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Abstract

The primate somatosensory neuraxis provides a highly translational model system with which to
investigate adult neural plasticity. Here, we report immunohistochemical staining data for AMPA
and GABA g receptor subunits of area 3b cortex and cuneate nucleus of adult squirrel monkeys
one to five years after median and ulnar nerve transection. In Area 3B cortex, the expression of
GIluR1 AMPAR subunits in reorganized regions are significantly increased, while the expression
of GIuR2/3 AMPAR subunits are not. GABA al subunit expression in the reorganized region is
not significantly different from control regions. Presynaptic GABAgR1a subunit expression was
also not significantly different between reorganized and control regions, while postsynaptic
GABARgRL1b subunit expression was significantly decreased. In the cuneate nucleus of the
brainstem, the expression of GIuR1 AMPAR subunits in reorganized regions was not significantly
different, while GIuR2/3 AMPAR subunit expression was significantly elevated. GABAp al
subunit expression in the reorganized region was significantly decreased. Presynaptic GABAgR1a
subunit expression was not significantly different, while postsynaptic GABAgR1b subunit
expression was significantly decreased. When subunit expression is compared, brainstem and
cortical patterns diverge over longer periods of recovery. Persistent patterns of change in the
cortex are stable by 1 year. Alternatively, subunit expression in the cuneate nucleus one to five
years after nerve injury is similar to that seen 1 month after a reorganizing injury. This suggests
that cortical plasticity continues to change over many months as receptive field reorganization
occurs, while brainstem plasticity obtains a level of stable persistence by one month.
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Introduction

The adult somatosensory neuraxis is capable of undergoing large shifts in topographic
representations when input patterns are altered by behavior, injuries to central structures, or
injuries to peripheral nerves (Buonomano and Merzenich, 1998; Navarro 2007). Large shifts
in body map representations, known as somatosensory reorganization, were originally
demonstrated in the adult neocortex in the early 1980’s (Merzenich et al., 1983a/b). Using a
peripheral nerve injury model of sensory deprivation in non-human primates (median nerve
transection), two phases of somatosensory plasticity were identified. The first was an acute
phase, generally characterized as “unmasking”. During this phase, novel receptive fields are
immediately expressed in the deprived cortex. The second, more protracted, phase followed
over the ensuing days to weeks after injury, as neurons in the remaining regions of deprived
cortex became responsive to peripheral stimulation of skin surfaces with intact innervation.
This phase of reorganization required long-term potentiation because blocking NMNDA
receptor activation prevented reorganization (Garraghty and Muja, 1996). At the same time,
it became clear that receptor correlates of plasticity could be investigated to elucidate the
mechanisms by which reorganization proceeded through its various phases.

We have continued our use of the mature non-human primate somatosensory neuraxis with
the goal of further characterizing the contributions that glutamatergic and GABAergic
systems make during reorganization. Our studies have provided evidence that AMPA and
GABA receptors play unique roles in the adult brain’s response to sensory deprivation. In
general, we find support for an early change in GABAergic circuits that are consistent with
the concept of unmasking and disinhibition (Garraghty et al., 1991; 2006; Wellman et. al.
2002). This is followed by a subsequent phase of “developmental recapitulation” during
which critical period like receptor expression (plasticity) is re-expressed in the deprived
sensory neuraxis (Mowery and Garraghty, 2009; Mowery et al., 2011; Sarin et al., 2012).
This phase could prime the cortex for the NMDA receptor-dependent stage of reorganization
(Garraghty et al., 2006; Garraghty and Muja, 1996; Mowery et al., 2013; 2014 Myers et al.,
2000).

