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  Impairment in spinal inhibition caused by quantitative alteration of GABAergic elements following 
peripheral nerve injury has been postulated to mediate neuropathic pain. In the present study, we 
tested whether neuropathic pain could be induced or reversed by pharmacologically modulating spinal 
GABAergic activity, and whether quantitative alteration of spinal GABAergic elements after peripheral 
nerve injury was related to the impairment of GABAergic inhibition or neuropathic pain. To these 
aims, we first analyzed the pain behaviors following the spinal administration of GABA antagonists 
(1 μg bicuculline/rat and 5 μg phaclofen/rat), agonists (1 μg muscimol/rat and 0.5 μg baclofen/rat) or 
GABA transporter (GAT) inhibitors (20 μg NNC-711/rat and 1 μg SNAP-5114/rat) into naïve or 
neuropathic animals. Then, using Western blotting, PCR or immunohistochemistry, we compared the 
quantities of spinal GABA, its synthesizing enzymes (GAD65, 67) and its receptors (GABAA and 
GABAB) and transporters (GAT-1, and -3) between two groups of rats with different severity of 
neuropathic pain following partial injury of tail-innervating nerves; the allodynic and non-allodynic 
groups. Intrathecal administration of GABA antagonists markedly lowered tail-withdrawal threshold 
in naïve animals, and GABA agonists or GAT inhibitors significantly attenuated neuropathic pain in 
nerve-injured animals. However, any quantitative changes in spinal GABAergic elements were not 
observed in both the allodynic and non-allodynic groups. These results suggest that although the 
impairment in spinal GABAergic inhibition may play a role in mediation of neuropathic pain, it is 
not accomplished by the quantitative change in spinal elements for GABAergic inhibition and therefore 
these elements are not related to the generation of neuropathic pain following peripheral nerve injury. 
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INTRODUCTION

  Neuropathic pain has been defined as “pain initiated or 
caused by a primary lesion or dysfunction in the nervous 
system” [1] and is characterized by spontaneous burning 
pain, hyperalgesia and allodynia [2-4]. However, this pain 
is not observed in all the individuals with nerve injury. 
Patients even with an identical nerve injury, such as limb 
amputation, may or may not suffer from neuropathic pain 
[5-7]. This is also true for neuropathic pain in experimental 
animal studies [8-11]. Therefore, the identification of 
change(s) or factor(s) associated with individual difference 
in the manifestation of neuropathic pain may provide crit-
ical clues for the mechanisms of neuropathic pain.

  Several lines of evidence suggest that peripheral nerve 
injury-induced loss of GABAergic inhibition in the spinal 
dorsal horn may be responsible for neuropathic pain 
[12-14]. This is very likely, because pharmacological antag-
onism of GABAergic inhibitory transmission in the spinal 
cord of naive animals induces neuropathic pain-like behav-
iors [15-18]. This mechanism for neuropathic pain has been 
supported by the following evidence; reduced levels of spi-
nal GABA [19-22], its synthesizing enzymes [12,20] and its 
receptors [23,24], which are thought to result from ex-
citotoxic apoptosis of spinal GABAergic interneuron [12]. 
Reduction of spinal GABA transporters (GAT) after nerve 
injury has also been suggested as a contributor to neuro-
pathic pain [25]. On the other hand, however, some studies 
showed no significant loss in the content of GABA synapto-
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Fig. 1. A schematic diagram illustrating how the inferior (black 
arrow) and superior (open arrow) caudal trunks are composed and 
the level of the transection (X) of nerve trunks. The curved arrow 
indicates the S1 spinal nerve.

some preparations [14], GABA receptors [26] or spinal 
GABAergic interneurons in neuropathic animals [27-29]. 
Furthermore, there is an evidence of increase, rather than 
decrease, in the level of GABA in the ipsilateral dorsal horn 
[30] or in GABAergic inhibitory activity of dorsal horn neu-
rons [31] following peripheral nerve injury. 
  As for the discrepancy in the above findings, it is quite 
possible that differential changes in spinal GABAergic ele-
ments following peripheral nerve injury might be correlated 
with individual difference in the manifestation of neuro-
pathic pain; the elements are decreased in the allodynic an-
imals and increased in the non-allodynic ones. Therefore, 
in the present study, we examined 1) whether pharmaco-
logical reduction of spinal GABAergic activity by intra-
thecal application of antagonists in naïve animals could in-
duce neuropathic pain-like behavior, 2) whether increase 
of GABAergic activity by spinal administration of GABA 
agonists or GAT inhibitors might reverse neuropathic pain 
behavior, and 3) whether quantitative changes in the spinal 
GABAergic elements were related to the generation of neu-
ropathic pain by comparing the quantities of spinal GABA, 
its synthesizing enzymes, its receptors and transporters be-
tween two groups of rats that showed different severity of 
neuropathic pain following partial injury of tail-innervating 
nerves; one group (allodynic group) exhibited robust neuro-
pathic pain such as mechanical, cold and warm allodynia 
after nerve injury, whereas the other group (non-allodynic 
group) showed poorly developed signs of neuropathic pain 
although they underwent the same nerve injury.

