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Development of the Lateral Geniculate Nucleus
in Cats Raised with Monocular Eyelid Suture

S. MURRAY SHERMAN
Department of Physiology 3
University of Virginia School of Medicine
Charlottesville, Virginia USA

Since the pioneering work of Wiesel and Hubel (1963a,b; 1965), neurobiolo-
gists have appreciated the kitten’s central visual pathways as an elegant model
system for studies of the role of the postnatal environment in neural develop-
ment. A particularly useful approach has been a comparison of the geniculo-
cortical pathways in normally reared cats with those in cats raised with monocu-
lar eyelid closure. This paper concentrates on the developmental abnormalities
seen in the lateral geniculate nucleus of such monocularly deprived cats.
Although most studies of visually deprived cats have focused upon striate cor-
tex, we have emphasized the lateral geniculate nucleus, because an understand-
ing of cortical abnormalities requires a fairly complete description of the status
of its geniculate inputs.

A simple version of the cat’s retino-geniculo-cortical pathways is shown in
Fig. 1. The dorsal two geniculate laminae, A and Al, provide a reasonably
matched representation of each eye, and nearly all of our data are derived from
this laminar pair. The ventral C complex includes laminae C, Cl, and C2
(Guillery, 1970), and virtually nothing is known regarding the postnatal
development of these laminae. Mainly for these reasons, this paper is further
limited to a consideration of deprivation effects in laminae A and Al. How-
ever, before these are considered, it is useful to divide the lateral geniculate
nucleus further into binocular and monocular segments and X- and Y-cells.

Binocular and Monocular Segments

Definition Each geniculate neuron has a small receptive field limited in visual
space, and neighboring neurons tend to map neighboring spatial coordinates.
As a consequence, an orderly, fairly precise point-to-point map of visual space
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Right Hemifield

Retinal Ganglion Cell
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_FIGURE 1 Retino-geniculo-cortical pathways in the cat (see text for details). The lateral gen-
iculate nucleus is diagrammed in a coronal plane. The C complex refers to ventral laminae
(C, C1, and C2), which receive input from retina and project to cortex, although these path-
ways are not drawn. Likewise, the medial interlaminar nucleus (MIN) contains cells which
receive retinal input and project to cortex.
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exists in the lateral geniculate nucleus (Sanderson, 1971): lateral (or medial)
displacements in the nucleus map more peripheral (or central) visual space in
the contralateral hemifield, and the medial edge of the nucleus represents the
vertical meridian of visual field; rostral (or caudal) displacements map more
inferior (or superior) visual space. The maps in laminae A and Al are in regis-
ter such that lines perpendicular to the laminae represent the same general area
of visual space. As a result of this mapping, the binocular segment is that part
of the nucleus which maps the central visual field seen by both eyes (roughly
45° to either side of the vertical meridian; Sherman, 1973). This includes all of
lamina Al and the corresponding portion (i.e., the medial three-fourths) of
lamina A. The monocular segment is that part which maps the extreme peri-
pheral crescent of visual field which can be viewed only by one eye (roughly
45-90° ipsilateral to that eye; Sherman, 1973). This is represented in the lateral
one-fourth of lamina A which extends beyond lamina Al.

Binocular competition vs. deprivation per se Guillery and Stelzner (1970) first
made use of this division into binocular and monocular segments in their histo-
logical studies of monocularly deprived cats. They confirmed and extended an
earlier observation of Wiesel and Hubel (1963a). That is, Guillery and Stelzner
(1970) reported that although cells in deprived laminae (i.e., those receiving
direct retinal afferents from the sutured eye) were abnormally small, this effect
was limited to the binocular segment of the nucleus. The deprived monocular
segment of lamina A had cells of normal size which were indistinguishable
from those in the nondeprived monocular segment on the other side (however,
see Hickey, Spear, and Kratz, 1977).

The significance of this differential effect of monocular suture on the binocu-
lar and monocular segments of the nucleus is outlined in Fig. 2. The concept
represented is that at least two different mechanisms can operate to produce the
deprivation effects. We refer to one as "binocular competition" and the other as
"deprivation per se," and they are described more fully below (see also, Sher-
man, Guillery, Kaas, and Sanderson, 1974).

The idea that a competitive mechanism is involved originated with Wiesel
and Hubel (1965) and was elaborated by Guillery and coworkers (Guillery and
Stelzner, 1970; Guillery, 1972; Sherman, Hoffmann, and Stone, 1972; Sher-
man, 1973; Sherman et al., 1974; Sherman, Wilson, and Guillery, 1975; Wilson
and Sherman, 1977). Wiesel and Hubel (1965) suggested that during early
postnatal development, pathways from each eye compete with one another for
dominance of central connections. The actual site of this competition remains
unknown, and for illustration purposes only, Fig. 2 is drawn as if the competi-
tion occurs between sets of geniculocortical synapses related to each eye. Dur-
ing development, these synapses proliferate in strength, number, or both, and
they compete for total control of the cortical cell. If the visual environment is
normal (Fig. 2, left), neither set of synapses related to one or the other eye has
a competitive advantage conferred upon it, a balance is struck, and normal,
binocular cortical neurons emerge (Hubel and Wiesel, 1962). However, if one
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eye is sutured (i.e., the right eye in Fig. 2 (right), so that lamina A in the draw-
ing is deprived), an advantage is somehow conferred upon the development of
nondeprived geniculocortical connections. The advantage may be related to
higher peak firing rates, more synchronous firing, etc., but in fact, we have no
evidence as yet to suggest why nondeprived cells should be given an advantage.
In any case, because of this advantage during competitive development, the
nondeprived eye gains essentially total control over the cortical neurons, as is
the case in monocularly deprived cats (Wiesel and Hubel, 1963b, 1965; Wilson
and Sherman, 1977). Notice, however, that cells in the deprived monocular
segment, by definition, cannot suffer the deleterious consequences of develop-
ing at a competitive disadvantage. Although they are deprived just as much as
their counterparts in the binocular segment, they can form many stable

