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Molecular mechanisms underlying the differences between chronic neuropathic and
inflammatory pain are still poorly understood. Identifying those differences should
provide insight into the molecular mechanism underlying features unique for
neuropathic pain, such as allodynia. We have performed screening for differentially
expressed genes in the spinal cord in the rat models of neuropathic and inflammatory
pain. Using BD Atlas Rat 4K arrays we found several differences in expression of
secretion-related genes between inflammatory and neuropathic pain. Development of
the latter was characterized by up-regulated expression of genes associated with
immune response and microglia activation and also, to a lesser extent, with cytoskeleton
rearrangement. The relative increase in abundance of four genes, intercellular adhesion
molecule 1 (ICAM-1), calcitonin gene related peptide (CGRP), tissue inhibitor of
metalloproteinase 1 (TIMP-1), chemokine-like receptor 1 was confirmed by reverse
transcription Real-Time PCR (qPCR) validation in the spinal cord in neuropathic pain.
Levels of transcripts corresponding to ICAM-1 and TIMP-1 were also increased in the
dorsal root ganglia (DRG) of neuropathic rats. Our data point at the importance of
immune response- and microglia activation-related genes in the development of chronic
neuropathic pain, and suggest that expression of CGRP gene in the dorsal horn of the
spinal cord could be involved in persistence of its symptoms.

K e y  w o r d s : neuropathic pain, inflammatory pain, DNA microarrays, spinal cord, dorsal
root ganglia

INTRODUCTION

Peripheral nerve injury may result in the development of neuropathic pain,
which is persistent and independent of a stimulus and also frequently associated
with allodynia, pain elicited by non-noxious stimuli (1). Unlike chronic
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inflammatory pain, neuropathic pain is resistant to opioid treatment (1, 2).
Designing improved methods for the management of neuropathic pain requires
elucidating the molecular mechanisms leading to its development and factors
differentiating it from chronic inflammatory pain.

The continuing effort to identify pain-related genes has yielded considerable
success. While classic approaches had identified at least 50 genes whose
expression changed in various pain models (3), recent introduction of DNA
microarray methodologies finally allowed to assess wide transcriptional genomic
changes in chronic pain. So far, reports describing the profiling of transcriptional
changes occurring in DRG after axotomy (4-6) and spinal nerve ligation (7, 8)
have been published. The consensus was that the abundance of galanin,
vasoactive intestinal peptide and neuropeptide Y as well as other transcripts
including RT1.Mb, complement C1q β and peripheral-type benzodiazepine
receptor was affected by the development of neuropathic pain. The changes
observed in the expression of neuropeptides were in agreement with previous
reports (9, 10) and up-regulation of immune response genes had previously been
associated with the development of neuropathic pain as well (11). Furthermore, it
was reported that the expression of µ- (4) as well as κ-opioid receptor (6) in
DRGs was decreased over twofold after peripheral nerve axotomy. There were
two reports on microarray analysis of global transcription in the spinal cord in a
rat model of neuropathy (6, 8). The first indicated that the expression of some
genes including RT1.Mb, inhibitor of metalloproteinase and complement C1q β
was increased in neuropathy, and the second one pointed to changes in expression
of genes encoding ion channels, receptors and protein kinases.

Defining the differences between the gene-expression profiles associated with
different types of chronic pain would allow for better understanding of etiology
of neuropathic pain. Nevertheless, we found no reports on global gene expression
profiles in chronic inflammatory pain. Previous attempts to directly compare gene
expression profiles in neuropathic and inflammatory pain have been limited to
immunohistochemical studies (12). Therefore, we have performed a microarray
screening for genes with different expression in rat models of neuropathic pain
(chronic constriction injury) and inflammatory pain (injection of complete
Freund's adjuvant) in the lumbar section of the rat spinal cord.

MATERIALS AND METHODS

Animals

Experiments were performed on male Wistar rats (350-400g) housed in groups of 6-8 animals
in cages lined with sawdust bedding under a standard 12-h/12-h light/dark cycle (08:00-20:00 h)
with food and water available ad libitum. All experiments were conducted during the light phase,
between 8:00 and 13:00. All experimental works were performed according to the ethical standards
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of the Declaration of Helsinki and International Association for the Study of Pain (22), and were
approved by the local bioethics committee.

