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Abstract

Primary afferent A-fiber stimulation normally evokes fast mono- or polysynaptic EPSCs of short duration. However, in the presence of
the GABAA receptor antagonist bicuculline, repetitive, long lasting, polysynaptic EPSCs can be observed following the initial, fast response.
A-fiber-induced ERK activation is also facilitated in the presence of bicuculline. The frequency of miniature EPSCs and the amplitude of
the monosynaptic A-fiber-evoked EPSCs are not affected by bicuculline or the GABAA receptor agonist muscimol, suggesting that GABAA

receptors located on somatodendritic sites of excitatory interneurons are critical for this action. Bicuculline-enhanced polysynaptic EPSCs
are completely eliminated by NMDA receptor antagonists APV and ketamine, as was the augmented ERK activation. This NMDA
receptor-dependent phenomenon may contribute to bicuculline-induced allodynia or hyperalgesia, as well as the hypersensitivity observed
in neuropathic pain patients.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Spinal disinhibition and central sensitization are two key
mechanisms thought to generate hyperexcitability in the
dorsal horn, which in turn contributes to neuropathic pain
symptoms (Woolf and Salter, 2000). Several lines of indi-
rect evidence support a role for spinal disinhibition (i.e.,
removal of GABAergic tone) (Woolf and Mannion, 1999).
For example, GABA content is substantially decreased in
the dorsal horn of rats with neuropathic injuries (Castro-
Lopes et al., 1993; Ibuki et al., 1997), leading to a functional
attenuation of GABAergic, but not glycinergic, inhibitory
transmission (Moore et al., 2002). In addition, pharmaco-
logical antagonism of spinal GABAA receptors with bicu-
culline mimics the effects of peripheral nerve injury, pro-
ducing tactile-evoked allodynia, which resembles

neuropathic pain observed in patients after nerve injury.
Conversely, intrathecal GABA administration in rats with
chronic constriction nerve injury reverses thermal and me-
chanical hypersensitivity (Eaton et al., 1999).

NMDA receptor-mediated central sensitization, an in-
creased excitability of dorsal horn neurons (Woolf, 1983), is
another mechanism of neuropathic pain. NMDA antagonists
MK801 and ketamine have been used for the treatment of
neuropathic pain, and the effectiveness of these drugs has
been demonstrated both in rats (Chaplan et al., 1997; Burton
et al., 1999) and in humans with neuropathic pain conditions
(Eide et al., 1994; Nikolajsen et al., 1996; Takahashi et al.,
1998). In addition, ketamine suppresses dorsal horn c-fos
expression in neuropathic pain models (Huang and Simp-
son, 1999) and bicuculline-induced allodynia in rats (Onaka
et al., 1996).

Collectively, these studies suggest that GABAergic dis-
inhibition induces pain hypersensitivity in a NMDA recep-
tor-dependent manner. However, the underlying cellular
mechanisms are unclear. GABA expression is most dense in
superficial laminae (Todd and Sullivan, 1990; Todd et al.,
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1996). Therefore, one can speculate that blockade of
GABAergic inhibition may facilitate excitatory synaptic
transmission in the superficial dorsal horn. To investigate
this, the actions of bicuculline and strychnine on primary
afferent-evoked EPSCs have been analyzed in lamina II
(substantia gelatinosa; SG) neurons of an isolated adult rat
spinal cord preparation with an attached dorsal root from
naive rats and following spared nerve injury (SNI) (De-
costerd and Woolf, 2000). We have also evaluated the
induction of primary afferent-evoked ERK (extracellular
signal-regulated kinase) MAP kinase (mitogen-activated
protein kinase) in the dorsal horn, as it is indication for a
functional marker of neuronal excitation that likely leads to
central sensitization (Ji et al., 1999).

