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Ketamine is an important analgesia clinically used for both acute and chronic pain. The acute analgesic effects of ketamine are generally
believed to be mediated by the inhibition of NMDA receptors in nociceptive neurons. However, the inhibition of neuronal NMDA
receptors cannot fully account for its potent analgesic effects on chronic pain because there is a significant discrepancy between their
potencies. The possible effect of ketamine on spinal microglia was first examined because hyperactivation of spinal microglia after nerve
injury contributes to neuropathic pain. Optically pure S-ketamine preferentially suppressed the nerve injury-induced development of
tactile allodynia and hyperactivation of spinal microglia. S-Ketamine also preferentially inhibited hyperactivation of cultured microglia
after treatment with lipopolysaccharide, ATP, or lysophosphatidic acid. We next focused our attention on the Ca 2�-activated K � (KCa )
currents in microglia, which are known to induce their hyperactivation and migration. S-Ketamine suppressed both nerve injury-induced
large-conductance KCa (BK) currents and 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-benzimidazol-
2-one (NS1619)-induced BK currents in spinal microglia. Furthermore, the intrathecal administration of charybdotoxin, a KCa channel
blocker, significantly inhibited the nerve injury-induced tactile allodynia, the expression of P2X4 receptors, and the synthesis of brain-
derived neurotrophic factor in spinal microglia. In contrast, NS1619-induced tactile allodynia was completely inhibited by S-ketamine.
These observations strongly suggest that S-ketamine preferentially suppresses the nerve injury-induced hyperactivation and migration
of spinal microglia through the blockade of BK channels. Therefore, the preferential inhibition of microglial BK channels in addition to
neuronal NMDA receptors may account for the preferential and potent analgesic effects of S-ketamine on neuropathic pain.

Introduction
Ketamine has been used clinically as an acute anesthetic for �40
years, and it also has analgesic effects on chronic pain including
neuropathic pain in humans and animals (Parsons et al., 1993;
Eichenberger et al., 2008). Racemic ketamine contains the optical
isomers, S- and R-ketamine, which show stereoselectivity.
S-Ketamine has a three to four times more potent analgesic effect
than R-ketamine in humans and rodents (Marietta et al., 1977;
Ryder et al., 1978). Furthermore, R-ketamine is associated with a

higher occurrence of psychomimetic side effects, such as halluci-
nations and delusions, than S-ketamine at an equianalgesic dose
(Marietta et al., 1977; Ryder et al., 1978) because R-ketamine has
a weak affinity for � receptors, whereas S-ketamine displays al-
most negligible binding (Hustveit et al., 1995). Therefore,
S-ketamine-based pain management has been conducted on the
clinical stage (Grande et al., 2008; Huge et al., 2010).

The acute analgesic effects of ketamine are generally believed
to be mediated through the blockade of phencyclidine binding
site of NMDA receptors of the nociceptive neurons (Salt, 1986;
Klepstad et al., 1990). However, it is unlikely that the inhibition of
neuronal NMDA receptors can fully account for the potent anal-
gesic effects of ketamine on chronic pain including neuropathic
pain. Although S-ketamine binds with twice the affinity to phen-
cyclidine binding site of NMDA receptors compared with
R-ketamine (Hustveit et al., 1995), this differential affinity solely
cannot explain the four times more potent analgesic effects of
S-ketamine on neuropathic pain (Mathisen et al., 1995). Further-
more, several lines of evidence have indicated that various mol-
ecules can be targets for the analgesic actions of ketamine,
including Ca 2�-activated K� (KCa) channels (Denson and Ea-

Received Aug. 12, 2011; revised Oct. 3, 2011; accepted Oct. 6, 2011.
Author contributions: H.N. designed research; Y.H., K. Kawaji, L.S., and X.Z. performed research; T.Y., S.K., and K.I.

contributed unpublished reagents/analytic tools; K. Koyano and K.I. analyzed data; Y.H. and H.N. wrote the paper.
This work was supported by Japan Science and Technology Agency, Core Research for Evolutional Science and

Technology, and Grants-in-Aid from Ministry of Education, Culture, Sports, Science, and Technology, Japan. We
thank Dr. Francois Rassendren (Institut de Génomique Fonctionnelle, Montpellier, France) for providing the anti-
body for P2X4 and Dr. Hiroshi Kitani (Transgenic Animal Research Center, National Institute of Agrobiological Sci-
ence, Tsukuba, Japan) for providing the MG6 microglial cell line.

The authors declare no competing financial interests.
Correspondence should be addressed to Hiroshi Nakanishi, Department of Aging, Science and Pharmacology,

Faculty of Dental Sciences, Kyushu University, Fukuoka 812-8582, Japan. E-mail: nakan@dent.kyushu-u.ac.jp.
DOI:10.1523/JNEUROSCI.4152-11.2011

Copyright © 2011 the authors 0270-6474/11/3117370-13$15.00/0

17370 • The Journal of Neuroscience, November 30, 2011 • 31(48):17370 –17382



ton, 1994; Denson et al., 1994), voltage-activated K� channels
(Schnoebel et al., 2005), and HCN1 channels (X. Chen et al.,
2009).

The hyperactivation of spinal microglia after peripheral nerve
injury contributes to the development of neuropathic pain (Wat-
kins et al., 2001; Tsuda et al., 2005; Scholz and Woolf, 2007).
Chang et al. (2009) reported that ketamine suppresses hyperacti-
vation of cultured microglia stimulated with lipopolysaccharide
(LPS). Furthermore, there is emerging evidence that reactive mi-
croglia express NMDA receptor subunits (Daulhac et al., 2011;
Murugan et al., 2011), thus suggesting that the microglial NMDA
receptor is a potential pharmacological target of ketamine. How-
ever, electrophysiological studies showed no evidence for the ex-
pression of functional NMDA receptors in the cultured microglia
(Noda et al., 2000). Therefore, this study focused on the effects of
ketamine on KCa currents, which are known to induce hyperac-
tivation (Kaushal et al., 2007) and migration (Schilling et al.,
2004) of microglia, because these microglial responses are neces-
sary for the development of neuropathic pain (Abbadie et al.,
2003; Tsuda et al., 2003). The present results indicate that
S-ketamine preferentially suppresses hyperactivation of spinal
microglia after nerve injury through the blockade of large-
conductance KCa channels (BK channels) but not NMDA recep-
tors. Therefore, the preferential inhibition of microglial BK
channels in addition to neuronal NMDA receptors may account
for the preferential and potent analgesic effects of S-ketamine on
neuropathic pain.

Materials and Methods
Animals. The experimental protocol was approved by the Animal
Research Committee of Kyushu University. All efforts were made to
minimize animal suffering and to reduce the number of animals used.
Ten-week-old male C57BL/6N mice and Iba1-EGFP transgenic mice
(Hirasawa et al., 2005) were used for electrophysiological and behavioral
analyses, respectively. The mice were maintained on a 12 h light/dark
cycle (light on at 8:00 A.M.) under conditions of 22–25°C ambient tem-
perature with food and water ad libitum. All mice were handled daily for
5 d before the start of the experiment to minimize their stress reactions to
manipulation.

Asymmetric synthesis of S- and R-ketamines. S-Ketamine with excellent
selectivity (99.9%) was prepared by asymmetric synthesis using the se-
quential enantioselective reduction–rearrangement strategy as reported
previously (Yokoyama et al., 2009a,b) (see Fig. 1 A). Optically pure
R-ketamine and a racemate consisting of equal amounts of S- and
R-ketamine were also synthesized (see Fig. 1 B).

