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Gabapentin — Actions on adult superficial dorsal horn neurons
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Abstract

Despite identification of GABAB receptors with gb1a-gb2 composition and theα2δ calcium channel subunit as putative molecular
targets for gabapentin (GBP), its cellular mechanism of action has remained elusive. Therefore, we have used an in vitro spinal
cord slice preparation to study the effects of GBP on lamina II neurons. The frequency and amplitude of spontaneous EPSCs and
IPSCs were unaffected by GBP, suggesting presynaptic neurotransmitter release is not regulated. Direct modulation of postsynaptic
membrane excitability is also unlikely since the level of holding current required to maintain neurons at�70, 0 and+45 mV was
unaffected by GBP. Effects on excitatory and inhibitory synaptic transmission were variable across the population. Primary afferent-
evoked fast glutamatergic EPSCs were unaffected by GBP, while evoked NMDA receptor-mediated EPSCs and IPSCs were variably
affected. In contrast, GBP enhanced responses to bath applied NMDA in 71% of neurons. Thus, in adult rat dorsal horn, synaptic
and extrasynaptic NMDA receptors may be differentially regulated by GBP perhaps due to differences in subunit composition.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Therapeutic indications for GBP now extend from epi-
lepsy to psychiatric disorders (e.g. bipolar disorder,
social phobias) and pain syndromes (e.g. postherpetic
neuralgia, dental pain, migraine). GBP’s cellular mech-
anism of action has, however, remained elusive. Though
structurally similar to GABA, GBP does not interact
with GABAA receptors or sodium- dependent GABA re-
uptake systems (Taylor et al., 1998). Earlier studies also
suggested that GBP’s actions were independent of
GABAB receptors (Taylor, 1994), however, recent evi-
dence suggests that GBP can act as an agonist at GABAB

receptors with gb1a-gb2 subunit composition (Gordon et
al., 2001). In addition, GBP binds theα2δ subunit of
voltage-dependent calcium channels with high affinity
(Gee et al., 1996) and can, therefore, inhibit calcium
influx via L-type and P/Q-type calcium channels, as well
as potassium-evoked glutamate release (Stefani et al.,
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1998; Dooley et al., 2000; Fink et al., 2000; Stefani et
al., 2001). Consequently, regulation of synaptic trans-
mission represents a potential mechanism of GBP action.
In the current series of experiments, we have investi-
gated putative direct (e.g. membrane) and indirect (e.g.
synaptic) actions of GBP on neurons in lamina II of the
dorsal horn. A portion of this work was presented pre-
viously in preliminary form (Moore et al., 1999).

2. Methods

Thick (600–650 µm) spinal cord slices with an
attached dorsal root were prepared from adult male
Sprague Dawley rats (Charles River Laboratory) as
described previously (Yoshimura and Jessell, 1990;
Yoshimura and Nishi, 1993). Following preparation,
slices were perfused with oxygenated Krebs solution (15
ml/min; 36± 1°C; composition (in mM): NaCl 117, KCl
3.6, CaCl2 2.5, MgCl2 1.2, NaH2PO4 1.2, NaHCO3 25,
and D-glucose 11) in the recording chamber for at least
30 min prior to recording. Whole cell patch pipettes were
fabricated from borosilicate glass capillaries (1.5 mm
o.d., World Precision Instruments Inc.) and averaged 5–
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10 M� when filled with internal solution ((in mM):
Cs2SO4 110, CaCl2 0.5, MgCl2 2, TEA-Cl 5, ATP-Mg
salt 5, EGTA 5, and HEPES 5). Membrane currents were
amplified with an Axopatch 200A (Axon Instruments).
Signals were filtered at 2 kHz and digitized at 5 kHz.
Data was collected and analyzed using pClamp6.3 or
8.0.