METHODS

Animals

  Sprague-Dawley male rats, weighing 150∼200 g, were 
housed in suspended wire mesh cages in a room maintained 
at a 12 h light/dark cycle (lights on at 07:00 h) and 22∼
25oC, with free access to food and water. All experiments 
were in accordance with the Korean law on animal care 
guidelines (8282-13, revised 2007. 1.26) and the guidelines 
set by the Korea University College of Medicine Animal 
Research Policies Committee. 

Neuropathic surgery

  The neuropathic surgery was based on the procedure pre-
viously described by Back et al. [32]. Briefly, under en-

flurane anesthesia (0.5∼2%) animals were subjected to uni-
lateral transection of the inferior and superior caudal 
trunks at the level between the S1 and S2 spinal nerves 
(Fig. 1). To prevent possible rejoining of proximal and distal 
ends of the severed trunks, pieces of nerve about 2 mm in 
length were removed from the distal nerve ends. This proce-
dure severed the S1 spinal nerve innervating the tail.

Behavioral tests for neuropathic pain

  Mechanical allodynia was assessed by the tail-with-
drawal threshold in response to a series of calibrated von 
Frey filaments (3.92, 5.88, 9.80, 19.60, 39.20, 58.80, 78.40 
and 147.00 mN, Stoeling, Wood Dale, IL, USA; equivalent 
in grams to 0.4, 0.6, 1.0, 2.0, 4.0, 6.0, 8.0 and 15.0). The 
50% withdrawal threshold was determined using the 
up-down method [33]. In brief, testing was initiated with 
a filament whose bending force was 19.60 mN in the middle 
of the series, and the most sensitive spot of the tail was 
first determined by probing various areas with this fila-
ment. In the absence of a tail withdrawal response to this 
filament, this process for searching the sensitive spot was 
repeated with the next stiffer filament. However, if the sen-
sitive spot whose positive response had been elicited was 
determined, this spot was touched just once with one of a 
series of 8 von Frey filaments in a up-down fashion, as fol-
lows; a next weaker stimulus was applied in the presence 
of a withdrawal response, whereas a next stronger stimulus 
was applied in the absence of withdrawal. Stimuli were pre-
sented at intervals of several seconds. A brisk tail with-
drawal to von Frey filament application was regarded as 
a positive response.
  Testing for cold or warm allodynia was performed by 
measuring tail withdrawal latency to cold (4oC) or warm 
(40oC) water stimulation, respectively. After immersing the 
tail into cold or warm water bath, the investigator con-
tinuously observed the tail to find out whether it moved 
abruptly, and measured the latency of the tail movement 
within a cut-off time of 15 sec. An abrupt tail movement 
within the cut-off time was considered as a positive with-
drawal response, whereas lack of tail movement until the 
cut-off time or slow tail movement within the cut-off time 
was not considered to be a positive response. The testing 
was repeated five times with 5 min intervals, and the aver-
age latency of tail response was calculated. 
  After behavioral testing on each experimental day, ani-
mals were assigned to the allodynic group if they showed 
robust neuropathic pain (≥70% decrease in withdrawal 
threshold and ≥30% decrease in latencies), or to the non-al-
lodynic group if they exhibited little allodynia (≤10% de-
crease in withdrawal threshold and latencies). To exclude 
the possibility that lack of tail-withdrawal response in the 
non-allodynic group was caused by motor impairment, we 
conducted a pinch-withdrawal test in both the alloydynic 
and non-allodynic groups of rats before sacrificing them or 
immunohistochemistry, Western blotting or PCR: The tip 
of the tail was pinched with a small toothed forceps, and 
the number of withdrawal responses out of 10 trials was 
calculated as a percentage for each group.

Western blotting

  Under sodium pentobarbital (50 mg/kg, i.p.) anesthesia, 
rats were perfused with cold heparinized saline. The S1 spi-
nal segments and dorsal root ganglia (DRG) were quickly 
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Table 1. Sequences of primers used for RT-PCR

Gene Forward Reverse

Rat GAPDH
Rat GAD65
Rat GAD67
Rat GAT1
Rat GAT3
Rat ATF3

5’-GAGTCTACTGGCCTCTTCAC-3’
5’-CCTATGAGATCGCCCCTGTA-3’
5’-GCGAGAGATTGGATGGT-3’
5’-GAGGCATCTACCTGCTCAGTG-3’
5’-AACAACAAGGTGGAGTTCGTG-3’
5’-GCAGGAGCATCCTTTGTCTC-3’

