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ABSTRACT

y-Aminobutyric acid (GABA) activates two qualitatively different
inhibitory mechanisms through ionotropic GABA, multisubunit
chloride channel receptors and metabotropic GABAg G pro-
tein-coupled receptors. Evidence suggests that pharmacolog-
ically distinct GABAg receptor subtypes mediate presynaptic
inhibition of neurotransmitter release by reducing Ca®* con-
ductance, and postsynaptic inhibition of neuronal excitability
by activating inwardly rectifying K* (Kir) conductance. How-
ever, the cloning of GABAg gb1 and gb2 receptor genes and
identification of the functional GABAg gb1-gb2 receptor het-
erodimer have so far failed to substantiate the existence of
pharmacologically distinct receptor subtypes. The anticonvul-
sant, antihyperalgesic, and anxiolytic agent gabapentin (Neu-
rontin) is a 3-alkylated GABA analog with an unknown mecha-
nism of action. Here we report that gabapentin is an agonist at
the GABAg gb1a-gb2 heterodimer coupled to Kir 3.1/3.2 in-

wardly rectifying K* channels in Xenopus laevis oocytes. Gaba-
pentin was practically inactive at the human gb1b-gb2 het-
erodimer, a novel human gb1c-gb2 heterodimer and did not
block GABA agonism at these heterodimer subtypes. Gabap-
entin was not an agonist at recombinant GABA, receptors as
well. In CA1 pyramidal neurons of rat hippocampal slices,
gabapentin activated postsynaptic K* currents, probably via
the gb1a-gb2 heterodimer coupled to inward rectifiers, but did
not presynaptically depress monosynaptic GABA, inhibitory
postsynaptic currents. Gabapentin is the first GABAg receptor
subtype-selective agonist identified providing proof of pharma-
cologically and physiologically distinct receptor subtypes. This
selective agonism of postsynaptic GABAg receptor subtypes
by gabapentin in hippocampal neurons may be its key thera-
peutic advantage as an anticonvulsant.

y-Aminobutyric acid is an inhibitory amino acid neurotrans-
mitter agonist at ionotropic GABA,/GABA. multisubunit re-
ceptors and metabotropic GABAy G protein-coupled receptors
(reviewed by Misgeld et al., 1995). GABAg receptors have been

The work in the laboratory of T.E.H. was supported by the Medical Re-
search Council of Canada, the Heart and Stroke Foundation of Canada, and
the Fonds de la Recherche en Santé du Québec (FRSQ). The work in the
laboratory of J.-C.L. was supported by the Medical Research Council of Can-
ada, the FRSQ, a Research Center grant from the Fonds pour la Formation de
Chercheurs et ’'Aide a la Recherche (FCAR) to the Groupe de Recherche sur le
Systéme Nerveux Central (GRSNC), and an Equipe de Recherche grant from
the FCAR. S.B. was supported by a postdoctoral fellowship from the GRSNC
(FCAR).

implicated in hippocampal long-term potentiation, slow-wave
sleep, absence epilepsy, muscle relaxation, and antinociception
(reviewed by Kerr and Ong, 1995). Many of the physiological
roles of GABAg receptors can be attributed to the modulation of
G protein-gated Ca®" and K* channels (for review, see Kerr
and Ong, 1995; Misgeld et al., 1995; Bowery and Enna, 2000).
Presynaptic receptor activation has generally been reported to
result in the inhibition of Ca®* conductance presumably at P/Q
and N-type Ca®" channels leading to a decrease in the evoked
release of neurotransmitters (Doze et al., 1995; Wu and Saggau,
1997). Postsynaptic receptor activation has generally been as-
sociated with increased K* currents, which result in membrane

ABBREVIATIONS: GABA, y-aminobutyric acid; gb1, y-aminobutyric acid gR1 receptor subunit; gb2, y-aminobutyric acid gR2 receptor subunit;
Kir, inwardly rectifying potassium (K*) channel; CNS, central nervous system; ACSF, artificial cerebrospinal fluid; |-V, current-voltage; IPSC,
inhibitory postsynaptic current; CNQX, 6-cyano-2,3-dihydroxy-7-nitroquinoxaline; NMDA, N-methyl-D-aspartate; GPCR, G protein-coupled re-

ceptors.
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hyperpolarization and inhibition of neuronal excitability. Stud-
ies in native tissues suggest the existence of high- and low-
affinity GABAg receptors and pharmacologically distinct recep-
tor subtypes that mediate pre- and postsynaptic actions, but
proof is lacking [see Bowery and Enna (2000) and references
therein].