Spontaneous and synaptically-evoked fast excitatory
(Vh � –70 mV) and inhibitory (Vh � 0 mV) postsyn-
aptic currents (EPSCs and IPSCs, respectively) were
recorded from lamina II neurons (for details see Yoshi-
mura and Nishi, 1993). NMDA receptor-mediated
EPSCs were recorded at +50 mV and were isolated phar-
macologically with CNQX (10 µM), bicuculline (20
µM), and strychnine (5 µM). Synaptic currents were pro-
duced by electrical stimulation of the intact dorsal root
with a suction electrode and were differentiated into Aδ-
and C-fiber mediated responses based upon threshold
and synaptic latency (Baba et al., 1999). EPSCs that dis-
played a constant latency and a lack of failure with high
frequency stimulation (20 Hz) were classified as mono-
synaptic. For a subset of experiments, membrane cur-
rents produced by bath applied NMDA (50 µM, 30 s)
were recorded in the presence of tetrodotoxin (TTX,
0.5 µM).

Responses were recorded before and during 100 µM
GBP (5 min). This concentration was chosen to mimic
those reached therapeutically in the CNS (Bryans and
Wustrow, 1999). Data are expressed as mean ± SE. Stat-
istical differences between groups were determined
using the Student’s paired t-test or one way ANOVA.
p�0.05 was considered significant.

3. Results

To determine whether GBP directly activates postsyn-
aptic ion channels, holding current was monitored during
application. GBP did not significantly alter the level of
holding current required to maintain neurons at –70, 0,
or +45 mV (% change � 4.4 ± 0.02; n � 49). Similarly,
no significant alteration in the frequency or amplitude
of spontaneous PSCs was observed. The frequency of
spontaneous EPSCs averaged 22.9 ± 5.2 Hz under con-
trol conditions and 23.4 ± 5.9 Hz in the presence of GBP
(n � 9). Spontaneous IPSCs occurred at 5.7 ± 0.7 Hz
and 5.5 ± 0.6 Hz, before and during GBP administration,
respectively (n � 7). The mean amplitude of spon-
taneous EPSCs (14 ± 1.2 vs.14 ± 1.4 pA) and IPSCs
(14 ± 2.1 vs. 12 ± 1.2 pA) were also unaffected by GBP,
as were synaptically evoked EPSCs recorded at –70 mV
(Fig. 1, Table 1).

In contrast, synaptically-evoked NMDA receptor-
mediated EPSCs were variably affected. Aδ-fiber evoked
NMDA receptor-mediated EPSCs were studied in five
lamina II neurons. In three, the average amplitude of
NMDA receptor-mediated EPSCs was reduced

67 ± 7.8% by GBP (Fig. 2A, B). This effect was par-
tially reversible following �10 min of GBP washout. In
the remaining neurons, GBP either increased (20%,
n � 1) or had no effect on (n � 1) Aδ-fiber evoked
NMDA receptor-mediated EPSCs (Fig. 2B). Regardless
of effects on amplitude, the rise time and decay time
constant (t) of NMDA receptor-mediated EPSCs were
not significantly affected. In one of four neurons with a
C-fiber evoked NMDA receptor-mediated EPSC, GBP
reversibly reduced the peak amplitude by 60%. In the
remaining three, GBP had no effect (Fig. 2B).

Agonist-induced NMDA (50 µM, 30 s) currents
recorded at three different holding potentials, �70, �45,
and +45 mV, were augmented by GBP. The most robust
facilitation was observed at �45 mV where NMDA cur-
rents were reversibly increased 126 ± 31.9% by GBP in
all six neurons studied (Fig. 3C). At –70 mV, NMDA-
induced currents were enhanced by 77 ± 25.2% in half
of the neurons studied (n � 6 of 12; Fig. 3A, C). At
+ 45mV, NMDA currents were increased 84 ± 23.2% in
five of six neurons (Fig. 3B, C).

Similar to synaptically-evoked EPSCs, IPSCs were
differentially affected by GBP. In one of eight neurons
with Aδ-fiber evoked IPSCs, GBP reversibly potentiated
IPSC amplitude by 238% (Fig. 4B). In three other neu-
rons, Aδ-fiber evoked IPSCs were reversibly reduced by
58 ± 7.2% in the presence of GBP. The remaining four
neurons with Aδ-fiber evoked IPSCs displayed no GBP
sensitivity (Fig. 4B). Similarly, in four of eight neurons
with C-fiber evoked IPSCs, GBP had no effect (Fig. 4B).
In the other four, GBP reversibly increased the magni-
tude of C-fiber evoked IPSCs by 19 ± 2.8% (Fig. 4A, B).