5’-CCATCCACAGTCTTCTGAGT-3’
5’-ATCAAAAGCCCCGTACACAG-3’
5’-TCTATGCCGCTGAGTTTGTG-3’
5’-ACCTCCTGCCTTCATCCTAAA-3’
5’-CATAGCCGATGCCTTCAAATA-3’
5’-CTGATGAAACTCCCGGAAAA-3’

removed. The excised spinal segments were cut sagittally 
into ipsilateral and contralateral hemi-cords, and then 
quickly frozen on dry ice. All tissues were stored at −80oC 
until the day of tissue preparation. Frozen tissue was al-
lowed to thaw and then homogenized in TRI reagent 
(Sigma-Aldrich, MO, USA). Protein concentration was de-
termined using the BCA protein assay kit (PIERCE, IL, 
USA). Protein was aliquoted and stored at −80oC. 
  Thirty microgram each of total protein/lane was resolved 
on SDS-PAGE gel (10% polyacrylamide gel) at 100 V for 
2 h and transferred to a nitrocellulose membrane. Subse-
quently, the membrane was blocked with 5% non-fat dry 
milk in TBST (TBS buffer plus 1% Tween 20) for 1 h at 
room temperature (RT), and incubated with mouse an-
ti-glutamic acid decarboxylase (GAD) 65 kDa (1：2000; 
Chemicon) [12,34] or mouse anti-GAD67 (1：5,000; Chemicon) 
[12,35] in TBST overnight at 4oC. The membrane was 
rinsed three times with TBST for 10 min each, and then 
incubated with horseradish peroxidase-conjugated an-
ti-mouse IgG (Sigma-Aldrich, MO, USA) for 1 h at RT. 
Proteins were detected with the enhanced chemilumin-
escence system (Amersham Pharmarcia Biotech, UK). The 
membranes were stripped by submerging them in stripping 
buffer (100 mM β-mercaptoethanol, 2% sodium deodecyl 
sulphate, 62.5 mM Tris-HCl, pH 6.7) at 60oC for 30 min 
with occasional agitation. Subsequently, the membranes 
were washed three times in TBST for 10 min each, blocked 
with 5% non-fat dry milk/1× TBST for 1 hr. After stripping, 
the membranes were reprobed with anti-β-actin as a load-
ing control. Band intensity was measured densitometrically 
using Scion Image program (Scion Corp.), normalized to β- 
actin levels and expressed as a percentage of the band from 
naïve animals.

Reverse Transcription-Polymerase Chain Reaction (RT- 
PCR)

  The S1 spinal hemi-cords and DRG were homogenized 
in TRI reagent (Sigma-Aldrich, MO, USA). RNA samples 
were spectrophotometrically quantified at 260 nm. A total 
20 μl of cDNA was synthesized using 1 μg of total RNA 
in the mixture of Superscript II (Invitrogen, USA), 5× 
First-strand buffer, 0.1 M DTT, and 10 mM dNTPs. The 
PCR was carried out with PCR-premix (Bionner, Korea) 
and the primer sets for the rat GAD65, GAD67, GAT-1, 
GAT-3 and activating transcription factor 3 (ATF3) which 
were adopted as a marker of nerve injury (Table 1). The 
PCR products were visualized in ethidium bromide contain-
ing 1.5% agarose gel using Kodak 1D Image Analysis 
System (Kodak, USA). The amount of PCR product of each 
sample was normalized to the amount of GAPDH.