Surgical procedures. Mice were anesthetized with sodium pentobarbi-
tal (50 mg/kg, i.p.). Sterile procedures were used throughout the surgery
to prevent infection and to minimize the influence of inflammation. The
back of each animal was shaved and cleaned with benzalkonium chloride.
A 1 cm incision was made in the middle lumber region (L4 to L5). The L5
transverse process was identified (Rigaud et al., 2008) and carefully re-
moved with bone ronguers. The L4 ventral ramus was carefully isolated
and freed from the adjacent nerve, and then the L4 nerve was transected.
The incision was washed with saline and closed. Intrathecal administra-
tion was performed using a 25 �l Hamilton syringe with a 30 gauge
needle according to the methods (Tsuda et al., 2009).

Behavioral analyses. All mice were habituated to the testing environ-
ment for 3 d. All mice were tested for mechanical hypersensitivity of the
hindpaw 1 d before and 1 week after spinal nerve transection. The room
temperature remained stable at 23°C. The mice were placed in an acrylic
cylinder (6 cm diameter) with wire mesh floors and allowed to habituate
to the environment for 1 h. The drugs were administrated 1 h before the
test trial. Saline (0.2 ml, i.p.; n � 6) or each type of ketamine (20 mg/kg,
0.2 ml, i.p.; n � 6 for each group) and saline (10 �l, i.t.; n � 3) or
charybdotoxin (ChTX) (100 nM; 4.3 ng/10 �l, i.t.; n�4) was administered in
the nerve-injured mice. Saline (10 �l, i.t.; n � 3), 1,3-dihydro-1-[2-hydroxy-

5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-benzimidazol-2-one
(NS1619) (20 �M; 0.072 �g/10 �l, i.t.; n � 3; and 5555 �M, 20 �g/10 �l, i.t.;
n � 3), NS1619 (20 �M; 0.072 �g/10 �l) with S-ketamine (100 �M; 0.27
�g/10 �l, i.t.; n�4), lysophosphatidic acid (LPA) (1 nmol in 5 �l, i.t.; n�3),
or LPA with ChTX (4.3 ng/10 �l, i.t.; n � 3) were administered to the
none-injured mice. Calibrated von Frey filaments (0.02–2.0 g; North Coast
Medical) were applied to the midplantar surface of the hindpaw. The 50%
paw withdrawal thresholds were calculated using the up-down method
(Chaplan et al., 1994). The paw withdrawal threshold was measured on both
the right and the left paw for then the intrathecal administration study of the
noninjured mice, and the mean was calculated.

Rotarod. An automated single lane rotarod treadmill (Muromachi; 3
cm diameter drums with grooves to improve the grip) that could be set at
an accelerating speed was used as previously described (Hayashi et al.,
2008). The starting rotation rate of the rod was 4 rpm and was increased
to 40 rpm over 5 min. The mice (n � 6 for each group) were administered
saline (intraperitoneally or intratracheally), each type of ketamine (20
mg/kg, i.p.), ChTX (100 nM; 4.3 ng/10 �l, i.t.; n � 3), and NS1619 (20 �M;
0.072 �g/10 �l, i.t.) 1 h before the test trial and then placed on the rotarod
apparatus, and the timer was started. The time when the mouse fell from
the rod was recorded, with the maximum time being 300 s. No signif-
icant difference was observed in any of the groups during the 1 week
test period.

Cell culture. A c-myc-immortalized mouse microglial cell line, MG6 (a
kind gift from Dr. H. Kitani, Transgenic Animal Research Center, Na-
tional Institute of Agrobiological Science, Tsukuba, Japan) (Takenouchi
et al., 2005; Nakamichi et al., 2006), was maintained in a growth medium
composed of DMEM containing 10% fetal bovine serum (MP Biomedi-
cals) supplemented with 100 �M �-mercaptoethanol, 10 �g/ml insulin,
100 �g/ml streptomycin, and 100 U/ml penicillin in 100 mm Petri dishes
(Falcon; BD Biosciences Discovery Labware). Primary cultured micro-
glia were prepared according to previous methods (Tsuda et al., 2003;
Hayashi et al., 2006a) and maintained for 10 –14 d in Eagle’s MEM me-
dium with fetal bovine serum. Floating cells and weakly attached cells on
the mixed glial cell layer were isolated by shaking the flask. The resultant
cell suspension was then transferred to a Petri dish (Falcon; BD Biosci-
ences Discovery Labware; 1001) and allowed to adhere at 37°C. Unat-
tached cells were removed after 30 min, and microglia were isolated as
strongly adhering cells. The purity of microglia was �96% as determined
by immunostaining with anti-Iba1 antibody (Wako).

Spinal cord slice preparation. The animals were anesthetized with so-
dium pentobarbital (40 mg/kg) 3 d after nerve injury. Ice-cold artificial
CSF (ACSF) saturated with 95% O2 and 5% CO2 was perfused through
the ascending aorta. ACSF consisted of 124 mM NaCl, 2.5 mM KCl, 1.24
mM KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 10 mM glucose, and 26 mM

NaHCO3. A laminectomy was performed, and the lumber spinal cord
was quickly removed and put into ice-cold oxygenated ACSF solution.
The pia–arachnoid membrane was carefully peeled off, and a block of the
spinal cord from L3 to L5 was embedded in 1% agar. Transverse slices
(200 �m thick) were cut from lumber segments L4 –L5 with a vibratome
(VT1000S; Leica). The slices were then incubated at room temperature
for at least 60 min. The slice were placed in a recording chamber and then
submerged in and continually perfused with ASCF at a flow rate of 2–3
ml/min.

Electrophysiological recording (slice-patch clamp). A whole-cell patch-
clamp recording was made from the GFP-labeled microglia located at
laminae I–II in L4 spinal cord in the slice preparation. GFP-labeled mi-
croglia were visually identified by the laser with a wavelength of 488 nm
using an upright microscope equipped with a 40� water-immersion
objective (Carl Zeiss). The external solution used was ACSF. Patch elec-
trodes were fabricated using a Sutter P-97 (Sutter Instrument) from
borosilicate glass (1.5 mm outer diameter, 0.9 mm inner diameter; G-1.5;
Narishige). Patch pipettes (2– 4 M�) were filled with an internal solution
containing the following two solutions: (1) the recording for NMDA-
and ATP-induced inward currents: 100 mM CsCl, 3 mM Na2ATP, 5 mM

HEPES, 1 mM CaCl2, 4 mM MgCl2, 5 mM EGTA, and 10 mM N-methyl-
D-glucamine (NMDG) adjusted to pH 7.2 with NMDG; (2) the recording
for Ca 2�-activated K � (KCa) currents: 120 mM KCl, 2 mM MgCl2, 10 mM

HEPES, 0.1 mM BAPTA adjusted to pH 7.3 with KOH. Patch pipettes
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were filled with internal solution containing 1% Lucifer yellow for intra-
cellular labeling of recorded microglia and applied to the soma of GFP-
labeled microglia. The currents were recorded with an Axopatch 200B
patch-clamp amplifier (Molecular Devices). Voltage ramps from �120
to �30 mV were applied for 300 ms to induce KCa currents. The currents
signals were filtrated at 3 kHz and digitized at 20 kHz (Digidata 1322A),
stored, and analyzed by pCLAMP (Molecular Devices). All electrophys-
iological recordings were performed at a holding potential of �60 mV.
The whole-cell recording mode was established with a brief negative
current and pressure pulses after obtaining a cell-attached configuration
(1–10 G� seal resistance). Recording was started at least 5 min after the
rupture of the patch membrane to allow for the stabilization of the intra-
cellular milieu. Microglia showing unstable or large (�50 pA) holding
currents were rejected. The series resistance (�30 M�) and membrane
capacitance were compensated and checked regularly during the record-
ing. Data were discarded when series resistance changed �20% during
recording. In some experiments, Lucifer yellow was injected into GFP-
labeled microglia with the current injection (�2 nA) at the current-
clamp mode. And then the slices were stained with anti-Lucifer antibody
(1:50,000; Invitrogen) for 7 d at 4°C.