Our original cortical mapping paper (Garraghty and Kaas, 1991a) demonstrated that median
and ulnar nerve transection was followed by a complete reorganization of the cortical
topographic map in area 3b within two months. It was further noted that a “rough
topographic order” existed for the dorsum skin receptive fields that came to occupy the
deprived cortical territory. The novel receptive fields of the reorganized maps were much
larger than one typically finds in area 3b, and there were many multi-digit receptive fields; a
rarity in normal area 3b. Later, Churchill et al., (1998) examined the consequences of longer
survival durations in animals with median and ulnar nerve transection for a year or more.
They reported a continued refinement of the cortical topography, with receptive fields
having become much smaller. In a subsequent report, it was argued that this receptive field
refinement was a cortical phenomenon, with no shrinkage of the novel subcortical receptive
fields (Churchill and Garraghty, 2006). Therefore we were interested in how AMPA and
GABA receptor subunit expression in the cortex and brainstem of animals with long-
standing nerve injuries (years) correlates with previous electrophysiological data.
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The goals of this study were to determine whether the cortex eventually returns to the state
(indexed by the immuno-staining) that existed prior to the nerve injury-induce
reorganization, and whether differences emerge in the patterns of immuno-staining between
area 3b and the cuneate nucleus. Thus, the cortex and brainstem of adult squirrel monkeys
with longstanding (1 to 5 years) nerve transections of the median and ulnar nerve were
processed for immuno-histological assessment of AMPA and GABA receptors. The patterns
of receptor expression in these animals agree with physiological states previously reported
in the chronically reorganized brainstem and cortex (Churchill et al., 1998; 2001; Churchill
and Garraghty, 2006). The cortical data show persistent changes to GIluR1 AMPA and
postsynaptic GABAg1b receptor subunits that might be related to the long term maintenance
of deprived synapses. Furthermore, GIuR2/3 AMPA, GABA al, and presynaptic
GABAGg1a receptor subunits have returned to baseline, suggesting that glutamatergic and
GABAergic synaptic transmission are relatively normal. The brainstem data show that
GIuR2/3 is significantly elevated while GABAA al and postsynaptic GABARg1b are
significantly decreased. GIuR1 and presynaptic GABAgla show no change. This pattern of
AMPA and GABA subunits is approximately similar to that seen during early reorganization
(Mowery, Kostylev, and Garraghty 2014). This suggests that the cuneate nucleus enters a
persistent state of heightened reorganizational plasticity. Taken together these data
demonstrate that some species of AMPA and GABA receptors remain significantly altered
along the chronically reorganized neuraxis. They also suggest disparate states of plasticity
between the chronically reorganized cortex and brainstem.

In this study we compare the expression of AMPARs and GABARS between ipsilateral and
contralateral somatosensory representations of non-human primate area 3b cortex and
cuneate nucleus of the brainstem after many years of recovery from unilateral median and
ulnar nerve transections. For each animal the area 3b somatosensory cortex was dissected
out from the left and right hemispheres and staining intensity measurements were generated
from neurons within the digit 2 representation of supragranular, granular, and infragranular
layers of each cortex (Figure 1A/B/B’). The brainstem was dissected out and staining
intensity measurements were generated from neurons within each of the bilateral
representations of digit 2 located within the cuneate nucleus at the level of the pars rotunda
(Figure LA/C/C’; see Florence et al. 1991). Paired comparisons were used to investigate
whether chronic reorganization induced significant changes to receptor expression within
these regions of interest.

AMPAR subunit expression following chronic reorganization

GluR1—Paired comparisons revealed a number of significant long term effects of
reorganization on receptor expression within the cortex and brainstem. Figure 2A shows that
GIuR1 receptor subunit expression in the reorganized cortex is significantly elevated across
all layers compared to control hemisphere [GIUR1 — Mean = SEM; soma: supragranular -
ctrl 56.2 £ 2.4 vs.. exp 60.74 £ 1.4; t = 3.89, p <.05; granular - 46.2 = 3.0 vs. exp 50.1 £ 2.5;
t = 2.34, p <.05; infragranular — 45.7 £ 3.8 vs. exp 49.9 + 3.8; t = 2.32 p < .05; neuropil:
supragranular — ctrl 36.2 = 2.3 vs. exp 41.0 = 1.5; t = 2.39, p <.05; granular — 24.3 £ 3.2 vs.
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exp 27.7 £ 2.3; t = 2.04, p <.05; infragranular — 21.6 £ 3.0 vs. exp 25.2 £ 3.8; t=2.32p <.
05]. At the same time, GIuR1 subunit expression was not significantly altered in the cuneate
nucleus of the brainstem [GIuR1 — Mean + SEM,; ctrl 68.2 £ 1.0 vs. exp 67.8 + 0.9, t = 0.33
p > .1]. Finally, in Figure 2B linear regression analysis indicated that there was no detectable
effect of survival duration on subunit expression in either the cortex (supragranular - r2 = .
024, p = 0.76; granular - r2 = .007, p = 0.86; infragranular - r2 = .009, p = 0.85) or the
brainstem (r2 = .15, p = 0.43).

GluR2/3—Figure 3A shows that analysis of GIuR2/3 receptor subunit expression in the
cortex did not reveal any effect of nerve injury [GIuR2/3 — Mean £ SEM; soma:
supragranular - ctrl 49.5 + 0.8 vs.. exp 48.07 £ 0.9; t = 0.38, p >.05; granular — 35.5 + 2.1 vs.
exp 35.8 + 1.5; t = 0.26, p >.05; infragranular —36.0 £ 1.9 vs. exp 35.9+ 1.2;t=0.12p >.
05; neuropil: supragranular — ctrl 36.0 + 2.0 vs. exp 35.4 £ 1.9; t = 1.80, p >.05; granular —
23.2+ 3.4 vs. exp 23.5+2.5; t=0.28, p >.05; infragranular — 21.6 £ 3.1 vs. exp 21.1 £ 3.3; t
=0.36 p > .05]. Alternatively, there is a significant elevation of GluR2/3 expression in the
reorganized cuneate nucleus [GIuR2/3 — Mean + SEM; ctrl 38.7 £ 0.6 vs. exp48.9+ 1.3, t =
6.65 p <.001]. Again linear regression analysis (Figure 3B) showed that there was no effect
of survival duration on subunit expression in the cortex supragranular - r2 = 156, p = 0.43;
granular - r2 = .091, p = 0.55; infragranular - r2 = .149, p = 0.44) or brainstem (r2 = .07, p =
0.59).

