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BACKGROUND AND PURPOSE
The analgesic action of 5-HT and noradrenaline reuptake inhibitors (SNRIs) on nociceptive synaptic transmission in the spinal
cord is poorly understood. We investigated the effects of milnacipran, an SNRI, on C-fibre-evoked field potentials (FPs) in
spinal long-term potentiation (LTP), a proposed synaptic mechanism of hypersensitivity, and on the FPs in a neuropathic pain
model.

EXPERIMENTAL APPROACH
C-fibre-evoked FPs by electrical stimulation of the sciatic nerve fibres were recorded in the spinal dorsal horn of anaesthetized
adult rats, and LTP was induced by high-frequency stimulation of the sciatic nerve fibres. A rat model of neuropathic pain was
produced by L5 spinal nerve ligation and transection.

KEY RESULTS
Milnacipran produced prolonged inhibition of C-fibre-evoked FPs when applied spinally after the establishment of LTP of
C-fibre-evoked FPs in naïve animals. In the neuropathic pain model, spinal administration of milnacipran clearly reduced the
basal C-fibre-evoked FPs. These inhibitory effects of milnacipran were blocked by spinal administration of methysergide, a
5-HT1/2 receptor antagonist, and yohimbine or idazoxan, a2-adrenoceptor antagonists. However, spinal administration of
milnacipran in naïve animals did not affect the basal C-fibre-evoked FPs and the induction of spinal LTP.

CONCLUSION AND IMPLICATIONS
Milnacipran inhibited C-fibre-mediated nociceptive synaptic transmission in the spinal dorsal horn after the establishment of
spinal LTP and in the neuropathic pain model, by activating both spinal 5-hydroxytryptaminergic and noradrenergic systems.
The condition-dependent inhibition of the C-fibre-mediated transmission by milnacipran could provide novel evidence
regarding the analgesic mechanisms of SNRIs in chronic pain.

Abbreviations
CNS, central nervous system; FP, field potential; HFS, high-frequency stimulation; LTP, long-term potentiation; SNL,
spinal nerve ligation; SNRI, 5-HT and noradrenaline reuptake inhibitor; SSRI; selective serotonin reuptake inhibitor
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Introduction
Long-lasting abhorrent pain can be induced by various
factors such as tissue damage, inflammation and nerve injury.
Although the mechanisms underlying the pathology of
chronic pain syndromes remain largely unknown, it is widely
accepted that enhanced responsiveness of central neurons to
their normal afferent input is involved in the amplification of
pain signalling (Sandkühler, 2009).

Long-term potentiation (LTP), which is proposed as a
synaptic model of learning and memory in the hippocampus
(Bliss and Collingridge, 1993), is an activity-dependent, long-
lasting increase in the efficacy of synaptic transmission. Pre-
vious studies demonstrated the existence of LTP at excitatory
synapses between primary sensory afferents and neurons
in the spinal dorsal horn (Randić et al., 1993; Liu and
Sandkühler, 1995; Ikeda et al., 2006). C-fibre afferents transfer
nociceptive signals, and robust LTP of C-fibre-evoked, but
not A-fibre-evoked, field potentials (FPs) is induced by
high-intensity electrical stimulation of peripheral nerve,
inflammation, and acute nerve injury, all of which also
induce long-lasting hypersensitivity to peripheral stimuli
(Sandkühler and Liu, 1998; Zhang et al., 2004; 2006; Ikeda
et al., 2006). In addition, several clinically applied analgesic
agents prevent the induction and/or maintenance of LTP of
C-fibre-evoked FPs (Benrath et al., 2005; Ge et al., 2006;
Tanabe et al., 2006). Therefore, LTP of C-fibre-evoked FPs in
the spinal dorsal horn has been considered as a model of
long-lasting abhorrent pain, underlying an increased efficacy
of nociceptive transmission (Liu and Sandkühler, 1995; Sand-
kühler, 2009). However, the relationship between LTP and the
induction and maintenance of chronic pain is not fully
understood.

Neuropathic pain is defined as long-lasting pain resulting
from injury or dysfunction in the periphery and/or CNS. It is
not often relieved adequately by conventional treatments
such as non-steroidal anti-inflammatory drugs or morphine
(Mao and Chen, 2000; Minami et al., 2009). Several lines of
evidence suggest that 5-HT and noradrenaline reuptake
inhibitors (SNRIs), which inhibit both 5-HT and noradrena-
line reuptake transporters and thus elevate the extracellular
concentrations of these monoamines in the synaptic cleft,
exert potent analgesic effects in neuropathic conditions
(Sindrup et al., 2005; Lee and Chen, 2010). The drugs are
thought to suppress pain transmission by activating the bul-
bospinal descending 5-hydroxytryptaminergic and noradren-
ergic pathways and induce more potent analgesic efficacy
than selective 5-HT reuptake inhibitors (SSRIs) or noradrena-
line reuptake inhibitors (Coluzzi and Mattia, 2005; Lee and
Chen, 2010). SNRIs have limited affinities for other receptors
and ion channels tested and exhibit acceptable safety profiles
(Moret et al., 1985; Bymaster et al., 2001; Lee and Chen,
2010), supporting the notion that SNRIs should be a first-
line treatment for neuropathic pain (Sindrup et al., 2005).
Although SNRIs exert analgesic activity when administered
by various routes in neuropathic pain model animals (Iyengar
et al. 2004; King et al., 2006; Suzuki et al., 2008), the spinal
cord may be an important site for SNRI-induced analgesia,
given that the intrathecal administration of monoamine
reuptake inhibitors effectively ameliorates abnormal pain
behaviours in the animal models (Shin and Eisenach, 2004;

Obata et al., 2005; Honda et al., 2006; Ikeda et al., 2009).
Therefore, it could be important to clarify the analgesic
mechanism(s) of spinally administered SNRIs on spinal noci-
ceptive transmission without affecting the supraspinal and
peripheral regions.

