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Infantile spasms syndrome (ISS) is a catastrophic pediatric epilepsy with motor spasms, persistent seizures, mental retardation, and in
some cases, autism. One of its monogenic causes is an insertion mutation [c.304ins (GCG)7] on the X chromosome, expanding the first
polyalanine tract of the interneuron-specific transcription factor Aristaless-related homeobox (ARX) from 16 to 23 alanine codons. Null
mutation of the Arx gene impairs GABA and cholinergic interneuronal migration but results in a neonatal lethal phenotype. We devel-
oped the first viable genetic mouse model of ISS that spontaneously recapitulates salient phenotypic features of the human triplet repeat
expansion mutation. Arx (GCG)10�7 (“Arx plus 7”) pups display abnormal spasm-like myoclonus and other key EEG features, including
multifocal spikes, electrodecremental episodes, and spontaneous seizures persisting into maturity. The neurobehavioral profile of Arx
mutants was remarkable for lowered anxiety, impaired associative learning, and abnormal social interaction. Laminar decreases of Arx�
cortical interneurons and a selective reduction of calbindin-, but not parvalbumin- or calretinin-expressing interneurons in neocortical
layers and hippocampus indicate that specific classes of synaptic inhibition are missing from the adult forebrain, providing a basis for the
seizures and cognitive disorder. A significant reduction of calbindin-, NPY (neuropeptide Y)-expressing, and cholinergic interneurons in
the mutant striatum suggest that dysinhibition within this network may contribute to the dyskinetic motor spasms. This mouse model
narrows the range of critical pathogenic elements within brain inhibitory networks essential to recreate this complex neurodevelopmen-
tal syndrome.

Introduction
Infantile spasms syndrome (ISS) (or West syndrome) is a rare,
complex seizure disorder appearing within the first year of life.
The clinical features include brief motor spasms of the extremi-
ties and trunk, chaotic high-amplitude interictal EEG waves and
multifocal spikes (“hypsarrhythmia”), and severe developmental
delay. The motor spasms and hypsarrhythmia cease spontane-
ously in nearly 25% of cases per year and typically abate in most
children by age 5; however, cortical seizures and mental retarda-
tion often persist into adulthood (Frost and Hrachovy, 2003).
The disorder is poorly responsive to all medical therapy, and
there is no effective treatment. Along with acquired etiologies of

ISS and congenital brain malformations (Curatolo et al., 2002),
inherited monogenic errors have been associated with ISS, in-
cluding disruption of the CDKL5 gene for cyclin-dependent
kinase-like 5/serine-threonine protein kinase 9 (Kalscheuer et al.,
2003) and several mutations in the Aristaless-related homeobox
(ARX) gene (for review, see Poirier et al., 2008).

ARX is one of several homeodomain-containing transcription
factors controlling GABAergic interneuron migration and matu-
ration in the brain (McManus and Golden, 2005; Friocourt et al.,
2008). Human ARX mutations lead to a spectrum of severe neu-
robehavioral disorders, including ISS/epilepsy, dystonia, autism,
and mental retardation (Bienvenu et al., 2002; Turner et al., 2002;
Gécz et al., 2006; Guerrini et al., 2007). Mice with targeted dele-
tions of Arx die at birth, and the neonatal brain shows an accu-
mulation of newly born interneurons near their proliferative
zones in the medial and caudal ganglionic eminences, resulting in
major deficits of GABAergic interneuron number in neocortex,
hippocampus, and striatum (Kitamura et al., 2002; Colombo et
al., 2007). Cultured ARX-deficient interneuron precursors retain
some degree of maturation potential, but show abnormal mor-
phology and migration. Whether this defect is autonomous to
ARX-expressing neurons or can be rescued in a permissive cellu-
lar environment is not yet clear; however, in vitro transplant evi-
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dence favors the conclusion that migration can be rescued in
Arx�/� neurons (Colombo et al., 2007). The early death of
Arx�/� mice prevents a determination of the full postnatal clin-
ical and neuropathological pattern of ARX deficiency, as well as a
viable model to gain insight into possible methods for rescuing
impaired ARX function in the postnatal nervous system.

Here, we describe the generation and initial characterization
of a nonlethal genetic mouse model of ISS engineered by targeted
expansion of the first polyalanine tract in the X-linked Arx gene.
This polyalanine tract expansion is the mutation most commonly
associated with West syndrome and mental retardation in human
ISS patients (Poirier et al., 2008) (see Online Mendelian Inheri-
tance in Man 308350). Consistent with the predominant expres-
sion of Arx in GABAergic interneurons and neural precursor cell
populations, the Arx (GCG)10�7 (“Arx plus 7”) mutant brain has
reduced numbers of Arx-, calbindin-, and neuropeptide Y
(NPY)-expressing interneurons, and striatal cholinergic cells, but
spares other inhibitory subpopulations, including parvalbumin
and calretinin. Metabolic abnormalities leading to early lethality
in the Arx-null mutant are absent, and mice with this human
pathogenic mutation survive to display infantile motor spasms,
seizures, and distinctive EEG abnormalities, along with cognitive
and behavioral abnormalities persisting into adulthood.

Materials and Methods
Development of Arx (GCG)10�7 polyalanine expansion knock-in
mutant lines
The Arx (GCG)10�7 knock-in targeting construct was created in the pFlox-
FlpNeo vector (a gift from Dr. James Shayman, University of Michigan, Ann
Arbor, MI) (Hiraoka et al., 2006). BAC clone RP23-53K18 (Invitrogen) (Na-
tional Center for Biotechnology Information locus AL590876.20) was the
PCR template for mouse Arx gene fragments. The 4.2 kb left homologous
arm containing exon 1 was obtained using primers GCTCGAGTCGACT-
GTTGCTAAGTGTAGAGAAAATTAACTCAG and GCTCGAGCCTCTT-
TCTTTCTTGTAGTACTCCTTTCG to introduce 5� tandem XhoI and SalI
sites and a 3� XhoI site. The 2.2 kb right homologous arm commencing 71
bases into intron 2 was made using GATTTAAATCAAGTATACT-
GGGGCTTTAAGTTTCTGTTG and GCATATGTAAGACTGATCTTT-
GCCTCTAGAATGCCTAC. Exon 2 includes the coding sequence for three
of the four polyalanine tracts (see Fig. 1A). Wild-type (WT) exon 2 flanked
by 205 and 71 bp of introns was produced as a BamHI fragment with GG-
GATCCAGAAATGAAGGGACGAAGGTAAAAG and GGGATC-
CGAGAGGTTCCTGGACTCTGTAGACC. It was cloned into the pGEM7
vector (Promega), which lacks NotI sites. By the method Nasrallah et al.
(2004) used to expand the mouse ARX polyalanine tract 1, an oligo duplex
with NotI overhangs created with GGCCGCTGCTGCTGCTGCTGCCGC
and GGCCGCGGCAGCAGCAGCAGCAGC was inserted into the codon
for amino acid 109. The resulting Arx (GCG)10�7 gene fragment was ligated
into the loxP-flanked BamHI site of the vector. The herpes simplex thymi-
dine kinase gene was obtained using the pPNT vector [a gift from Dr. Rich-
ard Mulligan, Children’s Hospital, Boston, MA (Tybulewicz et al., 1991)]
and primers GGTCGACTGCCAAGTTCTAATTCCATCAG and GGTC-
GACGGCCTTCACCCGAACTTG. It was ligated into the SalI site 5� of the
left homologous arm to complete the targeting vector. PCR products and the
completed targeting vector were verified by full sequencing before proceed-
ing (Lone Star Labs).

