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I. Introduction

Our contemporary understanding of the mammalian retinogeniculocor-
tical pathways rests largely on the pioneering work of Hubel and Wiesel
(1962, 1965). Their receptive field studies of single cells in cats empha-
sized the serial and hierarchical organization of these pathways. Hubel
and Wiesel (1962, 1965) concluded that, as the hierarchy is ascended from
retinal ganglion cells to neurons of the lateral geniculate nucleus, to and
through cells that represent the presumed hierarchical levels of visual
cortex (e.g., simple, complex, and hypercomplex cells), receptive field
properties become more complex and specific for stimulus parameters.
They suggested that this increasing complexity and specificity is the pro-
cess by which the visual system abstracts and analyzes features of the
visual environment. Each local portion of visual space is thus analyzed by
a single chain of neurons from the retina through the lateral geniculate
nucleus to the visual cortex.

Although certain aspects of this hypothesis have been challenged and
some modifications of it have been required to accommodate new obser-
vations made during the past two decades, it still serves as the major
theoretical framework for research into the neuronal organization of the
mammalian visual pathways. Perhaps the major theoretical challenge to
this hypothesis stems from evidence that emphasized the parallel organi-
zation of these pathways. Actually, two complementary and important
concepts of such parallel organization have emerged. The first, elucidated
originally by Sprague (1966), Diamond and Hall (1969), and Schneider
(1969), emphasized the functional significance of multiple thalamocortical
pathways (e.g., retinogeniculocortical and retinotectothalamocortical).
This type of parallel processing is not considered further here (for reviews
of this, see Sprague et al., 1981; Diamond, 1982). The second type of
parallel processing, which is the focus of the rest of this article, is the
parallel organization evident within the retinogeniculocortical pathways.
That is, at least three separate, functionally independent, retinogeniculo-
cortical pathways have been identified. These have been called the W-, X-,
and Y-cell pathways, although other terminology has also been used.

A. TERMINOLOGY

A brief clarification of the terminology used here is in order. It is gener-
ally accepted that X- and Y-cells are each a fairly homogeneous neuronal
class, based on morphological and physiological properties, and that each
can be distinguished from W-cells (e.g., Rodieck, 1979; Stone et al., 1979;

Progress in Psychobiology and Physiological Psychology, edited by James M. Sprague, and Alan N. Epstein, Elsevier Science &

Technology, 1985. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/uchicago/detail.action?doclD=1837817.

Created from uchicago on 2025-05-07 18:46:24.



Copyright © 1985. Elsevier Science & Technology. All rights reserved.

W-, X-, and Y-Cell Pathways in the Cat 235

Lennie, 1980b; Sherman and Spear, 1982; Rodieck and Brening, 1983).
However, W-cells, at least in the retina, are not homogeneous and almost
certainly represent several distinct classes (Rodieck, 1979; Rodieck and
Brening, 1983). ‘“W-Cell’’ here refers to retinal ganglion or geniculate
neurons that are neither X- nor Y-cells. The term W-cell is preferred,
despite its shortcomings, over others suggested for the various classes
thought to be subsumed by this phrase for two reasons. First, it is not yet
clear how many classes (and thus terms) apply to these cells, nor has it yet
been demonstrated beyond a reasonable doubt that retinal W-cells are not
a single class with considerable variability. Second, this article is mainly
concerned with retinogeniculocortical pathways, and as will be noted
later, the subset of W-cells that is involved in this pathway may well
prove to be a single class.

Several alternate terms have been used in the classification of retinal
ganglion and geniculate cells. It is not always clear that these are isomor-
phic with one another or to the ““W-, X-, and Y-cell”’ terminology used
here. However, to a first approximation, the following terms are more or
less interchangeable (Enroth-Cugell and Robson, 1966; Cleland et al.,
1971; Cleland and Levick, 1974a,b; Fukada and Saito, 1972; Hoffmann et
al., 1972; Stone and Hoffmann, 1972; Stone and Fukuda, 1974; Hochstein
and Shapley, 1976a; Stevens and Gerstein, 1976; Bullier and Norton,
1979a,b). For W-cells these are ‘‘sluggish,’”’ ‘‘sluggish-sustained,”’ or
“‘sluggish-transient.”” For X-cells these are ‘‘sustained,’” ‘‘brisk-sus-
tained,”’ “‘tonic,”” ‘‘group II,”” ‘‘heterogeneous,’’ or ‘‘linear.”’ For Y-cells
these are ‘‘transient,”” ‘‘brisk-transient,”” ‘‘phasic,”” ‘‘group I,”” ‘‘homo-
geneous,”’ or ‘‘nonlinear.”’ The ‘*“W-, X-, and Y-cell’’ terminology is used
here because it is the one most commonly used and widely accepted. It is
a neutral terminology that by itself conveys no implicit suggestion as to
functional significance (Rowe and Stone, 1977). Also, while *“W-cell”’ will
probably be replaced with several other terms when these cells are unam-
biguously classified, it is preferred as a conservative alternative until such
classification is available.

B. HYPOTHESIS FOR SIGNIFICANCE OF W-, X-, AND
Y-CELL PATHWAYS

It has often been suggested that these W-, X-, and Y-cell pathways
independently analyze different aspects of the same visual scene, and that
these different analyses are combined to form the neural representation of
the visual environment. Thus, instead of a single hierarchical chain of
neurons to represent each portion of visual space, at least three such
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functionally distinct chains do so independently and in parallel, each
chain responsible for a particular feature (e.g., form, movement, color,
brightness, and depth or distance).

The purpose of this article is to describe a hypothesis for the functional
organization of these W-, X-, and Y-cell pathways in cats. The hypothesis
can be summarized as follows. Y-Cells are responsible for the analysis of
basic forms and represent a sufficient and probably necessary pathway for
good form vision, whereas X-cells provide higher spatial resolution to the
basic form analysis accomplished by the Y-cell pathway. These sugges-
tions derive from consideration of X- and Y-cell response properties, the
anatomical organization of the X- and Y-cell pathways, and psychophysi-
cal studies of experimental cats with different levels of abnormality in the
X- and Y-cell pathways. No detailed, specific hypothesis can be provided
as yet for the W-cell pathway, but by reason of poor W-cell responsive-
ness and relative lack of influence of W-cells on neurons in visual cortex,
this pathway may play a minor role in conscious perception of visual
patterns (see also Stone et al., 1979).

This hypothesis has already appeared for the X- and Y-cell pathways in
a brief and superficial form (Sherman, 1979, 1982; see also Sherman and
Spear, 1983). A consideration of other mammalian species, including pri-
mate, will also be included. The hypothesis is speculative and incomplete.
It is offered in the spirit of providing a theoretical framework for existing
data and perhaps also directing future investigations. Because detailed
reviews of W-, X-, and Y-cells have already appeared (Rodieck, 1979;
Stone et al., 1979; Lennie, 1980b; Sherman and Spear, 1982, 1983), this
article will simply summarize some of the major features of these neuro-
nal classes.

II. General Overview of the Visual Pathways

The focus of this article is the retinogeniculocortical pathways, which
represent the largest well-defined portion of the visual system; however,
other clearly important pathways exist. Some of these extrageniculate
pathways will be considered here in the context of geniculate pathways.
For reviews of these pathways, see Rodieck (1979), Sherman and Spear
(1982), Rosenquist et al. (1982), and Raczkowski and Rosenquist (1983).

