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Abstract Neuropathic pain is a chronic debilitating symp-

tom characterized by spontaneous pain and mechanical

allodynia. It occurs in distinct forms, including brush-

evoked dynamic and filament-evoked punctate mechanical

allodynia. Potassium channel 2.1 (Kir2.1), which exhibits

strong inward rectification, is and regulates the activity of

lamina I projection neurons. However, the relationship

between Kir2.1 channels and mechanical allodynia is still

unclear. In this study, we first found that pretreatment with

ML133, a selective Kir2.1 inhibitor, by intrathecal admin-

istration, preferentially inhibited dynamic, but not punc-

tate, allodynia in mice with spared nerve injury (SNI).

Intrathecal injection of low doses of strychnine, a glycine

receptor inhibitor, selectively induced dynamic, but not

punctate allodynia, not only in naı̈ve but also in ML133-

pretreated mice. In contrast, bicuculline, a GABAA recep-

tor antagonist, induced only punctate, but not dynamic,

allodynia. These results indicated the involvement of

glycinergic transmission in the development of dynamic

allodynia. We further found that SNI significantly sup-

pressed the frequency, but not the amplitude, of the

glycinergic spontaneous inhibitory postsynaptic currents

(gly-sIPSCs) in neurons on the lamina II-III border of the

spinal dorsal horn, and pretreatment with ML133 prevented

the SNI-induced gly-sIPSC reduction. Furthermore, 5 days

after SNI, ML133, either by intrathecal administration or

acute bath perfusion, and strychnine sensitively reversed

the SNI-induced dynamic, but not punctate, allodynia and

the gly-sIPSC reduction in lamina IIi neurons, respectively.

In conclusion, our results suggest that blockade of Kir2.1

channels in the spinal dorsal horn selectively inhibits

dynamic, but not punctate, mechanical allodynia by

enhancing glycinergic inhibitory transmission.
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Introduction

Neuropathic pain is a chronic debilitating symptom that

follows nerve injury, persists long after the initial injury

has subsided, affects 7%–10% of the general population,

and decreases the quality of life of patients [1]. There are

two hallmarks of neuropathic pain – spontaneous pain and

mechanical allodynia, which is a painful response to an

innocuous stimulus [2]. Mechanical allodynia occurs in

multiple forms in humans including dynamic, punctate, and

static. Several studies have suggested that the distinct pain

types arise through different pathophysiological mecha-

nisms [3]. Dynamic allodynia is caused by moving, non-

painful light pressure stimuli and is mediated by low-

threshold mechanoreceptors. Punctate allodynia, measured

by the von Frey assay, is evoked by non-painful punctate

pressure and signaled by both thin unmyelinated C fibers

and myelinated Ab fibers. Static allodynia, different from

punctate alloodynia, is considered to be evoked by pressure

generated by a large probe and mediated by unmyelinated

C fibers [4–6]. In the past decades, most efforts have

focused on the mechanism underlying punctate allodynia,

and little is known about dynamic allodynia. However, in
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the clinic, most patients with post-herpetic neuralgia suffer

from dynamic allodynia and lack an effective therapy

[7, 8]. In a previous study, we demonstrated that spinal

circuits with neurons expressing vesicular glutamate trans-

porter 3 are preferentially involved in dynamic mechanical

pain, but not punctate allodynia [6]. However, the under-

lying mechanisms involved in the distinct forms of

mechanical allodynia, including dynamic allodynia, remain

unclear. Thus, it is imperative to investigate the mechanism

underlying dynamic mechanical allodynia and provide new

strategies for its treatment.

The gate control theory of pain was first proposed by

Melzack and Wall, who suggested that touch normally

inhibits acute pain through the direct activation of

inhibitory interneurons [9]. Both GABAergic and glycin-

ergic inhibitory interneurons are widely distributed in the

superficial dorsal horn and are essential as the gate to

prevent touch from turning into pain. Nerve injury can

result in a decrease of inhibitory control, which instead

allows touch to directly activate pain circuits [10]. The

majority of lamina I projection neurons that express the

receptor for neurokinin 1 respond to noxious stimuli, and

these neurons are predominantly regulated by GABA. In

pathophysiological pain states, GABA inhibition is sup-

pressed in dorsal horn nociceptive neurons, and this leads

to neuronal hyperexcitability [11]. It has been proposed

that excitatory interneurons expressing protein kinase C

gamma (PKCc) in inner lamina II (lamina IIi) are involved

in spinal transmission to lamina I projection neurons [12].

They receive both Ab primary afferent and inhibitory

input, especially glycinergic inhibitory input [13]. Glycin-

ergic inhibition is decreased in PKCc neurons after nerve

injury and intrathecal (i.t.) administration of the glycine

receptor antagonist strychnine in naı̈ve mice induces

mechanical allodynia [14]. Facial dynamic mechanical

allodynia, measured by the air-puff method, can be evoked

by intracisternal injection of strychnine, and this type of

allodynia is morphine-resistant. This is caused by dysfunc-

tion of glycine inhibition of PKCc interneurons and turns

touch into dynamic pain [15]. Dynamic mechanical

allodynia is mediated by Ab fibers which mainly innervate

into laminae III-VI with some extension to lamina IIi [16];

this is in accord with the distribution of glycinergic neurons

[17]. Foster and colleagues demonstrated strong innerva-

tion of dorsal horn glycinergic neurons by non-nociceptive

sensory neurons [18]. However, the relationship between

the inhibitory regulation in the dorsal horn and the

development of dynamic mechanical allodynia remains

unclear.

