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Binocular Impulse Blockade Prevents the Formation of Ocular
Dominance Columns in Cat Visual Cortex

Michael P. Stryker and William A. Harris'

Department of Physiology, University of California, San Francisco, California 94143-0444

Ocular dominance columns in the cat’s visual cortex appear to
develop out of an initially overlapping projection by a progres-
sive segregation of the geniculocortical afferents serving the 2
eyes (reviewed in LeVay and Stryker, 1979). To determine
whether electrical activity in the visual afferent pathway is in-
volved in this normal, developmental rearrangement of synaptic
connections, we blocked the discharge of retinal ganglion cells
in both eyes by making repeated intravitreal injections of tetro-
dotoxin (TTX) during the period in which geniculocortical af-
ferent segregation would normally be taking place. Control ex-
periments for the side effects of the injection procedure, the
systemic effects of TTX, and the effects of visual deprivation
were carried out, and a series of normal animals of appropriate
ages was also studied. We then examined the effects of retinal
blockade and the various control procedures on the formation
of ocular dominance columns using an anatomical assay, the
autoradiographic labeling of geniculocortical afferent terminals
in layer 1V of the visual cortex by the transneuronal transport
of tritiated proline injected into 1 eye, and a physiological assay,
the ocular dominance of single cortical cells recorded extracel-
lularly. After retinal TTX blockade, layer IV was labeled uni-
formly without periodic fluctuation in grain density, and nearly
all cortical cells were driven well through both eyes. These as-
says thus indicated that retinal blockade completely blocked the
formation of ocular dominance columns, unlike any of the con-
trol procedures, suggesting that the spontaneous maintained dis-
charge of retinal ganglion cells may have an important role in
the normal development of binocular connections in the visual
cortex.

In the developing visual cortex of monkey (Hubel et al., 1977,
LeVay et al., 1980; Rakic, 1976, 1977) and cat (LeVay et al.,
1978), ocular dominance columns appear to form by a pro-
gressive segregation of geniculocortical afferents serving the left
and right eyes. In kittens younger than 2 weeks of age, phys-
iological and several types of anatomical evidence suggest that
afferents serving the 2 eyes make intermingled functional con-
nections (LeVay and Stryker, 1979). These connections are strik-
ingly rearranged during the next 4-8 weeks so that, by 6-10
weeks of age, left and right eye afferents are almost completely
segregated.

This segregation process may be profoundly affected by visual
stimulation in early life. If the normal balance of visual stim-
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ulation to the 2 eyes is disrupted by rearing animals with the
vision of 1 eye occluded during a critical period in early life,
the occluded eye loses its effectiveness in driving most cortical
cells (Hubel and Wiesel, 1963). Accordingly, its geniculocortical
afferents occupy a greatly reduced fraction of layer IV; while the
influence and afferent territory of the eye that had remained
open is correspondingly expanded (Hubel et al., 1977, LeVay
etal., 1980; Shatz and Stryker, 1978). If the 2 eyes are surgically
or optically misaligned during early life, or occluded on alternate
days, most cortical neurons lose responsiveness through 1 eye
or the other (Hubel and Wiesel, 1965; Van Sluyters and Levitt,
1980), and the geniculocortical afferents appear to segregate more
nearly completely than is normally the case (Kalil, 1982; Shatz
et al,, 1977).

Although visual experience may have a profound influence
on the outcome of the segregation process, it is not necessary.
Geniculocortical afferents segregate to a considerable extent even
in the absence of vision. In the monkey, they start to segregate
between 3 and 6 weeks before birth (Rakic, 1976, 1977). By the
time of birth, a clear but incomplete segregation is evident from
physiological and anatomical studies (Hubel et al., 1977) and
metabolic measurements (Des Rosiers et al., 1978). Pattern vi-
sion, obviously absent in fetal life, must therefore be unneces-
sary for the initiation of ocular dominance column formation
in this species and does not appear to be necessary for its com-
pletion (LeVay et al., 1980; Wiesel and Hubel, 1974).

In the cat, segregation of geniculocortical afferents does not
begin until after the time of natural eye opening, allowing, in
principle, the possibility of a greater role for visual experience.
Review of the literature (see Discussion below) and the findings
of control experiments in the present report suggest, however,
that in this respect the cat is more similar to the monkey than
it is different: Ocular dominance columns do develop to a con-
siderable extent in dark-reared and lid-sutured cats.

Even without visual stimuli, the visual centers of the devel-
oping brain may not be electrically silent. Indeed, Mastronarde
(1983a, b) has shown that there is structure to the spontaneous
electrical activity of cat retinal ganglion cells; even in diffuse
illumination and at low light levels, the discharges of neigh-
boring cells are closely correlated. The effects of abnormal early
experience demonstrate that the pattern of activity in the de-
veloping CNS can mold certain aspects of neural connectivity.
Could it be that spontaneous electrical activity shapes the for-
mation of ocular dominance columns in the absence of visual
experience using the same mechanisms that are involved in
experience-dependent changes?

The present experiments are a first step in testing this idea:
If activity-dependent mechanisms are involved in the segregat-
ing of geniculocortical afferents to form ocular dominance col-
umns, then eliminating all activity in the optic nerves should
prevent segregation. We find that retinal activity blockade does
prevent ocular dominance segregation, consistent with the idea
that the same or similar mechanisms may underlie experience-
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Figure 1. Cumulative dose of TTX to each eye (in nmol; ordinate) as
a function of age in days (abscissa) for 5 animals subjected to continuous
binocular retinal blockade. Each point indicates the total amount of
TTX given to each eye up to the age indicated. The points are connected
by straight lines (rather than steps) for the sake of clarity.

independent and -dependent changes in neural connectivity.
Some of the results reported here have appeared in abstract
form (Stryker, 1980, 1981).

Materials and Methods

Animals and rearing

All kittens, except for the dark-reared group, were bred in a special
pathogen-free cat colony in the University of California vivarium. All
were normally pigmented. Pregnant cats were inspected every day so
that birth dates were known to the nearest day. Throughout the duration
of the present experiments, kittens were maintained with their mothers
in 1 m3 cages containing a shelf, nest box, and litter box and were given
ad libitum access to food and water. Pregnant and nursing cats’ diets
were supplemented with canned cat food. Kittens 16, 17, 23, 46, and
47 were reared in constant darkness by Prof. M. Cynader in his labo-
ratory at Dalhousie University. Geniculate and cortical tissue from these
animals was kindly provided to us for analysis. Kittens 103, 104, and
105 were dark-reared in Prof. R. Van Sluyters’ facility at the University
of California, Berkeley, and were transported to the USCF laboratory
in a light-tight enclosure 1 hr before the terminal physiology experiment.

One of 5 different treatments was applied to kittens between the ages
of 14 d and 6-8 weeks: bilateral retinal blockade by repeated intravitreat
injection of tetrodotoxin (TTX); a control for the effects of repeated
intravitreal injections using the citrate buffer solution in which the TTX
was dissolved; a control for the systemic effects of TTX administration;
and 2 controls for the effects of visual deprivation using either binocular
lid-suture or dark-rearing. After these treatments, the organization of
geniculocortical afferents in area 17 and of the cortical ocular dominance
columns was assayed by making microelectrode recordings and/or by
quantitative autoradiography following transneuronal transport of *H-
proline injected onto 1 eye (LeVay et al., 1978). The treatments and
assays accorded each of these animals are summarized in Table 1. For
comparison, exactly the same assays were conducted on 3 groups of
normal cats: 2-week-olds (12-17 d), 6- to 8-week-olds, and adults.