GABAR subunit expression following chronic nerve transection

GABA al—Figure 4A illustrates that GABAA al receptor subunit expression in the
experimental cortex was not significantly different from expression in the control cortex
[GABAp al — Mean = SEM; soma: supragranular - ctrl 33.6 £ 0.6 vs..exp 324 £ 1.2;t =
1.31, p >.05; granular — 26.5 £ 1.7 vs. exp 25.9 £ 1.6; t = 0.99, p > .05; infragranular — 26.6
+2.0vs. exp 25.8 +2.0; t = 1.25, p > .05; neuropil: supragranular — ctrl 21.8 + 1.0 vs. exp
22.2+0.7;t=0.24, p > .05; granular — 15.7 £ 2.2 vs. exp 15.5 £ 2.2; t = 1.02, p >.05;
infragranular — 14.0 + 2.1 vs. exp 14.31 + 1.9; t = 0.94 p > .05]. GABA, al expression,
however, was significantly lowered in the reorganized cuneate nucleus [GABAA al— Mean
+ SEM,; ctrl 33.2 £ 0.9 vs. exp 27.6 = 1.0, t = 3.97 p < .01]. Linear regression analysis
(Figure 4B) indicated that there was no effect of survival duration on subunit expression in
either the cortex (supragranular - r2 = .143, p = 0.38; granular - r2 = .001, p = 0.97;
infragranular - r2 = 455, p = 0.14) or the brainstem (r% = .14, p = 0.46).

GABAgla—Figure 5A demonstrates that there was no difference in GABAg1la receptor
subunit expression between the experimental cortex and the control cortex [GABAgla —
Mean + SEM; soma: supragranular - ctrl 55.4 £ 5.4 vs.. exp 53.6 £ 4.5; t = 1.21, p > .05;
granular —46.3 £ 5.1 vs. exp 46.8 £ 5.2; t = 0.39, p >.05; infragranular — 43.9 = 5.0 vs. exp
441 +5.2;t=0.31p>.05; t=1.31, p <.05; neuropil: supragranular — ctrl 38.0 = 1.3 vs.
exp 37.0 £ 1.6; t = 0.87, p >.05; granular —27.8 + 1.6 vs. exp 30.2 + 1.1; t = 1.37, p >.05;
infragranular — 25.5 = 1.1 vs. exp 27.7 £ 1.0; t = 2.09 p > .05], or within the cuneate nucleus
[GABAg la— Mean = SEM; ctrl 32.4 + 0.8 vs. exp 30.7 £ 0.6, t = 1.61 p > .1]. Linear
regression analysis (Figure 5B) shows that there was no effect of survival duration on
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subunit expression in either the cortex (supragranular - r2 = .519, p = 0.10; granular - r2 = .
542, p = 0.09; infragranular - r2 = .46, p = 0.13) or the brainstem (r2 = .001, p = 0.98).

GABAg1b—Figure 6A shows that GABAg 1b receptor subunit expression was
significantly lowered across all layers in the reorganized cortex [GABAg 1b — Mean +
SEM; soma: supragranular - ctrl 48.2 £ 5.2 vs. exp 42.6 + 5.0; t = 3.67, p <.05; granular —
40.5+ 6.1 vs. exp 34.1 £ 6.5;t =5.8, p <.01; infragranular — 38.2 £ 6.8 vs. exp 33.5 £ 7.3; t
= 3.74 p < .05; neuropil: supragranular —ctrl 31.9 + 3.3 vs. exp 28.8 £ 3.1; t = 3.47, p <.05;
granular — 23.4 £ 4.0 vs. exp 20.5 £ 4.3; t = 2.84, p <.05; infragranular — 21.5 + 4.4 vs. exp
17.4 £ 4.6; t =5.80 p <.01], as well as, the reorganized cuneate nucleus [GABAg 1b -
Mean £ SEM; ctrl 26.3 + 1.1 vs. exp 21.0 £ 1.3, t = 2.93 p < .01]. Linear regression analysis
(Figure 6B) indicates that there was no effect of survival duration on subunit expression in
either the cortex (supragranular - r2 = .441, p = 0.15; granular - r2 = .459, p = 0.13;
infragranular - r2 = .674, p = 0.06) or the brainstem (r2 = .001, p = 0.93).

