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1 Physiological and pharmacological properties of the human neuronal 42 nicotinic AChR and
mutants found in patients suffering from autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE) were studied.

2 Investigations of nicotinic AChRs reconstituted in Xenopus oocytes with the control or mutated o4
subunits revealed that both mutation S248F as well as the Leucine insertion (776ins3) result in major but
different changes in the physiological and pharmacological properties of the receptors.

3 Mutation S248F causes a decrease in apparent affinity to ACh of about 7 fold. In addition, this
receptor already desensitizes during exposure to agonist concentration 3000 times lower than the control.
4 776ins3 provokes a 10 fold increase of apparent ACh affinity, an increase in the ICs, caused by
prolonged ACh exposures and a slowing down of the response decay.

5 At saturating ACh concentration cells expressing the S248F mutant display average currents that are
about five times smaller than control.

6 When measured at very low concentration, agonist sensitivities of the control and mutated receptors
to ACh, nicotine and epibatidine exhibit differences that match those observed for higher agonist
concentrations.

7 Mutation 776ins3 increases the apparent efficacy to cytisine.

8 Data presented herein suggest that mutation S248F mainly affects the desensitization properties of
the receptor while the leucine insertion (776ins3) increases the probability of transition to the active state.
Although these mutations differentially affect the receptor properties they both result in reduced
permeability to calcium and enhanced desensitization sensitivity that might account for the ADNFLE

phenotype.
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Introduction

Brain function mainly depends upon the activity of neuronal
membrane proteins that are activated either by voltage,
ligands or intracellular messengers. These proteins form
aqueous pores through which ions can flow across the
membrane and thereby depolarize or hyperpolarize the cell. A
large number of proteins coding for these channels have been
identified and mutations in the genes coding for some of
these proteins have already been demonstrated to be linked to
neurological diseases (Engel et al., 1996; Shiang et al., 1993;
Sine et al., 1995; Steinlein et al., 1995, 1997). The recent
findings of mutations in the gene coding for the a4 subunit,
which contributes to the major brain neuronal nicotinic
acetylcholine receptor (nicotinic AChR), in autosomal
dominant nocturnal frontal lobe epilepsy (ADNFLE), suggest
that alteration of this ligand-gated channel can induce
profound modifications of brain function (Steinlein e al.,
1995, 1997).

The neuronal nicotinic AChRs are integral membrane
proteins made, in the case of heteromeric receptors, by the
assembly of five subunits in a probable stoichiometry of two
alpha and three beta subunits (Bertrand & Changeux, 1995;
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Lindstrom, 1996). In contrast, homomeric receptors result
from the assembly of five identical subunits (Palma er al.,
1996). Each subunit, which is about 500 amino acids in length,
spans the membrane four times and participates both in the
formation of the ligand-binding site and the channel wall
(Bertrand & Changeux, 1995; Devillers-Thiery et al., 1993).
The two mutations found, so far, in patients suffering from
ADNFLE are both within the second transmembrane domain
and have been shown to modify the receptor physiological
properties (Steinlein ez al., 1997; Weiland et al., 1996). In
ADNFLE seizures oocur almost exclusively at night particu-
larly in stage II of sleep (Hayman et al., 1997; Scheffer et al.,
1995). The cholinergic system is known to have a major effect
on sleep modulation (Stériade & Contreras, 1995) and thus, a
cholinergic defect is not surprizing in this particular form of
human epilepsy.

In this work we investigated the main physiological and
pharmacological properties of the control (CT) and these two
mutated nicotinic AChRs. Examination of the activation and
desensitization properties revealed striking differences between
the two mutants. Analysis of these and other differences on the
basis of an allosteric model suggest that mutation S248F
strongly alters the desensitization properties whereas the
leucine insertion (776ins3) increases the probability of the
channel to be in the open state.
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Methods

¢DNAs and mutagenesis

The neuronal o4 and 2 subunits have been cloned as previously
described into the pSPoD expression vector (Weiland et al.,
1996). The mutations found in ADNFLE patients were
introduced into the z4 cDNA. For this purpose part of the
exon 5 was amplified by PCR from patients DNA using the
following primers: ACCTGACCAAGGCCCACCTG and
GCTCGGGCCAGAAGCGCGG for S248F;, CCTGC-
CCTCCGAGTGTGGC and GCTCGGGCCAGAAGCG-
CGG for 776ins3. The amplified DNA fragments were then
transferred into the a4 CT subunit using Dralll/ Mun] restriction
sites both for the 776ins3 and for the S248F mutation. Plasmids
with the S248F mutant allele were identified by a PCR assay with
one of the primers creating a new Hpall restriction site only in
the wild type allele (Steinlein ez al., 1995). The subclones carrying
the 776ins3 allele were identified by SSCA. The presence of both
mutations was further confirmed by sequencing.