Using in vivo electrophysiological recordings from the
spinal dorsal horn, we can observe pain-related changes and
LTP in the spinal nociceptive transmission and evaluate the
efficacy of drugs on the transmission at a synaptic level in the
intact nervous system. Employing this approach, we investi-
gated the effects of local spinal administration of milnacip-
ran, a representative SNRI, on C-fibre-evoked FPs in naïve and
neuropathic pain model animals and on the induction and
maintenance of LTP of C-fibre-evoked FPs in the rat spinal
dorsal horn. Our results demonstrated potent inhibitory
effects of milnacipran on spinal nociceptive synaptic trans-
mission in the limited conditions where spinal LTP or neu-
ropathic pain was established.

Methods

All animal care and experimental procedures complied with
the guidelines of the National Institutes of Health (Tokyo,
Japan) and the Japanese Pharmacological Society (Tokyo,
Japan) and were approved by the Animal Care and Use Com-
mittee of Nagoya City University (Nagoya, Japan) and the
Animal Care and Use Committee of Shionogi Research Labo-
ratories (Osaka, Japan). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (McGrath et al.,
2010). A total of 103 animals were used in the experiments
reported here.

Preparation of animals
Male Wistar/ST rats (6–9 weeks old; SLC, Shizuoka, Japan)
were anaesthetized with urethane (1.5 g·kg-1; i.p.). Surgery
was initiated after confirming the loss of righting, and
corneal and cutaneous reflexes, and additional doses of ure-
thane (~0.3 g·kg-1) were given if needed. The dose range of
urethane has been described elsewhere (e.g. Liu and Sandküh-
ler, 1995; 1997; Ge et al., 2006; Tanabe et al., 2006) and
shown to produce a steady level of anaesthesia lasting for
more than 6 h in experiments without muscle paralysis
(Svendsen et al., 1997). The trachea was cannulated for
mechanical ventilation with air. The rectal temperature was
kept constant at 36–37°C using a feedback-controlled heating
blanket and radiant heat. In each rat, a laminectomy was
performed at vertebrae T13-L1, and the dura mater was
incised longitudinally. A plastic chamber (handmade; 10 ¥
14 ¥ 10 mm; wall thickness, 0.3 mm) was placed on the cord
dorsum at the recording site and stabilized with 4% agar in
distilled water. Artificial cerebrospinal fluid (in mM: 113
NaCl, 3 KCl, 1 NaHPO4, 25 NaHCO3, 11 glucose, 2 CaCl2, 1
MgCl2) was applied to the chamber (0.6–0.8 mL/5–10 s) using
a 1 mL syringe with a 23 G needle (Terumo, Tokyo, Japan).
The left sciatic nerve was exposed, and the nerve fibres were
placed on bipolar Ag–AgCl electrodes for stimulation. At the
end of the surgery, the animals were paralysed with pancuro-
nium bromide (0.5 mg·kg-1 for 90 min; i.v.) administered
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through a cannula inserted into the femoral vein to prevent
the muscle contraction evoked by electrical stimulation. After
the electrophysiological recordings were completed, the
animals were allowed to recover from muscle relaxation and
the deepness of anaesthesia was confirmed by observing the
loss of the reflexes as above. The recovery was confirmed by
observing the muscle constriction evoked by the electrical
stimulation to the sciatic nerve fibres and the spontaneous
respiration. For early recovery, the dose of pancuronium was
decreased near the end of a recording period.

Electrophysiological recordings
The electrophysiological set-up was essentially as described
previously (Ohnami et al., 2011). A tungsten microelectrode
was inserted at a depth of 100–500 mm from the spinal dorsal
surface. As a test stimulus, single, monophasic square-wave
pulses of 0.5 ms duration were delivered to the sciatic nerve
fibres through the bipolar electrodes. The evoked spinal FPs
were amplified, band-pass filtered between 3 kHz and 0.1 Hz
(DAM80, World Precision Instruments, Sarasota, FL, USA),
and digitized for computer analysis at a sampling rate of
2 kHz using a PowerLab A/D converter (AD Instruments,
Mountain View, CA, USA). The C-fibre-evoked component of
an FP was distinguished as a response that peaked with 100–
200 ms latency following stimulation and that had a thresh-
old greater than 5 V stimulus intensity (Liu and Sandkühler,
1995; Tanabe et al., 2006). Following the determination of
this threshold, the test stimuli (at a constant voltage intensity
1.2–2 times the threshold) were applied at 1 min intervals to
the sciatic nerve fibres. High-frequency stimulation (HFS;
0.5 ms duration, 40–45 V, 100 Hz, given in two trains of 1 s
duration at 20 s intervals) was used to induce LTP. Recordings
were performed for a minimum of 180 min from the HFS.

