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Abstract

Neuropathic pain is a chronic pain disorder caused by nervous system lesions as a direct consequence of a lesion or by disease
of the portions of the nervous system that normally signal pain. The spinal nerve ligation (SNL) model in rats that reflect some
components of clinical pain have played a crucial role in the understanding of neuropathic pain. To investigate the direct effects
of gabapentin on differential gene expression in cultured dorsal root ganglion (DRG) cells of SNL model rats, we performed a dif-
ferential display reverse transcription-polymerase chain reaction analysis with random priming approach using annealing control
primer. Genes encoding metallothionein 1a, transforming growth factor-g1 and palmitoyl-protein thioesterase-2 were up-regulated
in gabapentin-treated DRG cells of SNL model rats. The functional roles of these differentially expressed genes were previously
suggested as neuroprotective genes. Further study of these genes is expected to reveal potential targets of gabapentin.
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INTRODUCTION

Neuropathic pain is a chronic pain disorder caused by ner-
vous system lesions as a direct consequence of a lesion or by
disease of the portions of the nervous system that normally
signal pain (Baron, 2000). Pharmacological management re-
mains the most important therapeutic option for chronic neuro-
pathic pain. Clinically effective drugs such as gabapentin, pre-
gabalin, and duloxetine have anti-allodynic effects in the rat L5
and L6 SNL model (Hunter et al., 1997; lyengar et al., 2004).
However, neuropathic pain is less responsive and sometimes
refractory to conventional analgesic treatments, including
non-steroidal anti-inflammatory drugs (NSAIDs) and opioid
derivatives. NSAIDs show poor effects, while systemically
administered morphine induces partial recovery from neuro-
pathic pain, but only at higher than therapeutically relevant
doses in the SNL model, which is consistent with the clinical
results (Lee et al., 1995; Granados-Soto et al., 2004). Identi-
fying improved medicine and pharmacological treatments for
neuropathic pain is an important goal.

While the underlying spinal mechanisms for the develop-
ment and maintenance of neuropathic pain characterized by

spontaneous pain, hyperalgesia and allodynia are still not fully
understood (Bridges et al., 2001; Cavenagh et al., 2006), the
development of experimental models that reflect some com-
ponents of clinical pain has accelerated the understanding of
neuropathic pain. A rat model frequently used to study the mo-
lecular mechanisms of neuropathic pain is the L5 and L6 spi-
nal nerve ligation (SNL) model originally established by Kim
and Chung (Kim and Chung, 1992). The injury, which results
in hyperalgesia, an enhanced response to mechanical stimuli,
has a well-characterized time course.

An understanding of gene expression profiles associated
with pharmacological treatments is important as these may
open up new pathways for targeting neuropathic pain. While
studies have described gene expression profiles following
nerve transection or nerve ligation models in animals (Wang
et al., 2002; Xiao et al., 2002; Valder et al., 2003; Aldrich et al.,
2009), reports defining gene expression in studies that utilize
culture of DRG cells of SNL model are scarce.

In this study, the differentially expressed genes induced di-
rectly by gabapentin, which is used as a first-line treatment
for neuropathic pain, in cultured DRG cells of SNL model rats
2 weeks after SNL surgery were investigated. We performed
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differential display reverse transcription-polymerase chain re-
action (DDRT-PCR) incorporating an annealing control primer
(ACP), which has specificity to the template and allows only
real products to be amplified (Hwang et al., 2003; Kim et al.,
2004), for the identification of differentially expressed genes.

MATERIALS AND METHODS

Materials

Gabapentin was obtained from Sigma-Aldrich (St. Louis,
MO, USA). It was dissolved in distilled water to a concentra-
tion of 100 mM and kept in a small vial at 4°C until use.

Experimental animals

Adult male 6-week-old Sprague-Dawley rats were used for
the experiments. The rats were housed under a 12/12 h re-
versed light-dark cycle (dark cycle: 8:00 A.M.-8:00 P.M.) for
at least one week before beginning any experiments. All ex-
periments were carried out in accordance with the National
Institute of Health’s Guide for the Care and Use of Laboratory
Animals and the animal use protocol was approved by the In-
stitutional Animal Care and Use Committee.

Neuropathic pain surgery

SNL was conducted based on a previously described meth-
od (Kim and Chung, 1992; Kim et al., 2006). In brief, the left L5
and L6 spinal nerves were tightly ligated with 6~0 silk thread,
and the wound was then sutured and coated with antibiotic
ointment. During surgery, the animals were anesthetized us-
ing a constant flow of halothane/oxygen inhalation.

