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Background: Excessive activation of glutamate receptors is crucial to the genesis of neuropathic pain.
Results: Endogenous IL-1� in neuropathic rats enhances glutamate release by increasing presynapticNMDA receptor activities
via sphingomyelinase signaling.
Conclusion: Coupling between IL-1� receptors and presynaptic NMDA receptors contributes to the genesis of neuropathic
pain.
Significance: Interruption of such coupling could be an effective approach for the treatment of neuropathic pain.

Excessive activation of glutamate receptors andoverproduction
of proinflammatory cytokines, including interleukin-1� (IL-1�) in
the spinal dorsal horn, are key mechanisms underlying the devel-
opment and maintenance of neuropathic pain. In this study, we
investigated the mechanisms by which endogenous IL-1� alters
glutamatergic synaptic transmission in the spinal dorsal horn in
rats with neuropathic pain induced by ligation of the L5 spinal
nerve. We demonstrated that endogenous IL-1� in neuropathic
rats enhances glutamate release from the primary afferent termi-
nals and non-NMDAglutamate receptor activities in postsynaptic
neurons in the spinal dorsal horn.Myeloid differentiation primary
response protein 88 (MyD88) is a mediator used by IL-1� to
enhance non-NMDAglutamate receptor activities in postsynaptic
neurons in the spinal dorsal horn. Presynaptic NMDA receptors
are effector receptors used by the endogenous IL-1� to enhance
glutamate release from the primary afferents in neuropathic rats.
This is further supportedby the fact thatNMDAcurrents recorded
from small neurons in the dorsal root ganglion of normal rats are
potentiated by exogenous IL-1�. Furthermore, we provided evi-
dence that functional coupling between IL-1� receptors and pre-
synaptic NMDA receptors at the primary afferent terminals is
mediated by the neutral sphingomyelinase/ceramide signaling
pathway.Hence, functional coupling between IL-1� receptors and
presynapticNMDAreceptors at theprimary afferent terminals is a
crucialmechanismleading toenhancedglutamatereleaseandacti-
vation of non-NMDA receptors in the spinal dorsal horn neurons
in neuropathic pain conditions. Interruption of such functional
coupling could be an effective approach for the treatment of neu-
ropathic pain.

Treatment of neuropathic pain is hampered due to our insuf-
ficient understanding about themechanisms bywhich aberrant
neuronal activities in the pain pathway are induced. Excessive
activation of glutamatergic receptors and release of proinflam-
matory cytokines, including interleukin-1� in the spinal dorsal
horn, are the culprits in the genesis of neuropathic pain (1, 2).
Mechanisms underlying the regulation of glutamate receptor
activation by proinflammatory cytokines in the spinal dorsal
horn remain obscure.
The first nociceptive sensory synapse between the primary

afferent terminals and superficial dorsal horn neurons is the
primary station for processing nociceptive information in the
CNS. Glutamate is a major excitatory neurotransmitter re-
leased from the primary afferents in the spinal dorsal horn (3,
4). Activation of glutamate receptors is governed by the amount
of glutamate release from presynaptic terminals, the rate by
which glutamate is taken up by glutamate transporters, and the
function of postsynaptic glutamate receptors (5). The release of
glutamate from presynaptic terminals is controlled by activities
of many presynaptic receptors, providing a powerful means of
dynamically regulating excitatory transmission. Recently, we
revealed that endogenous activation of presynaptic NMDA
receptors in the central terminals of primary afferents in the
spinal dorsal horn is critical to the increased glutamate release
fromprimary afferent terminals triggered by peripheral sensory
input in neuropathic rats (6). We suggested that suppression of
presynaptic NMDA receptor activation is a novel approach to
reduce excessive activation of glutamate receptors following
peripheral nerve injury. It is not known how signaling pathways
regulate the functions of presynaptic NMDA receptors in the
primary afferent terminals in the spinal dorsal horn.
IL-1� is a prototypic proinflammatory cytokine critically

involved in the development and maintenance of neuropathic
pain (1, 2). Glial activation and subsequent release of proin-
flammatory cytokines, including IL-1� in the spinal dorsal
horn, have been observed in neuropathic pain induced by
peripheral nerve injury (7–9). Knocking out IL-1� receptors
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reduces behavioral hypersensitivity induced by nerve injury
(10, 11). Intrathecal administration of IL-1� in normal rats
enhances both the acute response and the wind-up activity of
dorsal horn neurons and increases mechanical allodynia and
hyperalgesia (12–14). Recent studies have shown that perfusion
of exogenous IL-1� onto normal spinal slices increases the fre-
quency and amplitude of spontaneous EPSCs and AMPA- and
NMDA-induced currents in dorsal horn neurons, suggesting
that IL-1� can enhance both the release of glutamate from pre-
synaptic neurons and functions of AMPA and NMDA recep-
tors in postsynaptic neurons (15). Yet, it remains unclear
whether and how glutamate release from the primary afferent
terminals is regulated by the endogenous IL-1� in neuropathic
pain conditions.
Previous studies showed that levels of ceramide in the spinal

dorsal horn are increased in neuropathic animals following
nerve injury (16, 17) or in morphine-tolerant rats (18). Cer-
amide is a potent proinflammatory sphingolipid that is gener-
ated by hydrolysis of sphingomyelin on the membrane by acid
or neutral sphingomyelinase (19). Inhibition of ceramide pro-
duction suppresses hyperalgesia in neuropathic rats (17) and
morphine-tolerant rats (18, 20). Studies of forebrain areas sug-
gest that the neutral sphingomyelinase/ceramide pathway is an
important pathway for IL-1� to enhance postsynaptic NMDA
receptor functions (21). The role of neutral sphingomyelinase
and its product ceramide in regulating glutamatergic synaptic
activities in the spinal dorsal horn has not been investigated.
Furthermore, the regulation of presynaptic NMDA receptors
by proinflammatory cytokines has not been addressed in any
systems in the CNS. In this study, we tested our hypothesis that
endogenous IL-1� in the spinal dorsal horn of neuropathic rats,
acting through the neutral sphingomyelinase/ceramide signal-
ing pathway, enhances presynaptic NMDA receptor activities,
resulting in increased glutamate release from the primary affer-
ent terminals.

EXPERIMENTAL PROCEDURES

Animals

Young adult male Sprague-Dawley rats (weight range, 160–
220 g) were used. All experiments were approved by the Insti-
tutional Animal Care and Use Committee at the University of
Georgia and were fully compliant with the National Institutes
of Health Guidelines for the Use and Care of Laboratory
Animals.

