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Inactivation of Arx, the Murine Ortholog of the X-Linked
Lissencephaly with Ambiguous Genitalia Gene, Leads to
Severe Disorganization of the Ventral Telencephalon with
Impaired Neuronal Migration and Differentiation
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ARX loss-of-function mutations cause X-linked lissencephaly with ambiguous genitalia (XLAG), a severe neurological condition that
results in profound brain malformations, including microcephaly, absence of corpus callosum, and impairment of the basal ganglia.
Despite such dramatic defects, their nature and origin remain largely unknown. Here, we used Arx mutant mice as a model to characterize
the cellular and molecular mechanisms underlying the basal ganglia alterations. In these animals, the early differentiation of this tissue
appeared normal, whereas subsequent differentiation was impaired, leading to the periventricular accumulation of immature neurons in
both the lateral ganglionic eminence and medial ganglionic eminence (MGE). Both tangential migration toward the cortex and striatum
and radial migration to the globus pallidus and striatum were greatly reduced in the mutants, causing a periventricular accumulation of
NPY� or calretinin� neurons in the MGE. Arx mutant neurons retained their differentiation potential in vitro but exhibited deficits in
morphology and migration ability. These findings imply that cell-autonomous defects in migration underlie the neuronal localization defects.
Furthermore, Arx mutants lacked a large fraction of cholinergic neurons and displayed a strong impairment of thalamocortical projections, in
which major axon fiber tracts failed to traverse the basal ganglia. Altogether, these results highlight the critical functions of Arx in promoting
neural migration and regulating basal ganglia differentiation in mice, consistent with the phenotype of XLAG patients.
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Introduction
The Arx gene, which encodes a highly conserved homeodomain-
containing transcription factor, maps to the short arm of the
mammalian X chromosome (Miura et al., 1997; Campbell and
Tomlinson, 1998; Melkman and Sengupta, 2005; Seufert et al.,
2005; McKenzie et al., 2007). Mutations of the human ARX gene
were initially characterized in patients with X-linked West syn-
drome, a neurological condition affecting children and young
males characterized by mental retardation, infantile spasms, and
hypsarrhythmia (Stromme et al., 2002a). Subsequently, ARX

mutations were shown to account for additional neurological
conditions, including forms of nonsyndromic X-linked mental
retardation, myoclonic epilepsy, Partington disease, and severe
cases of lissencephaly associated with abnormal genitalia (XLAG)
(Bienvenu et al., 2002; Kitamura et al., 2002; Stromme et al.,
2002a; Poirier et al., 2006). Overall, the severity of the Arx muta-
tion correlates with the clinical prognosis (Gecz et al., 2006).
Dystonia is a condition that was frequently found in different
ARX-dependent disorders. Indeed, patients were described as ex-
periencing dystonic hands movements, as well as wrist and finger
contractures, accompanied by general muscle weakness
(Stromme et al., 2002b; Turner et al., 2002). In other cases, ste-
reotyped repetitive movements or tremors were reported
(Turner et al., 2002). Together, these observations strongly sug-
gest a functional alteration of the basal ganglia nuclei, whose
function is to control and finely tune the activity of the motor
cortex through both direct and indirect circuits connecting stri-
atum, globus pallidus, substantia nigra, and other relay nuclei
with the cerebral cortex. Accordingly, alterations of these two
circuits were previously associated with impaired voluntary
movements and the development of involuntary actions, such as
ticks, tremors, and dystonia (Albin et al., 1989; Graybiel, 2000).
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In mice, during embryonic development, the Arx ortholog
exhibits an early-onset expression in the forebrain vesicle. In the
ventral telencephalon, Arx is expressed in progenitor cells and
neurons of the lateral and medial ganglionic eminences (LGE and
MGE, respectively), primordia of the striatal and pallidal subdi-
vision of the basal ganglia (Kitamura et al., 2002; Colombo et al.,
2004; Cobos et al., 2005).

Arx mutant mice die perinatally as a result of a hypoglycemia
related to pancreatic defects (Collombat et al., 2003, 2005). Arx-
deficient brains were found to be dramatically altered, exhibiting
poorly developed olfactory bulbs and reduced volumes of the
cerebral cortex and hippocampus (Kitamura et al., 2002). More-
over, GABAergic neurons originating from the subpallium ex-
hibited an aberrant migration toward the cerebral cortex, result-
ing in a decrease in the number of cortical GABAergic
interneurons (Kitamura et al., 2003). Unfortunately, the perina-
tal death of these mice did not allow any correlation of these
specific alterations with the neurological manifestations observed
in humans. Overall, both the descriptions of the patient clinical
conditions and the GABAergic defects characterized in Arx mu-
tant mice suggest a functional impairment of the basal ganglia
morphogenesis. Herein, we present a detailed molecular charac-
terization of the basal ganglia development and GABAergic and
cholinergic neural differentiation in Arx mutant brains.

Materials and Methods
Animals. Arx mutant mice (Collombat et al., 2003) were maintained by
backcrossing to C57BL/6 animals for at least five generations. Genotyp-
ing was performed by morphological assessment [when possible, after
embryonic day 13.5 (E13.5)] and confirmed by PCR using a mixture of
three primers to identify the wild-type (wt) and the mutant alleles,
generating 0.25 and 0.4 kb PCR products, respectively (primer 1, CG-
GCTCACTACACTTGTTACCGCTTGGTCC; primer 2, AGCAGC-
CCTCTTCCTGGTACTGATTGCTC; and primer 3, TGCTGCAAGGC-
GATAAGTTGGGTAACGC) (Collombat et al., 2003). Mice were
maintained at the San Raffaele Scientific Institute institutional mouse
facility, and experiments were performed in accordance with experimen-
tal protocols approved by local Institutional Animal Care and Use
Committees.

In situ RNA hybridization. Unless otherwise indicated, all chemicals
were purchased from Sigma-Aldrich (St. Louis, MO). In situ RNA hy-
bridizations on frozen sections were performed as described previously
by Schaeren-Wiemers and Gerfin-Moser (1993) with the following mod-
ifications. Sections were fixed for 30 min at room temperature in 4%
paraformaldehyde (PFA) in PBS and treated for 5 min with 1 �g/ml
proteinase K in 1 mM EDTA and 20 mM Tris-HCl, pH 7.0. Before hybrid-
ization, they were washed twice in 2� SSC for 15 min and incubated in
0.1 M Tris/0.1 M glycine for at least 30 min. The hybridization solution (60
�l/slide) contained 50% formamide, 5� SSC, pH adjusted with citric
acid to pH 6.0, 5% dextran sulfate, 2 mg/ml heparin, 100 �g/ml tRNA,
and from 1:100 to 1:50 dilution of the riboprobes, and was performed
overnight at 65°C under coverslips. Next, the sections were washed for
1–2 h in 0.5� SSC and 20% formamide at 65°C. Subsequently, they were
treated with 10 �g/ml RNase A for 30 min at 37°C in NTE (NaCl-Tris-
EDTA) and then washed for 4 h in 0.5� SSC and 20% formamide at 65°C
and for 30 min in 2� SSC, and blocked for 1 h at room temperature in 1%
blocking reagent (Roche Diagnostics, Basel, Switzerland) in 100 mM ma-
leic acid, 150 mM NaCl, and 0.1% Tween 20 (MABT). A 1:5000 dilution
of anti-digoxigenin–alkaline phosphatase (AP)-conjugated antibody
(Roche Diagnostics) was preincubated for at least 1 h in 1% blocking
reagent in MABT at 4°C. Slices were incubated with the antibody over-
night at 4°C, washed for 6 h in TBST (TBS–Tween 20), washed for 30 min
in 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween
20, and 2 mM levamisole (NTMT), and stained using centrifuged BM
purple AP substrate (Roche Diagnostics) in 0.3% Tween 20 for 12–36 h at
4°C or room temperature. They were washed in NTMT and then in

distillated water and mounted in Aquamount (Polysciences, War-
rington, PA). The following probes were used: Dlx2 (Anderson et al.,
1997), Nkx2.1, Etv1 (ER81), enkephalin (Sussel et al., 1999), EBF1 (Garel
et al., 1999), Dlx5 (kindly provided by F. Guillemot), Lhx6, Lhx7, choline
acetyl transferase (ChAT) (a kind gift from V. Pachnis), Lmo3 (kindly
provided by T. Rabbitts), and neuregulin (a kind gift from C.
Birchmeier).