Measurement of mechanical allodynia

Prior to killing at 2 weeks post-surgery, the animals were
assessed for mechanical allodynia using calibrated von Frey
monofilaments. Briefly, animals were placed in individual plas-
tic cages with wire mesh bottoms and allowed to acclimate for
20 min before testing. Withdrawal threshold was determined
by increasing and decreasing stimulus intensity and the paw
withdrawal threshold was determined as previously described
(Chaplan et al., 1994).

Primary culture of DRG

One day after behavioral testing, allodynic animals (n=6)
were killed and the L5 and L6 DRGs were dissected from the
ipsilateral (injured) side of the vertebral column and placed
in Dulbecco’s modified Eagles medium (DMEM; Hyclone, Lo-
gan, UT, USA) containing 1% collagenase for 30 min at 37°C.
After 30 min, the DRG cells were incubated in 0.25% trypsin
for 25 min at 37°C. After enzymatic digestion, the cells were
dissociated by mechanical trituration through a fire-polished
glass pipette. DRG cells were then rinsed with DMEM sup-
plemented with 5% fetal bovine serum (FBS; Hyclone) three
times, and seeded on 100 mm-diameter poly-L-lysine-coated
dishes. The cells were cultured in DMEM supplemented with
10% FBS, 1% Penicillin-Streptomycin and 1% L-glutamine for
3 days in the presence or absence of 25 uM gabapentin.

ACP-based DDRT-PCR

Total RNAs extracted from untreated DRG cells and gaba-
pentin-treated DRG cells were used for the synthesis of first-
strand cDNAs. Reverse transcription was performed for 1.5

h at 42°C in a reaction mixture containing 3 ng of the purified
total RNA, reaction buffer, 2 mM dNTPs, dT-ACP1 (5'-CGT-
GAATGCTGCGACTACGATIIINIT(18)-3"), RNase Inhibitor
(Promega, Madison, WI, USA), and MMLYV reverse transcrip-
tase (Promega). Second-strand cDNA was synthesized in a
reaction mixture containing first-strand cDNA, 1 pl of 10 uM
dT-ACP2 (5-CGTGAATGCTGCGACTACGATIIIIT(15)-3"), 10
uM arbitrary ACP primers and 2xMaster Mix (Seegene, Seoul,
Korea). The PCR protocol for second-strand synthesis was
one cycle at 94°C for 1 min, followed by 50°C for 3 min and
72°C for 1 min. After second-strand DNA synthesis was com-
pleted, the PCR amplification protocol was 40 cycles of 94°C
for 40 s, followed by 65°C for 40 s, 72°C for 40 s and a 5-min fi-
nal extension at 72°C. The amplified PCR products were sep-
arated in 2% agarose gel and stained with ethidium bromide.
The differentially expressed bands were evaluated based on
the band intensities measured with a ChemiDoc XRS (Bio-
Rad, Hercules, CA, USA). The differentially expressed bands
were extracted from the gel and directly cloned into a TOPO
TA cloning vector (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer's instructions. The cloned plasmids
were sequenced and the DNA sequence of each gene was
confirmed by comparison with sequences in GenBank (NIH,
Bethesda, MD, USA).

Real-time reverse transcription-PCR (RT-PCR) confirmation

The mRNA levels for the selected genes in gabapentin-
treated DRG cells were analyzed by quantitative real-time
RT-PCR using a Rotor-Gene 6000 system (Corbett Research,
Sydney, Australia). The reaction mixture (20 ul) consisted
of cDNA, a 1:75,000 dilution of SYBR Green | (Molecular
Probes, Eugene, OR, USA), 0.25 uM of each of primers, and
1 X AnyDirect Max qPCR Mix (BioQuest, Seoul, Korea). Am-
plification involved initial denaturation at 95°C for 5 min fol-
lowed by 50 cycles of denaturation at 95°C for 40 s, annealing
at 58°C for 40 s, and extension at 72°C for 40 s. Fluorescence
data were acquired at 72°C during each cycle. To determine
the specificity of PCR reactions, melt curve analysis was car-
ried out after amplification by slow heating from 72°C to 95°C,
with fluorescence acquisition at 1°C intervals and a 5-s hold at
each increment. Triplex real-time PCR was performed under
the same conditions as above.

