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Abstract

The primate somatosensory system provides an excellent model system with which to investigate
adult neural plasticity. We have previously shown that transection of the median and ulnar nerves
is followed by an expansion in the representation of radial nerve skin, and that this plasticity
proceeds in stages. Immediately following nerve injury, new receptive fields are “unmasked” in a
fraction of the affected cortex. The remaining deprived cortex regains responsiveness to tactile
stimulation over the following days to weeks. Given these progressive changes, it has been
suggested that different mechanisms might account for the earlier and later phases of
reorganization. In the present experiments, we have quantified receptor autoradiographic binding
data for GABAp and GABAg, AMPA, and NMDA receptors in the primary somatosensory
cortices of adult squirrel monkeys at four post-nerve injury survival durations: immediately (1-3
hr), 3-days, 1-month, and 2-months. We find dramatic reductions in GABAp binding in layer IV
within hours following nerve injury, and this reduction is maintained across all survival durations.
This finding is consistent with the idea that the earliest reorganizational changes are due to a
relaxation in tonic inhibitory mechanisms permitting the expression of formerly subthreshold
receptive fields. GABAGRg receptor binding is decreased in layer IV by 1 month after nerve injury,
while binding for AMPA receptors is increased in layer 1V by this time. These findings are
consistent with our previous suggestion that the second stage of reorganization proceeds via
mechanisms comparable to those revealed to account for NMDA-dependent long-term
potentiation in the hippocampus.

Indexing terms

AMPA receptors; NMDA receptors; GABAA, receptors; GABAg receptors; hippocampal LTP;
homeostatic plasticity

Introduction

Over the last 25-30 years, the idea that the mature brain can alter its functional organization
in response to changes in experience has gained broad acceptance. Throughout much of this
period, the somatosensory system of primates has provided a useful model for workers in a
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number of laboratories, including our own (e.g., Merzenich et al., 1983a, b; Florence et al.,
Florence et al., 1998, 2000; Kaas et al., 1999; Pons et al., 1991; Xu and Wall, 1997, 1999;
Garraghty et al., 1994, Churchill et al., 1998, 2001; Schroeder et al., 1997). One commonly
employed procedure involves a partial deafferentation of the hand by transecting one or
more of the nerves providing its innervation (Merzenich et al., 1983a, Garraghty and Kaas,
1991; Garraghty et al., 1994), followed by electrophysiological mapping of central
somatotopic representations with the goal of determining the fate of the deprived cortex. The
early, pioneering experiments of Merzenich, Kaas, and colleagues (1983) showed that
transection of the median nerve, deafferenting the thumb side of the volar surface of the
hand, was followed by a reorganization of the cortical map in which the deprived cortex
regained responsiveness to tactile stimulation of adjacent skin surfaces on the hand with
intact innervation. Moreover, this reorganization was shown to proceed in no fewer than two
stages, an immediate, unmasking stage in which neurons in deprived cortex expressed new
receptive fields directly after the nerve transection, and a more protracted second stage in
which neurons throughout the remaining deprived cortex regained responsiveness to tactile
stimulation over the ensuing days to weeks. We have shown that this latter stage of
reorganization is prevented if N-methyl-D-Aspartate (NMDA) glutamatergic receptors are
blocked (Garraghty & Muja, 1996). The unmasking phase of reorganization, on the other
hand, transpires whether NMDA receptors are blocked, or not (Myers et al., 2000). The
immediate plasticity is assumed to reflect an unmasking of suppressed inputs due to a
relaxation in afferent-driven inhibition, and we have reported reductions in GABA receptor
binding in layer 1V of deprived area 3b cortex within hours of nerve transection (Wellman et
al., 2002), a finding that is consistent with a down-regulation of inhibition. In the present
experiments, we have extended our observations of GABA receptors to longer post-
transection survival times, and we have measured binding for the two major classes of
glutamate receptors as well.

Materials and Methods

The median and ulnar nerves were transected in thirteen adult squirrel monkeys (Saimiri
sciureus). Monkeys were anesthetized with a mixture of ketamine hydrochloride (30 mg/kg)
and xylazine (4 mg/kg), with supplemental doses given as necessary to maintain stage I,
plane 2 level of anesthesia. A longitudinal incision was made through the skin of the ventral
forearm under aseptic conditions. Using a dissection microscope, the median and ulnar
nerves were located by blunt dissection, separated from the surrounding tissue, and
transected about midway between the elbow and wrist. The epineural sheath of the proximal
stump was peeled back 0.5-1.0 cm, and the exposed nerve was avulsed. The empty
epineural sheath was then reextended, folded back on itself and ligated.

