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Monocular deprivation (MD) has much more rapid and severe
effects on the ocular dominance of neurons in the primary visual
cortex (V1) than does binocular deprivation'. This finding
underlies the widely held hypothesis that the developmental
plasticity of ocular dominance reflects competitive interactions
for synaptic space between inputs from the two eyes®. According
to this view, the relative levels of evoked activity in afferents
representing the two eyes determine functional changes in
response to altered visual experience. However, if the deprived
eye of a monocularly deprived kitten is simply reopened, there is
substantial physiological and behavioural recovery, leading to
the suggestion that absolute activity levels, or some other non-
competitive mechanisms, determine the degree of recovery from
MD’~7. Here we provide evidence that correlated binocular input
is essential for such recovery. Recovery is far less complete if the
two eyes are misaligned after a period of MD. This is a powerful
demonstration of the importance of cooperative, associative
mechanisms in the developing visual cortex.

In normal kittens, artificially induced strabismus, which mis-
aligns the receptive fields of binocular neurons and hence effectively
decorrelates the inputs from the two eyes, causes a substantial
breakdown of cortical binocularity™®. We have tested whether
strabismus induced immediately after MD prevents physiological
and behavioural recovery of the reopened deprived eye. The results
demonstrate the role of correlated activity in the recovery process.

Ten kittens were monocularly deprived for 10 days, starting at
5weeks of age. In five animals, MD was followed by normal
binocular experience (MDB). In the other five cats, a convergent
strabismus (esotropia) was induced in the nondeprived eye when
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the deprived eye was reopened (MDS). In four of these cats, an
esotropia of between 10° and 20° persisted throughout the recovery
period, as judged from the positions of the corneal reflexes, whereas
in one animal (MDS4), the visual axes seemed to become realigned
within a few days of the strabismus surgery.

Intrinsic-signal optical imaging of V1 of both hemispheres was
performed at least 14 days after the deprived eye had been reopened.
In two additional control kittens we performed optical imaging,
immediately after a 10-day period of MD, to obtain maps of
activation through each eye. In these animals, in agreement with
previous results’, deprived-eye responses were weak and restricted
to small ‘islands’ that occupied, on average, only 14.3% of cortical
territory in V1 ipsilateral to the deprived eye and 18.2% of V1
contralateral to the deprived eye (see Fig. 3a).

All five MDB cats exhibited remarkable recovery of responses
through the previously deprived eye; the maps were generally
indistinguishable from monocular responses in normal cats of
similar age. In the ipsilateral hemisphere (Fig. 1a), on average the
previously deprived eye dominated 48.2 + 3.5% (mean * s.d.) of
the cortical surface, compared with 48.8 * 3.8% in four normal
kittens. In the contralateral hemisphere, the deprived eye’s domains
occupied 52.6% (*£4.2%), compared with 51.2% (*3.8%) in
normal kittens.

In contrast, representation of the deprived eye was still much
reduced in all four kittens in which inputs from the two eyes were
decorrelated because of a persistent strabismus (MDS1-3 and
MDS5). In the hemisphere ipsilateral to the deprived eye, responses
to stimulation of that eye were often restricted to ‘islands’ (Fig. 1b;
for example, animals MDS2 and MDS3). The deprived eye’s
territory covered just 36.7% (#3.6%) of the imaged region, signifi-
cantly less than in the kittens with normal binocular recovery
(P < 0.002, one-tailed t-test; see Fig. 2). Even if the data were
included from the additional animal (MDS4) in which the visual
axes became realigned, the mean cortical territory dominated by the
deprived eye was 39.4% (£6.8%), significantly smaller than in the
five MDB kittens (P < 0.02). The results also differed significantly
from data for the ipsilateral eye in four kittens of similar age
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Figure 1 Ocular-dominance maps from left-hemisphere V1 of cats with 10-day MD of the
left eye. a, Five cats in which MD was followed by concordant binocular vision (MDB);
b, five cats which were strabismic during the binocular recovery period (MDS). Dark
islands represent regions dominated by the left (originally deprived) eye. In all the MDB
animals, dark and light areas occupy roughly equal areas (a). In the MDS cats (except the
microstrabismic cat MDS4 (micro)), dark (left-eye) regions often form relatively isolated
patches in a lighter ‘sea’ of cortex dominated by the right (nondeprived) eye (b). Blood
vessel artefacts appear as light-grey linear and branching patterns (for example, MDS4
and MDBS). Scale bar, 1 mm. In all images the posterior pole is at the bottom.
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made strabismic shortly after eye-opening without prior MD
(48.0 = 5.8%, P < 0.01). For the hemisphere contralateral to the
deprived eye, the difference between the strabismic group (MDS1—
5, 46.0 = 3.1%) and the binocular recovery group (MDB1-5) was
smaller but also significant (P < 0.02, one-tailed -test; see Fig. 2).