Results

Bicuculline enhances polysynaptic EPSCs in substantia
gelatinosa neurons

A� or A� fiber intensity stimulation normally evokes fast
mono- or polysynaptic EPSCs (50–200 ms) in SG neurons
(Fig. 1A and B). Bath application of bicuculline (40 �M) did
not affect or only slightly enhanced the initial fast mono- or
polysynaptic components of EPSCs (Fig. 1A and B, Fig. 2A
and B, and Fig. 5A1). In clear contrast, bicuculline (40 �M)
resulted in repetitive, long-lasting (300–1000 ms) polysynaptic
EPSCs that followed the initial fast EPSCs (Figs 1A and B and
2A and B) in all SG neurons tested. The integrated (0–1000
ms) area of the EPSC was used to evaluate bicuculline effects
(Fig. 1A, right). Bicuculline (40 �M) significantly increased
the integrated area of EPSCs evoked by A� fiber stimulation
from 5.9 � 0.5 to 26.8 � 3.3 pA · s (454% of control, n � 21,
P � 0.0001). Similarly, the integrated area of EPSCs evoked
by A� fiber stimulation was increased from 15.8 � 1.3 to 71.2
� 9.6 pA · s (450% of control, n � 24, P � 0.0001). In the
case of C fiber-evoked EPSCs, long-lasting polysynaptic re-
sponses could be evoked without bicuculline (Figs. 1C and 2C,
Control), which sometimes resembled the slow EPSCs. These
long-lasting polysynaptic C fiber-evoked EPSCs were slightly
augmented by bicuculline (Fig. 1C). The integrated area of
EPSCs evoked by C fiber stimulation was increased from 62.9
� 7.2 to 100.9 � 14.6 pA · s (160% of control, n � 13, P �
0.001). Thus, the facilitatory action of bicuculline is more
prominent following A fiber stimulation.

Strychnine has only modest effects

Since glycine is the other major inhibitory transmitter in
the dorsal horn, we also tested whether the glycine receptor
antagonist strychnine has a similar facilitatory action on the
primary afferent-evoked polysynaptic EPSCs. As shown in
Fig. 3A, strychnine (5 �M) only slightly enhanced A� and
A� fiber-evoked EPSCs. Strychnine significantly increased
the integrated area of A� fiber-evoked EPSCs from 6.6 �

1.2 to 8.1 � 1.3 pA · s (123% of control, n � 10, P � 0.01),
and A� fiber-evoked EPSCs from 14.1 � 2.0 to 15.4 � 2.1
pA · s (109% of control, n � 22, P � 0.05) (Fig. 3B). In the
case of C fiber intensity stimulation, strychnine action on
EPSC area was not significant (control: 41.3 � 5.5 pA · s
and strychnine: 40.9 � 4.8 pA · s, n � 13, P � 0.19);
however, bicuculline produced long-lasting polysynaptic
EPSCs (Fig. 3A). Thus, the facilitatory effect of strychnine
is less pronounced than that of bicuculline.

NMDA receptor antagonists block the facilitatory action
of bicuculline

The slow polysynaptic EPSCs induced by bicuculline
were completely eliminated by NMDA receptor antagonists
APV (100 �M; Fig. 1) and ketamine (100 �M; Fig. 2). In
contrast, APV (100 �M, n � 6, P � 0.12; Fig. 4A1A2) and
ketamine (100 �M, n � 6, P � 0.15; Fig. 4A3) had no effect
on the amplitude of A� fiber-evoked fast monosynaptic
EPSCs, as expected due to the voltage-dependent Mg2�

block of NMDA receptors at �70 mV. The amplitudes of
A� and A� fiber-evoked fast polysynaptic EPSCs were also
not significantly affected by APV (A�-poly, n � 10, P �
0.07; Fig. 4B2; A�-poly, n � 7, P � 0.08; Fig. 4C2) or
ketamine (A�-poly, n � 10, P � 0.09; Fig. 4B3; A�-poly,
n � 7, P � 0.10; Fig. 4C3).

Bicuculline and muscimol have no effect on transmitter
release from presynaptic terminals

GABAA receptors may be located on presynaptic primary
afferent axon terminals and/or postsynaptic somatodendritic
sites of intrinsic dorsal horn neurons. To evaluate whether
bicuculline has a presynaptic action on primary afferent termi-
nals, the effects of bicuculline on the amplitude of monosyn-
aptic dorsal root evoked EPSCs was examined. In SG neurons
that exhibit monosynaptic EPSCs, bicuculline enhanced long-
lasting, polysynaptic components while leaving fast, monosyn-
aptic components unchanged (n � 7, P � 0.56; Figs. 2B and
5A). Furthermore, the amplitude of fast monosynaptic A�
fiber-evoked EPSCs was unaffected by muscimol, a GABAA

receptor agonist (10 �M, n � 6, P � 0.59; Fig. 5B), indicating
a minimal role for GABAA receptors in direct excitation from
primary afferents. In sharp contrast, the amplitude of polysyn-
aptic EPCSs mediated by A� fiber (n � 8, P � 0.015; Fig. 5C)
and A� fiber (n � 5, P � 0.0088; Fig 5D) was significantly
decreased by muscimol, suggesting that GABAA receptors are
involved in interneuronal transfer of A fiber input to SG neu-
rons.

