
Research Article

Molecular Pain
Volume 19: 1–14
© The Author(s) 2023
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/17448069231185439
journals.sagepub.com/home/mpx

BDNF-TrkB signaling pathway-mediated
microglial activation induces neuronal KCC2
downregulation contributing to dynamic
allodynia following spared nerve injury

Zihan Hu1,*, Xinren Yu1,*, Pei Chen1,*, Keyu Jin1, Jing Zhou2,3, Guoxiang Wang2,
Jiangning Yu2, Tong Wu1, Yulong Wang3, Fuqing Lin1, Tingting Zhang1, Yun Wang2, and
Xuan Zhao1



Abstract
Mechanical allodynia can be evoked by punctate pressure contact with the skin (punctate mechanical allodynia) and dynamic
contact stimulation induced by gentle touching of the skin (dynamic mechanical allodynia). Dynamic allodynia is insensitive to
morphine treatment and is transmitted through the spinal dorsal horn by a specific neuronal pathway, which is different from
that for punctate allodynia, leading to difficulties in clinical treatment. K+-Cl� cotransporter-2 (KCC2) is one of the major
determinants of inhibitory efficiency, and the inhibitory system in the spinal cord is important in the regulation of neuropathic
pain. The aim of the current study was to determine whether neuronal KCC2 is involved in the induction of dynamic allodynia
and to identify underlying spinal mechanisms involved in this process. Dynamic and punctate allodynia were assessed using either
von Frey filaments or a paint brush in a spared nerve injury (SNI) mouse model. Our study discovered that the downregulated
neuronal membrane KCC2 (mKCC2) in the spinal dorsal horn of SNI mice is closely associated with SNI-induced dynamic
allodynia, as the prevention of KCC2 downregulation significantly suppressed the induction of dynamic allodynia. The over
activation of microglia in the spinal dorsal horn after SNI was at least one of the triggers in SNI-induced mKCC2 reduction and
dynamic allodynia, as these effects were blocked by the inhibition of microglial activation. Finally, the BDNF-TrkB pathway
mediated by activated microglial affected SNI-induced dynamic allodynia through neuronal KCC2 downregulation. Overall, our
findings revealed that activation of microglia through the BDNF-TrkB pathway affected neuronal KCC2 downregulation,
contributing to dynamic allodynia induction in an SNI mouse model.
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Introduction

Neuropathic pain is caused by disease or injury to the nervous
system and includes various chronic conditions that affect up
to 8% of the population.1 There are two hallmarks of neu-
ropathic pain: spontaneous pain and mechanical allodynia,
which is a painful response to innocuous stimulus.2 Me-
chanical allodynia occurs in multiple forms, including dy-
namic, punctate, and static. Dynamic allodynia is caused by
gentle stimulation, such as that of garments on the skin,
running water, or even wind, and is mediated by low-
threshold mechanoreceptors. Punctate allodynia is evoked
by stick or pin pricks and is signaled through thin unmy-
elinated C fibers and myelinated Aβ fibers. Static allodynia,
which differs from punctate allodynia, is considered to be
evoked by finger pressure applied to the skin or underlying
tissue and is mediated by unmyelinated C fiber.3,4 To date, the
mechanisms underlying the distinct forms of mechanical
allodynia, especially dynamic allodynia, remain unclear.
Therefore, it is necessary to investigate the mechanism un-
derlying dynamic mechanical allodynia to provide new
treatment strategies.

The pain sensory system normally functions with a fine
balance between excitation and inhibition. When this balance
is perturbed, neuropathic pain develops. Based on accumu-
lating evidence, this pain generation is attributed to specific
dysfunctions of the inhibitory system in the spinal cord. One
possible mechanism leading to the dysfunction of the in-
hibitory system is the downregulation of K + -Cl-
cotransporter-2 (KCC2) expression, in which the alteration
of KCC2 expression affects GABAergic and glycinergic
neurotransmission, as KCC2 is a potassium chloride exporter
that serves to maintain intracellular chloride concentration.5

In fact, various neuropathic pain models have revealed a
decrease in KCC2 expression in the spinal cord. A study
using a rat model of peripheral nerve injury induced by
implantation of a polyethylene cuff around the sciatic nerve
was the first to demonstrate a relationship between neuro-
pathic pain and downregulation of KCC2.6 Subsequently,
allodynia was observed in an animal model of diabetes in-
duced by systemic streptozotocin administration, and a de-
crease in KCC2 expression in the spinal cord was noted.7

These findings suggest that KCC2 downregulation in neurons
is involved in chronic pain induced by nerve injury and
inflammation. However, it is unknown whether dynamic
pain, a subtype of mechanical neuropathic pain, is also related
to altered KCC2 expression and function.

Spinal microglia activation in spared nerve injury (SNI)
mice has been demonstrated to contribute to mechanical pain,

including the dynamic form.8 Therefore, signaling between
microglia and neurons is essential for neuropathic pain
transmission. Brain-derived neurotrophic factor (BDNF) has
been found to alter the anion gradient and downregulate
KCC2 expression by activating the tropomyosin-related ki-
nase B (TrkB) receptor and its downstream signaling path-
ways, which has been suggested to be one of the mechanisms
contributing to neuropathic pain.9

The transmission pathway of dynamic allodynia in the
spinal dorsal horn differs from that of punctate allodynia, and
it has also been reported to be insensitive to morphine
treatment.10 Thus, the aim of this study was to determine
whether impairment of KCC2 after SNI is involved in the
induction of dynamic allodynia and its underlying spinal
mechanisms, which could further guide clinical treatment of
dynamic pain.

Materials and methods

Animals

All animal studies and experimental procedures were ap-
proved by the Animal Care and Use Committee of the
Shanghai 10th People’s Hospital and Fudan University. Male
C57BL/6J mice (6–8 weeks old) were purchased from Slac
Laboratory Animal (Shanghai, China) and housed in the
animal facilities of the Institute of Brain Science, Fudan
University. The animal cages were kept under specific
controlled conditions: room temperature (25 ± 1°C), humidity
(65 – 70%), and a 12 h light–dark cycle (light: 07:00–19:00;
dark: 19:00–07:00). The animals were granted free access to
food and water. After allowing adaptation for 1 week in the
animal cages, the animals were randomly allocated to the
experimental and control groups, and were subjected to the
operation and drug injections described in the subsequent
sections. All behavioral experiments were performed during
the light phase.