The one kitten in which an obvious strabismus persisted for only
a few days after surgical induction (MDS4) served as an interesting
control: it had undergone exactly the same procedures as the other
strabismic animals but had quickly gained roughly aligned bin-
ocular input. The amount of cortical territory dominated by the
deprived eye in MDS4 was indistinguishable from that in the MDB
kittens (50.2% in the ipsilateral hemisphere and 47.0% in the
contralateral hemisphere).

No significant correlation was found between the territory
dominated by the deprived eye and the duration of the recovery
period in either the MDB group (r = 0.87, P > 0.05) or the MDS
group (r = 0.05, P > 0.9). This indicates that whatever physiologi-
cal recovery occurred was complete within 2 weeks. But there was a
highly significant negative correlation between the angle of squint
and the territory dominated by the deprived eye (averaged across
both hemispheres) in the MDS animals (r = —0.98, P < 0.005).

In addition to reducing the amount of territory recaptured by
the previously deprived eye, strabismus also affected the recovery of
orientation selectivity. Immediately after MD, activity resulting
from deprived-eye stimulation was very weak and restricted to
small islands that responded to all stimulus orientations’ (see
Fig. 3a). However, in the five kittens with normal binocular recovery
(MDB), deprived-eye responses to different orientations became
spatially well segregated, and normal orientation selectivity was
regained (Fig. 3b).

Recovery of orientation selectivity through the previously
deprived eye was more variable and weaker overall in the strabismic
(MDS) kittens. In some cases, deprived-eye domains responded
almost equally well to all orientations (Fig. 3¢), as in monocularly
deprived control animals. Single-cell recordings from one animal
(MDS3) established that this finding was not due to the very close
proximity of selective neurons with widely differing orientation
preferences. Rather, most neurons driven by the deprived eye
exhibited very poor orientation selectivity. Their half-width of
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Figure 2 Histograms of cortical surface area dominated by each of the two eyes in MDB
cats (@) and in MDS cats (b). Dark bars represent the left, previously deprived eye and light
bars the right, non-deprived eye. Data for both hemispheres are displayed separately. In
(@), average areas for all five animals are also shown (All), as are results for the ipsilateral
(i) and contralateral (c) eyes in four normal kittens. In (b), hatched bars indicate results
from kitten MDS4, in which surgical strabismus was transient. Average data from the
other four kittens (All excl. S4) are shown, as are results for both eyes in four strabismic
kittens.
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tuning at half-height was 47.7 * 5.6° (mean * s.e.m.; n = 11),
about twice the value for cells in area 17 of normal cats or cats
made strabismic without prior MD'°.

We quantified the orientation selectivity of optical responses
through each eye by calculating, for each pixel, an orientation
selectivity index, OSI (see Methods), and averaging it across all
pixels. The mean OSI through the deprived eye, as a percentage of
that through the nondeprived eye, indicates the degree of recovery.
Again, the difference between the MDB and MDS groups was
greater for the hemisphere ipsilateral to the deprived eye. In the
binocular recovery group, the orientation selectivity of responses
through the deprived eye was 83.0 * 11.3% (mean * s.d.) of that
through the nondeprived eye. In contrast, in the strabismic group it

Figure 3 Orientation and ocular-dominance maps for deprived (D) and nondeprived (ND)
eyes from a kitten imaged immediately after MD (a), a cat (MDB3) with concordant
binocular recovery (b) and a cat (MDS3) with strabismus after MD (g). In a, both
hemispheres are shown; in b and ¢ only the left hemisphere is shown. For the control
animal (@), arrowheads pointing to small regions still responsive to the deprived eye in the
ocular-dominance map have been superimposed on the iso-orientation maps. Iso-
amplitude lines in b and ¢ encompass regions of the same minimum signal strength in the
four orientation maps. The same lines are then superimposed on the ocular-dominance
(OD) maps on the far right. Scale bars, 1 mm; posterior pole is at the bottom.
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was only 63.0 = 17.4%. The difference between the two groups was
significant (P < 0.05, one-tailed ¢-test). For the contralateral hemi-
sphere, the relative orientation selectivity through the deprived eye
was also greater in the MDB group (86.6 = 6.9%) than in the MDS
group (78.1 = 18.9%) but the difference was not significant. The
animal with only transient strabismus (MDS4) showed the greatest
recovery of orientation selectivity of all MDS kittens.