Animal models of neuropathic and inflammatory pain

Chronic constriction injury (CCI) was produced by tying four ligatures around the sciatic nerve
(23) under sodium pentobarbital anesthesia (60 mg/kg, i.p.). The biceps femoris and the gluteus
superficialis were separated and the right sciatic nerve was exposed. The ligatures (4/0 silk) were
tied loosely around the nerve with 1 mm spacing, until they elicited a brief twitch in the respective
hind limb. The sciatic nerve ligation decreased paw withdrawal threshold to tactile stimulation (in
grams) with von Frey filaments in all rats (day 3 - injured paw 7.15±2.34 vs. control paw 20.5±2.24;
day 14 injured paw 2.1±0.54 vs. control paw 23.25±1.58). Time-course curve of development of
CCI-induced allodynia was published elsewhere (24).

Inflammation was induced by injection of 0.15 ml of complete Freund's adjuvant (CFA,
Calbiochem, Darmstadt, Germany) into the plantar surface of the right hind limb of rats under brief
halothane anesthesia (2-3% (v/v), 5l per min) for 2-3 min in a Plexiglas chamber (25). The
inflammation remained confined to the inoculated paw throughout the observation period. The
injection of CFA decreased paw withdrawal threshold to mechanical stimulation (in grams) in paw-
pressure test in all rats (day 3 - inflamed paw 114±0.27 vs. control paw 244±0.46; day 14 inflamed
paw 204±0.75 vs. control paw 262±0.65).

Five groups of animals were used in this study. The rats with chronic constriction injury and
injected with CFA were allowed to survive for 3 and 14 days (30 rats for each time point; at each
time point twenty rats were used for array hybridization and ten for qPCR). A group of 30 naive
animals were used as the reference group. No deaths occurred during the experimental period in any
of the groups.

Microarray screening of gene expression

Animals were sacrificed either on the 3rd or 14th day after adjuvant injection or nerve ligation.
Ipsilateral lumbar (L4-L6) dorsal part of the spinal cord was isolated as well as ipsilateral lumbar
(L5-L6) dorsal root ganglions (DRG) were carefully excised. After extraction tissues were rapidly
frozen on dry ice and stored at -70°C until mRNA extraction procedure. Total RNA was isolated by
acid guanidinium thiocyanate/phenol/chloroform extraction (26). RNA quality was assessed by
agarose gel electrophoresis. Total RNA was tested for genomic DNA contamination by means of
PCR with primers spanning a gene fragment with short intron in its sequence. RNA concentration
was quantified by measuring absorbance at 260 nm. In order to prepare the labeled probe for
hybridization, total RNA samples from 9-12 animals (~50 µg) were pooled and poly(A) RNA was
purified using the Atlas Pure Total RNA Labeling System (BD Biosciences Clontech, San Jose, CA,
USA) with streptavidin-coated magnetic beads and biotinylated oligo (dT) according to the
manufacturer's instructions. For each group two separate pools of total RNA were obtained and
converted to cDNA. Each cDNA was hybridized to independent microarray replicate. Poly(A) RNA
was subjected to reverse transcription reaction (42°C for 30 min, MMLV Reverse Transcriptase, BD
Biosciences) in the presence of random hexamer primers and [α-33P] dATP 10 µCi/µl (Perkin
Elmer, Boston, MA, USA) according to the BD Atlas Plastic Microarrays User Manual. Positive
control for labeling and hybridization reactions was provided with random primer mix. The labeled
probe was purified from excess probe using spin columns provided in the kit. Total radioactivity of
the labeled probe varied between 40-80x106 c.p.m. The labeled probe was added to 15 ml of BD
PlasticHyb Hybridization Solution and hybridized with the Atlas Rat 4k arrays (BD Biosciences) in
roller bottles (#308-8, LAB-LINE) at 60°C for 16 h at 20 rpm in a LAB-LINE hybridization oven.
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Arrays were washed with 2×SSC (0.3 M NaCl, 0.03 M trisodium citrate), 0.1% (w/v) SDS twice,
then with 0.1xSSC (0.015 M NaCl, 0.0015 M trisodium citrate), 0.1% (w/v) SDS and finally with
0.1xSSC (0.015 M NaCl, 0.0015 M trisodium citrate) according to the manual. Plastic arrays were
dried and exposed to BAS-SR 2025 Imaging Plates (Fuji Photo Film Co, Tokyo, Japan) for 1 to 7
days depending on signal intensity. Hybridization signals were scanned with phosphor imager FUJI
BAS-5000 with high resolution (25 µm) and 16 bit gray scale depth. DNA array scans were saved
as tagged image file format (TIFF) and analyzed with ArrayVision 8.0 Rev4.0 (Imaging Research,
Ontario, Canada). Raw intensities were processed with 'SNOMAD', a collection of algorithms for
normalization and standardization of DNA microarray data (27). Briefly, local background was
subtracted from spot intensities, and then all positive values were subjected to the complete
SNOMAD procedure with default parameters. Only the background correction step was omitted in
SNOMAD since it has already been performed during pre-processing.

