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Abstract To elucidate the mechanism of action of the an-
ticonvulsant gabapentin (GBP), we compared its effects
on K*-evoked [3H]-noradrenaline ([3H]-NA) release from
rat hippocampal and human neocortical slices with those
of the K 5rp channel opener pinacidil and the Na* channel
blockers phenytoin, carbamazepine and lamotrigine. Rat
hippocampal and human neocortical slices were loaded
with [3H]-NA and superfused. [3H]-NA release was evoked
by increasing the extracellular [K*] from 3 to 15 mM.
GBP decreased [°H]-NA release from rat hippocampal
with a plCs, of 5.59 and a maximum inhibition of 44%.
Concentration-dependent inhibition was also seen in hu-
man neocortical dlices (39% inhibition with 100 uM
GBP). These inhibitory effects were antagonized by the
Karp channel antagonist glibenclamide, yielding a pA,
of 7.50 in the rat. The Kurp channel opener pinacidil
(10 pM), like GBP, decreased [3H]-NA release from rat
hippocampal slices by 27% and this effect was al so antag-
onized by glibenclamide. In human neocortical slices the
inhibition by pinacidil (10 pM) was 31%. Although
phenytoin (10 uM), carbamazepine (100 uM) and lamotrig-
ine (10 uM) also decreased [3H]-NA release (by 25%, 57%
and 22%, respectively), glibenclamide did not antagonize
the effects of these classical Na+ channel blockers. These
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findings suggest that GBP inhibits K*-evoked [3H]-NA
release through activation of K 4rp channels. To establish
whether the K 4rp channels under investigation were located
on noradrenergic nerve terminals or on other neuronal el-
ements, the effects of GBP were compared in the absence
and in the presence of tetrodotoxin (TTX 0.32 uM)
throughout superfusion. Since the functional elimination
of the perikarya of interneurons by TTX reduced the in-
hibitory effect of GBP, the K srp channels mediating the
effect of GBP may be located on nerve terminals, prob-
ably on both noradrenergic and glutamatergic nerve end-
ings.

Key words Gabapentin - K rp channel - Noradrenaline -
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Introduction

Gabapentin (GBP) is a novel anticonvulsant drug with
proven efficacy in the treatment of focal seizures (Anhut
et al. 1994). In contrast to other agents used in add-on
combinations in epilepsy, GBP does not interact with
standard anticonvulsants (e.g. phenytoin, carbamazepine
and valproate) and has rather mild, if any, adverse effects
(Anhut et al. 1995). Recently, monotherapy with GBP has
also been recommended on the basis of clinical studies
(Beydoun et al. 1998). Another important indication is
neuropathic pain, for example diabetic neuropathy (Back-
onjaet al. 1998), post-herpetic neuralgia (Segal and Ror-
dorf 1996, Rowbotham et al. 1998) and sympathetic re-
flex dystrophy (Méellick and Mellick 1997).

GBP was designed originaly as a structural analogue
of the inhibitory neurotransmitter y-aminobutyric acid
(GABA). Subsequent studies, however, have failed to
demonstrate an action of GBP at GABA receptors (Taylor
et al. 1998). Recent evidence suggests that, under certain
conditions, GBP can increase the extracellular concentra-
tion of GABA by reversed transport (Fichter et al. 1996,
Kocsis and Honmou 1994). GBP is transported actively
through biological membranes (e.g. blood-brain barrier)
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by the L-amino acid transporter system and accumulates
in the cytosol of neurons (Su et al. 1995, Stewart et al.
1995). A high-affinity binding site for GBP has been iden-
tified on the auxiliary a,0-subunit of voltage-sensitive
Ca?* channels (VSCC) (Gee et d. 1996); the binding of
[3H]-GBP to this site is, moreover, displaceable by the
non-selective VSCC antagonist and polyamine spermine
(Dissanayake et al. 1997). Diverse reports have implied
that GBP modulates neuronal VSCC. Stefani et al. (1998)
have demonstrated an inhibition of VSCC (predominately
L-type) in rat brain neurons by GBP; Dooley et al.
(2000a) have reported inhibition of K+-evoked glutamate
release from rat brain slices, presumably reflecting non-L -
type VSCC modulation. On the other hand, Schumacher
et al. (1998) have found that the anticonvulsants carba-
mazepine and phenytoin, but not GBP, inhibit VSCC in
human epileptic hippocampal granule cells.

