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Autosomal dominant nocturnal frontal lobe epilepsy

(ADNFLE) patients suffer from brief, partial epileptic

seizures that appear to originate in the frontal lobe and

occur almost exclusively during phase 2 sleep (Scheffer et
al. 1995). Three a4 (Steinlein et al. 1995, 1997; Hirose et al.
1999) and two b2 nicotinic acetylcholine receptor

(nAChR) mutations (DeFusco et al. 2000; Phillips et al.
2001) are currently linked to ADNFLE. All five mutations

lie within (or immediately adjacent to) M2, the putative

pore-forming region of the nAChR subunits (reviewed in

Karlin et al. 1995), and they produce similar clinical

symptoms (Steinlein et al. 1995, 1997; Hirose et al. 1999;

DeFusco et al. 2000; Ito et al. 2000; Phillips et al. 2001).

Previous studies have shown that the ADNFLE mutations

have a range of effects on the a4b2 ACh response

(reviewed in Sutor et al. 2001). However, the similarity of

their clinical symptoms suggests that a common

functional anomaly of the mutations generates ADNFLE

seizures.

Previous studies have reported that several ADNFLE

mutations have common effects on the a4b2 ACh

response. The human a4(S248F), a4(776ins3), a4(S252L)

and b2(V287M) ADNFLE mutations shift the ACh

concentration–response relationship to the left (Bertrand

et al. 2002). Rat orthologues (S252F, +L264) of the humana4(S248F) and a4(776ins3) mutations induce use-

dependent potentiation of the 100 nM ACh response, delay

the rising phase of the 5–30 nM ACh response, and reduce

2.5 mM Ca2+-induced increases in the peak 30 mM ACh

response (Figl et al. 1998). The human a4(S248F) mutation

also displays use-dependent potentiation (Kuryatov et al.
1997) and the human a4(776ins3) mutation reduces

2.5 mM Ca2+ potentiation of the peak 30 mM ACh response

(Steinlein et al. 1997). However, it is unclear whether use-

dependent potentiation, delays in the rising phase of the

5–30 nM ACh response, and reductions in the Ca2

dependence of the ACh response are common features of

all the ADNFLE mutations.

Five ADNFLE mutations reduce the Ca2+ dependence of the
mammalian a4b2 acetylcholine response
Nivalda Rodrigues-Pinguet*†, Li Jia‡, Maureen Li*, Antonio Figl*, Alwin Klaassen§, Anthony Truong*,
Henry A. Lester† and Bruce N. Cohen†

*Division of Biomedical Sciences, ‡Computer Science Department, University of California, Riverside, CA 92521-0121, §Psychiatry and
Biobehavioral Sciences, University of California, Los Angeles, CA 90095-1759, and †Division of Biology, California Institute of Technology, Pasadena,
CA 91125, USA

Five nicotinic acetylcholine receptor (nAChR) mutations are currently linked to autosomal

dominant nocturnal frontal lobe epilepsy (ADNFLE). The similarity of their clinical symptoms

suggests that a common functional anomaly of the mutations underlies ADNFLE seizures. To

identify this anomaly, we constructed rat orthologues (S252F, +L264, S256L, V262L, V262M) of the

human ADNFLE mutations, expressed them in Xenopus oocytes with the appropriate wild-type

(WT) subunit (a4 or b2), and studied the Ca2+ dependence of their ACh responses. All the

mutations significantly reduced 2 mM Ca2+-induced increases in the 30 mM ACh response

(P < 0.05). Consistent with a dominant mode of inheritance, this reduction persisted in oocytes

injected with a 1:1 mixture of mutant and WT cRNA. BAPTA injections showed that the reduction

was not due to a decrease in the secondary activation of Ca2+-activated Cl_ currents. The S256L

mutation also abolished 2 mM Ba2+ potentiation of the ACh response. The S256L, V262L and

V262M mutations had complex effects on the ACh concentration–response relationship but all

three mutations shifted the concentration–response relationship to the left at [ACh] ≥ 30 mM. Co-

expression of the V262M mutation with a mutation (E180Q) that abolished Ca2+ potentiation

resulted in 2 mM Ca2+ block, rather than potentiation, of the 30 mM ACh response, suggesting that

the ADNFLE mutations reduce Ca2+ potentiation by enhancing Ca2+ block of the a4b2 nAChR. Ca2+

modulation may prevent presynaptic a4b2 nAChRs from overstimulating glutamate release at

central excitatory synapses during bouts of synchronous, repetitive activity. Reducing the Ca2+

dependence of the ACh response could trigger seizures by increasing a4b2-mediated glutamate

release during such bouts.
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We constructed rat orthologues (S256L, V262L, V262M)

of the human a4(S252L), b2(V287L) and b2(V287M)

mutations (Fig. 1A and B) and co-expressed them in

Xenopus oocytes with the appropriate wild-type (WT)

subunit to determine whether use-dependent

potentiation, delays in the rising phase of the 5–30 nM ACh

response and reductions in Ca2+ potentiation were

common features of the ADNFLE mutations. The rat

(Goldman et al. 1987; Deneris et al. 1988) and human

(Anand et al. 1990; Monteggia et al. 1995) a4 and b2

amino acid sequences share 89 % and 95 % identity,

respectively. Their greatest divergence occurs in the

intracellular cytoplasmic loop between the M3 and M4

transmembrane domains (Anand et al. 1990; Monteggia et
al. 1995). Their b2 M2 sequences are identical (Fig. 1B).

The a4 M2 sequences differ by a single conservative amino

acid substitution (I êå V) at position 1‚ (Fig. 1A).

Our results show that the S256L mutation does not induce

use-dependent potentiation or delay the rising phase of the

10 nM ACh response. Thus, these effects are not common

features of the ADNFLE mutations. In contrast, all five

ADNFLE mutations reduce 2 mM Ca2+-induced increases

in the peak 30 mM ACh response and this reduction is

consistent with a dominant mode of inheritance. During

bouts of synchronous repetitive activity, reducing the Ca2+

dependence of presynaptic a4b2 nAChRs could induce

seizures by increasing the relative amount of a4b2-

mediated glutamate release at central excitatory synapses.