We further tested the effects of bicuculline and muscimol
on the frequency of miniature EPSCs (mEPSCs), an indicator
of action at presynaptic terminals (Baba et al., 2000b). In the
presence of TTX (1 �M), SG neurons exhibited mEPSCs with
a frequency of 1.2–25.0 Hz. Neither bicuculline (40 �M, n �
9, P � 0.79; Fig. 6A) nor muscimol (10 �M, n � 9, P � 0.54;
Fig. 6B) affected the frequency of mEPSCs.
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Bicuculline had little effect in a partial peripheral nerve
injury model

We next tested the effect of bicuculline in the spared
nerve injury model, a peripheral neuropathic pain model in
which GABAergic transmission in the superficial dorsal
horn is greatly reduced (Moore et al., 2002). Similar to
naive rats, dorsal root stimulation evoked fast mono- or
polysynaptic EPSCs in all SG neurons of SNI models tested
(Fig. 7A). Bath application of bicuculline (40 �M) slightly,

but significantly, enhanced dorsal root-evoked EPSCs at
A�, A�, and C fiber intensity stimulations. Bicuculline
significantly increased the integrated area of A� fiber-
evoked EPSCs from 4.3 � 0.5 to 6.5 � 0.9 pA · s (148% of
control, n � 13, P � 0.005). A� fiber-evoked EPSCs were
increased from 6.2 � 0.9 to 19.3 � 1.7 pA · s (152% of
control, n � 18, P � 0.05) and C fiber EPSCs from 15.1 �
2.7 to 18.6 � 3.4 pA · s (123% of control, n � 13, P �
0.01). Thus, the extent of augmentation by bicuculline was
apparently less prominent compared to naive rats (Fig. 7B
and C).

Fig. 1. Bicuculline enhances polysynaptic excitatory transmission. (A and B) Dorsal root stimulation at A fiber intensity normally evokes fast mono- or
polysynaptic EPSCs of short duration (50–200 ms). Bath applied bicuculline (40 �M) results in repetitive long-lasting (300–1000 ms) polysynaptic EPSCs,
which were completely eliminated by the NMDA receptor antagonist, APV (100 �M). EPSCs were quantified by measuring the integrated (0–1000 ms) area
(A; right). (C) C fiber-intensity stimulation sometimes evokes long-lasting polysynaptic EPSCs even during control conditions. Bicuculline slightly enhanced
the long-lasting polysynaptic component, which was also blocked by APV. Two or three consecutive traces are superimposed. (D) The effects of bicuculline
and APV on the integrated area of EPSCs. Bicuculline resulted in apparent increase in the integrated areas of EPSCs, which was blocked by APV. *P �
0.05, **P � 0.005, ***P � 0.0005 (paired t test).
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Bicuculline enhances ERK MAP kinase activation in a
NMDA receptor-dependent manner

To complement our electrophysiological studies above,
we also studied the effects of bicuculline, strychnine, and
NMDA receptor antagonists on primary afferent-induced
ERK activation, visualizing neurons that are activated fol-
lowing different stimulation paradigms.

Under normal conditions, ERK was not activated by dorsal
root stimulation at A� fiber strength, only slightly activated by
A� fiber stimulation, and strongly activated by C fiber stimu-
lation (Fig. 8), corresponding well with our previous study (Ji
et al., 1999). In the presence of bicuculline, A� fiber stimula-
tion began to evoke ERK activation (n � 4, P � 0.0002; Fig.
8C and E). The A� fiber-induced ERK activation was also
substantially potentiated, reaching almost the same extent as
that evoked by C fiber stimulation (n � 4, P � 0.0027; Fig.
8E). In contrast, bicuculline did not significantly affect C
fiber-induced ERK activation (n � 4, P � 0.819; Fig. 8E).
Bicuculline application alone (without stimulation) had no

effect on MAPK activation. In parallel with the electrophysi-
ological data, the A fiber-evoked ERK activation in the pres-
ence of bicuculline was completely blocked by APV (100 �M;
Fig. 8D and E). Even C fiber-induced ERK activation was
partially suppressed by APV (Fig. 8E). Since strychnine did
not significantly affect A� and A� fiber-evoked ERK activa-
tion (Fig. 8E). We did not performed C fiber stimulation in the
presence of strychnine, because strychnine had no effect on C
fiber-evoked EPSCs.