Electrophysiological recordings (microglial MG6 cell line). Whole-cell
membrane currents were recorded as previously described (Hayashi et
al., 2006a). The recordings were performed at room temperature (22–
25°C). The external solution contained 130 mM NaCl, 5 mM KCl, 2 mM

CaCl2, 1 mM MgCl2, 10 mM HEPES, 8 mM D-glucose, pH 7.3 with NaOH.

The same internal solution and voltage ramp protocol described above
were used for the recording as described above.

Drug application. All drugs except for ketamine were obtained from
Sigma-Aldrich. The test solutions were topically applied using the so-
called “Y-tube” solution exchange device (Hayashi et al., 2006a) �2 mm
away from the cells recorded. Solutions around the recording cells were
quickly replaced to test solution using a Y-tube within 500 ms. Test
solutions were continually bubbled with 95% O2 and 5% CO2. The so-
lutions were applied for 10 s. The holding currents were not changed by
the application of external solutions with a Y-tube. ATP (3 mM), ChTX
(100 nM), apamine (1 �M), iberiotoxin (300 nM), tetraethylammonium
(TEA) (0.5 mM), NS1619 (20 �M), LPA (1 �M), and ketamine (100 �M)
were diluted with external solution. NMDA (0.1–10 mM) and glycine (1
�M), a coagonist of NMDA receptor, were diluted with Mg 2�-free exter-
nal solution.

Immunohistochemistry. Saline or each type of ketamine was adminis-
tered to mice (20 mg/kg; n � 3 for each group), and mouse tissues were
examined by immunohistochemical analysis as previously described
(Hayashi et al., 2008). All mice were deeply anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and perfused transcardially with 0.1 M

phosphate buffer (PB), pH 7.4, followed by 4% paraformaldehyde in 0.1
M PB, 0, 1, 3, or 7 d after surgery (n � 3 animals at each time point). The
perfused L4 spinal cord segments were dissected and further fixed by
immersion in 4% paraformaldehyde overnight at 4°C. Transverse L4
spinal sections (free-floating; 50 �m thick) were prepared by a vibratome
(VT1000S; Leica). The floating sections were stained with antibodies for

Figure 1. Determination of the enantiopurity of synthetic S-ketamine by HPLC with UV
detection (254 nm). A, Asymmetrically synthesized S-ketamine (retention time, 26.733 s) ex-
hibited excellent selectivity (�99.9%). B, The racemate contained equal amounts of S- (reten-
tion time, 26.683 s) and R-ketamine (retention time, 23.35 s).

Figure 2. The preferential inhibitory effects of S-ketamine on the development of tactile
allodynia after nerve injury. A, B, The time course of the paw withdrawal threshold in the
ipsilateral (A) and contralateral (B) sides after the systemic administration of saline or each type
of ketamine at 20 mg/kg in the mice subjected to nerve transection. Each circle and vertical bar
represent the means 	 SEM of six independent experiments. The asterisks indicate a
statistically significant difference from saline (*p � 0.05; **p � 0.01; ***p � 0.001).
The daggers indicate a statistically significant difference from S-ketamine ( †p � 0.05;
††p � 0.01; †††p � 0.001).
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anti-Iba1 (1:10,000; Wako), anti-mature interleukin-1� (mIL-1�) (1:
500; Santa Cruz), anti-GFAP (1:5000; Sigma-Aldrich), anti-NeuN (1:
5000; Millipore), anti-NR1 (1:1000; Millipore), anti-CD11b (1:800;
Serotec), anti-BK-� (1:500; Alomone), anti-brain-derived neurotrophic
factor (BDNF) (1:500; Santa Cruz), and anti-P2X4 (1:1000; kindly pro-
vided by Dr. Francois Rassendren, Institut de Génomique Fonctionnelle,
Montpellier, France) (Ulmann et al., 2008) for 7 d at 4°C with gently
agitation. Cultured microglia were incubated with anti-NR1 (1:1000;
Millipore) for 2 d at 4°C. The spinal sections and cultured microglia were
washed with PBS and incubated with the mixture of secondary antibod-
ies conjugated with Cy3 or Alexa 488 (1:400; Jackson ImmunoResearch)
for 3 h at 4°C. The sections were washed with PBS and mounted in the
antifading medium Vectashield (Vector Laboratories) and examined
with a confocal laser-scanning microscope (CLSM) (LSM510MET; Carl
Zeiss). The immunofluorescence (IF) intensity was measured as the av-
erage pixel intensity within Iba1-positive cells for mIL-1� immunoreac-
tivity. To calculate the increment rate of immunoreactivity for mIL-1�,
the ipsilateral side of immunofluorescence intensity was normalized to
contralateral side within the same sections. The immunofluorescence
intensity for P2X4 receptors and BDNF within CD11b-positive cells was
measured as the average pixel intensity and normalized with sham-
operated group. The number of Iba1-positive cells in the spinal dorsal
horn was counted and normalized by 0.15 mm 2.

Immunoblot analyses. The MG6 cells were cultured on 100 mm Petri
dishes at a density of 5 � 10 5 cells/ml. For the detection of activated p38

mitogen-activated protein kinase (MAPK), MG6 microglial cells were
treated with LPS (100 ng/ml) for 30 min. For the detection of mIL-1�,
MG6 microglial cells were (1) primed with LPS (100 ng/ml) for 2 h
following replacement to ATP (5 mM) for 1 h or (2) stimulated with LPA
(10 �M) for 24 h. MG6 microglia were treated with each type of ketamine
or ChTX (100 nM) at 30 min before stimulation with LPS, ATP, or
LPA. Each sample was separated by electrophoresis on a 15% SDS-
polyacrylamide gel. Proteins on SDS gels were transferred electrophoreti-
cally to nitrocellulose membranes. The membranes were washed with
PBS and incubated at 4°C overnight under gentle agitation with each
primary antibody: anti-p-p38 MAPK (1:1000; Cell Signaling), anti-p38
MAPK (1:1000; Cell Signaling), anti-mIL-1� (1:1000; Santa Cruz), and
anti-�-actin (1:1000; Santa Cruz). After washing, the membranes were
incubated with horseradish peroxidase (HRP)-labeled anti-goat (1:1000;
R&D Systems) or anti-rabbit (1:1000; GE Healthcare) antibody for 1 h at
room temperature. Subsequently, the membrane-bound, HRP-labeled
antibodies were detected using an enhanced chemiluminescence detec-
tion system (ECK lit; GE Healthcare) with an image analyzer (LAS-1000;
Fuji Photo Film).

Data analysis. The data are represented as the mean 	 SEM. Statistical
analyses of the results were performed with Student’s t test, Student’s
paired t test, or one-way ANOVA with post hoc Tukey’s test using the
GraphPad Prism software package. A value of p � 0.05 was considered to
indicate statistical significance.