METHODS
Oocyte expression
Stage V–VI Xenopus oocytes were surgically isolated following
previously published protocols (Quick et al. 1994a). All surgeries
were in done in compliance with the methods approved by the
Institutional Animal Care and Use Committee (IACUC) at the
California Institute of Technology. Ovarian lobes were removed
from female Xenopus laevis anaesthetized by immersion in 0.2 %
tricaine methanesulphonate (pH 7.4; Sigma, St Louis, MO, USA)
for 45–60 min. Xenopus were humanely killed after the final
oocyte extraction. The oocyte follicular layer was removed using
Type A collagenase (1–2 h in a 2 mg ml_1 collagenase solution;
Boehringer Mannheim, Indianapolis, IN, USA). To increase
receptor expression, the a4-1(Goldman et al. 1987) and b2 inserts
(Deneris et al. 1988) were subcloned into a vector containing a 5‚
untranslated region from the alfalfa mosaic virus that enhanced
protein translation, and a long 3‚ poly A tail (Figl et al. 1998). We
used the Stratagene QuikChange kit (La Jolla, CA, USA) to
construct the a4 and b2 mutations, and verified them by DNA
sequencing. Capped cRNA was synthesized in vitro using the
mMessage mMachine RNA transcription kit (Ambion, Austin,
TX, USA). After a 24 h incubation in a modified Barth’s solution
containing (mM): NaCl 96, Hepes 5, sodium pyruvate 2.5, KCl 2,
CaCl2 1.8 and MgCl2 1 with 2.5 mg ml_1 gentamicin (Sigma) and
5 % horse serum (pH 7.4, Irvine Scientific, Santa Ana, CA, USA),
the isolated oocytes were injected with rat a4 and b2 cRNA, or
mouse thyrotrophin-releasing hormone receptor (TRHr) cRNA.
The injected oocytes were incubated for ≥ 24 h in the modified
Barth’s solution at 15 °C before electrophysiological recordings or
[3H]epibatidine binding measurements were attempted.

Electrophysiological recordings
We voltage clamped the oocytes with two, 3 MV KCl-filled
microelectodes (1.5–4 MV resistance) at _50 mV using a
GeneClamp voltage clamp (Axon Instruments, Union City, CA,
USA). During the voltage-clamp recordings, the oocytes were
continually superfused with a nominally Ca2+-free saline solution
(ND98) containing (mM): NaCl 98, MgCl2 1 and Hepes 5 (pH 7.4)
at 20–23 °C, unless otherwise stated. We added 2 mM CaCl2 to the
ND98 to measure the Ca2+ dependence of the a4b2 ACh response
and 2 mM BaCl2 to measure its Ba2+ dependence. We used a
concentration of 2 mM Ca2+ rather than the previously used
2.5 mM (Steinlein et al. 1997; Figl et al. 1998) because the
extracellular Ca2+ concentration in the mammalian brain is
1.5–2 mM (reviewed in Egelman et al. 1999). ACh was applied to
the oocytes using a U-tube microperfusion system (Cohen et al.
1995). The time constant for solution exchange was ~0.5 s. The
voltage-clamp currents were digitized with a personal computer
equipped with a DigiData 1200 A/D interface and pCLAMP
V.6.03 software (Axon Instruments). To avoid aliasing, the
voltage-clamp currents were filtered at one-quarter to one-third
of the sampling frequency with an 8-pole, low-pass Bessel filter.
Unless otherwise stated, we used Student’s unpaired t tests to
determine whether two independent groups of measurements
were significantly different, and the Student-Newman-Keuls test
(SigmaStat V.1, Jandel Scientific) for multi-group comparisons.
All the normalized ACh concentration–response data were fitted
initially to the Hill equation. If the Hill coefficient from this initial
fit was < 0.8, then the data were refitted to the sum of two
hyperbolic binding functions (equivalent to the sum of two Hill
equations with both Hill coefficients fixed to unity). If the Hill
coefficient was 0.8–1.0, then the data were refitted to a single
hyperbolic binding function.

N. Rodrigues-Pinguet and others12 J Physiol 550.1

Figure 1. Locations of the autosomal dominant nocturnal
frontal lobe epilepsy (ADNFLE) mutations
The block diagram above A indicates the nicotinic subunit
domains. A, the aligned amino acid sequences of the rat and
human wild-type (WT), and the rat S252F, S256L and +L264 M2
domains. The rat and human WT a4 M2 sequences differ by a
single amino acid at position 1. B, alignment of the rat and human
WT, and rat V262L and V262M b2 M2 domains, as in A. The rat
and human WT b2 M2 sequences are identical. The mutated
residues are shown in bold. The primed numbers above the
sequences indicate the position of the residue relative to the amino
(N)-terminus (position 1‚) of M2 (Charnet et al. 1990).
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BAPTA injections
The oocytes were injected with 50 nl of a BAPTA solution
containing (mM): BAPTA 100, NaOH 85, KOH 2.5 and Hepes 10
(pH 7.4), 5 min before the recordings began, to prevent activation
of the endogenous Ca2+-activated Cl_ current by the TRHr ora4b2 nAChR (Haghighi et al. 2000). The BAPTA injections
produced a final intracellular BAPTA concentration of ~5 mM.
Control oocytes were injected with 50 nl of sterile water.

[3H]Epibatidine binding to immunoisolated receptors
We purchased [3H]epibatidine (specific activity of 30–50 Ci
mmol_1) from Amersham Life Science, Inc. (Arlington Heights,
IL, USA). The WT and S256L [3H]epibatidine concentration–
binding relationships were measured as in Shafaee et al. (1999),
except that the a4b2 nAChRs were incubated for 12 h in
[3H]epibatidine in the current experiments. Oocytes expressinga4b2 nAChRs were solubilized in a lysis buffer containing (mM):
NaCl 50, sodium phosphate buffer 50, EGTA 5 and EDTA 5 with
2 % Triton X-100 and the Complete protease inhibitor (1 tablet
per 40 ml of lysis buffer, Boehringer Mannheim; Gerzanich et al.
1995). The solubilized receptors were immunoprecipitated onto
EIA/RIA strip plates (Costar Corning Corp., Cambridge, MA,
USA) coated with the anti-a4 antibody mAb 299 (Research
Biochemicals, Natick, MA, USA). The wells were coated with
antibody the previous day by adding 0.5 mg of mAb 299 to 100 ml
of a 10 mM sodium bicarbonate solution (pH 8.8) for an overnight
incubation at 4 °C. We blocked the antibody-coated wells with
bovine serum albumin (3 %) in 200 ml of a PBS–Tween buffer
containing (mM): NaCl 10 and sodium phosphate 100 with 0.05 %
Tween 20 (pH 7.5) for 2 h at 4 °C. The blocked wells were rinsed
three times with the PBS–Tween buffer. Aliquot parts of the
solubilized receptor in lysis buffer (100 ml) were added to each
well and incubated overnight at 4 °C. On the following day, the
wells were rinsed three times with the PBS–Tween buffer and the
appropriate [3H]epibatidine concentration was added to each well
in PBS–Tween buffer for 12 h at 20–23 °C. This incubation time
was ≥ 20 times longer than the [3H]epibatidine dissociation time
constant for rat a4b2 receptors expressed in oocytes (Shafaee et al.
1999). To avoid radioligand depletion, we adjusted the amount of
receptor in the wells to keep the bound [3H]epibatidine to within
10 % or less of the total [3H]epibatidine added. Incubation
volumes of 4 ml were used for [3H]epibatidine concentrations of
0.001–0.3 nM. Volumes of 200 ml were used for [3H]epibatidine
concentrations > 0.3 nM. The free [3H]epibatidine concentration
was corrected for radioligand depletion. Non-specific binding was
measured by adding 1 mM cold (_)nicotine to the wells. Non-
specific binding was negligible (near background radiation levels)
except for 30 nM [3H]epibatidine. Each measurement was
repeated three times. We added 2–3 ml of liquid scintillation
cocktail (Research Products International Corp., Mount
Prospect, IL, USA) to each sample and measured the amount of
[3H]epibatidine bound using a scintillation counter. To obtain the
equilibrium dissociation constant (Kd) for [3H]epibatidine
binding and the maximum bound [3H]epibatidine (Bmax), we
fitted the [3H]epibatidine concentration–binding data to a
hyperbolic binding function using the non-linear least squares
regression routine in SigmaPlot V. 4 (SPSS, Chicago, IL, USA).