Ligation of the L5 Spinal Nerve and Behavioral Tests

The animalswere randomly divided into spinal nerve ligation
injury (SNL)2 group and sham-operated (control) group. SNL
injury was performed as previously described (22). Briefly,
under 2–3% isoflurane, a midline incision above the lumbar
spine and deep dissection through the paraspinal muscles were
made to expose the left L6 transverse process, and the process
was then removed. The L5 spinal nerve was isolated and tightly

ligatedwith a 4-0 silk suture distal to the dorsal root ganglia and
proximal to the formation of the sciatic nerve. The incisions
were then closed. Sham-operated rats underwent the same
operation and handling as the SNL group but without nerve
ligation. No drugs were used after the surgery. Behavioral tests
were performed to determine the hind paw mechanical sensi-
tivity 1 day before the operation and on days 7–14 post-surgery
prior to electrophysiological andmolecular experiments (6, 23).
Briefly, the animals were placed on wire mesh, loosely re-
strained under a Plexiglas cage (12 � 20 � 15 cm), and allowed
to acclimate for at least 30 min. von Frey monofilaments with
bending forces ranging from 0.1 to 12.4 g were applied below
the mesh onto the mid-plantar side of each hind paw to evoke
paw withdrawal responses. Each hind paw was stimulated 10
times with each von Frey monofilament, and the frequency
(percentage) of paw withdrawal responses to 10 stimulations
was recorded. The least bending force that evoked withdrawal
in more than half the trials was assigned as the 50% withdrawal
threshold.

In Vitro Whole Cell Recordings and Data Analysis

Spinal Slice and Dorsal Root Ganglion Slice Preparations—
Ratswere deeply anesthetized via isoflurane inhalation. Surgery
wasmade to expose and remove the spinal lumbar enlargement
segment or L4 and L5 dorsal rood ganglions. To make spinal
slices, the lumbar spinal cord section was placed in ice-cold
sucrose artificial cerebrospinal fluid (aCSF) presaturated with
95% O2 and 5% CO2. The sucrose aCSF contained 234 mM

sucrose, 3.6 mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM

NaH2PO4, 12.0 mM glucose, and 25.0 mM NaHCO3. The
pia-arachnoid membrane was removed from the section. The
L4–5 spinal segment, identified by the large dorsal roots, was
attached with cyanoacrylate glue to a cutting support, which
was then glued onto the stage of a vibratome (Series 1000,Tech-
nical Products International, St. Louis, MO). To make dorsal
root ganglion slices, a single dorsal root ganglionwas embedded
in agar (2%) that was then mounted onto the stage of the
vibratome. Transverse spinal cord slices (400 �m) or dorsal
root ganglion slices (450 �m) were cut in the ice-cold sucrose
aCSF and then preincubated in Krebs solution oxygenated with
95% O2 and 5% CO2 at 35 °C for at least 2 h before they were
transferred to the recording chamber perfused with the Krebs
solution. The Krebs solution contained 117.0mMNaCl, 3.6 mM

KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 1.2 mM NaH2PO4, 11.0 mM

glucose, and 25.0 mM NaHCO3.
Whole Cell Voltage Clamp Recordings—Following preincu-

bation, a single spinal slice or dorsal root ganglion slice was
placed in the recording chamber (volume, 1.5 ml), perfused
with Krebs solution at 35 °C, and saturated with 95%O2 and 5%
CO2. Borosilicate glass recording electrodes (resistance, 3–5
megohms) were pulled. Electrodes used for recording neurons
in the spinal slices were filled with an internal solution contain-
ing 135.0 mM potassium gluconate, 5.0 mMKCl, 2.0 mMMgCl2,
0.5 mMCaCl2, 5.0 mMHEPES, 5.0 mM EGTA, 5.0 mMATP-Mg,
0.5 mM Na-GTP, 10 mM QX-314, and 1 mM MK-801. MK-801
was used to block postsynapticNMDAreceptors (24–26). Elec-
trodes for recording neurons in the dorsal root ganglion slices
were filled with the solution containing 110.0 mM Cs2SO4, 2.0

2 The abbreviations used are: SNL, spinal nerve ligation; TTX, tetrodotoxin; EPSC,
excitatory postsynaptic current; mEPSC, miniature EPSC; PPR, paired pulse
ratio; CV, coefficient of variation; aCSF, artificial cerebrospinal fluid; D-AP5,
D-aminophosphonovaleric acid; 3-OMS, 3-O-methylsphingomyelin.
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mM MgCl2, 0.5 mM CaCl2, 5.0 mM HEPES, 5.0 mM EGTA, 5.0
mM ATP-Mg, 0.5 mM Na-GTP, and 10.0 mM lidocaine N-ethyl
bromide (QX314). Live dorsal horn neurons in the spinal
lamina I and outer lamina II or small dorsal root ganglion neu-
rons (�30 �m) were visualized using a microscope system and
approached using a three-dimensional motorized manipulator
(Sutter Instrument Co.), and whole cell configurations were
established by applying moderate negative pressure after elec-
trode contact. A seal resistance of at least 2 gigohms and an
access resistance of 20–35 megohms were considered accept-
able. The series resistance was optimally compensated by at
least 70% and constantly monitored throughout the experi-
ments (6, 27, 28). Experiments showing any evidence of loss of
voltage control were discarded. Signals were amplified using an
Axopatch 700B (Molecular Devices) and displayed and stored
in a personal computer.
When neurons in spinal slices were recorded, EPSCs were

evoked using constant-current electrical stimuli (0.2-ms dura-
tion repeated every 40 s) at a fixed stimulating intensity (0.8
mA) applied with a concentric bipolar stimulating electrode
placed at the dorsal root entry zone (6, 29, 30). To specifically
determine the function of presynaptic NMDA receptors in the
primary afferent terminals, only neurons receiving monosyn-
aptic input from primary afferent input were recorded. Mono-
synaptic input was based on a constant latency with graded
intensity and high frequency repetitive stimulation (20 Hz) (6,
31, 32). Miniature EPSCs (mEPSCs) were recorded in the pres-
ence of tetrodotoxin (TTX, 1 �M) to block voltage-dependent
sodium channels (action potentials). All recordings from spinal
slices were made in the presence of bicuculline (10 �M) and
strychnine (5 �M) in the external solution to block GABAA and
glycine receptors at a membrane potential of �70 mV.
When neurons in dorsal root ganglion slices were recorded,