Figure 3. The preferential inhibitory effects of S-ketamine on the microglial hyperactivation in the spinal dorsal horn after nerve injury. A–D, CLSM images for Iba1 (red), mIL-1� (green), and
their merge in the ipsilateral spinal dorsal horn of animals subjected to systemic administration of saline (A), S-ketamine (B), R-ketamine (C), and the racemate (D) at 3 d after nerve injury. Scale bar,
50 �m. E, Localization of mIL-1� (green) in the ipsilateral spinal dorsal horn at 3 d after nerve injury. Scale bar, 10 �m. F, The mean relative IF intensity of mIL-1� within Iba1-positive cells in the
spinal dorsal horn of saline- or each type of ketamine-treated mice at 0, 1, 3, and 7 d after nerve injury. Each column and vertical bar represent the mean 	 SEM of three independent experiments
for each time point. The asterisks indicate a statistically significant difference from saline at day 0 (*p � 0.05; ***p � 0.001). The daggers indicate a statistically significant difference from saline
( †p � 0.05; ††p � 0.01; †††p � 0.001). The sharps indicate a statistically significant difference from S-ketamine ( #p � 0.05; ###p � 0.001). G, The mean number of Iba1-positive microglia in the
ipsilateral and contralateral spinal dorsal horn of saline- or each type of ketamine-treated mice at 0, 1, 3, and 7 d after nerve injury. Each column and vertical bar represent the mean 	 SEM of three
independent experiments for each time point. The asterisks indicate a statistically significant difference from saline at day 0 (*p �0.05; ***p �0.001). The daggers indicate a statistically significant
difference from saline ( †p � 0.05; ††p � 0.01; †††p � 0.001). The sharps indicate a statistically significant difference between the values ( #p � 0.05; ###p � 0.001).
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Results
Preferential inhibitory effects of S-ketamine on tactile
allodynia after nerve injury
The effect of each type of ketamine on the development of tactile
allodynia, a hallmark of neuropathic syndrome, was examined.
Enantioselectively purified ketamine was synthesized as shown in
Figure 1. The paw withdrawal threshold (PWT) to mechanical
stimulation of the hindpaw in the saline-treated group was sig-
nificantly reduced at 3 d after nerve injury and this effect was
maintained for up to 7 d, thus indicating the successful develop-
ment of tactile allodynia after nerve injury. In contrast to the
saline-treated group, the systemic administration of each type of
ketamine (20 mg/kg) from day 0 to day 7 significantly inhibited
the reduction of the PWT after nerve injury. The mean percent-
age inhibition of S-ketamine for nerve transection-reduced PWT
was �85%, which was 4.1 and 1.9 times more potent that
R-ketamine (21%) or the racemate (44%) (Fig. 2A), respectively.
It was also noted that only S-ketamine showed an analgesic effect
at 1 and 2 d after nerve injury. Saline or each type of ketamine did
not affect the basal activity of mechanical stimulation (Fig. 2B).
Motor activity after nerve injury was next examined in the saline-,
S- and R-ketamine-, and racemate-treated groups. The time
spent on the rod 7 d after surgery was 201.6 	 31.2 s (saline),
250.2 	 15.9 s (S-ketamine), 246.7 	 28.0 s (R-ketamine), and
251.3 	 20.1 s (racemate), and no significant difference was ob-
served in any of the groups at any of the time points. These results
indicate that the potent analgesic effect of S-ketamine is not due
to its anesthetic effect.

Preferential inhibitory effect of S-ketamine on
hyperactivation of spinal microglia after nerve injury
The finding that only S-ketamine showed an analgesic effect on
the early development stage of tactile allodynia after nerve injury
strongly suggested that S-ketamine may preferentially inhibit mi-
croglial activation, because microglia play a critical role in this
stage (Raghavendra et al., 2003; Tsuda et al., 2003; Suter et al.,
2009). Therefore, the possible preferential effect of S-ketamine
on microglial activation was next examined. Immunohistochem-
ical analyses were conducted on the L4 spinal dorsal horn to
investigate the effect of S-ketamine on microglial hyperactivation
in the spinal dorsal horn after nerve injury. The level of im-
munoreactivity for mIL-1� was used as an index of microglial
hyperactivation, because reactive microglia, but not ramified
microglia, can produce and secrete mIL-1�. The mean IF inten-
sity of mIL-1� in microglia was significantly increased in the
ipsilateral side of the spinal dorsal horn 1, 3, and 7 d after nerve
injury (Fig. 3A–D,F). The immunoreactivity for mIL-1� on 3 d
after nerve injury was mainly localized in Iba1-positive microglia
and partially in GFAP-positive astrocyte, but not in NeuN-
positive neurons (Fig. 3E). However, the increased immunoreac-
tivity for mIL-1� was mainly localized in astrocytes at 7 d after
nerve injury (data not shown). The mean number of Iba1-
positive microglia was also significantly increased at the same
time (Fig. 3A–D,G). Both the mean expression level of mIL-1�
and the mean number of Iba1-positive microglia was signifi-
cantly lower after treatment with S-ketamine, compared with
those of the saline-treated group (Fig. 3 B, F,G). However,

Figure 4. Preferential inhibitory effects of S-ketamine on hyperactivation of cultured microglia following stimulation with ATP or LPA. A, C, E, The immunoblot analyses of p-p38 MAPK or mIL-1�
in cultured MG6 microglia stimulated with LPS (100 ng/ml) (A), combination of LPS (100 ng/ml) and ATP (5 mM) (C), and LPA (10 �M) (E) in the presence of S- and R-ketamine and racemate. B, D,
F, The quantitative analyses of p-p38 MAPK or mIL-1� in the stimulated MG6 microglial cells. Each column and vertical bar represent the mean 	 SEM of three independent experiments. The
asterisks indicate a statistically significant difference from control group (***p � 0.001). The daggers indicate a statistically significant difference from LPS-, LPS plus ATP-, or LPA-treated group
( †††p � 0.001). The sharps indicate a statistically significant difference between the values ( ##p � 0.01; ###p � 0.001).
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R-ketamine and the racemate caused significant but relatively
weak inhibitory effects on the mean expression level of
mIL-1� and the mean number of Iba1-positive microglia (Fig.
3C, D, F,G).

A preferential inhibitory effect of S-ketamine on the
hyperactivation of cultured microglia following treatment
with LPS, ATP, and LPA
The possible preferential inhibitory effect of S-ketamine on mi-
croglial hyperactivation was further examined by immunoblot
analyses using p-p38 MAPK and mIL-1� antibody, because reac-
tive spinal microglia produce p-p38 MAPK (Ji et al., 2002; Tsuda
et al., 2004) and mIL-1� (Fig. 3A) after nerve injury. The protein
band corresponding to p-p38 MAPK was observed in the soluble
extracts from MG6 microglial cell 30 min after stimulation with
LPS (Fig. 4A,B). The mean amount of p-p38 MAPK was most
significantly decreased by treatment with S-ketamine compared
with R-ketamine and the racemate (Fig. 4A,B). There is some
evidence that ketamine inhibits LPS-induced IL-1� expression
in macrophage through the blockade of Toll-like receptor 4
(TLR4)-mediated downstream signaling (T. L. Chen et al., 2009).
To exclude that the inhibitory effect of S-ketamine on the micro-
glial activation is due to the blockade of TLR4-mediating signal-
ing, the effects of ketamine on the microglial hyperactivation

induced by ATP or LPA, which can induce microglial hyperacti-
vation and tactile allodynia (Inoue et al., 2004, Nakagawa et al.,
2007; Ma et al., 2010b), were further examined. The mean
amount of mIL-1� induced by treatment with ATP in LPS-
primed microglia was most significantly suppressed by treatment
with S-ketamine among three types of ketamine (Fig. 4C,D). The
mean amount of mIL-1� induced by treatment with LPA was also
most significantly suppressed by S-ketamine (Fig. 4E,F). These
results strongly suggest that S-ketamine directly and most po-
tently suppresses microglial hyperactivation compared with
other species of ketamine.