Cloning has identified two major human GABAg receptor
genes termed gbl and gh2 (Kaupmann et al., 1997, 1998b;
Jones et al., 1998; White et al., 1998; Kuner et al., 1999;
Martin et al., 1999; Ng et al., 1999a,b). The human gbl
receptor gene encodes two structurally distinct N-terminal
variants termed gbla and gblb, whereas the human gh2
receptor gene encodes a single form of the receptor. It is
generally accepted that the functional GABAg receptor re-
sults from the coexpression and heterodimerization of gbl
and gb2 (Jones et al., 1998; Kaupmann et al., 1998b; White et
al., 1998; Kuner et al., 1999; Ng et al., 1999a). Thus gb1 and
gb2 may be more appropriately considered receptor subunits,
but several studies have reported that gbl and gb2 ho-
momers are active (Kaupmann et al., 1997, 1998a; Kuner et
al., 1999; Martin et al., 1999). Cloning, however, which has
revealed structurally distinct GABAg receptors, has not sub-
stantiated the existence of pharmacologically distinct recep-
tor subtypes.

Gabapentin (Neurontin; 1-(aminomethyl)cyclohexaneace-
tic acid) was developed as a brain penetrant structural ana-
log of GABA (reviewed by Bryans and Wustrow, 1999). Gaba-
pentin is approved for clinical use in the treatment of
refractory partial seizures and secondary generalized tonic-
clonic seizures but is being investigated as treatment for a
number of disorders including bipolar disorder, social pho-
bias, neuropathic pain, dental pain, osteoarthritis, and mi-
graine. The mechanism(s) of gabapentin action is of high
therapeutic importance, but remains unknown. Taylor et al.
(1998) have published several comprehensive reviews of
gabapentin pharmacology.

We were led to hypothesize that gabapentin could be an
agonist at GABAg receptors based on its structural related-
ness to baclofen (Bryans and Wustrow, 1999), and overlap-
ping distribution of gabapentin binding with GABAy recep-
tors in cortex, hippocampus, and cerebellum (Kaupmann et
al., 1997, 1998a,b; Jones et al., 1998; Taylor et al., 1998;
White et al., 1998; Kuner et al., 1999; Ng et al., 1999a,b). The
hypothesis is also consistent with the mapping of the GABAg
gb1 receptor gene to chromosome 6p21.3 in the vicinity of a
susceptibility locus (EJM1) for idiopathic generalized epi-
lepsy (Kaupmann et al., 1998a). We provide herein the first
evidence that gabapentin is a selective agonist at the gbla-
gb2 heterodimer and postsynaptic GABAg receptor in situ
that supports the existence of pharmacologically distinct
GABAj receptor subtypes. This represents a potentially im-
portant breakthrough in the mechanism of action of the novel
anticonvulsant drug gabapentin and suggests that postsyn-
aptic GABA gbla-gb2 receptors coupled to inwardly rectify-
ing potassium channels in limbic brain regions may be im-
portant drug targets for the treatment of epilepsy and other
CNS disorders.

Materials and Methods

Receptor Expression Constructs. The open reading frame of
human gbla, gblb, and gblc isoforms were obtained from human

cerebellum cDNA (CLONTECH, Palo Alto, CA) by polymerase chain
reaction cloning using Advantage-HF polymerase chain reaction kit
(CLONTECH) and primers based on ghla (GenBank accession no.
AJ225028) and gblb (GenBank accession no. A225029) mRNA se-
quences deposited in GenBank. The cloning of the human gh2 recep-
tor DNA (GenBank accession no. AF069755) has been reported else-
where (Ng et al., 1999b). The native gb2 clone, or a gb2 construct
encoding a modified influenza hemagglutinin signal sequence (MK-
TITALSYIFCLVFA) followed by an antigenic FLAG (DYKDDDDK)
epitope, or a gb2 construct encoding the bovine GABA, al signal
sequence (MKKSPGLSDYLWAWTLFLSTLTGRSYGQPSLQD) fol-
lowed by c-myc (EQKLISEEDLN) epitope were used for transient
expression in Xenopus laevis oocytes. All GABAy receptor DNAs
were subcloned into the pT7TS X. laevis oocyte expression vector (a
gift from Dr. Paul Krieg). M2 muscarinic receptor and Gsl ¢cDNAs
were generously supplied by BioSignal (Montréal, Canada).

GABAjg Ligands. Gabapentin was extracted from Neurontin cap-
sules (10 capsules, containing 400 mg of gabapentin) in boiling
ethanol. After filtration through celite, the solid was triturated in
isopropanol (30 ml) to give 3.21 g of a solid containing 85% gabap-
entin and 15% dextrose. Pure gabapentin was obtained by extraction
of the celite cake in boiling methanol, filtration of the light suspen-
sion at room temperature, and trituration of the residue in ether to
yield 1.00 g of a white solid. The white solid was further purified
using preparative high-performance liquid chromatography with on-
line mass spectrometric detection. The collected peak was evapo-
rated to dryness and reconstituted for NMR analysis. The mass
spectral and NMR data were consistent with gabapentin. Gabapen-
tin was also obtained commercially (Sigma). Gabapentin was stored
at —20°C, and freshly prepared and used immediately in the func-
tional assays. GABA, the active enantiomer (R)-baclofen, and
CGP55845 were purchased from Sigma and Tocris Cookson, respec-
tively. CGP71872 was synthesized as reported previously (Belley et
al., 1999).