The largest terminus of retinofugal fibers is the dorsal division of the
lateral geniculate nucleus (hereafter, unless otherwise noted, ‘‘lateral ge-
niculate nucleus’’ refers only to this dorsal division), and most of the
remaining retinal fibers terminate in the superior colliculus. Other sites of
termination include the ventral division of the lateral geniculate nucleus
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(in the thalamus), regions of the pretectum, the accessory optic nucleus
(in the midbrain tegmentum), and the suprachiasmatic nucleus (in the
hypothalamus). Other brain stem visual pathways strongly implicated in
sensory processing include those from the midbrain to the thalamus. The
superior colliculus projects to the medial portion of the lateral posterior
nucleus as well as to portions of the lateral geniculate nucleus; the parabi-
geminal nucleus (also located in the midbrain) projects to portions of the
lateral geniculate nucleus, and the pretectal nuclei project visual fibers to
the pulvinar nucleus as well as to portions of the lateral geniculate nu-
cleus.

Tusa and colleagues (reviewed in Tusa et al., 1981; Tusa, 1982) have
elucidated many separate, retinotopically organized visual areas of cere-
bral cortex (see Fig. 1), and each of these receives input from the lateral
geniculate, lateral posterior, and/or pulvinar nuclei (see Table I). Also,
rich interconnections exist among these visual areas, and large projec-
tions have been described from many of these areas to the midbrain and
visual thalamus. The central visual pathways are obviously complexly
interconnected and functionally interdependent. Indeed, further research
may continue to increase the number of distinct visual areas of cortex.
For instance, Olson and Graybiel (1981) and Mucke et al. (1982) described
a visual area in the ventral bank of the anterior ectosylvian sulcus; this is
not shown in Fig. 1. Any attempt, such as the present article, to suggest
the functional organization of a subset of these pathways, such as the
retinogeniculocortical pathways, needs to be recognized for the simplifi-
cation that it is.

III. Physiological Classification of W-, X-, and Y-Cells

Retinal ganglion and geniculate cells in the cat can be functionally
classified into at least three main groups, called W-, X-, and Y-cells.
However, as noted in Section I,A, the W-cell term probably subsumes
several distinct groups that are arbitrarily thrown together. In any case,
these ganglion cell classes represent the peripheral point of departure for
any consideration of the W-, X-, and Y-cell pathways, because very little
is yet known related to any differences in retinal circuitry that applies to
these neuronal classes (but see Hochstein and Shapley, 1976a,b; Kolb,
1979). The available evidence suggests that each geniculate neuron re-
ceives retinal input from a small number of W-, X-, or Y-cells, with
practically no mixture of classes among the retinal afferents (for X- and Y-
cells, see Cleland et al., 1971; Hoffmann et al., 1972; for W-cells, this
must be inferred from Cleland et al., 1975b; Wilson et al., 1976; Bowling
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Dorsolateral View Medial View

F1G. 1. Visual cortical areas in the cat as shown in dorsolateral and medial views of the left hemisphere. In addition to the nine areas designated
by Brodmann numbers (5, 7, 17, 18, 19, 20a, 20b, 21a, 21b) are nine additional areas abbreviated as follows: AMLS, anterior medial lateral
suprasylvian area; PMLS, posterior medial lateral suprasylvian area; VLS, ventral lateral suprasylvian area; ALLS, anterior lateral lateral
suprasylvian area; PLLS, posterior lateral lateral suprasylvian area; DLS, dorsal lateral suprasylvian area; CG, cingulate gyrus; PS, posterior
suprasylvian area; SVA, splenial visual area. Thirteen of these areas (17, 18, 19, 20a, 20b, 21a, 21b, AMLS, PMLS, VLS, ALLS, PLLS, and DLS)
seem to be purely visual and exhibit retinotopic organization. The remaining five (5, 7, CG, PS, SVA) have some visual neurons but may not be
exclusively visual, and no retinotopic organization has yet been demonstrated for any of them. (Redrawn from Tusa et al., 1981; Tusa, 1982;
Symonds ez al., 1981; Raczkowski and Rosenquist, 1983.)
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TABLE I

INNERVATION OF VISUAL CORTICAL AREAS®

Subcortical afferent

Cortical areas®

pathways® 17 18 19 20a  20b 2la 21b AMLS PMLS VLS ALLS PLLS DLS 5 7 CG PS SVA
Retina —» LGN (A,A) >  +++ +++

Retina — LGN (C,) — + ++ +++

Retina — LGN (C;) —» + ++  +++ 4+ + + + + + + +

Retina - LGN (MIN) —» + +++ +++ ++ ++

Retina — LGN (GW) — ++ ++ ++ ++

Visual cortex - LP, — ++ 4+ +++ H+H+ A+ A+ 4+ 4+ + +

Retina - SC —» LP, — + ++ ++ + + + +++ +++ +++ +++

Retina — PT — pulvinar — ++ + ++ + + +4++ +4++ +++ +++ +++
Retina —» PT — CLN — ++  ++ o+ + + + + + + + + + + + +

CLN — claustrum — +++ +++ +++ +++ +++ 4 + + + + + + + + +

@ Adapted from Raczkowski and Rosenquist (1983) and Rosenquist (1984).
b Abbreviations for subcortical afferents: A,Al, laminae A and Al; CLN, central lateral nucleus; C,, magnocellular lamina C; C,, parvocellular C laminae; GW,
geniculate wing; LGN, lateral geniculate nucleus; LP, and LP,, medial and lateral divisions, respectively, of the lateral posterior nucleus; MIN, medial interlaminar
nucleus; PT, pretectum; SC, superior colliculus. For abbreviations of cortical areas, see Fig. 1.
< Key: +, Light innervation; ++, moderate innervation; +++, heavy innervation.
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and Michael, 1980, 1984; Sur and Sherman, 1982a,b; Leventhal, 1982). It
is thus possible to refer to geniculate W-, X-, or Y-cells as those neurons
receiving retinal input from W-, X-, or Y-cells, respectively. Indeed, ex-
cept for subtle differences (Hubel and Wiesel, 1961; Sanderson et al.,
1971; Suzuki and Takahashi, 1973; Bullier and Norton, 1979a; Kaplan et
al., 1979; So and Shapley, 1981), response properties of geniculate neu-
rons closely match those of their retinal inputs (Cleland et al., 1971).
Details of these response properties in the retina and the lateral geniculate
nucleus can be found elsewhere (Kuffler, 1953; Hubel and Wiesel, 1961;
Enroth-Cugell and Robson, 1966; Cleland et al., 1971, 1975b; Hoffmann
et al., 1972; Fukada and Saito, 1972; Stone and Hoffmann, 1972; Cleland
and Levick, 1974a,b; Fukuda and Stone, 1974; Stone and Fukuda, 1974;
Bullier and Norton, 1979a,b; Hochstein and Shapley, 1976a,b; Stevens
and Gerstein, 1976; Wilson et al., 1976; Lehmkuhle et al., 1980a; Lennie,
1980a; Sur and Sherman, 1982a, 1984; Thibos and Levick, 1983; Troy,
1983; for reviews, see Rodieck, 1979; Stone et al., 1979; Lennie, 1980b;
Sherman and Spear, 1982, 1983) and are summarized in the following
paragraphs.

