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Introduction
Despite advances in analgesic drugs and other pain thera-
pies, postoperative pain remains a common clinical problem 
(Brennan, 2011; Wu and Raja, 2011). Many patients suffer-
ing from moderate to severe pain after surgery may develop 
a chronic pain syndrome. The chronic pain syndrome is usu-
ally neuropathic, with apoptosis of inhibitory neurons and 
regeneration of excitatory neurons or abnormal synapses, 
and is difficult to treat (Bolay and Moskowitz, 2002). The es-
timated incidences of chronic pain after various procedures, 
including leg amputation, thoracotomy, breast surgery, cho-
lecystectomy, and inguinal herniorrhaphy, range from about 
10% to 60% (Aasvang and Kehlet, 2005; Kehlet et al., 2006). 
The intensity of acute postoperative pain correlates with 
the risk of developing chronic pain (Lavand’homme, 2006), 
highlighting the importance of early aggressive therapy. 

The lack of success in treating postoperative pain and pre-

venting the transition to a chronic pain syndrome stems, at 
least in part, from our poor understanding of the pathophys-
iology of postoperative pain (Lavand’homme, 2006; Bren-
nan, 2011). The rat incision model first reported by Brennan 
et al. in 1996 is one of the most common animal models for 
mechanistic research on postoperative pain (Brennan et al., 
1996). Studies using this model suggest that post-incision 
pain differs mechanistically from inflammatory or neuro-
pathic pain, and that central sensitization probably contrib-
utes to postoperative pain following surgical incision (Zahn 
et al., 2002a). Current treatments focus mainly on blocking 
neurotransmission in pain pathways, but this strategy has 
achieved only limited success. The use of opioids is limited 
by its side effects like nausea, vomiting, respiratory depres-
sion, and sedation. Moreover, opioid-induced hyperalgesia 
can occur after high doses of opioids perioperatively (Wu 
and Raja, 2011). So the combination of both analgesic and 
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anti-hyperalgesic drugs should be administrated for “bal-
anced analgesia”. Recently, gabapentinoids that are able to 
modulate central sensitization have been trialed for postop-
erative pain. Systematic reviews of randomized controlled 
trials suggest that use of gabapentin will decrease post-
operative pain, but might be associated with an increased 
incidence of sedation (Vadivelu et al., 2010; Imani and 
Rahimzadeh, 2012). Therefore, developing a novel analgesic 
agent without side effects on consciousness and sensation 
to non-pain stimulation is important for postoperative pain 
treatment.

Cation-chloride cotransporters (CCCs) are a class of 
membrane proteins that transport sodium, potassium, and 
chloride ions into and out of cells (Haas and Forbush, 1998). 
Sodium-potassium-chloride co-transporter 1 (NKCC1) 
and potassium-chloride co-transporter 2 (KCC2) are two 
major CCC subtypes that regulate chloride balance within 
the nervous system. Under physiological conditions, NKCC1 
transports Cl– into the cell whereas KCC2 transports Cl– out 
of the cell (Payne et al., 2003; Blaesse, 2009). Both transport-
ers contribute to the anion equilibrium potential (Eanion) 
in pain pathway neurons, thus influencing neural excitability 
and pain sensitization (Price et al., 2005; Price et al., 2009; 
Chamma et al., 2012). Changes in NKCC1 and KCC2 ex-
pression levels have been reported in both inflammatory 
and neuropathic pain models. Moreover, the CCC inhibitors 
furosemide and bumetanide are effective antinociceptive 
agents in these models (Granados-Soto et al., 2005; Zhang et 
al., 2008; Hasbargen et al., 2010).