The inhibitory effects of S-ketamine on BK currents recorded
from microglia
The inhibitory effects of optically pure S-ketamine on microglial
hyperactivation were next examined using whole-cell patch-clamp
analyses in spinal slices prepared from Iba1-EGFP transgenic mice
subjected to nerve injury. In spinal slices, no significant differ-
ence was observed in the resting membrane potential between
contralateral (�44.2 	 2.15 mV) and ipsilateral microglia (�37.1 	
4.29 mV) after nerve injury. The mean value of 3 mM ATP-
induced peak currents was 1.50 	 0.40 pA/pF in contralateral
spinal microglia (n � 7 slices from 4 mice) and 3.40 	 0.99 pA/pF
in ipsilateral microglia (n � 5 slices form 3 mice). ATP-induced

Figure 5. The activation of BK channels in spinal microglia on 3 d after nerve injury. A, The typical traces showing NMDA (100 �M)- and ATP (3 mM)-induced inward currents. NMDA did not induce
any currents in the contralateral (n � 7) and ipsilateral (n � 5), whereas ATP induced inward currents at the holding potential of �60 mV. NMDA or ATP was applied with Y-tube during the period
indicated with a horizontal bar. B, CLSM images for intracellular labeled spinal microglia by injection of Lucifer yellow through the recording pipettes. Scale bar, 10 �m. C, CLSM images for NR1
subunit expression in the ipsilateral side of spinal microglia at 3 d after nerve injury. NR1 immunoreactivity (green) was localized almost in neuron (arrowhead) and partially in microglia (red; arrow).
Scale bar, 10 �m. D, CLSM images for BK channels expression in the spinal microglia at 3 d after nerve injury. Microglia (red) express BK channels immunoreactivity (green) using by BK-� antibody.
Scale bar, 10 �m. E, The typical traces of voltage ramp (�120 to �30 mV) induced BK currents in the spinal microglia. F, The mean current amplitude induced by the activation of BK channels at
�30 mV. Each column and vertical bar represent the mean and SEM of contralateral (n � 7) and ipsilateral (n � 10) side of spinal microglia. The asterisks indicate a statistically significant difference
from contralateral (**p � 0.01). G–I, The typical traces shows the effects of ChTX (100 nM) (G), apamine (1 �M) (H ), and S-ketamine (100 �M) (I ) on BK currents in the ipsilateral side of spinal
microglia. J, The mean inhibition rate of BK currents at �30 mV in the presence of ChTX (n � 3), apamine (n � 4), and S-ketamine (n � 3) in the ipsilateral side of spinal microglia. Each column
and vertical bar represent the mean 	 SEM. The asterisks indicate a statistically significant difference between the values (*p � 0.05; **p � 0.01).
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prolonged currents, which were presumably mediated by P2X4

receptors, were observed in hypertrophic microglia in the ipsilat-
eral side of spinal cord (Fig. 5A), similar as previously reported
(Raouf et al., 2007). However, either 0.1 or 1 mM NMDA for 10 s
failed to evoke any currents in either contralateral (0.02 	 0.005
pA/pF; n � 7 slices from 4 mice) or ipsilateral spinal microglia
(0.02 	 0.007 pA/pF; n � 5 slices from 3 mice). In contrast, 10
mM NMDA for 10 s could evoke inward currents in the ipsilateral
microglia at 3 d after nerve injury (2.65 	 0.12 pA/pF; n � 3). The
immunoreactivity for NR1 was predominantly found in spinal
neurons (Fig. 5C, arrowhead) and partially in spinal microglia
(Fig. 5C, arrow). However, the NMDA receptor expressed on
spinal microglia is unlikely as a pharmacological target of
S-ketamine, because the microglial responses to an extremely
high concentration of NMDA (i.e., 10 mM) are considered to be
rather experimental artifacts (see Discussion). Morphological
analyses of recorded microglia were conducted by intracellular
injection of Lucifer yellow. Intracellularly labeled ipsilateral spi-
nal microglia showed hypertrophic morphology after nerve in-
jury (Fig. 5B). However, intracellularly labeled contralateral
spinal microglia showed a ramified morphology with small soma
and thin and branched processes (Fig. 5B). The effects of ket-
amine on KCa currents were next examined by voltage-clamp
recordings from spinal microglia, because the activation of mi-
croglial KCa channels underlies the hyperactivation (Kaushal et

al., 2007) and migration (Schilling et al., 2004) of microglia. Ip-
silateral spinal microglia exhibited large outward currents (n � 7
slices from 3 mice) in contrast to the contralateral spinal micro-
glia (n � 10 slices from 4 mice) (Fig. 5E,F). Voltage-activated
outward rectifier K� currents of microglia after nerve injury were
highly sensitive to 100 nM ChTX, a blocker of both intermediate
conductance KCa channels (IK channels) and BK channels (Fig.
5G,J). The voltage-activated outward rectifier K� currents were
partially blocked by iberiotoxin (100 nM), a blocker of BK chan-
nels, and fully blocked by a low concentration of TEA (0.5 mM),
which is known to selectively inhibit BK channels without affect-
ing either IK or small-conductance SK channels KCa channels (SK
channels) (data not shown). However, the nerve injury-induced
voltage-activated outward rectifier K � currents of microglia
were not affected by 1 �M apamine, a blocker of SK channels
(Fig. 5 H, J ). Furthermore, immunohistochemical analyses us-
ing anti-BK-� antibody revealed that BK channels were ex-
pressed in ipsilateral side of spinal microglia (Fig. 5D), which
was 1.2-fold higher than contralateral side of spinal microglia.
S-Ketamine (100 �M) significantly blocked voltage-activated
outward rectifier K � currents (Fig. 5 I, J ). These results
strongly suggest that nerve injury-induced voltage-activated
outward rectifier K � currents in spinal microglia are mainly
mediated by BK channels and S-ketamine significantly sup-
presses BK currents in reactive microglia.

