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Abstract
Peripheral nerve injury may lead to neuroadaptive changes of cellular signals in spinal cord that are
thought to contribute to central mechanisms underlying neuropathic pain. Here we used a two-
dimensional electrophoresis (2-DE)-based proteomic technique to determine the global expression
changes of synaptosome-associated proteins in spinal cord dorsal horn after unilateral fifth spinal
nerve injury (SNI). The fifth lumbar dorsal horns ipsilateral to SNI or sham surgery were harvested
on day 14 post-surgery, and the total soluble and synaptosomal fractions were isolated. The proteins
derived from the synaptosomal fraction were resolved by 2-DE. We identified 27 proteins that
displayed different expression levels after SNI, including proteins involved in transmission and
modulation of noxious information, cellular metabolism, membrane receptor trafficking, oxidative
stress, apoptosis, and degeneration. Six of the 27 proteins were chosen randomly and further validated
in the synaptosomal fraction by Western blot analysis. Unexpectedly, Western blot analysis showed
that only one protein in the total soluble fraction exhibited a significant expression change after SNI.
The data indicate that peripheral nerve injury changes not only protein expression but also protein
subcellular distribution in dorsal horn cells. These changes might participate in the central mechanism
that underlies the maintenance of neuropathic pain.
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1 Introduction
Neuropathic pain is a common syndrome that results from disease or dysfunction in the nervous
system, such as from peripheral nerve or spinal cord injury [1,2]. It is characterized by
spontaneous ongoing or intermittent burning pain, an exaggerated response to painful stimuli,
and pain in response to normally innocuous stimuli. Despite considerate research into the
neurobiological mechanisms of neuropathic pain during the past decades, our understanding
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of this disorder is still incomplete, and its treatment by current drugs, such as antidepressants,
anticonvulsants, opioids, and non-steroidal anti-inflammatory drugs, is often inadequate [1,
2].

Evidence indicates that peripheral nerve injury might lead to neuroadaptive changes of cellular
signals in dorsal horn; such changes are thought to contribute to the central mechanisms that
underlie neuropathic pain [1,2]. The global changes of gene expression in dorsal horn following
peripheral nerve injury recently have been demonstrated by cDNA microarray [3-5]. Some
translational protein products have been further confirmed by Western blot and
immunohistochemistry [3,4]. For example, peripheral nerve injury increases expression of both
mRNA and protein for protein kinase C alpha, protein kinase beta 1, and calcium channel alpha
2/delta subunit 1 [3]. However, these studies confirmed only the expression changes of some
selected genes of interest at the protein level. It is possible that peripheral nerve injury could
alter the expression of some genes without affecting their protein expression. In addition,
peripheral nerve injury might modulate post-transcriptional regulation of some proteins
without affecting gene expression. A previous study showed that peripheral inflammation
increased protein but not mRNA levels for the transient receptor potential ion channel TRPV1
in the dorsal root ganglion [6]. Accordingly, the global neuroadaptive changes of cellular
signaling proteins in dorsal horn under neuropathic pain conditions are still unclear.

Proteomic analysis can provide expression profiles of proteins and their post-translational
modifications in cells, tissues, and organs [7,8]. Using proteomic approaches, Lee et al. [9]
first reported on five proteins that displayed differential expression in spinal cord after spinal
nerve injury (SNI). Later, Kunz et al. [10] also found five regulated proteins in the spinal cord
after chronic constriction injury. Interestingly, according to current knowledge, these identified
proteins are involved in oxidative stress, apoptosis, or cellular metabolism, but not in
nocicepetive transmission and modulation. In addition, many important classes of proteins that
undergo significant expression changes in dorsal horn under neuropathic pain conditions [3,
4], were not identified in those proteomic studies [9,10]. Therefore, more in-depth proteomic
analysis is required to study nerve injury-induced global changes in protein expression in the
spinal dorsal horn.

In the present study, we first isolated the crude synaptosomal fraction derived from spinal
dorsal horn of rats on day 14 after fifth lumbar SNI or sham surgery and then used two-
dimensional gel electrophoresis (2-DE) in combination with mass spectrometry to examine the
global changes of synaptosome-associated proteins in dorsal horn under neuropathic pain
conditions. Finally, we used Western blot analysis to further validate the proteomic analysis
by examining the expression changes in six of the proteins identified in the synaptosomal and
total soluble fractions.

2 Materials and methods
2.1 Animal preparations

Male Sprague-Dawley rats (250–350 g) were housed individually in cages on a standard 12
h-12 h light-dark cycle. Water and food were available ad libitum until rats were transported
to the laboratory approximately 1 h before the experiments. All animal experiments were
carried out with the approval of the Institutional Animal Care and Use Committee at the Johns
Hopkins University and were consistent with the ethical guidelines of the National Institutes
of Health and the International Association for the Study of Pain. All efforts were made to
minimize the number of animals used and their suffering.
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2.2 SNI-induced neuropathic pain model
Experimental animals (n = 9 rats) were anesthetized with isoflurane and placed in a prone
position. A dorsolateral skin incision was made on the lower back. The sixth lumbar transverse
process was identified and freed of its muscle attachments and then removed. The underlying
fifth lumbar nerve root was isolated, ligated with a 3-0 silk suture, and transected just distal to
the ligature according to the method described previously [11,12]. After appropriate
hemostasis, the muscle layer was closed with a silk suture and the skin stapled. In the sham
group (n = 9 rats), the surgical procedure was identical to that described above, except that the
fifth lumbar spinal nerve was not ligated and transected.