Following post-transection survival durations of 2-5 hours (n=3), 3 days (n=3), 1 month
(n=4) or 2 months (n=3), the nerve-transected animals and 6 unoperated controls were
deeply anesthetized with either ketamine/xylazine or sodium pentobarbitol and decapitated.
Brains were rapidly removed and somatosensory cortex was dissected, frozen in dry ice, and
stored at —70°C until sectioning. For each animal, 16 coronal sections through
somatosensory cortex were cut at 14 um on a cryostat and thaw-mounted on chrome-alum
gelatin-coated slides. GABA, receptors were labeled with [H]muscimol using a procedure
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similar to that of Xia and Haddad (1992). Sections were rinsed 30 min at room temperature
in 50 mM Tris/Citrate (pH 7.0). To assess total binding, sections were incubated 45 min at
4°C in 50 mM Tris/Citrate (pH 7.0) plus 50 nM [3H]muscimol (17.5 Ci/mmol; NEN,
Boston, MA); nonspecific binding was assessed by incubation with the tritiated ligand plus
100 uM unlabeled GABA (RBI, Natick, MA). After five 2-sec rinses in ice-cold 50 mM
Tris/Citrate (pH 7.0), sections were dipped once in ice-cold dH,0.

To label GABAGR receptors, slide-mounted sections were incubated for 30 min. at room
temperature in 50 mM Tris-HCI, pH 7.4, containing 2.5 mM CaCl, and 50 nM [3H]GABA
(93.2 Ci/mmol; NEN, Boston, MA). To block binding of GABA to GABAA receptors, 40
UM unlabeled isoguvacine (RBI, Natick, MA) was added to this buffer. Adjacent sections
were incubated with the tritiated ligand, unlabeled isoguvacine, and 200 M unlabeled
GABA (RBI, Natick, MA) to assess nonspecific binding (Pratt & Bowery, 1993). Sections
were rinsed 3 times (3 sec each) in 50 mM Tris-HCI, pH 7.4 and then dipped once in dH,0.

NMDA receptor binding was assessed using a procedure similar to that of Johnson et al.
(1994). Sections were incubated at room temperature with 10 nM [3H]MK-801 to assess
total binding; anatomically adjacent sections were incubated with the tritiated ligand plus
200 puM unlabeled ketamine to assess nonspecific binding. Following 2 rinses (10 min each)
in ice-cold buffer, sections were dipped once in ice-cold acetone:glutaraldehyde solution
(2.5% v:v).

To assess potential changes in AMPA receptor binding, sections were labeled with [3H]a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), using a procedure similar to
those of Olsen et al. (1987) and Tocco et al. (19923, b). Slides were rinsed 30 min at 35°C in
100 mM Tris-Acetate (pH 7.2—7.4) containing 100 mM potassium thiocyanate and 100 uM
EGTA before incubation 45 min at 4°C in this buffer plus 34 nM [BH]JAMPA (53.0 Ci/
mmol). Nonspecific binding was assessed by competing the tritiated ligand against 250 uM
quisqualate. After incubation, all slides were rinsed twice (10 sec) in ice-cold buffer,
followed by one 5-sec rinse in ice-cold buffer diluted 1:1 with dH,0O. Slides were then
dipped once in ice-cold dH,0, and dried in a stream of warm air.

All sections were then dried in a stream of warm air, fixed in paraformaldehyde vapors, then
placed in autoradiographic cassettes (Hypercassettes; Amersham), opposed to film (3H
Hyperfilm; Amersham) along with standardized autoradiographic microscales (Amersham),
and stored at 4°C for either four (for [3H]muscimol, GABA, or MK-801 binding) or two
weeks (for [3HJAMPA binding). The films were then developed (Kodak D-19), fixed
(Kodak Fixer), and air dried. Slides were stained with cresylecht violet or thionin.

Density of receptor binding in somatosensory cortex was quantified using a computer-based
image analysis system (MCID; Imaging Research Inc., St. Catharines, Ontario). Histological
slides and corresponding autoradiograms were placed on a light box (Imaging Research,
Inc.), digitized, and aligned. Regions of interest were then defined on the histological
sections and samples taken from the corresponding areas of the autoradiograms. For each
animal, average optical density was measured in layers l1-I11, IV, and V-VI (identified with
standard morphological criteria of neuronal cell type and packing density) of the hand and
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hindlimb representations in area 3b of somatosensory cortex (Sur et al., 1982) in each
section (e.g., see Fig. 1A). Samples from the hand representation were taken immediately
lateral to the central sulcus and extending no more than 1.5 mm laterally, based on previous
electrophysiological data (e.g., Garraghty & Kaas, 1991; Garraghty & Muja, 1996; Churchill
et al., 1998; Myers et al., 2000), while samples from the hindlimb representation were taken
immediately medial to the central sulcus and extending no more than 1.5 mm medially.
Measures were standardized against autoradiographic microscales (Amersham) included on
each film and expressed in fmol/mg wet tissue weight. Specific binding was calculated by
subtracting nonspecific from total binding for each pair of sections, and average specific
binding in hand and hindlimb representations was computed for each animal. Finally, to
control for differences in overall amounts of binding across animals, the ratio of binding in
the hand representation to binding in the hindlimb representation was computed for each
animal. Ratios in somatosensory cortex contralateral to the nerve transections were
compared to ratios averaged across the two hemispheres of the control monkeys, and from
the intact hemisphere of nerve-injured animals.

