British Journal of Pharmacology (1999) 128, 1011-1020

© 1999 Stockton Press Al rights reserved 0007 -1188/99 $15.00

http://www.stockton-press.co.uk/bjp

The anticonvulsant BW534U87 depresses epileptiform activity in
rat hippocampal slices by an adenosine-dependent mechanism and
through inhibition of voltage-gated Na™ channels

*1Joe R.B. Dupere, "Tim J. Dale, 'Sarah J. Starkey & 'Xinmin Xie

"Neuroscience Unit, GlaxoWellcome Research and Development, Medicines Research Centre, Stevenage, Hertfordshire SG1 2NY

1 The cellular and molecular actions of BWS534U87 were studied using intracellular and
extracellular recordings from the CAl region of rat hippocampal slices and whole-cell voltage-
clamp recordings of recombinant human brain type ITA Na* channels expressed in Chinese hamster
ovary (CHO) cells.

2 Normal excitatory and inhibitory postsynaptic potentials evoked in hippocampal slices were
unaffected by BWS534US87 or the adenosine deaminase inhibitor EHNA. However, epileptiform
activity was depressed by BW534U87 (50 uM) and this inhibition was reversed by the adenosine
receptor antagonist 8-phenyl theophylline (8-PT, 30 uM). EHNA (10 uM) mimicked the effects of
BW534U87. Furthermore, BW534U87 enhanced the inhibitory effects of exogenous adenosine on
evoked synaptic potentials. BW534U87 (50 uM) also voltage- and use-dependently inhibited action
potentials elicited by current injection, independent of the adenosine system, since it was not affected
by 8-PT.

3 In CHO cells expressing the recombinant human brain Na™ channel, BW534U87 produced a
concentration- and voltage-dependent inhibition of Na™ currents with a half-maximal inhibitory
concentration of 10 uM at a V, of —60 mV. Use-dependent inhibition was evident at high-
frequencies (20 x 20 ms pulse train at 10 Hz).

4 In conclusion, BW534U87 blocks hippocampal epileptiform activity by a dual mechanism. The
first action is similar to that produced by EHNA and is dependent on endogenous adenosine
probably by inhibition of adenosine deaminase. Secondly, BW534U87 directly inhibits voltage-gated
Na™ channels in a voltage- and frequency-dependent manner. Both actions of BW534U87 are
activity-dependent and may synergistically contribute to its overall anticonvulsant effects in animal
models of epilepsy.
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Abbreviations: ADA, adenosine deaminase; AEDs, antiepileptic drugs; CHO, Chinese hamster ovary cells; DMSO, dimethyl
sulphoxide; EGTA, ethylene glycol-bis(f-aminoethyl ether) N,N,N’ -tetra acetic acid; EHNA, erythro-9-(2-
hydroxy-3-nonyl)adenine; EPSP-IPSP, excitatory and inhibitory postsynaptic potentials; HEPES, 4-(2-
hydroxethyl)-1-piperazineethanesulphonic acid; 8-PT, 8-phenyl theophylline; TTX, tetrodotoxin V., half-
maximal activation or inactivation voltage; Vy, holding potential

Introduction

modulation on evoked excitatory and inhibitory postsynaptic

The novel anticonvulsant compound BWS534U87, (1-[(2,6-
difluorophenyl)-methyl]-1H-1,2,3-triazolo[4,5-c])  pyridine-4-
amine mono hydrochloride) is structurally different from all
currently used antiepileptic drugs (AEDs). The compound has
been shown to have potent activity against seizures induced by
maximal electroshock in rats (a model of generalized tonic-
clonic epilepsy, Kelly et al., 1995) and was later shown to be
active in a range of acute and chronic epilepsy models
(Stratton et al., 1998). However, the cellular and molecular
mechanisms underlying the drug’s anticonvulsant actions are
unknown. Interestingly, the compound was found to cause a
reversible competitive inhibition of rat brain adenosine
deaminase (ADA) with a K; of 7 uM in biochemical studies
(Dr E. Southam, personal communication; Dupere et al.,
1999). Adenosine exerts potent inhibitory modulation on
synaptic activity in both peripheral and central nervous
systems (for reviews see Greene & Haas, 1991; Brundege &
Dunwiddie, 1997). Moreover, adenosine produces differential

*Author for correspondence.

