides:
vasoactive intestinal peptide (VIP)
somatostatin
enkephalin
substance P
glucagon
neurotensin
bombesin
cholecystokinin
luteinizing hormone releasing hormo ne
neuropeptide Y
corticotropin-releasing- hormone
avian pancreatic polypeptide
calcitonin gene related peptide
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By using induced fluorescence (Ehinger and Falk, 1966), autoradiography (for review see
Ehinger, 1983) and immunocytochemistry (Brecha, 1980; Brecha et al., 1984), it has been
demonstrated that there are many kinds of neurotransmitters in different amacrine cell
subtypes.

In the past decade, extensive studies have been carried out to find the

association of the neurotransmitters with morphological subtypes of amacrine cells.
There has been a particular focus on the cholinergic cells (for review see Masland &
Tauchi, 1986), the GABAergic cells (for review see Yazulla, 1986), the dopaminergic cells
(for review see Ehinger, 1983) and the serotonergic cells (for review see Osborne,1984).
In addition, a wide range of peptide immunoreactive amacrine cells have been described
(for review

see Brecha et al., 1984 ).

Table

1.1

summarizes

neurotransmitters with different amacrine cells in several species.

the association

of

I now review the

cholinergic amacrine cells and GABAergic amacrine cells in detail, since these two
groups of amacrine cells have been suggested to be linked with a special property of
ganglion cells: directional selectivity.

The cholinergic amacrine cell is one of the best-studied amacnne cells.
groups of cholinergic amacrine cells in the rabbit retina.

There are two

One has somata in the INL,

while the other is displaced to the ganglion cell layer (Masland et al., 1979; Hayden et
al., 1980; Yaney et al., 1981 ).

The electrophysiological, biochemical and autoradiographic

studies have shown that those two groups function differently. The displaced group are
ON-cells, and the conventionally located cells are OFF-cells (Miller & Bloomfield, 1983;
Masland et al., 1984b ).

By using 4,6-diamidino-2-phenylindole (DAPI) (a fluorescent

dye), to selectively label the cholinergic cells, and subsequently intracellular injecting
them with Lucifier Yellow, their complete dendritic morphology have been revealed
(Tauchi and Mas land, 1984; Yaney, 1984 ).

It resembles that of the 'starburst' amacrine

cell identified in Golgi studies (Famiglietti, 1983 ). Each cholinergic amacrine cell has 58 main dendrites which ramify, ending with up to 80 dendritic terminals. The dendritic
field is symmetrical, ranging from 200 um to 800 um in diameter depending upon retinal
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Fig. 1.3

(a) Whole mount view of the dendritic morphology of a cholinergic amacnne

cell of the rabbit retina.

The morphology resembles that of the 'starburst' amacnne

cells. Note the regularity of the dendritic branches. Scale bar is 100 um. [From Tauchi
and Masland,1984].
(b) Schematic diagram showing three types of cholinergic amacrine cells in the chicken
retina in the transverse section view, type I, II and III.

The type I and type II cells

resemble the two types (ON-type and OFF-type) in the rabbit retina.

Their synaptic

connections with bipolar cells, ganglion cells and other amacrine cells are also illustrated.
Synaptic inputs and outputs are shown by arrows. Note that there is no non-cholinergic
amacrine cell input to the types I and II cholinergic amacrine cells.

A, amacrine cell;

AC*, cholinergic amacrine cell; BP, bipolar cell; GC, ganglion cell; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer. [from Millar et al., 1987].
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b
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eccentricity (Fig.l.3a).

The displaced cell (ON-type) arborizes in the inner part of INL

(sublamina b) while the conventional (OFF-type) cell has its processes in the outer part
of INL (sub lamina a).

An important feature of cholinergic cells which has attracted a

lot of attention is the recent discovery that cholinergic amacrine cells may also contain
GABA-like immunoreactivity and

perhaps

its synthetic enzyme GAD (Yaney

&

Young,1988; Brecha et al,1988; Kosaka et al.,1988), although whether the GABA is used
as a transmitter remains to be established (Masland & O'Malley, 1988).

There are many morphological subtypes of amacrine cells

which take up 3H-GABA in

various vertebrate species (for review see Yazulla, 1986).

However, the high affinity

uptake of 3H-GABA may not be a good maker of GABAergic neurons, since the pattern
of 3H-GABA uptake is not the same as the pattern of synaptic GABA binding (Yazulla
& Brecha, 1981 ).

By testing for the synthesizing enzyme for GABA, glutamic acid

decarboxylase (GAD), using GAD-immunoreactivity (GAD-IR), it was found that the
pattern of GAD-IR resembled the pattern of GABA binding but not that of the GABA
uptake (Zucker et al., 1984).
it as a transmitter.

Therefore, all the cells which take up GABA may not use

Thus the transmitter markers need to be used with caution in

defining GABAergic neurons.

3H-GABA uptake and GABA binding studies indicated

that the GABAergic amacrine cells may form synaptic contact with other amacrine cells,
ganglion cells and bipolar cells (Marc et al., 1978; Yazulla, 1981 ).

GABAergic amacrine

cells are thought to form an inhibitory pathway, since application of GABA trends to
depress the responses of ganglion cells, while GABA antagonists like bicuculine and
picrotoxin enhance their responses (Ames & Pollen, 1969; Miller et al., 1981; Negishi et
al., 1981 ). They seem to play a important role in the generation of the complex response
properties of ganglion cells, such as orientation selectivity and directional selectivity
(Wyatt & Daw,1976; Caldwell & Daw,1978; Caldwell et al.,1978; Ariel & Daw,1982).
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Ramon y Cajal (1893) described 14 different morphological types of amacrine cells in
the chicken retina.
very thick.

The amacrine cell bodies and their processes make the bird retina

Unlike the rabbit retina with its two cholinergic amacrine cell types, the

chicken retina has three (Millar et al., 1987a) (Fig.1.3b ).

The type I and type II

cholinergic cells correspond to the OFF- type and the ON- type in the rabbit retina
respectively, while a third type has its cell body towards the middle of the INL and a
diffuse dendritic arborization.

Li & Morgan (1989) found that in the chicken retina,

the whole IPL was stained with GABA-like immunoreactivity, while the distribution of
GAD-like immunoreactivity within the IPL was highly laminar.

Recently, monoclonal

antibodies to the GABA receptor have been developed (de Blas et al.,1988).

Their

distribution resembles that of GAD-IR rather than GABA-IR in the chicken retina
(Yazulla et al., 1989; Li & Morgan, unpublished results).

1.2.5 INTERPLEXIFORM CELLS

Interplexiform cells have been found in the retinas of various species (teleost fishes,
Ehinger et al., 1969; primates, Boycott et al., 1975; rabbits, Oyster & Takahashi, 1977;
toads, Kleinschmidt & Yazulla, 1984; skates, Brunken et al., 1986).
bodies in the INL and processes in the OPL and the IPL.

They have their cell

In teleost fishes and new

world monkeys, interplexiform cells mainly contain dopamine (Ehinger et al., 1969),
while in the cat, most of interplexiform cells seem to use GABA as a transmitter
(Nakamura et al., 1980).

Electron microscopy shows that interplexiform cells receive

presynaptic inputs in the IPL and synapse onto horizontal cells in the OPL (Kolb & West
1977). Therefore their functional role must be to carry information from the IPL to the
OPL to

regulate horizontal cell properties (Dowling & Ehinger, 1975; Dowling et

al., 1980). Whether the avian retina contains interplexiform cells needs to be established,
but given that vertebrate retinas share many common f ea tu res, it would be a surprise if
the avian retina did not contain interplexiform cells.
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1.2.6 GANGLION CELLS

Ganglion cells carry the output of the retina.

They normally have their somata in the

ganglion cell layer, although a small percentage of their somata is displaced into the INL
(the

displaced

ganglion

cells)

(Dogiel,1888;

Ramon

y

Cajal,1892;

Boycott

&

Dowling, 1969; Karten et al., 1977). The dendrites of both kinds of ganglion cell arborize
in the IPL, where, potentially, they can receive synaptic inputs from both bipolar and
amacrine cells.

After receiving these largely graded inputs, ganglion cells generate

action potential and conduct them to the brain.

CLASSIFICATION
On the basis of morphology and response f ea tu res, retinal ganglion cells can be classified
into several subtypes.

Since the differences between different species are significant, I

will concentrate on a few species: cats, rabbits, amphibia, fish and birds.

CAT

Kuffler (1952, 1953) first described the so-called concentric centre-surround

receptive field in cat retina.

By using a flashing spot as the stimulus, he divided

ganglion cells into two groups: ON-centre and OFF-centre.

These two types were

further divided by Enroth-Gugell and Robson (1966). They named the cells which show
linear spatial summation of excitation X-cells, while those which show non-linear of
spatial summation were called Y -cells.

Stone and Fukuda (197 4a, b) then called those

which could not be classified as X or as Y cells W-cells.

An alternative classification of

cat retinal ganglion cells is the Cleland-Levick scheme, in which dichotomous terms like
concentric and non-concentric, sustained and transient, sluggish and brisk were used (see
review Levick and Thibos, 1983 ).

Morphologically, three distinct types of ganglion cell

have been described by Golgi staining: alpha, beta and gamma (Boycott & Wassle,1974).
A sub-group called delta was further divided within the gamma class. The alpha cells
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seem to be equivalent to the brisk-transient (Y) cells, while the beta cell are believed to
be the brisk-sustained (X) cells (Cleland et al., 1975; Levick 1975; Wassle, et al., 1981).

RABBIT

Complex receptive field properties are more commonly encountered in rabbit

than in cat retinal ganglion cells.
directionally selective,

They have been classified as centre-surround,

orientation-selective,

large

field,

uniformity detector (Barlow et al, 1964; Levick, 1967).

local

edge

detector

and

Among them the directionally

selective cells have been extensively studied, and will be reviewed in detail later on (see
Section 1.3.1 ).

AMPHIBIA AND FISH

Unlike mammals, amphibia and fish can be easily maintained

for experiments, and their retinal ganglion cells are large.

Intracellular recordings of

RGCs have frequently been made in reptiles, amphibia and fish.

Basically, two types

have been described: the sustained centre-surround antagonistic type, both ON- and
Some of the transient type show directional

OFF-, and the ON-OFF transient type.
selectivity

(mud puppy,

Werblin, 1970;

turtle,

Marchiafava

&

Weiler, 1980;

Marchiafava, 1983 ). The responses of the sustained type resemble those of bipolar cells,
while the transient type are thought to receive their major inputs from transient
amacrine cells (for review see Dowling, 1987).

BIRD

Avian retinas characteristically have a large number of ganglion cells, about ten

times more than that in the cat retina. Most of them have very small somata (5-10 um)
and are packed very tightly (for review see Holden, 1982; Hayes, 1982).

Using Golgi

staining, Ramon y Cajal described 9 morphological subtypes of ganglion cell in the
chicken retina (Fig.1.4 ). Electrophysiological studies have also shown the complexity and
heterogeneity of avian ganglion cells.

Maturana (1962) and Maturana and Frenk (1963)

classified them into six types based on stimulus pattern: verticality detectors, horizontal
detectors, general edge detectors, directional moving edge detectors, convex edge

11
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Fig. 1.4

Golgi-stained chicken retinal ganglion cells and centrifugal fibers.

ganglion cells are divided into many morphological subtypes.

The

However, the displaced

ganglion cells are not illustrated in this diagram, while some of the neurons shown may
be displaced amacrine cells. [from Ramon y Cajal, 1883].
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Nerve cells from the chicken retin a.
(A) ganglion cell of the first level:
(B) ganglion cell of th e second level:
(C) small ganglion cell with a granular arborization at the fourth level:
(D) multipolar cell of the second lc\·el:
(E) cell forming two horirnntal p!C\uses. one situated below the fourth level. the other at the third:
(F) small cell forming two fine plexuses. one at the second level. the other at the fourth:
(G) giant cell forming three plexuses. at the second, third. and fourth levels:
(J) cell forming a very fine plexus at the third level:
(K) cell of the fourth level whose dendrites mingle with the terminal branches of an amacrine cell of the same level:
(a) centrifugal fibers:
(h) another centrifugal flber wh ose terminal portion travels horizontally above the inner plexiform layer .
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detectors and luminosity detectors.
the responses to a flashing spot.

But the more commonly used classification relies on
Cells have been classified as: ON-OFF, ON-, OFF-,

motion-sensitive and directionally selective (Holden, 1969,1977a,1977b,1979; Miles,I972a;
Pearlman & Hughes, 1976). Almost all avian retinal ganglion cells are silent or have low
spontaneous discharge in the dark or under diffuse illumination, and give a highly
transient response to flashing stimuli.

With the recording techniques and sites used,

about 60-80 % of responses are ON-OFF with much fewer pure ON- and OFF-types.
In the chicken, all the transient cells show a powerful inhibitory silent surround, i.e.
stimulating the surround with an annulus alone does not produce any firing, but it
reduces centre-stimulated activity (Miles, 1972a). However, Holden (1977a) described the
pigeon RGCs as having a "concentric" organization, since a steady spot in the centre
brings out a opposite response from the surround.

Directionally sensitive cells were

found to make up 38% of the total population in the pigeon with recordings from the
optic-tract (Pearlman & Hughes, 1976),
(Holden, 1981 ).

but only

In the chicken, about

15% with

intraocular recordings

13% of cells recorded

intraocularly show

directional selectivity (Miles, 1972a).

1.2.7. NOTES ON AVIAN RETINA
In general, the avian retina appears to have more complicated retinal circuitry than other
vertebrates. The chicken retina is very thick, about 360 um at its centre. Since the cells
in the chicken retina are quite small, this indicates that the population of retinal neurons
is much larger in the avian retina than in other vertebrates.

In the mammalian retina,

the number of photoreceptors and the number of ganglion cells has a ratio of about 10: 1,
which indicates a great convergence as information passes towards the output of the
retina. However, in the avian retina there are a large number of ganglion cells and the
photoreceptor /ganglion cell ratio is about 1: I.

This means that information flow in the

avian retina is less convergent. The avian retina also has a high ratio of bipolar cell to
amacrine cell synapses in the IPL, with fewer direct bipolar-ganglion cell contacts.
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Often amacnne cells are interposed between bipolar cell terminals and ganglion cell
dendrites (Cowan, 1970).

In comparison to mammalian retina, the avian retina has a

relatively large number of amacrine cells and a very thick IPL formed by their
processes.

The complexity of the amacrine cell system in the avian retina was first

recognised by Ramon y Cajal about 100 years ago.

He classified the Golgi-stained

amacrine cells of the chicken retina into 14 morphological subtypes (Fig.1.2).

By using

the same method, he also described heterogeneity of avian retinal ganglion cells, which
he divided into 9 subtypes (Fig.1.4). The ganglion cells are very small, only about 5-10
um in diameter (Hayes & Holden, 1980), like the W- cells in the cat retina.

Consistent

with the complexity of retinal structure in the avian retina, complex response properties
at the ganglion cell level are predominant, compared to the dominance of concentric
organization in the cat retina.

Almost all the ganglion cells show highly nonlinear

responses (Miles, 1972; Holden, 1979).

1.3 RETINAL FUNCTIONING AND INFORMATION PROCESSING

1.3.l RETINAL FUNCTIONING

In this section, I am going to review some models of retinal information processing.
Generally, questions about information processing in the visual system can be divided
into the following types: (I) what kind of information is needed in order to perform
visual tasks; (2) can this information be sorted out, or is the problem soluble; (3) how
does the retina solve this problem using neuronal connections and operations (see
Marr, 1982).

By monitoring the responses of retinal ganglion cells, we already know

several kinds of information that are important and can be sorted out, for example,
information about luminance changes in both the spatial and temporal domains , stimulus
orientation and direction of motion. Several models have been proposed to explain how
the retina extracts this information.
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Generally speaking, information processing takes place continuously as visual signals are
transmitted from the outer to the inner part of the retina.

At the photoreceptor level,

response properties to light are relatively simple, while ganglion cell responses show
much greater complexity.

Therefore the retinal circuitry between these two levels must

generate this complexity.

CENTRE-SURROUND

Some retinal ganglion cells code contrast (luminance change in

the spatial domain ) information rather than luminance, through a special receptive field
organization: centre-surround antagonism.

This type of receptive field was first

described by Kuffler (1953) in the cat retina (see section 1.2.6). Fig.1.5 shows idealized
responses from a ON-centre OFF-surround cell. The cell gives an excitatory response to
the positive contrast between the centre and surround (when centre is on and surround is
off), a zero response to zero contrast (diffuse light) and a inhibitory response to the
reverse contrast (centre is off and surround is on). The receptive field profile has been
described as the result of superimposing a small central excitatory region on a large
inhibitory "dome" that extends to the entire receptive field (Rodieck & Stone, 1965) (see
Fig. l .6a).

These domes were thought to be Gaussians, making the receptive field a

difference between two Gaussian functions (DOG) (Enroth-Cugell & Robson, 1966).
Marr and Hildreth ( 1980) have been described the neural operation of DOG as a

v 2G

filter, a second order spatial derivative:

v2

= ( a2 ;ax2 + a2 /ay2 )

G(x,y)= exp(-(x 2 + y 2 )/2~a2 )

Since the second derivative is zero at the location of contrast change or the edge, they
suggested that the edge detection could be achieved by zero-crossing detection by using
a

v 2G

filter (Fig. l .6b ).

14

Chapter 1.

Fig. 1.5

Idealized responses and receptive field maps of retinal ganglion cells with

Kuffler-type concentric organization. At the top is an ON-centre OFF-surround cell, at
the bottom is a OFF-centre ON-surround cell. "+" on the receptive field map indicates
excitation; "-" indicates inhibition. [from Dowling, 1987].
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Fig. 1.6 (A)

Schematic diagram of the receptive field to explain the responses of cat

retinal ganglion cells.

The receptive field is the result of superimposing a small central

excitatory region on a larger inhibitory region. [from Rodieck & Stone, 1965].
(B) Zero-crossing strategy for edge detection.

The step intensity change of a edge (a)

give rise to a peak in its first derivative (b) and to a zero-crossing point in its second
derivative ( c ). [from Marr and Hildreth, 1980].
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The mechanism of centre-surround organization is linked with lateral retinal pathways .
Antagonistic surrounds have been found in bipolar cells of amphibia and fish (Werblin &
Dowling, 1969; Kaneko, 1970; Naka, 1976, 1977). The surround antagonism of bipolar cells
arises because the horizontal cells make either inhibitory feedback synapses onto
photoreceptors or inhibitory feed-forward synapses onto bipolar cells. Evidence for this
idea includes the observations that surround inhibition of bipolar cell has similar
temporal characteristics to horizontal cell responses, and that hyperpolarizing horizontal
cells by current injection mimics the effects of surround illumination on bipolar cells in
lower vertebrates (Toyada & Kujiraoka, 1982; Sakuranaga & Naka, 1985a).

It is generally believed that the centre-surround organization of ganglion cells comes
from bipolar cells inputs, at least in some amphibian and fish retinas (Dowling, 1987).
This idea is plausible for ganglion cells which receive input from only one bipolar cell,
or ganglion cells which have a receptive field of the same size as bipolar cells.
However, for ganglion cells which receive many bipolar cell inputs, such as the alpha
cell in the cat retina which collects inputs from nearly 200 cone bipolar cells (Sterling et
al., 1986), and receptive field of which is a summation of the receptive field of many
bipolar cells, this idea is difficult to accept.

If each bipolar cell has its own receptive

field centre and surround, the spatial summation of the receptive fields of many bipolar
cells could hardly form the receptive field of a ganglion cell, which has one centre and
one surround, and can be described as a difference of Gaussians.

Other studies indicate that amacrine cells in the inner part of the retina are also involved
in centre-surround organization.

In mudpuppy, Werblin and Copenhagen (1974) have

shown that transient amacrine cells can generate the antagonistic surround of ON-OFF
ganglion cells by using a spinning windmill to stimulate the receptive field surround.
This type of surround was called a dynamic surround. Nelson et al.(I 981) suggested that
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centre-surrou nd antagonism 1s for med in the inner part of the cat retina, since they
found that most bipolar cells in cat retina do not possess antagonistic surrounds.
Ashmore & Falk ( 1980) obtained similar results in dogfish retina.

TRANSIENC E

Transient responses are very common in retinal ganglion cells.

In

particular, almost all the ganglion cells in the avian retina give transient responses. They
give a burst of firing to either or both the ON- and the OFF- set of light.

Obviously,

these ganglion cells code information about intensity change in the temporal domain , and
they have been thought to be linked to motion detection (Dowling, 1987). They act like
a temporal filter, and the neural operation they perform is to take some kind of
temporal derivative.

Although the biophysical mechanism of transience is not clear, it

has been thought to be associated with amacrine cells in the IPL (Dowling, 1970;
Werblin,1972; Chan & Naka,1976; Amthor et al.,1983; Kolb & Nelson,1984; Tachibana &
Kaneko, 1987).

The model of Werblin and Dowling (1969) suggests that the ON-OFF

ganglion cells receive excitatory inputs from transient amacrine cells, but it does not
explain how the transiency arises.

Miller & Dacheux (1976) on the other hand,

suggested that the inputs from the amacnne cells to ON-OFF ganglion cells are
inhibitory rather than excitatory, probably from GABAergic amacrine cells, and that
they help to shape the sustained responses of the bipolar cells into transient responses at
the ganglion cell level.

Transience may also be generated by the transient release of

transmitter from bipolar cell due to feed-back inhibition from GABAergic amacrine
cells onto bipolar cells (Amthor et al., 1982).

ON-OFF RECTIFICAT ION

ON-OFF ganglion cells give the same responses to the

ON- and OFF- set of light, like a full-wave rectifier.
change in intensity regardless of polarity.

They code information about the

The neural operation involved could be

equivalent to a square law or absolute value operation (Hochstein & Shapely, 1976).
Neural implementatio n of ON-OFF rectification first happens at the photoreceptor -
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bipolar cell synapse, where the OFF-bipolar cells receive sign-conservi ng inputs while
the ON-bipolar cells receive sign-inverting inputs from photoreceptor s.

This ON- and

OFF- response segregation is thought to be maintained up to the ganglion cell level, so
that the ON- responses of ganglion cells are determined by modulation of excitatory
sign-conservi ng inputs from ON-bipolar cells, while the OFF- responses of ganglion
cells are determined by modulation of excitatory sign-conservi ng inputs from OFFbipolar cells (Werblin & Dowling, 1969; Famiglietti et al., 1977; Naka, 1977).

In these

models, the ON- and OFF- pathways integrate in cellular terms at the ON-OFF
amacrine cells or the ON-OFF ganglion cells.

Werblin and Dowling (1969) and Sakai

and Naka (1988) suggested that the ON-OFF integration first happens in the ON-OFF
amacnne cells, which then feed onto the ON-OFF ganglion cells.

Other models,

however, suggest that the ON-OFF integration also takes place independently at the
ganglion cell level, where the ON-OFF ganglion cells receive sign conserving excitatory
inputs directly from both ON- and OFF- bipolar cells (Miller & Dacheux, 1976; Amthor
et al.,1983), which are shaped by feed-back or feed-forward inhibition.

Push-pull models (Belgum et al.,1982; Sterling et al.,1983) suggest that the ON- and
OFF- responses of ganglion cells result from the combined operation of ON- and OFFinputs.

Thus in an ON-centre ganglion cell, the ON- response to centre stimulation

could result from an increase in excitation from the ON- pathway, or a decrease in
inhibition from the OFF- pathway, or any mixture of the two.

In the case of an ON-

OFF responding cell, the individual ON- and OFF- components of the cell could be
determined in this way.

DIRECTIONA L SELECTIVIT Y

Information about direction is calculated within the

retina, since a group of retinal ganglion cells show directional selectivity.

They give

excitatory responses to stimuli moving in one direction (the preferred direction) with
much less, if any, response to movements in the opposite direction (Maturana et al., 1960;
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Barlow et al., 1964; Barlow & Levick, 1965) (Fig. I. 7).

The neural operation for

directional selectivity must be non-linear (Poggio & Reichardt, 1973).

It could be an

analog AND-NOT , or veto operation as proposed by Barlow and Levick (I 965) (Fig 1.8b ).
In their model, Barlow and Levick suggested that there is an excitatory pathway and an
delayed inhibitory pathway, and that these two pathways, organized asymmetri cally in
space, feed onto one directional ly selective subunit.

The receptive field of one

directional ly selective ganglion cell may contain many directiona lly selective subunits.
When movement IS In the null direction, the excitatory inputs are vetoed by the
inhibitory inputs, while in the preferred direction the excitatory inputs operate before
the inhibition.

The correlation -like schemes, first proposed by Hassenstei n and

Reichardt (1956) to account for motion-de tection in the fly behaviour experimen ts,
suggest that one elementary motion detector (EMD) receives two inputs. These two
inputs are multiplied after low pass filtering with different time constants (Fig. l .8a).
The Barlow and Levick model (I 965) is a specific implement ation of a correlation -like
scheme.

In the vertebrate retina, the neural circuitry for directional selectivity has been suggested
to involve cholinergi c amacrine cells and GABAergi c amacrine cells.

Exogenous

acetylchol ine increases the activity of ganglion cells and especially of directiona lly
selective ganglion cells (Masland & Ames, 1976; Glickman et al., 1982).

Ariel and Daw

(1982a,b) found that infusion of the anti-acetyl cholineste rase, physostigm ine, will disrupt
the directional selectivity of directional ly selective ganglion cells in the rabbit retina, by
increasing the response to stimuli moving in the null direction (Fig. l .9a).

In the rabbit

retina, infusion of picrotoxin or bicuculine , GABA antagonist s, abolishes directiona l
selectivity also by increasing the response to the null direction (Caldwell & Daw, 1978b;
Caldwell et al.1978) (Fig. l.9b ).

Based on these pharmacol ogical studies, Ariel &

Daw(l 982) have suggested that the cholinergic amacrine cell acts as the excitatory drive,
while a GABAergi c amacrine cell acts as the inhibitory veto.
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Fig. 1. 7

Responses of a directionally selective ganglion cell in the rabbit retina.

The

stimulus is a spot of light moving in various directions. Note that when the spot moves
downwards only a weak response is evoked,

while when the spot moves upwards, the

response is much stronger. [From Barlow et al., 1964].
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Fig. 1.8

Related models for motion detection.

(a) Correlation scheme proposed by Hassenstein and Reichardt ( 1956).

The two inputs

are multiplied after low pass filtering with different time constants.
(b) Barlow-Levick (I 965) model of an AND-NOT gate for the directional selective

'

I

ganglion cells in the rabbit retina. Directionally selectivity is achieved by an asymmetric
delay between spatially separate excitatory and inhibitory inputs.
(c)

The equivalent electrical circuit for a synaptic interaction to compute directional

'

selectivity proposed by Torre and Poggio (1978).
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Fig. 1.9 (a) The effects of physostigmine on an ON-OFF directionally selective ganglion
cell in the rabbit retina. The responses were elicited by a long narrow white bar moving
first in the preferred direction (left responses) and then in the null direction (right
responses).

During infusion of physostigmine, responses in the null direction strongly

increased.

LE, response of leading edge of bar; TE, response to trailing edge of bar.

[From Ariel & Daw, 1982b].

(b) The effects of picrotoxin on an ON-OFF directionally selective ganglion cell in the
rabbit. The directionally selective responses were evoked by a black spot moving either
in the preferred or in the null direction.