For presentation purposes, digital light micrographs of histological sections were obtained
using an Olympus SZ60 stereozoom microscope and a Kodak MDS290 digital camera.
Contrast and brightness of digital images were adjusted in Adobe Photoshop CS. For
statistical comparisons, we employed the Mann-Whitney U test (Daniel, 1978). Data from
animals surviving nerve transections for 3 days or less were compared to controls.
Generally, data from animals that survived the nerve transections for 1-2 months were
compared to the corresponding data from the 3-day survival animals.

GABA Receptors

Figure 1 presents counter-stained coronal sections (Figs. 1A and C), and corresponding
digitized autoradiograms of GABA, (Fig. 1B) and GABAg (Fig. 1D) receptor binding in
area 3b of an intact control monkey. Samples from the hand representation were taken
immediately lateral to the central sulcus (C) and extending no more that 1.5 mm laterally
(demarcated by the dark arrows in Figs. 1 A and C; see Sur et a., 1982). Samples from the
hindlimb representation were taken medial to the central sulcus (demarcated by the white
arrows in Figs. 1A and C.). Consistent with previous reports involving macaque monkeys
(Rakic et al., 1988; Shaw et al., 1991), both GABA, (Fig. 1B) and GABAg (Fig. 1D)
receptor binding were highest in superficial layers of area 3b. Also consistent with
previously reported data (Shaw et al., 1991), our data show that GABAg receptor binding is
substantially lower than GABA receptor binding across all cortical layers.

GABA, receptors—Figure 2A presents GABA receptor binding data. Graphed values
are percentage changes in GABA, binding in the cortex deprived of its normal, dominant
activating inputs by nerve transection. For the superficial layers of cortex, there were no
significant changes in GABAp binding at any of the post-injury time points. For layer 1V,
on the other hand, there was a 12.5% reduction in GABA, receptor binding early after nerve
injury. This reduction is statistically significant (U= 31, p<.01; cf, Wellman et al., 2002).
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With longer survival durations, the average reduction was, at 9.8%, not significantly
different from that found at 3 days (U=12, p>.10). For the lower layers of area 3b, there was
no change in GABAA receptor binding over the first 3 days following nerve injury. A small,
marginally significant decline in binding ensued over the following 1-2 months (U=4, .
05<p<.10).

GABAg receptors—Figure 2B presents comparable data for GABARg receptors. As for the
GABA receptors, no changes were detected in GABAg binding in the upper cortical layers
at any of the survival durations studied. GABAg binding in layer 1V 0-3 days after nerve
injury was 5.7 % lower in deprived cortex, relative to controls, but this small difference is
most likely due to chance (U=51, p>.10). Following 1-2 months post-injury survival
durations, binding levels in deprived cortex were 14.3% lower than controls, reflecting a
small, but statistically significant decline in binding level relative to that seen at 3 days
(U=1, p<.05). In the infragranular layers, GABARg binding was found to be 8.1% lower in
deprived cortex 0-3 days after nerve injury, relative to controls, but this difference was also
most likely due to chance (U=50, p>.10). Interestingly, in this one instance, we detected a
systematic difference in binding levels in deprived cortex between animals sacrificed on the
day of nerve transection and those that survived for 3 days. There was a 21.5% decline in
GABAg binding by the third day, a significant decrease relative to the animals that were
sacrificed within hours of nerve transection (U=1.5, p<.05). With longer survivals, GABAg
receptor binding had declined by 26.5% relative to controls. This was not a significant
additional decline in binding relative to that seen at 3 days, but it is significantly different
from controls (U=11, p<.025), and from the binding levels found hours after nerve
transection (U=2, p<.025).

Glutamate Receptors

Figure 3 presents counter-stained coronal sections (Figs. 3A and C) together with
corresponding digitized autoradiograms of AMPA (Fig. 1B) and NMDA (Fig. 1D) receptor
binding in area 3b of an intact control monkey. Our data show that the laminar distribution
of binding to both NMDA and AMPA receptors is comparable to that previously
documented in both primary sensory and motor cortices of Old World macaques, with the
highest density of binding occurring in the superficial layers (Geyer et al., 1998; Young et
al., 1990).

AMPA receptors—Figure 4A presents AMPA receptor binding data. For the superficial
layers of cortex, AMPA receptor binding levels in deprived cortex 0-3 days after nerve
injury were virtually identical to controls. In animals that survived nerve injury for 1-2
months, AMPA binding levels were 10.4% higher in deprived cortex than in controls, but
this was not a statistically reliable change from the AMPA binding levels at 3 days after
nerve injury (U=6, p>.10). In layer 1V, as for the superficial cortical layers, there was
essentially no change in AMPA binding levels over the first few days after nerve
transection. At the longer survival durations, however, AMPA receptor binding in the
deprived cortex was found to be increased by 15.0% relative to normal, and this was a
significant increase over the binding levels measured 3 days after nerve transection (U=2,
p<.025). For the infragranular layers, there was again no difference in AMPA receptor
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binding 0-3 days after nerve transection relative to controls. With the longer survivals,
bindings levels were 15.1% higher than controls, and marginally different from the levels
measured 3 days after nerve transection (U=4, .05<p<.10).