X. laevis Oocyte Expression. X. laevis oocytes were isolated and
recordings were performed as described previously (Ng et al., 1999a).
¢DNA constructs for various Kir (Kir 3.1 or Kir 3.2) channel isoforms;
human gbla, gblb, and ghlc; murine gbla; human c-myc-gb2; FLAG-
gb2 constructs; human M2 muscarinic receptor; human B,-adrener-
gic receptor; and bovine Gsa were linearized by restriction enzymes
and purified using Geneclean (Bio 101, Vista, CA). Capped mRNA
was made using T7 RNA polymerase and the mMessage mMachine
(Ambion, Austin, TX). Individual oocytes were injected with 5 to 10
ng (in 25-50 nl) of various murine or human gb receptors and human
Kir 3.1/3.2 or with the B,AR/Gsa or M2 muscarinic receptor coex-
pressed with Kir 3.2. Recordings were made at room temperature
using a Geneclamp 500 amplifier (Axon Instruments, Foster City,
CA). Oocytes were voltage clamped and perfused continuously with
different recording solutions. Data was recorded at a holding poten-
tial of —80 mV and drugs were added to the bath with a fast
perfusion system. Data collection and analysis were performed using
pCLAMP v6.0 (Axon Instruments) and Origin v4.0 software (Micro-
Cal, Northampton, MA).

Hippocampal Slices and Whole-Cell Recordings. Transverse
hippocampal slices (300 um) were obtained from male Sprague-
Dawley rats (29-40 days postnatal) as described previously (Chap-
man and Lacaille, 1999). Individual slices were submerged in a
chamber mounted on an upright microscope (Axioskop F'S; Zeiss,
Oberkochen, Germany) and perfused with ACSF at room tempera-
ture containing 124 mM NacCl, 2.5 mM KCl, 1.25 mM NaH,PO,, 2
mM MgSO,, 2 mM CaCl,, 26 mM NaHCO; and 10 mM dextrose,
saturated with 95% O, and 5% CO,, and at a flow rate of 2.5 to 3.0
ml/min. CAl pyramidal neurons were visualized using differential-
interference-contrast microscopy and an infrared CCD camera (Cohu
6500). Patch pipettes (4—8 MQ)) were filled with 140 mM K-gluconate,
5 mM NaCl, 2 mM MgCl,, 10 mM HEPES, 0.5 mM EGTA, 2 mM
ATP-tris, 0.4 mM GTP-tris, 10 mM phosphocreatine, 0.1% biocytin,
pH adjusted to 7.2 to 7.3 with KOH. Whole-cell, voltage-clamp re-
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cordings were made with an Axopatch 200B amplifier (Axon Instru-
ments) with low-pass filtering at 2 kHz. Currents were digitized and
stored for future analysis (pClamp; Axon Instruments). Voltage mea-
surements were corrected for liquid junction potentials (Neher,
1992). All drugs were bath applied. Baclofen and gabapentin cur-
rents were obtained, as described previously (Nurse and Lacaille,
1999), using membrane potential ramps and a subtraction proce-
dure. I-V relations were obtained during membrane potential ramps
from —60 to —160 mV over 800 ms, first in control ACSF and then in
the presence of the drug. Averaged currents were obtained from six
successive responses in each condition. Agonist currents were iso-
lated by subtracting currents in control ACSF from currents in the
presence of the agonist (Igonist = v, agonist — L1.v, acs)- Chord con-
ductance measures were obtained at V,, = —80 mV for agonist
currents using the formula G,= I/(V,, — E,.,), where E ., was the
observed mean reversal potential for the agonist. The theoretical Ex
was calculated using the formula Ex= RT/F X In [K]/[K];. Monosyn-
aptic fast GABA, inhibitory postsynaptic currents (IPSCs) were
evoked with ultrasmall concentric bipolar electrodes (Frederick
Haer) placed in stratum radiatum near the pyramidal neuron and
using constant current pulses (15-90 pA, 0.5 ms) during blockade of
non-NMDA and NMDA synaptic transmission with 20 uM CNQX
(RBI) and 50 uM (=)-2-amino-5-phosphopentanoic acid (RBI, Natick,
MA), respectively. Histological procedures for revealing biocytin-
filled cells were as described previously (Chapman and Lacaille,
1999). Axonal and dendritic arborizations of filled cells were exam-
ined with a light microscope equipped with a CCD camera. Data are
reported as mean * S.E.M, unless otherwise noted.