potentials in rat hippocampus (EPSP-IPSPs; Thompson et al.,
1992). The inhibition of excitatory postsynaptic potentials and
population spikes in the hippocampus is mediated by the
adenosine A, receptor (Schubert & Mitzdorf, 1979; Brundege
& Dunwiddie, 1997). Anticonvulsant effects in vivo have been
reported after activation of the adenosine system through the
use of an adenosine A, receptor agonist (Dunwiddie & Worth,
1982; Murray et al., 1985; Concas et al., 1993; Malhotra &
Gupta, 1997). Similarly, anticonvulsant effects have been
observed following inhibition of adenosine metabolic enzymes,
mainly adenosine kinase or ADA (Shimuzu et al., 1972; Arch
& Newsholme, 1978; Zhang et al., 1993; He et al., 1993), which
would result in an elevation and accumulation of endogenous
adenosine (Haas & Greene, 1988; Pak et al., 1994).
Adenosine is formed from the metabolism of adenosine
triphosphate (ATP). The main source of extracellular
adenosine in the brain is from intracellular adenosine via a
bidirectional nucleoside transporter or evoked release (Bender
et al., 1980; Nimit ez al., 1981; Wojcik & Neff, 1982). An
additional source of extracellular adenosine is from the
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breakdown of released ATP (Burger & Lowenstein, 1970;
Ribeiro & Sebastiao, 1987; Hamilton & Smith, 1991). The
basal extracellular adenosine concentration was estimated to
be 1-2 uM (Newman & Mcllwain, 1977; Van Wylen et al.,
1986) and can be dramatically increased up to approximately
50 uM under certain pathological conditions, such as seizure
activity (Winn et al., 1980; Lewin & Bleck, 1981). Adenosine
kinase has a K, for the breakdown of adenosine of
approximately 2 uM (Arch & Newsholme, 1978), which is
close to baseline levels of adenosine. Therefore, the breakdown
of adenosine by adenosine kinase is likely to be the main
metabolic pathway under normal conditions. ADA deaminates
adenosine to inosine with a K, of approximately 50 uM (Arch
& Newholme, 1978), which is much higher than the K, of
adenosine kinase. Consequently, the rise in extracellular
adenosine concentrations during neuronal hyperexcitability or
seizures (Winn et al., 1980; Lewin & Bleck, 1981; During &
Spencer, 1992) would rapidly saturate adenosine kinase and
make ADA the most likely route for metabolism.

In the present study, we have studied the functional
significance of inhibition of ADA by this novel anticonvulsant
BW534U87 in comparison to the adenosine deaminase
inhibitor erythro-9-(2-hydroxy -3 -nonyl)adenine (EHNA).
Other possible mechanisms underlying the anticonvulsant
effects of the compound in animal models were also examined
using intracellular and extracellular recordings from rat
hippocampal slices and whole-cell voltage-clamp recordings
of recombinant human brain type ITA Na™ channels expressed
in CHO cells. Preliminary data has been presented in abstract
form (Dupere et al., 1998; 1999).

Methods
Brain slice preparation

Hippocampal slices were prepared as previously described (Xie
& Smart, 1993). Briefly, Sprague Dawley rats (either sex, aged
32-56 days) were killed by cervical dislocation and
decapitated. The brain was rapidly removed and placed in
ice-cold Krebs-Henseleit medium containing (mM): NaCl 119,
NaHCO; 26, KCl 3, MgCl, 2, CaCl, 2, D-Glucose 11,
maintained at pH 7.4 by bubbling with 95% O, 5% CO,.
Coronal slices (400 um thick) were prepared using a Vibroslice
(Campden Instruments). Slices were stored at room tempera-
ture (21 —23°C in a holding container for at least 1 h and up to
8 h prior to recording.

Intracellular current-clamp recordings

A single slice was transferred to the recording chamber (1 ml)
and continually superfused with Krebs-Henseleit solution at
1 ml min~! at 30°C. Intracellular recording electrodes were
fabricated on a Sutter P87 electrode puller and filled with
filtered 3 M KCI solution (resistance 50 ~80 MQ) or 4 M K-
acetate (resistance 80~ 150 MQ). Electrodes were advanced
into the pyramidal layer of the CAIl region of the
hippocampus. Impaled neurones were accepted if the resting
membrane potential was at least —55 mV and with an over-
shoot of action potential amplitude of 20 ~30 mV. The bridge
balance in the amplifier (Axoclamp 2B, Axon instruments) was
monitored by applying brief hyperpolarizing current injections
throughout the experiment and adjusted before each measure-
ment. Orthodromic stimulation (0.2—3 mA, 0.1 ms, 0.1 Hz) to
CAT1 neurones was applied with bipolar tungsten stimulating
electrodes with a separation <50 um. These electrodes were

placed in the stratum lucidum stimulating the Schaffer
collateral/commisural afferents to the CA1l subfield. Most
intracellular recordings were stable for 1-3 h.

Extracellular recordings

Slices were transferred to the recording chamber as for
intracellular recordings. Extracellular recording electrodes
were 2—5 MQ when filled with 4 M NaCl. Electrodes were
advanced into the CAl region. Field potentials were amplified
x 1000 through a Neurolog A.C. amplifier (Digitimer),
0.5 Hz—1 kHz bandpeass filtered and digitized at 10 kHz using
a CEDI1401 with Spike 2 software (Cambridge Electronic
Design).