GBP causes modest inhibition of the release of dopa-
mine (Reimann 1983), serotonin and noradrenaline (NA)
(Schlicker et al. 1985) from mammalian brain slices after
electrical stimulation. Dooley et al. (2000b) have demon-
strated that GBP produces more marked inhibition of NA
release from rat neocortical slices after depolarization by
elevation of extracellular [K*]. We therefore investigated
the effects of GBP on K*-evoked [3H]-NA release from
axon terminals of rat hippocampus and human neocortex.
Alzheimer and ten Bruggencate (1988) and Gandolfo et
al. (1989) have shown previously that K s channel acti-
vators decrease epileptic discharges in vitro and in vivo.
Thus, we addressed the question whether these channels
may be involved in the mechanism of action of GBP.

Methods

Male Wistar rats (200-300 g) were maintained according to insti-
tutional policies and guidelines. The animals were decapitated and
the brains rapidly removed and rinsed with ice-cold buffer. Unless
indicated otherwise, the buffer contained (in mM): NaCl 121, KCl
1.8, CaCl, 1.3, KH,PO, 1.2, MgSO, 1.2, NaHCO, 25, glucose 10
and ascorbic acid 0.06. Before use, the buffer was saturated with
95% O,/5% CO,. The hippocampi were isolated and sliced trans-
versally (350-um dlices, Mclllwain Tissue Chopper, Bachofer,
Reutlingen, Germany).

Human neocortical tissue was obtained from resections of sub-
cortical brain tumours. Every patient was informed and signed a
declaration of consent. Tissue from patients with seizures was ex-
cluded when the cortical areas to be removed were identified as
epileptic by presurgical epilepsy electroencephalogram (EEG) di-
agnosis. Human tissue infiltrated macroscopically with tumour
was excluded also. Retrospectively, microscopic tumour penetra-
tion of the tissue used in the experiments could be detected after
evaluating the results, since such tissue responded poorly to stim-
ulation. Results from such slices, in which the response to the first
stimulation (S,, see below) was lower than a defined minimum,
were excluded (see Results). The subsequent treatment of rat and
human tissue slices was the same.

After rinsing, slices were incubated in 4 ml buffer containing
0.1 pM [3H]-NA for 45 min at 37°C. After incubation, each slice
was transferred to a superfusion chamber (volume 100 pl) main-
tained at 37 °C by awater bath. The slices were held in position in
the chambers by a nylon mesh and perfused continuously with
buffer (37°C) at 0.4 ml/min. The a,-adrenoreceptor antagonist
idazoxan (1 pM) was present in the superfusion buffer throughout
the experiment to prevent autoinhibition due to the released NA.

After a 60-min pre-perfusion period to equilibrate basal [3H] out-
flow, the superfusate was collected in 5-min fractions (2 ml) in
polyethylene vials for determination of the [3H] efflux from the
dlices. At the end of the experiment, the slices were solubilized in
0.5 ml Soluene (Packard Instruments, Frankfurt, Germany) and ra-
dioactivity determined by liquid scintillation spectrometry after
addition of scintillation fluid (Ultima Gold, Packard Instruments).
During superfusion, the slices were stimulated twice after 75 min
(S)) and 125 min (S,) by elevation of [K*] from 3 to 15 mM for
8 min. The concentration of Na* in the buffer was reduced accord-
ingly.

The outflow of [3H] was calculated as fraction of the [3H] con-
tent of the dlice at the onset of the respective collection period
(fractional rate). The stimulation-evoked [3H] overflow, expressed
as the fractional rate of the total radioactivity present in the tissue
at the time of stimulation, was calcul ated as the difference between
total [3H] outflow (during stimulation and the subsequent 12 min)
and the basal [3H] outflow, which was assumed to decline linearly
from the collection period before to that 20 min after onset of stim-
ulation. The evoked [3H] overflow was assumed to represent the
release of NA (Taube et al. 1977). Drugs to be tested were added
from 20 min before S, onwards. None of the substances, at the
concentrations used, affected the basal [3H] outflow, except lamot-
rigine (see Results). In some experiments, a drug was present
throughout superfusion (in addition to idazoxan, see above) to de-
termine interactions with a second drug given before S,. Appropri-
ate control slices were always run in parallel with drug-treated
dlices. The effects of drugs were evaluated by calculating the ratio
S,/S, of the [3H] overflow evoked by the two stimulation periods.
S,/S, ratios were used to reduce the variation in S; values.

