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Abstract

We characterized, by electrophysiological methods, two biophysical properties of murine recombinant a4{32 nicotinic acetylcholine receptors
(nAChR) bearing a mutation (a4:+L26404:32 or a4:S252Fa4:B2) linked to autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE).
Sensitivity to acetylcholine (ACh) was increased by the S252F substitution expressed in heterozygosis (a4:S252Fa4:32) but was markedly
reduced when this mutation was expressed in homozygosis (S252Fa4:32). ACh sensitivity was not altered by the +L.264 insertion. Moreover,
receptor desensitization was significantly increased by both mutations expressed in heterozygosis. These results are in general agreement to those
of rat and human recombinant receptors bearing the same mutations, thus contributing to validate the use of knock-in mice harboring ADNFLE

mutations as models to study this pathology.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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Neuronal signaling and communication mainly depends upon
the activity of ion channels. Mutations in the genes coding
for some of these proteins have been linked to the occurrence
of neurological diseases [23]. Autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE) is a form of familial mono-
genic epilepsy in which brief partial seizures occur during stage
II of non-rapid eye movement sleep [3]. The finding of muta-
tions in the genes coding for the a4 and 32 nAChR subunits in
ADNFLE patients shows that alterations in these channels can
severely affect brain function [8,13,19,20].

Nicotinic acetylcholine receptors are complexes of protein
subunits that form an ion channel gated by the binding of
the neurotransmitter acetylcholine (ACh) [10]. To date, several
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nAChHR subunits have been cloned (oc1-a 10, 31-34). These sub-
units co-assemble to form different homo or hetero-pentameric
channels with characteristic physiological and pharmacological
profiles [7]. Each subunit contains four transmembrane domains
(TM1-TM4) and a large extracellular N-terminal domain con-
taining the ligand-binding site [10]. All TM2 segments of each
nAChR subunit form the walls of the pore and therefore the
presence of specific aminoacids is crucial both for ion selectiv-
ity of the receptor and the energy level for allosteric transition
[14].

Considerable clinical and genetic data now provide a strong
link between the ADNFLE syndrome and six mutations located
within the pore forming TM2 of the a4 (S252F, +L.264, S256L,
T265I; referring to the human a4 subunit gene numbering)
and 32 (V278L, V287M) nAChR subunits [21]. Frontal lobe
origin, adolescent onset and cluster of nocturnal, hyperkinetic
motor seizures are signatures of ADNFLE, therefore, it was sug-
gested that a common functional anomaly of a4- and 32-subunit
containing nAChRs underlies this disorder. Studies in heterolo-
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gous expression systems, with both human and rat recombinant
mutated a4 or 2 nAChR subunits, designed to discover a
shared, altered anomaly that might explain the neuronal network
dysfunction underlying ADNFLE seizures led to both “gain-
of-function” [4,6,13] and “loss-of-function” [2,12,19] models.
Recently, Klaassen et al. [11] based on studies performed with
two mouse strains harboring the ADNFLE Chrna45*°F and
Chrna4**%* mutant alleles proposed a model of epileptoge-
nesis in which ACh enhances GABAergic transmission. They
postulate that asynchronously firing layer II/III pyramidal cells
of the frontal cortex would be synchronized after recovery from
a large GABAergic inhibition triggered by cholinergic activa-
tion of mutant nAChRs. In addition, Teper et al. [22], generated
a mouse line harboring the S248F (S252F) mutation and report
that these mice are partially protected from nicotine-induced
seizures. Based on their studies, they conclude that the S248F
mouse could provide a model for the paroxysmal dystonic ele-
ment of ADNFLE semiology. To validate the use of these mouse
models to study the pathophysiology of ADNFLE, we evaluated
some biophysical characteristics of mouse recombinant mutated
receptors (od:+L26404:B2 and a4:S252Fa4:B2) expressed in
Xenopus oocytes and compared them to those reported for the
human mutations.

For expression studies, the a4 (GeneBank AF225912),
S252Fa4, +L.26404 and B2 (GeneBank AF299083) sub-
units were subcloned into the pSGEM plasmid derived from
pGEMHE, a vector suitable for the expression in Xenopus
oocytes [5]. Capped cRNAs were in vitro transcribed using the
mMessage mMachine T7 Transcription Kit (Ambion Corpora-
tion, Austin, TX). Maintenance of X. laevis and cRNA injection
of oocytes was as described [17]. Typically, oocytes were
injected with 50 nl of RNAse-free water containing 0.01-1.0 ng
of cRNA and maintained in Barth’s solution at 17 °C. Each 50 nl
of cRNA contained: a4 and (32 subunits in 1:1 molar ratio for
the wild-type receptor; a4:04*:32 in a 1:1:2 molar ratio to sim-
ulate the expression of the mutated (a4*) heterozygous receptor
and a4*:B2 in a 1:1 equimolar relation, to simulate the mutated
homozygous situation.