An initial group of animals was studied following monocular injec-
tions of TTX in order to determine appropriate doses and to verify the
effectiveness of retinal blockade.

Eye injections
Lyophilized TTX (1 mg, Calbiochem catalog no. 584411) in citrate
buffer (5 mg) was diluted with 313 ul sterile saline to make a 102 M
stock solution, which was stored at —20°C. The injection mixture of
5 x 1073 M TTX was diluted from this stock solution 100 ul at a time
and was also kept frozen until minutes before use. A 0.0035 M citrate
buffer vehicle solution, pH 4.8, used for control injections was similarly
stored frozen.

Continuous retinal blockade was produced by repeated injection of
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1-10 4l of the injection mixture into the vitreous humor. Dosage was
adjusted according to the duration of the blockade produced in each
animal (see below). Typically, TTX injections were given every 3 d,
with an initial dose of 1 ul increased by 5-10% with each injection.
Plots of typical cumulative doses are shown in Figure 1.

Eye injections were made using a Hamilton 10 ul syringe equipped
with a guide and an 18 mm 30 gauge removable needle. A flange 3 mm
from the tip prevented insertion of the needle too far into the eye. The
needle was kept sharp by daily examination under a dissecting micro-
scope and honing when necessary using an Arkansas stone.

Kittens were anesthetized with halothane during surgery. An incision
made in the lateral canthus and the conjunctiva exposed the injection
site on the lateral margin of the eye just behind the ora serrata. Each
injection site was reused as many times as possible. To prevent leakage
of the TTX into the choriocapillaris or back out of the eye, the needle
was inserted and withdrawn once before each injection of TTX; if bleed-
ing occurred, a new injection site was chosen. After the injection, the
needle was held in place for 30 sec, and a cotton pledget was used to
remove any fluid that escaped. The incision was then closed using a
wound clip.

The quantity of TTX injected was greater than a lethal dose if injected
systemically. Because it was released from the eye only slowly, it ap-
peared to cause no systemic effects after successful injections.

Control experiments

In addition to normal animals of various ages, 4 groups of control
animals were studied. One group of 3 animals was designed to control
for effects of the eye injection procedure. These animals received re-
peated intravitreal injections of the same amounts of citrate buffer ve-
hicle solution as were injected with the TTX in the experimental ani-
mals.

A second group of 2 animals was designed to control for the systemic
effects of TTX. A series of osmotic minipumps (Alza model 2001) filled
with TTX solutions of increasing concentration were implanted sub-
cutaneously on days 17, 24, 31, and 38 of age to deliver continuously
approximately 4 times the cumulative dose of TTX that was injected
into the experimental animals. These pumps delivered 1 ul/hr contin-
uously over the time they were implanted; concentrations of TTX were
0.58, 0.94, 1.14, and 1.42 mm.

A third group of 11 animals was deprived of pattern vision by bilateral
lid suture from either the time of natural eye-opening, about 6-8 d, or
the time at which retinal blockade was begun in the TTX-treated ex-
perimental group, about 14 d of age. Under aseptic conditions, eyelids
were fused using 4 mattress sutures. Sutures were removed a week later.
Animals were inspected daily for gaps in the fused eyelids, and those
in which such “windows” were found have been excluded from the
present report.

A fourth group of 8 animals was deprived of all visual experience by
rearing them in constant darkness from the day of birth or day 4 of age.

Anatomy

Anatomical assays of the state of segregation of left- from right-eye
geniculocortical afferents were made using the transneuronal transport
of an isotopically labeled amino acid (L-[3,4(n)-*H]proline, 40 Ci/mmol,
Amersham catalog no. TRK.439) injected into 1 eye. Techniques used
for this procedure were similar to those described in LeVay et al. (1978).
Departures from the published procedures are noted at the appropriate
places in Results.

The quantity of *H-proline concentrated for injection was always 2
mCi. It was diluted in 10-20 gl sterile saline. Scintillation counting of
the residual radioactivity remaining in the syringe and concentrating
vial and on the surface of the eyeball after the injection revealed that
the actual quantity injected was between 1.2 and 1.95 mCi. If more 0.8
mCi was recovered outside the eye, a second injection was made.

Physiology
Microelectrode recordings were made in control animals and in 4 kittens
that had undergone binocular retinal blockade from 14 d to 5.5-8.5
weeks of age. Two to S days after the end of the retinal blockade, one
or a few horizontal microelectrode penetrations were made through the
medial bank of area 17 from Horsley-Clarke posterior 6-9 to anterior
4-6. Visual receptive fields of the single units studied were located within
15° of the area centralis.

The chief aim of the microelectrode studies was to determine the
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Table 1. Treatments, ages, and anatomical and physiological findings on 5 groups of experimental
animals

Monoc-
Animal  Age Age Age at Periodic Number ular
Treatment number  begun ended perfusion labeling of units  index
Binocular 7 12 41 42 0
TTX 12 15 37 37 0
35 14 40 40 0
36 14 43 43 0
37 14 57 59 0 25 0.12
50 14 45 45 0
73 16 44 45 0 28 0.15
76 14 39 41 0 46 0.17
77 14 39 42 0 72 0.19
Vehicle eye 186 12 65 65 +++ 81 0.46
injections 187 14 60 60 +++ 128 0.65
188 14 60 65 +++
Systemic 178 15 46 47 f 45 0.41
TTX 179 15 46 54 f 57 0.47
Lid-sutured 2 6 42 42 ++
3 6 42 42 +
14 15 43 43 +
31 10 87 87 +++
32 10 89 89 f 11 0.64
38 14 40 40 ++ 63 0.52
42 6 43 43 ++
44 6 43 43 ++ 48 0.58
97 17 86 86 ct+,if
254 7 211 211 f 27 0.54
261 14 243 243 — 38 0.42
Dark-reared 16 1 92 92 +
17 1 92 92 ++
23 1 122 122 +
46 1 63 63 ++
47 1 63 63 ++
103 4 43 43 c++,if 69 0.51
104 4 48 48 c+, if 52 0.60
105 4 41 41 f

Columns 1 and 2 are self-explanatory. Columns 3 and 4 show the age in days that the indicated treatment was begun
and ended for each animal. Column 5 shows the age in days at perfusion. The appearance of transneuronal autoradiographic
labeling in the visual cortex is indicated in column 6: 0, labeling was continuous with no indication of periodic variation
along layer 4; +, periodicity could faintly be discerned; ++, clearly periodic labeling but with apparent continuity
between the densely labeled patches; ++ +, clearly periodic labeling with apparent gaps (of near-background labeling)
between the densely labeled patches; —, transneuronal labeling was not performed; f, although isotope was injected into
the eye, the transneuronal labeling procedure failed, producing no results; ¢ and i, contralateral and ipsilateral hemispheres
with respect to the injected eye when findings for the 2 were different. Columns 7 and 8 present the results from visual
cortex recordings in each animal in which recordings were made. Column 7 shows the number of visually responsive
single units studied. Column 8 shows the monocularity index, calculated as described in Materials and Methods; values
of this index are nearer 0 to the extent that neurons are driven equally well by the 2 eyes and nearer 1 to the extent that
each neuron is dominated or driven exclusively by one eye or the other.

relative contributions from the 2 eyes to the discharge of neurons in
area 17, with special attention to layer IV, within which the geniculo-
cortical afferents principally terminate. After moving the electrode 80—
100 pm from the previous single unit studied, the preferred orientation
of the multiunit background activity was determined through the eye
that drove it more strongly. Using this orientation as a starting point,
the preferred orientation of a single unit isolated by the microelectrode
was then determined through both eyes. The relative strength of the
monocular responses evoked through the 2 eyes was finally used to
categorize the ocular dominance of each single unit on a 7-point scale
following Hubel and Wiesel (1962).