Potassium channel-2.1 (Kir2.1) is constitutively active

and exhibits strong inward rectification. It is involved in

the establishment of a hyperpolarized resting membrane

potential and long-lasting action potential plateau in

various cells such as cardiac cells [19]. The inward

rectification is caused by intracellular ions such as Mg2?

and polyamines which block the pore structure of Kir2.1

channels [20]. In hippocampal neurons and neonatal rat

spinal motor neurons, Kir currents are detectable and

thought to contribute to maintenance of the resting

potential and regulation of the excitability of the neurons.

Furthermore, blockade of Kir channels in isolated neurons

from brain slices results in depolarization and initiates

action potential firing [21]. In the spinal cord, Kir2.1

channels are scattered in the gray matter of the dorsal and

ventral horns [22], which raises the possibility that

glycinergic neurons express Kir2.1 channels. In addition,

reduced conductance through Kir2.1 channels near phys-

iological potential is an essential determinant of intrinsic

burst-firing in lamina I neurons during early life, which are

involved in pain networks [23]. Accordingly, Kir2.1

channels contribute to shaping the output of lamina I

projection neurons to the parabrachial nucleus and the

periaqueductal gray and regulating nociceptive information

in the immature spinal cord [24]. However, the role of

Kir2.1 channels in regulating mechanical pain is still

uncertain. Whether Kir2.1 regulates spinal glycinergic

neuron activity remains to be studied.

Thus, the aim of this study was to investigate the

mechanism underlying dynamic mechanical allodynia,

which might further contribute to the treatment of clinical

dynamic pain. Our results showed that blockade of spinal

Kir2.1 channels by ML133, a selective Kir2.1 blocker,

enhanced glycinergic transmission to compensate for

spared nerve injury (SNI)-induced reduction of glycinergic

transmission, which, in turn, resulted in inhibition of the

dynamic, but not punctate, allodynia in the SNI mouse

model.

Materials and Methods

Animals

All experiments were performed on adult male C57BL/6J

mice (6–8 weeks old) from Shanghai SLAC Laboratory

Animal Co., Ltd. The mice were maintained at room

temperature (RT, 25�C) in a pathogen-free environment

with a 12 h/12 h light/dark cycle and ad libitum access to

food and water. All animal experiments, including behav-

ioral tests, were approved by the Committee of Animal Use

for Research and Education of Fudan University (Shang-

hai, China).
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Surgery and Drug Administration

Surgery to establish the SNI mouse model was performed

as described previously [25, 26]. Briefly, mice were

anaesthetized with isoflurane (3% induction, 2% mainte-

nance). A 1-cm skin and muscle incision was made in the

left thigh to expose the left sciatic nerve. Then, the tibial

and common peroneal nerves were ligated and transected

distal to the ligature. The third branch, the sural nerve, was

left intact and stretch or contact carefully avoided. In the

sham controls, the sciatic nerve and its branches were

identically exposed without ligation and transection. After

surgery, the mice were observed in the home cage until

they were able to take food and water. All drugs were

administered i.t. in a volume of 10 lL. ML133 (S2825;

Selleckchem, Houston, TX) was dissolved in dimethylsul-

foxide (200 mmol/L) and diluted in normal saline to the

final concentrations of 0.3 mmol/L, 1 mmol/L, and

3 mmol/L before i.t. administration. For pretreatment with

ML133, mice received ML133 30 min prior to surgery. For

post-SNI treatment, mice received ML133 once a day from

days 5 to 7 after surgery.

Behavioral Testing

Behavioral pain testing was as described in our previous

study [6]. Mice were placed on an elevated wire grid

apparatus for 30 min/day for 3 consecutive days to

acclimate to the testing environment before baseline

measurement. Experimenters were blind to the drug

treatment during testing. After baseline testing, mice

underwent surgery and were tested for punctate and

dynamic allodynia in the lateral plantar region of the

hindpaw, which was mediated by the sural nerve remaining

after SNI surgery. Von Frey assays were used to evaluate

the punctate mechanical allodynia. The lateral plantar

surface of the hindpaw was stimulated with a series of

calibrated von Frey filaments (0.02 g–1 g). Three positive

responses in 5 trials at 3-min intervals for each stimulus

intensity were considered a nociceptive response. The paw-

withdrawal threshold (PWT) was determined according to

Dixon’s up-down method [27]. To measure dynamic

allodynia, mice were lightly stroked on the lateral plantar

region with a paintbrush, in the heel-to-toe direction. The

paintbrush was prepared by smoothing the tip and remov-

ing the outer layer of hairs. We repeated the test three times

at 10-s intervals to obtain the average score for each

mouse. The scoring system was as follows: 0: walking

away or occasional, very brief paw-lifting within 1 s (as for

normal touch behavior); 1: sustained lifting ([ 2 s) of the

stimulated paw toward the body; 2: strong lateral paw lift

above the level of the body; 3: multiple flinching or licking

of the stimulated paw.

Preparation of Spinal Cord Slices

As previously described [28], mice (6–8 weeks at the time

of slice preparation) were deeply anesthetized with pento-

barbital sodium (0.1 g/kg, i.p.) and then perfused transcar-

dially with oxygenated ice-cold sucrose-based artificial

cerebrospinal fluid (ACSF) that contained (mmol/L): 75

sucrose, 80 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 3.5

MgCl2, 1.25 NaH2PO4, 1.3 sodium ascorbate, and 3

pyruvate, pH 7.4 and osmolarity 310 mOsm/L–

320 mOsm/L. The lumbar region of the spinal cord was

quickly exposed and removed. Transverse 350-lm slices

were cut on a vibratome (VT1200s; Leica, Wetzlar,

Germany) and transferred to a submerged chamber con-

taining oxygenated N-methyl-D-glucamine-based recovery

ACSF (for 15 min at 34�C) composed of (mmol/L): 92

N-desmethylclozapine, 2.5 KCl, 1.2 NaH2PO4, 20 HEPES,

30 NaHCO3, 25 D-glucose, 5 sodium ascorbate, 5 pyru-

vate, 2 thiourea, 10 MgSO4, 0.5 CaCl2 adjusted to pH 7.4

with HCl. The slices were then incubated in normal

oxygenated ACSF for 45 min at 34�C and then maintained

at RT for at least 30 min to recover. Normal ACSF

contained (mmol/L): 125 NaCl, 2.5 KCl, 2 CaCl2, 1

MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 25 D-glucose, 1.3

ascorbate, and 3 pyruvate, equilibrated with 95% O2 and

5% CO2.