NMDA currents were evoked by exogenous NMDA (50 �M)
injected onto the recorded neuron by puff application (pres-
sure, 3 p.s.i.; duration, 20 ms, repeated every 60 s) through a
glass pipette with an opening tip size of 8–10 �m. Recordings
from dorsal root ganglion slices were made in the presence of
TTX (1 �M), 6,7-dinitroquinoxaline-2,3-dione (10 �M, which
blocks non-NMDA glutamate receptors), bicuculline (10 �M),
and strychnine (5 �M) in the external solution and at a mem-
brane potential of 40 mV to remove the voltage-dependent
Mg2� block from NMDA receptors (23).
Data Analysis—Data were recorded using Axopatch 700B

amplifiers, digitized at 10 kHz, and analyzed off-line. The
means of four EPSCs evoked by electrical stimulation at base
line, in the presence of tested drugs, and after washout of tested
drugs were measured using the Clampfit software program
(version 10.2;MolecularDevices, Sunnyvale, CA). In some neu-
rons, we also measured the inverse squared coefficient of vari-
ation (CV�2) of the peak amplitudes of 10 evoked EPSCs, where
CV represents the ratio of the standard deviation to the mean.
The frequency and amplitude of mEPSCs in 3 min before and
after perfusion of tested drugs were analyzed and averaged
using a peak detection program (MiniAnalysis; Synaptosoft
Inc., Decatur, GA). The means of four NMDA currents evoked
by exogenous NMDA at base line, in the presence of tested
drugs, and after washout of tested drugs were measured. The

data were presented as themean� S.E. The Student’s t test was
used to determine statistical differences between data obtained
in the absence and presence of tested drugs (paired t test). A p
value of less than 0.05 was considered statistically significant.
Western Blot Experiments—Animals were deeply anesthe-

tizedwith urethane (1.3–1.5 g/kg, intraperitoneally) 7 days after
ligation of the L5 spinal nerve. The L4 to L5 spinal segment was
exposed by surgery and removed from the rats. The dorsal
quadrant of the spinal segment ipsilateral to the operated side
was isolated and quickly frozen in liquid nitrogen and stored at
�80 °C for later use. Frozen tissues were homogenized with a
hand-held pellet in lysis buffer (50 mM Tris, pH 7.5, 150 mM

NaCl, 1 mM EDTA, 0.1% SDS, 1% deoxycholic acid, 2 mM

orthovanadate, 100 mM NaF, 1% Triton X-100, 0.5 mM phenyl-
methylsulfonyl fluoride, 20 �M leupeptin, 100 IU ml�1 apro-
tinin) for 0.5 h at 37 °C. The samples were then centrifuged for
20 min at 12,000 � g at 4 °C, and the supernatants containing
proteins were collected. The quantification of protein contents
was made by the BCA method. Protein samples (40 �g) were
electrophoresed in 8% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membrane (Millipore, Bed-
ford, MA). The membranes were blocked with 5% milk and
incubated overnight at 4 °C with a polyclonal goat anti-IL-1�
(1:500, Millipore, Bedford, MA) or a monoclonal mouse anti-
�-actin (1:2000, Sigma) primary antibody as a loading control.
Then the blots were incubated for 1 h at room temperature
(RT) with a corresponding HRP-conjugated secondary anti-
body (1:5000; Santa Cruz Biotechnology), visualized in ECL
solution (SuperSignal West Pico Chemiluminescent Substrate,
Pierce) for 1 min, and exposed to the FluorChem HD2 system.
The intensity of immunoreactive bands was quantified using
ImageJ 1.46 software (National Institutes of Health). Results
were expressed as the ratio of IL-1� to �-actin control. The
Student’s t test (nonpaired t test) was used to determine statis-
tical differences between the neuropathic and sham-operated
groups. A p value of less than 0.05 was considered statistically
significant.

Materials

Bicuculline, strychnine, NMDA, MK-801, C2-ceramide, and
TTX were obtained from Sigma. D-Aminophosphonovaleric
acid (D-AP5) and D-serine were obtained from Tocris Biosci-
ence (Minneapolis, MN). 3-O-Methylsphingomyelin (3-OMS)
was obtained from Enzo Life Sciences (Paris, France). Recom-
binant human IL-1� and IL-1ra proteins were purchased from
R&D Systems (Minneapolis, MN). The myeloid differentiation
primary response protein 88 (MyD88) inhibitory peptide and
the control peptide forMyD88 inhibitory peptide (Pepinh-con-
trol) were purchased from Invivogen (San Diego). All pharma-
cological agents were applied via perfusion into the recording
chamber unless indicated.

RESULTS

All rats receiving ligation of L5 spinal nerve had mechanical
allodynia prior to undergoing the electrophysiological record-
ings andmolecular experiments that took place between days 7
and 14 post-surgery. This was evidenced by the fact that
mechanical thresholds of hind paw withdrawal responses ipsi-
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lateral to the L5 ligation decreased significantly from 7.15 �
0.36 g at base line to 1.09 � 0.15 g (p � 0.001, 38 rats) in neu-
ropathic rats. The mechanical threshold in 34 sham-operated
rats was not significantly altered (from 7.66 � 0.39 to 7.82 �
0.47 g).
Endogenous IL-1� in Neuropathic Rats Enhances Glutamate

Release from the Primary Afferent Terminals and Non-NMDA
Glutamate Receptor Activities in Dorsal Horn Postsynaptic
Neurons in the Spinal Dorsal Horn—We recently reported that
an increased glutamate release from the presynaptic terminals
contributes to the enhanced activation of non-NMDA gluta-
mate receptors in the first sensory synapse in the spinal dorsal
horn of neuropathic rats induced by SNL (6). To investigate
endogenous mechanisms leading to the increased glutamate
release in neuropathic rats, we first determined levels of IL-1�
in the spinal dorsal horn ipsilateral to the surgery side in sham-
operated rats and SNL rats 7 days post-operation. Protein
expression of IL-1� was significantly increased by 213.02 �
29.16% in rats (n � 4) receiving L5 ligation compared with
sham-operated rats (n � 4) (Fig. 1), which is in line with previ-
ous reports that production of IL-1� is increased between days
7 and 20 in the same region in the same animal model (33, 34).
Next, we determined the role of endogenous IL-1� in regulat-
ing non-NMDA glutamate receptor activities in the first sen-
sory synapse in the spinal dorsal horn by recording mEPSCs in
neurons receivingmonosynaptic inputs from the primary affer-
ents in the presence of TTX (1 �M). TTX was used to block
voltage-gated sodium channels and the action potential-depen-
dent glutamate release from the presynaptic neurons. Elec-
trodes used for recording in this study were filled with an inter-
nal solution containing the NMDA receptor blocker MK801 (1
mM) to block NMDA receptors in the recorded postsynaptic
neuron (6, 35). An increase or decrease inmEPSC frequencies
indicates an increase or decrease in the presynaptic trans-
mitter release probability, respectively, whereas an increase
or decrease in mEPSC amplitudes indicates an increase or
decrease in the post-synaptic receptor activities, respectively
(36). After base-linemEPSCswere recorded, we applied a selec-