Immunohistochemistry. For immunoperoxidase staining, 10-�m-
thick frozen sections were treated with 3% hydrogen peroxidase in meth-
anol for 30 min at room temperature. Sections were rehydrated and
blocked in 10% fetal calf serum and 0.5% BSA in PBS for 1 h. Primary
antibodies were diluted in the same medium, applied on sections, and
incubated overnight at 4°C. Then, the slices were washed and incubated
with appropriate biotinylated secondary antibody (DakoCytomation,
Glostrup, Denmark) for 90 min. After washing, the sections were pro-
cessed with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
for 1 h at room temperature and revealed with DAB peroxidase substra-
tum (SK-4100; Vector Laboratories). Finally, sections were dehydrated,
dried, and coverslipped with Eukitt (Electron Microscopy Sciences, Hat-
field, PA).

The primary antibody used were as follows: mouse anti-microtubule-
associated protein 2 (Map2) (1:400; Millipore, Billerica, MA), rabbit
anti-NPY (1:1000; Incstar, Stillwater, MN), rabbit anti-calretinin
(1:1000; Swant, Bellinzona, Switzerland), rabbit anti-dopamine and
cAMP-regulated phosphoprotein 32 (DARPP32; 1:50; Immunological
Sciences, Rome, Italy), and rabbit anti-ChAT (1:500; Millipore). For
immunofluorescence, secondary antibodies of the Alexa family were
used (Invitrogen, Eugene, OR) in combination with the fluorescent dye
Hoechst 33342 (Invitrogen). Then, slices were washed and mounted in
fluorescent mounting medium (DakoCytomation).

Axonal tracing. After overnight fixation in 4% PFA at 4°C, single crys-
tals of the fluorescent carbocyanine dye 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarbocyanine perchlorate (DiI; Invitrogen) or 4-[4-
(dihexadecyl-amino)styryl]N-methyl-pyridinium iodide (DiA; Invitro-
gen) were placed in single or multiple locations in the neocortex (Metin
and Godement, 1996). After 3 weeks at room temperature in 4% PFA to
allow dye diffusion, the sample was embedded in 5% agarose and cut into
200-�m-thick sections on a vibratome (VT100; Leica Microsystems,
Bannockburn, IL). Counterstaining was performed using Hoechst, and
digital images were acquired using a digital camera (DXM 1200; Nikon,
Tokyo, Japan) on a fluorescent dissection microscope (Nikon
SMZ1500).

Birth-dating analysis. Pregnant females were injected intraperitoneally
at different embryonic stages (E11.5, E13.5, and E15.5) with 5-bromo-
2�-deoxyuridine (BrdU) at a dose of 100 �g BrdU/g of body weight in a
saline solution. Embryos were harvested at E18.5, and brains were iso-
lated and fixed in paraformaldehyde 4% in PBS. Immunohistochemistry
was performed as described with a mouse monoclonal BrdU antibody
(BD Biosciences, San Jose, CA).

Dissociated cell culture. E18.5 wt and mutant mouse brains were iso-
lated and embedded in 4% low-melt agarose to obtain 250 �m vibratome
sections. Ventricular zone (VZ) and subventricular zone (SVZ) regions
from the basal ganglia were dissected from wt and mutant brain slices
under a dissection microscope. Tissues were treated with papain solution
for 10 min at 37°C before triturating mechanically with fire-polished
glass pipettes to obtain a single-cell suspension. Approximately 1 � 10 6

cells were plated in glass dishes coated with polylysine in 24-well plates
and cultured in serum-free medium supplemented with B27. After 5 d
cells, cell cultures were subjected to immunofluorescence procedure as
described above with the following primary antibodies: mouse MAP2
(Sigma-Aldrich) and rabbit TuJ1 (Covance, Princeton, NJ), DARPP32
(Immunological Sciences), calbindin, (Swant) and EBF (kind gift from
G. G. Consalez).

Organotypic culture and grafting experiments. Slice cultures of embry-
onic mouse forebrain were prepared as described previously (Anderson
et al., 1997). Briefly, mouse brains were isolated and embedded in 4%
low-melt agarose (Sigma-Aldrich), and 250-�m-thick coronal sections
were cut on a vibratome. The sections were then transferred to polycar-
bonate culture membranes (diameter, 13 mm; pore size, 8 �m; Costar,
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Cambridge, MA) in organ tissue dishes containing 1.5 ml of serum-
containing medium (Invitrogen �-MEM with 10% fetal calf serum, glu-
tamine, penicillin, and streptomycin). Slices were maintained for 1 h at
37°C in 5% CO2 in a standard sterile incubator. Then, medium was
changed to a Neurobasal/B27 (Invitrogen). Transplantations were per-
formed immediately after this step. Fragments of periventricular MGE
were dissected out from brain slices either from green fluorescent protein

(GFP) ubiquitous expressing mice or from Arx
mutant animals and transplanted in homotopic
positions in either mutant or wt brain slices, re-
spectively. Grafted slices were cultured up to 72 h.

In vitro neuronal migration assays. E14.5
mouse brain slices were obtained from isolated
brain sectioned using a vibratome as described
above. Small pieces or fragments of the MGE
were dissected out from the slices and incu-
bated for 1 h in 1 ml of medium with serum.
Explants were then pipetted in a liquid Matrigel
solution (BD Biosciences) and rapidly placed
on 3.5 cm sterile culture dishes. Matrigel drops
containing the explants were allowed to poly-
merize for �40 min. Serum-free medium was
then added, and explants were cultured for up
to 72 h in a standard CO2 incubator.

Cell counts and statistics. Cells were counted
using a Nikon Eclipse E600 fluorescent micro-
scope connected to the DXM1200C camera
and the ACT-1 Nikon software. For BrdU
quantification in vivo, a minimum of four non-
sequential sections taken at different levels of
the basal ganglia were analyzed for both wild-
type and mutant genotypes for each experi-
ment (three independent experiments). For
each section, three different fields were chosen
randomly in the subpallial SVZ region. The
number of DAPI-positive nuclei identifiable in
a selected optical field was counted, and the
fraction of labeled nuclei showing BrdU stain-
ing in the same field was assessed. A total of
�600 DAPI-positive nuclei were analyzed for
each section. Data analysis was performed
blind to genotype.

Results were expressed as mean value � SD
and were tested for statistical significance by
the one-tailed Student’s t test for paired differ-
ences with GraphPad (San Diego, CA) Prism
software.

Results
In the prenatal mouse subcortical telen-
cephalon, Arx is normally expressed in
neural progenitors and immature neurons
throughout the subpallium, including in
the LGE, MGE, and anterior entopeduncu-
lar area (AEP) (Miura et al., 1997; Kitamura
et al., 2003; Poirier et al., 2004; Cobos et al.,
2005; Colombo et al., 2004). These cells will
ultimately give rise to the striatum (or cau-
date–putamen), globus pallidus, cholinergic
nuclei, and interneurons that tangentially
migrate to the cerebral cortex, olfactory
bulb, and striatum (Miura et al., 1997;
Marin et al., 2000; Kitamura et al., 2003;
Marin and Rubenstein, 2003; Colombo et
al., 2004; Poirier et al., 2004). To assess Arx
function during these differentiation pro-
cesses, we analyzed mice in which the LacZ

gene had been inserted into the Arx locus, leading to gene inactiva-
tion (Collombat et al., 2003). Arx-deficient mice die soon after birth,
probably because of a severe hypoglycemia secondary to the lack of
pancreatic �-cells (Collombat et al., 2003). Here, we focused on the
consequences of Arx inactivation on prenatal subcortical telence-
phalic morphogenesis.