A. MEASUREMENT OF RESPONSE PROPERTIES USED
IN CLASSIFICATION

Before considering response properties of W-, X-, and Y-cells, it is
worth describing the two related approaches used to describe neuronal
responses to visual stimuli. The first is the classic use of geometric stimuli
like bars and spots to plot the structure of the receptive field. Neuronal
response is measured as a function of stimulus shape, position, and con-
trast to determine this structure.

The second approach focuses on the neuronal response to stimuli con-
sisting of one-dimensional sine wave gratings (Cornsweet, 1970; Braddick
et al., 1978; Sekuler et al., 1978) that are drifted or sinusoidally coun-
terphased. Such gratings are characterized by a homogeneous luminosity
profile along one axis (typically vertical) and a sinusoidal profile along the
orthogonal axis (usually horizontal). The stimulus contrast is defined by
the luminance values of the peak (Ly.x) and trough (L;,) of the sinusoi-
dal luminance profile as (Lmax — Lmin)/(Lmax + Lmin). Mean luminance is
3(Lmax + Lmin). Spatial frequency is the number of stimulus cycles of the
sine wave luminance profile per degree of visual angle. Temporal fre-
quency in cycles per second or hertz (Hz), for a drifting grating, is the
drift speed in degrees per second multiplied by the spatial frequency in
cycles per degree. For a counterphased grating, this value is simply the
counterphase rate. Figure 2 illustrates the spatial and temporal luminance
changes for a sinusoidally counterphased sine wave grating. Finally, the
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FiG. 2. Luminance profile in space and time for a sinusoidally counterphased sine wave
grating. Luminance is plotted on the Z axis. Along the spatial axis, the luminance profile is
always sinusoidal, although contrast changes with time such that no contrast is evident at
certain times. Along the temporal axis, troughs of luminance become peaks, and vice versa,
with a sinusoidal temporal profile. Spatial and temporal frequency can be independently
adjusted. Note that mean luminance remains constant during the modulation. (From Sekuler
et al., 1978, with permission of the authors.)

spatial (or temporal) phase angle describes the relative spatial (or tempo-
ral) position of the grating as a fraction of a complete spatial (or temporal)
stimulus cycle of 360°. For instance, a spatial phase difference of 90°
between two otherwise equivalent gratings means that they are spatially
offset by one-quarter of a spatial cycle. Typically, the neuronal response
is plotted as a function of contrast, spatial, and/or temporal parameters.
The minimum contrast needed to evoke a threshold response from the
neuron can be measured as a function of spatial and temporal parameters,
and contrast sensitivity is defined as the inverse of the minimum contrast
needed to evoke a threshold response. One can plot either the contrast
sensitivity or the response (at a fixed, generally high, contrast) as a func-
tion of spatial or temporal frequency. Because response and sensitivity
are closely related and their respective functions similar in form for those
retinal and geniculate neurons thus far studied (cf. Lehmkuhle et al.,
1980a; So and Shapley, 1981), the two measures are often considered
interchangeable and are often termed spatial or temporal tuning functions.

Such response measures evoked by sinusoidal stimuli permit the use of
linear systems analysis (including Fourier analysis), and the advantages of
such an analysis have been described previously (Cornsweet, 1970; Brad-
dick et al., 1978; Sekuler et al., 1978). Briefly, as Fig. 3 illustrates, any
complex waveform can be created by the linear addition of sine waves
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FiG. 3. Examples of Fourier analysis and synthesis. The bottom row shows three com-
plex waveforms synthesized from the linear addition of seven different sine waves. Ampli-
tude and frequency are in arbitrary units. (A) Formation of an approximately triangular
waveform from sine waves. If the top sine wave has frequency F with amplitude A, the
succeeding ones are 3F with 34, SF with $A, 7F with 44, 9F with §A, 11F with #A, and 13F
with #5A. A precise triangle wave would continue to have odd components added, and the
nth component would have frequency nF and amplitude A/n. Note that the peaks and
troughs of the top sine wave are lined up with peaks and troughs of others, and this
establishes their phase relationships. (B) Formation of an approximately square waveform
from sine waves. Note that the only difference between this and (A) is the phase relation-
ships of the component sine waves. Here, the peaks and troughs of the top sine wave are
lined up with peaks and troughs of the third, fifth, and seventh sine waves, but not with the
troughs and peaks of the second, fourth, and sixth sine waves. Phase is thus an important
parameter in Fourier synthesis. (C) Formation of arbitrary, complex waveform from seven
different sine waves that differ in both modulation amplitude and mean amplitude, in fre-
quency, and in phase. Given enough sine waves with appropriate parameters, any complex
waveform can be so analyzed and synthesized.

appropriately chosen for phase, frequency, modulation amplitude (or con-
trast), and mean amplitude. The importance of phase is emphasized in the
comparison between Fig. 3A and B, in which the only difference in the
component sine waves is one of phase, yet the resultant complex wave-
forms are quite different. The determination of the component sine waves
of a complex waveform is Fourier analysis, and the creation of a complex
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waveform from the linear addition of sine waves is Fourier synthesis.
Since the luminosity of any visual scene can be described along any
dimension as a complex waveform of luminosity versus distance across
the scene, the luminosity values of any scene can be analyzed or synthe-
sized in terms of its component sine wave gratings. These sine wave
gratings thus represent a basic visual stimulus, and a description of a
neuron’s responsiveness to a range of sine wave stimuli provides a useful
first approximation of the neuron’s responsiveness to more complex stim-
uli. Because Fourier analysis depends on the linear addition of sine
waves, this analysis works well for neurons that respond linearly to visual
stimuli (i.e., the response to two simultaneously presented stimuli equals
the sum of the responses to each alone) and poorly for neurons that
respond nonlinearly.

In practice, two measures have proved most useful in the analysis of
retinal and geniculate cell responsiveness: a measure of response linearity
and determination of sensitivity (or responsiveness) as a function of spa-
tial or temporal frequency. Spatial linearity is determined by the neuron’s
sensitivity to the spatial phase of a counterphased grating, as shown by
Fig. 4A. A neuron with linear spatial summation exhibits a response that
varies sinusoidally with spatial phase, the period of variation being equai
to a spatial cycle of the stimulus. Although many forms of nonlinearity are
possible, a retinal or geniculate neuron with nonlinear summation tends to
exhibit a response that is not phase dependent in this manner, and in
practice, is often phase independent (Fig. 4B). Linearity of temporal sum-
mation is determined by the Fourier components of the response to a
counterphased grating (Fig. 5). A linear response is one that occurs at the
fundamental temporal frequency of the stimulus frequency (Fig. 5A), and
a nonlinear response occurs at higher harmonics (usually the second har-
monic) of the stimulus frequency (Fig. 5B). That is, modulation of a linear
response is sinusoidal at the same frequency as the stimulus, while a
nonlinear response is modulated at higher harmonics, often manifested as
a ‘‘frequency-doubled’’ (i.e., twice the stimulus frequency) response.*