tive IL-1� receptor antagonist IL-1ra (100 ng/ml) (37, 38) into
the recording chamber through bath perfusion. IL-1ra signifi-
cantly and reversibly reduced mEPSC frequencies (n � 8, p �
0.001) and amplitudes (n � 8, p � 0.001) in spinal slices
obtained from neuropathic rats (Fig. 2, A and E) but had no
significant effects (n � 7) in sham-operated rats (Fig. 2, B and
F). These data suggested the following: (a) endogenous IL-1� in
neuropathic rats enhances glutamate release from presynaptic
terminals, and (b) non-NMDA glutamate receptor activities in
dorsal horn postsynaptic neurons were enhanced by endoge-
nous IL-1� in neuropathic rats. This notion was supported by
the fact that mEPSC frequencies (n � 10, p � 0.01) and ampli-
tudes (n � 10, p � 0.01) in spinal slices of sham-operated rats
were significantly and reversibly increased by exogenous bath
application of IL-1� (10 ng/ml) (Fig. 2, C and G). However,
exogenous bath application of IL-1� (10 ng/ml) had no effects
on either mEPSC frequencies (n � 7) or amplitudes (n � 7) in
spinal slices of neuropathic rats (Fig. 2, D and H), suggesting
that the effects induced by exogenous IL-1� seen in sham-op-
erated animals were occluded by endogenous IL-1� in neuro-
pathic rats.
To specifically determine the role of IL-1� in the regulation

of glutamate release from presynaptic terminals and the signal-
ing pathway used by IL-1� to alter non-NMDA glutamate
receptor activities in postsynaptic neurons, we included the
MyD88 inhibitory peptide (1 mM) in the recording electrode
internal solution. MyD88 is a proximal mediator of the IL-1�
signaling pathway demonstrated in immune cells (39, 40).
Under this condition, bath perfusion of IL-1ra (100 ng/ml)
reversibly and significantly reduced themEPSC frequency (n�
10, p � 0.001) but not the mEPSC amplitude (n � 10) in spinal
slices of neuropathic rats (Fig. 3, A and C). Bath perfusion of
IL-1� (10 ng/ml) significantly increased the mEPSC frequency
(n� 7, p� 0.001) but not themEPSC amplitude in spinal slices
of sham-operated rats (Fig. 3, B and D). For control, in another
set of experiments, the control peptide for MyD88 inhibitory
peptide (Pepinh-control, 1 mM) was included in the recording
electrode internal solution. Under such a condition, perfusion
of IL-1� (10 ng/ml) significantly (p � 0.05) increased both the
frequency and amplitude of mEPSCs (n � 4) in neurons
obtained from sham-operated rats (data not shown). These
data further confirm that glutamate release from presynaptic
terminals in neuropathic rats is enhanced by endogenous
IL-1�. The lack of effects induced by IL-1ra in neuropathic rats
and by IL-1� in sham-operated rats onmEPSC amplitudes also
suggested thatMyD88 is amediator used by IL-1� to alter non-
NMDA glutamate receptor activities in the spinal dorsal horn
neurons.
It is likely that synaptic input from the primary afferent fibers

constitutes only a fraction of the total excitatory input to super-
ficial dorsal horn neurons. The mEPSCs we recorded above
might well be a reflection of overall excitatory inputs from both
the primary afferents and excitatory interneurons to the
recorded neuron. To specifically address the role of IL-1� in the
regulation of glutamate release from the primary afferents, a
pair of EPSCswas evoked by a pair of electric stimulating pulses
(50ms apart) applied to the spinal dorsal root (6).Wemeasured
the paired pulse ratio (PPR) of EPSCs (i.e. the ratio of the second

FIGURE 1. Protein expression of IL-1� in the spinal dorsal horn ipsilateral
to the injury site in neuropathic rats is increased. Samples of IL-1� expres-
sion in the spinal dorsal horn at the L4 to L5 segment in neuropathic (n � 4)
and sham-operated (n � 4) rats are shown. The bar graph shows the mean
(�S.E.) relative density to �-actin in each group. ***, p � 0.001.
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peak amplitude over the first peak amplitude induced by paired
pulse stimulation). Analysis of PPRs is a classic approach to
determine the transmitter release probability from presynaptic
terminals (27, 41–44). A decrease of PPR indicates an increased
probability of neurotransmitter release frompresynaptic termi-
nals. Vice versa, an increase of PPRs indicates a decreased prob-
ability of neurotransmitter release from presynaptic terminals.
Bath application of IL-1ra (100 ng/ml) significantly and revers-
ibly reduced the first peak amplitudes by 29.08� 2.48% (n� 16,
p � 0.001). This was accompanied by a significant increase of
PPRs from 0.64 � 0.02 to 0.75 � 0.01 (n � 16, p � 0.001) (Fig.
4A). In contrast, amplitudes and PPRs (n � 8) recorded from
sham-operated rats were not altered by the same treatment
(Fig. 4B). When we bath-applied IL-1� (10 ng/ml) in spinal
slices of sham-operated rats, the first peak amplitudes of evoked

EPSCs were significantly increased by 41.97 � 3.80% (n � 15,
p � 0.001), and PPRs were reduced from 0.75 � 0.01 to 0.65 �
0.01 (n � 15, p � 0.001) (Fig. 4C). By contrast, amplitudes of
evoked EPSCs and PPRs (n � 7) recorded from spinal slices of
neuropathic rats were not altered by bath-applied IL-1� (10
ng/ml) (data not shown).
Furthermore, we analyzed the inverse squared coefficient of

variation (CV�2) of the peak amplitudes of 10 evoked EPSCs
before and during perfusion of IL-1ra (100 ng/ml). An increase
of presynaptic release is expected to cause an increase in CV�2

(45, 46). The CV�2 in neuropathic rats was significantly
reduced by IL-1ra from 2070.14 � 145.50 to 494.57 � 42.85
(n� 7,p� 0.001) (Fig. 5,A andC). Furthermore, bath perfusion
of IL-1� (10 ng/ml) significantly increased the CV�2 from
561.64� 48.22 to 2277.26� 404.78 (n� 15, p� 0.001) in spinal

FIGURE 2. Endogenous IL-1� in neuropathic rats enhances glutamate release from presynaptic terminals and activities of non-NMDA glutamate
receptors in dorsal horn postsynaptic neurons in neuropathic rats. Inhibition of IL-1� receptors with bath application of IL-1ra (100 ng/ml) significantly and
reversibly reduced both the frequency and amplitudes of mEPSCs in neuropathic rats (A and E) but had no effects on mEPSCs in sham-operated rats (B and F).
Bath perfusion of IL-1� enhanced both the frequency and amplitudes of mEPSCs in sham-operated rats (C and G) but had no effects on mEPSCs in neuropathic
rats (D and H). Bar graphs show the mean (�S.E.) amplitude and frequency for each tested agent. The number of neurons included in each group for the analysis
is shown in each bar. **, p � 0.01; ***, p � 0.001; NS, no statistical significance.
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slices of sham-operated rats (Fig. 5, B and C). Together, these
results indicated the following: (a) endogenous activation of
presynaptic IL-1� receptors in the spinal dorsal horn of neuro-
pathic rats increases glutamate release from the primary affer-
ent terminals in the first sensory synapse; (b) glutamate release
from the primary afferent terminals in the spinal dorsal horn of
normal rats is not regulated by endogenous IL-1�.
Presynaptic NMDA Receptors Are Effector Receptors Used by

