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The identification of a genetically transmissible form of epilepsy
that is associated with a mutation in CHRNA4, the gene that en-

 

codes the 

 

�

 

4 subunit of the high-affinity nicotinic acetylcholine re-
ceptor, was the first demonstration that an alteration in a ligand-
gated ion channel can cause seizures. Since then, nine mutations
have been found, and analysis of their physiologic properties has
revealed that all of them enhance receptor function.

 

Introduction

 

lthough genetically determined epilepsies are rare, they
offer a unique opportunity to study the mechanisms

causing seizures. Recent progress in sequencing the human ge-
nome has made it easier to map the precise location of affected
genes in genetically based epilepsies and to determine the cor-
responding protein defects. The identification of the muta-
tions responsible for autosomal dominant nocturnal frontal
lobe epilepsy (ADNFLE) is a milestone in epilepsy research
(1,2). The observation that ADNFLE is associated with a mu-
tation in the CHRNA4 gene that encodes a subunit of the
high-affinity nicotinic acetylcholine receptor (nAChR) was the
first demonstration that alteration of a ligand-gated ion chan-
nel could cause epilepsy.

Ligand-gated ion channels are proteins of the neuronal
postsynaptic membrane that mediate fast neurotransmission.
They encompass a ligand-binding site and an aqueous pore
through which ions can permeate. Activation of cation-perme-
able channels causes depolarization (excitation) of the postsyn-
aptic cell, whereas activation of anion-permeable channels
causes hyperpolarization (inhibition). Excitatory ligand-gated
channels include glutamate, serotonin, and acetylcholine re-

ceptors, whereas inhibitory ligand-gated ion channels com-
prise glycine and 

 

�

 

-aminobutyric acid (GABA) receptors
(3,4). Neuronal nAChRs belong to the family of excitatory
ligand-gated ion channels.

Sixteen genes encoding for the nAChRs have been identi-
fied in humans. Five nAChR genes encode neuromuscular
junction receptors, and the remaining 11 encode neuronal
nAChRs that are widely expressed in both the peripheral and
the central nervous systems (4,5). The structures of nAChRs
are highly conserved, with each receptor resulting from the as-
sembly of five subunits arranged around an axis formed by the
ionic pore. Each subunit consists of polypeptide of roughly
600 amino acids that is organized in such a way as to span the
cell membrane 4 times with both the N- and C-termini lying
in the synaptic cleft. The second transmembrane domain of
each subunit contributes to the formation of the wall of the
ionic pore. The neurotransmitter-binding site is at the inter-
face of two adjacent subunits, and evidence suggests that two
acetylcholine (ACh) molecules must bind to the receptor to
activate it (6). The structures of serotonin, glycine, and
GABA

 

A

 

 receptors are similar to those of nAChRs, and it has
been proposed that receptor diversity arose from gene duplica-
tion and mutations (7). Conservation among this family of re-
ceptors is such that results deduced from one receptor subtype
often apply to the other members of the family.

The identification of the first mutation in CHRNA4,
which encodes the 

 

�

 

4 subunit, raised the question about the
possible functional alterations caused by such a mutation and
its effects on neuronal networks. We know that 

 

�

 

4 assembles
with the 

 

�

 

2 subunit and constitutes the major high-affinity
nicotinic receptor in the brain. Such receptors are widely ex-
pressed both in thalamus and cortex. ADNFLE seizures arise
mainly during stage II of sleep in the frontal cortex and can, in
some patients, propagate and cause tonic–clonic seizures (8).
The age at onset of ADNFLE is variable but it begins mostly
during the first or second decade of life and persists through-
out life. Penetrance of ADNFLE is incomplete, with only

 

�

 

70% of the persons carrying a given mutation in CHRNA4
displaying the typical sleep syndrome (2,9). The delayed onset
suggests that network changes that occur during adolescence
are necessary to reveal the dysfunction. Recordings from tha-
lamic and cortical neurons of the cat have shown the impor-
tance of thalamocortical and corticothalamoreticular loops in
the generation of sleep spindles (10,11). At present, the most
probable hypothesis to account for the triggering of epileptic
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seizures during sleep is that alteration of the properties of 

 

�

 

4-
containing nAChRs causes an imbalance in the thalamocorti-
cal networks with an excess of excitation and synchrony. Sei-
zures could be triggered on these abnormally synchronized
spindles.