Electrophysiological recordings were performed 2-6 days
after cRNA injection under two-electrode voltage-clamp with a
Geneclamp 500 amplifier (Molecular Devices, Sunnyvale, CA).
During electrophysiological recordings, oocytes were super-
fused (~10 ml/min) with frog saline (in mM): 115 NaCl, 2.5

KCl, 1.8 CaCl,, and 10 HEPES buffer, pH 7.2. ACh (Sigma
Chemical Co., St. Louis, MO, USA) was applied in the perfu-
sion solution of the oocyte chamber. All experimental protocols
were performed in accordance with the National Institute of
Health guide for the care and use of Laboratory animals (NIH
Publications No. 80-23) revised 1978.

For the concentration—response curves to ACh, data were
normalized to the maximal response in each oocyte and were
referred to as a percentage of the maximal response. The mean
and standard error of the mean of peak currents are represented.
Agonist concentration—response curves were fitted with:

Imax
I= 1 + 1000gECso—Xn 6]

where [ is the normalized peak inward current; I« is the cur-
rent evoked by the concentration of agonist eliciting a maximal
response; ECso the concentration of agonist inducing half-
maximal current response and # is the Hill coefficient. For the
heterozygote receptor formed by the a4, S252Fa4 and 32 sub-
units, concentration—response curves were fitted with the sum
of three Hill equations:

= (i) * () * (5am) @
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where [ is the normalized peak inward current; a, d and h are
the maximal responses achieved by the first, second and third
components of the curve, respectively; b, e, i and c, g, j are the
ECs( values and the Hill coefficients of each component of the
curve, respectively.

Injection of Xenopus oocytes with mice cRNA encoding
o4, either wild-type or mutated (ad*:+L264a4 or S252Fa4),
together with 32 nAChR subunits resulted in the assembly of
functional receptors. At a holding voltage of —70mV, ACh
evoked inward currents in oocytes expressing either wild-type,
heterozygous or homozygous mutated receptors (Fig. 1, insets).
The apparent affinity of the different receptors to ACh was ana-
lyzed by generating concentration—response curves. Data points
obtained for the different ACh concentrations in oocytes injected
with cRNA encoding the wild-type a4 and (32 subunits (1:1),
were fitted by a Hill equation with an ECsg of 5.07 &=2.4 puM,
n="7. Two possible arrangements of receptors with a43[32; and
a4, 323 stoichiometries have been described [1,15]. However,
under our experimental conditions, only the one reported as
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Fig. 1. Sensitivity to ACh. Concentration—response curves to ACh for: wild-type a4p2 and a4:S252Fa4:32 (1:1:2 molar relation) (A); wild-type o432 and
S252Fa4:32 (B); wild-type 0432 and a4:+L264a4:32 (1:1:2 molar relation) (C) nAChRs. Insets: records of ACh-evoked currents in oocytes expressing the different

receptor genotypes.
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the high affinity population of receptors that corresponds to the
a4, 323 stoichiometry [15] was observed.

If a mutation significantly affects the apparent affinity of the
receptor for ACh, different populations of receptors should be
evidenced in the concentration—response curve [15]. Data points
from oocytes injected with cRNA encoding the a4, S252Fa4 and
32 subunits (1:1:2), were best fitted by the sum of three Hill equa-
tions, (Fig. 1a), with ECsqg of: 0.28 £0.03 uM, 2.35£0.19 uM
and 274.9 £ 17.1 uM (n=3-7). Therefore, assuming a a42323
stoichiometry, three different types of receptors could have
assembled: a4:B2, ad:ad*:32 and ad*:32. To associate each
component of the curve with a population of receptors, oocytes
were injected with ad*(S252Fa4), in the absence of wild-
type o4, together with B2, thus simulating homozygosis. The
concentration—response curve was best fitted by one Hill equa-
tion with an ECsp of 243.4 £40.5 uM (n=3) (Fig. 1b). This
EC5q is not significantly different from that obtained for the
third component of the curve, suggesting that it derived from
a nAChR population containing only a4* subunits (Fig. 1b).
The second component of the curve illustrated in Fig. 1a, had
an ECs similar to that of the wild-type a4p2 (5.07 2.4 uM,
n="7), indicating that it corresponds to receptors formed by
wild-type a4 and B2 subunits. Finally, the remaining compo-
nent (ECsp: 0.28 £0.03 uM; n=3-7) could be attributed to
the mutated heterozygous receptor formed by wild-type a4,
S252Fa4 and B2 subunits. For heterozygous a4:+L.264a4:32
receptors, data points were fitted by one Hill equation with an
EC50 of 7.40 & 2.80; n =4 which was not significantly different
from that of the wild-type (Fig. 1c).