Electrophysiological Recordings

Slices were transferred to a recording chamber and

continuously perfused with normal ACSF at 5 mL/min at

RT. A transparent band in the dorsal horn was considered

to be lamina II using infrared differential interference

contrast video microscopy under an upright microscope

equipped with a CCD camera. Neurons in the inner part of

lamina II were identified as lamina IIi neurons. To record

the glycinergic spontaneous inhibitory postsynaptic cur-

rents (gly-sIPSCs), patch pipettes (3 MX–5 MX) pulled

from borosilicate glass (Sutter Instruments, Novato, CA)

were filled with a Cs?-based internal solution, which

contained (mmol/L): 140 CsCl, 10 EGTA, 5 HEPES, 2

CaCl2, 2 MgATP, 0.3 NaGTP, 5 QX-314.Cl adjusted to pH

7.2–7.3 with CsOH and osmolarity 300 mOsm/L–

310 mOsm/L. Under perfusion with normal ACSF, neurons

were recorded at a holding potential of -70 mV. Gly-

sIPSCs were recorded in the presence of DNQX, AP5, and

bicuculline. After recording for 5 min, ML133 (100 lmol/

L) was added to the bath perfusion solution. To record Kir

currents, patch pipettes were filled with (mmol/L) 130 K?-

gluconate, 5 KCl, 0.5 EGTA, 20 HEPES, 4 NaATP, and

0.5 NaGTP adjusted to pH 7.2–7.3 with KOH and

osmolarity 300 mOsm/L–310 mOsm/L. The neurons were

held at -70 mV in the presence of DNQX (20 lmol/L),
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AP5 (25 lmol/L), bicuculline (10 lmol/L), strychnine

(2 lmol/L), and tetrodotoxin (1 lmol/L). The Kir currents

were recorded through a series of step command potentials

from -60 mV to -160 mV at 10-mV steps and a pulse-

width of 200 ms. Data were acquired using a MultiClamp

700B patch-clamp amplifier (Axon Instruments, Sunny-

vale, CA). The drug effect on the frequency and amplitude

of gly-sIPSCs was measured using Clampfit 10.0 and Mini

60 software (Molecular Devices, Sunnyvale, CA).

Immunostaining

For immunohistochemistry, deeply anesthetized mice were

sacrificed and perfused transcardially with normal saline

followed by 4% paraformaldehyde (PFA, Sigma, Darm-

stadt, Germany). The spinal cord was removed and post-

fixed in 4% PFA for 2 h and submerged in 15% then 30%

sucrose for dehydration. Coronal lumbar sections were cut

at 40 lm on a freezing microtome (Leica). The sections

were permeabilized and blocked for 2 h in 0.3% Triton

X-100 (Sigma) and 10% normal donkey serum (Millipore,

Darmstadt, Germany) in phosphate-buffered saline. Then

the sections were incubated with mouse anti-Kir2.1

antibody (1:200, ab85492; Abcam, London, UK) and

rabbit anti-NeuN antibody (1:1000, R-3770-100; Novus

Biologicals, Littleton, CO) overnight at 4�C. After rinsing,
sections were incubated with secondary antibodies (1:500,

Alexa Fluor 488 for neuN and Alexa Fluor 594 for Kir2.1,

Invitrogen, Waltham, MA) for 2 h at RT. Then the sections

were rinsed, mounted on slides, and coverslipped with

antifade agent. Fluorescence images were captured through

the 259 objective of a confocal microscope (Nikon,

Tokyo, Japan).

Western Blot

Mice were deeply anesthetized and the lumbar cord was

quickly removed and placed in ice-cold ACSF. Then the

left dorsal horn was isolated and homogenized in pre-

cooled lysis buffer (#K268-50; Biovision, Milpitas, CA).

The membrane proteins were extracted using a Membrane

Protein Extraction Kit (#K268-50; Biovision). The protein

concentration was measured using a bicinchoninic acid

protein assay kit (Beyotime, Haimen, China). Membrane

protein was separated on 10% SDS-PAGE gels and

electrophoretically transferred to polyvinylidene fluoride

membranes (Millipore, Darmstadt, Germany). Then the

membrane was blocked in 5% skimmed milk for 2 h and

incubated with the primary antibodies rabbit anti-Kir2.1

(1:1000, ab65796; Abcam), rabbit anti-GAPDH (1:1000,

#2118; Cell Signaling Technology, Danvers, MA) in 5%

skimmed milk overnight at 4�C, followed by incubation

with secondary goat anti-rabbit (1:20000; Jackson

ImmunoResearch, West Grove, PA). Bands were visual-

ized by an ECL detection system (Pierce, Rockford, IL).

The intensity of individual bands was measured by

AlphaView (Protein Simple, San Jose, CA) and normalized

to GAPDH.