Following infusion of picrotoxin the

directionally selective responses were abolished by increasing the response in the null
direction. [from Caldwell et al.,1978].
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of the excita tory pathw ay and of the inhib itory pathw ay are not
spatia lly coinc ident ,
the spatia l asym metry neces sary for direct ionall y select ivity can be
obtai ned. Depe nding
upon the intera ction site of the GAB Aergi c inhib itory input s,
two mech anism s are
possib le.

Pre-s ynapt ic mode ls sugge st that the GAB Aergi c input acts
upon the

cholin ergic amac rine cell or bipol ar cell, while post- synap tic mode
ls sugge st that the
GAB Aergi c input acts direc tly upon the direct ionall y select ive gangl
ion cells (Arie l &
Daw, 1982) (Fig.I .IO).

For the pre-s ynapt ic mode l, the GAB A inhib itory opera tion
would work on the
cholin ergic amac rine cell or bipol ar cell, imply ing that direc tiona l
select ivity is comp uted
in the cholin ergic amac rine cells, or possib ly bipol ar cells, i.e. prior
to the gangl ion cells .
In the turtle retina , De Voe et al.(19 85) have recor ded direct ionall
y select ive amac rine
and bipol ar cells.

Anoth er piece of evide nce favou ring the pre-s ynapt ic mode l is
that

GAB A inhib its light- evoke d A Ch releas e in the rabbi t retina
(Mass ey & Neal, 1979;
Masse y & Redb urn, 1982) . Howe ver, the pre-s ynapt ic mode l is not
suppo rted by the fact
that the A Ch poten tiator , physo stigm ine, disru pts direc tiona l
select ivity (Arie l &
Daw, 1982; Ariel & Adolp h, 1985) , since the pre-s ynapt ic mode l impli
es that the releas e
of ACh is itself direct ionall y select ive. If the null direc tion releas
e of Ach were zero, it
could not be poten tiated .

The electr on micro scopi c study of cholin ergic amac rine cells

by Milla r et al. (1987 a) and Milla r & Morg an (1987 ) also tends
not to favou r the presynap tic mode l,

becau se

cholin ergic amac rine cells.

they found

no

non-c holin ergic amac nne

cell input s

Simil ar result s were obtai ned by Brand on (1987 ).

to

None of

these argum ents is concl usive .

The post- synap tic mode l sugge sts that the GAB A inhib ition acts
direc tly upon the
dendr ites of the direct ionall y select ive gangl ion cell, by vetoin g
the excita tory input s
from cholin ergic amac rine cell when the stimu lus move s in the null
direct ion.
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Fig. I. IO

Schematic diagrams showing the pre-synaptic model (scheme I) and post-

synaptic model (scheme 2) for the directionally selective ganglion cells.

For the pre-

synaptic model (top), the cholinergic amacrine cell receives null direction inhibition
from GABAergic terminals, and so ACh release is directionally selective. For the postl

synaptic model (bottom), the asymmetric GABA inhibition acts upon the ganglion cell
dendrites, and the ref ore the computation of directional selectivity takes place at the
ganglion cell level. [from Ariel and Daw, I 982b ].
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By studyi ng the electri cal prope rty of synaps es, Torre and Poggio ( 1978)
propo sed that
Barlow & Levick 's (1965) veto operat ion could be carrie d out by a pair
of adjace nt
synaps es. The respon se of their electri cal circui t for veto operat ion (see Fig.I.S
c) is

g 1 ( t) - g 1 ( tJ g 2( tJ ·

where g 1( t) is the condu ctance of excita tory synaps e and g 2( t) is the condu
ctance of
inhibi tory synaps e. The nonlin ear intera ction betwe en excita tion and inhibi
tion is -g 1( t)
K2(t).

If g2(t) has a longer delay, in the null direct ion, the term of -g1(tJ g2(t)
vetos

the term of g 1( t) and the respon se is zero.

The veto operat ion is very effect ive when

the revers al potent ial of the inhibi tory pathw ay 1s close to the resting
memb rane
potent ial, i.e. with shunti ng inhibi tion.

Assum ing the post-s ynapti c mecha nism operat ed in the cat retina , Koch
et al.(198 2)
analyz ed the electri cal proper ties of a delta- type cell using the same operat
ion of Torre
and Poggio (1978) .

They showe d that in order to get the maxim um effect of shunti ng

inhibi tion for veto operat ion, the excita tory synaps e and the inhibi tory synaps
e on the
gangli on cell dendri tes should be locate d close to each other, with the inhibi
tion placed
betwe en the excita tory synaps e and the soma (the ON-p ath constr aint).

Howe ver,

recent ly this on-pa th constr aint was found not to be absolu tely necess ary
(Pozna nski,
person al comm unicat ion).

Koch et al.(198 2) predic ted that direct ionall y selecti ve

gangli on cells should have compl icated dendri tic trees with fine proces ses,
and that their
respon se asymm etry should come from asymm etric synap tic drives rather
than from
asymm etric dendr itic fields.

Their predic tions about the compl exity of dendr itic

morph ology of directi onally selecti ve gangli on cells were suppo rted by
Amtho r et
al.(198 4, 1989), who used electro physio logy to identi fy such cells, and
horser adish
peroxi dase (HRP) to stain them intrace llularl y in the rabbit retina (see Fig.
I. I I).
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Fig. I. I I

Morphology of an ON-OFF directionally selective ganglion cell in the visual

streak of the rabbit retina.

The cell was first identified by extracellular recording and

then intracellularly stained with HRP.

The dendritic fields have been drawn in two

parts: the outer part of the IPL and the inner part of the IPL, where the cell probably
receives inputs from the OFF and the ON pathway respectively. Note the complexity of
the dendritic processes and the lack of obvious asymmetries in dendritic morphology that
could be correlated with the preferred direction. Scale bar is 50 um.

[from Amthor et

al.,I982].
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directionally selective cells have small dendritic branches which form very complicated
dendritic fields.

However, whether

the directionally selective cell

receives excitatory inputs from

cholinergic amacrine cells and inhibitory inputs from GABAergic amacrine cells,
whether the post-synaptic model or the pre-synaptic model applies, and whether the
GABAergic synapses are located close to the cholinergic synapse and on the direct
pathway between the excitatory synapse and the ganglion cell soma, remains unknown.

1.3.2 RETINAL DIRECTIONAL SELECTIVITY AND ACCESSORY OPTIC SYSTEM

The directional selectivity of retinal ganglion cells is thought to be passed to the neurons
in the accessory optic system (AOS) (Simpson, 1984).

The AOS is a primary visual

pathway found in all vertebrates (Mai, 1978; Simpson, 1984 for review).

The accessory

optic nuclei receive inputs from a distinct fascicle of retinal axons (pigeon, Karten et
al., 1977; chicken,Reiner et al., 1979; chinchilla, Kimm et al., 1979; rabbit, Oyster et
al., 1980; Buhl & Peichl, 1986; frog, Montgomery et al., 1981; turtle, Reiner, 1981; cat,
Farmer

&

Rodieck, 1982),

and

send

outputs

to

the

inferior

olive

and

the

vestibulocerebellum (Maekawa & Simpson, 1972, 1973; Simpson & Alley, 1974; Brau th &
Karten, 1977; Brecha et al.1980).

The fundamental function of the AOS seems to be to

process motion information, and then relay it to the motor system to control eye
movements for stabilizing retinal images. This behaviour is called optokinetic nystagmus
(OKN).

Electrophysiology has shown that AOS units in all species are directionally

selective and

respond to slow stimulus speeds (rabbit, Simpson et al.1979; frog,

Kondrashev & Orlov, 1976; Cochran et al. 1980; Gruberg & Grasse, 1984; chicken, Burns

& Wallman , 1981; pigeon, Morgan & Frost, 1981; cat, Grasse & Cynader, 1982a). After a
detailed comparison of the response properties of AOS units with those of retinal
ganglion cells, Simpson et al.( 1979) proposed that the directional selectivity of AOS units
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is due to their rece1v1ng direct inputs from directionally selective retinal ganglion cells
(see Fig . l.12).

In other words, the retinal ganglion cells which project to the AOS must

be directionally selective.

In birds, a special group ganglion cells, the displaced ganglion cells has been found to be
the sole retinal inputs to the nucleus of the basal optic root (nBOR), a part of AOS
(Karten et al., 1977) (Fig. l.13). The nBOR is believed to mediate the vertical OKN since
all the nBOR units have their preferred direction in the vertical axis (Burns &
Wallman, 1981; Morgan & Frost, 1981 ).

Consistent with Simpson's hypothesis, displaced

ganglion cells in the chicken retina have been shown to be directionally selective (Britto,
personal communication).

The lentiform nucleus of the mesencephalon (LM), another

part of the AOS in the bird, mediates horizontal OKN (Gioanni et al., 1983; Winterson &
Brau th, 1985).

However, the retinal ganglion cells which project to the LM are not

displaced. They are located in the ganglion cell layer (GCL), and appear to contain more
than one population of ganglion cells (Bodnarenko et al., 1988).

1.3.3 FUNCTIONAL ROLES OF AMACRINE CELL

Amacrine cells are thought to be involved in the complex retinal visual information
processing discussed above.

This view is supported by the observation that response

properties at the pre- amacrine cell level, in bipolar cells for example, are much simpler
than

those

observed

(Dowling, 1987).

at

the

post-

amacnne

cell

level,

1n

the

ganglion

cells

The ref ore amacrine cells must contribute to the shaping of complex

ganglion cell behaviour (for review see Morgan et al., 1988).

Amacrine cells have been

implicated in three specific response f ea tu res.

(I)

Although

according

to

Dowling's

model

(I 979),

amacnne

cells

make

little

contribution to the centre-surround antagonism of ganglion cell (this spatial property is
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Fig. 1.12 A scheme for the synthesis of directionally selective responses of rabbit MTN
and L TN neurons from directionally selective retinal ganglion cell inputs.
spontaneous activity;

(A)

(B) and (C) the direction tuning curves of two retinal ganglion

cells; (D) the direction tuning of curve of MTN and L TN neurons is synthesized by the
summation of (A) and (B) minus (C), i.e. (B) is excitatory but (C) is inhibitory.
Simpson et al., 1988].
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Fig. 1.13 Schematic diagram showing the accessory optic system in birds. (A) Displaced
retinal ganglion cells project to the nBOR complex. In turn the nBOR units project onto
the oculomotor nuclear complex and the vestibulocerebellum.

(B) Detail of the

relationship of nBOR complex to the oculomotor nuclei.

DGC, displaced ganglion cell; BCP, brachium conjunctivum; BOR, basal optic root;
nBOR, nucleus of the basal optic root; nBORd, nucleus of the basal optic root part
dorsalis; Pfl, paraflocculus; OMd, dorsolateral division of oculomotor nuclear complex;
FLM, fasciculus longitudinalis medialis; OMv, ventral division of oculomotor nuclear
complex. [From Brecha & Karten, 1979].
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supposed to come mainly from the interaction of horizontal cells with photorecep tors and
bipolar cells in the outer part of retina), there are a few studies which do not support
this idea. For example, Werblin (1972) and Werblin & Copenhage n (1974) suggested that
the dynamic surround was generated from transient amacrine cells, and Nelson et
al.(1984) suggested that amacrine cells are important for surround mechanism in the cat
retina.

(2) ON-OFF transient responses of ganglion cells are thought to be generated exclusively
by excitatory inputs from ON-OFF transient amacrine cells, at least in lower vertebrate s
(Dowling, 1979; Sakai & Naka, 1988), but this model does not explain how the transience
is generated.

Toyoda et al. (1972) suggested that the transient componen t of bipolar cell

light responses, combined with thresholdin g, gives transience , while Miller ( 1979) and
Amthor et al.(1982) suggested some kind of feedforwa rd or feedback inhibition from
amacrine cell to ganglion cells or bipolar cells respective ly is responsibl e for its
generation .

(3) Amacrine cells are very important for generating directiona l selectivity .

Both pre-

and post- synaptic models suggest that the cholinergi c and GABAerg ic amacrine cells are
involved, although how they interact with each other is unknown.

To investigate the functional roles of amacnne cells in generating the response of
ganglion cells, there are basically two approaches . One is to record from single amacrine
cells, or inject current into a single amacrine cell and monitor the responses from the
post-synap tic cells.

Laborious experimen ts of this kind have been performed by Toyada

and Kujiraoka (1982) and Sakai and Naka (1988), but this approach has been proven to
be very difficult.

Furthermo re this approach has some logical problems, since the fact

that an ON-OFF transient amacrine cell may pass on its property to an ON-OFF
transient ganglion cell does not exclude other mechanism s at the ganglion cell level. The
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second approach is to try to simplify the complicated retinal pathways by selectively
removing or blocking the amacrine cells or specific types of amacnne cells with
neurotoxins, or other acute pharmacologic al manipulation, and then monitoring the
changes in ganglion cell responses. Subject to limitations on the efficacy and selectivity
of the lesions, this approach can establish whether a particular cell type is vital for the
function monitored.

In this study, I have used this second approach, applying

neurotoxins to selectively eliminate certain types of amacrine cell.

1.4 TECHNIQUE S

1.4.1 STANDARD TECHNIQUE S

In this study, I have applied several routine techniques in visual neuroscience research.
Electrophysio logical recordings were made extracellularly from single retinal ganglion
cells and nBOR units, to monitor their responses to visual stimuli.

The retrograde

labelling technique was applied to study the connections between retinal ganglion cells
and the nBOR.

The dendritic morphology of single retinal ganglion cells was revealed

by intracellular staining methods, and immunohistoc hemistry was used to study the
relationship between ganglion cells and the subtypes of amacrine cells.

I also used

pharmacologi cal lesioning techniques to eliminate specific cells from the retina.

Since

these latter techniques are not standard in vision research, I will discuss them in detail.

1.4.2 PHARMACO LOGICAL LESIONING
There are several lesioning techniques commonly used in v1s10n research, such as the
mechanical lesion of cutting the optic nerve, or current injection lesions to damage a
certain part of the tissue.
powerful

tool

to

simplify

Pharmacologi cal lesions using neurotoxins are another
the

neural
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of
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retina
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review

see
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Morgan, 1983b ).

Because of their specificity, they can destroy only a certain group of

cells and leave the rest of the tissue intact.

EXCITATOR Y AMINO ACIDS (EAA) AS RETINAL TRANSMITT ERS

As mentioned

before, the excitatory amino acids, glutamic acid and aspartic acid, play important roles
as neurotransmit ters in the outer part of the retina. The glutamic acid analogues, kainic
acid (KA) and quisqualic acid (QA) can mimic the light response by depolarizing
horizontal cells and OFF-bipolar cells, and by hyperpolarizin g ON-bipolar cells (Rowe &
Ruddock, 1982; Slaughter & Miller, 1983c ).

There are two types of post-synaptic

receptor: kainic acid (KA)-pref erring and quisqualic acid (QA)-pref erring receptors in
the outer part of the retina, and probably in the inner retina as well.

N-methyl-D-

aspartate (NMDA), an analogue of aspartic acid, does not depolarize the second order
retinal neurons (Slaughter& Miller,1981; Shiells et al.,1981), and NMDA-sensi tive
receptor antagonists have little effect on the light responses of amacrine or ganglion cells
(Slaughter & Miller, 1981; Massey & Miller, 1987). However, NMDA-preferring receptors
have been found in the inner part of the retina, probably on both amacrine and ganglion
cells (Lucasiewicz & McReynolds, 1985).

EAA AS NEUROTOX INS
Excitatory amino acids can produce specific destruction of neurons which possess the
appropriate receptors (for review see Johnston, 1983; Morgan, 1983b, 1983c ).

The

mechanism may be a long lasting depolarization of the post-synaptic neurons, which
results in the depletion of ATP levels, sodium and chloride ions and then water influx,
which ultimately causes lysis of the cell (Olney, 1978; Rothman, 1985). Because excitatory
amino acid neurotoxicity works via the appropriate receptors, other neurons which do
not possess the right kind of receptor, may not be affected.

However, the severity of

the short-term morphologica l disruption could produce secondary effects.
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Table 1.2 Effects Of N-methy-D-Aspartic Acid (NMDA) On Amacrine Cells In The
Chicken Retina.

AMACRINE CELL TRANSMITTER

NMDA LESION

Acetycholine

- (type II cell bodies survive)

GABA
Glycine
Dopamine

resistant

5-HT
Somatatostatin
Enkephalin
Substance P

resistant

- removed
[Morgan, personal communication].
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KA LESION

In the chicken retina, it has been found that kainic acid destroys most of

the amacrine cells and two thirds of the bipolar cells, but has no obvious permane nt
effect on other retinal neurons (Morgan & Ingham, 1981; Ingham & Morgan, 1981, 1983;
Morgan, 1983c; Catsicas & Clarke, l 987a,b; Sattaysai et al., 1985).

Since KA can mimic

the action of photorec eptors, i.e. depolari ze the OFF- bipolar cells and hyperpo larize the
ON-bipo lar cells, the bipolar cells destroye d by KA lesion have been suggeste d to be
OFF-bip olar cells, while those which survive the lesion have been suggeste d to be ONbipolar cells (Ingham & Morgan, 1983 ).

This has been confirm ed by monitori ng tectal

evoked potential s (Dvorak & Morgan, 1983) and single retinal ganglion cell response s
(Golcich et al., 1989), since in KA-lesi oned
abolishe d.

retinas, OFF-res ponses to light were

In addition , Go lei ch et al. (1989) found that the inhibitor y surround of the

ganglion cells was also disrupte d after KA lesion, and suggeste d that this was due to the
loss of the majority of amacrine cells.

NMDA LESION

In the chicken retina, intravitr eal injection of NMDA (IOul, 200mM)

produces an extensiv e lesion in the inner retina (Morgan et al., unpublis hed).

A week

after injection of the neurotox in, most amacrine cells in the INL and their processe s are
eliminat ed, leaving the IPL much thinner.

Detailed analysis by biochem istry and

immuno histoche mistry shows that large numbers of differen t subtypes of amacrin e cells
are disrupte d, although a small percenta ge survive (see Table 1.2).

Ganglio n cells are

resistant to NMDA for unknown reasons, possibly because extensiv e inhibitor y inputs
could balance the depolari zation induced by NMDA.

Since NMDA lesioning is more

specific to the amacrine cells than KA, it is a better tool for dissectin g the role of the
amacrine cells in the retina.

As reviewed in Section 1.3.3, the complex response features of ganglion cells may be
associate d with the complica ted amacrine cell system. The NMDA lesion then provides a
simple way to study this problem .

If amacrine cells are responsi ble for features of

26

Chapte r 1.

ganglio n cell

respons es

such

as

transien ce,

centre- surroun d

organiz ation,

motion

sensitiv ity and directio n selectiv ity, then removi ng amacri ne cells with NMDA should
disrupt or even elimina te all those feature s at the ganglio n cell level.

ECMA AS A NEUR OTOX IN

Anothe r import ant neuroto xin used in this study is

monoet hylcho line mustar d aziridin ium ion (ECMA , also called AF64A ).

ECMA is a

structu ral analogu e of choline , and was develop ed to be cytotox ic toward s choline rgic
cells (Fisher & Hanin, 1980; Mantio ne et al., 1981; Fisher et al., 1982; Hanin et al., 1983;
Sandbe rg et al., 1984).

It has been shown that intravit real injectio n of 50 nmol ECMA

into the chicken retina produc es a highly specific lesion of choline rgic amacri ne cells
(Millar et al., 1987b ).

By analysi ng the lesion biochem ically and immun ohistoc hemica lly,

they found that other amacri ne cells includi ng GABA ergic, dopam inergic , 5-HT,
enkeph alin- and somato statin-i mmuno reactiv e cells were not affecte d.

ECMA seems to

elimina te only the type I and type II choline rgic amacri ne cells (presum ed to be OFFand ON- types respect ively) from the chicken retina, but does not affect the type III
cells. The possibl e mechan ism of ECMA action is that ECMA inhibits choline uptake by
the choline rgic cells, which require choline both for phosph olipid and for acetylc holine
synthes is.
1987b ).

Why ECMA fails to kill the type III choline rgic cell is unclear (Millar et al.
As review ed in section 1.3.1, the choline rgic amacri ne cells, analogo us to the

type I and type II cells in the chicken retina have been propos ed to play an import ant
role in directio nal selectiv ity, as the excitat ory pathwa y.
direct way to test this hypothe sis.

The ECMA lesions provide a

If the hypoth esis is true, then elimina ting type I and

type II choline rgic cells with ECMA should lead to loss of directio nal selectiv ity.

1.5. STRUC TURE OF THIS THESI S
The main goal of this thesis is to investig ate how compli cated respons e feature s are
generat ed in the retinal ganglio n cell, and what kinds of neuron s and neural connec tions
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are involved. The properties which are to be discussed are centre-surround organization ,
transience and directional selectivity.

After this introductory chapter, chapters two and three discuss general ganglion cell
response f ea tu res and their linkage with amacrine cells as a class.

Chapters four to six

will focus on only one ganglion cell feature: directional selectivity and its linkage with
one subtype of amacrine cell: the cholinergic amacrine cell. Finally, general conclusions
will be presented in chapter seven.
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CHAPT ER TWO

RESPO NSE PROPE RTIES OF RETINAL GANG LION CELLS

2.1 INTRO DUCTI ON

The respons es of retinal ganglio n cells have been extensi vely studied in a wide
variety of vertebr ates since the first extrace llular recordi ngs from ganglio n cells
conduc ted by Hartlin e (1938) in the frog.

The three basic types of respons es

describ ed by Hartlin e (1938) in the frog as ON-, OFF- and ON-OF F, and the
centre- surroun d organiz ation describ ed later on by Kuffle r (1953) in the cat and
Barlow (1953) in the frog have been found 1n all species (mudpu ppy, Werbli n &
Dowlin g 1969; catfish , Naka, 1971, frog, Barlow , 1953; Matura na et al., 1960; birds,
Miles, 1972; Holden , 1982; cat, Kuffle r 1953; Enroth -Cugel l & Robson , 1966; Rodiec k
& Stone, 1965; Cleland & Levick , 197 4a, b; Stone & Fukuda , 197 4;. rabbit: Barlow et

al., 1964;

Levick , 1967;

primate ,

Schille r

&

Malpel i, 1977;

de

Monast erio, 1981 ).

Howev er, there are also signific ant differe nces in ganglio n cell propert ies in differe nt
species .

There are only a few studies on avian retinal ganglio n cells in the literatu re (Donne r,
1953, Matura na, 1962, Holden , l 977a,c, 1981; Miles, 1972; Pearlm an & Hughes , 1976;
Golcich et al., 1989).

The general feature s of ganglio n cell respons es obtaine d from

these studies are : (a) low or no spontan eous dischar ge; (b) RF centres give very nonlinear transie nt ON-, OFF- or ON-OF F respons es to light; ( c) centre- driven activity
can be inhibite d by some kind of inhibit ory surroun d.

These f ea tu res are more

compli cated than those typical ly observe d in the mamma lian retina, where ganglio n
cells normal ly have signific ant spontan eous firing rates, and where some cells, such
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as the X-cell s in the cat retina show linear tempo ral and spatia l summ ation.

While

there is genera l agreem ent on the featur es outlin ed above , there are also
some
disagr eemen ts.

Miles (1972) report ed that more than 90% percen t of chicke n retina l

gangli on cells have only a silent inhibi tory surrou nd, which does not stimul
ate the
cell to fire, but suppre sses centra l discha rge.

In contra st, Holde n (1977) sugges ted

that almos t all the gangli on cells in the pigeon have eleme nts of
organi zation , plus a suppre ssive surrou nd (the silent surrou nd).

conce ntric

Silent inhibi tory

surrou nds were first studie d in the frog retina (Barlo w, 1953), and their
dynam ic
proper ties have been invest igated by charac terizin g inhibi tion of centre activit
y in
that specie s (Nye & Naka, 1971). No simila r invest igation has been carrie d out
in the
avian retina.

Given the limite d charac terizat ion of chicke n retinal gangli on cells, the purpo
se of
this initial study was to charac terize the respon se f ea tu res of the chicke
n retina l
gangli on cells, under the condit ions of our experi ments . Partic ular attent ion
has been
paid to the dynam ic proper ties of the surrou nd inhibi tion.

2.2 METH ODS AND MATERIALS

Anima ls and Prepa ration
White Legho rn X Black Austra lorp chicke ns (Gallus gallus domes ticus), 2 days
old,
were obtain ed from Resea rch Poultr y Farm (Victo ria, Austra lia) and kept
in cages
with food and water on a 12: 12 light:d ark cycle.

For the electro physio logica l

experi ments , 4- 7 week old chicke ns were anaest hetize d with 25% uretha ne
in 0.9%
NaCl injecte d intraab domin ally.
the anima l.

The volum e ranged from 3-8 ml depen ding upon

When the anima l was deeply anaest hetize d, no obviou s eye movem ents

were detect able by monit oring the locatio n of single unit recept ive fields.

To

mainta in body tempe rature , anima ls were wrapp ed in absorb ent paper backe
d with
plastic film (Labm at).

The heart rate of the bird was record ed during the
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experi ment, by inserti ng two stainless steel hypod ermic needles as electro
des
under neath the skin on both sides of the breast bone. The electro des were conne
cted
to an amplif ier, and subsqu ently to an MK VII line record er ( Model WR3 l O1).
The
heart rate ranged betwe en 360 and 420 beats per minut e, which is close to that
found
in unana esthet ized chicke ns (Ringe r et al., 1957).
specia lly modif ied stereo taxic holder .

The bird's head was placed in a

Durin g the surger y, a local anaest hetic

(Xylot ox) was applie d to the edge of the wound . A dental burr was used to remov
e
the bone coveri ng the optic tectum contra lateral to the experi menta l eye.

The

expose d tectal surfac e was kept moist with silicone oil or chicke n Ringe r (NaCl
,
lOOmM; CaCl2 , l.3mM ; NaH2 P04.H 20, lmM; Gluco se, 30mM; KCL, 6mM; MgS0
4,
2mM; NaHC 03, 30mM; pH 7.4). The lid of the experi menta l eye was held open
by
a suture needle with the cord taped to the stereo taxic device .
moist with chicke n Ringe r or artific ial tears.

The cornea was kept

The eye was refrac ted by placin g a

suitab le lens in front of the eye. The value of the lens was assessed first by using
an
ophtha lmosc ope to obtain a rough estima te.

Then, after the electro de had been

inserte d into the tectum and a single unit had been isolate d, the lens which optim
ized
unit gratin g acuity (about 2-5 cycles / 0 ) was determ ined (Miles, 1972a). Norma
lly, a
lens with -2 diopte rs was requir ed.

Pupil size dilated with anaest hesia, and since

there was no signif icant differ ence betwe en pupil size in contro l and NMD
Alesioned brids, an artific ial pupil was not used.

Electr odes and Recor dings

Tungs ten-in -glass microe lectrod es (Merr il & Ainsw orth, 1972) were made
from
tungst en wire with a diame ter of 0.13 mm and glass capilla ry tubing ( 1.2 mm
outer
diame ter, 0.6mm inner diame ter). Electr odes with an expose d tip rangin g from
5-15
um, and a resista nce of 0.5-3. 0 Megoh ms were used for the extrac ellular record
ings.
As the retino tectal projec tion in birds is totally crosse d, action potent ials
were
record ed by inserti ng the electro de into the contra lateral tectum .

Since the surfac e

layer ( < 150 um in depth) of optic tectum only consists of optic tract fibres , with
no
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nerve cell bodies (Cowan,1971; LaVai l & Cowan,1971; Webster,1974), the locatio
n of
the electro de tip was kept within 150 um in depth from the surfac e of the tectum
.
Signals from the electro de were amplif ied with a pre-am plifier and then fed
into a
spike proces sor (Digit imer D. 130) and to a four chann el FM magne tic record
er
(Vette r Model B.).

