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Experience-dependent plasticity induces lasting changes in the structure of synapses,
dendrites, and axons at both molecular and anatomical levels. Whilst relatively well
studied in the cortex, little is known about the molecular changes underlying experience-
dependent plasticity at peripheral levels of the sensory pathways. Given the importance
of glutamatergic neurotransmission in the somatosensory system and its involvement
in plasticity, in the present study, we investigated gene and protein expression of
glutamate receptor subunits and associated molecules in the trigeminal ganglion (TG)
of young adult rats. Microarray analysis of naive rat TG revealed significant differences
in the expression of genes, coding for various glutamate receptor subunits and proteins
involved in clustering and stabilization of AMPA receptors, between left and right
ganglion. Long-term exposure to sensory-enriched environment increased this left-right
asymmetry in gene expression. Conversely, unilateral whisker trimming on the right side
almost eliminated the mentioned asymmetries. The above manipulations also induced
side-specific changes in the protein levels of glutamate receptor subunits. Our results
show that sustained changes in sensory input induce modifications in glutamatergic
transmission-related gene expression in the TG, thus supporting a role for this early
sensory-processing node in experience-dependent plasticity.

Keywords: primary afferents, input-dependent plasticity, enrichment, trimming, glutamate receptors

INTRODUCTION

Glutamate is the most common excitatory neurotransmitter in both central and peripheral
divisions of the nervous system. In sensory ganglia, including the trigeminal ganglion (TG), all
types of neurons contain and release glutamate upon stimulation, not only from their central and
peripheral axon terminals (McMahon et al., 1991; deGroot et al., 2000; Miller et al., 2011), but
also from their cell bodies within the ganglia (Kung et al., 2013). Moreover, these neurons express
molecules directly related to glutamate neurotransmission, such as ionotropic and metabotropic
glutamate receptors (Sato et al., 1993; Ma and Hargreaves, 2000; Lu et al., 2002, 2003; Marvizon
etal., 2002; Carlton and Hargett, 2007; Willcockson and Valtschanoff, 2008; Cahusac and Mavulati,
2009; Miller et al., 2011; Bouvier et al., 2015) and other molecules involved in the synthesis,
transport and release of glutamate (Brumovsky, 2013; Kung et al., 2013).
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Peripheral sensory nerve or tissue damage brings about
rapid changes in glutamate receptors at various levels of the
sensory pathways. Primary sensory neurons directly affected
by axotomy or other nerve injuries display a multitude of
cellular and molecular reactions that to a large extent reveal
a self-protective and regenerative response (Fu and Gordon,
1997; Xiao et al., 2002; Lawson, 2005). Further upstream
in the sensory pathway, however, neural changes reflect a
combination of effects, those due to transsynaptic effects
of deafferentation, and others resulting from the loss or
distortion of the afferent input (Matthews, 1964; Panetsos
et al, 2008; Herrera-Rincon et al., 2012). Both types of
effects often, but not always, result in overlapping phenotypic
changes in higher sensory centers. For example, whisker follicle
removal in adult mice led to a long-lasting decrease in
glutamic acid decarboxylase (GAD) immunoreactivity in the
corresponding ‘barrels’ of the ‘barrel cortex’ (the division of
the somatosensory cortex representing the mystacial vibrissae),
which took months to revert (Welker et al., 1989). A similar,
but shorter lasting effect was found after chronic whisker
trimming (Akhtar and Land, 1991). The GLUR2 subunit of
the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors was found to be differentially regulated
in the visual cortex after monocular deprivation (Tropea
et al, 2006). On the other hand, in the somatosensory
adult cortex sustaining irreversible deafferentation by nerve
transection, Mowery et al. (2013, 2015) found no differences with
controls in the expression of GLUR2/3; however, this subunit
was permanently elevated in the cuneate nucleus, the main
target for large mechanosensitive fibers arising from the lost
nerves. Furthermore, the activation of the N-methyl-D-aspartate
(NMDA) receptor was required for plastic changes to occur in
the visual cortex following monocular deprivation in adult mice
(Sawtell et al., 2003).

The responses that sensory neurons display to changes in
the signals incoming from the periphery may be distinguished
from injury-associated reactions in these cells by manipulating
input without damaging peripheral tissues, receptors and axon
terminals. Sensory deprivation limited to active (haptic) touch in
adult rodents is typically achieved by whisker trimming, and is
known to result in a number of structural an functional changes
in the cortex (Machin et al., 2006; Dolan and Cahusac, 2007).
Besides, exposure of rats to an enriched environment has been
often used as a contrasting paradigm to deprivation, to investigate
sensory experience-dependent plasticity. This treatment induces
genomic responses in the cortex that differ depending on the
length of the exposure period. In an extensive microarray
analysis, Rampon et al. (2000) found that 100 transcripts, many
of which were related to synaptic transmission and neuronal
structure, changed at least 1.5-fold in the whole neocortex of
adult mice after 2 weeks exposure to enrichment. Similar changes
in expression were found when the exposure to enrichment was
limited to 3-6 h, but the genes involved were fewer, and most of
them were important in coding proteins involved in nucleic acid
and protein synthesis, regulation and processing. Also, after brief
periods of exposure to enrichment, Brain-derived neurotrophic
factor (Bdnf) and several related immediate-early response genes

(Immediate Early Genes, IEG) are typically upregulated in the
rat barrel cortex (Bisler et al., 2002; Staiger, 2006; Valles et al.,
2011).

In contrast with the cortex, little is known about the
long-term effects of sensory input modifications on the gene
expression in lower centers of somatosensory processing.
Nevertheless, experience-dependent changes at the earlier
steps of sensory processing are relevant to understand the
structural and functional plasticity found at higher levels
of the pathways, in particular the cortex (Panetsos et al,
1995; Kaas et al, 1999; Negredo et al, 2009; Oberlaender
et al., 2012; Martin et al., 2014). Given the importance of
glutamatergic neurotransmission in the somatosensory system,
we set out to investigate the mRNA and protein expression
of glutamate receptor (AMPA, NMDA, and metabotropic)
subunits and other molecules closely related to glutamate
neurotransmission in the TG of young adult rats under three
conditions: (1), naive, (2), long-term exposure to sensory-
enriched environment, and (3), repeated unilateral whisker
trimming.