* Movshon et al. (1978) have shown that some visual cells with more complex receptive
fields than retinal ganglion or geniculate cells (e.g., cortical neurons) may require more
sophisticated tests to determine their linear or nonlinear summation properties. What has
been described here may not generally apply to visual neurons other than retinal ganglion
and geniculate cells in the cat. Even for these simpler retinal ganglion and geniculate neu-
rons, two different types of nonlinearities can exist that should be distinguished from one
another. In practice, the noticeable frequency doubled response, which seems to result from
full-wave rectification in spatial pooling of inputs to the cell under study, results in a promi-
nent second harmonic component (plus other higher order, even components) in the re-
sponse (Hochstein and Shapley, 1976b). However, if a ‘‘linear’’ cell’s mean or spontaneous
discharge level is too low to permit complete expression of a fundamental, sinusoidal re-
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The second measure, spatial or temporal tuning functions, simply plots
contrast sensitivity or response as a function of spatial or temporal fre-
quency. The response measure plotted can be either the linear (fundamen-
tal) or nonlinear (usually a second harmonic) component of the neuron’s
response as a function of spatial or temporal frequency. Figure 6 shows
spatial contrast sensitivity functions representative of geniculate W-, X-,
and Y-cells, and Fig. 7 shows the analogous temporal functions. Figure 8
shows analogous spatial response functions for retinal X- and Y-cells.

B. W-CELL RESPONSE PROPERTIES

W-Cells were recognized as a distinct and major class (or classes) of
retinal and geniculate neurons only during the last 5-10 years, and conse-
quently relatively little is known about them. In the retina, they comprise
a heterogeneous physiological group that has led some authors (Cleland
and Levick, 1974a,b; Rodieck, 1979; Rodieck and Brening, 1983) to con-
clude that several distinct neuronal classes actually occupy the W-cell
grouping. However, limited evidence from geniculate W-cells (Sur and
Sherman, 1982a; Stanford et al., 1983) suggests that these may be a single
functional class that displays considerable functional variation. Thus, we
can tentatively conclude that the subset of retinal W-cells that innervates
the lateral geniculate nucleus and participates in the retinogeniculocorti-
cal W-cell pathway may be a single neuronal class. Preliminary evidence
suggests that the other retinal ‘“W-cells,”” which innervate other brain
stem structures—for example, the superior colliculus (Hoffmann, 1973),
ventral division of the lateral geniculate nucleus (Spear et al., 1977), and
pretectum (Hoffmann and Schoppmann, 1975—do indeed form separate
neuronal classes (see Rodieck, 1979; Rodieck and Brening, 1983).

W-Cells can be distinguished from X- and Y-cells by a number of re-
sponse properties (see Table II). W-Cells have the slowest axonal conduc-
tion velocities among retinal ganglion cells and geniculate neurons. Most
geniculate W-cells have a classic, antagonistic center—surround receptive

sponse to a stimulus (i.e., the trough of the response is cut off at zero response, since a
negative response cannot be exhibited), the result is a half-wave rectification of the re-
sponse. Fourier analysis of this, too, yields second and higher order, even harmonics, but
such a response in terms of cell classification would be regarded as linear (Movshon et al.,
1978a). Full- and half-wave rectification in the response can still be distinguished, because
the former has little or no power in the odd harmonics, whereas the latter does. Thus, if a
ratio is computed between the sizes of the second harmonic and fundamental components of
response, a low ratio indicates relative linearity, with the possibility of half-wave rectifica-
tion, and a high ratio indicates relative nonlinearity, with full-wave rectification (Hochstein
and Shapley, 1976a; Movshon et al., 1978a).
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Fi1G. 4. Contrast sensitivity versus spatial phase angle for two geniculate neurons. (A)
Linear W-cell, showing a sinusoidal sensitivity to the phase of a sine wave grating of 0.2
cycles/degree counterphased at 2 Hz. The response occurs at the fundamental counterphase
frequency, and negative values imply a response 180° shifted in temporal phase from a
positive response. At spatial phase angles of + 90° the neuron exhibits minimal response;
these are the ‘‘null positions’” for the grating. (B) Nonlinear W-cell, showing little or no
phase sensitivity to a 0.1 cycles/degree sine wave grating counterphased at 2 Hz. The
response shows frequency doubling (i.e., it occurs at twice the counterphase rate), and thus
each point is plotted twice as a positive and negative value. (From Sur and Sherman, 1982a.)
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Fi1G. 5. Responses to counterphased gratings of a linear and nonlinear cell in the lateral
geniculate nucleus. On the left are shown average response histograms to a single cycle of a
sine wave grating counterphased at 2 Hz; the spatial frequency of each is also indicated. On
the right is shown the first five Fourier components of this response, the first component
equaling the 2-Hz counterphase rate of the grating. (A) Responses of an X-cell (linear cell).
At both the lower and higher spatial frequencies, the response is dominated by the funda-
mental Fourier component. (B) Responses of a Y-cell (nonlinear cell). At lower spatial
frequencies (upper), the response is linear and dominated by the fundamental Fourier com-
ponent. At higher spatial frequencies (lower), for which the linear component is less sensi-
tive (Fig. 6C), the response is nonlinear and dominated by higher harmonics, mostly the
second harmonic. (From Mangel et al., 1983).
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Fi1G. 6. Spatial contrast sensitivity functions for W-, X-, and Y-cells from the lateral
geniculate nucleus. All cells illustrated had receptive fields between 5° and 15° of the area
centralis. These functions were generated by measuring contrast sensitivity as a function of
spatial frequency to sine wave gratings that were sinusoidally counterphased at 2 Hz. (A)
Functions for two W-cells in the parvocellular C-laminae. One responded linearly and the
other did not. Thus, the function in the latter case was generated from a second harmonic
response (see Fig. SB). These W-cell examples represent relatively responsive W-cells. (B)
Function for a typical X-cell in the A-laminae. (C) Function for a typical Y-cell in the A-
laminae. Two components are seen: a linear component that is more sensitive to lower
spatial frequencies, and a nonlinear component (second harmonic response) that is more
sensitive to higher spatial frequencies. The linear component is sensitive to spatial phase,
and the nonlinear component is not (Fig. 4). The nonlinear component was generated at a
spatial phase position of the grating for which no linear response was evident (i.e., the
“null”” position). (D) Mean contrast sensitivity functions for 10-15 cells of each class. No
distinction is made here between linear and nonlinear responses. At least at 2 Hz, on
average, W-cells are relatively insensitive to all spatial frequencies, X-cells are the most
sensitive to higher spatial frequencies (and thus have the best resolution), and Y-cells are the
most sensitive to lower spatial frequencies.
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Fic. 7. Temporal contrast sensitivity functions for W-, X-, and Y-cells from the lateral
geniculate nucleus. For a given spatial frequency of a sine wave grating, contrast sensitivity
is plotted as a function of the sinusoidal counterphase frequency. Shown are mean data from
the same X- and Y-cells as are illustrated in Fig. 6D plus a single W-cell (similar population
data are not presently available for W-cells). (A) Functions in response to the spatial fre-
quency to which the cell was most sensitive. This is a higher spatial frequency for X-cells
than for W- and Y-cells (see Fig. 6D). (B) Functions taken at the same lower spatial fre-
quency of 0.125 cycles/degree. (C) Functions taken at the same higher spatial frequency of
1.0 cycle/degree. Only at these higher spatial and lower temporal frequencies do X-cells tend
to exhibit better contrast sensitivity than do Y-cells.