[3H]Epibatidine binding to intact oocytes
We used nearly saturating [3H]epibatidine (10 nM) and
unlabelled ACh concentrations (1 mM) to measure WT and S256L
surface receptor expression in intact oocytes. Half of the oocytes
were used to measure total [3H]epibatidine binding and half of
them were used to measure non-specific binding. To measure

total [3H]epibatidine binding, we incubated individual oocytes in
200 ml of ND98 (see above) containing 10 nM [3H]epibatidine
for 2 min at 20–23 °C. This incubation time minimized
[3H]epibatidine uptake by the oocytes but was sufficient for 10 nM

[3H]epibatidine binding to the receptors to approach equilibrium
(Shafaee et al. 1999). To measure non-specific binding, we
incubated individual oocytes in 200 ml of ND98 containing 10 nM

[3H]epibatidine and 1 mM ACh for 2 min. ACh is a hydrophilic
quaternary amine that cannot readily cross the cell membrane
and, thus, selectively blocks [3H]epibatidine binding to surface
nAChRs. After the incubations, each group of oocytes was rinsed
three times in 10 ml ND98 and solubilized individually overnight
in 200 ml concentrated nitric acid. We added 2 ml scintillation
fluid to each sample and measured the amount of [3H]epibatidine
bound using a scintillation counter.

RESULTS
S256L does not induce use-dependent potentiation
or delay the rising phase of the ACh response
Previous experiments have shown that the rat S252F and

+L264 mutations induce use-dependent potentiation of

the 100 nM ACh response and prolong the rise time of the

5–30 nM ACh response (Figl et al. 1998). To determine

whether the S256L mutation had similar effects on the

nAChRs with ADNFLE mutationsJ Physiol 550.1 13

Figure 2. The S256L mutation does not induce use-
dependent potentiation of the 100 nM ACh response or
delay the rising phase of the 10 nM ACh response
A, traces showing the inward currents evoked by applying ten,
150 ms pulses of 100 nM ACh spaced 5 s apart to an oocyte
expressing S256L receptors. B, normalized WT and S256L 10 nM

ACh responses on an expanded time scale. A portion of the WT
response between the double vertical lines was omitted to align the
beginning and end of the WT and S256L responses. The bars above
the traces indicate the timing of the ACh application.
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Figure 3. S256L, V262L and V262M reduce the Ca2+ dependence of the 30 mM ACh response
The traces show the WT (A), S256L (B), V262L (C) and V262M (D) 10 nM and 30 mM ACh responses in 0 and
2 mM added extracellular Ca2+ (n = 3–16 oocytes). Adding 2 mM Ca2+ to the saline solution increased the
peak WT 10 nM and 30 mM ACh response by similar factors. It also increased the peak WT (A), S256L (B),
V262L (C) and V262M (D) 10 nM ACh responses by similar factors. In contrast, adding 2 mM Ca2+ to the
saline solution increased the peak S256L (B), V262L (C) and V262M (D) 30 mM ACh responses two- to 3-fold
less than the WT response (A). The rise times of the ACh responses are somewhat slower than those in Fig. 2
because the rate of solution exchange was slower. The 10 nM and 30 mM ACh data in A–D were obtained from
different oocytes. To avoid saturating the voltage clamp, we recorded the 30 mM ACh responses 1–2 days after
cRNA injection and the 10 nM ACh responses 4–5 days after injection. E and F, the V262L (E) and V262M (F)
30 mM ACh responses are shown on an expanded time scale to facilitate comparison with the WT (A) and
S256L (B) 30 mM ACh responses. Fits to the sum of two exponentials and a constant term (between the
dashed lines) are superimposed on the responses. The mean ± S.E.M. fast (tf) and slow (ts) time constants,
amplitudes of the fast (If) and slow (Is) exponential components, and amplitude of the steady-state
component (Iss) for the V262L responses were 3.00 ± 0.04 s, 21.0 ± 0.1 s, 71 ± 1 nA 304 ± 1 nA, and
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ACh response, we used the same protocol and perfusion

system (U-tube) for these experiments (Fig. 2B) that we

used previously for the S252F and +L264 experiments

(Figl et al. 1998). In contrast to the S252F and +L264

mutations (Figl et al. 1998), the S256L mutation failed to

exhibit use-dependent potentiation during a series of ten

150 ms applications of 100 nM ACh spaced 5 s apart

(Fig. 2A). These experiments were replicated three times.

Likewise, the S256L mutation failed to delay the rising

phase of the 10 nM ACh response (Fig. 2B). On the

contrary, the S256L mutation accelerated the rising phase

of the 10 nM ACh response, presumably because it

increased the rate of ACh-induced desensitization

(Bertrand et al. 2002; Matsushima et al. 2002). These

experiments were replicated seven times. The

superposition of the normalized WT and S256L responses

after the ACh application ceased (Fig. 2B) shows that the

difference between the rising phases of the WT and S256L

responses was not the result of a difference in the rate of

solution exchange. We did not carry out similar

experiments on the V262L or V262M receptors because we

were only interested in common effects of the five reported

ADNFLE mutations.

S256L, V262L and V262M reduce Ca2+ modulation of
the 30 mM ACh response
Similar to the S252F and +L264 mutations (Figl et al.
1998), the S256L mutation also reduced Ca2+-induced

increases in the peak 30 mM ACh response compared with

WT (Fig. 3A and B). The effects of the S256L mutation on

Ca2+ modulation of the ACh response depended on the

agonist concentration (Fig. 3A and B). Removing 2 mM

Ca2+ from the saline solution had little effect on the peak

30 mM ACh response of the S256L mutation but it had WT-

like effects on the peak 10 nM ACh response of the

mutation (Fig. 3A and B). The V262L and V262M

mutations had similar effects on Ca2+ modulation of the

ACh response (Fig. 3C–F). Thus, all three mutations

dramatically reduced 2 mM Ca2+-induced increases in the

30 mM ACh response but they had little effect on 2 mM

Ca2+-induced increases in the 10 nM ACh response.