RESULTS

Measurement of mechanical allodynia

We first measured the mechanical withdrawal threshold in
the rat L5 and L6 SNL model. Two weeks following SNL, animals
showed significant mechanical allodynia as defined by respons-
es to von Frey monofilament stimulation. Only rats with with-
drawal thresholds less than 4 g on the plantar surface of the hind
paw ipsilateral to the SNL injury were considered allodynic and
used in this study. Specifically, responses of the injured paw of
allodynic rats used in this study following SNLwere 3.2+ 0.5g
(mean + SEM). These responses were significantly (p<0.001)
lower than those for naive animals (14.2 £ 0.8 g).

Detection of differentially expressed genes

One day after behavioral testing, the DRG cells from six
rats were removed and cultured for 3 days in the presence or
absence of 25 uM of gabapentin. Fig. 1 shows the cultured
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Fig. 1. Morphology of cultured DRG cells for three days in the ab-
sence (A) and presence (B) of gabapentin. Magnification, x100.

DRG cells for 3 days in the absence and presence of gaba-
pentin, which showed a characteristic neuronal morphology
with processes extending from the condensing cell bodies. We
then performed a differential expression analysis with random
priming approach using an ACP-based DDRT-PCR to identify
novel candidate genes that were specifically expressed in re-
sponse to gabapentin. To do this, the total RNAs from gabap-
entin-treated cultured DRG cells and untreated cultured DRG
cells were extracted and subjected to ACP-based DDRT-PCR
analysis, and the PCR products were loaded onto 2% agarose
gels. Up-regulated and down-regulated genes were identified
by comparison of band intensities. Fig. 2 shows the results
of the screening, which revealed 16 differentially expressed
genes indicated by arrows including 13 up-regulated and 3
down-regulated genes in the samples of gabapentin-treated
cultured DRG cells compared with untreated cultured DRG
cells. These genes were purified, cloned and sequenced.
BLAST searches in GenBank revealed that the differentially
expressed genes displayed significant similarities with known
genes. The sequence similarities of differentially expressed
genes are summarized in Table 1.

Confirmation of relative gene expression using real-time
RT-PCR

To confirm the efficacy of the ACP-based DDRT-PCR
analysis, the differential expressions of three selected genes
were confirmed by real-time RT-PCR using each gene specific
primers. The sequences of the primers are shown in Table 2.
We selected 3 up-regulated genes in the gabapentin-treat-
ed cultured DRG cells to validate the results of ACP-based
DDRT-PCR analysis and to identify the relative expression of
target sequences. The selected genes were metallothionein
1a, transforming growth factor-1 (TGF-1) and palmitoyl-
protein thioesterase-2 (PPT-2), because the functional roles
of these genes were previously suggested as neuroprotec-
tive genes. Then, we compared the mRNA expression levels
of these genes in the gabapentin-treated cultured DRG cells
with untreated cultured DRG cells. To normalize the efficien-
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ACP1 ACP2 ACP3 ACP4 ACP5

M U G U GU G UG U G

500 bp —

100 bp —

ACP6 ACP7 ACP8 ACP9 ACP10
u G U GU G UG U G

ACP11 ACP12 ACP13 ACP14 ACP15
M UG U GU G UG U G

500 bp —

100 bp —

ACP16 ACP17 ACP18 ACP19 ACP20
M U G UG U G U G U G

Fig. 2. Detection of differentially expressed genes in cultured DRG
cells treated with gabapentin. Total RNA was extracted from DRG
cells treated with gabapentin and subjected to ACP-based DDRT-
PCR. Twenty arbitrary ACP primers (ACP1 to ACP20) were used
to isolate the differentially expressed genes. Differential expression
patterns were observed when the arbitrary ACP primer sets (indi-
cated on the top) were used. The differential expression patterns
were evaluated based on the band intensities. The arrows on the
left-hand side indicate differential expressed bands between un-
treated DRG cells (U) and gabapentin-treated DRG cells (G). Bands
were excised from the gel for sequencing. M, 100-bp DNA ladder.

cy of real-time RT-PCR reaction, B-actin gene was used as
an internal standard. The real-time RT-PCR assay revealed
that, in accordance with the ACP-based DDRT-PCR analysis,
metallothionein 1a, TGF-1 and PPT-2 were highly expressed
in the gabapentin-treated DRG cells compared to the untreat-
ed control DRG cells (Fig. 3).

DISCUSSION

Gene expression profiling enables simultaneous analysis of
the expression status of large number of genes that represent
a comprehensive molecular signature of the tested samples
and can be achieved by several approaches. Because of the
large number of biochemical cascades and cellular reactions
initiated after nerve injury, DNA microarrays have been used
for broad analyses of gene transcription (Shalon, 1998). These
arrays allow for scanning of large numbers of genes rapidly;
however, these techniques have the relative disadvantage of
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Table 1. Sequence similarities of differentially expressed genes

Clone name* Identity GeneBank accession No.