Cell culture

CHO cells were stably transfected with cDNA encoding the
human brain type ITA Na™ channel o-subunit (Xie et al.,
1997). These cells were cultured in Iscove’s modified
Dulbecco’s medium (Gibco), containing 10% dialysed foetal
calf serum (Gibco), non-essential amino acids (Sigma), H-T
supplement (hypoxanthine, thymidine, Gibco) and penicillin/
streptomycin (10,000 units ml~'/10 mg ml~', Gibco). To
amplify expression and to prevent cell toxicity resulting from
excessive Na' influx, the media also contained 50 nM
methatrexate (Sigma) and 200 nM tetrodotoxin (TTX, Sigma).
Cells were grown in a 5% CO, atmosphere with 95% humidity
at 37°C. One to three days prior to electrophysiological
recordings the cells were plated onto poly-DL-lysine coated
glass coverslips.

Whole-cell voltage-clamp recordings

Cells growing on a glass coverslip were placed into the
recording chamber (0.5 ml) and superfused with an extra-
cellular solution at a rate of 2 ml min~'. The extracellular
solution contained (mM): NaCl 140, KC1 4.7, MgCl, 1.2, CaCl,
1, glucose 11 and 4-(2-hydroxethyl)-1-piperazineethanesulpho-
nic acid (HEPES, 5). The pH was adjusted to 7.4 using NaOH
and the osmolarity ranged from 290-310 mOsm. Patch
pipettes (borosilicate glass) were pulled using a Sutter P-97
electrode puller. The pipette was filled with an internal solution
consisting of (mM): CsF 120, NaCl 15, ethylene glycol-bis(f-
aminoethyl ether) N,N,N',N -tetra acetic acid Cs salt (Cs-
EGTA) 10 and HEPES 10. The pH was adjusted to 7.25 using
CsOH and the osmolarity ranged from 275-290 mOsm. When
filled with this internal solution, patch electrodes had
resistances of 2—6 MQ. Currents were recorded using standard
whole-cell voltage clamp recording techniques (Hamill ez al.,
1981) at room temperature (21—-23°C) using an Axopatch
200A amplifier. Signals were sampled at 25—50 kHz after low
pass Bessel filtering at 5 kHz. The majority of series resistance
errors (80—85%) were minimized with compensation circuitry.
The leak current was subtracted from active currents using the
P/4 protocol supplied with the pClamp6 software. Membrane
potentials were not corrected for junction potentials (<4 mV).
The cells were maintained at a holding potential (V) of
—90 mV and the currents, evoked by depolarizations to 0 mV,
progressively increased over the first 10— 15 min.

Drug application
Drugs were applied via the perfusion system at a rate of

1 ml min~!, allowing at least 2 min to incubate the slices or
cultured cells. Drugs were applied only after membrane
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potentials, population spikes or currents had stabilized.
BW534U87 (GlaxoWellcome) and EHNA (RBI) were dis-
solved in 100% dimethyl sulphoxide (DMSO), adenosine
(Sigma) in distilled water, bicuculline (Sigma) in 50%
NaOH, 50% ethanol and 8-PT (Sigma) in 50% DMSO, 50%
distilled water to produce each stock solution of 10 mM.
Subsequent dilutions to produce the final concentrations
required were made in the external solution. The final
concentration of DMSO up to 0.5% had no obvious effects
on Na™ currents, membrane excitability or excitatory synaptic
transmission.

Data acquisition and analysis

Square wave current or voltage pulses and data collection were
performed on-line using pClamp 6 (Axon Instruments)
interfaced with amplifiers. Data were analysed off-line using
pClamp 6, Spike 3 and Origin (MicroCal) software. Data are
presented as either arithmetic mean+s.e.mean or geometric
mean [95% confidence limits], where appropriate; n refers to
the number of cells or slices in each experiment. Statistic
significance levels (P <0.05) were determined with the paired
Student’s #-test.

In current-clamp recordings, EPSP areas were calculated by
integration under the curve using Origin software after
removal of spikes if necessary. In voltage-clamp recordings,
construction of activation-conductance plots required the
calculation of Na™ conductance (gn,) from the peak current
(Ina) according to the equation gy, = Ina/(V— Ena), Where V' is
the test pulse potential and Ey, the reversal potential. The
activation-conductance plot was fitted using the Boltzmann
function: g/gm.=1/[1+exp(V.,— V/k], where g is the normal-
ized conductance relative to the maximum conductance (gyax),
V,, is the membrane potential at which half the channels are
activated and k is the slope of the curve. In the construction of
inactivation curves the current was normalized (/) to that
produced by a depolarization from —120 to 0 mV (/,,,) and
plotted against the conditioning pulse potentials. The
inactivation curves were fitted according to the Boltzmann
function: I/I,..=1/[1+exp(V-V/k], where V is the con-
ditioning pulse potential, V., is the membrane potential at
which half the channels are inactivated and k is the slope. The
concentration-response curves were fitted, where possible,
according to an independent binding site receptor model as
given by the following equation: y/y,...={1-[D/(D + ICs)]"},
where y is the response in the presence of drug, y,.. is the
maximal response in the absence of drug, D is the drug
concentration, ICs, is the concentration of drug producing a
half maximal inhibition of the response and n is the Hill
coefficient. Fit estimates were calculated using Marquardt non-
linear least squares algorithms.