SNI surgery

The SNI model was established as previously reported.8,10,11

Briefly, anesthesia was induced with isoflurane (0.2%), fol-
lowed by a 1-cm skin incision to expose the femur thigh of the
left. The left tibial and common peroneal branches of the
sciatic nerve were then ligated and transected distally while
the sural nerve was left intact. In sham controls, the sciatic
nerve and its branches were exposed without ligation or
transection. Following all procedures, mice were placed in the
recovery cage and observed until they were fully ambulatory
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and could freely consume food and water. All mice were
handled gently to minimize or eliminated animal distress
during the examination.

Drug application

Drug administration was performed 30 min after surgery.
Furosemide (Fur; 30 nmol), 5-(3-Bromophenyl)-1,3-dihydro-
2H-benzofuro[3,2-e]-1,4-diazepin-2-one (5BDBD; 30 nmol),
staurosporine aglycone (K252a; 30 nmol), minocycline
(Mino; 30 nmol), brain-derived neurotrophic factor (BDNF;
3 ng/10 μL), BDNF + Mino (3 ng/10 μL+ 30 nmol) were
respectively injected into the spinal cavity by intrathecal
injection. Either normal saline or DMSO was used as the
vehicle control in different sets of animal groups. K252a,
BDNF, 5BDBD, and Mino were purchased from Sigma-
Aldrich (St Louis, MO, USA).

Mechanical pain behavior test

For 3 days prior to SNI surgery, all mice were placed on the
apparatus for acclimate to the new environment. After ha-
bituation and baseline sensitivity measurements, mice were
examined for both punctate and dynamic allodynia at con-
sistent times of day for 3 days post-SNI surgery, with the test
interval for punctate and dynamic allodynia being at least 15
min, as previously reported.8,10,11

Punctate allodynia. Von Frey filaments were used to measure
the paw withdrawal threshold of experimental mice using the
Dixon’s up-down method.12 Mice were placed on an elevated
wire grid and the lateral plantar surface of the hindpaw was
stimulated with calibrated von Frey monofilaments (0.02–
1 g). Positive responses were identified via three lifts of five
trials at 3-min intervals for each stimulus intensity.

Dynamic allodynia. The protocol used to evaluate dynamic
allodynia was based on a previously published study.13

Briefly, the operated left hindpaw was lightly stroked with
a paint brush (10 hairs) from heel to toe. A scoring systemwas
employed to determine the light-touch sensitivity of the mice.
For each test, the scores were as follows: score 0 = walking
away or occasional brief paw lifting (<1 s or less); score 1 =
sustained lifting (>2 s) of the stimulated paw toward the body;
score 2 = strong lateral lifting above the level of the body;
score 3 = flinching or licking of the operated paw. The test
was repeated three times at intervals of 10 s.

Tissue preparation

The experimental mice were transcardially perfused with 0.9%
normal saline followed by 4% paraformaldehyde under anes-
thesia with chloral hydrate (SNI on day 3). The whole spinal cord
was removed and post-fixed in 4% paraformaldehyde for 2 h and
placed in 15% and 30% sucrose solution in 0.01 M phosphate-

buffered saline (PBS) for dehydration, until submerged. Coronal
lumbar spinal sections were cut into 30-mm by sections using a
freezing microtome (Leica, Germany).

Immunohistochemistry

Spinal cord tissue sections were processed for visualization of
Iba-1 and KCC2 protein expression by immunofluorescence
labeling in the dorsal horn. The sections were incubated
overnight at 4°C in PBS containing 10% donkey serum and a
mixture of two antibodies: rabbit monoclonal anti-Iba-1
antibody (dilution 1:200, GeneTex, SAN Antonio, Texas,
USA) and mouse polyclonal anti-KCC2 (dilution 1:300,
Abcam, Boston, Massachusetts, USA). After thorough
rinsing, the sections were incubated for 2 h at room tem-
perature in a mixture of two corresponding secondary fluo-
rescently tagged antibodies (dilution at 1:300, Alexa Fluor
488 for Iba-1, and KCC2: dilution at 1:500, Alexa Fluor 647
for Neun; Invitrogen, Carlsbad, California, USA). The sec-
tions were covered with glass coverslips and imaged using a
fluorescence microscope (Olympus, Japan). The fluorescence
intensities of the Iba-1 and KCC2 proteins in the spinal dorsal
horn were analyzed using ImageJ software.

Western blots

Western blotting (WB) was performed as described previ-
ously.11 Tissue lysates from the spinal dorsal horn were
prepared using Homo buffer, and the samples were centri-
fuged at 2250 g for 15 min at 4°C. The supernatant was then
collected, and the protein content was determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) following the manufacturer’s protocol.
Proteins were separated on 8% or 12% SDS-PAGE gradient
gels and transferred onto polyvinylidene fluoride (PVDF)
transfer membrane. The membrane was then incubated with
mouse anti-KCC2 (07-432; Merck, New Jersey, USA) and
mouse anti-β-actin (66009; Proteintech, Chicago, IL, USA)
antibodies at 4°C overnight. Appropriate secondary anti-
bodies conjugated to HRP were used (Thermo Fisher Sci-
entific Inc.), and ECL reagents (Thermo Fisher Scientific
Inc.) were employed for immunodetection. Signals were
measured using ImageJ software and presented as relative
intensity versus control. β-Actin was used as an internal
control to normalize the band intensity.

Statistical analysis

Normal distribution was determined using the Kolmogorov–
Smirnov test, and the variance was compared. Unless oth-
erwise stated, statistical significance was determined using
one-way or two-way analysis of variance (ANOVA), fol-
lowed by the Bonferroni post hoc test for multiple com-
parisons. Data were analyzed using GraphPad Prism (Version
9.0.X; GraphPad Software, Inc., La Jolla, CA, USA) and are
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presented as mean ± SEM. Statistical significance was set at
p < 0.05.

