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The role of neuronal acetylcholine receptors (nAChRs) in epilepsy has been clearly estab-
lished by the finding of mutations in a subset of genes coding for subunits of the nAChRs in a
form of sleep-related epilepsy with familial occurrence in about 30% of probands and
dominant inheritance, named autosomal dominant nocturnal frontal lobe epilepsy (ADN-
FLE). Sporadic and familial forms have similar clinical and EEG features. Seizures begin in
middle childhood as clusters of sleep-related attacks with prominent motor activity, and
sustained dystonic posturing. In addition to nocturnal seizures, psychosis or schizophrenia,
behavioral disorders, memory deficits and mental retardation were described in some
individuals. Although over hundred families are on record, only a minority of them have
been linked to mutations in the genes coding for the a4, «2 and 2 (CHRNA4, CHRNA2, and

CHRNB2 CHRNB2) subunits of the nAChRs, indicating that ADNFLE is genetically heterogeneous
CHRNA2 despite a relatively homogeneous clinical picture. Functional characterization of some
mutations suggests that gain of the receptor function might be the basis for epileptogenesis.
In vitro and in vivo studies have shown high density of nAChRs in the thalamus, over
activated brainstem ascending cholinergic pathway and enhanced GABAergic function,
reinforcing the hypothesis that cortico-subcortical networks, regulating arousal from

sleep, play a central role in seizure precipitation in ADNFLE.
© 2007 Elsevier Inc. All rights reserved.
1. Introduction genetic component and specific gene mutations have been
identified in a few syndromes of focal epilepsy [1-4]. These
Whilst the idiopathic generalized epilepsies have always been mendelian epilepsies are mainly associated with mutations in
regarded as genetic in origin, focal epilepsies have generally the genes coding for subunits of voltage-gated and ligand-
been considered as acquired. However, recent findings gated ion channels [5]. In particular, mutations in genes coding

demonstrate that some focal epilepsies have a predominant for subunits of the ligand-gated nAChRs, associated with a
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form of inherited nocturnal frontal lobe epilepsy (ADNFLE),
have clearly established a causative relationship between
nAChRs dysfunction and epilepsy.

2. Autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE)

2.1. The phenotype

ADNFLE is a peculiar form of focal epilepsy with about 70%
penetrance [6]. More than a hundred families have been
reported to date [7]. Seizures typically startin middle childhood,
usually between 8 and 11.5 years, but can begin anytime from
infancy to the sixth decade, with clusters of attacks arising from
sleep [6,7]. Each cluster features a mean of six attacks but
patients with up to 70 seizures per cluster have been described
[6]. Seizures usually occur very soon after falling asleep or
during the early morning hours. About half of the patients wake
up from sleep, experience an aura that is commonly described
as generalized tingling or shiver, fear, breathless feeling or
auditory hallucinations and remain aware throughout the
attack [6]. Bizarre vocalization, moaning, gasping or grunting at
seizure onset are also common features. Seizures are clinically
characterized by prominent motor activity such as hyperkinetic
thrashing movements with bipedal and bimanual automa-
tisms, tonic contraction and, sustained dystonic posturing with
forced hyperextension [6-9]. In some patients motor activity
can be so bizarre and violent to cause them falling out of bed.
Conversely, some patients might have very mild cramp-like
motor manifestations during sleep or very brief attacks with a
dystonic component.

Provini et al. performed a video-polysomnographic study of
a large series of patients with nocturnal attacks, and according
to duration, semiology and complexity of the motor behavior
classified them into: paroxysmal arousals (PA), nocturnal
paroxysmal dystonia (NPD) and nocturnal wanderings (NW)
[9]. These authors also showed that PA, NPD, NW can occurin a
single patient to suggest that they represent a continuum of
the same seizure where the more complex motor behavior
might be explained by the spreading of the epileptic discharge
to progressively wider areas of the brain [9].

Seizures are stereotyped and usually brief, lasting less than
a minute, occasionally evolving into secondarily generalized
tonic-clonic seizures, and only rarely occurring during
wakefulness [6,9]. Seizures often persist through adult life,
although they tend to peter out in adulthood. There is intra
and inter familial variability in severity. In most patients
seizures are mild and respond to carbamazepine treatment.
About a third of patients are refractory, although seizures are
usually confined to sleep.

Neurological examination and neuroimaging studies are
usually normal. In addition to nocturnal seizures, however,
psychosis or schizophrenia, behavioral disorders, distinct
memory deficits and mental retardation have been reported in
some individuals with familial ADNFLE [10-12].