Results

Preferential inhibition of epileptiform activity by
BW534U87 via enhancement of the action of endogenous
adenosine

In normal conditions, the average resting membrane potential
of  hippocampal = CAl  pyramidal neurones  was
—60.4+0.9 mV, with an input resistance of 40.7+1.8 MQ
(n=32 cells). Cells held at —70 mV were virtually devoid of
spontaneous synaptic activity. The resting potential and input
resistances were unchanged after application of 50 uMm
BW534U87 (—61.0+1.6 mV and 43.5+2.7 MQ, n=11 cells)

or 10 uMm EHNA (—61.4+1.4 mV and 41.2+2.5 MQ, n=6
cells). Normal EPSP-IPSPs in CA1l region evoked by
stimulation of Schaffer collateral/commisural fibres in stan-
dard external solution with an EPSP area (excluding potentials
below the holding potential) of 297459 mV ms (n="7 cells).
EPSP-IPSPs were not affected by 50 um BW534U87 (n=7) as
shown in the example in Figure 1A. Epileptiform activity was
induced by removing extracellular Mg>*, elevating K* (from 3
to 7 mM) and adding 20 uM bicuculline to the external solution
(this buffer is referred to hereafter as ‘Mg”*-free media’).
About 15-30 min after application of this media, cells were
depolarized by 7.3+2.1 mV without change to the input
resistance, which was 40.2+ 1.8 MQ prior to application and
41.0+2.2 MQ after (32 cells). Under these conditions the same
stimulation intensity as used in normal solutions, evoked a
larger EPSP (without IPSP) with an average EPSP area of
2186 +285 mV ms (=32 cells) and a burst of action
potentials superimposed on the EPSP. Evoked synaptic EPSPs
were mediated by glutamate both before and after application
of the Mg?*-free media since under both conditions EPSPs
were completely inhibited by a combination of the N-methyl
D-aspartate (NMDA) receptor antagonist D-APV (D-2-
amino-5-phosphovanilate, 20 uM) and the a-amino-3-hydroxy-
S-methyl-isoxazole (AMPA) antagonist CNQX (6-cyano-7-
nitro-quinoxaline-2,3-dione, 20 uM, six cells, data not shown).
It is unlikely that voltage-gated Na™ channels contribute to the
EPSPs in control or in Mg?*-free media, since under identical
conditions the Na™ channel blocker lamotrigine (50 uM)
inhibits action potential firing without affecting the EPSP area
(Xie et al., 1995).

In Mg**-free media, application of 50 um BW3534U87
produced a small 4.240.7 mV hyperpolarization without
significantly affecting the input resistance (n=26 cells). In the
same conditions, the evoked EPSP area was inhibited by
46.3+7.2% and the number of spikes was significantly reduced
from 5.24+0.4 to 2.54+0.2 spikes (Figure 1B; n=6 cells). The
inhibition of the EPSP area by BW534U87 in Mg** -free media
was mimicked by the EHNA. Following application of 10 um
EHNA the EPSP area was significantly reduced by
52.0+10.7% (Figure 1C, n=>5 cells). Similar to BW534U87,
EHNA (10 uM) hyperpolarized cells by 5.4+1.1 mV (n=5
cells) without affecting the input resistance (41.2+ 1.3 MQ).
The depression of epileptiform activity by BW534U87 was
reversed by the co-application with the adenosine receptor
antagonist 8-PT (30 uM; n=6 cells, Figure 1D), while §-PT
alone produced little effect on the EPSP area or bursts.

Application of Mg**-free media to hippocampal slices
during intracellular recordings produced spontaneous firing of
action potentials or bursting in 17/32 slices after 15—30 min.
However, spontaneous regular bursts occurred in only 7/32
slices (22%). To examine the effect of BW534U87 on
spontaneous burst firing, extracellular electrodes were used
and the population burst firing was more stable. After
application of the Mg? " -free media for 15 min, spontaneous
population bursts were recorded in the CAl region, with
average amplitude of 0.63+0.22 mV at an average frequency
of 0.91+0.13 Hz (n=4 slices). In normal media spontaneous
bursts were not observed. BW534U87 (50 uM) significantly
inhibited the population burst amplitude by 37.3+11.1% and
non-significantly inhibited the burst frequency by 31.7 4+24.4%
(Figure 2, n=4 slices). The effects of BW534U87 were fully
reversible within 30 min following washout of the drug.