Results

SNI-induced KCC2 reduction in the spinal dorsal horn
contributed to dynamic allodynia

SNI induces long-lasting ipsilateral mechanical allodynia.14

Consistent with our previous studies,8,11 SNI induced robust
mechanical allodynia in mice, including both dynamic
(sensitive to paint brush) and punctate (sensitive to von Frey
filaments) allodynia, on the ipsilateral hind paw 1 day after
SNI surgery, and lasted for at least 3 days (Figure 1(a) and
(b)). Similar as previously reported, the KCC2 and membrane

KCC2 (mKCC2) levels were then examined on day 3 in both
the SNI and sham surgery groups by using immunofluo-
rescence and WB experiments. Both KCC2 and mKCC2
expression in the spinal dorsal horn were significantly re-
duced by SNI surgery in comparison with the sham operation
(Figure 1(c)–(f)). To further verify whether the down-
regulation of mKCC2 was at least one of the causing factors
leading to SNI-induced dynamic allodynia, furosemide (Fur),
a KCC2 inhibitor previously demonstrated to acutely prevent
mKCC2 downregulation during convulsant stimulation,15

was administered intrathecally (i.t.) 30 min after SNI sur-
gery to inhibit the injury-induced acute loss of mKCC2. Fur
(30 nmol, i.t.) significantly inhibited SNI-induced dynamic
and punctate allodynia (p < 0.001), with a more profound
effect on dynamic allodynia, particularly on days 2 and 3 after

Figure 1. Neuronal membrane KCC2 downregulation in spinal dorsal horn partly mediated SNI-induced dynamic allodynia. (a) Furosemide
(30 nmol, i.t.) treatment after SNI surgery prevented the induction of the dynamic allodynia. (WT, n = 8; Sham, n = 6; SNI, n = 5; SNI + Fur,
n = 5; red ***p < 0.001, SNI group vs Sham group; blue **p < 0.01, SNI + Fur group vs Sham group; blue ###p < 0.001, SNI + Fur group vs SNI
group, two-way ANOVA followed by Bonferroni post hoc analysis). (b) Treatment with furosemide (30 nmol, i.t.) prevented the induction of
punctate allodynia at day 1 after SNI surgery. (WT, n = 8; Sham, n = 6; SNI, n = 5; SNI + Fur, n = 5; red *p < 0.05, **p < 0.01, SNI group vs
Sham group; blue *p < 0.05, SNI + Fur group vs Sham group; blue ###p < 0.001, SNI + Fur group vs SNI group, two-way ANOVA followed by
Bonferroni post hoc analysis). (c) Representative immunostaining images of KCC2 (green) and NeuN (red) in the spinal dorsal cord, arrows
showing the likely neuron membrane KCC2. Scale bar, 50 μm (left), 5 μm (right). (d) The histograms respectively show the quantification of
ratio of immunostaining KCC2 density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (WT, n = 9;
Sham, n = 5; SNI, n = 5; SNI + Fur, n = 7; *p < 0.05, SNI group vs Sham group; ##p < 0.01, SNI + Fur group vs SNI group, unpaired Student’s t
test). (e) Western blot of membrane KCC2 in the spinal dorsal cord. (f) The histograms respectively show the relative mKCC2 level on
ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (WT, n = 4; Sham, n = 4; SNI, n = 5; SNI + Fur, n = 5; **p <
0.01, WT group, SNI group or SNI + Fur group vs Sham group; ###p < 0.001, SNI + Fur group vs SNI group, unpaired Student’s t test).
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Figure 2. Activation of microglia in spine dorsal horn is involved in SNI induced mKCC2 reduction and dynamic allodynia. (a) Representative
immunostaining images of microglia in the spinal dorsal. Scale bar, 100 μm (left), 50 μm (right). (b) Representative immunostaining images of
KCC2 (green) and NeuN (red) in the spinal dorsal, arrows showing the likely neuron membrane KCC2. Scale bar, 50 μm (left), 5 μm (right).
(c) The histograms respectively show the quantification of ratio of immunostaining density on ipsilateral (ipsi) and contralateral (cont) sides of
dorsal spinal cord after SNI surgery. (Sham, n = 5; SNI, n = 5; SNI + Mino; n = 5; SNI + 5BDBD, n = 9, **p < 0.01, SNI group vs Sham group,
***p < 0.001, SNI +Mino group or SNI +5BDBD group vs Sham group; #p < 0.05, SNI + 5BDBD group vs SNI group, #p < 0.05 SNI + Mino
group vs SNI group, unpaired Student’s t test). (d) The histograms respectively show the quantification of ratio of immunostaining KCC2
density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (Sham, n = 5; SNI, n = 4; SNI + Mino; n = 5;
SNI + 5BDBD, n = 6, *p < 0.05, SNI group vs Sham group; ##p < 0.01, SNI + 5BDBD group vs SNI group, #p < 0.05 SNI + Mino group vs SNI
group, unpaired Student’s t test). (e) Western blot of membrane KCC2 in the spinal dorsal cord. (f) The histograms respectively show the
relative mKCC2 level on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (SNI, n = 5; SNI + Mino, n = 4;
SNI + 5BDBD, n = 4; #p < 0.05, SNI + 5BDBD group vs SNI group, ##p < 0.01, SNI + Mino group vs SNI group, unpaired Student’s t test). (g)
Minocycline (30 nmol, i.t.) or 5BDBD (30 nmol, i.t.) treatment after SNI surgery prevented the induction of the dynamic allodynia. (Sham,
n = 5; SNI, n = 6; SNI +Mino, n = 6; SNI + 5BDBD, n = 6; red ***p < 0.001, SNI group vs Sham group; blue ***p < 0.001, SNI + Mino group vs
Sham group; green ***p <0.001, SNI + 5BDBD group vs Sham group; blue ###p < 0.001, SNI + Mino group vs SNI group; green ##p < 0.01,
###p < 0.001 SNI + 5BDBD group vs SNI group; two-way ANOVA followed by Bonferroni post hoc analysis). (h) Minocycline (30 nmol, i.t.)
treatment after SNI surgery had no effect on the punctate allodynia, but 5BDBD (30 nmol, i.t.) treatment after SNI surgery prevented the
induction of punctate allodynia at day 1 and day 2. (Sham, n = 5; SNI, n = 6; SNI + Mino, n = 6; SNI + 5BDBD, n = 6; red *p < 0.05, **p < 0.01,
SNI group vs Sham group; blue *p < 0.05, **p < 0.01, SNI + Mino group vs Sham group; green *p < 0.05, SNI + 5BDBD group vs Sham group;
green #p < 0.05, ###p < 0.001 SNI + 5BDBD group vs SNI group; two-way ANOVA followed by Bonferroni post hoc analysis).\
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SNI surgery (Figure 1(a) and (b)). Fur (30 nmol, i.t.) sig-
nificantly inhibited the decrease in KCC2 expression in the
spinal dorsal horn (Figure 1(c)), particularly the downregulation
of KCC2 density in spinal dorsal horn neurons induced by SNI
(Figure 1(d)). As depicted in Figure 1(c) and (d), the sham group
had no change in the immunofluorescence intensity of KCC2,
whereas the SNI group showed a significant reduction in the
intensity in the ipsilateral spinal dorsal horn after SNI surgery
(p = 0.0465). Fur significantly inhibited the loss of KCC2 im-
munofluorescence intensity induced by SNI surgery (p =
0.0036). In addition, the WB experimental results showed that
the mKCC2 expression level in the ipsilateral dorsal horn was
significantly decreased in the SNI group compared with that in
the Sham group (SNI vs. Sham, p = 0.0013; Figure 1(e) and (f)).
Similar to the immunofluorescence result, Fur was found to
significantly inhibit the downregulation of KCC2 expression
(SNI + Fur vs. SNI, p < 0.001; Figure 1(e) and (f)) to a level
almost similar to that of the WT group. These experimental
results indicate that the induction of dynamic allodynia by SNI is
likely associated with a significant downregulation of mKCC2
levels in the spinal dorsal horn.