ACP3-1 (up) Rattus norvegicus tropomyosin 2, beta (Tpm2) NM_001024345

ACP3-2 (up) Rattus norvegicus spastic paraplegia 21 homolog (human) (Spg21) NM_001006987

ACP3-3 (up) Rattus norvegicus strain Brown Norway clone AC1469
CH230-206L9

ACP4-1 (up) Rattus norvegicus dipeptidylpeptidase 3, mMRNA BC107673

ACP4-2 (up) Rattus norvegicus TLOABA40YJ05 mRNA FQ209730

ACP5 (up) Rattus norvegicus metallothionein 1a, mMRNA BC058442

ACP9 (up) Rattus norvegicus growth arrest and NM_001077640

DNA-damage-inducible, gamma (Gadd45g)

ACP10-1 (up)
ACP10-2 (up) Rattus norvegicus potassium channel
modulatory factor 1 (Kemf1), mRNA
ACP13-1 (dn)
assembled from 40 BACs, strain

ACP13-2 (dn) Rattus norvegicus family with

Rattus norvegicus similar to LOC387763 protein (RGD1564664)

Rattus norvegicus chromosome 20, major histocompatibility complex,

NM_001110055
NM_001128192

BX883048

NM_001144854

sequence similarity 96, member B (Fam96b)

ACP16-1 (up)
ACP16-2 (up)

Mus musculus TGF-1 gene, exon 6
Rattus norvegicus truncated

L42461
AF067790

palmitoyl-protein thioesterase (PPT-2) mRNA

ACP17 (up) Rattus norvegicus TLOACA52Y118 mRNA
ACP18 (dn) Rattus norvegicus TLOACA31YH23 mRNA
ACP20 (up) Rattus norvegicus TLOAEA27YK05 mRNA

FQ224907
FQ217242
FQ226525

*Up or dn in parenthesis denotes up-regulated genes and down-regulated genes, respectively.

Table 2. Primers used for real-time RT-PCR experiments

Gene (clone name)

Primer sequence

Product size (bp)

B-actin F*: 5-TGCCCTGAGGCACTCTTC-3’ 195
R: 5-GTGCCAGGGCAGTGATCT-3’

Metallothionein 1a (ACP5) F: 5- ACCTCCTGCAAGAAGAGCTG -3’ 190
R: 5- AAACTGGGTGGAGGTGTACG -3’

TGF-1 (ACP16-1) F: 5-CAACAATTCCTGGCGTTACCTTGG-3’ 128
R: 5-GAAAGCCCTGTATTCCGTCTCCTT-3

PPT-2 (ACP16-2) F: 5-CAGGCCACTCAGGACATTTT-3’ 151

R: 5-CCTTGCAGGCCACAGATATT-3

*F or R denotes forward primer and reverse primer, respectively.

being suitable only for analysis of a fixed number of predeter-
mined gene sequences.

In this study, we used an ACP-based DDRT-PCR approach
for differential expression profiling that was recently devel-
oped to allow direct visualization of the differentially expressed
transcripts by agarose gel electrophoresis. This technology
improves the specificity and sensitivity of PCR amplification so
that it enables detection of only authentic PCR products. This
approach has been previously adopted in differential expres-
sion studies of gastric cancer (Jang, 2004) and cervical can-
cer (Choi et al., 2007), as well as identifying developmental
stage-specific genes in embryogenesis (Hwang et al., 2004).

Dorsal root ganglion (DRG) neurons have been the focus
of much research to identify molecular targets of pain neuro-
transmission since they represent a primary site for pain pro-
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cessing. Previous studies using DRGs of animal pain models
have measured mRNA levels by examining a targeted set of
transcripts or through the use of global approaches such as
microarray technology to study mRNA expression changes
(Costigan et al., 2002; Xiao et al., 2002). A proteomic study
demonstrated that 67 proteins are regulated in the SNL model
(Komori et al., 2007).

We also used short-term cultured rat DRG cells instead
of fresh tissue to study differential gene expression profil-
ing, an approach taken for two reasons. Firstly, cultures were
enriched in DRG neurons with very low non-neuronal gene
contamination, thus biasing the data toward neuron specific
gene expression changes associated with the vulnerability to
painful stimuli triggered by inflammation or injury. Secondly,
we wanted to see the direct effects of gabapentin on differen-
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Fig. 3. Confirmation by real-time RT-PCR of mRNA expression
patterns of three selected genes. Real-time RT-PCR shows up-
regulation of metallothionein 1a, TGF-1 and PPT-2 in cultured DRG
cells treated with gabapentin. Data are shown as means +SD (bars)
of samples conducted in triplicate determinations. To normalize the
efficiency of real-time RT-PCR reaction, -actin gene was used as
an internal standard.

tial gene expression in cultured DRG cells of SNL model rats.

