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Abstract

The intracellular responses of frog horizontal cells and
photoreceptors to conventional and randomly modulated stimuli
were recorded by intracellular probing using glass micropipettes.
The stimuli were designed to test for photoreceptor response
compression by surround illumination. The results indicated that
the response of photoreceptors is reduced by stimulation of the
area surrounding the cell’s receptive field. It appeared that
the effect is generated by mnegative feedback from horizontal
cells to both rods and cones. These findings are in good agree—
ment with the results of earlier studies by other investigators
who established that horizontal cells feed back to cone photore—

ceptors in many vertebrate species.
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1. INTRODUCTION

Our visual system is one of our more complex senses. It
collects and processes information about our surroundings at a
phenomenal rate providing us with a three dimensional picture
of the world around us. In the retina the informatiom is col-
lected and processing is begun, In this initial stage of pro—
cessing the collection system is adapted to the level of
jllumination of the surroundings. The retinal mneurons also
begin to process the visual image, passing on signals to the

brain where the picture we 'see' is developed.

The retina is actually a specialized part of the brain
unlike the other senses which develop from the embryonic mneural
crest. During development of a vertebrate embryo outgrowths of
the forebrain appear and grow out until they come in contact
with the epidermis. The outgrowths then invert and develop

into the optic cup while the epidermis develops into the lens

[31.

The fully developed retina has five major types of mneu-
rons. Figure 1-1 illustrates the general organization of the
five elements. At the outermost layer of the retina are the
photoreceptors. Here the 1light is collected and transduced
jnto an electrical signal. This signal is transferred from the
photoreceptors to the horizontal cells and bipolar cells, The
horizontal cells spread the signal spatially in the outer layer

of the retina while the bipolar cells transmit the signal on to
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the rest of the system, The amacrine cells and ganglion cells
receive the signal from the bipolar cells. The amacrimne cells
spread the signal spatially in the inner layer of the retina
and provide further input to the ganglion cells. The ganglion
cells are the final processing stage of the retina. They
integrate the information they receive from the bipolar and
amacrine cells and transmit the resulting signal on to the

brain and other parts of the central mnervous system.

The system is, of course, not as simple as I have
described. In the frog retina in particular there are four
types of photoreceptors, at least two types of horizontal and
bipolar cells and several types of amacrine and ganglion cells
[23]. There are also interactions between some df the cells

which make the system even more complicated.

The outer plexiform layer, where the horizontal cells and
photoreceptors are located, is a particularly interesting place
to study these interactions., All of the cells in this layer of
the retina respond to stimuli with graded potentials, that is
slow continuous changes in their membrane potential [91]. In
contrast to this most neurons respond to stimulation by gen-—
erating fast voltage spikes. It is thought, however, that
sometimes these spikes result from the mneunron integrating
graded potentials from other cells. Because the cells in the
outer plexiform layer respond only with graded potentials stu-
dies of this part of the retina may provide information about

how cells throughout the nervous system integrate the signals
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Figure 1-1 Organization of the vertebrate retina. R: Rod photoreceptor
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A: Amacrine cell MG and DG: Ganglion cells. From Dowling and
Boycott (1966).
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from other neurons. In studying the vertebrate visual system
researchers have traditionally tested the system using stimuli
such as annuli and spots whose intensities are pulsed between
dark and 1light., The resulting impulse response of the system
has then been used as evidence for various hypotheses about how
the visual system works. This type of stimulus is not, how-
ever, a natural one for the visual system. It is so harsh that
it may put the system in a state it would never be in in day to

day use.

Under normal operatingrconditions our visual system sees a
random set of patterns over any appreciable amount of time. By
looking up from this page and 1looking around the room your
visual system will encounter countless objects whose images are
uncorrelated with one another. Because the system encounters a
random set of stimuli under mnormal operating conditions it
makes sense to study the system by stimulating it with random
inputs. Besides being ’'natural’ a random stimulus also exhaus-—
tively tests the system. In a long enough experiment a random
stimulus will present all possible combinations of inputs to
the system in an objective manner. Several researchers have
recently begun to use this approach to study biological systems

with great success [45,53,54,57,70].

This dissertation presents the results of a study of
interactions between photoreceptors and horizontal cells in the
outer plexiform layer of the retina of the frog Rana pipiens.

The study was performed using a combination of traditional and
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randomly modulated stimuli. These stimuli were designed to
test the hypothesis that horizontal cells pool information
about the average illumination on large areas of the retina and
feed this information back to the photoreceptors thereby alter—
ing the semnsitivity of the photoreceptors to light. The second
chapter briefly summarizes the results of earlier investiga-
tions in the outer plexiform layer of the vertebrate retina.
The third chapter describes the experimental and analytical
techniques used in this study. The analytical section develops
the set of orthogonal functionals for a randomly modulated uni-
formly distributed N-level stimulus. The fourth chapter
presents the results of this study and the fifth chapter
discusses these results and how they relate to the studies

described in the second chapter.



2. BACKGROUND

2.1 GENERAL

There are five types of neurons in the vertebrate retina.
They are the photoreceptors, horizontal cells, bipolar cells, ama—
crine cells and ganglion cells, Figure 2-1 illustrates the
results of an examination of the structure and synaptic organiza-—
tion of the frog retina [23]. The cells are basically segregated
into 1layers. The outer nuclear layer contains the receptor
nuclei. The inner nuclear layer contains the horizomtal, bipolar,
and amacrine cell nuclei, The final layer, the ganglionic layer,

contains the ganglion cell nuclei.

The synaptic areas are also segregated into two plexiform
layers. The photoreceptors, horizontal cells and bipolar cells
synapse in the outer plexiform layer. The bipolar, amacrine and
ganglion cells synapse in the inner plexiform layer. This study

is concerned with the outer plexiform layer of the frog retina.

In the frog retina there are four types of photoreceptors:
red and green rods and single and double cones. The basic differ-
ence in the rods and cones, apart from having different photopig-
ments, is in the shape of the outer segment. This shape differ-
ence was used in descriptively naming the two elements. The rods
have long cylindrical outer segments and the cones have a short
conical outer segment. The rod outer segment is about 2.0 times

longer than that of the cone [21,23].
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The double cone has two parts, one that is the same as a sin—
gle cone and the other which is embryologically related to the red
rods. The double cones seem to form when single cones and red
rods come in close contact during early development. The two neu-
rons become attached to each other and the rod takes on some of

the structural characteristics of a come [21].

The inner segments of the photoreceptors are very similar.
They end in the outer plexiform layer with the receptor terminals.
The receptor terminals of rods and cones are basically the same in
the frog retina [23,29]. These terminals are the sites where
synapses are formed between the photoreceptors and the horizontal

and bipolar cells.

As can be seen in figure 2-1 the horizontal cells 1lie just
proximal to the photoreceptors. In the frog retina there are two
types of horizontal cells, the inner, or intermal and the outer,
or external, The inner cells are characterized by a large cell
body with a small dendritic field and a single axon. The cell
bodies are in close contact with each other almost like a layer of
bricks. The external horizomtal cells are characterized by small
cell bodies, large dendritic fields and a single axon. Though
their cell bodies are not in close contact, like the inmner cells,
their dendritic fields are tightly woven forming a feltlike layer.
These close contacts within the two layers of horizontal cells are
thought to explain their receptive field properties.These proper—
ties will be discussed in a later section., There are no apparent

contacts between the two layers of horizontal cells [23].