Discussion

Possible mechanism of bicuculline-induced facilitation of
excitatory polysynaptic inputs

We have shown that antagonism of spinal GABAA re-
ceptors results in long-lasting, A fiber-mediated polysynap-
tic excitatory input to the SG neurons, leaving fast mono- or
polysynaptic EPSCs unchanged. In addition, A fiber-in-

Fig. 2. Ketamine eliminates bicuculline-enhanced polysynaptic EPSCs. (A and B) Bicuculline (40 �M)-induced long-lasting polysynaptic EPSCs were
completely eliminated by another NMDA receptor antagonist, ketamine (100 �M). Two or three consecutive traces are superimposed. (C) The effects of
bicuculline and ketamine on the integrated area of EPSCs. Bicuculline resulted in apparent increase in the integrated areas of EPSCs, which was blocked by
ketamine. *P � 0.05, **P � 0.005, **P � 0.0005 (paired t test).
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duced ERK activation is also enhanced by bicuculline.
These phenomena may be associated with the allodynia and
hyperalgesia induced by intrathecal administration of bicu-
culline. Both electrophysiological and morphological data
demonstrated that facilitation of A fiber-evoked responses is
completely eliminated by APV and ketamine, suggesting
that facilitation of polysynaptic inputs to SG neurons is
NMDA receptor dependent. The elimination of bicuculline-
induced polysynaptic EPSCs by NMDA antagonists may
underlie the behavioral observation that NMDA receptor
antagonists can block allodynia and hyperalgesia induced
by intrathecal administration of bicuculline.

Glycine is another major inhibitory transmitter in the
dorsal horn. Therefore, one can expect that strychnine also
results in the similar augmentation as bicuculline. However,
our data have shown that the action of strychnine is appar-
ently less prominent than bicuculline. The reason of this is
unknown, but may be due to the short duration of glycine-
mediated IPSCs (Baba et al., 1999; Yoshimura and Nishi,
1995; Moore et al., 2002).

It is unlikely that the facilitatory effect of bicuculline is
mediated via antagonism of presynaptic GABAA receptors
on primary afferent terminals, because neither bicuculline
nor muscimol affected the amplitude of monosynaptic
EPSCs. The facilitation of excitatory transmitter release
from presynaptic terminals of excitatory interneurons is also
unlikely, because neither bicuculline nor muscimol affected
the frequency of miniature EPSCs, an index of presynaptic
action. Therefore, blockade of postsynaptic GABAA recep-

tors located on somatodendritic sites of excitatory interneu-
rons is the most likely mechanism of the bicuculline-in-
duced facilitation. Classically, GABAA receptors were
thought to be located on the primary afferent terminals, and
involved in presynaptic inhibition via primary afferent de-
polarization (MacDermott et al., 1999). Our results indicate,
however, that presynaptic inhibition via primary afferent
depolarization is not prominent, at least in fine afferent
fibers in the superficial dorsal horn. Most likely, primary
afferent depolarization by GABAA receptor activation may
exert its action on primary afferent terminals of large my-
elinated A�/� fibers in the deep dorsal horn (Rudomin and
Schmidt, 1999; Rudomin, 2000).

As shown in Figs. 1C and 2C, in the majority of SG
neurons with C fiber response, the fast A� and C fiber-
evoked EPSCs (two principal fast EPSCs) are followed by
increased polysynaptic (or spontaneous) EPSCs, which usu-
ally last for several seconds. When the frequency of these
polysynaptic EPSCs is very high, the long-lasting slow
inward current looks like slow EPSCs. Although it is im-
possible to clearly distinguish slow EPSCs and the summa-
tion of small fast EPSCs, at least a part of the baseline
elevation may be due to slow EPSC, as reported previously
by Mizukami et al. (1999).

The facilitatory effect of bicuculline is less prominent
following C fiber than A fiber intensity stimulation. The
exact reason of this is unknown. However, it should be
considered that capacity of an excitatory neuron to generate
action potentials (frequency) restricted. If the capacity of

Fig. 3. Strychnine slightly enhances A� and A� fiber-evoked EPSCs. (A) Strychnine slightly enhanced polysynaptic component of A� and A� fiber-evoked
EPSCs. In clear contrast, bicuculline resulted in repetitive long-lasting polysynaptic EPSCs in all A�, A�, and C fiber intensity stimulations. Data were
obtained from three different neurons. Three consecutive traces are superimposed. (B) The effects of strychnine on the integrated area of EPSCs. Strychnine
resulted in slight, but statistically significant, increase in the integrated areas of EPSCs evoked by A� (n � 10) and A� (n � 22) fiber intensity stimulation.
C fiber stimulation-evoked EPSCs were not significantly affected by strychnine. *P � 0.05, **P � 0.01 (paired t test).
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excitatory interneurons to generate action potentials has
already almost saturated by C fiber intensity stimulation,
additional excitation (increase in the frequency of spike)
will not occur even in the presence of bicuculline. Alterna-
tively, this may be due to the fact that C fiber activation does
not activate GABAergic and glycinergic interneurons. Re-
cently, in vivo patch clamp technique has revealed that
inhibitory interneurons in the dorsal horn are activated by
innocuous peripheral stimulation (most probably both A�
and A� fiber stimulations), but not by noxious stimulation
(Narikawa et al., 2000).