Endogenous IL-1� to Enhance Glutamate Release from the
Primary Afferents in Neuropathic Rats—We recently reported
that endogenous activation of presynaptic NMDA receptors
enhances glutamate release from the primary afferent terminals
in the spinal dorsal horn (6). Functional coupling between
NMDA receptors and IL-1� receptors in postsynaptic neurons
in the brainstem was previously reported (47). We next deter-
mined the possible functional coupling between IL-1� recep-
tors and presynaptic NMDA receptors at the primary afferent
terminals. In the following experiments, both theMyD88 inhib-
itory peptide (1 mM) and MK-801 (1 mM) were included in the
electrode intracellular solution. We recorded EPSCs in sham-
operated rats. After the effects of IL-1� (10 ng/ml) on the
amplitude and PPR of evoked EPSCs were documented, we
added a selectiveNMDAreceptor inhibitorD-AP5 (25�M) into
the recording chamber in the presence of IL-1� (10 ng/ml).
D-AP5 significantly reduced the first peak amplitudes by
23.54� 4.36% (n� 6, p� 0.01) but increased PPRs from0.66�
0.03 to 0.73 � 0.01 (n � 6, p � 0.05) (Fig. 6A), which basically
reversed the effects induced by IL-1� on the amplitude and PPR
of evoked EPSCs. In the next set of experiments in sham-oper-
ated rats, we first determined the effects of DAP5 on the PPR
and amplitudes of EPSCs. Consistent with our recent study (6),
bath application of D-AP5 (25 �M) had no effects on the PPR
and amplitudes of EPSCs in sham-operated rats. In the pres-

ence of D-AP5 (25 �M), further addition of IL-1� (10 ng/ml)
(n � 6) into the recording chamber did not induce changes in
PPRs and amplitudes of EPSCs (data not shown). In other
words, presynaptic NMDA receptors are effector receptors
used by the endogenous IL-1� to enhance glutamate release
from the primary afferents in neuropathic rats. We recently
reported that exogenous application of NMDA alone or
NMDA plus D-serine increases glutamate release from the pri-
mary afferent terminals in the spinal dorsal horn of neuropathic
rats but not in sham-operated rats (6). Here, we further confirm
this conclusion by showing that bath application of NMDA (50
�M) plus D-serine (200 �M) increased the first amplitude of
EPSCs and decreased the PPR in neuropathic rats. When we
further added IL-1ra (100 ng/ml) to block IL-1� receptors in
the presence of NMDA (50�M) plus D-serine (200�M), the first
amplitude of EPSCs (n� 8) was significantly decreased, and the
PPR (n � 8) was significantly increased in neuropathic rats.
Interestingly, the reduction of EPSC amplitudes and the
increase of PPRs induced by IL-1ra reached a level that made
them significantly different from their base-line counterparts
(Fig. 6B). Furthermore, in another set of experiments, after the
effects of IL-1ra (100 ng/ml) on the amplitude and PPR of
evoked EPSCs in spinal slices of neuropathic rats were docu-
mented, we perfused NMDA (50 �M) plus D-serine (200 �M)
into the recording chamber in the presence of IL-1ra. Addition
of NMDA plus D-serine did not alter the amplitude and PPR
under this condition (Fig. 6C). Collectively, these data indicated
that endogenous IL-1� in neuropathic rats enhances glutamate
release from the primary afferents in the spinal dorsal horn
through coupling with presynaptic NMDA receptors. In other
words, presynaptic NMDA receptors are effector receptors
used by the endogenous IL-1� to enhance glutamate release
from the primary afferents in neuropathic rats.

FIGURE 3. MyD88 is a mediator used by IL-1� to alter non-NMDA glutamate receptor activities in the spinal dorsal horn neurons. Recordings were
obtained with electrodes containing the MyD88 inhibitory peptide (1 mM) in the intracellular solution. Under this condition, bath perfusion of IL-1ra (100 ng/ml)
reversibly and significantly reduced the mEPSC frequency but not the mEPSC amplitude in spinal slices of neuropathic rats (A and C). Bath perfusion of IL-1� (10
ng/ml) significantly increased the mEPSC frequency but not the mEPSC amplitude in spinal slices of sham-operated rats (B and D). Bar graphs show the mean
(�S.E.) amplitude and frequency for each tested agent. The number of neurons included in each group for the analysis is shown in each bar. **, p � 0.01;
***, p � 0.001; NS, no statistical significance.
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NMDA Currents Recorded from Small Neurons in the Dorsal
Root Ganglion of Normal Rats Are Enhanced by IL-1�—The
enhancement of presynaptic NMDA receptor activities by
IL-1�was further confirmed by the following experiments con-
ducted in sham-operated adult rats. As no techniqueswere cur-
rently available to record NMDA receptor activities directly at
the presynaptic terminals, we chose to record NMDA receptor
activities at the soma of the primary afferent terminals (i.e. neu-
rons in the dorsal root ganglion of L4 and L5 spinal segments),
and we examined the regulation of NMDA receptor activities
by IL-1�. The somas of A� and C fibers (small neurons with
diameters �30 �m) (48, 49) in the dorsal root ganglion were
recorded because the superficial spinal dorsal horn neurons, as
we recorded, are known to receive inputs from A� and C fiber
primary afferent terminals (50, 51). Exogenous NMDA (50 �M)
was applied directly to the recorded neuron by a puffing pipette
placed about 20 �m away from the recorded neuron. After
recording the base-line NMDA currents, we applied IL-1� (10
ng/ml) into the recording bath for 2 min. As shown in Fig. 7,

IL-1� significantly increased amplitudes of NMDA currents by
65.40 � 10.51% (p � 0.001). These data indicate that NMDA
receptor activities in small primary sensory neurons are indeed
increased by IL-1�, which is consistent with and confirms our
conclusion that NMDA receptor activities in the primary affer-
ent terminals are enhanced by IL-1�.
Functional Coupling between IL-1� Receptors and Presynap-

tic NMDAReceptors in the PrimaryAfferent Terminals IsMedi-
ated by the Neutral Sphingomyelinase/Ceramide Signaling
Pathway—Studies of forebrain brain areas (21) and cultured
neurons (52) suggested that neutral sphingomyelinase and its
product ceramide are used by IL-1� to enhance NMDAR func-
tions in postsynaptic neurons. To determine whether this is the
case for IL-1� in the spinal dorsal horn to enhance presynaptic
NMDA receptors at the presynaptic site, a pair of EPSCs was
recorded from spinal slices of sham-operated rats before, dur-
ing, and after washout of C2-ceramide (amembrane-permeable
form of ceramide, 2 �g/ml) (53). C2-ceramide significantly
increased the first amplitude of EPSCs by 57.93� 5.20% (n� 9,

