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ABSTRACT Models of synaptic plasticity in the nervous
system have conventionally assumed a mechanism in which
spike activity of a postsynaptic cell enhances the efficacy of
recently active presynaptic inputs. Making use of the prompt
and dramatic response of the visual cortex to occlusion of
vision in one eye during the critical period, we tested the role
of postsynaptic activity in ocular dominance plasticity. To do
so, we selectively blocked cortical cell discharges with a
continuous intracortical infusion of the inhibitory neurotrans-
mitter agonist muscimol during a period of monocular depri-
vation. This drug inhibits cortical cell discharges with no
apparent effect on the activity of their presynaptic geniculo-
cortical inputs. Recording from single cortical cells after they
had recovered from the muscimol-induced blockade, we found
a consistent shift in the responsiveness of the visual cortex in
favor of the less-active, closed eye, while the normal shift in
favor of the more-active, open eye was evident in regions not
affected by the treatment. Such an inhibition-coupled expres-
sion of plasticity in favor of the less-active, closed eye cannot
be explained by a nonspecific disruption of cortical function.
We interpret these results to indicate (i) that the postsynaptic
cell is crucially involved in plasticity of the visual cortex, (ii)
that the direction of cortical plasticity depends on postsynaptic
membrane conductance or polarization, and (iii) that plastic-
ity can occur in the absence of postsynaptic spike activity.

Synaptic plasticity is known to be widespread in both the
developing and the mature central nervous system. A hy-
pothesis about the mechanism of plasticity in development,
put forward by Hebb, is that spike activity in the postsynap-
tic cell enhances the efficacy of recently active inputs (1-6).
Hebb’s hypothesis has been used to explain many instances
of neural plasticity (7). This hypothesis stands in contrast to
one favoring a purely presynaptic mechanism, as was re-
ported for classical conditioning in Aplysia, in which re-
sponses of cells were facilitated even while their somata
were hyperpolarized by an intracellular microelectrode (8).
In the visual (9-14) and motor cortices (15), however,
several types of evidence favor an excitation-coupled
postsynaptic mechanism of plasticity.

Synaptic connections serving the two eyes to the visual
cortex are reorganized during normal development (16-18).
This reorganization is most dramatic when vision in one eye
is occluded during a critical period in early life (17-20): the
occluded eye loses its ability to drive most cortical cells,
which come to respond exclusively to the nonoccluded eye.
This phenomenon is called ocular dominance plasticity.

Previous experiments in which a region of visual cortex
was infused with tetrodotoxin during a period of monocular
deprivation demonstrated that activity at the level of the
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visual cortex is crucial for ocular dominance plasticity (10).
Because tetrodotoxin blocks pre- as well as postsynaptic
activities in the visual cortex, these experiments could not
answer the question as to which elements in the cortex must
be active for plasticity to occur. A logical approach to
answering this question is to block just the postsynaptic
elements involved in cortical synaptic plasticity. Because
the neurotransmitter(s) used by the geniculocortical affer-
ents are not known, we were unable to selectively block the
postsynaptic effects of geniculocortical transmission. In-
stead, we emulated the Aplysia experiments of Carew et al.
(8) and inhibited postsynaptic cortical neurons under circum-
stances in which, were these cells not inhibited, we would
have expected plasticity. Unlike the Aplysia studies, in
which inhibition was produced by an intracellular microelec-
trode, in the present experiments kitten cortical cells were
inhibited pharmacologically. If the postsynaptic spike activ-
ity were a crucial element of the mechanism underlying
ocular dominance plasticity, then we would expect that
selective blockade of this activity should prevent such
plasticity.

To block postsynaptic activity selectively, we used the
drug muscimol, an agonist of the inhibitory neurotransmitter
y-aminobutyric acid (GABA) that is selective for the GABA-
A receptor. GABA is the principal inhibitory neurotransmit-
ter in cerebral cortex (21, 22); GABA is found in all layers
(23) and powerfully inhibits all, or nearly all, neurons (24).
Although the inhibitory action of GABA is generally associ-
ated with a direct postsynaptic effect (25), GABA has also
been shown to have a presynaptic effect—namely, that of
reducing neurotransmitter release from presynaptic nerve
terminals (26-28). In all cases, however, this activity has
been shown to be mediated through the GABA-B receptor,
at which muscimol and other GABA agonists, such as
4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-3-ol and 3-
aminopropane sulfonic acid, are not, or are only minimally,
active (26-28). In addition, muscimol binding can always be
antagonized by bicuculline, a GABA antagonist active at the
GABA-A binding site, whereas the effects associated with
binding to the GABA-B receptor are completely or largely
bicuculline-insensitive (25-28). In the kitten visual cortex,
GABAergic inhibition is already present (29-31), and musci-
mol appears to bind only to GABA-A receptors (32, 33).