Data Analysis

Results are presented as mean ± SEM. Statistical analysis

was performed using GraphPad Prism (La Jolla, CA). For

mechanical allodynia assessment, data were analyzed by

two-way ANOVA with Bonferroni post-tests. For electro-

physiological assays, comparisons of acute perfusion in the

same group were made using the paired t test, and

comparisons of different groups were made using the

two-tailed unpaired t test. Significance was set at P\0.05.

Results

Intrathecal ML133 Pretreatment Selectively Inhibited

SNI-Induced Dynamic, but not Punctate, Mechanical

Allodynia

The SNI model is one of the classic neuropathic pain

models, which induces long-lasting ipsilateral mechanical

allodynia. As we reported previously [6], SNI surgery

induced two forms of allodynia: brush-evoked dynamic and

filament-evoked punctate allodynia. Pre-treatment with i.t.

injection of ML133, a Kir2.1 channel inhibitor, at 3 nmol,

10 nmol, and 30 nmol before SNI, dose-dependently

attenuated the brush-evoked dynamic score (Fig. 1A),

but, surprisingly, had no effect on the von Frey filament-

evoked PWT, and this lasted for up to 5 days after SNI

(Fig. 1B). The lowest dose of ML133 (3 nmol) had no

effect on dynamic and punctate allodynia; however,

10 nmol and 30 nmol preferentially attenuated the

dynamic score, but not the von Frey-evoked PWT. These

results indicated that blockade of spinal kir2.1 channels

with ML133 prevents the development of dynamic, but not

punctate, allodynia after SNI.

Blockade of Spinal Glycinergic Transmission

Selectively Induced Transient Dynamic but not

Punctate Allodynia

Both spinal glycinergic and GABAergic transmission play

key roles in modulating pain processing [17, 29]. Previous

studies have reported that intracisternal injection of

strychnine, a specific glycine receptor antagonist, selec-

tively induces dynamic, but not punctate, allodynia in both

the face [15] and the trigeminal distribution [30]. To

further clarify the relationship between glycinergic
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transmission in the spinal cord and the different forms of

mechanical allodynia, we studied the pain behavior of mice

after i.t. administration of strychnine. The result showed

that the effect of strychnine was dose-dependent and

selective for dynamic allodynia at a low dose. Strychnine at

the low dose of 0.3 nmol was insufficient to evoke either

punctate or dynamic allodynia. Surprisingly, when strych-

nine was injected at 1 nmol (*3 lg), it only evoked brush-

evoked dynamic allodynia; the pain score increased at

20 min and recovered after 50 min. However, the von

Frey-evoked punctate threshold remained normal

(Fig. 2A).

Bicuculline at 0.5 nmol i.t., in contrast, only induced

punctate, but not dynamic allodynia (Fig. 2B). Therefore,

these results suggested that dynamic allodynia is likely

more sensitive to glycinergic transmission dysfunction and

blockade of spinal glycinergic transmission selectively

induces dynamic allodynia. In contrast, punctuate mechan-

ical allodynia might be more sensitive to modulation by

GABAergic transmission.

Acute ML133 Perfusion Increased Glycinergic

Neurotransmission in Spinal Cord Lamina IIi

Neurons in vitro

Since the above results showed that SNI surgery and the

application of strychnine alone had a similar effect of

evoking dynamic allodynia, and blocking the Kir2.1

channel with ML133 reversed the SNI-induced dynamic

allodynia, we hypothesize that SNI reduces, and ML133

enhances, glycinergic transmission in the dorsal horn to

modulate the development of dynamic allodynia after SNI.

Thus, to understand the relationship between Kir2.1 and

glycinergic transmission, we used patch-clamp in spinal

cord slices to record gly-sIPSCs from lamina IIi neurons.

First, we measured the effect of acute perfusion with

ML133 (100 lmol/L) on gly-sIPSCs in naive mice. Our

results showed that acute perfusion with ML133 signifi-

cantly increased the frequency of gly-sIPSCs, but did not

affect their amplitude (Fig. 3A). This result demonstrated

that acute blockade of the Kir2.1 channel enhances

glycinergic transmission in lamina IIi neurons in the dorsal

horn.

Fig. 1 Effects of ML133 pretreatment on the development of

dynamic and punctate allodynia. A Schematics of brush-evoked

dynamic allodynia. Pretreatment with ML133 (3 nmol, 10 nmol,

30 nmol, i.t.) prevented the development of dynamic allodynia in SNI

mice (normal saline (NS), n = 7; ML133 3, n = 5; ML133 10, n = 5;

ML133 30, n = 6; NS versus ML133 3 nmol, P[ 0.05; NS vs

ML133 10 nmol, P\ 0.05; NS vs ML133 30 nmol, P\ 0.05, two-

way ANOVA with Bonferroni post-hoc). B Schematics of von Frey

filament-evoked punctate allodynia. Pretreatment with ML133

(3 nmol, 10 nmol, 30 nmol, i.t.) had no effect on punctate allodynia

(NS vs ML133 3 nmol, P[ 0.05; NS vs ML133 10 nmol, P[ 0.05;

NS vs ML133 30 nmol, P[ 0.05, two-way ANOVA with Bonferroni

post-hoc). Graphs show mean ± SEM. *P\ 0.05, **P\ 0.01.
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SNI Reduced and Pretreatment with ML133

Retained the Glycinergic Transmission in Spinal

Lamina IIi Neurons

Next, we recorded gly-sIPSCs from both control and SNI

mice at day 5 after surgery. Compared to the control group,

the frequency of gly-sIPSCs remarkably decreased in the

SNI group, while the amplitude did not change (Fig. 3B).