In our previous study, we found that intrathecal furose-
mide reduced both primary and secondary hyperalgesia in a 
rat model of incisional pain, suggesting that changes in CCC 
function do indeed contribute to postoperative pain and 
sensitization (He et al., 2011). However, abnormal excitatory 
behavior was seen after intrathecal furosemide was admin-
istered to intact and incision rats, which might be caused 
by blocking of KCC2 (He et al., 2011). Since bumetanide is 
a specific NKCC1 inhibitor that has about 500-fold greater 
affinity for NKCC1 than for KCC2 (Blaesse, 2009), in the 
present study we evaluated the analgesic effect of intrathecal 
bumetanide, measured evoked and non-evoked pain behav-
iors, and determined changes in NKCC1 and KCC2 protein 
expression in a rat model of incisional pain. Our goal was to 
gain insights into the effectiveness of NKCC1 blockers for 
postoperative pain treatment. 

Materials and Methods
Animals 
Experiments were performed on 66 adult male Sprague-Daw-
ley rats, aged 8–10 weeks and weighing 250–300 g that were 
purchased from Guangdong Medical Laboratory Animal 
Center (Animal license No. 0078910). Rats were housed 
in pairs in plastic cages with soft bedding under a 12-hour 
light-dark cycle with food and water ad libitum. All pro-
cedures were approved by the Animal Care Committee of 
Guangzhou Medical University in China and conducted in 
accordance with the Guidelines of the National Institutes of 

Health on Animal Care and the Ethical Guidelines for Inves-
tigation of Experimental Pain in Conscious Animals. Efforts 
were made to minimize animal suffering and the number of 
animals used.

Grouping
Thirty-six rats were randomly and evenly divided into a 
control group and a bumetanide group for behavior mea-
surements. In the bumetanide group, 100 μg/20 μL bumeta-
nide solution was intrathecally injected prior to incision. In 
the control group, only 20 μL artificial cerebral spinal fluid 
was intrathecally injected prior to incision. Rats were then 
measured for cumulative pain score, thermal withdrawal la-
tency, and mechanical pain threshold (n = 6 for each group). 
Another 30 adult male Sprague-Dawley rats (without bu-
metanide administration) were randomly divided into one 
control group and four incision groups (2 hours, 2, 3 and 6 
days post-incision; n = 6 for each group) for immunohisto-
chemical measurements of NKCC1 and KCC2. 

Drug preparation and administration
Bumetanide (Sigma, St. Louis, MO, USA, B3023) was dissolved 
in 5 μg/μL artificial cerebrospinal fluid vehicle (Department 
of Anesthesiology, Zhujiang Hospital, Southern Medical 
University, Guangzhou, China). The artificial cerebrospinal 
fluid vehicle (pH 7.2–7.4) was composed of (in mmol/L)                     
1.3 CaCl2•2H2O, 2.6 KCl, 0.9 MgCl2, 21.0 NaHCO3, 
2.5 Na2HPO4•7H2O, 125.0 NaCl, and 3.5 dextrose. Bumeta-
nide was injected under inhalation anesthesia. Anesthesia was 
induced by 3% isoflurane inhalation in an induction chamber 
and maintained by 2.5% via a nose cone with 0.3 L/min oxy-
gen. The back was shaved, and the drug was injected into the 
intrathecal space at the L3–4 interspace (with the positive in-
dication being tail movement). A 30-gauge needle (Hamilton 
7748-16) connected to a 50-μL syringe (Hamilton 705LT) was 
employed with the rat in the elevated lumbar position. 

Preparation of rat models of incisional pain 
The incision model was created according to a previously re-
ported method (Zahn et al., 2002b). Briefly, under inhalation 
anesthesia, the plantar aspect of the left hindpaw was steril-
ized and a 1-cm longitudinal incision was made through the 
skin and fascia, including the plantaris muscle, starting 0.5 
cm from the proximal edge of the heel and extending toward 
the toes. The skin was then apposed using two 4–0 antibac-
terial absorbable sutures.