FIGURE 4. Endogenous IL-1� in neuropathic rats increases glutamate release from the primary afferent terminals in neuropathic rats. Samples of EPSCs
evoked by a pair of electrical pulses applied to the spinal dorsal root before (base line) and after application of IL-1ra (100 ng/ml) recorded from neuropathic
rats (A) and sham-operated rats (B). C, samples of EPSCs evoked by a pair of electrical pulses applied to the spinal dorsal root recorded from sham-operated rats
at base line and after bath application of IL-1� (10 ng/ml). Bar graphs show the mean percentage (� S.E.) of base line amplitude and mean (� S.E.) P2/P1 ratios
for each tested agent. The number of neurons included in each group for the analysis is shown in each bar. *, p � 0.05; **, p � 0.01; ***, p � 0.001; NS, no
statistical significance.
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p� 0.001), and reduced the PPR from0.75� 0.01 to 0.61� 0.02
(n� 9, p� 0.001) in sham-operated rats (Fig. 8A). These effects
were basically reversed by bath perfusion of the NMDA inhib-
itor D-AP5 (25�M) (Fig. 8A). Vice versa, in sham-operated rats,
bath application of C2-ceramide (2 �g/ml) in the presence of
D-AP5 (which blocks NMDA receptors) had no effects on
either the amplitude or PPR of EPSCs (n� 8) (data not shown).
These data indicated that C2-ceramide uses presynaptic
NMDA receptors as effector receptors to increase glutamate
release from the primary afferent terminals.
To determine whether activities of presynaptic NMDA

receptors in neuropathic rats are regulated by endogenous acti-
vation of the neutral sphingomyelinase/ceramide signaling, we
determined the function of presynapticNMDAreceptors in the
presence of the sphingomyelinase inhibitor (3-OMS). We
found that perfusion of 3-OMS (30�M) (52, 55) into the record-
ing chamber significantly reduced the first amplitude of EPSCs
by 29.85� 1.68% (n� 6, p� 0.001) and increased the PPR from
0.64 � 0.01 to 0.75 � 0.02 (n � 6, p � 0.01) (Fig. 8B). In the
presence of 3-OMS (30�M), bath application ofNMDA(50�M)
plus D-serine (200 �M) did not significantly alter the amplitude
(n � 7) and PPR of EPSCs (n � 7) in neuropathic rats (data not

shown). In another set of experiments, after the effects induced
by bath perfusion of NMDA (50 �M) plus D-serine (200 �M) on
the amplitude and PPR of evoked EPSCs in spinal slices of neu-
ropathic rats were documented, we added 3-OMS (30 �M) into
the recording bath to suppress sphingomyelinase activities.
Under this condition, addition of 3-OMS significantly reduced
the first amplitude (n � 7, p � 0.001) and increased the PPR
(n � 7, p � 0.001) (Fig. 8C) to such a degree that it made them
significantly different from their base-line counterparts. We
further conjectured that activation of neutral sphingomyelinase
in neuropathic rats should result in elevation of its product
ceramide levels, which would attenuate or occlude the effects
induced by C2-ceramide seen in sham-operated rats (Fig. 8A).
As expected, bath perfusion of C2-ceramide (2 �M) did not sig-
nificantly change the amplitudes (base line, 1195.5 � 43.05 pA;
C2-ceramide, 1231.16 � 49.35 pA) and the PPRs (base line,
0.60 � 0.02; C2-ceramide, 0.62 � 0.02) of EPSCs (n � 7)
recorded from neuropathic rats. Together, these data indicated
that presynaptic NMDA receptors are effector receptors used
by the sphingomyelinase/ceramide pathway to enhance gluta-
mate release from the primary afferents in neuropathic rats.
Finally, we determined whether the sphingomyelinase/cer-

amide pathway is used by IL-1� to enhance the function of
presynaptic NMDA receptors and glutamate release from the
primary afferent terminals in the spinal dorsal horn. In spinal
slices obtained from sham-operated rats, after the effects of
IL-1� (10 ng/ml) on the amplitude and PPR of evoked EPSCs
were recorded, 3-OMS (30 �M) was added into the recording
bath to suppress the neutral sphingomyelinase activity. Addi-
tion of 3-OMS essentially erased the effects induced by IL-1�
on the first amplitude and the PPR (Fig. 9A). In another set of
experiments, after recording base-line amplitudes and PPRs of
EPSCs in slices of sham-operated rats, 3-OMS (30 �M) was first
applied into the recording bath. Addition of 3-OMS did not
alter the amplitude and PPR of evoked EPSCs (Fig. 9B). These
data suggested that glutamate release from the primary afferent
terminals in the spinal dorsal horn is not maintained by the
tonic activities of sphingomyelinase under normal conditions.
Furthermore, in the presence of 3-OMS (30 �M), addition of
IL-1� did not significantly alter the amplitude and PPR of
EPSCs recorded from sham-operated rats (Fig. 9B). In other
words, the enhanced glutamate release by IL-1� in sham-oper-
ated rats (see Fig. 3C) was abolished when activities of sphingo-
myelinase were suppressed. From the data, we concluded that
neutral sphingomyelinase/ceramide mediates functional cou-
pling between IL-1� receptors and presynaptic NMDA recep-
tors in the primary afferent terminals.

