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Mutated Nicotinic Receptors Responsible for Autosomal
Dominant Nocturnal Frontal Lobe Epilepsy are More Sensitive
to Carbamazepine
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Summary: Purpose: The recent linkage between a genetically
transmissible form of epilepsy (ADNFLE) and mutations
within the a, subunit, one component of the major brain neu-
ronal nicotinic acetylcholine receptor (nAChR), raises the ques-
tion of the role of this receptor in epileptogenesis. Although
acting by different mechanisms, the two genetic alterations so
far identified both render the nAChR less efficient. In view of
the high sensitivity of ADNFLE to carbamazepine (CBZ), we
studied the effects of this drug and of valproate (VPA) on the
human o4, nAChR and its mutations.

Methods: The o,B, nAChRs from control and mutant o,
subunits were reconstituted in Xenopus oocytes and investi-
gated by using a dual-electrode voltage clamp technique. Ace-
tylcholine (ACh)-evoked currents recorded in the absence or
presence of antiepileptic drugs (AEDs) were studied to analyze
the mode of action of these compounds.

Results: ACh-evoked currents at the human o,3, nAChR

were readily and reversibly inhibited by ~100 wM CBZ. This
compound was found to be a noncompetitive inhibitor of the
nAChR, which probably acts by entering the channel and caus-
ing a blockade by steric hindrance. Dose—response inhibition
curves determined on the control! receptor and on ADNFLE-
mutant receptors showed a greater sensitivity of the mutants to
CBZ, with median inhibitory concentrations (ICs,s) in the
range of the antiepileptic plasma levels of CBZ. In contrast,
VPA had nearly no effect on control and mutant nAChRs.
Conclusions: CBZ inhibits the neuronal o,B, nAChRs at
pharmacologic concentrations, with ADNFLE mutants display-
ing about threefold higher sensitivity to this compound. The
increased sensitivity of these mutant receptors supports the hy-
pothesis that the antiepileptic activity of CBZ can, at least to
some extent, be attributed to the nAChR inhibition. Key
Words: Nicotinic acetylcholine receptor—Antiepileptic—
Carbamazepine—Physiology-—ADNFLE.

Most efficacious antiepileptic drugs (AEDs) used in
the treatment of patients with partial epilepsies include
carbamazepine (CBZ), phenytoin (PHT), valproate
(VPA), phenobarbital (PB), and more recently, oxcarbaz-
epine (OCBZ), lamotrigine (LTG), and vigabatrin
(VGB). This list is far from exhaustive, and the rank of
potency of these drugs largely depends on the epilepsy
underlying pathophysiologic mechanisms. The mecha-
nisms of action of most AEDs still remain speculative.

Electrophysiologic investigations revealed that CBZ
acts on several membrane proteins including voltage-
dependent sodium or calcium channels (1-5) as well as
on ligand-gated channels such as N-methyl-D-aspartate
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(NMDA), ~vy-aminobutyric acid (GABA), or nicotinic
acetylcholine receptors (nAChRs) in chromaffin cells
(6-8). Although many of these effects may occur at con-
centrations higher than those found in the plasma (20-50
M) and cerebrospinal fluid [typically 20~30% of the
plasma level (9)] of patients with epilepsy they all sug-
gest that CBZ acts directly on integral membrane pro-
teins involved in the signal transmission across neurons
or in the regulation of the overall cell excitability.

The recent finding that a form of nocturnal partial
epilepsy, the autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE), is linked to a missense or insertion
mutation in the gene coding for the neuronal nAChR a4
subunit (10,11) indicates that a misfunctioning of these
ligand-gated receptors may play a role in triggering syn-
chronous discharges responsible for epilepsy. The effect
of both genetic alterations presently known is to reduce
nAChR function (11-13); however, the ADNFLE patho-
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genesis from electrophysiologic alterations to clinical
phenotype remains to be elucidated.

The observation that ADNFLE is best treated by CBZ
(14-16) prompted us to examine the action of this com-
pound on the ay,-containing human neuronal nAChR.
The action of VPA, generally not effective in controlling
ADNFLE seizures (14), also was analyzed for compari-
son. Electrophysiologic and pharmacologic investiga-
tions were conducted on human «,3, (ha,B,) neuronal
nAChR reconstituted in Xenopus oocytes either with the
control o, subunit or with the two mutant forms pres-
ently characterized in ADNFLE.