Results are given as arithmetic means or estimates with 95%
confidence intervals (Clgs) to indicate probability (Altman 1991,
Gardner and Altman 1986). Thus, significant differences between
means or other parameters are obvious when their Clgs ranges do
not overlap. If we were interested in whether two means with
slightly overlapping Clgs ranges were still significantly different,
Student’s t-test was applied. The number of slices used was n; in
rats evaluable data from n=10-12 single slices were obtained per
animal; in humans, n=6-10 slices were evaluable from each pa-
tient. A mean S,/S; ratio was only calculated when the single S,/S;
ratios originated from two or more rats or humans.

To estimate parameters characterizing semi-logarithmic con-
centration/response curves individual S,/S, data were evaluated by
non-linear regression analysis using the logistic function:

1000l GBP]
10-PICso +10)08l GBP]

S /S =11

with 1og[GBP] being the logarithm of the molar GBP concentra-
tion (independent variable), S,/S, the dependent variable, plCg, the
negative logarithm of the concentration of GBP yielding half-max-
imum inhibition and |, the maximum possible inhibition. plCs,
and | 5 were estimated from the fitted concentration/response data
as described in more detail by Feuerstein and Limberger (1999).
An apparent pA, was calculated from the following:

pA, =log(10P'Cx'~PICs0 —1) —log[ Ant]

where plCsy' isthe plCs, for GBP in the presence of 1 uM gliben-
clamide and, correspondingly, log[Ant]=—7

Drugs. [3H]-NA (62.3 Ci/mmol; NEN, Bad Homburg, Germany);
GBP (Parke-Davis, Ann Arbor, Mich., USA); glibenclamide, ida-
zoxan HCI, phenytoin (RBI, Natick, Mass., USA); pinacidil, car-
bamazepine, tetrodotoxin (TTX, Sigma-Aldrich, Deisenhofen,
Germany); lamotrigine (GlaxoWellcome, Bad Oldesloe, Ger-
many). GBP, idazoxan, pinacidil and phenytoin were dissolved in
distilled water before addition to the buffer. Glibenclamide, carba-
mazepine and lamotrigine were dissolved in ethanol; tetrodotoxin
had to be solved in acidic buffer.



Results

The K*-evoked release of [3H]-NA from rat hippocampal
slices resulted in a mean S, value of 4.3% of tissue [3H]
(Clgs 3.5-5.2%, n=73, presence of idazoxan only through-
out superfusion). The corresponding mean S; in human
neocortical tissue was 2.2% (Clgs 1.6-2.7%, n=50). The
mean [3H] content of rat slices was 155,962 dpm (Clgs
144,237-165,691 dpm, n=128); in human slices 102,278
dpm (Clgs 92,862—111,689 dpm, n=82). Rat experiments
yielding S; values below 1% and experiments on human
dicesyielding S; values below 0.6% were omitted.

Effects of GBP on K*-evoked [3H]-NA release
from rat hippocampal and human neocortical slices

GBP reduced [3H]-NA release concentration dependently
in both rat hippocampa and human neocortical slices

(Fig. 1).
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Fig.1 Effectsof gabapentin (GBP) on K*-evoked [3H]-noradrena-
line (NA) release from rat hippocampal (A) and human neocortical
(B) dlices. Following incubation with [3H]-NA slices were super-
fused and stimulated twice (S;, S,) by €elevation of [K*] from 3 to
15 mM for 8 min. GBP was added from 20 min before S, onwards.
The effects are shown as mean S,/S; ratios, expressed as a per-
centage of the corresponding controls with error bars representing
95% confidence intervals (Clgs); n=6-20 per GBP concentration.
When given, glibenclamide was present throughout superfusion