To understand the functional consequence of the 

 

�

 

4 mu-
tation, normal or mutant 

 

�

 

4-containing nAChRs were ex-
pressed in 

 

Xenopus

 

 oocytes, and the properties of the receptors
determined. Results obtained by different laboratories have all
shown that when the 

 

�

 

4 mutant is expressed with normal 

 

�

 

2
subunits, the resulting receptor has marked alteration in re-
sponse to ACh or nicotine (12–14). It is known that ADN-
FLE patients are heterozygous, and unless there is abnormal
regulation of allele expression, both the nonmutated and mu-
tated alleles must be equally expressed in neurons (2). To
mimic the situation in affected individuals, experiments were
carried out in which normal and mutated 

 

�

 

4 subunits were
coexpressed with the normal 

 

�

 

2 subunit. These experiments
revealed the dominant effects of the 

 

�

 

4-S248F and 

 

�

 

4-
776ins3 mutations and showed that mutant receptors dis-
played a higher sensitivity to ACh (15).

Since these initial observations, a further five mutations
associated with ADNFLE were found in the CHRNA4 genes
(16; Leninger T, 2002, personal communication). As predicted
from the knowledge that high-affinity nAChRs result from the
assembly of 

 

�

 

4 and 

 

�

 

2 subunits (17), it was expected that mu-
tations in this latter subunit might also result in malfunction-
ing of the receptor that would cause increased susceptibility to
epilepsy. It was recently reported that mutations in CHRNB2,
the gene that encodes the 

 

�

 

2 subunit, also are associated with
ADNFLE (18,19). Moreover, two additional mutations have
been identified in other ADNFLE families (Favre I, 2002, per-
sonal communication). Electrophysiologic experiments were
carried out with the nine different mutant subunits by using
the “heterozygous” mode of expression. At present, the only
common feature between mutant-containing receptors and
controls is a higher affinity of the mutant receptors for ACh
that results in enhanced function (16). The initial localization
of all CHRNA4 mutations in the second transmembrane do-
main leads to the hypothesis that only mutations in this critical
segment result in appropriate alterations of receptor function
to cause ADNFLE. More recent results indicate, however, that
mutations can occur in different segments of the proteins, and
these also lead to ADNFLE (Favre, personal communication).
Indeed, any alteration of a subunit that reduces the energy bar-
rier between the closed and open conformation could enhance
receptor function. As more ADNFLE-carrying families are
screened, additional mutations may be found.

In situ hybridization with probes specific for the 

 

�

 

4 or 

 

�

 

2
mRNA revealed that whereas these two subunits are both ex-
pressed in some brain areas, such as the thalamus, their expres-

sion differs markedly in other brain areas (20–22). This sug-
gests that although either CHRNA4 and CHRNB2 mutations
may cause epilepsy, there may be neurologic differences that
have not yet been identified.

Because ADNFLE seizures are prevented by the use of the
antiepileptic drug (AED) carbamazepine (CBZ), it was postu-
lated that this compound might interact with nAChRs or the
affected neuronal network. Determination of the effects of
CBZ on 

 

�

 

4

 

�

 

2 nAChRs revealed that this compound acts an
open channel blocker at concentration that are compatible
with those found in the CSF of patients (23). Moreover, it was
found that both the 

 

�

 

4-S248F and 

 

�

 

4-776ins3 mutations in-
crease the receptor sensitivity to this drug (23). Of five of the
mutants tested so far, four of them displayed a higher CBZ
sensitivity, but the 

 

�

 

4-S252L was less sensitive (16). Although
no definitive conclusions concerning the mode of action of
CBZ in patients can be drawn from these interesting observa-
tions, the results clearly show that mutation of a single amino
acid can alter the pharmacologic sensitivity of nAChRs.