Animal models of neuropathic pain and
behavioural tests
The surgical procedure was performed with some modifica-
tions to the original L5 and L6 spinal nerve ligation (SNL)
model (Kim and Chung, 1992) described by Fukuoka et al.
(1998). Briefly, male Wistar/ST rats (4–5 weeks old; SLC,
Shizuoka, Japan) were anaesthetized with pentobarbital
sodium (60 mg·kg-1; i.p.). The left paraspinal muscles were
separated from the spinous processes at the L5–6 level, and
the L6 transverse process was removed. The left L5 spinal
nerve was isolated, tightly ligated with 3-0 silk thread, and
cut just distal to the ligation (~1 mm apart). The distance
from the dorsal root ganglion to the site of nerve injury was
approximately 8–12 mm.

About 14–17 days after the operation, the threshold of the
paw withdrawal response was determined by the up-down
method (Chaplan et al., 1994) using a series of calibrated von
Frey filaments (Semmes-Weinstein Monofilaments; North
Coast Medical, Morgan Hill, CA, USA). Each rat was placed on
a metal mesh floor covered with a clear plastic cage, and the
filaments were applied from underneath the floor to the
plantar surface of the paw. Only those animals that
show a lowered threshold at the injured paw (left; �4 g,
right; �10 g) were used for the electrophysiological studies
described.

Drugs and pharmacological treatment
Milnacipran hydrochloride was purchased from Janssen
Pharmaceutical K.K. (Tokyo, Japan) and was purified at
Shionogi & Co. (Osaka, Japan). Urethane, yohimbine hydro-
chloride, idazoxan hydrochloride and methysergide maleate
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Pancuronium bromide was purchased from Schering-Plough
K.K. (Osaka, Japan), and pentobarbital sodium was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Mil-
nacipran, yohimbine, idazoxan and methysergide were
dissolved in the artificial cerebrospinal fluid. For spinal
administration (Ohnami et al., 2011), approximately > 90%
of the vehicle (with or without drugs) was removed from the
chamber by suction, and the chamber was refilled with the
next solution to be tested by manual injection, using a 1 mL
syringe with a 23 G needle (Terumo, Tokyo, Japan). It took
roughly 15–20 s for each wash. The procedure was repeated
twice to completely exchange the solution in the chamber.
The volume of solution used for administration and washing
was approximately 0.8 mL. As the temperature of the solu-
tion in the chamber on the spinal column was approxi-
mately 27–30°C during the recording period, the vehicle
with or without drugs was warmed to roughly 30°C just
prior to the administration. The effects of the antagonists
and each dose of milnacipran were monitored for more than
180 min. The penetration of spinally administered drugs
into the spinal cord tissue was described by Beck et al.
(1995).

Data analysis
The area of C-fibre-evoked FPs was determined offline, as
described previously (Figure 1, inset) (Ohnami et al., 2011).
The mean areas of the basal C-fibre-evoked FPs were 1.4 �

0.1 mV ms (range, 0.3–4.0 mV ms; n = 56) and 1.9 � 0.2 mV
ms (range, 0.4–6.9 mV ms; n = 38) in naïve and the modified
SNL-model animals, respectively, at 0–60 min prior to HFS
or the first drug administration. As demonstrated previously
(Matthews and Dickenson, 2001; Buesa et al., 2008; Ohnami
et al., 2011), the actual value of basal C-fibre-evoked
responses in the nerve-injured animals was similar to that
in naïve animals despite the loss and/or damage of spinal
nerves, suggesting that nociceptive transmission was already
enhanced in the spinal cord after the modified SNL. The
mean area of C-fibre-evoked FPs in the maintenance phase
of LTP in naïve animals was 3.1 � 0.2 mV ms (range,
0.7–8.2 mV ms; n = 51) at 30–60 min after HFS. In the
studies evaluating the effect of milnacipran on the induc-
tion of spinal LTP, FPs were normalized to the average of
30 consecutive FPs obtained prior to HFS. In the other
studies, 60 consecutive FPs recorded prior to HFS or the
administration of vehicle or milnacipran were averaged for
normalization. The maximal inhibition of C-fibre-evoked
FPs was calculated using the mean area of 30 consecutive
FPs during 90–120 min following vehicle or milnacipran
administration. Student’s t-test and a two-tailed t-test with
Bonferroni correction following one-way ANOVA were used
for the two-group and multiple comparisons (Wallenstein
et al., 1980) respectively. Differences with P < 0.05 were
considered significant. All data are presented as means �

SEM.
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Results

Effects of milnacipran on C-fibre-evoked FPs
following the establishment of LTP in
naïve rats
C-fibre-evoked FPs were continually observed in the spinal
dorsal horn of anaesthetized naïve adult rats by electrical
stimulation of the sciatic nerve fibres (Liu and Sandkühler,
1995). The area of C-fibre-evoked FPs was stable for more
than 60 min with 1 min interval stimulation of the sciatic
nerve fibres (Figure 1). In naïve animals, HFS (see Methods)
of the sciatic nerve fibres after �60 min of stable baseline
recordings induced a large increase in the area of C-fibre-
evoked FPs to 214 � 14% (n = 6, averaged at 30–60 min
following HFS) of the pre-HFS values (basal responses, aver-
aged at 0–60 min prior to HFS; Figure 1). Enhancement of
the C-fibre-evoked FPs continued until termination of the
experimental protocol (�240 min), despite the spinal
administration of the vehicle alone at 60 min after HFS,

accomplished by exchanging the entire volume of the
vehicle solution in the chamber placed on the recording
segments, indicating the development and maintenance of
LTP of C-fibre-evoked FPs (Liu and Sandkühler, 1995;
Ohnami et al., 2011).