Results

Molecular Characterization of gb1 Isoforms. With the
aim of identifying pharmacologically distinct human GABAg
receptors, we have cloned the open reading frame for human
gbla and gblb isoforms and a new gblc isoform (GenBank
accession numbers AJ225028, A225029, and AJ012187, re-
spectively) from adult human cerebellum mRNA. Gbla,
gb1b, and gblc are proteins of 961, 844, and 899 amino acids,

respectively. The three human gb1 isoforms differ only in the
N-terminal sequence that precede a domain that is homolo-
gous to the bacterial periplasmic leucine-binding protein
(Kaupmann et al., 1997; Galvez et al., 1999) (Fig. 1A). The
gbla-specific N-terminal sequence primarily comprises two
protein-protein interacting Sushi Repeat (also known as
short consensus repeat) domains of ~60 amino acids, the first
corresponding to T?% to R°® and the second to K'°2 to N'6°,
first described by Kaupmann et al. (1998a) for this receptor.
Gb1b differs from gbla in that the first 164 amino acids of
gbla are replaced by 47 different amino acids; thus, gblb
lacks both N terminus Sushi Repeats. The novel gblc isoform
differs from gbla by an in-frame 62 amino acid deletion and
elimination of one Sushi Repeat, leaving a single Sushi Re-
peat interacting module. The human gblc isoform is also
structurally distinct from the rat GABAgR1c, which exhibits
an in-frame insertion of 31 amino acids between the second
extracellular loop and the fifth transmembrane domain [Pfaff
et al. (1999) and references therein). In light of recent studies
that showed the N-terminal domain of gb1la to be sufficient to
specify agonist and antagonist binding (Galvez et al., 1999;
Malitschek et al., 1999), we asked whether the human gb1l
isoforms, which differ in their ligand binding N-terminal
domains, differ functionally in response to GABAg ligands,
including gabapentin (Fig. 1B), when expressed in the ab-
sence or presence of gh2.

Gabapentin Agonism of GABA; gbl-gb2 Het-
erodimers Coupled to Kir Channels Expressed in X.
laevis Oocytes. GABAg receptor-mediated K™ membrane
conductance was used as the functional assay to characterize
the activity of gabapentin in this study, because unlike neg-
ative coupling of the receptor to adenylyl cyclase, for which
the physiological role is unclear, a primary physiological role
of GABAj receptors is to mediate increased K* membrane
conductance in hippocampal neurons, leading to membrane
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Fig. 2. Modulation of Kir 3.1/3.2 in X. laevis oocytes by different gh1-gh2
heteromers. Currents were measured by holding oocytes at —80 mV. The
dark bar in each trace denotes changing from perfusion of oocytes with
KD-98 solutions to solution containing 100 uM GABA. The light bar
denotes the beginning of perfusion 100 uM gabapentin. Coexpression of
human gh2 with mouse gbla (first trace) human gbh1la (second trace), gb1lb
(third trace), or gb1lc (fourth trace). Block of 100 uM gabapentin response
at gbla-gb2 by 1 uM CGP 71872 followed by wash-out and reactivation by
gabapentin is shown in trace five. Arrows denote different patterns of
desensitization for GABA- or gabapentin-mediated receptor activation.
Each trace is representative of at least four separate experiments per-
formed on different oocytes.