MATERIALS AND METHODS

We stereotaxically implanted a 33-gauge stainless steel can-
nula (0.d. 200 um) connected to a 0.5-ml/hr osmotic mini-
pump (Alza model 2002) containing 10 mM muscimol
(Sigma) in sterile saline into the right visual cortex of eight

Abbreviations: GABA, y-aminobutyric acid; CBI, contralateral bias
index.
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normal 27- to 32-day-old kittens. In preliminary experiments
the effects of muscimol were tested in six otherwise normal
cats and kittens; we measured the onset and time of activity
of the drug and the resulting areas of blockade. These
experiments showed cortical receptive fields and levels of
responsiveness to be normal after an appropriate drug wear-
ing-off period, whereas the blockade extended at least 2 mm
anterior to the cannula after 2 days of drug infusion. There-
fore we allowed 3 days of drug infusion for the blockade to
reach steady state before occluding vision in one eye for 5-7
days. Following an 8- to 11-day period of intracortical infu-
sion, including 5-7 days of monocular deprivation, the ani-
mals were prepared for single-unit recording using standard
techniques (10).

During the course of a 32- to 40-hr experiment, we made
microelectrode recordings in the following sequence: (i) We
determined the size of the area in which cortical cell dis-
charges were blocked by the muscimol infusion, (ii) we
disconnected the minipump to stop the infusion and allow
the cortex to recover its responsiveness, (iii) we made
recordings in unaffected control areas, and (iv) after the
recovery, we made recordings in the previously blocked
area. These recordings focused on the ocular dominance of
the cortical neurons, but orientation selectivity, degree of
habituation, and overall responsiveness were also noted.
These response properties were compared to those previ-
ously recorded (10) near identical cannulae in three addi-
tional control kittens that were infused with a buffered
vehicle solution.

A blind procedure was used for the latter half of the
experiments to ensure that the results were not biased by the
experimenter’s knowledge of the side of the eyelid closure.
Under this procedure, the eyelid suture and the first day’s
recording were done by the first experimenter, who altered
the appearance of the nondeprived eye in such a manner that
the second experimenter could not tell which eye had been
previously closed, delineated the region of blockade, made
recordings in unblocked control areas, and directed the
second experimenter to limit the second day’s recording to
the region of blockade. Results from control areas were not
disclosed to the second experimenter until after completion
of all recordings.

RESULTS

During the recording portion of the experiment, we first
assessed size of the cortical blockade in each animal by
making several vertical extracellular microelectrode pene-
trations at increasing distances from the cannula. The
blocked area was delineated by penetrations in which no
visually evoked activity could be recorded from cortical cells
within 2 mm of the pial surface; in most such penetrations,
only injury discharges, or no discharges at all, were re-
corded. The first signs of cortical responsiveness to visual
stimulation located a partially blocked area anterior to the
complete blockade. Recordings within both blocked and
partially blocked regions revealed no effect of the muscimol
treatment on the electrical activity of the geniculocortical
afferent terminals. Afferent discharges were indeed so vig-
orous and easily recorded that their locations reliably pre-
dicted the exact anatomical borders of layers IV and VI.
Subsequent examinations of Nissl-stained sections revealed
no anatomical abnormalities as a result of the muscimol
treatment except for physical damage at the site of the
cannula.

After assessment of size of the blocked area, the cannula
was disconnected from the minipump to allow the cortex to
recover its responsiveness. During this recovery period,
several more electrode penetrations were made in unaffected
anterior regions of the muscimol-treated side and/or the
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contralateral control hemisphere in order to assess the effect
of the monocular deprivation in control regions. This effect
was assessed by recording from single neurons and deter-
mining the relative strength of the two eyes’ inputs according
to the Hubel-Wiesel seven-point scale (34). The ocular
dominance histograms from the control areas are shown in
Fig. 1 c and d; Fig. 1c shows the expected shift in favor of
the open eye for an example (kitten 530), whereas Fig. 1d
shows a similar shift for the group data compiled from the
control regions of all eight experimental animals.

