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a b s t r a c t

Recent observations indicate that peripheral nerve injury induces central sensitization through microglial
activation and the release of inflammatory cytokines, resulting in the development of neuropathic pain.
However, the underlying mechanisms of this phenomenon remain to be fully elucidated. In this study, we
examined the involvement of spinal ceramide, a bioactive lipid, in the development of neuropathic pain
induced by partial sciatic nerve ligation (PSL). We found that the mRNA expression levels for ceramide
synthase and neutral sphingomyelinase, which are enzymes of ceramide biosynthesis, were up-regulated
in the spinal cord from 3 h to 1 day after PSL. The mRNA expressions of cytokines (interleukin-1b and
tumor necrosis factor-a) and the microglial specific molecules (Iba-1 and CD11b) were also increased
in the spinal cord after PSL. In the von Frey test, intrathecal injection of the ceramide biosynthesis inhib-
itors Fumonisin B1 and GW4869 at 3 h and day 3 after PSL significantly attenuated PSL-induced tactile
allodynia. By immunohistochemistry, microglial activation in the dorsal horn was suppressed by Fumon-
isin B1 and GW4869. Therefore, we conclude that spinal ceramide may play a crucial role in PSL-induced
neuropathic pain through the activation of microglia.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Neuropathic pain occurs after injuries to the central or periph-
eral nervous systems and is characterized by spontaneous pain,
excessive responses to painful stimuli (hyperalgesia), and pain re-
sponses to innocuous stimuli (allodynia) [1]. The molecular mech-
anisms of neuropathic pain are poorly understood, and treating
neuropathic pain with several standard analgesics has limited suc-
cess [2]. Therefore, there is a strong clinical need to develop novel
and effective treatments for neuropathic pain.

Previous research using several animal models of neuropathic
pain has indicated that the relationship between inflammatory
and immune mechanisms in the central and the peripheral nervous
systems plays important roles in neuropathic pain [3,4]. Recently, a
number of studies have focused on glial cells in the spinal cord be-
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cause it is believed that they may contribute to the pathogenesis of
neuropathic pain. Activated spinal microglia and astrocytes release
various inflammatory mediators, such as cytokines, chemokines,
and growth factors. These mediators facilitate pain transmission
and contribute to the development of neuropathic pain. [4–6].

It has been reported that several bioactive lipid mediators –
including eicosanoide, diacylglycerol, lysophospholipid, and sphin-
golipid – enhance the pain response [7–11]. Ceramide is a member
of the sphingolipid family and is the central hub of sphingolipid
metabolism. It is synthesized de novo by ceramide synthase (CERS)
or generated from the hydrolysis of sphingomyelin by both acid
and neutral sphingomyelinase (SMase).

Intradermal injection of ceramide into the rat hind paw pro-
duces hyperalgesia [12]. Moreover, chronic morphine-induced
antinociceptive tolerance is attenuated by ceramide biosynthesis
inhibitors [13]. These results indicate that ceramide is closely re-
lated to pain regulation. Previous studies have also provided evi-
dence that ceramide activates primary microglial cells [14].
Although, as described above, ceramide is involved in pain regula-
tion and the activation of glial cells, it is unclear how ceramide con-
tributes to the development of neuropathic pain. In the present
study, we investigated the involvement of ceramide in neuropathic
pain induced by partial sciatic nerve ligation (PSL).
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2. Materials and methods

2.1. Animals

Male ICR mice (4 or 5 weeks old; 18–25 g body weight) were
used for all experiments (SLC, Osaka, Japan). Mice were housed un-
der controlled ambient (23–24 �C, 60–70% relative humidity) and
light (light on from 8:00 AM to 8:00 PM) conditions in our institu-
tional vivarium, and they had ad libitum access to water and food.
All experimental procedures were approved by the Animal Re-
search Committee of Wakayama Medical University (approval
No. 395) and complied with the Ethical Guidelines of the Interna-
tional Association for the Study of Pain [15].