The outpu t from the spike proces sor was transf erred to an

AD/D A conve rter and finally to an Apple -II compu ter.

The respon ses were

compi led in the form of PSTH histog rams, with a 1 second sweep -time and 250
bins
of 4 msec durati on, and then stored on flexib le disks.
The record ing sites were often in the centra l area of the lateral aspect of the
optic
tectum , but other areas of that aspect were also record ed. So the cells with recept
ive
fields locate d in the centra l region of the visual field were most often encou ntered
.
Visual Stimu li

Two indepe ndent light chann els were used for visual stimul ation.

These projec ted

focuss ed spots and annuli of white light (Philli ps, 24 V 250 W) onto a tangen t
screen
350 mm away from the experi menta l eye. Durati on, delay and repeti tion interv
al of
the stimul i were contro lled by electro magne tic shutte rs driven by the compu ter.
The
maxim um lumin ance of the spot stimul us (0.4°) was 420 cd/m 2 and that of
the
annulu s was 290 cd/m 2 . The intens ities of the stimul i were varied with neutra
l
densit y filters placed in the light pathw ay.

Backg round illumi nation was kept at

aroun d I cd/m 2 .

2.3 RESU LTS

The experi ments were carrie d out on 21 chicke ns.

In all, well-i solate d responses

from 112 gangli on cells were record ed from the surfac e of the optic tectum .

The

genera l proced ure of this experi ment was: (a) after isolati ng a single unit, a
small
spot (0.4°) was used to map the recept ive field, then the centra l respon se proper
ties
to a flashin g spot of various intens ities were studie d.

In some cells the area-

thresh old functi ons were measu red; (b) differ ent sizes of annuli were used to
study
the surrou nd by monit oring its effect on centre -drive n activit y.
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delays and intens ities of the annulu s were used.

To compl ete this proced ure, cells

usually needed to be held for about 1 hour.

2.3.1 Single Cell Respo nse
The action potent ial of a single retinal gangli on cell record ed from the surfac
e of
optic tectum was about 4 mV. In the dark, cells had very low sponta neous discha
rge
rates.

Most of the time, they were compl etely silent.

When stimul ated by light,

gangli on cells gave a very transie nt burst of spikes. Fig.2.1 a shows the responses
of a
gangli on cell to a flashin g spot locate d in the RF centre with firing at both the
ONand OFF- set of light.

2.3.2 The RF Centre

Cl ass ification
Cells were classif ied as ON-, OFF-, and ON-O FF types, using a standa rd stimul
us, a
centra l spot with a diame ter of 0.4°, and intens ity -1.0 to -1.5 log unit attenu
ated
from the maxim um of 420 cd/m 2 . The flashin g spot lasted for 200 msec.

Out of

112 cells record ed in this study, 100 of the cells were of the ON-O FF type (89%)
, 11
were of ON- type (100/o)and only 1 was of OFF-t ype (1%).
cells,

For the ON-O FF type

ON-O FF responses were not always evoke d, if the stimul ating spot was not

locate d at the RF centre . Norma lly, when the spot stimul ated the periph eral part
of
the centre , only ON- responses were evoke d.

This suggests that the distrib ution of

the thresh olds for ON-re sponse s and OFF- responses across the RF are differ ent.
In
the centra l region of the RF centre , the thresh old for the ON-re spons e was norma
lly
about 0.5-1. 0 log unit lower than that for the OFF-r espon se.
latencies were differ ent as well.

ON- and OFF-

The ON-re sponse latenc y was usuall y 10-30 msec

shorte r than the latenc y of the OFF-r espon se.
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Fig. 2.1. (a) Typical action potentials of a single ganglion cell recorded from the
surface of the optic tectum. The stimulus was a flashing spot (0.4°) with duration of
200 msec located in the centre of the receptive field.
usually more robust than the OFF- response.

Note the ON- response was

The stimulus intensity was attenuated

by 1.5 log unit from the maximum intensity of 420 cd/m 2 . Background luminance
was around 1 cd/m 2 .

(b)

Response histograms of a ganglion cell to a 0.4° spot of different intensities.

Each histogram shows the cumulative response to 10 presentations of the stimulus.
The cell gave a characteristic transient response both to the ON- and to the OFF- set
of light.

As the stimulus intensity decreased, the number of spikes of the ON and

the OFF responses decreased, while the response latencies increased.
responses had a higher threshold intensity.

Note the OFF

The spot intensities shown on the left

side of each histogram were in log units attenuation from the maximum intensity of
420 cd/m2. Background illumination was around 1 cd/m2 .

...

a
200 ms

b
200 ms
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RF Centre size

In order to map the size of the RF excitatory centre, threshold intensity to a small
spot (0.4°) placed in various position within the RF was measured. It was found that
as the spot was moved from the centre to the periphery, the intensity threshold for
both of ON- and OFF- responses increased rapidly.

When the spot reached a

position where the threshold was as high as the maximum intensity (420 cd/m 2)
under the experimen tal conditions , this position was considered as the border of the
RF centre.

Normally, the intensity threshold at the RF centre border was about 2-

2.5 log units higher than that in the central region.

Mapping in this way, the

average size of the RF excitatory centre was 4.1 °±0.9° (n=62) in diameter. However,
the RF centre of most sampled cells was not circular but elongated with an ratio up
to 1.4 (long axis/short axis) . In this case, the values of the longer axis were used to
calculate the RF centre size.

Intensity-R esponse Relation

Fig.2.1 b presents a set of response histograms of a ganglion cell stimulated with a
centre spot at various intensities.
and OFF- set of the spot.

Transient responses were evoked at both ON- set

When the intensity of the spot stimulus increased, the

number of ON- and OFF- response spikes increased, while the response latencies
decreased.

The intensity-r esponse functions were measured 1n 20 neurons and a

more quantitativ e description is given in Fig.2.2 by averaging those data.

ON-

responses normally had more regular intensity-n umber of spike functions than those
of the OFF- responses, which might be due to the small number of spikes in OFFresponse.

The intensity-l atency plots for both ON- and OFF- responses always

formed a smooth curve, with OFF- latencies about 10-30 msec longer than ONlatencies, for all stimulus intensities.
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Fig. 2.2

Pooled intensity-response functions of chicken retinal ganglion cells.

stimulus was a flashing spot (0.4°) within the RF centre.

The

ON responses are

represented by filled circles while the OFF responses by open circles.

Data were

drawn from 20 neurons (Mean ± S.E.).
(A) intensity /number of spikes function per burst. Note the ON responses had more
response spikes than the OFF responses.
(B) intensity /response latency function. Note the OFF responses had a longer latency
than the ON responses.
(C) intensity/ duration function;
Maximum intensity of the spot was 420 cd/m 2 indicated by zero in the x-axis.
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Transien ce

The RF centre responses of the chicken ganglion cells to a stationar y flashing spot
were characte ristically transient , no matter what kind of stimulus was used.

All the

cells only gave about 3-5 spikes per burst. The response transienc e can be describe d
by response duration , which is the time between the first spike and the last spikes
for both ON-and OFF- burst. Fig.2.2c shows how the response duration varied with
differen t stimulus intensitie s.

Generall y, when the stimulus intensity increase d, the

response became more transient , i.e. the response duration decrease d.

Howeve r, at

very low stimulus intensiti es, because the total number of spikes was less, so the
response duration was less.

2.3.3 RF Surroun d

Area-Th reshold Function

Area-thr eshold function s for the RF were also measure d.

Since most chicken

ganglion cells had no spontane ous firing rate, the threshold intensity could be easily
determin ed by monitori ng the minimum spike discharg e on the trials.

The accuracy

of this method was about ±0.1-0.1 5 log units of attenuati on. Two basic types of RF
area-thre shold curves were found for chicken retinal ganglion cells.
narrowe r horizont al part than the type II (Fig.2.3).
measurin g the area-thre shold function .

Type I had a

In total, 32 cells were used for

10 showed the type I-like area-thr eshold

function and 19 showed the type II-like area-thre shold function .

The other 3 cells

had a area-thre shold curve which keep decreasi ng up to the biggest spot size
available (about 20°).

Howeve r, these curves were not classifie d as the third type

because they probably could have become either type I or type II if larger spot
stimuli had been used, and they are not further discussed in this study. Both type I
and type II started with an initial slope just less than or equal to one, which implies
that the RF centre spatially summate s, with the threshold reductio n being produce d
by an increasin g number of photons absorbed and photorec eptors stimulat ed. As the
35
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Fig. 2.3

Two basic types of area- threshold functions for chicken retinal ganglion

cells. The vertical scale refers to the respo nse threshold in log units.
(a) shows the area-threshold functions of three type I cells;
(b) shows the area-threshold functions of three type II cells.
For both types, the curves start with an initial slope close to one (the dashed line),
which indicates that the RF centres perfo rm linear spatial summation (Piper's law).

° ° across,

When the spot was over 3 -4

the cu rve started to decline (i .e. the threshold

increased) in type I cells, probably due to th e influe nce of inhibition from the
surround. The transition point could be take n as the bord er of the excitatory centre.
The curves of type II cells had an elongated horizo ntal zone , suggesting that the
silent inhibitory surround was not active jus t outside of th e RF centre. Background
illumination was around I cd / m 2 ·
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size of the stimula ting spot increas ed, the thresho ld eventua lly increas ed, presum ably
due to inhibit ion from the surroun d. For the type I cells, the transiti on point of the
curve from a positiv e to a negativ e slope with little horizon tal curve indicat es that
there was a rather sharp transiti on at which the inhibit ory surroun d began to have a
signific ant effect.

Howev er, the type II area-th reshold functio ns had a horizon tal

extensi on before the thresho ld began to increas e, or had no tenden cy to increas e up
to the biggest spot size (about 20°) in this study.

The transiti on point of the area-th reshold functio n, at which the thresho ld stopped
decreas ing, could be taken as the border of the excitat ory centre. Howev er, the sizes
of the centre calcula ted by this method were normal ly found to be smaller (by about
0.5°) than those obtaine d from mappin g with the flashin g spot.

Because the area-

thresho ld functio ns were measur ed in only 32 cells, the RF centre size mentio ned
elsewh ere in this study was that obtaini ng with a flashin g spot, since more cells were
examin ed in this way.

Silent Surrou nd

Irrespe ctive of the extent of the horizon tal reg10n 1n their area-th reshold functio ns,
70% of the cells were found to possess a silent surroun d which corresp onded to the
part of the area-th reshold functio n where the thresho ld began to increas e. Since by
definit ion, the silent surroun d causes no firing, its existen ce could be reveale d only
by monito ring its modula tion of centre- driven activity .

By stimula ting the silent

surroun d with a annulu s varying in timing and intensi ty, the tempor al and intensi ty
modula tion propert ies of surroun d inhibiti on of the centre were investig ated.
studyin g

the

tempor al

propert ies

of

the

surroun d

inhibit ion,

the

In

surroun d

illumin ation was always used at the middle intensi ty level from the intensi tymodula tion functio n (see below). The histogr ams in Fig.2.4 show that a typical ONOFF response from the centre was altered by surroun d illumin ation.

The annulu s

was present ed before and after the spot in steps of 40 msec. It was found that both
36
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Fig. 2.4 The effect of stimulation of the silent surround on centre activity.
(a) The RF centre response to a flashing spot (0.4°) stimulus. Each histogram is the
sum of 10 repetitions. The spot stimulus had a duration of 200 msec and an intensity
1.0 log unit below the maximum intensity of 420 cd/m 2.
(b) Almost no firing was evoked by the presentation of an annulus alone (annulus
diameter, i.d.=8.0°; o.d.=12.0°; intensity, 1.0 log unit below the maximum intensity
of 290 cd/m 2 ).
(c) when the spot and the annulus were presented at the same time, the centre
responses were strongly suppressed.

Note the centre OFF response was completely

abolished.
(d) when the annulus was presented 40 msec ahead of the spot, the maximum
inhibition occurred.
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the ON-set and the OFF-set of the annulus could inhibit the transient ON-OFF
responses. However, the ON-set of the annulus more effectively suppressed the ONcentre response and the OFF-set of the annulus more effectively suppressed the
OFF- centre response. Maximum inhibition occurred when the annulus preceded the
spot by 40-80 msec, rather than when they were presented simultaneously, suggesting
that surround inhibition had a longer latency than centre stimulation.

The effect of surround illumination on the threshold intensity of RF centre was also
measured. The elevation of threshold by a surround annulus at different timing is
presented in Fig.2.5a. Similar temporal properties of the surround inhibition can be
seen by plotting the average number of spikes per burst of the centre response as a
function of time after the ON-set of the annulus (Fig.2.5b).

Both Fig.2.5 a and b

clearly illustrate that the maximum inhibition was delayed by about 40 msec,

and

that the inhibition had a sustained component. This component inhibited the centre
responses for as long as the annulus was presented.

Longer durations {l-2 sec) of

the annulus were tested in 8 neurons, and in 6 of them the inhibition was found to
last for the duration of the annulus presentation.
central ON- response was analysed.

However, in Fig.2.5 only the

The OFF- response was normally found to be

more sensitive to surround inhibition and so more easily abolished by surround
illumination. Since the variability for the OFF-responses was large, the graph is not
presented.

The power of the surround inhibition was investigated by measuring the intensitymodulation curve.

When the surround annulus and the centred spot were presented

simultaneously, as the annulus intensity increased, the number of the spikes in and
the duration of the ON and the OFF responses decreased, but the latency was not
markedly changed.

The initial peak impulses of the response were not affected by

surround illumination at all. This also indicates that surround inhibition has a longer
latency than excitation of the RF centre.
37
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Fig. 2.5

The dynamic properties of inhibition of the RF centre by the silent

surround. Here only the centre ON- responses are plotted (Mean±S.E.).
(a) Centre response threshold elevation by stimulating the silent surround with an
annulus.

When the annulus was presented simultaneously with the spot, the centre

threshold increased by about 0.5 log unit.

When the annulus was presented by 40

msec ahead of the spot, the maximum inhibition (about 1.0 log unit) occurred. Note
that the inhibition lasted as long as the annulus was presented.
(b) The number of spikes in the centre ON response was reduced by surround
illumination.

The time course resembled that in (a), showing that the maximum

inhibition occurred when annulus onset preceded spot onset by 40 msec.
Annulus intensity was chosen from the middle range from the intensity-modulation
function for each individual unit (Fig.2.6). Data are pooled from 5 neurons.
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measured when the annulus preceded the spot by 40 or 80 msec. In these cases , the
initial peak impulses were affected dramatically by the surround illumination.
Fig.2.6 shows surround inhibition modulation curves obtained by plotting the average
number of spikes per burst of the centre response as the function of surround
intensity.

Note the marked change in the number of spikes of the centre-driven

response in the range of the -2.0 to -1.0 log unit of the annulus intensity.

Responsive Surrounds

In studying the silent surround of the RF, special care was needed in the choice of
the size of the annulus.

Although no firing was visually evoked by a spot located

outside the RF centre (determined from the spot-mapping method), a flashed annulus
which was outside but close to the centre could induce firing.

When an annulus was chosen to stimulate the horizontal part in the area-threshold
functions of type II cells, a responsive surround was detected.

The responsive

surround was located between the excitatory centre and the silent inhibitory
surround. When it was stimulated with a flashing annulus, ON-, OFF-, or ON-OFF
discharges were evoked.

At the same time, stimulation of the responsive surround

suppressed centre-driven activity.

Fig.2. 7 shows the responses from the responsive

surround and its inhibitory effect on the centre activity.

The presentation of a

centre spot evoked ON-OFF transient responses, while the presentation of a annulus
alone, induced an ON-transient response.

But when the spot and the annulus were

presented simultaneously, the response was smaller than either of those evoked by the
spot or annulus alone.

Control experiments were carried out by stimulating the centre defined with a
flashing spot with two spots.

It was found that when the spots were presented

simultaneously, a summative response which was bigger than that induced by one
spot alone was evoked (Fig.2.8).
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Fig. 2.6

RF centre ON responses were reduced as the surround intensity increased.

The vertical scale shows the relative number of spikes, compared with the number
evoked when the annulus had the minimum intensity (3.0 log unit below the
maximum of 290 cd/m 2 ). Note the marked change of the inhibition strength in the
annulus intensity range from -2.0 to -1.0 log unit. This curve is similar to the steep
intensity-response function of amacrine cells (Werblin & Dowling, 1969).
pooled from 5 neurons.

Data
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Fig. 2.7 Response histograms showing the responsive surround of a ganglion cell in
the chicken retina.
(a) transient ON-OFF responses to a centre spot (0.4°).

Spot duration, 200 ms;

intensity, 1.5 log unit attenuated from 420 cd/m 2 .
(b) transient ON response evoked by an annulus

(i.d.=6.0°, o.d.=8.5°). Annulus

duration, 200 ms; intensity, 1.0 log unit attenuated from 290 cd/m 2 .
(d) when the spot and the annulus were presented simultaneously, the centre response
was suppressed.
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Fig. 2.8

Control experiment showing a summative response from a ganglion cell 1n

the chicken retina when stimulated with two spots within the RF centre.
(a) Response histograms to a centre spot (0.4°). Spot duration, 200 msec; intensity,
1.0 log unit attenuated from 290 cd/m 2 .
(b) Response histograms to another centre spot (0.6°) placed 1° from the prev10us
spot. Spot duration, 200 msec; intensity, 1.0 log unit attenuated from 420 cd/m 2 .
(c) When the two spots were presented simultaneously, a summative response was
induced.
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Some cells with the responsive surrounds also showed silent surrounds if a sufficient
large annulus was chosen to stimulate the surround. In this case, the annulus did not
induce any firing but only suppressed the RF centre activity.

For these cells, they

had both a responsive and a silent surrounds. However, some cells had a responsive
surround so large that the largest annulus (inner diameter 12°) available still induced
firing.

Although it is possible that they would show silent surround with larger

annuli, they were classified as the cells having responsive surrounds only.

Table 2.1 summaries the sample rates of the silent surrounds and/or responsive
surrounds detected from 28 cells.

Table 2.1
Surround

No. of Units

Silent surround only

9

32%

Responsive surround only

8

28%

Both

11

40%

Total

28

Percentage

In cases where both silent surround and responsive surround were detected,

no

obvious effect of the silent surround in terms of inhibition of response on the
excitation induced by stimulation of the responsive surround was detected.

2.3.4 Other Complicated Responses
Three ON-units showed complex response properties.

Their receptive fields were

very small ( < 1°) , and they were extremely sensitive to moving stimuli.

Due to the

limitations in the experimental set-up, their responses to motion were not studied in
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detail.

In a few experiments, attempts were made to characterize the response

properties of the directionally selective units,

but the frequency of encountering

directional units was very low, less than I 0% of the cells showed directional
selectivity.

Therefore, the complicated receptive fields of ganglion cells were not

systematically studied.

2.4 DISCUSSION

General comparison with previous studies

The basic responses of chicken retinal ganglion cells revealed in this study are similar
to those documented in previous reports (Miles, 1972; Golcich, 1988). Chicken retinal
ganglion cells were characterized by low or zero spontaneous discharge rates, highly
transient centre firing to a central flashing spot stimulus, and a powerful inhibitory
surround.

However, the proportion of different types of ganglion cells reported by

Miles (1972) in intraocular recording differs from my results. He classified 68% cells
as ON-OFF type, 28% as ON-type and 4% as OFF-type, but noted that proportion of
ON-OFF units might have been underestimated due to the limited range of stimulus
parameters used.

In my study, about 90% cells were ON-OFF cells.

Two other

methodological factors may have contributed to differences in encounter rates. Miles
(1972) recorded from the retina with glass pipettes filled with NaCl, while I used
tungsten-glass electrodes in the superficial layers of the optic tectum.

Despite the

difference in recording sites and electrodes, there was not much difference in the
number of response spikes and response latencies observed in my study and Miles'
study.

Although there is a slight difference in the proportion of cell types, the samples from
my tectal recordings are basically consistent with that from the intraocular recording.
These results suggest that the majority of ganglion cells project to the optic tectum,
although some other ganglion cells do not, such as a group of directionally selective
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ganglion cells which project to the accessory optic system (see Chapter 5).

These

results also indicate the optic tectum is a suitable place to record from the retinal
ganglion cells.

Area-threshold
Two basic types of area-threshold functions of retinal ganglion cells in the chicken
were obtained.

As the stimulus area increased, both types started with an initial

decrease in the threshold, then continued with an increasing (type I) or a constant
extension (type II).

The transition point of the area-threshold curve can be taken as an estimate of the
border of the summative excitatory centre (Barlow, 1953; Cleland & Enroth-Cugell,
1968). However, Donner and Gronholm (1984) pointed out that one may argue that
the entire horizontal part is suppressed by inhibition concealing the real extent of the
excitatory centre. Therefore they recommended a more indirect way of obtaining the
area-threshold function by measuring the latency-intensity curve for each area of the
stimulating spot, then calculating the intensity-shift at a certain latency as the area
changed .

Since the centre-driven response latencies were not affected by the

surround inhibition (Donner, 1981 b ), the shift of the latencies is the result of the
sensitivity increment due to the expansion of the stimulus spot.

Using this method,

surround inhibition will have little effect on the measurement of area-threshold.
my experiments, both the direct and the indirect methods were used.

In

By comparing

these two methods in five neurons, no significant difference in the transition point
of the area-threshold curve was found.

Since the indirect method of Donner and

Gronholm (1984) requires the determination of intensity-latency functions for each
area, it is very time-consuming.

The ref ore, in most cases, only the direct method

was used to determine area-threshold.

41

Chapter 2.

RF centre sizes measured from the transition point of the area-threshold function
were normally found to be smaller (by about 0.5°) than those obtained from mapping
with the flashing spot.

This might be due to the different stimulus intensity levels

used in those two methods, since the intensity for the flashing spot was about 2-2.5
log unit higher than that used in measuring area-threshold functions.

The average

size of the RF centre obtained with a flashing spot from this study (4.1 °) was
similar to that (4.5°) obtained by Golcich (1988) by using same method.

However,

the average size of the RF centre (1.78°) reported by Miles (1972) was much smaller
than my result, which could be due to the different methods used by him. As matter
of fact, Miles did not indicate the method of plotting the RF centre, but it seems
that he used bar stimuli rather than spot stimuli.

It has been found that the RF

centre sizes plotted with sweeping-bar were about 1/3 of that plotted with small
spot, presumably because the inhibitory surrounds were activated with the bar stimuli
(Golcich, 1988).

Another reason for the smaller size of RF centre in Miles study

might be that he recorded more frequently from locations close to the area centralis,
where cells normally have smaller receptive fields.

Type I area-threshold functions are consistent with the model of Miles (1972a) of the
chicken retinal ganglion cells, involving a RF centre surrounded by a silent
inhibitory zone.

However, type II area-threshold functions (the horizontal part of

the type II was very wide, corresponding to 5° - 1o0 visual angle) are difficult to
explain with such a model.

It could be argued that the horizontal extension of those

area-threshold functions resulted from weak inhibition and appropriate temporal
parameters.

However,

the

experiments

on

responsive

surrounds

(see

later)

demonstrated this was not the case.

Silent Surround
The dynamic properties of silent surround inhibition in chicken retinal ganglion cells
were found to be similar to those reported in the frog (Nye & Naka, 1971 ).
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maximum inhibition occurs 40-80 msec after the surround illumination, suggesting
that the surround inhibition has a longer latency than the centre firing. The value of
this surround latency is very close to that of the antagonistic surround of ganglion
cells in the rabbit and cat (Barlow et al., 1964; Rodieck & Stone 1965).

Rodieck &

Stone (1965) estimated the delay time for surround inhibition in those cells was about
60

msec.

This

similarity in

dynamic

properties suggests

that the

surround

organization of ganglion cells in birds and mammals may involve similar mechanisms,
despite the lack of Kuffler-type concentric properties in birds.

The surround inhibition modulation curves (Fig. 2.6) had a steep change within a I
log unit range.

This curve is very similar to the intensity-resp onse function of

amacrine cells, since 90% of the response range of a transient amacrine cell is
generated by about 1 log unit (Werblin & Dowling, 1969, Miller et al., 1979).
Horizontal cells have a wider

intensity-resp onse function with a range about 3 log

units, and bipolar cells have a range of about 2 log units (Dowling & Ripps, 1977;
Werblin, 1977). The similar intensity ranges of surround inhibition and amacrine cell
responses suggest that the silent surround inhibition is functionally linked with
amacrine cells . This issue will be further discussed in the next chapter.

Responsive surround
An annulus located outside the excitatory summative centre mapped by both small
flashing spots and area-threshold functions, often induced firing.

While this annular

stimulation produced firing on its own, when presented together with central
stimulation, the centre-driven activity was inhibited.

That the annulus induced

firing by exciting the RF centre extension was unlikely, since control experiments
showed that two spots within the centre produced a summative response.

This

observation does not support previous reports that the surrounds of the avian retinal
ganglion cells are silent and purely inhibitory (Miles, 1972, Pearlman & Hughes, 1976).
One fact which might explain why Miles missed the responsive surround is that the
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diameter of the excitatory centre he plotted was about 2° while the annulus he used
to test the surround had a inner diameter larger than 4° to 5°. In my study, most of
the excitatory centres were 4° across and the responsive surrounds lay between 5°100. By comparison with the centre size, it is likely that the annulus used by Miles
(1972) was larger than the possible responsive surround.

My results are in agreement with some other studies.

The responsive surround was

observed in chicken retinal ganglion cells by Golcich et al.(1989). Holden (1977) has
noticed that ganglion cell surrounds could produce firing in the pigeon retina, and
called them 'concentric' type.

He found that when the RF centre was adapted to a

steady spot, a response from the surround could be 'brought out' by a annulus.

In Barlow's classic study (1953), frog retinal ganglion cells were reported to have
silent inhibitory surrounds, but Donner & Granholm (1984) found that some of these
surrounds included responsive areas.
region and a silent region.

They divided the surround into a responsive

This kind of surround structure is much more

complicated than the Kuffler 'concentric' type which can be described as a
difference of two Gaussian functions (DOG).

However, the organization of the

responsive surround in frogs and birds is far from clear. Its origin, dynamic
properties and interaction with the silent surround (if any) are still to be established.

Directional Selectivity

In this study, less than 10% of units were found to be directionally selective.

The

percentage is lower than that given by Miles (1972, 18% in chicken) and Holden
(1982, 14% in pigeon).

Since Miles and Holden recorded from the retina, one

explanation of the lower encounter rate of directionally selective units in my study is
that a proportion of directionally selective ganglion cells do not project to the optic
tectum. For instance, some of them could project to the nucleus of basal optic root
(nBOR) and the lentiform nucleus of mesencephalo n (LM) of the accessory optic
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system (AOS) (Karten et al., 1977; Chapter 4 & 5; Bodnarenko et al., 1988).

Due to

the small sampling rate of direction-sele ctive units by recording from the surface of
the optic tectum, their properties were not studied in detail.

Summaries of RF organization

The receptive field of chicken retinal ganglion cells can be divided into centre and
surround regions. The RF centres give a robust ON-OFF transient (although a small
percentage of cells give only ON-, or OFF- responses) to a flashing spot within the
centre.

The RF surrounds show complex properties, and some of them consist of

responsive and inhibitory surround components.

The responsive surrounds, located

between the RF centre and the inhibitory surround, can produce firing as well as
inhibit centre-driven activity. The inhibitory surround suppresses the centre-driven
activity but produces no firing.