539

Effects of the K 5rp channel antagonist glibenclamide
and the agonist pinacidil

Glibenclamide (1 uM) per se slightly, but significantly, el-
evated the mean S,/S,; ratio by 20% (data not shown).
When given throughout superfusion at 1 pM this drug
shifted the concentration/response curve for GBP (plCsy,
5.59, Clgs 4.93-6.36; |, 44%, Clgs 35-55%) to the right
(pICsp 4.08, Clgs 3.52-4.75; | 51%, Clgs 33-79%,
yielding a pA, for glibenclamide of 7.50, Clg 6.69-8.26;
Fig.1). A similar effect was observed in human neocorti-
cal dlices: the reduction of [3H]-NA release by 100 uM
GBP was diminished by glibenclamide (1 pM) to 11%
(n.s. vs. control, Clgs —5 to 28%). The difference between
the mean S,/S, ratio of sliceswith GBP (100 uM) and that
with GBP plus glibenclamide was significant (P=0.019).
Since glibenclamide was able to attenuate the inhibitory
effect of GBP on [3H]-NA release, we expected the K xp
channel agonist pinacidil (Schmid-Antomarchi et al.
1990) to mimic the effect of GBP. In rat hippocampal
dices, pinacidil (10 p M) reduced the [3H]-NA release by
27% (Fig. 2). Again, thisinhibitory effect was reversed by
glibenclamide (1 pM): the decrease was only 4% (n.s. vs.
control, Clgs —18 to 27%) (Fig. 2). The difference between
the mean S,/S,; ratio of sliceswith pinacidil only and those
with pinacidil plus glibenclamide was significant, despite
overlapping Clgs ranges (P=0.026). In human neocortical
slices, pinacidil reduced [3H]-NA release by 31% (Fig. 2).

To investigate whether pinacidil and GBP acted at the
same or at different sites, we added GBP (100 uM) and
pinacidil (10 uM) together before S,. The effect of this
combination in reducing of [3H]-NA release was not addi-
tive: [3H]-NA release was inhibited by 50% (Clgs 40—
59%, n=6) compared with 43% (Clgs 34—63%, n=11) re-
duction following GBP alone.
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Fig.2 Effectsof pinacidil on K*-evoked [3H]-NA release from rat
hippocampal and human neocortical slices. Following incubation
with [3H]-NA slices were superfused and stimulated twice by ele-
vation of [K*] from 3 to 15 mM for 8 min. Pinacidil was added
from 20 min before S, onwards, its effects are shown as mean
S,/S, ratios expressed as a percentage of the corresponding con-
trols. When given, glibenclamide was present given throughout su-
perfusion
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Fig.3 Effects of phenytoin (PHT), carbamazepine (CBZ) and
lamotrigine (LTG) on K*-evoked [3H]-NA release from rat hip-
pocampal slices. Following incubation with [3H]-NA slices were
superfused and stimulated twice by elevation of [K*] from 3 to
15 mM for 8 min. PHT, CBZ, or LTG was added from 20 min be-
fore S, onwards. Their effects are shown as mean S,/S,; ratios, ex-
pressed as a percentage of the corresponding controls. When
given, glibenclamide was present throughout superfusion

Effects of other anticonvulsants on K+*-evoked [3H]-NA
release in rat hippocampus

Three classical anticonvulsant drugs without a known ac-
tion on K 4rp channels were tested both alone and in com-
bination with glibenclamide for effects on K*-evoked
[3H]-NA release from rat hippocampal slices. Phenytoin
(10 uM) decreased the K*-evoked [3H]-NA release by
25%. Glibenclamide (1 uM) did not affect the phenytoin-
induced inhibition (Fig.3). Carbamazepine (100 uM) in-
hibited [3H]-NA release by 57%. Again, this reduction
was not diminished by glibenclamide (Fig.3). Lamotrig-
ine (10 p M) decreased [3H]-NA release by 22%. At
10 pM this drug also slightly reduced the basal [3H] out-
flow, i.e. the outflow of deaminated metabolites of [3H]-NA.
This (concentration-dependent) effect of lamotrigine was
reduced in the presence of 10 uM pargyline and com-
pletely abolished by 100 uM pargyline, suggesting an in-
hibition of the enzyme monoamine oxidase by this drug
(which will be the subject of a subsequent study). Gliben-
clamide did not reduce the inhibitory effect on K*-evoked
[3H]-NA release of lamotrigine, which amounted to 32%
in the presence of the K 5p channel antagonist (Fig. 3). To
compare the effects of these anticonvulsants, which block
voltage-dependent Na* channels, TTX, a selective and po-
tent inhibitor of these channels, was also tested at 1 M.
The ensuing inhibition of [3H]-NA release was large
(75%, Clg5 65-85%, n=7).