METHODS

¢DNAs and mutagenesis

The neuronal a, and B, subunits have been cloned as
previously described into the pSPoD expression vector
(12). The mutations found in ADNFLE patients were
introduced into the oy, cDNA. For this purpose, part of
the exon 5 was amplified by polymerase chain reaction
(PCR) from patients” DNA by using the following prim-
ers: ACCTGACCAAGGCCCACCTG and GCTC-
GGGCCAGAAGCGCGG for S248F; and CCTGC-
CCTCCGAGTGTGGC and GCTCGGGCCAGAAGC-
GCGG for 776ins3. The amplified DNA fragments were
then transferred into the o, subunit by using Dralll/Munl
restriction sites both for the 776ins3 and for the S248F
mutation. Plasmids with the S248F mutant allele were
identified by a PCR assay with one of the primers cre-
ating a new Hpall restriction site only in the wild-type
allele (10). The subclones carrying the 776ins3 allele
were identified by SSCA (single-strand conformation
analysis). The presence of both mutations was further
confirmed by sequencing.

Oocyte preparation, cDNA injection

Oocytes were prepared according to the standard pro-
cedure (17) and nuclear-injected with 10 nl of buffer
containing equal concentrations (0.1 wg/wl) of « and B
subunit ¢cDNAs. Cells were kept at 18°C in BARTH
medium for 2-3 days before the electrophysiologic in-
vestigation. To improve cell survival and minimize pos-
sible contamination, each oocyte was placed in a separate
well of an 8 x 12 microtiter plate (NUNC).

Drugs and solutions

BARTH medium was made as follows: 88 mM NaCl,
1 mM KCl, 2.4 mM NaHCO;, 10 mM HEPES, 0.82 mM
MgSO, - 7 H,0, 0.33 mM Ca(NOy), - 4 H,0, 0.41 mM
CaCl, - 6 H,0, pH 7.4 adjusted with NaOH, and supple-
mented with antibiotics (kanamycin, 20 pg/ml; penicil-
lin, 100 p/ml; and streptomycin, 100 pg/ml). To prevent
bacterial and fungal contaminations, this solution was
filtered with a 0.2-pm filter and kept sterile. The con-
trol medium contained 82.5 mM NaCl, 2.5 mM KCl,

5 mM HEPES, 2.5 mM BaCl,, 1 mM MgCl,, pH 7.4
adjusted with NaOH. ACh was prepared as stock solu-
tion at 0.1 M and stored at —20°C. CBZ and VPA were
dissolved in 100% ethanol and water, respectively, and
diluted at final concentrations in control medium imme-
diately before the experiment. All drugs and chemicals
were obtained from either Fluka, Sigma, or Research
Biochemicals International (RBI) (Buchs, Switzerland).

Electrophysiologic recording and data analysis

Recordings were made by using the two-electrode
voltage clamp technique. Electrodes pulled from boro-
silicate glass were filled with 3 M KCI. Voltage clamp
was done by using a GENECLAMP amplifier (Axon
Instruments, Foster City, CA, U.S.A.). Data were cap-
tured on-line on a personal computer (PC) equipped with
an analog-to-digital converter (AT-MIO16D from Na-
tional Instrument, Austin, TX, U.S.A)). During the ex-
periments, oocytes were continuously superfused with
control solution, and drugs were applied by using a fast-
switching solution system made with computer-
controlled electrovalves (type 3, General Valve). To
equilibrate the AED concentration, cells were usually
preincubated for 20 s with the AED before being ex-
posed to ACh. For the dose—response inhibitions, ACh
concentrations and duration of application depended on
the type of receptor studied (control, S248F-, or 776ins3-
containing receptor) because of differences in median
effective concentrations (ECsys) and time course pro-
files.

Dose-response inhibition profile induced by various
AED concentrations were adjusted to the empiric Hill
equation:

1

()
1+
ICS()

where y is the fraction of remaining current, ICs, is the
concentration of blocking agent causing a 50% reduction
of the current evoked by a pulse of agonist near the ECs,
ny is the Hill coefficient, and x is the agonist concentra-
tion.

Dose-response relations were adjusted to the empiri-
cal Hill equation:

(1)

1
y= (EC50>nH
1+ —
X

where vy is the fraction of activated current, ECs is the
concentration of agonist evoking a current of half-
maximal amplitude, ny is the Hill coefficient, and x is the
agonist concentration.

Voltage-ramp protocols were performed as follows:
the membrane was held at 40 mV, and a first ramp (from
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+ 40 to =100 mV in 2 s) was applied in the standard
saline medium (without agonist) for the determination of
the leak current. About 1 min later, 16 uM ACh was
delivered for 30 s, and the voltage-ramp was applied 10
s after the onset of the drug delivery. Data presented
herein were subtracted from the leak current. The con-
ductance was calculated with the following equation:

3)

where g is the conductance [nS], i is the current [nA], v
is the holding voltage [mV], and E_, is the reversal
potential for a,B, that is ~—7 mV (18).

All values are given with their respective standard
deviations (SD). Unless indicated, cells were held
throughout the experiments at —100 mV.
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Data analyses were carried off-line on a Macintosh
computer (Apple, type 8500/150) by using a home-made
program. Curves were adjusted by using a least-square
minimization procedure (SIMPLEX).