Oocyte preparation and cDNA injection

Oocytes were prepared according to the standard procedure
(Bertrand et al., 1991) and nuclear injected with 10 nl of buffer
containing equal concentrations (0.1 ug ul™") of o and B
subunits cDNAs. Cells were kept at 18°C in BARTH medium
for 2—3 days prior to electrophysiological investigations. To
improve cell survival and minimize possible contamination,
each oocyte was placed in a separate well of an 8x12
microtiter plate (NUNC).

Drugs and solutions

BARTH medium was made as follows (mM): NaCl 88, KCl 1,
NaHCO; 2.4, HEPES 10, MgSO, [7H,0 0.82, Ca(NO3),d4H,0
0.33, CaClL[6H,0 0.41 (pH 7.4 adjusted with NaOH), and
supplemented with antibiotics (kanamycin, 20 pug ml~', peni-
cillin, 100 ug ml~!, and streptomycin, 100 ug ml~"). To prevent
bacterial and fungal contamination this solution was filtered
with a 0.2 uM filter and kept sterile. Control medium contained
(mM): NaCl 82.5, KCI 2.5, HEPES 5, CaCl, 2.5, MgCl, 1
(pH 7.4 adjusted with NaOH). Acetylcholine, (—)-nicotine and
(+)-epibatidine were prepared as stock solutions at 0.1 M and
stored at —20°C. Drugs were dissolved at final concentrations in
control medium immediately before the experiment. All drugs
and chemicals were obtained from either Fluka, Sigma or RBI.

Electrophysiological recording

Recordings were made using the two electrode voltage-clamp
technique. Electrodes pulled from borosilicate glass were filled
with 3 M KCl. A GENECLAMP (Axon Instruments, Forster
City, CA, U.S.A.) was used for the recording and current
injection. Data were captured on-line on a personal computer
(PC) equipped with an analogue to digital converter (AT-
MIO16D from National Instrument). During the experiments
oocytes were continuously superfused with control solution
and drugs were applied using a fast switching solution system
consisting of computer controlled electrovalves (type 3,
General Valve).

Data analysis

Data analysis was carried off-line on a Macintosh computer
(Apple, type 8500/150) using a home-made program. Curves

were adjusted using a least square minimization procedure
(SIMPLEX).

Agonist affinity  Activation curves were adjusted to the
empirical Hill equation:
1

= L (ECw\
T+ (559)
where y=the fraction of activated receptors, ECsy=the

concentration evoking half activation, ny=the apparent
cooperativity, X =agonist concentration.

y (1)

Slow desensitization Inhibition by low agonist concentrations
were adjusted to the empirical Hill equation:

1
Y=
1+ (i)

where y=the fraction of remaining current, ICsy=the
concentration causing half inhibition, n;=the apparent
cooperativity, X =agonist concentration.

2

Agonist sensitivity in the low concentration range Currents
plotted as a function of the agonist concentration on a log-log
scale were fitted with a straight line adjusted by linear
regression.

Desensitization time course Desensitization time constants
were fitted to mono-exponential function in the form:

y:A0~e_(£)+B (3)

where y=ACh-evoked current, Ao=amplitude at time zero,
t=time, 7= time constant, B=plateau level.

Allosteric model Curve fitting with the two state allosteric
scheme was done using the equation derived from the model
proposed by Monod-Wyman-Changeux (Monod et al., 1965)
which defines that at equilibrium:

L
B=D
_ 1
D= Y 4)

14—
1+L- Kp
1 N
t %

where D =fraction of receptors in the desensitized (closed)
state, x=agonist concentration, L =isomerization constant
between B (basal) and D (desensitized), K, and Kz= intrinsic
affinity constants and » = the number of acetylcholine binding
sites. From this relationship it follows that the amount of
activatable receptors in the B state corresponds to 1—-D.