2.3 Behavioral responses to mechanical stimuli
Behavioral testing was performed by experimenters blinded to the rats' surgical group. Each
animal (18 rats, 9/group) was placed in a Plexiglas chamber on an elevated mesh screen.
Behavioral acclimation was allowed for at least 30 min. Mechanical paw withdrawal thresholds
(PWTs) were measured with the up–down testing paradigm [13,14] 1 day prior to surgery and
on day 14 after SNI or sham surgery. von Frey hairs in log increments of force (0.38, 0.57,
1.23, 1.83, 3.66, 5.93, 9.13, 13.1 g) were applied for a duration of 4–6 s to the region between
the foot pads in the plantar aspect of the hindpaw. The 1.83-g stimulus was applied first. If a
positive response occurred, the next smaller von Frey hair was used; if a negative response was
observed, the next higher force was used. The test was continued until: (1) the responses to
five stimuli were assessed after the first crossing of the withdrawal threshold or (2) the upper/
lower end of the von Frey hair set was reached before a positive/negative response had been
obtained. Abrupt paw withdrawal, licking, and shaking were regarded as positive responses.

2.4 Subcellular fractionation of proteins
Biochemical fractionation was carried out according to previous studies with minor
modification [15,16]. Briefly, the animals were sacrificed by decapitation after behavioral
testing. The fifth lumbar spinal cord segments ipsilateral to SNI (n = 9 rats) or sham surgery
(n = 9 rats) were collected. The dorsal part of the spinal cord was separated from the ventral
part. Because the L5 dorsal horns of rats are extremely small, the tissue from 3 rats was pooled
together to obtain enough protein to conduct both 2-DE and Western blotting analyses (see
below). These two analyses were repeated three times. The tissues were homogenized in
homogenization buffer [10 mM Tris-HCl (pH 7.4), 5 mM NaF, 1 mM sodium orthovanadate,
320 mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 1 M
leupeptin, and 2 mM pepstatin A]. After centrifugation at 1,000 × g for 20 min at 4°C, the
supernatant (S1, total soluble fraction) was collected and the pellet (P1, nuclei and debris
fraction) discarded. After measurement of the protein concentration, 20% of the supernatant
(S1) was removed to measure the amounts of dorsal horn proteins in the total soluble fraction.
The remaining supernatant (S1, 80%) was centrifuged at 10,000 × g for 20 min to produce a
pellet (P2) and supernatant (S2). The P2 was lysed hypo-osmotically in water and centrifuged
at 25,000 × g to produce a pellet (P3). The S2 was considered to be the crude cytosolic fraction
and the P3 the crude synaptosomal membrane fraction [15,16].

2.5 Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis (2-DE) was performed as previously described with
modifications [17,18]. Briefly, the synaptosomal membrane fraction (P3) was dissolved in 2-
DE lysis buffer [8 M urea, 4% CHAPS, and 20 mM Tris-HCl (pH 8.8)]. Total protein (50 μg)
was separated by first-dimensional isoelectric focusing (IEF) using pre-cast, dry, 17-cm
immobilized pH gradient (IPG) strips (pH 3–10; Bio-Rad, Hercules, CA) on a IPGphore unit
(Bio-Rad). In brief, each IPG strip was first hydrated for 12 h with the protein in 300 μL of
IEF hydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 0.5% carrier ampholyte, 40 mM
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dithiothreitol, and 0.002% bromophenol blue). IEF was carried out using the following
conditions: (1) 250 V for 20 min on linear ramp, (2) 10,000 V for 2 h on linear ramp, (3) 10,000
V at 45,000 V/h on rapid ramp, (4) holding at 500 V on rapid ramp until IPG strips were
removed from the first dimension. The strips were then subjected to a two-step equilibration
using equilibration buffer I [6 M urea, 2% SDS, 0.375 M Tris-HCl (pH 8.8), 20% glycerol,
and 130 mM dithiothreitol] followed by equilibration buffer II [6 M urea, 2% SDS, 0.375 M
Tris-HCl (pH 8.8), 20% glycerol, and 135 mM iodoacetamide] for 15 min each just before 2-
DE. The second dimensional electrophoresis was performed on 1.0-mm 10% SDS-PAGE gels
using an Amersham Pharmacia Iso-DALT electrophoresis unit at 50 V for 30 min followed by
100 W until the blue dye front arrived at the bottom of the gel.