A monocularity index was used to represent with a single number the

degree of binocularity among a sample of cortical neurons. This index
was calculated as follows:

U+7N+[23x@2+6)]+[1/3 x 3+ 5)
U+2+3+4+5+6+7)

where italicized numbers represent the number of neurons in each ocular
dominance category. If all neurons in a sample were monocularly driven,
which is to say within ocular dominance groups 1 and 7, this index
would take a value of 1. The value of the index would be 0 for a sample
of neurons all of which fell into ocular dominance group 4, and it would
be intermediate between these 2 values for intermediate degrees of
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Figure 2. Visual evoked potentials
recorded from the scalp of cat 331 at
102 br following TTX injection into
the right eye. Left, Responses to stro-
boscopic stimulation of left eye; right,
lack of response to stimulation of right
eye. In both panels, responses record-
ed from left posterior scalp electrode
are shown above; those from right
posterior scalp electrode are shown
below. Tick marks on ordinate, 100
wV; tick marks on abscissa, 100 msec.
Stimulus was presented at 100 msec

(first tick mark).

binocular segregation. This index, based on an ordinal scale of ocular
dominance, is not truly quantitative, but it has the virtue of being
influenced to an equal extent by a one-category error in the assignment
of a unit to any ocular dominance class.

Results

Monocular TTX injections

Three adult cats and 4 kittens were studied after injections of
TTX into only 1 eye in order to determine appropriate doses
and to verify the effectiveness of the retinal blockade so pro-
duced.

Results from cat 331 (age 6 months, weight 3.3 kg) were
typical of these experiments and will be described. Twelve hours
after the injection of 8.4 ul 5 x 103 M TTX into the right eye,
the right pupil was tonically fully dilated, and no direct or con-
sensual pupillary response could be obtained in that eye. A direct
response but no consensual response was present in the intact
left eye. This situation persisted for 60 hr from the time of
injection, when the tonic dilatation of the pupil began to de-
crease slightly. A very slight consensual pupillary response then
appeared in the right eye, without any direct response in the
right eye or consensual response in the left eye. By 72 hr after
the TTX injection, the tonic dilatation of the right eye was still
less, and its consensual pupillary response was somewhat
stronger. By 84 hr after the TTX injection, the tonic state of the
2 pupils was similar while handling the cat in mesopic illumi-
nation, and the right eye’s consensual response appeared equal
to the direct response obtained by illuminating the left eye.
There was still, however, no direct or consensual pupillary re-
sponse to illumination of the right eye.

At this time, the animal was prepared for visual cortical evoked
potential recordings and microelectrode single-unit recordings
in the right dorsal lateral geniculate nucleus (LGN). No cortical
evoked potential (<10 uV) was obtained from right eye stim-
ulation, while a large and reliable evoked potential (>400uV)
was elicited by a stimulus flash to the left. Between 88 and 100

hr after the TTX injection, single units in laminae A and C of
the right LGN were found to have normal visual receptive fields
driven from the left eye, while units in lamina A1 were silent
or had extremely low spontaneous activity, and were unrespon-
sive to stimulation of either eye. Some of the units in lamina
A1 had their abnormally low rates of spontaneous activity fur-
ther depressed by stimulation of the left eye. The left half of
Figure 2 illustrates the potentials evoked from the scalp over
the left posterior cortex (top) and right posterior cortex (bottom)
by stroboscopic stimulation of the unblocked left eye 102 hr
after the TTX injection. The very much larger contralateral
response was commonly found in such recordings. The right
half of the figure makes evident the lack of such evoked poten-
tials to visual stimulation through the blocked right eye at this
time.

At 110 hr after TTX injection, a visual evoked potential to
right eye stimulation was first obtained. Right and left eye re-
sponses recorded from supradural electrodes over the visual
cortices at 112 hr following the TTX injection are shown in
Figure 3. Note that within a few hours after a visual evoked
potential was first visible, it was of nearly normal size. Fre-
quently the cortical evoked potentials from such an eye were
even larger than those from the intact eye in the early stages of
recovery from TTX blockade. At this time as well, single units
in geniculate lamina A1l were found to be driven from the right
eye. The initial responses found were characteristically more
transient than a sample from an electrode penetration into the
lateral geniculate nucleus of an intact animal, but a quantitative
study of this possible abnormality was not attempted. Most
striking was the apparent normality of the newly responsive
geniculate receptive fields: All had center-surround organization
with receptive field sizes that were within a factor of 2 of those
of the lamina-A neurons encountered in the same electrode
penetration.

We interpret these findings as follows: During the first 60-72
hr after TTX injection, the pupillomotor innervation was
blocked, leaving the pupil in tonic dilatation. By 84 hr, the

b

Figure 3. Visual evoked potentials
recorded through supradural elec-
trodes over the areae centrales repre-
sentions (Horsley-Clarke coordinates
AP -2, Lat 2.5) of the 2 hemispheres
of cat 331 at 112 hr following TTX
injection into right eye. Display con-
ventions as in Figure 2.
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pupillomotor blockade had lifted completely. The blockade of
retinal ganglion cell axons, however, remained complete for an
additional 24 hr, until 110 hr after the TTX injection, during
the second day of the microelectrode recording experiment.

This sequence of events was invariably followed in all such
animals tested: First, a period of complete pupillomotor block-
ade lasting from 2-3 d, decreasing over an additional half to
full day. Retinal blockade then continued for an additional 1-
2 d after the pupillomotor blockade had subsided. In the
youngest animals studied, at 2 weeks of age, the times tended
to be at the shorter end of the range, while by 6 weeks the timing
was usually similar to that in cat 331 described above. Daily,
and usually twice-daily, observation of the state of the pupils
thus gave us at least a day’s notice of impending offset of retinal
blockade, allowing us to inject another loading dose of TTX in
order to maintain retinal blockade continuously.

Binocular TTX injections

The sequence of events following binocular TTX injections was
monitored by observation of the pupils and visual cortical evoked
potential recording and was found to be similar to the monocular
case in the duration of the pupillomotor blockade and the period
between its offset and that of the retinal blockade. Microelec-
trode recordings in the lateral geniculate nucleus during bin-
ocular retinal blockade were not systematically attempted.

Nine kittens were maintained under continuous bilateral ret-
inal blockade by binocular TTX injections at approximate 3 d
intervals beginning at about 14 d of age and ending at 6-8 weeks
of age. The starting age was chosen because the geniculocortical
axons have not yet begun to segregate from each other according
to eye preference at this time (LeVay et al., 1978). The final age
was chosen because the eye injection procedure became more
difficult as the animal grew larger, and 5-6 weeks of age was
the earliest time at which the anatomical and physiological as-
says used in earlier studies revealed clear segregation of afferents
on both sides of the brain of normal animals.