All values indicated throughout the text are given with their
respective standard deviations (s.d.). Whenever possible
significance of the results were assessed using two-sample ¢-
test (computed in EXCEL, Microsoft).

Results
Activation and desensitization of o4f2 nicotinic AChR

To assess the physiological properties of CT and mutant
receptors their respective activation and desensitization
properties were investigated. Oocytes expressing nicotinic
AChRs were first challenged with different acetylcholine
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(ACh) concentrations applied in gradual order and their
dose-response relationships were determined by plotting the
peak current as a function of the logarithm of the agonist
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Figure 1 Mutations in the channel domain induce pleiotropic effects on the receptor properties. (a, d, g) Dose-response curves for
activation and desensitization measured in cells expressing CT, 776ins3 and S248F containing receptor. Bars represented in g
indicate the standard errors obtained for n=9. Peak currents evoked by a 2 s ACh pulse were plotted as a function of the agonist
concentration. Responses evoked by such ACh pulses are shown in (b, e, and h). To minimize the effects of desensitization ACh
pulses were applied at up to 5 min intervals. Apparent ECsy’s and Hill coefficients are respectively of: 2 um and 0.75 for the CT (a),
0.28 uM and 1 for the 776ins3 (d) and 19.8 um and 0.7 for the S248F (g). Continuous lines correspond to values computed with the
Hill equation (1) Desensitization was measured by reporting the current evoked by a short test pulse of ACh (2 s, near the ECs) at
the end (12 min) of a steady application of low agonist. ICsy’s and Hill coeflicients are: 0.1 um and 1.5 for the CT (a), 0.06 um and
1.3 for the 776ins3 (d) and 28 pM and 0.8 for the S248F (g). Curves through the data points were computed with the empirical Hill
equation (2). (c, f and i) Desensitization protocols are illustrated. Cells were held at —100 mV throughout the experiment. Bars
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coefficient (n) of 0.75, 1 and 0.7, respectively. Currents
recorded in response to different ACh concentrations are
superimposed in Figure 1b (control), e (776ins3), and h
(S248F). To investigate desensitization of the nicotinic
AChR, a protocol of prolonged exposure to a low agonist
concentration was designed. Namely, cell responses were
tested at regular intervals by a short pulse of ACh (near the
ECs, 25s) first in control solution and then during a
prolonged application of agonist. While stabilization of
desensitization depended upon the agonist concentration, an
equilibrium was obtained at least within 12 min. Typical
recordings obtained for the CT and the mutant receptors
using this protocol are illustrated in Figure lc, f and i. Plots
of the peak current evoked by the test pulse at the end of the
incubation protocol as a function of the desensitizing agonist
concentration resulted in a sigmoidal inhibition curve as

a
hodp2-CT  hod(776ins3)B2  had(S248F)p2
1.2 mM ACh 1.2 mM ACh 1.2 mM ACh
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Figure 2 Mutations affect the maximal ACh-evoked current. (a)
Typical currents recorded in oocytes expressing (from left to right)
the CT hodfp2 receptor, the had(776ins3)52 or the hod(S248F)p2
receptor combinations are shown. Currents were evoked by a
saturating (1.2 mMm) ACh pulse (3s). Bars indicate the time of
application. (b) Mean current amplitudes recorded in several oocytes
in the same conditions as in (a).

shown for the CT in Figure la (triangles). These data were
fitted with the Hill equation (2) and yielded an apparent
inhibition value (ICs,) and a cooperativity coefficient (7).
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Figure 3 Currents evoked by low concentrations of three different
agonists. (a) Currents recorded in a single oocyte expressing the CT
receptors in response to long exposures (several seconds) to ACh,
nicotine and epibatidine are plotted on a log-log scale as a function
of the agonist concentration. (b and c) Plots of the currents recorded
in the same conditions as in (a) for the 776ins3 or S248F containing
receptors. Straight lines were computed by linear regressions. Values
for the slopes and offsets are presented in Table 2.