NORMAL

FIGURE 2 Diagram to illustrate developmental mechanisms of binocular competition and
deprivation per se in monocularly deprived cats. The deprived example (MD) is shown as if
the right eye and thus, lamina A, were deprived. It is suggested that during postnatal develop-
ment, competition occurs among geniculo-cortical synapses for control of cortical neurons.
During normal rearing (left), no competitive advantage is present, a balance is struck, and
binocular cortical cells emerge. During monocular deprivation (right), the deprived cells are
somehow placed at a competitive disadvantage such that the nondeprived eye develops nearly
complete dominance over cortical cells. The deprived cells in the monocular segment of lam-
ina A cannot by definition be placed at a competitive disadvantage, so they develop and/or
maintain at least some cortical connections. To the extent that the deprived monocular seg-
ment cells are completely normal, whereas those in the binocular segment are not, a develop-
mental mechanism of binocular competition is indicated. To the extent that equal deficits are
seen throughout deprived lamina A, a noncompetitive developmental mechanism of depriva-
tion per se is suggested. A combination of these two developmental processes is also possible.

Monocular Deprivation and the Lateral Geniculate 83

geniculocortical connections simply because they are not fighting with a supe-
rior foe for these synaptic sites. Therefore, to the extent that the deprived
monocular segment develops much more normally than does the deprived bino-
cular segment, support for a mechanism of binocular competition is indicated.
This is one explanation for the histological observations of Guillery and
Stelzner (1970).

The concept of the noncompetitive mechanism of deprivation per se is much
simpler. By this mechanism, the development of central pathways is deter-
mined solely by the quality of the visual environment experienced by each eye;
and interocular interactions, such as binocular competition, play no role. As
applied to Fig. 2, this mechanism would require that deprived cells develop
equal abnormalities in the binocular and monocular segments.

From the consideration above, it should be clear that an important compari-
son to be made in these studies of monocularly deprived cats is between the
deprived binocular and monocular segments. When deprivation-induced
deficits are apparent, three possible conclusions can be drawn from such com-
parisons: (1) if the deprived monocular segment develops completely normally
while the binocular segment does not, a mechanism of binocular competition
alone can parsimoniously account for the results; (2) if the deprived monocular
and binocular segments develop equal deficits, competitive mechanisms are not
indicated, and deprivation per se can account for the results; and (3) if deficits
are seen both in monocular and binocular segments, but the monocular seg-
ment deficits are less severe, a combination of binocular competition and
deprivation per se is indicated. Two other points can be made. First, if only
the binocular segment is studied, one cannot easily distinguish between effects
due to binocular competition and those due to deprivation per se (cf. Sherman
et al., 1974). Second, the deprived monocular segment may be the only place
where deprivation per se without competition influences can be studied.

X- and Y-cells

The other important division of the cat’s retino-geniculo-cortical pathways
stems from the classical optic tract study of Enroth-Cugell and Robson (1966).
They defined two distinct populations of retinal ganglion cells as X (linear spa-
tial summation) and Y (nonlinear spatial summation).* Since then, numerous
laboratories have concentrated on this distinction, and the scope of this litera-
ture is much too broad to cover in the present paper (for reviews, see Rowe
and Stone, 1977; Rodieck, 1979). X- and Y-cells have been described in the

*Recently, a third cell type (W) has been described among retinal ganglion cells. Some of these
cells project through geniculate neurons in the C complex to cortex (Wilson and Stone, 1975; Wil-
son, Rowe, and Stone, 1976). W-cells differ in many ways from X- and Y-cells, but relatively little
is known of them in normal cats and virtually nothing is known of their properties following early
visual deprivation. For this reason, plus the fact that nearly all of our analysis has been limited to
laminae A and A1, which lies outside the W-cell pathway, W-cells are not considered further in this
paper.

P
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lateral geniculate nucleus with nearly identical properties to their retinal coun-
terparts (Cleland, Dubin, and Levick, 1971; Hoffmann, Stone, and Sherman,
1972; Shapley and Hochstein, 1975). We now know that X- and Y-cells differ
among many electrophysiological characteristics. Compared to X-cells, Y-cells
possess: faster conducting axons, less linear spatial summation in the receptive
field, larger fields, more phasic responses to standing contrasts, slightly better
sensitivity to temporal changes, slightly poorer sensitivity to high spatial fre-
quencies, and much greater sensitivity to low spatial frequencies (Cleland et al.,
1971; Hoffmann et al., 1972; Shapley and Hochstein, 1975; Hochstein and
Shapley, 1976a,b; Lehmkuhle, Kratz, Mangel, and Sherman, 1979a).

Although it seems clear that X- and Y-cells represent two parallel, fairly
independent pathways from retina to cortex (Cleland et al., 1971; Hoffmann et
al., 1972), the significance of X- and Y-cells for cortical processing remains
unclear and somewhat controversial. In a strong departure from the Hubel and
Wiesel (1962) "serial processing" hypothesis (Fig. 3A), whereby a single chain
of cells from geniculate to cortical simple cell to cortical complex cell, etc., pro-
cessed visual information, Stone and coworkers (Hoffmann and Stone, 1971;
Stone and Dreher, 1973) suggested a hypothesis of "parallel processing” (Fig.
3B), whereby two independent cell chains—X-cells through cortical simple cells
and Y-cells through cortical complex cells—processed different aspects of the
visual scene in parallel.