MATERIALS AND METHODS

Experimental Animals

Young adult (10-12 weeks old) male Sprague-Dawley rats
(n = 34) from our own colony, originating from Harlan (Harlan
Iberica, Barcelona, Spain) were used. All animal procedures
were approved in advance by the Ethical Committee of the
Autonoma University of Madrid, in accordance with European
Community’s Council Directive 2010/63/UE. Every effort was
made to minimize the suffering of the animals, as well as the
number of animals used.

The animals were divided into three groups: (1) Control
Group (C, n = 12) included animals that were kept under
standard housing conditions until the end of the experiment.
(2) Trimming Group (T, n = 10), rats that were subjected to
unilateral deprivation of active (haptic) touch by cutting all
whiskers in the right side every 2-3 days for 7 weeks. Whiskers
were trimmed to within 1 mm on hand-held awake animals,
so that regrown vibrissae never exceeded 3 mm (Ebner, 2005).
Extreme care was taken to avoid plucking the vibrissae or
damaging the skin, so that deprivation was achieved without
damaging trigeminal receptors and pathways. (3) Enriched
Environment Group (E, n = 12), rats that were exposed to
a sensory-enriched environment 4 h/day, 5 days/week for 7-
8 weeks. In this “enriched” condition groups of eight animals
were placed in a large cage (100 cm x 80 cm x 60 cm)
with various beddings and a set of toys, ramps, tubes and
other natural and artificial objects of different textures, which
were changed every 5th day (four animals of the second group
were used for a separate study). Not more than two littermates
from the same dam were used in each experimental group.
All rats were housed under standard colony conditions (Four
rats per cage). Food and water were supplied ad libitum, and
the animals were kept under a reversed 12:12 h dark/light
cycle.
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Tissue Samples

The animals were anesthetized (Dolethal, 50 mg/kg i.p.),
decapitated and the TG of both sides were rapidly excised by
sectioning the trigeminal root and the three trigeminal branches.
For the mRNA study four ganglia from each side were pooled,
and each pool was separately placed in an ice-cold stabilization
reagent (RNAlater®, Qiagen, CA, USA) and frozen at —80°C
until mRNA extraction. For the protein analysis, the TG from
each side was collected separately (n = 8 x 2 ganglia from
Groups C and E, and n = 6 x 2 ganglia from Group T);
samples were prepared by homogenizing in ice-cold lysis buffer
[20 mM Tris, pH 7,5, 1% NP-40, 10% glycerol, 137 mM NaCl,
20 mM NaF, 1 mM NaPPi, 1 mM Na3VO4, 1 pg/ml leupeptin,
1 mM PMSF and protease inhibitors cocktail (COMPLETE
Mini, Roche)]. The protein concentration in the samples was
determined using the Pierce™ BCA Protein Assay Kit (Thermo
Fischer Scientific Inc., GA, New York, NY, USA) following
manufacturer’s instructions.

Microarray, Labeling, and Hybridization
Details on the development of the RT? Profiler™
PCR Arrays (Qiagen, Valencia, CA, USA) and the list
of the genes included in the array are available at
http://www.sabiosciences.com/rt_pcr_product/HTML/PARN-
126Z.html. The array includes 84 genes involved in plasticity
representing IEGs, late response genes, proteins involved in
long term potentiation (LTP) and long term depression (LTD),
cell adhesion molecules, extracellular matrix and proteolytic
processing molecules, CREB cofactors, neuronal receptors,
postsynaptic density proteins and others. According to the
manufacturer, controls are also included on each array for
genomic DNA contamination, RNA quality, and general
PCR performance. The PCR Array System demonstrates
high reproducibility with strong correlations across technical
replicates, lots, and instruments with average correlation
coefficients > 0.99 ensuring reliable detection of differences
in expression between biological samples and high specificity
with high quality input RNA. RNA extraction, labeling, and
hybridization were performed according to the protocol
provided by the manufacturer. In order to reduce biological
variation (Kendziorski et al., 2005) pools of four whole TG from
each experimental group and side were prepared to extract the
mRNA.

Samples were disrupted using TissueLyser system and mRNA
was extracted with RNeasy® Mini Kit (Qiagen, Valencia, CA,
USA) in a Qiacube robotic work station. The purity of the
RNA was determined with de ratio Ajg0/A280 which was greater
than 1.8 in all cases, the absorbance ratio was calculated
using a Nanodrop ND-1000 Spectrophotometer (Thermo Fischer
Scientific Inc., GA, New York). The ribosomal band integrity was
analyzed with an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) and the RNA Integrity Number (RIN)
was greater than 7 in all cases. Total RNA (50 ng) was
retrotranscribed using RT? First Strand kit (Qiagen, Valencia,
CA, USA). The expression profile of the genes was determined
using a 384-well format Synaptic Plasticity RT? Profiler™ PCR

Array (SaBiosciences, USA) according to the manufacturer’s
instructions. In addition to the 84 target genes mentioned above,
the array included six housekeeping genes and three RNAs as
internal controls. qPCRplates were run on an ABI 7900HT qPCR
instrument (Thermo Fischer Scientific Inc., GA, New York)
equipped with SDS 2.3 software, using RT? SYBR Green/ROX
qPCR master mix (Applied Biosystems, UK).

Western Blot

Proteins (60 pg) from the lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to Inmobilon-P membranes (Millipore Iberica
SA, Madrid, Spain). Then, membranes were incubated with the
following antibodies: rabbit polyclonal anti-mGLUR3 (1:500,
Abcam, Cambridge, MA, USA), mouse monoclonal anti-GLUR2
(1:500, NeuroMab, Davis, CA, USA), mouse monoclonal
anti-NMDAR2B (1:500, NeuroMab, Davis, CA, USA), mouse
monoclonal anti-PICK1 (1 pg/ml, Abcam, Cambridge, MA,
USA), rabbit polyclonal anti- PSD95 (1:1000, Cell Signaling
Technologies, Beverly, MA, USA), and mouse monoclonal
anti-B3-tubulin (1:10000, Calbiochem, La Jolla, CA, USA).
Appropriate  peroxidase-conjugated secondary antibodies
(1:10000) were used and chemoluminiscence was measured
by Advance Western-blotting Detection Kit (GE Healthcare,
Barcelona, Spain). Finally, optical density was quantified using
Scion Image® Alpha 4.0.3.2 program.