Bridging the gap between the data obtained in studies on
mutated nAChRs and the clinical manifestations of ADNFLE
will require a great deal of additional information. First, there
must be better localization of the 

 

�

 

4

 

�

 

2 nAChRs in the neu-
ronal network. Second, it must be determined whether the
mutant receptors cause developmental changes leading to net-
work reorganization. Third, it must be demonstrated that tha-
lamic and cortical network organization and function are con-
served between lower mammals and humans. Although data
regarding the precise subcellular distribution of the 

 

�

 

4 and 

 

�

 

2
subunit in the human brain are not yet available, a first estima-
tion of their pattern of distribution can be deduced from in
situ hybridization with specific mRNA probes (20–22). These
studies provide evidence for the expression in embryonic life
and adulthood of both the 

 

�

 

4 and 

 

�

 

2 subunits in the cortex
and the thalamus. However, care must be taken in the inter-
pretation of results. We know that mRNA levels do not neces-
sarily correlate with protein levels. Identification of significant
expression of nAChR subunits in earlier stages of development
could suggest that circuit remodeling might occur in individu-
als with ADNFLE. This possibility cannot be fully ruled out,
even though, as far as we know, affected individuals do not
have impaired cognitive functions.

If it is assumed that gene expression and neuronal net-
work organization are not modified in ADNFLE patients, the
question that remains to be answered is how enhanced func-
tion of 

 

�

 

4

 

�

 

2 nAChRs can trigger epileptic seizures during
sleep spindle wave activity. In addressing this problem, we
must appreciate the full complexity of how neuronal nAChRs
might function in neurons. For instance, although it has been
documented that nAChRs mediate conventional synaptic
transmission, it was surprising to discover that nAChRs are
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present not only in the dendritic and somatic postsynaptic
membrane but also in axons and presynaptic boutons. Electro-
physiologic studies from brain slices or isolated cells have shed
some light on the functions of these extradendritic nAChRs
(24). These presynaptic receptors can enhance the release of
neurotransmitter in two ways (25). There can be sustained de-
polarization of the bouton and increased activation of voltage-
dependent calcium channels. Alternatively, there can be direct
permeation of calcium ions through the activated nAChRs. In
contrast, nAChRs expressed in axons may prevent propagation
of action potentials. Thus nAChRs not only mediate synaptic
transmission but may also modulate neuronal activity in other
ways. The finding of mutations in the nAChRs genes in
ADNFLE has begun to reveal many new features of the role of
these ligand-gated channels in brain function.

 

References

 

1. Scheffer IE, Bhatia KP, Lopes-Cendes I, Fish DR, Marsden CD, An-
dermann E, Andermann F, Desbiens R, Keene D, Cendes F. Autoso-
mal dominant nocturnal frontal lobe epilepsy. a distinctive clinical
disorder. Brain 1995;118:61–73.

2. Steinlein OK, Mulley JC, Propping P, Wallace RH, Phillips HA,
Sutherland GR, Scheffer IE, Berkovic SF. A missense mutation in the
neuronal nicotinic acetylcholine receptor alpha 4 subunit is associ-
ated with autosomal dominant nocturnal frontal lobe epilepsy. Nat
Genet 1995;11:201–203.

3. Bertrand D, Changeux JP. Nicotinic receptor: a prototype of alloste-
ric ligand-gated ion channels and its possible implications in epi-
lepsy. Adv Neurol 1999;79:171–188.

4. Corringer PJ, Le Novere N, Changeux JP. Nicotinic receptors at the
amino acid level. Annu Rev Pharmacol Toxicol 2000;40:431–458.

5. Lukas RJ, Changeux JP, Le Novere N, Albuquerque EX, Balfour
DJ, Berg DK, Bertrand D, Chiappinelli VA, Clarke PB, Collins
AC, Dani JA, Grady SR, Kellar KJ, Lindstrom JM, Marks MJ,
Quik M, Taylor PW, Wonnacott S. International Union of Phar-
macology. XX: Current status of the nomenclature for nicotinic ace-
tylcholine receptors and their subunits. Pharmacol Rev 1999;51:
397–401.

6. Corringer PJ, Bertrand S, Galzi JL, Devillers-Thiery A, Changeux JP,
Bertrand D. Molecular basis of the charge selectivity of nicotinic ace-
tylcholine receptor and related ligand-gated ion channels. Novartis
Found Symp 1999;225:215–224.

7. Le Novere N, Changeux JP. Molecular evolution of the nicotinic ace-
tylcholine receptor: An example of multigene family in excitable
cells. J Mol Evol 1995;40:155–172.