S256L, V262L and V262M enhance steady-state
desensitization
To compare desensitization of the WT and mutant

receptors, we fitted the desensitizing phase of the WT,

S256L, V262L and V262M 30 mM ACh responses to the

sum of two exponentials and a constant term (Table 1,

Fig. 3E and F). Table 1 gives the fast (tf) and slow (ts)

desensitization time constants, the fractional amplitudes

of fast (Af) and slow (As) desensitization components, and

the fractional amplitude of the steady-state response (Ass)

for the mutant and WT receptors. A two-way analysis of

variance (using receptor type and Ca2+ concentration as

factors) showed that the S256L, V262L and V262M

mutations significantly (P < 0.05) increased steady-state

desensitization of the 30 mM ACh response (i.e. reduced

the Ass). The mutant Ass values were 51–72 % lower than

the WT value in 0 mM Ca2+ and 62–97 % lower than the

WT value in 2 mM Ca2+ (Table 1). However, S256L, V262L

and V262M did not uniformly affect the other

desensitization parameters (tf, ts, Af and As). S256L

significantly affected the tf for desensitization (P < 0.05)

but V262L and V262M did not. S256L reduced the tf by

74 % in 0 mM Ca2+ and 72 % in 2 mM Ca2+, compared to

the WT. S256L and V262L significantly reduced the ts for

desensitization (P < 0.05) but V262M did not. The S256Lts was 88 % lower than the WT value in 0 mM Ca2+ and

87 % lower in 2 mM Ca2+. The V262L ts was 44 % lower

than the WT value in 0 mM Ca2+ but it was not significantly

nAChRs with ADNFLE mutationsJ Physiol 550.1 15

30 ± 1 nA in 0 mM Ca2+, and 1.00 ± 0.01 s, 16 ± 1 s, 231 ± 1 nA, 360 ± 1 nA and 63 ± 1 nA in 2 mM Ca2+. The
corresponding V262M values were 18 ± 2 s, 50 ± 20 s, 190 ± 60 nA, 210 ± 40 nA and 40 ± 20 nA in 0 mM

Ca2+, and 4.0 ± 0.01 s, 30 ± 1 s, 249 ± 5 nA, 332 ± 2 nA and 6 ± 6 nA in 2 mM Ca2+. The bars above the traces
indicate the timing of the ACh applications.
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different from the WT value in 2 mM Ca2+. S256L increased

the Af by ~2-fold in 0 mM Ca2+ but had no significant effect

in 2 mM Ca2+. In contrast, V262L increased the Af by

~2-fold in 2 mM Ca2+ but had no significant effect in 0 mM

Ca2+. None of the mutations significantly affected the As.

Adding 2 mM Ca2+ to the saline solution also had divergent

effects on desensitization. A two-way analysis of variance

showed that adding 2 mM Ca2+ to the saline solution had a

significant overall effect on the tf, Af, As and Ass (P < 0.05).

Ca2+ significantly increased the WT, V262L and V262M Af

values by 2- to 3-fold but did not significantly affect the

S256L Af. However, post hoc comparisons between the tf,

As and Ass in 0 and 2 mM Ca2+ failed to show any significant

differences. Finally, Ca2+ did not significantly affect the ts.

Thus, the only uniform effect of the mutations on

desensitization of the 30 mM ACh response was an increase

in steady-state desensitization.

Not all the mutations affect Ca2+ modulation in an
ACh-dependent manner
To determine whether all five ADNFLE mutations

reduced 2 mM Ca2+ modulation in an ACh concentration-

dependent manner, we measured the ratio (ICa2+/I0)

between the peak ACh response in 2 and 0 mM added Ca2+

for the WT, S252F, +L264, S256L, V262L and V262M

receptors at three ACh concentrations (10 nM, 50 nM,

30 mM) (Fig. 4). All five mutations significantly reduced

the ICa2+/I0 ratio of the 30 mM ACh response (P < 0.05). The

WT ICa2+/I0 ratio at 30 mM ACh was 4.9 ± 0.4 (n = 16). (This

value was greater than the previously reported ICa2+/I0 ratio

of 2.9 ± 0.4 between 0 and 2.5 mM Ca2+ (Figl et al. 1998),

probably because the ACh responses in the nominally

Ca2+-free saline solution in the previous experiments were

potentiated by residual Ca2+ in the water.) The mutant

ICa2+/I0 ratios at 30 mM ACh ranged from 1.4 ± 0.1 (n = 4) to

2.5 ± 0.1 (n = 5). They were 50–72 % lower than the WT

value but were not significantly different from each other.

The S252F and +L264 mutations significantly reduced the

ICa2+/I0 ratio at 10 nM and 50 nM ACh (P < 0.05). In

contrast, the S256L, V262L and V262M mutations did not,

although the S256L and V262M ICa2+/I0 ratios at 50 nM ACh

were smaller than the corresponding WT value (Fig. 4).

Thus, all five ADNFLE mutations reduced 2 mM Ca2+-

induced increases in the peak 30 mM ACh response but

only the S252F and +L264 mutations significantly reduced

2 mM Ca2+-induced increases in the 10 and 30 nM ACh

responses.

Ba2+ blocks the S256L mutation
Ba2+ also acts as a positive allosteric modulator of neuronal

nAChRs (Mulle et al. 1992). However, it is far less effective

than Ca2+ at activating Cl_ currents in Xenopus oocytes

(Miledi et al. 1984). To determine whether the S256L

mutation affected Ba2+ modulation of the a4b2 ACh

response, we measured the WT and S256L 30 mM ACh

response in zero and 2 mM extracellular Ba2+. Adding

2 mM Ba2+ to the saline solution increased the peak

amplitude of the WT 30 mM ACh response by a factor of

1.20 ± 0.06 (Fig. 5A). In contrast, it reduced that of the

S256L receptor by 16 ± 3 % (n = 7; Fig. 5A and B). The

ratio between the peak WT 30 mM ACh response in 2 mM

and 0 mM Ba2+ (1.20 ± 0.06, n = 5) was significantly

greater (P < 0.01) than that of the S256L receptor

(0.84 ± 0.03, n = 7). Thus, the S256L mutation not only

eliminated the 2 mM Ba2+-induced increase in the peak

30 mM ACh response but also resulted in Ba2+ block of  the

receptor. Ba2+ is not a physiological cation. Thus, we did

not carry out similar experiments with the other ADNFLE

mutations.

Ca2+-induced increases in the ACh response are not
an artifact of Cl_ currents
Ca2+ influx through the WT and mutant a4b2 nAChRs

could potentially activate endogenous Ca2+-activated Cl_

N. Rodrigues-Pinguet and others16 J Physiol 550.1

Figure 5. Ba2+ (2 mM) blocks the S256L 30 mM ACh
response
WT (A) and S256L (B) responses to 30 mM ACh in 0 and 2 mM Ba2+.
Bars above the traces show the timing of the ACh applications.