Anatomical findings

Five kittens received intravitreal injections of 2 mCi *H-proline
approximately 4 d before the final TTX injection and were killed
and perfused 7 days later, while both retinae remained blocked.
Autoradiography of the LGN revealed that laminae A and C
contralateral to the eye injected with label were filled with trans-
ported radioactivity. Laminae Al and C1 were labeled on the
ipsilateral side. The entirely normal appearance of geniculate
labeling is illustrated in Figure 4, which shows a representative
coronal section.

In horizontal sections through the visual cortex, layer IV was
labeled continuously on both sides, without any periodic waxing
and waning of grain density. Such a pattern of labeling, illus-
trated in Figure 5, would be normal for an animal 2 weeks of
age, the time at which the retinal activity blockade was initiated,
but it is clearly abnormal for an animal 6 weeks old (LeVay et
al., 1978).

The appearance of the cortical labeling was consistent with
the possibility that the geniculocortical afferents had failed to
segregate as they would have in normal development and had
continued to terminate in the immature, overlapping pattern.
Before accepting this conclusion, however, it is necessary to deal
with an artifact of the transneuronal labeling method that could
account for continuous labeling even in the presence of segre-
gated terminal fields (LeVay et al., 1978). This artifact, termed
“spillover,” results from the labeling of geniculate cells serving
both eyes following an injection of tracer into only 1 eye. In
normal animals younger than 4 weeks of age, this artifact is very
large, especially in the hemisphere contralateral to the labeled
eye. By the age of 6 weeks, this artifact, while quantitatively
significant, no longer obscures the appearance of segregated ocu-
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lar dominance patches in normal animals. If spillover in TTX
animals were much greater than normal, then the appearance
of continuous labeling of layer IV could not be taken to indicate
that the geniculocortical afferents had failed to segregate.

To take account of this artifact, LeVay et al. (1978) devised
a procedure based on the hypothesis that the relative labeling
of geniculate terminals in the cortex is proportional to the rel-
ative labeling of other compartments of the geniculate cells. By
measuring the labeling of the nuclei of geniculate cells in laminae
A and Al, it is possible to predict the maximum and minimum
cortical grain densities that would result from completely seg-
regated terminals in the region of cortex corresponding to the
geniculate region measured. The extent of segregation may be
measured by the degree to which the measured cortical grain
density fluctuations approach the theoretical maximum and
minimum values. Evidence that this procedure provides a sat-
isfactory correction for the “spillover™ artifact is presented in
LeVay et al. (1978).

Cortical and geniculate autoradiographic sections from 3 bin-
ocular TTX animals were studied quantitatively using this pro-
cedure. Spillover was found to be 23% (range 19-30%) on the
ipsilateral side and 49% (range 43-60%) on the contralateral
side, values similar to those in normal animals of the same age.
The flat cortical grain distributions (see Fig. 18 below) were far
from the theoretical maximum and minimum values set by
geniculate spillover. We conclude that the anatomical findings
provide strong evidence that binocular retinal blockade prevents
the segregation of geniculocortical afferents.

In another 4 kittens, the retinal blockade was terminated 2~
7 d before killing the animal by omitting the final 1 or 2 TTX
injection(s) from the procedure described above. These animals
were studied both anatomically, using the transneuronal trans-
port method, and physiologically, as described in the next sec-
tion. Anatomical findings on these animals were indistinguish-
able from those on the animals that had had their retinal blockade
maintained until the time of perfusion.

Physiological findings

Microelectrode recordings were made in 4 kittens that had
undergone binocular retinal blockade from 14 d to 5.5-8.5 weeks
of age. Some of these animals were also studied autoradiograph-
ically, as described above, after injection of 1 eye with 3H-
proline; physiological findings on these were indistinguishable
from those in animals not subjected to proline injections.

Two to 5 days after the end of the retinal blockade, one or a
few long horizontal microelectrode penetrations were made
through the medial bank of area 17 from Horsley-Clarke pos-
terior 6-9 to anterior 4-6. Visual receptive fields of the single
units encountered progressed from the upper to lower ficlds, and
all were located within 15° of the area centralis.

The visual responses of the 192 single units encountered were
surprisingly vigorous compared to dark-reared and lid-sutured
animals of a similar age. It is to be noted, however, that in
contrast to the binocularly deprived animals usually studied,
these TTX-treated animals had had comparatively normal vi-
sual experience for 1-2 d immediately preceding acute record-
ing. About half (65%) of the neurons were “selective” (36%) or
“biased” (29%) for stimulus orientation (terms defined in Blake-
mote and Van Sluyters, 1975), 20% were vigorously responsive
but with nonoriented or diffuse receptive fields, only 8% poorly
responsive, and even fewer (7%) were visually unresponsive.

The ocular dominance of single cortical neurons was the main
subject of interest. Figure 6 shows the pooled ocular dominance
histogram from these 4 animals. Data illustrated in Figures 10
and 19 below illustrate the consistency of findings among the
individual animals of this group. Nearly all (91%) of the cortical
neurons encountered were driven similarly by the 2 eyes, falling
into the middle (3--5) ocular dominance groups. Even within
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Figure 6. Ocular dominance histogram compiled from 171 visually
responsive cortical single units in cats 37, 73, 76, and 77, subjected to
bilateral retinal blockade from days 14-16 until days 39-57 and allowed
to recover from blockade for 2-4 d before microelectrode recording.
Histogram plots percentage of units in each of 7 ocular dominance
groups defined by Hubel and Wiesel (1962): group 1 (7) for units driven
exclusively through contralateral (ipsilateral) eye; group 2 (6) for units
strongly dominated by contralateral (ipsilateral) eye; group 3 (5) for
units weakly dominated by contralateral (ipsilateral) eye; and group 4
for units driven nearly equally through the 2 eyes. Number of units in
each bar of histogram is indicated above bar.

this restricted range of eye-dominance groups, no systematic
variation of an appropriate period was evident. An overall bias
in favor of the contralateral eye, while present in these animals
(40 contralaterally dominated units compared to 27 ipsilaterally
dominated units), was less pronounced than in normal and con-
trol animals (see below).

No abnormalities were noted in 6 vertical microelectrode
penetrations made into the lateral geniculate nucleus in 2 of
these animals. Except at the borders between laminae, multiunit
activity was driven exclusively from one eye or the other, and
all of the 47 single units studied were monocularly driven.

Normal development

To supplement data available from the literature and from our
own earlier work, anatomical and physiological studies were
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Figure 7. Ocular dominance histogram compiled from 291 visually
responsive cortical single units in the central 25° of the visual field in
4 normal cats 12, 13, 13, and 17 d of age, the approximate ages at which
TTX blockade was initiated in the experimental group. Data shown
from the 3 oldest cats of this group are from LeVay et al. (1978).
Conventions as in Figure 6.
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Figure 8. Ocular dominance histogram compiled from 372 visually
responsive cortical single units in 6 normal cats 36, 37, 39, 45, 45, and
51 d of age. These recordings were made at an average age similar to
that of the experimental group subjected to TTX blockade. Conventions
as in Figure 6.

conducted on 3 groups of normal cats of different ages: 2 weeks
old, 5-8 weeks old, and adult. Representative transneuronal
autoradiographic sections from such animals are illustrated in
LeVay et al. (1978). Figure 7 illustrates the pooled ocular dom-
inance histogram from 291 single units recorded in 4 normal
2-week-old kittens. Only 10% of these neurons were monocu-
larly driven.