SNI-induced dynamic allodynia associated with
microglia activation in the spinal dorsal horn caused
neuronal mKCC2 reduction

The activation of microglia in the spinal dorsal horn in re-
sponse to peripheral nerve injury is important in the devel-
opment of neuropathic pain.16 Previously we demonstrated
that the inhibition of microglial activation could suppress
SNI-induced dynamic allodynia.8 Thus, we performed ex-
periments to investigate whether SNI-induced microglia
activation in the spinal dorsal horn is related to the down-
regulation of neuronal mKCC2, which further leads to the
induction of dynamic allodynia. Mino (30 nmol), a non-
specific P38 MAP kinase blocker, has been used as an ef-
fective microglial inhibitor,17 which has been previously
shown to inhibit dynamic allodynia in an SNI mice model.8 In
addition, as the P2X4 purinergic receptor has been known to
mediate nerve injury-evoked microglial activation, 5-(3-
bromophenyl)-1,3-dihydro-2H-benzofuro [3,2-e]-1,4-
diazepin-2-one (5BDBD), a P2X4 purinergic receptor an-
tagonist,18 was also applied to block SNI-induced microglial
activation in the spinal dorsal horn in the current study. Under
our experimental conditions, similar to previous assessments,
significant SNI-induced microglial activation was observed
(SNI vs. Sham, p = 0.0014; Figure 2(a) and (c)); however, the
administration of either Mino (30 nmol, i.t.) or 5BDBD
(30 nmol, i.t.) 30 min after SNI surgery significantly inhibited
spinal dorsal horn microglia activation (SNI + Mino vs. SNI,
p = 0.0135; SNI + 5BDBD vs. SNI, p = 0.0181; Figure 2(a)
and (c)). Under these conditions, KCC2 levels in the spinal
dorsal horn were analyzed using immunofluorescence and
WB. Based on the same immunohistochemistry experimental

samples, both Mino and 5BDBD significantly reversed SNI-
induced KCC2 expression levels (SNI + Mino vs. SNI, p =
0.0350; SNI + 5BDBD vs. SNI, p = 0.0066; Figure 2(b) and
(d)) in the spinal dorsal horn. Similarly, the WB results from
another set of animals confirmed that both Mino and 5BDBD
significantly inhibited SNI-induced spinal dorsal horn
mKCC2 expression (SNI + Mino vs. SNI, p = 0.0016; SNI +
5BDBD vs. SNI, p = 0.0128; Figure 2(e) and (f)). These data
indicate that the inhibition of SNI-induced microglial acti-
vation could effectively block spinal dorsal horn neuronal
KCC2 downregulation.

We further determined the effect of microglial inhibition
on SNI-induced pain sensation. As expected, our behavioral
data revealed that both Mino and 5BDBD significantly
suppressed SNI-induced dynamic allodynia, but had less
effect on punctate allodynia in our SNI mouse model. As
shown in Figure 2(g), Mino significantly inhibited the in-
duction of dynamic allodynia on day 1 (p < 0.001), but in-
duced no significant changes on day 2 (p = 0.1755) and day 3
(p = 0.9701) after SNI surgery compared with that observed
in the SNI group. Punctate allodynia did not significantly
change in the Mino treatment group after SNI (SNI + Mino
vs. SNI, p > 0.05; Figure 2(h)). Further, 5BDBD significantly
inhibited the induction of dynamic allodynia during the 2-day
testing period (p < 0.001; Figure 2(g)) and the third day (p =
0.0099; Figure 2(g)). In contrast, punctate allodynia was
suppressed on day 1 (p < 0.001) and day 2 (p = 0.0255), but
not on day 3 (p > 0.05), after SNI surgery compared with that
found in the SNI group (Figure 2(h)).

In conclusion, the activation of microglial cells after SNI
injury likely contributed to the downregulation of neuronal
mKCC2 and the selective induction of dynamic allodynia.