We applied milnacipran (0.8 mL of 10, 100 and 1000 mM,
corresponding to about 2.26, 22.6 and 226 mg, respectively)
directly onto the spinal dorsal surface at the recording seg-
ments 60 min after HFS. As shown in Figure 1, all concentra-
tions of milnacipran induced a long-lasting depression of
C-fibre-evoked FPs and at 100 mM, milnacipran depressed FPs
to the pre-HFS level. When the concentration of milnacipran
was increased to 1000 mM, the inhibition of C-fibre-evoked FPs
did not increase. In summary, 90–120 min following the
spinal administration (150–180 min following HFS), the mean
C-fibre-evoked FPs of 10, 100, and 1000 mM milnacipran
groups were 137 � 10% (n = 6), 104 � 7% (n = 5), and
110 � 16% (n = 3), respectively, all of which were significantly
smaller (P < 0.01) than that of the vehicle group (211 � 18%,
n = 6). When compared with the pre-drug values (30–60 min
following HFS), the C-fibre-evoked FPs were maximally
decreased by 35 � 4% (n = 6), 50 � 6% (n = 5) and 47 � 9% (n
= 3) from 90–120 min following administration of 10, 100 and
1000 mM milnacipran (150–180 min following HFS) respec-
tively. We have to take into consideration that up to 5% of
drugs can be absorbed into the blood after the spinal admin-
istration (Beck et al., 1995), in particular when the drug dose is
increased. To reduce any possible extraspinal or nonspecific
effects, therefore, the lowest dose of milnacipran in this study
(10 mM) was used in the subsequent experiments to assess
spinal receptors involved in the milnacipran-induced inhibi-
tion of C-fibre-evoked FPs.

Previous behavioural studies suggested that the analgesic
effect of intrathecally administered milnacipran in animal
models of chronic pain is blocked by yohimbine (Obata et al.,
2005) and idazoxan (Obata et al., 2010), a2-adrenoceptor
antagonists, and methysergide (Obata et al., 2005; 2010), a
nonselective 5-HT1 and 5-HT2 receptor antagonist (receptor
nomenclature follows Alexander et al., 2011). Thus, we used
these antagonists to examine whether the noradrenaline and
5-HT receptors in the spinal cord mediated the inhibitory
effect of milnacipran on C-fibre-evoked FPs after the estab-
lishment of spinal LTP. The doses of antagonists used in the
present study, (0.8 mL of 5 mM yohimbine, 30 mM idazoxan
or 30 mM methysergide) were equivalent to about 1.56, 5.78
and 11.3 mg respectively. These antagonists alone at the con-
centrations tested were found to have no apparent influence
on C-fibre-evoked FPs for at least 180 min, when applied to
the recording segments at 60 min after HFS (Figure 2A). As
shown in Figure 2B, the inhibitory effect of milnacipran
(10 mM) on C-fibre-evoked FPs was significantly reduced
when milnacipran was applied 60 min after HFS in the pres-
ence of any of these antagonists (pretreatment of 15 min).
The inhibition of C-fibre-evoked FPs during 90–120 min fol-
lowing the administration of milnacipran (10 mM) in the
presence of yohimbine, idazoxan and methysergide (150–
180 min following HFS) was 10 � 9% (n = 5), 9 � 5% (n = 5)
and 9 � 7% (n = 6) respectively (P < 0.05 vs. 10 mM milnacip-
ran alone; Figure 2C).