Immunohistochemistry

  According to the result of behavioral testing for 2 weeks 
following nerve injury, animals were assigned to the allo-
dynic or the non-allodynic groups. The rats were deeply an-
esthetized with sodium pentobarbital (50 mg/kg, i.p.) and 
perfused with heparinized saline followed by 4% paraf-
ormaldehyde and 0.1% picric acid in 0.1 M phosphate buffer 
(PB, pH 7.4). The S1 spinal segments were harvested by 
laminectomy. Each segment was post-fixed for 6∼8 h in the 
same fixative and then cryoprotected in 30% sucrose in 
0.1 M PB for 48 h at 4oC. The excised segment was sectioned 
at 14 μm on a cryostat. Spinal cord sections from each group 
were mounted on the same slides, and were treated under 
the same condition during immunohistochemical procedure 
to minimize the among-group variability. Sections were 
processed for immunostaining with the ABC technique 
(Vector Elite Kit, Vector, Burlingame, CA, USA). Sections 
were blocked with 1% bovine serum albumin in 10% normal 
goat serum (NGS) for 1 h at RT and then incubated for 
more than two days at 4oC with mouse anti- GAD65 (1：1,000; 
Chemicon), mouse anti-GAD67 (1：5,000; Chemicon), rab-
bit anti-GABA (1：1,000; Chemicon), mouse anti-GABAA 
receptor β2/β3 subunit (1：50; Chemicon) [12,36], guinea 
pig anti-GABAB R2 receptor (1：1,000; Chemicon), rabbit 
anti-GABA transporter (GAT)-1 (1：100; Chemicon) [37], 
and rabbit anti-GAT-3 (1：500; Chemicon) [37]. Sections 
were sequentially rinsed with 0.05 M phosphate buffered 
saline (PBS) and 3% NGS for 30 min each. They were then 
incubated with biotinylated secondary antibody PBS sol-
ution for 1 h, sequentially rinsed with 1% and 3% NGS, 
and reacted with ABC solution for 1 h. Immunoreactive 
products were visualized by immersion in a solution of dia-
minobenzidine (0.05%) with 2% NiCl containing 0.01% hy-
drogen peroxide. Reacted sections were then dehydrated 
and coverslipped. For immunofluorescence, the sections 
were incubated for 1 h at RT with FITC-conjugated secon-
dary antibody (1：200, Chemicon, CA, USA) instead of bio-
tinylated secondary antibody. The tissue from each group 
was processed in parallel. Control experiments were also 
carried out by substitution of the primary antibody with 
PBS. 
  Ten spinal cord sections were randomly picked from each 
rat, and were used for measurement of immunostaining in-
tensity in the superficial dorsal horn. To quantify staining 
intensity, we used a computer-assisted image analysis sys-
tem (Scion Corp.). An image of a spinal cord section was 
first captured with a CCD camera through a ×4 objective 
and converted to digital image composed of pixels having 
the gray values ranging from 0 to 255. The intensity of im-
munoreactivity (ir) was expressed as the mean gray-scale 
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Fig. 2. Changes in pain behaviors by pharmacological regulation of spinal GABAergic activity. (A) Mechanical allodynia induced by intrathecal
administration of GABA antagonists, bicuculline and phaclofen, in naïve rats. (B) Attenuation of nerve injury-induced mechanical allodynia 
by GABA agonists, muscimol and baclofen, applied spinally. (C) Reversal of nerve injury-induced mechanical allodynia by intrathecally 
administered GAT inhibitors, NNC 711 for GAT-1 and SNAP 5114 for GAT-3. ‘Pre’ and ‘N14’ indicate 1 day before and 14 days after 
neuropathic surgery, respectively. *p≤0.05, **p≤0.001 vs. pre-injection value (One-way repeated measures ANOVA followed by Bonferroni 
t-test).

value of pixels constituting the image of the superficial dor-
sal horn. For analyses of lamina in each spinal segment, 
we first examined the reference sections, which had been 
stained with toluidine blue, and then recognized the boun-
daries between laminae I, II and III by the distribution of 
myelinated nerve fibers. According to this result, in actual 
image analysis, the approximate outline including lamina 
I and II was drawn on the digital image of spinal cord. 
Staining intensity of the ipsilateral or contralateral side 
was normalized to naïve.

Drug administration

  Bicuculline (GABAA antagonist) and muscimol (GABAA 
receptor agonist) were obtained from Sigma-Adrich (MO, 
USA). Phaclofen (GABAB receptor antagonist), baclofen 
(GABAB agonist), NNC-711 (GAT-1 inhibitor) and (S)- 
SNAP 5114 (GAT-3 inhibitor) were purchased from Tocris 
Cookson (Bristol, UK). All drugs were dissolved in saline 
using ultrasonic washer and applied intrathecally. The 
doses used in the present study were 1 μg of bicuculline 
[16], 5 μg of phaclofen [16], 1 μg of muscimol [38], 0.5 μg 
of baclofen [38], 20 μg of NNC-711 and 1 μg of SNAP-5114.
  Spinal administration of drugs was carried out by lumbar 
puncture. Under slight enflurane anesthesia, the rat was 
held in one hand by the pelvic girdle, and a 30-gauge needle 
connected to a 25 μl-Hamilton syringe was inserted into 
the subarachnoid space between the spinous processes of 
L5 and L6. The syringe was held in position for about 30 
sec after the injection of 5 μl/rat. 
  Behavioral testing was performed 30 min prior to and 
after administration of drug by an investigator who was 
unaware of the injection status of the rats.

Statistical analysis 

  Data are expressed as mean±S.E.M. Paired t-test (or the 
Wilcoxon Signed Rank Test), unpaired t-test (or the Mann- 
Whitney Rank Sum Test), and one-way ANOVA (or Kruskal- 
Wallis ANOVA, depending on normality test) were used 
wherever appropriate. Statistical analyses of the data ob-

tained from the drug tests were conducted with one-way 
repeated measures ANOVA test followed by a pairwise com-
parison of pain behaviors before and after the injection, uti-
lizing Bonferroni t-test. p＜0.05 was considered statistically 
significant. 