Since the complexity of the in vivo conditions makes it diffi-
cult to study the cellular and molecular mechanisms of pain, a
useful alternative approach is an in vitro model of dissociated
DRG neurons. Cultured DRG neurons are frequently used as
model systems to study neuronal responses relating to pain,
because the cultured DRG neurons can share characteristics
with nociceptors in vivo (Passmore, 2005). A variety of chemi-
cal and environmental stimuli that might cause pain in vivo
also cause stimulation on cultured DRG neurons (Senba et
al., 2004). The use of cultured DRG neurons means that a
defined mechanism can be more easily studied. The isolated
neuron’s environment can easily be manipulated in vitro to try
and reflect the in vivo environment or even the disease state.
DRG cultures can be also used as a screening tool, because
DRG neurons are very easy to harvest in adult animals and
they survive well in culture.

Using the random priming ACP-based DDRT-PCR ap-
proach for differential expression profiling, we have identified
13 up-regulated and 3 down-regulated genes in the culture of
DRG cells treated with gabapentin. The functional roles of all
these genes that were identified were not fully characterized
in terms of neuropathic pain. However, the functional roles of
3 up-regulated genes, metallothionein 1a, TGF-1 and PPT-
2, were previously suggested as neuroprotective. Real-time
RT-PCR was carried out to confirm the expression pattern of
these three genes, and the data revealed that all of our target
transcripts exhibited expression patterns consistent with the
results of the ACP-based DDRT-PCR approach.

Metallothionein 1a is one of family of low-molecular-weight
(6~7 kDa) intracellular metal-binding proteins. Metallothionein
has been shown in a number of studies to exert a neuropro-
tective effect in the nervous system following injury or during
disease and to stimulate regenerative growth (West et al.,
2008).

The PPT-2 gene encodes a lysosomal thioesterase ho-
mologous to PPT-1, a lysosomal palmitoyl-protein thioes-
terase that cleaves thioester linkages in S-acylated proteins
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and removes palmitate residues facilitating the degradation of
these proteins. PPT-1 is an essential lysosomal protein in the
mammalian nervous system, defects result in a neurodegen-
erative disorder called infantile neuronal ceroid lipofuscinosis
(Vesa et al., 1995). Although PPT2 deficiency has not been
described in humans, PPT2 knock-out mice display many of
the same neurodegenerative disorder phenotype and pathol-
ogy (Gupta et al., 2003).

TGF-1, an injury-related cytokine, plays a crucial role in the
regulation of neuronal survival (Krieglstein et al., 2002; Bri-
onne et al., 2003). Its expression in the brain increases un-
der conditions of neurodegenerative diseases and injuries.
Previous studies have shown that within conditionally TGF-
1-null mice, neuronal degeneration is widespread (Brionne
et al., 2003), whereas TGF-1 over-expression results in neu-
roprotection from the mitochondrial toxin nitroproprionic acid
(Ueberham et al., 2005). Recently, it has been reported that
TGF-1 alleviates neuropathic pain in rats, and the suggested
mechanism involves an inhibitory effect on the spinal cord
inflammatory response to nerve injury and a neuroprotective
effect on damaged neurons (Echeverry et al., 2009). Also, a
recent study identified TGF-p family members as modulators
of acute and chronic pain perception through the transcrip-
tional regulation of genes encoding the endogenous opioids
(Tramullas et al., 2010).

The detailed neuroprotective and pain related functions
of these three genes and their products in neuropathic pain
will require further study. But, this is a first attempt to ana-
lyze genes that are differentially expressed in cultured DRG
cells of SNL model rats induced by gabapentin. Gabapentin
interacts specifically with the a25-subunit of voltage-sensitive
calcium channels (Gee et al., 1996). This property is believed
to be of fundamental importance in mediating some, if not all,
of the pharmacological effects of gabapentin. How this interac-
tion contributes to the mechanism of action is not yet under-
stood. Even in the absence of the altered subunit expression,
gabapentin can exert anti-allodynic effects (Abe et al., 2002).
Therefore, further studies of the presently identified genes are
expected to reveal potential targets of gabapentin. Also, these
genes and their products may be promising molecular targets
for novel therapeutic agents for neuropathic pain manage-
ment.
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