RESULTS

ACh-evoked currents at the ho,8, nAChRs are readily
and reversibly inhibited by a 100 wM concentration of
CBZ. In these experiments, a steady-state concentration
of CBZ was obtained by first incubating the receptor in
a determined concentration of the drug for 20 s and then
coapplying it with the natural agonist ACh (3 uM; Fig.
1A). Typical ACh-evoked currents recorded with this
protocol for three CBZ concentrations are shown in the

FIG. 1. Carbamazepine (CBZ) inhibits the neuronal
nicotinic acetyicholine receptor (nAChR) at clinically rel-
evant concentrations. A: ACh-evoked currents are in-
hibited in a dose-dependent manner by CBZ. Left:
Dose—response inhibition measured at the plateau and
plotted as a function of the logarithm of CBZ concentra-
tion. Currents were evoked by 3 pM ACh. Line through
data points corresponds to the best fit obtained with the
empiric Hill equation (Eq. 1) with an 1C;, of 140.5 = 85
uM and n,, of 0.85 + 0.09 (n = 9 cells). Typical currents
recorded in three CBZ concentrations are shown in the
right panel. Dashed line, the time of CBZ application;
continuous line, the time of ACh application. B: CBZ
inhibition is fully reversible. Responses recorded in the
same cell before, during CBZ, and after 2-min washout
are illustrated. C: Preapplication of CBZ caused no sig-
nificant reduction of the subsequent ACh-evoked cur-
rent (thick trace, left panel). The control response re-
corded before any manipulation is represented by the
thin trace. Application of the same CBZ concentration, in
the same cell, together with ACh led to an important
reduction of the current (thin trace, right panel). Pre-
and coapplication, which established a steady concen-
tration of CBZ, resulted in no further reduction of the
response (thick trace, right panel).
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right panel of Fig. 1A. Measurement of the peak and
plateau of the ACh-evoked currents recorded in these
conditions yielded a dose~response inhibition profile that
was adequately fitted by the empirical Hill equation (Eq.
1). A mean half inhibition (ICsp) of 140.5 + 85 uM (ny
= 0.85 +0.09) was determined for the plateau response,
and 165 = 101 pM (n,; = 0.85 = 0.09) for the peak
response (data not represented). These values are above
the known AED plasma levels of CBZ (20-50 pM). As
shown in Fig. 1B, CBZ effects are fully reversible within
2 min, indicating that this compound does not strongly
bind to the receptor. Experiments designed to determine
the recovery time course from CBZ blockade revealed
that unbinding of CBZ was not affected significantly by
the presence or absence of the agonist (data not shown).
To assess through which state CBZ interacts with the
nAChR, pre- and coapplication experiments were de-
signed. As shown in Fig. 1C (thick trace, left panel)
preapplication of CBZ caused no modification of the
holding current or significant alteration of the subsequent
ACh-evoked current. In contrast, when the same concen-
tration of CBZ was applied on the same cell but con-
comitant with the agonist, a marked reduction of the
response was observed (thin trace, right panel). Thus, to
better analyze CBZ effects, all further experiments were
carried out with both a pre- and coapplication that allows
establishment of a steady-state concentration of the an-
tagonist. Because CBZ was diluted in ethanol (0.4% at
200 WM CBZ), experiments in which the receptor was
exposed to the vehicle alone were performed. In agree-
ment with previous findings, no reduction of the ACh-
evoked current was observed even for the highest con-
centration of ethanol used (data not shown). These data
indicate that blockade observed during CBZ coapplica-
tion is attributable to this compound and not to an indi-
rect effect of the solvent.

Regarding the mode of action of CBZ blockade, dis-
tinction between competitive and noncompetitive block-
ade can be determined on the basis of the following
experiments: competitive blockers are identifiable from
the fact that inhibition can be overcome by an increase of
the agenist concentration. Noncompetitive blockers are
compounds that do not interact with the agonist binding
site and are characterized by a reduction of the agonist-
evoked response that cannot be restored by an increase of
the agonist concentration. As a correlate, in noncompeti-
tive blockade, the dose-response curve displays no major
shift in the EC5,. As shown in the left panel of Fig. 2A,
incubation in a fixed CBZ concentration yielded an over-
all reduction of the agonist dose-response relation with-
out detectable shift in the ECs, (16.1 uM ACh, in ab-
sence and in presence of CBZ). This is further illustrated
by the fact that both curves are readily fitted by the
empirical Hill equation (Eq. 2) with identieal parameters
provided that a scaling factor of 58% is used for all

values obtained in presence of CBZ. In the right panel of
Fig. 2A, typical currents evoked by several concentra-
tions of ACh are shown in control condition (left side)
and in presence of 200 wM CBZ. These curves confirm
that the reduction of the current amplitude is independent
of ACh concentration, 200 p.M CBZ reducing the current
to ~58% of its initial value independent of the ACh con-
centration. Taken together, these data suggest that CBZ
acts as a noncompetitive blocker at the ha,, nAChR.
Noncompetitive blockers mediate their action either by
steric hindrance in the ionic pore or by an allosteric
modulation of the receptor. In the case of steric hin-
drance blockade, the compounds are often referred to as
open channel blockers (OCBs) because the receptor
should be stabilized by the presence of agonist in its open
conformation before allowing the compound to enter the
channel and act as a sort of molecular cork.

