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Abstract 

The retino-geniculo-cortical pathways of the cat are composed of at least three parallel channels. 
The neurons in these channels (W-, X-, and Y-cells) have different physiological properties. In 
earlier studies, we used a direct structure-function analysis for individual geniculate neurons in 
normal cats. This was accomplished by electrophysiological characterization of the neuron followed 
by intracellular iontophoresis of horseradish peroxidase into the same neuron. By this technique, we 
demonstrated that W-, X-, and Y-cells have distinctive morphological features in the lateral 
geniculate nucleus of the cat. We have extended this analysis in cats reared with monocular eyelid 
suture to 24 geniculate neurons innervated by the sutured eye in lamina A or A1. Ten of the 24 
neurons (42%) had abnormal structure-function relationships. All but 1 of the normal cells were X- 
cells. Abnormalities included: (1) Y-cells with normal physiology but abnormally small somata; (2) 
Y-cells with abnormal physiology and morphology, including poor responsiveness and unusually 
thin, tortuous, and beaded dendrites; (3) visually unresponsive cells with morphology similar to that 
of the physiologically abnormal Y-cells; and (4) cells with the physiology of normal X-cells but the 
morphology of normal Y-cells. Furthermore, soma size measurements indicate that the abnormally 
small somata found in deprived geniculate laminae result from a selective effect on Y-cells. 

Early monocular eyelid suture causes a number of 
deficits in developing neurons in the central visual path- 
ways of the cat. Many of these deficits occur in the dorsal 
lateral geniculate nucleus among neurons in deprived 
laminae (i.e., those receiving inputs from the sutured 
eye). These effects include: abnormally small somata 
(Wiesel and Hubel, 1963; Guillery and Stelzner, 1970; 
Guillery, 1972; Garey et al., 1973; Hickey et al., 1977; 
Kratz et al., 1978b; Hickey, 1980; Kalil, 1980); abnormal 
receptive fields for some neurons (Wiesel and Hubel, 
1963; Kratz et al., 197813); a reduced proportion of re- 
corded Y-cells (Sherman et al., 1972, 1975; Kratz et al., 
1978b; Eysel et al., 1979; Geisert et al., 1980; Mower et 
al., 1981; Zetlan et al., 1981); reduced responsiveness for 
Y-cells (Derrington and Hawken, 1981); a reduction in 
geniculocortical connections, particularly for Y-cells (Lin 
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and Sherman, 1978); and for X-cells, poor contrast sen- 
sitivity to visual stimuli with high spatial frequencies 
(Hoffmann and Sireteanu, 1977; Lehmkuhle et al., 1980b; 
but see Shapley and So, 1980; Derrington and Hawken, 
1981). To our knowledge, no data are available regarding 
either the dendritic morphology of deprived geniculate 
neurons or the relationships between structure and func- 
tion for these cells. The present study was designed to 
establish directly what, if any, relationships exist between 
structural and physiological abnormalities for these neu- 
rons. 

The same techniques that we previously applied to the 
study of relationships between structure and function 
among individual neurons in the normal cat’s lateral 
geniculate nucleus (Friedlander et al., 1979, 1981; Stan- 
ford et al., 1981) were used in the present study. We used 
micropipettes filled with horseradish peroxidase (HRP) 
to obtain physiological data extra- and intracellularly 
from a single cell, and HRP then was iontophoresed into 
that cell. Subsequent histochemical processing provided 
a detailed, Go&like morphological view of the physio- 
logically identified cell, and thus, a direct comparison 
could be made between the structure and function of 
individual neurons. From such an approach, we described 
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Materials and Methods 

Figure 1. Camera lucida drawings of a typical X- and Y-cell 
from the lateral geniculate nucleus of normal adult cats. These 
neurons were injected intracelhdarly with HRP following phys- 
iological classification. The geniculate laminae run horizontally 
through the figure, parallel to the scale, and this same orienta- 
tion is maintained in all subsequent drawings. The X-cell is 
located in lamina A and has a small soma (282 pm2 in cross- 
sectional area). The vertically oriented dendritic tree is con- 
tained entirely within the lamina. Also, the cell’s dendrites are 
thin and sinuous and contain many complex appendages. The 
large Y-cell soma (760 pm2) is located in lamina Al. Its thick, 
fairly straight dendrites are radially arranged around the soma, 
and they are nearly devoid of appendages. Many of the dorsal 
dendrites cross into lamina A. See Friedlander et al. (1981) for 
a more complete description of these cells, particularly Figure 
6 of that paper for the X-cell and Figure 12 for the Y-cell. 

the morphology of geniculate X- and Y-cells in laminae 
A and A1 of the normal cat (Friedlander et al., 1979, 
1981). 