Recovery of vision in the deprived eye was tested behaviourally in
three littermate pairs of kittens, all subsequently studied by optical
imaging. In three MDB kittens, vision through the previously
deprived eye recovered faster and attained higher acuity than in
three MDS kittens. The MDB kittens began to discriminate gratings
of the lowest spatial frequency within 1 or 2 days of the deprived
eye being reopened, compared with 3—5days for MDS animals
(Fig. 4). Acuity achieved after 3 weeks was, on average, twice as high
in the MDB group (5.44 * 1.1 cyclesdeg™ '; mean * s.d.) as in the
MDS group (2.63 = 0.13 cycles deg™'). This difference was highly
significant (P < 0.01, one-tailed #-test). At the same time, acuity in
the nondeprived eye did not differ between the two groups (MDB,
7.47 = 0.37 cyclesdeg™';  MDS,  7.03 = 0.36 cyclesdeg™ ;
P=0.11).

The strabismic animals studied behaviourally included MDS4,
whose eyes seemed to become realigned shortly after surgery.
Surprisingly, the recovery of acuity in the deprived eye was not
superior to that of the other MDS animals, although optical
recording revealed substantial re-expansion of the deprived eye’s
territory. Perhaps realignment of the visual axes was precise enough
to provide a correlated input to neurons with relatively large
receptive fields, sufficient to account for the optical imaging results,
but not to align the smallest receptive fields, which mediate maximal
behavioural acuity. The site of the deficit in visual acuity might also
be higher in the visual cortical pathway than V1, in agreement with
previous reports of reduced visual acuity despite relatively normal
neuronal responses in the striate cortex' "%,

Immediately after MD, input from the nondeprived eye domi-
nates the primary visual cortex. However, during a subsequent
period of binocular vision there is substantial recovery in the
deprived eye. We have now demonstrated that both behavioural
and physiological recovery are greatly reduced if the two eyes are
misaligned. These results strongly suggest that the correlation of
activity between the two eyes promotes recovery through the
deprived eye.
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Figure 4 Recovery of visual acuity in the previously deprived eye of three kittens with
binocular recovery (MDB, filled symbols) and three kittens with esotropic strabismus
(MDS, open symbols) after a period of MD. For littermate pairs of kittens the same type of
symbol is used. Grating acuity of the previously deprived eye, obtained with the jumping-
stand technique, is plotted against days since the termination of MD. The final acuities of
the nondeprived eyes are represented by arrows at the far right. Note that the low acuity
through the previously deprived eye cannot reflect a visual deficit associated with squint
(strabismic amblyopia), because the esotropia was induced in the nondeprived eye.
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If, after MD, the deprived eye is reopened and the other eye is
closed (reverse suture), input from the initially deprived eye to the
visual cortex recovers completely'” (although, interestingly, behav-
ioural recovery is delayed compared with that during simple
binocular vision'*). This implies that the absolute level of activity
from the initially nondeprived eye alone can drive recovery. The
partial recovery in our strabismic animals, compared with that in
control kittens examined immediately after MD, might have been
due simply to the restoration of activity from the deprived eye.
However, some correlated input, sufficient to drive binocular
associative mechanisms, might have remained. Surgical strabismus
reduces the mobility of the strabismic eye. Hence, during eye
movements, the two visual axes would become aligned occasionally,
producing correlation of the inputs. Such intermittent correlation
would be more frequent for smaller angles of squint. There was
indeed a highly significant inverse correlation between the angle of
squint and the degree of recovery of input from the deprived eye, as
judged by optical imaging, even with angles of deviation above 10°.
In fact, intermittent correlation could account for the 20—40% of
neurons that maintain binocular input in animals with surgically
induced strabismus alone®'.

At first glance, our findings seem to contradict those of Malach
and Van Sluyters'”, who reported that the degree of physiological
recovery from MD was similar in kittens with concordant binocular
visual input and in those with an induced strabismus in the
deprived eye. However, their animals showed only a small strabis-
mic deviation and therefore their greater recovery might, as we
suggest for MDS4 in our study, have depended on some degree of
correlation of input from the two eyes. Moreover, during the period
of MD, Malach and Van Sluyters'” kept their kittens in complete
darkness except for three short (2-h) exposures to light each day.
Hence, they were effectively dark-reared for 18 h per day, which
might have affected the plasticity of cortical neurons'.

The need for precise binocular alignment to promote the recov-
ery of input to cortical neurons could account for an otherwise
perplexing discrepancy between species. Reopening the deprived
eye after MD in monkeys causes little or no physiological recovery
unless the nondeprived eye is closed'’—a result that has been taken
as evidence for competition. However, the receptive fields in the
monkey’s foveal representation are so tiny that even a very small
misalignment of the visual axes (which frequently occurs after
MD'#72%) would be likely to compromise the correlation between
ocular inputs and hence to prevent recovery.

