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Rats Harboring S284L Chrna4 Mutation Show Attenuation of
Synaptic and Extrasynaptic GABAergic Transmission and
Exhibit the Nocturnal Frontal Lobe Epilepsy Phenotype
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Mutations of genes encoding �4, �2, or �2 subunits (CHRNA4, CHRNB2, or CHRNA2, respectively) of nAChR [neuronal nicotinic ACh (acetyl-
choline) receptor] cause nocturnal frontal lobe epilepsy (NFLE) in human. NFLE-related seizures are seen exclusively during sleep and are
characterized by three distinct seizure phenotypes: “paroxysmal arousals,” “paroxysmal dystonia,” and “episodic wandering.” We generated
transgenic rat strains that harbor a missense mutation S284L, which had been identified in CHRNA4 in NFLE. The transgenic rats were free of
biological abnormalities, such as dysmorphology in the CNS, and behavioral abnormalities. The mRNA level of the transgene (mutant Chrna4)
was similar to the wild type, and no distorted expression was detected in the brain. However, the transgenic rats showed epileptic seizure
phenotypes during slow-wave sleep (SWS) similar to those in NFLE exhibiting three characteristic seizure phenotypes and thus fulfilled the
diagnostic criteria of human NFLE. The therapeutic response of these rats to conventional antiepileptic drugs also resembled that of NFLE
patients with the S284L mutation. The rats exhibited two major abnormalities in neurotransmission: (1) attenuation of synaptic and extrasyn-
aptic GABAergic transmission and (2) abnormal glutamate release during SWS. The currently available genetically engineered animal models of
epilepsy are limited to mice; thus, our transgenic rats offer another dimension to the epilepsy research field.
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Introduction
In the past decade, genetic abnormalities of genes encoding ion
channels expressed in the brain have been identified as the un-

derlying causes of some 20 idiopathic epilepsy syndromes. Dys-
functions of ion channels reconstituted with mutations in vitro
have been demonstrated in certain types of idiopathic epilepsy
syndrome. Nonetheless, the mechanisms that link channel ab-
normalities and the epilepsy phenotypes are poorly understood.
Animal models bearing mutations in genes encoding ion chan-
nels identified in human epilepsy and exhibiting the same epi-
lepsy phenotype could be used to develop new treatments for
epilepsy caused by channel abnormalities.

Nocturnal frontal lobe epilepsy (NFLE) (Steinlein et al., 1995,
1997, 2000; Hirose et al., 1999; De Fusco et al., 2000; Phillips et al.,
2001; Bertrand et al., 2005) is one such idiopathic epilepsy syn-
drome with mutations of genes encoding ion channels. Muta-
tions were identified in genes encoding �4, �2, and �2 subunits
of nicotinic acetylcholine (ACh) receptors (nAChRs), CHRNA4,
CHRNB2, and CHRNA2, respectively. The nAChR is a ligand-
gated ion channel known to function as a pentamer consisting of
three � and two �subunits. The �4 and �2 subunits are major
constituents of the nAChR in the brain.
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Two forms of NFLE have been described, autosomal domi-
nant (ADNFLE) and sporadic (Phillips et al., 2000), although the
clinical phenotype of NFLE is uniform, apart from minor differ-
ences. The seizures of NFLE are seen exclusively during sleep
and characterized by three distinct seizure phenotypes, i.e.,
“paroxysmal arousals,” “paroxysmal dystonia,” and “episodic
wandering.”

In ADNFLE, three missense [S280F (Steinlein et al., 1995),
S284L (Hirose et al., 1999), and T293I (Leniger et al., 2003)] and
one insertional (insL) (Steinlein et al., 1997) mutation of
CHRNA4 (amino acid numbering of CHRNA4 mutations used
here is based on deduced amino acid sequence of human �4
subunit and accordingly differs from the original articles that
were based on Torpedo sequence and nomenclature system), as
well as three missense mutations [V287L (De Fusco et al., 2000),
V287M (Phillips et al., 2001), and I312M (Bertrand et al., 2005)]
of CHRNB2 were found. Recently, a heterozygous missense
I1287N of CHRNA2 was described in a pedigree in which the
phenotype of affected individuals was comparable with ADNFLE
(Aridon et al., 2006). In particular, S284L was also identified in
the sporadic form NFLE (Phillips et al., 2000). All ADNFLE/
NFLE mutations were heterozygous and within the nAChR gat-
ing regulator or pore region (Wonnacott, 1997; Combi et al.,
2004; Bertrand et al., 2005), and dysfunctions of the correspond-
ing channel have been demonstrated in vitro.

To explore whether rats bearing mutations identified in hu-
man epilepsy exhibit seizure phenotypes similar to those in hu-
man, we generated transgenic (TG) rats that bear transgenes with
a rat Chrna4 missense S284L mutation, corresponding to a mu-
tation identified in both ADNFLE and NFLE (Hirose et al., 1999;
Ito et al., 2000; Phillips et al., 2000; Combi et al., 2004). The two
strains demonstrated seizure phenotypes resembling those of hu-
man ADNFLE/NFLE, and, using one of the strains named
“S284L-TG,” we report here the underlying neurobiological ab-
normalities in these rats.

Materials and Methods
All animal experiments reported in this study were performed in accor-
dance with the Guidelines for Animal Experimentation, Hirosaki
University.

Generation of S284L transgenic rats
The rat cDNA of Chrna4 was cloned from a rat fetal brain cDNA panel
(Clontech) by PCR. The cDNA was subcloned with pCRII–TOPO vector
(Invitrogen). Mutation S286L, corresponding to human S284L, was in-
troduced in the rat cDNA in the same vector using the QuickChange
site-direct mutagenesis kit (Stratagene). The nucleotide exchanges were
c.856T�C and c.857C�T, which replace a Ser at 286 amino acid with a
Leu according to the sequence of the rat Chrna4 (GenBank accession
number L31620). For generation of S284L-TG, the rat cDNA was excised
from the vector with EcoRI and transferred into pCI–neo vector (Pro-
mega). The cDNA was excised from the pCI–neo vector with XhoI and
NotI and transferred to a vector equipped with PDGF-� promoter con-
structed based on pCI–neo vector (a kind gift from Dr. Takashima,
RIKEN, Wako, Japan). The PDGF-� promoter upstream of the multiple
cloning site is a mammalian expression promoter that drives ectopic
expression of transgenes mainly in the cortex and hippocampus, whereas
the expression and distribution in transgenic animals are subject to
change depending on the genetic location of transgenes (Kuteeva et al.,
2004). The 4.0 kb fragment containing the PDGF-� promoter and S286L
rat Chrna4 cDNA and a 3� untranslated sequence were prepared with
SnaBI and NaeI and used as the transgene to generate S284L-TG on a
Sprague Dawley background. Microinjection of the transgene and gen-
eration of S284L-TG was conducted at Japan SLC using standard proce-
dures. Genomic DNA was prepared from tails of the animals by a stan-

dard method and direct sequencing with the primer pair
TCTCCTGTCTCACCGTGCTG and CGTGTGTGTGCGTGGCGAGC.