2.6 Image acquisition and 2-DE gel spot pattern analysis
Any two gels undergoing direct comparison were run and silver stained in parallel. Silver
staining was performed with the MS-compatible SilverQuest™ Silver staining kit (Invitrogen,
Carlsbad, CA). Stained gel images were acquired with Molecular Imager FX (Bio-Rad).
Progenesis software version 2005 (Nonlinear Dynamics, Durham, NC) was used in the present
study for spot detection, gel alignment, spot quantification, and log normalized data. The data
from the SNI-treated groups and corresponding with the silver-stained spots of sham group
were generated from three parallel experiments. The analysis of variance (ANOVA) generated
from Progenesis software was applied to compare the log normalized data derived from the
spots of the SNI-treated groups and the sham groups [17-19]. Based on the gel-to-gel variation
of less error in highly abundant proteins, significant protein spots that showed at least 2-fold
difference in the spot relative volume between two groups were selected for protein
identification.

2.7 Enzymatic digestion of protein spots
Selected silver-stained protein spots were excised manually with a plastic plunger (The gel,
San Francisco, CA) and transferred to a microcentrifuge tube pre-rinsed with acetonitrile (500
μL). In addition to these protein spots, 20 blank gel pieces were excised from the gel to use as
controls. Prior to peptide digestion, the protein gel pieces were destained with a 1:1 mix of 30
mM potassium ferrocyanide and 100 mM sodium thiosulphate until they lost the brown color
and then were washed three times with 200 μL proteomics-grade water (Bio-Rad). Destained
gel pieces were washed with 20 mM NH4HCO3 and dehydrated with acetonitrile twice for 10
min each. Finally the dried gel pieces were hydrated in 20 μl of sequencing-grade modified
trypsin (10 ng/μL, Promega, Madison, WI) in 20 mM NH4HCO3 (pH 8.5, Sigma, St. Louis,
MO) and incubated on ice for 45 min. Excess trypsin was removed and replaced with 10 mM
NH4HCO3. Protein digestion was continued by incubating the gel pieces at 37°C overnight
with gentle shaking. Peptides were extracted from gel pieces by adding 200 μL of 0.1%
trifluoroacetic acid in 60% acetonitrile followed by vigorous shaking for 60 min at 30°C.
Supernatant was collected and dried in a speed vacuum concentrator (Eppendorf, Westbury,
NY), and the resulting peptides were solubilized in 5 μL of 0.1% trifluoroacetic acid.

2.8 Peptide mass fingerprinting by mass spectrometry
The extracted peptide mixture was desalted with an in-tip reversed phase column (C18 Zip-
Tip; Millipore) [17]. The peptide mixture was eluted from the Zip-Tip with 2 μL of matrix
solution (10 mg/mL α-cyano-4-hydroxycinnnamic acid in 60% acetonitrile/0.1% TFA) and
directly spotted onto a MALDI target plate. Mass analyses were performed in a MALDI-TOF
mass spectrometer (Voyager DE-STR, Applied Biosystems. Framingham, MA) equipped with
a 337-nm nitrogen laser. Samples were analyzed in reflectron mode by TOF at an accelerating
potential of 20 kV. The average of three scans (each containing 75 spectra) that passed the
accepted criterion of peak intensity were automatically selected and saved using Data Explorer
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software version 4.0 (Applied Biosystems). Mass spectra were automatically calibrated upon
acquisition using two-point residual porcine trypsin autolytic fragments (842.51 and 2210.10
[M+H+] ions) and matrix-added standard bradykinin (Sigma) and ACTH (Sigma) peaks
(757.39 and 2,465.19 [M+H+] ions). Raw spectra were baseline corrected and noise filtered
(correlation factor = 7). Spectra were deisotoped, and the peaks were collected automatically
using the “copy peak list” feature of the software. Extra peaks resulting from keratin and trypsin
were removed manually from monoisotopic standard peak lists. All of the submitted masses
were accurate to the level of 40 ppm.

2.9 Identification of proteins
Monoisotopic masses of each spectrum in triplicate were searched in the NCBI non-redundant
database (NCBI nr 2005.01.03) using the ProFound-peptide mapping search engine (The
Rockefeller University Edition, Version 2005.02.14). Identified proteins were confirmed via
the MS-Fit search engine using SwissProt.07.05.2006 database. The SwissProt database was
searched with restrictions by experimental molecular weight (20000–100000 Da), isoelectric
point (pI 3.00–10.00), and species (Rattus Norvegicus) against 49,282 entries. Unmatched
peptides and miscleavage sites were disregarded. All mass searches were performed with the
short form of the Pro-Found-peptide mapping search engine in the Rattus taxonomic category
for only single proteins with a pre-assumed experimental mass and pI range and crosschecked
with the MS-Fit search engine. The search parameters were allowed complete modification
with iodoacetamide. Peptides were matched with the theoretical peptide masses of all proteins
from Rattus Norvegicus of the NCBI and SwissProt databases using a tolerance limit of 50
ppm. Other criteria for positive identification of proteins were set as follows: (1) the number
of peptides matched averaged more than 10 (minimum, 5); (2) 20–50 ppm or better mass
accuracy; (3) the matched peptides covered at least 15% of the whole protein sequence with a
significant Z score (>90% probability) and higher Mowse score; (4) each identified protein
was cross referenced to the comparable pI and molecular weight (kDa) obtained from
experimental image analysis on the 2-DE gel. Among five maximum reported hits from the
SwissProt database, the highest Mowse score (at least 25% coverage) with unique peptide and
validation through Western blot analysis was used to eliminate the redundancy of the matched
protein to multiple members of a protein family. A complete description of protein
identification by peptide fingerprinting is given in the Supplementary Material (SM.1).