4. Discussion

Our principle observation in the current study is that
synaptic transmission in the dorsal horn of naı̈ve, adult
rats is subject to minimal modulation by GBP. We failed
to observe any effects of GBP on fast EPSCs (see also
Patel et al., 2000). Following streptozocin-induced dia-
betes, however, paired pulse depression, miniature EPSC
frequency, and AMPA/kainate EPSCs were reliably
reduced by GBP, suggestive of a presynaptic modulatory
role (Patel et al., 2000). In young rats (3–17 days old),
non-NMDA receptor mediated EPSCs were also dimin-
ished via a presynaptic mechanism (Shimoyama et al.,
2000). Together these data suggest that non-NMDA
receptor mediated transmission is only modulated by
GBP in developing or ‘plastic’ systems, not in naive,
adult animals. In contrast, regulation of NMDA receptor
mediated transmission is not limited to immature sys-
tems. Interestingly, Gu and Huang et al. (2001) failed to
observe any effect of GBP on NMDA-induced currents
in isolated dorsal horn neurons unless a PKC activator
was added to their internal solution. However, in the cur-
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Fig. 1. Gabapentin does not affect Aδ- or C-fiber evoked fast EPSCs. A and B. Graded A-fiber stimulation (10–100 µA, 0.05 ms) elicits monsynap-
tic EPSCs with a constant latency (threshold = 24 µA, 0.05 ms). Five consecutive synaptic responses elicited by low frequency (0.1 Hz) Aδ-fiber
(50 µA, 0.05 ms) dorsal root stimulation before and during GBP (100 µM, 5 min) application illustrate a lack of effect. C and D. In another
neuron, graded C-fiber stimulation (100–1000 µA, 0.5 ms) elicits an A-fiber mediated EPSC and a longer latency monosynaptic C-fiber EPSC
(threshold = 470 µA, 0.5 ms). Six consecutive synaptic responses to low frequency (0.1 Hz) dorsal root stimulation at C-fiber intensity (700 µA,
0.5 ms) before and during GBP are shown in D. Vh � –70 mV.

Table 1
Effects of gabapentin on primary afferent-evoked fast EPSCs

N Amplitude (pA)

Control GBP

Monosynaptic Aδ-fiber 6 201±41.1 192±36.4
Polysynaptic Aδ-fiber 2 131±11.0 118±13.5
Monosynaptic C-fiber 2 256±70.0 242±54.0
Polysynaptic C-fiber 6 112±38.1 110±37.1

To record fast EPSCs, neurons were voltage clamped to –70 mV. At
this potential, IPSCs and NMDA receptor mediated EPSCs are negli-
gible. Fast EPSCs were unaffected by gabapentin (100 µM).

rent study, we observed an inhibitory effect of GBP on
a subpopulation of synaptically evoked NMDA currents
recorded from naı̈ve, adult lamina II neurons that was
similar to that observed previously in superficial and
deep dorsal horn neurons from young rats (Shimoyama
et al., 2000).

To investigate the nature (i.e. presynaptic vs.
postsynaptic) of GBP’s action on NMDA receptor
mediated synaptic transmission, effects of GBP on agon-
ist-induced NMDA currents were examined. Surpris-
ingly, currents in response to bath applied NMDA were
enhanced, rather than inhibited, by GBP. It is difficult
to reconcile the divergence of GBP’s actions. However,
such discrepancies are also apparent in earlier studies. In
~40% of cortical neurons, GBP enhances the sustained

portion of NMDA responses (Rock et al., 1993). In con-
trast, in striatal neurons, EPSP amplitude and responses
to bath applied NMDA were reduced by GBP (Calabresi
et al., 1999). Exogenously applied agonists can activate
both synaptic and extrasynaptic NMDA receptors, which
are composed of distinct NR2 subunits in dorsal horn
neurons (Momiyama, 2000). Therefore, differential
modulation of synaptically-evoked and agonist-induced
NMDA currents might reflect disparate effects on synap-
tic versus extrasynaptic NMDA receptors.