Using intracellular recordings, to confirm that inhibition of
epileptiform activity by BW534U87 is mediated by an
enhancement of adenosine levels, concentration-response
relationships for exogenously applied adenosine were con-
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A control BW534U87 wash
"‘Jk\‘ iy
100 ms
B control BW534U87 wash
20 mV
C control EHNA wash 100ms
| 20 mvV
D 100 ms
control /
BW534U87 + 8-PT
control / wash control / 8-PT
BW534U87
10 mV
100 ms
Figure 1 BW534U87 reduced epileptiform activity in hippocampal slices. (A) Normal excitatory and inhibitory postsynaptic

potentials (EPSP—IPSPs) recorded in a CAl pyramidal cell using a sharp microelectrode containing 4 M K-acetate, evoked by
stimulation of the Schaffer collateral/commisural fibres, were not affected by BW534U87 (50 um). (B) In the same neurone, 50 um
BW534U87 depressed epileptiform activity induced by perfusing the slice with a Mg " -free solution containing 7 mM K* and
20 um bicuculline. (C) Depression of epileptiform activity recorded with an electrode containing 3 M KCl in a different neurone by
10 um of the adenosine deaminase inhibitor EHNA. (D) In another neurone, the inhibition of the epileptiform EPSP area was
reversed by co-application with the adenosine receptor antagonist 8-phenyl theophylline (8-PT, 30 uM). The membrane potentials of

all cells were held at —70 mV.

structed in the presence and absence of BWS534U87.
Application of adenosine (300 uM) produced an 8.6+1.5 mV
(n=11 cells) hyperpolarization, which was corrected for by DC
current injection to maintain the membrane at —70 mV.
Figure 3A shows the concentration-related inhibition of the
EPSP area by adenosine and the enhancement of this
inhibition by 50 um BW534U87. The adenosine deaminase
inhibitor EHNA (10 uM) mimicked this effect of BW534U87
(Figure 3B). The relationship between the adenosine con-
centration and the EPSP area in the absence of drug (n=11
cells) and presence of BW534U87 (n=>5 cells) or EHNA (n=4
cells) is shown in Figure 3C. The average ICs, value for the
inhibition of the EPSP area by adenosine was estimated at
41.0 uM [29.8—-53.9 uM] and the Hill coefficient at 1.8 +0.1. In
the presence of 50 umM BW534U87 the ICs, was reduced to

15.9 um [7.3-25.8 uM] and the Hill coefficient to 1.5+0.1. In
the presence of 10 uMm EHNA the ICs, value was 18.9 um
[11.7-30.6 uM] and the Hill coefficient was 1.5+0.2. The ICs,
values and the Hill coefficients in the presence of BW534U87
and EHNA were significantly different from those in control.

Inhibition of action potentials during the latter part of a
spike train by BW534U87

Post-synaptic membrane excitability was monitored by
electrotonic membrane potentials. Brief injections of depolar-
izing current (0.8 nA, 600 ms) into cells perfused in the normal
control solution produced a train of action potentials which
varied from 6 to 28 spikes (n= 11 cells). At a holding potential
of —70 mV, a clear reduction in the number of spikes during
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Pre-drug

50 uM BW534U87
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‘ 0.5 mV
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Figure 2 BW534U87 inhibits spontaneous epileptiform activity in
hippocampal slices. Extracellular recording using a glass microelec-
trode from the CAl region in a hippocampal slice. Spontaneous
population bursts were recorded within 15 min following application
of a Mg> " -free solution containing 7 mm K + and 20 uM bicuculline.
The top trace shows spontaneous population bursts in the absence of
drug (left trace) and the average of 20 population bursts (right trace).
Middle traces show the reduction in burst amplitude 15 min
following application of 50 um BW534U87. Bottom traces show the
complete reversal of the effects of the drug within 30 min following
washout.

the latter part of the train was found during perfusion of 50 um
BW534U87 (Figure 4A). On average, the number of spikes in
control conditions was 15.1+2.1 spikes, which reduced to
6.9+0.8 in presence of 50 um BWS534U87 (n=11 cells).
Virtually complete recovery to 14.0+2.0 spikes was observed
after 10 min following washout of the drug. This property of
BW534U87 was not shared by EHNA, where cells injected
with depolarizing current (0.8 nA, 600 ms, n=6 cells) fired an
average of 17.3+2.6 action potentials 10 min after application
of 10 uMm EHNA similar to the average of 17.0+2.0 prior to
application (n=6 cells). The reduction in spike frequency by
BW534U87 was ameliorated at the more negative holding
potentials of —80 mV and —90 mV (Figure 4A). In the same 5
cells, at —70 mV BW534U87 (50 um) produced a 49+10%
reduction in spike number compared to 18 +14% reduction at
—80mV and 14+11% at —90 mV. The reduction in the
number of spikes in the train by BW534U87 was not affected
by 30 uMm 8-PT (Figure 4B). The reduction in spike number by
BW534U87 was 54+9% and in the same cells after co-
application of 30 uM 8-PT for 10 min, the reduction in spike
number was 47+6% (resting potential=—61.9 +2.3 mV,
n=>5 cells). The effects of 8-PT alone and in combination with
BW534U87 are summarized on Figure 4C (n=>5 cells).