field arrangement, with either an ON center and OFF surround or OFF
center and ON surround, and these receptive fields are relatively large.
Some W-cells respond tonically to appropriate standing contrasts (e.g., a
bright spot centered in an ON center field or a dark spot centered in an
OFF center field), and others respond in a phasic manner. Likewise, some
W-cells sum spatial and temporal parameters linearly, and others do so
nonlinearly (Fig. 4). W-Cells exhibit poor and inconsistent responsiveness
to visual stimuli, which has led some authors to name these cells ‘‘slug-
gish’’ (Cleland and Levick, 1974a,b; Thibos and Levick, 1983). Probably
related to this, contrast sensitivity functions of these cells (Fig. 6) demon-
strate poor sensitivity that is nearly a log unit worse than that for X- or Y-
cells. W-Cells are most sensitive to lower spatial and temporal frequen-
cies (Figs. 6 and 7) and exhibit poor spatial or temporal resolution, which
is defined as the highest spatial or temporal frequency to which the neuron
responds. Finally, W-cells with center—surround receptive field organiza-
tion can be distinguished from X- and Y-cells by the following test (Cle-
land and Levick, 1974a): an ON center W-cell fails to respond to a dark
spot removed from its center, and an OFF center W-cell likewise fails to

Progress in Psychobiology and Physiological Psychology, edited by James M. Sprague, and Alan N. Epstein, Elsevier Science &

Technology, 1985. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/uchicago/detail.action?doclD=1837817.

Created from uchicago on 2025-05-07 18:47:59.



64 A

32 -

16

Response (spikes/sec)
®

W X-CELLS ™
sl OY-CELLS L
2 L
1L
[ 1 1 1 1 J
~~
s
® 200~
o
~
o
a
ZRT S
(/2]
o
x
a "
2 50
g
>
=
2 25+
=
/)]
C
7]
N 125
Cc
2
=
® 6.25L
(o} L 1 1 1 1 J
a 0.125  0.25 05 10 20 4.0

Spatial Frequency (cyc/deg)

Fic. 8. Spatial tuning and position sensitivity functions for retinal ganglion X- and Y-
cells averaged as in Fig. 6 and 7. The functions were obtained from 13 X- and 14 Y-cells in
response to sine wave gratings drifted at 2 Hz. (A) Average spatial-tuning functions for X-
and Y-cells. These represent the fundamental response component as a function of spatial
frequency. (B) Average position sensitivity functions for X- and Y-cells. These represent
maximum spatial phase or position sensitivity as a function of spatial frequency. This
sensitivity equals 27 - F, - SF, where F| is the fundamental response component at the
spatial frequency (SF) under study. (Data taken from Sur and Sherman, 1984.)
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TABLE II
PROPERTIES OF RETINAL AND GENICULATE W-, X-, AND Y-CELLS
Property W-Cells“ X-Cells Y-Cells
Axonal conduction velocity Slow Medium Fast
Spatial and temporal Some linear, others Linear Linear to lower spatial frequencies, nonlinear to

summation properties

to visual stimuli
Receptive field

organization
Receptive field size
Contrast sensitivity

Spatial resolution

Temporal resolution

Approximate retinal ratio
Approximate LGN ratio

nonlinear
Mostly center—
surround?
Large
Poor
Poor

Poor

10-20%°
10%*

Center—surround

Small

Good to medium
and higher spatial
frequencies

Excellent

Fair

75-85%
40-50%

higher ones

Linear center—surround with small nonlinear
subunits distributed throughout
Medium

Excellent to lower spatial frequencies

Linear component fair, nonlinear component
good
Good

5-7%
40-50%

7 Here we refer only to the subset of W-cells that seem to be involved in retinogeniculate innervation (see text). This includes mainly cells
with center—surround receptive fields.
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respond to removal of a centered bright spot; X- and Y-cells respond
vigorously to such stimuli.

The observation just made refers to those W-cells that appear to project
to the lateral geniculate nucleus. However at least four other neuronal
types have been distinguished among the cat’s retinal ganglion cells.
These are clearly not X- or Y-cells and may be functionally distinct from
the W-cells described earlier (Stone and Fabian, 1966; Rodieck, 1967,
Stone and Hoffmann, 1972; Cleland and Levick, 1974a,b; Stone and Fu-
kuda, 1974). These all have very slowly conducting axons and generally
poor or inconsistent responses to visual stimuli. These four general types
include (1) cells that are differentially sensitive to different wavelengths of
light (2) cells that are sensitive to the direction of stimulus motion (3) cells
that are inhibited by any contrast located in the receptive field, and (4)
cells that are excited by any contrast in the receptive field. The color-
coded cells exhibit receptive fields with a classic center—surround organi-
zation, but the last three have diffusely organized fields with no obvious
center—surround arrangement. These four types of ganglion cells that do
not seem to form a prominent input to the lateral geniculate nucleus are
not further considered in this article.

C. X-CeLL RESPONSE PROPERTIES

X-Cell axons conduct at velocities intermediate between the slower
ones of W-cells and the faster ones of Y-cells. Receptive fields of X-cells
have a classic center—surround organization and are smaller than those of
W- and Y-cells. X-Cells generally exhibit tonic responses to standing
contrasts as well as linear summation in response to visual stimuli. These
cells respond briskly and sensitively to most visual stimuli. However,
spatial contrast sensitivity or response functions (Figs. 6 and 8) show that
these cells are most sensitive to middle spatial frequencies, since their
sensitivity falls off for lower and higher ones. Generally, X-cells are most
sensitive to lower temporal frequencies (Lehmkuhle et al., 1980a), al-
though there may be a sensitivity peak near 2—-4 Hz (Lennie, 1980a). The
best spatial resolution of X-cells, which occurs at low temporal frequen-
cies, generally exceeds that of W- and Y-cells (Figs. 6 and 7). The best
temporal resolution of X-cells (at middle spatial frequencies) falls be-
tween the poorer values of W-cells and better ones of Y-cells (Fig. 7).
However, Fig. 7 shows that at higher spatial frequencies, X-cells exhibit
better temporal resolution than do Y-cells, and at higher temporal fre-
quencies, Y-cells exhibit better spatial resolution than do X-cells. W-Cells
are consistently worst on these measures.

From spatial-tuning functions similar to those in Figs. 6 and 8, it is
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possible to infer the cell’s maximum sensitivity to small changes in stimu-
lus position or spatial phase, which we call ‘‘position sensitivity.”” For
drifting gratings at constant temporal frequency, this phase or position
sensitivity (in spikes per second per degree) equals the product of 27, the
spatial frequency, and the amplitude of the fundamental response compo-
nent at that frequency (Sur and Sherman, 1984). Since for these cells only
the fundamental response component is sensitive to spatial phase (Hoch-
stein and Shapley, 1976a), it is only this component that can confer phase
sensitivity to the cell. Figure 8 plots this for retinal X- and Y-cells. The
greatest position sensitivity is exhibited by X-cells at higher spatial fre-
quencies. At lower ones, Y-cells are more sensitive than are X-cells,
although this sensitivity is generally less than that observed for X-cells at
higher frequencies.

D. Y-CELL RESPONSE PROPERTIES

Among retinal ganglion cells and geniculate neurons, Y-cells have the
fastest-conducting axons. Y-Cells tend to have receptive fields intermedi-
ate in size between the larger ones of W-cells and smaller ones of X-cells.
Y-Cells generally respond transiently to standing contrasts and are sensi-
tive to most visual stimuli.