By 20-26 hr after discontinuing the muscimol infusion,
during which the animals remained anesthetized, neurons in
the previously blocked area had regained remarkably normal
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F1G. 1. Ocular dominance histograms (34) compiled from single-
unit responses in area 17. Monocular eyelid closures were done in
different animals, either ipsilateral or contralateral to the muscimol-
infused hemisphere. Results are plotted as if the eyelid sutured was
always ipsilateral to the treated hemisphere, and control recordings
were obtained from unaffected regions of that hemisphere. That is,
responses from single cells were plotted such that an ocular domi-
nance of 1 indicates a cell driven only by the open eye; ocular
dominance of 7 indicates a cell driven only by the closed eye; and
ocular dominance of 4 indicates a cell driven equally by the two
eyes. All animals received intracortical muscimol infusions for 8-10
days and were monocularly deprived for 5-7 days. The direction of
ocular dominance shift within the area blocked by the muscimol
infusion was the same in all animals tested and opposite to the
direction of shift in control areas outside the blockade. (a) Thir-
ty-eight visually responsive units recorded within the muscimol-
blocked area in kitten 530 (data also shown in Fig. 2c) reveal a shift
of the ocular dominance distribution in favor of the closed eye. (c)
Thirty visually responsive units recorded outside of the muscimol-
blocked area in kitten 530 (in this case, in the hemisphere contra-
lateral to the muscimol-infused hemisphere) show the normally
observed shift of the ocular dominance distribution in favor of the
open eye (18). (b) Two hundred fifty-eight visually responsive units
recorded in seven of the eight experimental kittens (excluding kitten
525 as the size of the blockade was not measured in this animal—see
Fig. 2b). (d) Two hundred and sixty visually responsive units recorded
in the eight experimental kittens in areas outside of the muscimol-
induced blockade (areas include contralateral control hemisphere as
well as unaffected areas anterior to the muscimol-induced blockades;
histogram includes cells recorded in the contralateral control hemi-
sphere of kitten 525, but not units recorded anterior to the presumably
blocked region on the muscimol infusion side).
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responses to visual stimulation. Only 5% of these neurons
displayed no selectivity for orientation, and an additional
16% were poorly selective or only biased for orientation.
The corresponding figures in the control animals were 2%
and 11%, respectively. Strong habituation was evident in
28% of neurons in the previously blocked area as compared
with 23% in control kittens. Visual responsiveness increased
over the course of these recordings, presumably as the
muscimol continued to diffuse out of the treated area. The
majority of these neurons displayed the same vigor of
responsiveness as is found in normal cortex.

Ocular dominance histograms were then compiled from
penetrations within the area that was previously completely
blocked. Fig. 1a, for the same example, and Fig. 1b, for the
group data compiled from seven animals (see figure legend),
show that the ocular dominance distribution shifted in favor
of the less-active, closed eye within the previously blocked
regions.

Surprised by these results from an initial group of four
animals, we repeated the experiment on another four kittens
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using a *‘blind”’ experimental procedure so that one of us did
not know which eye had been deprived. Fig. 2 illustrates the
shift in ocular dominance in relation to the area of the
blockade for each of the eight animals studied. Fig. 2¢ plots
results from the kitten whose ocular dominance histograms
are shown in Fig. 1 a and ¢. The ocular dominance distribu-
tion of the units encountered in each penetration was sum-
marized by a single number, the contralateral bias index
(CBI). Each point in the panels plots the difference between
the CBI value expected for a normal, untreated cortex and
the CBI value calculated for the penetration at the indicated
distance from the cannula. Ocular dominance shifts in favor
of the closed eye are plotted as negative numbers, whereas
shifts in favor of the open eye are plotted as positive
numbers. This figure shows that the results from the exper-
iments conducted according to the nonblind procedure (Lef?)
are virtually identical to the results obtained using the
modified, blind procedure (Right).