NMDA receptors—Figure 4b presents NMDA receptor binding data. The only notable
departure from control binding levels was for the superficial layers in animals surviving
nerve transection 1-2 months. This 8.5% difference is not significantly different from that
measured 3 days after nerve injury (U=5, p>.10).

Discussion

We report receptor autoradiographic binding data for GABAA, GABAR, AMPA, and
NMDA receptors in cortex that has been deprived of it normal activating inputs via
peripheral nerve transection in comparison to binding data from intact cortex. The main
findings are: 1) there is a reduction in GABAA receptor binding in layer 1V of cortex within
hours of nerve transection, and this reduced binding in layer IV is maintained to at least 2-
months after nerve injury. 2) There was a reduction in GABAg receptor binding in layer IV
by 1 month after nerve transection. 3) In infragranular layers of cortex, GABARg binding had
declined significantly by the third post-transection day, and remained reduced with longer
survival durations. 4) AMPA receptor binding in layer 1V was found to be significantly
increased by 1 month after nerve transection. 5) The binding patterns for these particular
receptors in squirrel monkey cortex are qualitatively consistent with comparable data
reported previously by others for macaque cortex (e.g., Rakic et al., 1988; Young et al.,
1990; Shaw et al., 1991; Geyer et al., 1998). Presumably these similarities reflect conserved
features shared by a common ancestor of modern-day Old and New World primates.

GABA Receptors

GABA receptors in layer IV—We have previously reported that GABA receptor
binding in layer IV is significantly reduced within hours of nerve transection (Wellman et
al., 2002). We can now add that this early reduction in GABA, receptor binding in layer 1V
persists for at least 2 months. We can also add that GABAg receptor binding in layer 1V is
reduced by one month after nerve injury. As has been demonstrated by a number of
investigators (e.g., Merzenich et al., 1983; Cusick et al., 1990; Calford and Tweedale, 1991),
the topographic reorganization that follows peripheral nerve injury proceeds in two phases.
The first, classically referred to as unmasking (Merzenich et al., 1983), is detectable
immediately after nerve transection. Merzenich et al (1983) suggested that these
“immediately unmasked inputs must be present, but almost completely suppressed in the
normal case.” Evidence for this follows from several findings. First, Merzenich and
colleagues (1983) reported that most of the unmasked receptive fields were on dorsal
surfaces of digits (innervated by the radial nerve) whose glabrous surfaces had been
deafferented by the median nerve transection, as if the representation of the dorsum skin had
preferential access to cortical areas where corresponding glabrous surfaces were normally
represented. We provided additional circumstantial support for this idea by combining radial
nerve transection with transection of either the median or ulnar nerve (Garraghty et al.,
1994). We found that complete or incomplete reorganization could be predicted by a model
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of dominant and latent representations of the median, ulnar, and radial nerves in cortex.
Subsequently, suprathreshold electrical stimulation of peripheral nerves was used to show
that the radial nerve normally activates neurons in “median nerve cortex,” whereas the ulnar
nerve does not (Schroeder et al., 1995), and that these “latent” inputs progressively grow in
amplitude and shorten in latency after the median nerve is transected (Schroeder et al.,
1997). Another line of research began with the demonstration that the receptive field sizes of
many neurons in cat somatosensory cortex expanded when the noncompetitive GABAp
antagonist picrotoxin was applied to cortex (Batuev et al., 1982). Shortly thereafter Hicks
and Dykes (1983) found the same was true for the competitive GABA, antagonist biculline.
These findings were subsequently replicated in primate somatosensory cortex by Alloway
and Burton (1991) using bicuculline. Thus, it appears most likely that a relaxation in tonic
inhibitory mechanisms could well account for the immediate unmasking that follows
peripheral nerve injury.

The fact remains, however, that the bulk of cortex deprived of its normal activating inputs
after nerve injury is not responsive to tactile stimulation immediately. Thus, a release from
tonic inhibition, while perhaps necessary, is not apparently sufficient for the second phase of
reorganization. Certainly, if the reduced binding for GABA receptors shortly after nerve
injury reflects a relaxation in inhibitory circuits that permits the expression of the unmasked
receptive fields, one would imagine that their maintained expression at longer survival
intervals might similarly be due to a release from inhibition. The second stage of
reorganization, on the other hand, would seem to require other mechanisms. We have shown
previously that functional NMDA receptors are necessary for the second phase of
reorganization (Garraghty and Muja, 1996), but not for the immediate unmasking (Myers et
al., 2000). Others (Juliano et al., 1991; Webster et al., 1991; Avendafio et al., 1995) have
demonstrated a role for acetylcholine in long-term cortical plasticity. From the perspective
of the involvement of NMDA receptors, normal cholinergic function along with reductions
in intracortical inhibition could well collaborate to permit the NMDA receptor-dependent
plasticity to proceed. Thus, if the maintained decrease in GABAp receptor binding in layer
IV across the survival durations tested in the present experiments does reflect reductions in
intracortical inhibition, cortical neurons might well be slightly depolarized, enabling NMDA
receptors.