Pain behavior measurements
Cumulative pain score
Rats for cumulative pain score measurement were placed on 
an elevated plastic mesh floor (grid 8 mm × 8 mm) under a 
clear plastic cage, using an angled magnifying mirror to view 
the incised foot. Following 20 minutes’ adaptation, each rat 
was closely observed during a 1-minute period, once every 5 
minutes for 1 hour. Depending on the position in which the 
foot was found, 0, 1, or 2 was given. If full weight bearing of 
the foot was present and the wound was blanched or distort-
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Figure 1 Intrathecal bumetanide alleviated rat incisional pain.
(A–C) The control (C) group received intrathecal artificial cerebral spinal fluid vehicle (20 μL) just prior to incision. The bumetanide group re-
ceived intrathecal bumetanide (100 μg/20 μL) just prior to incision. Data were expressed as mean ± SD. n = 6, *P < 0.05, vs. control group. (A) 
Intrathecal bumetanide decreased cumulative pain score following incision. The cumulative pain score was between 0 and 24 according to the 
degree of rest pain. D1 through to D6 represented the first to sixth days after incision, respectively. Data are presented as median and interquartile 
range and Mann-Whitney U test was used to compare the cumulative pain scores between groups. (B) Intrathecal bumetanide increased thermal 
withdrawal latency following incision. Paw withdrawal latency time was recorded as the average of three trials using the withdrawal test to a ther-
mal noxious stimulus. D1 through to D6 represented the first to sixth days after incision, respectively. Two-sample t test was used to compare the 
thermal withdrawal latencies between groups. (C) Intrathecal bumetanide increased 50% probability withdrawal threshold following incision. The 
50% probability withdrawal threshold was determined using the modified up-down method of Dixon. D1 through to D6 represented the first to 
sixth days after incision, respectively. Data are presented as median and interquartile range and Mann-Whitney U test was used to compare the 
50% probability withdrawal thresholds between groups. 
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Figure 3 Potassium-chloride co-transporter 2 (KCC2) expression decreased in the deep laminae of ipsilateral dorsal horn of L4–5 spinal cord 
after incision.
KCC2 immunoreactivity was indicated by fluorescein isothiocyaute (FITC)-conjugated IgG (green). Control group (Con): Significant KCC2 im-
munoreactivity was observed in the deep layers of dorsal horn in intact rats. 2 hours, 2, 3 and 6 days post-incision groups (2 h, D2, D3, D6): KCC2 
immunoreactivity decreased in the deep layers of ipsilateral dorsal horn at 2 hours, 2, 3 and 6 days following incision, but increased in the substan-
tia gelatinosa layer. Scale bar: 50 μm. Right bottom: KCC2 immunoreactive neuron quantification in the ipsilateral deep layers of dorsal horn of 
L4–5 spinal cord (n = 6). One-way analysis of variance followed by Levene’s post hoc test was used for pairwise comparisons. Data were expressed as 
mean ± SD. n = 6, *P < 0.05, vs. control group. 

A B C

25

20

15

10

5

0

14

12

10

8

6

4

30

20

10

0

C
um

ul
at

iv
e 

pa
in

 s
co

re

Th
er

m
al

 w
ith

dr
aw

al
 la

te
nc

y 
(s

ec
on

d)

50
%

 w
ith

dr
aw

al
 th

re
sh

ol
d 

(g
)

C       D1     D2      D3      D4     D5     D6 C      2 h     D2    D3    D4     D5    D6 C        2 h      D2      D3       D4       D5     D6

Control

BumetanideControl
Bumetanide

Control
Bumetanide

*

*

 * 
 * 

 *
 *

 *
 *

 *

*

*
*

*
*

*



1058

He YB, et al. / Neural Regeneration Research. 2014;9(10):1055-1062.

ed by the mesh, a score of 0 was recorded. If the area of the 
wound touched the mesh without blanching or distorting, a 
score of 1 was given. If the foot was completely off the mesh, 
a score of 2 was recorded. The sum of the 12 scores (0–24) 
obtained during the 1-hour session was used to assess pain 
in the incised foot (Zahn et al., 1998). Rats of the control and 
bumetanide groups (n = 6 for each group) were observed for 
1 hour per day and the total score was recorded to represent 
the degree of rest pain. 