Discussion

In this study, we investigated the effect of long-term nerve deafferentation on AMPA and
GABA subunit expression in somatosensory cortex and brainstem of six adult squirrel
monkeys. In the chronically reorganized cortex we find no difference in GIuR2/3, GABAA
or presynaptic GABAB subunits. At the same time we find that Glurl expression is
significantly increased across all cortical layers, while GABARgL1b expression is decreased
across all cortical layers. Furthermore, we find a consistent pattern of increased GIuR2/3,
decreased GABAA al and decreased GABARg1b receptor subunit expression in the
reorganized cuneate nucleus of these same animals. In both the cortex and brainstem, the
effect of nerve injury is apparent at one year and remains stable up to 5 years after injury.
Taken together these results demonstrate that chronic nerve injury induces persistent region
specific changes to AMPA and GABA subunits. It is important to note that without
corresponding functional data, definitively interpreting the physiological meaning of these
specific patterns of subunit expression is difficult. It is well documented that bilateral
physiological changes occur after unilateral nerve injuries (Calford and Tweedale, 1990,
1991; Clarey et al., 1996; Oaklander and Belzberg, 1997; Oaklander and Brown, 2004).
Therefore we cannot rule out that control measurements include injury induced
physiological changes to subunit expression via contralateral cortico-cortical connectivity.
Furthermore subunit data can inform the possible species of AMPAR and GABAR that are
changed subsequent to nerve injury, but alternative techniques would be required (e.g.,
autoradiography) to absolutely identify receptor subtypes. In the following paragraphs,
possible interpretations of the current data set are provided.

The Pattern of Area 3b cortical AMPA and GABA receptor subunits after chronic nerve

transection

Area 3b of somatosensory cortex has long been the primary region of interest in nerve injury
related non-human primate studies (YYang et al., 2014; Churchill and Garraghty 2006; Dutta
et al., 2014; Florence, Hackett, and Strata 2000; Merzenich et al., 1983a/b). Many of these
studies used electrophysiological techniques to reveal the ongoing changes to receptive field
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maps that occur during reorganization induced by peripheral lesion, dorsal root injury, spinal
column transection, and central lesions (for review see Xu, Wall, and Wang 2002). Varying
the level and degree of injury can lead to variable outcomes across the neuraxis; especially
as survival duration increases (e.g., Pons et al., 2001; Graziano and Jones 2009.). However,
specific patterns of peripheral denervation that leave the dorsal roots intact produce highly
consistent somatotopic changes within the brainstem, thalamus, and cortex (Churchill,
Arnold, and Garraghty 2001; Garraghty and Kaas 1991; Garraghty et. al. 1995; Garraghty
and Churchill 2006). Therefore it is important to note that the patterns of subunit expression
reported here occur as the result of a highly controlled nerve injury that does not necessarily
induce the same variability or severity of secondary physiological effects that are seen
following dorsal rhizotomy, cervical transection, and central injury (e.g., dorsal root death,
brainstem/thalamic/cortical axonal retraction, vacated synapse invasion)

In our previous studies we have found that nerve injury induced changes to NMDA, AMPA
and GABA receptors have a specific pattern during the period where most of the
topographic reorganization occurs within the area 3b primary cortex (Garraghty et al., 2006;
Mowery, Walls, and Garraghty 2013). Specifically we find that during the second phase of
injury induced plasticity (reorganization) there is evidence of increased GIuR2/3 containing
AMPA receptors, decreased GABAA al receptors, and decreased post synaptic GABAg
receptors. These patterns represent putative receptor correlates of the excitatory and
inhibitory changes that regulate the neural plasticity that drives reorganization (Benali et al.,
2008; Dykes 1997; Castro-Alamancos, Donoghue, and Connors 1995). In the current study,
we have demonstrated that with the exception of GABAg1b, the pattern of expression for
AMPA and GABA receptor subunits in the chronically reorganized cortex is not like the
pattern of newly reorganized cortex. This suggests two different states of functional
plasticity between early and long-term reorganization.

To that end, the pattern of AMPA and GABA subunit expression reported here provide
novel insight into the plasticity state of the brain after chronic survival durations. The return
to control values for GABAA al corroborates our previous electrophysiological study that
demonstrates a return of approximately normal receptive fields in the chronically
reorganized cortex (Garraghty and Churchill 2006). GABA receptor activation is directly
correlated with normal receptive field grain and fidelity of evoked neural activity (Hickes
and Dykes 1986; Alloway and Burton 1991). In addition to this, we find no difference
between control and reorganized cortex for the presynaptic GABAg receptor. This receptor
effectively regulates synaptic release of GABA and glutamate through autoregulation
(Waldmeier, Kaupmann, and Urwyler 2008). Furthermore, the pattern of expression for the
GIuR2/3 containing AMPA receptor is not different between reorganized and control cortex.
This receptor is highly involved in the regulation of normal postsynaptic activity (Passafaro,
Piéch, and Sheng 2001; Shi et al., 2001). Taken together these results could suggest that pre
and post synaptic excitatory and inhibitory transmission are relatively normal in the
chronically reorganized cortex.