Figure 1. Striatal defects in Arx mutant brains. A–D, Nissl staining on P0 brain coronal sections demonstrates an abnormal,
expanded, cell-dense periventricular region (outlined by dashed lines). E–L, Analysis of the mature striatal compartment on
coronal sections using marker genes such as enkephalin (E, F ), TH (G, H ), Ebf1 (I, J ), and calbindin (K, L). All of these are found to
be reduced in Arx mutant brains. Furthermore, enkephalin and TH fail to label the olfactory tubercle (E, Ot) and nucleus accumbens
(Nc) in Arx mutants (E–H, arrowheads). E, G, The dashed lines indicate the ventricle. I, J, Lack of Ebf1 expression domain in the MGE
of Arx mutant brains (open arrowheads). K, L, The calbindin-negative area in the periventricular region of the anterior striatum is
expanded in the mutant (dashed lines). M–T, Absence of GABAergic and cholinergic interneurons in Arx mutant striatum. The
expression of markers of interneurons, such as Lhx6 (M, arrows), or of specific neuronal subclasses, such as NPY (O, arrows),
calretinin (Q, arrows), and ChAT (S, arrows), is lacking in the mutant striatal tissue (N, P, R, T ). Q, R, Arrowheads point to
thalamocortical fibers positive for calretinin. cc, Corpus callosum; cc*, mutant corpus callosum; Cx, cerebral cortex; Hi, hippocam-
pus; Hi*, mutant hippocampus; Mut, mutant; Se, septum; Str, striatum. Scale bars: A (for A, B), C (for C, D), E (for E–H ), I (for I, J ),
K (for K, L), 200 �m; M (for M, N ), 100 �m; O (for O–T ), 50 �m.
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Defects in striatal histogenesis in neonatal Arx mutants
Nissl staining of newborn [postnatal day 0 (P0)] mutant brain
sections revealed that the dorsal striatum was relatively normal,
whereas its ventral counterparts (nucleus accumbens and olfac-
tory tubercle), as well as septum structures, appeared reduced in
size (Fig. 1A,B). Importantly, the subventricular zone of the LGE
was found clearly enlarged compared with wild-type brains, sug-
gesting an accumulation of a large number of cells (Fig. 1A–D,
dashed lines). Striatal differentiation was assessed by its expres-
sion of Ebf1, preproenkephalin RNA, and calbindin or tyrosine
hydroxylase (TH) proteins. Ebf1 and preproenkephalin are nor-
mally expressed in projection neurons of the striatonigral and
striatopallidal pathways, respectively (Song and Harlan, 1993;
Lobo et al., 2006). Calbindin is a general marker of striatal neu-
rons, whereas TH marks afferent fibers from the substantia nigra
(Gerfen and Wilson, 1996; Jacobowitz and Abbott, 1998). In Arx
mutants, enkephalin and TH expression in the dorsal striatum
appeared roughly normal, whereas their expression was nearly
lost in the nucleus accumbens and olfactory tubercle (Fig. 1, E–H,
Ot). Although expression of Ebf1 appeared unchanged in the
striatum (Fig. 1 I, J), its expression was lost in the pallidum (Fig.
1 I, J, arrowheads); the latter expression domain is associated with
ventrally migrating cells that regulate the entry of thalamic axons
into the striatum (López-Bendito et al., 2006). Calbindin expres-
sion was reduced in the lateral striatum (Fig. 1K,L).

The striatum contains interneurons
implicated in organizing local circuits
with striatal principal neurons (spiny neu-
rons) accounting for �10% of the entire
striatal cell population that are generated
in the MGE (Marin et al., 2000; Corbin et
al., 2001). Arx mutant striata were, there-
fore, assessed for GABAergic interneurons
expressing Nkx2.1, Lhx6, NPY, or calreti-
nin. In all instances, the mutant striatum
lacked any cells positive for these markers,
demonstrating a drastic reduction in the
striatal GABAergic interneuron popula-
tion (Fig. 1M–R) (data not shown). These
data confirmed previous findings re-
ported by Kitamura et al. (2002). How-
ever, because Nkx2.1 is also expressed in
striatal cholinergic interneurons (Marin et
al., 2000), its absence in Arx mutants could
reflect an additional lack of this cell popu-
lation. We, then, expanded this analysis,
considering also cholinergic interneuron
population residing in the striatum. Al-
though ChAT-expressing neurons were
easily notable in wt striatum, no staining
was detected in mutant analogous tissues,
indicating a severe loss of cholinergic cells
in Arx mutants (Fig. 1S,T). Altogether,
our results suggest that, in Arx mutants,
the dorsal striatum, although present, is
reduced in size and devoid of GABAergic
and cholinergic interneurons, whereas
there is a severe defect of the ventral
striatum.

Globus pallidus formation is impaired
in Arx mutant mice
Arx expression is normally more promi-

nent in the SVZ of the MGE than in the LGE (Cobos et al., 2005)
and is maintained in differentiating neurons of the pallidum,
including the globus pallidus (GP), bed nucleus of stria termina-
lis, and a more superficial region called the ventral pallidum.
Nissl staining of P0 mutant brains suggests a dramatic expansion
of the SVZ of the MGE and a fragmentation of the pallidal nuclei
(Fig. 2A,B). Immunohistochemical analysis confirms that the
pallidum has major deficits. The GP normally receives TH� col-
laterals of nigrostriatal fibers (Fig. 2C) (Lindvall and Bjorklund,
1979; Cossette et al., 1999; Fuchs and Hauber, 2003); in Arx mu-
tants, TH� fibers were not identified in this location (Fig. 2D).
Along the same line, the glutamic acid decarboxylase 67 (Gad67)
expression, normally marking GABAergic neurons, was de-
creased in the mutant pallidum (Fig. 2E,F). Calretinin, which is a
calcium-binding protein detected in a subset of pallidal interneu-
rons (Cooper and Stanford, 2002) and in a subpopulation of
thalamocortical axons, normally labels the region of the GP but
failed to delineate this structure in Arx mutants (Fig. 2G,H).

Other GP molecular features were present but lacked a
normal distribution. Nkx2.1 expression was greatly expanded,
extending from the progenitor zone to the pial surface, rather
than labeling a distinct GP nucleus (Fig. 2 I, J ). Etv1 (ER81)
showed a similar expanded expression (Fig. 2 K, L). Thus, at
P0, albeit the key molecular characteristics of the MGE

Figure 2. Impairment of GP formation in Arx mutant brains. A, B, P0 Coronal sections stained for Nissl unravel drastic alter-
ations in the cytoarchitecture of the ventral telencephalon and a loss of the GP in the Arx mutants. C, D, TH� dopaminergic
afferent fibers to the GP are lacking in Arx mutants. E, F, GAD67 staining failed to identify the basal nuclei in Arx mutants found in
control tissue. G, H, Calretinin typically labels GP interneurons and allows the visualization of the entire GP. In mutant tissue, such
a structure is lacking (H ). I–L, Molecular markers of GP neurons, such as Nkx2.1 (I, J ) and Etv1 (K, L), are not detected in the
putative GP location in mutant tissue but appear to be ectopically expressed in a medial–ventral location. Cx, Cerebral cortex; hi,
hippocampus; GP*, mutant globus pallidus; Mut, mutant; Str, striatum; VP, ventral pallidum; VP*, mutant ventral pallidum. Scale
bars: A (for A, B), C (for C, D), I (for I–L), 200 �m; E (for E, F ), G (for G, H ), 150 �m.
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territory appeared correctly specified
(Nkx2.1 and Etv1), its histogenesis into
pallidal nuclei was altered.

Arx mutant neurons exhibit a time-
dependent arrest of migration
and differentiation
We next investigated the degree of differ-
entiation of the cells present in the ex-
panded SVZ of the E18.5 mutant subpal-
lium (Fig. 3A,B). These exhibited a
reduced expression of MAP2, which is a
marker of differentiated and mature neu-
rons (Chun and Shatz, 1989; Johnson and
Jope, 1992) (Fig. 3C,D), and failed later on
to express additional postmitotic markers
(enkephalin and calbindin) (Fig.
1E,F,K,L). Ebf1 expression was also
found altered despite a residual detection
in the SVZ of the prenatal LGE (Fig.
3E,F). On the contrary, they accumulated
Dlx2 transcripts, which usually mark cells
within the ventricular and subventricular
zones of the subpallium (Anderson et al.,
1997; Eisenstat et al., 1999) (Fig. 3G,H).
This suggested that the cells present in the
expanded SVZ may be at a less mature
state than those of control tissues. A BrdU
pulse labeling performed for 1 h at E18.5
indicated that the SVZ of the controls and
mutants had a similar density of S-phase
cells (13 � 3 and 15 � 3% for wt and
mutants, respectively; 2500 neurons
counted for each genotype; three indepen-
dent experiments; p � 0.05) (Fig. 3 I, J),
suggesting that the expanded SVZ had
normal mitotic properties.