The reduction in spike number by BW534U87 was spike
frequency-dependent. Figure 4D shows the high correlation
between spike frequency and the degree of reduction in spike
number by 50 uM BWS534U87 (n=11 cells). The correlation

was significantly different from random with a Spearman’s
product moment coefficient (r) of 0.76. The higher the initial
spike frequency the greater the reduction in spike number
produced by the compound.

Voltage- and use-dependent inhibition of human brain
type IIA Na* channels by BW534U87

To determine whether the adenosine-independent inhibition of
action potentials was mediated through a direct interaction
with voltage-gated Na™ channels, we used recombinant Na™
channels expressed in CHO cells; a system without the
complication of endogenous adenosine. Previous studies have
shown that these currents are sensitive to inhibition by
tetrodotoxin (Xie et al., 1997). Under voltage-clamp condi-
tions, fast transient Na™ currents (—0.5 nA to —3.5 nA) were
elicited by depolarizing cells to a range of test potentials
between —80 and +70 mV (8 ms) from a holding potential
(Vi) of —90 mV (Figure 5A). These fast Na™ currents were
unaffected by 10 umMm BWS534U87 (n=35 cells). To examine
whether the compound interacts with the inactivated channel,
the voltage-dependence of inactivation was examined with
conditioning pulses of 1 s duration prior to a test pulse to
0 mV (3 ms). BW534U87 (10 um) produced a significant
hyperpolarizing shift of 8.5 mV in the voltage-dependence of
inactivation compared to the half-inactivation voltage (V.,) in
control conditions (control V.,,= —62.1+1.8 mV, Figure 5B,
six cells). The voltage-dependence of inactivation by short
conditioning pulses (10 ms) was more hyperpolarized
(V,,=—39.74+1.7 mV, n=06 cells) than with longer condition-
ing pulses. BW534U87 (50 um) produced a non-significant
hyperpolarizing shift of 2.6 mV in the V., following these short
conditioning pulses (=6, data not shown). Since the
inhibition of Na™ currents by BW534U87 was dependent on
Vi, the concentration-dependence of block was examined at
Vis of —90 mV and —60 mV (pre-conditioned at —60 mV for
1 s from a V;, of —90 mV) and stepping to a test potential of
0 mV. Figure 5C shows the greater effect of 10 um BW534U87
on currents evoked from a V,, of —60 mV compared to those
evoked from a V,, of —90 mV. The onset of the inhibition was
rapid (<60 s) and was readily reversible. The concentration-
dependence of the inhibition of Na™ currents by BW534U87 at
a V, of —90 mV and —60 mV are shown in Figure 5C (n=5
cells). As BW534U87 comes out of solution at concentration
above 50 uM it was not possible to complete a full
concentration-response curve. Nevertheless, little inhibition of
the current was observed up to 30 uM at a V, of —90 mV,
whereas at a V, of —60mV, BW534U87 produced a
concentration-dependent inhibition of the current with an
estimated ICs, of 10 uM and a Hill coefficient not significantly
different from unity.

As the inhibition of action potential frequency in
hippocampal neurones by BW534U87 was dependent on the
spike frequency prior to drug application, the frequency- or
use-dependency was further examined on recombinant
channels in CHO cells. Trains of depolarizing pulses (3.5 ms)
from a V;, of —90 mV to a test potential of 0 mV were applied
to the cell at a frequency of 10 Hz. In control conditions, the
current amplitude was sustained for the duration of the train
(20 pulses). In the presence of 10 uM BW534U87 the current
amplitude diminished during the train indicating a frequency-
dependent block (Figure 5D, n=6 cells). In contrast
depolarizing trains (20 pulses at 10 Hz) of shorter pulses
(0.7 ms), which fully activated channels, but produced less
inactivated channels were unaffected by 10 um BWS534U87
(n=>5 cells, data not shown).
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Figure 3 BW534U87 and EHNA enhanced the inhibitory effects of exogenous adenosine on evoked synaptic potentials. (A)
Inhibition of the EPSP area in a CAl pryramidal neurone by increasing concentration of exogenously applied adenosine (1300 um
alone or in the presence of 50 um BW534U87. (B) Inhibition of the EPSP by adenosine alone or in the presence of 10 um EHNA.
(C) Concentration-response curves for adenosine in the absence of drug (pooled data from nine cells) and in presence of BW534U87
(n= 5 cells) or 10 um EHNA (n=4 cells). The smooth curves were obtained by fitting the data to an independent-binding-site
receptor model. The ICsy for inhibition of the EPSP area by adenosine was estimated at 41.0 um [29.8—-53.9 um) and a Hill
coefficient was 1.8+0.1. In the presence of BW534U87 (50 um), the ICs, for adenosine was 15.9 uM [7.3—25.8 uM] and the Hill
coefficient was 1.54+0.1. In the presence of EHNA (10 um) the ICsy for adenosine was 18.9 um [11.7-30.6 uMm] and the Hill

coefficient was 1.54+0.2.