Figure 1 shows representative drawings of an X- and 
Y-cell from normal cats. X-cells tend to have smaller 
somata, thinner axons and dendrites, and dendritic trees 
oriented perpendicular to the lamination but contained 
completely within one lamina. Their dendrites tend to be 
sinuous and contain many complex appendages. These 
appendages may occur anywhere along the dendrites, but 
in some X-cells, they cluster near dendritic branch points. 
Most X-cells thus exhibit class 2 and/or class 3 mor- 
phology as defined by Guillery (1966) from Golgi-impreg- 
nated material. Y-cells have larger somata, thicker axons, 
and more radially symmetric dendritic arbors. These 
features are characteristic of the morphological class 1 
cell described by Guillery (1966). Each normal geniculo- 
cortical Y-cell has some dendrites that cross laminar 
borders. Dendritic appendages on Y-cells are relatively 
rare and simple structures, although a few normal Y-cells 
have complex grape-like appendages near dendritic 
branch points and thus fall into the class 2 morphological 
group of Guillery (1966). 

We found that many neurons in deprived laminae A 
and Al do not exhibit these normal relationships between 
structure and function. Several kinds of abnormalities 
develop. A detailed, comprehensive analysis of these 
abnormalities will require more data from ongoing stud- 
ies. This report describes some of the more dramatic 
abnormalities that develop in morphology and response 
properties for single geniculate neurons during monocu- 
lar deprivation. 

Except for rearing of the animals, all surgical, electro- 
physiological, histological, and analytical techniques used 
in these studies have been described in detail previously 
(Hoffmann et al., 1972; Friedlander et al., 1979, 1981; 
Lehmkuhle et al., 1980a, b; Stanford et al., 1981). Con- 
sequently, these procedures will be only briefly outlined 
below. 

Subjects. We studied geniculate neurons from 21 kit- 
tens born and reared in our laboratory colony. For each 
kitten, the eyelids were sutured closed over one eye at or 
before the time of natural eye opening (i.e., 6 to 9 days of 
age) and were kept closed until the recording session. 
The kittens were checked daily to ensure complete eyelid 
closure. All but 3 of the kittens were raised to 12 months 
of age before study; the other 3 kittens were studied at 
4% months of age. 

Ekctrophysiological procedures. Cats were anesthe- 
tized with halothane for alI surgical procedures, and a 
long lasting, local anesthetic was infused into all wound 
margins and pressure points. Following the surgical pro- 
cedures, and for the remainder of the recording session, 
the cats were maintained on a 70/30 mixture of nitrous 
oxide/oxygen. The cats were paralyzed and artificially 
ventilated. End tidal carbon dioxide was monitored and 
kept near 4.0%, and body temperature was maintained at 
37.5”C. The deprived eye was opened at the beginning of 
the recording session and inspected to be certain that no 
ocular abnormalities had developed. The pupils were 
dilated and the nictitating membranes were retracted 
with topical application of atropine and phenylephrine. 
The corneas were covered by contact lenses. Retinoscopy 
was performed and appropriate spectacle lenses were 
used to make the retinae conjugate with the visual stim- 
uli. 

Bipolar stimulating electrodes of insulated tungsten 
wire were placed in the optic chiasm to activate genicu- 
late neurons. Single unit activity was recorded with mi- 
cropipettes filled with 3 to 5% HRP (Sigma VI) and 0.2 
M KC1 in 0.05 M Tris at a pH of 7.0 or 7.4. The electrodes 
were beveled to a final impedance of 100 to 150 megohms 
at 100 Hz. The final tip diameter was 0.2 to 0.5 pm as 
estimated from scanning electron micrographs of other 
microelectrodes that we manufactured with the same 
procedures. 

Electrical stimuli delivered through the optic chiasm 
electrodes were pulses of up to 5 mA in amplitude and 50 
to 100 psec in duration. Response latency to optic chiasm 
stimulation was measured as the interval between the 
shock artifact and the “foot” of the action potential. 
Responses always displayed some “jitter” or a latency 
range. A cell’s latency was taken as the mode of this 
range. 