Because attacks manifest during sleep and often have
bizarre motor or affective semiology, they are usually
misdiagnosed as sleep disorders [6]. Based on careful analysis
of clinical features combined with the use of video-poly-

somnography, some authors have proposed clinical guidelines
and scales, that might be useful for the diagnosis of sleep-
related events [13,14].

2.2 Family history

The term ADNFLE implies a family history of seizures with
segregation of the disorder consistent with autosomal
dominant inheritance. Sleep studies have shown that among
patients with idiopathic nocturnal frontal lobe epilepsy (NFLE)
only a third have a family history of the disorder [9]. Attacks
have very similar semiology in sporadic and familial cases. In
the study of Provini et al., family history showed that about
40% of patients have at least one first degree relative with
probable primary parasomnias [9]. Moreover, 34% of NFLE
patients had a history of sleep disorders in childhood with 1-
30 years gap between the last parasomnic manifestation and
the onset of seizures [9]. This finding might be coincidental
since parasomnias are common in the general population or
result from bias due to patients’ recollection of nocturnal
episodes of any nature. However, it may also suggest a
common pathophysiological and etiological background
between non-epileptic and epileptic sleep phenomena.

Tassinari et al. [15] have hypothesized that motor phenom-
ena of nocturnal frontal lobe seizure are produced by the
release of the central pattern generators allowing innate
motor behaviors to emerge [15]. Therefore, any trigger, either
an epileptic phenomenon or a sleep-related dysfunction,
would cause a motor event with similar semiology, consisting
in the activation of repetitive motor patterns, which represent
innate motor behavior(s) [15].

2.3.  EEG and neuroimaging findings

Interictal EEG recordings fail to disclose abnormalities in over
50% of patients with ADNFLE. Ictal EEGs show that seizures
occur predominantly in stage 2 NREM sleep, but because of
prominent motor activity, recordings are often obscured by
movement artifacts. Artifact-free recordings show epileptiform
discharges in the anterior regions, often bilaterally. Lack of
epileptiform activity may reflect the inaccessibility of the focus
to scalp EEG recordings. Therefore, the localization of the
epileptic foci to the frontal regions - mesial or fronto-orbital —in
ADNFLE patients rested initially on the clinical features [6].
Invasive and semivasive recordings with subdural grids
and sphenoidal or zygomatic electrodes, confirmed this
hypothesis [16,17]. Investigations with functional neuroima-
ging using interictal positron emission tomography (PET) and
ictal single-photon emission computed tomography (SPECT)
were also consistent with frontal origin of seizures in a family
with CHRNA4 mutation [18]. However, intracranial EEG
recordings and SPECT studies have shown that seizures with
predominant motor activity might also arise from the
temporal lobe and from the anterior cingulated gyrus [19-21].

3. ADNFLE: molecular genetic

ADNFLE was the first human idiopathic focal epilepsy for
which specific gene mutations were described [3]. In 1995, a



Table 1 - Summary of the clinical features of ADNFLE families with known gene defects

Family origin Gene AA change Age sz onset (yrs) Semiology highlights Epilepsy severity/outcome Authors

1. Australian (27 affected) CHRNA#4 Ser248Phe 8.5 (range 0.2-52) Aura (70%); vocalization; retained awareness (70%); Intrafamilial variability, CBZ effective [3]
frightening sensation (33%); breathing difficulty (61%)

2. Norwegian (11 affected) CHRNA4 Ser248Phe 8.6 (range 4-13) Arousal, tongue automatisms, nocturnal wandering Intrafamilial variability [25]

3. Scottish (6 affected) CHRNA4 Ser248Phe 11.3 Typical NFLE sz with breathless sensation Good control on AEDs [27]

4. Spanish (11 affected) CHRNA4 Ser248Phe 7.6 (range 3-12) No diurnal attacks, sudden awakening, malaise Intrafamilial variability [24]
and suffocation, retained awareness

5. Norwegian (10 affected) CHRNA4 776insGCT 8 (range 1-11) Aura (20%), mostly complex partial sz with 40% sz only in childhood, [22]
impaired consciousness 40% sz-free on AEDs; good

response to CBZ

6. Japanese (5 affected) CHRNA4 Ser252Leu 8.7 (range 0.4-30) Mild mental retardation & hyperactive behavior (60%); 60% sz-free on AED [23,36]
very early onset < 1 year and sz provoked by
sound or movement

7. Lebanese (2 affected) CHRNA4 Ser252Leu 2 and 0.8 Typical NFLE sz preceed by aura, low intellect Sz not controlled by AEDs [26]