Y-Cells show a complex pattern of response linearity to visual stimuli:
they have both linear and nonlinear response components, each of which
exhibits characteristic response properties (Hochstein and Shapley,
1976b; Lehmkubhle et al., 1980a; So and Shapley, 1981). The linear com-
ponent is most sensitive to lower spatial frequencies and exhibits spatial
resolution that is slightly better than that of W-cells but much poorer than
that of X-cells (Figs. 6 and 8). Also, as noted earlier and shown in Fig. 8,
the fundamental response component provides better position sensitivity
for Y-cells than for X-cells only at lower spatial frequencies. The nonlin-
ear component, which is relatively insensitive to lower spatial frequen-
cies, is more sensitive than the linear component to higher spatial fre-
quencies. Indeed, the nonlinear component is nearly as good as X-cells in
terms of spatial resolution (Fig. 6). These and similar data led Hochstein
and Shapley (1976b) to propose a two-part model for the Y-cell receptive
field. One part consists of a linear, center—surround component that is
relatively large to account for the relatively poor spatial resolution of the
linear response. The second part is a collection of small, nonlinear sub-
units scattered throughout the center and surround to account for the
relatively good spatial resolution of the nonlinear responses. No data
have yet been published regarding the separate contributions of the linear
and nonlinear response components to temporal contrast sensitivity func-
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tions. However, at low spatial frequencies, for which the linear compo-
nent dominates, Y-cells exhibit better temporal resolution than do W- or
X-cells (Fig. 7). Also, at all spatial frequencies Y-cells are generally more
sensitive to lower temporal frequencies than to higher ones (Fig. 7; and
Lehmkuhle et al., 1980a), although there may be a moderate sensitivity
peak near 2—4 Hz (Lennie, 1980a).

E. SUMMARY OF W-, X-, AND Y-CELL
RESPONSE PROPERTIES

Table II and Figs. 6—8 summarize many of the functional properties that
distinguish W-, X-, and Y-cells from one another. Axonal conduction
velocities increase from W-cells to X-cells to Y-cells, and receptive-field
sizes tend to increase from X-cells to Y-cells to W-cells. Generally, X-
cells respond tonically to standing contrasts and Y-cells respond in a
phasic manner; some W-cells are tonic and others are phasic. X- and Y-
cells respond much better and more consistently to most visual stimuli
than do W-cells. X-Cells and some W-cells exhibit predominantly linear
response summation to visual stimuli. Other W-cells respond nonlinearly.
Y-Cells have both linear and nonlinear response components, the former
being more sensitive to lower spatial frequencies and the latter to higher
ones. As shown by Figs. 6 and 7, W-cells respond relatively poorly at all
temporal and spatial frequencies. At lower spatial and higher temporal
frequencies, Y-cells are the most responsive neurons. Conversely, X-
cells are the most responsive neurons at higher spatial and lower temporal
frequences, particularly if only linear response components are consid-
ered. Finally, X-cells display their best position sensitivity at higher spa-
tial frequencies, and this sensitivity generally exceeds that exhibited by
Y-cells (Fig. 8). All of these response features suggest that Y-cells are
important for the analysis of lower spatial frequencies and X-cells become
increasingly important for higher ones, a distinction that will be reiterated
in the consideration of the role these neuronal classes play in visual per-
ception.

IV. Anatomical Organization and Distribution of the W-, X-, and
Y-Cell Pathways

Until relatively recently, studies of the W-, X-, and Y-cell pathways
were by necessity essentially unidimensional. Since these neuronal
classes could be identified only by electrophysiological criteria, knowl-
edge about them was largely confined to their response properties. As a
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first step toward a multidisciplinary approach to the study of these path-
ways, a number of investigators have attempted to establish the morpho-
logical correlates of these cell types. Such a multidisciplinary approach,
which ultimately should include a range of biological disciplines such as
pharmacology, biophysics, biochemistry, and embryology, is needed not
only for a thorough understanding of these pathways, but also because
any single approach without validation from others is subject to difficul-
ties of interpretation. For instance, the uncertainties of electrode sam-
pling render doubtful any attempt to describe the distributions of the W-,
X-, and Y-cell pathways. If these distributions can be verified anatomi-
cally, they can be more surely specified. Indeed, the anatomical corre-
lates of the W-, X-, and Y-cell pathways to be described here have greatly
enhanced our understanding of the functional organization of these path-
ways.

A. RETINA

1. Morphological Classification of Ganglion Cells

Nearly a century ago, Ramén y Cajal (translated in Rodieck, 1973) drew
attention to the different morphological types of ganglion cells in the cat
retina that could be discerned from Golgi impregnations. Mainly on the
basis of dendritic branching patterns in the inner plexiform layer, he
described some 20-30 classes. Unfortunately, this classification cannot
be readily correlated with the physiological classification of W-, X-, and
Y-cells.

Boycott and Wassle (1974) also used the Golgi technique to provide the
first hypothesis of specific morphological correlates for W-, X-, and Y-
cells. They described alpha, beta, and gamma morphological types (see
Fig. 9) and suggested from indirect evidence that these represent Y-, X-,
and W-cells, respectively. Alpha cells have the largest somata, fairly
extensive dendritic arbors, and the thickest axons. Beta cells have me-
dium-sized somata, small but densely branched dendritic arbors, and ax-
ons of intermediate thickness. Gamma cells, according to the original
description of Boycott and Wassle (1974), have the smallest somata, ex-
tensive but sparsely branched dendritic arbors, and the thinnest axons.
One analysis of optic nerve axons has successfully demonstrated these
components of the axon diameter spectrum: a small-diameter mode prob-
ably belonging to gamma-cell axons, a medium-diameter mode probably
belonging to beta-cell axons, and a large-diameter tail probably belonging
to alpha-cell axons (Williams and Chalupa, 1983).

Other morphological types have been described that have somata in the
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F16.9. Camera lucida drawings of ganglion cells in the retina as viewed in a flat mount.
Each neuron was intracellularly filled with HRP after physiological identification. (A) W-Cell
with gamma morphology; (B) X-cell with beta morphology; (C) Y-cell with alpha morphol-
ogy. (From Stanford and Sherman, 1984.)

beta-cell range but that are clearly not beta cells. These may be variants of
gamma cells [e.g., the delta cells of Boycott and Wassle (1974) and the
medium-sized gamma cells of Stone and Clarke (1980)], or they may
represent other morphological classes [e.g., the epsilon, gI, and g2 cells
of Leventhal (1982)]. At present, it is no easier to decide how many
morphological classes are subsumed within the ‘‘gamma’’-cell population
(i.e., neither alpha nor beta cells) than it is to decide how many physiolog-
ical classes are represented by ‘“W-cells’’ (i.e., neither X- nor Y-cells).
The best published evidence for correlations among morphological and
physiological types is the series of experiments by Wassle and colleagues
(Cleland et al., 1975a; Wassle et al., 1975, 1981a,b; Peichl and Wassle,
1981; Wassle, 1982), which make a strong case that alpha cells are Y-cells.
The evidence that beta cells are X-cells and that gamma cells are W-cells
is rather less direct and secure. The more direct approach of labeling a
single physiologically identified cell with an intracellular injection of Luci-
fer yellow or horseradish peroxidase (HRP) has produced preliminary
data that largely support these correlations (Saito, 1983; Stanford and
Sherman, 1984). This has shown that alpha cells are Y-cells, beta cells are
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X-cells, and most gamma cells are W-cells. More data of this sort should
eventually establish the structure—function correlations quite firmly.