Discussion

The main findings of the study were that BW534U87 possesses
a unique ability to both enhance endogenous adenosine
concentrations and inhibit voltage-gated Na™ channels. Under
normal conditions, BW534U87 had no effect on resting
potential or input resistance. Evoked normal synaptic activity
(e.g. EPSP-IPSPs) was not affected by BW534U87, indicating
that the compound does not interfere with glutamate or
GABA release or their action at postsynaptic receptors per se.

In contrast, BWS534U87 depressed epileptiform activity
induced by exposure of the slice to a Mg**-free solution
containing elevated K and bicuculline. The depression of
abnormal synaptic activity was reversed by co-application with
the adenosine receptor antagonist 8§-PT, indicating an
involvement of the adenosine system. The selective ADA
inhibitor EHNA mimicked these effects of BW534U87. The
depression of large synaptic events by BW534U87 is likely to
result solely from an inhibition of ADA rather than inhibition
of voltage gated Na® channels. This is supported by the
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Figure 4 BW534U87 inhibited the latter action potentials in a train in hippocampal CA1 pyramidal neurones. (A) Trains of action potentials
were elicited by a depolarizing current injection (0.8 nA, 600 ms) in normal solution (resting potential —63 mV). At a holding potential of
—70 mV (left) BW534U87 (50 um) inhibited the latter action potentials in the train. At the more hyperpolarized potentials of —80 mV (centre)
and —90 mV (right) the effect of BW534U87 was less marked. (B) In another neurone, the inhibition of action potentials by BW534U87 was
not affected by co-application with 8-phenyl theophylline (8-PT, 30 um). (C) Summary of the average number of spikes elicited by depolarizing
current injection (0.8 nA, 600 ms) into CA1l pyramidal neurones (n=35 cells) in control, in the presence of 50 um BW534U87, 30 um 8-PT or
combination of both BW534U87 and 8-PT and after washout of drugs (horizontal hatched column). Values are the mean+s.e. mean. (D)
Reduction in the number of action potentials in a train by BW534U87 (50 um) was dependent on the initial adapted spike frequency prior to

drug addition. The Spearman’s product moment coefficient was 0.76.

similarity between the effect of BW534U87 and the pure ADA
inhibitor EHNA on large synaptic events. In addition
lamotrigine, a Na™ channel inhibitor with similar voltage-
and frequency-dependent properties to BW534U87, had no
effect on large synaptic events induced under identical
conditions (Xie et al., 1995).

The differential effect of BW534U87 under normal
physiological and hyper-excitable conditions reflects differences
in the concentrations of extracellular adenosine and supports

an activity-dependent action of the drug. This is likely to be due
to the differential effect on the two main adenosine metabolic
enzymes, adenosine kinase and ADA. Resting extracellular
adenosine levels are estimated to be close to the K, of
adenosine kinase (approximately 2 uM; Arch & Newsholme,
1978; Van Wylen et al., 1986) and therefore under normal
conditions most endogenous adenosine will be phosphorylated.
The inhibition of ADA by BW534U87 would be expected to
have little effect on the basal adenosine level. During seizures,
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Figure 5 BWS534U87 produced a state-dependent inhibition of recombinant human brain Na™ channels expressed in Chinese
hamster ovary cells under voltage-clamp conditions. (A, upper traces) Currents evoked from a holding potential (Vy,) of —90 mV to
a range of potentials between —80 and +70 mV in control and following application of 10 um BW534U87. (Lower traces) Peak
current-voltage relationship in control and after application of BW534U87 (five cells). (B, Upper traces) Currents evoked at a test
potential of 0 mV (3 ms) following a conditioning pulse of —70 or —60 mV (I s) in control and in 10 um BWS534U87. (Lower
traces) Effect of BW534U87 on the voltage-dependence of inactivation. Channels were inactivated by a range of conditioning pulses
between —120 to —120 mV (1 s) prior to stepping to a test potential of 0 mV. Data are normalized to the current generated
following a —120 mV conditioning pulse. Data were fitted with a Boltzmann function, where in control, the V.. was
—62.1+1.8 mV and k was 4.4+0.2 mV/e-fold change. In the presence of 10 um BW534U87, the V.,. was —70.3+1.9 mV and k
was 4.6+0.2 mV/e-fold change. (C, Upper traces) Currents evoked by a test pulse to 0 mV (8 ms) from a V;, of —90 or —60 mV
(conditioning pulse to —60 mV for 1 s) in control and in 10 um BW534U87. (Lower traces) Concentration-dependence of inhibition
of currents by BW534U87 evoked from a Vi, of —90 or —60 mV. The data are normalized with respect to the current amplitudes in
the absence of the compound. Each point is the mean +s.e. mean (n=4~7 cells). The smooth curve was obtained by fitting the data
to an independent-binding-site receptor model, from which a half-maximal inhibitory concentration of 10 um and a Hill coefficient
of approximately 1 were estimated. (D) Frequency-dependent inhibition of Na™ currents. Currents were elicited by a train of 20
pulses (3.5 ms duration; 10 Hz) from a V;, of —90 to 0 mV. (Upper traces) Currents evoked by the 1st and 20th pulse in the absence
of drug and in presence of 10 uM BW534U87. (Lower traces) Average current amplitude (normalized to the first pulse) during a
train of 20 pulses in control and in the presence of 10 um BW534U87. Data points are the mean+s.e. mean (n=06 cells). Leak
currents were not subtracted in these experiments.