Whatever the functional significance of the division of retinal and geniculate
neurons into X- and Y-cells (see also below), it seemed reasonable to investi-
gate the possibility that these two systems were differentially affected by
deprivation in an analogous fashion to the differences seen between binocular
and monocular segments. The importance of this possibility was underscored
recently by the observations of Daniels, Pettigrew, and Norman (1978) who
concluded that kitten geniculate X-cells normally attain maturity earlier than do
Y-cells, and that Y-cells are thus more susceptible to environmental deficiencies
during the "critical period" (Hubel and Wiesel, 1970) of early postnatal develop-
ment. ‘

Effects of Monocular Deprivation upon Y-cells

Sherman et al. (1972) reported that genicular Y-cells seemed much more
affected by early lid suture than did X-cells. Deprived X-cells generally seemed
normal both in numbers and response properties, although a subtle abnormality
is described in the next section. Figure 4 represents a redrawing of Fig. 2 from
Sherman et al. (1972) with added data points and limited to data from laminae
A and Al. This shows that, with our recording techniques in monocularly
deprived cats, few normal Y-cells were encountered throughout the binocular
segment, whereas normal numbers were seen in the monocular segment.
Furthermore, the receptive field properties of the encountered deprived Y-cells
(mostly in the monocular segment) were completely normal (Sherman et al.,
1972; Lehmkuhle et al., 1979b). These properties included response rate, field
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FIGURE 3 Hypotheses of serial and parallel processing. A: Wiring diagram for serial process-
ing hypothesis of Hubel and Wiesel (1962). They suggested a single hierarchy of neurons
from retina through cortex for visual processing. In this scheme, a fairly homogeneous popu-
lation of geniculate cells feeds onto the first-order, or simple (S) cortical cell, then to the com-
plex (C) and hypercomplex (H) cells. Note that this hypothesis was proposed before
knowledge of X- and Y-cells. B: Wiring diagram for parallel processing scheme suggested by
Stone and coworkers (Hoffmann and Stone, 1971; Stone, 1972; Stone and Dreher, 1973) and
incorporating the concept of X- and Y-cells. At least two fairly independent pathways from
retina through cortex which process different aspects of the visual scene in parallel are sug-
gested. Retinal X-cells project to geniculate X-cells which project to cortical simple (S) cells.
Retinal Y-cells project to geniculate Y-cells which project to cortical complex (C) cells. These
diagrams represent simplified versions of hypotheses and should not be treated literally.

size, temporal and spatial contrast sensitivity (see also below), and area
response functions. This pattern of few normal Y-cells in the deprived binocu-
lar segment and many perfectly normal Y-cells in the deprived monocular seg-
ment corresponds closely to the histological observations of Guillery and
Stelzner (1970) and suggests a mechanism of binocular competition.

The interpretation of these results is not straightforward since uncontrolled
electrode sampling biases are possible. Anatomical correlates, described below,
help somewhat in our understanding of these results. One suggested by Eysel,
Griisser, and Hoffmann (1978) is that these results merely reflect a changed
electrode sampling artifact caused by relatively selective shrinkage of Y-cells
(see also, LeVay and Ferster, 1977; Garey and Blakemore, 1977). Even if this
is the sole explanation, it supports the general notion that geniculate Y-cells are
more affected by early lid suture than are the X-cells. Furthermore, whatever
the reason for our failure to record deprived Y-cells, soma size alone cannot be
the general explanation. This point is made most clearly in studies of cats
reared in total darkness (Kratz, Sherman, and Kalil, 1979). In these animals,
we found very few geniculate Y-cells (Fig. 4), yet the soma size distribution
among laminae A and Al neurons was completely normal in the same cats
from which Y-cells went unrecorded. These cells clearly did not show the lack
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of growth seen in monocularly deprived cats.* This suggests that Y-cell "losses”
need not be correlated with changed soma size. Indeed, we have recently
obtained evidence that deprived laminae contain abnormal cells with poor or no
visual responsiveness that might represent the "missing” Y-cells (Kratz, Webb,
and Sherman, 1978b; unpublished observations; and see Norton, Casagrande,
and Sherman, 1977 for similar observations in monocularly sutured tree
shrews).

In any case, there have been two types of anatomical studies which correlate
with, but cannot yet explain, the physiological absence of recordable Y-cells
from deprived laminae, which was described above. First, Garey and Blak-
emore (1977) and Lin and Sherman (1978) tried to isolate geniculate Y-cells
for anatomical study by capitalizing on the observation (Stone and Dreher,
1973) that geniculate X-cells project only to area 17, while the Y-cells project
both to areas 17 and 18. Horseradish peroxidase was injected into area 18 of
monocularly deprived cats to label only a Y-cell population, and it was found
that, in deprived laminae, labeled cells were smaller (Garey and Blakemore,
1977), much rarer, and more poorly stained (Lin and Sherman, 1978) than
they were in nondeprived laminae. Area 17 injections provided relatively little
asymmetry in labeling of deprived and nondeprived laminae, presumably
because of the many fairly normal X-cells labeled in deprived laminae.

Second, LeVay and Ferster (1977) suggested a histological marker to distin-
guish between X- and Y-cells in the cat’s lateral geniculate nucleus. They
found that some cells had a curious cytoplasmic structure—a "cytoplasmic lam-
inar body" (CLB)—while others did not. Based upon several lines of converg-
ing but indirect evidence, they concluded that cells with CLBs were X-cells.
Larger cells without CLBs would thus be Y-cells; and the few smaller cells
without CLBs, interneurons. Furthermore, they correlated these cell types with
Golgi studies and concluded that Y-cells were Guillery’s (1966) class 1 (large
soma, extensive, cruciate dendritic arbor with few appendages or spines), X-
cells were class 2 (intermediate soma size, curved dendrites with grape-like

structures appended at dendritic branch points), and interneurons were class 3

(small soma, fine tortuous dendritic arbor with numerous stalked appendages of
variable morphology). Although Guillery (1966) reported that 40% of his sam-
ple was intermediate or nonclassifiable, LeVay and Ferster (1977) do not men-
tion such cells, so it is not clear whether these cells contain CLBs. LeVay and
Ferster (1977) then applied their CLB classification to one monocularly
deprived cat and concluded that, compared to deprived X-cells, deprived Y-cells
were both fewer in number and considerably more shrunken (see also, Kalil
and Worden, 1978).