To evaluate the mode of action of CBZ, further, cur-
rent—voltage (I-V) relations were measured first in con-
trol solution and then in presence of this compound (Fig.
2B). These measurements revealed that although the
haB3, response showed an endogenous nonlinearity with
a strong inward rectification, its I-V curve was not sig-
nificantly affected by the addition of CBZ. Computation
of the whole-cell nAChR conductance (Eq. 3), assuming
a reversal potential of =7 mV (18), further illustrates the
voltage independence of CBZ blockade (Fig. 2C). Al-
though voltage dependence is often used as an OCB
landmark, the lack of sensitivity to voltage also can result
from the absence of charge on the considered compound,
as is the case for CBZ, in which carbamoyl side chain is
part of a nonionized urea moiety (19). Moreover, as
shown previously on muscle nAChR, distinction be-
tween an OCB mode of action and other noncompetitive
mechanisms might also be made on the basis of analysis
of the response time course (20). ACh-evoked currents
recorded in presence of an OCB must show an increased
apparent desensitization attributable to the progressive
blockade of the channels. Analysis of the ACh-evoked
currents in ho,[3,-expressing oocytes recorded in control
solution or different CBZ concentrations at fixed poten-
tial revealed a modification of the response time course
with an acceleration of the apparent desensitization in
function of the CBZ concentration (Fig. 2D). Altogether
these results suggest that CBZ enters the ionic pore of the
nAChR.

Because patients with ADNFLE are more sensitive to
CBZ than are those with other focal epilepsies (14), we
assessed the sensitivity to CBZ of the a,f3, receptor con-
taining the corresponding «, mutants S248F or 776ins3.
The basal electrophysiologic properties of these mutant
receptors had been characterized by reconstitution ex-
periments performed in Xenopus oocytes (11-13,21,22).
The mutation S248F causes a decrease in the apparent
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FIG. 2. Carbamazepine (CBZ) is a non-
competitive inhibitor of ha,B, nicotinic ace-
tylcholine receptor (nAChR). A: Mean ACh
dose—-response curves determined in con-
trol (squares) and during a steady expo-
sure to CBZ (triangles) are shown in the
left panel (n = 7 cells). Continuous line
through data points corresponds to Hill
equation (Eq. 2) with an EC of 16.1 £+ 7.3
UM and n, of 0.62 + 0.04 (control condi-
tions). Data recorded in the same cells in
presence of CBZ can be fitted with the
identical parameters, providing a scaling
factor of 0.58 (dashed line). Right: typical
currents evoked by three ACh concentra-
tions in absence or in presence of CBZ are
superimposed. B: CBZ blockade is voltage
independent. I-V (current-voltage) rela-
tions measured in control (16 pM ACh) and
in presence of 100 pM CBZ by using a saw-
tooth command voltage from +40 to -100
mV. C: Conductances derived from data
presented in B by using Ohm’s law (Eg. 3},
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affinity to ACh, a reduction of the ACh-evoked current
measured at saturation, a significant increase in the re-
ceptor desensitization (12,22), and a lower permeability
to calcium (13). The leucine insertion (776ins3) induces
no change in the amplitude of the ACh-evoked current at
saturation or in the time course of the response, and even
increases the apparent affinity to ACh of the receptor.
However, some experiments indicated that it signifi-
cantly reduces permeability to calcium (11).

Exposure of the S248F containing nAChR to CBZ
resulted in a strong dose-dependent inhibition of the
ACh-evoked current, as shown in Fig. 3A. Dose—
response relations of the peak and plateau currents, mea-
sured as previously, yielded in average an IC, of 175
M for the peak current, whereas half inhibition of the
plateau response was observed at 51 wM. When the same
experiments were repeated on oocytes expressing the
776ins3 mutant, an even higher sensitivity to CBZ was
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and assuming a reversal potential at -7
mV, are presented for one cell. Data re-
corded in presence of CBZ correspond to
the control conductance multiplied by a
scaling factor of 0.75. Scaling factors de-
termined in two other cells were 0.63 and
0.83, respectively (data not shown; mean,
0.74 x 0.1). D: CBZ accelerates apparent
desensitization. Currents corresponding to
data shown in A were normalized at their
peak values and superimposed for com-
parison. Dashed line, timing of CBZ appli-
cation.
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observed, with the IC,, values of peak and plateau of
66.5 and 42 M, respectively (Fig. 3B). At concentra-
tions of CBZ >50 pM, a small rebound was consistently
observed at the end of the application. Further increase in
the CBZ concentration yielded a concomitant increase of
this rebound (right panel of Fig. 3B). The presence of
such rebound in every cell tested with a high CBZ con-
centration and its absence in any other test indicates that
it cannot be attributed to a perfusion artifact but must
arise from the CBZ blockade.