GABAg receptors in layer IV—The additional decline in GABAg receptor binding in
layer 1V might also play a role in the cortical plasticity, as GABAg blockers have also been
shown to produce increases in receptive field sizes of neurons in intact raccoon
somatosensory cortex (Chowdhury and Rasmusson, 2002a), and in raccoon somatosensory
cortex undergoing reorganization after digit amputation (Chowdhury and Rasmusson,
2002b). The potential role of the reduction in GABAg receptor binding in somatotopic
reorganization after nerve injury remains less clear, however, as this receptor subtype is
present both pre- and postsynaptically.

Activation of presynaptic GABARg receptors decreases neurotransmitter release by impeding
Ca?* conductance (see Cooper et al., 2003). GABAg receptors on the terminals of

thalamocortical axons have been shown to modulate activity in mouse somatosensory cortex
(Porter and Nieves, 2004). If thalamocortical axons in primates also have GABAg receptors,
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a reduction in this pool of GABAg receptors would presumably result in an increase in
glutamate release. Such an increase would be expected to affect terminations on both
excitatory and inhibitory neurons in cortex (Porter and Nieves, 2004), however, so it is not
immediately clear exactly how topographic plasticity would be promoted. Moreover, one
would more readily imagine that if there were changes in thalamocortical glutamate release
in deprived cortex, it would be a decrease and not an increase. Indeed, in visual cortex,
silencing activity in one eye of adult monkeys has been shown to result in decreases in
immunostaining for GAD (the synthesizing enzyme for GABA, glutamic acid
decarboxylase), GABA (Hendry and Jones, 1988), and GABAA receptors (Hendry et al.,
1990, 1994) in deprived cortex. Such reductions would certainly not be expected to follow
an increase in thalamocortical glutamate release. Similarly, we have shown comparable
reductions in immunostaining for GABA in primate somatosensory cortex after nerve injury
(Garraghty et al., 1991), and report reductions in GABA, receptor in autoradiographic
labeling of GABA receptors in the present results and ones reported previously (Wellman
et al., 2002). Welker and colleagues (1989) have also reported reductions in GAD staining in
adult mouse cortex following whisker ablations. Thus, it seems relatively improbable that
the reductions in GABAg receptor binding in layer IV reported here involve presynaptic
receptors on thalamocortical terminals.

GABAg receptors could also be located presynaptically on local circuit neurons in layer 1V.
If so, one would expect increased transmitter release at their terminations. If intracortical
presynaptic GABAg receptors are reflected in the decreased binding we report here, the
effect would seemingly not include autoreceptors on GABAergic local circuit neurons, as
this would presumably result in an increase in GABA release, an outcome that is
incompatible with the overall reduction in GABA in the cortex reported previously
(Garraghty et al., 1991). Moreover, while GABAg autoreceptors have been shown to
contribute to NMDA-dependent LTP (e.g., Davies et al., 1991), this contribution involves
their activation, resulting in reduced GABA release, and consequently, a reduction in
postsynaptic GABA receptor-mediated inhibition, enabling NMDA receptors. This
scenario is certainly not consistent with a reduction in binding for GABAg autoreceptors,
and would require an increase, and not a decrease (Garraghty et al., 1991) in GABA.

Alternatively, the reduced layer IV binding reported here could involve GABARg receptors
on the terminals of intracortical glutamatergic neurons. One could posit that excitatory layer
IV intracortical connections (e.g., Cowan and Stricker, 2004) might convey inputs from
neurons outside of the deprived region of cortex, thereby permitting the transmission of new
receptive fields. Indeed, others (e.g, Darien-Smith and Gilbert, 1995; Florence et al., 1998)
have suggested a prominent role for lateral intracortical connections in plasticity in adult
primate cortex. We cannot rule out the possibility that lateral connections contribute to
somatosensory cortical plasticity after peripheral nerve injury. We can note, however, that
the latency of the reorganized cortical response to radial nerve stimulation after median
nerve transection is not detectably different from the median nerve’s activation latency in
intact cortex (Schroeder et al., 1997), suggesting that the new receptive fields are not being
delivered indirectly. We can also note that the intracortical changes reported by Darian-
Smith and Gilbert (1994) were predominantly supragranular, whereas the changes in
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GABAGg receptor binding detected in the present experiments were confined to granular and
infragranular layers.