The NdeI-linearized targeting construct was electroporated into
male129S5/SvEvBrd strain AB2.2 mouse embryonic stem cells. Cells were
subjected to simultaneous positive and negative selection using G418 (180
�g/ml) and gangcyclovir (200 �M). Seven targeted clones were identified by
duplicate Southern blots of EcoRI or AseI restriction fragments labeled with
probes directed against 5� or 3� 900 bp sites (5�-probe obtained with GTTT-
TGAAGAGGTTGAGCAT and GTCGAAATTCAAAACCCAAC; 3�-probe
with GGGGTATGGACTGGAAGAAGC and GTTGCTGTCACATCTCT-
GTTTGA). 129S5/SvEvBrd and C57BL/6J wild-type genomic DNA gave the
same size of labeled restriction fragments. The frt-flanked neomycin resis-
tance cassette was excised from targeted stem cells by Flp-recombinase ex-

pressed from plasmid pOG-Flpe6 (a gift from Dr. A. Francis Stewart, Uni-
versity of Technology, Dresden, Germany) (Buchholz et al., 1998). PCR with
CGTCTTCACCAGGTATGGG and GTTTTAGAGCCAAACCGCCTC
yielded a 2 kb neomycin-plus or a 335 bp neomycin-minus mutant band.
This primer set was used for genotyping, yielding a wild-type band of 277 bp.

The Arx (GCG)10�7 knock-in was established in mice using standard
procedures. C57BL/6J albino mice were purchased from The Jackson
Laboratory, and 129S5/SvEvBrd mice were obtained from the Darwin
Transgenic Core at Baylor. Experiments described here used mixed strain
N2 mice (75% C57BL/6/25% 129S5/SvEvBrd). Mice were housed under
constant temperature and humidity, with a light/dark cycle of 12 h (light,
7:00 A.M. to 7:00 P.M.). Animal care and use conformed to National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
was approved by the Baylor College of Medicine Institutional Animal
Care and Use Committee.

Gross anatomy and histology of major organs
Necropsy was performed on two wild-type and two Arx (GCG)10�7

6-week-old male littermates. Their major organs were prepared as
hematoxylin- and eosin-stained sections and analyzed in Baylor’s Com-
parative Pathology Laboratory.

Immunostaining brain sections and cell counts,
Fluoro-Jade staining
Six to nine pairs of mutant and wild-type siblings were used for each
immunostaining procedure. Cryosections (30 �m thick) were used for
free-floating immunohistochemistry. The primary antibodies were rab-
bit anti-ARX (ARP36824_T200; Aviva Systems Biology) at 1:500, goat
anti-doublecortin (Dcx) (C-18; Santa Cruz Biotechnology) at 1:200, goat
anti-choline acetyltransferase (ChAT) (Millipore AB 144P at 1:200), rab-
bit polyclonal anti-neuropeptide Y (N 9528; Sigma-Aldrich) at 1:8000,
mouse anti-parvalbumin and mouse anti-calbindin-D-28K (clones
PARV-19 and CB-955, respectively; Sigma-Aldrich) at 1:1000, and
mouse anti-calretinin (MAB 1568; Millipore) at 1:200. Avidin– biotin–
peroxidase complex immunostaining was done with Elite ABC kits (Vec-
tor Laboratories). Substrate reactions were stopped simultaneously in
control and mutant sections. Light microscopy was performed with an
Olympus model IX71 inverted microscope. Photographs were imported
into the Photoshop CS3 extended application (version 10.0; Adobe) for
measurement of areas and thicknesses and counting immunostained
cells. The boundaries of cortical layers I–IV were determined from sec-
tions immunostained for calbindin and applied to sections stained for
other interneuron markers. All immunostained cells contained within
the defined cortical areas were counted throughout equal numbers of
sections at bregma �2.5 (Paxinos and Franklin, 2001) and from bregma
1.0 and 0.5 (counts from the latter two sections were pooled). Immuno-
stained cells in the hippocampus were counted in sections at bregma
�2.5. ChAT�, NPY�, and CR� cells were counted in the entire cau-
date–putamen in sections at 0.5 and 1.0 bregma levels, and cell counts
were pooled. The more abundant ARX� and CB28K� cells were counted
in three 1 mm 2 areas. All counts were converted to cells per square
millimeter, and then expressed relative to wild-type values set at 100%.
Significant differences were assessed by the unpaired two-tailed t test.
Fluoro-Jade staining for dying cells was done on bregma �2.5 brain
sections from pairs of 1 month olds of each genotype, using standard
published methods (Schmued and Hopkins, 2000).

Blood glucose measurements for pancreatic function
Glucose levels were measured in blood from the tails of four wild-type
and four mutant males aged 3 months, using an Accu-Chek Advantage
monitor (Roche Diagnostics). For 4-h- and 24-h-fasting levels, food was
removed but water was left.

Assessment of spontaneous movements of infant mice
The Arx (GCG)10�7 pups from four litters included mutant males and
mutant homozygous females (n � 13), as well as nonmutant males and
females (n � 24). Pups were marked on different toes and placed in
numbered compartments of a plastic box, with a timer in view. Two
sequential 30 min DVD recordings were made at approximately the same
time during the lights-on period, in a humid, 35°C temperature-
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controlled environment. Quantitative analysis focused on pups 7–11 d
postnatal. Mothers accepted their pups and pups achieved developmen-
tal markers at normal times. A 30 min recording in which the least vol-
untary movement occurred was reviewed pup by pup to score spontane-
ous movements during sleep and at the moment of awakening.
Movements in three categories were counted: (1) high-amplitude move-
ments included rapid, abrupt displacements of the entire body across the
floor of the compartment, as well as (2) startles, defined as “sudden,
spontaneous and simultaneous contractions of skeletal muscles through-
out the body” (Karlsson et al., 2006), occurring as abdominal contrac-
tions bowing or twisting the body or as simultaneous strong movements
of three or more appendages, and (3) low-amplitude movements in-
cluded myoclonic twitches and kicks. Voluntary movements during ob-
vious wakefulness were not scored.

Simultaneous video and electroencephalographic recording
Two- to 5-week-old Arx (GCG)10�7 mutant and wild-type littermate
males were implanted for chronic EEG recordings following established
methods. Mice were anesthetized by intraperitoneal injection of 0.02
ml/g Avertin. In mice older than 3 weeks, eight Teflon-coated 0.005-
inch-diameter silver wire electrodes soldered to a microminiature con-
nector were implanted into the subdural space over the temporal, pari-
etal, and occipital cortices. A bipolar montage linking parietal to
temporal and parietal to occipital electrodes on either hemisphere was
used to localize EEG activity to specific brain regions. Only two bilateral
electrodes (left temporal 3 and right temporal 4) were implanted in
younger [postnatal day 11 (P11)] mice. Beginning 1 d after surgery, EEG
activity was monitored with the mouse moving freely in a cage during
random 3– 4 h periods or overnight for 7–12 h. Behavior recorded with a
digital video camera was correlated with EEG activity (Stellate Systems;
Harmonie, version 5.0b). Recordings were made for up to 6 weeks after
implantation. The EEG and behavioral data were evaluated by three ex-
pert observers.

Behavioral assessment
Groups of experimentally naive, 2-month-old mutants with their wild-
type littermates were used for all behavioral tests, which were performed
in an identical sequence over a period of 7 d for both genotypes.

Startle to an acoustic stimulus and prepulse inhibition of startle. Prepulse
inhibition is the reduction in a startle response caused by a low-intensity
nonstartling sound, the prepulse, given before a 40-ms-long startling
sound of 120 dB (Marubio and Paylor, 2004). Each mouse was placed in
a Plexiglas cylinder on an accelerometer in a lighted, sound-attenuated
box (SR-Lab System; San Diego Instruments) and left for 5 min with
constant 70 dB white noise. Test sessions included 48 randomly gener-
ated trial types delivered over 10 min, with prepulse sounds of 74, 78, or
82 dB given 100 ms before the startle stimulus, or with the sounds given
separately.