Figure 6. Preferential inhibitory effects of S-ketamine on BK currents in cultured microglia. A, The typical traces show NMDA (100 �M) and ATP (3 mM) induced inward currents in cultured
microglia. NMDA did not induce any currents, whereas ATP induced inward current at holding potential of �60 mV. B, The mean currents of 0.1 (n � 4), 1 (n � 3), and 10 mM (n � 3) NMDA or 3
mM ATP (n � 4) induced currents. Each column and vertical bar represent the mean and SEM. C, Overlaying differential interference contrast (DIC) and fluorescence images with CLSM of NR1
expression (green) in cultured microglia. Scale bar, 10 �m. NMDA (1 mM) did not induce inward currents in primary cultured microglia. D–F, The typical traces show the inhibition of S-ketamine (100
�M) (D), R-ketamine (100 �M) (E), and racemate (100 �M) (F ) on NS1619 (20 �M) induced BK currents in cultured microglia. G, The typical traces show the inhibition of S-ketamine (100 �M) on
LPA (1 �M) induced BK currents in cultured microglia. H, The typical traces show the inhibition of S-ketamine (100 �M) on NS1619 (20 �M)-induced BK currents in spinal microglia from slice
preparation from naive mice. I, The mean inhibition rate of NS1619- or LPA-induced BK currents at �30 mV in the presence of ketamine in the cultured microglia (filled column) and in spinal
microglia from slice preparations (open column). NS1619 (NS) � S-ketamine (S), n � 6; NS � R-ketamine (R), n � 3; NS � racemate (rac), n � 4; LPA � S, n � 3; NS � S, n � 5. Each column
and vertical bar represent the mean 	 SEM. The asterisks indicate a statistically significant difference between the values (*p � 0.05, **p � 0.01, ***p � 0.001).
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Preferential inhibitory effects of S-ketamine on BK channels
in cultured microglia
The effects of optically pure S-ketamine on the activation of BK
channels of cultured microglia were examined by voltage-clamp
recordings compared with those of R-ketamine and the racemate.
As in spinal microglia, inward currents in either MG6 or primary
cultured microglia were elicited by 3 mM ATP (n � 4), but not by
either 0.1 or 1 mM NMDA (n � 4) (Fig. 6A–C). However, 10 mM

NMDA for 10 s evoked inward currents (Fig. 6B) in MG6 and
primary cultured microglia, which express NR1 subunit (Fig.
6C). The voltage-activated K� rectification induced by NS1619
(20 �M), a specific activator of BK channels, was significantly
suppressed by S-, R-ketamine and the racemate (Fig. 6D–F).
However, the mean inhibitory rate of S-ketamine (n � 6) was
significantly higher than R-ketamine (n � 4) or the racemate
(n � 4) (Fig. 6 I). NS1619-induced BK currents were also ob-
served in GFP-labeled microglia in spinal slices from naive mice,
which were significantly suppressed by S-ketamine application
with Y-tube system (n � 4) (Fig. 6H). The effects of S-ketamine
on LPA-induced BK currents in cultured microglia were further
examined. S-Ketamine was found to significantly inhibit LPA (1
�M)-induced BK currents (71.1 	 2.5%; n � 3) (Fig. 6G,I).

Possible involvement of BK channels in the development of
tactile allodynia
The effects of both NS1619 and ChTX on tactile allodynia were
examined to further test the hypothesis that the microglial BK
channel is also a molecular target for the analgesic effects of
S-ketamine in neuropathic pain. NS1619 showed a biphasic effect
on the development of tactile allodynia after nerve injury in a
dose-dependent manner (Fig. 7A). The intrathecal administra-
tion of NS1619 with a relative low concentration (20 �M; 0.072
�g/10 �l) induced tactile allodynia in the naive mice without
affecting motor activity (saline, 294.7 	 3.1 s; NS1619, 293.7 	
3.7 s). However, the nerve injury-induced tactile allodynia was
significantly suppressed by intrathecal ChTX administration
(Fig. 7B), but not by intrathecal apamine administration (data
not shown). It was also noted that the intrathecal administration
of 0.072 �g of NS1619 induced the morphological alteration of
microglia in the spinal dorsal horn as evidenced by large cell
bodies with shortened processes (Fig. 7C,D). The simultaneous
intrathecal administration of S-ketamine (100 �M; 0.27 �g/10
�l) significantly suppressed NS1619-induced tactile allodynia
(Fig. 7A). S-Ketamine also significantly inhibited NS1619-
induced morphological alteration of spinal microglia and the in-

Figure 7. The possible involvement of BK channels in the development of tactile allodynia. A, The time course changes in the PWT after the intrathecal administration of saline, NS1619 with the
low concentration (low NS; 20 �M, 0.072 �g/10 �l), combination of low NS with S-ketamine (S, 100 �M; 0.27 �g/10 �l, i.t.), and NS1619 with the high concentration (high NS; 5555 �M, 20 �g/10
�l) in the naive mice. Each circle and vertical bar represent the mean 	 SEM. The asterisks indicate a statistically significant difference from saline group (**p � 0.01; ***p � 0.001). The daggers
indicate a statistically significant difference between low NS and low NS with S-ketamine (S) ( ††p � 0.01). B, Effects of the intrathecal administration of saline or ChTX (4.3 ng) on the development
of tactile allodynia after nerve injury. Each circle and vertical bar represent the mean 	 SEM. The asterisks indicate a statistically significant difference from saline (ipsi) (*p � 0.05; ***p � 0.001).
C–F, CLSM images for Iba1-positive spinal microglia in the L4 spinal cord at 3 d after intrathecal treatment with saline (C), low NS (D), combination of low NS and S-ketamine (S) (E), and high NS (F )
in the normal mice. Scale bar, 50 �m. The small insets indicate higher magnification images of spinal microglia. Scale bar, 10 �m. G, The mean number of Iba1-positive microglia in the dorsal horn
of the intrathecal administration of saline, low NS1619, a combination of low and S-ketamine (S), high NS. Each column and vertical bar represent the mean 	 SEM of three independent
experiments. The asterisks indicate a statistically significant difference between the values (***p � 0.001). H–K, CLSM images for Iba1-positive spinal microglia in the spinal dorsal horn at 3 d after
treatment with intrathecal administration of saline (H, I ) or ChTX (J, K ) in the mice subjected to nerve injury. L, The effects of the intrathecal administration of ChTX on the mean number of
Iba1-positive microglia in the contralateral (c) and ipsilateral (i) spinal dorsal horn of the mice subjected to nerve injury. Each column and vertical bar represent the mean	SEM of three independent
experiments. The asterisks indicate a statistically significant difference between the values (**p � 0.001).
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crease in the mean number of Iba1-positive microglia (Fig.
7E,G). In contrast, the intrathecal administration of NS1619
with a relative high concentration (5555 �M; 20 �g/10 �l) failed
to induce the tactile allodynia in the naive mice (Fig. 7A), but
significantly suppressed the nerve injury-induced tactile allo-
dynia (data not shown), as consistent with a previous report (S. R.
Chen et al., 2009). However, microglial cell bodies became en-
larged and the mean number of Iba1-positive microglia was sig-
nificantly increased in the spinal dorsal horn of the naive mice
after intrathecal administration of 20 �M NS1619 (Fig. 7F,G).
However, intrathecal ChTX administration significantly sup-
pressed the nerve injury-induced tactile allodynia (Fig. 7B) and
the microglial hyperactivation (Fig. 7H–L) without affecting the
motor activity (292.7 	 4.2 s). Next, the effects of ChTX on the
expression of P2X4 receptors and BDNF in spinal microglia after
nerve injury were elucidated, because the secretion of BDNF
from P2X4 receptor-expressed spinal microglia is a key step for
the disinhibition mechanism underlying the initiation of neuro-
pathic pain (Tsuda et al., 2003, 2005; Coull et al., 2005). Nerve
injury significantly increased the immunoreactivities for P2X4 in
microglia (Fig. 8A–D) and BDNF in both neurons and microglia
(Fig. 8E–H). The BDNF production in neurons is thought to be
an activity-dependent manner (Hayashi et al., 2006b; Ulmann et
al., 2008). Intrathecal ChTX administration significantly sup-

pressed the nerve injury-induced increased immunoreactivities
for P2X4 receptors (Fig. 8A–D) or BDNF (Fig. 8E–H) in spinal
microglia.