Neuronal nicotinic receptors desensitize upon a prolonged or
a repetitive exposure to the agonist [18]. To study this process,
we used two protocols modified from Bertrand et al. [2]. The first
protocol consisted in applying different concentrations of ACh
(0.03-300 M) for 1 min (Fig. 2, right panels). The amplitudes
of the currents measured between the peak and plateau (peak
current) and between the plateau and baseline (plateau current),
are a first estimate of the fraction of receptors that desensitize
in the presence of the agonist. Differences in the desensitization
pattern between the three types of receptors were observed when
plotting these values as a function of the logarithm of the ACh
concentration (Fig. 2, left panels). Peak and plateau currents of
the wild-type a4P2 had similar amplitudes, being only signif-
icantly different at almost saturating ACh concentrations (ACh
300 wM; n=3; p<0.0001). A similar behavior was observed for
the mutated heterozygous a4:+L.26404:32 receptor (n=4). The
04:S252Fa4: B2 receptors, however, presented the same plateau
currents, which were smaller than the peak amplitudes, for all
the ACh concentrations tested (n = 3), indicating a greater degree
of desensitization.

The second protocol consisted of the application of test pulses
of 1 uM ACh, for 5s, at 1 min intervals. These trains lasted
12 min and were performed in the presence of fixed concen-
trations of ACh (0.1-10 uM). Representative records obtained
with the wild-type a432 and the mutated (a4:+L264a4:32 and
04:S252Fa4:32) receptors are illustrated in Fig. 3. To analyze
the dependency of the desensitization process with the ACh
concentration during this prolonged exposure, the amplitude
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Fig. 2. Desensitization in the presence of ACh. Currents evoked by different
concentrations of ACh (0.03-300 uM) for 1 min. Dotted lines indicate where
peak and plateau current amplitudes were measured (Right panels). Plots of
peak and plateau currents as a function of the logarithm of the ACh concentration
(Left panels). Wild-type o432 (a), ad:+L264a4:B2 (b) and a4:S252Fa4:32 (c)
receptors.

of the last peak of the train, normalized to the amplitude of
the control peak, was plotted as a function of the logarithm
of the ACh concentration and was fitted by a Hill equation
(Fig. 3). The ICsg values, corresponding to the concentration
of ACh that caused 50% desensitization during a 12 min expo-
sure, were 0.75 £0.16 pM (n=3), 0.17 £0.02 pM (n=2) and
0.062 £ 0.007 uM (n =2) for the a4B2, the a4:+L.264a4:B2 and
the 04:S252Fa4:B2 receptors, respectively.

The wild-type receptor was desensitized only by ACh con-
centrations that were able to evoke a detectable response. The
IC50 of the a4:+L264a4:32 and that of the a4:S252Fa4:32
were significantly lower compared to that of the wild-type
receptor (p<0.05). Desensitization of the a4:S252Fa4:32
receptor, however, was much more pronounced than that of
the a4:+L.264a4:32 receptor and was observed even at ACh
concentrations that were not able to evoke detectable responses.

In the present work we studied the sensitivity to ACh and the
desensitization pattern of a432 mouse recombinant receptors
bearing two mutations in the a4 subunit that have been linked
to the occurrence of ADNFLE [2,4,6,12,13,19,20].