Finally, the affected pool of GABAg receptors could be located postsynaptically. GABAg
receptors are metabotropic, and their postsynaptic inhibitory effects are due to second
messenger-mediated phosphorylation of K* channels. The resulting inhibitory postsynaptic
potential is, thus, delayed relative to the faster chloride-mediated effects of the ionotropic
GABA receptors (see Cooper et al., 2003). This temporal difference has led to the
suggestion that the delayed inhibition arising from GABAGRg receptor activation would be
more effective in blocking excitation mediated by NMDA receptors than that due to AMPA
receptor activation (Mott et al., 1999). More recently, Otmakhova and Lisman (2004) have
reported that antagonists of GABARg receptors block the afterhyperpolarization recorded in
hippocampal CA1 neurons when the perforant path is stimulated. They suggest that the
GABAg receptor-mediated afterhyperpolarization acts as a “brake” on the NMDA response
in the CA1 neurons. They also note that the perforant path inputs terminate on distal
dendrites in stratum lacunosum-moleculare, and Miyashita and Kubo (1997) have shown
that this layer has much higher levels of immunoreactivity for the GABAg-receptor
associated protein GIRK1 than the more proximal stratum radiatum. Subsequently, Kulik et
al. (2003) showed that GABAGR receptors in stratum lacunosum-moleculare are
predominantly postsynaptic, and located in spines very close to excitatory synapses. This
spatial arrangement suggests a special role for GABAg inhibition at the distally-located
excitatory perforant path terminations in stratum lacunosum-moleculare. We find a
reduction in GABAg receptor binding in layer 1V within a month after nerve injury. This
time-frame overlaps with the second phase of reorganization that we have shown to be
NMDA receptor-dependent (Garraghty & Muja, 1996). Interestingly, we have also shown
that progressive changes in the dendritic arbors of neurons in reorganized somatosensory
cortex are confined to more distal portions of the arbors (Churchill et al., 2004), and we
hypothesize that the latent inputs that gain expression during reorganization terminate
distally. In any event, the changes in GABAg binding in layer 1V of somatosensory cortex
after nerve injury correlates temporally with the second, NMDA receptor-dependent phase
of reorganization. We suggest that the reduced binding for GABARg receptors in layer IV
reported here more likely reflects changes in postsynaptic rather than presynaptic receptors.

GABA receptors in infragranular layers—We also find some changes in GABA
receptors in infragranular layers of cortex. A marginally significant reduction in GABAp
receptor binding emerges with 1-2 month post-transection survival durations. A more
substantial effect is found for GABAg receptors where binding levels are significantly
reduced by 3 days after nerve injury, with this reduction persisting over the longer survival
durations. Indeed, the reduced binding levels for GABAg receptors in the infragranular
layers was the largest change we detected at any level of cortex for any of the receptors we
examined. Both pre- and postsynaptic GABAg receptors almost certainly exist in the
infragranular layers, and all of the issues discussed briefly above regarding layer IV are
potentially relevant. The fundamental difference is that infragranular neurons are
presumably expressing receptive fields that are conveyed to them via vertically oriented
functional cortical columns. As such, one could imagine that there would be no need for
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modulations in synaptic connections. We can only speculate that changes in the deeper
layers of cortex might play some role in descending modulation of somatosensory nuclei in
brainstem and thalamus. Both the cuneate nucleus and the ventroposterior lateral nucleus
undergo reorganization after peripheral nerve injury in adult monkeys (e.g., Garraghty &
Kaas, 1991; Xu and Wall, 1997; Churchill et al., 2001), and both have been shown to be
sensitive to corticofugal influences (e.g., Ergenzinger et al., 1998; Wang and Wall, 2005).

Glutamate Receptors

AMPA receptors—We find no changes in the levels of AMPA receptor binding early
after nerve injury. With longer survival durations, however, there is a significant increase in
AMPA receptor binding in layer 1V and a marginally significant increase in infragranular
layers. As mentioned above regarding the decline in binding for GABARg receptors in layer
IV, this increase in AMPA receptor binding coincides temporally with the second, NMDA
receptor-dependent phase of reorganization (Garraghty and Muja, 1996).

In 1973, Bliss and Lomg reported in their now-classic study that repeated, intense
stimulation of the perforant pathway led to a sustained increase in synaptic efficacy at its
connections with cells in the dentate gyrus (see also, Bliss and Gardner-Medwin, 1973).
Other investigators extended this finding to other synapses in the hippocampus proper (e.g.,
Schwartzkroin and Wester, 1975; Alger and Teyler, 1976), including those of Schaffer
collaterals with cells in CA1. Following these early demonstrations, attention turned to
identifying the cellular and molecular mechanisms responsible for the plasticity. At the
neuronal receptor level, Collingridge and colleagues (1983) demonstrated that the blockade
of NMDA receptors with APV prevented the induction of the long-term potentiation (LTP).
Once LTP had been induced, however, blockade of NMDA receptors had no effect on the
potentiated response. Thus, NMDA receptors were shown to be necessary for the induction
of LTP but not for its maintenance. Similarly, NMDA receptors are necessary for the second
phase of nerve injury-induced reorganization in adult primate cortex (Garraghty and Muja,
1996), but not for its maintenance (Myers et al., 2000; see also, Garraghty et al., 1998).
Because the maintenance of LTP was shown not to be NMDA receptor-dependent, attention
turned to other mechanisms. A body of evidence developed implicating changes in
postsynaptic AMPA receptors. One of the possible changes in this class of receptors that
could support an increase in synaptic efficacy was an increase in the number of AMPA
receptors, a possibility that has been confirmed (e.g., Tocco et al., 1992b; Maren et al.,
1993). Indeed, these observations served to open the floodgates in the study of AMPA
receptor trafficking (for recent reviews, see Song and Huganir, 2002; Malinow and Malenka,
2002; Ju et al., 2004; Collingridge et al., 2004). Increased binding for AMPA receptors,
thus, is yet another parallel between nerve injury-induced reorganization in primate
somatosensory cortex and NMDA-dependent LTP in the hippocampus.