We have found that the number of spots detected on arrays has varied considerably from one array
experiment to another, especially in case of spots corresponding to lower abundance genes.
Additionally, normalization of array results from different experimental sets is problematic. It leads to
a situation where only spots that were detected in all experiments can be analyzed. Therefore, we have
decided to employ a simple approach for selecting signals corresponding to transcripts with changed
transcription. All arrays from a single set were normalized in relation to the result from naive animals
and z-scores were calculated. Only those genes with more than twofold change were considered to
show differential expression. The highest quality set was selected as reference, while the remaining
set was used as validation. Hierarchical clustering was performed using dChip 1.3 (28).

Reverse transcription Real-Time PCR reactions

Total RNA from ipsilateral lumbar (L4-L6) dorsal part of the spinal cord of two animals was
pooled and used as separate sample for qPCR experiment. In addition, gene expression was
measured in the pooled ipsilateral lumbar (L5-L6) dorsal root ganglions (4 or 10 per sample).
Reverse transcription Real-Time PCR reactions (qPCR) were performed using Applied Biosystems
TaqMan method, with TaqMan Reverse Transcription Reagents and TaqMan PCR Universal Master
Mix (Applied Biosystems, Foster, CA, USA). Reactions were run on a Real-Time PCR iCycler
device (BioRad, Hercules, CA, USA) with the 3.0a software version. The following TaqMan Assay-
on-Demand primers and probes were used: calcitonin/calcitonin-related polypeptide, alpha,
Rn00569199_m1; ICAM-1, Rn00564227_m1; chemokine-like receptor 1, Rn00573616_s1; TIMP-
1, Rn00587558_m1; peripherin 1, Rn00561807_m1 and β-2 microglobulin, Rn00560865_m1 as
control. For each reaction, cDNA synthesized on 250 ng of total RNA template was used. A dilution
curve to assess reaction efficiency has been prepared for each assay, efficiency values ranged from
1.65 to 2.0. Threshold cycle values were calculated automatically with default parameters. The
abundance of RNA was calculated as 2-(threshold cycle-1). qPCR data were analyzed using one-way
ANOVA followed by Tukey post-test.

RESULTS

Screening for genes with different expression in the dorsal horn of the spinal
cord in the neuropathic or inflammatory pain was performed using the BD Atlas
Rat 4k microarrays. Each array contains oligonucleotide probes representing 4
thousand of known genes. The labeled cDNA was prepared from RNA extracted
from the ipsilateral dorsal part of L4-L6 spinal cord section, and after
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hybridization the images of arrays were normalized as described in Materials and
Methods. Array screening indicated that 41 probes had z-score values larger than
3.5 or lower than -3.5, either in comparison to naive or between neuropathic and
inflammatory pain models. Hierarchical clustering of the selected probes (Fig. 1)
branched into 4 main groups, (1) transcripts with decreased abundance in
neuropathic pain, (2) increased expression in both types of pain, (3) with
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Fig. 1. Hierarchical clustering of transcripts selected from expression profiling of neuropathic and
inflammatory pain. The 41 genes with z-score between groups lower than -3.5 or greater than 3.5
were clustered with the dChip software based on Euclidean distances between expression patterns.
Columns represent expression profiles in naive animals, rats after 3 or 14 days of complete Freund's
adjuvant injection (CFA3 and CFA14) or chronic constriction nerve injury (CCI3 and CCI14
respectively). Each row corresponds to a single gene, with the colors of rectangles representing
normalized expression on the scale shown below. Gene names with GeneBank accession numbers
are listed to the right. Numbers and corresponding vertical lines mark the 4 main branches in the
dendrogram from hierarchical clustering.