Figure 4. All the rat ADNFLE orthologues significantly
reduce the Ca2+ dependence of the 30 mM ACh response
The bars denote the ratio (ICa2+/I0) of the peak 10 nM, 50 nM and
30 mM ACh response in 2 mM added Ca2+ to that in 0 mM added
Ca2+. The error bars are ±S.E.M. (n = 3–16 oocytes). The asterisks
denote a significant difference from the corresponding WT values
(P < 0.05). To normalize the ICa2+/I0 distribution, we ranked the
ratios and took the square roots of the ranks. Post hoc comparisons
were carried out on the square root of the ranks using the Student-
Newman-Keuls test.
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currents in Xenopus oocytes. Therefore, we used BAPTA

injections (Kavanaugh et al. 1991; Wadiche et al. 1995;

Haghighi et al. 2000) to determine whether the secondary

activation of Ca2+-activated Cl_ currents made a significant

contribution to the 2 mM Ca2+-induced increases in the

WT and mutant receptor ACh responses. Mouse TRHrs

expressed in oocytes activate Cl_ currents by triggering

intracellular Ca2+ release (Quick et al. 1994b). To test the

effectiveness of the BAPTA injections, we expressed mouse

TRHrs in oocytes and examined the effects of BAPTA

injections on the TRH response. After verifying that

BAPTA injections completely blocked the TRH response

(Fig. 6A and B), we examined their effects on 2 mM Ca2+-

induced increases in the WT and V262M ACh responses

(Fig. 7A–D). BAPTA injections reduced 2 mM Ca2+-

induced increases in the WT response by a small, but

insignificant, amount (Fig. 7A and B). The ICa2+/I0 ratio of

the WT 30 mM ACh response was 5.0 ± 0.7 (n = 4) for the

water-injected controls (Fig. 7A) and 3.8 ± 0.3 for the

BAPTA-injected oocytes (n = 5; Fig. 7B). The BAPTA

nAChRs with ADNFLE mutationsJ Physiol 550.1 17

Figure 6. BAPTA injections completely eliminate the
response of the TRHr to 100 nM TRH
A, the application of 100 nM TRH evoked a peak inward
current of 12.2 ± 2.5 mA (mean + S.E.M., n = 3 oocytes) in
water-injected oocytes (see Methods). B, BAPTA-injected
oocytes did not respond to 100 nM TRH (n = 6 oocytes). The
bars above the traces indicate the timing of the TRH
application.

Figure 7. BAPTA injections do not
significantly affect 2 mM Ca2+-induced
increases in the peak WT and V262M 30 mM

ACh response
The traces denote the WT (A and B) and V262M
30 mM ACh responses (C and D) in 0 and 2 mM

added extracellular Ca2+. The oocytes were injected
with 50 nl of water (A and C) or 5 mM BAPTA (B
and D) before the recordings. The bars above the
traces indicate the timing of the ACh application.
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injections also failed to significantly affect Ca2+-induced

increases in the V262M ACh response (Fig. 7C and D). The

ICa2+/I0 ratio of the V262M 30 mM ACh response was

1.3 ± 0.1 (n = 4) for the water-injected controls (Fig. 7C)

and 1.1 ± 0.1 (n = 5) for the BAPTA-injected oocytes

(Fig. 7D). Thus, the secondary activation of Ca2+-activated

Cl_ currents by a4b2-mediated Ca2+ influx did not

contribute significantly to 2 mM Ca2+-induced increases in

the WT and V262M 30 mM ACh responses.

The mutant effects on Ca2+ modulation are
consistent with dominant inheritance
ADNFLE segregates in an autosomal dominant fashion

(reviewed in Hirose et al. 2000). To determine whether the

ADNFLE mutations reduced the Ca2+ dependence of thea4b2 ACh response in a dominant fashion, we measured

the 2 mM Ca2+-induced increases in the peak WT, S256L,

V262M and mock heterozygous receptor 1 mM ACh

responses. We did not test the V262L, S252F and +L264

mutants. We used 1 mM ACh in these experiments to

ensure maximum receptor activation. Since the a4:b2

subunit stoichiometry is expected to be 2:3 in central

nicotinic receptors, we examined heterozygous conditions

using an ADNFLE mutation present in the a4 subunit and

one present in the b2 subunit. To mimic the homozygous

condition, the oocytes were injected with S256L a4 and

WT b2 cRNA in a 2:3 a4:b2 ratio, or with WT a4 and

V262M b2 cRNA in the same a4:b2 ratio. To mimic the

heterozygous condition, oocytes were injected with WTa4, S256L a4, and WT b2 cRNA in a 1:1:3 a4:a4:b2 ratio

or, with WT a4, WT b2 and V262M b2 cRNA in a 2:1.5:1.5a4:b2:b2 ratio. The ICa2+/I0 ratio of the WT 1 mM ACh

response (3.2 + 0.3, n = 6; Fig. 8A) was within the range of

the ICa2+/I0 ratios for the 10 nM, 50 nM and 30 mM ACh WT

responses (from 3.6 ± 0.4 to 4.9 ± 0.4). The S256L and

V262M mutations reduced the ICa2+/I0 ratio by comparable

amounts in the heterozygous and homozygous conditions

(Fig. 8B–E). The heterozygous S256L ICa2+/I0 ratio

(1.5 ± 0.5, n = 4; Fig. 8B) was not significantly different

N. Rodrigues-Pinguet and others18 J Physiol 550.1

Figure 8. Heterozygous expression of the S256L and V262M mutations reduces the Ca2+

dependence of the 1 mM ACh response by nearly the same amount as homozygous
expression
WT (A), heterozygous S256L (WT/S256L, B), homozygous S256L (C), heterozygous V262M (WT/V262M,
D), and homozygous V262M (E) responses to 1 mM ACh in 0 and 2 mM added extracellular Ca2+. The bar
above the traces shows the timing of the ACh application. The small rebound currents at the end of the ACh
applications suggest that, at a concentration of 1 mM, ACh has a slight open-channel blocking effect on the
WT and mutant channels.
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from the homozygous ratio (1.0 ± 0.03, n = 3; Fig. 8C).

Similarly, the heterozygous V262M ICa2+/I0 ratio (1.9 ± 0.2,

n = 4; Fig. 8D) was not significantly different from the

V262M homozygous ratio (1.8 ± 0.2, n = 3; Fig. 8E). Thus,

the S256L and V262M mutations reduced the Ca2+

dependence of the ACh response in a manner consistent

with dominant inheritance.

S256L, V262L and V262M mutations increase ACh
sensitivity at [ACh] ≥ 30 mM

To determine whether the S256L, V262L or V262M

mutations affected ACh sensitivity, we measured the WT

and mutant ACh concentration–response relationships at

_50 mV (Fig. 9). Consistent with previous studies

(Covernton et al. 2000; Buisson & Bertrand, 2001), the

WT, S256L and V262L ACh concentration–response data

were best fitted by the sum of two hyperbolic binding

functions. In contrast, the V262M data were adequately

fitted by a single hyperbolic binding function. Visual

inspection of the data in Fig. 9G shows that all three

mutations appear to shift the concentration–response

relationship to the left at ACh concentrations ≥ 30 mM.