BrdU pulse-chase analyses at E18.5 of
embryos that received BrdU at E11.5,
E13.5, and E15.5 provided insights into
the timing of the accumulation of cells in
the mutant SVZ. We found that E11.5
BrdU-labeled cells were not retained in the
E18.5 mutant SVZ, whereas they were de-
tectable within the striatum and the palli-
dum, indicating that early-born neurons
were able to migrate out of the mutant’s
progenitor zones (Fig. 3 K, L). In con-
trast, E13.5 and E15.5 BrdU-labeled cells
accumulated in the mutant SVZ, consistent with a failure in
their ability to migrate out of the SVZ (Fig. 3M–P). E13.5-
labeled BrdU cells were located both in the periventricular
area and in the striatum in a ratio of 2:1 (2200 neurons count-
ed; three independent experiments). By E15.5, 75 � 11% of
the total BrdU-positive cells remained in the periventricular
area, whereas 25 � 4% were detected in the differentiated
regions (2500 neurons counted; three independent experi-
ments). These findings suggest that Arx mutants exhibit a pro-
gressive impairment of cells to migrate from the proliferative
areas to the mature compartments. Beginning at �E12.5,
some LGE cells begin to accumulate in the periventricular
area, whereas at E15.5, most of them remained confined to this
domain. Similar results were found for the MGE/pallidum,

although molecular features of this region were more severely
altered by the Arx mutation.

Analysis of prenatal subcortical patterning
and differentiation
To elucidate the mechanisms underlying the neonatal histologi-
cal and molecular defects provoked by the Arx deficiency, we
examined the expression of transcription factors known for their
involvement in regulating the patterning and differentiation of
the progenitor region. The expression of Mash1 (bHLH) and
Vax1 (homeobox) in Arx mutants appeared normal at E12.5;
these genes are required for multiple steps in subpallial develop-
ment (Casarosa et al., 1999; Yun et al., 2002; Taglialatela et al.,
2004) (Fig. 4A,B) (data not shown). The expression domain of

Figure 3. Characterization of the abnormal periventricular area found in Arx mutants. A, B, E18.5 coronal sections stained for
Nissl outline the cytoarchitectural defects of the Arx mutant striatum. Marker genes for mature striatal neurons, such as MAP2 (C,
D) and Ebf1 (E, F ), are not detected in the mutant periventricular area (dashed lines). G, H, Dlx2 transcripts identify the enlarged
mutant periventricular region. I, J, Labeling of proliferating cells located within the periventricular area. An expanded area of
BrdU-positive cells was observed in mutants (I, J, dashed lines), although without any modification in the number of proliferating
cells. K–P, Birth-dating analysis of basal ganglia neurons during development. Pregnant females received a single BrdU injection
at E11.5 (K, L), E13.5 (M, N ), and E15.5 (O, P), and the location of labeled cells was examined at E18.5. K, L, A single BrdU pulse at
E11.5 marks cells distributed throughout the mature compartment both in controls and Arx mutants. *, Expanded mutant SVZ.
M–P, Mutant cells labeled at E13.5 and E15.5 are progressively accumulated within the periventricular area (dashed lines) and fail
to migrate into the striatal mantle zone. cc, Corpus callosum; cc*, mutant corpus callosum; Cx, cerebral cortex; Hi, hippocampus;
Hi*, mutant hippocampus; Mut, mutant; Se, septum; Str, striatum; V, ventricle. Scale bars: A (for A, B), E (for E–H ), K (for K–P),
150 �m; C (for C, D), 200 �m; I (for I, J ), 100 �m.
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Dlx2 was expanded, particularly in the MGE/pallidal domain at
E12.5, E14.5, and E18.5 (Figs. 3G,H, 4C,D,M,N). Dlx2 acts, to-
gether with Dlx1, to promote differentiation throughout the sub-
pallium (Anderson et al., 1997; Yun et al., 2002). A similar phe-
notype was also observed for the expression of the Nkx2.1 and
Lhx6 homeobox genes (Fig. 4E–H,K,L). Nkx2.1 specifies the
MGE progenitor cell identity (Sussel et al., 1999; Marin and
Rubenstein, 2003), whereas Lhx6 is implicated in the differentia-
tion of MGE-derived cells (Grigoriou et al., 1998; Marin et al.,
2000; Alifragis et al., 2004). Thus, although the regional expres-
sion of these genes was not altered, suggesting that regional spec-
ification is not altered, their expression ectopically expands into
the mantle zone, suggesting that these neurons may have differ-
entiation defects. This hypothesis is further supported by the
reduction in MAP2 expression exhibited in particular by the Arx
mutant LGE region starting from E14.5 (Fig. 4O,P, dashed lines).

Next, we assessed the consequences of the Arx deficiency on
the expression of Lhx7 (Lhx8) and Gbx1, two homeobox genes
present in the SVZ and mantle of the MGE. Lhx7 (Lhx8) function
is required for the differentiation of a subset of subpallial cholin-
ergic neurons (Zhao et al., 2003; Mori et al., 2004; Fragkouli et al.,
2005), whereas Gbx1 expression is associated with the differenti-
ation of these neurons (Asbreuk et al., 2002; Zhao et al., 2003).

Arx expression largely overlaps with those
of Lhx7 and Gbx1 in the SVZ and mantle
regions of the MGE (data not shown). In
Arx mutant E12.5 brains, the expression of
Gbx1 appeared normal, whereas Lhx7
transcripts were not detectable in the
MGE and pallidal mantle (Fig. 5A–D).
Lhx7 expression was increased in the SVZ
of the ventral MGE (Fig. 5D, arrowheads),
whereas its expression was reduced in the
mantle zone, being maintained only in a
small ventral domain (Fig. 5D, arrows). By
E14.5, Gbx1 expression was greatly re-
duced, demonstrating that Arx is required
to maintain its expression (Fig. 5E,F, I, J).
At this stage, Lhx7 expression remained
weak, except in progenitor and mantle re-
gions related to the AEP and preoptic area
(POA), including part of the septum (Fig.
5G,H,K,L).

At P0, the expression of both Gbx1 and
Lhx7 was mostly undetectable (Fig. 6A–
D,G–J). Because both genes are im-
plicated in cholinergic neuron differ-
entiation, the expression of choline
acetyltransferase was examined and found
dramatically decreased in Arx mutants
(Fig. 6E,F,K,L). These findings demon-
strate that Arx is essential for differentia-
tion of cholinergic neurons, probably
through promoting expression of Lhx7
and Gbx1.

Failure of interneuron migration from
the basal telencephalon to the LGE and
cortex in Arx mutants
The expression domain of Lhx6 in the sub-
cortical telencephalon (basal telencepha-
lon) includes several progenitor regions:
MGE, AEP, and POA. The MGE, and

probably the AEP and POA, generates neuronal populations that
tangentially migrate to reach the cerebral cortex, striatum, and
other telencephalic areas (Marin and Rubenstein, 2001). Alter-
ations in the genesis of cortical GABAergic interneurons were
previously reported in Arx mutants (Kitamura et al., 2003). We
detected a severe reduction of Lhx6� cells migrating from the
MGE to the cerebral cortex and the striatum at E18.5 (Fig. 7A,B,
arrowheads). Similarly, the Arx mutant cerebral cortex appeared
largely devoid of GABAergic neurons (GAD67� and calbi-
ndin�) that originate from the MGE and caudal ganglionic em-
inence (Fig. 7C–F). Only a few Lhx6� and/or GAD67� mutant
neurons were detected in the cerebral cortex; these were confined
to its periventricular zone (12 � 3% Lhx6� and 15 � 3%
GAD67� neurons were detected in the mutant compared with
control cortices at E18.5; 600 neurons were counted from two
independent experiments; p � 0.001) (Fig. 7B,D, arrowheads).