At the same time we find a significant increase in GIuR1 and significant decrease in
postsynaptic GABAg receptor subunits. We have previously interpreted decreased
postsynaptic GABAg receptors as heightened plasticity through disinibition of the NMDAR

Brain Res. Author manuscript; available in PMC 2016 June 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mowery et al.

Page 7

receptor. This remains a possibility as reorganizational plasticity could be an ongoing
feature of chronic recovery from nerve injury; however, it is interesting to note that the
GABAg receptor also actively regulates the glutamatergic calcium currents gated by
homomeric GIuR1 AMPA receptors (Obrietan and van den Pol, 1999). We posit that the
homomeric GIuR1/Glurl AMPA is the likely species leading to the significant increase in
GIuR1 subunit expression. The GluR1 subunit does form heterodimers with GIuR2 subunits
that regulate synaptic potentiation in an activity dependent manner (Hayashi et al., 2000; Shi
et al., 2001); however, finding a lack of concomitant increase in the GIuR2 subunit (stable
GIuR2/3) suggests that an increase in the GIuR1/2 AMPAR species does not account for the
increased expression of GIuR1 subunits in this study.

In our previous papers we have interpreted increases in GIUR1 subunits as evidence of an
increase in homomeric AMPA receptors (Eybalin et al., 2004; Ho et al., 2007; Kumar et al.,
2002). An elevated expression of these receptors have been associated with developmental
plasticity (Cramer and Chopp 2000); however, they also serve a specialized function in
maintaining synapses within neural networks along extinguished fear conditioning pathways
(Clem and Huganir, 2010). Retaining these synapses under deprived conditions allows for
the spontaneous recovery of behavior. They also contribute to the maintenance of long-term
drug craving and relapse (Bellone and Liischer, 2006; Conrad et al., 2008). The basic
concept of adaptation to inactivity states that under conditions of inactivity synapses adapt
by inserting these low threshold calcium gating receptors into the synaptic cleft (Thiagarajan
et al., 2007). This effectively preserves the synapse under conditions of degraded neural
transmission (Lindskog et al., 2010).

We would suggest that maintenance of deprived synapses involving GIuR1/GIluR1
AMPARSs could also facilitate the retention of original somatotopic pathways. The
immediate reinstatement of perception in humans (Halligan et. al., 1993; Moore and Schady,
2000; Schady, 1994), and the cortical activation of deafferented nerve representations in
monkeys (Schroeder et al. 1997) clearly suggests that the original somatotopy is somehow
maintained. In fact, there is well documented evidence in humans that perceptual receptive
fields can differ from reorganized receptive fields (Knecht et al., 1995;1996). Philip and
Frey (2011) find that humans with longstanding upper limb amputations have unimpaired
movement representations for the missing hand, and suggest that they might be due to
“persistent higher-level activity-independent internal representations.” Our findings offer a
clue by which the ongoing persistence of these deprived somatotopic pathways could be
maintained even after years of reorganization. The calcium gating GIuR1/GluR1 AMPAR
could contribute to the neural mechanism by which multiple perceptual/receptive field
representations can be dynamically stored within the same neural network.

The pattern of cuneate nucleus AMPA and GABA receptor subunits after chronic nerve

transection

Corticocentric theories of synaptic plasticity and reorganization were long disputed in the
field of adult somatosensory plasticity. The concept that bottom up magnification from the
brainstem to the thalamus was eventually relayed to the cortex was in direct competition
with theories describing the top down amplification of cortically selected peripheral inputs.
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Through diligent research it has been well established that bottom up and top down
physiological processes drive normal function, adaptive (learning), and maladaptive
(phantom pain) plasticity. The current data demonstrate that after long periods of chronic
nerve transection, the brainstem and cortex differ in the pattern of AMPA and GABA
receptor subunits. This suggests disparate forms of plasticity between these two regions of
the neuraxis. As discussed for the cortex, the pattern of AMPA and GABA subunit
distribution in the brainstem provide valuable insight into physiological states reported
previously (Churchill et al., 2001; Garraghty and Churchill 2006). We also identify a very
similar pattern of subunit expression observed 1 month after median nerve compression
(Mowery et al., 2014). This suggests that brainstem plasticity at 1 to 5 yeas is not
significantly different from the plasticity reported early after nerve injury (1 month).