This indicated that inhibitory transmission is damped in the

SNI condition. Then, to verify the mechanism underlying

the effect of pretreatment with ML133 on dynamic

allodynia, we measured the gly-sIPSCs at day 5 after

surgery and pretreatment with ML133 (30 nmol, i.t.). No

significant difference was found in gly-sIPSC amplitude,

but their frequency was significantly reversed in compar-

ison with SNI alone group (Fig. 3B). These results

indicated that blockade of Kir2.1 activity in the spinal

cord before SNI prevents the reduction of glycinergic

transmission induced by SNI, and thus regulates the

development of dynamic allodynia.

Strychnine Restored SNI-Induced Dynamic

Allodynia in ML133-Pretreated Mice

Since SNI reduced and ML133 prevented the reduction in

glycinergic transmission in the dorsal horn, we then

evaluated whether strychnine could block the analgesic

effect of ML133 on dynamic allodynia in SNI mice. We

investigated the effect of strychnine on both SNI alone and

SNI with ML133 pretreatment on day 5 after SNI, when

both the dynamic and punctuate allodynia were fully

established. Our results showed that strychnine alone

(1 nmol, i.t.) had no synergistic effect on SNI-induced

dynamic and punctate allodynia (Fig. 4A). However, we

found that strychnine fully reversed the blocking effect of

ML133 (30 nmol) pretreatment on SNI-induced dynamic

allodynia, but still had no effect on SNI-induced punctate

allodynia (Fig. 4B). Since the protective effect of ML133

on dynamic allodynia was abolished by strychnine, our

results further indicated that the selective analgesic effect

of ML133 on dynamic allodynia is likely via enhancing

glycinergic transmission in the spinal cord in SNI mice.

Neither Expression nor Function of Kir2.1 Channels

in the Spinal Dorsal Horn Changed after SNI

Surgery

Glycinergic neurons marked by glycine transporter 2

(GlyT2) have been reported to be located in the deeper

dorsal horn (laminae III–V) and in lamina I [17]. Neurons

at the lamina II/III border receive tonic glycinergic

inhibition as well as mostly glycinergic synaptic inputs

[31]. Our results showing that blockade of Kir2.1 channels

in the spinal cord reversed the SNI-induced mechanic

Fig. 2 Effects of intrathecal

strychnine on naı̈ve mice.

A Strychnine at 1.0 nmol

induced transient dynamic allo-

dynia in naı̈ve mice, but did not

change the dynamic score at

0.3 nmol (n = 5/group, normal

saline (NS) vs strychnine (Stry)

0.3 nmol, P = 0.3836; NS vs

Stry 1 nmol, P\ 0.01). Strych-

nine at 0.3 nmol and 1.0 nmol

had no effect on paw with-

drawal threshold (NS vs Stry

0.3 nmol, P[ 0.05; NS vs Stry

1 nmol, P[ 0.05). B Intrathecal

bicuculline at 0.5 nmol induced

a decrease of paw withdrawal

threshold (n = 5/group, NS vs

bicuculline 0.5 nmol,

P[ 0.05), but did not change

the dynamic score (NS vs bicu-

culline 0.5 nmol, P[ 0.05).

Graphs show the mean ± SEM.

**P\ 0.01, ***P\ 0.001,

two-way ANOVA with Bonfer-

roni post-hoc test.
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allodynia raised the question of whether Kir2.1 expression

and function had changed in the dorsal horn after SNI. To

determine whether Kir2.1 was expressed on neurons in the

superficial dorsal horn, we used immunohistochemical

assays to label Kir2.1 and NeuN. We found that Kir2.1 was

widely distributed in the spinal cord (Fig. 5A). In the

lamina III region, most of the Kir2.1 fluorescent signals

were indeed co-localized with those of NeuN, while some

Kir2.1 signals were separated from the NeuN signals. We

next investigated whether Kir2.1 channels were altered

Fig. 3 Effect of pretreatment with ML133 in vivo on glycinergic

sIPSCs (gly-sIPSCs) in SNI mice. A Effect of acute perfusion with

ML133 (100 lmol/L) on lamina IIi gly-sIPSCs (n = 12). Upper

panels: left, raw traces of whole-cell patch clamp recording of

glycinergic sIPSCs in a lamina IIi neuron before and after ML133

perfusion in control mice; right, amplification of raw traces from

boxes at left. Lower panels: SNI reduced the frequency (P\ 0.05#),

but not the amplitude (P = 0.6399#), of the glycinergic sIPSCs.

B Effect of SNI surgery and pretreatment with ML133 (30 nmol, i.t.)

on gly-sIPSCs recorded from two lamina IIi neurons 5 days after SNI

(Control, n = 24; SNI, n = 30; pre-ML133: n = 21). Upper panels:

left, sample traces of gly-sIPSCs from different groups; right,

amplified traces from boxes at left. Lower panels: SNI profoundly

reduced the frequency (P\ 0.001#), but not the amplitude, of gly-

sIPSCs (P[ 0.05#) in dorsal horn lamina IIi neuron. Treatment with

ML133 before SNI remarkably increased the gly-sIPSC frequency

(P\ 0.001#), but had no effect on amplitude (unpaired t tests,

P[ 0.05). Graphs represent the mean ± SEM. *P\ 0.05,

***P\ 0.001, ###P\ 0.001. #paired t tests, # unpaired t tests.
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after SNI. To test this, we examined membrane Kir2.1

expression in the dorsal horn by western blot assays. The

intensity of the immunobands for Kir2.1 from both control

and SNI mice were quantified and normalized to the

GAPDH loading control. The results showed no difference

in the Kir2.1 protein level between the SNI and control

groups (Fig. 5B, C), suggesting that Kir2.1 regulates

glycinergic transmission without affecting Kir2.1 expres-

sion during SNI. We further tested whether SNI affected

Kir2.1 function by recording the Kir currents in randomly-

selected lamina II–III neurons using patch clamp. Again,

the result showed that Kir currents did not differ between

neurons from the SNI and control groups (Fig. 5D, E).