*This raises another perplexing question. That is, what environmental factors and/or mechanisms
control cell size? On the one hand, monocular suture retards cell growth in deprived laminae
(Wiesel and Hubel, 1963a; Guillery and Stelzner, 1970; Hickey et al., 1977), whereas binocular
suture or total dark rearing has little or no effect on cell size (Guillery, 1973; Hickey et al., 1977;
Kalil, 1978; Kratz et al., 1978). Perhaps competitive mechanisms control cell size, so that only dur-
ing appropriately unbalanced environmental conditions between the eyes will significant abnormali-
ties in geniculate cell size develop.
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FIGURE 4 Percentage of Y-cells recorded in laminae A and Al as a function of receptive
field eccentricity from the area centralis. The few interneurons and unclassified relay cells (<
5%) are excluded, and the ordinate represents the percent fraction of Y-cells recorded among
the total X- and Y-cell sample. The abscissa is broken into four eccentricity groups, and the
binocular and monocular segments (BS and MS) are indicated. Each point on the graph for
normal and monocularly deprived (MD) cats represents a sample of 62 to 212 cells. The data
from nondeprived laminae of monocularly deprived cats (not shown) are indistinguishable
from the normal data. Also shown are data from binocularly sutured (squares) and dark-
reared (triangles) cats.

Such an anatomical means of identifying X- and Y-cells, based on a presum-
ably nonselective histological method for locating CLBs, is of obvious potential
importance for studying differential deprivation effects. For this reason, we
have initiated a study to evaluate critically the LeVay and Ferster (1977
hypothesis by obtaining structure/function correlates at the single cell level for
geniculate neurons in normal cats. Our method is to record intracellularly from
these neurons with a fine micropipette filled with horseradish peroxidase, iden-
tify the cell as X or Y with conventional electrophysiological tests, and then
iontophorese peroxidase into the cell for later morphological study. The filled
cells present a Golgi-like appearance that allows ready identification into the
classes described by Guillery (1966) and used by LeVay and Ferster (1977).
To date, we have made such a correlation for ten Y-cells and eight X-cells
(Friedlander, Lin, and Sherman, 1979). Of the Y-cells, six were class 1, two
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were class 2, and two were intermediate or could not be classified. Of the X-
cells, one was class 3, and the remaining seven were intermediate between
classes 2 and 3, varying from nearly complete class 3 morphology to mostly
class 2 structure. We thus tentatively conclude from a small sample that the
LeVay and Ferster (1977) hypothesis requires some modification. Class 1 cells
seem to be Y-cells, but cells with class 2 characteristics can also be Y-cells. X-
cells seem to occupy the structural ground between classes 2 and 3. To the
extent that class 2 cells seem to be Y-cells, and this was the only neuron class
significantly affected by monocular eyelid suture (LeVay and Ferster, 1977),
the anatomy again suggests that geniculate Y-cells are much more affected by
early eyelid suture than are geniculate X-cells.

Effects of Monocular Deprivation upon Geniculate X-cells

Until recently, we were unable to detect any obvious effect of lid suture upon
X-cell development. In deprived laminae, these cells were encountered in nor-
mal numbers and possessed fairly normal response properties (Sherman et al.,
1972). Also, none of the anatomical studies suggested significant structural
abnormalities for deprived X-cells (LeVay and Ferster, 1977; Garey and Blak-
emore, 1977; Lin and Sherman, 1978). ‘

However, the recent literature suggested that more sensitive receptive field
methods might uncover subtle deficits for deprived X-cells. For instance,
Ikeda, Tremain, and Einon (1978) report that geniculate X-cells in cats raised
with artificial esotropia have abnormally poor spatial acuity (defined as the
highest spatial frequency to which the cell responds). Similarly, Maffei and
Fiorentini (1976) and Hoffmann and Sireteneau (1977) reported poorer spatial
acuity for deprived geniculate cells, but neither report distinguished between X-
and Y-cells. We reinvestigated this question of geniculate X-cell normality in
monocularly deprived cats by obtaining for these cells spatial and temporal con-
trast sensitivity functions to counterphased, sine-wave gratings (Lehmkuhle et

al., 1978, 1979b). That is, we measured the grating contrast necessary to evoke
~ a threshold neuronal response as spatial frequency (cycles/degree) and/or tem-
poral frequency (cycles/sec counterphase rate) was varied. We found that,
compared to nondeprived or normal geniculate X-cells, deprived X-cells had
normal temporal sensitivity and normal sensitivity to lower spatial frequencies
but were relatively insensitive to the higher spatial frequencies. Consequently,
their spatial acuity was consistently reduced to the point that, on average, a nor-
mal X-cell could respond to a grating twice as fine as one that would excite a
deprived X-cell (see Table 1). An important additional point also evident from
Table 1 is the observation that deprived X-cells in the monocular segment were
just as affected as were those in the binocular segment.

This last point is in stark contradistinction to the deprivation abnormalities
described for Y-cells (compare Fig. 4 with Table 1) and suggests that different
mechanisms are involved. Whereas some form of -binocular competition
effectively accounts completely for the Y-cell pattern of deficits, deprivation per
se secems the simplest explanation for the X-cell pattern, since the abnormalities
are equal for deprived binocular and monocular segments.
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TABLE 1 Spatial resolution (highest spatial frequency sine-wave grating at 0.6 contrast and 2
cycles/sec counterphase rate to which the cell responds) for geniculate X-cells in deprived and
nondeprived laminae A or Al of monocularly deprived cats; data from Lehmkuhle et al.
(1979b). These values (number of cells and mean =+ standard error) are indicated for each of
five eccentricity groups (receptive field eccentricity from the area centralis), including the
monocular segment (> 45°), plus the total of all cells. No deprived X-cells were studied with
a receptive field eccentricity between 20° and 45°. The reduction in resolution for each group
is also shown and is fairly constant with eccentricity. This reduction is calculated as 100% [1 -
(deprived resolution)/ (nondeprived resolution)].