Morphological studies
In these studies, 8-week-old and 2-year-old rats were killed by decapita-
tion. The brains were harvested and then immersed in 4% paraformal-
dehyde with 0.1 M phosphate buffer, pH 7.4, for 24 h. The 4-�m-thick
paraffin-embedded sections were stained with cresyl violet and also im-
munostained by the avidin– biotin–peroxidase complex (ABC) method
using the Vectastain kit (Vector Laboratories), with anti-ssDNA (A4506;
1:100; DakoCytomation) as the primary antibody. The reaction was vi-
sualized with 0.02% 3,3�-diaminobenzidine tetrahydrochloride (DAB)
and 0.005% H2O2 in 0.05 M Tris-HCl buffer, pH 7.6, for 10 min. Subse-
quently, the sections were counterstained with hematoxylin. For immu-
nohistochemistry of �4 and �2 subunits of nAChR, 8-week-old rats were
anesthetized with sodium pentobarbital (20 mg/kg body weight, i.p.) and
perfused transcardially with 0.1 M phosphate buffer, followed by a mix-
ture of 2% paraformaldehyde and 0.3% glutaraldehyde in 0.1 M phos-
phate buffer. The brains were quickly removed, immersed in the same
fixative for 3 h at 4°C, and stored overnight in 7.5% sucrose containing
0.1 M phosphate buffer. Vibratome sections (50 �m thick) were cut from
the frontal cortex/striatum, hippocampus/thalamus, and occipital cor-
tex/mesencephalon, immersed in 1% H2O2 for 15 min, blocked with 5%
normal serum for 30 min, and then incubated with anti-nAChR �4 an-
tibody prepared in guinea pig (AB5590; 1:500; Millipore Bioscience Re-
search Reagents), rat (mAb299; 1:500; Sigma-Aldrich), or rabbit
(BP2144; 1:100; Acris Antibodies) or with anti-nAChR �2 antibody pre-
pared in rat (mAb290; 1:500; Sigma-Aldrich) or rabbit (BP2147; 1:100;
Acris Antibodies) for 24 h at 4°C, followed by incubation with a biotin-
ylated secondary antibody (1:200; Vector Laboratories) for 1 h and ABC
(1:200; Vector Laboratories) for 1 h. The reaction was developed with
DAB (0.1 mg/ml) containing 0.0015% H2O2. For quantitative analysis,
immunopositive cells were defined as those exhibiting somal staining. In
each non-TG and S284L-TG, we counted the numbers of immunoposi-
tive cells in layers II/III or layer V of the frontal cortex and expressed the
results as cell numbers per unit area (1 mm 2). The immunolabeled sec-
tions were postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer
for 1 h at 4°C, embedded in epoxy resin, cut, and then stained with uranyl
acetate and lead citrate.

Both wild-type and S284L Chrna4 mRNAs were investigated by using
digoxigenin-labeled probes. The data presented here were obtained with
antisense RNA probe synthesized to correspond to nucleotide residues
534 –1008 of Sprague Dawley rat Chrna4 cDNA (GenBank accession
number L31620) (Le Novere et al., 1996). The procedures for probe
labeling were similar to those reported previously (Hase et al., 2005;
Zucker et al., 2005). The transgene expression (rat S284L Chrna4 mRNA)
was investigated by using 33P-labeled oligonucleotide probes. The data
presented here were obtained with an antisense oligonucleotide probe
(5�-AAGAAGCAGCACCGAGATGCACAG) synthesized to correspond
to nucleotide residues c.856T�C and c.857C�T of Sprague Dawley rat
Chrna4 cDNA (GenBank accession number L31620) (Le Novere et al.,
1996). The procedures for probe labeling were similar to those reported
previously (Mori et al., 2005).

Behavior
Locomotor activity. Locomotor activity was measured by NS-AS01 (Neu-
roscience Idea), which consists of an infrared ray sensor placed over the
cage (34 � 33 � 17 cm), a signal amplification circuit, and a control unit.
Rat movements were detected based on released infrared rays associated
with body temperature. Each rat was removed from its home cage and
placed individually in the observation cage. Locomotor activities of the
rat kept in separate cages were measured simultaneously. Counts of lo-
comotor activity were recorded in 5 min intervals over 60 h with a
computer-linked analysis system (MDC; Neuroscience Idea) (Hirano et
al., 2005). Rats were maintained under a 12 h light/dark cycle with lights
on at 8:00 A.M. in a temperature- and humidity-controlled room. Food
and water were provided ad libitum.

Rotarod performance for motor coordination. The rotarod performance
was modified for non-TG and S284L-TG as described previously
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(Mishima et al., 2004). Both littermates were
placed on the rotating rod (7 cm diameter; Neu-
roscience Inc.) with a nonskid surface, and the
latency to fall was measured for up to 2 min.
The rotating speed was 5 rpm.

Hot-plate test for nociceptive sensory function.
This test was performed using a hot-plate appa-
ratus (DS-37; Ugo Basile), maintained at 55 �
0.1°C. Responses were measured as the latency
to first hindpaw licking. The latency was deter-
mined individually as the mean of three trials
(Harasawa et al., 2003).

Traction meter for muscle tone. The traction
meter (Neuroscience Inc.) consists of a detector
(48.5 � 26 � 10 cm) of muscle tone with stain-
less grids (2 mm in diameter, 29 � 16 cm) con-
nected to a spring and a printer. The stainless
grids can freely rotate by themselves. Each rat
was placed on the 2 � 2 cm stainless grids of the
apparatus, and the experimenter slowly pulled
the tail in parallel at a constant speed. The fore-
paw resistance was measured by the detector as
muscle tone (Mishima et al., 2004).

Electrocorticography
For polygraphic electrocorticography (for re-
cording interictal discharge), we implanted
twisted bipolar stainless steel wire electrodes,
insulated except at their tips, into the sensori-
motor cortex [anterior (A), 2.0 mm; lateral (L),
4.0 mm; ventral (V), �1.8 mm relative to
bregma], right basolateral amygdala (A, �2.8
mm; L, 5.0 mm; V, �7.5 mm), and left ventro-
lateral nucleus of the thalamus (A, �2.3; L, 1.8
mm; V, �5.4 mm). For free moving electrocor-
ticography (to record epileptic wandering), we
screwed the recording and reference electrodes
on the skull over the frontal and occipital re-
gions. After baseline recording, we adminis-
tered carbamazepine (25 mg/kg/d) or zoni-
samide (30 mg/kg/d) orally once daily and then
continuously recorded the electrocorticogram
throughout the day, using a telemetry system
(Unimec) (Okada et al., 2003).