Based on these considerations, we propose the model
circuit shown in Fig. 9. Innocuous and noxious informa-
tion via A� and A� fibers are transmitted to excitatory
interneurons, which make synaptic contacts with re-
corded (SG) neurons. Inhibitory interneurons receiving
primary afferent inputs inhibit excitatory interneurons via
a postsynaptic mechanism. Inhibitory interneurons may
receive less inputs from C fibers than A fibers. In dorsal
horn neurons that receive direct primary afferent input,
the monosynaptic EPSP is generally followed by

GABAergic and/or glycinergic IPSPs, which are always
polysynaptic in nature (Fig. 9B, top) (Yoshimura and
Nishi, 1995). Monosynaptic EPSPs are mediated by glu-
tamate (Yoshimura and Jessell, 1990) released from pri-
mary afferent terminals binding to both AMPA/kainate
(non-NMDA) and NMDA receptors. Near the resting
membrane potential level (��70 mV), however, normal
synaptic transmission is mediated by mainly non-NMDA
receptors, because of the voltage-dependent nature of
NMDA receptors. The activation of non-NMDA recep-
tors elicits fast, short-lasting EPSCs, while NMDA re-
ceptor activation elicits relatively long-lasting EPSCs
when the membrane is strongly depolarized (Baba et al.,
2000a). The participation of NMDA currents to normal
synaptic transmission is prevented by GABAA and/or
glycine receptor-mediated IPSPs, which restore the de-
polarized membrane potential to resting level. Therefore,
NMDA receptor antagonists have little effect on normal
synaptic transmission (Yoshimura and Jessell, 1990; Yo-
shimura and Nishi, 1992). When GABAergic IPSPs are
eliminated by bicuculline, the NMDA component of the

Fig. 4. NMDA receptor antagonists do not affect normal synaptic transmission. (A) Both APV (n � 6) and ketamine (n � 6) had no effect on the amplitude
of A� fiber-evoked monosynaptic EPSCs. (B) The amplitude of polysynaptic A� (APV; n � 7, ketamine; n � 7) and A� (APV; n � 10, ketamine; n � 10)
fiber-evoked EPSCs was largely unaffected by APV or ketamine (B1). In a small number of cases (C1), the amplitude of polysynaptic EPSCs were slightly
decreased by APV or ketamine. Three consecutive traces were averaged and peak amplitudes were measured.
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EPSP is permitted to participate in synaptic transmission,
generating long-lasting EPSPs, and consequently repeti-
tive action potentials (Fig. 9B, bottom). These action
potentials are conducted to the recorded neurons and,
there, they generate robust, long-lasting polysynaptic EP-
SCs (Fig. 9C). In current clamp mode, these long-lasting
excitatory polysynaptic inputs would be recorded as
long-lasting EPSPs that would generate action potentials
in recorded SG neurons. This long-lasting excitation also

results in calcium entry through NMDA receptor chan-
nels and voltage-dependent Ca2� channels, which can
activate intracellular signaling cascades in SG neurons,
including the Ras/MAP kinase cascade (Ji et al., 1999).
When NMDA receptor antagonists APV or ketamine are
applied, NMDA receptor activation is eliminated in ex-
citatory interneurons, the generation of action potentials
is blocked (Fig. 9B, bottom), and long-lasting EPSCs in
recorded SG neurons would disappear (Fig. 9C).

Fig. 5. Bicuculline and muscimol do not alter the amplitude of monosynaptic EPSCs. (A and B) The amplitude of the monosynaptic A� fiber-evoked EPSCs
was not affected by bicuculline (40 �M, n � 7) or the GABAA receptor agonist, muscimol (10 �M, n � 6), excluding a role for GABAA receptors in direct
excitation from primary afferents. (C and D) The amplitude of A� (n � 8) and A� (n � 5) fiber-evoked polysynaptic EPSCs were, however, significantly
reduced by muscimol (10 �M).
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ERK as a marker of nociception and its possible role in
neuronal plasticity