0°-5° 5°-10° 10°-15° 15°-20° > 45° Total
Nondeprived
N 32 29 8 9 11 89
Mean + S.E. | 2.8 + 0.2 2.6 + 0.2 2.5+ 0.3 1.9+ 0.2 1.2 + 0.1 2.4 £ 0.2
Deprived
N 5 17 9 7 17 55

Mean + S.E. [ 1.5 + 0.3 1.2 + 0.1 1.1 + 0.2 1.3 £ 0.2 0.6 + 0.1 1.0 £ 0.2

Reduction 47% 54% 56% 33% 50% 58%

Further Evidence for Binocular Competition

The evidence presented above for binocular competition as a developmental
mechanism is based upon differences between the reactions of the binocular
and monocular segments to early monocular deprivation. The underlying
assumption has been that these developmental differences are due to the
binocular/monocular distinction between these segments. However, there are
other differences that seem unrelated to this distinction. For instance, com-
pared to centrally represented portions of the visual field (i.e., binocular seg-
ment), the peripherally represented portions (i.e., monocular segment) tend to
have cells with less selective receptive field properties, and thus their develop-
ment may be less sensitive to environmental irregularities. Also, differences in
geniculocortical pathways between these areas have been suggested. Tusa,
Rosenquist, and Palmer (1979) report that, whereas cortical area 17 includes a
complete representation of the visual field, the area 18 map essentially covers
only the binocular segment. Perhaps only the geniculocortical pathways to area
18, which involve Y-cells but not X-cells (Stone and Dreher, 1973), are
affected by early lid suture, and this would not require a competitive mechan-
ism. :

Guillery (1972) designed an elegant experiment to demonstrate that the
developmental differences between the binocular and monocular segments are
due to the binocular/monocular distinction—and thus binocular competition—
rather than other factors suggested above. He created a centrally located "criti-
cal segment" or "artificial monocular segment” by placing a neonatal retinal
lesion centrally in the open eye at the time the other eye was sutured. Figure 5
summarizes the results obtained with this preparation which now includes two
monocular segments for the deprived eye: the natural one related to extreme
nasal retina and the artificial one related to central retina homonymous to the
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FIGURE 5§ Summary of results from critical segment or artificial monocular segment prepara-
tion described by Guillery (1972) and studied also by Sherman et al. (1974, 1975). At the
time the right eye is neonatally closed, a small lesion is placed in the left retina. This creates
two monocular segments relative to the deprived eye: a natural one (MS) and an artificial one
(critical segment, CS). Both segments develop in the same way (see text), and this supports
the concept of binocular competition during development.

open eye’s lesion. Note that the artificial monocular segment occupies regions

in central pathways which, without the lesion, would have developed as binocu-

lar segment.
With this preparation, Guillery (1972) showed that in deprived geniculate
laminae, cells were of normal size only in the natural and artificial monocular

Monocular Deprivation and the Lateral Geniculate 91

segments. Sherman et al. (1974) then showed that while using the deprived
eye, such a cat could visually orient to targets placed only in the natural or
artificial monocular segments; also, only in the natural and artificial monocular
segments of striate cortex did the deprived eye influence significant numbers of
neurons. Finally, Sherman et al. (1975) reported that in the deprived laminae,
only the natural and artificial monocular segments contained significant
numbers of recordable Y-cells. The pattern of results illustrated in Fig. 5 indi-
cates that the differential response of the binocular and monocular segments to
early monocular lid suture is due to some form of binocular competition.
While these studies clearly implicate such a developmental mechanism, we stiil
know virtually nothing about the details of the mechanism or even its central
site of action.

However, one additional speculation can be made based upon the observation
that the geniculate Y-cells, but not X-cells, seem to develop by way of a
mechanism of binocular competition. Recently, Ferster and LeVay (1978) sug-
gested that axons from X-cells in layer IVc of cat striate cortex arborize within
a single ocular dominance column. The Y-cells, on the other hand, seem to
possess axons which ramify across many ocular dominance columns in layer
IVab. X-cells may not show binocular competition simply because their projec-
tions from one geniculate lamina are not in a position to interact with those
from another lamina. Y-cells alone may be in a position to compete binocularly
along the lines suggested in Fig. 2, simply because of their more extensive
axonal arborizations which permit interactions among axons and terminals from
different geniculate laminae. ’

Effects of Monocular Deprivation upon Retinal Ganglion Cells

Theoretically, it is possible to account for deprivation defects in geniculate cells
on the basis of similar defects in their retinal inputs. That is, Y-cells could be
missing from the deprived retina, and retinal X-cells in the closed eye could
develop poor spatial acuity. Any mechanism requiring interocular interactions
(i.e., binocular competition for Y-cells) must almost certainly occur central to
the retina, and an earlier study (Sherman and Stone, 1973) reported unchanged
proportions of X- and Y-cells in the deprived retina. On the other hand, the
noncompetitive deprivation per se mechanism implicated for X-cells could well
have a retinal origin. We reinvestigated retinal ganglion cells in monocularly
deprived cats by recording from optic tract, and we found no evidence for
abnormalities in the spatial or temporal contrast sensitivity functions for
deprived X- or Y-cells (Kratz, Mangel, Lehmkuhle, and Sherman, 1979).
Thus, the retina seems to develop fairly normally despite the lid suture, and the
defects described above have a more central origin.