Nociception. Mice were placed inside a Plexiglas chamber with the floor
heated to 55°C. The latency to a hindlimb response, lifting or twitching or
licking a foot, was recorded.

Motor function test. Motor skills were evaluated with a rotating rod
(Rota-Rod; model 7650; Ugo Basile) accelerating from 4 to 40 rpm in 5
min (McIlwain et al., 2001). Four trials, 30 – 60 min apart, were done on
2 d. Maximum trial time was 6 min, except for the last one, which was
extended until the mice dropped off the rod or rode around twice.

Light– dark exploration test. Mice were placed near the outer wall of the
light end of a 44 � 21 � 21 cm Plexiglas box unequally divided into light
and dark chambers. The number of entries during the 10 min period
when a mouse had all feet in either chamber was recorded (McIlwain et
al., 2001).

Open-field test. Mice were placed in the center of an evenly lighted
open-field space (40 � 40 � 30 cm) (McIlwain et al., 2001). Activities in
the x-, y-, and z-axes were quantitated over 30 min by a computer-
operated photo beam-based Versamax system (AccuScan Instruments).
Data were collected over 2 min intervals.

Learning behavior: pavlovian conditioned fear. Performance in a condi-
tioned fear task was analyzed using the video-based motion monitor
system (San Diego Instruments) (McIlwain et al., 2001). Training in-

volved two events of a conditioned stimulus (CS) of 30 s of 80 dB white
noise followed by a 0.4 mA mild 2 s footshock. A day later, mice were
given 5 min in the context of the training environment. Sixty minutes
later, the auditory CS test was done with altered contextual cues: the grid
floor covered with Plexiglas, the square space changed with a 45° angled
Plexiglas wall, and the smell changed by cleaning with ethanol rather than
isopropyl alcohol and adding a cap of vanilla extract. Freezing behavior
was noted during 3 min without CS, and then during 3 min with contin-
uous CS. The CS-minus pre-CS values for 4 of the 21 subjects of each
genotype were 2 SDs outside the mean, so were excluded.

Social behavior: tube test of social dominance. Each Arx (GCG)10�7 mu-
tant mouse encountered three different non-cage mate wild-type mice at
approximately equal time intervals and from alternating ends of a clear
Plexiglas cube. Retreat of one mouse was marked as a “lose” for that
mouse and a “win” for the other. Most matches were won in �120 s; one
lasting �600 s was excluded (Shahbazian et al., 2002).

Statistical analysis
Data are expressed as mean � SEM. Statistical analyses were performed
using one-way ANOVA (genotype by trial) and were followed by the
unpaired two-tailed Student t test if variances were unequal. The � 2 test
was used on the tube test results.

Results
Generation of a mouse genetic model for infantile
spasms syndrome
The human ARX (GCG)10�7 mutation most closely associated
with West syndrome/X-linked infantile spasms syndrome (ISSX)
expands the first polyalanine tract of amino acids 100 –115 from
16 to 23 residues through the insertion of seven GCG alanine
codons within 10 consecutive GCG alanine codons (Fig. 1A)
(Strømme et al., 2002a) (for review, see Guerrini et al., 2007;
Poirier et al., 2008). Alanine is encoded by GCX, where X is any
nucleotide. The mouse Arx gene (locus NP_031518; UniGene
Mm.275547) has 15 alanine codons in the first polyalanine tract,
but the longest GCG repeat is 4, not 10. In keeping with the mixed
alanine codon usage, the mouse Arx expansion knock-in muta-
tion was generated with GCT repeats, resulting in a total of 23
alanine codons in tract 1. This mouse Arx knock-in reproduces
the 23 alanine codons in human ISSX-ARX (GCG)10�7, so we
have designated the resultant mouse line Arx (GCG)10�7.

The original construct has homologous arms of 4.2 and 2.2 kb,
a TK cassette, and an frt-flanked neomycin resistance cassette
(Fig. 1B, Knock-in � Neo). Exon 2 with the knock-in is flanked
by loxP sites. Recombination into embryonic stem cells was con-
firmed by Southern blotting of Ase-digested DNA and screening
with a 3�-probe (Fig. 1C). Eight of 210 clones had a 3.5 kb Ase
fragment resulting from recombination. Confirmatory Southern
blot screening used a 5�-probe for an EcoR1 fragment increased
by 2 kb because of the neomycin-resistance cassette. To ensure
the mutant transcript would properly splice, the frt-flanked
neomycin-resistance cassette was recombined out of intron 2 by
Flp recombinase. PCR for a product that was 2 kb smaller con-
firmed this event (Fig. 1D). PCR with the same primers distin-
guished cells with wild-type genomic DNA or knock-in DNA and
was also used for genotyping (Fig. 1E). The larger knock-in PCR
product is attributable to the presence of the loxP and frt sites 3�
of exon 2. Their presence in the knock-in stem cell clones was
confirmed by cloning and sequencing the PCR product. Mating
heterozygous Arx (GCG)10�7 females to wild-type males yielded
Arx (GCG)10�7 males at the expected 25% mendelian frequency.
The presence of the alanine expansion in three mutant males used
for experimental analysis was verified by sequencing the PCR
product of exon 2.
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Normal development of non-neuronal organ systems,
pancreatic metabolism, and fertility of the Arx (GCG)10�7

mutant
Arx is expressed in the developing nervous system, pancreas, and
testes, as well as in adult brain, skeletal muscle, heart, and liver
(Kitamura et al., 2002; Ohira et al., 2002; Colombo et al., 2004;
Poirier et al., 2004). Arx knock-out mice developed by two strat-
egies have severe defects in organs in which the gene is expressed
during development and die within days of birth (Kitamura et al.,
2002; Collombat et al., 2003). In contrast, Arx (GCG)10�7 males
and heterozygous as well as homozygous Arx (GCG)10�7 females
are viable, attain normal adult body weight, and are fertile. In
adult male and female Arx (GCG)10�7 mutants, muscle and bone
and all organs are normal in gross appearance. The heart, lungs,
kidney, liver, stomach, small and large intestine, pancreas, spleen,
thymus, and lymph nodes have normal histological appearance

(n � 2 each genotype). Arx (GCG)10�7 testi-
cles, epididymis, ductus deferens, prostate,
coagulating gland, and seminal vesicle are
also structurally normal. The adrenal
glands appear normal in both cortical and
medullary layers (data not shown). Since
Arx-null mutants die perinatally of appar-
ent dehydration and hypoglycemia be-
cause of skewed differentiation of pancre-
atic exocrine cells (Kitamura et al., 2002;
Collombat et al., 2005, 2007), feeding and
fasting glucose levels of Arx (GCG)10�7 mu-
tants and wild-type littermates were mea-
sured (n � 4 each). Consistent with their
viability and the normal histological ap-
pearance of pancreatic islets, blood glu-
cose levels were within the normal range in
fed, 4-h-fasted, and 24-h-fasted mutant
mice (fed: WT, 176 � 4, and mutant,
162 � 9; 4 h fasted: 166 � 14 and 146 � 5;
24 h fasted: 126 � 2 and 140 � 9; p �
0.16 – 0.23). The finding that the mutant
mice show normal development, fertility,
and pancreatic function suggests that the
mutant ARX protein retains at least partial
function in some non-CNS pathways.