Taken together, our data suggested that SNI surgery does

not affect Kir2.1 channels in the dorsal horn despite the

development of mechanical allodynia.

Acute ML133 Perfusion Increased the Frequency,

but not the Amplitude, of Glycinergic sIPSCs

in Lamina IIi Neurons in SNI Mice

Since pretreatment with ML133 protected against the SNI-

induced dysfunction in spinal glycinergic transmission and

prevented the SNI-induced dynamic allodynia, the next

question was whether the enhancement of glycinergic

transmission by ML133 could reverse the dynamic allody-

nia established after SNI. Thus, we first recorded the gly-

sIPSCs in lamina IIi neurons from SNI mice. As expected,

the gly-sIPSC frequency, but not amplitude, showed a

remarkable decrease 5 days after SNI; however, acute

perfusion with ML133 (100 lmol/L) significantly

enhanced the gly-sIPSCs (Fig. 6). These results demon-

strated that acute blockade of Kir2.1 channels regulates

glycinergic transmission in a pathological state of pain in

the dorsal horn.

ML133 Selectively Inhibited Established Dynamic

but not Punctate Allodynia Induced by SNI in Mice

Since acute perfusion with ML133 enhanced glycinergic

transmission, we then investigated its therapeutic effect on

established mechanical allodynia after SNI. Mice were

given ML133 (30 nmol, i.t.) once a day from days 5 to 7

after SNI. We found that ML133 treatment at day 5 had

little effect on punctate allodynia, but a mild but not

statistically significant inhibitory effect on dynamic allo-

dynia. However, consecutive administration of ML133 on

days 6 and 7 significantly inhibited dynamic, but not

Fig. 4 Strychnine abolished the

dynamic analgesic effect of pre-

treatment with ML133 on SNI

mice. A At day 5 after SNI,

brush-evoked dynamic pain

score (NS, n = 5; Stry 1.0,

n = 4; NS vs Stry 1.0, P[ 0.05)

and Von Frey evoked PWT (NS

vs Stry 1, P[ 0.05) did not

change after administration of

strychnine (1.0 nmol, i.t.).

B Five days after mice were pre-

treated with ML133 (30 nmol)

30 min before SNI, strychnine

(1.0 nmol, i.t.) increased the

pain score (n = 4/group, NS vs

Stry, P\ 0.001), but PWT did

not change (NS vs Stry,

P[ 0.05). Graphs represent the

mean ± SEM. **P\ 0.01,

***P\ 0.001, two-way

ANOVA with Bonferroni post-

hoc test.
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punctate, allodynia. In addition, when ML133 (30 nmol)

was co-injected with strychnine (1 nmol), ML133 failed to

affect the dynamic allodynia (Fig. 7A, B). Therefore, these

results showed that the inhibition of dynamic allodynia by

ML133 was abolished by strychnine, indicating that

ML133 acts on glycinergic transmission to exert an

analgesic effect on dynamic allodynia. However, the

inhibition of dynamic allodynia by ML133 increased at

Fig. 5 Distribution, expression, and function of Kir2.1 in the spinal

dorsal horn. A Confocal scanning images of Kir2.1 (red) and neuN

(green) showing that Kir2.1 was distributed widely (lower panels are

magnified images of the squares in the upper panel; arrows indicate

co-localization of Kir2.1 and NeuN in lamina III neurons. B Repre-

sentative immunobands of Kir2.1 and GAPDH from control and SNI

(5 days) mice. C Quantitative analysis of Kir2.1 in the SNI versus the

control group (n = 7 for both). The Kir2.1 level in the dorsal horn did

not change after SNI (P = 0.4562, unpaired t tests). D Representative

traces showing no change in Kir currents after SNI. E I–V curves of

Kir currents also showed no change compared to the control group

(Control, n = 14; SNI, n = 16; P = 0.9999, two-way ANOVA).

Graph represents the mean ± SEM.
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30 min after i.t. injection, and lasted for *50 min

(Fig. 7C, D). These results further suggested that enhanc-

ing the glycinergic transmission by inhibition of Kir2.1

channels in the dorsal horn selectively suppresses the

dynamic, but not punctate, allodynia induced by SNI in

mice.

Discussion

Our studies have, for the first time, revealed that Kir2.1

channels are involved in regulating spinal glycinergic

transmission, which further selectively contributes to

dynamic, but not punctate mechanical allodynia. The

present study provides evidence showing that pretreatment

with ML133, a Kir2.1 channel inhibitor, preferentially

prevented the development of dynamic, but not punctate,

allodynia in a mouse SNI model. Spinal glycinergic

dysfunction by i.t. strychnine, at a relatively low dose,

selectively induced dynamic, but not punctate allodynia in

naı̈ve mice. In contrast, spinal administration of a low

dose of bicuculline, a GABA receptor antagonist, only

induced punctate, but not dynamic allodynia. Under SNI

conditions, glycinergic inhibitory transmission was damp-

ened, but ML133 enhanced this transmission in dorsal

horn neurons. Furthermore, either in vivo pretreatment or

acute application of ML133 reversed the reduction in the

frequency of glycine transmission to the dorsal horn

neurons after SNI surgery, and further selectively

suppressed the dynamic, but not the punctate allodynia

induced by SNI in mice.