Data Analysis

Array data analysis was performed using the PCR Array Data
Analysis Web Portal'). The quantification was done using the
AACt method. Among the housekeeping genes present in the
array we selected one (Hprtl), which was stably expressed in
both sides of the three groups, to perform data normalization.
For a gene to be considered differentially expressed, we arbitrarily
selected a cutoft of twofold change up or down in the expression
ratio. Additionally, we set the RT-PCR cycle threshold at 30 or less
to ensure reliability, according to the manufacturer’s instructions.
Following this conservative criterion, 18 genes out of the 84
genes present in the array were excluded from further analysis.
Western blot data analysis was performed using GraphPad Prism
5.03 statistical software. Paired or unpaired t-tests (two-tailed)
were applied for comparison between sides in the same group or
between the control group and each of the input-altered groups,
respectively. Comparison between sides in the same group was
performed taking the right side as 100%, and using the relative
values, as percentages, for the left side. Statistical significance was
set at a p-value < 0.05.

RESULTS

mRNA Expression in the TG

Controls (Group C)

Of all 66 target genes, 16 showed at least a twofold difference
in expression between the right and the left TG in control

'http://www.SABiosciences.com/pcrarraydataanalysis.php
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animals. The differentially expressed genes included immediate
early response genes, genes involved in LTP or LTD, and genes
coding for cell adhesion molecules and neuronal receptors. In all
cases of differential expression, the levels were higher in the left
TG (Table 1; Figures 1A and 2).

Environmental Enrichment (Group E)

In animals chronically exposed to an enriched environment,
the number of genes showing differential expression
between sides (43/66) nearly tripled compared to controls.
As in controls, a large majority (41/43) displayed higher
expression in the left side (Table 1; Figures 1B and 2),
and these comprised, among others, a wide range of
immediate early response genes, and LTP- and LTD-related
genes (including several genes related to glutamatergic
neurotransmission).

Trimming Group (Group T)

Compared to the left-right asymmetries found in controls,
sustained whisker trimming on the right side led to an increase
in a number of genes that were overexpressed in the left
TG compared to the right (21/66). Fourteen of these genes
overlapped with those overexpressed on the left in Group E,
while just three genes that were overexpressed on the left
in Group T (Cnrl, Fos, and Gripl) overlapped with those
upregulated on the left in Group C (Table 1; Figures 1C
and 2).

Glutamate Transmission-Related Genes:

mRNA Expression

Out of the 66 genes analyzed, 15 coded for proteins directly
involved in glutamatergic neurotransmission, which was the
main focus of this study. Four corresponded to subunits 1-
4 of the AMPA receptor (Grial-4); another two referred to
subunits 1 and 2b (Grinl, Grin2b) of the NMDA receptor; and
four coded for four of the eight major types of metabotropic
receptors, mGluR3,4,7,8 (Grm3, Grm4, Grm7, and Grms8).
Furthermore, five other genes were selected as associated to
glutamate neurotransmission (DIg4, Gripl, Homerl, Nptx2, and
Pickl), because of the involvement of the proteins they code
in the clustering, anchoring, removal, and/or recycling of the
glutamate receptor subunits on the cellular membrane. All of
these genes showed at least a twofold difference in expression
between sides in one or more groups of rats.

Asymmetries in Controls
Two genes, each one coding for one subunit of AMPA (Gria2)

and metabotropic (Grm3) receptors showed higher expression in
the left TG, as did Grip1 and Pickl (Table 1).

Changes associated to exposure to an enriched environment
Except for Pickl, the same genes that showed higher expression
in the left TG in controls appeared up-regulated in Group E. In
addition, an increased expression in the left side of nine more
genes (Dlg4, Grial, Gria3, Gria4, Grin2b, Grm4, Grm7, Grm8,
and Nptx2) coding for several glutamate receptor subunits,
PSD95, and a neuronal pentraxin was noticed after enrichment
(Table 1).

Side-by-side comparisons between Groups E and C revealed
a general trend toward down-regulation in the right TG and
little change in the left, suggesting that larger asymmetries after
enrichment were mostly due to a decreased expression in the
right, rather than to an up-regulation in the left TG (Table 2).
Exceptions to this pattern were Pickl, which was up-regulated in
the right ganglion, and DIg4 and Grial, which were up-regulated
in the left TG.

Changes resulting from repeated whisker trimming in the
right side

On the whole, the lateral asymmetries in gene expression found in
controls disappeared after repeated trimming of the whiskers in
the right side, with the only exception of Gripl. In addition, one
gene that showed no differences between sides in controls (Grm4)
was up-regulated in the left TG after trimming (Table 1).

Most of these changes with respect to controls resulted from
an extensive up-regulation of gene expression in the right TG,
that is, the side where chronic sensory deprivation took place,
combined with a less marked down-regulation in the left ganglion
(Table 2). The up-regulation on the right involved genes coding
for various AMPA, NMDA, and metabotropic receptor subunits,
as well as Dlg4, Gripl, Nptx2, and Pickl. On the left, three
genes, each one coding for one subunit of AMPA (Gria2), NMDA
(Grin2b), and metabotropic (Grm8) receptors, as well as Homer1,
were down-regulated, and just two (Gria4 and Nptx2) were
up-regulated.