2.2. Chemicals and administration technique

The drugs we used were Fumonisin B1 (inhibitor of ceramide
synthase; Tocris Bioscience, Ellisville, MO), GW4869 (inhibitor of
neutral SMase; Sigma–Aldrich, Tokyo, Japan). These drugs were re-
ferred to previous report [13,16,17]. For intrathecal (i.t.; 5 ll) injec-
tions, Fumonisin B1 and GW4869 were dissolved in physiological
saline containing 20% dimethyl sulfoxide (DMSO). Each i.t. injec-
tion was performed free hand between spinal L5 and L6 segments,
according to previous report [18].

2.3. Partial sciatic nerve ligation

PSL was performed as previously described [19]. Briefly, under
intraperitoneal sodium pentobarbital (70 mg/kg, nacalai tesque,
Kyoto, Japan) anesthesia, the common sciatic nerve was exposed
through a small incision. The location of the sciatic nerve (SCN)
ligation was identified using the femoral head as a landmark.
Approximately 1/2 of the SCN thickness was tightly ligated with
a silk suture. Exposure of the SCN was performed as a sham control
operation. The incision was closed with a suture and disinfected by
povidone-iodine.

2.4. von Frey test

Tactile allodynia was evaluated using von Frey filaments (Neu-
roscience, Tokyo, Japan.). Mice were placed on a 5 � 5 mm wire
mesh grid floor and covered with an opaque cup to avoid visual
stimulation. Before the test, the mice were allowed to adapt for
2–3 h. The von Frey filament was applied to the middle of the plan-
ter surface of the hind paw with a weight of 0.16 g. On the indi-
cated days, withdrawal responses following stimulation of the
hind paw were measured 10 times. Tactile allodynia was defined
as an increase in the number of withdrawal responses to the
stimulation.

2.5. RT-PCR

For the RT-PCR assays, we collected lumbar spinal cords. Total
RNA was purified using the isolated spinal cord and was converted
to cDNA by reverse transcription. Ten nanograms of cDNA and the
following primers were used for PCR: neutral SMase 2 (50-ACC TCA
ATA TGC ACC CCA AA-30 and 50-TTA GCA CGC TGA TCA AAT CG-30),
CERS (50-ACC TGG GCT GAT CTA GAA GAC A-30 and 50-TCT GCC GTG
ACA AAA GGT CT-30), interleukin-1b (IL-1b; 50-CAG GCA GGC AGT
ATC ACT CA-30 and 50-CAG GCA GGC AGT ATC ACT CA-30), tumor
necrosis factor-a (TNF-a; 50-GAG CAC AGA AAG CAT GAT CC-30

and 50-CAC TTG GTG GTT TGC TAC GA-30), Iba-1 (50-GGA TTT GCA
GGG AGG AAA AG-30 and 50-AGA TCT CTT GCC CAG CAT CA-30),
CD11b (50-GTG CTG AGA CTG GAG GCA AC-30 and 50-TCC ACG
CAG TCC GGT AAA AT-30), GAPDH (50-TCC ATG ACA ACT TTG GCA
TTG TGG-30 and 50-GTT GCT GTT GAA GTC GCA GGA GAC-30). All
primers were purchased from Operon Biotechnology (Tokyo, Ja-
pan). Electrophoresis of the PCR products on 1.5% agarose gel
was visualized by ethidium bromide staining and photographed.
The fluorescent intensities of gray scale image were analyzed using
Image J software (National Institutes of Health, Bethesda, MD) and
normalized by GAPDH.