The magnitude of the changes in the ECsy caused by the
S252F substitution expressed in heterozygosis allowed the iden-
tification of three different populations of receptors in the
concentration—response curve. Although this is consistent with
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Fig. 3. Desensitization upon a prolonged exposure to ACh. Plots of the amplitude of the last peak of the train normalized to the amplitude of the control peak as a
function of the logarithm of the ACh concentration. Concentration—response curves to ACh are plotted for comparison. Top panels: responses to test pulses of 1 uM
ACh for 5s, in the presence (12 min) of low concentrations of ACh (0.1-10 uM). Wild-type a4B2 (a), a4:S252Fa4:B2 (b) and ad:+L.26404:32 (c) nAChRs.

the ad,:323 stoichiometry found in Xenopus oocytes injected
with equimolar amounts of a4 and 32 cRNA [1], we cannot dis-
regard the possibility of the presence of a small population of
ad3:32, receptors [15] which could have been masked if more
than one component had the same sensitivity to ACh.

The gate of the pore is possibly formed by V259 and L255
of the 5 subunits that assemble into a receptor complex [14].
Van der Walls interactions between these residues form two
symmetric rings that stabilize the closed state. The rotation
caused by the binding of ACh in the TM2 domains, separates
the helixes from each other. This opens the pore and brings
TM?2 domains closer to TM1, TM3 and TM4 domains, estab-
lishing alternate hydrophobic interactions [14]. Changes in any
of these hydrophobic residues for hydrophilic ones, destabilizes
Van der Walls interactions favoring the open state, evidenced by
an increase in the apparent affinity for the agonist [17]. The ser-
ine mutated in ADNFLE is just underneath the hydrophobic ring
formed by L255. The replacement of this serine by a phenyala-
nine introduces an aromatic aminoacid that could interact with
this ring. When only one of the two a4 subunits is mutated the
interaction of phenyalanine with the ring could destabilize it,
symmetry would be lost, favoring the open state. When both a4
subunits are mutated, the two aromatic residues interacting with
the ring might not alter its symmetry and might even stabilize
hydrophobic interactions thus favoring the closed state of the
channel. These interactions could account for the shift in the
ECs to the left with the S252F mutation in heterozygosis and
to the right in homozygosis. ECsq values reported for the human
recombinant wild-type a432 nAChR are within the same range
(24 p.M) as that observed in the present work [19]. The decrease
in the apparent affinity observed in the S252Fa4:32 is greater
than that reported for rat and human recombinant receptors
in homozygosis [2,6,12,16,23]. The fact that the homozygous
S252Fa4:32 receptors, represented by the third component of
the curve performed in heterozygosis, have an ECsg similar to
that reported for a4332; receptors [15], reinforces the idea that
receptors with this stoichiometry could also account for this
subpopulation of receptors.

The increase in the apparent affinity of mouse a4:S252F:32
receptors in heterozygosis is higher than that reported for human
mutated receptors bearing the same mutation [9]. This might
arise from the fact that we discriminated three components in the
concentration—response curve, whereas in the mentioned work,
this was not considered, therefore the apparent affinity is an
average resulting from the different possible arrangements of
receptors. Finally, there were no significant changes in the sen-
sitivity of mouse recombinant a4:+L26404:32 receptors to ACh
which contrasts with the increase in sensitivity to ACh reported
for human a4:+L.264a4:B2 receptors [19].

Mutations in TM2 can also alter transitions to desensitized
states. The substitution of serine 252 by phenylalanine increased
desensitization of the receptor in the presence of ACh, even
at concentrations that were not able to evoke responses and
this is similar to that observed for human receptors bearing the
same mutations [2]. This suggests that this residue could be
involved in the passage to a desensitized state. We simulated
heterozygosis by equimolar injections of a4 and a*4 subunits,
therefore, the calculated ICsq of desensitization is a compound
value, influenced by the three types of possible arrangements
of receptors in the membrane. In fact, the ICso value obtained
for mouse a4:S252Fa4:32 nAChR (0.062 uM) was not as low
as that reported for human S252Fa4:32 recombinant receptors
(28 pM) [2]. The discrepancy is most likely due to the fact that
a non-conducting desensitized state is favored when the two
phenylalanines are present in both a4 subunits. Even though
the insertion of a leucine codon also increased the pattern of
desensitization, the magnitude of this effect was much lower
than that observed with the substitution. Recombinant human
+L.264a4:32 receptors, however, did not desensitize more than
wild-type ones [2].

It is intriguing that mutations that lead to the same disease
behave in a different way with respect to ACh sensitivity and
desensitization pattern. However, so far there is not a unifying
theory for what causes ADNFLE and both the underlying muta-
tions and mechanisms could be different. The present results are
in general agreement with those reported for human recombi-
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nant receptors bearing the same mutations, thus contributing to
validate the use of knock-in mice harboring ADNFLE mutations
[11,22] as models for the study of this pathology.
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