RESULTS

Pharmacological regulation of spinal GABAergic activity 
effect of spinal GABA receptor antagonists in naïve 
animals

  To investigate whether loss of spinal GABAergic activity 
could induce neuropathic pain-like behavior in naïve ani-
mals, we studied the effect of GABA antagonists. As shown 
in Fig. 2A, bicuculline (1 μg/rat, i.t.) and phaclofen (5 μg/ 
rat, i.t.) induced significant reduction of tail-withdrawal 
thresholds at 30 min after the injection [**p≤0.001 vs. 
pre-injection value (Base), one-way repeated measures 
ANOVA followed by Bonferroni t-test], suggesting the in-
duction of mechanical allodynic sign. These results indicate 
the probability that nerve injury-induced reduction of spi-
nal GABAergic activity might be a cause of neuropathic 
pain.

Effect of spinal GABA receptor agonists and GABA 
transporter inhibitors in neuropathic animals

  Next, we asked a question of whether increase in spinal 
GABAergic activity by GABA receptor agonism or GABA 
uptake inhibition could attenuate nerve injury-induced 
pain. As shown in Fig. 2B, muscimol (1 μg/rat, i.t.) and ba-
clofen (0.5 μg/rat, i.t.) significantly increased tail with-
drawal thresholds at 30 min after the injection [**p≤0.001 
vs. behavioral score at 14 days following the nerve injury 
(N14), One-way repeated measures ANOVA followed by 
Bonferroni t-test]. In addition, GAT inhibitors, NNC 711 
(20 μg/rat, i.t.) for GAT-1 and SNAP 5114 (1 μg/rat, i.t.) 
for GAT-3, also relieved mechanical allodynia [Fig. 2C, *p＜ 
0.05 vs. behavioral score at 14 days following the nerve in-
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Table 2. Postoperative changes in spinal levels of GABA synthesizing enzymes, GAD65 and GAD67. Data are expressed as percentage 
of naïve animals. POD indicates postoperative day. When compared with naïve animals, significant loss of spinal GAD65 or GAD67 
was observed in neither ipsilateral nor contralateral side of both of the allodynic and non-allodynic groups at any postoperative day

POD 1 POD 7 POD 14

Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

GAD65

GAD67

Allodynic
Non-allodynic
Allodynic
Non-allodynic

 96.79±8.33
 97.71±4.90
 99.71±3.50
107.90±4.49

 98.50±7.97
 95.83±7.05
105.34±9.99
106.38±6.01

101.67±5.49
 98.47±3.35
106.38±9.76
107.94±2.42

102.06±6.24
 93.22±6.13
108.08±8.47
105.49±3.46

 95.67±2.03
 98.65±3.58
103.46±4.83
103.38±5.34

 96.63±3.07
102.92±2.45
105.09±4.94
107.21±5.75

Fig. 3. Western blot analysis for 
spinal GAD65 and GAD67 among 
the naïve, allodynic and non-allodynic 
animals. (A) Difference in the mani-
festation of neuropathic pain bet-
ween the allodynic and non-allodynic
groups following the same nerve 
injury, *p≤0.001 vs. the naïve group;
#p≤0.001 vs. the non-allodynic group
(One-way ANOVA followed by all 
pairwise multiple comparison, utilizing
Holm-Sidak method). (B) Immunoblots
of two isoforms of GAD extracted 
from the S1 spinal segments (injured 
level) 2 weeks following neuropathic 
surgery. (C) The temporal courses of 
immunoreactivities of GAD65 and 
GAD67 in the ipsilateral hemi-cords. 
Data are normalized to β-actin and 
expressed as a ratio to naïve. GAD65-
and GAD67-ir in the ipsilateral hemi-
cords of the allodynic and non-allodynic
groups are not different from those 
of the naïve group on any postope-
rative day.

jury (N14), One-way repeated measures ANOVA followed 
by Bonferroni t-test]. These results emphasize an im-
portance of spinal GABAergic activity in the regulation of 
neuropathic pain processing. 

Quantities of spinal GABA synthesizing enzymes 
(GAD65 and GAD67) after nerve injury

  According to the results of behavioral testing on the post-
operative day 1, 7 and 14, the rats were assigned to the 
allodynic (n=5) and non-allodynic groups (n=5). On each 
postoperative day, tail-withdrawal threshold and latencies 
of the allodynic group were significantly lower not only than 
those of the non-allodynic but also the naïve groups (Fig. 3A, 
*p≤0.001 vs. the naïve group; #p≤0.001 vs. the non-allo-
dynic group, One-way ANOVA followed by all pairwise mul-
tiple comparison, utilizing Holm-Sidak method). Despite 
the same nerve injury, however, tail-withdrawal threshold 
and latencies of the non-allodynic group did not differ from 