Figure 8 shows similar data from 372 units in 6 normal kittens
5--8 weeks of age. By this age, 17% of the units were monocularly
driven. Figure 9 shows ocular dominance data, derived using
exactly the same techniques, from 496 single units in 8 normal
adult cats. In adult animals, 29% of the neurons recorded using
these techniques were found to be monocularly driven. It is
noteworthy that the 5-8 week animals have a considerably
smaller proportion of monocular neurons in layer IV and within
the visual cortex as a whole than do adults. In both these groups,
however, fluctuations in ocular dominance of periods between
300 and 1000 um were evident along the course of the long
horizontal microelectrode penetrations. These findings are in
accord with the inference made from the transneuronal auto-
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Figure 9. Ocular dominance histogram compiled from 496 visually
responsive cortical single units in 8 normal adult cats. Data from the 3
normal animals of Shatz and Stryker (1978) are included in this sample.
Conventions as in Figure 6.
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Figure 10. Comparison of ocular dominance findings for all cells and for layer IV cells in the 4 TTX animals subjected to retinal blockade

beginning about 2 weeks and studied at about 6-8 weeks of age with those in normal animals about 2 weeks of age, about 5-8 weeks of age, and
at adulthood. Ordinates plot the percentage of cells classified as strongly binocular (ocular dominance groups 3-5), equal binocular (ocular dominance
group 4), and monocular (ocular dominance groups 1 and 7). Abscissa shows the different groups of animals. The histogram bars represent the
pooled data from each group; data from each individual animal are shown as a horizontal line. Vertical error bars span the range of data from the
individual animals in each group. Note that for both the entire sample and for the layer IV cells separately, the percentage of monocular cells
increases as a function of age, and the percentage of strongly and weakly binocular cells declines as a function of age. Note also that the TTX group

is even less monocular and more binocular than the 2 wk group.

radiographic sections, and previous quantitative analysis of these
sections (LeVay et al., 1978), that segregation of the afferents
serving the 2 eyes has not quite attained adult levels of com-
pleteness by 6—-8 weeks.

A comparison of the ocular dominance findings in the bin-
ocular TTX-treated animals with those observed in normal de-
velopment is presented in Figure 10. Figure 10 shows the find-
ings in layer IV separately from those in the other cortical layers.
This figure also displays the range of variability among the
individual animals studied. It should be noted that the phys-
iological as well as the anatomical ocular dominance findings
in TTX-treated animals are most similar to those in normal
animals at the age at which the retinal blockade was initiated.

Vehicle solution injections

Three kittens were treated with binocular injections of the citrate
buffer vehicle solution in which the TTX was suspended, using
a dose schedule identical to that of TTX-treated kittens. Trans-
neuronal autoradiographic labeling of geniculocortical afferents
was performed in all 3 kittens. A representative horizontal sec-
tion from both hemispheres of 1 of these animals is shown in

Figure 11. It is indistinguishable from such a section from a
normal kitten of the same age.

Microelectrode recordings were made from 2 of these animals.
The pooled ocular dominance distribution illustrated in Figure
12 is within the normal range, although it is somewhat less
binocular than normal. This possible reduction in binocularity
may be due in part to imperfect eye alignment produced by the
repeated eye injections. The fact that the majority of cells re-
mained binocular suggests that the eyes were at most only slight-
ly or transiently misaligned. The periodic fluctuations in ocular
dominance along the course of microelectrode penetrations were
more pronounced than normal.

Systemic TTX infusions

As a control for possible systemic effects of chronic TTX admin-
istration, 2 kittens were treated with systemic infusions of ap-
proximately 4 times the cumulative dose of TTX that was in-
jected intraocularly in the experimental animals. Throughout
the period of treatment, these animals appeared normal in every
respect. We observed no behavioral indication that they were
receiving any drug.
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Figure 11. Autoradiograph seen in dark field of horizontal section through both hemispheres in cat 187, subjected to repeated intravitreal injections
of the same vehicle solution in which TTX was suspended in the experimental group. The right eye of this animal received an intravitreal injection
of 2 mCi *H-proline 9 days before sacrifice at 60 d of age. Contralateral (lefi) hemisphere shown above. Other conventions as in Figure 5.

Each of these animals was studied both anatomically, using
transneuronal autoradiographic labeling of the geniculocortical
afferents, and physiologically, using microelectrode recording.
The anatomical studies were unsuccessful in both cases because
of artifactually high background labeling. The physiological ocu-
lar dominance findings (Fig. 13) were within the normal range,
all receptive-field properties appeared to be normal in every

respect.
Binocular deprivation by lid suture

Transneuronal autoradiographic labeling was carried out in 12
cats deprived of vision by bilateral lid suture from prior to the
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Figure 12. Ocular dominance histogram compiled from 209 visually
responsive cortical single units in control cats 186 and 187, subjected
to repeated intravitreal injections of the same vehicle solution in which
TTX was suspended in the experimental group. Conventions as in Fig-
ure 6.

time of natural eyc-opening to between 6 weeks to 9 months.
Figure 14 shows a representative section for comparison with
the TTX results, taken from an animal 7 weeks old. A periodic
waxing and waning of label density, consistent with the segre-
gation of geniculocortical afferents serving the 2 eyes, is evident
in this section, as it was in all normal and deprived animals 6
weeks of age or older.

Spillover calculations and measurements of the labeling fluc-
tuation were carried out in 3 cases as described above for the
TTX-treated animals. Spillover was found to average 23% (range
22-25%) on the ipsilateral side and 40% (range 36—-44%) on the
contralateral side, values similar to those in normal or TTX-
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Figure 13. Ocular dominance histogram compiled from 102 visually
responsive cortical single units in cats 178 and 179, subjected to systemic
infusion of approximately 4 times the dose of TTX received by the
experimental group. Conventions as in Figure 6.
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Figure 14. Autoradiograph seen in dark field of horizontal section through both hemispheres in cat 44, subjected to visual deprivation by bilateral
lid suture. The right eye of this animal received an intravitreal injection of 1.2 mCi *H-proline 9 d and a second injection of 1.0 mCi 6 d before

the terminal experiment at 43 d of age. Conventions as in Figure 5.

treated animals. Figure 18 below compares the quantitative an-
atomical findings in lid-sutured animals with those from some
of the other groups.

QOcular dominance was examined physiologically in 5 ani-
mals. The pooled ocular dominance histogram shown in Figure
15 shows that these findings as well were within the normal
range, although responses to visual stimuli were frequently slug-
gish or otherwise abnormal.