The results from each animal showed the same tendency:
a shift in favor of the closed eye close to the cannula, within
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the region previously blocked by muscimol, and an opposite
shift in favor of the open eye farther from the cannula, in
partially affected and unaffected control regions. The size of
the blocked area appeared to be related to the degree of shift
of ocular dominance. This relation is illustrated in Fig. 3,
which shows (g, ---) that the animals with the small areas of
blockade (<1.7 mm—Fig. 2 a and ¢) displayed the least bias
in ocular dominance in favor of the closed eye, while animals
with blockades exceeding 2.2 mm (Fig. 2 c, d, and f~h) show
considerable shifts in favor of the closed eye (correlation
coefficient, r = 0.674). We interpret the size of the blockade
to be related to the effective concentration of muscimol
present during the period of monocular deprivation and,
hence, to the degree of inhibition induced by the muscimol
treatment. Thus, this relation suggests that the more inhibited
the cortical neurons were during the period of monocular
deprivation, the stronger was the shift in favor of the closed
eye. The size of the muscimol-blocked area was also closely
related to the distance from the cannula at which the ocular
dominance shift reversed from favoring the closed eye to
favoring the open eye. This relationship is also shown in Fig.
3 (e, —) for the five animals (Fig. 2 a and e-h) in which
recordings were made just posterior and anterior to the
previously blocked areas. The correlation coefficient for this
relation is r = 0.989.

DISCUSSION

These results show that the postsynaptic neurons are cru-
cially involved in ocular dominance plasticity. This is evi-
dent from the fact that the identical geniculocortical input
activities, caused by monocular deprivation, can shift ocular
dominance to favor either the open or closed eye, depending
entirely on the state of the postsynaptic cortical neuron (that
is, either unaffected by muscimol and therefore depolariz-
able, producing a shift toward the open eye, or affected by
muscimol and therefore inhibited—probably shunted—pro-
ducing a shift toward the closed eye). The present findings do
not resolve whether the ocular dominance shift seen in favor
of the closed eye results, at a synaptic level, from a strength-
ening of that eye’s inputs to cortical cells at the expense of
inputs from the open eye or whether, instead, it is caused
solely by a weakening of the inputs from the open eye.
Therefore, it would be equally reasonable at this point to
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Fic. 3. Combined plot of the change in cumulative CBI (as
defined in legend for Fig. 2) in the seven animals in which the size of
the blockade was assessed before disconnecting the cannula (Fig. 2
a and c-h, O and --*) and of the zero intercepts (distance from the
cannula at which the ocular dominance shift reversed direction) in
the five animals in which both properties had been assessed (Fig. 2
a and e-h, ® and —), as a function of the size of the muscimol-
induced blockade of cortical neuron activity. The change in cumu-
lative CBI was calculated for each animal from the single-unit data
of all penetrations within formerly blocked cortex. Straight lines
determined by linear regression have a correlation coefficient of r =
0.674 (-+--) and of r = 0.989 (—).
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describe the findings as a shift in ocular dominance away
from the more active, open eye.

A potential problem with the interpretation that the state
of postsynaptic cortical neurons determines the direction of
plasticity would exist were muscimol to have a presynaptic
effect as well. While this possibility cannot be excluded
entirely, several lines of evidence suggest that this is not so.
First, our microelectrode recordings revealed no evidence of
a blocking effect on the electrical activity of the geniculate
afferents. Second, muscimol-binding studies (32, 33) demon-
strate binding in kitten visual cortex with a single binding
affinity and GABA-A pharmacology. Third, although bind-
ing of GABA to pre- and postsynaptic GABA-B receptors
has also been demonstrated (25-27), the effects of muscimol
binding to GABA-A receptors and GABA- or baclofen-
binding to GABA-B receptors clearly seem to operate
through different mechanisms (25-27, 36). Finally, if the
muscimol treatment, contrary to the available evidence,
were to have an effect on either presynaptic transmission or
neurotransmitter release, this effect would serve to obscure
the monocular deprivation effect and therefore counteract
the expression of plasticity. The plasticity observed in the
muscimol-treated kittens, however, is incompatible with a
muscimol effect on either presynaptic transmission or neu-
rotransmitter release. Thus, it is unlikely that muscimol
treatment of visual cortex affects the normal transmission of
and neurotransmitter release from presynaptic geniculocor-
tical afferent terminals. The plasticity in favor of the closed
eye strongly argues against nonspecific effects, which pre-
sumably would interfere with the mechanisms that allow
plasticity.