Infant Arx (GCG)10�7 mutants show
spontaneous spasm-like
myoclonic events
Rodent pups display spontaneous limb
and tail movements during normal sleep
or on awakening, including brief focal
myoclonic twitches, kicks, and generalized
startles (Blumberg et al., 2007). Startles are
sudden, spontaneous, and simultaneous
contractions of skeletal muscles through-
out the body and have been defined behav-
iorally as “abrupt, high-amplitude, syn-
chronous movements of at least three
limbs” (Karlsson et al., 2006). We designed
a “littermate array” for our behavioral
videomonitoring studies to reproducibly
sample and analyze aberrant motor move-
ments; pups were placed unrestrained in
separate wells of a transparent plate that
allowed full range of motion and simulta-

neous observation of all littermates under the same temperature-
controlled conditions (Fig. 2A–C). In addition to motor startles
as defined above, we observed another distinct category of spon-
taneous high-amplitude movements: sustained spasm-like
movements so strong as to cause the pup to flip or fall over, axial
contractions that bowed or twisted the body, and abrupt lateral
displacements of the pup across the floor of the compartment.

The most severe spasm-like movements, those causing a
pup to flip or fall over (supplemental Video 1, available at
www.jneurosci.org as supplemental material), were increased
nearly fourfold in mutants at all ages compared with wild-type
siblings. Mutant pups at 7 d had between 0 and 11 such episodes
in a 30 min period, whereas nonmutant pups had a maximum of
2 (means of 2.8 � 0.8 vs 0.6 � 0.02; p � 0.002). At 9 d of age, 31%
of mutant pups had one to two severe spasms, whereas only one
nonmutant pup had a single episode in a 30 min period. At 11 d of

Figure 1. Structure of the ARX protein and gene, and generation of Arx (GCG)10�7 mice. A, Schematic model of the 564 residue
ARX protein showing the exon structure, position, and relative size of known protein domains and the four polyalanine tracts [tract
1 is indicated (arrow)]. B, Schematics of exon 1- and 2-containing (1, 2) region of the Arx gene at Xp21.3 relevant to the
(GCG)10�7 knock-in into polyalanine tract 1. The long arrows show the AseI-based Southern blot strategy using a 3�-probe
distinguishing wild-type embryonic stem cells from those with the entire knock-in construct recombined (Knock-in � Neo) (C). A
second strategy with the 5�-probe used EcoRI fragments (E to E). Probe bars represent 1 kb. The small arrow pairs indicate where
diagnostic PCR primers anneal. The knock-in plus Neo schematic demonstrates the left and right homologous arms in the target-
ing construct, loxP sites flanking the (GCG)10�7 knock-in into polyalanine tract 1, and the frt-flanked neomycin-resistance
cassette. The knock-in schematic illustrates the remaining sequence in targeted embryonic stem cells after flp recombinase
removed the neomycin-resistance cassette. C, Southern blot of AseI-digested genomic DNA from embryonic stem cells that are WT
or contain the knock-in plus neomycin-resistance cassette (KI�Neo), labeled with the 3�-probe. D, Gel of the 2 kb versus 0.335 kb
PCR products (small hooked arrow pairs in schematics) from targeted stem cells before (�Neo) and after (Flp-Neo) Flp-
recombinase removed the neomycin-resistance cassette. The latter cells were used to produce the chimeras founding the
Arx (GCG)10�7 lines. Molecular weight markers are indicated. E, Gel with the three possible genotyping PCR products. Female
heterozygotes show both WT 0.277 kb and 0.335 kb (GCG)10�7 bands. Male hemizygous or female homozygous (GCG)10�7
show a 0.335 kb band (small hooked arrow pairs in B). Molecular weight markers are in 0.2 kb increments.
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age, 38% of mutant pups displayed one to three severe spasms per
30 min, whereas none were observed in their nonmutant coun-
terparts. Overall, when compared with their nonmutant litter-
mates, the Arx (GCG)10�7 mutant pups showed twice as many total
spontaneous, high-amplitude movements (including the severe
spasms described above as well as startles, body displacement,
and rapid trunk flexion) at all three of the ages monitored (Fig.
2D). The frequency of these monitored events declined between
days 9 and 11, to approximately one-half. Hemizygous males and
homozygous females showed similar rates at the three ages ( p �
0.49, 0.29, 0.67). Similarly, and consistent with the normal devel-
opment of females heterozygous for the Arx-null mutation, the
spectrum and frequency of spontaneous myoclonic movements
in wild-type males and female heterozygotes did not significantly
differ ( p � 0.42, 0.12, 0.52 for the three ages).

The final category of movements scored was low-amplitude,
phasic movements, including myoclonic twitches and short-
distance kicks that did not disturb body posture. These are exhib-
ited by every pup at all ages. There was no significant difference
between the rate of low-amplitude movements in mutant and
nonmutant pups at the three tested ages (Fig. 2E) ( p � 0.29 –
0.36). The incidence of movements in this category declined
steadily and at a similar rate from postnatal day 7 to day 11 in
both mutant and nonmutant pups. Unlike the high-amplitude

spasm movements, the Arx mutation had no significant effect on
the frequency of low-amplitude motor activities at infantile
stages.

Spontaneous epileptic EEG activity in Arx (GCG)10�7 mutants
To determine whether the Arx (GCG)10�7 mutation alters cortical
excitability, we performed prolonged video-electroencephalo-
graphic recordings from chronically implanted mutant pups
11–21 d of age (n � 5), mutant juveniles and adults between 3.5
and 10 weeks of age (n � 12), and age-matched wild-type litter-
mates (n � 7). Because of their small size, it was not possible to
reliably record from mice as young as those monitored for spasm-
like movements (7–11 d of age). Recordings for periods exceed-
ing 4 h on pups 16 –20 d old revealed multiple 4 –5 s episodes that
began with a high-voltage (up to 3.9 mV) slow wave transient
followed by attenuation of the background EEG amplitude and a
transient increase of higher frequency activity (Fig. 3A). The pups
exhibited a very brief myoclonic jerk involving the head and body
at the onset of the attenuation event (Fig. 3A, arrow). These ste-
reotyped “electrodecremental” episodes associated with myo-
clonic jerks are similar to those ictal events seen in infantile spasm
patients (Hrachovy and Frost, 2003). High-amplitude cortical
spikes and sharp waves also occurred frequently, up to 20 times
per hour. These discharges were multifocal in origin (arising in-

Figure 2. Infant Arx (GCG)10�7 pups display twice as many spontaneous, severe spasm-like movements as do wild-type littermates. A, Still image from a videorecording of a wild-type (no. 1) and
three mutant 9-d-old male mouse littermates. Mutant pup no. 9 in lower right quadrant is in the midst of major spasm-like movements. B, Six seconds later, pup no. 9 tonically extends all limbs. C,
Eleven seconds later, spasm-like movement in pup no. 9 is complete. D, Spontaneous high-amplitude movements, including startles and displacement of the entire body, occur twice as often in
Arx (GCG)10�7 pups as in nonmutant littermates. Arx (GCG)10�7 pups (n � 13) are mutant males and females. Nonmutant pups (n � 24) are wild-type males and heterozygous females. ***p � 0.001
by one-way ANOVA. E, Mutants displayed spontaneous low-amplitude movements, including myoclonic twitches and short-distance kicks, at approximately the same rate as did nonmutant
littermates ( p � 0.24 – 0.36). Group data shown are average � SEM.
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dependently in both hemispheres) and were more frequent dur-
ing non-rapid eye movement sleep. In addition, high-voltage
slow waves associated with a spike or sharp component occurred
independently over both hemispheres, usually infrequently but
sometimes 10 –20 times per hour. These high-voltage patterns
resemble those in Figure 3A except that the activity before and
after the high-voltage event are similar; there is no attenuation or
increase in frequency and no obvious motor behavior linked to
the discharge.