The BDNF-TrkB signaling pathway mediates microglia
activation-induced neuronal KCC2 downregulation
and dynamic allodynia in mice with SNI

BDNF acting on its receptor tropomyosin-related kinase B
(TrkB) to activate its internal signaling pathway is reported to
phosphorylate KCC2 and cause the downregulation of
mKCC2 expression.19 Thus, we opted to determine whether
SNI-induced microglial activation, KCC2 downregulation,
and subsequent dynamic allodynia were mediated by the
activation of the BDNF-TrkB pathway. For this determina-
tion, K252a, a potent inhibitor of receptor tyrosine kinases of
the Trk family,20 was administered intrathecally 30 min after
SNI surgery. Immunohistochemistry and WB were used to
verify either the microglia or mKCC2 level in the spinal
dorsal horn on day 3 after SNI. Indeed, our immunohisto-
chemistry results revealed that K252a (30 nmol, i.t.) sig-
nificantly suppressed the loss of the KCC2
immunofluorescence signal (SNI + K252a vs. SNI, p =
0.0343; SNI + K252a vs. Sham, p = 0.3229; Figure 3(b) and
(d)) induced by SNI, but had no effect on SNI-induced
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Figure 3. Activation of spinal dorsal horn microglia triggered BDNF-TrkB pathway induced neuronal KCC2 down regulation contributes to
the dynamic allodynia in SNI mice. (a) Representative immunostaining images of microglia in the spinal dorsal. Scale bar, 100 μm (left), 50 μm
(right). (b) Representative immunostaining images of KCC2 (green) and NeuN (red) in the spinal dorsal, arrows showing the likely neuron
membrane KCC2. Scale bar, 50 μm (left), 5 μm (right). (c) The histograms respectively show the quantification of ratio of immunostaining
density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (Sham, n = 5; SNI, n = 4; SNI + K252a, n = 9;
*p < 0.05, **p < 0.01, SNI group or SNI +K252a group vs Sham group; unpaired Student’s t test). (d) The histograms respectively show the
quantification of ratio of immunostaining KCC2 density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI
surgery. (Sham, n = 5; SNI, n = 4; SNI + K252a, n = 5; *p < 0.05, SNI group vs Sham group; #p < 0.05, SNI + K252a group vs SNI group,
unpaired Student’s t test). (e) Western blot of membrane KCC2 in the spinal dorsal cord. (f) The histograms respectively show the relative
mKCC2 level on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (WT, n = 5; Sham, n = 6; SNI, n = 8; SNI +
K252a, n = 8; **p < 0.01, SNI group vs Sham group, ##p < 0.01, SNI + K252a group vs SNI group, unpaired Student’s t test). (g) K252a (30
nmol, i.t.) treatment after SNI surgery prevented the induction of the dynamic allodynia. (Sham, n = 7; SNI, n = 7; SNI + K252a, n = 6; red ***p
< 0.001, SNI group vs Sham group; blue *p < 0.05, SNI + K252a group vs Sham group; blue ###p <0.001, SNI + K252a vs SNI group; two-way
ANOVA followed by Bonferroni post hoc analysis). (h) K252a (30 nmol, i.t.) treatment after SNI surgery prevented the induction of the
punctate allodynia. (Sham, n = 7; SNI, n = 7; SNI + K252a, n = 6; red ***p < 0.001, SNI group vs Sham group; blue ##p < 0.01, ###p < 0.001, SNI
+ K252a group vs SNI group; two-way ANOVA followed by Bonferroni post hoc analysis).
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Figure 4. BDNF treatment reversed anti-glia activation to induce dynamic allodynia through mKCC2 down regulation. (a) Representative
immunostaining images of microglia in the spinal dorsal. Scale bar, 100 μm (left), 50 μm (right). (b) Representative immunostaining images of KCC2
(green) andNeuN (red) in the spinal dorsal, arrows showing the likely neuronmembraneKCC2. Scale bar, 50 μm(left), 5μm(right). (c) The histograms
respectively show the quantification of ratio of immunostaining density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI
surgery. (Sham, n = 5; SNI, n = 4; SNI +Mino, n = 5; SNI +Mino + BDNF, n = 8; ***p < 0.001, SNI group, SNI +Mino group or SNI +Mino + BDNF
group vs Sham group; ##p< 0.01, SNI +Mino group vs SNI group; ###p< 0.001, SNI +Mino + BDNF group vs SNI group; unpaired Student’s t test). (d)
The histograms respectively show the quantification of ratio of immunostaining KCC2 density on ipsilateral (ipsi) and contralateral (cont) sides of dorsal
spinal cord after SNI surgery. (Sham, n = 6; SNI, n = 9; SNI + Mino, n = 7; SNI + Mino + BDNF, n = 9; *p < 0.05, SNI +Mino + BDNF group vs Sham
group, **p< 0.01, SNI group vs Sham group; ##p< 0.01, SNI +Mino group vs SNI group; &&p < 0.01, SNI +Mino + BDNF group vs SNI +Mino group;
unpaired Student’s t test). (e)Western blot ofmembrane KCC2 in the spinal dorsal cord. (f) The histograms respectively show the relativemKCC2 level
on ipsilateral (ipsi) and contralateral (cont) sides of dorsal spinal cord after SNI surgery. (SNI +Mino, n = 4; SNI +Mino + BDNF, n = 4; &&&p< 0.001,
SNI + Mino + BDNF group vs SNI + Mino group; unpaired Student’s t test). (g) BDNF (3 ng/10 uL, i.t.), once a day for consecutive 2 days after SNI
surgery with the Mino (30 nmol, i.t.) or the vehicle co-injected on the 1st day significantly reversed the blockade effect of Mino on SNI-induced dynamic
allodynia on both day 1 and day 2. (Sham, n = 9; SNI, n = 8; SNI +Mino, n = 7; SNI +Mino + BDNF, n = 6; red ***p< 0.001, SNI group vs Sham group;
blue ***p< 0.001, SNI +Mino group vs Sham group; purple ***p< 0.001, SNI +Mino + BDNF group vs Sham group; blue ##p< 0.01, ###p< 0.001, SNI
+Mino group vs SNI group; purple ##p< 0.01, SNI +Mino + BDNF group vs SNI group; purple &P < 0.05, &&&p< 0.001, SNI +Mino + BDNF group vs
SNI +Mino group; two-wayANOVA followed by Bonferroni post hoc analysis). (h) BDNF (3 ng/10 uL, i.t.), once a day for consecutive 2 days after SNI
surgery with the Mino (30 nmol, i.t.) or the vehicle co[1]injected on the 1st day had no effect on the punctate allodynia. (Sham, n = 9; SNI, n = 8; SNI +
Mino, n = 7; SNI +Mino + BDNF, n = 6; red ***p< 0.001, SNI group vs Sham group; blue ***p< 0.001, SNI +Mino group vs Sham group; purple ***p<
0.001, SNI + Mino + BDNF group vs Sham group; two-way ANOVA followed by Bonferroni post hoc analysis).
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microglial activation (SNI + K252a vs. Sham, p = 0.0020;
SNI + K252a vs. SNI, p = 0.3470; Figure 3(a) and (c)). The
WB results further demonstrated that K252a significantly
inhibited SNI-induced cell membrane KCC2 downregulation
in the spinal dorsal horn (SNI + K252a vs. SNI, p = 0.0037;
SNI + K252a vs. Sham, p = 0.5169; Figure 3(e) and (f)).
Furthermore, as expected, our behavioral study showed that
K252a (30 nmol, i.t.) significantly inhibited SNI-induced
dynamic allodynia during the first 3-days testing period
(SNI + K252a vs. SNI, p < 0.001; Figure 3(g)), as well as
punctate allodynia (SNI + K252a vs. SNI, p < 0.001 on day 1;
p < 0.01 on day 2, Figure 3(h)).