hyperpolarization and inhibition of neuronal excitability
(Sodickson and Bean, 1998; Bowery and Enna, 2000). We
asked if gbla and gb1b and the novel gblc isoform expressed
as homomers or heterodimers with gb2 could couple with Kir
3.1/3.2 channels in X. laevis oocytes, an established model for
studying GPCR-activated inward rectifiers (Kir channels)
(Dascal, 1997). Human or murine gbla, human gblb, and
human gblc isoforms were inactive when expressed individ-
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Fig. 3. Gabapentin modulates Kir 3.1/3.2 selectively via ghla-gb2 recep-
tor heteromers. A, fold stimulation of Kir 3.1/3.2 current by gabapentin or
GABA over basal current (set to 1.0). No difference in GABA responses
was detected among heterodimer subtypes (p < 0.05). Fold stimulation of
GABA and gabapentin was similar at the gbla-gh2 heterodimer (p <
0.05). Significant differences in gabapentin response among the subtypes
(1) and between GABA versus gabapentin at the gblb- and gblc-gb2
heterodimers (#) are indicated. Fold stimulation was calculated by divid-
ing maximal ligand-stimulated current by basal current measured in
KD-98 solution. Statistical analysis was determined by two tail Student’s
t test. B, dose-response relation for GABAy ligands at gbla-gb2. Coex-
pression of murine gbla and human gh2 modulates Kir 3.1/3.2 in a
dose-dependent manner. Currents were measured at various doses of
GABA, gabapentin, or baclofen and normalized relative to the basal
current. C, dose-response relation for GABA at gb1b-gb2 and gblc-gh2.
Currents were measured at various doses of GABA and normalized
relative to the basal current. Averaged data from many experiments
(minimum of n = 4 for each point on the two dose-response curves) was
pooled and fit to the Hill equation.
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ually (data not shown). All require coexpression with human
gh2 to form structurally distinct GABAg receptor het-
erodimer subtypes that can couple to Kir 3.1/3.2 channels.
The three heterodimer subtypes are activated by GABA to a
similar extent (p > 0.05): 2.9 * 0.4-fold for gbla-gh2 (n = 6),
2.05 = 0.22-fold for gb1b-gb2 (n = 5), and 2.14 =+ 0.31-fold for
ghblc-gh2 (n = 4) (Figs. 2 and 3A). However, gabapentin (100
uM) only significantly activated Kir 3.1/3.2 channels through
the gbla-gb2 heterodimer (2.0 = 0.4-fold stimulation, n = 6)
compared with the other subtypes, p < 0.05 (Figs. 2 and 3A).
Gabapentin agonism was indistinguishable at the mouse
gbhla-gb2 heterodimer and could be blocked completely but
reversibly by 1 or 0.1 uM CGP71872, a GABAy antagonist
potent at nanomolar concentrations (Figs. 2 and 3A). In con-
trast to the results obtained with gbla-gh2, only small and
inconsistent responses to gabapentin were detected after
stimulation of gb1b-gb2 (1.08 = 0.02-fold stimulation, n = 5)
or gble-gh2 (1.17 * 0.11-fold stimulation, n = 9) even though
GABA-mediated responses were always detected in the same
oocytes and the extent of the GABA response was similar
among the heterodimer subtypes (Figs. 2 and 3A). Further-
more, 100 uM gabapentin could not block the agonist effect of
10 uM GABA on gb1b/gb2 or gblc/gb2 receptors (no block of
GABA response for gblb/gb2, n = 3; and 2 = 2% block of
ghblc/gb2, n = 3) arguing against the notion that gabapentin
behaves as an antagonist or partial agonist at these sub-
types. Collectively, our data suggest that gabapentin is a
gbla-gbh2 heterodimer subtype-selective agonist.

Another difference between the responses to GABA and
gabapentin was manifested by the rapid and consistent de-
sensitization of the response to gabapentin during its contin-
ual presence (Fig. 2), essentially resulting in a return to basal
current levels during 1 min of stimulation. A markedly re-
duced desensitization was occasionally detectable in re-
sponses to GABA (Fig. 2) or baclofen (data not shown). As for
stimulation of GABAg receptors by GABA, only modest de-
sensitization of current was detected during stimulation by
M2- or BAR agonists (data not shown) consistent with reports
in the literature using the oocyte expression system (Fidler-
Lim et al., 1995; Doupnik et al., 1997).

The potency of GABA at gbla- and gb1b-gb2 heterodimers
was similar (1.1 versus 3.8 uM), consistent with previous
pharmacological studies [Bowery and Enna (2000) and refer-
ences therein]. GABA potency was higher at the gblc-gb2
heterodimer (0.4 uM; Fig. 3, B and C), although the extent of
GABA stimulation was not statistically different among the
heterodimer subtypes. Studies of gabapentin dose depen-
dence at gbla-gbh2 heterodimers revealed an EC;, value of 15
uM (Fig. 3B). Gabapentin agonism could be blocked by 10 nM
or 1 uM CGP71872, and was reversible as reactivation by
gabapentin was observed following washout of the antagonist
(Fig. 2). Given the relative micromolar affinity of gabapentin
(EC5o ~15 uM) and nanomolar affinity of CGP71872 (K; ~0.5
nM; Belley et al., 1999) the ability of 10 nM CGP71872 to
confer antagonism is not unexpected. The potency of gabap-
entin at the gbla-gb2 heterodimer is in good agreement with
its therapeutic dose, corresponding to 10 to 100 uM in brain,
as monotherapy in the treatment of epilepsy or neuropathy
(Backonja et al., 1998; Rowbotham et al., 1998; Bryans and
Wustrow, 1999). This suggests that one possible mechanism
by which gabapentin exerts its therapeutic actions is by
selective GABA; ghla-gh2 subtype agonism.