In addition to the inhibitory effect on early LTP demon-
strated above, milnacipran (10 mM) markedly inhibited C-
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Figure 1
Effects of spinally administered milnacipran (Mil) on C-fibre-evoked
field potentials (FPs) following the establishment of long-term poten-
tiation (LTP) in naïve animals. FPs in the spinal dorsal horn were
elicited by electrical stimulation of the sciatic nerve fibres at 1 min
intervals in anaesthetized naïve adult rats. LTP of C-fibre-evoked FPs
was induced by high-frequency stimulation (HFS; 0.5 ms duration,
40–45 V, 100 Hz, given in two trains of 1 s duration at 20 s intervals;
arrowhead) of the sciatic nerve fibres. Each area of C-fibre-evoked FPs
was normalized to the mean of 60 consecutive responses obtained
prior to HFS (–60 to 0 min in the graph) and five consecutive
responses were averaged. The vehicle (n = 6) or 10, 100 and
1000 mM milnacipran (n = 6, n = 5 and n = 3, respectively) was
administered spinally 60 min after HFS (arrow), when the enhance-
ment of C-fibre-evoked FPs by HFS was fully established. Example-
averaged traces of five consecutive FPs from the 10 mM milnacipran
group recorded during the times indicated on the graph (a, b and c)
are shown. Inset represents the calculated area of C-fibre-evoked FPs.
Data shown are means � SEM.
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fibre-evoked FPs when administered spinally more than 3 h
(190 min) after HFS (Figure 3). The C-fibre-evoked FPs were
reduced from 218 � 10% (averaged at 0–30 min before mil-
nacipran administration) to 131 � 8% (averaged 90–120 min
following the application, n = 6), indicating that milnacipran
can also reverse spinal LTP thought to reflect the transcrip-
tional changes occurring in later time points (typically more
than 3 h) after the induction of LTP (Sandkühler, 2009).
When compared with the pre-drug values (160–190 min fol-
lowing HFS), the C-fibre-evoked FPs were maximally
decreased by 39 � 5% (n = 6) from 90 to 120 min following
administration of 10 mM milnacipran (280–310 min follow-
ing HFS), comparable to the inhibitory effect at early LTP
(Figure 1). In three out of six animals here, milnacipran was

removed from the chamber and replaced by yohimbine
(5 mM) 120 min after the application of milnacipran, and we
found that C-fibre-evoked FPs returned close to the pre-drug
level (Figure 3). The mean C-fibre-evoked FPs before mil-
nacipran administration (160–190 min after HFS) and after
replacement with yohimbine (460–490 after HFS) were
210 � 14% and 208 � 9% (n = 3 each). By contrast, replace-
ment of milnacipran in the chamber by vehicle (in another
three animals) did not reverse the inhibitory effect of mil-
nacipran (Figure 3). The mean C-fibre-evoked FPs before mil-
nacipran administration (160–190 min after HFS) and after
replacement with vehicle (460–490 after HFS) were
225 � 16% and 127 � 9% (n = 3 each, P < 0.01 vs. the
yohimbine-treated group).

Effects of milnacipran on C-fibre-evoked FPs
in the nerve-injured rats
The first results suggested that C-fibre-mediated nociceptive
synaptic transmission was sensitive to inhibition of 5-HT and
noradrenaline reuptake after the establishment of spinal LTP,
which prompted us to assess the effect of milnacipran on
C-fibre-evoked FPs in a rat model of neuropathic pain (Kim
and Chung, 1992; Fukuoka et al., 1998). Rats exhibiting
allodynia-like behaviour to plantar stimulation 2 weeks
after the modified SNL surgery were subjected to electro-
physiological studies. When milnacipran was administered
to the recording segments of the spinal surface of the
modified SNL-model animals after �60 min of baseline
recordings, the basal C-fibre-evoked FPs were significantly
decreased, although the spinal administration of vehicle did
not affect the FPs. As shown in Figure 4, 90–120 min follow-
ing the spinal administration, the mean C-fibre-evoked FPs
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Figure 2
Effects of adrenoceptor or 5-HT receptor antagonists on the inhibi-
tory effect of milnacipran (Mil) on the C-fibre-evoked field potentials
(FPs) following the establishment of long-term potentiation (LTP) in
naïve animals. FPs in the spinal dorsal horn were elicited by electrical
stimulation of the sciatic nerve fibres at 1 min intervals in anaesthe-
tized naïve adult rats. LTP of C-fibre-evoked FPs was induced by
high-frequency stimulation (HFS; 0.5 ms duration, 40–45 V, 100 Hz,
given in two trains of 1 s duration at 20 s intervals; arrowhead) of the
sciatic nerve fibres. Each area of C-fibre-evoked FPs was normalized
to the mean of 60 consecutive responses obtained prior to HFS (–60
to 0 min in the graph) and five consecutive responses were averaged.
(A) Yohimbine (Yoh; n = 4), idazoxan (Ida; n = 3) or methysergide
(Met; n = 4) was administered spinally 60 min after HFS (arrow),
when the enhancement of C-fibre-evoked FPs by HFS was fully
established. (B) Yohimbine (n = 5), idazoxan (n = 5) or methysergide
(n = 6) was administered spinally 45 min after HFS. Yohimbine,
idazoxan or methysergide plus milnacipran were administered spi-
nally 60 min after HFS. (C) The inhibitory effects of 10 mM milnacip-
ran on the C-fibre-evoked FPs with or without yohimbine, idazoxan
or methysergide. The % inhibition of C-fibre-evoked FPs was calcu-
lated using the mean area of 30 consecutive FPs during 90–120 min
following the vehicle or milnacipran administration (averaged at
150–180 min after HFS) in comparison to the pre-drug values (aver-
aged at 30–60 min after HFS). The values in vehicle and milnacipran
groups are from Figure 1. Data shown are means � SEM. *P < 0.05;
**P < 0.01, significantly different as indicated.
�
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of 10, 100 and 1000 mM milnacipran groups were 63 � 5%
(n = 5), 50 � 4% (n = 7) and 33 � 4% (n = 4), respectively, all
of which were significantly smaller (P < 0.01) than that of the
vehicle group (107 � 11%, n = 4). When compared with the
pre-drug values (baseline; 0–60 min before the administra-
tion), the C-fibre-evoked FPs were maximally decreased by
37 � 5% (n = 5), 50 � 4% (n = 7) and 67 � 4% (n = 4) during
90–120 min following the administration of 10, 100 and
1000 mM milnacipran respectively. Similarly, in the following
pharmacological experiments to assess spinal receptors
involved in the milnacipran-induced inhibition of C-fibre-
evoked FPs, the lowest dose of milnacipran used in this study
(10 mM) was administered to reduce any possible extraspinal
or nonspecific effects. As spinal LTP of C-fibre-evoked FPs or
facilitation of C-fibre-evoked action potential discharges is
rarely induced by electrical stimulation of the sciatic nerve
fibres after peripheral nerve injury (Rygh et al., 2000; Zhang
et al., 2004; Ohnami et al., 2011), we did not apply the HFS
protocol in the modified SNL-model animals.