Pharmacological analysis of
seizure susceptibility
The experiment was performed as described
previously (Tecott et al., 1995; Nakatsu et al.,
2004). In brief, pentylenetetrazole (4 mg/kg) or
bicuculline (0.05 mg/kg) was infused at a con-
stant rate into the tail vein of non-TG or
S284L-TG rats. The doses of pentylenetetrazole
and bicuculline (milligrams per kilogram) were
determined by examining the stage of seizure,
which appears on the vertical line. The stages
for pentylenetetrazole-induced seizure were as
follows: first twitches of head and body, mild
clonic behavior, and tonic flexion behavior.
The stages for bicuculline-induced seizure were
as follows: first twitch, mild clonic behavior,
jumping, and tonic flexion behavior.

Determination of neurotransmitter release
A concentric I-type dialysis probe fixed with
stainless steel wire electrodes (0.22 mm diame-
ter; 3 mm exposed membrane; Eicom) was im-
planted in the frontal cortex under halothane
anesthesia (1.5% mixture of halothane and O2

with N2O), and the perfusion experiments

Figure 1. a, Location of ADNFLE (S284L) mutations. The block diagram illustrates the �4 subunit of nAChR domains. Aligned
amino acid sequences of the human and rat wild-type (wild) and S284L mutant M2 domains. The human and rat �4 subunit of
nAChR M2 sequences differ by a single amino acid at position *. The mutated residues are shown in bold red. b, Top, Cresyl
violet-stained coronal cut sections of the left cerebral hemisphere of 2-year-old non-TG and S284L-TG. Bottom, Higher-
magnification views of the cortical areas marked by the rectangles. c, Top, ssDNA immunostained coronal sections of the left
cerebral hemisphere of 2-year-old non-TG and S284L-TG. Bottom, Higher-magnification views of the cortical areas marked by the
rectangles.

Figure 2. a, In situ hybridization analysis using digoxigenin-labeled probes shows the expression of both wild-type with S284L
mutant Chrna4 mRNA in brain. b, Light micrographs of digoxigenin-labeled probe-positive cells (both wild-type with S284L
mutant Chrna4 mRNA-sensitive probe) in the sensorimotor cortex. c, The mRNA expression of transgene (S284L Chrna4 mRNA) in
brain using S284L Chrna4 mRNA-selective 33P-labeled oligonucleotide probes.

Zhu et al. • Rats Harboring S284L Chrna4 Mutation J. Neurosci., November 19, 2008 • 28(47):12465–12476 • 12467



commenced 36 h after recovery from anesthe-
sia. The perfusion rate was set at 1 �l/min, using
modified Ringer’s solution composed of the
following (in mM): 145 Na �, 2.7 K �, 1.2 Ca 2�,
1.0 Mg 2�, and 154.4 Cl �, buffered with 2 mM

phosphate buffer and 1.1 mM Tris buffer, pH
7.40. Glutamate and GABA concentrations in
the perfusate were determined as described pre-
viously (Okada et al., 2001, 2003; Nakatsu et al.,
2004), using microdialysis and HPLC with flu-
orescence detection (Jasco) (Nakatsu et al.,
2004).

Brain slice preparation and
neurotransmission analysis
Coronal cortical slices (400 �m thick) were ob-
tained from 3- to 4-week-old rats (Yamamoto
et al., 2007), transferred to a recording cham-
ber, superfused (2.5 ml/min) with gassed (95%
O2–5% CO2) artificial CSF (ACSF) (in mM: 126
NaCl, 2.5 KCl, 2 CaCl2, 2 MgSO4, 1.25
NaH2PO4, 26 NaHCO3, and 20 glucose at pH
7.4), and maintained at 30°C. During monitor-
ing of spontaneous IPSC (sIPSC) and GABAer-
gic tonic inhibition, ACSF containing the in-
hibitors of muscarinic receptor atropine (1
�M), �7-nAChRs, and methyllycaconitine
(MLA) (0.1 �M), the NMDA receptor D(�)-2-
amino-5-phosphonopentanoic acid (D-APV)
(50 �M), the AMPA receptor 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (10 �M),
and the GABAB receptor CGP55845 [(2S)-3-[(15)-1-(3,4-dichloro-
phenyl)ethyl]amino-2-hydroxypropyl)(phenylmethyl)phosphinic acid]
(3 �M) were used for perfusion. Patch electrodes were prepared from
thin-walled borosilicate glass tubing using a pipette puller, with tip resis-
tances of 4 –5 M� when filled with a high Cl � solution containing the
following (in mM): 130 CsCl, 3 MgCl2, 0.5 EGTA, 10 HEPES, 3
Mg(ATP)2, 0.4 GTP, and 5 N-ethyl lidocaine (QX-314). The pH was
adjusted to 7.3 with CsOH. Whole-cell patch-clamp recordings were
made from visually identified layer V pyramidal neurons of the sensori-
motor cortex. Under these experimental conditions, GABAergic sIPSC
were reversed at �0 mV [the ECl predicted by the Goldman–Hodgkin–
Katz (GHK) equation]. With cells voltage clamped at �60 mV in the
presence of sEPSC blockers (CNQX and D-APV), the GABAergic IPSC
appeared as an inward current. During monitoring of sEPSC, ACSF con-
taining atropine (1 �M), MLA (0.1 �M), and CGP55845 (3 �M) was
superfused. Patch pipettes were filled with low Cl � solution containing
the following (in mM): 150 potassium methanesulfonate, 5 KCl, 3 MgCl2
0.5 EGTA, 10 HEPES, 3 Mg(ATP)2, 0.4 GTP, and 5 QX-314. Under these
conditions, GABAergic sIPSCs were reversed at approximately �65 mV
(the Ecation predicted by the GHK equation). Thus, with cells voltage
clamped at �65 mV, sEPSCs were only recorded as an inward current.
The recorded currents were filtered at 2 kHz and digitized at 5–10 kHz
using DigiData1322A and pClamp 9.2 software (Molecular Devices).
Synaptic currents and tonic GABA currents were measured and analyzed
as described previously (Glykys and Mody, 2007; Yamamoto et al., 2007).
sIPSCs and sEPSCs were examined by constructing cumulative probabil-
ity distributions for 1 min epochs, immediately before (control) and
from 4 –5 min of drug application and were compared using the Kolmog-
orov–Smirnoff (K–S) test with a single neuron. Summarized data ob-
tained from several neurons are expressed as mean � SD, after normal-
ization with the control. Each control or drug-applied value is the mean
of all synaptic events during 1 min epochs. Differences in amplitude and
frequency distribution were tested using a Student’s paired t test or the
Steel–Dwass test for multiple comparisons. Values of p 	 0.05 were
considered significant.

The glutamatergic AMPA and NMDA field EPSPs (fEPSPs) were
monitored using the MED64 system (Alpha-MED Sciences), equipped
with MED-P5155 probes (150 �m interpolar distance for the electrodes

in an 8 � 8 array) (Okada et al., 2003; Nakatsu et al., 2004). The super-
fusion medium was Mg 2�-free ACSF composed of the following (in
mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20
glucose (pH 7.4 when bubbled with 95% O2–5% CO2). The layer II/III
sensorimotor cortex was stimulated by one single planar microelectrode
with bipolar constant current pulses (60 �A, 0.1 ms), and fEPSPs were
selectively recorded from layer V.