Unlike cortex we see no evidence of elevated GIuR1 levels. This would suggest that GIuR1
containing homomeric (GIuR1/Glurl) are not expressed at any greater level in the
chronically reorganized brainstem. At the same time, we can not rule out a decrease in this
receptor species masked by an increase in Glurl/Glur2 receptor subtypes due to the
significant increase in GIuR2/3 subunits. A general increase in GIuR2/3 containing
AMPARSs is also a plausible explanation. GluR1/2 and GIuR2/3 containing AMPARs are
key regulators of synaptic plasticity and activity dependent long term potentiation (Malinow
and Malenka, 2002; Bredt and Nicoll, 2003; Collingridge et al., 2004; Shepherd and
Huganir, 2007). Finding a persistent elevation of either of these subunits in the chronically
reorganized cuneate nucleus suggests that this region remains highly plastic. As the neuraxis
adapts to chronic deprivation, ongoing subcortical reorganization is a possibility. This is
made even more plausible by studies demonstrating that the brainstem is a major site of
plasticity following nerve injury, and a source of the maladaptive plasticity that can occur
over time (e.g., Kaas et al., 2008).

We also find significantly lowered GABAa al in the chronically reorganized cuneate
nucleus. Lower inhibitory tone would provide a functional explanation for the larger
receptive field grain and higher incidence of multi-source receptive fields. GABA agonist
and antagonist decrease and increase receptive field grain respectively (e.g., Hicks and
Dykes,1983; Alloway and Burton, 1991). This functionally manifests as neurons with
receptive fields to multiple sources of peripherally evoked responses. Furthermore, lowered
inhibitory tone would lead to less effective suppression of overlapping dendritic inputs and
subsequently increased long-term potentiation within the neural network (Komaki et al.,
2007).

Presynaptic GABAGRg receptors in both the reorganized cortex and brainstem are not
significantly different from control regions. As previously stated these presynaptic
autoreceptors gate both glutamatergic and GABAergic neural transmission (Waldmeier,
Kaupmann, and Urwyler 2008). Therefore we would maintain that it is possible that neural
transmission within the brainstem is normally regulated despite increased plasticity. Finally
we report significantly decreased post synaptic GABAg receptors. Whereas we posit that
decreased postsynaptic GABARg receptor distribution could increase the efficacy of GIuR1/
GluR1 calcium gating AMPARSs in the cortex, here we would suggest that this phenomenon
plays a more traditional role of increasing the probability of NMDAR activation.
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Postsynaptic GABAR receptors function to inhibit NMDAR activation (Otmakhova and
Lisman 2004; Morrisett et al., 1991). Decreased expression would effectively disinhibit the
LTP inducing NMDAR activation adding increased plasticity to the system.

Conclusion

Methods

In this study we have provided evidence that AMPA and GABA receptors are significantly
altered in the brainstem and cortex of animals that survived peripheral nerve transection for
1-5 years. The patterns of expression between these two regions of the somatosensory
neuraxis are very different. In the cortex it is possible that while neural transmission and
excitatory/inhibitory tone are relatively normal, increased homomeric GIuR1/GIuR1 AMPA
receptors contribute to the maintenance of the dynamic range of perceptual and receptive
fields held within the neural networks of reorganized cortex (Knecht et al., 1995;1996). In
the brainstem, the pattern of AMPA and GABA receptor subunits is very similar to that seen
one month after nerve injury; a time when wide scale reorganization is likely occurring. This
suggests that chronic nerve injury leads to elevated cuneate plasticity and that ongoing
reorganization might be a feature of brainstem response to sensory deprivation. If dynamic
somatotopy is maintained in the cortex by the GIuR1/Glurl homomeric AMPA receptors
this is good news for the advancement of brain machine interface and prosthetic advances.
Furthermore dampening the heightened plasticity in the brainstem (GABA agonists, NMDA
blockers) might facilitate the prevention, treatment, and management of neuropathic pain/
sensation.

Nerve Transection

We report data from 6 adult squirrel monkeys (Saimiri sciureus) that underwent unilateral
median and ulnar nerve transections (left arm). Each animal recovered from injury for 1to 5
years. Animals were maintained on isoflurane anesthesia (2—4%) throughout the aseptic
surgery. The left ventral forearm was shaved between the wrist and elbow, and an incision
was made along its midline 70 mm from the wrist. Under microscopic view, the median and
ulnar nerves were located, isolated by blunt dissection, and then elevated. Nerves were
transected and then the epineural sheath of the proximal stump was retracted 0.5 to 1.0 cm
and the exposed nerve was avulsed. The empty epineural sheath was then re-extended,
folded over the remaining nerve, and securely ligated with non-biodegradable suture. The
nerve stumps were then repositioned, the skin was sutured over the incision site, and the
animal was allowed to recover. All protocols were approved by the Institutional Animal
Care and Use Committee (IACUC).

Immunohistochemistry

After one to five years of recovery, animals were anesthetized with isoflurane gas and
transcardially perfused with cold 0.9% saline solution followed by 400 ml of 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Following perfusion, the brain was
extracted and the left and right somatosensory cortices as well as the brainstem were
dissected out and post-fixed for 2 h in cold fixative (4% paraformaldehyde in 0.1 M
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phosphate buffer (pH 7.4). Tissue was cryoprotected overnight in 30% sucrose in phosphate
buffered saline (pH 7.4).