NMDA receptors—We find no net changes in NMDA receptor binding in primary
somatosensory cortex at any time point tested in the present study. Interestingly, there has
been a report of increased NMDA receptor binding in the CA1 region of adult rat
hippocampus after induction of LTP (Grosshans et al., 2002), so we could conceivably have
found changes in that subclass of glutamate receptors as well. In rat hippocampus, the
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finding could well relate to developmental changes in AMPA receptor levels (Petralia et al.,
1999; see below).

How do Nerve Injury-Induced Cortical Plasticity and Hippocampal LTP Differ?

We have shown three parallels between adult primate cortical somatosensory plasticity and
NMDA-dependent LTP in the hippocampus. Both require normally functioning NMDA
receptors for induction. Neither requires normal NMDA function for their maintenance.
Both result in an increase in AMPA receptor binding. Important differences between these
forms of plasticity exist, however. As we have noted previously, hippocampal LTP is
induced with a specific pattern of repetitive stimulation. There is absolutely no reason to
believe that peripheral nerve transection would be followed by any change in the pattern of
activity in the remaining nerve(s). Rather, it would seem more likely that relatively low
levels of activation are able to utilize NMDA receptor-dependent processes to effect
somatosensory cortical plasticity. Second, hippocampal LTP can be induced within seconds,
whereas the second, NMDA receptor-dependent phase of somatosensory cortical plasticity
proceeds over days to weeks (e.g., Merzenich et al., 1983). These differing time-courses
clearly suggest the existence of important mechanistic differences, perhaps ones that would
be of relevance to the distinction in the memory literature between consolidation and
storage. Relatedly, these two forms of plasticity differ in their durations. Hippocampal LTP
is not permanent, and presumably it would be quite maladaptive were that not the case. If
hippocampal LTP is involved in learning and memory, its role would apparently be in the
consolidation of memories that are to be stored elsewhere. The changes that occur in
somatosensory cortex after nerve injury are still evident over 2 years later (Churchill et al.,
1998), and there is no reason to suspect that they would not persist permanently. The
temporal difference in the durations of these two models of plasticity clearly implies the
existence of molecular differences that relate to the transient nature of hippocampal LTP and
the apparently permanent changes found in somatosensory cortex. Indeed, it is this
difference that suggests that the molecular underpinnings of these two forms of plasticity are
different in potentially very important ways.

How Might Cortical Somatosensory Plasticity Proceed?

As discussed earlier, the topographic reorganization of the cortex that follows peripheral
nerve transection in adult monkeys proceeds in no less than two stages. The present results
show that the first, unmasking phase is strongly correlated with a decrease in
autoradiographic binding for GABA, receptors in layer 1V of cortex. Others (e.g., Diamond
et al., 1994) have reported that plastic changes are first observed in superficial layers of the
cortex, and then later in layer IVV. We have found no changes in binding for any of the
GABA or glutamate receptor subtypes in superficial layers of the cortex at any time point
after nerve injury. We suggest that the reduced binding for GABA, receptors in layer 1V
reported here reflects a reduction in afferent-driven inhibition, permitting the expression of
masked inputs, in much the same way that application of the GABA, antagonist bicuculline
results in the expansion of receptive fields of many cortical neurons (e.g., Alloway and
Burton, 1991).
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The second stage of reorganization has been shown to be NMDA receptor-dependent
(Garraghty and Muja, 1996), and the present results demonstrate correlated changes in
binding levels for AMPA and GABAGg receptors. Each of these receptor types have been
implicated in NMDA-dependent LTP in the hippocampus, and despite the differences
between somatosensory and hippocampal plasticity, the similarities are striking. Much of the
hippocampal work has involved the use of relatively immature subjects in which the
numbers of “silent synapses” are large relative to adult animals (e.g., Petralia et al., 1999).
Silent synapses are ones that have NMDA receptors but not AMPA receptors. Early in
development, many thalamocortical synapses have been shown to be silent, and can be
converted to functional synapses with LTP (e.g., Crair and Malenka, 1995; Isaac et al.,
1997). These findings have prompted the suggestion that LTP is intimately involved in the
topographic refinement of thalamocortical connections. At least in the hippocampus, LTP is
made possible at silent synapses by the presence of GABAg autoreceptors on GABAergic
neurons. At low rates of stimulation, GABA release activates postsynaptic GABAA
receptors, reducing the opportunity for NMDA receptor-mediated responses. At high
stimulation frequencies, on the other hand, GABA reduces its own release via it action at the
presynaptic GABAg receptors (e.g., Davies et al., 1991). This enables an NMDA receptor-
mediated postsynaptic response, and the induction of LTP, with the consequent increase in
AMPA receptor-mediated postsynaptic responses (e.g., Liao et al., 1995). This scenario can
result in the induction of LTP not only at silent synapses, but also in preparations with
pharmacologically blocked AMPA receptors (e.g., Kauer et al., 1988; Muller et al., 1988). In
intact monkey cortex, a small, delayed response to electrical stimulation of the radial nerve
can be recorded in median nerve cortex (Schroeder et al., 1995). Perhaps this response is
mediated by NMDA receptors at “silent synapses” on distal portions of the arbors of cortical
neurons. In this view, the cortical neurons may be rendered more excitable by a reduction in
postsynaptic GABA receptors, thereby enabling NMDA receptors. One potentially
interesting implication of this view is that adult somatosensory cortex retains its remarkable
facility to undergo plastic reorganizational changes at least in part because it retains features
that are used to shape normal developmental outcomes in other brain structures.