Effects of GBP in the presence of TTX

To establish whether the K 51 channels under investigation
were located on the noradrenergic nerve terminals and/or

on other neuronal elements within the rat tissue
under investigation, the effects of GBP (100 uM) were
compared in the absence and in the presence of TTX
(0.32 uM) throughout superfusion. In this series of experi-
ments GBP alone reduced the mean S,/S; ratio of controls
by 56.1% (Clgs 41.4-70.8%, n=6); in the presence of TTX
the GBP-elicited reduction was significantly less (30.8%,
Clgs 19.4-42.2%, n=6, P=0.01). TTX per se depressed the
mean S; value to 50% (Cl g5 22.0-86.8%, n=12).

Discussion

The present study indicates that GBP inhibits [3H]-NA re-
lease elicited by arather low [K*] (15 mM) through open-
ing of Kxrp channels since, firstly, the inhibition was
blocked by the Kp channel antagonist glibenclamide
with a pA, of 7.50, similar to that found recently in an-
other system (8.28, Jehle et al. 2000), secondly, the inhi-
bition was mimicked by the Kp channel agonist pin-
acidil and, thirdly, the combination of GBP and pinacidil
did not produce an additive or synergistic effect, suggest-
ing a common site of pharmacological action. The action
of GBP thus differs from the inhibitory effects of the anti-
convulsants phenytoin, carbamazepine and lamotrigine on
[3H]-NA release. The inhibitory effects of these drugs
were not reversed by glibenclamide. The conclusion that
GBP acts through K 4rp channelsis probably also valid for
human brain tissue, although not all experiments made in
the rat could be repeated on human slices due to the lat-
ter’s very limited availability.

The mild and prolonged elevation of extracellular [K*]
applied in our experiments seems to correspond to the
pathophysiological conditions propagating epileptic dis-
charges in brain tissue (Jensen and Yaari 1997, Korn et al.
1987) and such increases in [K*] are known to evoke [3H]-
NA release (e.g. Dooley et al. 2000b). According to those
authors, the most robust inhibition by GBP of K*-evoked
[®H]-NA release occurs at low [K*] or, in other words, an
increased stimulus intensity attenuates the modulatory ef-
fects of GBP on [3H]-NA release. Dooley et al. (2000b)
have also obtained concentration/response data in the rat
using a K* stimulus of 25 mM, which we repeated using
15 mM K+ in the absence and presence of glibenclamide,
since the involvement of K 4rp channels may depend on the
extracellular [K*] used (Quast 1993). In experiments on
human neocortex tissue we employed 10 and 100 pM GBP,
which corresponds to the 10-100 puM achieved in brain tis-
sue with therapeutic doses (Ben-Menachem et al. 1992,
Welty et al. 1993). The possibility of eliciting [3H]-NA re-
lease by mild K* depolarization was the first reason for
choosing the model of NA release for the investigation into
the mode of action of GBP in the possible context of thein-
volvement of K* channels. In addition, GBP may modulate
the synthesis and release of catecholamines (Pugsley et al.
1998) and NA propagates epileptiform dischargesin rat hip-
pocampal tissue at elevated [K*] levels through (-adreno-
ceptors (Rutecki 1995). The activation of these receptorsis
believed to be the reason for the inhibition of the after-



hyperpolarization (AHP), a K* current hyperpolarizing the
neuron below the resting potential after action potentials
(Haas and Konnerth 1983, Nishimura et al. 1995). How-
ever, anticonvulsant actions of NA have also been described;
for example, knock-out mice deficient in NA (dopamine-3-
hydroxylase null mutants) exhibit enhanced susceptibility
to the convulsant kainic acid (Szot et al. 1999). Thus, NA
may exhibit pro- and anticonvulsant activity, hence compli-
cating the interpretation of a role for this neurotransmitter
in the action of GBP as an antiepileptic drug. In the present
study, therefore, evoked [3H]-NA release served mainly asa
model for investigating K xrp channel functions in response
to GBP.