The horizontal cells send their dendrites to the photorecep—
tor terminals where along with the bipolar <cells they form
synapses with the photoreceptors. In the retinas of fishes and
primates it has been found that the horizontal cell and bipolar
cell processes form triads where they contact the receptor termi-
nals [23,25,60,77,79]. The triads have a bipolar cell process in
the center with a horizontal cell process on either side. This

arrangement is thought to hold for all vertebrate retinas,

There are several types of synapses formed at the receptor
terminals. The horizontal cell-bipolar cell triads invaginate the
receptor terminals and a ribbon synapse is formed between the
receptors and the higher order mneurons. More conventional
synapses are also formed between the various elements, There is
evidence that receptors are coupled via gap junctions with each
other and with processes of flat bipolar cells. There is also
evidence in goldfish of synapses from horizontal cells back to

cones [23,25,77,79].

The bipolar cell nuclei are located proximal to the horizon-
tal cell layers. They send their axons to the inner plexiform
layer where they form synapses with the amacrine and ganglion
cells. The bipolar cell is the only proven link between the two

synaptic layers of the retina.

The amacrine and ganglion cells integrate the information
supplied by the bipolar cells, The ganglion cell axons come

together and form the optic nerve which carries information about



Figure 2-1 Organization of the frog retina. Receptor terminals: RT
Horizontal cell: H Bipolar cell: B Amacrine cell: A Ganglion cell: G.
From Dowling (1968).
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the retinal image on to the the central nervous system.

2.2 ELECTROPHYSIOLOGY

The basic electrophysiological properties of the rods, cones
and horizontal cells are very similar. The first part of this
section will discuss these basic properties and the succeeding

parts will deal with the particular properties of each element.

Unlike most neurons the three of interest here are depolar-
ized under resting conditions. In the darkness they have a rest—
ing membrane potential of about 30 mV. This compares to a resting
membrane potential of about 60 mV for most neurons [82,85,86].
They are also unusual in the way they respond to stimulation. In
general neurons respond to stimulation with transient spikes of
their membrane potential. These spikes are then carried along
axons, the cables of the nervous system, to other neuroms, The
responses of ganglion cells and amacrine cells as shown in figure
2-2 illustrate a typical spike response, This figure also shows
the type of respomse typical of photoreceptors and horizontal
cells. In contrast to the spike response, these cells respond to
flashes of light with slow byperpolarizing changes in membrane
potential. Notice +that the horizontal cell responds to stimula-
tion over a larger area than the photoreceptor. Notice also that
the horizontal cell has a slower response than the photoreceptor.
For the responses shown in figure 2-2 the horizontal cell respomnse

peaks about 500 milliseconds after the photoreceptor peaks.
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Figure 2-2 Intracellular recordings from neurgns in the mudpuppy
retina. The stimuli used were a spot of light focused on the electrode
(Teft) and a small and large annulus (center and right).

From Werblin and Dowling (1969).
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2.2.1 Horizontal Cells

Electrophysiological studies of horizontal <cells have been
carried out in several species. The most commonly studied ones
are the fishes [41,42,62-64], turtles [76,33,34,42], and amphibi-
ans [50,51,58,80]. Though there are morphological differences
between the retinas of the various species there is strong con—

sistency in the electrophysiology of horizontal cells.

Electrophysiologically, horizontal cells are classified as
L-type or C-type, L standing for luminosity and C for chromati-
city. L-type cells have a hyperpolarizing response to 1light of
all wavelengths, C-type cells, on the other hand, respond to some
wavelengths with hyperpolarization and to others with depolariza—

tion.

It is well known that functionally defined horizontal cell
receptive fields are much larger than their dendritic fields. In
the frog retina, for example, horizontal cell dendritic fields
range from 15 to 40 microns in diameter while their receptive
fields are between 300 and 1100 microns in diameter [59,70]. This
dramatic ratio in field sizes has been accounted for by models
which view the horizontal cells as a layer of resistive material
through which signals may spread laterally. Marmarelis and Naka
(1972), for example, approximated the horizontal cell layer in
catfish as a continuous and homogeneous layer of resistive
material bounded on top and bottom by a membrane of much higher

resistance. Simon (1973) proposed a resistor network to model the
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receptive fields of L1 and L2 Thorizontal cells in the turtle

retina.

These resistive models are based on morphological evidence of
gap junctions in some species and on physiological evidence of
tight electrical coupling in others, For instance, in the dogfish
retina studies have shown that intracellular polarization of ome
horizontal cell can give rise to polarization in a mneighboring
cell of the same layer separated by as many as five cells [42].
Recent studies in the carp retina have also shown electrical cou-

pling between horizontal cells of the same type [84].

There is no direct evidence for the existence of gap junc-
tions between horizontal cells in the frog retina; however, based
on their large receptive field to dendritic field ratio and on the
close contact between adjacent cells within the layers, coupling

is probably electrotonic in nature.

The tight coupling of horizontal cells has led to hypotheses
that horizontal cells pool information relating to a) average
light intensity in large regions, b) chromatic inputs in the
retina and c¢) that the pooling of information is used in mediation
of bipolar cell receptive field surround. Thibos and Werblin
(1978) showed that the semsitivity of the bipolar cell receptive
field center is affected by steady illumination of the bipolar
cell receptive field surround. Their experiments did not show
what level of the retina was involved in the center surround

interaction. Thibos and Werblin explained the result with direct
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horizontal cell input to the bipolar cell. It is just as possible
that the horizontal cells could be adjusting the sensitivity of
the photoreceptors making up the bipolar cell receptive field
" center. Horizontal «cell to photoreceptor feedback has also been
proposed as the mechanism for generation of bipolar cell surround

responses in the carp retina [84].

In fact there is strong support from other studies for such a
hypothesis. Although there have not been any studies that
directly assess the possibility of horizontal cell involvement
with gain control at the photoreceptor 1level there have been
several studies on horizontal cell feedback to photoreceptors for
other reasons. There have been studies in the turtle retina show-—
ing that chromatically coded feedback exists (Cervetto and
Fuortes, 1978). This chromatically coded feedback is thought to
explain the existence of C-type responses in horizontal cells.
These results have led to models such as the one shown in figure

2-3.

One study by Baylor, Fuortes and O'Bryan (1971) clearly
demonstrated feedback from horizontal cells to cones in the retina
of the turtle. They found that if bright steady illumination was
centered over a come photoreceptor then a bright flash in the sur-
rounding area caused a depolarization of the photoreceptor. They
also made simultaneous recordings from cones and L-type horizontal
cells. The results of these recordings also support the conten—
tion that there is mnegative feedback from horizontal cells to

cones, Finally, they conclusively demonstrated a feedback path by
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Figure 2-3 Proposed connections between horizontal cells and
photoreceptors to generate C-type horizontal cell responses in the
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From Fuortes and Simon (1974).
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polarizing cones by injecting current into mnearby horizontal

cells.

2.2.2 Photoreceptors

Due to the technical difficulty there have been few record-
ings from photoreceptors in the frog retina. The only known
intracellular recordings of photoreceptors in the frog are from
the rods in the retina of the bullfrog, Rana caesbeiana [83].
There have been, however, many reports of intracellular recordings
from rods in the retina of the sea toad, Bufo marinus
[13,30,31,36] and from rods and cones in the retina of the turtle
[5-9,15,16,18-20,65-69,73-75]. From these studies it is known
that relatively speaking rods have a slow respomse to the omset of
a flash of light with no off response and a slow recovery to the
membrane resting potential. Cones, on the other hand, have a fast

response to both the onset and offset of a flash of 1light.

Since most of the results described above are for particular
spatial patterns of retinal illumination it is important to con—
sider the receptive field properties of the photoreceptors. At
one time it was thought that the response recorded from individual
photoreceptors was not influenced by the mneighboring photorecep—
tors. Recent studies have shown, however, that photoreceptors do
not respond independently but are strongly influenced by mneighbor-

ing photoreceptors,

In the turtle retina studies have been dome on the coupling

of cones [6] and on the coupling of rods [13,15,16,73-75]. There
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have also been studies on the coupling of rods in the retina of
the sea toad, Bufo marinus, [30,31,36] and in the tiger salamander
[89]. 1In the tiger salamander receptive field measurements indi-
cate a diameter of 8 to 10 rods, approximately 120-150 microns,
implying that each rod is coupled to about 80 neighbors. Studies
in the retina of the sea toad agree well with this. Several
independent studies have found rod receptive fields in the sea

toad to be 100 to 150 microns in radius [36,68].