2. 10 Western blot analysis
The same protein samples that were used for 2-DE described above were also used for Western
blotting analysis. The samples were heated for 5 min at 95°C and then loaded onto 4% stacking/
10% separating SDS-polyacrylamide gels (20 μg protein/lane). The proteins were
eletrophoretically transferred onto nitrocellulose membrane. The blotting membranes were
blocked with 5% non-fat dry milk for 1 h and incubated overnight at 4°C with goat anti-
glutamine synthetase (GS; 1:200; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), goat anti-
sarcomeric mitochondrial creatine kinase (S-MtCK; 1:200; Santa Cruz Biotechnology, Inc.),
rabbit anti-guanine nucleotide-binding protein G (Go), alpha subunit 1 (1:1000; Calbiochem,
San Diego, CA), rabbit anti-heat shock protein 84 (HSP84; 1:1000; Abcam Inc., Cambridge,
MA), rabbit anti-heat shock cognate 70 (HSC70; 1:1000; StressGen Biotechnologies, Victoria,
BC), rabbit anti-secreted frizzled-related protein 4 precursor (sFRP-4; 1:1000; prepared by
A.M.D.), mouse anti-N-cadherin (1:1000; BD Transduction Laboratories, San Jose, CA),
mouse anti-PSD-95 (1:1000; BD Transduction Laboratories), rabbit anti-synaptophysin
(1:1000; BD Transduction Laboratories), or mouse anti-glyceraldehyde dehydrogenase
(GAPDH; 1:1000; Santa Cruz Biotechnology, Inc.). N-cadherin and GAPDH were used as the
loading controls for the synaptosomal membrane fraction [20] and total soluble fraction,
respectively. The proteins were detected using anti-rabbit, anti-goat, or anti-mouse secondary
antibody and visualized with chemiluminescence reagents provided with the ECL kit
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(Amersham Pharmacia Biotech, Piscataway, NJ) and exposure to film. The fluorographic
images were digitalized into eight-bit tagged image format files using scan jet Plus (Hawlett-
Packard). Baseline density of the area surrounding the bands was determined by two-
dimensional integration with quantity one image analysis software (Bio-Rad), and then local
background was subtracted. The percent volume ratio of selected bands, i.e. total signal
intensity inside a defined boundary drawn on an image, was used for densitometric analysis.

2. 11 Statistical Analysis
For behavioral testing, the pattern of positive and negative paw withdrawal responses to the
von Frey filament stimulation was converted to a 50% threshold value using the formula
provided by Dixon [14]. A two-way repeated measure ANOVA with Fisher's protected LSD
post-hoc test was used to compare PWT difference between pre- and post-surgery conditions.

For Western blot analysis, the relative density of each protein was calculated by dividing the
optical density value of each protein by the optical density of the corresponding loading control
(N-cadherin for the synaptosomal fraction and GAPDH for the total soluble fraction). An
independent Student's t test was used to compare the relative density differences between the
SNI and sham groups. Data are presented as mean ± standard error of mean (S.E.M). P < 0.05
was considered statistically significant in all tests. The statistical software package SigmaStat
(Systat, Port Richard, CA) was used to perform all statistical analyses.

3 Results and discussion
3. 1 Induction of SNI-induced mechanical hypersensitivity in rats

To ensure that all SNI rats used in the proteomic study showed pain hypersensitivity, rat PWTs
in response to mechanical stimuli were measured. Consistent with our previously published
data [11,21,22], SNI induced mechanical hypersensitivity, as indicated by a significant
decrease in PWT on the ipsilateral side (but not on the contralateral side) on day 14 post-surgery
compared to the baseline (Fig. 1A, n = 9; P < 0.01). Sham surgery did not cause mechanical
hypersensitivity on either the ipsilateral or contralateral side (Fig. 1B, n = 9, P > 0.05).

3.2 Identification of differentially expressed proteins in ipsilateral dorsal horn following SNI
To investigate the synaptic basis of SNI-induced mechanical hypersensitivity at the spinal cord
level, we first collected the crude synaptosomal membrane fraction by velocity gradient
centrifugation [15,16]. To test the specificity of the fractionation procedure, the expression
levels of a plasma membrane–specific protein, N-cadherin, a synaptic vesicle membrane
protein, synaptophysin, a postsynaptic density protein, PSD-95, and GAPDH, an intracellular
protein, were assessed in both crude synaptosomal membrane and cytosolic fractions.
Consistent with previous studies [15,16,20], N-cadherin, PSD-95, and synaptophysin were
expressed highly in the crude synaptosomal fraction but weakly or undetectablely in the
cytosolic fractions (Fig. 2). In contrast, GAPDH was expressed predominantly in the crude
cytosolic fraction but weakly in the synaptosomal membrane fraction (Fig. 2). These data
indicate that the fractionation procedure used effectively separates synaptosome-associated
proteins from cytosolic proteins.