There still remains the question of what would drive the reductions in postsynaptic GABA
receptors, permitting the second phase of reorganization to proceed. One potential
mechanism that is gaining an increasing amount of attention is the concept of homeostatic
plasticity (e.g., see Miller, 1996; Turrigiano and Nelson, 2000, 2004 for reviews). In this
view, neurons defend their activity levels by making adjustments in transmitter receptors
and/or ion channels as their levels rise above or fall below their homeostatic range. In
monkey somatosensory cortex, the activity levels of many neurons may well fall below their
homeostatic range when their normal activating inputs are drastically reduced by peripheral
nerve transection. The immediate unmasking of new receptive fields by some of the
deprived neurons permits them to remain within their range, whereas the regions of cortex
throughout which plasticity proceeds over the ensuing days to weeks is populated by
neurons with reduced activity. Because the GABA binding levels are already reduced,
perhaps the lowered levels of activity in these unresponsive regions of cortex is the stimulus
for reducing the numbers or binding affinities of postsynaptic GABAg receptors, leading
ultimately to the NMDA receptor-dependent emergence of responsiveness during the second
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stage of reorganization. The presumed slower time-course of homeostatic plasticity is
consistent with the delayed second phase of cortical reorganization, as is the demonstration
that, under some circumstances, the process is associated with an increase in postsynaptic
AMPA receptors (Wierenga et al., 2005).

With even longer post-transection survival durations (11-28 months), the reorganized
cortical map becomes more topographically refined than is the case with shorter survival
intervals (Garraghty and Kaas, 1991; Churchill et al., 1998). This refinement is
accomplished by a reduction in the receptive field sizes of neurons in the reorganized
portion of the map. One imagines that these changes reflect a restoration of more nearly
normal patterns of intracortical inhibition, a process that could manifest itself with
recoveries in the binding levels of GABA receptors.
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Figure 1.
Counter-stained coronal sections (Figs. 1A and C), and corresponding digitized

autoradiograms of GABAp (Fig. 1B) and GABAg (Fig. 1D) receptor binding in area 3b of
an intact control monkey. Samples from the hand representation were taken immediately
lateral to the central sulcus (C) and extending no more that 1.5 mm laterally (demarcated by
the dark arrows in Figs. 1 A and C; see Sur et a., 19122). Samples from the hindlimb
representation were taken medial to the central sulcus (demarcated by the white arrows in
Figs. 1A and C.). Consistent with previous reports involving macaque monkeys (Rakic et
al., 191212; Shaw et al., 1991), both GABAA (Fig. 1B) and GABAg (Fig. 1D) receptor
binding were highest in superficial layers of area 3b. Also consistent with previously
reported data (Shaw et al., 1991), our data show that GABAB receptor binding is
substantially lower than GABA receptor binding across all cortical layers. L indicates
lateral sulcus. Scale bar = 2 mm.
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Figure 2.
A: We find that GABAA receptor binding levels in layer 1V decline immediately after nerve

injury, and remain reduced 1-2 months later. A smaller reduction in binding is present for
layers V-VI only with the longer survival period. B: GABAg receptor binding levels show
progressive declines in layer IV and in layers V-VI. These reductions could be due to a
decrease in binding affinity, or they could be due to an internalization of the ligand binding
sites of the receptors.
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Figure 3.
Counter-stained coronal sections (Figs. 3A and C), and corresponding digitized

autoradiograms of AMPA (Fig. 3B) and NMDA (Fig. 1D) receptor binding in area 3b of an
intact control monkey. The laminar distribution of binding to both NMDA and AMPA
receptors was similar to that previously documented in both primary sensory and motor
cortices of macaques, with the highest density of binding occurring in the superficial layers
(Geyer et al., 19912; Young et al., 1990). C, central sulcus; L, lateral sulcus. Scale bar =
2mm.
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Figure4.
A: Binding for AMPA receptors in deprived area 3b does not change early after nerve

transection, but 1-2 months after nerve injury, binding is increased across all cortical layers.
B: Binding for NMDA receptors in deprived area 3b is unchanged across all layers at all
time points days after nerve transection.
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