Western blotting
SDS-PAGE was performed according to standard procedures using Bio-
Rad Protean III. The bound antibody, anti-nAChR �4 subunit (mAb299;
Sigma-Aldrich), anti-nAChR �2 subunit (mAb290; Sigma-Aldrich), and
anti-nAChR �7 subunit (mAb319; Sigma-Aldrich), were labeled by
biotin-conjugated affinity-purified secondary antibody (Millipore Bio-
science Research Reagents) and then labeled by secondary antibody
bound to streptavidin– cyanine 3 (Cedarlane) for visualization using mo-
lecular imager FX pro (Bio-Rad).

Laser capture microdissection and single-cell reverse-transcription
quantitative PCR
Coronal 8-�m-thick sections from non-TG and S284L-TG brains were
cut on a cryostat and thaw mounted on noncoated glass slides. Sections
were stained using the HistoGene LCM Frozen Section Staining kit (Arc-
turus). After visualization, individual pyramidal neurons, oligodendro-
cytes, and astrocytes in layer V of sensorimotor cortex were dissected out
using the PixCell II LCM instrument (Arcturus), diameter 7.5 �m, onto
CapSure Micro LCM caps (Arcturus). The dissected cells were solubi-
lized from the cap in extraction buffer provided with the Pico Pure RNA
isolation kit (Arcturus) for 30 min at 42°C and stored at �80°C. Each
sample underwent RNA extraction according to the instructions pro-
vided by the manufacturer, including DNase treatment using RNase-
Free DNase set (Qiagen) (Zucker et al., 2005). Each RNA was reverse
transcribed with random hexamer using Moloney murine leukemia virus
reverse transcriptase (Applied Biosystems). Real-time PCR was per-
formed in the TaqMan 7000 Sequence Detection System (Applied Bio-
systems). We designed PCR primers and TaqMan MGB probes against
Chrna4 (GenBank accession number L31620), myelin basic protein
(Mbp) (GenBank accession number NM_001025289), and glial fibrillary
acidic protein (Gfap) (GenBank accession number NM_017009) using
the PrimerExpress 2.0 software (Applied Biosystems).

Figure 3. a, Western blotting of �4, �7, and �2 subunits of nAChR in frontal, hippocampal, and thalamic total lysates. b– d,
Quantitative analysis of the amounts of �4 (b), �7 (c), and �2 subunit (d) proteins in frontal, hippocampal, and thalamic total
lysates. Data are mean � SD (n 
 9) of percentage control (the signal of frontal total lysate in non-TG).
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Results
Generation and characterization of S284L-TG
We constructed the rat cDNA of Chrna4 (GenBank accession
number L31620) bearing c.856T�C:c.857C�T mutations to
generate an amino acid exchange homologous to human S284L
(Fig. 1a). We then introduced the mutant cDNA preceded by the
PDGF-� promoter sequence (Kuteeva et al., 2004) into rat oo-
cytes by the microinjection method (Matsushima et al., 2002).
We obtained two transgenic strains. The proportion of transgenic
rats among littermates followed the Mendelian law. The non-TG
and transgenic rat littermates were equally fertile and survived at
least 2 years. The two strains resembled the human ADNFLE/
NFLE phenotypically, and thus one of the strains, named S284L-
TG, was used for further characterization of the TG.

Histological examination revealed no
abnormality in the overall structure of the
brain of S284L-TG (from 8 to 100 weeks of
age) (Fig. 1b). In addition, no clear in-
crease in apoptotic ssDNA-positive cells
was noted in S284L-TG compared with
non-TG (from 8 to 100 weeks of age) (Fig.
1c). There were no differences between
non-TG and S284L-TG in general behav-
iors and sensorimotor functions when as-
sessed by rotarod test for motor coordina-
tion, open-field test for analysis of
locomotor activity and circadian rhythm,
hot-plate test for analysis of sensory func-
tion, and traction meter test for muscle
tone (data not shown) (Mishima et al.,
2004).

No serious distortion of transgene and
mutant nAChR expression in S284L-TG
In situ hybridization using nonselective
probe (sensitive to both wild-type and
S284L mutant Chrna4 mRNA) revealed no
differences in the expression of Chrna4
mRNA in the brain between non-TG and
S284L-TG (Fig. 2a,b). The total amount of
Chrna4 mRNA (wild-type plus S284L
Chrna4) in the frontal cortex of S284L-TG
was almost equal to that in non-TG. The
expression of wild-type versus S284L
Chrna4 was 45 versus 55%. Furthermore,
in situ hybridization using S284L Chrna4-
selective probe indicated that the trans-
gene was expressed predominantly in the
cortex and hippocampus (Fig. 2c). The
amounts of �4-, �7-, and �2-nAChR sub-
units in frontal, hippocampal, and tha-
lamic total lysates in S284L-TG were com-
parable with those in non-TG at the
protein level (Fig. 3a– d).

In the sensorimotor cortex, in situ hy-
bridization and immunohistochemical
analyses showed no differences in the ex-
pression of Chrna4 or �4-nAChR subunit
protein between non-TG and S284L-TG
(Figs. 2b, 4a). There was no significant
difference in the numbers of nAChR
�4-immunopositive neurons between
non-TG and S284L-TG (Fig. 4b). Electron

microscopic examination showed the presence of immunoreac-
tive �4-nAChR subunit in neuronal perikarya mainly associated
with rough endoplasmic reticulum, cytoplasmic matrix, and
plasma membrane (Schröder et al., 1989; Nakayama et al., 1995)
(Fig. 4c).

We also examined any ectopic expression of the transgene in
neurons and glial cells using laser-capture microdissection with
single-cell reverse-transcription quantitative PCR. The mRNAs
of both wild-type and S284L Chrna4 were identified in pyramidal
neurons, astrocytes (glial fibrillary acidic protein mRNA-
positive) (Zucker et al., 2005) and oligodendrocytes (myelin basic
protein mRNA-positive) (Zucker et al., 2005) in the sensorimo-
tor cortex. No distorted expression of wild-type or S284L Chrna4
was observed in the three cell populations examined (Fig. 4d).