We then compared the expression of synaptosome-associated proteins derived from ipsilateral
dorsal horns of SNI- and sham-treated rats on day 14 post-surgery. More than 1500 proteins
were captured in the pH range 5.0–9.5 (Fig. 3). Overall, the 2-DE protein spot patterns across
all the gels from SNI-treated and sham groups were similar (Fig. 3A). In total, 30 protein spots
(designated as SNI 1–30) that showed at least 2-fold difference in the spot relative volume
between the Sham and SNI-treated groups were selected for protein identification and 27 of
those were successfully characterized (Table 1). Of the 27 proteins, two, neurofilament triplet
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L protein (SNI-5 in Figs. 3B and 4) and ATP synthase β chain (SNI-8 in Figs. 3B and 4), were
down-regulated, and the remaining 25 were up-regulated (Figs. 3B and 4, Table 1). These 27
proteins are involved in transmission and modulation of nociceptive information, cellular
metabolism, plasma membrane receptor trafficking, oxidative stress, apoptosis, and cell death
(Table 1).

In previous proteomic studies [9,10], five proteins were shown to have significant differences
in dorsal horn expression between the sham group and either SNI-treated or chronic
constriction injury-treated groups. The major classes of these proteins related to oxidative
stress, apoptosis, and cellular metabolism [9,10]. The reason for the discrepancy between the
previous and present studies is unclear but may be related to the difference in sample
preparation. In the previous studies, some synaptic membrane proteins might have been lost
because the tissue supernatants were collected after very high speed centrifugation [9,10].

It should be noted that some proteins known to undergo expression changes in the spinal dorsal
horn after peripheral nerve injury were not identified in either the previous [9,10] or current
2-DE–based study. For example, peripheral nerve injury significantly increases protein
expression of synaptic AMPA receptor subunits GluR1 and GluR2, protein kinase C alpha,
protein kinase C beta 1, and calcium channel alpha 2/delta subunit 1 in dorsal horn [3,23-25].
These changes might not have been detected by proteomic analysis because of the limitation
of the 2-DE proteomic approach. Our 2-DE gels displayed approximately 1500 distinct protein
spots, which cover only a fraction of the total population of dorsal horn proteins. Many synaptic
proteins (e.g., transmembrane receptors and ion channels) have physical properties, such as
high molecular weight, extreme pI, and/or a high degree of overall hydrophobicity, that prohibit
their resolution on a 2-DE gel [26]. In addition, the synaptosomal fraction that we collected is
crude because differential centrifugation cannot completely separate synaptosome from
intracellular organic membranes (Table 1). Furthermore, the expression changes of proteins
that are at very low quantities in crude synaptosomal fraction might not be detected by 2-DE
gels. Therefore, more in-depth proteomics analysis that focuses on the postsynaptic density
proteome, for example, may be expected to cover larger categories of protein groups [26].

To confirm the reliability of our proteomic analysis, we randomly selected six proteins for
Western blot analysis. As shown in Fig. 5, the up-regulation of GS, S-MtCK, Go alpha subunit
1, HSP84, HSC70, and sFRP-4 was validated in the dorsal horn synaptosomal fraction.
Interestingly, we found that, in the dorsal horn total soluble fraction, of the six proteins, only
GS expression was significantly increased (Fig. 6). These results indicate that peripheral nerve
injury insult might lead not only to changes in protein expression but also to changes in
subcellular distribution of proteins in dorsal horn cells.

SNI-induced changes of protein expression in dorsal horn are thought to be part of the central
mechanism underlying neuropathic pain [2]. Recently, trafficking of postsynaptic membrane
proteins (e.g. AMPA receptors) has been recognized as a central mechanism in various forms
of synaptic plasticity [27,28]. Thus, SNI-induced changes in both expression and subcellular
distribution of dorsal horn proteins might participate in the maintenance of peripheral nerve
injury–induced pain hypersensitivity. However, the change in dorsal horn protein subcellular
distribution might need to be further confirmed by specific approaches of protein trafficking
(e.g., surface biotinylation assay and electron microscopy) [21] because our present data can
not rule out the possibility that expression changes in the total soluble fraction are undetectable
by Western blot analysis when the proteins are present only at very low levels.
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3.3 SNI-induced up-regulation of proteins involved in transmission and modulation of
noxious information in dorsal horn