Binocular deprivation by dark-rearing

Four dark-reared animals were studied anatomically and 2 phys-
iologically. Findings from these animals were basically similar
to those in animals deprived by lid suture. Spillover of trans-
neuronal labeling within the LGN of these animals was greater,
however, being about 50% over the rather similar values found
in the lid-sutured, TTX-treated, or normal animals. In 3 dark-
reared animals, the average values of spillover were 35% (range
32-38%) on the ipsilateral side and 61% (range 58—63%) on the
contralateral side. The transneuronally labeled section of cortex
shown in Figure 16 shows the characteristic fluctuation in grain
density, and the ocular dominance histogram appearing in Fig-
ure 17 shows a normal fraction of monocularly driven neurons.
The period of fluctuation in ocular dominance evident along
the course of microelectrode penetrations in these animals was
normal. '

Comparison of anatomical findings on

visually deprived animals

Figure 18 shows grain counts made along the base of layer IV
in transneuronally labeled autoradiographic sections from nor-

mal, TTX-treated, lid-sutured, and dark-reared animals. All
other control animals were indistinguishable from normal. The
fluctuation of labeling up to or near the limits set by spillover
in the lateral geniculate nucleus is evident in all except the TTX
data. No region could be found on the TTX sections to contain
significant periodic fluctuations in labeling. The anatomical
findings in the TTX-treated animals were similar to those in
normal 2-week-old animals but were out of the range of vari-
ability found in all other groups.
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Figure 15. Ocular dominance histogram compiled from 187 visually
responsive cortical single units in cats 32, 38, 44, 254, and 261, subjected
to visual deprivation by bilateral lid suture. Conventions as in Figure 6.
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Figure 16. Autoradiograph seen in dark field of horizontal section through the hemisphere ipsilateral to the injected eye in cat 17, subjected to
visual deprivation by dark-rearing. The right eye of this animal received an intravitreal injection of 2 mCi *H-proline 14 d before perfusion at 92

d of age. Conventions as in Figure 5.

Comparison of physiological findings

Figure 19 compares the physiological data on binocularity of
cortical neurons in TTX-treated animals with those in all the
groups of control animals. Each horizontal line on this figure
indicates the monocularity index (see Materials and Methods)
for a single animal, with the monocularity indices for the pooled
data from each group indicated by the open bars. The error bars
show the entire range of data from each group.

All control groups were essentially normal or slightly more
monocular than normal. The TTX group was dramatically more
binocular than any other group. All data from TTX-treated
animals lie out of the range of variation of any other group. In
addition, in all groups except for the normal 2-week-old and
TTX-treated animals, the horizontal microelectrode penetra-
tions exhibited clear periodic fluctuations in ocular dominance.
The periods of these fluctuations were appropriate for ocular
dominance columns.
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Figure 17. Ocular dominance histogram compiled from 121 visually
responsive cortical single units in cats 103 and 104, subjected to visual
deprivation by rearing in continuous darkness. Conventions as in Fig-
ure 6.

Discussion

Interpretation and significance of the present findings

The present results show that binocular impulse blockade can
prevent the normal segregation of geniculocortical afferents
serving the 2 eyes within layer IV of the visual cortex and the
accompanying formation of physiological ocular dominance col-
umns that span all the cortical layers. In normal development,
such binocular segregation is progressive, beginning some time
after 2 weeks of age and continuing past 6 weeks (LeVay and
Stryker, 1979).

Because retinal blockade was maintained in these experiments
only until 37-57 d of age, these findings cannot rule out the
possibility that some segregation would eventually have oc-
curred even if the blockade had been continued. Thus, binocular
impulse blockade may only delay the formation of ocular dom-
inance columns by several weeks rather than prevent it entirely.
Longer-term blockades will be required to settle this issue.

A number of control experiments indicate that the blockade
of impulse discharge, rather than some side effect of the exper-
imental procedures, accounts for these findings. First, neither
the eye injections themselves nor the vehicle solution in which
the TTX was suspended interfered with binocular segregation
in the cortex. Neither did the presence of TTX in the systemic
circulation. Finally, deprivation of vision itself by lid suture or
dark-rearing also allowed a considerable degree of binocular
segregation.

The present experiments cannot, however, entirely exclude
the possibility that some effect of TTX on the eye other than
its blockade of discharge activity may contribute to the effects
noted here. A subtle impairment of axonal transport, for ex-
ample, would not have been detected by the transneuronal la-
beling method employed in this study. This possibility has been
addressed only by more recent experiments (Stryker and Strick-
land, 1984).

A comparison of the results from TTX-treated animals with
those from the other binocularly deprived animals suggests that
the spontaneous discharge of retinal ganglion cells is important
for the normal developmental reorganization of binocular con-
nections in the visual cortex. The blockade of spontaneous ac-
tivity is the major difference apparent between the rearing his-
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Figure 18. Grain counts from layer
IVc of the visual cortex ipsilateral to
the injected eye in a normal cat per-
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fused at 39 d of age (data from LeVay
et al., 1978), cat 37 from the experi-
mental group (TTX), cat 17 from the
dark-reared group, and cat 44 from
the lid-sutured group. Ordinates plot
distance along the base of layer IV (in
mm); abscissas plot grain density per
1000 um?, Background grain density
indicated by solid horizontal line.
Theoretical maximum and minimum
grain densities calculated from genic-
ulate spillover measurements (see text)
indicated by dashed lines. Note that
fluctuations in cortical grain densities

appyoach theoretical maxima and
minima in all except the experimental
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tory of the TTX-treated animals and those in the other deprived
groups.

This finding does not, however, shed light on the nature of
the role of spontaneous retinal activity in the organization of
central connections. One clear possibility is that this role is
instructional, in that the correlation of discharge among neigh-
boring ganglion cells may inform the geniculocortical afferent
terminals with which other terminals they should cluster. In-
deed, the results of visual deprivation, especially alternating
monocular occlusion and experimental strabismus (Hubel and
Wiesel, 1965; Van Sluyters and Levitt, 1980), support such a
mechanism. Alternatively, the role of spontaneous activity in
these young animals may be merely permissive. Further exper-
iments in progress, in which the timing of retinal ganglion cell
discharge is brought under experimental control, are necessary
to clarify this (Stryker and Strickland, 1984).

Afferent segregation in other visual systems

Work on other systems in which segregation of afferent terminals
occurs leads to similar conclusions about the role of electrical
activity. In frogs and fish, ocular dominance “patches™ can be
induced in the tectum by various manipulations that cause 2
separate retinal projections to occupy a single tectal region (Con-
stantine-Paton and Law, 1978; Fawcett and Willshaw, 1982;
Ide et al., 1983; Levine and Jacobson, 1975; Schmidt, 1978).
Blocking retinal activity with TTX during the time at which
columns form blocks the segregation of retinal terminals (Boss
and Schmidt, 1984; Constantine-Paton and Reh, 1983; Meyer,
1982). Recent work on the developing hamster visual system
(Thompson and Holt, unpublished observations) is also con-
sistent with these results. The rostral portion of the normal adult
hamster’s superior colliculus receives a segregated input from
the 2 eyes. This segregation occurs during early postnatal de-
velopment and can be blocked by binocular injections of TTX.
Thus, the role of activity in arranging otherwise identical inputs
to a particular structure may be important in the CNS of all
vertebrates. That laminar segregation and gross topography ap-
pear normal in all these systems (see also Harris, 1980, 1981,
1984) indicates that the role of activity is a subtle one, important
in the refinement of connections (Meyer, 1983; Schmidt and
Edwards, 1983).

1.5 2.0 MM group.