Arx (GCG)10�7 mutants between the ages of 3.5 and 10 weeks
show spontaneous electrographic seizures characterized by gen-
eralized attenuation of the background activity and the appear-
ance of low-voltage fast activity, followed by generalized high-
frequency and high-amplitude spike and polyspike activity
dissipating at different times in different brain regions (Fig. 3B).
The episodes of high-frequency spiking lasted 18 –29 s, during
which the mice generally made 4 –10 slow versive movements of
the head and or trunk, and clonic movements followed by vigor-
ous grooming suggestive of limbic seizures with hippocampal
involvement. After generalized seizure discharges, there was pro-
longed attenuation of the EEG voltage. One juvenile mutant male
was observed to have spontaneous tonic/clonic seizures (two in a
7 h period). A second type of seizure, also seen in pups, was
distinguished by 6 Hz spike wave bursts with amplitudes of 150 –
400 �V (Fig. 3C), and accompanied by behavioral arrest. These
episodes last up to 4 s, with an average of 1.2 per second, and
occur between 3 and 28 times per hour (average rate of 10.6 per
hour). These spike wave bursts occurred in one-half (2 of 4) of the
mice that had other seizure patterns during the monitoring pe-
riod, and in 75% (8 of 12) of the mutant adults monitored. The

third type of abnormality observed in the majority of the mutant
mice, whether awake or asleep, were frequent (up to 118 per
hour) multifocal single spike and sharp wave patterns of complex
morphology with amplitudes ranging between 600 and 1200 �V.
Rare (one to three per hour) low-voltage spike or sharp wave-
forms were seen in wild-type mice and were typically �600 �V in
amplitude.

Cognitive impairment and abnormal behavior in
Arx (GCG)10�7 mutant mice
Large groups of mutant and wild-type control 2-month-old male
littermates were screened with a battery of standardized behav-
ioral tests (n � 21 of each genotype). In a prepulse inhibition test
to assess sensorimotor gating, Arx (GCG)10�7 and wild-type mice
responded to the loudest sound, 120 dB, with a startle movement
of similar maximum amplitude (669 � 150 vs 703 � 94). The
acoustic startle response in both genotypes was inhibited by 	10,
25, or 44% when warning prepulse sounds of 74, 78, or 82 dB,
respectively, preceded the 120 dB startling sound (Fig. 4A). These
results demonstrate intact hearing and unaltered brainstem re-
flexes to a startle stimulus, distinguishing the spontaneous startle
events from the hypekplexia caused by dysinhibition with the
brainstem and spinal cord as seen in mice with glycine receptor
�-subunit mutations (Ryan et al., 1994). Mutant mice were sig-
nificantly more sensitive than wild-type mice to heat-induced
pain, with a 30% shorter latency to exhibiting a hindlimb re-
sponse (7.6 vs 9.95 s; p � 0.003). Coordination and the ability to
learn motor skills were assayed on the accelerating rotarod, in
four trials on 2 successive days. Mutant mice performed signifi-
cantly better than wild-type mice in most trials ( p � 0.006 –

Figure 3. EEG abnormalities in Arx (GCG)10�7 mice. A, Mutants under 21 d of age display sharp spike-slow wave transients followed by attenuation of background activity and an increase in
high-frequency background rhythmic activity. The arrow indicates the beginning of a myoclonic twitch associated behaviorally with sudden head drop. This pattern is not seen in older mutants. The
record is from temporal electrodes. B, EEG recording of a representative 29 s spontaneous generalized seizure seen in 19-d-old (and older) adult mutants. Slow versive movements of the head
accompany these EEG seizures. C, The 6/s spike wave bursts accompanied by behavioral arrest are seen in mutants starting at 14 d through late adulthood. Recording electrode montage: L, left; R,
right; F, frontal; T, temporal; P, parietal; O, occipital.
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0.036), and slightly better but insignifi-
cantly in the other trials (Fig. 4B). Mutant
mice seemed less fearful, often turning
around on the rod while it rotated slowly.

In a more direct measure of anxiety,
Arx (GCG)10�7 mice behaved abnormally
in the light/dark exploration test, spend-
ing more than twice as long in the light
and 20% less in the dark as did wild-type
mice (light time, 38 vs 17%; dark time,
62 vs 83%; p � 0.0001) (Fig. 4C) with an
average of 35% longer in the light at each
interval ( p � 0.007). The mutants made
67% more light/dark transitions (46.2 vs
27.6; p � 0.0001). The latency until the
first entry into the darkened chamber
was similar in both genotypes. These re-
sults indicate that mutant mice initially
behave like wild-type mice, but then ex-
plore with less anxiety. In the open-field
test, Arx mutant mice showed similar
speeds and amounts of locomotor activ-
ity during a 30 min period of exploration
of a novel arena. There was no difference
in horizontal, vertical, or circling activ-
ity, and a slight but insignificant increase
in the total number of movements by the
mutants. The striking difference was that
mutant mice spent 40% more time in the
center than did wild-type littermates
(0.316 vs 0.226 center/total distance ra-
tio; p � 0.004). The abnormal behavioral profiles in the light/
dark and open-field exploration tests reveal subnormal anxi-
ety levels in the Arx mutants.

Reduced anxiety may also contribute to cognitive impair-
ments in the Arx (GCG)10�7 mutant mice, as demonstrated by pav-
lovian conditioned fear training involving a brief footshock ap-
plied after a conditioning sound (CS) cue (Fig. 4D). Trained
mutant mice placed in the training context/environment the next
day adopted a fear-induced “frozen” posture 48% less often than
did wild-type mice (context, 21 vs 44%; p � 0.0001). After many
variables of the training context were changed, including the
chamber floor, shape, and scent, the freezing responses by mu-
tant mice were only 27% as frequent as those of wild-type mice
(PreC-cue, 4.6 vs 16.9%; p � 0.018). When the conditioning
sound cue was delivered in this altered environment, mutants
froze only 47% as frequently as control littermates (CS, 32.9 vs
69.7%; p � 0.00001). The relative lack of learned fear in mutants
was also revealed by a major reduction in freezing responses in
mutants post-sound cue versus pre-sound cue (CS–pre-CS)
compared with control mice (28.4 vs 52.8%; p � 0.0003). These
results indicate an impairment of associative learning and mem-
ory in the mutants, with deficits in both context- and sound
cue-dependent aspects, despite their normal acoustic response
and hypersensitivity to painful stimuli. Finally, we performed the
tube test for social dominance, often used as an indicator of
autism-like characteristics (Shahbazian et al., 2002; Spencer et al.,
2005). In three separate trials, each mouse was confronted with a
different non-cage mate mouse of the opposite genotype. In 79%
of trials, Arx (GCG)10�7 mice demonstrated the autistic-like behav-
ior of retreating, whereas wild-type mice retreated in only 21% of
the trials (49 of 60 matches; p � 0.00001).

Reduction of mature Arx-positive interneuron populations in
the Arx (GCG)10�7 mutant
ARX� GABAergic interneurons are expressed in the mature
mouse brain in multiple forebrain regions, with the highest pop-
ulations present within the neocortex, hippocampus, and adult
neural progenitor zones. Using a commercial antibody specific
for ARX, in wild-type mice ARX� interneurons were labeled
throughout the neocortex, especially in the deeper layers (Fig.
5A,C). Compared with adult male wild-type siblings, only 	68%
of ARX� cells remained in layers I–IV of somatosensory and
motor cortex in Arx (GCG)10�7 mutants, and only 53% as many
ARX� cells were present in the deeper layers V–VI (Fig. 5B,D,
Table 1). The total reduction throughout the cortex was to 	58%
of wild-type values. At the cellular level, ARX protein was local-
ized in the nuclei of 72 � 5% of the wild-type and 45 � 11% of the
mutant interneurons (n � 5 each genotype; p � 0.05), therefore
remaining in the cytoplasm of a larger percentage of mutant in-
terneurons (Fig. 5D, large arrows). There was no difference in
ARX� cell distribution in the parietal cortex (n � 3 each geno-
type) (data not shown). In the hippocampal formation, approx-
imately one-half as many ARX� cells were present in the hilar
region of the mutant dentate gyrus (Fig. 5E,F). Likewise, ARX�
cell populations in the mutant striatum were reduced to approx-
imately one-half of the wild-type level (Fig. 5G,H). Nuclear ARX
localization in hippocampal and striatal interneurons appeared
similar in both genotypes.