We also examined whether the inhibitory effect of mil-
nacipran on basal C-fibre-evoked FPs in the neuropathic pain
model animals could be blocked by 5-HT or noradrenaline
receptor antagonists. Because it has been shown that the
analgesic effect of intrathecally administered milnacipran
was blocked by yohimbine and methysergide in a rat model
of neuropathic pain (Obata et al., 2005), we used these two
antagonists for the electrophysiological experiments in the
modified SNL-model rats. Again, yohimbine (5 mM) and

methysergide (30 mM) alone were found to have no apparent
influence on C-fibre-evoked FPs for at least 180 min when
applied to the recording segments after �60 min of baseline
recordings in the modified SNL-model animals (Figure 5A). As
shown in Figure 5B, the inhibitory effect of milnacipran
(10 mM) on C-fibre-evoked FPs was significantly reduced
when milnacipran was applied in the presence of either of
these antagonists (pretreatment for 15 min) in the modified
SNL-model animals. The inhibition of basal C-fibre-evoked
FPs during 90–120 min following the administration of
milnacipran (10 mM) in the presence of yohimbine and
methysergide was 9 � 8% (n = 5) and 5 � 3% (n = 4) respec-
tively (P < 0.05 vs. 10 mM milnacipran alone; Figure 5C).

Effects of milnacipran on the basal
C-fibre-evoked FPs and the induction of LTP
in naïve rats
To investigate whether the basal C-fibre-evoked FPs and the
induction of spinal LTP in naïve animals were influenced by
the spinal administration of milnacipran, the vehicle or mil-
nacipran was applied to the recording segments following
basal recordings (>60 min). In naïve animals, spinal admin-
istration of 1000 mM milnacipran (n = 5) had no significant
effect on the basal C-fibre-evoked FPs compared with vehicle
treatment (Figure 6A). The inhibition of C-fibre-evoked FPs at
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potentials (FPs) in naïve animals and its reversal by antagonizing the
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30–60 min following the vehicle and milnacipran adminis-
tration was -13 � 3% (n = 5) and -3 � 6% (n = 5) respectively
(basal responses were averaged at 60–0 min prior to spinal
administration, P > 0.05; Figure 6B). When HFS of the sciatic
nerve fibres was applied 60 min following the administration,
C-fibre-evoked FPs were increased equally in both vehicle-
and Mil-treated rats, and the enhancement of C-fibre-evoked
FPs was stably maintained for more than 240 min (Figure 6A).
The mean area of C-fibre-evoked FPs at 30–60 min following
HFS was 202 � 20% (n = 5) in the vehicle-treated group and
183 � 16% (n = 5) in the milnacipran-treated group (basal
responses were averaged at 30–0 min prior to HFS, P > 0.05;
Figure 6C).

Discussion and conclusions

In the present study, we investigated the effect of milnacipran,
a representative SNRI, on C-fibre-mediated synaptic transmis-
sion and its plasticity in the rat spinal dorsal horn using in vivo
electrophysiological studies. milnacipran significantly inhib-
ited the basal C-fibre-evoked FPs in the modified SNL-model
animals, but not in the basal condition of naïve animals. A
significant inhibitory effect of milnacipran was also observed
in the maintenance phase of LTP of C-fibre-evoked FPs. Thus,
milnacipran inhibited C-fibre-evoked FPs in specific condi-
tions (i.e. spinal LTP or chronic pain). We also demonstrated
that the condition-dependent effect of milnacipran was
mediated by spinal 5-HT1/2 receptors and a2-adrenoceptors.