Table 1 Pharmacological properties of ha42 AChR and its mutants

ECsy ACh ICsy ACh
¢DNA type (um) ny (um)
ha4p2-CT 34427 0.70+0.05 0.11+0.02

(n=10) (n=4)
had(776ins3)2 0.34+0.2 0.92+0.20 0.03840.016
n=9) n=Y5)

P=0.002 P=0.011
ha4(S248F) 2 19.8+7.0 0.70+0.09 0.000028

n=9) n=2)
P=74x10" P=0.005

ECsg cytisine IMax ACh
Ny (M) Ny (nA)
1.440.15 2.124+1.7 0.7940.14 1762 +439
n=9) (n=15)
1.240.11 0.042+0.02 0.67+0.08 1624 + 569
(n=Y5) (n=22)
P=0.006 P=04
0.8 1.4 0.9 357+276
(n=2) (n=12)
P=0.26 P=4x10""

All measurements were done at a holding potential of —100 mV. Results are presented as mean +s.d., values in () indicate the number of
cells tested in each condition. P values indicate the significance of the differences versus control values computed with the #-test (see

Methods).
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For the CT receptor, desensitization is observed only when
an agonist is applied that evokes a detectable current. Mean
values obtained in several cells, for both activation and
desensitization are summarized in Table 1.

As described previously the activation curve of the 776ins3
mutant displays a shift of about 10 fold toward higher
sensitivity that is accompanied by a small shift of the
desensitization ICso. In contrast, oocytes expressing the
S248F mutant show a marked difference in both activation
and desensitization. While this mutant displays a lower
apparent affinity to ACh of roughly 7 fold, its desensitization
is shifted toward lower ACh concentrations by a factor of 3000

Table 2 Relative sensitivity and cooperativity to three agonists

or more. In addition, the absence of overlap between the
activation and desensitization curves is notable (Figure 1g). In
agreement with previous observations ACh-evoked currents
recorded in this mutant (Figure 1h) show a high degree of
desensitization (Weiland et al., 1996). It is important to note
that given their small response amplitude and extremely high
desensitization oocytes expressing the S248F mutant are much
more difficult to study than those with CT or 776ins3 mutant.
Thus, although complete activation and desensitization
profiles were determined on only two cells single points
obtained from several other measurements have confirmed the
ECs5, and ICs, reported in Table 1.

ALog intercept ALog,, intercept

¢DNA type Epibatidine Acetylcholine Nicotine Epi-ACh Epi-Nico
ny Log, intercept ny Log, intercept ny Log, intercept

hod2-CT 1.21+0.17 —5.1340.32 124027 —3.16+047 1244027 —3.10+0.62
(n=26) (n=6) (n=06) —1.97 —2.03

hod(776ins3)2  1.124+0.13  —5.63+0.4 1.15+0.14 —3.5540.36 1.124+0.22 —3.62+0.64 —2.08 —2.01
(n=06) (n=06) (n=06)

ho4(S248F)p2  1.25+0.78 —3.70+0.8 1.054+0.38 —2.14+0.8 0.71+0.3 —3.124+1.48 —1.60 —0.58
(n=3) (n=6) (n=5)

Slopes and intercepts of lines passing through data points (Figure 3) are presented as mean +s.d., values in () indicate the number of
cells tested in each condition. Correlation coefficients were of 0.988 +0.08 for all 50 linear regression computed.
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Figure 4 Leucine insertion 776ins3 changes the pharmacological profile of the nicotinic AChR. (a) Currents evoked by several
concentrations of cytisine are plotted as a function of the logarithm of the agonist concentration for CT, 776ins3 and S248F. Values
were normalized with respect to the currents evoked by saturating ACh concentration (600 pum). Lines through the data points are
best fitted with the Hill equation (1). Respective ECsy’s and Hill coefficients are: 0.042 um 0.67 for the 776ins3, 2.12 um, 0.79 for the
CT and 1.4 uMm, 0.9 for the S248F. Thin dashed lines indicate theoretical data computed with a two state allosteric model using the
following coefficients: K =0.0555 um, Kg=0.5 um, n=2 and L;=23 for the 776ins3, L; =295 for the CT and L,=472 for the
S248F. Thick dashed line corresponds to the best fit obtained with the allosteric equation without constrain on the K values.
Constants were: L; =13, K5 =0.03 uMm, Kg=0.0006 um. Cells were held at —100 mV throughout the experiment. (b) Typical
currents evoked by a saturating concentration of ACh (600 uM) and cytisine (600 pum) for 1 or 2 s indicated by horizontal bars in the

three constructs are illustrated.
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Maximal ACh-evoked current in a4f2 control and
mutant receptors