Visual stimuli consisted of hand-held light or dark 
targets and counterphased, sine wave gratings generated 
on a cathode ray tube. The gratings had a mean lumi- 
nance of 38 cd/m’. Spatial frequency, temporal fre- 
quency, spatial phase angle, and contrast (between 0 and 
0.6) were continuously variable. Recordings were limited 
to laminae A and A1, and since W-cells are not found in 
these laminae (Wilson et al., 1976), these neurons were 
not studied in these experiments. Receptive fields were 
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first hand-plotted on a tangent screen, and center size, 
eccentricity, center type (on or off center), strength of 
surround, general responsiveness, and regularity of re- 
sponse were noted. Cells were classified as X-cells, Y- 
cells, unclassified cells, or abnormal cells. X- and Y-cells 
were identified according to a standard battery of tests 
(Enroth-Cugell and Robson, 1966; Hoffmann et al., 1972; 
Hochstein and Shapley, 1976; Wilson et al., 1976; 
Lehmkuhle et al., 1980a), including: (1) latency to optic 
chiasm stimulation, (2) linearity of spatial summation to 
gratings counterphased at 2 Hz at a spatial frequency 
just below the cell’s spatial resolution, and (3) respon- 
siveness to large, fast moving (>200’/sec) targets of 
either contrast (i.e., dark or bright against a gray back- 
ground). Unclassified cells responded like X-cells on 
some tests and like Y-cells on other tests. A cell was 
considered abnormal if it responded poorly, variably, or 
in a fashion not seen in normal cats (see “Results”). 

Histological procedures. At the end of the recording 
session, each cat was given an overdose of barbiturate 
and immediately perfused transcardiahy with heparin- 
ized saline followed by a fixative including 2% glutaml- 
dehyde and 1% paraformaldehyde buffered with phos- 
phate to pH 7.6. A section of the brain containing the 
lateral geniculate nucleus was stereotaxically removed 
and sectioned coronally on a Vibratome at 100 pm. The 
tissue then was reacted for the presence of HRP by 
treating it with 3,3’-diaminobenzidine and Hz02. Many 
sections were subsequently counterstained with cresyl 
echt violet. Cells were traced with a drawing tube at- 
tached to a microscope with a x 100 oil immersion 
objective (numerical aperture, 1.32). A Kodak Wratten 
48A (deep blue) filter was used to study cell morphology. 
This filter greatly enhances the contrast between the 
HRP-diaminobenzidine reaction product and the back- 
ground and also optimizes resolution with fairly narrow 
band, short wavelength light (Friedlander et al., 1979, 
1981). 

Results 

We obtained structure-function data from 24 genicu- 
late neurons in deprived laminae A and Al. Since we 
most frequently recorded in the nucleus ipsilateral to the 
deprived eye, only 5 of these neurons were located in 
lamina A, and 19 were in lamina Al. Control data consist 
of 63 cells from laminae A and A1 of normal cats. Of 
these, 41 have been morphologically analyzed in some 
detail (cf., Fig. 2 and Friedlander et al., 1981). The 
remaining 22 have been evaluated only qualitatively to 
date. Compared to these normal data, only 13 of the 24 
deprived neurons possessed clearly normal structure- 
function relationships. 

Normal X- and Y-cells. Thirteen deprived neurons 
exhibited normal responses and had morphology appro- 
priate to their response properties (Friedlander et al., 
1981). Of these, 12 were X-cells and only 1 was a Y-cell. 
Figure 2 shows the soma sizes of these cells compared to 
the normal size distribution. 

Interlaminar X-cell. An additional X-cell had normal 
physiological properties but unusual morphology. Its 
soma was located in the interlaminar zone between lam- 
inae A and A,. Its receptive field was related to the 
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Figure 2. Soma size histograms of geniculate neurons located 
in laminae A and AI and injected intracellularly with HRP. The 
upper panel shows the distribution of soma sizes for 24 neurons 
located in laminae A and Al innervated by the deprived eye of 
monocularly sutured cats. The lower panel shows the distri- 
bution of 41 neurons from normal animals. The normal data for 
this and succeeding figures are from Friedlander et al. (1981). 
The deprived Y-cells are significantly smaller than are the 
normal Y-cells (p < 0.001 on a Mann-Whitney U test), but the 
deprived X-cells are not significantly smaller than are the 
normal X-cells (p > 0.1 on a Mann-Whitney U test). 

contralateral, deprived eye, and many dendrites were 
directed into lamina A. However, much of its dendritic 
tree ran parallel to the laminar boundaries and was 
contained within the interlaminar zone. Its soma size and 
the general morphological appearance of its individual 
dendrites seem appropriate for normal X-cells. Unfortu- 
nately, we have not yet recovered an HRP-filled genicu- 
late cell with an interlaminar soma from a normal animal, 
although such cells are clearly present in Nissl-stained 
material. It is thus possible that this cell might represent 
another deprived X-cell with normal morphology and 
response properties. 