2. Distribution of Cell Types

A number of laboratories have made use of the structure—function cor-
relates just described to survey with histological techniques the distribu-
tion of the W-, X-, and Y-cell classes across the retina (Boycott and
Wassle, 1974; Fukuda and Stone, 1974; Cleland et al., 1975a; Wassle et
al., 1975, 1981b; Stone, 1978; Peichl and Wassle, 1979; Illing and Wassle,
1981; Leventhal, 1982; Williams and Chalupa, 1983). These proposed
distributions must be qualified partly because of a degree of uncertainty in
the structure—function correlates, particularly for W- and X-cells, and
partly because of a degree of controversy regarding the estimated values
for the distributions (Fukuda and Stone, 1974; Wassle et al., 1981a,b;
Wassle, 1982; Leventhal, 1982). Indeed there is as yet no agreement
regarding the actual number of ganglion cells, regardless of classification
(Hughes and Wassle, 1976; Hughes, 1981; Stone, 1978; Stone and Cam-
pion, 1978). Nonetheless, these distributions offer the best approximation
of W-, X-, and Y-cell patterns across the retina independent of electrode-
sampling problems. Of approximately 200,000 ganglion cells, roughly 5%
are alpha cells (or Y-cells), one-half to two-thirds are beta cells (or X-
cells), and one-third to one-half are gamma, delta, epsilon, g1, and g2 cells
(or W-cells). Of this last group of presumed W-cells, only about 40% (or
roughly 15-20% of the ganglion cell total) appear to project to the lateral
geniculate nucleus (Illing and Wassle, 1981; Leventhal, 1982).

The relative ratios of cell types vary with eccentricity. The density of
both X- and Y-cells peaks at the area centralis, but this peak is much
sharper for X-cells. Thus, the relative ratio of X- to Y-cells, which on
average is roughly 10: 1, decreases with increasing eccentricity from the
area centralis (Hoffmann et al., 1972; Fukuda and Stone, 1974; Wassle et
al., 1975, 1981a; Peichl and Wassle, 1979, 1981; Wassle, 1982; Leventhal,
1982). W-Cell density is fairly uniform across the retina with a slight
increase along the horizontal streak, which is an elongated horizontal
region passing through the area centralis (Rowe and Stone, 1976).

3. Central Projections

Every retinal X- and Y-cell and an as yet unspecified subset of W-cells
projects to the lateral geniculate nucleus (Fukuda and Stone, 1974; Bowl-
ing and Michael, 1980, 1984; Illing and Wassle, 1981; Leventhal et al.,
1980a,b; Sur and Sherman, 1982b; Rowe and Dreher, 1982). As noted
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above, retrograde labeling of retinal ganglion cells from HRP injections
into the lateral geniculate nucleus (Illing and Wassle, 1981; Rowe and
Dreher, 1982) suggests that roughly 40% of the W-cells project to that
nucleus. The details of the retinogeniculate projection of W-, X-, and Y-
cells with respect to the various geniculate laminae is described in the
following section. A meager projection from X-cells seems to be directed
outside the lateral geniculate nucleus (Fukuda and Stone, 1974). Horse-
radish peroxidase labeling of individual X-cell axons in the optic tract
occasionally reveals an axonal branch that can be traced for a short dis-
tance beyond the lateral geniculate nucleus (Sur and Sherman, 1982b),
and some X-cell input to the midbrain has been suggested (Hoffmann and
Stone, 1973; Leventhal et al., 1980b; Wassle and Illing, 1980). Single Y-
cell axons branch to innervate the lateral geniculate nucleus, superior
colliculus, and perhaps other brain stem sites (Bowling and Michael,
1980; Wassle and Illing, 1980; Sur and Sherman, 1982b). Different popula-
tions of W-cells seem to innervate the lateral geniculate nucleus, the
superior colliculus, the ventral division of the lateral geniculate nucleus,
the pretectum, and perhaps other brain stem sites (Hoffmann, 1973; Fu-
kuda and Stone, 1974; Cleland et al., 1975b; Wilson et al., 1976; Spear et
al., 1977; Leventhal et al., 1980a,b). The retinogeniculate W-cells appar-
ently have larger somata on average than do those W-cells that innervate
extrageniculate structures (Leventhal et al., 1980a,b; Leventhal, 1982;
Rowe and Dreher, 1982).

B. LATERAL GENICULATE NUCLEUS

1. Gross Topography

a. Lamination. The cat’s lateral geniculate nucleus is a laminated
structure, and as Figs. 10 and 11A and B illustrate, the laminae are defined
in terms of ocular input (Hickey and Guillery, 1974; Guillery et al., 1980).
The contralateral nasal retina innervates laminae A, C, C2, and 1 of the
medial interlaminar nucleus (which is a subdivision of the lateral genicu-
late nucleus), and the geniculate wing.* The ipsilateral temporal retina

* Guillery et al. (1980) have called this retinofugal terminal zone the ‘‘geniculate wing,’’
although others (e.g., Leventhal et al., 1980a) have called this the ‘‘retinal recipient zone’” of
the pulvinar. One can logically define the (dorsal) lateral geniculate nucleus as that collection
of neurons that receives direct retinal input and projects to cerebral cortex. This region
would thus better be called ‘‘geniculate wing’’ rather than a division of the pulvinar. Note
that, by this reasoning, lamina C3 of the lateral geniculate nucleus should indeed not be
considered a part of that nucleus, because it receives no direct retinal input (Hickey and
Guillery, 1974).
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Fi1G. 11. Laminar arrangements of the cat’s lateral geniculate nucleus. (a) Camera lucida
drawings of the sections shown in Fig. 10, with autoradiographic label from the right eye
cross-hatched. The contralateral eye innervates laminae A, C, C2, and 1 (of the medial
interlaminar nucleus), and the geniculate wing (GW). The ipsilateral eye innervates laminae
Al, C1, and 2 (of the medial interlaminar nucleus), and the geniculate wing. Thus, neither
eye innervates lamina C3, and the geniculate wing is the only geniculate region to receive
innervation from both eyes. (b) Schematic representation of ocular inputs in relation to the
laminae. (c) Schematic representation of W-, X-, and Y-cell inputs and distributions in
relation to the laminae (see text for details).