These results confirmed our hypothesis that the BDNF-
TrkB signaling pathway-mediated microglia activation-
induced neuronal KCC2 downregulation contributes to dy-
namic allodynia in an SNI mice model.

BDNF is highly involved in SNI-induced dynamic and
punctate allodynia through KCC2 downregulation

As the BDNF-TrkB signaling pathway is an important me-
diator of SNI-induced KCC2 downregulation and dynamic
allodynia, we further determined whether exogenous appli-
cation of BDNF could overcome the blockade effect of
microglia inhibitors on both KCC2 expression and dynamic

allodynia. Our immunohistochemistry results showed that the
administration of BDNF (3 ng/10 μL, i.t.), once per day for
two consecutive days after SNI surgery with Mino (30 nmol,
i.t.) or the vehicle co-injected on the first day, significantly
reversed the blockade effect of Mino on SNI-induced KCC2
immunofluorescence intensity, resulting in a decrease to a
level similar to that of the SNI group (SNI + Mino + BDNF
vs. SNI +Mino, p = 0.0086; SNI +Mino + BDNF vs. SNI, p =
0.1645; Figure 4(b) and (d)), but there was no action on the
suppressive effect of Mino on SNI-induced microglia acti-
vation (SNI + Mino + BDNF vs. SNI + Mino, p = 0.5847;
Figure 4(a) and (c)). Similarly, our WB results showed that
BDNF alone not only evoked mKCC2 downregulation in
sham animals (Sham + BDNF vs. Sham, p < 0.001;
Figure 5(a) and (b)), but also reversed Mino inhibition of
SNI-induced mKCC2 downregulation (SNI + Mino + BDNF
vs. SNI + Mino, p < 0.001; Figure 4(e) and (f)). As expected,
BDNF (3 ng/10 μL, i.t.) significantly reversed the blockade
effect of Mino on SNI-induced dynamic allodynia (SNI +
Mino + BDNF vs. SNI + Mino, p < 0.001 on day 1; p =
0.0393 on day 2; Figure 4(g)), in our behavioral study, but had
no effect on punctate allodynia (p > 0.05; Figure 4(h)).

In addition, our WB results showed that BDNF alone
evoked mKCC2 downregulation in sham animals (Sham +
BDNF vs. Sham, p < 0.001; Figure 5(a) and (b)), but BDNF

Figure 5. The involvement of KCC2 downregulation in BDNF-induced both dynamic and punctate allodynia. (a) Western blot of membrane
KCC2 in the spinal dorsal cord. (b) The histograms respectively show the relative mKCC2 level on ipsilateral (ipsi) and contralateral (cont)
sides of dorsal spinal cord (Sham, n = 6; Sham + BDNF, n = 6; Sham + BDNF +Fur, n = 6; ***p < 0.001, Sham group vs Sham + BDNF group;
###P < 0.001, Sham + BDNF group vs Sham + BDNF +Fur group, unpaired Student’s t test). (c) BDNF (3 ng/10 uL, i.t.) with the Fur (30 nmol,
i.t.) co-injected on the 1st daysignificantly reversed the BDNF (3 ng/10 uL, i.t.) treatment alone evoked the dynamic allodynia. (Sham, n = 5;
Sham + BDNF, n = 6; Sham + BDNF + Fur, n = 7; blue ***p < 0.001, Sham + BDNF vs Sham group; purple ###P < 0.001, Sham + BDNF + Fur vs
Sham + BDNF group, two-way ANOVA followed by Bonferroni post hoc analysis). (d) BDNF (3 ng/10 uL, i.t.) with the Fur (30 nmol, i.t.) co-
injected on the 1st day significantly reversed the BDNF (3 ng/10 uL, i.t.) treatment alone evoked the punctate allodynia. (Sham, n = 5; Sham +
BDNF, n = 6; Sham + BDNF + Fur, n = 7; blue ***p < 0.001, Sham + BDNF vs Sham group; purple #p < 0.05, ###p < 0.01, ###p < 0.001, Sham +
BDNF + Fur vs Sham + BDNF group, two-way ANOVA followed by Bonferroni post hoc analysis).
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(3 ng/10 μL, i.t.) with Fur (30 nmol, i.t.) co-injected on the
first day significantly reversed the BDNF (3 ng/10 μL, i.t.)
alone treatment (Sham + BDNF + Fur vs. Sham + BDNF, p <
0.001; Figure 5(a) and (b)). This may imply that Fur could by
preventing mKCC2 downregulation, reversing BDNF in-
duced allodynia. The behavioral study also showed that
BDNF (3 ng/10 μL, i.t.) significantly led to dynamic allo-
dynia (Sham + BDNF vs. Sham, p < 0.001, Figure 5(c)), as
well as punctate allodynia (Sham + BDNF vs. Sham, p <
0.001, Figure 5(d)) during the first 3-days testing period.
However, BDNF (3 ng/10 μL, i.t.) with Fur (30 nmol, i.t.) co-
injected on the first day significantly reversed the BDNF
(3 ng/10 μL, i.t.) treatment alone evoking both dynamic
allodynia (Sham + BDNF + Fur vs. Sham + BDNF, p < 0.001;
Figure 5(c)) and punctate allodynia (Sham + BDNF + Fur vs.
Sham + BDNF, p = 0.0423 on day 1; p = 0.0043 on day 2; p =
0.0010 on day 3; Figure 5(d)). Thus, these reversal experi-
mental results further indicate that BDNF is an important
mediating factor in SNI-induced dynamic allodynia through
neuronal mKCC2 downregulation.