Physiologically normal neurons with abnormally 
small somata. Two Y-cells responded in a normal fashion 
to electrical and visual stimulation. They also exhibited 
normal morphology for Y-cells except for abnormally 
small somata. Figure 2 includes their soma sizes, and 
Figure 3 shows tracings of their somata and dendritic 
arbors. These Y-cells had dendrites with the overall 
appearance of those from normal Y-cells, and their axons 
innervated the perigeniculate nucleus via collaterals as 
do those of normal Y-cells. However, their soma sizes 
were 152 and 245 pm2 compared to a range of 290 to 790 
pm2 for HRP-filled Y-cells in laminae A and A1 of normal 
cats. 

One physiologically unclassified cell also was re- 
covered. It responded linearly to grating stimuli (i.e., an 
X-cell feature) but had a short latency (1.3 msec) to optic 
chiasm stimulation and responded to large dark or bright 
targets moving faster than 200°/sec (i.e., Y-cell features). 
It had fairly thick dendrites arranged in a radially sym- 
metric fashion around the soma, and few appendages 
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gets, and each exhibited a background pattern of high 
frequency bursting in the absence of visual stimulation. 
Such responses are not seen in normal cats. Although 
only these 2 abnormal cells were filled with HRP suc- 

Figure 3. Camera lucida drawings of 2 Y-cells from laminae 
innervated by the deprived eye in monocularly sutured animals. 
Laminar boundaries are indicated by the dashed lines. Both of 
these cells had physiological properties within the range of 
normal Y-cells. The dendritic morphology also shows a normal 
Y-cell pattern. However, the soma size of each of these deprived 
Y-cells is smaller than that of any normal Y-cell (152 pm2 for A 
and 245 pm2 for B compared to a range of 290 to 790 pm2 for 
normal Y-cells in laminae A and AI). These cells thus appear to 
have normal Y-cell morphology except for their reduced soma 
sizes. 

were found on the dendrites. Such dendritic morphology 
in normal cats is most commonly associated with Y-cells, 
but the 2 unclassified cells encountered in normal cats 
also had this morphological appearance (Friedlander et 
al., 1981). These cells closely resembled the class 1 mor- 
phological type described by Guillery (1966). Nonethe- 
less, the deprived, unclassified cell’s soma was not only 
much smaller than that of every nondeprived unclassified 
cell (see Fig. 2) but it was also smaller than the soma of 
every class 1 morphological type seen in normal cats. 

Figure 2 shows that no deprived X-cell had a soma 
smaller than that described by the normal X-cell range. 

Y-cells with abnormal physiology and morphology. 
Two cells have been identified physiologically as abnor- 
mal Y-cells. They displayed nonlinear spatial summation, 
responded to large dark or bright targets moving faster 
than 200”/sec, and often responded to optic chiasm stim- 
ulation at latencies as short as 1.3 msec. However, these 
cells responded inconsistently and generally weakly to 
these stimuli. The latency range of each cell to optic 
chiasm stimulation was 1.3 to 1.9 msec. This range in- 
cluded a single, broad latency distribution not seen in 
normal cats rather than a bimodal distribution, indicating 
both X- and Y-cell optic tract input that sometimes is 
seen normally (Cleland et al., 1971; Hoffmann et al., 
1972). Both of these cells responded irregularly and rap- 
idly fatigued when presented with stationary visual tar- 
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Figure 4. Camera lucida drawings of 2 cells from laminae 
innervated by the deprived eye of monocularly sutured cats. 
Both of these cells had abnormal physiological and morpholog- 
ical properties (see text for details). Note the extreme tangling 
and beading of the dend&c trees beyond the relatively thick 
and straight proximal dendrites. Also, each soma is smaller 
(<250 pm’) than any normal Y-cell. Laminar boundaries are 
indicated by the dashed lines. 
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cessfully, other similar cells were encountered during 
these experiments. 

The morphological features of these cells were quite 
abnormal as shown by Figures 4 and 5. The somata of 

Figure 5. Photomicrographs of the deprived geniculate neu- 
ron traced in Figure 4B. The three photomicrographs represent 
the same field of view at different focal planes. The scale bar 
in the top photomicrograph is 50 pm and applies also to the 
other photomicrographs. This cell was physiologically identified 
as an abnormal Y-cell (see text), and its morphology is charac- 
terized by unusually sinuous and varicose dendrites not seen in 
any normal geniculate neuron. 