8. Polish (3 affected) CHRNA4 Ser252Leu 0.6, 5 and 2 Sz with puffing out of cheeks, verbal manifestations, CBZ was ineffective [28]
motor acts, +provoked by sound or movement

9. Korean (9 affected) CHRNA4 Ser252Leu 11 Arousal, loss of consciousness, lip smacking; unintelligible 67% poor response to AEDs [29]
speech, mild/moderate mental retardation

10. German (2 affected) CHRNA4 Thr265Iso 15-20 Typical NFLE sz with loss of consciousness CBZ alone was ineffective [30]

11. Italian (8 affected) CHRNB2 V287L 9 (range 8-12) Typical NFLE sz with aura, retained awareness, triggers: Intrafamilial variability [4]
stress and fatigue; no diurnal sz,

12. Scottish (10 affected) CHRNB2 Val287Met NA Typical ‘very mild’ NFLE sz Sz controlled by CBZ [31]

13. MZ-Twins CHRNB2 1312M 7 Typical NFLE sz + specific problems with Sz not controlled [12]
verbal memory tasks

14. Italian (10 affected) CHRNA2 1279N 10 (range 4-29) Vocalization, fear sensation, tongue movements, Sz more severe and frequent at onset [32]

nocturnal wanderings, triggers: sudden noise,
hot weather, nicotine, coffee

AEDs: antiepileptic drugs; CBZ: carbamazepine; yrs: years; NA: not available; NFLE: nocturnal frontal lobe epilepsy; sz: seizures.
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large Australian family was linked to chromosome 20q and a
genetic defect was identified in the a4 subunit of the neuronal
acetylcholine receptor gene (CHRNA4) [3] (Table 1). The
causative role of CHRNA4 in ADNFLE was further supported
by the observation of mutations in a few other families
(Table 1) [22-30]. Few years later, mutations in the gene coding
for the B2 subunit of the neuronal acetylcholine receptor
(CHRNB2) were identified in two families of Italian and Scottish
origin (Table 1) [4,31].

In 2006 a molecular genetic study of a large Italian family
revealed a heterozygous missense mutation resulting in an
aminoacid substitution in the M1 domain of the nAChRs a2-
subunit gene (CHRNA2) (Table 1) [32]. This recent finding
strongly reinforces the link between nocturnal frontal lobe
epilepsy and neuronal nicotinic receptors.

However, CHRNA4, CHRNB2 and CHRNA2 mutations remain
a rare cause of ADNFLE as the majority of families, and nearly
all sporadic cases were negative for these mutations [8,33-35].
Other loci have been reported including a locus on chromo-
some 15q24, which harbors other subunits of the nAChRs [33],
and 2 loci on chromosomes 3p22-p24 and 8q11.2-g21.1 [35] but
specific gene defects have not yet been found.

3.1. Phenotype-genotype correlations

Phenotypic comparison of ADNFLE families with known
mutations might be helpful to understand whether a variation
in the clinical picture is associated with mutations in different
subunits. Table 1 summarizes some of the peculiar clinical
features of ADNFLE families with known gene defects. The
limited number of families with a defined genetic cause so far
published, makes phenotype-genotype correlations difficult.
Age at onset, nocturnal clusters of hyperkinetic/dystonic
seizures, tendency to remit or improve after puberty and
favorable response to carbamazepine, are some of the
phenotypic similarities of families with known gene defects,
suggesting that mutations in the genes coding for subunits of
the nAChR are major factors determining the phenotype. The
presence or absence of an initial aura, of simple partial
seizures with preserved awareness or complex partial seizures
with unresponsiveness and of diurnal seizures are some of the
slight differences observed amongst ADNFLE families, but no
clear association with a specific genotype is apparent.

The most interesting phenotypic difference is the presence
of mental retardation in two of three children of a Japanese
family [36] and in all affected individuals of a Korean kindred
[29]. Both families harbored the CHRNA4 — Ser252Leu mutation
[29,36]. The proband of a Lebanese family with the same
Ser252Leu mutation also had low intellect, although neurop-
sychological testing was not performed [26]. Cognitive deficits
have not been reported in ADNFLE families with other
CHRNA4, CHRNB2 and CHRNA2 mutations. Therefore, cogni-
tive impairment might be a distinctive clinical feature of
families with Ser252Leu mutation. The connection between
ADNFLE and mental retardation could be just a coincidence
since two family members of the Japanese family [36] and the
affected individuals of a Polish family [28] with the same
Ser252Leu mutation were of normal intelligence. An alter-
native hypothesis is that mental retardation is subsequent to
frequent uncontrolled nocturnal seizures. Indeed, the Leba-