DISCUSSION

Given that excessive activation of glutamate receptors and
increased production of proinflammatory cytokines in the spi-
nal dorsal horn are the culprits in the development and main-
tenance of many types of pathological pain conditions, includ-
ing neuropathic pain, identifying the mechanisms underlying
interactions between activation of glutamate receptors and
proinflammatory cytokines would provide a road map to con-
quer pathological pain. This study identified an endogenous
mechanism used by IL-1� to enhance glutamatergic synaptic

FIGURE 5. Activation of IL-1� receptors increases the inverse squared
coefficient of variation. A, samples of variability of 10 evoked EPSCs col-
lected from a neuron from neuropathic rats before and after bath perfusion of
IL-1ra (100 ng/ml). B, samples of variability of 10 evoked EPSCs collected from
a neuron from sham-operated rats before and after bath perfusion of IL-1�
(10 ng/ml). C, bar graphs show the mean (� S.E.) CV�2 before (base line) and
after perfusion of each tested agent. The number of neurons included in each
group for the analysis is shown in each bar. ***, p � 0.001.
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activation in the first sensory synapse in the spinal dorsal horn.
We first confirmed that ligation of spinal nerve increases IL-1�
levels in the spinal dorsal horn. We demonstrated that gluta-
mate release from the primary afferent terminals and non-
NMDA glutamate receptor activities in postsynaptic neurons
in the spinal dorsal horn of neuropathic rats are increased by
endogenous IL-1�. MyD88 is a mediator used by IL-1� to
enhance non-NMDA glutamate receptor activities in postsyn-
aptic neurons in the spinal dorsal horn. Presynaptic NMDA
receptors are effector receptors used by IL-1� in neuropathic
rats to increase glutamate release from the primary afferent
terminals in the spinal dorsal horn. We further elucidated that
the neutral sphingomyelinase/ceramide signaling pathway
mediates the functional coupling between IL-1� receptors and

presynapticNMDAreceptors in the primary afferent terminals.
Our study for the first time identified the primary afferent cen-
tral terminal as an important site for the interactions between
glutamate receptors and proinflammatory cytokines and the
signaling pathway underlying these interactions.
Mechanisms Used by Glial Cells to Alter Glutamatergic Syn-

aptic Activation in Pathological Pain Conditions—Activation
of glutamatergic synapses depends on three key factors as fol-
lows: the number andproperties of glutamate receptors in post-
synaptic neurons, the amount of glutamate released from pre-
synaptic terminals, and the rate by which glutamate is taken up
by glutamate transporters (56, 57). These three factors can be
altered by glial cells under pathological pain conditions. For
example, down-regulation of glial glutamate transporter pro-

FIGURE 6. Presynaptic NMDA receptors are effector receptors used by the endogenous IL-1� to enhance glutamate release from the primary afferents
in neuropathic rats. A, samples of EPSCs evoked by a pair of electrical pulses recorded from a neuron of sham-operated rats at base line, during perfusion of
IL-1� (10 ng/ml), and then during addition of the NMDA receptor inhibitor D-AP5 (25 �M) in the presence of IL-1�. B, samples of EPSCs evoked by a pair of
electrical pulses recorded from a neuron from neuropathic rats at base line, during perfusion of NMDA (50 �M) plus D-serine (200 �M), and then during addition
of IL-1ra (100 ng/ml) in the presence of NMDA plus D-serine. C, samples of EPSCs evoked by a pair of electrical pulses recorded from a neuron from neuropathic
rats at base line, during perfusion of IL-1ra (100 ng/ml), and then during addition of NMDA (50 �M) plus D-serine (200 �M) in the presence of IL-1ra. Bar graphs
(right) show the mean percentage (� S.E.) of base-line amplitude and mean (� S.E.) P2/P1 ratios for the tested agents. The number of neurons included in each
group for the analysis is shown in each bar. *, p � 0.05; **, p � 0.01; ***, p � 0.001. NS, no statistical significance.
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tein expression in spinal dorsal horn astrocytes is associated
with allodynia and hyperalgesia induced by chronic nerve
injury (58, 59), chemotherapy (e.g. paclitaxel) (60), or opioids
(61). At the synaptic level, we demonstrated that deficient glu-
tamate uptake by glial glutamate transporters enhances activa-
tion of AMPA and NMDA receptors and causes glutamate to
spill to the extrasynaptic space and activate extrasynaptic
NMDA receptors in spinal sensory neurons (23, 27).
Besides glial glutamate transporters, bioactive substances

released from activated glial cells induced by nerve injury or
peripheral inflammation may alter the number and function of
glutamate receptors in postsynaptic neurons. Among themany
bioactive substances released from activated glial cells, proin-
flammatory cytokines, including IL-1�, IL-6, and TNF�, are
well known to be involved in the genesis of pathological pain (1,
2). Surprisingly, only a handful of studies directly address the
impacts created by these cytokines on spinal glutamatergic syn-
aptic activities. In a rat model of inflammatory pain induced by
injecting complete Freund’s adjuvant, IL-1� produced by acti-
vated astrocytes increased phosphorylation of NMDA recep-
tors in the spinal dorsal horn (62). In another model of inflam-
matory pain induced by carrageenan, it was demonstrated that
elevated levels of TNF� in the spinal dorsal horn increase
AMPA receptor activities by enhancing trafficking of AMPA
receptors from the cytosol to the membrane (63). Functions of
AMPA and NMDA receptors in the dorsal horn postsynaptic
neurons in normal rats are increased by exogenous IL-1�, IL-6,
and TNF� (15). It remains unknown whether and how AMPA
and NMDA receptor activities in the spinal dorsal horn neu-
rons are altered by endogenous IL-1� in neuropathic condi-
tions. Our study advances this research area by directly demon-
strating that endogenous IL-1� in neuropathic rats enhances
non-NMDA glutamate receptor activities in spinal dorsal horn
neurons. Interestingly, we found that the IL-1�-induced
enhancement of non-NMDA glutamate receptor activities was
inhibited when the MyD88 inhibitory peptides were microdia-
lyzed into the recorded neuron. MyD88 is an adaptor molecule
widely known to be a proximal mediator for the biological
action of IL-1� in the peripheral immune system (39, 40). Little
is known about the role of MyD88 in regulating the effects
induced by IL-1� on non-NMDA glutamate receptor activities

in the CNS. This study, for the first time, reveals that MyD88 is
a key molecule mediating the action of IL-1� on non-NMDA
glutamate receptor activities in spinal dorsal horn neurons.
Glutamate release from presynaptic terminals in the dorsal

horn is also regulated by proinflammatory cytokines. It
was demonstrated previously by others that perfusion of exog-
enous IL-1�, IL-6, or TNF� increases spontaneous EPSC fre-
quencies in dorsal horn neurons in normal spinal rats (15). It
remains unknownwhether and how glutamate release from the
primary afferent terminals are regulated by proinflammatory
cytokines in pathological pain conditions. Our study is the first
to show that glutamate release from the primary afferent ter-
minals is regulated by endogenous IL-1� in neuropathic pain
conditions. In keeping with this, functional expression of IL-1�
receptors in the soma of the primary afferents was previously
demonstrated (64) and further confirmed in this study (Fig. 7).
Primary Afferent Central Terminus Is an Important Site for the