The high-affinity EC50, low-affinity EC50 and percentage of

nAChRs with ADNFLE mutationsJ Physiol 550.1 19

Figure 9. The WT, S256L, V262L and V262M ACh
concentration–response relationships 
WT (A), S256L (B) , V262M (C) and V262L (D) responses to
0.03–1000 mM ACh (0 mM added Ca2+). E, normalized WT and S256L
ACh concentration–response relationships. F, same for V262L and
V262M. The lines are fits to one, or the sum of two, hyperbolic binding
function(s). G, normalized WT, S256L, V262L, and V262M ACh
concentration–response relationships plotted together. The symbols and
error bars (obscured in some cases) are the mean fractional ACh
responses (normalized to the fitted maximum response for each oocyte)
± S.E.M. for 3–8 oocytes. See Results for the values of the fitted
parameters.
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high-affinity receptors for the WT ACh concentration–

response relationship were 1.5 ± 0.2 mM, 300 ± 130 mM

and 67 ± 3 % (means ± S.E., degrees of freedom (d.f.) = 6),

respectively (Fig. 9E and G). These values were similar to

those (1.6 ± 0.2 mM, 62 ± 8.3 mM, 62 ± 3 %) reported for

the human WT a4b2 ACh concentration–response

relationship at _100 mV (Bertrand et al. 2002). The V262L

mutation significantly reduced the high- and low-affinity

EC50 values (0.42 ± 0.16 mM, 25 ± 20 mM, d.f. = 4) but it

did not significantly affect the percentage of high-affinity

receptors (59 ± 9 %; Fig. 9F and G). The S256L mutation

did not significantly affect the high-affinity EC50, low-

affinity EC50, or percentage of high-affinity receptors

(1.2 ± 0.2 mM, 80 ± 30 mM and 59 ± 4 %, d.f. = 4; Fig. 9E
and G). The EC50 of the V262M concentration–response

relationship (1.8 ± 0.1 mM, d.f. = 7) was not significantly

different from the high-affinity WT or S256L EC50 values.

However, the V262M concentration–response relationship

lacked a noticeable low-affinity component (Fig. 9F and

G). Thus, the S256L, V262L and V262M mutations had

divergent effects on the ACh concentration–response

relationship but all three mutations appeared to increase

the fractional response to non-saturating ACh

concentrations ≥ 30 mM. Previous results (Fig. 4D in Figl et
al. 1998) have shown that the S252F and +L264 mutations

also shift the ACh concentration–response relationship to

the left at ACh concentrations ≥ 10 mM ACh, although

these mutations only marginally affect the EC50.

S256L has little effect on [3 H]epibatidine affinity or
surface receptor expression
To determine whether the S256L mutation affected the Kd

or Bmax of [3H]epibatidine binding, we injected oocytes

with equal amounts of receptor cRNA, immunoisolated

the expressed WT or S256L receptors with mAb 299 and

measured their [3H]epibatidine concentration–binding

relationships (see Methods). Consistent with previous

results for the S252F and +L264 mutations (Figl et al.
1998), the S256L mutation did not have a major effect on

the [3H]epibatidine affinity of desensitized a4b2 nAChRs.

The normalized WT and S256L [3H]epibatidine

concentration–binding relationships were nearly

superposed (Fig. 10A). The WT and S256L Kd values were

17 ± 2 pM and 11 ± 1 pM (d.f. = 7), respectively. The WT

Kd was somewhat smaller than the value (30 ± 6 pM)

previously measured for high-affinity rat WT a4b2

receptors expressed in Xenopus oocytes (Shafaee et al.
1999). The S256L Bmax (581 ± 12 c.p.m., d.f. = 7) was larger

than the WT value (296 ± 5 c.p.m., d.f. = 7), suggesting that

the S256L mutation increased total receptor expression

~2-fold. However, the S256L mutation did not significantly

affect surface receptor expression (Fig. 10B). The median

[3H]epibatidine bound to surface WT receptors in intact

oocytes was 3.4 fmol(oocyte)_1 (2.7 and 5.8 fmol (oocyte)_1

for 25th and 75th percentiles, respectively) and that

bound to surface S256L receptors was 3.1 fmol (oocyte)_1

(2.4 and 3.5 fmol (oocyte)_1 for 25th and 75th percentiles,

respectively). Because changes in surface expression or

[3H]epibatidine affinity were not common features of the

ADNFLE mutations, we did not perform similar

experiments with the V262M and V262L mutations. 

V262M enhances Ca2+ block of the a4b2 nAChR
Previous experiments show that a mutation (E172Q) in

the N-terminal domain of a7 nAChRs completely

N. Rodrigues-Pinguet and others20 J Physiol 550.1

Figure 10. The S256L mutation has little effect on the
[3H]epibatidine affinity of a4b2 nAChRs or their surface
expression
A, normalized WT and S256L [3H]epibatidine
concentration–binding relationships. The symbols and error bars
(obscured in some cases) are the mean fractional binding
(normalized to the fitted Bmax) ± S.E.M. (n = 3 replicates). The
smooth lines are fits to a simple hyperbolic binding function. See
Results for the values of the fitted parameters. B, box plot showing
the total and background [3H]epibatidine bound to intact oocytes
expressing WT or S256L receptors. The total [3H]epibatidine
bound to the WT and S256L nAChRs was significantly greater than
background binding (P < 0.05, Kruskal-Wallis one-way analysis of
variance on ranks). The lines inside the boxes are medians
(n = 9–11 oocytes per group). The box boundaries closest to the
median are the 25th percentiles. Those farthest away are the 75th
percentiles. The error bars below and above the box indicate the
10th and 90th percentiles, respectively.
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eliminates Ca2+ potentiation of the ACh response (Galzi et
al. 1996) and that 10–20 mM Ca2+ blocks the human a4b2

ACh response (Buisson et al. 1996). To determine whether

the ADNFLE mutations reduced the Ca2+ dependence of

the a4b2 ACh response by enhancing Ca2+ block, we made

an a4 mutation (E180Q) orthologous to E172Q, co-

expressed it with the WT b2 subunit or the V262M

mutation, and measured the effects of 2 mM Ca2+ on the

peak 30 mM ACh responses of the single E180Q and double

E180Q/V262M mutations. Consistent with the effects of

the orthologous a7 mutation (Galzi et al. 1996), co-

expression of the E180Q mutation with the WT b2 subunit

completely eliminated 2 mM Ca2+-induced increases in the

30 mM ACh response (Fig. 11A). The ICa2+/I0 of the E180Q

30 mM ACh response was 0.85 ± 0.05 (n = 7). Moreover,

co-expression of E180Q and V262M resulted in Ca2+ block,

rather than potentiation, of the 30 mM ACh response

(Fig. 11B). The ICa2+/I0 of the E180Q/V262M 30 mM ACh

response was 0.60 ± 0.01 (mean ± S.E.M., n = 4 oocytes).