decreased abundance on the 3rd day of inflammatory pain model and (4) with
increased abundance only in neuropathic pain. Four out of seven transcripts with
an increased abundance exclusively in neuropathic pain (branch 4 in Fig. 1),
RT1.Ma, RT1.Mb, tissue inhibitor of metalloproteinase 1 (TIMP-1) and C1qβ are
associated with immune response and microglia activation. Descriptions of
functions most relevant to pain or nerve tissue damage for each transcript are
listed in Table 1. Based on literature, genes were arbitrarily grouped in six
categories: vesicle exocytosis (10 transcripts), activation of immune response and
microglia (8 transcripts), cytoskeleton (5 transcripts), secreted peptides and
peptide processing (4 transcripts), nerve tissue injury (5 transcripts) and others (8
transcripts).

VESICLE EXOCYTOSIS

Tmp21-I Participates in vesicular transport (29)
Adapter-related protein complex 2 Links clathrin to receptors in coated vesicles (30)
alpha 2 subunit
Complexin 1 Involved in synaptic vesicle exocytosis (31)
Palmitoyl-protein thioesterase 1 Its axonal targeting indicates a role in exocytosis (32)
Clathrin heavy chain Is the major protein of the coat of coated pits (33)
Synaptogyrin-1 Synaptic vesicle transport (34)
Synaptotagmin 3 Mediates exocytosis of secretory vesicles (35)
B/K protein Homologue of synaptotagmin (36)
PKC and CK substrate in neurons 1 May play a role in vesicle formation and transport (37)
Preoptic regulatory factor-2 Expressed in neuroendocrine cells, involved in development 

(38)

ACTIVATION OF MICROGLIA

GRG protein Inhibits NF-κB-regulated gene expression (39)
Chromogranin A Precursor of secreted peptide that activates microglia (15)
Chemokine receptor-like 1 Could be a chemotactic peptide receptor (40)
ICAM-1 Mediates leukocyte adhesion (41)
RT1.Ma Involved in immune response (42)
RT1.Mb Involved in immune response (42)
C1q β Part of the first component of the serum complement system

(13)
TIMP-1 Irreversibly inactivates metalloproteinases involved in glial 

plasticity (43)

CYTOSKELETON

Neurabin-II Binds to actin filaments, interacts with protein phosphatase
(44)

Calcium-binding protein 1 Associated with the somato-dendritic cytoskeleton (45)
Type II brain 4.1 Mediates cortical actin cytoskeleton organization and 

biogenesis (46)
hsp27 Is involved in stress resistance and actin organization (47)
Peripherin Is a neuronal intermediate filament protein (48)
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PEPTIDES AND PEPTIDE PROCESSING

CGRP CGRP is involved in central sensistization leading to 
hyperalgesia (49)

VGF, NGF inducible Regulates cell-cell interactions during the maturation of the 
nervous system (50)

Proprotein convertase Involved in peptide processing, including cholecystokinin
subtilisin/kexin type 5 processing (51)
Gamma-glutamyl hydrolase When secreted, acts primarily as an endopeptidase (52)

NERVE TISSUE INJURY

SGK Its transcript is expressed by oligodendrocytes after brain 
injury (53)

Fractured callus protein 1 Mediates mitochondrial carrier import, expressed during the 
early stages of fracture healing (54)

Lost on transformation Is induced by cell death in the cerebellum (55)
Apolipoprotein E Mediates the catabolism of lipoprotein particles (56)
C-4 methyl sterol oxidase Is involved in the repair process of nerve tissues (57)

OTHER

Testis-specific AKAP Binds to type II regulatory subunits of protein kinase A (58)
HspBP Is an inhibitor of hsp70 (59)
Dihydropteridine reductase Plays a key role in biosynthesis
WAP four-disulfide core domain Has growth inhibitory activity (60)
Calmodulin-dependent calcineurin A Is a protein phosphatase, dephosphorylates HspBP1 (61)
subunit, alpha isoform
Cytochrome c oxidase VIa Serves as the terminal oxidase in mitochondrial electron 

transport
Slack Integral membrane protein, potassium channel subunit (62)
Isocitric dehydrogenase Participates in the citric acid cycle

Five genes, namely TIMP-1, ICAM-1, CGRP, chemokine-like receptor 1 and
peripherin were selected for further validation with qPCR based on the largest
average difference in expression between neuropathic and inflammatory pain.