those of the naïve group. To exclude the possibility that 
lack of allodynic signs in the non-allodynic group might be 
due to motor impairment, we carried out a pinch-with-
drawal test. The non-allodynic as well as the allodynic 
group showed 100% withdrawal responses to pinching stim-
uli, therefore, there was no difference between the two 
groups (data not shown). The two nerve-injured groups and 
naïve group were used for immunoblotting and PCR to com-
pare spinal levels of GAD65- and GAD67. Representative 
immunoblots for two isoforms (GAD65 and GAD67) of the 
GABA synthesizing enzyme are depicted in Fig. 3B. 
Quantitative analysis for GAD65- and GAD67-ir revealed 
no significant difference on any postoperative day between 
the ipsilateral and contralateral hemi-cords of both the allo-
dynic and non-allodynic groups (Table 2). As illustrated in 
Fig. 3C, GAD65- and GAD67-ir in the ipsilateral hemi-cords 
of the both groups were not different from those of the naïve 
group on any postoperative day. The PCR analysis also re-
vealed that GAD65 and GAD67 mRNA levels in the two 



64 J Lee, et al

Fig. 4. Reverse transcription-PCR analysis for GAD65 and GAD67 mRNA expression in the naïve, allodynic and non-allodynic groups 
2 weeks following neuropathic surgery. Behavioral differences among the groups are illustrated in Fig. 3A. (A) GAD65 and GAD 67 mRNA
expression in the S1 spinal segments excised from the naïve, allodynic and non-allodynic animals. ATF3 mRNA expression in the S1 
DRG was adopted as a marker of nerve injury. (B) Ipsilateral expression of GAD65 and GAD67 mRNA. Data are normalized to GAPDH 
and expressed as a ratio to naïve. Expressions of GAD65- and GAD67 mRNA in the ipsilateral hemi- cords of the allodynic and non-allodynic
groups are not different from those of the naïve group.

Fig. 5. Immunohistochemial analysis
for spinal GAD65 and GAD67 among 
the naïve, allodynic and non-allodynic
animals 2 weeks following neuro-
pathic surgery. (A) Difference in the 
manifestation of neuropathic pain 
between the allodynic and non- all-
odynic groups, *p＜0.05 vs. Pre-
surgical value (One-way repeated 
ANOVA followed by Bonferroni t- 
test); #p＜0.05 vs. non-allodynic group
(Unpaired t-test). (B) Microphoto-
graphs illustrating distribution of 
GAD65- and GAD67-ir in the S1 
spinal segment ipsilateral to nerve 
injury. Scale bar=100μm. (C) Relative
staining intensities of GAD65 and 
GAD67, compared to the naïve group. 
GAD65- and GAD67-ir in both the 
allodynic and non-allodynic groups 
are not different from those of the 
naïve group.
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Fig. 6. Immunohistochemial analysis
for spinal GABA and its receptors, 
GABAA and GABAB, among the 
naïve, allodynic and non-allodynic 
animals 2 weeks following neuro-
pathic surgery. Behavioral differences
among the groups are illustrated in 
Fig. 5A. (A) Microphotographs illust-
rating distribution of GABA-, GABAA
and GABAB-ir in the S1 spinal seg-
ment ipsilateral to nerve injury. Scale
bar=100 μm. (B) Relative staining 
intensities of GABA, GABAA and 
GABAB, compared to the naïve group.
Immunoreactivities in both the all-
odynic and non-allodynic groups are 
not different from those of the naïve
group.

nerve-injured groups (allodynic and non-allodynic groups) 
were not different from those of naïve animals (Fig. 4). In 
both groups, the explosive increases of ATF3 mRNA in the 
ipsilateral DRG firmly assured nerve injury (Fig. 4A). 
Using a different set of animals (Fig. 5A), we conducted 
immunohistochemistry for GAD65 and GAD67. Fig. 5B 
shows GAD65- and GAD67-ir in the ipsilateral spinal dor-
sal horn of the naïve, allodynic and non-allodynic groups 
at 14 days after neuropathic surgery. As illustrated in Fig. 
5C, GAD65- and GAD67-ir in the ipsilateral laminae I and 
II of the spinal cord in the both nerve-injured groups were 
not changed, compared not only to the contralateral side 
but also naïve animals.

Quantities of spinal GABA and its receptors, GABAA 
and GABAB after nerve injury

  Based on the results of behavioral testing for 2 weeks 
following the nerve injury, animals were classified into the 
allodynic (n=6) and non-allodynic groups (n=6) (Fig. 5A). 
These animals together with naïve ones were then sub-
jected to immunohistochemistry for GABA or its receptors, 
GABAA and GABAB (Fig. 6A). The quantitative analysis re-
vealed that immunoreactivities of GABA and its receptors 
in the ipsilateral laminae I and II of the spinal cord in the 
both groups were not different not only from the con-
tralateral side but also naïve animals (Fig. 6B).