SNRIs exhibit analgesic efficacy after intrathecal adminis-
tration in various animal models of chronic pain (Shin and
Eisenach, 2004; Obata et al., 2005; 2010; Ikeda et al., 2009);
however, the mechanism has not been fully elucidated. The
present study is the first to demonstrate that a monoamine
reuptake inhibitor suppressed nociceptive synaptic transmis-
sion in spinal LTP and chronic pain (Figures 1, 3 and 4).
Milnacipran inhibited C-fibre-evoked FPs after local spinal
administration, which mostly prevents drugs from reaching
other CNS regions (Beck et al., 1995; Ge et al., 2006), and the
effects were blocked by spinally administered noradrenaline
and/or 5-HT receptor antagonists (Figures 2, 3 and 5), all of
which antagonize milnacipran-induced analgesia in chronic
pain model animals (Obata et al., 2005; 2010). Milnacipran
selectively inhibits both 5-HT and noradrenaline reuptake
transporters, which are expressed at the bulbospinal
5-hydroxytryptaminergic and noradrenergic terminals
(Moret et al., 1985; Sindrup et al., 2005), and increases the
extracellular concentrations of both monoamines in the
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Effects of adrenoceptor or 5-HT receptor antagonists on the inhibi-
tory effect of milnacipran (Mil) on the basal C-fibre-evoked field
potentials (FPs) in modified spinal nerve ligation (SNL)-model
animals. FPs in the spinal dorsal horn were elicited by electrical
stimulation of the sciatic nerve fibres at 1 min intervals in modified
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Yohimbine (Yoh; n = 4) or methysergide (Met; n = 4) was adminis-
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consecutive responses obtained prior to the administration (–60 to
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spinal cord in chronic pain conditions (Obata et al., 2010).
Therefore, milnacipran could exert analgesic efficacy at the
spinal level by inhibiting C-fibre-mediated nociceptive
synaptic transmission by activating both the spinal
5-hydroxytryptaminergic and noradrenergic systems. The
exact site of action of milnacipran in the spinal dorsal horn
awaits further studies in the future. Furthermore, the basal
C-fibre-evoked FPs in naïve animals were almost unchanged
by milnacipran (Figure 6), and the maximal inhibitory effect
of milnacipran in the maintenance phase of LTP did not
exceed the pre-HFS level (Figure 1), indicating that milnacip-
ran hardly affected the normal nociceptive transmission.
These data may reflect the fact that SNRIs have limited effi-
cacy for acute nociception (Iyengar et al., 2004; Jones et al.,
2005; Suarez-Roca et al., 2006).

Antagonists of the a2-adrenoceptors mostly antagonized
the effects of milnacipran in this study and the behavioural
study (Obata et al., 2005). a2-adrenoceptors are expressed at
the central terminals of C-fibre afferents and spinal excitatory
neurons, and thought to primarily mediate analgesia by
noradrenaline released from descending bulbospinal axons
(Millan, 2002; Gassner et al., 2009). In fact, activation of
a2-adrenoceptors suppresses excitatory neurotransmitter
release from C-fibre afferents and excitatory synaptic trans-
mission such as C-fibre-evoked FPs (Takano et al., 1993; Duflo

et al., 2002; Ge et al., 2006). Although the contribution of
a1-adrenoceptors, which can activate spinal inhibitory
interneurons (Gassner et al., 2009), could not be completely
ruled out, the spinal a2-adrenoceptors apper to play a key role
in mediating the SNRI-induced inhibition of C-fibre-evoked
FPs.

In animal models of neuropathic pain, spinal administra-
tion of 5-HT or SSRIs exerted analgesic effects (Bardin et al.,
2000; Honda et al., 2006) and inhibited the firing of spinal
dorsal horn neurons (Hains et al., 2003; Liu et al., 2010).
Therefore, spinal nociceptive transmission in neuropa-
thic conditions is likely to be suppressed when the spinal
5-HT level is elevated, which appears to overcome any
pronociceptive effects of 5-HT (Millan et al., 1996; Millan,
2002; Aira et al., 2010). Previous findings suggested that the
nociceptive transmission including C-fibre-evoked FPs could
be significantly inhibited via spinal 5-HT1A, 5-HT1B and 5-HT2C

receptor subtypes in rat models of neuropathic pain (Colpaert
et al., 2002; Obata et al., 2007; Aira et al., 2010). 5-HT might
not only inhibit the C-fibre terminals and spinal excitatory
neurons via 5-HT1A/1B receptors (Millan, 2002; Yoshimura and
Furue, 2006) but also facilitate noradrenaline release from the
bulbospinal noradrenergic axons via 5-HT2C receptors (Obata
et al., 2007) in the spinal dorsal horn. In the presence of
methysergide, activation of spinal a2-adrenoceptors by the
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5-HT-induced noradrenaline release might be also attenuated,
which mostly antagonized the effects of milnacipran (Fig-
ures 2 and 5; Obata et al., 2005).