The inhibitory effects of ChTX on LPA-induced microglial
hyperactivation and tactile allodynia
LPA is one of the causative factors to induce microglial hyperac-
tivation such as increased expression of BDNF in microglia (Fu-
jita et al., 2008) and subsequent tactile allodynia (Inoue et al.,
2004). Therefore, we next examined the effects of ChTX on LPA-
induced microglial hyperactivation. The mean production level
of mIL-1� in cultured MG6 microglia was significantly increased
following treatment with LPA (204.8 	 23.7%; percentage of
control; n � 3). ChTX significantly inhibited the LPA-induced
production of mIL-1� in cultured MG6 microglia (100.3 	 17.6%;
percentage of control; n � 3; p � 0.01) (Fig. 9A). Furthermore, a
single intrathecal LPA administration induced long-lasting tac-
tile allodynia in the naive mice as reported previously (Fig. 9B)
(Inoue et al., 2004). Simultaneous intrathecal administration of
ChTX significantly inhibited LPA-induced long-lasting tactile al-
lodynia. These results strongly suggest that BK channels in mi-
croglia plays a critical role for their hyperactivation and the
subsequent initiation of tactile allodynia.

Figure 8. The possible involvement of BK channels in the nerve injury-induced expression of P2X4 receptors and BDNF in spinal microglia. A–C, CLSM images for P2X4 receptors (A), merged
images for P2X4 receptors (green) and CD11b (red), a marker for microglia (B), and their higher magnification images (C) in the dorsal spinal horn at 3 d after nerve injury. D, The relative
immunofluorescence intensity of P2X4 receptors in CD11b-positive cells compared with sham group. Scale bars: A, B, 50 �m; C, 10 �m. Each column and vertical bar represent the mean 	 SEM of
three independent experiments. The asterisks indicate a statistically significant difference from sham group (***p � 0.001). The daggers indicate a significant difference from nerve injury group
( †††p � 0.01). E–G, CLSM images for BDNF (E), merged images for BDNF (green) and CD11b (red) (F ), and their higher magnification images (G) in the dorsal spinal horn at 3 d after nerve injury.
H, The relative immunofluorescence intensity of BDNF receptors in CD11b-positive cells compared with sham group. Scale bars: E, F, 50 �m; G, 10 �m. Each column and vertical bar represent the
mean 	 SEM of three independent experiments. The asterisks indicate a statistically significant difference from sham group (***p � 0.001). The daggers indicate a significant difference from
nerve-injured group ( ††p � 0.01).
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Discussion
The present study demonstrated that S-ketamine preferentially in-
hibited BK channels of spinal microglia and inhibited the develop-
ment of tactile allodynia after nerve injury. The acute analgesic
effects of ketamine are generally believed to be due to the inhibition
of neuronal NMDA receptors. IC50 values (in micromolar concen-
tration) of S-ketamine, R-ketamine, and racemate on NMDA
receptor-mediated currents in the hippocampal neurons are 0.77 	
0.1, 1.66 	 026, and 1.22 	 1.2, respectively (Y. Hayashi and H.
Nakanishi, unpublished data). Therefore, S-ketamine is approx-
imately twice as potent as R-ketamine to inhibit NMDA receptor-
mediated currents. However, S-ketamine showed approximately
four times more potent analgesic effects on neuropathic pain than
R-ketamine in the current study. Furthermore, S-ketamine was
found to preferentially inhibit the phosphorylation of p38 MAPK
and the production of mIL-1�, key molecules involved in the induc-
tion of neuropathic pain (Ji et al., 2002; Tsuda et al., 2004), in cul-
tured microglia after cellular hyperactivation. Therefore, the
preferential and potent analgesic effects of S-ketamine on neuro-
pathic pain may be mediated by both neuron and microglia-based
mechanisms.

The most likely microglia-based mechanism is that S-ketamine
inhibits the microglial hyperactivation through the blockade of
NMDA receptors expressed on microglia. However, the expres-
sion of functional NMDA receptors in microglia is still a matter of
controversy. We detected immunoreactivity for NR1 subunit in
both spinal microglia as reported previously (Daulhac et al.,
2011; Murugan et al., 2011). However, inward currents were

evoked from spinal and cultured microglia by 10 mM NMDA, but
not by NMDA with the concentration of 1 mM or less as reported
previously (Noda et al., 2000). These results are apparently in-
consistent with observations by Tikka and Koistinaho (2001) that
0.5 mM NMDA significantly increases the cell proliferation asso-
ciated with the activation of p38 MAPK. A possible explanation
for the discrepancy is differential application periods of NMDA.
In the current study, 1 mM NMDA was applied for 10 s, whereas
they applied 0.5 mM NMDA for 30 min or 24 h, suggesting that
the total amount of NMDA exposed to microglia in their study is
much higher than that in the present study. Therefore, the mi-
croglial responses to extremely high concentrations of NMDA in
the present as well as a previous study are considered to be rather
experimental artifacts. Furthermore, Coderre et al. (2005) re-
ported that the glutamate concentration in spinal cord subjected
to neuropathic pain was determined to be up to 131.8 ng/ml.
Surprisingly, glutamate levels in sham group (265.7 ng/ml) were
twofold higher than in the nerve-injured group; however, the
findings were measured at 7 d after nerve injury but not 3 d.
Therefore, it is reasonable to consider that the glutamate concen-
tration cannot increase enough to activate microglial NMDA re-
ceptors. In addition to NMDA receptors, microglia also express
AMPA/kainate (KA) receptors. However, our previous study
showed that AMPA induced inward currents in primary cultured
microglia only in the presence of cyclothiazide, which blocks de-
sensitization of AMPA-preferring receptors (Noda et al., 2000).
In our preliminary experiments, S-ketamine had no effect on the
inward current induced by KA in cultured microglia. Therefore,

Figure 9. The inhibitory effects of ChTX on LPA-induced microglial hyperactivation and tactile allodynia and a schematic representation of the nerve injury-induced reactions of spinal microglia.
A, Immunoblot analyses for the LPA (10 �M)-induced increased level of mIL-1� in cultured MG6 microglia in the absence and presence of ChTX (100 �M). B, The time course changes in the PWT after
the intrathecal administration of saline, LPA (1 nmol in 5 �l), and combination of LPA with ChTX (100 nM). Each circle and vertical bar represent the mean 	 SEM. The asterisks indicate a statistically
significant difference from saline group (***p � 0.001). The daggers indicate a statistically significant difference from LPA-treated group ( ††p � 0.01; †††p � 0.001). C, Schematic representation
of a series of sequential signalings in spinal microglia following nerve injury and the pharmacological target of S-ketamine. LPA stimulates the increased synthesis of BDNF in the microglia through
upregulation of P2X4 receptors and then enhances nociceptive neurotransmission (1: gray arrow). The current study shows that LPA enhances the production of mIL-1� through the activation of BK
channels in the spinal microglia (2: black arrow). Finally, secreted mIL-1� or BDNF itself further enhances the expression levels of P2X4 receptors and the activities of BK channels (3: dashed arrow),
leading to the development of neuropathic pain. Therefore, through the inhibition of BK channels, S-ketamine suppresses the nerve injury-induced production of mIL-1�, expression of P2X4

receptors, and BDNF synthesis in the spinal microglia, and finally the development of neuropathic pain (4: open arrow).
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the effect of S-ketamine on microglial glutamate receptors in-
cluding NMDA and AMPA/KA receptors can be totally excluded.