One study of cones in the turtle retina showed that some
neighboring cones are electrically coupled at distances less than
40 microns [6]. This implies that cone receptive fields are from

40 to 100 microns in radius.

Studies have shown that much of the sensitivity change pro—
duced by changes in average illumination of the retina takes place
at the photoreceptor level [10,7,26,30,43,65,69]. Two types of
sensitivity change have been described. One of these is due to a
static nonlinearity [7,8] between 1light intensity and membrane
potential, This sensitivity change is also referred to as
response compression [10]. The other type of semsitivity change
is seen as a shift of the intensity respomse curve along the

intensity axis and is referred to as cellular adaptation[65].

Response compression allows the system to have a response
which is almost linear with respect to intensity over a range of
about 1.5 log units of intensity. Cellular adaptation allows the

almost linear region of response compression to center itself to
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an average level of illumination that may span about 10 log units

of intensity.

2.2.3 Bipolar cells Though the studies mentioned above have

shown that most adaptation takes place at the level of the indivi-
dual photoreceptor, another form of adaptation has been demon—
strated as well. As was previously mentioned Thibos and Werblin
(1978) showed that illumination of the surround of a bipolar cell
receptive field altered the sensitivity of the center of the
receptive field to light. This study implies that horizontal
cells are involved in this adaptation because of the large amount

of retinal area covered by the bipolar cell surround.

Other bipolar cell studies have also implied that horizontal
cells mediate the bipolar cell surround [52,84]. One of the stu-
dies showed that current injection in mnearby horizontal cells

could polarize bipolar cells [52].

Though the results of these studies have implied a pathway
from horizontal cells to bipolar cells they have not shown whether
the path is direct or indirect. The results of these studies com—
bined with the results of studies demonstrating negative feedback
from horizontal <cells to cone photoreceptors led to the
hypothesis for the studies described in chapter four. The
hypothesis is that photoreceptor sensitivity to 1light should be
altered by illumination  of the area surrounding the

photoreceptor’s receptive field.
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3. MATERIALS AND METHODS

3.1 EXPERIMENTAL

An eyecup preparation of the frog, R. pipiens, was used for
all experiments. The eye was removed and cut in half with a
razor blade. The vitreous was then removed by placing strips of
tissue paper around the eyecup. After draining the vitreous, the
the eyecup was placed in a special holder on filter paper
saturated with frog ringers. A small annulus of tissue paper was

placed on the retina to mark the area recorded from after pro-

cessing.

The retina was maintained in a moist enviromment of 100%
oxygen at room temperature. Glass micropipettes with impedances
of 100 — 200 megohms were used. These pipettes were filled with
2% horseradish peroxidase (HRP) in 0.2 molar potassium chloride
(KC1). The micropipettes were advanced through the retina in 4
micron steps using a Burleigh 'Inchworm’ micromanipulator. Plate
3-1 is a photograph of the recording station. After recording
HRP was sometimes injected into the mneuron by passing 5 nanoamp

current pulses through the electrode for 10 seconds.

If an injection was made the retina was left undisturbed for
5 to 10 minutes to allow the HRP to diffuse throughout the
injected neuron. The section of retina marked by the paper
annulus was then dissected out and fixed for one hour in 1.5%
gluteraldehyde. It was then washed overnight in a sodium phos—

phate buffer. At a later time it was reacted with
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diaminobenzidene and H,0, and prepared for thick sectioning.
After thick sectioning the tissue was mounted and the injected

neuron was identified by light microscopy.

The stimulus was produced on a high intensity cathode ray
tube (CRT) focused on the eyecup. The CRT had P4 phosphor of the
sulfide type with a color temperature of 11,000 degrees Kelvin.
The spectral—-energy distribution characteristics for this phos-—

phor are shown in figure 3-1,.

The CRT controller was able to produce preset stimuli or
display patterns prerecorded on digital tape. The preset stimuli
were spots whose on and off times were controlled externally by a
Grass model S4GR stimulator. Table 3-1 lists the sizes on the
retina of the spots.

Table 3-1

SPOT SIZES ON RETINA
Spot Number Diam.(microns)

1 83
2 416
3 667
4 830
5 1250

The patterns prerecorded on digital tape controlled a large 16
pixel by 16 pixel square. Each of the pixels was 93.75 microns
wide at the surface of the retina, A new pattern could be
presented each N x 10.6 milliseconds, where N is an integer.

There were 16 intensity levels possible for each pixel.

The intensity of the stimulus was measured at each of the 16

levels using a Gamma Scientific telephotometer, Model 2000. A
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phosphor of the sulfide type. Supplied by the manufacturer.
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barium sulfate reflectance standard was placed in the position
normally occupied by the eyecup so that the stimulus was in
focus. The reflected light was measured using the telephotometer
with a human photopic filter. Figure 3-2 is a plot of the meas—
ured intensity in photopic footlamberts versus the numerical
designation of the level. Note that the levels are linearly

related.

The signal from intracellular probing with the glass micro—
pipette went into a low noise FET preamp and then into a mnegative
capacitance amplifier, WPI model M701. This amplifier output the
signal to various other amplifiers and devices at a gain of unity
or five. The unit gain output went to a D.C. coupled chart
recorder used to monitor drift of the cell’s membrane potentiai.
The output with amplification went to an amplifier whose gain
could be set at 100 or 200. This amplifier applied a high pass
filter with a cutoff frequency of 0.2 hertz and its output went
to the data acquisition system. A complete block diagram of the

recording equipment is shown in figure 3-3.

The data acquisition system consisted of a PDP-11/45 digital
computer with a high speed 12 bit analog to digital converter.
The amplified response was digitized online and stored on mag-
netic tape. Timing information for both the fixed stimuli and
the prerecorded stimuli was recorded as well, The sampling

interval for digitization was 0.01 seconds.
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3.2 ANALYTICAL

The recorded data were analyzed on a PDP-11/45 digital com—
puter using the general analysis operating system (GAS). GAS has
been developed over the past decade by programmers and research-
ers at Caltech. It provides a general set of programs for signal
processing operations useful in performing the task of identify—
ing specific systems. These operations include response averag-—
ing and calculation of Wiener kernels. There are also programs

for modelling real and theoretical systems.

The experiments were performed using either conventional
stimuli, such as flashing spots, or randomly modulated stimuli.
The responses to conventional stimuli were averaged with stimulus
onset as the trigger. The randomly modulated stimuli used were
uniformly distributed 15 level random signals. It was found 1in
practice that the responses to stimuli with a uniform distribu-—
tion had a higher signal to noise ratio than the responses to
stimuli with a gaussian distribution. The rest of this chapter
presents a development of the algorithms for analyzing a system

using a uniformly distributed N-level random input.

In recent years, the technique of mnon—parametric nonlinear
system identification has been developed and successfully used on
biological systems by several researchers [45,53,54,56,571. In
general the theoretical development of the technique has been in
the continuous time domain using integral equations [53-57]. It

is possible, however, to develop the entire theory for analyzing
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nonlinear systems using random inputs in the discrete domain
[44-46]. This formulation of the theory recognizes that the sys—
tem will be analyzed with a digital computer using discrete
experimental measurements of the systems output. Using the
approach developed by Kroeker (1977) I will develop the set of
orthogonal functionals describing a system stimulated by a uni-
formly distributed discrete random process with N levels. I will
then show that these functionals may be evaluated using cross—

correlation in the same manner as the Wiener functionals.