Figure 4. a, Light micrographs of �4-nAChR immunoreactivity in sensorimotor cortex. Note the immunostained neuronal cell
bodies and apical dendrites in layers II–VI. b, Numbers of anti-nAChR �4-immunopositive cells in layers II/III and layer V in the
frontal cortices of non-TG and S284L-TG (n 
 12). c, Top, Immunoelectron microscopy of the sensorimotor cortices labeled with
anti-nAChR �4 antibody (mAb299). Immunoreactivity of �4 subunit of nAChR is present in the perikarya. Bottom, Higher-
magnification views of areas marked by the rectangles. d, Chrna4 mRNA-positive populations of pyramidal neurons, Gfap mRNA-
positive astrocytes, and Mbp mRNA-positive oligodendrocytes in the sensorimotor cortical layer V were determined using laser
capture microdissection with single-cell reverse-transcription PCR. Data are mean � SD of six rats (Wilcoxon rank sum test).
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The expression of S284L Chrna4 mRNA was observed in all
Chrna4 mRNA-positive pyramidal neurons (wild type, 40%;
S284L, 60%), astrocytes (wild type, 56%; S284L, 44%), and oli-
godendrocytes (wild type, 59%; S284L, 41%) in the sensorimotor
cortex of S284L-TG. These results indicate no serious distorted
expression of S284L mutant �4-nAChR subunit protein.

Epileptic phenotypes of S284L-TG
S284L-TG developed three distinct spontaneous epileptic sei-
zures types during slow-wave sleep (SWS) phase: paroxysmal
arousals, brief episodes characterized by sudden frightened ex-
pression (supplemental figure, available at www.jneurosci.org);
paroxysmal dystonia, manifested as brief episodes of dystonic
posturing (supplemental figure, available at www.jneurosci.org);
and epileptic wandering, episodes of longer duration (0.5–3 min)
with head shaking accompanied by stereotyped paroxysmal am-

bulation and bizarre movements (Fig. 5a), similar to the respec-
tive ADNFLE/NFLE seizures of “nocturnal paroxysmal arous-
als,” “nocturnal paroxysmal dystonia,” and “episodic nocturnal
wandering” (Provini et al., 1999; Combi et al., 2004). The onset of
ictal discharges was synchronized with seizure behaviors. The
frequencies of these three typical ADNFLE/NFLE seizures were
once a week. Similar to ADNFLE/NFLE patients (Provini et al.,
1999; Combi et al., 2004), all three types of seizures occurred
frequently in the same individual rat. Electrocorticography
showed that the focus of interictal discharge was in the sensori-
motor cortex (Fig. 5b). The onset of interictal discharges was 6
weeks of age; however, the onset of spontaneous epileptic seizure
was preceded by that of interictal discharge in the same individual
S284L-TG. At 8 weeks of age, �90% of S284L-TG exhibited
spontaneous epileptic seizures during SWS, and the frequency of
interictal discharges was �200 times a day (Fig. 5c). The majority

Figure 5. a, Typical electrocorticograms of the sensorimotor cortex of S284L-TG during epileptic wandering were monitored using the single-channel telemetric system. The photographs
indicate the behavioral abnormalities during epileptic wandering. The blue arrowhead indicates the onset of ictal discharge in sensorimotor cortex. The spontaneous epileptic seizures during SWS
are of three distinct types: paroxysmal arousals, brief episodes characterized by sudden frightened expression; paroxysmal dystonia, manifested as brief episodes of dystonic posturing; and epileptic
wandering, episodes of longer duration (0.5–3 min) with head shaking accompanied by stereotyped paroxysmal ambulation and bizarre movements, similar to the respective ADNFLE/NFLE seizures,
nocturnal paroxysmal arousals, nocturnal paroxysmal dystonia, and episodic nocturnal wandering. The onset of ictal discharges was synchronized with seizure behaviors. Similar to ADNFLE/NFLE
patients, all three types of seizures frequently occurred in the same individual rat. Spontaneous ADNFLE/NFLE seizures appeared at 8 weeks of age. The frequency of ADNFLE/NFLE seizures was once
a week. b, Typical electrocorticograms during interictal discharge monitored using multichannel electrocorticography in the sensorimotor cortex, ventrolateral nucleus of thalamus, and basolateral
amygdala. The blue arrowheads indicate the onset of interictal discharge in each brain region. The frequent interictal discharges originating from the sensorimotor cortex were recorded during SWS
and propagated to the ventrolateral nucleus of the thalamus and basolateral amygdala. Interictal discharges appeared at 6 weeks of age, and their frequency increased with age; at 8 weeks of age,
their frequency was �150/d. c, Effects of 2 week administration of anticonvulsants (from 8 to 10 weeks of age), carbamazepine (CBZ; 25 mg/kg/d), diazepam (DZP; 1 mg/kg/d), and zonisamide
(ZNS; 30 mg/kg/d), on the frequency (count per day) of interictal discharge in S284L-TG at before (control) and during anticonvulsants treatment (AC treatment). Data are mean � SD (n 
 10).
**p 	 0.01 (Wilcoxon rank sum test). The frequency of epileptic discharge was 198.0 � 56.3/d in S284L-TG before treatment.
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of both ictal and interictal discharges appeared during SWS but
did not necessarily occur after sleep spindles (Fig. 5a,b). The
frequent interictal discharges originating from the sensorimotor
cortex were recorded during SWS, which propagated to the
ventrolateral nucleus of the thalamus and basolateral amygdala
(Fig. 5b).

Similar to ADNFLE/NFLE patients with S284L (Provini et al.,
1999; Ito et al., 2000; Phillips et al., 2000; Combi et al., 2004), 2
week treatment with diazepam and zonisamide at therapeutically
relevant doses reduced the frequency of interictal discharge by 43
and 48% in S284L-TG, respectively, whereas carbamazepine was
not effective (Fig. 5c).

S284L-TG showed no hypersensitivity to conventional gener-
alized seizure tests induced by pentylenetetrazole (Fig. 6a), photo
stimulation, audio stimulation, or maximal electroshock (data

not shown) compared with non-TG. Surprisingly, no difference
was observed between S284L-TG and non-TG in the latency of
nicotine-induced (4 mg/kg, i.p.) seizures (data not shown); in-
stead, the nicotine-induced seizures seen in S284L-TG were
mainly partial seizures, whereas those in non-TG were general-
ized seizures (Fig. 6b). Administration of nicotine (1 and 4 mg/
kg, i.p.) dose dependently increased extracellular levels of gluta-
mate and GABA in the frontal cortex of non-TG and S284L-TG
(Fig. 6c,d). The nicotine-induced rise in extracellular glutamate
level of S284L-TG was larger than that of non-TG (Fig. 6c); how-
ever, there was no difference between nicotine-induced elevation
of extracellular GABA levels of non-TG and S284L-TG (Fig. 6d).

Attenuated GABAergic transmission in sensorimotor cortex
of S284L-TG
To characterize the nAChR function in the epileptic focus region,
we monitored both GABAergic sIPSC and glutamatergic sEPSC
of pyramidal neurons in the sensorimotor cortex using slice
patch-clamp technique. In the sensorimotor cortical layer V, a
predominant initiator and propagator of synchronous epileptic
activities (Connors, 1997), there was no difference in resting
membrane potential between S284L-TG (�65.8 � 4.1 mV) and
non-TG (�66.6 � 3.8 mV).

