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But above the gray land and the spasms of bleak dust which drift endlessly
over it, you perceive, dfter a moment, the eyes of Doctor T. J. Eckleberg.
The eyes of Doctor T. J. Eckleberg are blue and gigantic--their retinas are
one yard high. They look out of no face, but instead, from a pair of
enormous yellow spectacles which pass over a non-existent nose.
Evidently, some wild wag of an oculist set them there to fatten his practice
in the borough of Queens, and then sank himself down into eternal
blindness, or forgot them and moved away. But his eyes, dimmed a little
by many paintless days under sun and rain, brood on over the solemn

dumping ground.

-- F. Scott Fitzgerald, The Great Gatsby
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Abstract

Contrast forms the substrate for human pattern vision. The retina is the first stage
in the processing of complex spatial and temporal contrast signals. The responses of
retinal ganglion cells to such signals provide the means to explore such processing in the
retina. Most primaté retinal ganglion cells fall into two broad classes, M and P, which
have many anatomical and physiological differences. The responses of M and P cells to
luminance and chromatic signals were studied using nonlinear systems analysis to
determine the dynamics and the functional organization of the cells’ receptive fields.
Previously tried methods as well as a new method described here were used to study the

interactions of contrast signals within the receptive fields of M and P cells.

The first-order responses of P cells to spots and annuli isolated the dynamics of the
center and surround. The new multiple m-sequence method also allowed analysis of the
second-order responses. Although traditionally viewed as “linear” cells, P cells display
characteristic second-order kernels from their center and surround regions as well as a
mixed center-surround cross-kernel. This nontrivial nonlinearity was explored further
using spots and steady annuli which were set at several levels of illumination. These
experiments demonstrated that the level of ambient illumination in the surround could

affect the gain and dynamics of the P cell center.

The responses of P cells to chromatic and achromatic gratings were used to assess

the interactions of different cone-driven inputs to P cells. While P cells appear to be






driven by opponent color mechanisms, responses to luminance contrast demonstrate a

nonlinearity in the summation of cone signals.

The responses of M cells to chromatic and achromatic contrast signals differ
substantially from those of P cells. The first-order responses of M cells show the contrast
gain control phenomenon found in cat retinal ganglion cells (Shapley ‘and Victor, 1978), a
nonlinear contrast-response relationship. This phenomenon is recognized as an increasing
amount of low frequency attenuation in response to increasing contrast stimulation. Most
M cells have second-order responses similar to those from cat retinal ganglion cells.
These nonlinearities in M and P cell responses lead to several conjectures about the

anatomical organization and the functional roles of M and P cells.

- The nonlinearity found in P cells can lead to dynamic regulation of contrast
sensitivity and an enhanced selectivity to fine patterns. M cells, on the other hand,
perform like an adaptive filter that is optimized to extract temporal information. The data
suggest that the anatomical substrates of these M and P cell nonlinearities must be

different.
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1. Introduction

1.1 The Visual System

The visual environment contains many complex variations in the patterns of light
that fall on the eye. These patterns are typically quantified in terms of the spatial,
temporal and spectral variations in the scene (Wyszecki and Stiles, 1982). The visual
system must extract useful information about the environment using these signals. The
retina is the first part of the visual system where these complex variations are transformed
into neuronal signals. The retina is a neural network that begins the information-
processing tasks that are undertaken by the visual system as a whole. From the study of
retinal processing, one can hope to learn some of the general principles used by the visual
system as well as the entire central nervous system in processing information. Much is
already known about the retinae of many animals. Previous work, primarily on cold-
blooded vertebrates has probed in some detail the neurophysiology of individual parts of
this network: photoreceptor, bipolar, horizontal, amacrine, and ganglion cells. However,
there are many differences between the retinae of these animals and those of humans,
presumably because of the evolutionary pressure to optimize the visual system for
different environments. Some primates, however, share a visual system remarkably similar
to that of man (DeValois et al., 1974a,b; DeValois and Morgan, 1974). The retinae of
these primates, while having been investigated anatomically in some detail, have yet to be
explored physiologically at the level of recording from each cell type, although some
progress has been made (Dacheux and Raviola, 1990). However, the spike discharges and

synaptic potentials from retinal ganglion cells of the primate can be recorded, and these