Let us consider the output, y(t), of an unknown system, F,
which has x(t) as its input. We will assume that the system is
causal and has finite memory. We wish to evaluate the way in
which F maps past inputs x(t), t-M<{t<{t, where M is the memory
of the system, to y(t). The system will also be assumed to be
time invariant, that is, the state of the system does not depend

on initial conditioms.

We will consider specifically the output of F resulting from
an input which is an N-level uniformly distributed discrete ran-

dom process. Such a process has the following properties:
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a) If x is an element of the discrete random process the

probability that x takes on one of the N possible discrete

values is
P(x=xi)) = 1/N  where x, = 0,1,....,N-1. (1)
b) The mean p of x is
p = (N-1)/2 . (2)
¢) The variance V is
vV = (N-1)(N+1)/12 . (3)
d) The joint density for independent samples is
P(x1=xi,xz=xj,....,xn=xs) =N S, (4)

We will make discrete measurements of the output y(t) and assume
that we can sample fast enough so that these outputs will be an

accurate representation of the response of F to x(t).

The orthogonal polynomials d for a single uniformly distri-

buted random variable are given by Jordan (1965):

+1 N )
$ (x) = c:§ (-1 imty NiTl (x) (5)
m 1=0 m mi 1
y(y-1) (y-2)...(y—j+1)
where (7) =
and (g) =1

The normalization constant Cm is determined by requiring the
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variance of each polynomial to be unity. This leads to the fol-

lowing expression:

S ) (6)
m

4, =1
-.5
$, =V T (x-p) (7
-.5
$, = (.2(4v2-V)) " [(zx-p)2-V)]
Suppose that out of a collection of S independent uniformly dis—
tributed variables xl,xz,...,xs we pick n variables

X, ,X. ,eessX, vwhere each i,, k=1,2,...,n is chosen
PR i k
n
from 1,2,...,S and repetition is allowed. Let us define the mul-

tivariate uniform polynomial of x. ,xX. ,...,X, as

1, l.2 ln

[44,46,71]:

s
an<xi veenx; ) = M (2 (8)

1 =1"¢
where n_ is the number of times X occurs in the collection
X. +X. »eee»X, and the n satisfy
1 1 g

i
$a s
o

1 2 n
c=1

. ) )
For example consider & (xi,xj,xk).
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i

Is(xi,xj,xk) *1(xi)31(xj)$1(xk) if i#j#k

&1(xi)&,(xj) if itj=k

$,(x)) if i=j=k (9)

We define the expectation with respect to the joint demnsity (4)

as:

Elg(x, ,...x, )] =N }?..} iéxi ooz )

1 n x,=0 X 1 n

THEOREM: The & have the following properties:

o= 1 (10)

E[8"] =0 (11)

ELE™(x, »eeerx, JB(X, ,ee0rx, )] =587, (12)
i, 1n Jq Jn nm ij

where Snm = 1 for n=m and 0 otherwise, and 62j= 1 if some
permutation of ix""’in matches j1""’jn and zero other-—

wise.
PROOF:

Equation (10) follows directly from equations (7) and (8). We

show (11) by considering
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3 s-1
E[&"] = EIRé (x )1 = EINé_ (x )IELd_ (x)]
o=1 o c=0"¢ ns s

1N—l
but B[4 (x)] =% } b (x) =0
s xs=0 s

by the way the *n are constructed. Therefore,

E[&"] = 0.

Using (8), (12) becomes

S
E(878 ] = E[fé_ (x)d_ (x)1  (13)
n g m 2]
o=l o o

where n_ and m_ are, respectively, the number of occurrences of
o in i:""'in and j1""'jm' We may rewrite this as
am s—1
E[8 81 =E[Né (x)é (x)IE[d (x)d (x)]
n "o m_ "o n s’ 'm s
c=1o c s s

but by the way the 6n are constructed

E[Jn (stm (x )] =58
S S s 8

This argument could be repeated for X _qrecerXy yielding:
s

E[878] = j5_
6=l s o

&5 o
nm

proving (12). QED

We may now construct the functionals that will represent the
system F, The relationship between the output of the system F

and the functionals In is given by:
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N=1
F(xo,xl,....xM) = } Jn(fn)
=0
where

. . n
Jn(fn) ’.‘ g..:g fn(ll’oooaln)‘ (xl,...,xi ) (14)

i,=0 i =0 n

n

The fn are the kernels of the system F. Note that the 8" are
defined only for =n{= N-1. Thus the functionals only provide a
complete representation of the nonlinearities up to order N-1,.
This is a manifestation of the number of degrees of freedom in

the N-level uniform stimulus,

We may now write out the first few functionals for the uni-
formly distributed input x(t) using equation (14). For the zero

order case we have:
J, = f,8° = f, since &° = 1 (15)

The first order case is a little more complicated. Using equa-—

tion (14) again, now with n=1, we have:

T, = ) £, (DEx).

i=1

But & = *1(11)

so I, =V g £, (1) (x,~p) (16)
i=1

Now setting n=2 in equation (14) we may write out the second

order functional J,. Doing this we get:
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Jz '? fz(il'iz)iz(xi pxi )
i,51:51 1 1

it

NCHRTNCHPINE R R

= $z(xi1) i, =i,

We see from this that for i, # i,, that is for off diagonal
points, the multivariate polynomial is a product of first order
single variable polynomials. For the on diagonal elements, i, =
1,, the multivariate polynomial becomes the single variable
second order polynomial $z. This illustrates the need for an
adequate number of degrees of freedom in the stimulus. If the
stimulus had a binary distribution then we would have N=2. From
equation (5) we see that for N=2 *z is equal to zero. Thus the

diagonal elements of the second order nonlinearity would mnot be

tested and as we shall see could not be evaluated.

Substituting from equation (7) we find that J, is

J, = V-1 % g £,04,,1,)(x, ~w(x, -
i,=Tij=1 1 2

2

+ (.204v2-7)) 70 g £,0ig,1,) ((x, —-0)2=V)  (17)
i,51 1
i,=i,
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3.2.1 Calculation of the kernels

Consider the expected value of y(t). By the way that the
series has been constructed the expected value operation on y(t)
will yield f, the zero order kernel for the system. ¥We may

write then:
f, = Ely(t)] (18)

Now comsider E[F(xo....,xM)(xG~u)]. Substituting from

equation (14) we have:

E[F(xy,...ox) (x ~W)1 = (19)

N;
El }11 (x, ,...0%, )(x —n)] =
n 1 1 [+]

n=0 1 n

N—
El }1 gg £ (iy,000,1i )8 (x,
n n 1

’-o-sxi )(XG—M)]
n=0i7=0i_=0 n

1

but by construction the " are orthogonal to all polynomials of

lower order, so this becomes

E[f,(x —p)] + E[iglgl(il)il(xi1)(xc-u)] =
1

0 + Elk, g f1(i1)(xi -u)(xa—u)]

L 1
i, =0

Where k, = V'--’5



_35._
Taking the expected values inside we have:

k1§ £,(i)El(x, -~ (x W] =

i = 1
i,=0

klg fo(i)Ve,
i,50 *a®
So (19) becomes:

1/k, £, (o)

rearranging we have:
£,(a) = V " EIF (x_-p)] (20)

Now let us figure out how to calculate the second order kernel by

considering EI[F (xc —u)(xc -u)l. Substituting from
1 2

equation (14) we have:

E[F (xd -u)(x6 -u)] = (21)

1 2

N_.
E[ El.Tn(xi TR )(xc —u)(xc -u) 1 =

n=0 1 n 1 2

El £, (xcl—u)(xcz—p)] +

El x g fo(i)(x, -p)(x_-p)(x_-p) 1 +
}_1-_—.01 ta x11 g x"'1 . x“z .