Glutamate Transmission-Related Protein
Levels in the TG

To assess the possible correlation of changes in mRNA levels
with protein levels, four proteins coded by genes of various
types that displayed relevant lateral differences in expression
and changes after manipulation of sensory input were selected
for analysis. In general, the levels of these proteins (subunit
GLUR2 of the AMPA receptor, NMDAR2B, mGLUR3, and
PICK1) appeared higher in the left TG than in the right
TG in controls and enriched animals (Figure 3). Statistically,
however, only in a few cases did these differences reach statistical
significance or tendency (paired two-tailed t-tests; Group C:
mGLUR3, p = 0.072; Group E: NMDAR2B, p = 0.087, PICK1,
p =0.022). In contrast, Group T showed significantly lower levels
of NMDAR2B (p = 0.003) in the left TG. PSD95 protein was not
detected in TG.

Side-by-side comparisons between groups (Figure 4) showed
a trend of increased levels of all four proteins in the left
TG in Group E compared with Group C. This difference
reached statistical significance for NMDAR2B (unpaired two-
tailed t-tests for same side comparisons; p = 0.034), and
PICK1 (p = 0.030). After sustained whisker trimming, in
contrast, GLUR2 and mGLUR3 markedly diminished in the
left TG compared to controls (p = 0.026 and p = 0.016,
respectively). Group T also exhibited changes in protein levels
in the deprived side, more notably a significant increase
in the NMDAR2B subunit (p = 0.001) with respect to
Group C.
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TABLE 1 | List of genes studied in the array.

Symbol Description Refseq L/R Fold difference
CL/CR EL/ER TL/TR
Adam10 ADAM metallopeptidase domain 10 NM_019254 2.45 1.21 —-1.07
Adcy1 Adenylate cyclase 1 (brain) NM_001107239 —-1.97 —1.30 2.28
Adcy8 Adenylate cyclase 8 (brain) NM_017142 —1.04 2.71 2.10
Akt1 V-akt murine thymoma viral oncogene homolog 1 NM_033230 1.08 2.40 2.01
Arc Activity-regulated cytoskeleton-associated protein NM_019361 —1.77 3.21 3.19
Bdnf Brain-derived neurotrophic factor NM_012513 —1.74 2.54 1.91
Camk2a Calcium/calmodulin-dependent protein kinase Il alpha NM_012920 —1.31 2.71 1.38
Camk2g Calcium/calmodulin-dependent protein kinase Il gamma NM_133605 —-1.13 2.46 —-1.12
Cdh2 Cadherin 2 NM_031333 1.62 1.30 1.49
Cebpd CCAAT/enhancer binding protein (C/EBP), delta NM_013154 1.90 1.74 2.71
Cnr1 Cannabinoid receptor 1 (brain) NM_012784 2.69 2.99 4.57
Creb1 CAMP responsive element binding protein 1 NM_031017 3.19 2.89 1.13
Crem CAMP responsive element modulator NM_001110860 1.62 2.01 2.87
Dig4 Discs, large homolog 4 (Drosophila) NM_019621 1.32 4.23 1.31
Egr1 Early growth response 1 NM_012551 1.79 5.06 5.72
Egr2 Early growth response 2 NM_053633 1.77 2.39 2.41
Egr3 Early growth response 3 NM_017086 1.71 2.59 1.70
Ephb2 Eph receptor B2 NM_001127319 1.02 3.09 2.29
Fos FBJ osteosarcoma oncogene NM_022197 3.38 1.90 2.21
Gabras Gamma-aminobutyric acid (GABA) A receptor, alpha 5 NM_017295 1.26 1.94 1.87
Gnait Guanine nucleotide binding protein (G protein), alpha inhibiting 1 NM_013145 1.54 2.31 1.59
Grial Glutamate receptor, ionotropic, AMPA 1 NM_031608 1.33 3.95 1.45
Gria2 Glutamate receptor, ionotropic, AMPA 2 NM_017261 2.61 2.89 —-1.15
Gria3 Glutamate receptor, ionotrophic, AMPA 3 NM_032990 —-1.07 212 1.45
Griad Glutamate receptor, ionotrophic, AMPA 4 NM_017263 1.561 2.04 1.36
Grint Glutamate receptor, ionotropic, N-methyl <sc>d</sc>-aspartate 1 NM_017010 1.35 2.65 1.73
Grin2b Glutamate receptor, ionotropic, N-methyl D-aspartate 2B NM_012574 1.82 4.30 1.21
Grip1 Glutamate receptor interacting protein 1 NM_032069 2.24 2.91 2.16
Grm3 Glutamate receptor, metabotropic 3 NM_001105712 2.22 4.81 1.69
Grm4 Glutamate receptor, metabotropic 4 NM_022666 1.54 2.47 2.00
Grm7 Glutamate receptor, metabotropic 7 NM_031040 —1.42 2.43 —-1.19
Grm8 Glutamate receptor, metabotropic 8 NM_022202 1.39 3.12 1.63
Homer1 Homer homolog 1 (Drosophila) NM_031707 1.97 2.74 1.32
Igf1 Insulin-like growth factor 1 NM_178866 —-1.17 2.60 1.79
Jun Jun oncogene NM_021835 1.44 2.83 2.25
Junb Jun B proto-oncogene NM_021836 1.30 6.01 2.59
KIf10 Kruppel-like factor 10 NM_031135 —1.22 2.64 2.36
Mapk Mitogen activated protein kinase 1 NM_053842 1.03 3.05 1.66
Ncam1 Neural cell adhesion molecule 1 NM_031521 2.38 1.51 —1.17
Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 NM_001276711 —1.20 1.28 —1.01
Ngfr Nerve growth factor receptor (TNFR superfamily, member 16) NM_012610 1.57 3.19 1.02
Nptx2 Neuronal pentraxin 2 NM_001034199 1.46 6.22 —1.10
Nrdai Nuclear receptor subfamily 4, group A, member 1 NM_024388 1.32 9.59 1.10
Ntrk2 Neurotrophic tyrosine kinase, receptor, type 2 NM_012731 1.28 2.02 1.51
Pick1 Protein interacting with PRKCA 1 NM_053460 3.02 1.06 1.56
Pim1 Pim-1 oncogene NM_017034 4.96 1.27 1.82
Plat Plasminogen activator, tissue NM_013151 2.77 1.35 1.27
Plcgi Phospholipase C, gamma 1 NM_013187 2.67 3.28 1.87
Pppica Protein phosphatase 1, catalytic subunit, alpha isoform NM_031527 2.36 3.46 1.96
Pppicc Protein phosphatase 1, catalytic subunit, gamma isoform NM_022498 2.18 25.18 1.12
Pppirida Protein phosphatase 1, regulatory (inhibitor) subunit 14A NM_130403 3.18 1.03 —1.08
Ppp2ca Protein phosphatase 2, catalytic subunit, alpha isoform NM_017039 2.16 —1.04 1.01
(Continued)
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TABLE 1 | Continued