2.6. Immunohistochemistry

Mice were deeply anesthetized with intraperitoneal sodium
pentobarbital (100 mg/kg) and perfused transcardially with 30 ml
of phosphate buffered saline (PBS), followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer. The collected L5–L6 spinal cords
were postfixed in 4% paraformaldehyde and then dehydrated over-
night in 25% sucrose at 4 �C. The tissue samples were frozen in
optimal cutting temperature compound (SAKURA Finetechnical
Co., Tokyo, Japan) and sliced longitudinally at 15 lm, using a cryo-
stat (Leica Microsystems., Wetzlar, Germany). The sections were
incubated with 4% bovine serum albumin in PBS containing 0.1%
Triton X-100 (PBST) at room temperature for 2 h, and incubated
with a specific antibody against Iba-1 (specific antibody for
microglia; rabbit polyclonal IgG, 1:250, Wako, Osaka, Japan) [20]
at 4 �C overnight. The next day, sections were incubated for 2 h
in a specific secondary antibody conjugated with fluorescent mark-
ers (Alexa-488-conjugated donkey anti-rabbit IgG, Invitrogen,
Carlsbad, CA), and followed by nuclear staining using Hoechst
33342 (Invitrogen). Finally, a coverslip with Prema Flour (Thermo
Fisher Scientific, Pittsburgh, PA) was placed over each section.
Immunoreactivity was detected with a fluorescence microscope
(Nikon, Tokyo, Japan). The Iba-1 positive cells which are over-
lapped with nuclei and exceed fixed intensity (threshold:140)
and size (particle:0–100) in a square of 300 � 300 lm in gray scale
image were automatically counted using Image J software.

2.7. Statistical analysis

Data are presented as the mean ± S.E.M. and statistically ana-
lyzed using one-way analysis of variance, with post hoc correction
for multiple comparisons using a Tukey’s test or a Student’s t-test.
Statistical significance was arbitrated at P < 0.05.
3. Results

3.1. Increases in mRNA expressions of ceramide biosynthesis enzymes,
cytokines, and microglial specific molecules by PSL

To determine the activation of ceramide biosynthesis in the
spinal cord after PSL, we evaluated the mRNA expression of cera-
mide biosynthesis enzymes using RT-PCR. The mRNA expressions
of CERS and neutral SMase2 were up-regulated at 3 h and 1–3 days
after PSL (Fig. 1A) and at 3 h and 1 day after PSL (Fig. 1 B), respec-
tively. Moreover, the mRNA expressions of the inflammatory cyto-
kines (IL-1b and TNF-a) (Fig. 2A and B) and the microglial specific
molecules (Iba-1 and CD11b) (Fig. 2C and D) were up-regulated in
the spinal cord after PSL as compared with control (naive).

3.2. Attenuation of PSL-induced tactile allodynia by ceramide
biosynthesis inhibitors

To investigate the involvement of spinal ceramide in pain trans-
mission, we examined the effect of i.t. injection of CERS inhibitor
Fumonisin B1 (FB1) on PSL-induced tactile allodynia. PSL elicited
a significant increase in withdrawal responses to von Frey fila-
ments, indicating the development of tactile allodynia. A single
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Fig. 1. The mRNA expression of ceramide biosynthesis enzymes in the spinal cord
after partial sciatic nerve ligation (PSL). Mice received a PSL operation and their
spinal cords were collected at 3 h, 1 day, 3 days, 7 days, or 14 days after PSL. The
time courses of ceramide synthase (CERS) or neutral sphingomyelinase 2 (NSMase
2) mRNA expressions were evaluated by RT-PCR (CERS (A), NSMase 2 (B)). The level
of gene expression in each column was normalized to GAPDH expression by Image J
and is presented as relative mRNA expression units. Data are shown as the
mean ± S.E.M. of 6–10 mice. vs. control (naive); ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, ⁄P < 0.05.
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Fig. 2. The mRNA expression of inflammatory molecules in the spinal cord after
partial sciatic nerve ligation (PSL). The upper graphs show the inflammatory
cytokines (interleukin-1b; IL-1b (A) and tumor neurosis factor-a; TNF-a (B)) and
the lower graphs shows the specific microglial molecules (Iba-1 (C) and CD11b (D)).
Mice received a PSL operation and their spinal cords were collected at 3 h, 1 day,
3 days, 7 days, or 14 days after PSL. The level of gene expression in each column was
normalized to GAPDH expression by Image J and is presented as relative mRNA
expression units. Data are shown as the mean ± S.E.M. of 6–10 mice. vs. control
(naive); ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, ⁄P < 0.05.
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i.t. injection of FB1 (10 nmol/5 ll) at 3 h after PSL transiently atten-
uated PSL-induced tactile allodynia on day 2 (Fig. 3A), whereas a
single i.t. injection of FB1 on day 7 after PSL had no significant ef-
fect (Fig. 3B). Furthermore, by twice i.t. injections (at 3 h and day 3
after PSL) of FB1, tactile allodynia was significantly attenuated on
days 2–7 after PSL (Fig. 3C). On day 4 after PSL, the twice i.t. injec-
tions of FB1 dose-dependently suppressed PSL-induced tactile allo-
dynia (Fig. 3D). Similarly, on day 4 after PSL, twice i.t. injections (at
3 h and day 3 after PSL) of the neutral SMase inhibitor GW4869 sig-
nificantly attenuated PSL-induced tactile allodynia (Fig. 3E).
3.3. Suppression of spinal microglial activation after PSL by treatment
with ceramide biosynthesis inhibitors