E[ k,2 § g £,(i,,1,)(x; -n)(x,
i,=0i,=0 1
i i,

—u)(xal—p)(xo -u)l+

2 2

El k, 3 £04,8,) ((x; =) 2=k,=2) (x,

- (x_ -p) 1
i,=0 G,

1
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Considering the first term of this expression we find:
El (xa —p)(xcz—p) 1 =

1

f,EL (xoi—u)(xoz-p) 1 = £, 8 v

We see that when o,=c, this term will be non zero. Now con—

sidering the second term we find:

E[ k gf(')(.-)( - (x -w) 1=
;1=0 1th x11 : x°1 g xc"z :

k% 3 f,(i;) El (xil-u)(xol—u)(xcz—u) ]
i, =0

The second term will have no effect on the calculations because
it goes to zero. Considering the third term and performing the

expected value operation we find:

E[ k,? g g £,0i,,1,) (x; -1 (x,
1

- (x_ -w)(x_ -p) 1
i,50%,=0 % %2

2

klzlgogzia(il,iz)E[ (xil-p)(xiz—p)(xc
i,#i,

—u)(xaz—p) 1

1

k,? § g £,(i,04,)V2 (B, ;B o #6; o By o ¥, 5. )

i,50%,=0 2 019, 1,03 1,0, 1,0, 1,0,
i #i,
= -2
k,-? [f,(0,,0,) + £,(0,,0,)] o, ¥c,

but f, is symmetric so the third term becomes:

2k,-? £,(0,,0,) 6,0,
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We now have the formulation for calculating the off diagonal ele—
ments of the second order kernel f,. Finally if we consider the

fourth term and perform the expected value c¢peration we find:

E[ ki sz(il’il)((xil_")z_kl-z)(xcl—”)(xcz_”) 1

1

k; =sz(il.i1)E[ (xil-p)(xil—u)(xol—u)(xcz—u) ]

- kzkl-z gofz(il.il)E[ (xcl-u)(xcz—p) ]

1

it

N,
ky ) £u(1a,dy) V2B 4By (8 4B, B )

-k k —2 g £f,(i ,i ) V8
251 1.4 2V11014 6,0,

but k, = V '5, so we have:
2k,-*k,f,(0,,0,) c

Recall that we found that the first term makes a contribution to
the calculation when o,=0,. The calculation of the diagonal

of the second order kernel will, therefore, be off by f,V unless
we subtract f, from the response before the calculation of f,.
If we do that then we have the following formulas for calculating

the second order kernel:

1
2V

k,

£,(0,,0,) = 332 Bl (F-£)(x_-p)(x_ -p) 1 o,=0, (23)
1 2

f,(0,,0,) E[ (F—fo)(x6 —u)(xc -n) 1 o,#e, (22)

1 2
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Since we are dealing with a stationary system and since x is
ergodic we may use index averaging in place of the expected value
operation., In practice the data set is usually a sampled signal
and the index then is the multiplier of the sample increment,

Under these conditions the algorithms for computation of the ker-

nels are:
1R
Jo: f, = E Ely(tn) (24)
n=0
Vr.S -1
I, f,(0) = N S (y(tn)-fo)(x(tn—c)—p) (25)

n=0

N_
Tt £,(0,,0,) = 5 Ez(y(tn)—fo)(x(tn—al)—u)(x(tn—az)—u) o, tc, (26)
n=

and
-.5 Nz1
(.2(4v2-V)) °
£,(0,,0,) =20 L] nZéy(tn)—fo)(x(tn—cl)-u)(x(tn—cz)—u) o=, (27)

where N is the number of points in the response data set.

The uniform functionals may be extended to multi—input systems
just as the Wiener functionals were by Marmarelis and McCann
(1973) and Marmarelis and Naka (1974)., This leads to terms in
the second order and higher functionals which result from non—
linear interaction between the different inputs. This interac-
tion term is called a mutual- or cross—kernel. There are also
additional individual terms in each functional for each input.

These are called self-kernels.

In J, the cross—kernel appears as:
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—1 1 1 —_— -
V- 5.5 fxu(ll.:lz)(xi1 px)(uiz k)
i,=0i,=0

where x and u are the two inputs which are randomly modulated and
independent of each other. The cross kernel is calculated using
the following formula:

N=1
1
£ (0,,0,) = ano(y(tn)(x(tn—cl)—px)(x(tn—cz)—pu) (28)
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4. RESULTS

This chapter describes the results from intracellular
recordings of frog photoreceptors and L-type horizontal cells,
Plates 4-1 and 4-2 show the results of injections with HRP in two
cone photoreceptors. The cell in plate 4-1 was injected by ion—
tophoresis for 10 seconds at a current of 5 mnanoamps. It was
processed as described in section 3.1 and cut in 40 microm thick
sections. The cone is approximately 10 microns in diameter and
60 microns long., The cell in plate 4-2 was also injected by ion-
tophoresis. It was injected for 5 seconds at 5 nanoamps at the
end of two hours of recording. This was the longest recording
made from any one cell. It recovered its response completely
after the injection., It was injected a ;econd time for § seconds
at 5 nanoamps twenty minutes after the first injection. An
internal horizontal cell was also stained but not recorded from
in this retina. It appears to have been penetrated during the
advancement of the electrode and to have taken up extracellular
HRP. Both cones have the characteristic o0il droplet and conical

outer segment,

The following sections describe the electrophysiological
results. Each section describes the stimulus used and then the
response of the photoreceptors and horizontal cells to that

stimulus.



PLATE 4-1|
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(073

PLATE 4-2
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4.1 ADAPTATION OF CENTER BY SURROUND

This experiment was a first attempt to test the hypothesis
that illumination in the surround of a photoreceptor’s receptive
field affects the state of adaptation of the photoreceptor. The
stimulus was configured with the central 4 pixels as the 'center'
and all the other pixels of the 16x16 pattern as 'surround’. The
cell's sensitivity was measured by flashing the center from its
steady state level to each of the other levels, 0 to 15. This
presentation was made 3 times for each set of conditions. The
responses were analyzed by averaging and then plotting the peak
response to each stimulus 1level versus the logarithm of the

intensity at that level in footlamberts.

The experiment was carried out for three sets of conditions.
The first set of conditions provided a baseline measurement of
the cell’'s sensitivity at low levels of steady illumination. For
this step the center and surround steady state level was 0
(BGOCTO0). The second measurement was made with the center
adapted to a slightly higher level of illumination, level 3. The
surround was kept steady at level 0 (BGOCT3). The last measure-
ment was made with center and surround both having a steady state

intensity of level 3 (BG3CT3).

This experiment was performed on four cone photoreceptors.
Figure 4-1 shows a set of typical results for this experiment.
The data points for level 0 are not plotted to minimize compres-

sion of the results by the logarithmic scale. The figure shows
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5 L Lo 5. 0.

Figure 4-1 Intensity - response curves for a cone photoreceptor.

A: Background level 0, center level 0. B: Background level 0, center
level 3. C: Background level 3, center level 3. The center was the

2 pixel by 2 pixel center of 16 by 16 pattern. The background was the
rest of the 16 by 16 pattern. One pixel was 93.75 microns wide at the
eyecup position. Sensitivity was tested by flashing the center from
resting level to each of the other 15 levels. V_ is the peak response,
in millivolts, at each level. The horizontal scale is in
logfootlamberts.
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that there is a slight compression of response for BG3CT3 as com—
pared to BGOCT3. Notice also the large change in the curve from
BGOCTO to the other two conditions. The intensity at level 0 is

-3.68 log—footlamberts,

4.2 Random Rings — No Desensitization

The stimulus used for this set of experiments is illustrated
in figure 4-2. It was of a pattern of eight concentric square
rings. The center ring, RO, was a 2 pixel by 2 pixel spot.
Around it were seven square rings, Rl — R7, each 1 pixel wide.
Each of the eight rings was independently modulated by a wuni-

formly distributed random process.