Thermal withdrawal latency
Thermal pain threshold was assessed using the hind paw 
withdrawal test after a thermal noxious stimulus. Briefly, a 
radiant heat source beneath a glass floor was aimed at the 
plantar surface, which was 0.5 mm away from the wound of 
the hind paw. Paw withdrawal latency time was recorded as 
the average of three trials with intervals greater than 5 min-
utes (Hargreaves et al., 1988). Rats of the control and bu-
metanide groups (n = 6 for each group) were tested once per 
day and the withdrawal latency time (WLT) was recorded as 
seconds to represent the thermal pain threshold. 

Mechanical pain threshold 
After 2 days of adaptation to the measuring cage, measure-
ment was started on the third day. First, the rat was placed in 
the measuring cage for more than half an hour to acclimate. 
Then, baseline pain behavior was evaluated. To assess the 
hindpaw withdrawal threshold to a mechanical stimulus, von 
Frey filaments of logarithmic incremental stiffness (0.6–26.0 
g) were used, and 50% probability withdrawal thresholds 
were calculated. The experiment was not begun until the 
baseline was above 20 (the experiment being performed 
on the next day after this criterion was satisfied). The 50% 
withdrawal threshold was determined using the modified 
up-down method of Dixon. The calculation was performed 
using the formula: 50% g threshold = (10[Xf +kδ])/10,000 
where Xf = value (in log units) of the final von Frey hair 
used; k = tabular value for the pattern of positive/negative 
responses; and δ = mean difference (in log units) between 
stimuli (Chaplan et al., 1994). The three pain behavior tests 
were performed separately before incision (con), 2 hours 
post-incision, and 2 to 6 days post-incision (2 h, 2 d, 3 d, 6 d 
post-incision). 

Immunohistochemistry
At different time points before and after incision (con, 2 
h, 2 d, 3 d, 6 d post-incision), under deep anesthesia with 
5% sodium pentobarbital (about 100 mg/kg), rats were 
perfused through the ascending aorta with PBS followed 
by paraformaldehyde at 4°C. The L4–5 spinal cord segments 
and bilateral L5 dorsal root ganglia were carefully removed. 
Each dorsal root ganglia was post-fixed for 25 minutes and 
spinal cord segments for 14 hours in the same fixative. Fixed 
tissues were then sequentially dehydrated in 10%, 20%, and 
30% sucrose over three successive nights at 4°C. Five group 
samples were arranged on the same blocks in optimal cut-
ting temperature embedding medium (Tissue-Tek, Leica, 

Nussloch, Germany) and mounted on the same slides after 
sectioning. Transverse spinal sections (16 µmol/L) were cut 
on a cryostat (Leica CM 1950) and processed for NKCC1 
or KCC2 immunostaining. Briefly, slices were blocked in 
5% ChemiBLOCKER™ (Millipore Corporation, Billerica, 
MA, USA) and 0.5% Triton X100 in PBS for 1 hour at room 
temperature. Primary antibodies were diluted in the same 
buffer. For dorsal root ganglion immunostaining, fixed tis-
sues were incubated in primary polyclonal antibody (goat 
anti-NKCC1, Santa Cruz Biotechnology, #sc-21545; goat 
anti-KCC2, Santa Cruz Biotechnology, #sc-19420; 1:20) for 
2 hours at room temperature. For spinal cord immunostain-
ing, slices were incubated over two nights at 4°C with the 
same antibody (1:100). After three washes in PBS, sections 
were incubated for 90 minutes with FITC-conjugated don-
key anti-goat IgG (Jackson ImmunoResearch Inc., 705-095-
003, 1:200), and 4′,6-diamidino-2-phenylindole (DAPI; 0.3 
µmol/L) was used to stain the nuclei in the last 10 minutes. 
For double staining with neuronal markers, rabbit anti-neu-
rofilament 200 (NF 200; Sigma, N4142, 1:400) and AMCA 
conjugated donkey anti-goat IgG (Jackson ImmunoResearch 
Inc., 705-155-147; 1:300), TRITC-conjugated donkey an-
ti-rabbit IgG (Jackson ImmunoResearch Inc., 711-025-152; 
1:300), and FITC-conjugated lectin B4 (Sigma, St. Louis, MO, 
USA; L2895; 3.3 µg/mL) were used. Slides were analyzed us-
ing an inverted microscope (Leica DM IL, Wetzlar, Germa-
ny) equipped with a Leica DFC425C CCD camera and Leica 
LAS software, and immunoreactive neurons were counted. 
No immunosignal was observed upon omission of primary 
antibody and preadsorption control using a fivefold excess 
of blocking peptides according to the manufacturer’s speci-
fication. NKCC1 or KCC2 immunoreactive neuron numbers 
were counted in three discontinuous slices per rat and the 
mean number was recorded to represent the expression level. 