MAPK cascade is a major signaling system by which
cells transduce extracellular stimuli into intracellular re-
sponses. It is a family of serine/threonine kinases activated
by phosphorylation by upstream kinases (Seger and Krebs,
1995). ERK is the most intensively studied member of the
MAPK family. ERK activation is activity dependent, which
can be induced by depolarization/calcium influx and light
stimulation (Rosen et al, 1994; Obrietan et al, 1998). In the
spinal cord, ERK is activated by thermal and mechanical
noxious stimuli within a minute after stimulation, but not by
innocuous stimulus, such as light touch. Similarly, ERK is
activated by A� and C fiber dorsal root stimulation, but not
by A� stimulation in slice preparations (Ji et al., 1999). This
activation is observed in many dorsal horn neurons, most
predominantly in the superficial laminae (lamina I and II).
Thus, under normal condition, ERK activation is highly
selective for noxious stimulation.

Based on these properties, we used immunostaining for
ERK activation to observe the overall changes in many
dorsal horn neurons simultaneously, to compensate the lim-
itation of single neuron recording by electrophysiology.
Similar to electrophysiological experiments, bicuculline
significantly enhanced A fiber stimulation-induced ERK
activation with little effect on C fiber-induced ERK activa-

tion. These morphological data suggest that in the presence
of bicuculline, a considerable number of SG neurons are
strongly excited by A fiber intensity stimulation alone. Fur-
thermore, the bicuculline-induced increase in ERK activa-
tion is almost completely reversed by NMDA receptor an-
tagonist. These morphological data correlate very well with
our electrophysiological data. Under normal conditions, the
ability to induce central sensitization is unique to C fiber
activation (Woolf and Wall, 1986). In contrast, the nocicep-
tive selective nature of MAPK activation is lost in the
presence of bicuculline. Thus, after removal of GABAergic
inhibition, A fiber activation appears to acquire the ability to
induce central sensitization.

Reduced bicuculline action in neuropathic pain animals

Our data demonstrated that the facilitatory effect of bicu-
culline is significant, but somewhat ambiguous in SNI mod-
els. We can interpret the data as follows. After peripheral
nerve injury, the function of GABAergic transmission is
partly attenuated (Moore et al., 2002), and therefore addi-
tional pharmacological antagonism of GABA receptor can
slightly augment, but the effect is not so prominent as in
naive rats.

Possible analgesic mechanism of NMDA receptor
antagonist in neuropathic pain states

Several lines of indirect evidence suggest that the loss of
GABAergic inhibition (disinhibition) may contribute to
nerve injury-induced hyperalgesia and allodynia (Woolf and
Mannion, 1999; Woolf and Salter, 2000). Indeed, reduced
GABA immunoreactivity in the dorsal horn has been re-
ported in some neuropathic pain models (Castro-Lopes et
al., 1993; Ibuki et al., 1997). Recently, we have demon-
strated that peripheral nerve injury results in a functional
loss of GABAergic transmission in the spinal dorsal horn
(Moore et al., 2002). Diminished GABA in presynaptic termi-
nals, due to injury-induced reduction of the GABA-synthesiz-
ing enzyme (GAD), appears to be the principle underlying
mechanism of a functional loss of GABAergic inhibition.

Expecting to reverse NMDA receptor-mediated central
sensitization, NMDA receptor antagonists have been used
and found effective in certain neuropathic pain patients,
including those suffering from phantom limb pain (Nikola-
jsen et al., 1996), complex regional pain syndrome (CRPS)
(Takahashi et al., 1998), and postherpetic neuralgia (Eide et
al., 1994). However, electrophysiological data from the cur-
rent study suggest that NMDA receptor-mediated synaptic
currents participate substantially in excitatory transmission
under conditions where GABAergic inhibition is elimi-
nated, thus providing an alternative mechanism of action.

In conclusion, we have demonstrated that blockade of
GABAA receptor markedly increases A fiber-evoked exci-
tatory polysynaptic inputs to superficial dorsal horn neu-
rons. This is an NMDA receptor-dependent phenomenon,

Fig. 6. Bicuculline and muscimol do not change the frequency of mEPSCs.
The frequency of miniature EPSCs was not affected by bicuculline (40
�M, n � 9, A1A2) or the GABAA receptor agonist, muscimol (10 �M, n
� 9, B1B2), suggesting that the contribution of presynaptic GABAA re-
ceptors to the bicuculline-enhanced responses is minimal.
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which may contribute to bicuculline-induced allodynia or
hyperalgesia. Our data also provide a plausible analgesic
mechanism for NMDA receptor antagonists, including ket-
amine, in certain neuropathic pain states in which distur-
bance of GABAergic inhibitory function exists as an under-
lying mechanism.