FiG. 10. Photomicrographs of coronal sections through the left and right lateral genicu-
late nuclei of a cat. The cat previously had an injection of tritiated proline placed into its
right eye, and these sections were treated for autoradiography. (A) and (C) Bright-field and
dark-field photomicrographs, respectively, of the same view of the left nucleus. (B) and (D)
Bright-field and dark-field photomicrographs, respectively, of the same view of the right
nucleus. Inputs from the right (injected) eye are labeled darkly in the bright-field views, and
brightly in the dark-field views. Figure 11 shows the laminar relationships of these sections.
The scale in (A) is 1 mm and applies as well to (B)-(D).
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innervates laminae Al, Cl1, and 2 of the medial interlaminar nucleus, and
the geniculate wing. Thus, the geniculate wing is the one region that
receives binocular input, and lamina C3 is the one lamina that appears to
receive no direct retinal afferents (Fig. 11B). Not shown in Figs. 10 and
11A and B is lamina 3 of the medial interlaminar nucleus (Guillery et al.,
1980; Rowe and Dreher, 1982), because it occupies a more caudal region
than is illustrated there. Lamina 3 is innervated by the contralateral tem-
poral retina and thus maps the ‘‘wrong’’ hemifield.

b. Retinotopic Organization. The lateral geniculate nucleus exhibits
a precise point-to-point map such that neighboring geniculate neurons
have receptive fields adjacent to each other in visual space. The retino-
topic maps are best understood for the A- and C-laminae (Laties and
Sprague, 1966; Sanderson 1971a). These laminae are stacked in register
such that a line of cells oriented perpendicular to the laminar borders (or
across the short axis of each lamina) maps the same single point in visual
space. These have been termed the ‘‘projection lines.”’ The vertical me-
ridian of the visual field (which, in the retina, passes vertically through the
area centralis) is mapped at the medial edge of the A- and C-laminae, and
lateral locations along these laminae map progressively more peripheral
visual field. Note, for example, that lamina A extends further laterally
than does lamina Al (Figs. 10 and 11A and B), because the nasal retina
(which innervates lamina A) extends further from the vertical meridian
than does the temporal retina (which innervates lamina A1). Finally, ver-
tical directions in visual space are represented by anteroposterior direc-
tions in the nucleus such that more elevated (or less elevated) visual
coordinates are mapped more posteriorly (or anteriorly). Maps in the
medial interlaminar nucleus and geniculate wing are understood in less
detail and have only recently been described (Guillery et al., 1980).

The visuotopic map in the lateral geniculate nucleus, while continuous,
is distorted by the fact that more neural tissue is devoted to more central
visual regions than to more peripheral ones. This distortion has been
called the ‘‘magnification factor.’’ For instance, near the anteroposterior
middle of the nucleus where the horizontal midline of the visual field is
represented, the medial half of lamina A maps only the central 5° of visual
field, and the lateral half maps the remaining 85-90° of visual field.

Sanderson (1971b) has suggested that this distortion is a reflection of
that already present among ganglion cells, since these are more densely
aggregated nearer the area centralis. Optical constraints of the eye and the
predominant direction of information flow across the layers through the
retina require that ganglion cells be located at or very near their receptive
field positions. Thus regions that require more neurons for more detailed
analysis (e.g., the area centralis) must have a greater density of cells. The
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lateral geniculate nucleus (and other visual areas of the brain) have no
such optical constraints and are thus able to form neural circuits in the
framework of a fairly uniform density of neurons. This could result in
retinal regions of greater ganglion cell density being represented by larger
volumes of geniculate tissue with constant neuronal density. Magnifica-
tion factors such as that seen in the lateral geniculate nucleus might thus
occur.

Of course, if one wishes to relate ganglion cell density to magnification
factor in a given brain locus (e.g., lateral geniculate nucleus, superior
colliculus, or one of the visual cortical areas), one must include only the
subset of ganglion cells that participate in innervation of that locus. For
instance, magnification factor of the geniculate A-laminae, which contain
X- and Y-cells but not W-cells (see later), should be compared with some
combination of the density distribution of retinal X- and Y-cells; for supe-
rior colliculus, magnification factor should be compared against the com-
bined density of retinal Y-cells and those W-cells that innervate the supe-
rior colliculus. To date, such comparisons have not been made in any
systematic fashion, although a superficial comparison of the visuotopic
map for the A-laminae (Sanderson, 1971a) with alpha and beta ganglion
cell density distributions (Peichl and Wassle, 1979; Leventhal, 1982) sug-
gest the plausibility of this hypothesis.

2. Afferent Input

a. Retinal Afferents. As mentioned before, most retinal ganglion
cells, including every X- and Y-cell and many W-cells, project to the
lateral geniculate nucleus. This projection has a strong differential laminar
pattern. Figure 11C shows the laminar distribution of geniculate W-, X-,
and Y-cells, which in turn reflects laminar differences in the retinogenicu-
late projection along these pathways (Fig. 12). Most information relevant
to these laminar differences in afferent projection patterns stems from
physiological studies of single geniculate neurons, since each of these
neurons seems to receive input from a single class of ganglion cell. These
studies have largely focused on the A-laminae (Cleland et al., 1971; Hoff-
mann et al., 1972; So and Shapley, 1981; Lehmkuhle et al., 1980a),
although several studies of the C-laminae (Cleland et al., 1975b; Wilson et
al., 1976; Sur and Sherman, 1982a) and laminae 1 and 2 of the medial
interlaminar nucleus (Mason, 1975; Kratz et al., 1978; Dreher and Sefton,
1979) have been reported. Laminae A and Al contain a mixture of X- and
Y-cells without W-cells. The dorsal part of lamina C contains Y-cells and
perhaps some W- and X-cells (Wilson et al., 1976; Friedlander et al.,
1981), and the remainder of the C-laminae contain only W-cells (Wilson et
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FiG. 12. Schematic summary diagram of W-, X-, and Y-cell pathways from retina through the lateral geniculate nucleus to various
areas of visual cortex (for further details, see Fig. 1 and Table I). Abbreviations: Ret, retina; LGN, lateral geniculate nucleus; A, A-
laminae; Cmagno, magnocellular lamina C; Cparvo, parvocellular C-laminae; GW, geniculate wing; MIN, medial interlaminar
nucleus; VC, visual cortex; 17-19, areas 17-19; AMLS, anterior medial lateral suprasylvian area; PMLS, posterior medial lateral
suprasylvian area; other, areas 20a, 20b, 21a, and 21b plus the ventral lateral suprasylvian, posterior lateral lateral suprasylvian, and
dorsal lateral suprasylvian areas. Solid lines represent relatively dense projections, and dashed lines represent relatively sparse

projections.
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al., 1976; Stanford et al., 1981, 1983; Sur and Sherman, 1982a). The dorsal
part of lamina C that contains Y-cells has large somata and is termed
magnocellular lamina C; the remainder of the C-laminae, which contain
only W-cells, has small somata and is termed the parvocellular C-laminae.
Laminae 1 and 2 of the medial interlaminar nucleus predominantly con-
tain Y-cells, although rare W- and X-cells may also exist there (Mason,
1975; Kratz et al., 1978; Dreher and Sefton, 1979; Rowe and Dreher,
1982). No recordings from the geniculate wing and lamina 3 of the medial
interlaminar nucleus have yet been reported, but indirect anatomical evi-
dence suggests that the former contains mostly W-cells, and the latter,
mostly Y-cells (Guillery et al., 1980). Figure 12 summarizes our current,
somewhat incomplete understanding: retinal W-cells innervate the parvo-
cellular C-laminae, the geniculate wing, and possibly the medial in-
terlaminar nucleus; X-cells innervate the A-laminae and possibly magno-
cellular lamina C and the medial interlaminar nucleus; and Y-cells
innervate the A-laminae, magnocellular lamina C, and the medial in-
terlaminar nucleus.

Several laboratories (Bowling and Michael, 1980, 1984; Su