If the data for X-cells have been correctly interpreted, this raises a difficult
conceptual problem. Why should deprived geniculate X-cells display spatial
deficits for only higher frequencies if their presumed retinal inputs have normal
sensitivity throughout the spatial frequency domain? The population of X-cells
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(and Y-cells) shows considerable scatter in terms of the sensitivity to high spa-
tial frequencies or spatial acuity, and it may be that only the units with poorer
spatial acuity sampled in the optic tract make or maintain effective connections
in deprived geniculate laminae.

Summary and Conclusions

Patterns of X- and Y-cell effects It seems clear that geniculate cells do not
develop normally during monocular lid suture, and that the consequences and
underlying mechanisms of these deprivation effects are quite different for X-
and Y-cells. These differences probably depend to some extent on the finding
that when they enter the "critical period," X-cells have completed more of their
development than have Y-cells (Daniels et al., 1978). Both physiological and
anatomical evidence suggests that in the deprived, binocular segment, Y-cells
are much more profoundly affected by lid suture than are X-cells. On the other
hand, Y-cells seem completely normal in the deprived monocular segment,
whereas X-cells are not. This suggests the very different deprivation mechan-
isms of binocular competition for Y-cells and deprivation per se for X-cells.

Functional implications In order to understand these results in a functional or
clinical framework, we must first know what the significance of the X- and Y-
cell division is for normal cats. Unfortunately, we have only intuitive specula-
tions that can be addressed to this critical point. The most common suggestion
(cf. Ikeda and Wright, 1972, 1975) is that X-cells are most concerned with the
analysis of spatial patterns; and Y-cells with temporal patterns. However, our
recent contrast sensitivity studies (Lehmkuhle et al., 1979a) suggested fairly
small differences between these cell groups in terms of sensitivity to high spa-
tial or temporal frequencies (X-cells were slightly more sensitive than were Y-
cells to the former, Y-cells more than were X-cells to the latter). These data
do not support a differential role for X- and Y-cells based upon spatial and tem-
poral processing. The most dramatic difference in sensitivity between X- and
Y-cells occurred in response to low spatial frequencies. To such stimuli, X-cells
are fairly insensitive, whereas Y-cells are quite sensitive.

We have thus suggested a different functional dichotomy based upon the
psychophysical observations that low spatial frequencies in a visual scene carry
the basic form information, whereas the high frequencies add detail (Kabrisky,
Tallman, Day, and Radoy, 1970; Ginsberg, Carl, Kabrisky, Hall, and Gill,
1976; Hess and Garner, 1977; Hess and Woo, 1978). Because of their unique
sensitivity to these important low spatial frequencies, Y-cells are probably
important to basic spatial analysis. X-cells, because of their better acuity and
spatial phase dependency (Hochstein and Shapley, 1979a; Lehmkuhle et al.,
1979a), probably add detail, such as better acuity, perhaps stereopsis, etc. (for
a more complete discussion of this suggestion, see Lehmkuhle et al., 1979a,b).
Without Y-cells, spatial vision might be at best rudimentary, but if only X-cells
were affected, reasonable spatial vision might still be possible, since low spatial
frequency analysis is possible. In support of the latter consequence of the
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suggestion, Berkley and Sprague (1978) found that nearly total lesiops of area
17, which destroy the X pathways but leave many or most of the geniculocorti-
cal projections of Y-cells intact (Stone and Dreher, 1973; Gilbert and Kelly,
1975; Kratz et al., 1977a), produce a cat with excellent spatial vision and only a
20% loss of spatial acuity. o

These hypotheses might also explain some of the variability reported in clini-
cal studies of amblyopia of central origin (cf. Hess and Woo, 1978; and many
others). If X- and Y-cells are both affected, as in a lid sutured cat, the amblyo-
pia might be maximal. If only the X-cells are affected at higher spatial frequel}-
cies, as seems to be the case in cats raised with esotropia or anisometropia
(Ikeda and Wright, 1976; Ikeda and Tremain, 1978), the amblyopia would be
much less severe and affect only the acuity level for fine details. Finally, the
fact that Y-cells are very sensitive to low spatial frequencies could explain why
lid suture, which attenuates all spatial frequencies, prevents their normal
development, whereas anisometropia, which essentially attenuates only. higher
spatial frequencies, permits their normal development. X-cells, which are
somewhat more sensitive to higher spatial frequencies develop abnormqlly
under any deprivation condition, such as lid suture or anisometropia, which
attenuates these frequencies.

Acknowledgements The research described in this paper was supported by
USPHS Grant EY01565, NSF Grant BNS77-06785, and a grant from The
A. P. Sloan Foundation. The author also received support from a USPHS
RCDA EY00020.

References

Berkley, M. A., and Sprague, J. M. (1978). Behavioral analysis of the geniculocort-
ical system in form vision. In: Frontiers in Visual Science. S. J. Cool and E. L.
Smith (eds.). Springer-Verlag, New York.

Cleland, B. G., Dubin, M. W., and Levick, W. R. (1971). Sustained and transient
neurons in the cat’s retina and lateral geniculate nucleus. J. Physiol. 217:473-496.
Daniels, J. D., Pettigrew, J. D., and Norman, J. L. (1978). Development of single
neuron responses in kitten’s lateral geniculate nucleus. J. Neurophysiol. 41:1373-
1393.

Enroth-Cugell, C., and Robson, J. G. (1966). The contrast sensitivity of retinal
ganglion cells of the cat. J. Physiol. 187:517-552.

Eysel, U. Th., Griisser, O.-J., and Hoffmann, K.-P. (1978). The effect of monocu-
lar pattern deprivation on the signal trarismission by neurons of the cat lateral geni-
culate body. Arch. Ital. Biol. 116:427-443. _

Ferster, D., and LeVay, S. (1978). The axonal arborizations of lateral geniculate
neurons in the striate cortex of the cat. J. Comp. Neurol. 182:923-944.