Quantities of spinal GABA transporters, GAT-1 and 
GAT-3 after nerve injury

  Finally, we compared the levels of spinal GAT-1 and 
GAT-3 among the allodynic, non-allodynic and naïve ani-
mals, using immunohistochemistry and PCR. Despite clear 
difference in pain behaviors (Fig. 5A), there was no sig-
nificant difference in the levels of spinal GAT-1- and 
GAT-3-ir among the groups (Fig. 7). The PCR analysis also 
revealed that the GAT-1 and GAT-3 mRNA levels in the 
two nerve-injured groups (allodynic and non-allodynic groups) 
were not different from those of naïve animals (Fig. 8). 

DISCUSSION

  In the present study, we examined whether the differ-
ential changes of spinal elements for GABAergic trans-
mission after an identical nerve injury are related to in-
dividual difference in the manifestation of neuropathic 
pain, however, we did not find any changes of spinal 
GABAergic elements irrespective of the induction of neuro-
pathic pain after nerve injury.
  First, we examined whether the reduction of spinal 
GABAergic activity by pharmacological blockade of GABA 
receptors could induce neuropathic pain. Thus, as described 
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Fig. 7. Immunohistochemial analysis
for spinal GABA transporters, GAT-1
and GAT-3 among the naïve, all-
odynic and non-allodynic animals 2 
weeks following neuropathic surgery.
Behavioral differences among the 
groups are illustrated in Fig. 5A. (A) 
Microphotographs illustrating distri-
bution of GAT-1- and GAT-3-ir in 
the S1 spinal segment ipsilateral to 
nerve injury. Scale bar=100 μm. (B) 
Relative staining intensities of GAT-1-
and GAT-3 as compared to the naïve
animals. Immunoreactivities in both 
the allodynic and non-allodynic groups
are not different from those of the 
naïve group.

Fig. 8. Reverse transcription-PCR analysis for GABA transporters, GAT-1 and GAT-3, mRNA expression in the naïve, allodynic and 
non-allodynic groups 2 weeks following neuropathic surgery. Behavioral differences among the groups are illustrated in Fig. 3A. (A) GAT-1
and GAT-3 mRNA expressions in the S1 spinal segments excised from the naïve, allodynic and non-allodynic animals. ATF3 mRNA expression 
in the S1 DRG was adopted as a marker of nerve injury. (B) Ipsilateral expression of GAT-1 and GAT-3 mRNA. Data are normalized to 
GAPDH and expressed as a ratio to the naïve animals. Expressions of GAT-1 and GAT-3 mRNA in the ipsilateral hemi-cords of the allodynic 
and non-allodynic groups are not different from those of the naïve group.

previously [16-18], the tail-withdrawal thresholds in re-
sponse to mechanical stimulation were monitored in the 
present study, and we found that intrathecal administration 
of GABAA and GABAB receptor antagonists induced me-
chanical allodynic sign in naïve animals. This observation 
with spinal GABA antagonists indicates that, if the loss of 
spinal elements for GABAergic transmission was really fol-
lowed by peripheral nerve injury, the resultant impaired 