The absolute values of frequency and amplitude of spontane-
ous sIPSCs were compared between S284L-TG and non-TG un-
der the blockade of AMPA/glutamate receptor, NMDA/gluta-
mate receptor, GABAB receptor, muscarinic ACh receptor, and
�7-nAChR. The frequency of sIPSCs was significantly lower in
S284L-TG (4.53 � 2.85 Hz; n 
 6) than in non-TG (16.96 � 5.4
Hz; n 
 5). Conversely, the amplitude of sIPSCs tended to be
lower in S284L-TG (�21.22 � 11.22 pA; n 
 6) than in non-TG
(�35.32 � 16.86 pA; n 
 5), although this was not statistically
significant.

Under the same blockade, cumulative probability distribu-
tions for peak sIPSC amplitude and mean interevent interval in
control condition and during application of nicotine were exam-
ined for non-TG and S284L-TG. At 10 �M nicotine application,
mean peak amplitude was significantly increased ( p 	 0.01, K–S
test), and mean interevent interval for sIPSCs was significantly
decreased in non-TG ( p 	 0.01, K–S test) but not in S284L-TG.
Nicotine concentration of 10 �M is very high for the �4�2-
nAChR and could cause both saturation of the evoked current
and receptor desensitization. Because this high nicotine concen-
tration was bath applied, one cannot rule out that nicotine-
induced depression of the �4�2-nAChR activity as well as
nicotine-induced activation of the �7-nAChRs. Accordingly, we
also tested the effects of lower concentrations of nicotine. At 1
�M, nicotine did not change the frequency or the amplitude of
sIPSCs, and these effects were similar in non-TG and S284L-TG
(Fig. 7c–f). In addition, these effects of nicotine on sIPSC were
not observed in sensorimotor cortical layers II/III pyramidal neu-
rons of S284L-TG (Fig. 8c).

In contrast to sIPSC, under the blockade of GABAB receptor,
muscarinic ACh receptor and �7-nAChR, application of nicotine
affected neither the frequency nor amplitude of sEPSC of
non-TG and S284L-TG (Fig. 7g,h). However, nicotine-activated
extrasynaptic GABAergic inhibition (tonic inhibition) seen in
non-TG (Rossi et al., 2003; Farrant and Nusser, 2005) was absent
in S284L-TG (Fig. 8a). Thus, delta of holding currents by appli-
cation of nicotine in non-TG and in S284L-TG were �24.5 �
11.6 and �5.5 � 3.4 pA, respectively (mean � SD of six neurons;
p 	 0.05, Student’s t test).

S284L-TG showed loss of function of activation of GABAergic

Figure 6. a, Dose-dependent seizure test induced by intravenous administration of penty-
lenetetrazole in S284L-TG and non-TG. The ordinate shows the required doses of pentylenetet-
razole (milligrams per kilogram), when a specific type of behavior was noted (n 
 12 rats).
There were no significant differences between the two groups (Student’s t test). b, The seizure
score induced by 4 mg/kg (i.p.) nicotine. The scored nicotine-induced behaviors include the
following: (1) head and body tremors and/or near loss of righting response; (2) any combination
of severe tremors, wild running, and complete loss of righting response; (3) clonic seizures; (4)
tonic-clonic seizures; (5) tonic seizures. Frontal release of glutamate (c) and GABA (d) during 1
mg/kg (1) and 4 mg/kg (4) nicotine-induced seizure. Data are mean � SD of 12 rats. **p 	
0.01 (Student’s t test).
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transmission in both synaptic and extra-
synaptic inhibitions without changing glu-
tamatergic transmission before 4 weeks of
age (i.e., before onset of spontaneous
seizure).

Enhanced propagation of neuronal
excitability in sensorimotor cortex
of S284L-TG
To study the propagation of neuronal hy-
perexcitability from the focus region, we
examined the effect of nicotine on fEPSP
using multielectrode monitoring system
(Aramakis and Metherate, 1998; Okada et
al., 2003). First, we compared the propaga-
tion of bipolar stimulation-induced fEPSP
in cerebral cortex layer II in S284L-TG and
non-TG rats. The number of electrodes in
which fEPSPs were elicited was counted.
Bipolar stimulation evoked fEPSP at
49.8 � 7.4 (n 
 6) electrodes of the
MED64 system in S284L-TG and at 45.0 �
6.3 (n 
 4) in non-TG. However, there was
no significant difference in fEPSP propa-
gation between S284L-TG and non-TG
rats. Nicotine concentration dependently
enhanced fEPSP in the sensorimotor cor-
tex of both non-TG and S284L-TG. In particular, nicotine signif-
icantly enhanced fEPSP associated with AMPA/glutamate recep-
tor (fEPSP/AMPA) in the sensorimotor cortex of S284L-TG
compared with non-TG, whereas there was no difference be-
tween the two groups in nicotine-induced fEPSP associated with
NMDA/glutamate receptors (fEPSP/NMDA) (see Fig. 10a– c).
The fEPSP/NMDA was enhanced by �7-nAChRs but unaffected
by �4�2-nAChRs in the sensorimotor cortex of both S284L-TG
and non-TG (Aramakis and Metherate, 1998; Bayazitov and Kle-
schevnikov, 2000) (Fig. 9a– d). Pretreatment with GABAA recep-
tor inhibitor abolished the augmentation of nicotine-induced
fEPSP/AMPA in S284L-TG (Fig. 9a– d). Therefore, S284L-TG
showed enhanced excitatory glutamatergic transmission induced
by attenuation of GABAergic synaptic and extrasynaptic inhibi-
tions before 4 weeks of age (i.e., before the onset of spontaneous
seizure).

Dysfunction of neurotransmitter release associated with
circadian rhythm
To address the question why ADNFLE/NFLE seizures occur pre-
dominantly during SWS, we studied the frontal neurotransmitter
release associated with circadian rhythm in both predevelopment
of spontaneous seizure (4 weeks of age) and postdevelopment of
spontaneous seizure (8 weeks of age) littermates using microdi-
alysis. At 4 weeks of age, there were no differences in basal releases
of glutamate and GABA during wakefulness and SWS between
non-TG and S284L-TG. The switching from wakefulness to SWS
affected neither glutamate nor GABA releases in both groups of
littermates (Fig. 10a). At 8 weeks of age, the basal glutamate re-
lease of S284L-TG was greater than that of non-TG during both
wakefulness and SWS, whereas there was no difference in basal
GABA release during wakefulness and SWS between non-TG and
S284L-TG (Fig. 10b). The switching from wakefulness to SWS
reduced glutamate release without changing GABA release in
non-TG, but, in S284L-TG, neither glutamate nor GABA releases
were changed (Fig. 10b). During interictal discharge, glutamate

release in the focus region was increased, but GABA release was
stable (Fig. 10b).

The release of both glutamate and GABA increased in the
focus region by spontaneous seizure (epileptic wandering) (Fig.
10c). We demonstrated epileptic wandering associated with a
transient surge in frontal glutamate and GABA releases (Fig. 10c);
the increase in GABA release was preceded by that in glutamate.
At the end of epileptic wandering, glutamate level returned to the
pre-event level, whereas that of GABA showed some delay (Fig.
10c).