Symbol Description Refseq L/R Fold difference
CL/CR EL/ER TL/TR
Ppp3ca Protein phosphatase 3, catalytic subunit, alpha isoform NM_017041 1.84 2.98 1.55
Prkca Protein kinase C, alpha NM_001105713 1.19 —1.06 1.45
Prkg1 Protein kinase, cGMP-dependent, type 1 NM_001105731 1.09 —1.22 1.76
Rab3a RAB3A, member RAS oncogene family NM_013018 1.50 —1.11 1.82
Rela V-rel reticuloendotheliosis viral oncogene homolog A (avian) NM_199267 1.68 1.33 2.70
Reln Reelin NM_080394 1.08 -1.19 1.36
Rgs2 Regulator of G-protein signaling 2 NM_053453 1.41 1.31 1.10
Rheb Ras homolog enriched in brain NM_013216 1.36 —1.81 1.76
Sirt1 Sirtuin (silent mating type information regulation 2 homolog) 1 (S. cerevisiae) NM_001107627 1.01 —2.58 3.06
Srf Serum response factor (c-fos serum response element-binding transcription factor) NM_001109302 1.33 —1.14 2.52
Synpo Synaptopodin NM_021695 —-1.18 1.58 2.18
Timp1 TIMP metallopeptidase inhibitor 1 NM_053819 —1.04 3.20 2.20
Tnf Tumor necrosis factor (TNF superfamily, member 2) NM_012675 —1.10 —3.91 1.88
Ywhaqg Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta polypeptide NM_013053 —1.14 1.01 1.93

The three columns on the right show the fold differences between sides in the TG of control, enriched and trimming groups. Values in red and blue emphasize >2-fold up
or down changes in the expression ratio, respectively. CL, control left; CR, control right; EL, enriched left; ER, enriched right; TL, timming left; TR, trimming right.

DISCUSSION

This is the first study that examines, using microarray analysis
and western blot, the expression of a selection of genes and
proteins related to glutamatergic neurotransmission in the TG in
rats that were chronically exposed to an enriched environment,
or sustained prolonged unilateral whisker trimming, compared to
naive controls. Our major findings can be summarized as follows:
(1) in naive controls, a few genes coding for specific subunits of
AMPA and metabotropic receptors (GLUR2 and mGLUR3) and
for proteins involved in clustering and stabilization of AMPA
receptors (GRIP1 and PICK1) have higher expression in the
left than in the right TG. (2) Enrichment led to an overall
reduction in expression in the right TG, which was responsible
to a large extent for increasing the left-right asymmetry in gene
expression observed in controls. This decrease was not reflected
in lower protein levels on the right. (3) Vibrissae trimming
on the right whiskerpad nearly eliminated the asymmetries in
gene expression, owing to a general raise on the right, and to a
maintenance or reduction of expression on the left (with the only
exception of an increase in Gria4 and Nptx2). Changes in protein
levels differed between sides: a marked increase in NMDAR?2 in
the right TG, and lower levels of GLUR2 and mGLUR3 in the
left TG.

Lateral Asymmetries in Gene Expression
and Protein Levels

The existence of lateral asymmetries in the rodent brain has been
frequently ignored, or deemed of little relevance compared to
the neural bases of obviously lateralized functions in humans.
Such lateralizations, which are present in many species and
give them adaptive advantages at individual and/or population
levels, are likely to arise from an interplay of genetic, epigenetic,
and experience-dependent mechanisms (Vallortigara and Rogers,

2005). In the trigeminal system, lateral asymmetries and bilateral
effects of unilateral input manipulations have been reported
for the barrel cortex (Riddle and Purves, 1995; Machin et al,,
2004), and a rightward bias has been found in the whiskers-
to-barrel system in rats, which used more efficiently tactile
cues with their right-side whiskers and their left somatosensory
cortex to learn a novel foraging pattern (LaMendola and
Bever, 1997). At peripheral levels of the somatosensory system,
bilateral effects in sensory ganglia or the spinal cord or the
trigeminal complex have been reported previously, following
severe unilateral alterations in sensory input by nerve transection,
inflammation or chronic constriction injury (Koltzenburg et al.,
1999; Von Banchet et al., 2000; Fukuoka et al., 2001; Samsam
et al, 2001; Martin and Avendano, 2009; Dubovy et al,
2013).

At the cellular level, a marked asymmetry was found in
the barrelette neurons, which are the main neurons in the
trigeminal sensory nuclei of the brain stem that relay information
from mechanosensory primary afferents to the somatosensory
thalamus. These neurons displayed significantly longer dendrites
in the left side, and this difference disappeared after chronic
whisker trimming on the right side, a manipulation that also
brought about a range of bilateral changes in dendrites and spines
(Negredo et al., 2009). Moreover, Lagares and Avendano (2000)
had found that the largest, presumably mechanosensory, primary
sensory neurons in the TG had on average larger cell bodies on
the right side. In addition, it has been reported in humans that
sensory nerve conduction velocity differed between the right and
left sides (Tan, 1993; Gupta et al., 2008), although no explanation
was proposed as to possible neural bases for such asymmetry.