An important observation in the present 2-DE–based study is that SNI increased the expression
of the synaptosome-associated proteins that are involved in transmission and modulation of
noxious information in the dorsal horn (Table 1). Of these proteins, GS (SNI-17 in Figs. 3B
and 4, Table 1) and glutamate dehydrogenase 1 (SNI-15 in Figs. 3B and 4, Table 1) are key
enzymes that are involved in regulation of glutamate metabolism and excitatory synaptic
transmission in the central nervous system [29]. Glutamate receptor activation plays a critical
role in the spinal central mechanism that underlies the development and maintenance of
neuropathic pain [2]. Intrathecal superfusion of a GS inhibitor significantly attenuates the
central sensitization of nociceptive neurons in rat medullary dorsal horn after peripheral
inflammation [29]. Thus, SNI-induced up-regulation of dorsal horn GS and glutamate
dehydrogenase 1 might participate in the central sensitization that underlies neuropathic pain.

Our 2-DE gels displayed an increase of 5-hydroxytryptamine (5-HT) 2A receptor in dorsal
horn synaptosome on day 14 post-SNI (SNI-14 in Figs. 3B and 4). 5-HT modulates the
transmission of nociceptive information in dorsal horn [2]. Also, the activation of spinal 5-
HT-2A/2C receptors increases the pain-like behavioral responses in both the early and late
phases of the formalin model [30]. 5-HT-2A receptor knockout mice display a dramatic
decrease in the formalin-induced nociceptive responses for the late phase [31]. It appears that
SNI-induced up-regulation of 5-HT-2A receptor in dorsal horn synaptosome might be involved
in the maintenance of pain hypersensitivity underlying neuropathic pain.

We also observed increased levels of neuronal acetylcholine (Ach) receptor alpha 2 subunit
(SNI-7 in Figs. 3B and 4, Table 1) and GABAA receptor rho-2 subunit (SNI-12 in Figs. 3B
and 4, Table 1) in dorsal horn synaptosome on day 14 post-SNI. Consistent with our finding,
a previous study reported that the muscarinic Ach receptor was up-regulated in the dorsal spinal
cord in a model of neuropathic pain [32]. Spinal activation of both Ach receptors and GABAA
receptors produced antinocicpetion in neuropathic pain [32,33]. The significance of the
increase in these two inhibitory receptors in neuropathic pain is unknown, but the increase of
Ach receptor alpha 2 subunit expression probably accounts for the increased efficacy of its
antinociceptive effects in neuropathic pain; intrathecal injection of a small dose of an Ach
receptor agonist produces a profound anti-allodynic effect in rats with neuropathy [34].

3.4 SNI-induced changes in the expression of proteins involved in increased cellular
metabolism in dorsal horn

Cellular metabolic activities in dorsal horn are increased under neuropathic pain conditions.
Using the [14C]-2-deoxyglucose technique, previous investigators showed that peripheral
nerve injury produced a significant increase in glucose utilization in dorsal horn [35,36]. In
addition, lipid metabolism is intensified following peripheral noxious stimulation [37]. Our 2-
DE–based study consistently demonstrated that SNI altered expression of cellular metabolism–
associated proteins in dorsal horn (Table 1). Three such proteins up-regulated in the dorsal
horn synaptosomal fraction on day 14 post-SNI were pyruvate kinase isozymes M1/M2 and
gamma-enoclase (SNI-9 and 11 in Figs. 3B and 4), which participate in glycolysis [38,39], and
2,4-dienoyl-CoA reductase (SNI-25 in Figs.3B and 4,Table 1), which is involved in the
metabolism of unsaturated fatty acid [40]. We also found that S-MtCK protein, which plays a
central role in mitochondrial energy transduction [41], and transcription factor A, which is
involved in mitochondrial transcription regulation [42], were increased more than 3-fold after
SNI (SNI-19 and 20 in Figs. 3B and 4). In addition, ATP synthase alpha chain (SNI-16 in Figs
3B and 4) was up-regulated, although ATP synthase beta chain (SNI-8 in Figs 3B and 4) was
down-regulated after SNI. Taken together, these data provide additional evidence that cellular
metabolic activities, especially those involved in energy metabolism, are increased in dorsal
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horn under neuropathic pain conditions. This increase might be necessary to meet the increasing
energy demands for nerve injury-evoked hyperactivity of neurons and glia in dorsal horn.