Figure 4—-3 shows the eight first order kernels for a cone
photoreceptor. These kernels are initially hyperpolarizing, that
is they go from a resting level to a megative level and then back
to the resting level. The kernels are typical of the kermels

obtained by recording from five other photoreceptors.

A cell’s receptive field is usually determined by measuring
the peak response to a small spot at various positions., Figure
4-4 illustrates a new way to describe a cell’s receptive field.
The values along the vertical axis are determined by taking the
ratio of response per unit area in ring Rn to the response per
unit area in RO, The response per unit area is determined by
dividing the peak polarization of the first order kernel for each
ring by the number of pixels, or area, of that ring. This figure

shows that the receptive field of the photoreceptors fell
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RING

Figure 4-4 Receptive field plot for three cone photoreceptors. Pn is the
peak of the first order kernel for ring Rn, PO for RO. An is the area of
ring Rn, A0 of RO. This plot was constructed using the first order
kernels shown in fig. 4-3 for one of the cones and kernels not shown

for the other two cones.
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entirely within RO,

Figure 4-5 A shows the second order self-kernel of RO for
the same <cell as the previous figures. The second order kernel
is depolarizing, that is it goes from rest to a positive peak and
then back to rest. This indicates that the mnonlinearity
decreases the overall response of the system since the first and
second order kernels are of opposite polarity. It peaks at

approximately the same time as the first order kernels.

Figure 4-5 B shows the cross—kernel between RO and R1. The
cross kernel is also depolarizing indicating that illumination of

one ring R1 suppresses the response due to illumination of RO.

Table 4-1 presents the results of modeling this cell’s
response to the uniformly distributed random stimulus and compar—
ing it with the cell’s actual response. To find the dynamic mean
square error, MSE, both signals are adjusted to have zero mean,
Then the variance of the difference between the adjusted signals
is computed. This variance is the dynamic MSE. The percent
dynamic MSE is the ratio of the dynamic MSE to the variance of
the adjusted actual response. This is inversely related to the
signal to noise ratio. The results of this comparison indicate
that only the kernels for rings RO and R1 are significant. Fig—
ure 4-6 compares sections from the modeled response and the

actual response,



.
/4 ,r,jr;;;f:§;2:~

(sec)
|
Figure 4-5 A: Second order self kernel for a cone photoreceptor.

o]

B: Second order cross kernel between RO and R1, also
for a cone photoreceptor. RO corresponds to'Cl,
R1 toZTz. The 7 axis contour units are

mV/(foot]ambert)z. Stippling denotes negative areas.
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Table 4-1
Cone Photoreceptor Model Comparison
Kernels Used for Model Dynamic MSE Pct. Dynamic MSE
RO H1 0.4419 19.55
RO->R1 H1 0.4123 18.24
RO->R2 H1 0.4101 18.15
RO->R3 H1 0.4122 18.24
RO->R4 H1 0.4121 18.24
RO->R5 H1 0.4117 18.22
RO->R6 H1 0.4104 18.16
RO->R7 H1 0.4128 18.27
RO->R6 H1 RO H2 0.2984 13.20
RO->R6 H1  RO->R1 H2 0.3015 13.34
RO->R6 H1  RO->R1  H2+H2ROXR1 0.3174 14,04

Figure 4-7 shows the eight first order kermnels for a horizontal
cell, As was shown for the photoreceptors, these kernels are
hyperpolarizing. Note that for the horizontal cell there are
non—zero kernels beyond Rl. This is typical of horizontal cell
kernels because the horizontal cells have much 1larger receptive
fields than the photoreceptors. For this particular cell the

kernels are apparent for all eight rimgs.

Figure 4-8 is a plot of the receptive field for two horizon-
tal cells tested with this stimulus. This figure was constructed
in the same manner as figure 4-4. One of the cells shows the
largest response in ring R1. This is probably a result of the
product of the spatial weighting function and area having a max-—

imum off center.

Table 4-2 shows the results of modeling of one of these
cell’'s response to the uniformly distributed random stimulus.
One thing apparent from the modeling is that the second order
self kernels are weak for this horizontal cell. Figure 4-9 com—

pares sections from the actual and modeled response to the random
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RING

Figure 4-8 Receptive field plot for two horizontal cells. Pn is the
peak of the first order kernel for ring Rn and PO for RO. An is the area
of ring Rn and A0 of RO. The distance between ring centers was 93.75
microns at the eyecup position.
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stimulus. The figure shows that the modeled response is in good
agreement with the actual response. The main apparent difference
is that the actual response has a component of high frequency
noise which is not present in the modeled response. This noise
is averaged out in the kernel calculation process and so it does

not appear in the modeled response.

Table 4-2
Horizontal Cell Model Comparison
Kernels Used for Model Dynamic MSE  Pct. Dynamic MSE
RO H1 0.267 97.92
RO->R1 Hi 0.2009 73.63
RO->R2 H1 0.1681 61.64
RO->R3 H1 0.1428 52.36
RO->R4  H1 0.1241 45,51
RO->RS H1 0.1135 41.61
RO->R6 H1 0.1034 37.92
RO->R7 H1 0.0912 33.41
RO->R7 H1 RO H2 0.0904 33.14
RO->R7 H1  RO->R1 H2 0.0834 30.57
RO->R7 H1 RO->R2 H2 0.0800 29.53
RO->R7 H1 RO->R3 H2 0.0778 28.51
RO->R7 H1 RO->R4  H2 0.0758 27.76
RO->R7 H1 RO->R5 H2 0.0755 27.68
RO->R7 H1 RO->R6  H2 0.0754 27.62
RO->R7 H1 RO->R7 H2 0.0758 27.717

4.3 Desensitization of Center — Flashing Surround

The stimulus used for this set of experiments was designed
to indicate whether or not the cross—kernels discovered between
RO and R1 for photoreceptors in the previous experiments were due
to 1light scatter., This stimulus desensitized the center of the
receptive field by holding the central four pixels, equivalent to
RO, constant at level 12, The cell was allowed to adapt to this
illumination for 17 seconds. Following this adaptation period
the central area was flashed from level 12 to level 15 ten times.

The stimulus on time was 127.2 milliseconds and the off time was
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1.3568 seconds. The surround, corresponding to R1-R7, was held
constant at level 0 during this test. The <cell’s response to

this test indicated the degree of desensitization.

For the second test the central area was held constant at
level 12 and the surround , R2-R7 was flashed 10 times from level
0 to level 15, The duty cycle was the same as above. Rl was held
constant at level 0. The third test was the same as the second
except that the surround rest level (R2-R7) was 3 instead of O
and the surround was flashed from level 3 to level 15. There was

an 8.5 second rest period between each of the three tests.

Figures 4-10 A thru C show the results of this test for a
cone photoreceptor. This was the same cell pictured in plate 4-
1. This cell was not saturated by the central illumination and
gave a weak hyperpolarizing response to the first test. For the

second and third tests the cell showed a large depolarization.

The next three figures, 4-11 A thru C, show the results for
a cell which was identified as a rod photoreceptor on the basis
of the time course of its response and on its response to the
first test. Figure 4-12 shows a comparison of this cell’'s
response to the cone photoreceptor of plate 4-1, The stimulus
used was a #1 spot with no background illumination and with an on
time of approximately 100 milliseconds. The cone shows a rapid
response to both the onset and offset of the stimulus. The rod
shows a slower response to the stimulus onset and no response to

the offset. Figure 4-11 A shows that this cell was saturated by
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the steady illumination at level 12. It showed no response when
the central area was flashed to level 15. Figures 4-11 B and 4-

11 C show the same type of response as the cone.

The results of these tests for a horizontal cell are shown
in the next three figures, 4-13 A thru C. The horizontal cells
showed little or no response to the saturation test but showed a
strong hyperpolarization to the flashing of the surround. Notice
that the time of the peak of the horizontal c¢ell hyperpolariza—

tion is just before the peak in the photoreceptor polarization,.