Functional Coupling between NMDA Receptors and IL-1�—
Glutamate release from the primary afferent terminals in the
spinal dorsal horn is regulated by activities ofmany presynaptic
receptors. For example, glutamate release from the primary
afferents in the spinal dorsal horn is reduced upon activation of
�-opioid receptors (65), �2-adrenoreceptors (66), CB1 canna-
binoid receptors (67), GABAA receptors (68), GABAB receptors
(69), and group II and group III metabotropic glutamate recep-
tors (70). It is worth noting that group III metabotropic
glutamate receptors can be activated by both glutamate and
N-acetylaspartylglutamate (71). However, activation of group I
metabotropic glutamate receptors (72) or TRPV1 receptors
(73) increases glutamate release from the central terminals of
primary afferents. Added to this complexity of presynaptic
regulation mechanisms is the presynaptic NMDA receptor
reported recently by us and others. Endogenous activation of
NMDA receptors in the central terminals of primary afferents
is critical to the increased glutamate release fromprimary affer-
ent terminals triggered by peripheral sensory input in neuro-
pathic rats (6) or in rats with morphine tolerance (74). These
studies indicate that regulation of presynaptic receptor activi-
ties offers a powerful means of dynamically regulating excit-
atory transmission in the spinal dorsal horn. Understanding the
regulation of presynaptic receptors by proinflammatory cyto-
kines would reveal synaptic mechanisms by which glial cells
alter spinal nociceptive processing. In this regard, it was
recently reported that TNF-� increases glutamate release from
presynaptic terminals via TRPV1 receptors (73). Our findings
that presynaptic NMDA receptors in the primary afferent ter-
minals are the effector receptors used by endogenous IL-1� to
increase glutamate release from the primary afferent terminals
are the first to reveal the functional coupling between presyn-
aptic NMDA receptors and IL-1�. This conclusion is in line
with previous reports showing functional expressions of
NMDA receptors and IL-1� receptors in the dorsal root gan-
glion neurons (i.e. the soma of the primary afferents) (64) and
the enhancedNMDA receptor activities by IL-1� in postsynap-
tic neurons in different nervous systems (21, 52). It is conceiv-
able to speculate that activation of presynaptic NMDA recep-
tors causes influx of Ca2� through the NMDA receptors into
the central terminals of primary afferents and subsequent

FIGURE 7. NMDA currents recorded from small neurons in the dorsal root
ganglion are significantly enhanced by IL-1�. Recordings of NMDA cur-
rents evoked by NMDA (50 �M) injected onto the recorded neuron by a puff
electrode at base line, during, and after washout of IL-1� are shown in A. The
mean (�S.E.) amplitudes of NMDA currents at base line, during, and after
washout of IL-1� are shown in bar graphs (B). The number of neurons included
for the analysis is shown in each bar. **, p � 0.01; ***, p � 0.001.
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increase of glutamate release, as shown in hippocampal slices
(75). The influx of Ca2� could come directly from the opening
of NMDA receptors (76) and/or from voltage-gated calcium
channels in response to depolarization due to the opening of
NMDA receptors (77, 78).
It is worth noting that in addition to blocking effects induced

by IL-1�, IL-1ra also blocks the action of IL-1�. The following
facts support that the effects induced by IL-1ra on slices of
neuropathic rats in this study are due to its inhibitory effects on
IL-1� but not IL-1�. First, IL-1� expression in the spinal dorsal
horn is not altered after nerve injury (79). Second, intrathecal
injection of IL-1� in naive rats does not influence nociceptive
transmission but reduces nociceptive behaviors in animals with
neuropathic pain (79). Third, we found that treatment of IL-1�
in the spinal slices of the sham-operated animals induces oppo-

site effects on the synaptic transmission in comparisonwith the
effects induced by IL-1ra in neuropathic rats.
Role of Ceramide in Pathological Pain—Ceramide appears to

be a critical mediator in the generation of both peripheral and
spinal central sensitization in pathological pain conditions.
Peripheral sensitization and hyperalgesia induced by intrader-
mal injection of TNF� is in part mediated by ceramide (80).
Intradermal injection of the cell penetrating analog of ceramide
(C2-ceramide) produces hyperalgesia in rats (80, 81). Exoge-
nous application of neutral sphingomyelinase or C2-ceramide
increases TTX-resistant sodium currents in the soma of pri-
mary sensory neurons (54). In the spinal dorsal horn, neutral
sphingomyelinase and ceramide levels are increased in neuro-
pathic rats induced by nerve injury (16). Suppression of cer-
amide production in the spinal dorsal horn ameliorates neuro-

FIGURE 8. Presynaptic NMDA receptors are effector receptors used by the sphingomyelinase/ceramide pathway to enhance glutamate release from the
primary afferents in neuropathic rats. A, samples of EPSCs evoked by a pair of electrical pulses recorded from a neuron of sham-operated rats at base line, during
perfusion of C2-ceramide (2 �g/ml), and then during addition of the NMDA receptor inhibitor D-AP5 (25 �M) in the presence of C2-ceramide. B, samples of EPSCs
evoked by a pair of electrical pulses recorded from a neuron of neuropathic rats at base line, during, and after washout of the neutral sphingomyelinase inhibitor
(3-OMS, 30�M). C, samples of EPSCs evoked by a pair of electrical pulses recorded from a neuron of neuropathic rats at base line, during perfusion of NMDA (50�M) plus
D-serine (200 �M), and then during addition of 3-OMS (30 �M) in the presence of NMDA plus D-serine. Bar graphs (right) show the mean percentage (�S.E.) of base-line
amplitude and mean (� S.E.) P2/P1 ratios for the tested agents. The number of neurons included in each group for the analysis is shown in each bar. *, p � 0.05; **, p �
0.01; ***, p � 0.001.
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pathic pain, which is accompanied by decreased microglial
activation in the spinal dorsal horn (17). However, it remains
unknown about themechanisms by which ceramide alters dor-
sal horn synaptic transmission.Our data showed that inhibition
of neutral sphingomyelinase suppressed glutamate release from
the primary afferent central terminals in neuropathic animals
but had no effects in sham-operated animals (Fig. 8). These
findings identified the primary afferent central terminal as a site
of action for endogenous ceramide in neuropathic rats to
enhance glutamatergic synaptic transmission in the spinal dor-
sal horn. Most intriguingly, we further demonstrated that cer-
amide mediates the functional coupling between IL-1� and
presynapticNMDAreceptors in the primary afferent terminals.
Hence, inhibition of ceramide synthesis blocks both the IL-1�
and presynaptic NMDA receptor activities at the presynaptic
site in neuropathic conditions. Our findings are in line with
previous studies of forebrain brain areas and cultured neurons
showing that neutral sphingomyelinase/ceramide is used by
IL-1� to enhance NMDAR functions in postsynaptic neurons
(21, 52).
In conclusion, this study reveals that functional coupling

between IL-1� receptors and presynaptic NMDA receptors at
the primary afferent terminals is a crucialmechanism leading to
enhanced glutamate release and activation of non-NMDA
receptors in the spinal dorsal horn neurons in neuropathic pain
conditions. Interruption of such functional coupling could be
an effective approach for the treatment of neuropathic pain.
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