Development of the retinogeniculate projection and the

effects of activity blockade

Retinal projections from the 2 eyes initially occupy overlapping
territories in the lateral geniculate nucleus of monkey (Rakic,
1976) and cat (Shatz, 1983) during prenatal life. In the cat, Shatz
and Kirkwood (1984) have shown that many individual genic-
ulate neurons are functionally connected to both eyes during the
time at which the 2 projections overlap.
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Figure 19. Monocularity indices calculated as described in text from
physiological data for all animals studied. Histogram bars represent the
values of this index for the pooled data from each group. Data from
each individual animal indicated by short horizontal line. Vertical lines
are error bars that display the range of individual animal data in each
group. Names of groups as in Figures 10 and 18, plus systemic for the
animals receiving systemic infusions of TTX and vehicle for the animals
receiving intravitreal injections of the citrate buffer solution. Note that
data from experimental (TTX) group is out of the range of variation
found in normal animals, while data from all control groups overlap
with normal data.
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During fetal life, this projection is rearranged (Rakic, 1976,
Shatz, 1983). By adulthood, nearly all retinogeniculate termi-
nations are made in exclusive eye-specific laminae (Bowling and
Michael, 1980; Sur and Sherman, 1982). Although Kirkwood
and Shatz (1983) have shown the capacity of this system for
functional synaptic transmission, it is not known whether the
rearrangement that occurs in fetal life depends on electrical
activity. However, for the first 2 weeks after birth (after the
rearrangement appears to be nearly complete), blockade of elec-
trical activity in 1 eye can disrupt the functional segregation of
the 2 eyes’ terminals to a limited extent, so that an abnormally
high proportion of geniculate neurons either remain or come to
be binocularly activated (Archeret al., 1982; Dubin et al., 1986).

In addition to the functional and gross anatomical segregation
of the 2 eyes’ terminals, at least 3 other types of functional
segregation are evident in the retinal connections to geniculate
neurons. On- and Off-center ganglion cells connect specifically
to different geniculate neurons, with very little overlap (Cleland
etal,, 1971b). X and Y ganglion cells also connect preferentially
to different geniculate neurons (Cleland et al., 1971a; Hoffmann
et al., 1972). Finally, geniculate neurons receive input from
multiple retinal ganglion cells only when those cells are near-
neighbors, giving rise to compact geniculate receptive fields (Cle-
land et al., 1971b). All these types of functional specificity were
also disrupted by retinal blockade during the first 2 postnatal
weeks (Archer et al., 1982). However, the topographic organi-
zation was grossly normal (Archer et al., 1982)—as in the fish
and amphibian studies discussed above.

The geniculate effects of monocular retinal blockade were
present in only a very attenuated form when blockade was begun
at 11-15 d of age (Archer et al., 1982) and were absent when
blockade was begun later than 15-20 d of age (Dubin and Stark,
1983). One would therefore expect that such geniculate abnor-
malities did not occur in the present experiment. Consistent
with this expectation, our geniculate recordings, although not
sufficiently quantitative to reveal subtle abnormalities, did re-
veal a segregation of monocular responses as the microelectrode
passed from lamina A to Al to C that was as clear as in normal
cats. It seems extremely unlikely, then, that the enhanced cor-
tical binocularity observed after retinal blockade in the present
study was due to binocular responses of geniculate cells.

Earlier studies of ocular dominance columns

It is worthwhile to consider the evidence in the literature for
ocular dominance columns and the arrangement of geniculo-
cortical afferents into stripes or patches in the visual cortex of
the normal cat and monkey. Such a consideration should both
allow us to assess the present evidence and indicate what ad-
ditional evidence one might hope to obtain about the state of
these afferents in the various developing and deprived animals
of the present study.

Evidence for normal adult organization

The early evidence for a grouping of cells according to ocular
dominance was from microelectrode studies (Hubel and Wiesel,
1962). This grouping was most apparent in recordings made
from kittens subjected to artificial strabismus or alternating
monocular occlusion, though evidence was still lacking at that
point that “the walls separating [the two eyes’ ocular dominance
columns were] perpendicular to the cortical layers” (Hubel and
Wiesel, 1965). The segregation of geniculocortical afferents serv-
ing the 2 eyes was suggested as a possible anatomical substrate
for such ocular dominance groupings in 1965 (Hubel and Wie-
sel) and was later confirmed for the monkey by making lesions
in single geniculate laminae and staining the cortex for degen-
erating terminals using a modified Nauta method (Hubel and
Wiesel, 1969, 1972). Transneuronal transport of tritiated amino
acids and sugars injected into I eye was later used to demonstrate
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the overall arrangement of geniculocortical afferents in monkey
(Wiesel et al., 1974) and cat (Shatz et al., 1977). Transneuronal
transport of wheat germ agglutinin conjugated to horseradish
peroxidase (WGA-HRP) revealed a similar pattern of labeling
(Anderson et al., 1983; Itaya and Van Hoesen, 1982).

Differences in cortical metabolic activity produced by visual
stimulation of 1 eye while the other eye was closed or enucleated
were detected using the 2-deoxyglucose (Kennedy et al., 1976)
and cytochrome oxidase (Hendrickson et al., 1981; Horton and
Hubel, 1981; Wong-Riley, 1979; Wong-Riley and Riley, 1983)
methods. In monkey, but not in cat, the ocular dominance array
in layer IV was also made visible in normal material stained by
a modified Liesegang method (LeVay et al., 1975). Finally, in
the cat, but not yet in the monkey, the terminal arbors of single
geniculocortical afferent fibers were reconstructed in their en-
tirety following either bulk deposits of HRP into the optic ra-
diations (Ferster and LeVay, 1978) or intracellular filling of
single, physiologically identified fibers within the cortex or im-
mediate subcortical white matter (Gilbert and Wiesel, 1979;
Humphrey et al., 1984).

Evidence for abnormal organization of ocular dominance
columns following early monocular deprivation

Physiological recordings in kittens that had been deprived of
vision in | eye revealed a dramatic and largely irreversible loss
in the effectiveness of the deprived eye (Wiesel and Hubel, 1963,
1965b), accompanied by a shrinkage in the deprived LGN cells,
that was not apparent when both eyes were deprived (Wiesel
and Hubel, 1965a). The susceptibility to these effects of mon-
ocular deprivation was greatest during a critical period in early
life (Hubel and Wiesel, 1970). This physiological change was
greatest in the upper and lower cortical layers; in layer IV it
matched precisely the reduction in the territory of the genicu-
locortical projection serving the deprived eye, as demonstrated
by Nauta and Liesegang methods in the monkey and by trans-
neuronal autoradiography in monkey and cat (Hubeletal., 1977;
LeVay et al., 1980; Shatz and Stryker, 1978). In the monkey,
the deoxyglucose method also revealed the abnormal but co-
lumnar pattern of ocular dominance following monocular de-
privation (Des Rosiers et al., 1978). Cytochrome oxidase stain-
ing revealed a complex series of changes (Wong-Riley, 1979).