This value was significantly less than the corresponding

E180Q ICa2+/I0 ratio (P < 0.01). Thus, adding 2 mM Ca2+ to

the saline solution reduced the peak E180Q/V262M 30 mM

ACh response by 40 %. However, neither the E180Q

mutation itself, nor the combination of the E180Q and

V262M mutations, affected the ACh concentration–

response relationship significantly (Fig. 11C–E). The

E180Q and E180Q/V262M ACh concentration–response

data were best fitted by the sum of two hyperbolic binding

functions. The high-affinity EC50, low-affinity EC50 and

percentage of high-affinity receptors for the E180Q ACh

nAChRs with ADNFLE mutationsJ Physiol 550.1 21

Figure 11. Ca2+ (2 mM) blocks the E180Q/V262M 30 mM ACh response
A and B, the E180Q response (A) and the E180Q/V262M response (B) to 30 mM ACh in the presence and
absence of 2 mM added Ca2+. The oocytes were injected with 5 mM BAPTA prior to recording. C and D, the
E180Q (C) and E180Q/V262M (D) responses to 0.1–1000 mM ACh. The bar above the traces in A–D indicates
the timing of the ACh application. E, normalized WT, E180Q and E180Q/V262M ACh concentration–
response relationships. The lines are fits to the sum of two hyperbolic binding functions using non-linear
least-squares regression. The symbols and error bars (obscured in some cases) are the mean fractional ACh
responses (normalized to the fitted maximum response for each oocyte) ± S.E.M. for 3–4 oocytes. See Results
for the values of the fitted parameters.
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concentration–response relationship were 1.6 ± 0.2 mM,

128 ± 20 mM and 60 ± 2 % (mean ± S.E., d.f. = 6), respect-

ively. The corresponding values for the E180Q/V262M

double mutation were 1.1 ± 0.2 mM, 260 ± 65 mM and

57 ± 4 %. Thus, the V262M mutation reduced the Ca2+

dependence of the a4b2 ACh response by enhancing Ca2+

block of the receptor. The effects of Ca2+ on combinations

of the E180Q and other ADNFLE mutations (S252F,

+L264, S256L, V262M) were not tested.

DISCUSSION
The five currently reported ADNFLE mutations have at

least one common effect on the a4b2 ACh response. They

all reduce 2 mM Ca2+-induced increases in the peak 30 mM

ACh response. The mutant ratios between the 30 mM ACh

response in 2 and 0 mM Ca2+ are 50–72 % less than the WT

value. Consistent with these results, previous experiments

show that the human a4(776ins3) mutation also reduces

the ratio between the peak 30 mM ACh response in 2.5 and

0 mM Ca2+ by a similar amount (Steinlein et al. 1997). The

effects of the ADNFLE mutations on the Ca2+ dependence

of the a4b2 ACh response are consistent with a dominant

mode of inheritance and they appear to be mediated by an

enhancement of Ca2+ block of the receptor. Similar to

+L264 and S256L mutations (Figl et al. 1998), the S256L

mutation has little effect on the [3H]epibatidine affinity of

desensitized receptors. Moreover, the S256L mutation

does not affect surface receptor expression.

A reduction in a4b2 Ca2+ permeability cannot explain the

effects of the ADNFLE mutations on Ca2+-induced

increases in the ACh response. First, not all the ADNFLE

mutations reduce Ca2+ permeability. The humana4(S248F) mutation reduces a4b2 Ca2+ permeability

(Kuryatov et al. 1997) but the a4(776ins3) does not

(Bertrand et al. 2002). Second, BAPTA injections show

that Ca2+-activated Cl_ currents do not make a significant

contribution to 2 mM Ca2+-induced increases in the WT

ACh response. Thus, even a total loss of a4b2 Ca2+

permeability cannot explain the effects of the ADNFLE

mutations on 2 mM Ca2+-induced increases in the 30 mM

ACh response.

A gain of function generates ADNFLE seizures
The absence of seizures in a4 (Marubio et al. 1999) and b2

knock-out mice (Picciotto et al. 1998), and the ability of

carbamazepine (an a4b2 antagonist) to block ADNFLE

seizures (Picard et al. 1999), suggests that a gain of a4b2

function underlies ADNFLE seizures. Postsynaptic Ca2+-

permeable glutamate channels at central excitatory

synapses appear to act as Ca2+ sinks that deplete Ca2+ from

the limited extracellular space surrounding the synapse

during bouts of synchronous repetitive firing (Vassilev et
al. 1997; Rusakov et al. 2003). Under these circumstances,

the reduced Ca2+ sensitivity of the ADNFLE mutations

could produce a net gain of a4b2 function. The resulting

increase in a4b2-stimulated glutamate release could

generate seizures.

The effects of the a4(S248F) mutation on ACh sensitivity

(at constant Ca2+ concentrations) are still not settled.

Bertrand et al. (2002) report that the human a4(S248F),a4(776ins3), a4(S252L) and b2(V287M) ADNFLE

mutations increase ACh sensitivity. However, Weiland et
al. (1996) and Bertrand et al. (2002) report only a slight

leftward shift in the a4(S248F) ACh concentration–

response relationship relative to the WT, and Kuryatov et
al. (1997) report a shift in the opposite direction. Also, our

results and those of a previous study (Matsushima et al.
2002) show that the rat S256L mutation shifts the ACh

concentration–response relationship only marginally to

the left. Despite such differences, our results and those of

Figl et al. (1998) show that all five rat ADNFLE orthologues

produce a leftward shift in the ACh concentration–response

relationship at ACh concentrations ≥ 30 mM.

It is unclear whether a gain of function based solely on an

increase in ACh sensitivity could account for the ADNFLE

seizures. If central cholinergic nerve terminals release

nearly saturating ACh concentrations (as other types of

central synapses apparently do (reviewed in Clements,

1996)), then increasing the ACh sensitivity ofa4b2 nAChRs may only slightly increase the amplitude of

nicotinic synaptic potentials. Another problem is thata4(S248F)-mediated reductions in the maximum ACh

response and single-channel conductance (Kuryatov et al.
1997; Bertrand et al. 1998; Figl et al. 1998) could negate any

gain in the synaptic potential amplitude produced by

greater ACh sensitivity. Interestingly, a knock-in mouse

with an a4 mutation that increases ACh sensitivity reduces

the threshold for nicotine-induced seizures (Fonck et al.
2003), but it is unclear whether this mouse exhibits

spontaneous seizures.

The ADNFLE mutations have a number of other

pharmacological and biophysical effects on a4b2 nAChRs

not shared by all the mutations. For example, some

mutations induce use-dependent potentiation of the

100 nM ACh response, delay the rising phase of the

5–30 nM ACh response (Figl et al. 1998), increase the

apparent rate of ACh-induced desensitization (Weiland et
al. 1996; Kuryatov et al. 1997; Figl et al. 1998; Bertrand et
al. 2002; Matsushima et al. 2002), reduce the maximum

ACh response (Kuryatov et al. 1997; Figl et al. 1998),

increase choline sensitivity (Bertrand et al. 2002), reduce

Ca2+ permeability (Kuryatov et al. 1997), reduce the single-

channel conductance (Kuryatov et al. 1997; Figl et al.
1998), and alter the voltage-jump relaxation time

constants (Figl et al. 1998). Also, the a4(S248F),a4(776ins3) and a4(S252L) mutations reduce the half-

maximal inhibitory concentration (IC50) of ACh-induced

desensitization (Bertrand et al. 1998, 2002). However,

similar effects have not been reported for the other

N. Rodrigues-Pinguet and others22 J Physiol 550.1
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ADNFLE mutations, and ACh-induced desensitization is

probably too slow to affect nicotinic synaptic transmission

under normal physiological conditions (Edmonds et al.
1995).