Statistical analysis
Statistical data were analyzed using the SPSS 16.0 software 
(SPSS, Chicago, IL, USA). The results of 50% withdrawal 
threshold and cumulative pain score were presented as me-
dian and interquartile range. The data between testing days 
within groups were analyzed using Friedman test, followed 
by Wilcoxon matched pairs test, while the Mann-Whitney 
U test was used between groups. The results of WLT were 
presented as mean ± SD, and the two-sample t test was used 
between and within groups. For neuron quantification, 
group means were compared by one-way analysis of variance 
followed by Levene’s post hoc test for pairwise comparisons, 
and significance was determined as P < 0.05.

Results
Intrathecal bumetanide decreased cumulative pain scores 
in a rat model of incisional pain
Both in the control and bumetanide groups, the cumulative 
pain scores were significantly increased following incision 
(P < 0.001). There was no significant difference in baseline 
scores between these two groups (P > 0.05). However, after 
incision, the scores of the bumetanide group were significant-



1059

He YB, et al. / Neural Regeneration Research. 2014;9(10):1055-1062.

ly lower than the control group (P < 0.01 for days 1, 2, 3, 5 
post-incision groups). The difference on days 4 and 5 post-in-
cision was not significant (P > 0.05; Figure 1A).

Intrathecal bumetanide increased thermal pain threshold 
in a rat model of incisional pain
In the control group, from 2 hours to the sixth day after in-
cision, the thermal withdrawal latencies were significantly 
lower than baseline (P < 0.01). However, in the bumetanide 
group, from only 2 hours to the third day after incision, the 
thermal withdrawal latencies were significantly lower than 
baseline (P < 0.05). The baseline withdrawal latency time of 
the two groups showed no difference (P > 0.05), but from 2 
hours to the sixth day after incision, the thermal withdrawal 
latencies of the bumetanide group were significantly higher 
than the control group (all P < 0.01; Figure 1B). 

Intrathecal bumetanide increased mechanical pain 
threshold in a rat model of incisional pain 
Both in the control and bumetanide groups, the 50% with-
drawal thresholds were significantly decreased from 2 hours 
to the sixth day following incision (all P < 0.05). There was 
no significant difference in basement threshold between the 
control and bumetanide groups (P > 0.05). However, from 
2 hours to the fifth day after incision, the thresholds of the 
bumetanide group were significantly higher than the control 
group (P < 0.05). On the sixth day, the difference was not sig-
nificantly different (P > 0.05; Figure 1C). 