Evidence suggesting that the reduced number of cortical in-
terneurons results from a migration defect comes from analysis
of calretinin and NPY expression. Calretinin� interneurons are
normally detected throughout the mature striatum and GP in
wild-type tissue. In Arx mutants, calretinin� cells accumulated
within the periventricular zone (Fig. 7G,H). Similarly, mutant
NPY� cells were detected in an overlapping area, unlike in con-

Figure 4. Analysis of the expression of ventral telencephalic marker genes during the morphogenesis of the basal ganglia.
A–H, Analysis at E12.5 of the different ganglionic eminence domains, including the proliferative zone (Nkx2.1 and Mash1), the SVZ
(Dlx2, Nkx2.1, and Lhx6), and the immature neuronal compartment (Dlx2 and Lhx6). A, B, The extension of the striatal ventricular
zone is unaltered in Arx mutants as evidenced by Mash1 expression domain analysis. C–H, Dlx2- (C, D), Nkx2.1- (E, F ), and Lhx6 (G,
H )-positive neuronal areas are drastically enlarged compared with controls, suggesting a block of neuronal differentiation. I, J,
E14.5 coronal sections of brains stained for Nissl. K–N, Lhx6 (K, L) and Dlx2 (M, N ) expression domains are enlarged in the
ganglionic eminences of E14.5 mutant brains. O, P, The MAP2� region of the mature ventral telencephalon (red) is decreased in
Arx mutant brains compared with age-matched controls. This result is evident in the LGE (dashed lines). aH, Anterior hypothala-
mus; Cge, caudal ganglionic eminence; Cx, Cerebral cortex; dt, dorsal thalamus; Mut, mutant; Str, striatum. Scale bars: A–H (in A),
400 �m; I–N (in I ), 300 �m; O, P (in O), 250 �m.
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trol brains, in which NPY� cells consti-
tuted a large class of striatal and cortical
interneurons (Fig. 7 I, J). Using BrdU
birth dating, we assessed the stage when
the ectopically placed calretinin� and
NPY� neurons became postmitotic. It is
known that striatal interneurons originate
from the MGE field after stage E11.5
(Marin et al., 2000). Therefore, single
BrdU pulses at E11.5, E13.5, and E15.5
were performed, and the tissues were ana-
lyzed at E18.5. Similar to the wt condi-
tions, BrdU� cells labeled by injections
performed at late stages (E13.5 and E15.5)
were costained with calretinin or NPY
(Fig. 7K,L) (data not shown). In contrast,
BrdU/calretinin or BrdU/NPY double-
positive cells were never detected after
E11.5 BrdU injections (data not shown).
Thus, in Arx-deficient animals, calreti-
nin� and NPY� neurons are found ec-
topically localized, although their pattern
of BrdU incorporation is similar to nor-
mal, peaking between E13.5 and E15.5 dur-
ing embryonic development. Together,
these results strongly suggest that Arx mu-
tant subpallial neurons failed to tangentially
migrate to the LGE and cortex and accumu-
lated as periventricular ectopia.

Arx mutant LGE SVZ cells are able to differentiate in vitro
In Arx mutants, many immature neurons produced after E11.5
failed to migrate out of the subpallial germinal layers. In the SVZ
of the LGE, these cells express �III-tubulin but only weakly ex-
press MAP2 (Fig. 3C,D) and are negative for Ebf1 (Fig. 3E,F),
enkephalin (Fig. 1E,F), calbindin (Fig. 1K,L), DARPP32, and
dopamine 2 receptor (data not shown). Thus, they appear to be
blocked in their ability to differentiate. We tested whether these
cells could overcome this impairment in vitro. We compared in

vitro differentiation of Arx mutant and wild-type cells from dis-
sected E18.5 LGE and MGE subventricular zone (Fig. 8A, dashed
lines). Unlike the in vitro situation, the dissociated SVZ cells ex-
pressed a general neural marker (MAP2) (Fig. 8C,F) and striatal
markers (DARPP32, calbindin, and EBF) (Fig. 8G–L) (n � 4).
This suggests that Arx mutant SVZ cells of the LGE are capable of
differentiation but that local factors in the SVZ impede their
maturation. Furthermore, it suggests that their block in migra-
tion out of the SVZ may be the major phenotype.

Figure 6. Severe reduction of cholinergic neuron numbers in P0 Arx mutant brains. A–D, G–J, Gbx1 (A, B, G, H ) and Lhx7 (C, D, I, J ) specifically label forebrain cholinergic neurons. Both genes
are typically expressed in most cholinergic ventral centers in controls, whereas, in Arx mutant brains, their expression is dramatically reduced. E, F, K, L, ChAT RNA in situ hybridization fails to outline
principal basal cholinergic nuclei [i.e., the magnocellular preoptic nucleus (mcpo) in rostral sections and the bed nucleus (nb) in more caudal brain regions]. bst, Bed nucleus of stria terminalis; Cx,
cerebral cortex; db, diagonal band; hi, hippocampus; Mut, mutant; Se, septum; si, substantia innominata; Str, striatum; vp, ventral pallidum. Scale bars: A (for A–D), G (for G–J ), 300 �m; E (for E,
F, K, L), 100 �m.

Figure 5. Analysis of cholinergic neuronal commitment and differentiation in Arx mutant brains. A, B, Gbx1� cholinergic
neurons are detected in the MGE mantle zone in Arx-null brains, indicating an early cholinergic commitment, at E12.5. C, D, A large
number of mutant cholinergic neurons fail to express Lhx7. Only neurons in the SVZ (D, arrowheads) and preoptic area (D, arrows)
activate Lhx7 expression. E, F, I, J, Gbx1 expression fades in E14.5 Arx mutant tissue, indicating a loss of cholinergic neurons
(arrows). G, H, K, L, Lhx7 expression remains largely undetectable in E14.5 mutant brains. Only a few cells located in the SVZ (H, L,
arrowheads) or in the rostral mantle zone (H, arrows) are Lhx7 positive. Cge, Caudal ganglionic eminence; Cx, cerebral cortex; Mut,
mutant; Se, septum. Scale bars: A–D (in A), 300 �m; E–L (in E), 400 �m.
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Arx mutant ventral telencephalic SVZ cells have a block in
migration activity
To analyze cell migration, we performed isochronic and homo-
topic transplantations of WT cells (GFP�) into Arx mutant slices
(n � 4) and Arx mutant cells (LacZ�) into wt slices (n � 5). In
the first case, small fragments of E14.5 wt LGE subventricular
zone were grafted in the corresponding location of wt E14.5 tel-
encephalic slices. After 48 h, GFP-positive cells were detected
outwards from the graft and even located at a far distance in the
periphery of the LGE mantle zone (Fig. 8N, arrowheads). Con-
versely, in the second case, pieces of Arx mutant LGE were grafted
into analogous locations in wt brain slices. After 48 h, slices were
harvested and 5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside (X-gal) stained. Labeled cells were always found nearby
the graft, failing to migrate away from the transplantation site
(Fig. 8Q,R). Thus, these results clearly suggested a cell-

autonomous defect of Arx mutant cells
preventing their normal migration and
proper targeting of their final position.
Similar results were obtained transplant-
ing fragments of E14.5 mutant MGE into
analogous locations of wt brain tissue
(data not shown).