Ca2+ both potentiates and blocks neuronal AChRs
Extracellular Ca2+ has a dual effect on neuronal nAChRs.

At concentrations of 1–8 mM, it potentiates the ACh

response (Mulle et al. 1992; Vernino et al. 1992; Galzi et al.
1996), but at concentrations of 10–20 mM, it blocks the

human a4b2 ACh response (Buisson et al. 1996).

Consistent with previous results for a7 nAChRs (Galzi et
al. 1996), our results show that a single mutation in the a4

N-terminal domain (E180Q) abolishes 2 mM Ca2+-

induced increases in the a4b2 ACh response. Thus, the

residues that mediate Ca2+-induced increases in the a4b2

ACh response apparently lie in the N-terminal domain.

Because the residues that mediate the positive allosteric

effects of Ca2+ and the presently known ADNFLE

mutations are in different a4b2 domains, the ADNFLE

mutations probably do not reduce Ca2+-induced increases

in the ACh response by sterically hindering Ca2+ binding to

its potentiation site.

Alternatively, the ADNFLE mutations could reduce Ca2+-

induced increases in the a4b2 ACh response by enhancing

Ca2+ block of the receptor. The effects of the

E180Q/V262M mutation on Ca2+ modulation of the a4b2

ACh response and the effects of the S256L mutation on

Ba2+ modulation support this alternative. Also, a couple of

ADNFLE mutations (S248F, S256L) are located at

positions that mediate the open-channel block of muscle

nAChRs by QX-222 (Leonard et al. 1988; Charnet et al.
1990). Ca2+ could block a4b2 nAChRs by binding to a site

in the channel pore (channel block) or at some other site.

The ACh concentration dependence of the S256L-,

V262L- and V262M-mediated reductions in Ca2+

potentiation and the locations of the ADNFLE mutations

in and around M2 suggest that the mutations enhance

channel block by Ca2+.

Open-channel block is a form of uncompetitive

inhibition. Uncompetitive antagonists produce little

inhibition near the foot of the agonist concentration–

response relationship, but as the agonist concentration

increases, they inhibit the agonist response more

effectively. Thus, uncompetitive (open-channel) Ca2+

block could explain the ability of the S256L, V262L and

V262M mutations to significantly reduce Ca2+ dependence

at high ACh concentrations (30 mM), but not at the foot

(10 nM, 50 nM) of the ACh concentration–response

relationship. In contrast to the S256L, V262L, and V262M

mutations, the S252F and +L264 mutations reduce Ca2+

dependence equally well at high (30 mM) and low (10 nM,

50 nM) ACh concentrations. Thus, Ca2+ may be able to

reach its pore-blocking site in these mutations equally well

in both the closed and open states. Molecular modelling

also suggests that the human a4(S248F) mutation should

enhance Ca2+ channel block of the a4b2 nAChR (Ortells et
al. 2002).

The apparent voltage independence of the S252F- and

+L264-mediated reductions in Ca2+ dependence (Figl et al.
1998) and Ca2+ block of the WT human a4b2 receptors

(Buisson et al. 1996) suggests that the a4b2 divalent cation

binding site lies near the extracellular boundary of the

membrane electric field. A glutamate residue (aE262)

located near the putative extracellular end of M2 (position

20‚ in Fig. 1) mediates the block of muscle nAChRs by

extracellular Mg2+ (Imoto et al. 1988). Thus, the aligninga4 glutamate (Fig. 1A) could participate in an a4b2

divalent cation blocking site. All five presently reported

ADNFLE mutations reduce side-chain polarity. Such a

reduction could draw the M2 helices closer together and

constrict the channel pore. Bringing the negatively

charged glutamates at position 20 in a4 closer together

could enhance their affinity for divalent cations (Ortells et
al. 2002).

If Ca2+ blocks open S256L, V262L and V262M channels,

does one expect smaller synaptic potentials? Yes, if block

proceeds quickly enough. At 0 mV, the bimolecular

binding forward rate constant for open-channel blockers

to muscle nAChRs is 0.5–5.0 (w 107) M
_1 s_1 (Sanchez et al.

1986). Assuming a similar rate constant for Ca2+ binding to

its a4b2 blocking site, open-channel block by Ca2+ would

be established within < 0.1 ms and therefore could reduce

synaptic currents. If central cholinergic nerve terminals

release nearly saturating neurotransmitter concentrations

(as GABAergic and glutamatergic terminals do (reviewed

by Clements, 1996)), then the effects of the ADNFLE

mutations on Ca2+ modulation at 30 mM ACh are the ones

most relevant to synaptic transmission.

How could a change in Ca+ modulation lead to
nocturnal frontal lobe seizures?
How might a reduction in the Ca2+ dependence of thea4b2 ACh response lead to nocturnal frontal lobe

seizures? Similar to other nocturnal epileptiform

discharges (Nobili et al. 1999a,b; Beelke et al. 2000; Ferrillo

et al. 2000; Kostopoulos, 2000; Nobili et al. 2000, 2001a,b),

thalamocortical oscillations during phase 2 sleep termed

sleep spindles (Steriade et al. 1993) could trigger ADNFLE

seizures. Presynaptic nAChRs facilitate both excitatory

and inhibitory transmitter release in the cortex (reviewed

in Wonnacott, 1997). Ca2+ modulation may act as a

negative feedback mechanism to prevent presynaptica4b2 nAChRs at central excitatory synapses from over-

stimulating glutamate release during repetitive synaptic

firing (Amador et al. 1995). If the synchronous, repetitive

firing associated with sleep spindles selectively depletes

Ca2+ from the extracellular space around excitatory

synapses (Vassilev et al. 1997; Rusakov et al. 2003), then

presynaptic a4b2 nAChRs should enhance inhibitory

nAChRs with ADNFLE mutationsJ Physiol 550.1 23
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transmitter release more than excitatory transmitter

release during sleep spindles. The resulting enhancement

of a4b2-mediated lateral inhibition over a4b2-mediated

lateral excitation may prevent spindle firing from

spreading laterally through the cortex and initiating a

partial epileptic seizure in normal individuals. However,

because the ADNFLE mutations reduce the Ca2+

dependence of a4b2 nAChRs, the difference betweena4b2-mediated excitatory and inhibitory transmitter

release during sleep spindles may be less pronounced in

ADNFLE patients than in normal individuals. The

resulting enhancement of a4b2-mediated excitatory

transmitter release could allow sleep spindles to spread

beyond their normal focus in ADNFLE patients and

trigger an epileptic seizure. This hypothesis suggests that

carbamazepine inhibits ADNFLE seizures by preventing

presynaptic a4b2 nAChRs from enhancing either excitatory

or inhibitory neurotransmitter release. However, only a

minority of ADNFLE patients have been mapped and

there may be additional ADNFLE mutations outside the

M2 domain that could have functional characteristics

distinct from those described here.
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