brain concentrations of adenosine in patients suffering from
temporal lobe epilepsy can substantially increase up to 30 fold
of basal levels (During & Spencer, 1992) so that it reaches the
K, of ADA (approximately 50 um; Arch & Newsholme, 1978).
BW534U87, which inhibits rat brain ADA with a K; of 7 uM
(Dupere et al., 1999), would be expected to cause accumulation

and further elevation of endogenous adenosine. Enhancement
of the inhibitory effect of exogenously applied adenosine on
EPSPs by BWS534U87 confirms the interaction of the
compound with the adenosine system. Adenosine inhibited the
EPSP with an ICs, of 41.0 uM and a Hill coefficient of 1.8.
These values are similar to the ICsy of 29 uM and the Hill
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coefficient of 2.0 for the inhibition of field EPSP responses by
adenosine in rat hippocampus (Dunwiddie & Fredholm, 1984).
In the presence of 50 uM BW534U87 the ICs, was reduced to
15.9 pum and the Hill coefficient to 1.5. Similarly in the presence
of 10 um EHNA the ICs, was reduced to 18.9 uM and the Hill
coefficient to 1.5. The reductions in the values of both the ICsys
and the Hill coefficients by BW534U87 and EHNA are likely to
reflect the composite nature of the response. Only a small
proportion of the exogenously applied adenosine would be
expected to reach A, receptors at the synapse. A more accurate
estimate of the potency of adenosine for A, receptors at the
synapse is obtained when adenosine uptake and metabolism are
blocked. Under these conditions the 1Cs, for the inhibition of
field EPSPs by adenosine was estimated to be 630 nM (Mitchell
et al., 1993). The ICses for the inhibition of EPSPs by non
metabolized analogues of adenosine such as N°-phenylisopro-
pyl-adenosine, N®-cyclohexyl-adenosine and adenosine 5'-
ethyl-carboxamide, are in the nanomolar range and reflect the
binding affinities of these compounds for adenosine A,
receptors without the complication of metabolizing enzymes
(Dunwiddie & Fredhom, 1984). The 1Cses are lower and the
Hill coefficients for the inhibition of the field EPSPs are close to
unity indicating the binding of one drug molecule to one
binding site. During epileptic-like activity, BW534U87 in-
hibited the EPSP area by 46% and EHNA by 52%. This effect
was mimicked by the application of 50 uM exogenous
adenosine, which is equivalent to ~ 500 nM at the synapse. In
other words, during epileptiform activity both BW534U87 and
EHNA are likely to elevate the synaptic concentration of
adenosine up to at least 500 nM™.

Activity-dependent depression of excitatory synaptic trans-
mission in rat hippocampal slices in vitro has been observed
previously for EHNA (Mitchell et al., 1993). Interestingly
administration of other ADA inhibitors SC1001-sodium or
2'deoxycoformycin produced anticonvulsant effects in animal
models in vivo (He et al., 1993; Zhang et al., 1993) supporting
blockade of this enzyme as a mechanism for anti-convulsant
action.

BW534U87 not only depressed epileptiform synaptic
activity, but also reduced the firing of action potentials elicited
by a depolarizing current injection a property which is not
shared by EHNA. Adenosine itself has been previously shown
to reduce neuronal firing in several brain areas including the
hippocampus, the laterodorsal tegmental nucleus and the
pedunculopontine tegmental nucleus (Dunwiddie, 1980, 1985;
Haas & Greene, 1988; Rainnie er al., 1994). However, the
reduction of spike firing in hippocampal neurones by
BW534U87 was not affected by 8-PT at 30 uM, a concentration
which would be expected to virtually abolish any adenosine-
mediated responses. Furthermore, the inhibition of spike firing
by the drug was dependent on the membrane potential and the
firing frequency of the cell prior to drug application. This
characteristic and the adenosine-independent modulation of
spike firing by the compound suggest that BW534U87 may also
directly interact with voltage-gated Na™ channels.

Voltage- and use-dependent inhibition of Na™ channels has
been proposed as the main mechanism of action for a series of
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