8. Hayman M, Scheffer IE, Chinvarun Y, Berlangieri SU, Berkovic SF.
Autosomal dominant nocturnal frontal lobe epilepsy: Demonstra-
tion of focal frontal onset and intrafamilial variation. Neurology
1997;49:969–975.

9. Berkovic SF, Scheffer IE. Epilepsies with single gene inheritance.
Brain Dev 1997;19:13–18.

10. McCormick DA. Are thalamocortical rhythms the Rosetta Stone of a
subset of neurological disorders? Nat Med 1999;5:1349–1351.

11. Steriade M. Corticothalamic resonance, states of vigilance and men-
tation. Neuroscience 2000;101:243–276.

12. Kuryatov A, Gerzanich V, Nelson M, Olale F, Lindstrom J. Mutation
causing autosomal dominant nocturnal frontal lobe epilepsy alters

 

Ca

 

2

 

�

 

 permeability, conductance, and gating of human alpha4beta2
nicotinic acetylcholine receptors. J Neurosci 1997;17:9035–9047.

13. Figl A, Visehakul N, Shafaee N, Forsayeth J, Cohen BN. Two muta-
tions linked to nocturnal frontal lobe epilepsy cause use-dependent po-
tentiation of the nicotinic ACh response. J Physiol 1998;513:655–670.

14. Weiland S, Witzemann V, Villarroel A, Propping P, Steinlein O. An
amino acid exchange in the second transmembrane segment of a
neuronal nicotinic receptor causes partial epilepsy by altering its
desensitization kinetics. FEBS Lett 1996;398:91–96.

15. Moulard B, Picard F, Le Hellard S, Agulhon C, Weiland S, Favre I,
Bertrand S, Malafosse A, Bertrand D. Ion channel variation causes
epilepsies. Brain Res Rev 2001;36:275–284.

16. Bertrand D, Picard F, Le Hellard S, Weiland S, Favre I, Phillips H,
Bertrand S, Berkovic SF, Malafosse A, Mulley J. How mutations in
the nAChRs can cause ADNFLE epilepsy. Epilepsia 2002;43(suppl
5):112–122.

17. Grutter T, Changeux JP. Nicotinic receptors in wonderland. Trends
Biochem Sci 2001;26:459–463.

18. Phillips HA, Favre I, Kirkpatrick M, Zuberi SM, Goudie D, Heron
SE, Scheffer IE, Sutherland GR, Berkovic SF, Bertrand D. CHRNB2
is the second acetylcholine receptor subunit associated with autoso-
mal dominant nocturnal frontal lobe epilepsy. Am J Hum Genet
2001;68:225–231.

19. De Fusco M, Becchetti A, Patrignani A, Annesi G, Gambardella A,
Quattrone A, Ballabio A, Wanke E, Casari G. The nicotinic receptor
beta 2 subunit is mutant in nocturnal frontal lobe epilepsy. Nat
Genet 2000;26:275–276.

20. Agulhon C, Charnay Y, Vallet P, Abitbol M, Kobetz A, Bertrand D,
Malafosse A. Distribution of mRNA for the alpha4 subunit of the
nicotinic acetylcholine receptor in the human fetal brain. Brain

 

 

 

Res
Mol

 

 

 

Brain

 

 

 

Res

 

 

 

1998;58:123–131.
21. Court J, Clementi F. Distribution of nicotinic subtypes in human

brain. Alzheimer Dis Assoc Disord 1995;9(suppl 2):6–14.

 

22. Rubboli F, Court JA, Sala C, Morris C, Chini B, Perry E, Clem-
enti F. Distribution of nicotinic receptors in the human hippo-
campus and thalamus. Eur J Neurosci 1994;6:1596–1604.

23. Picard F, Bertrand S, Steinlein OK, Bertrand D. Mutated nicotinic
receptors responsible for autosomal dominant nocturnal frontal lobe
epilepsy are more sensitive to carbamazepine. Epilepsia 1999;40:
1198–1209.

24. Dani JA. Overview of nicotinic receptors and their roles in the cen-
tral nervous system. Biol Psychiatry 2001;49:166–174.

25. Wonnacott S, Kaiser S, Mogg A, Soliakov L, Jones IW. Presynap-
tic nicotinic receptors modulating dopamine release in the rat
striatum. Eur J Pharmacol 2000;393:51–58.