Gabapentin Actions in Rat Hippocampal Neurons In
Situ. We next examined whether gabapentin was active at
native GABAg receptors in CA1 pyramidal neurons of rat hip-
pocampal slices (Luscher et al., 1997) (Fig. 4). Membrane cur-
rents evoked by bath application of gabapentin were isolated
using voltage ramps and a subtraction procedure during whole-
cell, patch-clamp recordings (Nurse and Lacaille, 1999). Cur-
rents obtained from the I-V relation in control ACSF were
subtracted from those in the presence of gabapentin (Fig. 4B).
Bath application of 1 mM gabapentin activated outward cur-
rents at membrane potentials near rest (Fig. 4B). These gaba-
pentin currents reversed and became inward near —100 mV
(mean E ., = —101.0 = 2.2 mV, n = 7 cells). Because the
calculated equilibrium potential for K* in our conditions was
similar (—101.3 mV), the gabapentin-activated currents in CA1
pyramidal neurons were thus mediated by K. Gabapentin
currents were dose-dependent, their mean chord conductance
increasing with doses between 0.01 and 1 mM (F'ig. 4, B and D).
Bath application of 2 to 20 uM baclofen elicited similar potas-
sium currents that were outward at membrane potentials near
rest, reversed near —100 mV (mean E_, = —101.5 = 2.6 mV,
n = 6 cells) and were dose-dependent (Fig. 4, C and D). Potas-
sium currents activated by 1 mM gabapentin and 20 uM ba-
clofen were coupled to GABAj receptors since they were antag-
onized by pretreatment with the GABAg receptor antagonist
CGP55845 (4 and 1 uM, respectively, Fig. 4D). The antagonism
of gabapentin currents by CGP55845 was dose-dependent. Con-
centrations of 2 and 4 uM CGP55845 reduced currents evoked
by 0.5 mM gabapentin by 86 and 100% respectively, and those
elicited by 1 mM gabapentin by 61 and 89%, respectively (Fig.
4E). Thus, gabapentin activated potassium currents linked to
postsynaptic GABAg receptors in CA1 pyramidal cells in situ,
and these effects were similar to the postsynaptic actions of
baclofen.

Because neuronal GABAg receptors are also located pre-
synaptically and are coupled to inhibition of transmitter re-
lease (Misgeld et al., 1995; Kerr and Ong, 1995; Wu and
Saggau, 1997; Bowery and Enna, 2000), we assessed whether
gabapentin also activated presynaptic GABAg receptors that
inhibit GABA release in hippocampal neurons in situ (Davies
et al., 1990). Fast monosynaptic GABA IPSCs were evoked in
CA1 pyramidal cells by electrical stimulation of stratum ra-
diatum in the presence of blockers of non-NMDA and NMDA
glutamate synaptic transmission (CNQX and AP5, respec-
tively) (Fig. 5A) (Davies et al., 1990). These fast outward
IPSCs recorded near resting membrane potential were me-
diated by GABA, receptors, because they were completely
antagonized by 25 uM bicuculline (n = 11 cells, data not
shown). Fast GABA, IPSCs were reversibly reduced by 72% by
bath application of 20 uM baclofen (Fig. 5B). This presynaptic
inhibition by baclofen was dose dependent (220 uM) and was
antagonized by the GABAy receptor antagonist CGP55845 (1
uM; Fig. 5D). In contrast, gabapentin (0.01-1 mM) did not
significantly depress GABA, IPSCs (Fig. 5, C and D), even
during bath applications that elicited outward currents in the
same cells (not shown). The small and variable reduction in
IPSC amplitude observed in the presence of gabapentin (6—
13%) was not significantly different from the reduction ob-
served during repeated application of control ACSF (7%) or
after pretreatment with the GABAp antagonist CGP55845
(16%) (Fig. 5D). This minor reduction, therefore, does not result
from gabapentin effects. Our observations indicate that al-

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Gabapentin Agonism of Selective GABAg Receptor Subtypes 149

though baclofen activated presynaptic GABAg receptors and
inhibited GABA release in rat hippocampus, gabapentin did
not. Thus, gabapentin does not have presynaptic actions similar
to those of baclofen in CA1 hippocampus in situ.

Discussion

The three human gh1l N-terminal variants are inactive as
homomers and require coexpression with gh2 to form func-
tional and structurally distinct GABAg gbla-gb2, gb1b-gb2,