Sections from the left and right pre and post-central gyri of the cortex, or pars rotunda of the
brainstem were cut in a coronal plane (40 um) using a freezing microtome. Sections that
clearly contained the central sulcus or pars rotunda were kept for immunohistochemical
processing. After sectioning, all sections were washed in immuno-phosphate buffer (IPB)
and incubated in blocking solution for 30 min followed by hydrogen peroxide .01% for 15
min at room temperature. Tissue sections were then incubated over-night at 4 °C in antisera
containing GIuR1 (1:1000 Chemicon), GluR2/3 (1:1000 Thermo Scientific), GABAa al (1:
1000 Thermo Scientific), GABAgla (1:1000 Alpha Diagnostics International), or
GABAGRg1b (1:1000 Alpha Diagnostics International). The following day tissue was washed
three times for ten minutes in IPB before being incubated in goat anti-rabbit biotinylated
antibodies for 1 h at room temperature. Sections were again washed three times for ten
minutes in PBS, incubated in ABC solution for one hour (ABC Elite Kit, Vector), washed
again three times for ten minutes in Acetate-Imidazole buffer, and incubated in Acetate-
Imidazole buffer containing Nickel Sulfate, 0.5 mg/ml 3.3’-diaminobenzidine-4HCI (DAB,
Vector) and 0.01% H202 for approximately 8 min. Sections were washed three times in
PBS for ten minutes, mounted on gelatin coated glass slides and dried overnight. Once dry,
the sections were dehydrated in ascending ethanols, cleared with xylenes, and cover-slipped.
Positive and negative controls were generated by omitting the primary or secondary
antibody. Light microscopy of tissue did not reveal the presence of any non-specific binding.

Staining Intensity Quantification

Area 3b—Electrophysiological receptive field mapping was not used to verify regions of
interest (ROI) due to the variables introduced via craniotomy and/or electrode penetration.
However, the somatotopic representations referred to throughout this study are based on
receptive field mapping observations consistently reported approximately 1 mm posterior
and 1 mm anterior to the central dimple of the central sulcus (e.g., Churchill et al., 1998;
Gingold et al., 1991, Garraghty et al., 1991a; 1994; Garraghty and Muja, 1995; Myers et al.,
2000; Schroeder et al., 1995; 1997; Sur et al., 1982;). Within this area of cortex, the digit
representations deafferented by median and ulnar nerve transection are found starting around
the central dimple and extending ~ 1.5 mm lateral (see Figure 1).

For each tissue section a tracing grid was drawn for supragranular, granular, and
infragranular layers and overlaid on a region of area 3b median nerve representation
approximate to digit 2 (~ 1 mm lateral to the central sulcus dimple). With the tissue
processing procedures used here, there are no clear histological boundaries between digits
(Jain et al., 1998), so it is conceivable that the tracing grid sometimes included regions that
receive thalamocortical inputs from digit 1 or 3. Layers were discernable to the trained
observer based on differences in packing density (4x) and neural phenotype (40x). There are
no clear markers of laminar boundary therefore luminance measurements were generated
from the cell somata (~ 30 per layer) and neuropil (~ 10 per layer) contours traced within the
middle of each layer.
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Cuneate Nucleus—At the level of the pars rotunda within the brainstem, a bilateral
representation of the hand/palm is visible following immunohistochemical staining. This
makes targeting the region of interest relatively accurate without any form of
electrophysiological mapping required. Therefore luminance measurements were carried out
in the distal region of the median nerve representation for digit 2 (see Figure 1A/C). A 100
pum by 100 um bounding box was placed within the region of interest at low magnification
(4x) and then cell contours for cell somata (~30 per section) were traced at higher
magnification (40x%).

Quantification

Luminance Measurements (raw data)—Quantification of subunit staining was carried
out at 1480x magnification under brightfield illumination using a microscope (Nikon
Eclipse 80i; Nikon Instruments; Melville, NY, USA) and the Stereo Investigator software
(MBF Bioscience; Williston, VT, USA). Within a region of interest neurons were visualized
under brightfield and the soma, neuropil, or staining free region of white matter were
manually traced. This created a contour around each soma, neuropil, or area of white matter.
The luminance function was then used to measure the average brightness of the pixels
located within the boundary of the traced contours (0 = black and 256 = white).

Subunit Staining Intensity—~For each animal ~ 30 somata, and 10 neuropil
measurements were generated per layer for each section/antibody. Around 30 somata
measurements were generated per nucleus for each section/antibody. Around 5 white matter
measurements were generated for each section. Staining intensity data were generated by
quantifying the ratio of each traced soma or neuropil luminance value over the average
white matter luminance value in that section. This transformed each data point into a percent
darker than white matter score, which will be referred to as subunit staining intensity
throughout this report.