3.5 SNI-induced increases in proteins involved in dorsal horn plasma membrane receptor
trafficking

Plasma membrane receptors (e.g., AMPA receptors) are constitutively trafficked between the
synaptic membrane and the intracellular compartment via vesicle-mediated membrane fusion
(exocytosis) and endocytosis [27,28]. Regulation of membrane fusion or endocytosis might
result in a rapid change in the number of receptors expressed on the synaptic membrane and
in receptor-mediated responses. Five proteins identified to be up-regulated in our 2-DE–based
study (Figs. 3B and 4) might play a critical role in regulating membrane receptor trafficking.
The first, SH3-containing GRB2-like protein 1, which interacts selectively with synaptojanin
and dynamin I, is involved in synaptic vesicle recycling [43]. Another cellular growth-
associated protein, septin-5, has a role in membrane fusion during exocytosis by interacting
with syntaxin and synaptophysin [44]. The alpha isoform of phosphatidylinositol transfer
protein, which is responsible for the transport of phosphatidylinositol, was found to be involved
in vesicle transport and in cytoskeletal function [45]. Transitional endoplasmic reticulum
ATPase, a ubiquitous clathrin-binding protein, and beta-adducin, a membrane cytoskeleton-
associated protein, are required for clathrin-coated vesicle-mediated endocytosis [46-48].
Thus, SNI-induced increases in these five proteins may regulate the receptor trafficking in
dorsal horn during the maintenance phase of neuropathic pain. A previous study reported that
capsaicin-induced visceral noxious insult rapidly increased the level of AMPA receptor subunit
GluR1 protein in the spinal cord membrane fraction, with a corresponding decrease in the
amount of GluR1 in the cytosolic fraction [20]. Whether peripheral nerve injury alters the
trafficking of plasma membrane receptors (such as AMPA receptors) and whether these
proteins participate in nerve injury-induced receptor trafficking in dorsal horn neurons remain
to be explored.

3.6 SNI-induced alteration of proteins involved in oxidative stress, apoptosis, and
degeneration in dorsal horn

Peripheral nerve injury could cause oxidative stress, apoptosis, and cell death in dorsal horn
cells [49,50]. However, the underlying molecular mechanisms are still elusive. HSP84
promotes the degradation of oxidized proteins under conditions of oxidative stress [51]. sFRP4
antagonizes a molecular pathway for cell survival and is associated with apoptosis [52]. The
Go alpha subunit 1 is involved in amyloid beta-induced neuronal degeneration in Alzheimer's
disease [53,54]. Our study showed that the expression levels of these three proteins were
increased in the dorsal horn synaptosomal fraction (Figs. 3B,4) without significant changes in
total soluble fraction on day 14 post-SNI (Fig. 6). These results suggest that SNI-induced
translocation of these proteins into the synaptosomal fraction might be involved in oxidative
stress, apoptosis, and cell death under neuropathic pain conditions [49,50].

Interestingly, HSC70, which protects against oxidative damage [55], was also found to be
translocated into the synaptosomal fraction on day 14 post-SNI (Figs 3B,4,5, and 6). The
expression of two other protective proteins, cysteine dioxygenase type 1, which protects against
cytotoxicity [56], and beta-hexosaminidase alpha chain precursor, the absence of which causes
GM2 ganglioside accumulation and neurodegeneration [57], was increased in dorsal horn
synaptosome in our 2-DE gels (SNI-13 and SNI-28 in Figs. 3B and 4). SNI-induced changes
in translocation or expression of these three proteins might protect the cells from SNI-induced
excitotoxicity in dorsal horn under neuropathic pain conditions. Among small heat-shock
proteins, heat-shock protein beta-8 (HSP22) has either pro-or anti-apoptotic effects [58]; its
expression was increased by approximately 4.5-fold in dorsal horn on day 14 post-SNI (SNI-29
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in Figs 3B and 4). The function of this protein in neuropathic pain is unclear and remains to
be defined.

Neurofilaments are the putative biological markers of axonal and neuronal degeneration [59].
The expression level of neurofilament triplet L protein, one of the type-IV neurofilament
proteins, was reduced in dorsal horn after SNI in our 2-DE–based study (SNI-5 in Figs. 3B
and 4). Peripheral inflammation also led to its reduction in spinal dorsal horn [10,60], indicating
that neurofilament triplet L protein might be involved in dorsal horn neuronal degeneration
under neuropathic and inflammatory pain conditions. Interestingly, alpha-internexin, another
type-IV filament protein, was over-expressed by approximately 2-fold in dorsal horn
synaptosomal fraction on day 14 post-SNI (SNI-6 in Figs. 3B and 4). The significance of this
increase is unknown, but the results suggest that the functions of these two type-IV filament
proteins differ in neuropathic pain.

2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNPase) is found almost exclusively in the
oligodendrocytes of the central nervous system. Mice lacking expression of CNPase have
disrupted axoglial interactions that might underlie progressive axonal degeneration [61]. Our
2-DE gels showed a more than 6-fold up-regulation of CNPase in the dorsal horn synaptosomal
fraction on day 14 post-SNI (SNI-18 in Figs. 3B and 4). Although the significance of this
increase is unclear, this protein might be involved in axonal regeneration via promotion of
axon-glia interactions under neuropathic pain conditions.