these abnormal cells were small, and while the proximal 
dendrites issued from the somata in a fashion typical of 
Y-cells (i.e., the proximal dendrites were fairly thick and 
displayed a radial symmetry in their distribution), they 
became extremely thin and beaded and took an excep- 
tionally convoluted course. The rich dendritic arbors 
appeared as a tangled web of fine processes. No genicu- 
late neurons seen in normal cats exhibited similar mor- 
phology. \ 

Unresponsive cells with abnormal morphology. Two 
cells exhibited no detectable responses to visual stimuli 
despite about 1 hr of testing. Since these neurons were 
recorded immediately following the recording of normally 
responsive cells, the expected receptive field locations of 
the neurons were at least approximately known. To our 
knowledge, such completely unresponsive cells have 
never been reported in the A laminae of normal cats, and 
we have never seen such cells in similar studies of normal 
cats. One of these cells also exhibited no response to optic 
chiasm stimulation, but the other responded erratically, 
with latencies ranging from 1.3 to 1.9 msec. Although 
only 2 such unresponsive cells were filled with HRP 
successfully, others were encountered in the course of 
this study. 

Figure 6 shows the morphological characteristics of 
these cells, and they were not obviously different from 
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Figure 6. Camera lucida drawings of 2 visually unresponsive 
cells from laminae innervated by the deprived eye in monocu- 
larly sutured cats. In both cases, the receptive fields of neigh- 
boring cells were mapped immediately prior to isolation of these 
neurons so that the expected receptive field position was known. 
However, detailed testing revealed no visual responsiveness. 
The cell in A showed weak responsiveness to electrical activa- 
tion of the optic chiasm, and the cell in B showed no respon- 
siveness to such stimulation. Note the sinuous and varicose 
dendrites similar to those of the abnormal Y-cells illustrated in 
Figures 4 and 5. Laminar boundaries are indicated by the 
dashed lines. 
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those of the two abnormal Y-cells illustrated in Figures 
4 and 5. The possibility exists that these 4 cells shown in 
Figures 4 to 6 represent Y-cells with varying degrees of 
abnormality, ranging from somewhat reduced respon- 
siveness to complete unresponsiveness. Consistent with 
this suggestion was the occasional appearance of short 
latency (1.3-msec) responses to optic chiasm stimulation 
in 1 of the visually unresponsive cells. 

Neurons with X-cell physiology and Y-cell morphol- 
ogy. Perhaps the most surprising and interesting abnor- 
mality was found for 4 other cells that exhibited normal 
X-cell responses but had morphological features charac- 
teristic of normal Y-cells (see Figs. 2, 7, and 8). They had 
somata within the size range of normal Y-cells and larger 
than most normal X-cells (although only 1 of these was 
larger than the largest normal X-cell). They also had 
thick, cruciate dendrites arranged in a radially symmetric 
arbor with a few, spine-like appendages. Some of these 
dendrites crossed laminar borders, a characteristic typi- 
cal of Y-cells but not X-cells in normal cats (Friedlander 
et al., 1981). These morphological features are common 
to the class 1 cell described by Guillery (1966) and have 
not been seen in any of the 35 normal X-cells recovered 
to date. Such morphology is almost always associated 
with Y-cells, although it is seen rarely with physiologi- 
cally unclassified cells (Friedlander et al., 1981). Despite 
our small data base, the fraction of class 1 cells among 
deprived X-cells is reliably greater than that seen among 
normal X-cells (4 of 17 versus 0 of 35; p < 0.02 on a x2 
test). 

Soma size distribution. Figure 2 shows the soma sizes 
of normal geniculate X- and Y-cells from the A laminae 
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Figure 7. Camera lucida drawings of cells from laminae 
innervated by the deprived eye with normal X-cell physiological 
properties but morphology typical of normal Y-cells. Laminar 
boundaries are indicated by the dashed lines. 

compared with the sizes of the deprived cells from the 
present study. Little or no abnormality can be seen for 
the deprived X-cell soma size distribution (p > 0.1 on a 
Mann-Whitney U test), but deprived Y-cells are signifi- 
cantly smaller than normal (p < 0.001 on a Mann-Whit- 
ney U test). Thus, the abnormally small somata associ- 
ated with deprived geniculate neurons may be a deficit 
primarily limited to Y-cells. 

Discussion 

It is clear that monocular lid suture causes the devel- 
opment of abnormal properties among many neurons of 
the cat’s lateral geniculate nucleus. Furthermore, devel- 
opment of the Y-cell pathway seems to be affected much 
more seriously by the deprivation than does the X-cell 
pathway (Sherman et al., 1972; Jones and Berkley, 1977; 
LeVay and Ferster, 1977; Kratz et al., 1978b; Lin and 
Sherman, 1978; Geisert et al., 1980; Mitzdorf and Singer, 
1980; Derrington and Hawken, 1981). Nearly all of the 
deprived neurons with normal morphology and response 
properties are X-cells. Many deprived Y-cells seem to 
develop abnormal structural and/or functional proper- 
ties, and some deprived neurons develop X-cell physio- 
logical properties despite morphology that suggests that 
they might normally be expected to develop as Y-cells. 