This type of RF organization fits the model

proposed for frog retinal ganglion cells by Donner and Granholm (I 984).
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CHAPT ER THREE GANGL ION CELL RESPON SE PROPER TIES IN NMDALESIONED RETINA

3.1 INTROD UCTION

N-methy l-D-aspa rtate (NMDA ) is a structura l analogue of the excitato ry amino acids
(EAA), glutamic and aspartic acids,

potential

NMDA is also a specific neurotox in.

Intravitr eal injection of 10 ul of 200 mM of

NMDA

produces

a

very

specific

(Morgan , 1983c, unpublis hed results).

lesion

of

retinal neurotra nsmitter candidat es.

the

retinal

amacrin e

cell

system

The photorec eptors, horizont al cells and bipolar

cells do not seem be affected by NMDA, and of the ganglion cells only the displace d
ganglion cells which project to the nucleus of the basal optic root and comprise 0.4% of
the total ganglion cell populati on are destroye d (Tung et al., 1989).

Retinal amacnne cells as a class have been thought to play an importan t role in
generati ng complex response f ea tu res at the ganglion cell level. From current theories of
amacrine cell function s (for review see Dowling , 1987 and section 1.3.3), removin g
amacrine cells might lead to the followin g effects:
( 1) If amacrine cells provide the major, if not the only, excitator y drive to the ON-OFF
transient ganglion cells (Dowlin g, 1987; Naka, 1988), the response s of ON-OFF ganglion
cells should be disrupte d or even complete ly abolishe d in the NMDA- lesioned retina.
(2) If amacrine cells provide inhibitor y inputs to ON-OFF ganglion cells or bipolar cells
to generate transient response s (Miller, 1979; Amthor et al., 1982), the transien t response s
of ganglion cells should become more sustained after the lesion.
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(3) If amacnne cells contribu te to the surround organiza tion of the ganglion cells, the
surround should be disrupte d by the lesion.
(4) If the surround organiza tion of the ganglion cell is generate d by horizont al cells and
then passed onto ganglion cells through bipolar cells, then removin g amacrin e cells
should have no effect on these surround s.
(5) If amacrine cells are involved in generati ng complex response propertie s such as
direction al selectivi ty at the ganglion cell level, then those propertie s should be disrupte d
by the lesion.

The aim of the present study is to test those predictio ns by studying the response
features of ganglion cells in NMDA- lesioned retinas.

3.2 METHO DS AND MATERIALS

NM DA-Lesi on

Week-ol d chickens were anaesthe tized with ether and the right eye was injected
intravitr eally with 10 ul of 200 mM of NMDLA (Sigma), or the same amount of distilled
water for the control group.

Then the animals were kept in a 12: 12 light:dar k

environm ent for 3-5 weeks. The injected eye was checked with an ophthalm oscope, and
any animal showing optic abnorma lities was not used for further studies.

Electrop hysiolog y

Electrop hysiolog ical recordin gs from retinal ganglion cell axons in the superfic ial layers
of the optic tectum were conducte d in 4- 7 week-ol d NMDA- lesioned and control
animals as describe d in Section 2.2.

Histolog y
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After the electroph ysiologic al recordin g, the animal was killed with an overdose of
urethane (about 10 ml, 25%), and the experim ental eye was removed from the chickens
for

histological

examina tion.

The eye

cup

was

placed

in

cacodyl ate-buffered

paraformalde hyde fixative (3% glutarald ehyde, I% paraformalde hyde, 0.185% calcium
chloride and 0.035% potassium chloride in 0.1 M sodium cacodyla te buffer, pH 7 .2) for
24 hours, and then in 1% Os04 for 1 hour.

A small block of tissue was cut from the

area correspo nding to the recordin g site in the tectum, embedde d in araldite, and 2 um
sections were cut. Sections were stained with 1 % toluidine blue.

3.3 RESULTS

In all, 72 neurons were recorded and analysed from 19 NMDA- lesioned animals.

The

control data presente d in this chapter for comparis on with data on the NMDA lesioned
retinas have been previous ly describe d in detail in Chapter 2. NMDA- lesioned units had
a similar grating acuities, and required similar lens power for maximu m activity to
control units.

3.3.1 Histolog y of NMDA- Lesion and Encount er Experim ents

Histolog y

Fig.3.1 shows sections of central retina from both control and NMDA- lesioned animals.
The INL and IPL were markedl y reduced in the NMDA- lesioned retina due to the loss
of amacrine cells. In all other respects the NMDA- lesioned retinas appeared normal.

Encounter experime nt

Encount er experim ents were designed to test if the number of ganglion cell axons and
terminal s carrying impulses to the surface of the optic tectum had been changed in the
NMDA- lesioned animals. Encount er rates were determin ed by advancin g the electrode s
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Fig 3.1

Transverse sections through central areas of control (a) and NMDA-lesioned (b)

chicken retinas.

Note in the NMDA-lesioned retina the marked reduction in amacrine

cell numbers which is reflected in the reduced thickness of the INL and IPL. The other
parts of the retina appear relatively normal.

ONL, outer nuclear layer; OPL, outer

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell
layer; OFL, optic fibre layer.
Scale bar, 100 um.
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to the surface of the tectum 80 times 1n the normal and lesioned animals .
frequency of getting no response, single-unit responses and multi-units responses

The
1s

presented in Table 3.1.

Table 3.1
Units

Control

NMDA-lesioned

None

8

7

Single

12

21

Mulitiple

60

52

Totals

80

80

2
2
There is no significance between these two preparations (X =3.2<X .99(2)=9.9), which

means that the NMDA lesion did not alter the encounter rates.

This suggests that

significant numbers of ganglion cells were not lost or silenced in the NMDA-lesioned
birds, and thus that the recordings were from the same population of cells sampled in
control animals. Therefore, a direct comparison was made between those two groups in
this study.

3.3.2 THE RF CENTRE

RF centre size

The RF centre was plotted with a flashing spot (0.4°).
lesioned retina ranged from 2°-6° across.

The RF centre size from the

No significant difference was found in the

mean values of the RF centre size between the NMDA-lesioned and control groups
(control mean diameter: 4.1°±0.9°, n=62; NMDA: 4.2°±0.8°, n=42).

Basic Responses and Transience

49

Chapter 3.

The classification was carried out by using a flashing spot (0.4°) within the RF centre.
The majority (about 90%) of the units recorded from the NMDA lesioned retina were
ON-OFF, just as with control retina.

Only 4 pure ON-units were encountered from 72

units recorded in the lesioned group. No OFF unit was recorded.

TABLE 3.2

There

1s

no

Response type

Control

NMDA-lesioned

ON

11(10%)

4(6%)

OFF

1(1 %)

0(0%)

ON-OFF

100(89%)

68(94%)

Totals

112(100%)

72(100%)

significant

difference

between

these

two

sets

of

data

(X2=0.68<X2 .99(2)=9.9), which implies that the NMDA lesion did not alter the basic
response f ea tu res of the ganglion cells.

All the responses of ganglion cells recorded in

the NMDA-lesioned birds were characteristically transient, normally lasting 20-60 msec.

Fig. 3.2 presents a typical retinal ganglion cell response histogram at different stimulus
intensities from a NMDA unit.
within the RF centre.
response.

The stimulus was a small flashing spot (0.4°) located

For this unit, its ON-response was more robust than the OFF-

As the stimulus intensity decreased, the number of spikes of both ON-and

OFF-responses reduced, while the response latencies increased.

To make further

comparisons between the centre response properties of the NMDA and control groups,
stimulus intensity-number of response spikes function, intensity-latency functions and
intensity-response duration functions of the responses, pooled from 20 neurons of each
group, were plotted in Fig.3.3 (ON-response) and Fig.3.4 (OFF-response).

These two

figures clearly show that there were no significant differences between the control and
the NMDA groups.

These results suggest that elimination of amacrine cells from the
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Fig 3.2

Response histograms of a ganglion cell from an NMDA-lesioned retina. Each

histogram giving the cumulative responses to 10 presentations of a 0.4° spot stimulus.
Like the control, the cell gave characteristic transient responses both to the ON and to
the OFF set of light.

As the stimulus intensity decreased, the number of spikes in the

ON and the OFF responses decreased, while the responses latencies increased. The spot
intensities shown on the left side of each histogram are in log unit.

Intensity zero, the

maximum, was 420 cd/m 2. Background illumination was around I cd/m 2 .

200 msec

Log Intensity
I= -0.6

-1.2

-1. 5

11l

1L _ __
(
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Fig. 3.3

Pooled intensity-response functions of the ON-responses of the ganglion cells

from the control (open circle) and the NMDA-lesioned (filled circle) retinas.
stimulus was a spot (0.4°) located at the RF centre.

The

For each group, the data (Mean ±

S.E.) are pooled from 20 neurons. The control data have been presented in the Chapter
2 (Fig. 2.2)
(A) intensity /response latency function;
(B) intensity /number of spikes per burst;
(C) intensity/ duration function;
Maximum intensity of the spot is 420 cd/m 2 indicated by zero on the x-axis.
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Fig. 3.4 Pooled intensity-response fu nctions fo r the OFF-responses of the ganglion cells
from the control (open circles) and the NMDA - lesioned (filled circles) retinas.
stimulus was a spot (0.4°) located at the RF centre.
S.E.) pooled from 20 neurons.

The

For each group , the data (Mean ±

The control data have been presented in the Chapter 2

(Fig.2.2).
(A) intensity /response latency function;
(B) intensity /number of spikes per burst;
(C) intensity/ duration function;
Maximum intensity of the spot is 420 cd/m 2 indicated by zero on the x-axis.
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retinal circuitr y did not change those basic RF centre feature s.

Howev er, intensi ty vs.

numbe r of response spikes functio n for the OFF firing were less regular in the NMDA lesioned retina, some cells showed a enhanc ement of OFF firing while others seemed to
be normal .

Enhanc ement of OFF-re sponse in NMDA group

One differe nce observe d in the RF centre betwee n those two groups is the behavi our of
OFF-re sponse s. In the control , the ON-res ponses were normal ly more robust than OFFresponses, which was indicat ed by more spikes per burst (1-3 more spikes) , lower
thresho ld intensi ty (about 0.2 log units lower) and a shorter latency (about 10-20 ms
shorter ).

Althou gh most of the NMDA units such as the one shown in Fig.3.2 had a

stronge r ON-res ponse, about 40% of NMDA neuron s showed an enhanc ement in their
OFF-re sponse .

Fig.3.5 present s a set of intensi ty-resp onse histogr ams evoked by a

central flashing spot (0.4°) from one of these cells.

When the stimulu s intensi ty

decreas ed, the ON-res ponse, just as in the control units, was signific antly reduce d, while
the OFF-re sponse was not.

Even after the stimulu s intensi ty was too low to evoke the

ON-res ponse, the OFF-re sponse was still induce d, indicat ing the OFF-re sponse had a
lower intensi ty thresho ld than that of the ON-res ponse.

3.3.3 CENTR E-SUR ROUN D INTER ACTIO N

Area-T hresho ld Function

Area-th reshold functio ns were measur ed in NMDA groups by the same method used for
control s. In the control animals , there were two basic types of area-th reshold functio ns,
type I (30%) and type II (60%). In the NMDA group, for about 15% of cells (3 out of
20), the area-th reshold functio ns had a narrow horizon tal extensi on, indicat ing the
presenc e of the surroun d inhibiti on (type I-like).

While for most of the ganglio n cells

tested (17 out of 20, 85%), the area-th reshold functio ns for the ON-res ponse had a wide
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Fig 3.5 Response histograms of a ganglion cell, which shows enhancement of the OFF
firing, in the NMDA-lesioned retina. Each histogram gives the cumulative responses to
10 presentations of a 0.4° spot stimulus.
each histogram are in log units.

The spot intensities shown on the left side of

Intensity zero, the maximum, was 420 cd/m 2 . At the

high spot intensity, the cell gave a normal ON-OFF responses.

While at low spot

intensity level, the OFF response is more robust than the ON response.
the OFF response had a lower threshold intensity.
1 cd/ m 2 .

Also note that

Background illumination was around

200 ms
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horizontal extension, and showed no tendency to increase even when the area of the
stimulating spot was very large (20°) (type II-like).

Type II- like area-threshold

functions suggested that the surround inhibition was absent.

The higher percentage of

type II-like area-threshold functions in the NMDA-lesioned group may be because
inhibitory surrounds were disrupted.

However for the same NMDA neurons, the area-

threshold functions for the OFF-response were always more or less like those in
controls, suggesting that the surround inhibition for centre-driven OFF-response was not
disrupted as seriously as that of centre-driven ON-response. Fig. 3.6 presents the areathreshold functions from an NMDA neuron, those for the centre-driven ON-responses
were type II-like, indicating

the surround inhibition for ON-response

was

not

detectable, while those for the OFF-responses were type I-like, indicating the existence
of surround inhibition for these OFF-responses.

Silent Inhibitory Surround

The silent surround was studied in the NMDA-lesioned retina by stimulating the
surround with an annulus. The annulus was made large enough not to induce any firing.
To study the effect of silent surround inhibition on centre activity, the annulus was
presented together with a central spot with various different timings and intensities. As
shown in Chapter 2, for the control units, the existence of an inhibitory surround was
shown by the fact that both centre ON-and OFF-responses were suppressed by an
annulus.

The maximum inhibition occurred when the annulus was presented 40-80 ms

ahead of the centre spot.

For the NMDA group, most of the neurons showed no or

very weak surround inhibition of the centre ON-responses, although most of the time
the centre-driven OFF-responses were still suppressed by the surround illumination.
Fig.3.7 shows the response histograms from a NMDA unit.

The centre ON responses

remained no matter whether the annulus was presented simultaneously or 40 msec ahead
of the spot, indicating that the silent inhibitory surround was absent in this cell. Silent
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Fig. 3.6 Area-threshold functions from a ganglion cell in the NMDA-lesioned chicken
retina.

The centre-driven ON-response is indicated by open circles and the OFF-

response by filled circles.

Note that the area-threshold function for the ON-response

had a wide horizontal extension, and did not increase even when the area of the
stimulating spot was very large (20°), indicating that the surround inhibition was absent.
The area-threshold function for the OFF-response showed the existence of the surround
inhibition. Also note for this cell, the threshold sensitivity for OFF-response was about
0.3 log units lower than that for ON-response.
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Fig 3.7

Response histograms show the silent surround inhibition of the centre activity

was disrupted after the lesion.
(a) The RF centre responses to a spo t (0.4°) stimulus . The histogram is the sum of 10
repetitions . The spot stimulus lasted 200 msec and was of 1.5 log units attenuated from
the maximum intensity of 420 cd/m 2 .
(b) no firing was evoked by the presentation of an annulus alone (annulus diameter,
i.d.=8 .5°; o.d.= 12.0°. intensity is 1.5 log unit attenuated from the maximum intensity of
290 cd/ m 2 ).
(c) when the spot and the annulus were presented at the same time, the centre ON
responses was not inhibited by the surround illumination.

Howe ver, the centre OFF

response was suppressed.
(d) when the annulus was presented by 40 msec ahead of the spot, no obvious inhibition
on the centre ON response could be detected, although the centre OFF response
remained largely inhibited.

200 ms
spot

annulus

annulus
spot

It I

annulus
spot

__J

1

( N/13/6-2)
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surroun d inhibiti on on the centre- ON response was lost 1n 26 out 29 cells tested 1n the
NMDA group.

Fig.3.7 also shows that unlike the centre- driven ON-res ponses , the centre- driven OFFresponses were still suppres sed by the annulu s, indicat ing that the surroun d inhibit ion of
the centre- driven OFF-re sponse remain ed in the NMDA group. Out of 30 cells tested,
surroun d inhibit ion of the centre- driven OFF-re sponse was strong in 14, weak in 7 cells
and non-ex istent in 9 cells.

These results suggest that the surroun d inhibit ion of the

centre- driven OFF- response was not as serious ly disrupt ed as that of the centre driven
ON- response.

Table 3.3 shows the sample rate of the silent surroun ds in the control and NMDA lesioned retinas.

For the control group, 28 cells were tested and for the NMDA group

30 cells were tested.

TABLE 3.3
Silent surroun d

Contro l

NMDA -lesion ed

detecte d

20

5

not detecte d

8

25

detecte d

22

14

weak/n ot detecte d

6

16

Totals

28

30

For centre ON-

For centre OFF-

For the surroun d inhibiti on of the centre ON-res ponse, there is a signific ant differe nce
betwee n these two prepara tions (X 2=17. 71 >X 2 .99( 1)=6.63), which means that the silent
surroun ds of the centre- driven ON-res ponse were disrupt ed by the NMDA lesion.
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Howeve r, for the surround inhibitio n of the centre-d riven OFF-res ponse, the differen ce
between these two preparat ions (X 2=6 .26<X 2 .99(1 )=6.63) was insignifi cant.

In the

NMDA- lesioned retina, the silent surround s of the centre-d riven OFF-res ponse may
have been partially disrupte d, but certainly not as seriously as the centre-d riven ONresponse s.

Respons ive Surround

In the control animal, about 70% retinal ganglion cells possesse d a detectab le responsi ve
surround .

An annulus located just outside the centre border produce d a transien t firing

as in the centre, but this stimulus suppress ed centre-d riven activity.

In the NMDA

group, the responsi ve surround was still detected in 8 out 18 cells (Fig.3.8) .

Table 3.4 shows the sampling rates of the responsi ve surround s in the control and
NMDA group.

TABLE 3.4
Respons ive surround

Control

NMDA- lesioned

detected

19(68%)

8(44%)

not detected

9(32%)

10(56%)

Totals

28

18

Althoug h

the

differen ces

between

these

two

groups

are

not

significa nt

2
(X =2.48<X2 .99(1)=6 .63), there is an indicatio n that NMDA lesioning disrupte d the

responsi ve surround .

3.4 DISCUS SION

NMDA-L esion
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3.8

Response histograms showing the responsive surround of a ganglion cell in the

NMDA-lesioned retina.
(a) transient ON-OFF responses to a centre spot (0.4 °). Spot duration, 200 ms; intensity,
0.8 log unit attenuated from 420 cd/m2 .
(b) transient ON response evoked by an annulus (i.d.= 7 .5°, o.d.= 1o0 ). Annulus duration,
200 ms; intensity, 0.6 log unit attenuated from 290 cd/m2 .
(c) when the spot and the annulus were presented simultaneously, the centre response
was suppressed.
Unit Nll/12/6-5.

200 ms
spot
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annulus
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annulus
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NMDA- lesioned

retinas showed similar morphol ogical changes

to

those

normally

observed in this laborato ry (Morgan , unpublis hed result). Photorec eptors, horizont al cells
and bipolar cells were present in normal numbers .

The number of amacrin e cells was

reduced by about 80%, while the number of cells in the ganglion cell layer (ganglio n
cells plus amacrine cells) was only slightly reduced.

The survival of specific groups of amacnne cells has been tested biochem ically and
immuno histoche mically, and

the results are shown in table

The displace d

1.2.

choliner gic amacrine cells (type II) were not markedl y affected by NMDA, while all
other choliner gic
immuno reactive

cells

were.

cells seemed

In addition
to

survive

in

the

dopamin ergic

normal

numbers .

and

substanc e

Thus

defects

P1n

physiolo gical response s at the ganglion cell level would implicat e the type I choliner gic,
GABAer gic, glyciner gic, serotone rgic, and enkepha lin- and somatos tatin-im munorea ctive
amacrine cells in generati ng those response s.

Properti es not disrupte d by NMDA might

involve the type II choliner gic, dopamin ergic or substanc e P-immu noreacti ve amacrine
cells, or other as yet unidenti fied survivin g amacrine cells.

It could also be argued that

sufficien t numbers of the other transmit ter-spec ific amacrine cell types survived to
maintain those propertie s, despite significa nt loss of cells.

This would however imply

that there was massive redunda ncy in the amacrine cell system.

Alternat ively these

propertie s which survived might not involve amacrine cells at all.

The high rate of ganglion cell survival, both morphol ogically and physiolo gically is also
importan t.

Cell counts have shown that most ganglion cells survive the NMDA- lesion,

with less than 15% being eliminat ed, predomi nantly among the large ganglion cells (>25
um 2 , soma area) (Tung et al., 1989). Termina l degenera tion studies using the Fink and
Heimer techniqu e showed that there was significa nt degenera tion of the basal optic root
and the nucleus of the basal optic root, implying that the displace d ganglion cells were
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eliminated . There were no other significant sites of terminal degenerati on (Tung et al.,
unpublishe d results).

Basic Responses of RF Centre

The basic centre properties of ganglion cells, such as the size of the RF centre, ON-OFF
transient responses to a centre spot, the number of response spikes and response latencies
and durations, were not altered by removing large number of amacrine cells.

The RF centre of the ganglion cells from the lesioned retinas still gave transient ONOFF responses to a flashing spot with normal response-i ntensity functions.

Thus

Dowling's scheme (1987) arguing that the transient ganglion cells receive inputs
exclusively from transient amacrine cells seems not operate in the chicken retina, as this
scheme predicts that ganglion cells in the chicken retina would become silent after
NMDA lesioning. My results are consistent with those reported by Golcich et al.( 1989),
whose found that the basic centre-dri ven ON-respon ses remained normal after removal
of the amacrine cells and OFF- bipolar cells with kainate acid (KA).

No significant difference was found between the plotted mean receptive field diameters
of controls and of lesioned retinas indicating that amacrine cell removal does not affect
the receptive field parameters . This suggests that the ganglion cell receptive field size is
primarily determine d by bipolar cell input.

The threshold sensitivity of the ganglion

cells basically remains unaffected by lesioning, although for some cells, the sensitivity of
the OFF-respo nse increased in compariso n with that of the ON-respon se. Overall, these
results indicate that the basic properties of the RF centre have little dependenc e on
amacrine cells, but are determined by bipolar cells inputs.
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Why some of the ganglion cells in the NMDA group have enhanced centre OFFresponses is not clear.

It may be due to the removal of some kind of inhibition of the

centre-dri ven OFF- response by the amacrine cells.

After removal of the amacrine

cells, disinhibiti on would increase the sensitivity of the OFF-respo nses.

It may also be

associated with the survival of some kinds of amacrine cells which contribute to the
centre-dri ven OFF-respo nse, for instance the dopaminer gic amacrine cells, which have
dendritic arborizatio ns in the OFF sublamina of the IPL and remained after the lesion.

ON-OFF Transience
Werblin & Dowling (1969) and Dowling (1987) suggested that the transience of ON-OFF
ganglion cells came from the transience of amacrine cells.

This model is not supported

by my results and by the results of KA-lesion studies (Golcich et al., 1989), since
according to their model, eliminatin g the amacrine cells would disrupt the transience of
ganglion cells.

Neither do these results support models proposed by Miller ( 1979) and

Amthor et al. (1982). In these models, the inhibitory amacrine cells such as GABAerg ic
amacrine cells are thought to be responsible for ON-OFF transience of ganglion cells.
However, my results can be explained by a self-regula tion mechanism at the bipolar cell
terminal (Kaneko, 1989) or at the post-synap tic membrane (Barnes & Werblin, 1985).

In

the former model, transmitte r release from the bipolar cell is transient, although the
bipolar cell bodies show a sustained response.

A threshold operation whereby only the

transient peaks in the bipolar cell responses are transmitte d to the ganglion cells could be
another explanatio n.

Silent Surround
It is generally believed that the surrounds of ganglion cell are first generated in the

bipolar cells as a result of horizontal cell activity (Dowling, 1987).

This scheme could

hardly work where the receptive fields of ganglion cells are created by convergen ce of
many bipolar cells.

My results did not support the idea that the surround of the
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ganglion cells comes from that of the bipolar cells. The transient elevation of the central
intensity threshold and the reduction of central firing induced by stimulatin g the silent
surround as observed in the controls were not found in the NMDA group.

This result

indicates that the silent inhibitory surround is an amacrine cell-media ted phenomen on.
Similar effects were also seen in KA-lesion ed retinas where, after the extensive
destruction of amacrine cells and OFF bipolar cells, the silent inhibitory surrounds were
disrupted (Golcich et al., 1989).

Amacrine cell involveme nt in the surround inhibition

mechanism is also supported by data on the surround intensity-m odulation functions
measured in the control birds (Fig.2.6).

These surround inhibition modulatio n functions

were similar to the intensity-r esponse functions of amacrine cells, suggesting that
surround inhibition depends on the activity of amacrine cells.

However, the smaller effects of amacrine cell removal on the surround inhibition of the
centre-dri ven OFF-respo nses may suggest that the inhibitory surround for centre OFF
responses

was

operated

by different mechanism s

inhibition of centre-dri ven ON-respon se.

from

those

mediating surround

This suggestion remains to be explored in

detail. It would seem to be more likely that surviving amacrine cells are involved, rather
than that the mechanism s of the ON- and OFF- surrounds are different in principle.

Responsive surround
For some cells in the NMDA group, stimulating the responsive surround suppressed
centre activity, indicating that the responsive surround was not disrupted as seriously as
the silent surround. This observatio n suggests that the silent surround and the responsive
surround may be formed by different mechanism s.

Other Trigger RF Features
Trigger RF features such as directional selectivity have been thought to be amacrine cell
mediated phenomen a (for review see Mas land & Tauchi, 1986, Koch et al., 1986).
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The ref ore, eliminatin g the amacrine cells by NMDA is expected to lead to the disruption
of the directional selectivity at the ganglion cell level.

That no directiona lly selective

units were recorded from the NMDA group seems to support this idea. However, since
the encounter rate of directional ly selective units in the control is very small, it is hard
to conclude that the absence of directional ly selective cell in NMDA group was due to
the loss of the amacrine cells. To increase the sample rate of directiona lly selective units
in the control study, I have recorded from another site in the visual pathways, the
nucleus of the basal optic root (nBOR), where the role of amacrine cells in directiona l
selectivity was studied in detail.

Conclusion

The basic centre-dri ven response properties were not altered by NMDA-le sion.

As in

the control, ganglion cells still gave ON-OFF transient responses to a flashing spot
within the RF centre.

Response parameters such as RF centre sizes, response firing

rates, response latencies and durations were not significant ly changed in the NMDAgroup.

These results do not support the models arguing for the amacrine cell

involveme nt in generating the ON-OFF transient responses of ganglion cells.

And they

tend to suggest that the basic RF centre responses are linked with the bipolar cell inputs.

The disruption of the RF surround organizatio n 1n the NMDA-le sioned retina suggest
that the inhibitory surround is an amacrine cell-media ted phenomen on.

The hypothesis

that bipolar cell surrounds alone can account for ganglion cell surrounds is not supported
by these results.

The enhancem ent of OFF-respo nses and the spanng of surround effects on the OFFresponses suggest that there are differentia l effects of NMDA on cells involved 1n the
ON- and OFF- pathways in the chicken retina.
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CHAPTER FOUR RESPONSE PROPERTIES IN THE NUCLEUS OF THE BASAL
OPTIC ROOT

4.1 INTRODUCTION

The accessory optic system (AOS) is a specialized visual pathway which performs a
specific visual function in all vertebrates studied. It receives input from retinal ganglion
cells and sends outputs to the inferior olive and the vestibulocerebellum.

It is believed

to process and transmit information about visual motion from the retina to the
oculomotor nuclei, ultimately controlling eye movements which tend to stabilize the
visual field, performing the function called optokinetic nystagmus (OKN). This view is
supported by electrophysiological studies which show that AOS neurons are highly
motion-sensitive and directionally selective (frog, Kondrashev & Orlov, 1979; Gruberg &
Grasse, 1980; bird, Burns & Wallman, 1981; Morgan & Frost, 1981; rabbit, Simpson et al.,
1979; Soodak & Simpson, 1988; cat, Grasse & Cynader, 1982a, b ).