4 Concluding remarks
In summary, our analysis provides an overview of proteomic changes in the dorsal horn
synaptosome during the maintenance phase of neuropathic pain. This study demonstrates that
peripheral nerve injury alters the expression and/or subcellular distribution of some specific
dorsal horn proteins that are involved in transmission and modulation of noxious information,
cellular metabolism, plasma membrane receptor trafficking, oxidative stress, apoptosis, and
degeneration under neuropathic pain conditions. Our 2-DE gel profiles were highly
reproducible, an essential trait for further development of a neuropathic pain database. In
addition, the majority of the proteomic changes were consistent with the current proposed
mechanisms of neuropathic pain. These changes might participate in the central mechanism
that underlies the maintenance of neuropathic pain.
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Refer to Web version on PubMed Central for supplementary material.
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two-dimensional electrophoresis

5-HT  
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HSP84  
heat shock protein 84

HSC70  
heat shock cognate 70

GAPDH  
glyceraldehyde dehydrogenase

Go  
nucleotide-binding protein G

GS  
glutamine synthetase

IEF  
isoelectric focusing

IPG  
immobilized pH gradient

PWTs  
paw withdrawal thresholds

sFRP-4  
secreted frizzled-related protein 4 precursor

S-MtCK  
sarcomeric mitochondrial creatine kinase

SNI  
spinal nerve injury
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Figure 1.
Spinal nerve injury (SNI)-induced mechanical allodynia. (A) SNI led to a significant decrease
in paw withdrawal threshold in response to mechanical stimuli on the ipsilateral, but not
contralateral, side on day 14 after L5 SNI (n = 9); **P < 0.01 vs the corresponding baseline.
(B) Sham surgery did not produce a significant change in paw withdrawal threshold on either
the ipsilateral or contralateral side on day 14 post-sham surgery (n = 9).
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Figure 2.
The specificity of the fractionation procedure. The L5 dorsal horn tissues were collected, and
three fractions, total soluble fraction (T), synaptosomal membrane fraction (S), and cytosolic
fraction (C), were prepared as described in the Materials and Methods. The expression levels
of N-cadherin (a plasma membrane–specific protein), synaptophysin (a synaptic vesicle
membrane protein), PSD-95 (a postsynaptic density protein), and GAPDH (an intracellular
protein) were examined in the total soluble fraction (T), synaptosomal membrane fraction (S),
and cytosolic fraction (C).
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Figure 3.
Representative examples of silver-stained two-dimensional gels show expression maps of
synaptosome-associated proteins in the ipsilateral dorsal horns of the fifth lumbar spinal cord
segments derived from sham- and spinal nerve injury (SNI)-treated rats. Protein lysates were
processed as described in the Materials and Methods. Protein samples (50 μg) were loaded
onto IPG strips (pH 3–10 Non-Linear) and subsequently separated by mass on a 10% SDS-
PAGE gel. The gel was stained with MS-compatible silver stain, and the filtered images were
generated by Progenesis software (version 2005). (A) The outlined regions of interest
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demarcate proteins that showed significant differences in expression between sham and SNI-
treated groups. The patterns of protein spots on the two-dimensional gels were highly
reproducible in six independent gels from three different experiments. (B) High magnification
of the regions of interest from A. Significant protein spots that showed at least 2- fold difference
in spot relative volume between Sham and SNI-treated groups were selected and labeled by
arrows denoted as SNI-1 to SNI-30. The corresponding locations on the gels were excised,
trypsinized, and analyzed by MALDI-TOF-MS as described in the Materials and Methods.
The proteins were subsequently identified by tryptic peptide mass fingerprints. Table 1 contains
a list of the identified proteins.
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Figure 4.
Quantification of relative spot densities of identified and unidentified proteins. The Y-axis
shows the ratios of spot volume densities, which were calculated by dividing the values of spot
volume densities from the SNI-treated groups by the values of the corresponding spot volume
densities from sham groups. The labels on the X-axis refer to the spots denoted as SNI-1 to
SNI-30 in Figure 3B; n = 3 repeats (total 9 rats)/group. *P < 0.05 and **P < 0.01 vs the sham
group.
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Figure 5.
Validation of SNI-induced expression changes of six randomly selected proteins identified by
two-dimensional gel electrophoresis in dorsal horn synaptosomal fractions. (A) A
representative example of Western blot analysis of glutamate synthetase (GS), sarcomeric
mitochondrial creatine kinase (S-MtCK), guanine nucleotide-binding protein G (Go) alpha
subunit 1, heat shock protein 84 (HSP84), heat shock cognate 70 (HSC70), and secreted
frizzled-related protein 4 precursor (sFRP4) in sham and SNI-treated rats. (B) The statistical
summary of the densitometric analysis expressed relative to the corresponding loading control
(N-Cadherin). The data are presented as the mean ± SEM. n = 3 repeats (total 9 rats/group);
**P < 0.01 vs the corresponding sham group.
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Figure 6.
Validation of SNI-induced expression changes of six randomly selected proteins identified by
two-dimensional gel electrophoresis in dorsal horn total soluble fractions. (A) A representative
example of Western blot analysis of GS, S-MtCK, Go, HSP84, HSC70, and sFRP4 in sham
and SNI-treated rats. (B) The statistical summary of the densitometric analysis expressed
relative to the corresponding loading control (glyceraldehyde dehydrogenase, GAPDH). The
data are presented as the mean ± SEM. n = 3 repeats (9 rats/group); **P < 0.01 vs the
corresponding sham group.
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