An involvement of glutamate neurotransmission in structural
and functional asymmetries has not been examined so far at lower
levels of sensory pathways. However, it may occur at higher brain
levels, since synapses on spines in the apical dendrite of pyramidal
cells in CAl of either side arising from the left CA3 field
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FIGURE 1 | Scatter plots of the 66 target mMRNAs expression in
trigeminal ganglia (TG). The expression profile is plotted as log10 (2-Delta
Ct) in the left and right TG for the Control (A), Enriched (B), and Trimmed (C)
groups. Values on the diagonal midline represent equal expression in both
sides. Lines above and below the midline indicate the twofold cut-off
boundaries of expression; colored circles above (red) and below (blue) these
lines identify over- and under-expressed genes, respectively.
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FIGURE 2 | List of the genes sorted according to the presence or
absence of >2-fold up (red) or down (blue) differences in expression in
the left vs. the right TG. C, Control; E, Enriched; T, Trimming.
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TABLE 2 | List of glutamate transmission-related genes studied in the
array.

Symbol Fold Fold Fold Fold
regulation regulation regulation regulation
ER/CR EL/CL TR/CR TL/CL
Dig4 —-1.95 2.05 3.38 1.32
Grial -1.67 2.23 2.66 1.15
Gria2 -1.18 117 3.13 —2.41
Gria3 0.65 1.47 0.89 1.39
Gria4 0.98 1.32 2.92 2.63
Grin1 —1.34 1.84 2.1 1.07
Grin2b —2.55 1.16 1.28 —2.96
Grip1 —1.43 1.14 2.40 —1.09
Grm3 —2.44 1.1 4.29 1.22
Grm4 —-1.71 1.18 2.32 1.20
Grm7 —2.91 1.49 1.46 —1.44
Grm8 —2.43 1.16 118 —2.02
Homer1 —1.82 1.04 1.83 —2.05
Nptx2 —2.30 1.85 6.08 3.78
Pick1 2.83 1.25 2.73 —-1.77

The four columns show fold differences in expression for each side between
groups, using the control group as the reference. Values in red and blue highlight
>2-fold up or down changes in the expression ratio, respectively.

were found to be smaller and had higher levels of postsynaptic
NMDAR2B, whereas spines contacted by terminals from the right
CA3 were larger, richer in GLUR2 AMPA subunit, and poorer
in NMDAR2 (Kawakami et al., 2003; Shinohara et al., 2008).
Accordingly, this asymmetry had functional consequences, where
the left CA3 was able to induce more spike-timing dependent
long-term potentiation at CAl synapses than the right CA3
(Kohl et al., 2011). In the present study we found no significant
differences between sides at the protein level for glutamate
receptor subunits. However, Gria2, the gene coding for GLUR2,
showed higher expression in the left TG, and a parallel asymmetry
was found in Pickl and Gripl, which code for proteins directly
implicated in activity-dependent internalization and intracellular
stabilization of GLUR2-containing AMPA receptors, events that
play important roles in the generation of activity-dependent
synaptic plasticity (Takamiya et al., 2008; Terashima et al., 2008).

Effects of Environmental Enrichment on

Glutamate Receptors in the TG

Adult rats display enhanced spontaneous exploratory behavior
and active whisking following prolonged exposure to enriched
environments (Polley et al., 2004; Valles et al., 2011). These
behavioral effects are accompanied by a variety of structural
and functional changes in the barrel cortex, such as an increase
in cortical thickness and barrelfield volume, expansions of
neuronal somata and dendrites, increase in number and size
of cortical synapses, and refinements in receptive field size,
response selectivity and local field potentials in somatosensory
areas (Greenough et al., 1973; Coq and Xerri, 1998; Diamond,
2001; Machin et al., 2004; Devonshire et al., 2010; Landers
et al,, 2011). A number of transcription factors and IEGs are
upregulated in the barrel cortex transiently after short periods
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FIGURE 3 | Lateral differences in protein levels in the TG.

(A) Representative immunoblots showing protein levels of GLUR2,
NMDAR2B, mGLUR3, and PICK1 in left (L) and right (R) sides of the TG in the
same animal from Control, Enriched, and Trimmed groups. B3-tubulin was
used as loading control. (B) Variation in protein expression level is given taking
the right side as 100%. Left over right side differences in protein levels of
GLUR2, NMDAR2B, mGLURS, and PICK1 in the TG. Error bars indicate SEM.
*p < 0.05, **p < 0.01 compared with relative control groups; student’s paired
two-tailed t-test.

of exposure to novel or enriched environments, but these effects
were absent or very limited in thalamic and brainstem nuclei
relaying trigeminal information (Staiger et al., 2000; Bisler et al.,
2002). Extended exposure to enriched environments is known
to regulate the differential expression of glutamate receptors
in forebrain structures, and, perhaps not coincidentally, some
of these effects resemble the changes we found in TG. In
particular, there is an increased expression of NMDA receptor
subunits NMDAR2B, and NMDAR2A (but not NMDARI)
following enrichment (Tang et al., 2001; Andin et al, 2007;
Shum et al.,, 2007). In our study, the expression of NMDAR2B
also tends to be enhanced by enrichment in TG, with a
striking lateral asymmetry, also observed in its encoding gene,
Grin2B.
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The metabotropic receptor subunits in our study belong
to groups II and III, which are mainly presynaptic and are
involved in reducing neurotransmitter release (Conn and Pin,
1997). Subtypes from either of these groups are present in nearly
all DRG and TG neurons, with a predominance of mGLURS8
in neurons of all sizes, followed by mGLUR2/3 in small and
medium-sized cells in DRG, and a more general expression in
various cell types in TG (Carlton and Hargett, 2007; Boye Larsen
et al.,, 2014). The genes coding for the metabotropic subunits
3, 7, and 8 were downregulated in our study (Table 2) on
the right side after enrichment, generating a lateral asymmetry
that is lacking in controls. This could suggest that glutamate
transmission might be enhanced on the right side. Although hard
to explain, it is interesting that in young adult rats exposed to
enriched environment for 10 weeks, the left barrel cortex (the
main target for vibrissal input from the right whiskerpad) showed
a6-9% increase in volume compared to controls kept in standard
cages (Machin et al., 2004).