nese, Korean and Japanese individuals carrying the mutation
had poor seizure control on AEDs [26,29,36]. The report of the
Polish family with Ser252Leu mutation in whom affected
individuals had refractory seizures but normal intelligence is
against this hypothesis [28]. A third plausible explanation is
that epilepsy and mental retardation are fully associated, and
both phenomena are primarily caused by the Ser252Leu
mutation. The nAChRs are widely distributed in the brain and
influence a wide range of physiological functions such as
sleep, arousal, anxiety, fatigue and cognitive functions [37].
Studies of ADNFLE have so far focused on seizures, therefore
other neurological signs might have been underestimated.
Further studies are warranted to clarify whether mutations of
acetylcholine receptors subunit genes, in addition to seizures,
have a causal relationship with other clinical manifestations
including cognitive impairment, memory deficits or psychia-
tric disorders. This possibility is further supported by the
observation that three of ten individuals of a Norwegian
ADNFLE family harboring the 776ins3 had psychiatric symp-
toms [10] and that memory deficits occurred in ADNFLE
patients with CHRNB2- 1312M mutation [12].

4. The neuronal nicotinic acetylcholine
receptors (nAChRs)

Most of the current knowledge about the structure and
function of nAChRs comes from studies in rodents and chicks,
and information concerning human nicotinic receptors is still
incomplete. Nevertheless, it is known that the nAChRs are
membrane proteins with four transmembrane domains, and
comprise an assembly of five subunits. So far, 12 nAChRs
subunits have been identified («2-«10 and B2-f4) [38]. Based
on subunits composition, there are several different nAChRs,
all of which have their own unique biochemical, pharmaco-
logical and biophysical characteristics [38,39]. The main
functional nAChRs in the brain is a pentamer comprised of
two a4 and three B2 [40]. The receptors are ligand-gated
channels involving calcium. Transmembrane domain 2 (TM2)
segment and the TM2-TM3 loop of the nAChR subunits take
part in the ion gate constitution, thereby controlling channel
activity [41].

Neuronal AChRs seem to be expressed preferentially in the
presynaptic surface [42] thus regulating the release of
acetylcholine or other neurotransmitters such as GABA and
glutamate [43]. However, postsynaptic receptors also play
important roles [44]. In vitro studies have demonstrated the
coexistence in the same brain nuclei, and even the same
neuron, of different nAChRs subtypes, making in vivo study of
the properties of individual receptor subtypes extremely
difficult [37].

In vitro studies with subunit-specific-antibodies and in vivo
mapping using PET have shown that nAChRs are widely
distributed in the human brain with the highest expression in
the thalamus, neocortical and striatal regions [45,46]. Through
pre- and postsynaptic actions nAChRs play an important role
in various complex cognitive functions such as attention,
memory consolidation, arousal, sensory perception and in the
control of locomotor activity, pain perception and body
temperature regulation [37]. High density of neuronal ACh
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receptors in fetal life at very early stages suggest that they also
play a particular role in brain development [47,48]. Neuronal
AChRs display a steady and progressive spontaneous reduc-
tion throughout life in the frontal lobe [49]; changes of this
regional density over time well explains the spontaneous
reduction in seizure frequency or remission with advancing
age often observed in ADNFLE.

5. How mutations in nAChRs can cause
ADNFLE?

Molecular genetic studies have clearly shown the determinant
role of nAChRs in ADNFLE. The first step toward under-
standing the basic mechanisms underlying epileptogenesis in
ADNFLE is to examine the functional properties of mutated
nAChRs.

5.1. In vitro studies

Functional studies of reconstituted receptors obtained by
expression in Xenopus oocytes offered the first possibility to
examine how ADNFLE mutations alter nAChR properties.
However, initial experiments were not performed under
comparable conditions, making interpretation of their results
difficult. For example, initial analysis of the first S248F CHRNA4
mutant, simulating the homozygous state, revealed that these
receptors display a marked desensitization and lower ACh-
evoked current amplitude with respect to controls [50-52].
Based on these data, it was hypothesized that seizures were
somehow caused by loss of receptor function. In contrast, co-
expression of the normal and mutant receptors, to simulate
the heterozygous state, showed that ACh-evoked currents had
the same amplitude, but there was a significant increase in
sensitivity to ACh in the heterozygous mutant receptors
[39,53]. These data illustrate the necessity of obtaining the
closest possible correlation with in vivo conditions before
drawing any conclusion about the mechanisms underlying
epileptogenesis.