and gblc-gb2 receptor heterodimer subtypes. This suggests
that the novel human gblc isoform like gbla and gb1b forms
a functional GABAj receptor with gb2 in the brain. Although
GABA could stimulate all three subtypes of GABAg het-
erodimers coupled to Kir 3.1/3.2 channels in X. laevis oocytes,
gabapentin (up to 100 M) is an efficient agonist only at the
gbla-gh2 heterodimer subtype with negligible activity at
gblb-gb2 and gblc-gb2 heterodimers. The murine gbla re-
ceptor exhibits 98.5% amino acid identity to human gbla (Ng
et al., 1999a) and, as a heterodimer with gb2, could also
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Fig. 4. Gabapentin activates potassium currents via GABAj receptors in CA1 pyramidal cells in situ. A, micrograph of a biocytin filled CA1 pyramidal
neuron exposed to Gabapentin. Calibration mark 100 um. B, I-V relations were obtained during voltage ramps from —60 to —160 mV in control ACSF
and in the presence of 1 mM gabapentin (Gp; B,). Gabapentin currents (B,) were isolated by subtracting currents from I-V relations in control ACSF
from those in the presence of gabapentin. The current evoked by 1 mM gabapentin in B, was obtained from the traces shown in B;. Gabapentin evoked
outward currents at membrane potentials between —60 and —100 mV. In the same cell, gabapentin currents increased in magnitude with increasing
doses (0.1-1 mM). C, bath application of 2 to 20 uM baclofen elicited in CA1 pyramidal cells similar potassium currents with a comparable reversal
potential. D, the mean chord conductance (measured at —80 mV) of baclofen and Gabapentin currents increased in dose-dependent fashion (the
number above each bar indicates the number of cells tested). The dose-response relationship for gabapentin was shifted approximately 10-fold higher
relative to that of baclofen. The mean chord conductance of gabapentin (1 mM) and baclofen (20 uM) potassium currents were blocked by the GABAy
antagonist CGP55845 (at 4 and 1 uM concentration, respectively). E, the mean chord conductance of gabapentin currents (0.5 and 1 mM) was blocked
in a dose-dependent manner by the GABA; antagonist CGP55845 (2 and 4 puM).
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mediate gabapentin agonism with similar maximal stimula-
tion confirming that gabapentin is an agonist at the gbla-gb2
heterodimer subtype. Our data also show that gabapentin
could not prevent GABA-mediated activation of gb1b/gb2 or
gblc/gh2 heterodimers, suggesting that it is not an antago-
nist at these receptors. The inability of gabapentin to block
GABA responses and the inconsistent and weak stimulation
of channel activity suggest that gabapentin is not a partial
agonist at gblb/gbh2 receptors. Studies of dose dependence
showed that gabapentin exhibits an EC,, value of ~15 uM at
gbla-gbh2, but was inactive up to 100 uM in functional assays
at the recombinant GABA, «1B3vy2, a3B3y2, and a433y2
receptor subtypes (data not shown). Taken together, this is
the first functional evidence that gabapentin is a selective
GABAj; receptor agonist. Studies performed using native
tissues have suggested the existence of pharmacologically
distinct pre- and postsynaptic receptor subtypes (reviewed by
Bowery and Enna, 2000); definitive evidence, however, has
been lacking, primarily because of the lack of selective
GABAj receptor ligands. We show that gabapentin is a se-
lective agonist at the gbla-gb2 heterodimer subtype coupled
to Kir channels and is the first selective pharmacological tool
for this receptor system.

A structural basis for this pharmacological difference
among heterodimer subtypes is probably attributable to the
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62 amino acids specific to the N terminus of gbla that contain
a Sushi Repeat (K'°2-N'¢°) that is absent in the gblb and
gblc subunits. The extracellular N-terminal domain of
GABAj receptors is postulated to form two lobes that upon
agonist binding results in the entrapment of the ligand via a
Venus Flytrap mechanism similar to that reported for bacte-
rial periplasmic amino acid binding proteins (Galvez et al.,
1999). Our data suggests that the 62 N-terminal amino acids
specific to gbla, with or without the participation of gb2,
contain important determinants for gabapentin binding and
entrapment. Consistent with this notion, the entire extracel-
lular N terminus of gbla is needed to retain the pharmaco-
logical characteristics of the full-length receptor (Malitschek
et al., 1999, Sullivan et al., 2000). Gabapentin agonism can
be competitively inhibited by CGP55845 antagonist (Fig.
5D), but as reported previously, agonist and antagonist bind-
ing sites in gbla are specified by different N-terminal amino
acid residues (Galvez et al., 1999). Site-directed mutagenesis
studies will be needed to identify the determinants for gaba-
pentin binding, because its micromolar potency for the gbla-
gb2 heterodimer excludes, as with agonists at the metabo-
tropic glutamate receptors, detailed characterization by
radioligand binding experiments.