To further test this deficiency, explants
of E14.5 wt and mutant MGE were iso-
lated, embedded in Matrigel, and grew for
up to 3 d in vitro. Matrigel matrix (BD
Biosciences) provides a good substrate for
neuronal migration and, because of its
transparency, allows a direct monitoring
of cell migration. To validate our ap-
proach, static analysis and video-
recordings were used to follow the migra-
tion of individual wt neurons (n � 42). In
all cases, the analyzed neurons showed the
following features: (1) extension of a lead-
ing process, (2) translocation of the nu-
cleus (nucleokinesis), and (3) retraction of
the trailing part of the cell (data not
shown). We therefore used this method to
assay for defects in Arx mutant cells. Cells
in wt explants showed robust migration
away from the explant after 48 h (Fig. 9A),
whereas Arx mutant explants showed a se-
vere reduction in migration (Fig. 9B). In
both genotypes, approximately the same
number of neurons extended neurites
away from the explant (Fig. 9D,E). Quan-
titative analysis demonstrated that the Arx
mutants exhibited a �70% reduction in
mean migration distance from the edge of
the explant (distance for wt cells � 1000 �
250 �m; n � 50 for each genotype; p �
0.01). Morphological defects were noted
comparing wt and mutant neurons in
vitro. In fact, the mutant leading processes
exhibited an increase in length and
branching. In particular, 10 � 2% of wt
migrating cells had more than two
branches (Fig. 9H), whereas 32 � 4% of
Arx mutant migrating cells had more than
two branches (Fig. 9G,I) ( p � 0.05), and
inside this group, 18 � 2% of mutant cells

exhibited exuberant branching of the leading process and protru-
sion from cell soma, counting four or more secondary protru-
sions (Fig. 9G), whereas only 2 � 0.5% of wt cells exhibited a
similar phenotype (Fig. 9I) (80 neurons analyzed for both geno-
types; p � 0.05). Twenty-three percent of mutant cells had lead-
ing processes that were two to four times the length of those in wt
cells (48 � 12 �m; n � 16 wt and 21 mutant cells) (Fig. 9 J,K).
This excessive extension was associated with severe thinning and
excessive branching (Fig. 9J–M). These observations revealed
cell-intrinsic morphological defects that may account for the al-
tered migration of Arx mutant neurons.

Aberrant topography of thalamocortical projections in
mutant Arx brains
Corticothalamic and thalamocortical projections allow the con-
nection of a given thalamic nucleus to a specific neocortical re-

Figure 7. Arx deficiency induces an impairment of radial and tangential migration from the MGE. A–D, Lhx6 (A, open arrow-
heads), Gad67 (C, open arrowheads), and calbindin (E, open arrowheads) normally mark GABAergic neurons that have migrated
from the MGE in the E18.5 cerebral cortex. In Arx mutant, the cerebral cortex appears largely devoid of Gad67�/Lhx6�/calbi-
ndin� interneurons (B, D). Few interneurons are detected in ectopic periventricular locations in mutant cortices (B, D, F, open
arrowheads). The mature striatum is reduced in Arx mutant brains compared with controls (A, B, dashed lines) and is devoid of
interneurons (A, filled arrowheads). G, H, Mutant calretinin� cells are accumulated in the MGE area, instead of being localized in
the GP and striatal structures (G). I, J, NPY� striatal interneurons (I and inset) are ectopically accumulated in the MGE area but
undetectable in the striatum (dashed lines) in mutants (J ). K, L, Several NPY�and calretinin� cells (yellow) in the periventricular
region of E18.5 mutant brains are labeled by a single E13.5 BrdU pulse, indicating that they correspond to postmitotic cells that left
the cell cycle at that specific stage. K, L, Higher magnifications of MGE areas outlined in the boxed regions in H and J, respectively.
Cx, Cerebral cortex; GP*, mutant globus pallidus; Mut, mutant; Str, Striatum. Scale bars: A, B (in A), 200 �m; C–F (in C ), 100 �m;
G–J (in G), 150 �m; K, L (in K), 25 �m.
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gion to enable the processing of sensory
and motor information (O’Leary et al.,
1994; López-Bendito and Molnár, 2003;
O’Leary and Nakagawa, 2002; Garel and
Rubenstein, 2004; Vanderhaeghen and
Polleux, 2004). Throughout development,
both cortical and thalamic projections ex-
tend through the subcortical telencepha-
lon, in which they encounter each other
(Metin and Godement, 1996; Auladell et
al., 2000). There is evidence that interac-
tions between these axons and between lo-
cal structures/signals are essential for the
growth and topography of these axon
pathways (López-Bendito and Molnár,
2003; Garel and Rubenstein, 2004;
Vanderhaeghen and Polleux, 2004). Re-
cently, it was established that neuregu-
lin1� LGE-derived cells migrate into the
MGE and thereby provide a signal that
enables the entry of thalamic axons into
an otherwise nonpermissive territory
(López-Bendito et al., 2006). Given the
fact that Arx mutants exhibit alterations in
the MGE and LGE, we examined the de-
velopment of cortical and thalamic pro-
jections. DiI injections in the cortex of
E14.5 embryos normally label corticofugal
projections descending through the inter-
nal capsule (IC) toward their extracortical
target nuclei (Fig. 10A). Mutant cortical
fibers failed to migrate into the MGE, be-
ing unable to cross the LGE/MGE border,
and instead turned ventrally toward the
marginal edge (Fig. 10F, arrowheads).
The topography of E18.5 descending cor-
ticofugal projections was examined by in-
troducing DiI and DiA crystals in the oc-
cipital or parietal neocortex of Arx
mutants (n � 5) and controls (n � 5) (Fig.
10B,G, insets). Somatosensory cortical
neurons typically direct their axons to-
ward the thalamic ventral basal complex,
whereas visual cortical neurons connect to
the dorsal lateral geniculate nucleus
(dLGN) (Fig. 10B–D). Both tracts grow
through the striatum and GP within the IC
(Fig. 10B–D). In E18.5 Arx mutants, these
projections were highly disorganized and
misrouted (Fig. 10G–I). The tracts were
widely dispersed in the basal ganglia (Fig.
10G,H, arrowheads); in the striatum, the
fibers were misrouted to a more superfi-
cial position, some fibers entering the ex-
ternal capsule (Fig. 10G,H, open arrow-
heads). Axons reached the thalamus in
only 3 of 5 mutants; numerous axons
failed to reach their targets and remained
in the basal telencephalon (Fig. 10G,H, ar-
rows), Once in the thalamus, axons from
the mutant occipital cortex ectopically en-
tered more medial and more dorsal areas
(Fig. 10 J, arrowheads) compared with
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Figure 8. In vitro differentiation and ex vivo transplantations of Arx mutant cells. A, D, Surgical procedure to isolate E18.5 SVZ
mutant tissue for in vitro cell cultures. A, Dashed lines surround the area that was isolated as source of tissue for cell culture
experiments. B, C, E, F, Analysis of wt (B, C) and mutant (E, F ) differentiated neural cultures derived from ventral forebrain. Mutant
neurons express �III-tubulin (�IIITub) and MAP2 and display normal axonal– dendrite morphologies. G–L, Analysis of differen-
tiation in mature striatal neurons using DARPP32 (G, J ), calbindin (H, K ), and pan-EBF (I, L) antibodies. Mutant and wt cells exhibit
a normal labeling for all three striatal markers. M–O, Transplantation of wt GFP-labeled LGE explant into homotopic sites in
mutant brain slices cultured in vitro. M, Bright view of brain slice transplanted after 24 h. N, Analysis of cell migration of wt GFP
cells. Arrowheads indicate a robust migration of the cells far away from the graft reaching the marginal areas of the mantle zone.
Dashed lines indicate the site of graft. O, Higher magnification of the boxed area in N. P–R, Transplantation of mutant LacZ-
labeled cells in wt brain slices cultured in vitro. P, Site of graft in the periventricular striatal region. Arrows indicate the grafted
tissue. Q, Identification of the grafted mutant neurons by X-gal staining after 48 h of in vitro culture. Dashed lines indicate the site
of graft. R, Higher magnification of the boxed area in Q. Mutant cells fail to migrate far away from the graft and remain localized
in the graft area. Dashed lines surround the grafted tissue. �-gal, �-Galactosidase; Cx, cerebral cortex; Dt, dorsal thalamus; Mut,
mutant; Se, septum; Str, striatum; Str*, mutant striatum. Scale bars: A, D, 200 �m; B (for B, C), E (for E, F ), G (for G–I ), J (for J–L),
20 �m; M–R, 200 �m.
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controls (Fig. 10E). Likewise, somatosensory cortical efferents
ectopically entered the dLGN (Fig. 10 J). Hence, it appears that
the majority of the cortical efferents were routed to the cerebral
peduncle and, unlike the proper segregation found in wild type,
they were then largely intermixed (Fig. 10E, J, arrows). Next, we
analyzed the origins of such defects throughout embryo morpho-
genesis. Hematoxylin– eosin staining provided useful informa-
tion about the cytoarchitectural alterations in Arx mutants. In
control brains, the internal capsule is noticeable because of its
cell-free nature in the subcortical telencephalon (Fig. 10K, ar-
rowheads). In mutants, this area was not detectable, whereas a
cell-free domain was noted near the marginal edge of the ventral
telencephalon, at the junction between diencephalon and telen-
cephalon (Fig. 10P, arrowheads). To verify that these areas cor-
responded to domains accumulating disorganized fibers, tha-
lamic axons were traced at E14.5 by placing DiI crystals in the
dorsal thalamus. Rostrally, mutant thalamocortical projections
were found confined to a more superficial position with respect
to control fibers and failed to reach the cortical plate (Fig.
10L,Q). At more caudal levels, a large amount of thalamic axons