As shown in Fig. 3C, measurements of the ACh dose—
response curves in control solution and in presence of a
fixed CBZ concentration (50 pM) in the 776ins3 mutant
showed, as for the ho,B,, an overall reduction of the
current amplitude but no shift of the ECy, for ACh. To
further assess the mode of action of CBZ on the two
mutants, ACh-evoked currents recorded in control solu-
tion and in presence of CBZ were normalized (Fig. 3D).
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We can assume that CBZ blocks the S248F channels
when they are stabilized in their open conformation, as
indicated by the small rebound (solid arrow) at the offset
of the drug application.

Use-dependent experiments were performed on the
control and mutant receptors. In this experiment, the cell
was exposed to a fixed concentration of the tested drug
and challenged at periodic intervals with a brief pulse of
agonist that contained the same concentration of the
drug. For the open channel blockers, a progressive block-
ade must be observed every time the channels are acti-
vated, and blockade must be independent of the time
interval between puises. If the drug acts by another non-
competitive mechanism, the blockade will occur inde-
pendent of the test pulses but will depend on the drug-
exposure duration. As seen in Fig. 4, CBZ effects are
readily comparable to those caused by MK-801, which
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FIG. 3. Differential sensitivity of autosomal
dominant nocturnal frontal lobe epilepsy (AD-
ACh NFLE) mutants to carbamazepine (CBZ). A:
— Schematic representation of the a-helix corre-
sponding to TM2 and the S248F mutation is
illustrated on the left. Dose—response inhibition
[ curves of ha,{(S248F)B, nicotinic acetylcholine
receptor (NAChR) were measured at peak
(squares) or at the plateau current (triangles) (n
= 2 cells). Plot of peak and plateau values as a
function of the logarithm of CBZ concentration
yielded typical dose—response inhibition
curves. Lines through data points were com-
puted with the Hill equation (Eqg. 1) by using an
IC5 of 175 pM and ny, of 0.75 for the peak, and
51 pM and 0.8 for the plateau. To minimize
desensitization artifact, responses were tested
at prolonged intervals (2—4 min}. Effects of pre-
and coapplications of CBZ at three concentra-
800 tions on the ACh-evoked currents are shown
on the right. The ACh concentration used (20
yM) was near the ECg, obtained for
ha,(S248F)B, nAChR. B: TM2 776ins3 inser-
tion is represented on the left. For the dose—
10s response inhibition of ha,(776ins3)3, NAChR,
measurements and computations were done
as in A (n = 2 cells). IC5, values of peak and
plateau are of 66.5 pyM (n, = 0.8) and 42 pM
(ny = 0.8), respectively. Effects of pre- and co-
applications of CBZ at three concentrations on
the ACh-evoked currents are shown on the
right. A small rebound was consistently ob-
— served for all the CBZ concentrations >50 pM.
+CBZ Extreme right: A typical rebound observed at
control the end of a 800 M CBZ exposure. The ACh
concentration used (0.3 pM) was near the ECg,
obtained for ha,(776ins3)B, nAChR. C: Non-
competitive blockade of ha,(776ins3)B,
nAChHR is shown, as it had been for ha,B, (Fig.
2A). ACh dose-response relation is fitted with
the Hill equation (Eq. 2} by using an ECg, of
0.61+0.1 pMand n, of 1.23 £0.06 (n =3 cells,
continuous line). Dashed line (CBZ, 50 pM)
corresponds to the same values scaled down
to 37%. D: Normalized ACh-evoked currents
recorded in control condition and in presence
of 100 yM CBZ are superimposed. Upper
panel: S248F. Currents obtained for 776ins3
are shown in the lower panel.
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was shown to act as an OCB at the ha,3, nAChR (23).
The evoked current progressively decrease in function of
the test pulses independent of the prolonged CBZ inter-
val exposures (150 s). Comparison of the data obtained
with the control and the mutant receptors further high-
lights the increase in apparent affinity of these receptors
to CBZ. As expected for a mutation occurring in the
channel domain, a reduction in the 1C54 to MK-801 also
was observed for the two mutants (fourfold, data not
shown).

To compare the sensitivity of ha,3, nAChR with that
of another common AED, we conducted experiments
with VPA. To characterize the possible effects caused
by VPA, this compound was pre- and/or coapplied
with ACh. Because few or no effects were observed
even for concentrations as high as 6.4 mM on either
ba,B, or the ho,(776ins3)PB, mutant (Fig. 5), it can be
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concluded that VPA does not interfere with these recep-
tors. Indeed this VPA dose corresponds to ~10-fold the
upper antiepileptic plasma level (antiepileptic range,
280-690 pM), whereas VPA concentrations found in ce-
rebrospinal fluid correspond to 10-15% of the plasma
level (24). Given these results, VPA was not tested on
ha,(S248F)83,.