Effects on Glutamate Receptors in TG of
Unilateral Deprivation of Active Touch by
Chronic Whisker Trimming

There is a large body of data on the molecular, structural
and functional effects that various combinations of active input
removal by whisker trimming elicit on the somatosensory
cortex (Cheetham et al., 2007; Feldman, 2009; Oberlaender
et al., 2012). Data are much scarcer, however, on the long
term consequences of these manipulations on the primary
sensory neurons innervating the whiskers, or their targets in
the trigeminal nuclei of the brain stem. Following unilateral
deprivation by chronic whisker trimming, the dendrites of
trigeminothalamic barrelette neurons in the trigeminal nucleus
principalis and of intersubnuclear neurons in the nucleus

caudalis undergo bilateral changes in length and distribution
of dendritic spines (Negredo et al., 2009; Martin et al., 2014).
Bilateral changes were also found in the present study, consisting
in an extensive up-regulation of gene expression in the right
TG together with a more moderate downregulation on the left
side. The genes involved in this change evoked by whisker
trimming code for different AMPA, NMDA and metabotropic
receptors suggesting that this receptors play active and lasting
roles following input removal by whisker trimming.
Amino-3-hydroxy-5-methyl-4-isoxazole ~ propionic  acid
receptors, in particular those including GLURI1, play a role in
enabling experience-dependent and long-term depression in
granular and supragranular layers of the barrel cortex in adult
mice, since no such depression is observed in GLUR1 knock-out
mice (Allen et al., 2003; Wright et al., 2008). Permanent and
irreversible deafferentations of the somatic cortex lead to elevated
levels of the GLURI1 subunit in monkeys (Mowery et al., 2013,
2015). In contrast, GLUR2 and GLUR3, two subunits that make
the AMPA receptor less permeable to Ca’™, and which are
involved in the insertion and stabilization of AMPA receptors
independently of activity, do not differ from controls several
weeks after whisker trimming in layer IV of the barrel cortex
(Gierdalski et al., 1999) or after permanent deafferentation in
somatosensory cortex in monkeys (Mowery et al., 2013, 2015).
We found that the genes coding for GLURI and GLUR2 (Grial
and 2) were both upregulated in the deprived right TG. The
upregulation of Gria2 on the right ganglion did not translate into
increased levels of the protein GLUR2, however, both Gria2 and
GLUR? significantly decreased on the left. Gria4, in contrast, was
bilaterally upregulated in TG after unilateral whisker trimming.
So far, a similar upregulation of Gria4 has been described
in the dorsal horn of the spinal cord 2-4 weeks after sciatic
nerve transection (Yang et al., 2004). These findings, together
with the likely involvement of GLUR4-containing presynaptic
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AMPA receptors in modulation of nociception (Willcockson and
Valtschanoff, 2008), support the involvement of this subunit in
sensory-dependent plasticity processes.

The NMDA receptor subunits NR1 and NR2B display no
more than temporary changes in the cortex of adult subjects
under conditions of prolonged input deprivation (He et al., 2004;
Corson et al., 2009). However, the absence of NMDARI leads to
an overgrowth of trigeminal primary afferents in the brain stem,
which fail to organize into discrete ‘barrelettes’ in the trigeminal
nuclei (Lee et al, 2005). In the TG, NMDAR2B increased
significantly its levels in the side subjected to chronic deprivation,
without a parallel increase in its encoding gene Grin2b. Data are
not available for the protein NMDARI, but its encoding gene
(Grial) also showed higher expression on the deafferented side.
NMDARLI is preferentially expressed in large, mechanosensory
primary afferent neurons, and NMDAR2B in small primary
afferents, while both subunits have been suggested to be present
in satellite cells (Castillo et al., 2013). Therefore, it appears that all
cell types directly involved in glutamatergic neurotransmission
in the TG might display long-lasting adaptations in their NMDA
receptors to input deprivation.

Activation of mGLUR2/3 receptors has been proposed to
reduce nociceptive transmission in trigeminal afferents (Boye
Larsen et al., 2014). We found that Grm3, the gene encoding
mGLUR3, showed a larger basal expression on the left TG,
a difference that increased after enrichment, mainly because
of a reduced expression on the right TG. Following whisker
trimming, in contrast, Grm3 expression rose on the deprived side,
without a parallel change in mGLUR3 receptor level, while this
protein showed a significant reduction on the contralateral side.
It is tempting to speculate that primary sensory neurons enhance
the modulatory control that metabotropic receptors exert on
excitatory transmission in the deprived side, while matching
neurons in the intact side down-regulate these receptors to,
putatively, favor input-dependent transmission.

Concerning other metabotropic receptors, in our study the
genes encoding mGLUR7 and 8 showed no change (Grm?7) or
only a moderate decrease on the left side (Grm8). mGLUR?7 is
expressed in peptidergic small neurons in the DRG, and both
the protein and its encoding mRNA are downregulated after
sciatic nerve ligation (Li et al., 2012). mGLURS is present in both
primary sensory neurons and satellite glial cells, and has a high
affinity for glutamate, which turns it into a sensitive presynaptic
auto- and hetero-receptor that could be activated by local
glutamate spillover (Palazzo et al., 2014a). Both subunits regulate
glutamate neurotransmission and are involved in reducing
nociception at peripheral levels (Govea et al., 2012; Palazzo et al.,
2014b) which situate them as appropriate candidates for future
sensory-dependent plasticity studies.

Sensory Experience-Dependent
Changes on Glutamate
Receptor-Associated Genes and

Proteins
Four of the five genes selected under this category (Pick1, Gripl,
Dlg4, and Homerl) encode as many PDZ (postsynaptic density

95/discs large/zona occludens) domain-containing proteins that
bind to a number of AMPA and NMDA receptor subunits. The
fifth corresponds to Nptx2, an IEG that codes for the protein
NPTX2, also known as NARP, that is secreted from presynaptic
terminals, and induces clustering of GLUR4-containing AMPA
receptors.