Selective reductions of interneuron subtypes
We used antibodies specific for the interneuron markers parval-
bumin, calretinin, calbindin, and NPY to examine specific sub-
sets of interneurons in the adult mutant, and found that not all
were equally affected by the Arx (GCG)10�7 mutation. The density

Figure 4. Arx (GCG)10�7 mutants behave with abnormally low anxiety, are cognitively impaired, and display an autism-like
characteristic. A, The startle response of mice of both genotypes habituates similarly as louder prepulse sounds repeatedly precede
the 120 dB startling sound. B, Rotarod tests show that mutant mice perform significantly better than wild-type mice in most trials,
and both sets of mice improve their motor skills at a similar rate. C, Mutant mice behave abnormally in the light/dark exploration
test, spending twofold longer in the lighted area and making 67% more transitions from dark to light. D, The conditioned fear test
reveals impaired associative learning from contextual cues (environment and conditioning sound stimulus) with an aversive
stimulus (footshock) in Arx (GCG)10�7 mice, as assessed by freezing behavior. Data are average � SEM. *p � 0.05, **p � 0.01,
***p � 0.001 versus wild type by one-way ANOVA.
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and location of parvalbumin- and calretinin-expressing
GABAergic interneurons in mutant brains was similar to that in
wild-type littermates in all regions. In contrast, other subtype
populations were reduced in specific regions.

Reduction of calbindin-expressing interneurons in
Arx (GCG)10�7 mutant forebrain
The most striking loss was in calbindin� interneurons in multi-
ple regions, including layers I–IV of the neocortex with a lesser
reduction in the deeper layers (Fig. 6A–D), accompanied by an
approximately equal reduction in these cells in the granule cell
layer of the dentate gyrus (Fig. 6E,F), and striatum (Fig. 6G,H,
Table 1). The Arx (GCG)10�7 mutation had little effect on calbindin
expression itself, as evidenced by strong immunopositivity of
other calbindin-expressing structures, such as the mossy fiber

axons of granule cells in the dentate hilar
region (Fig. 6F) (n � 4 each genotype).

Reduction of NPY-expressing
interneurons in the Arx (GCG)10�7

mutant striatum
In contrast, NPY� interneuron loss was
region specific. A subset of GABAergic in-
terneurons express NPY, and likewise, a
subset of NPY� cells express ARX. NPY�
cells were absent from the Arx-null mouse
(Kitamura et al., 2002), but in the
Arx (GCG)10�7 there was no difference in
the number of NPY� cells in layers I–V or
layers V–VI of the motor/somatosensory
cortex or the parietal cortex (Fig. 7A,B),
and no discernible difference in NPY� cell
numbers in hippocampal sections (Table
1). However, the mutant striatum showed
a 31% loss of NPY� cells compared with
wild-type siblings, although the cell mor-
phology appeared normal (Fig. 7C,D, Ta-
ble 1) (n � 3 each genotype).

Reduction of striatal cholinergic
interneurons in the Arx (GCG)10�7

mutant striatum
Basal ganglia pathology is found in chil-
dren with ARX mutations who display
marked and prolonged dystonia (Juhász et
al., 2001; Guerrini et al., 2007), and Arx-
null mice show a severe lack of cholinergic
interneurons in the basal ganglia (Co-
lombo et el., 2007). The latter defect may
be attributable to limited migration of
cholinergic precursor cells from the ven-
tral subpallium during early development,
and a strong reduction in expression of
transcription factors such as Lhx7 that are
linked to the expression of ARX. The effect
of the Arx (GCG)10�7 mutation on striatal
cholinergic interneurons was assessed by
quantification of ChAT-expressing cells in
the caudate–putamen. Mutants contained
only 39% as many striatal ChAT� cells
compared with their wild-type littermates
(Table 1) (n � 3 each genotype) (Fig.
7E,F).

Presence of Dcx-positive neural progenitors
Finally, we examined cerebral progenitor zones in adult mutants
and �/� mice (n � 4 each genotype) for other Arx-related de-
fects, since ARX is found in adult neural stem cells (Colombo et
al., 2004). Dcx is a microtubule-associated protein marker for
neural stem cells in germinal zones, expressed shortly after mito-
sis during the commitment to a neuronal fate and in the early
stage of migration (Overstreet-Wadiche and Westbrook, 2006;
von Bohlen und Halbach, 2007). Prolonged hippocampal seizure
activity induces neurogenesis and the expression of Dcx� cells
within these zones (Parent et al., 2006). The density and location
of Dcx� cells appeared unchanged in the subgranular layer of the
dentate gyrus, the tertiary germinal matrix in which adult stem

Figure 5. ARX-positive interneurons are significantly reduced from normal in the neocortex, hippocampus, and striatum of the
Arx (GCG)10�7 mutant. A, B, Low-magnification views of sections of cortex spanning from the pia to the white matter, immuno-
stained with anti-ARX antibody, show a reduction of ARX� cells throughout the Arx (GCG)10�7 mutant motor/somatosensory
cortex compared with that of Arx �/� WT sibling, but more so in the deeper layers. C, D, Higher magnification views (A, B,
rectangles) demonstrate that, although ARX is localized in the nuclei of wild-type neurons and some mutant neurons, it is present
in the cytoplasm of many mutant cortical neurons (D, large arrows). Note that the selected areas have the highest concentration
of ARX� interneurons for each genotype. E, F, A decrease in ARX� interneurons in the Arx mutant is also evident in the hilus of
the hippocampal dentate gyrus (arrows) compared with that of wild type. G, H, ARX� interneurons in the mutant caudate–
putamen are reduced to approximately one-half the wild-type level; ARX is localized in nuclei (arrows) in both genotypes. Scale
bars: A, B, E, F, 200 �m; C, D, G, H, 100 �m.
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cell proliferative activity coexists with
GABAergic interneurons. In addition,
there was no obvious decrease of Dcx�
cells in the cortical subventricular germi-
nal zone and rostral migratory stream
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
The lack of a clear expansion in the size of
this population is consistent with the phe-
notype of brief seizures observed in these
mutants. Consistent with this interpreta-
tion, we found no evidence of cell death
using the Fluoro-Jade technique (data not
shown) in either the mutants or wild-type
siblings.

Discussion
We have generated a viable mouse
knock-in developmental model of a hu-
man ARX mutation, a (GCG)10�7 ex-
pansion of polyalanine tract 1 encoded by
exon 2, associated with ISSX/West syn-
drome. This is a catastrophic form of
childhood epilepsy, with mental retarda-
tion, and in 	70% of cases (Kato, 2006;
Shinozaki et al., 2009) infantile spasms,
progressing to other types of seizures by
3– 4 years of age. The ISSX syndrome is
highly resistant to medical treatment. The
Arx (GCG)10�7 mouse model is the first ge-
netic mouse model of Arx deficiency that
survives into adulthood and recapitulates
major features of the human disease, in
particular, abnormal infantile motor
spasms, seizures, and neurobehavioral
deficits. The major cellular features in-
clude a selective loss of cortical, hip-
pocampal, and striatal Arx� and calbi-
ndin� interneurons, and a striking
reduction of NPY� and cholinergic inter-
neurons in the striatum. Additional mo-
lecular analysis of the Arx (GCG)10�7 mouse
model may be helpful in determining the
downstream changes in the cellular basis
of infantile spasms syndrome, and in identifying novel therapeu-
tic strategies for patients with this disorder.