Our results, together with the effects of reverse suture, therefore
argue that both absolute levels of activity” and the degree of
correlation of input from the two eyes influence the binocularity
of neurons during the postnatal development of the visual cortex.
The balance of synaptic input from the two eyes might depend to a
large extent on the input from one eye acting as a ‘teacher’ in an
associative learning mechanism for synaptic modification. Many
aspects of our findings can be accounted for by the so-called BCM
theory of Bienenstock et al.”', which invokes a changeable ‘modi-
fication threshold’ that depends on integrated synaptic activity. This
theory also accounts for the results of many other rearing pro-
cedures including MD, reverse suture and dark-rearing'#**~**, [J

Methods

Animals

All experimental procedures were performed with the approval of the appropriate British,
Canadian and German government authorities. Ten kittens were raised normally until
about postnatal day 35 (P35). The left eye was then deprived by lid-suture for 10 d, after
which (at P45) it was reopened. For five of the kittens (MDB) the ensuing binocular visual
experience was presumably concordant because they had no obvious squint and the
projections of their visual axes, determined by direct ophthalmoscopy under paralysis
during the optical imaging experiments, were similar to those of normal animals. In the
other five animals, esotropia (convergent strabismus) was induced at the time of
reopening of the deprived eye by extirpation of the lateral rectus muscle of the other eye
(MDS). We chose to make the nondeprived eye strabismic, rather than the deprived eye, so
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that any tendency for the induced squint itself to cause a visual impairment (strabismic
amblyopia) in the deviating eye would actually reduce the likelihood of the nondeprived
eye’s continuing to dominate the cortex.

In six kittens (three MDB and three MDS), visual acuity in the previously deprived eye
was determined daily by the jumping-stand method®’. Kittens were trained to
discriminate between a vertical and a horizontal grating, the spatial frequency of which
was increased in accordance with an ascending method of limits. The nondeprived eye was
occluded when the previously deprived eye was tested. The visual acuity of the
nondeprived eye was also determined during and after the recovery period, either directly
or by measurement of the acuity with both eyes open®.

After at least 14 days of recovery, ocular dominance and orientation maps in the
primary visual cortex of all ten kittens were obtained by optical imaging of intrinsic
signals. For six kittens (three MDB, three MDS), both behavioural tests and optical
imaging experiments were performed.

Optical imaging and analysis
Anaesthesia was induced with an intramuscular injection of ketamine (20-40 mgkg ")
and xylazine (2—4 mgkg™"). Animals were intubated and artificially ventilated (50—60%
N,0, 40-50% O,, 0.9-1.2% halothane). Electrocardiogram, electroencephalogram, end-
tidal CO, and rectal temperature were monitored continuously. Optical imaging of
primary visual cortex was performed as described previously?”. Images were captured with
either a cooled slow-scan charge-coupled device camera or an enhanced differential
imaging system (ORA 2001 or Imager 2001; Optical Imaging Inc.), with the camera
focused ~500 pm below the cortical surface. Visual stimuli, produced by a stimulus
generator (VSG; Cambridge Research Systems), consisted of high-contrast, sinusoidally
modulated gratings (0.2—0.6 cycledeg ™) of four different orientations, drifting at a
temporal frequency of 2 Hz, presented to the two eyes separately in randomized sequence,
interleaved with trials in which the screen was blank. Single-condition responses (averages
of 32—96 trials per eye and orientation) were divided (1) by responses to the blank screen,
and (2) by the sum of responses to all four orientations (‘cocktail blank’)*® to obtain iso-
orientation maps. Signal amplitude was displayed on an eight-bit greyscale.

Ocular-dominance maps were obtained by dividing the sum of responses to all four
orientations through one eye by the similar sum of responses through the other eye.
Resulting maps were high-pass filtered (cutoff 1.3 mm). Within a region of interest that
comprised the visually responsive part of the images, excluding blood vessel artefacts,
pixels were assigned to the left and right eye, respectively, depending on whether their
value was greater or less than 1.

Orientation preference maps were calculated by vectorial addition of four iso-
orientation maps, and pseudo-colour coded. Orientation selectivity indices (OSIs) were
calculated for responses at each pixel as

V/(Ry — Rog)? + (Ras — Ryzs)?
Ro + Rys + Roo + Rizs
where Ry, Rys, Ry and Ry 35 represent the responses in each of the four iso-orientation

maps”®. OSI represents the magnitude of the orientation preference vector divided by the
sum of all responses; it is therefore normalized to values between 0 and 1.

OSI =

Electrophysiology

In one strabismic animal we determined quantitative orientation—direction tuning
curves for 11 single units, recorded with glass-insulated tungsten microelectrodes and
discriminated by their spike shapes (Brainware, Oxford, UK). All of these cells were
dominated by the previously deprived eye. Responses to drifting gratings (optimum
spatial and temporal frequency) of 16 different directions were averaged over five trials of
1.5 s duration. Smooth tuning curves were fitted to the data points on the basis of Fourier
analysis™’, and preferred orientation and half-width of tuning at half-height were
determined from these curves.
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