94 Developmental Neurobiology of Vision

Friedl.ande.r, J. J., Lin, C.-8., and Sherman, S. M. (1979). Structure of physiologi-
cally identified X- and Y-cells in the cat’s lateral geniculate nucleus. Science (in
press).

Qarey, L. J., and Blakemore, C. (1977). The effects of monocular deprivation on
different neuronal classes in the lateral geniculate nucleus of the cat. Exp. Brain
Res. 28:259-278.

Gilbert, C. C., and Kelly, J. P. (1975). The projections of cells in different layers
of the cat’s visual cortex. J. Comp. Neurol. 163:81-106.

Ginsburg,. A. P., Carl, J. W, Kabrisky, M., Hall, C. F., and Gill, P. A. (1976).
Psychologlf:al aspects of a model for the classification of visual images. In:
Advances in Cybernetics and Systems, vol. III. J. Rose (ed.). Gordon and Breach
Science Publishers, Ltd., London.

Guillery, R. W. (1966). A study of Golgi preparations from the dorsal lateral geni-
culate nucleus of the adult cat. J. Comp. Neurol. 128:21-50.

Guillery, R. W. (1970). The laminar distribution of retinal fibers in the dorsal
lateral geniculate nucleus of the cat: a new interpretation. J. Comp. Neurol.
138:339-368.

Guillery, R. W. (1972). Binocular competition in the control of geniculate cell
growth. J. Comp. Neurol. 144:177-230.

Guillery, R. W. (1973). The effect of lid suture upon the growth of cells in the
dorsal lateral geniculate nucleus of kittens. J. Comp. Neurol. 148:417-422.

Guillery, R. W., and Stelzner, D. J. (1970). The differential effects of unilateral lid
closure upon the monocular and binocular segments of the dorsal lateral geniculate
nucleus of the cat. J. Comp. Neurol. 139:413-422.

Hess, R. F., and Garner, L. R. (1977). The effects of corneal edema on visual
function. Invest. Ophthal. & Vis. Sci. 16:5-13.

Hess, R., and Woo, G. (1978). Vision through cataracts. Invest. Ophthal. & Vis.
Sci. 17:428-435.

Hickey, T. L., Spear, P. D., and Kratz, K. E. (1977). Quantitative studies of cell
size in the cat’s lateral gemculate nucleus following visual deprivation. J Comp.

Neurol. 172:265-282.

Hpchstem, S., and Shapley, R. M. (1976a). Quantitative analysis of retinal gan-
glion cell classifications. J. Physiol. 262:237-264.

llochstein, .S., and Shapley, R. M. (1976b). Linear and nonlinear spatial subunits
in Y cat retinal ganglion cells. J. Physiol. 262: 265-284.

Hoffmann, K.-P., and Sireteanu, R. (1977). Interlaminar differences in the effects
of garly and late monocular deprivation on the visual acuity of cells in the lateral
geniculate nucleus of the cat. Neuroscience Letters 5:171-175.

I-loﬂ'mann, K.-P., and Stone, J. (1971). Conduction velocity of afferents to cat
visual cortex: a correlation with cortical receptive field properties. Brain Res.

32:460-466.

Hoﬁ'ma‘nn,‘ K.-P., Stone, J., and Sherman, S. M. (1972). Relay of receptive field

properties in dorsal lateral geniculate nucleus of the cat. J. Neurophysiol. 35:518-

531.

Hubel, D'. H., and Wiesel, T. N. (1962). Receptive fields, binocular interaction,

and functional architecture in the cat’s visual cortex. J. Physiol. 160:106-154.

Monocular Deprivation and the Lateral Geniculate 95

Hubel, D. H., and Wiesel, T. N. (1970). The period of susceptibility of the physio-

logical effects of unilateral eye closure in kittens. J. Physiol. 206:419-436.

Ikeda, H., and Tremain, K. E. (1978). Amblyopia resulting from penalisation:

neurophysiological studies of kittens reared with atropinisation of one or both eyes.
Brit. J. of Ophthal. 62:21-28.

Ikeda, H., Tremain, K. E., and Einon, G. (1978). Loss of spatial resolution of

lateral gemculate nucleus neurones in kittens raised with convergent squint pro-

duced at different stages in development. Exp. Brain Res. 31:207-220.

Ikeda, H., and Wright, M. J. (1972). Receptive field organization of sustained and

transient retinal ganglion cells which subserve different functional roles. J. Physiol.

227:769-800.

Ikeda, H., and Wright, M. J. (1975). Spatial and temporal properties of "sustained"

and "transient” neurones in area 17 of the cat’s visual cortex. Exp. Brain Res.

22:363-383.

Ikeda, H., and Wright, M. J. (1976). Properties of LGN cells in kittens reared with

convergent squint: a neurophysiological demonstration of amblyopia. Exp. Brain

Res. 25:63-717.

Kabrisky, M., Tallman, O., Day, C. M., and Radoy, C. M. (1970). A theory of

pattern perception based on laminar physiology. In: Contemporary Problems in

Perception. A. T. Welford and L. Houssiadas (eds.). Taylor & Francis, Ltd., Lon-

don.

Kalil, Ronald (1978). Dark rearing in the cat: effects on visuomotor behavior and

cell growth in the dorsal lateral geniculate nucleus. J. Comp. Neurol. 178:451-468.

Kalil, Ronald, and Worden, lan (1978). Cytoplasmic laminated bodies in the

lateral geniculate nucleus of normal and dark-reared cats. J. Comp. Neurol.
178:469-486.

Kratz, K. E., Mangel, S. C., Lehmkuhle, S., and Sherman S. M. (1979). Retinal
X- and Y- cells in monocularly lid-sutured cats: normality of spatial and temporal
properties. Submitted for publication.