DISCUSSION

Although it is widely documented that most AEDs
interact with voltage-dependent channels, much less is
known about their possible interaction with other integral
membrane proteins such as ligand-gated channels. Two
exceptions are the benzodiazepines (BZDs) and barbitu-
rates, which interact with the GABA , receptor. Electro-
physiologic investigations done in neurons from the cen-
tral nervous system (CNS) demonstrated that CBZ ap-
parently enhances inactivation of sodium channels by
shifting the inactivation curve toward more hyperpolar-
ized voltages (1,25). Comparable findings were obtained
by several laboratories on studies done on PHT (26-28),
VPA (29-31), and LTG (32-34). However, in view of
the specificity of CBZ versus VPA in partial epilepsies
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FIG. 4. Use dependence of carbamazepine (CBZ)
blockade. Exposure to open channel blockers caused
a progressive reduction of the acetylcholine (ACh)
evoked test pulses. Top: Effects caused by a long
exposure to MK-801 on brief ACh responses (3 pM, 4
s). Responses were tested once every 150 s. Left:
Chemical structure of this tricyclic agent. When the
same experiment was repeated in presence of CBZ
(200 pM), a progressive reduction of the ACh-evoked
responses was observed. CBZ chemical structure on
the left. Bottom: Effects of CBZ on a S248F- or
776ins3-expressing oocyte. Note that the CBZ con-
centration was reduced for these two mutants. The
ACh concentration of the test pulses was adjusted in
both cases near their corresponding ECgy; values.
Bars and dashed lines, timing of the drug applica-
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with frequent seizures (35,36) or in ADNFLE (14,15), it
seems unlikely that the antiepileptic efficacy of CBZ can
be attributed only to the interaction with sodium chan-
nels. It is therefore expected that CBZ might interact
with other integral membrane proteins involved either in
the signal transmission across neurons or in the regula-
tion of the overall cell excitability.

Voltage-dependent potassium currents also were en-
hanced by low doses of CBZ in rat cortical neurons
(37,38), whereas calcium currents were almost insensi-
tive to CBZ (4). Several studies suggested that NMDA
receptors are inhibited by CBZ. When applied to cortical
wedges from epileptic mice, CBZ decreased the NMDA-
induced depolarization (39). The increase of intracellular
calcium concentration caused by NMDA activation in rat
cerebellar granule cells was reduced by near-millimolar
CBZ concentrations (8). In another study CBZ potenti-
ated GABA, currents in cultured rat cortical neurons.
The potentiation was dependent on the concentration of
GABA, suggesting an allosteric modulation of the recep-
tor, through a site distinct from BZD (6). CBZ also binds
to adenosine receptors, but it is unlikely that this partici-
pates in its antiepileptic activity (40,41). Finally, an in-
teraction of CBZ at antiepileptic concentrations with
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FIG.5. Low sensitivity of ha,f, and an autoso-

mal dominant nocturnal frontal lobe epilepsy
(ADNFLE) mutant nicotinic acetylcholine re-
ceptor (NAChR) to valproate (VPA). A, B: Ef-

fects of pre- and coapplication of VPA (6.4 B
mM) on the ACh-evoked current for ha,B, and
ha,(776ins3)B,. Responses were recorded in

the same cell before, during, and after VPA.

control

0.250 pA L
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nicotinic receptors was suggested by Yoshimura et al.
(7). They showed that CBZ inhibited carbachol-induced
catecholamine secretion and calcium influx by inhibiting
sodium influx through nAChRs in cultured bovine adre-
nal medullary cells.

The recent identification of a genetically transmissible
form of epilepsy, ADNFLE (42), and its high sensitivity
to CBZ (14-16), together with the discovery of a linkage
to mutations within the o, subunit of the nAChRs (10,
11), reinforced the hypothesis of an effect of CBZ on
nAChRs. The pentameric o3, nAChR is the most abun-
dant nAChR subtype found in vertebrate brain (43) and
is widely distributed within the human CNS, with a par-
ticularly high density in the thalamus, the striatum, and
the cortex (44). The two identified o, mutations yield an
overall loss of function. Why a mutation in the widely
distributed nAChRs causes a focal epilepsy in ADNFLE
remains to be elucidated. A congenital abnormality of the
nAChRs may have caused a modification of the estab-
lishment of appropriate neuronal connections, altering
some CNS circuits, and eventually favoring epileptogen-
esis in frontal areas. The role of the nAChRs in the
development of CNS has been suggested by (a) their
very early expression in embryonic life, preceding inner-