SNI, a well-developed model of peripheral neuropathic

pain, was chosen to induce mechanical allodynia in the

lateral area of the paw [32]. Most previous studies

measured mechanical allodynia using von Frey filaments

[2, 26], however, this method cannot distinguish the

different forms of mechanical allodynia, which may be

mediated through distinct spinal circuits [6]. In the current

study, we used a paintbrush to induce dynamic allodynia

and von Frey filament to induce punctate allodynia, as in

our previous report [6]. We found that i.t. administration

ML133 before SNI dose-dependently prevented the devel-

opment of dynamic allodynia, but not punctate allodynia.

ML133 is a selective Kir2.1 inhibitor and has little affinity

for other Kir2.x family channels [33]. Kir2.1 is expressed

widely and differentially in the brain [22], spinal cord, and

dorsal root ganglia (DRG)[34]. Here, we used immunohis-

tochemistry to visualize the location of Kir2.1 channels and

found that they were scattered in the spinal cord and most

of their signals co-localized with neuN staining. Our results

are consistent with the previous report that Kir2.1 channels

are present in neuronal somata in the spinal cord [34].

Kir2.1 channels, which are constitutively active and exhibit

strong inward rectification, possess transmembrane and

cytoplasmic regions and a pore structure [20]. They play an

essential role in modulating neuronal excitability and

membrane potential and are involved in pain processing.

For example, blockade of Kir2.1 in spinal lamina I

Fig. 6 ML133 perfusion enhanced glycinergic transmission in lam-

ina IIi neurons in SNI mice on day 5. A Upper traces: representative

traces of gly-sIPSCs from lamina IIi neurons superfused with

20 lmol/L DNQX, 25 lmol/L AP5, and 10 lmol/L bicuculline.

Lower traces: gly-sIPSCs recorded during perfusion with 100 lmol/L

ML133. Right traces are amplified from the boxes at left. B In lamina

IIi neurons, bath application of ML133 (100 lmol/L) significantly

enhanced the frequency of gly-sIPSCs (P = 0.0056, paired t tests).

The amplitude of gly-sIPSCs did not change after ML133 perfusion

(P = 0.6399, paired t tests). Graphs represent the mean ± SEM.

**P\ 0.01.
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projection neurons causes an increase of intrinsic mem-

brane excitability [23, 24], and overexpression of Kir2.1

channels inhibits neurons by resisting depolarization to

action potential threshold [35]. A mutation of Kir2.1 is

associated with Andersen-Tawil syndrome, and one patient

has reported occasional muscle pain after exercise [36]. In

addition, in vivo viral gene transfer of Kir2.1 channels into

the DRG results in a hyperpolarized resting membrane

potential, and partially prevents the development of

mechanical hyperalgesia in chronic compressed DRG

(CCD) injury but has no effect on formed CCD injury

pain behavior [37]. All these studies provide strong

Fig. 7 Effects of intrathecal administration of ML133 after SNI. A,
B Drugs were administered i.t. once a day from postoperative day

(POD) 5 to POD 7 (NS, n = 5; ML133 30, n = 7; ML133 30?Stry 1,

n = 4). On POD 5, ML133 did not change the dynamic score

(P[ 0.05) or PWT (P[ 0.05). The time course of the ML133 effect

showed effective inhibition of dynamic allodynia on POD 6

(P\ 0.05) to POD 7 (P[ 0.05), but had no effect on punctate

allodynia. Arrows indicate drug administration. However, ML133

(30 nmol, i.t.) and strychnine (1.0 nmol, i.t.) simultaneously did not

change either the dynamic score (POD 5, P[ 0.05; POD 6, P[ 0.05;

POD 7, P[ 0.05) or the PWT (POD 5, P[ 0.05; POD 6, P[ 0.05;

POD 7, P[ 0.05). C, D Graphs of effects on dynamic and punctate

allodynia 30 min after i.t. ML133 from POD 5 to POD 7. ML133 had

a remarkable effect on dynamic allodynia but no effect on punctate

allodynia, whereas ML133 and strychnine did not affect the SNI-

induced dynamic and punctate allodynia. Graphs represent the mean

± SEM. *P\ 0.05, **P\ 0.01, ***P\ 0.001, two-way ANOVA

with Bonferroni post-hoc test.
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evidence that Kir2.1 channels are involved in the modu-

lation of mechanical allodynia in the spinal cord. However,

one limitation of those studies is that they only used the

von Frey assay, measuring punctate pain behavior, but did

not test the dynamic form of pain. In the current study, we

used a pharmacological method to block Kir2.1 channels

and found strong and selective preventive and suppressive

effects on dynamic allodynia in the SNI model in mice.

Different substrates of spinal circuits may be involved in

either punctate or dynamic allodynia [2, 6, 38, 39]. Kir2.1

may be preferentially involved in the modulation, by

regulating glycinergic transmission, of microcircuits in

processing dynamic allodynia in the spinal cord. Moreover,

as Kir2.1 is also expressed in the DRG and modulates

mechanical allodynia [37], we cannot rule out the influence

of ML133 on DRG neurons involved in regulating the

dynamic allodynia seen in our current study. Here, we also

found that ML133 inhibited the formed dynamic, but not

punctate, allodynia in SNI mice, which further demon-

strated that Kir2.1 channels are involved in dynamic

allodynia and pharmacological blockade of Kir2.1 channels

can target this form of neuropathic pain.