were unable to grow from the dorsal thal-
amus (Fig. 10M,R). Some fibers reached
the diencephalic–telencephalic junction
but were misrouted toward the hypothal-
amus, failing to enter into the basal ganglia
(Fig. 8R, arrowheads). Similar results
were obtained by labeling thalamocortical
projections with the cell adhesion mole-
cule L1 at E16.5 (Fukuda et al., 1997) (Fig.
10N,O,S,T). Altogether, these data show a
severe impairment of thalamocortical
connections, which mostly fail to extend
into the correct pathway (i.e., striatal IC)
and miss reaching the correct target (i.e.,
specific dorsal thalamic nuclei as targets of
corticothalamic fibers) (Fig. 10U,V).

Discussion
Comparing brain malformations in Arx
mutant mice and XLAG patients
Herein, we describe the phenotypic alter-
ation of the basal ganglia in Arx mutant
mice. A related phenotype may arise in
humans having a null Arx mutation (i.e.,
in patients with the XLAG syndrome). In
fact, most XLAG patients exhibit mal-
formed and reduced basal ganglia struc-
tures with cavitations, indistinct borders
between the structures, and fragmentation
(Kato and Dobyns, 2003; Uyanik et al.,
2003; Kato et al., 2004). In mice, the loss of
Arx function in the cerebral cortex leads to
lissencephaly (smooth cortex) with ab-
sence of corpus callosum (Kitamura et al.,
2003). However, in previous publications,
it was unclear whether Arx mouse mutants
display defects in the histogenesis of the
subcortical telencephalon, including the
striatum, globus pallidus, and nucleus
basalis. In this work, we describe abnor-
malities in the striatum and pallidum,
which are consistent with magnetic reso-
nance imaging descriptions of the analo-
gous human structures in XLAG patients

(Kato et al., 2004). Thus, the forebrain defects observed in Arx
mutant mice appear to faithfully reflect the phenotype of XLAG
and related disorders.

An arrest in GABAergic differentiation and migration in the
Arx mutant ventral telencephalon
Subsequent to the cell cycle withdrawal, neural progenitors mi-
grate out of the germinal layer and follow a radial or tangential
route to reach their final position in the mantle zone. Cell migra-
tion is greatly decreased in the embryonic basal ganglia of Arx
mutants. This results in the ectopic accumulation of immature
neurons in the SVZ. In the LGE, these cells lack the expression of
markers of the striatal neurons, such as calbindin, Ebf1, and en-
kephalin, suggesting an impairment in neuronal maturation. The
MGE also showed an accumulation of unmigrated neurons,
many of which were immature, based on low MAP2 expression.
However, some of the ectopic neurons expressed markers associ-
ated with MGE-derived mature neurons, such as NPY and ER81.

An arrest in neuronal differentiation may account for the de-

Wt Wt Wt

Wt Mut

MutMutMut

Wt Mut

A B

C D

E F G H I J

K L

βIIItubulIIItubul

48hrs 48hrs

Mge Mge
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Mutant neurons fail to migrate out from the MGE explant and remain localized near the graft after 48 h. D, Mutant cells display
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an increase in leading process branching compared with wt cells (E, G). Arrows indicate the branching points. I–L, A significant
fraction of mutant cells (J, L) display a long leading process from two to four times longer than wt cells (I, K ). K, L, Positive staining
with �III-tubulin (�IIItubul) antibody ascertains the neuronal origin of the mutant abnormal cells analyzed in the migration
assays. Arrowheads indicate branching points of the leading process. Arrows point to the overall length of the neurons. Mut,
Mutant. Scale bars: A, B, 200 �m; C, D, 50 �m; E (for E–J ), K (for K, L), 20 �m.
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fects observed in mutants, including the
arrest in migration. To test this hypothe-
sis, we dissociated mutant SVZ cells and
differentiated them in vitro. Interestingly,
mutant LGE cells differentiated into neu-
rons expressing striatal markers. How-
ever, migration was not restored in any of
our in vitro analyses. Hence, two hypoth-
eses, which are not mutually exclusive,
may explain our observations: (1) a non-
cell-autonomous mechanism may con-
tribute to the arrest in cell maturation in
vivo, at least in the LGE; and (2) there is an
intrinsic defect in cell migration in both
the LGE and MGE.

Like Arx mutants, Dlx1/2 mutants
show ectopic collection of unmigrated
cells in the LGE and MGE. Furthermore,
Arx expression is reduced in Dlx1/2 mu-
tants (Cobos et al., 2005). However, unlike
in Arx mutants, the Dlx1/2	/	 ectopia
express high levels of MAP2 (Anderson et
al., 1997) (I. Cobos, O. Borello, and
J. L. R. Rubenstein, unpublished re-
sults), suggesting that these neurons are
more differentiated than the Arx mutant
cells. Thus, Dlx1 and Dlx2 appear to re-
press MAP2 expression. Arx mutants ex-
press increased Dlx2; therefore, the
block of MAP2 expression may be
through increased Dlx2 expression.

Dlx1/2 mutants exhibit increased
expression of Mash1 and Delta1 and
show evidence of increased Notch sig-
naling (i.e., increased Hes5 expression)
(Yun et al., 2002). Thus, we analyzed in
Arx mutants expression of signaling
molecules belonging to the Notch path-
way, including Notch1 and its down-
stream targets Hes1, Hes5, and CoupTF1.
However, we did not observe any differ-
ences between wt and mutant tissues
(M. Bianchi and V. Broccoli, unpub-
lished results). Thus, although Dlx1/2
and Arx mutant mice exhibit similar de-
fects in migration of the basal ganglia
cells, some of the underlying mecha-
nisms may be divergent.

We found that Arx mutant cells dis-
played a strong impairment in migration ability. This was con-
firmed through the in vitro analysis of cell migration using MGE
explant cultures embedded in a Matrigel matrix. This approach
allowed to easily follow neuronal migration in a three-
dimensional manner, without forcing cells to adhere to a unique
plan of migration. In these conditions, mutant cells displayed a
severe reduction in migration ability, suggesting intrinsic defects
in migration capabilities. These results suggest that the altered
development of basal ganglia in Arx mutants may be related to a
cell-autonomous impairment of the ability of Arx mutant neu-
rons to migrate out of the periventricular space, thereby explain-
ing the large ectopia observed in these animals. These cells remain
located nearby the germinal layer and, therefore, subjected to the
influence of diffusible molecules of the Notch or FGF signaling

that may prevent their maturation. This may explain why mutant
cells in the SVZ striatal compartment failed to express markers
specific for mature neurons. Furthermore, the impaired
movement activity may explain the time-dependent arrest in
radial migration noticed in developing basal ganglia. Indeed,
at early embryonic stages (E11.5–E12.5), mutant neurons may
cover short distances more efficiently than at later stages
(from E13.5 onward). Altogether, our findings strongly sug-
gest that a cell-autonomous impairment of neuronal migra-
tion accounts for numerous aspects of basal ganglia malfor-
mations in Arx mutants. However, additional investigations,
possibly using conditional mouse mutants, would be required
to definitively rule out the existence of cell-nonautonomous
defects in these animals.