NKCC1 expression increased in dorsal root ganglion and 
dorsal horn of spinal cord following incision
In intact rats, NKCC1 was weakly expressed in dorsal root 
ganglion and dorsal horn (Figure 2 con). After incision, 
NKCC1 expression increased in bilateral dorsal root ganglia, 
with a greater increase in the ipsilateral dorsal root ganglion. 
NKCC1 immunoreactivity was found mainly on the neu-
ronal membrane (Figure 2A). The number of NKCC1 im-
munoreactive neurons in the ipsilateral dorsal root ganglion 
increased from 2 hours to 3 days following incision (P < 0.05; 
Figure 2B). In the ipsilateral dorsal horn, NKCC1 immu-
noreactivity increased in the deep layers, and weak NKCC1 
immunoreactivity was observed in the substantia gelatinosa 
(SG). NKCC1 immunoreactivity was not observed in the 
control group rats (Figure 2C). The number of NKCC1 
immunoreactive neurons in the ipsilateral dorsal horn in-
creased at 3 and 6 days after incision (P < 0.01; Figure 2D). 

KCC2 expression decreased in ipsilateral dorsal horn
following incision
No significant KCC2 immunoreactivity was found in the 
dorsal root ganglion. In control rats, KCC2 was predomi-
nantly expressed in the deep laminae of the dorsal root, ap-
pearing much stronger than NKCC1 expression. There was 
little detectable KCC2 expression in the SG. After incision, 
KCC2 immunoreactivity decreased in the deep laminae of 
the ipsilateral dorsal horn, although the KCC2 immunore-
activity increased in SG, and the number of KCC2 immuno-
reactive neurons in the deep laminae was significantly lower 

than controls from 2 hours to 6 days following incision 
(all P < 0.01; Figure 3). 

NKCC1 was significantly expressed in C-fiber neurons in 
dorsal root ganglion, and both NKCC1 and KCC2 were 
predominantly expressed in A-fiber neurons in the dorsal 
horn
Double staining for NKCC1 and the C-fiber afferent neuron 
marker Isolectin B4 (IB4) in dorsal root ganglion demon-
strated that NKCC1 immunoreactivity was most significant-
ly observed in C-fiber neurons than other larger diameter 
cells (Figure 4A). Double staining of NKCC1 and the A-fiber 
afferent neuron marker neurofilament 200 (NF200) in the 
dorsal horn revealed that NKCC1 was significantly expressed 
in A-fiber neurons in deep layers (Figure 4B). Co-staining of 
KCC2 and NF200 in dorsal horn showed that KCC2 was pre-
dominantly expressed in deep A-fiber neurons (Figure 4C). 

Discussion
The present study revealed that intrathecal bumetanide 
could improve guarding pain behavior, and heat and me-
chanical hyperalgesia following incision in rats. Immunohis-
tochemistry results showed that spinal NKCC1 expression 
was increased whereas spinal KCC2 expression decreased 
following incision. 

We measured both the evoked pain behavior (thermal 
withdrawal latencies and mechanical pain threshold) and 
the non-evoked pain behavior (cumulative pain scores) 
to evaluate the analgesic effect of intrathecal bumetanide. 
Mechanical and heat stimuli can be used to largely evaluate 
cutaneous sensitivity after incision, but fail to reflect ongo-
ing activity in nociceptive pathways, which relate to pain at 
rest (Brennan, 2011). Results suggested that bumetanide was 
effective in both rest pain and evoked pain and was a prom-
ising analgesic drug for postoperative pain. Compared with 
the results of intrathecal furosemide in the rat model of in-
cisional pain in our last report (He et al., 2011), we obtained 
a similar antinociceptive effect, and no abnormal excitatory 
behavior was found. We suggested that the NKCC1 selec-
tive blocker was safer than the blocker of both NKCC1 and 
KCC2.