GRIP1 is a major scaffolding protein that stabilizes in the
membrane GluR2/3 containing postsynaptic AMPA receptors.
The disruption of GRIP1-GLUR2 interaction is needed for LTD
(Kim et al., 2001). Moreover, it has been recently shown that
the total amount of GRIP1 and its intracellular distribution is
activity- dependent: during neuronal inactivity GRIP1 is reduced,
which stabilizes AMPA receptors in the membrane, while under
conditions of forced neuronal activity, GRIP1 increases, and
removes AMPA from synapses toward the cytoplasm (Tan
et al, 2015). PICK1 role in AMPA receptor trafficking is
essential for NMDAR-dependent LTD, by its Ca>* dependent
capacity to retain AMPA receptors that have been internalized
in the first stages of LTD (Terashima et al, 2008; Citri
et al, 2010). Both nociceptive and non-nociceptive primary
sensory neurons in DRG express presynaptic AMPA receptors
containing subunits GLURI and GLUR2/3, and most of these
receptors concentrate in the central axon terminals of these
neurons, strongly inhibiting glutamate release (Lee et al., 2002).
While GRIP1 and PICK1 are more abundant postsynaptically,
some isoforms of GRIP1 are also present presynaptically at
glutamatergic synapses (Charych et al,, 2006), and PICKI is
also present in presynaptic membranes, including the active
synaptic zone and in the membrane of synaptic vesicles that
also contain GluR2 (Haglerod et al, 2009). We found that
changes in expression of Gripl and Pickl resembled those
of Gria2 (that encodes GLUR2) in showing similar lateral
asymmetries in controls and a parallel upregulation in the
deprived TG.

To our knowledge, Homer1 and Dlg4, as well as their encoded
proteins are typically associated to postsynaptic, not presynaptic,
membranes, and have not been described up to now in DRG or
TG. The expression of these two genes in control TG and the
changes in expression associated to enrichment and deprivation
is therefore an intriguing finding that needs further investigation.

NPTX2, through its relationship with GLUR4, plays key roles
in some learning paradigms and plasticity processes (Tsui et al.,
1996; Chang et al, 2010; Johnson et al., 2010; Elbaz et al,
2015). At early stages of development, GLUR4 is critical for the
function of synapses, where it is being recruited by weak synaptic
activity (Zhu et al., 2000). NARP has been recently reported to be
present in small and medium-sized DRG putatively nociceptive
neurons, as well as in their terminals in laminae I and II of the
dorsal horn of the spinal cord (Miskimon et al., 2014), and the
same primary sensory neurons express GLUR4 (Lu et al., 2002).
Since in the TG we found that Nptx2 and Gria4 were similarly
upregulated bilaterally after unilateral whisker trimming, it could
be speculated that a sustained condition of reduced input
in the deprived side (perhaps combined with a demand to
increase the haptic input contralaterally) were factors involved
in the upregulation of those genes. This interpretation, however,
should be taken with caution, because NARP is also involved
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in neural inflammation by regulating macrophage/microglial
reaction to various types of pain-inducing peripheral damage
(Miskimon et al., 2014), and in DRG GLUR4 is also present in
satellite glia (Tachibana et al., 1994).

Cellular Location of Target Molecules in
the TG

A variety of anatomical and molecular techniques have proved
conclusively that neuron cell bodies in the DRG or TG
are responsible for at least a good part of the gene and
protein expression affecting glutamatergic neurotransmission.
But three factors complicate this simplified picture considerably.
First, many of the glutamatergic-related proteins studied
here are enriched in axon terminals, rather than in cell
bodies, therefore staying in an undetermined proportion
outside the analyzed ganglia. Second, SGC, which intimately
surround neuronal cell bodies and regulate many aspects of
the neuronal microenvironment, including the trafficking of
neurotransmitters (Hanani, 2005), respond with intracellular
Ca’* rises to AMPA, NMDA, kainate and mGluR agonists,
and express GLUR4, NMDARI, NR2B and NR3A, mGLURI,
mGluR5 and mGLURS, while they fail to immunostain for
GLUR2/3 (Supplementary Table S1; Tachibana et al., 1994;
Castillo et al., 2013; Kung et al.,, 2013; Boye Larsen et al., 2014;
Ferrari et al., 2014). However, to our knowledge no data are
available as yet concerning the expression of these molecules
in DRG or TG in cells other than sensory neurons or SGC.
And third, the relationship between transcription and translation
is always a complex one, and more so when the target cell
has neurites extending far away from the tissue under scrutiny.
Presence of glutamate receptors in the soma of DRG or TG
neurons has been well established, and presynaptic NMDA,
mGLUR and AMPA receptors in primary afferent terminals of
the spinal cord are known to be synthesized in the DRG cell
bodies, and are mostly transported centrally along the dorsal
roots, as has been shown by experimental ligation of dorsal roots
or rhizotomies (Araki et al., 1993; Sato et al., 1993; Li et al., 1997;
Carlton et al., 2001; Lu et al., 2002, 2003; Boye Larsen et al., 2014).
Moreover, recent data suggest the existence of metabotropic
receptors in the peripheral terminals of primary sensory neurons
contacting peripheral receptors (Watson, 2015). In addition, it is
likely that not only proteins but also mRNA exiting the nucleus is
dispatched along the axons down to their terminals, where it will
translate into protein upon local demand (Alvarez et al., 2000,
Crispino et al., 2014). And the presynaptic proteins and even the
mRNA in axon terminals might derive, at least in part, from direct
transfer from neighboring glial cells (Giuditta et al., 2002). These
facts caution against making too hasty inferences of the changes
in expression observed in long-term studies.

CONCLUSION

For a long time the mature primary sensory neurons were
considered relatively passive structures, not playing more than an

instrumental and supporting role in the transfer and distribution
of sensory information to the central nervous system. Even under
conditions of peripheral tissue injury, the role attributed to these
neurons dimmed quickly once ‘acute’ pain conditions evolved
into a chronic pain disorder (Krames, 2015). In experience-
dependent plasticity studies, sensory ganglia have simply been
overlooked. Our findings, however, point to the need of
investigating in depth the varied responses at the genomic,
molecular and cellular levels that sensory ganglia display under
changing sensory inputs, which may provide the grounds for
adaptation strategies and learning processes.
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