It is also supported by

experiments which demonstrate that lesioning of the AOS results in disturbances of OKN
(frog, Lazar,1973; pigeon & turtle, Fite et al.,1979).

As a part of AOS, the nucleus of the basal optic root (nBOR) in bird is particularly
interesting.

It receives retinal input exclusively from a well-defined group of retinal

ganglion cells: the displaced ganglion cells (pigeon, Karten et al., 1977; Fite et al., 1981;
chicken, Reiner et al., 1979) and it projects directly to the oculomotor nuclei and the
vestibulocerebellum (Brecha & Karten, 1979).

The response properties of units in the

nBOR have previously been studied qualitatively (Burns & Wallman, 1981; Morgan &
Frost, 1981 ).

They found that nBOR units have large receptive fields, respond best to
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large textured patterns moving slowly (2° -4° /s) in a vertical direction, thus resembling
in behaviour MTN neurons in mammals (for review see Simpson, 1984).

Due to

limitations of the stimulus system used previously, an optical projection system, many
details of the response properties of units in the nBOR, such as spatial and temporal
frequency tuning, remain to be established.

In this study, I present a more quantitative

description of the response properties of nBOR units by using grating stimuli which are
generated on a CRT screen.

4.2 MATERIALS AND METHODS

Animals and preparation
Animals and anaesthesia were described in Section 2.2.

The birds were held 1n a

stereotaxic apparatus modified so that their visual field was minimally obstructed.

The

head was positioned so that the dorsal surface of the frontal and parietal bones was
parallel to the horizontal plane. The coordinates for the nBOR were: A 4.0; L 2.0; V 1.2
(Tienhoven & Juhasz, 1962, Ehrlich & Mark, 1984 ).
xylocaine was applied to the wound.

During surgery, the local anaesthetic

A dental burr was used to drill a small hole in the

skull contralateral to the experimental eye, since the retino-nBOR connection in birds is
totally crossed.

Special care was taken to avoid bleeding when removing the dura prior

to inserting the recording electrode.

All the wound exposed by the surgery was

moistened with chicken Ringer. The cornea of the experimental eye was protected by a
plastic contact lens with zero power.

Electrodes and Recordings
Tungsten-in-glass microelectrodes (Chapter 2 and Chapter 3) were used for recording
from units in the nBOR.

Electrodes with exposed tips ranging from 10-20 um, with

resistances of 0.5-4 Megohms were found to give good extracellular signals.
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spikes were collected with an IBM-AT compatible computer (NEC APC IV, with 40MB
hard disk).

Visual Stimuli and Refracting the Eye

Various visual stimuli were generated on a CRT screen (Tektronix 608) through an
image synthesizer (Piccaso ). The image synthesizer was controlled by the same computer
used for collecting the responses.

Moving gratings with different spatial and temporal

frequencies and contrasts were used.

The CRT screen was placed about 10 cm away

from the experimental eye, and the stimulus covered about 55° visual angle.

Since the

nBOR units normally have large receptive fields, a window was placed in front of the
CRT screen to minimize edge effects(note in discussion).

The contrast of the gratings

was defined as (Lmax-Lmin)/(Lmax+Lmin). The mean luminance of the CRT screen was
30 cd/m 2 . Background illumination was kept at a level of 1.5 cd/m2 .

As the CRT screen was placed very close to the eye, special care was needed to focus
the screen on the retina by placing an appropriate lens in front of the eye. The required
lens power was first roughly assessed with a retinoscope, with an additional -10 D due
to the short distance between the eye and the screen (10 cm). Finally, after a single unit
had been isolated, the power of the lens was adjusted so that the unit would respond to
the finest possible grating (about 0.2 cycles/ 0 ) (see Chapter 2).

Computer programmes

The AT computer was equipped with a RW206 interface board (Ausonics Pty. Ltd). The
RW206 interface board consisted of an 8088 CPU, 128 KB of memory, an interrupt
controller, a timer, and analog and digital input and output ports. The environment was
DAOS - the data acquisition operating system (Laboratory Software Associates).

For

off-line data processing and graphics, another software package, MATLAB (Math
Works, Inc.), was also used.

All the programmes used to control the image synthesizer
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for generating visual stimuli, and to collect and process the responses were developed by
me. The programme for Fast Fourier Transform (FFT) used to analyse the direction and
orientation components of the responses was provided by Dr. Worgotter (Caltech).

Histology

Recording sites were identified by passing a positive current (IO uA) for 10-30 sec
through the electrode to lesion the tissue at the end of a recording session. The brain
was removed and fixed in 4% formaldehyde for 3-5 days, then kept in 4% sucrose until
the brain sank.

40-60 um sections were cut on a freezing microtome, mounted onto

gelatinized slides, stained with cresyl violet, dehydrated in alcohol, cleared in xylene and
coverslipped.

4.3 RESULTS

In all, 33 units from 13 chickens were successfully recorded from and analysed.

4.3. l Recording Sites And Single Cell Responses

Recording Sites

The nBOR is a rather small nucleus located at the ventral surface of the mid-brain. The
electrode the ref ore has to penetrate through the entire depth of the brain to reach the
nBOR, and thus the nBOR was not always encountered on the first penetration. If no
typical visual response was encountered during one penetration of the electrode, then the
electrode was pulled out and advanced to a location about 0.2 mm away, and this process
was repeated until typical visual responses were recorded.

At the end of recording

session, the location of the electrode was marked by lesioning with a current.

Fig.4.1

shows the location of the nBOR, the round grey dark-stained area at the ventral of
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Fig 4.1.

Transverse section of the brain of a chicken.

The round dark area is the

nBOR. The electrode tracks and lesion spot, which are indicated by arrows, can be seen
within the nBOR. Scale bar, 1 mm.

''

•

,l

.

'

·-· ·- ..

I

.:

".

...
I
I'

.'

:~.
.

'.

..

••

,,

. ,

I

•

,,

:;

"•
..,

.

.
'I

r

-

I

.
,.- .

•

.

~

•

..

#

.•

.

.

.,

. <I
l

-.

--.

.

-

..

....
#

,.

/ J

.
. I ;

nBOR

'1

...

..

...

...

. ---

-

\

f'

,

- -

Chapter 4.

brain.

The dark lines and spot are the electrode tracks and the

lesion.

The recording

electrode was clearly within the nBOR during the recording session.

Single Cell Responses

With a recording electrode 1n the nBOR, large action potentials could be recorded with
good isolation. Fig.4.2A shows two kinds of action potential which have been recorded.
One starts with a negative peak then a positive peak (a), the other starts with a positive
peak then a negative peak (b).

Both those two signals must come from post-synaptic

units in the nBOR, since they have large receptive fields.

Fig.4.2B shows the response

of a typical nBOR unit to a moving grating stimulus. The unit is directionally selective,
with a preferred excitatory direction upwards.

4.3.2 General Response Features

All units recorded in the nBOR had large receptive fields.
discharge rates ranging from 2 to 60 spikes/second .

They had maintained

All of them gave very weak or no

response to small objects, for example, a stationary flashing spot (1 °-2°), within their
receptive field.

Almost all the units recorded were OFF- units, since when they were

stimulated by a large flashing field, they responded to the OFF-set of light.

Fig.4.3

shows the OFF-response of a typical nBOR unit responding to a sinusoidally flashing
field.

In about 3 out of 13 birds, weak ON- visual evoked responses were occasionally

encountered during the recording session, but these responses did not show any
directional selectivity. Whether they were from units in the nBOR or from nearby tissue
was not clear.

4.3.4 Response To Motion
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Fig 4.2 (A)

Wave forms of action-potentials recorded from nBOR. (a) biphasic

negative-positive (b) biphasic positive-negative peak. According to Bishop et al. (1962),
they are probably associated with axon and cell body recordings respectively.

(B) Response spikes of a nBOR unit, which shows directional selectivity. (a) when the
CRT screen had zero contrast, the neuron had a maintained firing rate of about 13 Hz.
(b) the excitatory response to a sinusoidal grating moving in the preferred exci tatory
direction, in this case vertically upwards.

The gratings had a spatial frequency of 0.2

cycles/degree, a temporal frequency of 3.2 Hz, and a contrast of 0.2.
(c) the inhibitory response to the grating moving in the inhibitory direction, in this case
vertically downwards. The maintained discharge rate was suppressed.
(d) when the grating returned to zero contrast, the neuron resumed firing at its
maintained firing rate. Mean luminance 30 cd/m 2 . Unit no. cjbc.

A

10 msec

a

10mV

b

+

B
a

1 sec

b

I

C

d
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Fig 4.3.

This figure shows the response of a typical nBOR unit to a sinusoidally

modulating field on the CRT screen.

The unit responded to the decreasing intensity

(off-phase). Intensity contrast was 0.6, with a mean luminance of 30 cd/m 2 .
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All the nBOR units were found to be motion-sensitive, 1n that they gave a more robust
response to moving patterns than to flashing fields or counter-phase gratings.

Contrast sensitivity

NBOR units were very sensitive to contrast. Their responses reached saturation level at
relatively low contrast (about 0.4-0.5) when the grating stimulus moving in the preferred
direction.

NBOR units showed directional selectivity at very low contrast level , from

about 0.05. Over the operating range, some cells showed a relatively linear relationship
between the contrast and the response discharge rate at low contrast level, while others
showed less linearity. In the rest of this study, the contrast of gratings was always kept
at a low level, less than 0.5.

Directional selectivity

NBOR units were highly directionally selective, preferring vertical movements, either up
or down.

Fig.4.4a presents the response histograms of an nBOR unit with a preferred

direction up, and Fig.4.4b presents those of one with a preferred direction down. When
the movement was in the inhibitory direction (approximately 180° to the preferred
direction), units showed inhibitory responses which depressed their firing rate below the
maintained rate, sometimes down to the zero.

It is also noticeable that the cell in

Fig.4.4a had a low maintained firing rate (about 4 spikes/sec) while the one in Fig.4.4b
had a high maintained rate (about 20 spikes/sec). Both the low and the high maintained
rates were encountered in the upwards and downwards units . Fig.4.5 and Fig.4.6 show
the polar plots of four typical directional responses of nBOR units.

Fig.4.5 presents two

cells which had preferred directions upwards, one cell with a high maintained firing rate
(a), the other with a low maintained firing rate (b ).

Fig.4.6 shows two cells which had

the preferred direction downwards, one with a high maintained firing rate (a) the other
with a low maintained firing rate (b ). For both upwards and downwards cells, the cells
with the lower maintained discharge rate had more sharply tuned directional polar plots ,
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Fig 4.4. nBOR units show directional selectivity.

Two types of nBOR units have been

encountered with different preferred excitatory direction to a moving grating.

The

direction of the moving grating is indicated by the arrows in the centre. The black bar
at the top stand for the time course of the moving gratings, bef ore and after the bar the
CRT screen had zero contrast.
(a) a unit with a preferred excitatory direction upwards.

The response histograms of 2

repetitions show that when the grating moved up, the response increased, while when
the grating moved down, the response firing decreased to below the maintained firing
rate. When the grating moved backwards or forwards, the response fi ring rate was close
to the maintained rate.

The maintained firing rate was about 20 Hz.

Stimulus

parameters: spatial frequency, 0.1 cycle/ degree; temporal fre quency, 1.6 hz; contrast,
0.15; mean luminance, 30 cd/ m2 . Unit no., cmd.
(b) the response histograms of 2 repetitions of a nBOR unit with preferred excitatory
direction downwards.

The response histograms of 2 repetitions show that when the

grating moved down , the response increased, while when the grati ng moved up, the
response firing decreased to below the maintained firing rate.

When the grating moved

backwards or forwards, the response firing rate was close to the maintained rate.
maintained firing rate was about 4 hz.

The

Stimulus parameters: spatial frequency, 0.2

2
cycle/ degree; temporal frequency, 3.2 hz; contrast, 0.3; mean luminance , 30 cd/ m .
Unit no., cmc.
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Fig 4.5.

Polar plots of directional tuning for two nBOR units with preferred direction

upwards.
(a) this unit had a maintained firing rate of about 30 hz which is indicated by the circle
in the graph.

Stimulus parameters: spatial frequency, 0.1 cycle/degree; temporal

frequency, 1.6 hz; contrast, 0.15; mean luminance, 30 cd/m 2.
(b) this unit had a maintained firing rate of about 11 hz.

Stimulus parameters: spatial

frequency, 0.4 cycle/degree; temporal frequency, 0.8 hz; contrast, 0.5; mean luminance,
30 cd/m 2 .

Note that the directional selectivity tuning of the cell with the higher maintained firing
rate (a) is wider than that of the cell with the lower maintained firing rate (b ).
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Fig 4.6. Polar plots of directional tuning for two nBOR units with preferred direction
downwards.
(a) this unit had a high maintained firing rate of about 38 hz.

Stimulus parameters:

spatial frequency, 0.2 cycle/degree; temporal frequency, 3.2 hz; contrast, 0.15; mean
luminance, 30 cd/m 2.
(b) this unit had a low maintained firing rate of about 3 hz. Stimulus parameters: spatial
frequency, 0.3 cycle/degree; temporal frequency, 1.6 hz; contrast, 0.5; mean luminance,
30 cd/m 2 .

The same phenomenon observed in Fig 4.5 was seen. The directional selectivity tuning
of the cell with the higher maintained firing rate was wider (a) than that of the cell with
lower maintained firing rate (b).
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and the cells with higher maintained discharge rates had mote broadly tuned curves
which were still directional ly selective.

This correlation between the shape of the

directional selectivity tuning curve and the maintained firing rate was clearly illustrated
by plotting the tuning width, which is defined as the width of half amplitude of the
responses, against the maintained firing rate.

Fig.4. 7 shows such a correlation between

the maintained firing rates and the tuning width (n=2 l ).

There was a close correlation

between the maintained firing rates and the tuning width with a correlation coefficien t
of 0.94.

This result implies that the directional tuning of the directiona l componen t is

constant for all the cells, the difference in polar plots being entirely due to the
maintained discharge.

Extrapolat ing to zero maintained firing rate, a directiona l tuning

width of approxima tely 50° is obtained.

This was found to be true by plotting the

response after subtracting the maintained firing rates.

The response induced by

movement (RIM) was defined as the difference between the total response and the
maintained firing rate. Fig.4.8 presents the RIM, which were normalised to one, against
direction for 6 nBOR units, among them 3 had a higher maintained firing rate and the
other 3 had lower maintained firing rates.

The tuning widths for the RIM curve are

very similar, with the mean value of the tuning width at 80°±5° (Mean± S.E.,n=6). This
value is larger than that obtained from the extrapolat ion method (50°) , which might be
due to the small sample size with the latter method.

Temporal frequency tuning

Previous studies (Burns & Wallman, 1981, Morgan & Frost, 1981) have reported that the
nBOR units respond to slow velocity movement s (2°-4° /s).

To study their dynamic

properties, responses of nBOR units to various gratings with different spatial frequencie s
moving in the preferred direction at different temporal frequencie s were collected.
Fig.4.9 plots response rate vs. velocity at different spatial frequencie s of the grating
moving in the preferred direction.

The curves shifted to higher values in the velocity

domain when the spatial frequency

decreased.
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Fig (4. 7)

The directional tuning width is defined as the width correspond to the half

maximum amplitude of the absolute response firing rates. The directional tuning widths
are correlated with the maintained firing rates. The correlation coefficient is 0.94.
regression line (y(x)=2.8x+49) is a least-squares fit to the data.
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Fig 4.8

This figure presents the normalised response induced by movement (RIM)

tuning curves of 6 nBOR units with preferred direction upwards.

The RIM is defined

as response minus maintained firing rate. Three of the units with low maintained firing
rates ( <20 hz) are indicated by

*.

The other three cells with higher maintained firing

rates (>20 hz) are indicated by

0

The directional tuning widths, defined as the width

.

correspond to the half maximum response amplitude, for all these cells were very
similar. The mean value is 80°+5. o0 (Mean+S.E.,n=6).
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Fig 4.9. An example of a nBOR neuron responding to temporal frequency rather than
velocity.
(a) velocity tuning curve at different spatial frequencies. Note the curves shift to higher
values in the velocity domain, when the spatial frequency decreases.
(b) when the same data as in (a) are plotted in the temporal frequency domain, the
curves overlap. The optimal temporal frequency is about 1.6 hz.
Note that in (b ), at different spatial frequencies, the basic shape and the peak of the
temporal frequency tuning were not altered, indicating that the time-space parameters
were separable. Note however that the response level varied with spatial frequency.

The maintained firing rate of this cell was about 4 hz. The stimuli were gratings moving
in the preferred excitatory direction with a contrast of 0.5 and a mean luminance of 30
cd/m 2 .
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Fig 4.10

Spatial frequency tuning curve of an nBOR unit at different stimulus

velocities. The stimuli were sinusoidal gratings moving in the preferred direction. Note
that the curves shift with different velocities. Contrast, 0.3; mean luminance 30 cd/m2 .
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Fig 4.11

Spatial frequency tuning curve of an nBOR unit.

This neuron had a spatial

frequency tuning curve independent of the temporal frequency of the stimulus.

The

optimum spatial frequency was not altered by varying the temporal frequency. Only the
amplitude of the response increased.

This result indicates that the temporal and spatial

properties of this neuron were separable. Contrast, 0.4; mean luminance 30 cd/m 2 .
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Fig. 4.12 Spatial frequency tuning curve of an nB OR unit.
is not independent of the temporal frequency.
optimum spatial frequency changed.

Note the spatial frequency

As the temporal frequency varied, the

The result indicates that the temporal and spatial

properties of this neuron were not separable. Contrast, 0.35; mean luminance 30 cd/ m2 .
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cycles/ degree spatial frequen cy was about 16° /s, while for 0.8 cycles/ degree was about
2° /s (Fig 4.9a). When the same data were plotted in the tempor al frequen cy domain , the
curves for this cell overlap ped, with a commo n optimu m tempor al frequen cy of about
1.6 Hz (Fig 4.9b ).

This result indicat es that the nBOR units respond to the tempor al

frequen cy rather than velocity. The tempor al frequen cy tuning curves were measur ed in
five neuron s, and all of them gave similar results, that the tuning was to tempor al
frequen cy rather than velocity.

Three cells gave optimu m tempor al frequen cies about

1.6 Hz, while the other two gave optimu m tempor al frequen cies about 3.2 hz.

Spatial frequen cy tuning

The spatial frequen cy tuning curves of nBOR units were measur ed with a grating
stimulus moving in the preferred directio n. Fig.4.10 plots the respons e of a cell against
spatial frequen cy measur ed at differe nt velocities.

The peaks of the curves shifted at

differe nt velociti es, indicat ing that spatial frequen cy

and

velocit y are

not

two

indepen dent parame ters extract ed by the nBOR units.

Since the nBOR units were sensitiv e to the tempor al frequen cy, spatial frequen cy tuning
curves were measur ed at various tempor al frequen cies.
one typical nBOR unit.

Fig.4.11 shows the result from

The optimu m spatial frequen cy (about 0.2 cycles/ degree ) was

not altered by varying the tempor al frequen cy.

Only the amplitu de of the respons e

change d. This indicat es that the response of this neuron to spatial frequen cy is separab le
from the tempor al frequen cy.

Three neuron s from the four tested showed this kind of

separab ility. Howev er, the other cell showed that the respons e to spatial frequen cy could
not be separat ed from that to tempor al frequen cy, since spatial frequen cy tuning varied
at differe nt tempor al frequen cies (Fig.4.12).

4.4 DISCU SSION

4.4. l Single Cell Record ings
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The recording sites have been confirmed to be within the nBOR by the electrode tracks
and lesioned spots.

However, when the electrode was within the nBOR, three kinds of

sites might have been recorded from: ganglion cell axons, the somata of nBOR units and
the axons of nBOR units.

The previous recordings from the avian nBOR did not

identify those three possible signals (Burns & Wallman,1981; Morgan & Frost,1981).
this study, the responses were always from units post-synaptic to ganglion cells.
signals can be easily identified from their large receptive fields.

In

These

Their receptive fields

were too big to be due to a single retinal ganglion cell, and must be formed by
convergence of many ganglion cell inputs.

The reason why no responses from the

ganglion cell were recorded might be that the ganglion cell axon terminals which entered
the nBOR were too small to be picked up by the electrodes used .
recorded from the nBOR had two different waveforms.

The responses

Bishop et al. (1962) have

studied the association between recorded waveforms and their origins (pre-synaptic,
post-synaptic and cell body components) in the lateral geniculate nucleus (LGN) in the
cat.

By comparing the two recorded waveforms in this study with those studied by

Bishop et al. ( 1962), the waveform in Fig.4.2A b seems to be identical to the type 'b' of
theirs, and could come from the region of the cell body of nBOR cells. The other type
(Fig.4.2Aa) could come from the post-synaptic axons of the nBOR cells since, due to the
large receptive field, it cannot come from the axons of the retinal ganglion cells
themselves.

4.4.2 Visual Stimuli
Almost all other studies on AOS physiology have been carried out using an optic
projector system to produce visual stimuli. The advantage of optic projector systems is
that it can produce very large visual stimuli, which can cover almost the whole visual
field of the experimental eye.

Large visual stimuli have proved to be important to

evoking nBOR responses. The disadvantage of this approach is that it can only generate
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very limited kinds of stimuli, contrast, and in particular spatial and temporal frequencies
are difficult to vary.

The patterns generated by optic projector systems normally have very high contrast. For
instance, the pattern used by Morgan and Frost (1981) had a contrast about 0.9.
used by Burns and Wallman (1981) was not specified.

That

However, the responses of the

nBOR units, like that of most other movement detection neurons (Dvorak et al., 1980),
are saturated at relatively low contrast level (about 0.5).

Saturating stimuli can easily

reduce the tuning of response when other parameters are varied. In my study, by using
a CRT screen, it was easy to generate stimuli with variable contrast and spatial and
temporal frequencies.

Low contrast (less than 0.5) gratings were always used to avoid

saturation.

My studies also differ in the stimulus pattern used.

Julesz and random noise patterns

were used by Morgan & Frost (1981) and black and white random patterns by Burns &
Wallman (1981 ).

With these 2-dimensional patterns, it is very difficult to change

systematically the spatial and temporal frequency.

In this study, I used gratings (both

sinusoidal and square wave) with the advantage that the spatial and temporal frequency
can be easily quantified and varied.

The disadvantage of grating stimuli is that they

introduce orientation signals in the stimulus. Morgan & Frost (1981) mentioned there is
a significant difference between the responses to texture pattern (Julesz and random
However, they did not report what was the

noise) and those to the gratings pattern.

difference. I did not investigate other stimulus patterns in this study.

The visual stimulus in my study was about 55° in diameter.

Although this stimulus

may not have been big enough to cover the entire receptive field,
was used to minimize edge effects (Palka, 1965).
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4.4.2 General Comparison With Previous Results

The response properties of avian nBOR units have been previously studied qualitatively
(chicken, Burns & Wallman, 1981; pigeon, Morgan & Frost, 1981 ). My observations are in
general agreement with those studies in that the nBOR units have large receptive fields
and respond best to large patterns moving up or down with a inhibitory response in the
opposite direction.

Burns and Wallman (1981) noted that the preferred and null

directions were not strictly at 180°.
detail in my study.

This asymmetry was seen, but not investigated in

However, some of the f ea tu res of the nBOR units were not

previously discussed.

OFF-Units
All of the nBOR units which showed directional selectivity in my study were OFFunits. This observation is consistent with my observation that all the displaced ganglion
cells, which are the exclusive retinal afferents to the nBOR, have their dendrites
confined to distal half of the IPL (Chapter 5), which corresponded to the OFF sublamina
- sublamina a (Famiglietti et al., 1977, Nelson et al., 1978).

Morgan & Frost (1981) did

not discuss this issue. Burns & Wallman ( 1981) described their results in a rather unclear
way, in which they said " OFF units are found most frequently, but ON units and ONOFF units also occur".

One explanation to this result might be that a part of nBOR

(nBORl) may actually belong to the mesencephalic lentif orm nucleus (LM) (Ehrlich &
Mark, 1984), and units in the LM are ON- type.

In contrast to the chicken, the rabbit

has MTN units which are sensitive to vertical movement and are ON-responding. They
may receive their retinal inputs from the ON-directionally selective ganglion cells
(Simpson et al., 1979, Soodak & Simpson, 1988). Functionally, MTN neurons in the rabbit
and the nBOR neurons in the bird seem to be identical, since both of them are involved
in vertical OKN.

But how and why in the evolution they have developed opposed

response polarities is not clear.
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Direction al Selectivi ty Tuning and Maintain ed Firing Rates

Differen t maintain ed firing rates were found for the nBOR units.

If the direction al

selectivi ty tuning curves were plotted as the absolute response firing rates, the tuning
width varied with the maintain ed firing rates, which tended to suggest that the nBOR
units were heteroge neous.

Howeve r, if allowanc e was made for the maintain ed

discharg e, the nBOR units showed very similar tuning widths.

This suggests that the

nBOR units are homogen eous in terms of their direction al tuning.

Whether the

differen ce in maintain ed firing rates has any physiological function is not clear. It could
be argued that the maintain ed firing rates of some of the nBOR units could have been
reduced by the urethane anaesthe sia used in this study (Duff & Cohen,1 975). Howeve r,
this effect seems not to be large, at least for the chicken retinal ganglion cells which
project to the tectum, since these cells in unanaest hetized chickens show similar
maintain ed firing rates, i.e. zero, to those observed in the urethane -anaesth etized chicken
(Miles, 1972, Chapter 2).

Moreove r, there was no obvious correlati on between the

maintain ed firing rates and the time after the applicati on of urethane observed in this
study.

This also tends to suggest that urethane had only a minor effect on maintain ed

firing rates.

Spatial frequenc y

The experim ental eyes were carefully refracted in this study by placing an appropri ate
lens in the front of them.

The power of the lens was adjusted to optimize single unit

responses to fine gratings. This means that the relativel y low optimum spatial frequenc y
(about 0.2 cycles/d egree) of the nBOR probably reflects a relativel y coarse sampling
array in the retina.

This idea is supporte d by my results on the distribut ion of retinal

displaced ganglion cells (Chapter 5).

There are only 4,000 displace d ganglion cells per

retina, and they are uniform ly but sparsely.

The diameter s of the dendritic field of

displaced ganglion cells were about 500-600 um.
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(RMF) for the 3-4 week-ol d chicken was reported to be about 150 um/ 0 (Ehrlich , 1981 ),
the dendritic fields of the displace d ganglion cells correspo nded to 3.5°-4° in the visual
field, which is about 0.25-0.3 cycles/ 0 in the spatial frequenc y domain.

Thus the

optimum spatial frequenc y correspo nded approxim ately to the dendriti c field of DRGC
detected .

Tempora l frequenc y

Due to the stimulus pattern used, previous studies on the physiolo gy of AOS neurons in
all species have claimed that AOS units were selective for speed (for review see
Simpson , 1984 ).

By systemat ically varying spatial and tempora l frequenc y and speed, I

found that the nBOR units are tuned to tempora l frequenc y, rather than to speed with
grating stimuli. This result is consisten t with the Barlow and Levick ( 1965) two-cha nnel
veto scheme based on the direction ally selective ganglion cell of the rabbit, and with the
correlati on-like model, first proposed by Hassenst ein and Reichard t (1956) to explain
insect optomot or behaviou rs, and later extended to explain human motion percepti on
(Van Stan ten & Sperling , 1985, Watson & Ahumad a, 1985, Adelson & Bergen, 1985).