In view of the low amplitude of the currents recorded in the
S248F expressing oocytes, a large number of cells were tested
to determine the possible variations in saturating ACh-evoked

a hodp2 - CT

0.3, 3, 50, 600 uM ACh

_|2.5pA V..
5s

b

ho4(776ins3)B2
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currents. Typical currents evoked by a short pulse of saturating
ACh concentration (1.2 mM, 3 s) recorded in the same batch of
oocytes for the CT, 776ins3 and S248F constructs are shown in
Figure 2a. Mean current values obtained for the same
experimental protocol in 15, 22 and 12 cells, for the CT, the
776ins3, and S248F receptors respectively, are illustrated in
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Figure 5 Mutations in the channel domain alter desensitization to ACh. (a) Typical currents recorded in response to four ACh
pulses (15s) in the CT, 776ins3 and S248F containing nicotinic AChRs. Bars indicate the application time. Dashed lines and
squares, indicate the level taken to measure the amplitude of the plateau response for the maximal ACh concentration whereas
dashed lines and circles indicate the corresponding peaks minus plateau values. Cells were held in voltage clamp at —100 mV. (b)
Plots of the peak-plateau and plateau values measured as indicated in (a) as a function of the logarithm of ACh concentration.
Lines through data points were drawn to illustrate the results. (c) Typical currents recorded as in (a) are shown with the curve fitting
of the decay time. Dashed lines below the current traces correspond to a mono-exponential function (equation 3). (d) Time constant
of the decay from peak to plateau are plotted as a function of the logarithm of the ACh concentration.
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Figure 2b and Table 1. Similar results were observed in all the
oocyte batches tested with these constructs.

Agonist pharmacological profile

Relative sensitivity of a given receptor to several agonists is
easily quantified by examining the amplitude of currents
evoked by very low concentrations. Under these conditions,
plot of the logarithm of the current measured at steady state as
a function of the logarithm of the agonist concentration yields
a straight line. The slope of this line corresponds to the Hill
coefficient. Data presented in Figure 3a illustrates the
relationships obtained for ACh (squares), (—)-nicotine
(circles) and (+)-epibatidine (triangles) in an oocyte expressing
CT nicotinic AChR. The horizontal shift observed between
ACh or nicotine and (+)-epibatidine reflects the difference in
apparent affinity of the 42 nicotinic AChR to these three
compounds. While (+)-epibatidine is about 100 fold more
potent than ACh and/or nicotine the apparent Hill coefficient
remains constant. Data obtained for the 776ins3 and S248F
mutants are shown in Figure 3b and c¢. Mean values obtained
with this protocol in several cells are recapitulated in Table 2.

Leucine insertion increases the efficacy of a partial
agonist

It is known that cytisine is a weak agonist of the human 042
nicotinic AChR that can evoke only a fraction of the ACh
responses (Buisson et al., 1996). Since it was shown that
conditions which affect the probability of the transition to the
active (open) state also affect the pharmacological profile of a
given receptor (Krause er al., 1998) we investigated if the
776ins3 mutation induced any detectable changes of the
receptor sensitivity to cytisine. Currents evoked by short
pulses of cytisine were measured in several cells and normal-
ized to the maximal ACh response (Figure 4a). Typical traces
recorded in one of the cells tested for ACh and cytisine are
shown in Figure 4b. In CT receptors cytisine evoked only
about 24.77% +15 (n=9) of ACh currents while 776ins3
receptors exhibited a ratio of 78.2% +9.2 (n=5) and S248F
receptors 15.5% (n=2). Oocytes expressing the S248F mutant
displayed constantly smaller current amplitude when chal-
lenged with cytisine which is confirmed by the mean dose-
response values obtained for two cells over a broad range of
cytisine concentrations. Furthermore, a shift of the apparent
affinity to cytisine from an ECs, of 2.12 uM in CT receptors to
0.042 uM in the 776ins3 receptor was observed. These data
illustrate that the leucine insertion in the channel domain
modifies the cytisine pharmacological profile of the receptor.