The interpretation that muscimol treatment alters ocular
dominance plasticity solely by its effects on postsynaptic
cortical cells is potentially complicated by the presence of
corticosubcortical feedback, which could modify the presyn-
aptic geniculocortical inputs to the treated area. Two obser-
vations indicate that such subcortical effects do not account
for the present results. First, we recorded from geniculocor-
tical afferents in the presence of muscimol and found them to
be normally responsive. Second, and more importantly,
activity in corticosubcortical pathways is identically blocked
by cortical infusions of muscimol and tetrodotoxin (10),
whereas the ocular dominance shifts that result from these
two manipulations are quite different.

The present results also suggest that the direction of
cortical plasticity is controlled by postsynaptic membrane
voltage or conductance. This suggests the following type of
‘“‘learning-rule’’ for ocular dominance plasticity: the connec-
tions between the more-active open eye inputs and strongly
inhibited postsynaptic cells are weakened relative to the
inputs from the less-active closed eye, while the reverse
happens when the postsynaptic cells are not inhibited com-
pletely. This learning rule suggests the presence of a thresh-
old membrane potential that determines the direction of an
ocular dominance shift. Further work will be required to
determine whether the hypothesized learning rule is part of
normal development.

A final conclusion from our results is that ocular domi-
nance plasticity can occur in the absence of postsynaptic
spike activity, suggesting that at least this form of plasticity
is controlled by a mechanism related to the state of the
postsynaptic conductance or membrane potential. The fact
that plasticity was maintained in the absence of postsynaptic
spike activity argues very strongly in favor of this interpre-
tation. The necessity of a substantial postsynaptic inhibition
for this form of plasticity—the ocular dominance shift in
favor of the closed eye—is supported by three observations.
(i) Recording in areas bordering the completely blocked
regions revealed shifts toward the open eye. This border area
was clearly affected by the muscimol treatment, and was
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nearly, though not completely, incapable of responding to
visual stimulation with action potentials. (i) Tetrodotoxin
infusion into cortex, presumably by blocking depolarization
only, merely prevents ocular dominance plasticity (10), but
does not produce a shift in favor of the closed eye. (iii) The
magnitude of the ocular dominance shift toward the closed
eye was smaller in the animals with smaller regions of
blockade (Fig. 2 a and e, and Fig. 3).

The first observation of the previous paragraph also sug-
gests that the normal ocular dominance shift-in favor of the
more-active, open eye—does not require postsynaptic spike
activity. In border regions, in which postsynaptic spike
activity was nearly, but not completely, eliminated during
the period of deprivation, this shift was nearly as strong as in
untreated cortex.

Surprising as plasticity in favor of the less-active, closed
eye may appear, it is known that the levels of several
biochemical markers are also relatively increased in territory
dominated by less-active inputs. Hendry and Kennedy (37)
have reported cytochemical evidence for increases in the
level of type I Ca?* /calmodulin-dependent protein kinase
in neurons in deprived eye columns in monocularly enucleat-
ed or deprived monkeys. Graybiel and Ragsdale (38) have
found that butyryl- and acetylcholinesterase levels are also
higher in regions of visual cortex deprived of input by
unilateral enucleation. In culture systems as well, reductions
in electrical activity may increase the expression of some
neurotransmitter systems (39).

On the evidence presented here, we hypothesize that
ocular dominance plasticity is regulated by a combination of
excitation- and inhibition-coupled mechanisms that crucially
involve the state of conductance of the postsynaptic cortical
cells. Therefore, these data provide direct evidence in sup-
port of the part of Hebb’s postsynaptic model that suggests
a crucial role for the postsynaptic element. Because plastic-
ity in favor of the closed eye clearly occurs in the absence of
postsynaptic spike activity, and the excitation-coupled plas-
ticity in favor of the open eye can occur in regions in which
postsynaptic spike activity is profoundly attenuated, we
suggest that, contrary to Hebb’s postulate, local responses
rather than action potentials govern cortical plasticity.
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