provide a window on the processing performed by the retinal network. If nothing else,
one can say that the only information that the rest of the visual system receives about the
visual scene is contained in the temporal pattern of spikes that travel down the axons of
retinal ganglion cells which form the optic nerve. One can investigate how the retina
processes visual information by presenting specific patterns of light to the eye and
recording the responses of retinal ganglion cells. Thus, the retina becomes a black box
wherein we can hope to describe its operation by mathematical relationships between the
input and the output. Some of these relationships are already known and can be described
as retinal processing principles, for instance, lateral inhibition (Ratliff, 1965). But we do
not have to be satisfied with the black box approach, for much is currently known about
the anatomy and the presumed role of different types of retinal ganglion cells so that the

mathematical description can be related to the biology.

1.2 Nonlinear Systems

Mathematical descriptions of the visual system can be useful in organizing
functional and anatomical information if they can relate how different kinds of visual
information interact. If two signals affect the retina in a way that depends nontrivially on
their interaction, this relationship implies both a physical substrate for their convergence
and a functional significance to this relationship. This thesis describes experiments on how
contrast signals, both achromatic and chromatic, interact in the retina. The study of these
interactions implies a certain technical need to use methods beyond ordinary linear systems
analysis. Linear systems themselves obey the principle of superposition which states that

the response of a linear system to a sum of two signals, for example A and B, is the sum of






the response to A and the response to B (Schetzen, 1980). Signals therefore, in linear
systems, do not interact. Furthermore, if a linear system has a series of stages, the exact
order of those stages is indistinguishable given the input-output relation of the system
(Oppenheim et al., 1983). On the other hand, the techniques of nonlinear systems analysis
described in Chapter 3, while they embrace linear systems as a subset of nonlinear systems,
can also describe the interactions of signals within a system. In general, the ordering of
stages in a nonlinear model is not completely arbitrary as for a linear system (Barrett,
1963; Rugh, 1981). In general, the overall response of a nonlinear system depends upon
the ordering of its stages; conversely, its characterization will yield information regarding
not only the nature of its stages but also their sequence, and this information can help to

develop models of retinal processing and relate them to known anatomy and physiology.

1.3 Optimal Systems

Much recent theoretical effort has centered on the analysis of natural scenes and
determination of optimal ways to transmit this information (Srinivasan et al., 1982; Field,
1987). The optimal filter for this transmission often has a recognizable similarity to the
receptive fields of the retina (Atick and Redlich, 1992). Clearly, millions of years of
evolution may have optimized the retina for certain kinds of spatial and temporal analysis.
In this same view, however, over short times, the visual scene presents a varying stimulus
whose values fall somewhere within the range of possibilities for which the retina is
optimized. Light and dark adaptation are two ways in which the retina readjusts to
optimize itself to the environment (Shapley and Enroth-Cugell, 1984). These

readjustments generally express themselves as nonlinearities, since adding or subtracting






signal brings about a change in the response of the system that is not simply a
superposition of responses. Nonlinear interactions effect changes in the system
characteristics as the input signals change. These changes may tell us what are the
charactefistics of the stimulus for which the system is optimized. The nonlinearities in

retinal ganglion cells described herein can be viewed in this way.

This thesis investigates the interactions of contrast signals in the retina both
spatially and temporally. These ideas are explored by recording the responses of two
broad classes of retinal ganglion cells, M and P cells, to specially designed stimuli. The
rest of this chapter will describe some of the background anatomy and visual physiology in
relation to these two classes of cells, and will conclude with an overview of the rest of the

thesis.

1.4 Retinal Anatomy and Physiology

Retinal ganglion cells form the output stage of the retina; their axons carry the
signals from the retina to higher visual centers. This output reflects the processing of an
enormous network preceding the retinal ganglion cells. A diagram of the primate retina
shows the various cell types and some of the interconnections involved in transforming
light impinging on the retina into a neuronal message (Fig. 1-1). An important concept for
retinal physiology is that of the receptive field introduced by Hartline (1942). The
receptive field of a retinal ganglion cell is defined as the region of retina in-which light
modulates the ganglion cell’s response. In discussing retinal ganglion cell receptive fields,

therefore, evidently, it is necessary to understand something of the preceding stages.
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Figure 1-1. Schematic diagram of the primate retina showing many of the major cell types (Reproduced
with permission from Rodieck, 1988).