GABAergic inhibition would be responsible for the gen-
eration of neuropathic pain [12-14]. Furthermore, any treat-
ment to increase GABAergic activity should reverse the 
neuropathic pain induced by nerve injury. Consistent with 
previous studies [16,38,39], spinal administration of GABA 
agonists in the present study relieved the mechanical allo-
dynia induced by partial injury of tail-innervating nerves. 
In addition, the inhibition of GABA uptake by GAT in-
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hibitors was also sufficient to suppress neuropathic pain. 
Therefore, our pharmacological results indicate that spinal 
GABAergic elements are most likely related to the gen-
eration of neuropathic pain.
  Next, we asked questions of whether the loss of spinal 
elements for GABAergic transmission, which has been pre-
dicted to reduce GABAergic activity in the spinal dorsal 
horn [12,19-21,23,24], was actually followed by peripheral 
nerve injury, and also whether individual difference in the 
manifestation of neuropathic pain was related to differ-
ential changes of the GABAergic elements after same nerve 
injury. To illuminate these questions, we compared quantities 
of GABA, its synthesizing enzymes (GAD65 and GAD67), 
its receptors (GABAA and GABAB receptors) and trans-
porters (GAT-1 and GAT-3) among the naïve, allodynic and 
non-allodynic animals. Unfortunately, however, we did not 
find any quantitative changes in these spinal GABAergic 
elements among the groups. 
  The hypothesis that nerve injury-induced loss of spinal 
GABAergic inhibition is related to neuropathic pain has 
been supported by following observations; the reduction of 
GABA concentration [19-21], its synthesizing enzymes 
[12,20] and its receptors [23,24]. All these changes in the 
spinal cord have been considered to come from excitotoxic 
apoptosis of GABAergic interneurons within superficial 
laminae of the spinal dorsal horn [12,40]. However, Polgár 
et al. found no evidence for significant loss of GABA im-
munoreactive neurons within superficial laminae in the 
chronic constriction injury (CCI) [27,29] as well as the 
spared nerve injury (SNI) models [28] of neuropathic pain. 
It has also been suggested that axotomy alone is insuffi-
cient to produce a loss of dorsal horn neurons. Coggeshall 
et al. [41] demonstrated that reduction in neuronal num-
bers in the superficial dorsal horn could be detected only 
after sciatic nerve transection followed by electrical stim-
ulation of the severed nerve at a stimulus strength suffi-
cient to activate Aβ fibers. Therefore, it is highly likely 
that impaired spinal GABAergic inhibition after nerve in-
jury might be due to the loss of synaptic connections or the 
reduced expression of spinal elements for GABAergic trans-
mission [29], rather than the loss of GABAergic neurons. 
Based on the above consideration, we quantified the spinal 
GABAergic elements using a densitometrical analysis rather 
than cell counting. As described above, however, we did not 
observe any changes in spinal GABAergic elements. Our 
results are in conflict with previous studies which suggested 
the nerve injury-induced reduction of spinal GABAergic sys-
tem [12,16,19,20,24,25]. Nevertheless, we could not pres-
ently offer any definitive explanation for the discrepancy. 
One of the possibilities might be due to the difference in 
animal (e.g., rats vs. mice, Wistar vs. Sprague-Dawley rats, 
male vs. female) or neuropathy model (e.g., CCI, SNI, spi-
nal nerve ligation or tail model). Alternatively, as pointed 
out by Polgár et al. [29], technical problems in the proce-
dures of immunohistochemistry (e.g., choice of fixatives and 
antibodies) or analysis (simple profile counts, stereological 
method or densitometrical analysis) might also be asso-
ciated with the conflicting results. However, in contrast to 
the previous studies approached just immunohistochemi-
cally, we analyzed the expression levels of mRNA for each 
GABAergic element as well as proteins, which makes our 
results reliable. Employing the rat tail model of peripheral 
neuropathy, the quantities of spinal GABAergic elements 
in the present study were found to be not changed by pe-
ripheral nerve injury, therefore, the loss of the elements 

does not seem to be related to impaired spinal GABAergic 
activity in this neuropathic state.
  It has been suggested that impairment of spinal 
GABAergic inhibitory activity following nerve injury might 
be related to an abnormal anion gradient across the mem-
brane of dorsal horn neurons. Coull et al. [42] demonstrated 
that the reduction of potassium-chloride co-transporter 
KCC2 after nerve injury led to abnormally high Cl− concen-
tration in dorsal horn neurons, therefore, GABAA receptor 
activation might reverse GABA action from inhibition to 
excitation by leading to Cl− efflux rather than Cl− influx. 
This suggestion sufficiently explains the loss of spinal 
GABAergic inhibitory action in neuropathic state without 
any change in spinal GABAergic elements. However, as 
shown in the present study as well as by Malan et al. [16], 
spinal application of GABA receptor agonists alleviated 
nerve injury-induced mechanical allodynia, thus implying 
that spinal GABAergic effect in neuropathic state remains 
antinociceptive, but not hyperalgesic.
  It is also probable that the change in GAT is related to 
impairment of GABAergic activity. Because the levels of 
GAT are increased in inflammatory state [37,43] and GAT 
is responsible for the rapid termination of GABAergic in-
hibitory action [44,45], the up-regulation of GAT might im-
pair normal GABAergic inhibitory activity, thereby increas-
ing neuronal excitability. Furthermore, GAT-overexpressing 
animals show significantly enhanced pain sensitivities, in-
dicating an importance of GAT in pain regulation [43]. 
However, it remains not clear whether GAT expression is 
changed also in neuropathic state. Miletic et al. [25] ob-
served decrease of the spinal level of GABA transporter 
GAT-1 rather than increase, following chronic constriction 
injury, and suggested that an injury-induced loss of GAT 
results in depletion of available GABA from its terminals 
within the spinal dorsal horn. In the present study, how-
ever, we did not observe any significant change in the spi-
nal level of GAT following nerve injury. Functional role or 
quantitative change of GAT in neuropathic state needs to 
be further studied.
  In summary, using the rat tail model of neuropathy in 
the present study, the levels of spinal GABAergic elements 
in the allodynic animals were found to be not different from 
those of the naïve as well as the non-allodynic groups. This 
indicates that peripheral nerve injury did not affect the 
amount of spinal GABAergic elements. Therefore, the man-
ifestation of neuropathic pain is not related to the changes 
in the elements. Although the role of GABAergic system 
in the generation of neuropathic pain has been under-
estimated, our present study showed that GABA agonists 
and GAT inhibitor are very effective in alleviating mechan-
ical allodynia. Therefore, we should revaluate GABAergic 
elements as alternative targets for therapies.
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