Karp channels are distributed widely throughout the
central nervous system (Dunn-Meynell et al. 1998) and
may be located on axon terminals rather than on the soma
of neurons (Lee et al. 1996). Drugs acting at these chan-
nels could conceivably modulate [3H]-NA release if nor-
adrenergic nerve terminals were also endowed with K xrp
channels. To investigate this possibility, we compared the
effects of GBP in the absence and presence of the Na*
channel blocker TTX. TTX isknown to abolish action po-
tentials in the tissue under investigation and, therefore, to
eliminate interneurons functionally. Thus, if K chan-
nels were located exclusively on the somatodendritic re-
gion of interneurons activating noradrenergic terminals,
TTX should abolish the depressant action of GBP on
[3H]-NA release. In contrast, if Kxp channels were lo-
cated exclusively on the noradrenergic terminals the rela-
tive effect of GBP should be the same in the presence and
absence of TTX. Since the depressant action of GBP was
only diminished, but not abolished, by 0.32 uM TTX, a
concentration which should suffice to eliminate nearly all
action potentials (see, for instance, Feuerstein et a. 1990),
Karp channels as executors of GBP's action may be lo-
cated on both noradrenergic nerve terminals and on the
somatodendritic or terminal region of a further neuron
linked to the release of [3H]-NA. Since such a neuron
should dlicit or facilitate, but not diminish, [3H]-NA re-
lease to mediate a depressant action of GBP through K orp
channels, the most likely candidate may be the gluta-
matergic neuron, as glutamate is known to activate
N-methyl-p-aspartate (NMDA) receptors eliciting [3H]-
NA release in both rat (Goéthert and Fink 1991) and hu-
man (Fink et al. 1992, T.J Feuerstein, H, Aranda, unpub-
lished results) neocortical tissue.

The anticonvulsant drugs phenytoin, carbamazepine and
lamotrigine were also evaluated for comparison with GBP.
These three reference compounds block voltage-dependent
Na* channels in a voltage- and frequency-dependent man-
ner (Cheung et al. 1992, Schwarz and Grigat 1989), thus
preventing action potentials and possibly reducing neuro-
transmitter release. Accordingly, al three drugs depressed
K*-evoked [3H]-NA release significantly. The reduction of
[3H]-NA release by TTX substantiated the role of voltage-
dependent Na* channels in this process. Glibenclamide did
not reverse the inhibitory effects of phenytoin, carba-
mazepine and lamotrigine asit did with GBP and pinacidil.
Conseguently, there is a clear distinction between the ac-
tion of the Na* channel antagonists on the one hand and
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pinacidil and GBP on the other, which strengthens the con-
clusion of K xrp channel activation by GBP.

Increasing the K* conductance clamps the membrane
potential at sufficiently negative values to prevent depo-
larization-induced Ca?* entry (Hamilton et al. 1986). The
K* channel openers may therefore act indirectly as Ca?*
entry inhibitors, preventing Ca?*-mediated transmitter re-
lease; thereby showing a pharmacological profile similar
to that of Ca?* channel antagonists. Stefani et al. (1998)
has suggested that GBP inhibits VSCC, as demonstrated
by a block of its inhibitory effect on VSCC in isolated
adult rat brain neurons by nifedipine. The antagonists
w-conotoxin GVIA and w-conotoxin MVIIC, which inhibit
Ca?* currents of a3 and a,0 VSCC, partially reduced the
inhibitory effect of GBP. In contrast, Schumacher et al.
(1998) have demonstrated that GBP, relative to phenytoin
and carbamazepine, did not inhibit VSCC in human hip-
pocampal granule cells. Dooley et a. (2000a) has sug-
gested recently that GBP acts as a VSCC antagonist.
Those authors demonstrated a decrease in K*-evoked glu-
tamate release from rat hippocampal and neocortical slices,
an effect also seen with w-conotoxin GVIA, w-conotoxin
MVI1IC and agatoxin TK. This conclusion does not, how-
ever, necessarily imply that GBP shares the same mecha-
nism of action as directly-acting VSCC modulators. At
variance with the findings of Dooley et a. (2000b), who
explained the effects of GBP mainly by actions on VSCC,
our resultsimplicate for the first time K xrp channelsin the
mode of action of GBP. Further research on K orp channels
modulating the release of other transmitters, e.g. gluta-
mate, and on K 4rp channel function in electrophysiologi-
cal experiments is desirable for a better understanding of
the effects of GBP.
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