Photons are captured by the photopigment molecules of photoreceptors, rods and
cones, and by a complex series of chemical and ionic transductions, the arrival of a photon
causes a decrease in neurotransmitter release form the photoreceptor (Baylor, 1987). The
highly sensitive rods form the substrate for night (scotopic) vision, while at higher ambient
light levels, the cones are the primary photoreceptors (Shapley and Enroth-Cugell, 1984).
The cones, from a functional standpoint, fall into three classes based on their spectral
sensitivity to light of long, middle, and short wavelengths (L, M and S) (Schnapf et al.,
1987). (At a molecular level, the three pigments may show slight variations within a class

(Nathans et al., 1986a,b)).






Photoreceptors form synapses with two types of cells, namely horizontal cells and
bipolar cells (Rodieck, 1988; Wissle and Boycott, 1991). Each of these types falls into a
number of classes. The two types of horizontal cells, H1 and H2, make lateral
connections in the outer plexiform layer (OPL) contacting up to 15 cones (Boycott et al.,
1987). The bipolar cells that contact cones, on the other hand, come in four broad
categories (Boycott and Wissle, 1991). One division is based on whether the bipolar
makes a flat or invaginating synapse with cones. The axons of these bipolars terminate in
different regions of the inner plexiform layer (IPL). Based on analogy with other
vertebrates, the flat and invaginating division probably represents the functional ON and
OFF classes (Famiglietti et al., 1977; Nelson ez al., 1978). A second categorization of
bipolar cells divides them into midget and diffuse types. The dendritic arborizations of
midget bipolars make contact with a single cone (Rodieck, 1988). The diffuse type, on
the other hand, typically contacts up to 7 cones of mixed type (L and M) (Boycott and

Wissle, 1991).

The signals from bipolar cells are delivered by their axons to ganglion cells in the
IPL. In the IPL, another type, the amacrine cell, makes extensive lateral contacts with
ganglion cells. There are numerous amacrine cell types identified by cytochemical
techniques based on various neuronal markers (Vaney, 1990). The physiological role of
amacrine cells is largely unknown (except for the All class (Kolb and Famiglietti, 1974))
although in lower vertebrates they demonstrate, in some cases, transient ON-OFF

responses (Sakai and Naka, 1988a).






In the IPL, a midget bipolar contacts a midget ganglion cell (Dacey, 1993). The
thalamic targets of these midget ganglion cells are in the parvocellular layerbs of the lateral
geniculate nucleus (LGN) (Rodieck et al., 1985). Consequently, the cells of this
anatomical class are called P cells. Diffuse bipolars, on the other hand, contact ganglion
cells that project to the magnocellular layers, which are called M or parasol cells (Boycott
ana Wissle, 1991). The dendritic fields of M cells have roughly 5 times the area of P cell

dendritic fields near the fovea (Rodieck et al., 1985).

Table 1-1. M and P cell comparison (From Kaplan et al., 1990).

Property P cells M cells
Spectral selectivity Yes No
Luminance contrast gain Lower Higher
Receptive field size Smaller Larger
Spatial Resolution Similar Similar
LGN projection target Parvocellular Magnocellular
Conduction velocity Lower Higher
Cell size Smaller Larger
Response to light steps Tonic Phasic
Linearity of spatial summation Linear (“X”) 75% “X”
25% “Y”
Pattern vision at scotopic levels No Yes
Number of cells (in millions) 1.2 0.15

1.5 M and P Physiology
The M and P classes may be recorded from their LGN targets or directly in the

retina and demonstrate different physiological properties. The segregation of M and P
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afferents in the LGN further suggests that the two populations serve different roles. The

main physiological differences are summarized in Table 1-1.

The spectral sensitivity of M and P cells was investigated first by DeValois et al.