X-cell development 
As noted above, the structure-function properties of 

the majority of deprived X-cells develop normally. The 
only physiological deficit described for these cells is a 
modest reduction in spatial acuity (Hoffmann and Sire- 
teanu, 1977; Lehmkuhle et al,, 1980b; but see Shapley 
and So, 1980; Derrington and Hawken, 1981). 

A striking departure from the normal structure-func- 
tion relationships for some deprived X-cells is the devel- 
opment of morphological class 1 features. This is de- 
scribed in more detail below. At present, we have insuf- 
ficient data to determine if the physiological properties 
of these class 1 X-cells differ from those of deprived X- 
cells with morphological features more appropriate for 
normal X-cells. Also, since there is reason to believe that, 
in normal cats, Y-cells and large cells (but not X-cells) 
project to cortical area 18 (Garey and Powell, 1967; Stone 
and Dreher, 1973; LeVay and Ferster, 1977), the possi- 
bility exists that these class 1 X-cells represent a ge- 
niculocortical X-cell pathway to area 18 that is not pres- 
ent normally. It is interesting in this regard that the few 
deprived geniculate neurons reported by Lin and Sher- 
man (1978) to project to area 18 have such large somata 
that, according to Figure 2, many could be X-cells. A 
similar possibility exists regarding geniculostriate inputs. 
Evidence from the normal cat suggests that X- and Y- 
cells terminate, respectively, in layer IVb and layer IVa 
of area 17 (Ferster and LeVay, 1978; Gilbert and Wiesel, 
1979). Monocular deprivation might create an anomalous 
X-cell pathway to layer IVa from deprived geniculate 
laminae. 

Y-cell development 

The deprived Y-cell pathway is disrupted rather seri- 
ously at the level of the lateral geniculate nucleus. At 
least two and possibly three or more different processes 
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Figure 8. Photomicrographs of geniculate neurons of the same morphological class (i.e., class 1 cells as described by Guillery, 
1966). A and B, Two focal planes of the same field of view of a deprived neuron with normal X-cell physiological characteristics. 
This cell also is illustrated in Figure 7B. C, Another deprived neuron with normal X-cell physiological characteristics. This cell 
also is illustrated in Figure 7A. D, A Y-cell from a normal cat. This cell is the Y-cell illustrated in Figure 1. The scale bar in A is 
50 q and applies as well to B to D. 

seem to occur during development to produce these 
deficits. 

Small Y-cells. Some physiologically normal Y-cells 
develop in deprived laminae with apparently normal 
morphology except for unusually small somata. Their 
normal response properties suggest normal retinoge- 
niculate transmission. The significance of their small 
somata is less clear. However, several authors have sug- 
gested that geniculate soma size is related to the size of 
that neuron’s terminal axonal field in the cortex (Guillery 
and Stelzner, 1970; Guillery, 1972; Hubel et al., 1977; 
Shatz and Stryker, 1978; LeVay et al., 1980). A reduction 
in the soma size of these Y-cells consequently suggests 
the possibility of their reduced geniculocortical transmis- 
sion. 

Abnormal Y-cells. Some cells have been identified as 
abnormal Y-cells due to their generally poor or variable 

responses that, when present, typify Y-cells. This sug- 
gests a disruption of retinogeniculate and/or intrage- 
niculate transmission. The morphology of these cells is 
consistent with this since their dendrites appear to be so 
pathological (see Figs. 4 and 5) that they suggest a 
possible postsynaptic site for deficits in retinogeniculate 
transmission. The unresponsive cells illustrated in Figure 
6 have such similar morphology to the abnormal Y-cells 
that we shall tentatively group these cells with those of 
Figures 4 and 5 as representing different degrees of the 
same process. It is also possible that the least affected Y- 
cells have fairly normal physiology and morphology ex- 
cept for reduced soma size and that all of these abnor- 
malities represent varying degrees of the same process. 

Deprived geniculate neurons with abnormal response 
properties have been described previously. Indeed, Wie- 
se1 and Hubel (1963) noted that 4 of 19 (21%) deprived 
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geniculate cells studied in detail in laminae A and A1 
displayed abnormal physiology. Kratz et al. (1978b) de- 
scribed many cells with abnormal responses among de- 
prived neurons of the medial interlaminar nucleus, and 
nearly all of these neurons normally are Y-cells (Kratz et 
al., 1978a). As noted under “Results,” we encountered 
many more of these than are represented by the few that 
were filled with HRP successfully and recovered. 