The

correlati on-like model suggests that the motion informat ion is extracte d by a elementa ry
motion detector (EMD) which involves two linear filters, multiplic ation and tempora l
averagin g.

The predicte d outputs of an EMD as a function of tempora l frequenc y are

very similar to those observed in the nBOR units (Fig.4.9b ), whereas the gradient models
did not predict similar curves (Buchne r, 197 4 ).

Some nBOR units show space-tim e separabi lity in the sense that the peak of the spatial
frequenc y tuning is independ ent from the temporal frequenc ies and vice versa.

Similar

results have been reported for the striate cortex neurons in the cat (Tolhurs t & Movshon ,
1975; Bisti et al.,1985; Baker & Cynader ,1988).

Howeve r, another neuron of the nBOR

tested show some degree of time-spa ce insepara bility, although it still did not code
velocity. Some neurons in the extrastri ate visual areas such as primate MT area and cat
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Table 4.1 Contribution of maintained (M) and direction (D) and orientation (0) induced
responses of the responses of 7 nBOR units. The values are gain (spikes/sec):p hase
(degree).

Unit

M

D

0

D/0

CMDA

30.9:-

36. l :97

2.9:189

12.4

CKBA

41.3:-

21.5:91

4.1:153

5.3

CKAA

41.5:-

29.9:86

5.8:184

5.1

CJJB*

22.8:-

23.9:83

8.6:182

2.8

CJJC*

20.1:-

30.9:80

13.2:175

2.4

CKCB*

7.2:-

6.9:292

3.4: 14

2.0

CMCA*

9.1:-

14.5:260

7.2:172

2.0

* Note: for every cell, the strength of the directional component was larger (2-10 times)
than the strength of the orientational component, indicating that the nBOR units are
more direction than orientation sensitive.

However, the smaller D / 0 ratios for those

cells (*) with low maintained firing rates are not correct, but under-estima ted due to a
flaw in the Fourier analysis approach.
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Area 18 show insep arable depen dence on time and space param eters
(New some , et al.,
1983; Bis ti et al., 1985). These result s sugge st that more than one mech
anism for motio n
detec tion could exist in the nBOR .

Howe ver, more units need to be analy zed to clarif y

this issue.

NBOR units are direct ion rather than orient ation select ive

Altho ugh gratin g stimu li have the advan tage that their spatia l and tempo
ral frequ encie s
can easily be varied , they introd uce a poten tial orien tation signa l,
and the respo nse to
the gratin gs could be a mixtu re of a respo nse to direc tion and to orien
tation .

Attem pts

to separ ate the effec ts of orien tation from direc tion on the respo nses
were first carrie d
out by Henr y et al.(1974) in the cat cortex .

Recen tly, Worg otter and Eysel (1987)

propo sed a metho d for deter minin g the orien tation and direc tion comp
onent s from the
respo nse polar plot using Fouri er analysis.

By assum ing that the intera ction betwe en

orien tation and direc tion is very small, the direc tion of the stimu lus
has a perio dicity of
360 degre e where as the orien tation is repea ted every 180 degre es.

The refore, after the

fast f ourie r transf orma tion (FFT ) of the respo nse polar plot, the direc
tiona l contr ibutio n
can be interp reted as the first order and orien tation as the secon
d order Fouri er
comp onent s.

IR(O)

= Ao

+ ~ [Ajcos(jO) + Bjsin(jO)]
J

IR(O) is the impul se rate of a nBOR cell when the gratin g is movin g
in the direc tion of
the visua l field.

For j= 1,2, simpl ifying that Bj=O. Ao is the maint ained disch arge rate,

A 1 is the gain of direc tion comp onent and A2 is the gain of orien tation
.

By using this metho d, the respo nse polar plot of nBOR units were
decom posed to a
Fouri er series and their direc tion and orien tation comp onent s were
calcu lated.
(4.1) shows the orien tation and direct ion comp onent s of seven nBOR
units.
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for direc tion were larger than for orien tation , indica ting that the nBOR
units have a
stron ger direc tion comp onent than an orien tation comp onent .

Howe ver, there is an

association betwe en the maint ained firing rates and the ratio betwe en
the direc tion gain
and the orien tation gain (D/0) . For those cells with highe r maint ained
firing rates, D/0
were 5-13, while for those cells with lower maint ained firing rates (indic
ated by *), D/0
ratios were lower (abou t 2).

These lower D/0 ratios are not corre ct estim ates of the

relati ve streng ths of the direc tion and orien tation comp onent s, and
are under estim ates.
This error is introd uced by the Fouri er analysis itself.

For cells with low maint ained

firing rates, their responses 1n the inhib itory direc tion were trunc
ated.

This would

contr ibute to a highe r value of the secon d order coeff icient A2 (the
orien tation gain) .
There fore, the metho d propo sed by Worgotter and Eysel (1987) only works
well for cells
with suffic iently high maint ained firing rates.

But never theles s, the much stron ger

direct ion comp onent s calcu lated from this metho d suggest that the nBOR
units are more
direct ion than orien tation selective.

The use of gratin gs as the stimu lus in this study ,

there fore, is valid, since they prima rily evoke direct ionall y select ive respo
nses.
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MORPHOLOGICAL STUDIES OF DISPLACED GANGLIO N CELLS

5.1 INTRODU CTION

In birds, displaced retinal ganglion cells (DRGCs) are a unique class of ganglion cell.
They are unique not only in that their cell bodies are displaced to the inner nuclear layer
(INL), but also in that they have a specific central projection to the nucleus of the basal
optic root (nBOR), a componen t of the accessory optic system (AOS) (pigeon, Karten et
al., 1977; Fite et al., 1981; chicken, Reiner et al., 1979).

The DRGCs (apparentl y the sole

retinal inputs to the nBOR) (Karten et al., 1977) have been suggested to be directiona lly
selective,

and

to

mediate

oculomoto r

reflex

behaviours .

Electrophy siological

investigati ons of avian nBOR have supported this idea since nBOR neurons are highly
motion sensitive and directional ly selective to the movement of large parts of the visual
world (pigeon, Morgan & Frost,1981 ; chicken, Burns & Wallman,1 981; Chapter 4).

In

addition, recordings from the retina show directly that the DRGCs are directiona lly
selective (Britto, personal communic ation). In the mammals, ganglion cells projecting to
the medial terminal nucleus (MTN), a componen t of the AOS which may functional ly
correspond to the nBOR in birds (Mc Kenna & Wallman, 1985), tended to be a uniform
class.

However, all of them were confined to the ganglion cell layer (rabbit, Oyster et

al., 1980; Buhl & Peichl, 1986; cat, Farmer & Rodieck, 1980; rat, Dann and Buhl, 1987).
In the frog (Montgom ey et al., 1981) and chinchilla (Kimm et al, 1979), a few of them are
displaced.

The ganglion cells which project to the MTN may also be directional ly

selective (Simpson et al., 1979).

The directional selectivity of retinal ganglion cells has been extensivel y studied
electrophy siologicall y in a variety of species (Maturana et al., 1960; Maturana, 1962;
Barlow et al., 1964; Barlow & Levick, 1965;

Michael, 1966; Stone & Fabian, 1966).

However, in only two cases has direct morpholog ical characteriz ation of physiologi cally
identified directional ly selective cells been reported.
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In the rabbit, Amthor et al. (1984)
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first identified directional ly selective retinal ganglion cells by extracellul ar recording,
and then intracellul arly injected the same cells with HRP.

In the isolated turtle retina,

De Voe et al. (1982) used intracellua r recording and staining techniques . The morpholog y
of ganglion cells projecting to the AOS in the rabbit and rat have been described
recently by retrograde labelling (Farmer & Rodieck, 1982) and intracellua r staining with
Lucifier Yellow (Buhl & Peichl, 1986; Dann & Buhl, 1987). The resolution of the
dendrites was good in the latter studies.

All these cells shared common morpholog ical

features of the kind described by Amthor et al.(1984), namely highly branched and
convoluted dendritic trees.

From pharmacol ogical studies, it has been proposed that the directiona lly selective
ganglion

cells

receive

synaptic

inputs

from

the

cholinergi c

amacrine

GABAergi c amacrine cells (Masland & Ames,1976 ; Ariel & Daw,1982a ,b).

cells

and

But the

anatomica l evidence is limited, although Famigliett i (1987) and Yaney et al. (1989) have
reported that the dendrites of the cholinergic amacrine cells are associated with those of
presumed directional ly selective ganglion cells at light microscop e level. They identified
the directional ly selective cells by choosing ganglion cells stained by Golgi techniques or
filled with Lucifier Yellow which resembled the cells studied by Amthor et al. (1984)) in
the rabbit retina.

The retinal distributio n of the DRGCs in the bird retina has been previously studied by
retrograde labelling of HRP injected into the nBOR (Karten et al., 1977; Reiner et
al., 1979; Fite et al., 1981 ).

But little is known about their dendritic morpholog y,

lamination and the relationshi p with other retinal neurons.

Since the large retinal

DRGCs were found to be the only retinal inputs to the nucleus of basal optic root
(nBOR) in birds (pigeon: Karten et al., 1977; Fite et al., 1981. chicken: Reiner et al.,
1979), a neural tracer, can be injected into the nBOR to retrograde ly and selectively
label the DRGCs.

Here I present the morpholog ical description of the DRGCs (the

directional ly selective cells) in the chicken, by using the techniques Buhl and Peichl
(1986) applied in the rabbit.

In addition, I also describe the relationshi p between

Lucifer Yellow-fil led DRGCs and the cholinergic amacrine cell by using two methods:
(a) counter-st aining for acetylcholi neserase (AChE) activity and (b) double-sta ining the
retina with anti-cholin e acetyltrans ferase (ChAT).
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5.2 MATERIALS AND METHOD S

Selective Labelling DRGCs

5-6 week old chickens (Gallus gal/us), anaesthetiz ed with a mixture of ketamine:r ompum
(5: l) in water at approxima tely 60: 12 mg/kg were held in a stereotaxic apparatus
modified for chickens. The head was positioned so that the dorsal surface of the frontal
and parietal bones was parallel to the horizontal plane (Tienhove n and Juhasz, 1962).
The coordinate s used to locate the nBOR were: A 4.0, L 2.0, V 1.2.
local anaesthest ic (xylocaine ) was applied to the wound.
a small hole on the skull.

During surgery,

A dental burr was used to drill

Fast blue was injected into the nBOR by using a l O ul

Hamilton syringe stereotaxic ally.

In order to increase the chance of hitting the target,

normally two penetration s 0.1-0.3 mm apart on each side of the brain were made.

For

each penetratio n, 2 ul of 4% fast blue (Dr. Illing GmbH & Co. KG) in 2% dimethyl
sulphoxide (DMSO) was injected.

Except in the initial experimen ts, both sides of the

brain were injected. In one experimen t, fast blue was injected into the nBOR, and 3 ul
of rhodamine beads (Katz et al., 1984) was injected into the superficial layers of the
optic tectum.

After 3-4 days chickens were killed with an overdose of urethane (8-10 ml of 25%
urethane injected intrabdom inally).
serrata.

Eyes were isolated and hemisected around the ora

All the vitreous and lens were removed and the eye cups were fixed in 2%

paraformaldehy de in 0.1 M phosphate buffer (ph 7.4,PB) for about 30 minutes.

After

fixation, eye cups were washed thoroughly with a large volume of PB, then the retinas
were separated and kept in 0.1 PB at 40 C
Masland, 1984).

for injection of Lucifer Yellow (Tauchi &

In several cases, the brain was removed and fixed in 4% formaldeh yde

for 3-5 days, then put into 4% sucrose until the brain sank.

40-60 um sections were

then cut on a freezing microtome , mounted onto gelatinized slides and stained with
cresyl violet, dehydrated in alcohol, cleared in xylene and coverslipp ed.
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For the purpose of studying the retinal distribut ion and soma size of fast blue-lab elled
cells, retinas were fixed in 4% paraformalde hyde for 2 hours, then flat-mou nted onto a
slide and coverslip ped in glycerine . Leitz Ploempa k filter block A was used to view the
fast blue-lab elled cells, and filter block N was used for cells labelled with rhodami ne
beads on a Leitz (Ortholu x-II) microsco pe equipped with epifluore scence.

Photogra phs

were taken and a camera lucida was used to map the distribut ion of the labelled cells.
The locations of the cell bodies were entered into an Apple II compute r by using a
graphics -pad for nearest neighbou r distance analysis.

Intracell ular Injection Of Luc ifer Yellow

Gently fixed retinas were cut into several pieces radially.

One piece of tissue was

carefully flat-mou nted onto a slide with the optic fibre layer up. Millipor e filter paper
with a small aperture was used to cover the tissue and PB was dropped onto the tissue to
keep it wet.

The slide then put on the stage of a Leitz microsco pe.

with fast blue could be clearly detected with filter block A.

DRGCs labelled

A long working distance

objectiv e (Leitz Wetzlar L 32/0.40) was used to provide more space for the injecting
electrode .

Glass-el ectrodes with a resistanc e of about 100 M. ohms in 0.1 PB were pulled from
capillary tubing (FHC, 1.2 mm OD x 0.6 mm ID) using a glass puller (Mecane x Geneve,
BB-CH) .

Then the electrode was filled with 4% aqueous Lucifer Yellow solution, and

held in a microma nipulato r (Goodfe llow) at about 300 from the horizont al. Using Leitz
filter block A, both the tip of electrode and the fast blue labelled cells could be seen.
Under visual guidance , the electrode was advance d to a single fast blue-lab elled cell.
Since all the fast blue-lab elled cells were DRGCs, their somata were located not in the
GCL, but in the INL.

The IPL in the chicken retina is extreme ly thick in compari son

with that of many other species such as rabbit and cat, and the injecting electrod e had
to penetrat e through the OFL, GCL and IPL before reaching the target.

To do this

efficient ly, both the electrode and the stage of the microsco pe were moved up and
down.

When the tip of the electrode touched the surface of a labelled cell body, the

microma nipulato r was gently tapped to provide a sudden force for pushing the electrode
into the cell.

Lucifer Yellow was then iontopho retically injected with negative current
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(1-2 nA) for about two minute s. After injectio n, the filter was switche d to block D for
a better view of the Lucife r Yellow. filled cell. A perman ent record of most of the cells
was then made photog raphica lly, usually at x160 or xlOO magnif ication on Tri-X 400
film (Kodak ). For colour slides, Ektach rome 400 (Kodak ) film was used.

Howev er, in

all the cases, the photog raphs were poorer than the image viewed directly with the
microscope. Norma lly for one piece of tissue, 3-4 cells could be success fully injecte d.

Transv erse Section

Some pieces of retina which contain ed Lucifer Yellow -filled cells receive d anothe r 1-2
hours fixation in 4% parafor maldeh yde and were then embedd ed in Agaros e .
transve rse sections of the retina were cut using a vibrato me.

40 um

For some cells, sections

were collecte d and mounte d on gelatin ized slides and coversl ipped in glyceri n for
photog raphing .

Sections from other cells were used for double -labelli ng of the

choline rgic amacri ne cells as describ ed below.

Labelli ng Of Choline rgic Amacri ne Cells

To test whethe r the dendrit es of DRGC s were in close proxim ity to those of the
choline rgic amacri ne cells, transve rse sections of the retina contain ing the dendrit es of
Lucifer Yellow -filled cells were further processed to label the choline rgic amacri ne cells.

Counte r-staini ng for AChE activity

Some sections were reacted for AChE activity by

the method of Karnov sky and Root (1964).

The incubat ion solutio n was made as

follows:
5 mg acetylth iocholi ne iodide (A TCH) in 6.5 ml 0.1 M sodium maleate buffer (pH
6).

add in 0.5 ml 0.1 M sodium citrate
add in 1 ml 30 mM copper sulphat e
add in 1 ml water and 1 ml 5 mM potassi um f erricya nide

Sections were incubat ed for about 20 minute s. The reactio n was fallowe d using a light
microsc ope and the reactio n was termina ted when an approp riate degree of labelling had
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been achieved .

Since the labelled AChE bands were seen as dark lines with the filter

for Lucifer Yellow, both the AChE bands and Lucifer Yellow- stained DRGC dendrite s
could be seen at the same time.

lmmunoh istochem istry for ChAT

Other sections were

incubate d with rabbit anti-

chicken ChAT diluted 1:5000 in PB overnigh t at 40 C, washed in several changes of PB,
incubate d for 4 h in rhodami ne-label led goat anti-rab bit IgG diluted 1:300 with PB,
washed in several changes of PB and finally coverslip ped for viewing under the
fluoresce nce microsco pe.

5.3 RESULTS

5.3.1 Location of Injection Site

At the beginnin g, in order to find out the exact location of the nBOR in birds of the
age used in these experim ents, HRP was injected into one eye of a animal.
Subsequ ently, the contrala teral nBOR was clearly labelled by HRP products .

These

results were used as a referenc e in followin g the experim ents to check if the fast blue
injection site was located within the nBOR.

In the initial experim ents, 3 chicken brains were sectione d to check the injection site.
All these had only DRGCs retrograd ely labelled, and were found to have needle tracks
and an injection site within the nBOR.

In later experim ents, if only the DRGCs were

labelled in the retina, the brain was not sectioned .

5.3.2 Selective Labellin g Of DRGCs

Under the fluoresce nce microsco pe, ganglion cells retrograd ely labelled after injection of
fast blue into the nBOR could be easily identifie d, even at relativel y low magnific ation.
All the labelled somata were located in the INL.

In flat-mou nt preparat ions, this could

be determin ed by the depth of the focus from the surface of the retina.
particula rly easy in the chicken retina because the IPL is very thick.
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Fig. 5.1

One neural tracer, fast blue, was injected into the nBOR,

while another,

rhodamine beads, was injected into the optic tectum.

(a) When the focus was on the INL, with a filter for fast blue fluorescence, the labelled
displaced ganglion cell somata and their main dendrites were detected.

(b)

When the focus was on the ganglion cell layer, with a filter for rhodamine

fluorescence, the labelled conventional ganglion cells were detected.

Note the relatively small population and coarse distribution of the displaced ganglion
cells which project upon the nBOR in comparison with those of the conventional
ganglion cells which project upon the optic tectum.

Although there were some labelled

big ganglion cells (about 15-20 um) in the ganglion cell layer, the displaced ganglion
cells had a much bigger average soma size than the conventional ganglion cells.

No

rhodamine labelled ganglion cell were detected in the INL, indicating that the displaced
ganglion cells do not project to the optic tectum.

Equally, no fast blue-labelled

cells

were detected in the GCL indicating that the nBOR exclusively received inputs from the
displaced ganglion cells.
Scale bar: 100 um.

a

b
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Fig.5.1 a shows an array of fast blue labelled DRGC s, with the focus on the INL.
The
prima ry dendri tes of the labelled cells, could be seen. In the same anima l, injecti
on of
rhodam ine beads into the surfac e of the optic tectum , resulte d in labelli
ng of
conve ntiona l gangli on cells in the GCL (Fig.5.1 b ).

Since the two popula tions of

gangli on cells were in differ ent focal planes , and were viewe d throug h differ ent
filters ,
they could not be seen in one photog raph. By compa ring Fig.5.1 a with Fig.5.1
b, it is
clear that the cell bodies of DRGC s were larger than those of the conve ntiona l
gangli on
cells, but the cell densit y was much lower.

In only 2 cases from 20 anima ls, a patch of conve ntiona l gangli on cells in the
GCL, as
well as DRGC s, was found to be labelled follow ing the injecti on of fast blue
into the
nBOR. The soma size and the cell densit y of the labelled gangli on cells in
the GCL
were simila r to those of gangli on cells labelled by rhodam ine beads inject ed
into the
optic tectum . The labelled conve ntiona l gangli on cells were confin ed to a small
retinal
patch while labelle d DRGC s were always evenly distrib uted throug hout the whole
retina.
There fore, the labelli ng of conve ntiona l gangli on cells in these cases seems likely
to have
been due to the nearby optic tract or tectum being hit accide ntally by the
inject ing
needle.

5.3.3 Distri bution Of DRGC s

DRGC s were evenly distrib uted throug hout the retina.

The dot-de nsity diagra m

(Fig.5.2a) shows the numbe r of cells/m m 2 sampl ed from differ ent locatio n across
the
retina. It can be seen that the cells were conce ntrate d slightl y in the periph eral
retina ,
where the cell densit y could be as high as 18 cells/m m 2 , compa red to only
about 8
cells/m m 2 in the centre .

In total about 4,000 DRGC s were labelle d per retina.

This

estima te comes from measu ring the cell densit ies at differ ent retinal locations.
Althou gh
most cells were about 200 um from their neares t neighb our, occasi onally paired
cells
were encou ntered which were within 40-80 um of each other. But there
was no
meani ngful differ ence in soma size and dendr itic morph ology betwe en the paired
cells
and single cells. Occasional paired cells also have been report ed in rabbit and rat
retinas
for the gangli on cells projec ting to the MTN (Buhl and Peichl , 1986; Dann and
Buhl,
1987).
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Fig. 5.2.
(a) Dot-density diagram for the displaced ganglion cells.

The displaced ganglion cells

had a higher density in the retinal periphery than that in the centre.

S, superior;

I,

inferior; T, temporal; N, nasal.
(b)

Nearest neighbour distance analysis (Wassle & Riemann, 1978) for the displaced

ganglion cells.

A patch of retina from the periphery (about 4 mm from the geometric

centre) and a patch of retina from the centre were chosen for this measurement.

The

location of the cell bodies was entered into the computer by using a graphics-pad. Then
the frequency distribution of nearest neighbour distance was calculated.

The mean

distance of each displaced ganglion cell from its nearest neighbour in the periphery was
about 186 um, while it was 233 um in the centre.

The fitted curve (R) is the random distribution:

p(r) = 21rrexp(-1rdr 2 ), where d is the cell density.

The fitted curve (N) is normal distribution:

p(r)

=k

2

exp(- I / 2((r-u)/ s) , u: mean distance; s: standard deviation.

The data were not well fitted by either of the curves, indicating that displaced ganglion
cells were less regularly but not randomly distributed.
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A patch of peripheral retina and a patch from the centre were taken for nearest
neighbour analysis (Fig.5.2b) (Wassle and Riemann, 1978). Neither Gaussian nor Poisson
distributions fitted the data well. The paired cells explain the relatively large number of
short nearest neighbour distances.

Some labelled soma ta were fairly circular, other were elliptical.
axis/longer axis for the elliptical cells ranged about 0. 7-0.8.
the longer axis in the elliptical ones was used.

The ratio of shorter

For measuring soma size,

The soma size of the DRGCs ranged

from 14 um to 30 um. They were on average bigger than the conventional ganglion cells
projecting to the tectum as shown in Fig.5.1 b, although occasionally some big ganglion
cells were also labelled in the ganglion cell layer after injections into the tectum.
size increased from the central retina to the peripheral retina.

Soma

Fig.5.3a show the

dependence of soma size on the eccentricity (referred to the geometric centre of the
retina).

By taking a patch of retina from the centre and one from the periphery, the

soma size histograms were plotted out in Fig.5.3b.

There was no obvious overlap

between the two histograms.

5.3.4 MORPHOLOGY OF DRGCs

Fig.5.4a shows a array of fast blue-labelled DGRCs.

After intracellular injection of

Lucifer Yellow, the dendritic fields of the DRGCs were revealed (Fig.5.4b).

The

injected cell, which was located in the peripheral retina (about 6.5 mm away from the
geometric centre), showed very bright fine dendrites on a dark background.

This cell

had a circular soma, with four to five primary dendrites which repeatedly branched up
to 8-9 times to form a complex and dense dendritic tree with a diameter of about 380
um.

The dendritic tree was roughly radially symmetrical with the soma at the centre.

The higher-order dendritic processes sometimes overlapped and were clearly beaded.
Occasional spiny dendritic protrusions were also seen. The fine dendritic processes were
not confined only to the area distal to the soma, but some of them were close to the cell
body. This feature was found for all filled cells.
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Fig. 5.3
(a) The soma diameter of the displaced ganglion cells plotted against the distance from
the geographic centre of the retina.

The soma size gradually increased from the retinal

centre to the periphery.

(b)

Frequency histogram of the soma diameter of the displaced ganglion cells.

The

dashed line presents the cells from a patch in the retina centre while the solid line is
that from the periphery.

Cells in the centre were smaller than those in the periphery.

Note that there was little overlap due to the fact that these two patches of retina were
far apart.
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Fig. 5.4.

At the same magnification, (a) shows an array of displaced ganglion cells

labelled with fast blue, and (b) after injection of one cell Luc ifer Yellow. This cell had
a rather circular cell body and four-five primary dendrites which ramified to form a
radially symmetric dendritic field.

The dendritic field diameter was about 380 um.

Note that the peripheral dendrites were quite varicose.

Scale bar: 100 um.

a

b
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Fig. 5.5 shows the morphology of some other displaced ganglion cells.
(a)

A cell with an elliptical cell body gave rise to two major dendrites which branched

to form an asymmetrical dendritic tree. Eccentricity was 7 .5 mm.
(b) A cell with a elliptical dendritic field. Eccentricity, 6.3 mm.
Scale bar: 100 um.
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The morphology of another DRGC which had an elliptical cell body is presented in
Fig(5.5a).

This cell had a maximum dendritic field diameter of about 480 um and a

soma diameter of 24 um, located 7 mm away from the geometric centre of the retina.
The elliptical cell body gave rise to two prominent major dendrites at the two poles of
the soma, and two relative thin dendrites.

These dendrites kept branching to form a

relatively sparse dendritic tree which was also elliptical.

Fig.5.5b shows another DRGC

with an elliptical dendritic field (the ratio of short axis/long axis was about 0.5).

The

elliptical cells were found at all retinal locations, but were more frequent in the
peripheral retina. The total population of elliptical cells was smaller than that of those
with circular cell bodies.

However, there is no reason at this stage to divide the cells

into two different groups, since no other important differences between them were
observed.

It was always hard to get good quality pictures of the stained DRGCs in the retinal
centre.

The reason may be that the central region of the retina is very thick (the

distance from the retinal surface to the INL could up to 200 um in the chicken).

This

may result in relatively poor filling due to problems with electrode penetration, coupled
with a reduction in the image quality.

Fig.5.6 shows a Lucifer Yellow-filled cell at different focal planes. When the focus was
on the IPL, the highly branched dendritic tree could be seen (Fig.5.6a). When the focus
was on the optic fibre layer, a bright axon could be seen (Fig.5.6b ).

5.3.5 Transverse Section View

In transverse section, all the DRGCs examined were very similar.

Fig.5.7a IS a

transverse section of a typical DRGC located in the peripheral retina.

The most

characteristic feature of the DRGCs was that their cell bodies were not in the GCL but
on the border of the INL and the IPL.

A prominent axon descended straight through

the IPL and GCL and joined the optic fibre layer.

The primary dendrites leaving the

soma went down into the IPL, and the finer processes were In general confined in the
outer part (about one third) of the IPL and kept running within that sublamina
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Fig. 5.6. shows a Lucifer Yellow-stained cell at different focal planes.
(a) When the focus was on the IPL, the dendritic tree was clearly detected;
(b) when focus was on the OFL, the prominent axon was observed.

Scale bar: I 00 um.

a

b
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Fig. 5. 7 (a) In transverse section, displaced gan glion cells had a large cell body situated
on the INL/IPL border, with a prominent axon descending through the IPL to join the
optic fibre layer.

Dendrites descended initially into the IPL, then ran horizontally

through sublamina a (the OFF-sublamina) of the IPL.

All cells examined in transverse

section were of this kind. ON: outer nuclear layer, OP: outer plexiform layer, IN: inner
nuclear layer, IP: inner plexiform layer, G: ganglion cell layer, OF: optic fibre layer.