In the heterozygous condition, the only common electro-
physiological finding for seven studied mutations was an
increased ACh sensitivity of mutant receptors [30-32,39,53].
Another mutation, the CHRNB2 V2871, showed a retardation of
channel desensitization causing a dominant effect [4]. A
reduction of the Ca+ dependence of the ACh response could be
an alternative common mechanism [54]. In conclusion,
although electrophysiological studies suggest an increased
gain in the function of the mutant receptors, the precise
mechanism behind seizures in ADNFLE remains unknown.

5.2. In vivo studies

Experimental animal models bearing the mutations homo-
logous to either CHRNA4, CHRNB2 and CHRNA2 human
mutations are expected to facilitate the understanding of
pathogenetic mechanisms underlying ADNFLE. Klaassen
et al., genetically engineered two mice strains harboring
two Chrna ANDFLE mutations [55]. Heterozygous ADNFLE
mutant mice showed abnormal EEG patterns, interictal
spiking, and recurrent seizure activity [55]. In addition, mice

were considerably more sensitive to nicotine-induced sei-
zures, suggesting that in ADNFLE seizure origin and EEG
paroxysmal activity may involve an increased response to ACh
[55] and confirming the electrophysiological findings of in vitro
studies [39]. The mice model also provided compelling
evidence for enhanced GABAergic function in ADNFLE [55].

PET represents the most useful non-invasive technique for
studying in vivo localization and functional activity of nAChRs
in humans. Picard et al. recently performed a PET study in a
group of ADNFLE patients with known mutations and showed
significant regional changes in brain nAChRs density [56].
Such findings point towards an over activated cholinergic
pathway ascending from the brainstem [56]. An additional
finding of this study was a decrease of receptor density in the
prefrontal cortex, which was hypothesized to reflect progres-
sive neuronal loss caused by seizure activity [56].

6. Therapeutic implications of nAChRs in
epilepsy

Some pieces are still missing in the puzzle of how nAChRs
dysfuntion causes the ADNFLE phenotype and new therapeu-
tic strategies arising from such knowledge are very far behind.

Carbamazepine (CBZ) is certainly the most effective
antiepileptic drug in some ADNFLE patients, and an increased
sensitivity of mutant nAChRs to CBZ might be the hypothetical
underlying mechanism [57]. CBZ-binding through an inhibi-
tion of the hyperfunctional mutated nAChRs may lead to a
reduction in seizure frequency in ADNFLE.

There have been some clinical data that chronic use of
nicotine influences seizures susceptability in ADNFLE [58,59].
The underlying mechanism is most likely related to progres-
sive desensitization of nAChRs produced by chronic exposure
to nicotine. Thus, it can be hypothesized that increased
sensitivity to ACh of mutant nAChR can be counteracted by
nicotine. Prospective studies in larger samples of patients
might further clarify the relationship between nicotine and
seizures in ANDFLE and the use of transdermal nicotine
administration.

7. Conclusions

The mutations identified in the CHRNA4, CHRNB2 and CHRNA2
genes in ADNFLE families strongly establish to role of the
cholinergic system in this inherited epilepsy. Functional
characterization of known mutations suggests that increased
gain of the receptor function is at the origin of seizures. In vitro
and in vivo studies have demonstrated a high density of
nAChRs in the thalamus [32,56] and an over activated
cholinergic pathway, reinforcing the hypothesis that cor-
tico-subcortical networks, regulating arousal from sleep, play
a central role in the epileptogenesis of ADNFLE. The mouse
model with chrna4 mutations supports the hypothesis of an
increased response to ACh behind nocturnal frontal lobe
seizures and also provides compelling evidence for enhanced
GABAergic function in ADNFLE.

Only a small number of ADNFLE families carry mutations in
the three known genes, indicating that ADNFLE has genetic
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heterogeneity despite a relatively homogeneous clinical
picture. Other mutated genes causing familial ADNFLE are
yet to be found and the puzzle of whether sporadic cases also
have a genetic etiology is yet to be solved. At present only two
‘de novo’ mutations have been reported [12,26].

The increasing number of ADNFLE families with known
mutations is also providing evidence that mutant nAChRs are
associated with a more complex phenotype than initially
expected where, in addition to seizures, cognitive or behavior
deficits can cooccur. A conclusive picture on the role of
nAChRs in the human brain and in epileptogenesis might
emerge from the discovery of mutations in other ANDFLE
families and from further in vivo studies.
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