Figure 10. Alterations of cortical and thalamic axons pathfinding in Arx mutant brains. A, F, At E14.5, DiI-labeled corticofugal
axons normally migrate through the IC (A), whereas mutant fibers do not cross the LGE/MGE boundary and are directed toward the
ventral marginal edge (F, filled arrowheads). Some mutant axons are located in the external capsule (F, open arrowhead). B–E,
G–J, At E18.5, corticofugal axons were labeled using DiI and DiA crystals placed in the occipital and parietal cortex (B, G, insets,
arrows). Cortical neural projections appear highly disorganized. Some tracts migrate inside the external capsule (G, H, open
arrowheads), whereas others extend to the ventral striatum or near the ventral marginal edge (G, H, arrowheads). The few fibers
entering the dorsal thalamus fail to specifically reach the proper nuclei (J, open arrowheads). Bundles of axons coming from
different cortical areas are highly intermixed and not separated as in control brains (E, J, arrows). K, P, Hematoxylin/eosin staining
of brain sections outlines axonal fibers in the IC in controls but not in mutant brains, in which they are found in more a ventral
position (P, arrowheads). L, M, Q, R, Coronal sections of E14.5 brain in which thalamocortical axons were labeled using DiI crystals
placed in the dorsal thalamus. In control brains (L, M ), axons travel into the basal ganglia through the IC, reaching the cerebral
cortex (L, arrowheads). In mutants, many thalamic fibers remain blocked into the dorsal thalamus or misrouted toward the
hypothalamus (R, arrowheads). The few thalamic axons that entered into the basal ganglia are extended in an abnormal ventral
position (Q) compared with wild-type fibers (L). N, O, S, T, Labeling of thalamocortical projections using immunohistochemistry
targeted against L1. L1-positive thalamocortical fibers behave as described previously for DiI-labeled axons. T, Open arrowheads
indicate thalamic axons that failed to exit the dorsal thalamus, whereas filled arrowheads label thalamic fibers ectopically directed
into the hypothalamus. U, V, Schematic representation of the phenotypes observed in Arx mutant brains. Few thalamocortical
axons (red) enter into the basal ganglia of Arx mutant brains and do not organize into the IC. Other axonal tracts remain confined
to the dorsal thalamus or are misrouted toward the hypothalamus. Corticofugal projections (green) are largely disorganized in the
striatum, in which some tracts are misoriented or ectopically directed toward the ventral marginal edge. Asterisk in V labels the
ectopic periventricular area described in the Arx mutant brains (dashed line). Cx, Cerebral cortex; DT, dorsal thalamus; dTh dorsal
thalamus; ET, epithalamus; HT, hypothalamus; LGN, lateral geniculate nucleus; LGN*, mutant lateral geniculate nucleus; Mut,
mutant; Str, striatum; VB, thalamic ventral basal complex; VB*, mutant thalamic ventral basal complex; VT, ventral thalamus.
Scale bars: A (for A, F ), K (for K, P), L (for L, M, Q, R), N (for N, O, S, T ), 200 �m; B (for B–E, G–J ), 400 �m.
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Arx mutation impairs cholinergic differentiation in the
ventral forebrain
The expression of Arx in the basal telencephalon was previously
correlated with GABAergic neural differentiation (Kitamura et
al., 2003; Cobos et al., 2005). Indeed, Arx is expressed in GAD67-
positive neurons, and its inactivation impairs the differentiation
of cortical GABAergic interneurons. Interestingly, the ventral tel-
encephalon is also the source of most of the forebrain cholinergic
neurons. In particular, cholinergic cells are thought to be derived
from MGE and/or AEP progenitors and to differentiate early
during embryonic development (Marin et al., 2000). There are
two main types of cholinergic neurons: interneurons of the stri-
atum and projection neurons of the basal telencephalon. Impor-
tantly, the Arx deficiency led to a dramatic decrease in both pop-
ulations. Such alterations are probably not caused by an
impairment of the early cholinergic commitment or a misspeci-
fication, because at E12.5, the expression of Gbx1, a marker for
these neurons, was detected in the MGE mantle zone. However,
most of these neurons lacked expression of Lhx7, a transcription
factor required for their differentiation (Zhao et al., 2003; Mori et
al., 2004; Fragkouli et al., 2005; Manabe et al., 2005). These find-
ings raise the hypothesis that, in Arx mutants, cholinergic differ-
entiation, although initiated, fail to progress because of the ab-
sence of at least one essential cell-fate-determining gene, most
likely Lhx7. Lhx7 expression requires Nkx2.1 function. In Nkx2.1
mutants, Lhx7 is not activated (Sussel et al., 1999), whereas
Nkx2.1 ectopic expression induces Lhx7 (Bachy and Retaux,
2006). However, Nkx2.1 appears to be able to induce Lhx7 only in
the ganglionic eminences (Arx-positive territory), because its ec-
topic expression in the cortex fails to activate Lhx7 (Bachy and
Retaux, 2006). Therefore, this suggests that Arx may allow the
Nkx2.1-dependent activation of Lhx7 (Fig. 9D). Additional stud-
ies would be required to strengthen this hypothesis and verify any
interaction among these transcription factors.

Altered connectivity between cortex and thalamus in
Arx mutants
Thalamocortical and corticothalamic projections develop in
mice between E13 and E18, connecting specific thalamic nuclei
with different cortical areas and establishing topographically or-
dered representations (Garel and Rubenstein, 2004). Both types
of connections migrate through intermediate regions that func-
tion as “guideposts” to orientate axonal navigation (López-
Bendito and Molnár, 2003; Vanderhaeghen and Polleux, 2004).
In particular, López-Bendito et al. (2006) have recently described
a population of LGE cells that, when migrating through the MGE,
open a corridor through which thalamic axons can enter, and,
thereby, avoid repulsive cues originating from the MGE. The
MGE of Arx mutants lacks both Ebf1� and Lhx6	/Nkx2.1	
territories, indicating a loss of LGE corridor cells. This may con-
tribute to the extensive defects of the corticothalamic pathway
observed in the ventral telencephalon (López-Bendito et al.,
2006). Two other structures have been shown to strongly influ-
ence corticothalamic axon guidance: the pallial/subpallial
boundary (PSPB) and the diencephalon/telencephalon boundary
(DTB) (O’Leary et al., 1994; Molnár and Butler, 2002). The PSPB
domain appeared morphologically normal in Arx mutants, al-
though a more focused molecular analysis of this region remains
to be performed. Conversely, a strong impairment was detected
in thalamocortical projections in entering the telencephalon
through the DTB area. Some of the fibers leaving the dorsal thal-
amus were misoriented toward the hypothalamus. This may be
caused by a severe reduction of the ventral thalamus and lack of

eminentia thalami, an area connecting the diencephalon to the
caudoventral telencephalon (Kitamura et al., 2003) (E. Colombo
and Broccoli, unpublished data). Both regions represent impor-
tant relay centers that may influence axonal pathfinding. Thus,
the described altered thalamocortical projections may be the con-
sequence of different morphological alterations in distinct brain
structures acting on axonal navigation. However, the detailed
mechanisms involved remain to be assessed.

In summary, we provide evidence that Arx plays a crucial role
in promoting migration of ventral forebrain neurons both in
radial and tangential orientations. This primary defect impacts
the ability of these cells to correctly mature and differentiate in
the basal ganglia structures. Accordingly, Arx inactivation leads
to a general disorganization of the basal ganglia as detected in
mice and humans. Furthermore, we identified a hitherto unsus-
pected function of Arx in regulating cholinergic neural differen-
tiation. This defect may be initiated by a failure in activating the
expression of Lhx7. Finally we described drastic alterations of the
wiring system connecting the cortex to the thalamus in Arx mu-
tant brain, occurring possibly as a secondary effect of the fore-
brain malformations. These findings open new avenues to eval-
uate whether Arx-deficient patients exhibit similar impairment
and how this may impact the pathophysiology of such a disease.
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