Table 3 Decay time constants of ACh-evoked currents

Although a modification of the isomerization L; value can
explain an important part of the effects caused by the leucine
insertion theoretical values plotted in Figure 4 illustrate that
adjustment of the intrinsic affinities K, and Ky are also
necessary to achieve the best fit.

Time course of desensitization

To quantify the modifications of the response desensitization,
analysis of the current decay observed during a 15 s exposure
to various concentrations of ACh were examined. Typical
recordings obtained for four different ACh concentrations in
the CT, 776ins3 and S248F receptors are shown in Figure 5a.
Measures of the plateau (squares) and delta currents (circles)
between peak and plateau, give a first estimation of the
fraction of desensitization occurring during these brief
exposures to agonist. Plots of these values as a function of
the ACh concentrations for the three constructs illustrate the
difference in behaviour between these receptors (Figure 5b).
The CT, which is a low desensitizing receptor, displays a higher
ratio of plateau versus delta (peak-plateau) current while
contrary to this the S248F mutant shows a small plateau but
large delta values. The 776ins3 being an intermediate between
these two extremes. The difference in desensitization time
course was further analysed by measuring the response decay
time constant approximated as a single exponential function
(see Equation 3). Dashed curves plotted in Figure 5c illustrate
the good agreement between the experimental data and these
theoretical values. Plotting of the time constants (t) as a
function of the ACh concentrations reveal that, as expected
from the previous observations, the S248F containing receptor
(circles) presents a decay time course faster than any other
receptor at saturating ACh concentration (Figure 5d, and
Table 3). In contrast, the 776ins3 mutant displays a slower
desensitization rate.

Modeling of the desensitization

A typical model that can be proposed to take into account the
desensitization of nicotinic AChRs, comprises at least three
states which are: the basal resting (B, closed) , the active (A,
open) and the desensitized (D, closed) states (Figure 6a).
Assuming that the nicotinic AChR behaves as an allosteric
protein and that in absence of agonist the fraction of receptors
in the A state is negligible but that the B and D states are at
equilibrium, it follows that the amplitude of the response to an
ACh test pulse can be described by 1-D (Equation 4). Data
presented in Figure 6b, ¢ and d illustrate that experimental
values are adequately described by this equation for the CT,

cDNA type Tau (s)
ACh (uM) 0.03 0.3 20 50 600
hod2-CT n.d. 7.740.8 54+1.2 n.d. 4.4+0.7 4.0+0.6
(n=06) (n=06) (n=06) (n=06)
ho4(776ins3)2 10.8+1.5 8.0+0.8 72+1.0 n.d. n.d. 52+0.9
n=4) (n=4) (n=4) (n=4)
P=0.08
ho4(S248F)f2 n.d. 5.5 4.7+0.8 4.04+0.4 n.d. 3.054+0.56
(n=2) (n=7) (n=3) (n=6)
P=0.02

Results obtained from curve fitting of data shown in Figure 4 are presented as mean+s.d., values in () indicate the number of cells
tested in each condition. n.d. =not determined. P values indicate the significance of differences versus control values computed with the

t-test (see Methods).
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Figure 6 Allosteric modeling of the desensitization. (a) Three state
allosteric model where B corresponds to the basal (closed) state, A to
the active (open) state and D to the desensitized (closed) state. (b, ¢
and d) Modeling of the desensitization for the CT, 776ins3 and
S248F mutants. Continuous lines were computed using a two state
model corresponding to the B and D state (equation 4). Symbols
correspond to mean values of data obtained as in Figure 1. Bars
indicate standard deviations and respective number of cells were b
(n=4), c (n=5) and d (n=2). Values for the allosteric curve fitting
were Kg=0.28 um, Kp=0.01 um, L, =50 for the CT, Kg=0.28 um,
Kp=0.01 um, L,=20 for the 776ins3 whereas Kg=1 um,
Kp=0.00011 um, L,=0.1 for the S248F mutation.