Discussion
The phenotypic features of S284L-TG were similar to the clinical
features of human ADNFLE, which are (1) seizures with a frontal
semiology, (2) seizures during sleep, (3) absence of neurological
deficits, (4) normal findings on neuroimaging, and (5) an auto-
somal dominant mode of inheritance (Tassinari and Michelucci,
1997; Provini et al., 1999; Combi et al., 2004). The S284L-TG thus
exhibited three distinct spontaneous seizures during SWS similar
to those of ADNFLE/NFLE (Provini et al., 1999; Combi et al.,
2004). Electrocorticography clearly indicated that the dominant
seizures in S284L-TG originated from the frontal sensorimotor
cortex during SWS. As expected, S284L-TG showed autosomal
dominant inheritance in accordance with Mendelian expecta-
tions. No abnormality of S284L-TG was found in several histo-
logical and behavioral screening tests.

Rats were chosen as a target animal in this study considering
future usage because basic experiments in epileptology have been
mainly conducted in rats. In this study, a transgenic genetic
method rather than knock-in strategy was exploited, because
knock-in engineering is not, if at all, yet applicable to rats. The
genetic integrity of transgenic animals may be argued. The trans-
genic approach, however, is especially suitable when products of
transgenes exert dominant-negative effect. Autosomal dominant
inheritance in ADNFLE is the case because the mutant �4 subunit
is incorporated in hetero-pentameric nAChR in which it ham-

Figure 7. Typical traces of sIPSC in response to 10 �M nicotine in sensorimotor cortical layer V pyramidal neurons of non-TG (a,
black) and S284L-TG (b, gray). After recording the control state (‚), the ACSF perfusion medium was replaced with nicotine-
containing ACSF (Œ). Bar graphs summarize dose-related effects of nicotine (1 and 10 �M) on sIPSC amplitude (c, e) and
frequency (d, f ) (each shown as mean percentage control). Data are mean � SD of six neurons. *p 	 0.05, **p 	 0.01
(Steel–Dwass test for multiple comparisons). As for sEPSC, typical traces of sEPSC to 10 �M nicotine in sensorimotor cortical layer
V pyramidal neurons in non-TG (g, black) and S284L-TG (h, gray). Nicotine did not alter the mean amplitude and frequency of
sEPSC in non-TG (d) and S284L-TG (f ) (Steel–Dwass test for multiple comparisons).
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pers the function of the receptor altogether. The mutant Chrna4
was selectively expressed in the cortex and hippocampus of
S284L-TG, but the amount of mRNA of the mutant Chrna4 in
S284L-TG was comparable with that of the wild-type Chrna4 in
the focus region. More importantly, no abnormalities of dis-
torted expression of transgene were detected in either neurons or
glia of S284L-TG. These findings indicate that the expression of
S284L mutant �4�2-nAChR in the sensorimotor cortex plays an
important role in the pathogenesis of nocturnal frontal lobe
epilepsy.

Human ADNFLE/NFLE usually appears before puberty, and
�88% of ADNFLE patients had the first seizure before the age of
20 (Tassinari and Michelucci, 1997; Provini et al., 1999; Combi et
al., 2004). Similarly, interictal discharge and spontaneous seizure
appeared at 6 weeks in S284L-TG (before breeding stage). Fur-
thermore, similar to partial epilepsy in human (During and Spen-
cer, 1993; During et al., 1995), epileptic wandering in S284L-TG
was associated with a transient surge in glutamate and GABA
releases.

�4�2-nAChRs and �7-nAChRs facilitate GABAergic and glu-
tamatergic transmissions in many brain regions, respectively (Gil
et al., 1997; Léna and Changeux, 1997; MacDermott et al., 1999).

Our slice patch-clamp experiments re-
vealed that �4�2-nAChR in S284L-TG
had loss of function for activation of
GABAergic transmission in both synaptic
(sIPSC) and extrasynaptic (tonic inhibi-
tion) inhibitions without changing sEPSC,
in pyramidal neurons of sensorimotor
cortical layers II/III and V (focus region)
without affecting excitatory glutamatergic
sEPSC. Previous electrophysiological
studies with reconstituted �4�2-nAChR
on Xenopus oocytes demonstrated that
S284L enhanced steady-state desensitiza-
tion to ACh response of the receptor (Mat-
sushima et al., 2002; Rodrigues-Pinguet et
al., 2003). Thus, attenuated GABAergic
transmission via rapid desensitization
(Matsushima et al., 2002; Rodrigues-
Pinguet et al., 2003) and unchanged gluta-
matergic transmission in sensorimotor
cortical pyramidal neurons are suggested
in S284L-TG. These changes of GABAer-
gic transmission in TG rat might be in-
volved in the manifestation of seizure or
the enhanced propagation of neuronal ex-
citability in the sensorimotor cortex of
S284L-TG. In contrast, nicotine applica-
tion activated pre- and/or post-nAChRs,
followed by Ca 2� influx. Consequently,
nicotine application augmented GABAer-
gic transmission in non-TG.

Controversial data exist about the sen-
sitivity of ADNLF mutants for ACh, which
point to increased ACh sensitivity without
profound desensitization (Bertrand et al.,
2002). The present mutant S284L dis-
played rapid desensitization (Matsushima
et al., 2002; Rodrigues-Pinguet et al.,
2003), and the mutant failed to facilitate
the nicotine-induced GABAergic trans-
mission. These data suggest that S284L

mutant has reduced sensitivity to ACH. The reason for this fun-
damental difference is still unknown. Additional studies are re-
quired to determine the mechanism of dysfunction of GABAergic
transmission via S284L mutant nAChR, because ADNLF mutant
nAChR-mediated regulation of GABAergic transmission de-
pends on several factors such as sensitivity to ACh of mutant
nAChR, locations of nAChR (presynaptic or postsynaptic, exci-
tatory or inhibitory neurons), and desensitization of AChR by the
application system. Therefore, more sophisticated approaches
such as double patch technique using a rapid application system,
allowing simultaneous recording of pyramidal cells and inter-
neurons, could perhaps narrow the differences.

In the present study, electrophysiological experiments were
performed using 4-week-old rat. The electrophysiological data
demonstrated not only alterations of nAChR-mediated re-
sponses but also dysfunction of GABAergic transmission. Fur-
thermore, these phenotypic changes were established before sei-
zure episodes. In particular, dysfunction of GABAergic
transmission might play an important role in epileptogenesis be-
fore seizure age. Indeed, there is evidence to suggest that the
epileptic model animal showed GABAergic dysfunction.