(1966) and by Wiesel and Hubel (1966), who recorded from parvocellular units in the

LGN and Gouras (1968), who recorded in the retina. Distinct dynamical properties of M

and P cells were first recognized by Gouras (1968) as he divided them into phasic and

AN

Figure 1-2. Gaussian sensitivity profiles typical
of mammalian retinal ganglion cells. Top, the
taller and narrower profile of the center
mechanism is shown together with the broader
shallower surround mechanism that has the
opposite polarity. Bottom, the sum of the two
profiles demonstrates the stereotyped “Mexican
hat” profile.

tonic types, respectively. Later studies
showed that this distinction also reflected
differences in the temporal frequency
response of M and P cells (Derrington and
Lennie, 1984; Lee et al., 1989a,b,c). The
spatial structure of M and P cell receptive
fields was first investigated by Wiesel and
Hubel (1966) who recognized that, to a
first approximation, the majority of primate
LGN cells have circularly symmetric
receptive fields with center and surround
subregions. Early work on the receptive

fields of cat retinal ganglion cells showed

that the center and surround subregions can be well modeled by Gaussian sensitivity

profiles (Rodieck, 1965; Linsenmeier et al., 1982) (Figure 1-2).






For P cells, the center and surround regions have different spectral sensitivities
corresponding to the wavelengths that give opponent responses (Wiesel and Hubel, 1966).
For example, consider a P ON cell (that is one that increases its steady discharge to diffuse
white light), for which illumination of the central region by a long wavelength (red) light
increases its spike rate while middle wavelength (green) illumination of the surrounding
regions decreases the rate. Early categorization of P cells thus lead to the R+G-, R-G+,
Y+B-, and Y-B+ (R =red, G = green, Y = yellow, and B = blue) segregation. Since then,
some preference has been shown for designating these same cells by their presumed cone
inputs (L+M-, L-M+, (L+M)+S-, and (L+M)-S+ (DeValois and DeValois, 1993).
However, this designation suggests that the exact cone input to a specific type of P cell is
known. Although physiological evidence has been provided by Derrington et al. (1984),
Lee et al. (1987), and most recently by Reid and Shapley (1992) that the cone inputs to
the P cell center and surround may be of a single cone type, I will adhere to the older
classification scheme for the purpose of continuity and objectivity. The major objection to
the older classification is that red, green, yellow, and blue are perceptual entities not likely
to arise from individual ganglion cell classes; however, having pointed out that this

discrepancy, it should not cause any confusion.

M cells, on the other hand, have broad spectral sensitivity in most studies (Wiesel
and Hubel, 1966; Gouras, 1968; Lee et al., 1987, 1988), although at least one study
suggested that they may all be color-opponent (Derrington et al., 1984). The properties
of M and P receptive fields naturally suggest that P cells are devoted to some form of fine

form and color processing (Schiller and Logothetis, 1990; Schiller et al., 1990a,b) while
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M cells with their broad spectral and high temporal resolution may form the substrate for a
perceptual motion channel (Merigan et al., 1991). To serve these roles, the dynamics and
interactions of the M and P cell center and surround must be critical. Herein, they are

explored.

A further critical distinction between the M and P classes was recognized by
Kaplan and Shapley (1986). M cells are approximately 8-10 times more sensitive to
luminance contrast than are P cells. This increased sensitivity was an incentive to explore
the contrast processing of M cells further. This investigation (Benardete et al., 1991,
1992a) led to the recognition of a nonlinearity in contrast processing similar to that found
in the cat (Shapley and Victor, 1978, 1979a,b; Victor and Shapley, 1981). This
nonlinearity, called the contrast gain control, found in M cells and not in P cells, is

discussed in Chapter 6.

Finally, nonlinearities in spatial processing form the basis for a fundamental
distinction among the ganglion cells in the cat retina (Enroth-Cugell and Robson, 1966;
Hochstein and Shapley, 1976a,b). The X-Y distinction for cat retinal ganglion cells
corresponds to linear and nonlinear spatial summation, respectively. In the monkey, only
M cells have a similar dichotomy (Kaplan and Shapley, 1982); all P cells are X-like. When
studied with nonlinear systems techniques, the Y cells of the cat show pronounced
nonlinear responses. Analogously, some of these techniques were applied to M cells

(Chapter 6), which demonstrate similar nonlinearities.