776ins3 and S248F containing «4 subunit. Although curve
fitting of the CT and 776ins3 data can be done by adjustment
of the isomerization coefficient (L), results obtained with the
S248F mutant require important modifications of both the L,
as well as Ky and K coeflicients.

Discussion

The aim of this work was to better characterize the similarities
and differences in the physiological and pharmacological
properties of nicotinic AChRs reconstituted from human CT
and spontaneous mutant subunits found in ADNFLE patients.
For this purpose, neuronal nicotinic AChRs were expressed in
Xenopus oocytes and their properties examined using the dual
voltage-clamp technique.

Activation and desensitization

Dose—response curves determined in oocytes expressing the
o4f2 CT nicotinic AChR displayed an apparent affinity that
matches rather well the apparent affinity found in transfected
HEK-293 cells (Buisson et al., 1996). However, the steepness of
the curve or apparent cooperativity, was lower than in
transfected HEK-293 cells. Since drug application in an oocyte
system, using the whole cell recording, is significantly slower
than in patch-clamp experiments, receptor desensitization may
partly mask the responses and thus reduce the apparent
cooperativity. In agreement with this hypothesis, the apparent
cooperativity determined in the low agonist concentration
range was significantly higher than the value deduced for
higher concentrations. This conclusion was already proposed
in earlier experiments done with oocytes (Covernton et al.,
1994).

Although activation curves may be partly impaired by the
desensitization, it is of value to note that 776ins3 results in an
increase of the apparent affinity whereas mutation S248F
causes a small decrease of the ECs,. These data suggest a
differential effect of the two mutations on the receptor
properties.

Investigation of the receptor desensitization properties,
using a protocol similar to that described previously
(Corringer et al., 1998), revealed striking differences between
the two mutants. Whilst the 776ins3 mutation affects the ICs,
to ACh rather little, desensitization of the S248F mutant
occurs at concentrations roughly 3000 times lower than those
needed to induce comparable effects in the CT nicotinic AChR.
By analogy to other studies, the marked differences in the ICs
and ECs, can be attributed to an increase in the probability of
transition from the basal B to the desensitized D state.

S248F presents lower ACh-evoked currents at saturating
concentration

The lower current amplitudes evoked by saturating ACh
concentrations observed in the S248F versus the CT receptor
can either be attributed to a lower density of proteins on the
cell surface or to a lower current carried by this receptor. In
agreement with this second hypothesis it was recently shown
that single channel recordings of the S248F mutant display a
significantly lower conductance than the CT (Kuryatov et al.,
1997). Taken together these data suggest that mutation
S248F does not impair protein synthesis or expression at the
cell surface but rather the properties of the receptors ionic
pore.
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Agonists pharmacological profile

The o442 nicotinic AChRs have been shown to display a
roughly equal sensitivity to ACh and nicotine but a different
sensitivity to the frog toxin epibatidine. To assess the relative
sensitivity of the CT and mutated receptors to these three
agonists, with a minimum effect of desensitization, responses
to pulses of very low agonist concentrations were measured. A
direct comparison of the sensitivity is given by measuring the
current amplitudes in the same oocyte. From these measure-
ments (see Figure 3) it is clear that ACh and nicotine cannot be
distinguished in any of the three receptor types and display
equivalent apparent affinity and cooperativity. As expected,
however, responses of the same amplitude were evoked by
epibatidine concentrations about a hundred times lower than
ACh. While the 776ins3 receptor displays a higher apparent
affinity for ACh, a comparable horizontal translation between
ACh and epibatidine responses is observed for the CT and
776ins3 mutant suggesting that this mutation affects the
receptor allosteric properties without modifying the ligand
binding site itself. Although results obtained for the S248F
mutant are less clear, no significant differences are observed
between ACh and nicotine and this receptor also shows a
higher apparent affinity for epibatidine. Results obtained for
epibatidine are, however, partly impaired by the extreme
desensitization of the S248F receptor even at the lowest
concentrations.