Despite impaired nicotine-induced GABA release in S284L-

Figure 8. Nicotine (10 �M) increased the amplitude and frequency of sIPSC followed by marked inward shift of baseline of
cortical layer V pyramidal neurons in non-TG (a) but only induced a small inward shift in S284L-TG (b). The nicotine-induced sIPSC
and inward shift of baseline (tonic inhibition) were abolished by GABAA receptor antagonist (10 �M bicuculline). c, Typical
responses of sensorimotor cortical layer II/III pyramidal neurons of S284L-TG to 10 min application of 10 �M nicotine. During sIPSC
monitoring, to inhibit the muscarinic, �7-nAChR, glutamatergic (NMDA and AMPA), and GABAB receptors, we used ACSF con-
taining atropine (1 �M), MLA (0.1 �M), D-APV (50 �M), CNQX (10 �M), and CGP55845 (3 �M), respectively. After recording of
control data (top black trace), the superfusion medium was changed to the same ACSF containing 10 �M nicotine (bottom gray
trace). Cumulative probability distributions for IPSC frequency and peak amplitude of control (thin lines) and during application of
nicotine (thick lines, d, e). Nicotine did not alter the peak amplitude or interevent interval of sIPSC of pyramidal neurons in layer
II/III (Kolmogorov–Smirnoff test) similar to that in layer V (Fig. 7a–f ).
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TG, we found a transient rise in GABA re-
lease associated with epileptic wandering.
In particular, increased GABA release as-
sociated with epileptic wandering was de-
layed compared with that of glutamate.
This discrepancy suggests that the neuro-
nal hyperactivation associated with epilep-
tic wandering is affected by not only the
dysfunctional ACh-ergic transmission but
also that of glutamate and GABA.

Two abnormalities of frontal neuro-
transmitter releases in relation to the cir-
cadian rhythm emerged after the appear-
ance of interictal discharge and
spontaneous seizures during SWS (8
weeks of age), which were not observed at
the preclinical stage (4 weeks of age). The
first was that the basal glutamate release in
the focus region of S284L-TG was greater
than that of non-TG during both wakeful-
ness and SWS. The second was lack of the
reduction of glutamate release during
sleep in sensorimotor cortex, which is nor-
mally observed at 8 weeks of age (no such
reduction in glutamate release was ob-
served at 4 weeks of age). Therefore, the
pronounced excitatory transmission asso-
ciated with sleep in the focus region might
play a role in the origination of interictal
discharges or spontaneous epileptic
seizures.

Two knock-in mouse models of AD-
NFLE have been described recently (Klaas-
sen et al., 2006). The two models bear het-
erozygous mutations of Chrna4, either S280F or insL, which are
homologous to mutations found in ADNFLE but different from
those of S284L. Both knock-in mouse models exhibited seizure
phenotypes, including spontaneous seizures during sleep, similar
to those observed in human ADNFLE. However, the reported
seizure phenotype apparently resembled epileptic wondering, al-
though the other phenotypes characteristic of NFLE, i.e., parox-
ysmal arousal and nocturnal dystonia, were not described (Klaas-
sen et al., 2006).

Surprisingly, contrary to S284L-TG, the main functional ab-
normality in the knock-in mice was enhanced cortical GABAer-
gic inhibition in layers II/III of the frontal lobe (Klaassen et al.,
2006). The findings are in contrast to our results in S284L-TG rats
in which attenuation of both intrasynaptic and extrasynaptic
GABAergic transmission in layers II/III and V was observed.

An association between epileptic seizure and enhanced
GABAergic inhibition has been already observed in temporal
lobe epilepsy models (Chen et al., 1999). Although the develop-
mental or subcortical abnormalities of these two knock-in mice
should be ruled out, the functional abnormality, hypersynchro-
nized GABAergic inhibition, plays important roles in ADNFLE
seizure with S280F and insL (Klaassen et al., 2006; Mann and
Mody, 2008). In this regard, the GABAergic functional abnor-
malities of mutated �4�2-nAChR identified in individuals with
ADNFLE/NFLE vary despite the apparent homogenous clinical
presentation with a few variations. Additional studies using mice
bearing S280F or insL and S284L-TG provide a deeper under-
standing regarding the pathogenic mechanisms underlying AD-

NFLE/NFLE resulting from impaired and enhanced GABAergic
functional abnormalities.

The unique sensitivity of ADNFLE to antiepileptic drugs
caused by S284L is one of a few variations known in the ADNFLE/
NFLE semiology. Thus, carbamazepine remains the first-choice
antiepileptic drug for treatment of ADNFLE/NFLE; however,
ADNFLE/NFLE patients with S284L respond only partially to
carbamazepine but are more susceptible to zonisamide or benzo-
diazepine (Provini et al., 1999; Ito et al., 2000; Combi et al., 2004).
Both carbamazepine and zonisaminde exert their antiepileptic
activity by inhibiting Na� channel. Bertrand et al. (2002) dem-
onstrated that �4�2-nAChR with S280F, insL, and V287M mu-
tation displayed increased sensitivity to carbamazepine, whereas
�4�2-nAChR with S284L mutant did not exhibit this feature
(Bertrand et al., 2002). The present study also demonstrated that
diazepam and zonisamide but not carbamazepine reduced the
interictal discharges in S284L-TG similar to ADNFLE patients
with S284L mutation. Therefore, the impaired sensitivity to car-
bamazepine of S284L-TG is possibly modulated by the receptor
binding profile of nAChR with S284L mutation. Additionally,
diazepam and zonisamide but not carbamazepine enhances
GABAA receptor activities (Rusakov and Fine, 2003; Yoshida et
al., 2005). Both electrophysiological and pharmacological results
suggest that the reduced GABAergic transmission in S284L-TG
was compensated by enhancement of GABAergic transmission
by zonisamide but not carbamazepine. Additional studies are
needed to determine the pathomechanisms of the different sen-
sitivities between ADNFLE/NFLE with S284L and other
mutations.

Figure 9. a, b, fEPSPs in the sensorimotor cortex were monitored using MED64. The top (non-TG; a) and bottom (S284L-TG; b)
traces of the sensorimotor cortex indicate the effects of 10 �M nicotine, the inhibitors of �7-nAChR MLA (0.1 �M), NMDA receptor
D-APV (50 �M), and AMPA receptor 6,7-dinitroquinoxaline-2.3-dione (DNQX, 20 �M) on fEPSPs. c, Effects of superfusion with 1
�M (1) and 10 �M (10) nicotine on amplitude of fEPSPs in the sensorimotor cortex. Data are mean � SD of six rats. *p 	 0.05,
**p 	 0.01 (Student’s t test). d, Interaction between bicuculline (10 �M) and nicotine (10 �M) on magnitude of fEPSPs in the
sensorimotor cortex. Data are mean � SD of six rats. *p 	 0.05, **p 	 0.01 (Student’s t test).

12474 • J. Neurosci., November 19, 2008 • 28(47):12465–12476 Zhu et al. • Rats Harboring S284L Chrna4 Mutation



In conclusion, the underlying abnormalities in neurotrans-
mission of S284L TG were (1) attenuation of synaptic and extra-
synaptic GABAergic transmission and (2) abnormal glutamate
release during sleep.
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