A novel finding of our study is that the response to gaba-
pentin desensitizes rapidly, unlike responses to GABA or
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Fig. 5. Presynaptic GABAg inhibition of GABA synaptic transmission in hippocampus: inefficacy of gabapentin and efficacy of baclofen. A,
experimental arrangement for evoking monosynaptic fast GABA, IPSCs by electrical stimulation of inhibitory fibers in stratum radiatum in the
presence of blockers of glutamate synaptic transmission (20 uM CNQX and 50 uM AP5) during whole-cell, voltage-clamp recording from pyramidal
cells. B, at resting membrane potential, stimulation evoked fast outward IPSCs in control ACSF (with CNQX and AP5). IPSCs were depressed during
bath application of 20 uM baclofen. C, in contrast, during bath application of 1 mM Gabapentin, IPSCs were minimally affected relative to control.
D, the mean reduction of IPSCs by baclofen was dose dependent (2—20 uM) and the presynaptic actions of 20 uM baclofen were completely antagonized
by 1 uM the GABA antagonist CGP55845. Gabapentin at concentrations between 0.01-1 mM did not produce such reductions in IPSC amplitude.
The numbers above the bars indicate the number of cells tested in each condition. The small mean reduction in the presence of gabapentin was not
significantly different from that seen with repeated application of control ACSF (with CNQX and AP5; diagonal bars) or during application of 4 uM

CGP55845.
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baclofen. This is unlikely to involve modulation by protein
kinases as in classical GPCR desensitization (Ferguson et al.,
1998), because the onset of this “desensitized” state is much
more rapid by comparison. This acute desensitization has
been detected in other studies of Kir channel modulation by
G protein-coupled receptors (Chuang et al., 1998). It has been
demonstrated that this desensitization can be accounted for
by alterations in the hydrolysis cycle of the G proteins, which
are the intermediates between the receptor and channel
(Chuang et al., 1998). In native tissues, rapid onset of desen-
sitization of GPCR-mediated Kir activation is a normal phys-
iological response (Doupnik et al., 1997; Sodickson and Bean,
1998), which can be rescued in heterologous expression sys-
tems by coexpression with RGS proteins. RGS proteins can
augment the rate of GTP hydrolysis and therefore nucleotide
turnover (Doupnik et al., 1997) leading to more rapid activa-
tion and deactivation of GPCR-mediated responses. The rea-
son for the differences in the rates of desensitization of re-
sponses to GABA and gapapentin are unclear but may
involve a greater degree of GTP turnover stimulated by the
latter.

GABA inhibition in the CNS involves multiple mecha-
nisms. These include fast postsynaptic inhibition via activa-
tion of GABA, receptor chloride channels; slow postsynaptic
inhibition via activation of GABAg receptors; G protein-reg-
ulated, inwardly rectifying potassium channels; and presyn-
aptic inhibition via negative modulation of Ca®" channels in
presynaptic terminals reducing glutamate and GABA release
(Nicoll et al., 1990; and reviewed by Kerr and Ong, 1995;
Misgeld et al. 1995; Bowery and Enna, 2000). Fast postsyn-
aptic GABA, responses result from activity at single syn-
apses, whereas slower GABAj responses necessitate the syn-
chronous activation of multiple presynaptic fibers (Otis and
Mody, 1992). In addition, postsynaptic GABAp receptors
seem important for curtailing epileptiform activity in the
presence of impaired GABA, inhibition (Malouf et al., 1990;
Scanziani et al., 1991). In hippocampal neurons, postsynaptic
GABAj receptor activation leads to membrane hyperpolar-
ization, mediated by inwardly rectifying potassium channels
(Luscher et al., 1997). Furthermore, subcellular localization
studies show that gbla is predominantly postsynaptic,
whereas gblb is largely presynaptic (Benke et al., 1999;
Fritschy et al., 1999), although one study reports a different
conclusion (Billinton et al., 1999). The present data show for
the first time that gabapentin is a selective agonist for the
GABAj; gbla-gb2 heterodimer subtype coupled to Kirs and
activated potassium currents linked to postsynaptic GABAg
receptors in CA1 pyramidal cells in situ, providing the first in
situ evidence of structurally and pharmacologically distinct
pre- and postsynaptic GABAg receptor subtypes.

The lack of pharmacological agents selective for GABAy
receptor subtypes has hampered the therapeutic use of
GABAg-related compounds. Indeed, because of such complex
pre- and postsynaptic GABAy inhibitory mechanisms, non-
selective GABA compounds can have drastic opposite effects
on paroxysmal depolarizing responses in CNS neurons:
GABAj receptor activation can be proconvulsant via presyn-
aptic mechanisms (Mott et al., 1989) and anticonvulsant via
postsynaptic mechanisms (Malouf et al., 1990; Scanziani et
al.,, 1991). Thus, the selective agonism of postsynaptic
GABAj; receptors in hippocampal neurons by gabapentin
may be its therapeutic advantage as an anticonvulsant, be-

cause it would not act preferentially at presynaptic GABA,
sites to reduce GABA release and thus would not induce the
disinhibition that other nonselective agonists at presynaptic
GABAj receptors provoke.
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