Leucine insertion modifies the cytisine efficacy

Examination of the response evoked by the partial agonist
cytisine in the CT and 776ins3 mutant unveiled a striking
difference in the current amplitudes with the mutant being
more responsive than the CT. Although at first surprising, this
difference can easily be explained on the basis of allosteric
modeling. Assuming that the leucine insertion in the upper
portion of the channel domain reduces the isomerization
coefficient (L,) between the basal (B, closed) and active (A,
open) state, it follows that compounds that partially stabilize
the A state may become more effective (Galzi et al., 1996). A
similar effect can be observed under the influence of a positive
effector (Krause et al., 1998). In contrast, currents evoked by
cytisine in the S248F containing receptor are slightly reduced.
These data reinforce the hypothesis that modifications
observed for the S248F mutant cannot be attributed to a
reduction of the L, coefficient. As described above, further
interpretation of the allosteric properties of the nicotinic
AChR suggest that the S248F mutation stabilizes the
desensitized (D, closed) state.

Time course of desensitization

Evaluation of the desensitization during different ACh
concentrations confirmed that the S248F containing receptor
displays the fastest kinetic and exhibits the largest difference
between the peak and plateau which confirms that its
equilibrium must be displaced in favour of the desensitized
state. By comparison, the 776ins3 mutant displays a
desensitization rate slower than the CT (see Table 3).

Physiological implications of the nicotinic AChR
mutants

The contribution of neuronal nicotinic AChRs in the brain
function still remains of debate but it is now well established

that they play at least two roles with: (a) the modulation of
other neurotransmitters release (Gray et al., 1996; Léna et al.,
1993; McGehee & Role, 1996a,b and (b) fast synaptic
transmission (Heft ez al., 1997). Therefore, the possibility that
the two mutations have distinct physiological effects needs to
be considered.

Examination of the mechanisms underlying the modulatory
role of nicotinic AChRs implies that calcium entering through
these receptors during their activation is sufficient to increase
the intracellular calcium concentration and thereby the
probability of fusion of synaptic vesicles with the presynaptic
membrane (Gray et al., 1996; Léna et al., 1993). This function
has been clearly documented for the mesolimbic system both at
the synaptosomes as well at the cellular level (Pidoplichko et
al., 1997; Wonnacott et al., 1990, 1996) The modulatory role of
nicotine on the dopamine release has been proposed by several
authors as the key determinant in the addictive process caused
by this natural alkaloid (Clarke, 1993; Nestler, 1992; Piciotto
et al., 1998; Stolerman & Shoiab, 1991; Wonnacott et al., 1996)
Although at first dissimilar, the effects of mutations 776ins3
and S248F may, however, have an ultimate similar effect. The
mutant S248F is mainly characterized by an increase in the
desensitization accompanied with a slight decrease in apparent
affinity that both result in a reduction of calcium influx during
nicotinic AChR activation. A further diminution of the
calcium influx can also be foreseen in the view of the lower
calcium permeability reported for this mutant receptor
(Kuryatov et al., 1997). Similarily, the 776ins3 mutant is also
characterized by a reduction of calcium influx (Steinlein et al.,
1997).

When considering fast transmission across neurons, the key
issue is the amount of current flowing through the receptor
which must be sufficient to depolarize the postsynaptic
membrane. Desensitization of the receptor may again be the
main determinant for this receptor property.

In order to explain the high frequency spike discharges
characteristic of seizures on the basis of impaired nicotinic
AChR function we suggest the following. As the neurotrans-
mitter (ACh) accumulates in the synaptic cleft, excessive
desensitization of receptors containing mutant subunits occurs.
The decrease of function of the nicotinic AChR may influence
other inhibitory regulating pathways such as those mediated
by GABA, receptor (Léna et al., 1993) and could therefore
lead to abnormal high frequency spike discharges. High
frequency discharges of thalamo-cortical volleys, particular to
the frontal lobes, are observed during the sleep and could
explain the linkage between the sleep and the epileptic
syndrome.

We have shown that mutations S248F and 776ins3
profoundly modify, although in a distinct manner, the human
o432 nicotinic AChR. Common features of both mutants are
their restricted calcium permeability and enhanced desensitiza-
tion sensitivity. On the basis of these observations it can
therefore be proposed that both mutants result in a loss of
function of the receptor properties that may be the cause of
epileptic discharges observed during the sleep in this particular
epilepsy syndrome.
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