Class 1 X-cells. Since, in normal cats, cells with the 
morphology of class 1 cells (Guillery, 1966) are almost 
always associated with Y-cells and never with X-cells 
(Friedlander et al., 1981), the appearance of significant 
numbers of class 1 X-cells in deprived laminae represents 
a substantial developmental anomaly. A number of in- 
terpretations are possible, but the most likely seems to 
be that geniculate cells that, under normal circumstances, 
accept Y-cell input from the optic tract accept and/or 
retain X-cell input instead due to the visual deprivation. 
This implies that deprived laminae actually contain more 
X-cells and fewer Y-cells than normal, a possibility that 
Kalil and Worden (1978) have already suggested for dark- 
reared cats. We can suggest at least three mechanisms 
by which this might occur. 

First, a reinnervation of some Y-cells may occur during 
development. That is, deprivation might promote a proc- 
ess that causes some class 1 neurons to lose Y-cell input 
from the optic tract and obtain X-cell input instead. 
Although possible, there seems to be little support for 
such a process from other studies of neural development. 

Second, neural development often proceeds in a man- 
ner whereby excessive axonal projections are “pruned” 
during development to produce the specific and appro- 
priate connections (see Rakic, 1976; Brown et al., 1976; 
LeVay et al., 1978, 1980; Purves, 1980; Purves and Licht- 
man, 1980). Perhaps class 1 cells receive optic tract input 
from both X- and Y-cells during development. Normally, 
the Y-cell input develops dominance and most of these 
become Y-cells, although a few may remain unclassified 
(Cleland et al., 1971; Hoffmann et al., 1972; Friedlander 
et al., 1981). Deprivation may alter the process and 
permit X-cell input to predominate in many cases. How 
this might occur is considered below. 

Third, because our sample of normal neurons is limited 
due to the difficulty of obtaining large numbers of phys- 
iologically identified, HRP-filled neurons, the possibility 
exists that class 1 X-cells occasionally occur in normal 
tissue. They might be found relatively more frequently 
in deprived laminae if many of the class 1 Y-cells fail to 
develop normal responsiveness and are not sampled. This 
possibility can be reasonably discarded only after a larger 
sample of normal X-cells fails to demonstrate any with 
class 1 morphology. 

Mechanisms of Y-cell development. Two develop- 
mental mechanisms can be considered to account for the 
profound effect of lid suture upon geniculate Y-cell de- 
velopment. First, there is considerable evidence that 
abnormal binocular interactions through a process of 
binocular competition affect Y-cell development (Sher- 
man et al., 1972, 1975; Lehmkuhle et al., 1980b; for a 
more detailed discussion of this, see Sherman et al., 1974; 
Sherman and Spear, 1982). This conclusion derives from 
the observation that, in the deprived monocular segments 
where abnormal binocular interactions cannot occur, Y- 

cells develop completely normally; only in the deprived 
binocular segment are normal Y-cells difficult to record. 
The abnormal and unresponsive Y-cells with bizarre 
morphology and/or normal Y-cells with small somata 
may be a product of such a mechanism. 

Second, the presence of deprived X-cells with class 1 
morphology suggests the possibility of competition be- 
tween X- and Y-cell optic tract terminals for postsynaptic 
sites on these class 1 cells. According to this hypothesis, 
a normal visual environment would favor Y-cell inputs, 
and deprivation would favor X-cell inputs. It is interest- 
ing to note that some physiological properties of genicu- 
late X-cells, and thus optic tract X-cell inputs, normally 
mature earlier than do Y-cell and Y-cell inputs (Norman 
et al., 1977; Daniels et al., 1978). Perhaps normal activity 
among later developing Y-cell inputs is needed to enable 
them to dominate the class 1 cells. We must emphasize 
that this speculation is little more than a working hy- 
pothesis at present to explain the observation of deprived 
X-cells with class 1 morphology. 

Functional significance of the loss of recorded Y-cells. 
Although many studies have reported a loss of recorded 
Y-cells in deprived geniculate laminae of cats (Sherman 
et al., 1972, 1975; Kratz et al., 197813; Hoffmann and 
Hollander, 1978; Eysel et al., 1979; Geisert et al., 1980; 
Mower et al., 1981; Zetlan et al., 1981), the interpretation 
of these data has been unclear. The possibility that this 
observation represents a severe functional abnormality 
in the deprived Y-cell pathway has been challenged with 
the suggestion that it represents nothing more than an 
electrode sampling artifact (Shapley and So, 1980; but 
see Friedlander et al., 1981, for a discussion of this). That 
is, the deprived Y-cells may be morphologically small but 
physiologically normal. 