We examined the effects of FB1 and GW4869 on the activation
of spinal microglia in the dorsal horn after PSL (Fig. 4). FB1 and
GW4869 were i.t. injected two times at 3 h and day 3 after PSL,
and the spinal cord was collected on day 4 after PSL. By immuno-
histochemistry, PSL-induced increase in Iba-1 positive cells in the
spinal dorsal horn was significantly attenuated by the i.t. injection
of FB1 (Fig. 4A and C). Similarly, i.t. injection of GW4869 sup-
pressed the expression of Iba-1 positive cells (Fig. 4B and D). These
inhibitors had no effect on the expression of Iba-1 positive cells in
the dorsal horn of sham-operated mice.
4. Discussion

In this study, we showed that spinal ceramide plays a crucial
role in the development of PSL-induced neuropathic pain through
activating spinal microglia. This assertion is supported by the fol-
lowing results; (1) PSL induced increases in the mRNA expression
of ceramide biosynthesis enzymes in the spinal cord, and (2) the
tactile allodynia and spinal microglial activation after PSL were
attenuated by i.t. injection of ceramide biosynthesis inhibitors.

Ceramide is produced by the synthetic enzymes, CRES and
SMase. Among four isoforms of SMase, acid SMase is initially iden-
tified in mammal [21], and it is well-known that the deficiency of
this enzyme causes Niemann-Pick disease [22,23]. Neutral SMase
is subdivided into three types, which are neutral SMase1, 2, and
3. The functions of neutral SMase1 and neutral SMase3 are not en-
tirely elucidated. On the other hand, neutral SMase2 is mostly
studied and has been considered as the key enzyme in ceramide
production. Neutral SMase2 is highly expressed in central nervous
systems and implicated in a wide range of cell responses such as
synaptic plasticity and cytokine-induced inflammation [24,25].
Therefore, we hypothesize that ceramide is increased in the spinal
cord after PSL through the activation of CERS and neutral SMase2,
which may contribute to the development of neuropathic pain. We
found increases in the mRNA expression of ceramide biosynthesis
enzymes (CERS and neutral SMase2) in the spinal cord at 3 h and
1 day after PSL. On behavioral analysis, single i.t. injection of cera-
mide biosynthesis inhibitors (FB1 or GW4869) in the early phase
transiently attenuated tactile allodynia, whereas injection in the
late phase did not. In addition, twice i.t. injection in the early phase
(3 h and day 3 after PSL) showed effective suppression of tactile
allodynia in comparison with single i.t. injection. These results
may suggest that PSL elicited neuropathic pain through the incre-
ment of spinal ceramide in the early phase.

In neuropathic pain state, several inflammatory cytokines are
increasing in the spinal cord as well as in the injured peripheral
nerves [4,26]. In this study, the mRNA expressions of the inflam-
matory mediators (IL-1b and TNF-a) and the microglial specific
molecules (Iba-1 and CD11b) were up-regulated in the spinal cord
after PSL. These molecules have been reported to contribute to
hypersensitivity after peripheral nerve injury and microglial acti-
vation [27–29]. The activation of spinal microglia is regarded to
be a key factor in the development of neuropathic pain. Spinal
microglial activation after peripheral nerve injury produces and re-
leases various inflammatory mediators, which engender severe
pain [29,30]. Our result were consistent with previous studies