(b)

In two displaced ganglion cells, the Lucifer Yellow- filled dendrites were not

confined to the OFF-sublamina. They continued into the inner part of the IPL (indicate
by arrows), although where they terminated was not clear.

Scale bar: 100 um.
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Fig. 5.8 shows co-lamination of the dendrites of the displaced ganglion cells with those
of the presumed OFF-cholinergic amacrine cells , revealed by counter-staining for
acetylcholinesterase (AChE) activity.

(a) Staining for AChE activity of a transverse sec tion of the chicken retina.

The two

major bands stained in the IPL have been shown to correspond to the dendrites formed
by type I and type II cholinergic amacrine cells res pec tively (Millar et al., 1985).

(b)

Transverse vi bra tome section through a Luc ifer Yellow-filled displaced ganglion

cell.

Note the axon descending through the IPL, and the unistratified dendrites in the

distal IPL.

(c)

A transverse section through a Lucifer Yellow-filled displaced ganglion cell,

counter-stained for AChE activity.

Note the Lucifer Yellow- filled dendrite of a

displaced ganglion cell running within the distal AChE band in the IPL.

Scale bar: 100 um.

a
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Fig. 5.9. shows the co-lamination of the dendrites of the dis placed ganglion cells with
these of the presumed OFF-cholinergic amacrine cells (type I), revealed by double
staining with anti-choline acetyltransferase.

(a) In this section the Lucifer Yellow-filled dendrites of a displaced ganglion cell ran in
one stratum (the distal sublamina) marked by the arrow, across the IPL.

Note that the

dendrite extended for about 500 um.

(b)

In the same section viewed with a different filter, cholinergic amacrine cells were

stained with rhodamine-labelled second antibody and anti-choline acetyltransferase.
Note the cholinergic amacrine cell bodies in the INL and the GCL. The arrows indicate
the two cholinergic bands in the IPL for med by the conventional amacrine cells (type I,
presumptive OFF type) and the displaced cells (type II, presumptive ON type)
respectively.

(c) Double exposure demonstrates that the dendrites of the type I cholinergic amacrine
cells and the displaced ganglion cell co-laminate.

Scale bar: 100 um.

a

b

C
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horizontally. In 2 out of 25 cells sectioned dendritic branches also entered the inner part
of the IPL, although where they finally ramified is not known (Fig.5. 7b ).

5.3.6 RELATIONSHIP TO THE CHOLINERGIC AMACRINE CELLS
AChE Activity

Fig.5.8a shows a transverse section of the chicken retina stained to reveal AChE.

The

two major dark bands are the dendrites of cholinergic cells, corresponding to the
cholinergic bands detected by anti-ChA T immunohistochemistry (Millar et al., 1985).
The outer-most band is the dendritic plexus of type I cholinergic amacrine cells and the
inner one is that of the dendrites of type II cells (Millar et al., 1985). Fig.5.8b shows a
transverse section through a Lucifier Yellow-filled DRGC counter-stained for AChE.
The initial dendrites descended towards the distal AChE band in the IPL, and a axon
descended through the IPL. The distal dendrite of the Lucifer Yellow-filled DRGC ran
within the outer-most AChE band (Fig.5.8c).

ChAT staining

Fig.5.9 shows a transverse section of the chicken retina which contains a dendrite of a
DRGC filled with Lucifier Yellow. This fortunate section seemed to run along a single
straight dendrite, so that a continous length was seen in one section.

It ran for up to

500 um horizontally in the OFF-sublamina of the IPL (see Fig.5.9a). The same section
was double-stained with anti-ChA T to reveal the cholinergic amacrine cells.

Three

populations of cell bodies of the cholinergic amacrine cells, and their dendrites labelled
by rhodamine were seen with the filter block for rhodamine.

Type I cells had their

soma at the border of the INL and the IPL and their dendrites in the OFF-sublamina of
the IPL, while type II cells were displaced amacrine cells with their dendrites in the
ON-sublamina of the IPL (Fig.5.9b).

With double exposure of the section viewed

through the filter for Lucifier Yellow and the filter for rhodamine, the dendrites of the
DRGC overlapped with the dendrites of the type I cholinergic amacrine cells (Fig.5.9c).

5.4 DISCUSSION

5.4.1 DRGCs And Their Dendritic Morphology
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The results of this study support the conclusions previously reached by Karten et
al.(I 977), Fite et al.(I 981) and Reiner et al.(I 979) that DRGCs are the only source of
retinal afferents to the nBOR component of the AOS, since following injections of fast
blue into the nBOR, conventional ganglion cells were generally not labelled. In the two
of twenty cases where conventional ganglion cells were labelled, sectioning of the brain
showed that the injections had also reached the optic tract.

Rhodamine beads injected

into the optic tectum failed to label any DRGCs, which is also consistent with Karten et
al.'s observations, but not with the results from another research group, which has
reported that DRGCs project to the optic tectum of chicken (Crandall et al., 1977a, b;
Heaton et al., 1979).

In the pigeon retina, about 10-15% of DRGCs were found to be

tyrosine-hydroxylase (TH) immunoreactive, suggesting that those DRGCs may be
catecholaminergic (Britto et al.1988 ).

My estimate of the total number of DRGCs in the 4-week old chicken was around 4,000
cells per retina, somewhat lower that the figure reported by Reiner et al. ( 1979), who
found that the maximum number of DRGC counted was age-dependent (3,600 in 2-day
old, 6,900 in 3-week old and 7,700 in adult birds). Why the number of DRGCs should
increase with age is not clear, particularly since Heaton et al.(I 979) found that they were
developed at a relatively early stage. By using a silver stain method, Prada et al. (I 989)
reported that there were over 10,000 displaced ganglion cells per retina in 4-week old
chickens.

All those displaced ganglion cells were claimed to have a similar appearance

to those projecting to the nBOR. My estimate of the number of DRGCs is closer to that
given by Keyser et al. (I 988), who found that there were about 4,000 displaced ganglion
cells highly labelled in immunohistochemical studies of nicotinic acetylcholine receptors
in the chicken retina.

The lower figure obtains some support from a cytochrome

oxidase staining study of the chicken retina (Li & Morgan, personal communication).
One type of cytochrome oxidase-labelled DRGCs had large cell bodies and projected to
the nBOR.

Their estimate of the number of the DRGCs which project to nBOR was

about 5,000. Another type had small cell bodies and did not project to nBOR, although
where they project to is unknown.

Unless the silver staining technique of Prada et
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al.( 1989) was totally specific, DRGCs other than those which project to the nBOR could
have been counted.

However, the counts in my study could be an underestimate since

the fluorescent tracer, fast blue, fades relatively rapidly, which could lead to loss of
visibility of the labelled cells at later stages of the experiment. Also it was possible that
the nBOR was not completely filled with fast blue, resulting in less labelling of the
DRGCs. This might have been expected to lead to variable labelling across the retina,
but this was not observed.

Difference in the estimate the of total number of DRGCs

could also come from the different methods to count them.

What I measured were cell

densities at about 10 different retina locations, and multiplied by the area.

In other

studies, all cells were counted. My approach is obviously subject to greater error in this
respect. Whatever the precise numbers of DRGCs projecting to the nBOR, all estimates
agree that they are a minor population compared to the ganglion cell population in the
GCL, where the densities reach 25-30,000 cells/mm 2, with total ganglion cell numbers
around 1 million (Ehrlich, 1981 ).

The DRGCs which project to the nBOR are characterized by large somata (14-30 um in
diameter) whereas the soma size of conventional ganglion cell is normally less than 10
um, although some big conventional ganglion cells (about 15-20 um) were labelled after
the injection of rhodamine beads into the optic tectum.
Nissl-staining studies by Ehrlich (1981).

Similar cells were found in

All the studies support the idea that the

DRGCs are more concentrated in the retinal periphery than the centre, in contrast to the
higher cell densities in the central retina for conventional ganglion cells (Ehrlich, 1981).
It is interesting to note that the type I cholinergic amacrine cells, which appear to have a

preferential relationship with the DRGCs which project to the nBOR, are at higher
densities in the central retina than the peripherial retina (Millar et al., 1987a). It is often
assumed that the mosaics of functionally linked cells within the retina will be similar,
but these results do not support this idea.

Karten and his colleagues (Karten et al., 1977; Fite et al., 1981; Reiner et al., 1979) used
HRP to retrogradely label DRGCs in the avian. They found that the initial dendrites of
DRGCs entered the outer part of the IPL. However, the HRP reaction product was not
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strong enough to reveal the dendritic branching pattern and the dendritic field size.

In

this study, by using the technique of intracelluar staining with Lucifier Yellow, I was
able to characterize the dendritic morphology of the DRGCs in the chicken.
dendritic branching pattern of DRGCs was relative uniform.

The

3-5 primary dendrites left

the soma, then branched dichotomously 6-8 times to form a complex and dense dendritic
tree, which was sometimes circular and sometimes elliptical. However, whether the cells
with a circular dendritic field and the cells with an elliptical dendritic field should be
classified into different subtypes is not known.
dendritic processes close to the cell bodies.

All the filled DRGCs had some fine

This suggests that the synaptic inputs and

computation of directional selectivity could take place in the regions close to the soma,
therefore solving the problem of possible gaps in the receptive field which arises if all
inputs to a directionally selective ganglion cell are on the dendritic tips (Koch et
al., 1982), a problem raised by Levick and Dvorak (1986).

The dendritic fields of DRGCs ranged from 400 um to 600 um in diameter, while the
cell density in the central retina was around 8 cells/mm 2 , and 12-18 cells/mm 2 in the
retinal periphery.

If we take the average dendritic field diameter as roughly 500 um,

this gives an area of approximately 0.2 mm 2 .

Dendritic coverage can be estimated by

multiplying the area of dendritic field by the cell density.

In the peripheral retina, the

coverage factor of DRGCs was about 2 to 3, while in the retinal centre the coverage
factor was about 1-2.

In contrast, the ganglion cells which project to the MTN in the

rabbit and rat had higher densities in the retinal centre than that in the retinal
periphery. But in the rabbit, the dendritic area decreased from the retinal centre to the
periphery, which resulted the coverage factor was constant over the retina (about 5-6)
(Buhl & Peichl, 1986).

However, in the rat, the dendritic area varied little with retinal

eccentricity, and the coverage factor was about 5-6 in the retinal centre and about 1-2
in the retinal periphery (Dann & Buhl, 1987).

5.4.2 Comparison With Other Species

Almost nothing is known about the dendritic morphology of avian retinal ganglion cells,
so it is impossible to make direct comparison between the DRGCs and other retinal
ganglion cells within birds.

However, quite a few studies have been reported on the
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morphology of all kinds retinal ganglion cells in other species.

I will concentrate on

comparison with directionally selective ganglion cells.

Buhl and Dann ( 1988) have characterized the morphological f ea tu res of DRGCs in the
rat retina.

Although there are some similarities in the retinal distribution and dendritic

pattern between the DRGCs in the rat and that in the chicken, they are probably
different functional classes, because the DRGCs in the rat
colliculus rather than to the AOS.

project to the superior

In the frog (Montgomey et al., 1981) and chinchilla

(Kimm et al., 1979), some DRGCs project to the AOS.

But their detailed morphology

has not been reported.

Retinal ganglion cells projecting to the MTN in various mammals were found not to be
DRGCs (cat, Farmer & Rodieck,1980; rabbit, Oyster et al., 1980; Buhl & Peichl,1986;
rat, Dann & Buhl, 1987).

In those species, the ganglion cells projecting to the MTN

were more concentrated in the retinal centre than in the retinal periphery, while in the
bird, DRGCs were more dense in the peripheral retina.

The total number of DRGCs

labelled in the chicken and the pigeon is larger than that of ganglion cells projecting to
the MTN in the cat, rabbit and rat.

The morphological f ea tu res of the retinal ganglion

cells projecting to the AOS in the rabbit and rat have been fully studied (Buhl & Peichl,
1986; Dann & Buhl, 1987).

There are many similarities in dendritic f ea tu res between

those cells and the DRGCs in the chicken.

All of them were characterized by 4-6

primary dendrites which ramified to form higher order fine processes, creating a
complex dendritic field.

The fine processes had a beaded appearance.

In this respect

the cells resemble those filled by Amthor et al. (1984, 1989), reinfarcing the idea that
those dendritic features are important for directional selectivity. The dendritic fields of
the DRGCs in the chicken were slightly larger than those in the rabbit and rat. Most of
the DRGCs in the chicken investigated were unistratified, their fine dendritic processes
normally running horizontally within the outer sublamina of IPL, consistent with their
OFF-responses.

In the rabbit, the MTN-projecting cells were unistratified in the inner

sublamina of the IPL, consistent with their ON-responses, although a few of them were
bistratified in visual streak area (Buhl & Peichl, 1986).

5.4.3 Directional Selectivity Of Retinal Ganglion Cells And AOS
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Electrophysiological studies in various species have shown that units within the AOS are
highly directionally selective and motion-sensitive. In the rabbit, MTN neurons are ONdirectionally selective (Simpson et al., 1979) with

properties similar to

the

directionally selective retinal ganglion cells (Barlow et al., 1964; Oyster, 1968).

ON-

It is

therefore thought that the MTN receives inputs from the ON-directionally selective
retinal ganglion cells (Oyster, 1980; Simpson et al., 1984 ). This hypothesis is supported by
the morphological data reported by Buhl and Peichl ( 1986), in which they found that the
morphological features of MTN-projecting cells, such as the size of their dendritic field,
and their dendritic ramification in the ON-su blamina of IPL correspond to the features
of ON-directionally selective retinal ganglion cells detected by electrophysiology (Barlow
et al.,1964).

The dendritic patterns of the MTN-projecting cells were also found to be

similar to those of ON-OFF directionally selective ganglion cells in an individual
sublamina described by Amthor et al.(1984 ).
branched, very complex dendritic field .

Both of these two cells have a highly

This feature is consistent with the theoretical

calculations which suggest that directional selectivity requires small diameter dendrites
with a high degree of branching (Koch et al., 1982).

In the

chicken,

the electrophysiological

properties of retinal DRGCs have been

determined (Britto, personal communication).

The DRGCs were found to be OFF-

directionally selective. Electrophysiological studies of the nBOR, which receive the sole
retinal afferents from DRGCs, demonstrate that nBOR units are highly directionally
selective (Burns & Wallman, 1981; Chapter 4), just as in the rabbit.

Unlike that in the

rabbit, this vertically directionally selective pathway in the chicken is an OFF-pathway
rather than an ON-pathway (Chapter 4).

Transverse sections of the DRGCs in the

chicken clearly show that their dendrites were confined to the outer sublamina of IPL,
which is associated with the OFF-response to light stimulation (Famiglietti et al., 1977,
Nelson et al., 1978).

They may receive pre-synaptic inputs from the dendrites of the

type I cholinergic amacrine cells (the presumptive OFF-cells) (Miller & Bloomfield, 1983 ,
Masland et al., 1984b) with which they colaminate.
DRGCs would then be passed on to nBOR units.
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Current models of the directional selectivity of retinal ganglion cells are basically of two
kinds: the pre-synaptic model and the post-synaptic model (for review see: Koch et
al.,1986; Masland,1986; Morgan et al.,1988).

Both of these models suggest that the

directionally selective ganglion cells receive direct excitatory inputs from the cholinergic
amacrine cells.

That the DRGC dendrites co-laminate with those of the type I

cholinergic amacrine cells provides direct anatomical evidence of a close relationship
between the DRGCs and cholinergic amacrine cells at the light microscopic level.

The

co-lamination of the dendrites of the cholinergic amacrine cells (the starburst amacrine
cells) with those of the presumed directionally selective ganglion cells has been reported
in the cat by Famiglietti (1987) in a Golgi study, and also in the rabbit by Yaney (1989)
by identifying directionally selective cells as those with a morphology similar to that
described by Amthor et al.(1982) for a physiologically identified ON-OFF directionally
selective ganglion cell.

The dendritic co-lamination is particularly convincing in the

chicken retina since the IPL is very thick.

That DRGCs in the chicken retina receive pre-synaptic inputs from OFF- cholinergic
amacrine cells is supported by the fact that elimination of cholinergic amacrine cells
with ethycholine mustard aziridinium ion (ECMA) (Millar et al., 1987) eliminates the
directionally selective responses of nBOR units which receive direct inputs from the
DRGCs (see Chapter 6). In agreement with this conclusion, the DRGCs in the chicken
retina are now known to possess nicotinic receptors for acetylcholine (Keyser et

I

al., 1988).

Whether the DRGCs in the chicken receive excitatory inputs from the presumptive
OFF- cholinergic amacrine cells (type I) needs to be finally established at the
ultrastructural level.
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RESPONSE PROPERTIES OF GANGLION CELLS AND NBOR
NEURONS IN THE ECMA-LESIONED RETINA

6.1.

INTRODUCTION

Ethycholine mustard aziridinium ion (ECMA, also referred to as AF64A), a structural
analogue of choline, was developed to be cytotoxic towards cholinergic cells (Fisher &
Hanin,1980; Mantione et al.,1981; Fisher et al.,1982; Hanin et al.,1983; Sandberg et
al., 1984).

ECMA might kill cells by depriving them of choline by blocking choline

uptake (Rylett & Colhoun, 1977; Fisher & Hanin, 1980), or it might be taken up by
cholinergic cells on the choline carrier, and be cytotoxic within the cell (Sandberg et
al.,1985).

Whatever the mechanism, it has been found that intravitreal injections of

ECMA solution selectively eliminate the cholinergic amacrine cells from the chicken
retina (Millar et al., 1987b ).

By using immunohistochemistry and biochemistry, they

found that this lesion was highly specific for the type I and type II cholinergic amacrine
cells (those believed to be involved in directional selectivity), leaving the type III
cholinergic amacrine cells intact.

Other amacrine cells tested (GABAergic, glycinergic,

dopaminergic, serotoninergic and enkephalin- and somatostatin-immunoreactive cells)
were found to be resistant to the toxin, and all other basic cell types survived.

Retinal cholinergic amacnne cells have been proposed to play a important role 1n
generating directionally selective responses at the ganglion cell level.
evidence are

that directionally selective ganglion

cells are

Key pieces of

excited by exogenous

acetylcholine (Masland & Ames, 1976), directional selectivity is disrupted by anticholinesterases or acetylcholine antagonists (Ariel & Daw,
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dendrites of the presumed directionally selective ganglion cells are closely associated
with those of the cholinergic amacrine cells (Famiglietti, 1987; Yaney et al. , 1989;
Chapter 5).

Both in the pre- and post- synaptic models of directional selectivity, the

cholinergic amacnne cells are thought to provide the ganglion cells with a major
excitatory drive.

The refore, elimination of the cholinergic amacrine cells would be

expected to result in loss of directional selectivity, or even complete silencing of these
directionally selective ganglion cells.

Since nBOR units receive inputs from the

displaced ganglion cells, the directionally selective ganglion cells, it was of interest to
determine the response properties of nBOR neurons in the ECMA-lesioned retina.

Apart from their contribution to directional selectivity, cholinergic amacnne cells have
been thought to drive the other motion-sensitive ganglion cells which include local edge
detectors, the sluggish cells and the orientation selective cells in the rabbit retina
(Masland et al., 1984b ).

In the cat retina, it has also been suggested that the cholinergic

amacrine cells mediate the transient responses of ganglion cells (Ikeda & Sheardown,
1982), since iontophoretic application of acetylcholine enhanced the firing of transient
but not of sustained ganglion cells.

If this suggestion is correct and applies to the

chicken retina, then elimination of the cholinergic amacrine cells would affect those
ganglion cells with transient responses (see Chapter 2).

Since most ganglion cells in the

chicken retina are ON-OFF transient, major disruption of ganglion cell properties would
be expected in the ECMA lesion.

The purpose of this chapter is to study the effects of eliminating cholinergic amacnne
cells with ECMA on the responses of the nBOR units, and on the responses of the
majority of ganglion cells which project to the optic tectum.
been provided in Chapters 4 and 2 respectively.
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6.2 METHODS AND MATERIALS

ECMA-Lesion

One week-old chickens were anaesthetized with ether and intravitreally injected with 50
nmole of ECMA (Rosemet Biochemicals) in IO ul of distilled water, or the same amount
of distilled water for the control group.

Then the animals were kept in a 12:12
The injected eyes were checked with an

light:dark environment for 3-5 weeks.

ophthalmoscope, and the rare animals showing an abnormal optic pathway were not used.

Electro physiology
(I) Electrophysiological recordings of the directionally selective neurons in nBOR were

conducted in the 4- 7 week old ECMA-lesioned animals by the methods described in
Chapter 4.

After recording, the recording sites were identified by passing a positive

current (IO uA) for I 0-30 sec through the electrode to lesion tissue.

The brains were

removed and fixed in 4% formaldehyde for 3-5 days, then kept in 4% sucrose until they
40-60 um sections were cut on a freezing microtome and stained with cresyl

sank.
violet.

(2)

Electrophysiological recordings of retinal ganglion cells which project to the optic

tectum, in the 4- 7 weeks old ECMA-lesioned animals, were conducted using the
methods described in Chapter 2.

Histology of the lesioned retina

After the electrophysiological recording, the animal was killed with an overdose of
urethane, and the experimental eye was removed from the chickens for histological
examination.

The eye was hemisected and the vitreous removed.

placed in 4% paraformaldehyde for about 2 hours.

The eye cup was

A small block of tissue from the

central retina was then embedded in agarose. Vibratome sections (40 um) were cut and
stained for AChE activity by the method of Karnovsky and Root (1964), or reacted for
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ChA T by incubation with rabbit anti-chicken ChA T (kindly provided by Dr. M.
Epstein, Madison) diluted I :5000 overnight at 4° C, and then incubated for 4 hours in
FITC goat anti-rabbit IgG diluted 1:300 (see Chapter 5).

6.3. RESULTS

In all, 17 ECMA-lesioned chickens were used in this study. Among them, 7 were used
for recordings from the optic tectum and 11 for the nBOR recordings.

In 2 ECMA-

lesioned animals, both the tectum and nBOR were recorded from, and in another 2, both
nBORs (one receiving inputs from the control eye and the other from the lesioned eye)
were recorded from.

6.3.1 Verification of Lesion

Fig.6.1 shows sections of the central part of control and ECMA-lesioned retinas.
Fig.6.1 A shows sections stained for AChE activity.

The two major bands in the IPL

observed in the control retina (Fig.6.1 Aa) were missing in the ECMA-lesioned retina
(Fig.6.1 Ab), indicating that the type I and type II cholinergic amacrine cells were
eliminated.

The

other

sections

(Fig.6.1 B)

were

reacted

for

ChA T

immunohistochemic ally, which clearly shows that the type I and the type II cholinergic
amacrine cells and their processes have been removed in the ECMA-lesioned retina.

6.3.2. NBOR Units Lose Visual Responses In ECMA-Lesioned Retina

Single Cell Recording
In control animals, the visual response from nBOR units could be easily recorded,
normally within 2-3 penetrations of the electrode.

All the recorded visual responses

were typical OFF-directionally selective when studied with flashing fields and with
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Fig 6.1

Transverse sections from the central region of the control and ECMA-lesioned

retina stained by two methods.
(A) section stained for AChE activity.

Compared with the control (a), the two maJor

bands in the IPL, which correspond to the dendrites of the type I and type II cholinergic
amacrine cells were removed in the ECMA-lesioned retina (b) (Millar et al., 1985).
(B) section reacted for ChA T by immunohistochemistry. Compared with the control (a),
the type I and type II cholinergic amacrine cell bodies and their processes were removed
in the ECMA-lesioned retina (b ).
Scale bar: I 00 um.
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Table 6.1. RATE OF ENCOUNTERING DIRECTIONALLY SELECTIVE UNITS IN
CONTROL AND ECMA -LESIONED GROUPS

Control

ECMA

Encounter on 1st penetration

4

0

Encounter on 2nd-4th penetration

9

0

No encounter after I 0th penetration

2

11

Total

15

11

2
2
(X =14.3 > X (2)=9.9, P < 0.01)
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moving patterned stimuli.

The recording site, marked by current lesioning, confirmed

that the responses came from the nBOR (see Section 4.3).

In contrast, in the ECMA-lesioned animal, typical visual evoked responses were not
detected even after 10 penetrations of the electrode.

Although occasionally in 3 out of

11 animals, very weak visual responses were encountered, but they were not OFFdirectionally selective like those seen in the control.

It seems that the nBOR neurons

still had maintained discharge, since similar maintained firing rates (I 0-40 Hz) and
similar waveforms to those of control units were recorded when the electrode was placed
in the nBOR area.

Subsequent identification of the recording site showed that the

electrode has been within the nBOR.

Table.6.1 shows the encounter rate of the directionally selective units in the control and
the lesioned groups.

For the control group,

directionally selective units

were

encountered on the first penetration of the electrode in the 4 animals out of 15, on the
second to the fourth penetration of the electrode in the 9 animals out of 15, and only in
2 out 15 animals, had no directionally selective unit been encountered after 10
penetrations.

In contrast, in all IO ECMA-lesioned animals, no directionally selective

units were encountered after 10 penetrations. The difference between these two groups
is significant (X2 test, P<O.O I).

Since the retina-nBOR projection is totally crossed, as a further control, recordings were
made from the nBOR on both sides of the brain in 2 ECMA-lesioned animals.

For the

nBOR which received inputs from the ECMA-lesioned retina, no typical visual responses
were encountered after IO penetrations of the electrode. In contrast, when the electrode
penetrated into the nBOR which received inputs from the control eye, the typical visual
evoked OFF-directionally selective responses were readily recorded.

Recording Site
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After more than IO electrode penetrations in the ECMA animals, the recording site was
marked by passing a positive current through the electrode tip.

Three ECMA brains

were sectioned to check if the electrode had been in the nBOR during the recording
period, and all of them showed electrode tracks or lesions within the nBOR.

Fig.6.2

shows a brain section from a ECMA-lesioned animal. The nBOR was still recognizable,
The electrode tracks and the marked

and did not seem to be in any way unusual.

position of the electrode tip were clearly visible within the nBOR.

These results suggest that in the ECMA-lesioned animals, the nBOR units lose their
typical OFF-directionally selective visual responses.

6.3.3. Displaced Ganglion Cells Still Survive Morphologically After ECMA-Lesions

The loss of directionally selective responses from the nBOR units is most likely to be
associated with the destruction of the retinal cholinergic amacrine cells.

However, it is

possible that ECMA might destroy the ganglion cells, in particular the displaced ganglion
cells, and thus visual information could not be transmitted to the nBOR.

To test this

possibility, back-labelling experiments were carried out, by injecting fast blue into the
nBOR contralateral to the ECMA-lesioned retinas.

After such injections in three ECMA-lesioned animals, it was found that the retinal
displaced ganglion

cells

were

successfully

back-labelled.

distribution was similar to that in the control.

Their population and

Fig.6.3A shows a array of displaced

ganglion cells labelled by fast blue in the ECMA retina. This indicates that the pathway
between the retina and the nBOR was not destroyed by ECMA. Two of the fast bluelabelled cells were intracellularly injected with Lucifier Yellow, revealing their dendritic
morphology.

As in the control, those two cells had a complex dendritic structure with

highly branched fine processes (Fig.6.3B).
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Fig 6.2.

Transverse section through the mid-brain of an ECMA-lesioned animal.