Discussion

Based on our results, SNI-induced dynamic allodynia is closely
related to the downregulation ofKCC2 through the BDNF-TrkB

signaling pathway after SNI-inducedmicroglial activation in the
spinal dorsal horn (Figure 6). Furthermore, dynamic allodynia is
more sensitive to SNI induced microglia-BNDF-TrkB-mKCC2
pathway dysfunction than punctate allodynia. This finding is
based on the observation that (1) SNI induced both punctate and
dynamic allodynia as well as the downregulation of neuronal
mKCC2 in the spinal dorsal horn of mice, and the blockade of
mKCC2 downregulation more profoundly reversed dynamic
allodynia versus punctate allodynia. (2) Inhibition of SNI-
induced spinal dorsal horn microglia activation prevented the
downregulation of mKCC2 in spinal dorsal horn neurons and in
turn blocked the development of SNI-induced dynamic allo-
dynia with minor effects on punctate allodynia. (3) Blockade of
the BDNF-TrkB signaling pathway suppressed mKCC2
downregulation and dynamic allodynia, but had minimal effect
on punctate allodynia. (4) Exogenous BDNF application re-
versed the suppressive effect of microglial inhibitors on SNI-
induced mKCC2 downregulation as well as dynamic allodynia.

Neuropathic pain is initiated or caused by a primary lesion or
dysfunction of the nervous system.21 An SNI model was es-
tablished to induce neuropathic pain behaviors, including
punctate and dynamic allodynia.13 Previous studies revealed that
KCC2 is one of the important mechanisms that mediate punctate
allodynia; however, the precise mechanism underlying dynamic
allodynia is not clearly understood and effective therapy is still

Figure 6. Scematic diagram of KCC2 contributing to dynamic allodynia. SNI activates spinal dorsal horn (SDH) microglia, which leads to the
release of BDNF. BDNF downregulates KCC2 in SDH pain transmission neurons by combing with TrkB, causing an increase in intracellular
Cl� and leading to a depolarizing shift in the anion reversal potential. The resulting hyperexcitability of pain transmission in neurons
contributes to dynamic allodynia.
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being explored. In this study, an SNI animal model was es-
tablished to induce punctate and dynamic allodynia. WB re-
vealed that mKCC2 in the spinal dorsal horn on the injured side
of the SNImodel was significantly downregulated.5 Therefore, a
connection was speculated to exist between KCC2 expression
and dynamic allodynia. Previously, our laboratory studies
revealed that Fur, a KCC2 inhibitor––which is also used as a
potent loop diuretic to treat edematous states associated with
cardiac, renal, and hepatic failure, and hypertension––could
stabilize mKCC2 and prevent the usual downregulation of
KCC2 during convulsant stimulation in hippocampal neu-
rons. The stabilization of mKCC2 may rapidly recover
KCC2 function, enhance GABA receptor efficiency after
seizure stimulation, and impede progression from acute
seizures to epileptogenesis.22 In addition, it has been
documented that Fur rapidly and reversibly inhibits KCC2
by binding to its large extracellular loop (LEL).23,24

However, the precise LEL binding site for Fur is un-
known. The conserved cysteine residues C287, C302, C322,
and C331 in LEL play important roles in KCC2 function.
Substitution of any of these residues abolishes KCC2
transport activity but does not alter KCC2 expression.25,26

Therefore, Fur might suppress KCC2 function while
maintaining mKCC2 expression by binding and blocking
one or more of the aforementioned cysteine residues.15,22

Therefore, Fur was intrathecally injected 30 min after
surgery to prevent mKCC2 downregulation in the current
study after SNI injury. Although the exact mechanism of
action of Fur is not fully understood, it is believed to act on
the luminal surface of the ascending limb of Henle by in-
hibiting the active reabsorption of chloride.27 In our current
study, we hypothesized that Fur was by binding to the
mKCC2 surface to physically interact with the mKCC2
protein to block mKCC2 internalization for preventing its
downregulation. However, this mechanism needs to be
further investigated. Nevertheless, we observed that Fur
treatment did indeed block SNI-induced mKCC2 reduction,
thus inhibiting SNI-induced dynamic allodynia. In addition,
we chose to administer Fur 30 min after SNI surgery because
previous studies found that BDNF-TrkB mediated signifi-
cant downregulation of KCC2 in 2 hours and reached the
lowest level 6 hours after seizure.28 Furthermore, the
downregulation of KCC2 starts as early as excitatory
stimulation occurring immediately after injury.29 We aimed
to prevent the obvious downregulation of KCC2 by inter-
vention at an early stage after SNI in this study.

Microglia in the spinal dorsal horn are activated after
peripheral nerve injury, and activation of the microglia is
associated with the P2X4 receptor. Therefore, Mino
(30 nmol), a tetracycline derivative reported to suppress
hypoxic activation of cultured microglia by inhibiting the
p38 mitogen-activated protein kinase pathway,17 was used
to inhibit microglial activation within half an hour after the
SNI model establishment.30 In our current study, the
behavioral findings revealed that Mino had no effect on

punctate allodynia induced in the SNI model; however, a
temporary relief effect was observed on the first and
second days after the operation for dynamic allodynia.
This effect may be due to the induction of punctate and
dynamic allodynia via different transduction pathways.
Many previous studies have shown that the mechanisms
responsible for these two types of allodynia are
different.31–33 Punctate allodynia is sensitive to morphine,
whereas the dynamic allodynia is insensitive to morphine
analgesia.32 The relief effect on dynamic allodynia lasted
only 2 days, which may be related to the half-life of Mino,
aligning the results of previous studies in our laboratory.10