Fig. 3. Attenuation of partial sciatic nerve ligation (PSL)-induced tactile allodynia by treatment with inhibitors of ceramide biosynthesis. Tactile allodynia was evaluated by
von Frey test. Mice received PSL or sham operations. Vehicle (veh; 20% DMSO), Fumonisin B1 (FB1; 1–10 nmol/5 ll, i.t.) or GW4869 (GW; 0.1–1 nmol/5 ll, i.t.) was injected
according to time schedules shown right bottom. Time course (A, B and C) and dose-dependence (D, E) of suppressive effects of FB1 or GW on PSL-induced tactile allodynia
were examined. On days 3 (C) and 7 (B), tests were performed at 3 h after drug administration. Open circle; sham + veh, closed circle; PSL + veh, open diamond; sham + FB1,
closed diamond; PSL + FB1. Data are presented as the mean ± S.E.M. of 5–17 mice. vs. sham; ⁄⁄⁄P < 0.001, ⁄⁄P < 0.01, ⁄P < 0.05. vs. PSL + inhibitors (FB1 or GW); ###P < 0.001,
##P < 0.01, #P < 0.05.

Fig. 4. Suppressive effects of Fumonisin B1 and GW4869 on partial sciatic nerve ligation (PSL)-induced microglial activation in the spinal dorsal horn. Mice received PSL or
sham operations. Vehicle (veh; DMSO 20%), Fumonisin B1 (FB1; 10 nmol/5 ll) or GW 4869 (GW; 1 nmol/5 ll) was injected twice intrathecally at 3 h and day 3 after PSL. The
expression of Iba-1 positive cells was visualized by immunohistochemistry in the spinal dorsal horn of operated side on day 4 after PSL or sham operation. Representative
micrographs are presented (A: FB1 and B: GW). Quantitative analysis of Iba-1 positive cells was performed by Image J (C: FB1 and D: GW). Square in micrograph is
300 � 300 lm. Each column presents the mean ± S.E.M. of 3 mice. Scale bars = 100 lm. vs. sham + veh; ⁄⁄P < 0.01. vs. PSL + inhibitors (FB1 or GW); ##P < 0.01.
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showing that ceramide activated cultured microglia and elicited
the secretion of brain-derived neurotrophic factor and prostaglan-
din E2 from microglia in vitro [14,31]. Both brain-derived neurotro-
phic factor and prostaglandin E2 secretion from activated microglia
are involved in central sensitization [32,33]. According to recent
reports, ceramide is closely related to the production of these
inflammatory mediators and plays an important role in peripheral
sensitization through the induction of prostaglandin E2 and TNF a
[12,17]. Moreover, ceramide contributed to morphine-evoked
hyperalgesia via the release of IL-1b, TNF a and IL-6 from activated
glial cells [16]. These lines of evidence support a proposed mecha-
nism that PSL increases endogenous ceramide through the activa-
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tion of ceramide biosynthesis enzymes, and up-regulated ceramide
activates microglia which releases inflammatory mediators in the
spinal cord, leading to the development of neuropathic pain.

Previous reports have revealed that IL-1b, TNF-a, and nerve
growth factor activate the hydrolysis of sphingomyelin and pro-
mote the generation of ceramide [34–36]. Thus, it is postulated
that ceramide-induced inflammatory cytokines promote the
hydrolysis of sphingomyelin, progressing ceramide generation.
This process may be involved in the amplification mechanism of
central sensitization and result in the development of neuropathic
pain.

Although we need further studies to resolve the mechanisms of
endogenous ceramide action in neuropathic pain, it has been re-
ported that ceramide activates an intracellular signal transduction
cascades that includes protein kinase C, protein phosphatase, and
mitogen-activated protein kinase [37,38]. These cascades may be
involved in ceramide-induced microglial activation, leading to
neuropathic pain.

In conclusion, PSL accelerates ceramide biosynthesis in the
spinal cord, and spinal ceramide activates microglia and releases
inflammatory mediators, indicating the induction of central sensi-
tization. These results suggest that ceramide may play a critical
role in central sensitization, which is a critical pathogenic mecha-
nism of neuropathic pain, and they open new avenues for the treat-
ment of neuropathic pain.
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