ACh 3 uM VPA

ACh3uM VPA

iCh 3uM controi

had(776ins3)p2

ACh3uM control

vation, and (b) the specific developmental patterns of
their messenger RNA (mRNA) levels, temporaily related
to the timing of neuronal differentiation and establish-
ment of connections (45-48). Another explanation could
be the existence of a specific nAChR subunit distribution
in different brain areas, with more receptors having in-
corporated mutant o, subunits in frontal lobes (15). The
reduction in seizure frequency or the spontaneous remis-
sion of seizures with advancing age often observed in
ADNFLE patients (14) may be related to the progressive
spontaneous reduction of nAChRs with time. Indeed it
was shown that nAChRs steadily decrease throughout
life in the frontal lobe, whereas they remain approxi-
mately constant or increase in other areas (44). Thus a
progressive reduction of deficient oy, nAChRs may re-
duce the adverse effects provoked by the mutation. It can
therefore be considered that either a compensatory
mechanism takes place or that deficient nAChRs are
more deleterious than missing receptors.

In this work we examined the effects of CBZ on the
control and ADNFLE mutant human neuronal o,{3,
nAChRs reconstituted in Xenopus oocytes. Incubation of
cells expressing the ha,3, nAChR in a solution contain-
ing CBZ in the 100 wM range resulted in a profound
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reduction of the ACh-evoked current (ICs, 140.5 wM).
This inhibition was readily reversible by bathing the cell
in control solution. The absence of modification of the
ICs, in function of the ACh concentration indicates that
CBZ acts as a noncompetitive blocker, whereas in a com-
petitive inhibitor, blockade can be relieved by an in-
crease of the agonist concentration. Two mechanisms
may explain the observed CBZ blockade. On one hand,
it can be proposed that CBZ acts as a negative allosteric
effector, but on the other hand, it could be postulated that
CBZ acts as an open channpel blocker. A negative allo-
steric effector must fulfill the following criteria: (a) the
inhibition of the ACh-evoked current should depend on
the CBZ concentration and exposure duration but not on
the channel opening, (b) dose-response inhibition curves
should also depend on the ACh concentration, (c) a
modification of the time course of the agonist-evoked
current might be observed in presence of the effector [see
(49)]. OCBs are often characterized by (a) a voltage de-
pendence, (b) a time course of recovery that is influenced
by the presence of agonist, and (c) a use-dependent mode
of action. Furthermore, a rebound of the response at the
end of the blockade is often observed as the antagonist
leaves the channel while the agonist is still present in the
receptors’ vicinity.

Data presented illustrate that for the control ho,f3,
receptor, CBZ blockade occurs only when this com-
pound is present at the same time as the agonist and that
inhibition is independent of the ACh concentration. The
increase in apparent desensitization rate observed in Fig.
2D must therefore be attributed to the progressive block-
ade of the receptor and not to an alteration of its intrinsic
kinetic properties. The lack of voltage dependence can be
attributed to the absence of charge on CBZ, which there-
fore cannot be influenced by the transmembrane poten-
tial. Finally, as seen in Fig. 4, the use-dependent block-
ade caused by a classic open channel blocker (MK-801)
and CBZ displays comparable profiles. Taken together,
these data suggest that CBZ acts on the control ha,f3, as
an open channel blocker and not as a negative allosteric
effector.

Determination of the effects of CBZ on the two mu-
tated nAChRs found in ADNFLE patients revealed an
increase in the apparent sensitivity of these receptors.
Both mutations are known to be in the second transmem-
brane domain that borders the wall of the ionic pore.
Thus it might be expected, as shown for the muscle re-
ceptor (50), that these mutations could interact with a
compound that binds within the channel lumen. Because
it has been shown that a mutation in the second trans-
membrane domain can allosterically alter the receptor
affinity to ACh (51), it could alternatively be considered
that the increase of CBZ blockade arises from a different
mechanism than that of the control receptor. Determina-
tion of CBZ mode of action on both the S248F and
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776ins3 mutants confirmed that this compound acts only
in presence of ACh and therefore must act as an OCB.
The rebound observed at the end of each high concen-
tration of antagonist application, as well as the use-
dependent blockade, illustrates that CBZ must enter the
ionic pore to exert its action. This deduction is further
supported by the parallel increase in the apparent affinity
to MK-801. It can therefore be proposed that the increase
in CBZ apparent affinity results from the increase of
CBZ binding in the channel and not from an allosteric
effect.

Numerous compounds, such as the neuroleptic chlor-
promazine, are already known to be OCBs on the
muscle-type nAChRs (52). Some powerful neuronal
ha,8, nAChR OCBs have been recently recognized: the
classic NMDA antagonists amantadine and MK-801, as
well as the calcium channel antagonist TMB-8 (23). CBZ
is structurally related to MK-801 (Fig. 4). The ICss
observed with CBZ on the mutant receptors were barely
higher (42 and 51 pM) than those observed with the
potent nAChR OCBs on ha,, nAChR (3.5, 19, and 17.2
WM, respectively). It is interesting to note that in oppo-
sition to what we observed with CBZ and MK-801, Ku-
ryatov et al. (13) showed that inhibition by amantadine
was less potent on the S248F mutant receptor than on
ha,8, nAChR. This difference can be explained by as-
suming that this compound blocks the channel at a
slightly different level.