Evidence for development of ocular dominance columns by
progressive segregation
Transneuronal autoradiographic labeling demonstrated that
ocular dominance patches appeared, at least in rudimentary
form, 3 weeks prenatally in the monkey (Rakic, 1976). On or
near the day of birth, physiological recording and deoxyglucose
methods revealed considerable segregation of the 2 eyes’ influ-
ences, not only on layer IV, but on the upper and lower layers
as well, although many more binocularly driven cells were found
in layer IV at this age than later (Des Rosiers et al., 1978; Hubel
et al., 1977; LeVay et al., 1980). The periodic labeling of layer
IV following an injection of tritiated amino acid into 1 eye
changed from a gentle fluctuation into clear patches over the
first 3—-6 weeks of life (Hubel et al., 1977; LeVay et al., 1980).
In the cat, physiological recording and transneuronal labeling
both indicated complete binocular overlap in the visual cortex
before 2.5 weeks of age (LeVay et al., 1978). Quantitative trans-
neuronal autoradiography suggested that segregation is pro-
gressive (LeVay et al., 1978), and the physiological findings of
the present paper are consistent with this notion. Some pre-
sumed geniculocortical afferents reconstructed from Golgi ma-
terial prior to 2 weeks of age had continuous terminal arbors
that spanned widths equivalent to 2-3 adult ocular dominance
patches (LeVay and Stryker, 1979); gaps were always evident
in the arbors of such large afferents in adult material (Ferster
and LeVay, 1978). Evidence about individual geniculocortical
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terminal arbors at the presumed intermediate stages of the seg-
regation process is unfortunately lacking so far, as are quanti-
tative deoxyglucose, cytochrome oxidase, and transneuronal
WGA-HRP studies.

Evidence for at least partial segregation of ocular
dominance columns under conditions of binocular deprivation

The prenatal partial segregation of ocular dominance columns
in the monkey, reviewed in the previous section, takes place
essentially in darkness and certainly in the absence of pattern
vision. Dark-rearing from the age of 3 d did not prevent the
completion of the segregation process in the monkey as judged
from transneuronal autoradiographic labeling (LeVay et al.,
1980). Indeed, abnormally little binocular interaction was found
in month-old animals that had been lid-sutured near the time
of birth (Hubel and Wiesel, 1974).

In the cat, both electrophysiological (see Sherman and Spear,
1982) and transneuronal autoradiographic labeling techniques
have been applied to the question of whether ocular dominance
segregation occurs when animals are deprived of pattern vision
by either dark-rearing or bilateral lid suture. In most studies of
lid-sutured animals, the proportion of binocularly driven cells
is somewhat lower than normal (Blakemore and Van Sluyters,
1975; Kratz and Spear, 1976; Sherk and Stryker, 1976; Watkins
etal., 1978; Wiesel and Hubel, 1965), in accord with the findings
of the present report. Studies of dark-reared animals report re-
duced (Cynader et al., 1976; Leventhal and Hirsch, 1980) or
normal (Buisseret and Imbert, 1976; Fregnac and Imbert, 1978)
proportions of binocularly driven cells, also in accord with the
present report. In a study attempting to map multiunit responses
of geniculate afferent fibers in layer IV of area 17 in dark-reared
cats, Swindale and Cynader (1983) found that there were many
regions in which responses could be obtained only from one eye
or the other, implying that at least a functional segregation of
the afferents had taken place. Such physiological findings suggest
that neither form of deprivation prevents the segregation of
effective cortical inputs by eye.

Transneuronal labeling studies in visually inexperienced cats
appear to be more controversial. At one extreme is the report
of Swindale (1981) entitled “Absence of ocular dominance
patches in dark-reared cats”; while the present findings appear
to lie at the other extreme, in that some of the most distinct
fluctuations in the transneuronal labeling of layer IV in both
dark-reared and lid-sutured animals approach the theoretical
limits set by spillover in the lateral geniculate nucleus (LeVay
et al., 1978). The autoradiographs from the dark-reared animal
in the Swindale (1981) report, however, show clearly periodic
fluctuations in the transneuronal labeling of layer IV, although
these fluctuations are much less pronounced than those illus-
trated in the normal cat. A study by Kalil (1982) reported that
peak-to-trough fluctuations in the labeling of layer IV were 2.0
in dark-reared and lid-sutured cats, 2.9 in normal cats, and as
high as 4.8 in strabismic cats. The measurements of the most
recent study (Mower et al., 1985) yield Michaelson contrast
ratios in the transneuronal labeling of 0.3 and 0.35 for dark-
reared and lid-sutured cats, respectively (equal to 1.9 and 2.1
when expressed as peak-to-trough ratios in the same form as
Kalil’s), in comparison to an average of 0.75 for normal cats.
Thus, all reports are in agreement that considerable anatomical
segregation of afferents takes place—perhaps as much as takes
place in the monkey in utero—even under conditions of com-
plete visual deprivation by dark-rearing. None of the findings
on visually deprived cats are similar to those of the TTX cats
of the present study.

A remaining area of uncertainty is to what to attribute the
generally less-pronounced fluctuations in transneuronal labeling
seen in the visually deprived as compared to normal animals.
Some part of the smaller degree of fluctuation in the cortical
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labeling is likely to be due to the 50% greater geniculate spillover
in the dark-reared than in the other normal and deprived cats
of the present study. (None of the other studies of deprived
animals measured spillover into postsynaptic cells of the LGN.)
But this seems unlikely to account for the entire difference be-
tween the dark-reared and normal animals, and it does not
account for the generally less pronounced fluctuations present
in lid-sutured animals, in which spillover was found to be sim-
ilar to that in normal animals of the same age. It will be im-
portant to apply other transneuronal labeling methods that may
differ in the extent of the “spillover’ artifact to dark-reared and
lid-sutured animals (Anderson et al., 1983).

One hypothesis to account for the difference between the la-
beling patterns in normal and deprived animals, along lines
suggested by Swindale and Cynader (1983), is that under con-
ditions of visual deprivation, geniculocortical afferents may seg-
regate the most profuse and functionally most effective portions
of their arbors but may not completely lose fine, relatively in-
effective, and relatively poorly labeled branches. To verify this
hypothesis will require the examination of substantial numbers
of single geniculocortical afferent arbors, reconstructed follow-
ing either bulk or intracellular fills (Ferster and LeVay, 1978;
Gilbert and Wiesel, 1979).

Evidence for failure of ocular dominance segregation
under conditions of bilateral retinal blockade

The present study used physiological recording and transneu-
ronal autoradiographic labeling to demonstrate the failure of
ocular dominance segregation under conditions of bilateral ret-
inal blockade. Neither of these methods is free from possible
artifact. The binocular responses obtained from the microelec-
trode studies could result from a profusion of intrageniculate or
corticocortical binocular connections, for example, rather than
a failure of geniculocortical afferent segregation. Our geniculate
physiology, though not quantitative, shows that geniculate cells
remain at least predominantly monocularly driven, but a subtle
alteration at that level or even a gross alteration in corticocorti-
cal connections, however unlikely, might not have been de-
tected. Similarly, the lack of fluctuation in cortical transneuronal
labeling could result from a spillover artifact at the geniculate
or cortical level that is not properly accounted for by our ge-
niculate measurements. It will be important to confirm the con-
clusions of this study using other transneuronal labeling meth-
ods (Anderson et al., 1983), single-axon reconstructions (Ferster
and LeVay, 1978; Gilbert and Wiesel, 1979), and metabolic
labeling techniques for demonstrating overall patterns of bin-
ocular responsiveness (Des Rosiers et al., 1978).
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