13






1.6 White-Noise Analysis

There have been very few studies of primate retinal ganglion cells using nonlinear
systems techniques. Gielen et al. (1982) applied white-noise analysis to the study of LGN
neuronal.responses. They were able to calculate the first-order responses of LGN neurons
to stimuli that excited only a single cone class (L, M, or S) with diffuse monochromatic
light. Similar results using different techniques form part of Chapter 4. The technical
limitations of their method may have prevented their analysis from uncovering some of the
phenomena that I investigated. In general, it is important to note the strength of white-

noise methods in studying nonlinear systems in general and the retina in particular.

One of the attractions of white noise as a test signal is that in a rigorous sense, real
white noise approximates all other signals likely to be interesting (Wiener, 1958). Indeed,
given sufficient time, white noise will approximate a given signal to an arbitrary degree
(Schetzen, 1980). But white noise is a theoretical concept since it has infinite power.
Even Gaussian white noise poses insurmountable barriers to implementation in the
laboratory (Victor, 1992). Nevertheless, for the analysis of biological systems, signals that
retain some of the features of white noise are worth considering both from a strictly
biological point of view and from a theoretical one. First, for the retinal ganglion cell, the
temporal pattern of light falling on its receptive field must be a fairly complex waveform.
Indeed, eye movements introduce jitter into what the eye sees. The temporal variation in
the retinal input is known to be essential for vision; stabilized images fade and quickly
become invisible (Riggs et al., 1953). Thus, the study of retinal ganglion cells with

random or pseudorandom signals makes reasonable biological sense.
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From the theoretical viewpoint, the Wiener-type methods provide a general basis
for model-building, and there is a broad, mathematical and engineering literature on its use
(Rugh, 1981). The use of such methods in cold-blooded vertebrates and lower mammals
has also provided a good deal of insight into retinal function (Sakai et al., 1988; Victor,

1988).

The principal reason for developing a modification of the m-sequence method
pioneered by Sutter (1992) was to develop a Wiener-type method that was easily
implemented for the purpose of studying multi-input nonlinear systems. Retinal ganglion
cells fall into this class since their receptive fields are sensibly broken down into two or
more sub-regions or mechanisms. For example, the receptive field of a primate P cell has
a center and a surround, each of which might be studied independently. But the goal here
was to elucidate the responses of each mechanism simultaneously (as they must perform in
nature) in the presence of a single ambient stimulus. In addition, not only the first-order
responses but also second-order terms were desired so that nonlinear interactions between
and within subregions could be studied. With the P cell, the same center-surround
paradigm could be extended to study the interaction of chromatically opponent
mechanisms. The primate M cell could be studied in a similar way although existing
methods (sum-of-sinusoids) already provided a strong technical basis. Chapter 3
addresses the theoretical background and construction of the multiple m-sequence

method. Much of that material has appeared in Benardete and Victor (1994).
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1.7 Summary of Chapters

In this thesis, I describe experiments which explore the function of primate retinal
ganglion cells, with particular emphasis on those properties that can be described as
nonlinear. Nonlinear systems analysis, previously applied to the retinal ganglion cells of
other species, has provided valuable insight into the functional relationships of the
veftebrate retina (Shapley and Victor, 1981; Sakai and Naka, 1988a,b,c). Therefore, 1
have used two proven methods (drifting gratings, sum-of-sinusoids) and enhanced
previous techniques (m-sequences) in order to address several aspects of primate retinal
function. Chapter 2 summarizes the experimental methods that were applied. Chapter 3
discusses nonlinear systems analysis in a general framework as it relates to the present
work. Chapter 4 describes the dynamics of the P cell center and surround and investigates
a dynamic nonlinearity in the receptive fields of P cells. Chapter 5 describes experiments

that explored the chromatic properties of P cells.

In Chapter 6, the focus is on M cell dynamics. The principal result is the
identification of the contrast gain control, previously demonstrated in cat retinal ganglion
cells (Shapley and Victor, 1978), as a nonlinearity found in M cells and not in P cells.
Chapter 6 also addresses the spatial and temporal properties of the M cell contrast gain
control. Finally, Chapter 7 summarizes both P and M cell dynamics and relates the present

findings to previous experimental and theoretical work.
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2. Materials and Methods