The increased abundance of four transcripts, TIMP-1, ICAM-1, CGRP and
chemokine-like receptor 1 in the dorsal section of the lumbar spinal cord after sciatic
nerve ligation was confirmed by qPCR on samples independent from those used for
microarray hybridization (Fig. 2). Expression of all four transcripts was significantly
higher when compared to corresponding samples from animals with inflammatory
pain, though not always versus naive, like in the case of ICAM-1. In all four cases,
the measured abundances followed the same trend as indicated by microarrays (Fig.
1 and Fig. 2). Expression of peripherin was not found to be significantly changed,
though there was a tendency towards a decrease in the inflammatory pain model on
the 14th day (F(4,15)=3.185, P=0.0442, Tukey post-test N.S.).

Additionally, the expression of the five selected genes was measured in the
L5-L6 DRGs. Abundance of TIMP-1 and ICAM-1 transcripts was significantly
increased (P<0.001) on the 3rd day of chronic constriction nerve injury both
versus 3rd day of inflammatory pain model and naive rats (Fig. 2). In both cases,
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on the 14th day of neuropathic pain model mRNA, the abundances were still
higher than on the 14th day of inflammatory pain model and in naive animals. A
reverse trend was observed with CGRP in the L5-L6 DRGs. CGRP mRNA
abundance was significantly lower (P<0.01) on 14th day of chronic constriction
nerve injury as compared to the 14th day after injection of complete Freund's
adjuvant and naive rats (Fig. 2). The amount of CGRP transcript in the DRGs was
over tenfold greater than in the spinal cord, as estimated from threshold cycle
values from qPCR. No differences in the expression of chemokine-like receptor
1 or peripherin genes were observed in the DRGs.
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Fig. 2. Reverse transcription
RealTime-PCR reactions (qPCR)
analysis of expression of tissue
inhibitor of metalloproteinase 1
(TIMP-1), intercellular adhesion
molecule 1 (ICAM-1), calcitonin
gene-related peptide (CGRP),
chemokine-like receptor 1 gene
and peripherin in the lumbar
spinal cord and dorsal root
ganglia (DRGs). The bars
represent normalized averages
derived from the threshold cycle
in qPCR. CCI3 and CCI14
correspond to samples obtained
on the 3rd and 14th day of chronic
constriction injury, while CFA3
and CFA14 represent the 3rd and
14th day after injection of
complete Freund's adjuvant. Data
are expressed as the mean ±
SEM. In the spinal cord, the
average was calculated from 5-6
samples and each sample was
prepared from two separate
spinal cord fragments. In case of
DRGs, there were 8-12 samples
(4-10 of each L5 and L6). *
P<0.05, **P<0.01, ***P<0.001
in comparison to naive group of
animals (ANOVA, Tukey test),
#P<0.05, ##P<0.01, ###P<0.001
indicate statistical significance
between the corresponding
groups in neuropathic and
inflammatory pain (ANOVA,
Tukey post-test).



DISCUSSION

The presented array analysis of global gene expression indicates that both
neuropathic and inflammatory pains are associated with a dramatic shift in the
regulation of secretory vesicle trafficking in the spinal cord. At least 10 of the 41
genes with changed expression are directly involved in the processing of
secretory vesicles, another two are proteases involved in processing of peptides
and two correspond to the secreted peptides (Table 1). In most cases expression
of those genes was higher in inflammatory and neuropathic pain in comparison to
naive animals, with a notable exception of two genes from the synaptotagmin
family (synaptotagmin 3 and B/K protein, Fig. 1). Nevertheless, the changes in
expression of secretory vesicle trafficking-related genes followed no clear pattern
differentiating neuropathic and inflammatory pain.