Experimental methods

Spinal cord slice preparation

Animal protocols were approved by the animal care and
use committees of Massachusetts General Hospital and Ni-
igata University School of Medicine. A portion of the lum-
bosacral spinal cord (2.0–2.5 cm) was removed from an
adult male Sprague-Dawley rat (8–10 weeks, 250–350 g)
under urethane anesthesia (1.5–2.0 g/kg, i.p.). Rats were
then immediately killed by exsanguinations (cutting the
descending aorta). The isolated spinal cord was then placed

in preoxygenated ice-cold Krebs’ solution (2–4°C). After
removal of the dura mater, all ventral and dorsal roots,
except the L4 root, were cut and the pia-arachnoid mem-
brane was removed. The spinal cord was placed in a shallow
groove formed in an agar block and glued to the bottom of
the microslicer stage with cyanoacrylate adhesive. Follow-
ing immersion in ice-cold Krebs’ solution, a 600-�m-thick
transverse slice with attached dorsal root (L4) was cut on a
vibrating microslicer (DTK1500, Dosaka Co. Ltd., Kyoto,
Japan). The spinal cord slice was then placed on a nylon
mesh in the recording chamber and perfused with Krebs’
solution (15 ml/min) saturated with 95% O2 and 5% CO2 at
37°C. The Krebs’ solution contains (in mM): NaCl 117,
KCl 3.6, CaCl2 2.5, MgCl2, NaH2PO4 1.2, NaHCO3 25, and
glucose 11.

Spared nerve injury (SNI) models

Adult male Sprague-Dawley rats (5– 6 weeks) were
anesthetized with isoflurane (1.5–2.5%), and the left sci-

Fig. 7. Bicuculline has little facilitatory effect in SNI model. (A) Bicuculline slightly enhanced polysynaptic component of A�, A�, and C fiber-evoked EPSCs
in the rats with SNI. Data were obtained from three different neurons. Three consecutive traces are superimposed. (B) The effects of bicuculline on the
integrated area of EPSCs. Bicuculline resulted in slight, but statistically significant, increase in the integrated areas of EPSCs evoked by A� (n � 13), A�
(n � 18), and C (n � 13) fiber intensity stimulation. *P � 0.05, **P � 0.01, **P � 0.005 (paired t test). (C) Summary of bicuculline effects on naive and
SNI, and strychnine effect on naive rats.

826 H. Baba et al. / Molecular and Cellular Neuroscience 24 (2003) 818–830



atic nerve was exposed. Among three terminal branches
of the sciatic nerve, the tibial and common peroneal
nerves were tightly ligated with 5-0 silk and sectioned
distal to the ligation leaving the remaining sural nerve
intact (spared nerve injury model, SNI; Decosterd and
Woolf, 2000). Rats were allowed to recover in their
normal environment for 2– 4 weeks after injury; 2– 4
weeks after nerve injury, SNI rats were terminally anes-
thetized with urethane and the spinal cord was removed
as mentioned above.

Blind patch clamp recording from SG neurons

Under a dissecting microscope with transmitted illumi-
nation, the SG was clearly discernible as a relatively trans-
lucent band across the dorsal horn. However, the contours
of individual SG neurons cannot be visualized under these
conditions, so giga-ohm sealing was performed blindly. We
have found that when an electrode is targeted to lamina II
and neurons are labeled with neurobiotin, the recorded neu-
ron is invariably located in the targeted lamina. This sug-

Fig. 8. Bicuculline potentiates A fiber-evoked ERK activation via NMDA receptor activation. (A–D) Under normal conditions, ERK was not activated by
dorsal root stimulation at A� fiber strength (A), but strongly activated by C fiber stimulation (B). In the presence of bicuculline (BIC), A� fiber stimulation
was able to evoke ERK activation (C), which was blocked by APV (D). Dotted line (A) indicates superficial dorsal horn (laminae I and II). (E) Quantification
of ERK activation by counting the number of phospho-ERK (pERK) labeled neurons in laminae I–II of ipsilateral dorsal horn (n � 4). *P � 0.01 (ANOVA).
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gests that recording from dendrites or axons of neurons
located in other laminae is extremely rare (Baba et al.,
1999). Patch pipettes were fabricated from thin-walled, bo-
rosilicate, glass-capillary tubing (1.5 mm o.d.; World Pre-
cision Instruments, Sarasota, FL). After establishing the
whole-cell configuration, voltage-clamped neurons were
held at �70 mV for recording excitatory postsynaptic cur-
rents (EPSCs). The reversal potentials of EPSCs and inhib-
itory postsynaptic currents (IPSCs) in SG neurons are �0
mV and �70 mV, respectively (Yoshimura and Nishi,
1995; Baba et al., 1999); therefore only EPSCs are recorded
at �70 mV. Under these conditions, EPSCs are recorded as
downward deflections in the membrane current trace. The
resistance of a typical patch pipette was 5–10 M� when
filled with the internal solution (in mM): Cs-sulfate 110,
CaCl2 0.5, MgCl2 2, EGTA 5, HEPES 5, TEA 5, and
ATP-Mg salt 5. Membrane currents were amplified with an
Axopatch 200A amplifier (Axon Instruments, Foster City,
CA) in voltage clamp mode. Signals were filtered at 2 kHz
and digitized at 5 kHz. Data were stored with a personal
computer using pCLAMP 6 software (Axon Instruments).