Mode of action of ARX mutant protein in cells
The molecular details of how the multifunctional ARX transcrip-
tion factor regulates maturation and migration of interneurons
are still unclear, and additional work will be required to under-
stand the precise effects of the expanded repeat mutation. The
highly conserved octapeptide domain and the fourth polyalanine

tract have transcriptional repressor activity, whereas the
aristaless-related domain has transcriptional activator activity
(McKenzie et al., 2007). The paired-class (bicoid subfamily) ho-
meodomain may also regulate transcription. The abnormal func-
tion of ARX with the (GCG) 10�7 mutation that expands the first
polyalanine tract from 16 to 23 residues can have several molec-
ular origins. In a transcription assay, ARX protein fragments with
the (GCG) 10�7 mutation have 10-fold greater repressor activity
than wild type. At the cellular level, in vitro studies show that the

Table 1. Relative presence of neuron types that are affected in Arx(GCG)10�7 mutants (WT, 100%)

Cortical layers I–IV Cortical layers V–VI All cortical layers Hippocampus Striatum

ARX� 68 � 5* 53 � 13* 58 � 9* 69 � 15* 49 � 7*
CB28K� 64 � 9** 77 � 14 67 � 9** 56 � 16 47 � 6***
NPY� 100 � 5 100 � 11 100 � 7 100 � 19 69 � 8**
ChAT� — — — — 39 � 16***

The unit of measure is percentage of immunostained cells present in defined areas in brain sections of bregma 1.0 and 0.5, relative to WT values that were set at 100%. CB28K, Calbindin 28K; —, absence of ChAT � cells. Values are average �
SEM.

*p � 0.05, **p � 0.01, ***p � 0.001 versus wild type.

Figure 6. Calbindin D28K-positive interneurons are less abundant in the neocortex, hippocampus, and striatum of the
Arx (GCG)10�7 mutant. A, B, Neocortex of WT and mutant motor/somatosensory cortex immunostained with anti-calbindin D28K

antibody, showing loss of calbindin� cells throughout the Arx (GCG)10�7 cortex compared with a WT sibling. Layers V–VI are
indicated by the two-headed arrows. C, D, Higher magnification images (A, B, rectangles) show calbindin� interneurons in layers
I–IV. E, F, Calbindin� interneurons are also decreased in the granule cell layer of the mutant dentate gyrus. G, H, Like the ARX�
interneurons, calbindin� projection neurons (arrows) in the mutant striatum are reduced to approximately one-half the WT
level. Scale bars: A, B, E, F, 200 �m; C, D, G, H, 100 �m.
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(GCG) 10�7 expansion causes a partial loss of function through
protein aggregation, as evidenced by ARX accumulation in nu-
clear aggregates in a subpopulation of transfected COS or 293T
cells or brain cells (Nasrallah et al., 2004; Friocourt et al., 2006),
and aggregates in the cytoplasm of transfected SH-SY5Y and
PC12 cells (Shoubridge et al., 2007). However, even normal ARX
protein forms nuclear and cytoplasmic aggregates in a fraction of
these cells. The ARX IVS4-816_EX5701del mutation, which
truncates ARX before the aristaless domain, has been detected in
two males with infantile spasms and mental retardation
(Strømme et al., 2002b). This truncated protein did not aggregate
when expressed in COS cells (Nasrallah et al., 2004), suggesting
that one form of ISSX/mental retardation occurs in the absence of
aggregation of mutant ARX protein. In our mouse model,
ARX (GCG)10�7 protein was detected in the cytoplasm of a greater
percentage of neurons than was the wild-type protein (Fig. 7D).
Limited genotype–phenotype correlations suggest that the over-
all severity of the phenotype correlates with the size of the first
polyalanine repeat tract expansion; 1–3 extra alanines produce
mental retardation (Bienvenu et al., 2002), 7 additional alanines
are associated with infantile spasms/West syndrome (Guerrini et
al., 2007), and 11 extra alanines causes a severe developmental

disorder (Ohtahara syndrome) with an
EEG suppression burst pattern (Kato et al.,
2007).

Role of Arx (GCG)10�7 mutant cells in
brain development
Analysis of neuroanatomical defects in
males from several lines of mice with Arx
gene disruption demonstrated that Arx
contributes to all fundamental processes
of brain development: neuronal prolif-
eration, patterning, cell migration, and
axonal outgrowth (Kitamura et al., 2002;
Colombo et al., 2007; Colasante et al.,
2008; Friocourt et al., 2008). Arx is ex-
pressed at levels detectable by in situ hy-
bridization at the 3-somite stage and by
the 10-somite stage is expressed in the
dorsal telencephalon in regions that co-
express Nkx2.1 and Dlx-1 and -2 (Miura
et al., 1997; Colombo et al., 2004). Arx
expression is regulated by several mem-
bers of the Dlx family of homeobox
proteins, as shown by ectopic induction
after electroporation of plasmids ex-
pressing Dlx-1, -2, or -5, even in Dlx1/2
knock-out brains lacking most interneu-
rons or interneuron precursors (Cobos
et al., 2005a; Colasante et al., 2008).

Wild-type Arx alleles contribute to mi-
gration of GABAergic interneurons from
the lateral ganglionic eminence (LGE) and
the medial ganglionic eminence (MGE)
and to proliferation and migration of cor-
tical pyramidal progenitor cells in the sub-
ventricular zone (SVZ) of the developing
forebrain (Kitamura et al., 2002; Colombo
et al., 2007; Friocourt et al., 2008). In Arx-
null embryos, migration from the LGE to
the striatum and other structures and from
the MGE to the cortical intermediate zone

and the marginal zone is nearly absent, and migration through
the SVZ is partially impaired. As a consequence, in the Arx-null
mutant, glutamate-expressing pyramidal cells are mislocalized,
calbindin� and calretinin� cells are severely reduced, and
NPY� [NPY/nNOS� (neuronal nitric oxide synthase-positive)]
interneurons are nearly absent throughout the brain. Arx also
plays a role in regionalization of the brain by its effect on expres-
sion of other transcription factors, so that in its absence, cholin-
ergic striatal interneurons are completely lacking and thalamic
development is aberrant. In our Arx (GCG)10�7 model, we found a
striking and selective interneuronopathy with a major loss of
ARX� interneurons in the neocortex, hippocampus, and stria-
tum, reflected mostly in a reduction of calbindin� cells, although
NPY� interneurons are also less abundant in the striatum.
Parvalbumin- and calretinin-expressing cells appeared unaf-
fected. The mutant striatum also shows less than one-half the
normal content of cholinergic interneurons. These decreases are
less severe than those described in the null mutant. Since subtypes
of cholinergic and GABAergic inhibitory defects in this network
play a pivotal role in the expression of both fleeting and sustained
dyskinetic movements (for review, see Wilson, 2007; Breakefield
et al., 2008), additional exploration of the role of striatal function

Figure 7. Severe reduction of striatal interneurons. The NPY� interneuron population is reduced in the striatum of the
Arx (GCG)10�7 mutant, although present at WT levels in the neocortex. A, B, Full-thickness views of somatosensory cortex immu-
nostained with anti-NPY antibody show that NPY� cells (arrows) are not altered in number or location in the Arx (GCG)10�7

mutant. C, D, NPY� interneurons (arrows) are decreased by 31% in the mutant caudate–putamen compared with that of a WT
sibling. Scale bars: A, B, 200 �m; C, D, 100 �m. The population of cholinergic interneurons in the striatum is reduced in mutant
mice to 39% of wild-type values. E, Section of WT striatum showing numerous interneurons labeled with antibodies to ChAT. F,
Markedly fewer cholinergic cells are detected in the same region of the Arx (GCG)10�7 striatum. The arrows indicate immunostained
cells. Scale bar, 100 �m.
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in this model may lead to a better understanding of the motor
spasms in this syndrome.