2.1 Experimental Procedures

2.1.1 Surgical Preparation
These experiments were carried out on 38 primates of the species Macaca

fascicularis and on two of the species Macaca nemestrina. These species are known to
be similar to humans in many aspects of spatial and chromatic vision (DeValois et al.,
1974a,b). The same procedures were used for both species. All animals were male (2.5-
4.5 kg). The experimental protocol was approved by the Rockefeller University Animal
Care and Use Committee and steps were taken at all stages of the experiment to ensure
that the animal experienced no pain or distress. The standard experimental method has
been described elsewhere (Kaplan and Shapley, 1982), and will be summarized here. The
monkey was initially anesthetized with an intermuscular (IM) injection of xylazine
(Rompun, 2 mg/kg) followed by ketamine hydrochloride (Ketaset, 10 mg/kg). During
surgery, the initial dose of ketamine was supplemented with either thiamylal (Surital,
2.5%) or pentothal (thiopental sodium, 2%) to maintain deep anesthesia. Under additional
local anesthesia (lidocaine, 40 mg/ml), three cannulae, two venous and one arterial, were
inserted into the femoral vessels for monitoring blood pressure and delivery of drugs and
fluids. A tracheal tube was placed to enable artificial ventilation and to monitor the
expired CO; and the respiratory rate. Anesthesia was maintained for the duration of the
experiment by one of two methods. In more than half of the experiments (experiments 1-

26), after an initial loading dose (400 mg), a steady infusion of urethane (ethyl carbamate,
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20%) was delivered IV (3-15 mg/kg-h). In later experiments, pentothal was used IV as
the sole anesthetic agent (3 mg/kg-h). Penicillin (750,000 units) and gentamicin sulfate (4
mg) were administered IM to provide antibacterial coverage. Dexamethasone phosphate
(Decadron, 6 mg) was also given IV to prevent brain edema. Phenylephrine hydrochloride
(10%) and atropine sulfate (1%) were applied to dilate the pupils and relax
accommodation. The corneas were protected with hard gas-permeable contact lenses. In
addition, in later experiments, an ophthalmic NSAID (Ocufen: flurbiprofen‘ sodium,
0.03%) was applied to the corneas to reduce inflammation. During the course of the
experiment, physiological saline (0.9%) was applied periodically to the eyes to further
protect the corneas from dehydration. A continuous IV flow (approximately 3 ml/kg-h) of
Ringer’s solution with 5% dextrose was maintained throughout the experiment. A urinary

catheter allowed for overall fluid monitoring.

2.1.2 Preparation for Recording

The animal was placed in a stereotaxic apparatus, and the head rigidly held by ear
bars in the external meatus. A clamp on a lumbar vertebral spinous process suspended the
animal and improved recording stability. The signal from a temperature probe inserted
beneath the scapula controlled a heating pad to maintain normal core body temperature

(37.5° C). Artificial pupils (3 mm in diameter) were placed in front of the contact lenses

during the experiment. Paralysis was necessary in order to prevent eye movements and
was maintained by continuous infusion of either gallamine triethiodide (Flaxedil, 5-10

mg/kg-h) or, in later experiments (36-38) vecuronium bromide (Norcuron, 0.25 mg/kg-h).
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Retinoscopy with a streak retinoscope (Welch-Allen) gave an initial indication of the

refractive error of the eyes which was typically in the range of 0-7 Di.

Continuos monitoring of the animal’s vegetative physiology (expired CO,, ECG,
arterial blood pressure, and excreted fluid) provided a means for keeping the animal in
good health. The blood pressure was usually within physiological limits (80-120 mm Hg).
In case of a sudden drop in arterial pressure, extra fluid and occasionally a dose of
metaraminol bitartate (Aramine, 1 mg) were administered. If the blood pressure exceeded
the normal range, additional anesthesia was administered. During paralysis, the expired
CO, was maintained at 3.5-4.0% by adjusting the rate and tidal volume of the artificial
respirator. The ECG, ;)lood pressure, respiration rate, and expired CO, were monitored

by a Hewlett-Packard patient monitor (Model 78354A). Approximately every hour, the

moistened room air delivered by the respirator was supplemented with pure O,.

The eyes were routinely examined during the experiment to ensure that the
physiological optics remained excellent. A requirement for continuing the experiment was
the ability to observe small vessels on the retinal surface and optic disk as judged by
ophthalmoscopic examination. In addition, every six hours the contact lenses were
removed briefly and thoroughly cleaned with gas-permeable contact lens cleaning solution
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