Regulation of inhibitory transmission by GBP was
variable. In vitro, GBP enhances activity of the GABA
synthesizing enzyme, glutamic acid decarboxylase
(Taylor et al., 1998) and in epilepsy patients using GBP,
brain GABA concentrations are elevated (Petroff et al.,
1996). In contrast, GABA release is not affected by GBP
in vivo (Timmerman et al., 2000). Furthermore, GBP’s
action was thought to be independent of GABA recep-
tors (Taylor, 1994; Taylor et al., 1998) until the recent
demonstration of agonist action at GABAB receptors
with gb1a-gb2 subunit composition (Gordon et al.,
2001). GBP agonism at GABAB receptors could contrib-
ute to modulation of polysynaptic transmission, both
excitatory and inhibitory. Under normal conditions,
GABAB receptors likely exert some inhibitory control
over these multi-synaptic pathways. In the presence of
GBP acting as a GABAB agonist, inhibition would be
enhanced and transmission would be suppressed. We
failed to observe any effect of GBP on polysynaptic
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Fig. 2. Gabapentin reduces evoked NMDA receptor-mediated EPSCs
in a subpopulation of neurons. A. In this neuron, Aδ-fiber evoked
NMDA receptor-mediated EPSCs were reversibly inhibited by GBP
(100 µM, 4 min). After a 15 min wash, the NMDA receptor-mediated
EPSC partially recovers. Three or four consecutive synaptic responses
elicited by Aδ-fiber stimulation (100 µA, 0.05 ms) are shown for each
condition. The EPSC threshold in this neuron was 26 µA, 0.05 ms.
Vh � � 50 mV. B. Summary of the effects of GBP on Aδ- and C-
fiber evoked NMDA receptor-mediated EPSCs.

AMPA/kainate receptor mediated EPSCs, however poly-
synaptic inhibitory transmission was variably affected by
GBP, possibly, in part, through such a mechanism.
Under our recording conditions (i.e. without GTP
present in the patch pipette) it was not possible to
directly ascertain GBP’s effects on GABAB receptor
mediated transmission.

In conclusion, synaptic transmission in lamina II of
the adult rat was variably affected by GBP, while agon-
ist-induced NMDA responses were enhanced. It is chal-
lenging to envisage how enhancing extrasynaptic
NMDA receptor function might contribute to GBP’s
antinociceptive action. It has previously been suggested
that under naı̈ve conditions, GBP facilitates nociceptive
responses in the spinal dorsal horn, while acting in an
anti-nociceptive fashion during pathological states
(Stanfa et al., 1997). Therefore, extrasynaptic NMDA
receptor function may be differentially affected by GBP

Fig. 3. Gabapentin facilitates responses to exogenously applied
NMDA. A. and B. Sample current traces illustrating whole-cell current
responses to bath applied NMDA (50 µM, 30 s) under control con-
ditions (top), in the presence of 100 µM GBP (middle) and following
a 5 min drug free washout period (bottom). Responses at two holding
potentials (Vh), �70 mV (A) and +45 mV (B) are shown. C. Summary
of the effects of GBP on agonist-induced NMDA currents.

in naı̈ve and injured animals. In order to clarify the role
of extrasynaptic NMDA receptors, it will be most
informative to investigate such actions in animal models
of inflammatory or neuropathic pain where GBP acts to
normalize abnormal responsiveness.
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Fig. 4. Evoked IPSCs in lamina II neurons are variably affected by
gabapentin. A. C-fiber stimulation (1 mA, 0.5 ms) can evoke a long
latency IPSC (top; threshold = 200 µA, 0.5 ms). Bath applied GBP
(100 µM, 3 min) increased the amplitude (middle). Following a 10
min washout, the IPSC returned to near control values (bottom). Traces
represent the average of 5 consecutive synaptic responses. Vh �
0 mV. B. Summary of the effects of GBP on Aδ- and C-fiber

evoked IPSCs.
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