Comparison of Arx (GCG)10�7 mutants with human ISS and
other models of West syndrome/infantile spasms syndrome
Even single human ARX mutations lead to a spectrum of severe
neurobehavioral disorders, including epilepsy, infantile spasms,
dystonia, autism, and mental retardation (Turner et al., 2002).
The Arx (GCG)10�7 mouse mutant shares critical phenotypic fea-
tures with the most common presentation of human ISS, includ-
ing infantile spasm-like movements, electrodecremental dis-
charges, and multifocal EEG spikes, and displays seizures in
juvenile and older mice. Persistent seizures occur in children with
the Arx (GCG)10�7 mutation that have outgrown the infantile
spasm stage (Guerrini et al., 2007). One EEG feature not detected
in the mice we examined is hypsarrhythmia. Hypsarrhythmia is
defined as high-amplitude, irregular slow waves with superim-
posed discharges of multifocal spikes. Since this abnormality is
present early in the syndrome and diminishes with maturity, it
remains possible that it was missed because of the technical dif-
ficulty of recording EEG in unanesthetized mice younger than
P12. Like their human counterparts, Arx (GCG)10�7 mutant ani-
mals also have a significantly abnormal neurobehavioral profile
consistent with mental retardation and autistic-like features.

Several pharmacological models of epileptic spasms that ex-
press varying degrees of the full phenotypic spectrum have been
developed in rats; one induced by intracortical tetrodotoxin in-
jection (Lee et al., 2008) that displays hypsarrhythmia and spasms
in the adolescent animal, another by prenatal treatment with
betamethasone followed by postnatal administration of NMDA
(Velísek et al., 2007). Clusters of acute extensor flexions accom-
panied by EEG decremental responses can also be induced by
acute administration of the GABAB receptor agonist prodrug
GBL (�-butyrolactone) into transgenic Ts65Dn mice (Cortez et
al., 2009). These postnatal treatments do not impair interneuro-
nal migration, but disturb patterns of excitability that are regu-
lated by synaptic inhibition. A report of a conditional deletion of
Arx in Dlx5/6-expressing neurons in the mouse describing a loss
of calbindin� neurons and multiple seizure types appeared as
this paper went to press (Marsh et al., 2009).

A growing list of mouse genetic models of epilepsy have been
identified with selective patterns of dysmigration of interneuron
subtypes, including Cdk5 (Chae et al., 1997), Upar (Powell et al.,
2003), Lis1 (McManus et al., 2004), Dlx proteins (Cobos et al.,
2005b), semaphorins, and neuropilin (Sahay et al., 2005; Gant et
al., 2009). Our finding of reductions in specific forebrain inter-
neuron subtypes, with presumed secondary rearrangement of
somatic and dendritic inhibitory inputs, favors the view that im-
paired local circuit control of both network synchrony and syn-
aptic plasticity (Magloczky and Freund, 2005) mediate the pri-
mary elements of the Arx syndrome. Since at least 84
transcriptional targets of Arx have been identified in the develop-
ing brain (Fulp et al., 2008), the downstream patterns of Arx
regulated genes also contribute extensive molecular diversity to
the mechanisms underlying the complex infantile spasms syn-
drome phenotype. Continuing analysis of the Arx (GCG)10�7

mouse mutant at specific developmental stages and into adult-
hood with a focus on brain regions in which specific interneuro-
nal subtypes have failed to migrate, coupled with comparisons of
excitability in those regions among other phenocopies of the dis-
order, will help highlight necessary and sufficient lesions under-
lying this catastrophic form of epilepsy.
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Fryns JP, et al. (2002) ARX, a novel Prd-class-homeobox gene highly
expressed in the telencephalon, is mutated in X-linked mental retarda-
tion. Hum Mol Genet 11:981–991.

Blumberg MS, Coleman CM, Johnson ED, Shaw C (2007) Developmental
divergence of sleep-wake patterns in orexin knockout and wild-type mice.
Eur J Neurosci 25:512–518.

Breakefield XO, Blood AJ, Li Y, Hallett M, Hanson PI, Standaert DG (2008)
The pathophysiological basis of dystonias. Nat Rev Neurosci 9:222–234.

Buchholz F, Angrand PO, Stewart AF (1998) Improved properties of FLP
recombinase evolved by cycling mutagenesis. Nat Biotechnol
16:657– 662.

Chae T, Kwon YT, Bronson R, Dikkes P, Li E, Tsai LH (1997) Mice lacking
p35, a neuronal specific activator of Cdk5, display cortical lamination
defects, seizures, and adult lethality. Neuron 18:29 – 42.

Cobos I, Broccoli V, Rubenstein JL (2005a) The vertebrate ortholog of Ari-
staless is regulated by Dlx genes in the developing forebrain. J Comp
Neurol 483:292–303.

Cobos I, Calcagnotto ME, Vilaythong AJ, Thwin MT, Noebels JL, Baraban SC,
Rubenstein JL (2005b) Mice lacking Dlx1 show subtype-specific loss of
interneurons, reduced inhibition and epilepsy. Nat Neurosci
8:1059 –1068.

Colasante G, Collombat P, Raimondi V, Bonanomi D, Ferrai C, Maira M,
Yoshikawa K, Mansouri A, Valtorta F, Rubenstein JL, Broccoli V (2008)
Arx is a direct target of Dlx2 and thereby contributes to the tangential
migration of GABAergic interneurons. J Neurosci 28:10674 –10686.

Collombat P, Mansouri A, Hecksher-Sorensen J, Serup P, Krull J, Gradwohl
G, Gruss P (2003) Opposing actions of Arx and Pax4 in endocrine pan-
creas development. Genes Dev 17:2591–2603.

Collombat P, Hecksher-Sorensen J, Broccoli V, Krull J, Ponte I, Mundiger T,
Smith J, Gruss P, Serup P, Mansouri A (2005) The simultaneous loss of
Arx and Pax4 genes promotes a somatostatin-producing cell fate specifi-
cation at the expense of the alpha- and beta-cell lineages in the mouse
endocrine pancreas. Development 13:2969 –2980.

Collombat P, Hecksher-Sørensen J, Krull J, Berger J, Riedel D, Herrera PL,
Serup P, Mansouri A (2007) Embryonic endocrine pancreas and mature
beta cells acquire alpha and PP cell phenotypes upon Arx misexpression.
J Clin Invest 117:961–970.
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Gécz J, Cloosterman D, Partington M (2006) ARX: a gene for all seasons.
Curr Opin Genet Dev 16:308 –316.

Guerrini R, Moro F, Kato M, Barkovich AJ, Shiihara T, McShane MA, Hurst
J, Loi M, Tohyama J, Norci V, Hayasaka K, Kang UJ, Das S, Dobyns WB
(2007) Expansion of the first polyA tract of ARX causes infantile spasms
and status dystonicus. Neurology 69:427– 433.

Hiraoka M, Abe A, Lu Y, Yang K, Han X, Gross RW, Shayman JA (2006)
Lysosomal phospholipase A2 and phospholipidosis. Mol Cell Biol
26:6139 – 6148.

Hrachovy RA, Frost JD Jr (2003) Infantile epileptic encephalopathy with
hypsarrhythmia (infantile spasms/West syndrome). J Clin Neurophysiol
20:408 – 425.

Juhász C, Chugani HT, Muzik O, Chugani DC (2001) Neuroradiological
assessment of brain structure and function and its implication in the
pathogenesis of West syndrome. Brain Dev 23:488 – 495.

Kalscheuer VM, Tao J, Donnelly A, Hollway G, Schwinger E, Kübart S, Men-
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dystonia, and other X-linked phenotypes caused by mutations in Arista-
less related homeobox gene, ARX. Brain Dev 24:266 –268.

Turner G, Partington M, Kerr B, Mangelsdorf M, Gécz J (2002) Variable
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