Milnacipran inhibited C-fibre-evoked FPs after the estab-
lishment of spinal LTP or abnormal pain. This indicates that
monoaminergic modulation of spinal nociceptive synaptic
transmission is changed after HFS and nerve injury. However,
the mechanism(s) underlying the condition-dependent effect
of milnacipran are unclear. Previous studies suggested that the
extracellular concentrations of 5-HT and/or noradrenaline in
the CNS were decreased in chronic pain conditions (Covey
et al., 2000; Hains et al., 2002; Vogel et al., 2003; Liu et al.,
2010). Several molecules such as calcium/calmodulin-
dependent kinase II, which play critical roles in hypersensitiv-
ity and spinal LTP (Fang et al., 2002; Yang et al., 2004; Choi
et al., 2005), might accelerate spinal monoamine reuptake
(Ramamoorthy et al., 2011) in chronic pain and/or spinal LTP.
Therefore, it is likely that blockade of monoamine receptors
has no detectable influence on pain transmission, as shown by
our finding that spinally administered methysergide and ida-
zoxan (and/or yohimbine), given alone, did not change either
C-fibre-evoked FPs after the establishment of spinal LTP or
abnormal pain in this study, and also the paw withdrawal
threshold to mechanical stimuli in a rodent post-operative
pain model (Obata et al., 2010). Moreover, the decrease in
monoamine levels affects the localization and/or sensitivity of
their receptors (Roudet et al., 1994; Saunders and Limbird,
1999; Dziedzicka-Wasylewska et al., 2006; Omiya et al., 2008).
Thus the inhibitory effect of clonidine, an a2-adrenoceptor
agonist, on nociceptive transmission was potentiated after the
depletion of spinal noradrenaline (Howe and Yaksh, 1982), as
well as after the development of hypersensitivity (Duflo et al.,
2002; Millan, 2002; Omiya et al., 2008) and LTP of C-fibre-
evoked FPs (Ge et al., 2006). When monoamine concentra-
tions are maintained at a high level by milnacipran
pretreatment, the receptor function might be unaltered fol-
lowing HFS, and as a result, C-fibre-evoked FPs would be stable
even in the presence of the drug (Figure 6). Therefore, presy-
naptic and presumably sequential postsynaptic functional
alterations might be induced in the 5-hydroxytryptaminergic
and noradrenergic systems after HFS and/or peripheral nerve
injury, which may contribute to the appearance of the
condition-dependent effect of milnacipran. Determination of
whether chronic administration of SNRIs induces tolerance to
their anti-hyperalgesic effects awaits further investigation.

In the present study, spinal LTP was induced in the pres-
ence of milnacipran (Figure 6). Recent findings suggested that
several 5-HT and noradrenaline receptor subtypes have oppos-
ing roles, such as facilitation versus inhibition, for the induc-
tion of LTP or facilitation of C-fibre-evoked action potential
discharges in the spinal cord (Ge et al., 2006; Rygh et al., 2006).
Therefore, milnacipran-induced increases in spinal 5-HT and
noradrenaline might have resulted in no net effect on the
induction of spinal LTP. Further studies using subtype-specific
5-HT and noradrenaline receptor agonists and antagonists
may improve our understanding of the roles of these receptor
subtypes in the induction of spinal plasticity.

LTP of nociceptive synaptic transmission in the spinal
dorsal horn has been proposed as a spinal mechanism of
hypersensitivity (Liu and Sandkühler, 1995; Sandkühler,
2009); however, it is not fully understood whether and how

LTP is related to chronic pain. Evaluation of C-fibre-evoked
FPs with pharmacological treatment using in vivo prepara-
tions allowed us to compare the characteristics of spinal LTP
and chronic pain, keeping in mind that acute LTP (less than
3 h after HFS) does not necessarily reflect the pathophysi-
ological changes in neuropathic pain (e.g. transcriptional
changes). Employing this approach, we previously reported
that the effects of calcium channel blockers on the induction
and maintenance of spinal LTP are in agreement with their
effects on the development and maintenance of pathological
pain respectively (Ohnami et al., 2011). As we demonstrated
here, milnacipran prevented the maintenance, but not the
induction, of LTP. This is compatible with previous findings
showing that milnacipran potently ameliorates established
chronic pain (Shin and Eisenach, 2004; Obata et al., 2005;
2010; Ikeda et al., 2009), without interfering with the devel-
opment of hypersensitivity (Suarez-Roca et al., 2006). Mil-
nacipran also inhibited C-fibre-evoked FPs in the nerve-
injured animals. Most likely, peripheral nerve injury induced
an LTP-like state, that is, a preexisting abnormal condition in
the spinal cord, as C-fibre-evoked responses of spinal neurons
were not further potentiated by HFS after nerve injury (Rygh
et al., 2000; Zhang et al., 2004; Ohnami et al., 2011). Consist-
ent with this, the basal C-fibre-evoked responses in the
normal and neuropathic conditions were similar, despite the
loss and/or damage of spinal nerves in neuropathic rats, as
demonstrated here and previously (Matthews and Dickenson,
2001; Buesa et al., 2008; Ohnami et al., 2011), suggesting that
nociceptive transmission had been already enhanced in the
spinal cord by the modified SNL. The finding that milnacip-
ran inhibited C-fibre-evoked FPs when administered spinally
more than 3 h after HFS (Figure 3) may also support the
importance of milnacipran for treatment of established
chronic pain. However, it is most likely that the pathophysi-
ological changes in chronic pain conditions are not com-
pletely normalized by milnacipran, considering that the
continuous presence of increased monoamines by blocking
their reuptake was important in the milnacipran-induced
inhibition of the established spinal LTP (Figure 3).

In conclusion, the SNRI milnacipran inhibited C-fibre-
mediated nociceptive synaptic transmission in the spinal
dorsal horn in the maintenance phase of LTP and neuro-
pathic conditions, but not in normal conditions, by activat-
ing the spinal 5-hydroxytryptaminergic and noradrenergic
systems. This provides novel evidence regarding the analgesic
mechanisms of SNRIs. The present study supports the notion
that spinal LTP is a key factor in chronic pain and that SNRIs
may be a promising treatment for various pain syndromes
including neuropathic pain.
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