Several lines of evidence suggested that microglial KCa chan-
nels play an important role in migratory activities (Schilling et al.,
2004). Furthermore, the activation of microglial KCa channels is
also involved in the phosphorylation of p38 MAPK and subse-
quent production of inflammatory cytokines (Kaushal et al.,
2007). Therefore, the current study focused on KCa channels as
the molecular substrate of microglia for analgesic effects of
S-ketamine, because hyperactivation and migration of spinal mi-
croglia are necessary for the development of neuropathic pain
(Abbadie et al., 2003; Tsuda et al., 2003). Both IK and BK chan-
nels are involved in microglial migratory activity. However, the
expression pattern of KCa in microglia depends on experimental
conditions. IK channels are preferentially expressed in cultured
murine microglia (Schilling et al., 2004; Kaushal et al., 2007),
whereas BK channels are observed in microglia under the acute
brain slices (Bordey and Spencer, 2003; Schilling and Eder, 2007).
In the current study, BK channel blockers including ChTX, ibe-
riotoxin, and a low concentration of TEA suppressed the voltage-
activated K� rectification recorded from spinal microglia after
nerve injury. In addition, increased immunoreactivity for BK
channels was detected in spinal microglia. The involvement of SK
channels, which are not voltage-gated channels (Kaushal et al.,
2007), in spinal microglia after nerve injury can be excluded be-
cause the resting membrane potential exhibited no significant
difference. However, the involvement of IK channels in microglia
cannot be totally ruled out because of the limited effect of iberio-
toxin. Although further studies will be needed to elucidate the
mechanism underlying the inhibitory effect of S-ketamine on BK
channels, one possible mechanism is that S-ketamine preferen-
tially interacts with intracellular Ca 2� through acting on Ca 2�-
binding site of BK channels, which is localized in an intracellular
domain of BK channels (Denson et al., 1994).

In in vivo studies, BK channels are inhibited by ChTX (1– 4 ng)
(Lang et al., 1997; Paton et al., 2001), resulting in enhancement of
the neuronal excitability. Therefore, intrathecal ChTX adminis-
tration was expected to cause an increase in neuronal excitability
and enhancement of tactile allodynia. On the contrary, ChTX
(4.3 ng) significantly inhibited the development of tactile allo-
dynia and microglial hyperactivation in the spinal dorsal horn
after nerve injury. Furthermore, ChTX significantly suppressed
nerve injury-induced BDNF synthesis in spinal microglia. These
observations strongly suggest that ChTX prevents the disinhibi-
tion of spinal neurons caused by BDNF. However, S. R. Chen et
al. (2009) reported that NS1619 suppressed the nerve injury-
induced tactile allodynia. In contrast, we found that intrathecal
NS1619 administration induced tactile allodynia in naive mice.
This discrepancy may be due to differential concentrations of
NS1619 used in our and a previous study. The concentration of
NS1619 (20 �g) used by S. R. Chen et al. (2009) is �300 times
higher than that used in the current study (0.072 �g). The differ-
ential consequences on the pain hypersensitivity of NS1619 with
different two concentrations might be due to the differential sen-
sitivities of neuronal and microglial BK channels. The effective
dose of NS1619 in vivo was �30 �g (Borbouse et al., 2009). Thus,
0.072 �g of NS1619 might induce microglial hyperactivation and
allodynia-like behavior without affecting the neuronal excitabil-
ity. In contrast, 20 �g of NS1619 might spread into both the DRG
and the spinal dorsal horn (Ji et al., 2002). The continuous inputs
from DRG neurons as well as hyperactivation of spinal microglia
are absolutely required for the development of tactile allodynia.
In the spinal dorsal horn, 20 �g of NS1619 activates microglia

(Fig. 7F,G) but suppresses the neuronal excitability. Further-
more, 20 �g of NS1619 also suppresses the spike generation of
DRG neurons (Zhang et al., 2003).

In reactive spinal microglia after nerve injury, increased intra-
cellular Ca 2� in turn activates BK channels, the activities of
which keep the membrane potential of cells at hyperpolarized
levels. The absence of difference on the resting membrane poten-
tial of spinal microglia after nerve injury may be due to the activ-
ities of BK channels, which may turn off Ca 2� influx-induced
membrane depolarization and sustain the resting membrane po-
tential of the at hyperpolarization levels. Ca 2� influx is necessary
for the secretion of IL-1�, whereas membrane depolarization is
known to inhibit IL-1� processing and secretion from microglia
(Andrei et al., 2004; Stock et al., 2006). Therefore, it is considered
that Ca 2� influx and the subsequent activation of BK channels
play important roles in IL-1� processing and secretion from re-
active microglia. However, the exact mechanism by which the
membrane hyperpolarization is required for IL-1� processing and
secretion from microglia remains unclear. Several mechanisms
might be involved in the elevation of intracellular Ca2� concentra-
tion in microglia. LPA activates store-operated Ca2� entry (Schilling
et al., 2004) or nonselective cation channels in microglia (Möller et
al., 2001). Furthermore, prolonged treatment with LPA induces se-
cretion of ATP and expression of P2X4 receptors in microglia (Fujita
et al., 2008). ATP-induced fast and slow inward currents recorded
from ipsilateral spinal microglia are likely mediated by P2X7 and
P2X4 receptors, respectively (Fig. 5A) (Raouf et al., 2007), expressed
on reactive spinal microglia after nerve injury (Tsuda et al., 2003;
Clark et al., 2010).

LPA biosynthesized de novo in the spinal dorsal horn after
nerve injury (Ma et al., 2010a) stimulates microglia to induce the
BDNF synthesis through activation of P2X4 receptors. Ca 2� in-
flux mainly through P2X4 receptors and the subsequent activa-
tion of BK channels induce the processing and secretion of
mIL-1� from reactive microglia. Increased intracellular Ca 2�

further activates Ca 2� sensing signaling including p38-MAPK
(Trang et al., 2009). Both mIL-1� and BDNF secreted from mi-
croglia in turn further enhance the activities of BK channels
(Langer et al., 2003; Gao et al., 2010). S-Ketamine strongly inhib-
ited LPA-induced BK currents recorded from cultured microglia.
Furthermore, increased expression of P2X4 receptors, BDNF syn-
thesis, and the development of neuropathic pain were signifi-
cantly inhibited by the blockade of BK channels. Therefore,
S-ketamine inhibits the microglial P2X4 receptor-triggered vi-
cious cycle and the subsequent development of neuropathic pain
though the inhibition of microglial BK channels (Fig. 9C).
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regulation of microglial P2X4 and P2X7 ATP receptors following LPS-
induced activation. Neuropharmacology 53:496 –504.

Rigaud M, Gemes G, Barabas ME, Chernoff DI, Abram SE, Stucky CL, Hogan
QH (2008) Species and strain differences in rodent sciatic nerve anat-
omy: implications for studies of neuropathic pain. Pain 136:188 –201.

Ryder S, Way WL, Trevor AJ (1978) Comparative pharmacology of the op-
tical isomers of ketamine in mice. Eur J Pharmacol 49:15–23.

Salt TE (1986) Mediation of thalamic sensory input by both NMDA recep-
tors and non-NMDA receptors. Nature 322:263–265.

Schilling T, Eder C (2007) Ion channel expression in resting and activated mi-
croglia of hippocampal slices from juvenile mice. Brain Res 1186:21–28.

Schilling T, Stock C, Schwab A, Eder C (2004) Functional importance of
Ca 2�-activated K � channels for lysophosphatidic acid-induced micro-
glial migration. Eur J Neurosci 19:1469 –1474.

Schnoebel R, Wolff M, Peters SC, Bräu ME, Scholz A, Hempelmann G,
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