The paucity of reliable antibodies for the detection of 
NKCC1 and KCC2 in the spinal cord and dorsal root gangli-
on has led many to use PCR or western blotting to measure 
expression (Price et al., 2009). We used the method from 
Funk and Gilbert (Gilbert et al., 2007; Funk et al., 2008), and 
succeeded in showing protein expression in the spinal cord 
and dorsal root ganglion, although the figures were not per-
fect. To illuminate the expression of NKCC1/KCC2 in neu-
rons and investigate subtypes of sensory neurons, co-stain-
ing with two neuron markers, IB4 and NF200, was also 
performed. NKCC1 mRNA expression has been reported to 
be largely confined to small- and medium-diameter dorsal 
root ganglion neurons (Price et al., 2006), but we found that 
NKCC1 immunoreactivity was present in almost all dorsal 
root ganglion neurons, including large-diameter neurons. 
According to the result of double staining with NKCC1 
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Figure 2 Sodium-potassium-chloride co-transporter 1 (NKCC1) immunoreactivity increased in spinal dorsal root ganglion and dorsal horn 
following incision. 
(A) NKCC1 expression increased in L5 dorsal root ganglion (DRG) after incision. NKCC1 immunoreactivity was indicated by fluorescein isothiocy-
aute (FITC)-conjugated IgG (green). Con: Weak NKCC1 immunoreactivity was observed in intact rats. DAPI: Left L5 DRG at 3 days after incision. 
NKCC1 and nuclei double staining showed the membrane-associated expression in DRG neurons. L-2h, R-2h, L-D2, R-D2, L-D3, R-D3: NKCC1 
immunoreactivity in the left and right L5 DRG of rat at 2 hours, 2 days, and 3 days following incision. Scale bar: 50 μm. (B) NKCC1 immunoreac-
tive neuron quantification in ipsilateral DRG. One-way analysis of variance followed by Levene’s post hoc test was used for pairwise comparisons. (C) 
NKCC1 immunoreactivity increased in left dorsal horn of L4–5 spinal cord after incision. NKCC1 immunoreactivity was indicated by FITC-conju-
gated IgG. Con: Weak NKCC1 IR was observed in deep layers of dorsal horn in intact rats. D3, D6: NKCC1 immunoreactivity increased in the deep 
layers of ipsilateral dorsal horn at 3 and 6 days following incision. Scale bar: 50 μm. (D) NKCC1 immunoreactive neuron quantification in ipsilat-
eral dorsal horn of L4–5 spinal cord, and one-way analysis of variance followed by Levene’s post hoc test was used for pairwise comparisons. (B, D) 
Data were expressed as mean ± SD. n = 6, *P < 0.05, vs. control group. 
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and DAPI, we could not agree that, as reported before, all 
the NKCC1 signal around the large-diameter neurons were 
from satellite glial cells (Price et al., 2006). We consider that 
NKCC1 expression in the large Aβ fiber afferent neurons 
might be related to the effect of the NKCC1 inhibitor on 
touch-evoked pain. KCC2 mRNA was not found in dorsal 
root ganglion (Kanaka et al., 2001; Price et al., 2006), and 
thus we did not find KCC2 immunoreactivity in dorsal root 
ganglion. We therefore agree that no KCC2 expression oc-
curs in dorsal root ganglion neurons, and this finding may 
be one of the reasons for the high intracellular chloride con-
centration seen in dorsal root ganglion neurons (Mao et al., 
2012).

As reported, KCC2 mRNA and NKCC1 mRNA was detect-
ed throughout the dorsal horn, with KCC2 mRNA showing 
greater expression in this region (Price et al., 2006). We also 
found much stronger KCC2 immunoreactivity than NKCC1 
in the deep layers. Furthermore, KCC2 expression was only 
detectable in the SG whereas intense KCC2 mRNA, no de-

tectable NKCC1 expression in the SG, and little NKCC1 
mRNA was noted in the intact rats. By contrast, both KCC2 
and NKCC1 immunoreactivity appeared increased in the SG 
after incision, regardless of an increase or decrease in expres-
sion in the deep layers of the dorsal horn. We doubted that 
the NKCC1 and KCC2 immunoreactivity in SG was from 
the central terminals of primary afferent neurons, but this 
theory needs to be proven by further studies.