Statistical analysis—For each animal an average staining intensity data point was
calculated for the left and right cortical supragranular, granular, and infragranular layers, as
well as, the left and right cuneate nucleus. This generated a total of six control and six
experimental data points for area 3b cortex, as well as, one control and one experimental
data point for the cuneate nuclei of each animal. Paired comparisons of control to
experimental data points were used to determine whether nerve transections had significant
long-term effects on receptor subunit expression. Percent difference from control measures
were generated by calculating within animals the ratio of average staining intensity of a
control region to its experimental region. The average of these percentage differences were
used to create a difference score for each animal’s cortex and brainstem. Linear regression
analysis was used to assess whether survival duration had a significant effect on subunit
staining intensity.
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Figure 1.
Identifying sections containing Area 3b cortex and Cuneate nucleus of the brainstem. A:

Cartoon of the squirrel monkey brain identifying area 3b of the somatosensory cortex and
cuneate nucleus of the brainstem, CD; central dimple. B: Cartoon of a coronal section of
area 3b of the somatosensory cortex. B’: Photomicrograph of area 3b hand region. Contours
indicate the regions of interest for IHC quantification. CD; central dimple; scale bar 250 pm.
C: Cartoon of a coronal section of the pars rotunda of the brainstem. CN; cuneate nucleus,
GN; Gracile Nucleus, SoNV: spinal nucleus. C’: Photomicrograph of the cuneate nucleus
hand representation. Contours indicate the hand representation divided into its peripheral
inputs. ROI; region of interest; scale bar 25 pm.
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Comparisons of the pattern of expression for GIuR1 receptor subunits between control and
experimental regions of the chronically reorganized cortex and brainstem. A-D: Left,
Comparisons showing the qualitative differences within each animal for GIuR1 staining
intensity between experimental and control regions of the supragranular, granular,
infragranular cortex, and cuneate nucleus of the brainstem. Right, quantitative comparisons
of the group average for GIuR1 staining intensity between experimental and control regions
of the supragranular, granular, infragranular cortex, and cuneate nucleus of the brainstem. *
p < .05. E: Qualitative examples of soma staining intensity differences between chronically
reorganized and control regions of the cortex and brainstem.; scale bar 2 um.
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O cwi Soma

Comparisons of the pattern of expression for GIuR2/3 receptor subunits between control and
experimental regions of the chronically reorganized cortex and brainstem. A-D: Left,
Comparisons showing the qualitative differences within each animal for GIuR2/3 staining
intensity between experimental and control regions of the supragranular, granular,
infragranular cortex, and cuneate nucleus of the brainstem. Right, quantitative comparisons
of the group average for GIuR2/3 staining intensity between experimental and control
regions of the supragranular, granular, infragranular cortex, and cuneate nucleus of the
brainstem. * p <.05. E: Qualitative examples of soma staining intensity differences between
chronically reorganized and control regions of the cortex and brainstem.; scale bar 2 um.
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Comparisons of the pattern of expression for GABAA al receptor subunits between control
and experimental regions of the chronically reorganized cortex and brainstem. A-D: Left,

Comparisons showing the qualitative differences within each animal for GABAA al

staining intensity between experimental and control regions of the supragranular, granular,
infragranular cortex, and cuneate nucleus of the brainstem. Right, quantitative comparisons
of the group average for GABA al staining intensity between experimental and control

regions of the supragranular, granular, infragranular cortex, and cuneate nucleus of the

brainstem. * p < .05. E: Qualitative examples of soma staining intensity differences between
chronically reorganized and control regions of the cortex and brainstem.; scale bar 2 um.
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Comparisons of the pattern of expression for GABAg1a receptor subunits between control
and experimental regions of the chronically reorganized cortex and brainstem. A-D: Left,
Comparisons showing the qualitative differences within each animal for GABARg1a staining
intensity between experimental and control regions of the supragranular, granular,
infragranular cortex, and cuneate nucleus of the brainstem. Right, quantitative comparisons
of the group average for GABAgla staining intensity between experimental and control
regions of the supragranular, granular, infragranular cortex, and cuneate nucleus of the
brainstem. * p < .05. E: Qualitative examples of soma staining intensity differences between
chronically reorganized and control regions of the cortex and brainstem.; scale bar 2 um.
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Comparisons of the pattern of expression for GABAgLb receptor subunits between control
and experimental regions of the chronically reorganized cortex and brainstem. A-D: Left,
Comparisons showing the qualitative differences within each animal for GABARg1b staining

intensity between experimental and control regions of the supragranular, granular,

infragranular cortex, and cuneate nucleus of the brainstem. Right, quantitative comparisons
of the group average for GABAgLb staining intensity between experimental and control
regions of the supragranular, granular, infragranular cortex, and cuneate nucleus of the
brainstem. * p <.05. E: Qualitative examples of soma staining intensity differences between
chronically reorganized and control regions of the cortex and brainstem.; scale bar 2 um.
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