Kratz, K. E., Sherman, S. M., and Kalil, R. (1979). Lateral geniculate nucleus in
dark-reared cats: loss of Y-cells without changes in cell size. Science 203:1353-
1355.

Kratz, K. E., Webb, S. V., and Sherman, S. M. (1978a). Studies of the cat’s
medial 1nterlam1nar nucleus a subdivision of the dorsal lateral geniculate nucleus.
J. Comp. Neurol. 181: 601-614.

Kratz, K. E., Webb, S. V., and Sherman, S. M. (1978b). Effects of early monocu-
lar lid suture upon neurons in the cat’s medial interlaminar nucleus. J. Comp.
Neurol. 181:615-625.

Lehmkuhle, Stephen W., Kratz, Kenneth E., Mangel, Stuart C., and Sherman, S.
Murray (1978). An effect of early monocular lid suture upon the development of
X-cells in the cat’s lateral geniculate nucleus. Brain Res. 157:346-350.

Lehmkuhle, S., Kratz, K. E., Mangel, S. C., and Sherman, S. M. (1979a). Spatial
and temporal sensitivity of X- and Y-cells in the dorsal lateral geniculate nucleus of
the cat. Submitted for publication.

Lehmkuhle, S., Kratz, K. E., Mangel, S. C., and Sherman, S. M. (1979b). The
effects of early monocular lid suture on spatial and temporal sensitivity of neurons
in the dorsal lateral geniculate nucleus of the cat. Submitted for publication.



96 Developmental Neurobiology of Vision

LeVay, S., and Ferster, D. (1977). Relay cell classes in the lateral geniculate .

nucleus of the cat and the effects of visual deprivation. J. Comp. Neurol. 172:563-
584,

Lin, C.-S., and Sherman, S. M. (1978). Effects of early monocular eyelid suture
upon development of relay cell classes in the cat’s lateral geniculate nucleus. J.
Comp. Neurol. 181:809-831.

Maffei, L., and Fiorentini, A. (1976). Monocular deprivation in kittens impairs the
spatial resolution of geniculate neurones. Nature 264:754-755.

Norton, Thomas T., Casagrande, Vivien A., and Sherman, S. Murray (1977). Loss
of Y-cells in the lateral geniculate nucleus of monocularly deprived tree shrews.
Science 197:784-786.

Rodieck, R. W. (1979). Visual pathways. Ann. Rev. Neurosci. 2:193-225.

Rowe, M. H., and Stone, J. (1977). Naming of neurons. Classification and nam-
ing of cat retinal ganglion cells. Brain, Behav., & Evol. 14:185-216.

Sanderson, K. J. (1971). The projection of the visual field to the lateral geniculate
and medial interlaminar nuclei in the cat. J. Comp. Neurol. 143:101-118.

Shapley, R., and Hochstein, S. (1975). Visual spatial summation in two classes of
geniculate cells. Nature 156:411-413.

Sherman, S. M. (1973). Visual field defects in monocularly and binocularly
deprived cats. Brain Res. 49:25-45.

Sherman, S. M., Guillery, R. W., Kaas, J. H., and Sanderson, K. J. (1974).
Behavioral, electrophysiological, and morphological studies of binocular competition
in the development of the geniculo-cortical pathways of cats, J. Comp. Neurol.
158:1-18.

Sherman, S. M., Hoffmann, K.-P., and Stone, J. (1972). Loss of a specific cell type
from dorsal lateral geniculate nucleus in visually deprived cats. J. Neurophysiol.
35:532-541.

Sherman, S. M., and Stone, J. (1973). Physiological normality of the retina in
visually deprived cats. Brain Res. 60:224-230.

Sherman, S. M., Wilson, J. R., and Guillery, R. W. (1975). Evidence that binocu-
lar competition affects the postnatal development of Y-cells in the cat’s lateral geni-
culate nucleus. Brain Res. 100:441-444.

Stone, J. (1972). Morphology and physiology of the geniculocortical synapse in the
cat. The question of parallel input to the striate cortex. Invest. Ophthal.
11:338:344.

Stone, J., and Dreher, B. (1973). Projection of X- and Y-cells of cat’s lateral geni-
culate nucleus to areas 17 and 18 of visual cortex. J. Neurophysiol. 36:551-567.
Tusa, R., Rosenquist, A. C., and Palmer, L. A. (1979). Retinotopic organization
of areas 18 and 19 in the cat. J. Comp. Neurol. (in press).

Wiesel, T. N., and Hubel, D. H. (1963a). Effects of visual deprivation on morphol-
ogy and physiology of cells in the cat’s lateral geniculate body. J. Neurophysiol.
26:978-993.

Wiesel, T. N., and Hubel, D. H. (1963b). Single-cell responses in striate cortex of
kittens deprived of vision in one eye. J. Neurophysiol. 26:1003-1017.

Monocular Deprivation and the Lateral Geniculate 97

Wiesel, T. N., and Hubel, D. H. (1965). Comparison of the effects of unilateral
and bilateral eye closure on cortical responses in kittens. J. Neurophysiol.
28:1029-1040.

Wilson, J. R., and Sherman, S. M. (1977). Differential effects of early monocular
deprivation on binocular and monocular segments of cat striate cortex. J. Neuro-
physiol. 40:891-903.

Wilson, P. D., Rowe, M. H., and Stone, J. (1976). Properties of relay cells in cat’s
lateral geniculate nucleus: a comparison of W-cells with X- and Y-cells. J. Neuro-
physiol. 39:1193-1209.

Wilson, P. D., and Stone, J. (1975). Evidence of W-cell input to the cat’s visual
cortex via the C laminae of the lateral geniculate nucleus. Brain Res. 92:472-478.