The change of spinal NKCC1 and KCC2 expression after 
incision was in accordance with our last pain behavior re-
sults using the NKCC1 and KCC2 inhibitor furosemide and 
results of the NKCC1 selective inhibitor bumetanide in this 
experiment. Being chloride transporters, CCCs play a major 
role in controlling responses mediated by GABAA receptors 
(Price et al., 2005, 2009). In dorsal root ganglion neurons, 
GABA-A receptor activation is depolarizing because of a 
slightly higher intracellular Cl– concentration ([Cl–]i), which 
leads to primary afferent depolarization. Under normal 
conditions, primary afferent depolarization shunts the mag-

Figure 4 Sodium-potassium-chloride co-transporter 1 (NKCC1)/potassium-chloride co-transporter 2 (KCC2) co-staining with C-fiber and 
A-fiber neuron markers.
(A) NKCC1 expressed in C-fiber neurons in dorsal root ganglion. Green: NKCC1; red: isolectin B4 (IB4), marker of C-fiber neuron; yellow: overlay 
of NKCC1 and IB4. NKCC1 expressed in most dorsal root ganglion neurons, especially in C-fiber neurons. (B) NKCC1 expressed in A-fiber neu-
rons in the dorsal horn. Green: NKCC1; red: neurofilament 200 (NF200), marker of A-fiber neuron; yellow: overlay of NKCC1 and NF200. NKCC1 
was significantly expressed in A-fiber neurons in deep layers. (C) KCC2 expressed in A-fiber neurons in dorsal horn. Green: KCC2; red: NF200, 
marker of A-fiber neuron; yellow: overlay of KCC2 and NF200. KCC2 was predominantly expressed in deep A-fiber neurons. Scale bar: 25 μm.
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nitude of incoming action potentials, leading to presynaptic 
inhibition. However, under pathological conditions, primary 
afferent depolarization might be enhanced to generate action 
potentials, which is hypothesized to be a potential mecha-
nism for allodynia (Price et al., 2005). Our results suggest 
that the slightly higher [Cl–]i in dorsal root ganglion neurons 
is due to predominant expression of NKCC1 under phys-
iological conditions, and after incision-increased NKCC1 
expression is involved in the mechanism of production of 
action potential from primary afferent depolarization. The 
inhibition of hyperalgesia and allodynia after incision by 
the CCC inhibitor furosemide and bumetanide could be ex-
plained partly by the blocking of increased NKCC1 function 
in dorsal root ganglion.

We also found NKCC1 immunoreactivity increased and 
KCC2 immunoreactivity reduced in the deep laminae of the 
dorsal horn. Unlike primary afferent neurons, spinal dorsal 
horn neurons maintain low [Cl–]i because of their relatively 
high level of KCC2 expression in the adult under normal 
conditions, and GABAA receptor mediated inhibition acting 
postsynaptically on dorsal horn neurons (Price et al., 2005, 
2009; Blaesse, 2009). Downregulation of KCC2 or upregu-
lation of NKCC1 that result in higher [Cl–]i in dorsal horn 
neurons might disinhibit the nociceptive pathway by trans-
ferring the low threshold input to nociceptive neurons that 
underlies the mechanism of hyperalgesia (Price et al., 2005). 
It is evidenced that sensitization of dorsal horn neurons can 
be reduced by NKCC1 blockade by in vivo electrophysiolog-
ical recordings (Pitcher and Cervero, 2010). We suggested 
that NKCC1 overexpression and lower KCC2 expression in 
dorsal root following incision might contribute to postoper-
ative hyperalgesia, and intrathecal bumetanide could reduce 
hyperalgesia by inhibition of NKCC1 function.

After incision, changes in spinal NKCC1 and KCC2 ex-
pression may alter neuronal excitability and GABAergic 
responses, thereby modulating nociceptive gating and pain 
sensitivity. Intrathecal administration of NKCC1 inhibitor 
has an analgesic effect on incisional pain. These results un-
derscore the potential of NKCC1 blockers as a therapeutic 
strategy for postoperative pain management.
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