Dorsal root stimulation

The L4 dorsal root (10–20 mm) was stimulated using a
suction electrode at 20 �A (0.05 ms) for A� fibers, 100 �A
(0.05 ms) for A� fibers, and 1000 �A (0.5 ms) for C fibers.

The threshold of stimulation intensity and duration of A�
(�10 �A, 0.05 ms), A� (�25 �A, 0.05 ms), and C fibers
(�200 �A, 0.5 ms) for this suction electrode have been
established previously (Baba et al., 1999). Monosynaptic
EPSCs were identified based on a constant latency with
graded intensity and high-frequency (20 Hz) repetitive stim-
ulation (Yoshimura and Jessell, 1989). Polysynaptic EPSCs,
in contrast, had variable latencies and showed failures with
such stimulation protocols.

Immunohistochemistry

Spinal cord slices were also prepared for immunohisto-
chemical study for ERK activation as described before (Ji et
al., 1999). The slices were perfused with Krebs’ solution
saturated with 95% O2 and 5% CO2 at 37°C for 2 h before
electrical stimulation to reduce the background ERK acti-
vation possibly caused by slice preparation. The L4 dorsal
root was stimulated using a suction electrode at 20 �A (0.05
ms, 15 trains) for A� fibers, 100 �A (0.05 ms, 5 trains) for
A� fibers, and 1000 �A (0.5 ms, 3 trains) for C fibers. Each
train consisted of 50 pulses (50 Hz, 1 s) with a 10-s inter-
train interval. Some slices were incubated with DL-2-amino-
5-phosphonovarelic acid (APV, Sigma) for 15 min before
stimulation. The slices were then fixed with 4% paraformal-
dehyde 2 min after electrical stimulation, cut on a cryostat
at 20 �m and processed for immunohistochemistry. Thin

Fig. 9. Potential mechanism of bicuculline-induced facilitation of polysynaptic inputs. (A) Schematic diagram of proposed synaptic circuitry. Ex, excitatory
interneuron; In, inhibitory interneuron. (B and C) Removal of postsynaptic GABAA receptor-mediated inhibition (B; top) eliminates Mg2� block of NMDA
receptors, leading to repetitive spike firing (B; bottom) in excitatory interneurons (Ex). These action potentials produce repetitive, long-lasting glutamate-
mediated polysynaptic EPSCs (C) and calcium entry through NMDA receptors, which can activate intracellular signal transduction cascades (MAP kinase
cascade) in SG neurons. APV and ketamine block the NMDA component of the EPSPs (B; bottom), and consequently eliminate bicuculline-induced
facilitation (C) and ERK MAPK activation.
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sections were incubated overnight at 4°C with a polyclonal
phospho-specific MAPK (ERK1/2) antibody (1:300, New
England BioLabs). Sections were then processed using the
ABC Vectastain kit as described before (Ji et al., 1994). Six
to eight sections from the spinal cord slice were randomly
selected, and the numbers of pERK-positive neurons in the
superficial laminae (I–II) were counted.

Drug application

Drugs were applied by exchanging the perfusion solution
with one containing a known drug concentration, without
altering the perfusion rate or the temperature. The time
required for the drug-containing solution to flow from the
three-way stopcock to the recording chamber was about 3 s.
Drugs used were bicuculline (Sigma, St. Louis, MO), tetro-
dotoxin (TTX; Sigma), ketamine hydrochloride (Sigma),
and DL-2-amino-5-phosphonovaleric acid (APV; Sigma).

Statistics

Data are presented as the mean � SEM. Differences
between groups were compared with paired t test or one-
way ANOVA, followed by Fisher’s PLSD using Statview
5.0 statistical software.
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