On the other hand, genes associated with immune response and activation of
the microglia were up-regulated in the spinal cord almost exclusively after
chronic constriction nerve injury and thus appear to be the markers of neuropathic
pain. The four immune response- and microglia-associated genes (RT1.Ma,
RT1.Mb, C1q β and TIMP-1) that were classified as the fourth branch according
to the clustering result (Fig. 1) had higher expression on the third day after
operation, and there was a tendency to decrease on the 14th day. The observed up-
regulation of the immune response genes is in agreement with earlier reports (8,
11). Previously Schafer et al. (13) reported that constitutive and the ischemia-
induced C1q biosynthesis was restricted to brain microglia. It has been postulated
that complement activation is a causative factor in neurodegeneration (14). On the
other hand, the expression of the GRG protein, a member of the Groucho family
which acts as a repressor of the transcription factor NF-κB, had an opposite trend
in relation to the immune response genes, with maximum up-regulation on the
14th day. Since NF-κB regulates the expression of several immune response
genes, it might be speculated that the GRG protein mediates the attenuation of
their expression after nerve injury. Chromogranin A, the precursor of secreted
peptides pancreastatin, β-granin and WE-14, is an important marker of microglial
activation (15). An increase in its expression observed in neuropathic pain could
promote death of damaged neurons and replacement of neurons by glia.

The expression pattern of the immune response- and microglia activation-
related genes in the DRGs was similar. The abundance of TIMP-1 and ICAM-1
mRNAs was increased on the 3rd day of chronic constriction injury in the DRGs,
and similarly to the spinal cord on 14th day after injury the levels of both
transcripts were still elevated in comparison to naive animals. As for the
chemokine-like receptor 1, its mRNA was barely detectable in the DRGs and no
changes in expression were found (Fig. 2).

Differences in expression profiles between neuropathic and inflammatory pain
were also found among the genes classified as cytoskeleton-related, and all
appear to interact with actin filaments (Table 1). Four out of five (calcium-
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binding protein 1, type II brain 4.1 protein, hsp27 and peripherin) had higher
transcription after chronic constriction nerve injury. These changes could be
associated with the rearrangement of pain sensory pathways that take place
during the development of neuropathic pain. An increase in expression of hsp27
and TIMP-1 after spinal cord injury was previously reported (16).

CGRP is expressed in the sensory afferent neurons (17); some authors suggest
its important role in spinal and peripheral mechanisms of chronic pain (18-20).
Particularly interesting are the alterations in the CGRP mRNA levels in both DRG
as well as in the dorsal spinal cord observed in our study. A significant decrease in
CGRP mRNA levels was observed in DRGs of neuropathic rats in accordance
with the previous data (9), which may underlay a marked reduction of CGRP
containing fibres in the ipsilateral superfical layers of the dorsal horn where the
primarly afferent nerve endings (with cell bodies in DRG) are present.
Interestingly, we measured a significant, over threefold increase in the CGRP
mRNA level in the dorsal spinal cord ipsilateral to the nerve injury although
relative abundance of the message was lower than that in the DRG. In accordance
with our observations a distinct CGRP mRNA-positive neurons were observed in
lamina III in both the ipsilateral and contralateral dorsal horn seven days after
unilateral rhizotomy (21). Thus the results indicate that spinal nerve injury
enhance expression of CGRP in the deeper laminae of the dorsal horn neurons
which may contribute to the mechanism of hyperalgesia and sensitization of WDR
neurons in the spinal cord dorsal horn (8). It further suggests that CGRP may
contribute not only to induction phase of neuropathic pain, but also to its
maintenance phase.

Increased expression of the CGRP gene in the spinal cord could be one of the
factors responsible for the maintenance of neuropathic pain symptoms. In
agreement with these suggestions Bennett and co-workers (18) have shown that
CGRP (8-37), a truncated version of CGRP that binds as antagonist to the CGRP
receptors, was effective in alleviating mechanical and thermal allodynia in a dose-
dependent manner after its intrathecal administration in rats with spinal
hemisection. Furthermore, our results indicate that the persistence of neuropathic
pain is closely associated with the activation of microglia and add chromogranin
A and the GRG protein to the list of genes involved in this process.
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