The

electrode track, marked by arrows, can be seen within the nBOR, indicating that the
recording electrode has gone through the nBOR during the recording session, despite the
lack of visually evoked responses. TeO, optic tectum.
Scale bar, 2 mm.
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Fig 6.3
(A)

An array of retinal displaced ganglion cells back-labelled following the injection

of fast blue into the nBOR of an ECMA-lesioned animal.
(B)

A displaced ganglion labelled with fast blue then injected with Lucifer Yellow,

revealing the complicated dendritic morphology. The quality of the intracellular staining
of this cell was not very good, and the background was stained by the leaked Lucifier
Yellow, but the complex dendritic field had clearly maintained.
Scale bar, 100 um.

A

B
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6.3.4. Displaced Ganglion Cells Still Survive Physiologically After ECMA-Lesions
It can be also argued that while the DRGCs survive morphologically, they might have

become incapable of conducting action potentials.

I tested for this possibility by

injecting 10 nmol nicotine into the eye. This should selectively stimulate the DRGCs by
interacting with their nicotinic Ach receptors. In a control animal, the maintained firing
of a typical OFF-directionally selective nBOR cell was increased over 3 times (from 15
Hz to 52 Hz) about IO minutes after the application of nicotine (Fig.6.4a).

This unit

gave an OFF- response to a flashing light and was directionally selective to moving
gratings prior to the injection, but became unresponsive to visual stimuli after the
nicotine injection, which might be due to saturation at the high maintained discharge.
This suggests that the displaced ganglion cells were excited by exogenous nicotine and
conducted these excitatory signals to the nBOR neurons.

In 2 ECMA animals, after

maintained discharge which seemed to come from the nBOR was recorded, the
intravitreal injection of nicotine increased the maintained firing rate significantly.
Fig.6.4b presents the maintained firing rates from a possible nBOR unit of the ECMA
group before and after the injection of nicotine into the eye. It clearly shows that the
maintained firing rates were increased by nicotine, although the increase was not as large
as that in control (Fig.6.4a).

This result suggests that the displaced ganglion cells

survived physiologically after ECMA treatment, and were still sensitive to the nicotinic
cholinergic agonist, and able to conduct action potentials to the nBOR.

6.3.5. Recordings From The Surface Of The Optic Tectum

In total, 25 ganglion cells were successfully recorded from the superficial layers of the
optic tectum contralateral to the ECMA-lesioned retina.

Basic Response Properties

All the ganglion cells recorded from the surface of optic tectum 1n the ECMA-lesioned
animals showed similar responses to those of the control units.
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Fig 6.4 The maintained firing of an nBOR unit from a control (a), and a unit probably
in the nBOR in an ECMA-lesioned bird (b), before and 10 minutes after the intravitreal
injection of IO umol of nicotine.

Note the maintained firing rates for both units

increased after the application of nicotine.
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change in the encounter rate of ganglion cells in the lesioned group, suggesting that the
population of ganglion cells was not affected by the neurotoxin.

All ganglion cells

recorded in the lesioned group were of ON-OFF type, and had almost no maintained
firing.

When they were stimulated by a flashing spot in the central receptive field,

transient ON-OFF responses were evoked.

Fig.6.5 is an example of the response

histograms of a ganglion cell from the ECMA-lesioned retina. The stimulus was a small
flashing spot (0.4°) located within the RF centre.

As the stimulus intensity decreased,

the number of spikes of the both ON- and OFF- responses declined, while the response
latencies increased.

Both ON- and OFF- responses were transient, with a response

duration about 20-40 msec. To directly compare the centre response properties of units
from

ECMA-lesioned

with

control

retinas,

pooled

intensity-duration

functions,

intensity-number of spikes functions and intensity-latency functions from each group
are plotted in Fig.6.6 (ON-responses) and Fig.6. 7 (OFF-responses).

The figures clearly

show that the stimulus intensity-response functions of ganglion cells in ECMA-lesioned
retinas resembled those from the control units, although the number of response spikes
for centre-driven OFF-responses increased slightly in the lesioned group. The transience
of ganglion cell responses was not altered significantly by the ECMA treatment,
suggesting that the cholinergic amacrine cell plays little role in generating the property
of transience.

RF centre size

The RF centre was plotted with a flashing spot (0.4° in diameter).
from the ECMA lesioned retina ranged from 2° -6°.

The RF centre size

No significant difference was

found in the mean value of the RF centre size between the lesioned and control group
(control mean diameter: 4.1 ° ±0.9°, n=62 ECMA: 4.5° ±1.3°, n=20).

Enhancement of OFF-response in ECMA group

About half of the ganglion cells recorded from the ECMA-lesioned retina had an
enhanced OFF-response.

Fig.6.8 presents a set of intensity-response histograms evoked
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Fig 6.5 Response histograms for a typical ganglion cell projecting to the optic tectum in
the ECMA-lesioned retina. Each histogram is the cumulative response to ten repetitions
of a flashing spot (0.4°) located in the centre of the RF.

As the stimulus intensity

decreased, the number of response spikes decreased while the response latency increased.
The stimulus duration was 200 msec.

The attenuation of the stimulus intensity is

indicated at the left side of each histogram in log unit, the value zero is the maximum
intensity, 420 cd/m 2 .
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Fig 6.6

Pooled intensity-response functions of the ON-responses of the ganglion cells

recorded from the optic tecta from control (n=20) and ECMA-lesioned groups (n=lO).
The stimulus was a flashing spot (0.4°) within the RF centre. The control responses are
indicated by open circles, the ECMA responses by open squares. The control data have
been already presented in the Chapter 2.
(a) intensity /latency function;
(b) intensity /number of spikes per burst function;
(c) intensity/ duration function;

Maximum intensity of the spot was 420 cd/m 2 indicated by zero in the x-axis.
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Fig 6. 7 Pooled intensity-response functions of the OFF-responses of the ganglion cells
recorded from the optic tecta from control (n=20) and ECMA-lesioned groups (n=IO).
The stimulus was a flashing spot (0.4°) within the RF centre. The control responses are
indicated by filled circles, the ECMA responses by filled squares. The control data have
been already presented in the Chapter 2.
(a) intensity /latency function;
(b) intensity /number of spikes per burst function;
(c) intensity/duration function;

Maximum intensity of the spot was 420 cd/m 2 indicated by zero in the x-axis.
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Fig 6.8 Response histograms of a ganglion cell from an ECMA-lesioned retina recorded
from optic tectum, which showed enhancement of the OFF response. Each histogram is
the cumulative response to 5 presentations of a 0.4° spot stimulus.

The spot intensity

shown on the left side of each histogram is in log units below the maximum intensity of
420 cd/m 2 . At high intensities, this cell showed an ON response only. As the intensity
decreased, the ON response decreased significantly while the OFF response did not. The
OFF response had a lower threshold intensity.
cd/ m 2 .
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by a central flashing spot (0.4°) from one of those cells.
response at high intensity .

This cell show a pure ON-

When the stimulus intensity decrease d, it started to produce

OFF- response s, and as the stimulus intensity decrease d further the ON- response was
significa ntly reduced while the OFF- response was not.

Even after the stimulus

intensity was too low to evoke an ON-resp onse, the OFF-res ponse could still be induced ,
indicatin g the OFF-res ponse has a lower intensity threshold .

This behaviou r was also

found in the NMDA- lesioned retina.

Centre-S urround

The inhibitor y surround s of ganglion cells were studied by monitori ng the change of the
RF centre activity when the surround was stimulat ed with an annulus.

Because of the

difficult y of determin ing the responsi ve surround (see Chapter 2), only the 'silent'
inhibitor y surround was studied in the lesioned group.
not to induce any discharg es.

The annulus was large enough

For control units, RF centre firing induced by a flashing

spot could be strongly suppress ed by the presenta tion of an annulus.
remained in the ECMA-l esioned group.

This behaviou r

Fig.6.9 presents an example of the inhibitor y

surround of a ganglion cell in the ECMA-l esioned retina. The response histogram s show
the transient responses induced by a central flashing spot (0.4°), while no firing was
induced by an annulus alone.

When the annulus was presente d together with the spot,

the centre response s to the spot were strongly suppress ed. As in controls, the maximu m
inhibitio n of surround in the ECMA group occurred when the annulus presente d 40-80
msec in advance.

The intensity of the annulus was chosen from the mid-ran ge of the

intensity -inhibiti on modulati on function s (see Fig.2.6), Chapter 2).

In few cases, as in the control, if the annulus was made not large enough, it induced
firing, suggestin g that the responsi ve surround s were also present in ECMA-l esioned
retinas.

Howeve r, the responsi ve surround was not studied in detail in the ECMA

group.
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Fig 6.9 The inhibitory surround of a ganglion cell in an ECMA-lesioned retina recorded
from the optic tectum.

Each histogram is the cumulative response to ten repetitions of

the stimulus.
(a) an ON-OFF transient response to a central flashing spot (0.4°).

Stimulus intensity,

1.0 log unit attenuated from the maximum intensity of 420 cd/m 2 .
(b) the surround annulus alone evoked no firing.

Annulus, inner diame ter=7.5°, outer

diameter=l I.0°, intensity, 1.0 log unit attenuated from the maximum in tensity of 290
cd/m 2 .
(c) when the spot and annulus were presented simultaneously, the RF centre response to
the spot was strongly suppressed.
(d) when the annulus was presented 40 msec ahead of the spot, the maximum inhibition
occurred.
Background illumination was around 1 cd/m 2.
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6.3.6. Recordings From The NBOR And The Surface Of The Tectum In One Animal

In two ECMA-lesioned animals, after no typical OFF-directionally selective nBOR units
were encountered after about 10 electrode penetrations in the region of the nBOR, the
optic tectum on the same side was prepared for recording from the incoming ganglion
cells.

These ganglion cells were easily recorded from in those two animals, and they

showed the typical ON-OFF transient responses to a flashing spot. These results indicate
that when the directionally selective pathway was disrupted, the retino-tectal pathway
which is not so specifically directionally selective was operating quasi-normally.

6.4. DISCUSSION

6.4.1 ECMA Lesion
ECMA destroys cholinergic amacnne cells specifically and leaves all other retinal
neurons intact in the chicken retina (Millar et al., 1987). However, the retinal cholinergic
system is not completely removed by ECMA, since ECMA kills the type I and type II
but not the type III cholinergic amacrine cells in the chicken retina.

As shown in

Chapter 5, only the type I (the OFF-) cholinergic amacrine cells are associated with the
displaced ganglion cells anatomically.

Therefore, the cholinergic drive to the displaced

ganglion cells and subsequently to the nBOR neurons should be completely eliminated by
ECMA. The situation for other ganglion cells which project to the optic tectum is more
complicated, since whether they (or some of them) receive cholinergic drive from the
type III cholinergic amacrine cells is not known.

6.4.2. NBOR Recordings

Recording Site
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Recording procedures for nBOR units 1n ECMA-lesioned animals were identical with
those in control animals (see Chapter 4). During the penetration of the electrode, visual
stimuli like flashing lights or moving texture patterns were presented and the recorded
potentials were constantly monitored to see if visual evoked responses were obtained.
This search continued either until visual evoked signals were recorded or the electrode
penetrated through all the tissue and hit the base of the skull,

when a big 'reflecting'

signal associated with the advance of the electrode appeared. If no visual responses were
encountered in a penetration, then the electrode was withdrawn and another penetration
was made nearby (normally, 0.1-0.2 mm away from the previous . location).

The

recording sites of the electrodes were confirmed as being within the nBOR in the
ECMA-lesioned birds.

The statistical results in Table.6.1 indicate that the lack of

responses from the presumed nBOR units of the ECMA group is unlikely to be due to
the fact that the nBOR was accidently missed by electrodes.

NBOR Lose Directional Selectivity After ECM A Lesion

The failure to record any visual evoked responses from the nBOR in ECMA-lesioned
animals seems to be due to the loss of type I cholinergic amacrine cells.

After the

cholinergic amacrine cells were removed with ECMA, nBOR units lost their excitatory
drive and became visually unresponsive.

However, is it possible that ECMA destroyed

the displaced ganglion cells while leaving most ganglion cells intact?

This possibility

can be ruled out, since the displaced ganglion cells were still back-labelled by fast blue
from the nBOR in ECMA-lesioned retinas, and had a normal morphology and mosaic.
Another possibility is that, while morphologically intact, the DRGCs have been rendered
physiologically incompetent.

One argument against this is that units with similar

maintained activity to the nBOR units in controls were found, but whether they
represent visually unresponsive nBOR units is difficult to determine.

In the control

animals, consistent with the suggestion that the major excitatory drive to the cells comes
from cholinergic amacrine cells, and the observation that displaced ganglion cells possess
the nicotinic receptors (Keyser et al., 1988), the maintained firing rates of nBOR units
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were significantly increased by injection of nicotine into the eye.

Similar results from

ECMA birds where no directionally selective units could be detected suggest that the
displaced ganglion cells survived physiologically as well.

Thus the failure of the visual

stimuli to drive units in the nBOR seems to be due to the elimination of the
directionally modulated excitatory drive to the DRGC by elimination of the cholinergic
amacrine cells.

In the rabbit, Simpson et al. (1979) and Soodak and Simpson (1988) have proposed that
the directional selectivity of MTN and L TN neurons is formed by inputs from ONdirectionally selective ganglion cells. They suggest that each MTN or L TN unit receives
excitatory inputs from the ganglion cells which have same the preferred direction as
itself, and inhibitory inputs from those with the opposite preferred directions, which are
then superimposed on a maintained activity. If this were the case in the chicken nBOR,
then after the ganglion cell inputs had been silenced due to the retinal ECMA lesion, the
maintained activity would remain.

Such activity was indeed seen.

directionally selective ganglion cells provide the

However, if the

nBOR with both excitatory and

inhibitory inputs as proposed for the rabbit by Simpson et al. (1979) and Soodak and
Simpson ( 1988), and if all the directionally selective ganglion cells receive inputs from
cholinergic amacrine cells, then nicotine would not be expected to increase the firing
rates of the nBOR units, unless the excitatory inputs to the nBOR carry higher weights
than the inhibitory inputs.

Cholinergic Amacrine Cell And Directional Selectivity
The finding that after the ECMA-lesion, the nBOR becomes visually inactive indicates
that the type I cholinergic amacrine cells provide the major, if not the only, visuall y
induced excitatory inputs to the displaced ganglion cells, and implies that other cells , in
particular the bipolar cells which are generally thought to make the direct pathway from
the photoreceptors to the ganglion cells, do not form direct excitatory synapses with the
displaced directionally selective ganglion cells.
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electronic microscopic studies of synaptic inputs to the displaced ganglion cells, and
indeed Brandon (personal communication) has obtained preliminary evidence that the
directionally selective ganglion cells in the rabbit receive predominantly amacrine cell
input. The direct excitatory visual pathway for the directionally selective ganglion cells
may the refore be: photoreceptors -> bipolar cells -> cholinergic amacrine cells ->
directionally selective ganglion cells. Similar observations on the amacrine cells as a part
of a direct pathway from photoreceptors to ganglion cells have also been reported for
the All amacrine cells in the cat retina, which transmit the signals from the rod-bipolar
cells to ganglion cells, and play a important role in night vision (Kolb et al., 1981;
Sterling et al., 1988 ).

Whether the cholinergic amacnne cells play a similar important role in generating the
directional selectivity of other ganglion cells, for instance those directionally selective
ganglion cells projecting to the optic tectum or to other parts of the brain, is not clear.
But given the fact that in the NMDA-lesioned or ECMA-lesioned retina, almost no
directionally selective ganglion cells were encountered in the superficial layers of the
optic tectum indicates that the cholinergic amacrine cells may be critically important for
these directionally selective ganglion cells as well. However, as discussed in the Chapters
2 and 3, the sampling rate of directionally selective ganglion cells from the surface of
tectum was very small in the control, so a definitive conclusion was hard to obtain.
Another important fact is that in this study, I have examined the role of the type I (the
presumptive OFF-type) cholinergic amacrine cells only in generating the directional
selectivity of the displaced ganglion cells which subsequently drive the nBOR neurons.
A question which naturally arises is, what are the functions of the other types of
cholinergic amacrine cells, particularly the type II (the presumptive ON-type) which is a
mirror image of the type I cell ? It is quite possible that type II cells are linked to other
directionally selective ganglion cells, for instance, the type II cholinergic cell could drive
ON-directionally selective ganglion cells in the ganglion cell layer which subsequently
project to the lentiform nucleus of the mesencephalon (LM) (Bodnarenko et al. , 1988),
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another component of the AOS, which controls horizontal optokinetic nytagmus (OKN)
(Gioanni et al., 1983; Winterson & Brau th, 1985).

Reymond and Morgan (unpublished

results) have shown that horizontal OKN is abolished fallowing ECMA lesions, consistent
with this possibility.

6.4.3. Optic Tectum Recordings

In contrast to the directionally selective pathway (displaced ganglion cells -> nBOR
neurons), removing the cholinergic amacrine cells had only a very minor effect on those
ganglion cells which project to the optic tectum.

They were normal morphologically

(Millar et al., 1987b ), and encounter rates in the tectum indicated that they were
physiologically active. Their response properties were largely unchanged after the lesion.
Stimulation of the RF centre still gave transient ON-OFF responses to a flashing spot,
with similar response-intensity functions

to those of control units, apart from a

enhancement of the OFF-response 1n some units.

No significant difference was

observed between the RF diameters of the lesions and the controls.

The inhibitory

surround of the ganglion cells also remained after the lesion, indicating that the
cholinergic cells are not involved in surround inhibition.

These results suggest that the

cholinergic amacrine cells play little role in generating those basic response features.

In the cat retina, Ikeda & Sheardown (I 982, 1983) found that the responses of the
transient ganglion cells were enhanced by iontophoretic application of acetylcholine, and
they concluded that the transient ganglion cells received visual excitatory inputs from
the cholinergic pathway. Consistent with this hypothesis, Vardi et al. (1989) have found
that the dendrites of the alpha ganglion cells, which give transient responses (Cleland &
Levick, 1974), are associated with those of the starburst amacrine cells (the cholinergic
amacrine cells) in the cat retina.

However, the transient property of ganglion cells

which project upon the optic tectum was not disrupted in the ECMA-lesioned chickens ,
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suggesting that the cholinergic cells are not involved in generating transient responses in
birds.

Thus, the type I cholinergic amacnne cells seem to be quite specifically involved in
generating directional selectivity.

Masland et al. (1984b) have suggested that in the

rabbit the ganglion cells which are sensitive to slow stimulus motion were driven by
acetylcholine.

These include the ON-type directionally selective cell, the ON-OFF

directionally selective cell, the local edge detector, the sluggish cell and the orientation
selective cells. However, the motion-sensitive ganglion cells recorded in the tectum have
been found not to be affected by ECMA-lesion in a preliminary study in the chicken
(Hong & Morgan, personal communication). This suggests that the cholinergic amacrine
cells do not contribute to the motion-sensitive cells but only to the directionally selective
cells, at least in birds.

These results support the conclusion reached in Chapter 3 that the basic RF centre
responses of ganglion cells which project to the tectum were not determined by amacrine
cells.

Although the results in Chapter 3 indicated that surround inhibition might be a

amacrine cell mediated phenomenon in the chicken retina, results in this chapter clearly
show that it must be a phenomenon mediated by amacrine cells other than the
cholinergic ones, unless the type III cells are involved.
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GENERAL CONCLUSIONS

7.1 GENESIS OF GANGLION CELL RESPONSES

The basic response properties of chicken retinal ganglion cells remained unchanged after
removal of the amacrine cells as a class with NMDA. The ganglion cells still gave ONOFF transient responses to flashing light.

Intensity-response functions were normal,

except that in approximately 40% of the units, the OFF-response was enhanced.
Receptive field centre sizes were similar to those in controls.

These normal receptive field centre responses in the NMDA-lesioned retina tend to
support the classical model of the general retinal circuitry and functions (for review see
Dowling, 1987), which suggests that the direct information transmission pathway within
the retina is photoreceptors -> bipolar cells -> ganglion cells. The majority of amacrine
cells which are destroyed by intravitreal NMDA do not seem to be particularly important
for generating the basic centre response properties measured.

The results give no

support to push-pull models (Belgum et al., 1982; Sterling, 1983), although they do not
invalidate them.

These results are not consistent with the suggestion by Dowling (1987)

and Sakai and Naka (1988) that excitatory transient amacrine cells provide the sole drive
to transient ganglion cells. These results do not support the models proposed by Werblin
& Dowling (1969), Sakai & Naka (1988), Miller (1979) and Amthor et al.(1982) on the
generation of transience at the ganglion cells, which proposed that amacrine cells are
involved in the generation of transient responses from the sustained responses of the
distal retinal cells.

Indeed, it seems that the sustained-transient conversion 1s more

likely to be due to bipolar-amacrine or bipolar-ganglion cell interaction.
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It is generally believed that surround inhibition is generated in the OPL by interaction
among photoreceptors, horizontal cells and bipolar cells (Werblin & Dowling, 1969; for
review see Dowling, 1987), and that this surround is then passed on to the ganglion cells
through the bipolar cells.

This hypothesis is not supported by the my results, since

removing the amacrine cells with NMDA without major morphological disruption to the
horizontal cells, resulted in a general disruption of the surround organization of ganglion
cells.

This result supports the idea that amacrine cells are involved in generating the

surround inhibition of ganglion cells in the chicken retina.

An exception to this general information transmission pathway within the retina is the
directionally selective pathway.

Removal of the cholinergic amacrine cells with ECMA

resulted in the loss of visual responses of the nBOR units, which receive their input
from the retinal displaced ganglion cells (the directionally selective cells). This indicates
that the cholinergic amacrine cells provide the major, if not the only, excitatory inputs
to the directionally selective ganglion cells.

Bipolar cell input to the directionally

selective cells seems to be indirect. The refore, the directionally selective pathway could
be photoreceptors -> bipolar cells -> amacrine cells (cholinergic) -> directionally
selective ganglion cells.

What the other roles of amacnne cells are in the chicken retina is not clear.

Mas land

(I 988) has suggested that many amacrine cells may not be involved in direct transmission

of information between photoreceptors and ganglion cells, but may be involved in more
global and diffuse regulatory functions.

While not specifying the functions, my results

are in general consistent with that idea.
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7.2 ROLE OF CHOLINERGIC AMACRINE CELLS IN THE CHICKEN RETINA

As noted above, amacnne cells as a class have little role in forming the basic centre
responses of the majority of ganglion cells in the chicken retina which project to the
optic tectum.

This generalization obviously includes the cholinergic amacrine cells.

Amacrine cells were however implicated in the generation of surrounds (both responsive
and silent), but the cholinergic amacrine cells do not seem to be involved 1n this
function, since surround organization was not disrupted after elimination of the
cholinergic amacrine cells with ECMA.

The clearest role for the cholinergic amacrine cells was in the generation of directionally
selective responses at the ganglion cell level, as shown by the loss of the light responses
of nBOR units after intravitreal injection of ECMA.

The morphological data showing close relationship in the stratification of the dendrites
of the displaced ganglion cells (OFF-directionally selective) which project to the nBOR
and those of the type I (OFF-responding) cholinergic amacrine cells are consistent with
the idea that the cholinergic amacrine cells drive these directionally selective ganglion
cells, although synapses remain to be demonstrated.

Presumably the type II (ON-

responding) cholinergic amacrine cells subserve a similar function, perhaps to drive a
population of ON-directionally selective ganglion cells which probably project to the
LM. This remains to be established.

Apart from the role in the generation of directional selectivity in ganglion cells
projecting to the accessory optic system, it is not known if the cholinergic amacrine cells
are also important for the operation of the ON-OFF directionally selective ganglion cells
which project to the optic tectum. Nor is it clear that the cholinergic amacrine cells are
necessary for general property of motion sensitivity at the ganglion cell level (Mas land et
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al., 1984b ).

These possibilities are testable using the ECMA lesioning approach.

Indeed

preliminary results (Hong & Morgan, personal communication) have indicated a normal
population of motion-sensitive units, defined as those preferentially sensitive to a
moving rather than to a counter-phase grating in the optic tectum contralateral to an
ECMA-lesioned eye. Thus the cellular basis of motion sensitivity in general seems to be
different from that of directional selectivity.

There are indications that the cholinergic amacrine cells may have other roles. Millar et
al.(l 987a) showed that the cholinergic amacrine cells are pre-synaptic to other amacrine
cells, as well as to other cholinergic amacrine cells and to ganglion cells.

This

interaction may be involved in the enhancement of the OFF-responses of some ganglion
cells after the NMDA and ECMA lesions, and may also underly the cholinergic
(nicotinic) input to the enkephalin- and somatostatin- immunoreactive amacrine cells
which have been described pharmacologically (Boelen, Dowton & Morgan, personal
communication). However, whether it is the type III cells which are involved is not yet
clear.

7 .3 PROPER TIES OF NBOR UNITS

Units recorded in the nBOR were wide-field OFF-directionally selective cells with a
preference for vertical motion, either up or down.

Their OFF responses are consistent

with the selective lamination of the dendrites of displaced ganglion cells with those of
the type I (presumptive OFF-responding) cholinergic amacrine cells.

Their preference

for vertical movement presumably comes from the displaced ganglion cells which project
to the nBOR, and indeed Britto (personal communication) has recorded from the
displaced ganglion cells within the retina, and has found them to be OFF-directionally
selective with a preference for vertical motion.

However, the ganglion cell receptive

fields were much smaller than those of nBOR units.

This implies that the receptive

fields of the nBOR units are composed of convergent inputs from many displaced
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ganglion cells. Simpson et al. ( 1979) have postulated that such convergence also occurs
in the rabbit in the AOS, and have further postulated that AOS units receive inhibitory
influences from ganglion cells with a preferred direction opposite to those of the AOS
units, thus explaining the inhibition in the "null" direction.

No evidence for this

possibility was obtained here, although my evidence was indirect, and does not refute it.

With gratings of a fixed spatial frequency, the response of nBOR units showed a
dependence on velocity of the stimulus.

However, when the spatial frequency, and

velocity were systematically varied, the responses were found to depend upon temporal
frequency rather than velocity.

Thus the activity of the nBOR units signals movement

in a particular direction, but not the velocity of the movement.

The nBOR units showed a preference for rather low spatial frequencies, consistent with
the rather coarse array of directionally selective ganglion cells (maximum density around
18 cells/mm 2 ). The spatial resolution of the array of type I cholinergic amacrine cells is
much greater than this (maximum density around 10,000 cell/mm 2 ) (Millar et al., 1987).
Furthermore, it is believed that these cells may each consist of 10-12 independent
directionally selective units, the subunits of Barlow and Levick (1965).

Cholinergic

amacrine cell densities reach their maximum in the central retina, whereas those of the
displaced ganglion cells are higher in the periphery.
retinal

cells

may

provide

clues

about

functional

It is believed that the mosaics of
linkage

between

them

(see

Masland, 1988), but in this case the distributions show no correspondence, although the
cells are known to be linked functionally.

7.4 VALIDITY OF THE LESIONING APPROACH

Selective destruction of retinal cells as a technique for probing retinal circuitry and
function has only been rarely used. The results obtained in this thesis with NMDA and
ECMA demonstrate that the lesioning approach can be successfully applied to the case of
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a complex retina. The ECMA lesion in particular appears to be promising because of its
specificity, and analogous results may be obtained by using 6-hydroxydopamine to
destroy dopaminergic cells and 5, 7-dihydroxytryptamine to destroy serotonergic cells.

While there must be a general caveat about the possibility of results with lesioning
techniques being misleading because of the lack of completeness of the lesions or
because of undetected effects on the functioning of other cells, the failure of many
simple predictions to be confirmed in these experiment point to some major versions of
the pathways which underlie the generation of ganglion cell properties. At the very least
these results provide a severe challenge to many currently accepted ideas.
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