4.4 Random Rings — Center Desensitized

The stimulus used for these experiments was a combination of
the previous two stimuli., For this test the central four pixels,
RO, were held constant at level 12 as in the second set of exper—
iments. The surround, however, consisted of rings R1-R7 each
independently modulated with a uniformly distributed random pro—
cess as in the first experiment. This experiment was designed to
study the spatial aspects of the depolarization of the photore-

ceptors under the conditions of the second set of experiments.

Figure 4-14 shows the first order kermels for the same cone
photoreceptor as in section 4,1, Note that the kermel for Rl is
biphasic, that is it has a negative peak and then a positive
peak, while the rest of the nonzero kernels, R2-R4, are depolar-
izing. Figure 4-15 shows the receptive field plot for five
experiments in cone photoreceptors. It is generated by normaliz-—

ing with respect to the response per unit area in Rl since there
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2

O R L L]
O I 2 K 4 5

RING

Figure 4-15 Receptive field plot for three cone photoreceptors. This
plot was constructed using the peaks of the first order kernels for each
of the cones. The values were averaged for each ring. The standard
deviation is given by the bars. For one of the cells the experiment was
repeated three times, thus there were five values in the sample. Pn is
the peak of the first order kernel for ring Rn, P1 for R1. An is the
area of ring Rn, Al of Rl. There is no value for ring RO because it was
held constant at Tevel 12 for this experiment.

-
-
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is mno kernel for RO in this experiment. Note that the receptive
field does not fall off as rapidly under these conditions as it

did for the experiments described in sectiom 4.1.

Table 4-3 presents the results of the comparison of the
modeled response and actual response for the for the cell in fig—
ure 4-14. The table shows that under these conditions the first
order kernels are contributing even at ring R7. This compares to
ring Rl for the experiment in section 4,2, The table also shows
that the second order kernmels do not improve the model signifi-
cantly. This behavior is much like that of the horizontal cells
studied with the random stimuli. Figure 4-16 compares the actual
and modeled response to the random stimulus. It shows that the
low frequency dynamics are modeled quite well, There is a lot of
high frequency noise in the actual response, That mnoise could

account for the large errors shown in table 4-3.

Table 4-3
Cone Photoreceptor Model Comparison
Kernels Used for Model Dynamic MSE Pct. Dynamic MSE
R1 H1 0.0605 74.01
R1->R2 H1 0.04828 59.06
R1->R3 H1 0.04139 50.63
R1->R4 H1 0.03762 46,03
R1->R5 H1 0.03611 44,17
R1->R6 H1 0.03500 42,82
R1->R7 H1 0.03388 41 .44
R1->R7 H1 Rt H2 0.03347 40.94
R1->R7 H1 R1->R2 H2 0.03304 40.42
R1->R7 H1  R1-)>R3 H2 0.03343 40.89
R1->R7 H1 Rl1->R4 H2 0.03379 41.33

Figure 4-17 shows the first order kernels for the same horizontal
cell as in section 4,1, Under these conditions the horizontal

cell has hyperpolarizing kernels just as it did for the previous
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experiments, Notice that the kernels for rings R2 thru R7 are
very similar to the corresponding rings in figure 4-14 for a cone
photoreceptor, but inverted. Figure 4-18 shows the receptive
field plot for this cell. It is very similar to the receptive

field plotted in figure 4-8 in section 4.2.

Table 4-4 shows the results of the comparison of actual and
modeled responses for this cell. Consistent with the results of
section 4.2 the second order kernels make very 1little contribu—
tion to the cells response. Figure 4-19 compares the actual and
modeled response to the random stimulus. Once again, the 1low
frequency dynamics are well modeled but the high frequency noise

has been averaged out of the model.

Table 4-4
Horizontal cell model comparison
Kernels used for Model Dynamic MSE Pct. Dynamic MSE
R1 H1 0.2582 \ 78.2
R1->R2 H1 0.2152 65.2
R1->R3 H1 0.1802 54.6
R1->R4 H1 0.1561 47.3
R1->R5 H1 0.1438 43.5
R1->R6 H1 0.1296 39.2
R1->R7 H1 0.1162 39.2
R1->R7 H R1 H2 0.1099 35.2
R1->R7 H1 R1->R2 H2 0.1057 32.0
R1->R7 H1 R1->R3 H2 0.1032 31.3
R1->R7 H1 R1->R4 H2 0.1028 31.1
R1->R7 H1 R1->RS5 B2 0.1027 31.1
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RING

Figure 4-18 Receptive field plot for horizontal cell. This

plot was constructed using the first order kernels shown in

fig. 4-17. Pn is the peak of the first order kernel for ring Rn,
P1 for R1. An is the area of ring Rn, Al of R1. There is no
value for ring RO because it was held constant at level 12

for this experiment.
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5. DISCUSSION

Previous studies have proven the existence of functional
feedback from the horizontal cells to the photoreceptors. This
has been shown by two electrode experiments in the turtle retina
[6] and has been indicated in single electrode experiments [34]
and morphological studies [23,77,79]. The existence of this
feedback arrangement has led to postulates that horizontal cells
provide a pathway coupling different types of cones in multi-cone
retinas and that this coupling in turn causes C-type horizontal
cell responses [34]. It has also led to postulates that horizon-
tal cells mediate the bipolar c¢ell surround via the cones.
Polarization of bipolar cells by current injection in nearby hor-

izontal cells has given support to this hypothesis [84].

Finally, it has been postulated that horizomntal cells pool
information about the average level of illumination over large
areas of the retina. One study on the effect of surround illumi-
nation on the sensitivity of bipolar cell center supports this
hypothesis [80]. This study did not indicate the pathway for the

surround to center interaction.

Combining the existence of horizontal cell feedback to pho-
toreceptors with the idea of a pooling of information about aver—
age illumination suggests the pathway might be via the photore—
ceptors. The experiments described in the previous chapter were
designed to test that very hypothesis; that photoreceptor sensi-

tivity would be altered by illumination of the seemingly nonfunc-
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tional surround of the photoreceptor receptive field.

The results of the experiments described in section 4.2 give
the strongest support for this hypothesis. Visual stimulation of
photoreceptors with a pattern of randomly modulated rings con-
sistently showed the existence of a cross kernel between the
center, RO, and the nearest ring, R1l, which predicted a sensi-

tivity change in RO due to the illumination in R1,

To further clarify the influence of the surround on the pho—
toreceptor in the center the response of the photoreceptor to
steady illumination in Rl and a sensitivity test stimulus in RO
was modeled wusing the self kernels for RO and the ROxR1 cross
kernel. The sensitivity test stimulus is nominally at 1level 7.
It represents a time series of flashes of dark and light from
level 7 to each of the other levels 0 to 14. Figure 5-1 presents
the intensity response curves for the modeled response. It was
constructed by plotting the peak response to each 1level of the
sensitivity test stimulus versus the intensity of that level in
log—footlamberts. Curve A shows the result for R1 at 1level O,
curve B for Rl at level 7 and curve C for Rl at level 14, These
curves clearly show that the response of the photoreceptor is

compressed by surround illumination.

The results of this modeling support the results described
in section 4.1. A comparison of figures 4-1 and 5-1 shows that
the modeled results are much clearer than the experimental

results. There are at least two reasons why the modeled results
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are clearer, The first reason is that the test conditions were
not identical for the two cases. Recall that in the experiment
of section 4.1 the sensitivity was measured under the conditions
background level 0 and center level 0 (BGOCTO), BGOCT3 and
BG3CT3. A change in level of 0 to 3 should not be expected to

give as striking a result as a change from 0 to 7 to 14.