Both WB and immunohistochemical results showed that
SNI-induced KCC2 downregulation was reversed in SNI
mice treated with Mino (30 nmol), while microglial ac-
tivation was mostly inhibited. Overall, our results dem-
onstrated that the inhibition of microglial activation can
inhibit KCC2 downregulation and dynamic allodynia.
Previously, Mino (30 mg/kg, i.p.) was injected 1 h before
or 7 days after nerve injury, and continuously administered
until day 14 in the preemptive or postinjury part of the
study, respectively. In a preventive study, Mino increased
the expression of KCC2 and GABA-A/r2 proteins, and
decreased BDNF expression. In contrast, target gene and
protein expression did not change when Mino was ad-
ministered after nerve injury.34 Accordingly, the mecha-
nism identified here could act prior to neuropathic pain.
Following SNI, adenosine triphosphate is released to act
on the P2X4 receptor in microglia, resulting in neuro-
pathic pain.35 Based on abundant evidence, ionic ATP
signaling promotes pain mechanisms in physiological and
pathological environments through the involvement of
P2X3, P2X4, and P2X7 ATP receptors. Studies have re-
vealed that after nerve injury, the expression of P2X4Rs in
the spinal cord is upregulated exclusively in microglia, but
not in neurons or astrocytes.36 P2X4Rs are ATP-gated
channels with a high calcium permeability. Accumulating
evidence suggests that P2X4Rs are expressed in the
central microglia and peripheral macrophages. In pe-
ripheral inflammatory responses, the activation of P2X4Rs
evokes calcium influx and p38-MAPK phosphorylation,
resulting in the release of prostaglandin E2 (PGE2).37

However, in microglia, P2X4Rs mainly cause the re-
lease of BDNF, a key molecule for maintaining pain
hypersensitivity after nerve injury. 5BDBD, a specific
P2X4R antagonist, was selected for intrathecal injection.
Based on previous results, 5BDBD can be used to study
the endogenous role of P2X4R in the central nervous
system, and the antagonist can distinguish between
P2X4R and others when co-expressed in the same tissue.35

Behavioral findings showed that 5BDBD had a temporary
relief effect on punctate allodynia caused by SNI 1 day
after surgery, and dynamic allodynia was significantly re-
duced in the treatment group compared to that in the SNI
group. WB results also revealed that KCC2 downregulation
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was reversed after treatment with the P2X4R blocker
5BDBD. The immunofluorescence results showed that
5BDBD significantly inhibited microglial activation in the
spinal dorsal horn on the injured side. In conclusion, inhi-
bition of microglia activation can inhibit KCC2 down-
regulation and dynamic allodynia.

Finally, microglial activation was shown to lead to the
downregulation of KCC2 through the BDNF-TrkB
pathway. BDNF is a crucial neuromodulator in pain
transmission in the peripheral and central nervous sys-
tems, and microglia in the nervous system are one of the
major sources of BDNF release.38 Previous studies have
shown that BDNF-TrkB signaling modulates the pain
process by regulating neuroinflammation, which has also
been reported in other pathological pain models.39 Fur-
thermore, the BDNF-TrkB pathway can affect the path-
ological development and functional improvement of
spinal cord injuries.40,41 We surmise that peripheral nerve
injuries elicit BDNF release to activate TrkB receptors in
the spinal dorsal horn. The activation of these receptors
mediates some of the early consequences of injury-
elicited plasticity, including the downregulation of neu-
ronal mKCC2. Based on our results, early behavioral
signs of pain could be effectively attenuated by a single
pre-treatment with the nonspecific tyrosine kinase
blocker, K252a. A similar effective analgesic action of
K252a was previously reported in a study of
cyclophosphamide-elicited mechanical allodynia of the
bladder.42 Immunohistochemistry and WB showed that
KCC2 downregulation was qualitatively and quantita-
tively reversed by TrkB inhibition owing to K252a
treatment in the spinal dorsal horn. These results suggest
that microglial activation leads to KCC2 downregulation
through the BDNF-TrkB pathway, resulting in dynamic
allodynia. Previously, intrathecal injection of exogenous
BDNF in animal models of cystitis was reported to further
promote the activation of astrocytes and microglia, ag-
gravate neuroinflammation, and aggravate mechanical
ectopic pain.43 The intrathecal injection of a high dose of
exogenous BDNF (3 ng/10 μL) in the sham operation
group was found to significantly cause punctate and
dynamic allodynia, and immunohistochemistry and WB
revealed that the intrathecal injection of a high dose of
exogenous BDNF in the sham operation group could
significantly lead to the downregulation of KCC2. Such
findings indicate that the activation of the BDNF-TrkB
pathway leads to the downregulation of KCC2 and me-
chanical allodynia. Furthermore, the intrathecal injection
of exogenous BDNF, in addition to Mino to block mi-
croglia activation after SNI surgery, revealed that the
inhibition of dynamic allodynia by the microglia inhibitor
was significantly reversed by BDNF, which correlated
with the prevention of mKCC2 downregulation.

Many studies have shown that GABA inhibition is
critically dependent on KCC2 activity, and the loss of this

activity may lead to reduced GABA inhibition in the dorsal
horn neuronal circuit.36 In fact, various neuropathic pain
models have demonstrated a decrease in KCC2 expression
in the spinal cord. The alteration of KCC2 expression
affects GABAergic and glycinergic neurotransmission, as
KCC2 is a chloride cotransporter that serves to maintain
intracellular chloride concentration. We assume that at any
given time, a balance between excitatory and inhibitory
processes determines the degree of overall neuronal ex-
citability in the dorsal horn, and the loss of GABA inhi-
bition tips the balance toward excitation. This increased
excitability then sustains enhanced (and exaggerated)
communication between the primary afferents and dorsal
horn neurons, contributing to early behavioral signs of
pain. This is consistent with the behavioral results of
dynamic allodynia caused by KCC2 downregulation in the
spinal dorsal horn.

To our knowledge, this is the first study to reveal that SNI
induces the downregulation of mKCC2 contributing to dy-
namic allodynia, but had less effect on punctate allodynia.
Furthermore, dynamic allodynia is closely related to the
downregulation of mKCC2 through the activation of the
BDNF-TrkB pathway after SNI-induced activation of the
microglia in the spinal dorsal horn. Our findings provide new
insights into the mechanism of dynamic allodynia, dis-
tinguishing it from punctate allodynia in the neuronal circuit
of the spinal dorsal horn, ultimately revealing a new thera-
peutic target specifically for the treatment of dynamic
allodynia.
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