We further investigated why spinal blockade of Kir2.1

channels had a distinct effect on dynamic but not punctate

allodynia. Previous studies have shown that intracisternal

administration of strychnine induces trigeminal [30, 40] as

well as facial dynamic allodynia [15]. Intrathecal strych-

nine induces morphine-insensitive allodynia, which is

similar to the sensory dysesthesia of clinical neural injury

pain [41]. Thus, we wondered whether glycinergic

inhibitory transmission is involved in the action of Kir2.1

on dynamic allodynia. To test this, we first injected either

strychnine or bicuculline i.t. to measure both dynamic and

punctate allodynia, and our behavioral study showed that

spinal glycinergic dysfunction with a relatively low dose of

strychnine selectively induced dynamic, but not punctate,

allodynia. In contrast, GABAergic dysfunction with a

relatively low dose of bicuculline selectively induced only

punctate, but not dynamic, allodynia. As previously

reported, rats responded to brush-evoked stimuli under

GABAA receptor inhibition [15]. Therefore, spinal glycin-

ergic and GABAergic inhibitory transmission may partic-

ipate to different degrees in distinct forms of allodynia. Lu

and colleagues reported that i.t. strychnine induces von

Frey-evoked mechanical allodynia in rats at doses ranging

from 0.1 lg to 10 lg, with profound effects starting at 1 lg
and maximal at 3 and 10 lg [14], which is consistent with

our current results showing that a high dose of 3 nmol

strychnine (proximally equivalent to 1 lg), evoked both

dynamic and punctate allodynia in mice (data not shown).

Thus, our results suggest that dynamic allodynia may be

more sensitive to glycinergic transmission than punctate

allodynia. Furthermore, dynamic allodynia is mediated by

myelinated Ab fibers which mainly innervate in laminae

III-VI with some extension into lamina IIi [16]. Most Ab
afferents are enriched in glycine, providing evidence that

glycinergic transmission plays an essential role in dynamic

allodynia transmission [42]. Glycinergic inhibitory trans-

mission serves as a ‘‘gate’’ in spinal pain processing [18].

Nerve injury induces glycinergic dysfunction in dorsal horn

radial interneurons in a partial sciatic nerve ligation model

[43] and in PKCc-expressing neurons in lamina IIi in a

spinal nerve ligation model [14]. The glycine receptor a3
subunit is distinctly expressed in lamina IIi, overlaps with

PKCc neurons, and may be involved in pathological pain

states [44]. Indeed, we found that SNI injury dampened the

gly-sIPSC frequency, but not amplitude, in lamina IIi

neurons. And this glycinergic transmission dysfunction in a

pathological pain state is consistent with previous studies.

Interestingly, a Kir2.1 channel blocker rescued the reduc-

tion of gly-sIPSC frequency in mice pre-treated with

ML133. Moreover, acute perfusion with ML133 increased

the gly-sIPSCs in lamina IIi neurons in both control and

SNI mice. Our previous study reported that Vglut3 neurons

mediate spinal microcircuits in processing brush-evoked

dynamic allodynia. These Vglut3 neurons are located in

dorsal laminae IIi-III and are highly co-expressed with

PKCc neurons [6]. The substrate Vglut3 may be subject to

glycinergic transmission change after SNI, which needs

further investigation. Involvement of the change of gly-

sIPSCs frequency, but not amplitude, indicated the regu-

lation of glycinergic neuronal activity by ML133. More-

over, strychnine reversed the protective effect of ML133

pretreatment on SNI-induced dynamic allodynia. And the

therapeutic effect of ML133 failed when administered

simultaneously with strychnine at day 5 after SNI. Thus,

ML133 enhanced glycinergic inhibitory transmission to

exert the analgesic effect. In the dorsal horn, numerous

glycinergic neurons marked by GlyT2-EGFP are densely

located in the deeper dorsal horn (laminae III–V) and a few

in lamina I [17]. In our immunohistochemistry study, we

found Kir2.1 co-localized with neuN in lamina III,

suggesting that spinal glycinergic neurons express Kir2.1

channels. However, it is a limitation that we did not use

immunohistochemistry to assess the co-localization of

Kir2.1 channels and glycinergic neurons, since we did

not find an appropriate way to label glycinergic neuronal

somata. Further studies are needed to investigate the direct

interaction of Kir2.1 channels and glycinergic neurons.

Even Kir2.1 was expressed throughout the superficial

dorsal horn, Kir2.1 channel on glycinergic neuronal

population may exert higher sensitivity to ML133 when

compared with that on dorsal horn neuron.

To determine whether the modulatory effect of ML133

is related to the expression change of Kir2.1, we evaluated

the level of Kir2.1 in the dorsal horn by Western blot.
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There was no change in the Kir2.1 expression level after

SNI. To be specific, we need to measure the level of Kir2.1

in glycinergic neurons which are rich in lamina III.

However, since it is difficult to distinguish lamina III from

L4 to L6, we finally measured the Kir2.1 levels in the

ipsilateral dorsal horn. Kir current recordings also revealed

no change in the dorsal horn after SNI. However, we could

not distinguish neurons from the dorsal horn as glycinergic.

Limited by the resolution of our method, we cannot

conclude whether the glycinergic dysfunction after SNI is

associated with variation in the expression or function of

Kir2.1 channels in specific neurons in the spinal cord, such

as glycinergic neurons. It is still possible that the expres-

sion of Kir2.1 in lamina III increased while decreasing in

other regions. Moreover, a cumulative loss of neurons in

the dorsal horn occurs after SNI [45], so the remaining

glycinergic neurons may express more Kir2.1 channels

after SNI. It is worth noting that further studies are needed

to solve this problem.

In conclusion, we first provided evidence that blockade

of Kir2.1 channels in the spinal cord selectively inhibits

dynamic allodynia and this effect is exhibited via enhanced

glycinergic transmission. Thus, our findings provide a

potential drug candidate, ML133, for treating dynamic

allodynia (but not influencing punctate allodynia) in the

clinic and suggest that the Kir2.1 channel is a valid target

for treating this form of pain.
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