The second reason has to do with the efficiency of the ran—
dom stimulus in characterizing the properties of a system. The
random stimulus effectively tests the response of the system to
thousands of combinations of stimulus configuration. To obtain
similar results with a conventional stimulus, such as the ome in
experiment 4.1, an average response would have to be developed
for several thousand stimulus presentations for each stimulus
configuration, Presentation of the sensitivity test stimulus
requires 24 seconds for one pass from level 0 to level 15. To
test each of the three configurations 1000 times would thus
require 72,000 seconds or a 20 hour experiment, The random
stimulus was able to provide the data for a general characteriza-

tion of the system in a 5 minute experiment.

One question that comes to mind is whether it can be shown
that the response compression is not due to light scatter from
surround to center. An experimental or an analytical approach
may be taken in dealing with this problem. A discussion of the
results of sections 4.3 and 4.4 will opresent the experimental

answer but first let us consider the analytical approach,
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Consider a system with two inputs x(t) and wu(t) and first
and second order self kernels for both inputs but no cross kernel
between them. We may now write the functional representation of

the system as:

y(t) = g h, (e)x(t-t) + 3 b, (¥)u(t-t)
©=0 ©=0

+ g g h, (T,7,)x(t-t ) x(t-1,) (1)

t,=0t,=0

+ h, (v,,7,)u(t—t,)u(t-7,)
2y
t,=0t,=0

Now consider what happens if there is scatter from u(t) to x(t).
In this case we may rewrite the input x(t) as x'(t) = x(t) +
su(t) where s is the fraction of scatter. Substituting =x'(t)

into equation (1) we have:

y(t) = g h, (t)[x(t-t) + su(t-t)]
X
©=0

+ ) by (D)ult-T)

©=0
+ h, (t4,7,) [x(t-t,) + su(t-7,)]1[x(t-7,) +sult-t,)]
t,=0t,=0 '
+ h, (Ty.7)ult-t,)ult-1,)
T, =01t ,=0

Collecting terms we have:
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y(t) = g h, (©)x(t-t) + g[hiu(t) + sh, () Ju(t-7)
T=0 ©=0

+ h, (v ,7t,)x(t-t,)x(t-7,)
X
t,=07,=0

+ g g [h, (t,,T,) + shzx(tl,tz)]u(t—rl)u(t—rz)
£ -

1=V T,F
+ 2s§ g h, (t,,7,)x(t-t,)ult-T,) (2)
t,=0t,=0

Examining equation (3) we see that the first and second order
kernels that would be calculated for the input u(t) would be cor—
rupted by the kernels for the imput x(t). More importantly,
though, the fifth term indicates that we would now see something
if we calculated the cross kernel between x and u whereas with no
scatter there would have been no cross kernel. What is important
to note is that the cross kernel would be the second order kermel

for the input x(t) multiplied by twice the scatter factor s,

Figures 4-5 A and B show the self and cross kernels for area
RO from the random rings experiment of section 4.2. A comparison
of these figures shows that there are few if any similarities
between the two kermels. Based on the analysis just presented it
appears that the cross kernel is not due to 1light scatter from
surround to center. Thus the modeled results presented in figure
5-1 indicate a neural interaction between the horizontal cells

that surround the photoreceptor and the receptor itself.
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As was mentioned previously the experiments of sections 4.3
and 4.4 were designed to minimize the effects of light scatter
and look for neural interaction between the horizontal cell dom—
inated surround and the photoreceptor dominated center. The
experiment described in section 4.3 was similar to one wused by
Baylor, Fuortes and O'Bryan (1971) to study the receptive fields
of cones in the turtle retina. The results presented in section

4.3 agree well with their results.

The basic scheme of the experiment was to desensitize the
photoreceptor in the <center of the receptive field so that the
effect of any scattered light would be eliminated or at least
reduced. This desensitization was accomplished by holding the
central four pixels constant at level 12. They covered a square
area just over 180 microns wide. For good measure a ome pixel
wide 'buffer zone' around the center 4 pixels was held at level
0. The buffer zone increased the distance from the surround
illumination to the center and and therefore reduced the amount
of scattered light. The surround was flashed 10 times froﬁ level
0 to level 15 and then 10 more times from level 3 to level 15,
The results presented in figure 4-10 for a cone and 4-11 for a
rod clearly indicate a neural interaction., Curve A in each fig-
ure shows the average response when the center was flashed from
level 12 to level 15 10 times, It indicates that any scattered
light should have produced a hyperpolarization of the receptor
instead of the depolarization that occurred. Figure 4-13 shows

that the peak of the horizontal cell hyperpolarization for this
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experiment coincides with the peak of the photoreceptor depolari-
zation. This is good evidence that horizontal cell feedback is

causing the depolarization through an inverting synapse of some

type.

This result is consistent with the hypothesis of response
compression in a photoreceptor by illumination of the surround.
It also indicates that as in other species there 1is mnegative
feedback from horizontal cells to cones. It is the first physio—
logical evidence I am aware of that there is also negative feed-

back from horizontal cells to rods.

The final set of results to be discussed is that of section
4.4, The stimulus used for these experiments was a combination
of center desensitization and randomly modulated rings. The
results of this section are in good agreement with those of the
previous sections and those of Baylor, Fuortes and O'Bryan
(1971). They found that with the center illuminated stimulation
of the near surround of a cone gave a hyperpolarizing response.
As is shown in figure 4-14 the first order kernel for Rl is
biphasic. This indicates that ring Rl covered the transition
zone between receptor—receptor coupling and horizontal cell feed-
back. The kernmels for the rest of the rings, R2-R7, are seen to
be purely depolarizing., Omne surprising thing about these results
is their spatial extent. The kernels are clearly visible clear
out to R7. This is a definite indication of horizontal cell

involvement.
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The experiments that have been discussed were all performed
on horizontal cells as well as photoreceptors. Ome clear dis—
tinction between the two types of mneurons was given by the
results of the random rings experiment with no center desensiti—
zation. Figures 4-4 and 4-8 show the receptive field plots that
were constructed from the first order kernel peaks for a cone and
a horizontal cell respectively., The horizontal cell receptive
field spreads as far as R6 and possibly a little farther while
the cone receptive field is entirely within RO, Thus the hor—
izontal <cells are indicated by the results of section 4.4 to be

the mediators of the receptor surround.

Further support for this is gained by comparing the horizon-
tal cell kernels from section 4.4 with the receptor kernels.
Note that the horizontal cell kermels for R2 thru R7 are very
similar to the corresponding receptor kermels if their polarity

is reversed.

In this dissertation I have presented the results of intra-
cellular recordings from photoreceptors and horizontal cells in
the retina of the frog, R. pipiens. These results have supported
the results of investigations in the retinas of other vertebrate
species. Specifically they have supported the idea of horizontal
cell feedback to cone photoreceptors. They have expanded that
idea by supporting the hypothesis of photoreceptor response
compression by surround illumination., They have also extended
the idea of horizontal cell feedback to include rod photorecep—

tors. Taken together with the results of Thibos and Werblin
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(1978) on response compression of bipolar cell centers by sur—
round illumination they lend support to the idea of bipolar cell

surround mediation by horizontal cells via the photoreceptors.

I believe it is fair to say that the results obtained wusing
conventional stimuli, that is the results of of sections 4.1 and
4.3, were greatly enhanced if not overshadowed by the results
obtained wusing randomly modulated stimuli. This is an illustra—
tion of the efficiency of the nonparametric mnonlinear system
identification technique. It is my hope that by continuing to
develop this technique from the discrete domain, considering that
it will be implemented on a digital computer, it will be more
widely used. T believe that it has potential in adaptive control
and could also be wuseful in nondestructive testing. It is a
powerful technique and I think it will serve us well as we work

with it and develop a better understanding of how to exploit it.
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