In order to avoid the potential pitfalls of single cell 
sampling procedures, several investigators have used 
evoked potential techniques to study the effects of mon- 
ocular suture on geniculocortical transmission. Jones and 
Berkley (1977) found that evoked cortical responses to 
high, but not low, flicker rates were reduced selectively 
by monocular suture, and Y-cells are more sensitive than 
are X-cells to such high flicker rates. Eysel et al. (1979) 
found a reduction and temporal dispersion of the re- 
sponse of fast conducting (Y-cell) geniculocortical affer- 
ents from the deprived eye (see Fig. 1F of their paper). 
Snyder and Shapley (1979) reported that evoked cortical 
responses from stimulation of the deprived eye were most 
affected when low, but not high, spatial frequencies were 
used as the stimulus, and Y-cells are more sensitive than 
are X-cells to such low spatial frequencies. Finally, Mitz- 
dorf and Singer (1980) found that the faster conducting 
(Y-cell) geniculocortical pathway to areas 17 and 18 was 
considerably more affected by monocular suture than 
was the slower conducting (X-cell) pathway to area 17. 
All of these evoked potential studies thus indicate deficits 
in properties usually ascribed to Y-cells. 

Morphological studies also suggest that geniculate Y- 
cells are more affected by early monocular lid suture 
than are X-cells. Retrograde transport of HRP injected 
into cortical area 17 or 18 leads to similar conclusions 
(Garey and Blakemore, 1977; Lin and Sherman, 1978). 
Shatz and Stryker (1978) noted in orthograde studies of 
the geniculostriate pathway that the deprived axons en- 
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tering layer IVa of area 17 grow less than do those 
entering layer IVb. Finally, LeVay and Ferster (1977) 
argued that the presence of cytoplasmic laminated bodies 
marks X-cells with class 2 morphology, and their absence 
in larger somata marks Y-cells with class 1 morphology. 
Based on this, these authors found in deprived laminae 
both that there is a slight reduction in Y-cell numbers 
and also that the more abnormally small somata lack 
cytoplasmic laminated bodies and are thus likely to be 
Y-cells. It is interesting to note that LeVay and Ferster 
(1977) may have underestimated the loss of Y-cells from 
deprived laminae, since they assumed that all remaining 
class 1 cells were Y-cells. Our data suggest that some of 
these deprived class 1 cells were X-cells. 

There seem to be too many morphological and physi- 
ological changes that suggest functional alterations in the 
Y-cell pathway (reviewed in detail in Sherman and Spear, 
1982) to be consistent with a simple electrode sampling 
explanation. The present results also make it extremely 
unlikely that deprived geniculate neurons develop nor- 
mally except for reduced soma sizes. Most X-cells and 
otherwise normal Y-cells with small somata develop es- 
sentially normal response properties. While these smaller 
Y-cells may be sampled less frequently electrophysiolog- 
ically than their larger counterparts in nondeprived lam- 
inae, evidence from normal geniculate neurons suggests 
that soma size has rather little effect upon electrode 
sampling characteristics (Friedlander et al., 1981). In any 
case, cells with abnormal structure-function relationships 
represent genuine developmental anomalies in deprived 
laminae that have little to do with electrode sampling 
characteristics. 

Conclusions 

Although a number of conclusions can be drawn from 
these data, we must re-emphasize their qualitative nature 
and the limited number of neurons from which these 
conclusions are derived. More quantitative conclusions 
regarding the effects of lid suture upon the development 
of structure and function in geniculate neurons must 
await further data, and our experiments are still being 
pursued with this in mind. Nonetheless, a number of 
points seem clear from these results. 

Lid suture prevents development of normal relation- 
ships between structure and function for many geniculate 
neurons. X-cells seem much less affected by deprivation 
than do Y-cells, and most deprived X-cells develop 
roughly normal structure and function. Only one de- 
prived Y-cell in our sample developed normal morphol- 
ogy and response properties. The vast majority of Y-cells 
seems to develop quite abnormally. A further abnormal- 
ity in the Y-cell pathway is suggested by the presence of 
neurons with the physiology of X-cells and morphology 
of Y-cells. A combination of abnormal binocular compe- 
tition and relatively late maturation of geniculate Y-cells 
relative to X-cells might account for many of these 
deficits. 
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