The observation of a linkage between ADNFLE and a
mutation in the a, subunit of the neuronal nAChR im-
plies that this receptor must play a role in triggering this
particular form of genetically transmissible epilepsy
(10,11). Therefore it can be proposed that the action of
CBZ on neuronal nAChRs may be involved in its anti-
epileptic activity. Indeed relative IC5ys of the mutant
nAChRs and the known antiepileptic plasma levels of
CBZ (20-50 p.M) as well as those expected for the CSF
[5-15 pM, (9)] are in agreement. This is correlated with
a greater effectiveness of CBZ in the ADNFLE syn-
drome than in other partial epilepsies. In agreement with
this observation, the surprising lack of VPA efficacy on
ADNFLE patients (14,15) correlates with the absence of
action of this compound on the neuronal nAChR. More-
over, a clinical report indicated that in one patient, the
cholinesterase inhibitor pyridostigmine was effective in
reducing seizure frequency (15). Cholinesterase inhibi-
tors have also been shown to block nicotinic responses,
in rat striatal synaptosomes (44,53).

Based on the current knowledge of the nAChRs, dif-
ferent hypotheses for the pathophysiologic mechanisms
of ADNFLE may be considered. Postsynaptic nAChRs,
located in somatodendritic regions, cause a general de-
polarization of the neuron, whereas presynaptic recep-
tors, located on synaptic boutons, and preterminal recep-
tors, localized on terminal axonal branches (54), influ-
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ence transmitter release. In the function of the cell on
which nAChRs are located, physiologic ACh binding on
presynaptic nAChRs can facilitate the release of different
neurotransmitters, including GABA (54), glutamate (55~
57), ACh, dopamine, or noradrenaline (44,58-60). In
ADNFLE, defective presynaptic nAChRs could, during
some stages of the sleep, prevent the increased release of
GABA in some brain areas and provoke an imbalance
between excitation and inhibition.

Another hypothesis for the pathogenesis of ADNFLE
is the alteration of the postsynaptic nAChRs in the path-
ways responsible for spindle generation and arousals. It
is known that ADNFLE seizures occur mainly during
stage 2 of non-rapid eye movement (REM) sleep (61),
characterized by the highest rate of spindle activity. The
change in EEG pattern from the synchronized (sleep) to
the desynchronized (waking) state is esseatially attribut-
able to two components: a brainstem—thalamic choliner-
gic effect disrupting spindle oscillations and a concerted
action exerted on the cerebral cortex by cholinergic basal
forebrain neurons and by glutamatergic thalamocortical
neurons (62). Nicotinic receptors have been identified on
the thalamocortical cells that receive the cholinergic in-
put from the tegmentum. It was shown in the rat that
these receptors probably result from the assembly of the
o, and B, subunits (63). In the cat, the activation of the
cholinergic input of the thalamus was shown to disrupt
spindle activity by an initial fast membrane depolariza-
tion of thalamocortical neurons, mediated by nicotinic
receptors, followed by a prolonged depolarization medi-
ated by muscarinic receptors (62). A nicotinic activation
of the reticular thalamic nucleus/perigeniculate nucleus
also may contribute to the cessation of spindles (64). In
contrast, cholinergic basal forebrain projections to the
neocortex activate muscarinic receptors (65). Thus it can
be postulated that in ADNFLE, at the time of an arousal
from sleep stage 2, the deleterious function of the
nAChRs may prevent cessation of the synchronous ac-
tivity in the thalamus, whereas an immediate arousal is
induced in the neocortex. The temporary mismatch be-
tween the “level of vigilance” in the thalamus and the
cortex could lead to abnormal activity in a thalamofron-
tal loop. A similar hypothesis of inequality between the
basal and mesencephalic cholinergic thalamocortical in-
puts was recently proposed in absence epilepsy in rats by
Danober et al. (66).

It is still difficult to propose a conclusive hypothesis
that would explain why inhibition of the nAChRs by
CBZ can be beneficial in ADNFLE patients. Because the
a4B, nAChR is already hypoactive in these patients, the
further inhibition by CBZ is rather surprising. However,
suppression of a defective receptor may be less delete-
rious than its functioning. This might correlate with the
age-related favorable outcome of ADNFLE and reduc-
tion in nAChRs density in the frontal cortex with age.

In conclusion, this work illustrates that the genetic
polymorphisms of integral membrane proteins, such as
those of a ligand-gated channel in ADNFLE patients, can
result in a difference of sensitivity to drugs in clinical
use. This may explain the individual specific sensitivity
or insensitivity to a given compound.
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