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Lhx6 Regulates the Migration of Cortical Interneurons from
the Ventral Telencephalon But Does Not Specify their
GABA Phenotype

Pavlos Alifragis,* Anastasia Liapi,* and John G. Parnavelas
Department of Anatomy and Developmental Biology, University College London, London WC1E 6BT, United Kingdom

The LIM homeodomain family of transcription factors is involved in many processes in the developing CNS, ranging from cell fate
specification to connectivity. A member of this family of transcription factors, lhx6, is expressed in the medial ganglionic eminence (MGE)
of the ventral telencephalon, where the vast majority of cortical interneurons are generated. Its expression in the GABA-containing MGE
cells that migrate to the cortex suggests that this gene uniquely or in combination with other transcription factors may play a role in the
neurochemical identity and migration of these neurons. We performed loss of function studies for lhx6 in mouse embryonic day 13.5
brain slices and dissociated MGE neuronal cultures using Lhx6-targeted small interfering RNA produced by a U6 promoter-driven vector.
We found that silencing lhx6 impeded the tangential migration of interneurons into the cortex, although it did not obstruct their
dispersion within the ganglionic eminence. Blocking lhx6 expression in dissociated MGE cultured neurons did not interfere with the
production of GABA or its synthesizing enzyme. These results indicate that lhx6, unlike the closely related member lhx7, does not regulate
neurotransmitter choice in interneurons but plays an important role in their migration from the ventral telencephalon to the neocortex.
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Introduction
It is now established that the subpallium of the embryonic fore-
brain gives rise to a variety of neuronal types destined for differ-
ent regions of the brain. In particular, the lateral ganglionic em-
inence (LGE) generates the striatal projection neurons (Deacon
et al., 1994) as well as cells of the olfactory bulb and some of the
interneurons of the pallium (cortex) (Anderson et al., 2001,
2002). The vast majority of cortical and striatal interneurons arise
in the medial ganglionic eminence (MGE) and caudal ganglionic
eminence (CGE) (Lavdas et al., 1999; Nery et al., 2002; Valcanis
and Tan, 2003; Xu et al., 2004). Genetic perturbation studies in
recent years have helped to establish boundaries between progen-
itor domains in the subpallium (Marin and Rubenstein, 2001).
However, it is not yet understood how the fates of cells that arise
in particular progenitor pools are specified. For example, how are
interneurons destined for the cerebral cortex and hippocampus
sorted from striatal interneurons in the MGE?

A feature common to MGE cells that migrate to the cortex is
the expression of the LIM homeodomain (LIM-hd) gene lhx6
(Lavdas et al., 1999). Overlapping domains of lhx6 expression
and of the structurally related lhx7 have been detected in the MGE
of mouse and rat embryos (Grigoriou et al., 1998; Marin et al.,

2000; Asbreuk et al., 2002). Tracer labeling experiments (Lavdas
et al., 1999) indicate that the expression of lhx6 in the cortex
defines a population of cells that originate in the MGE and mi-
grate dorsally crossing the corticostriatal boundary. Although the
function of lhx6 and lhx7 during mammalian embryogenesis is
currently unknown, their expression patterns in the ganglionic
eminence (GE), together with the previously established role of
other LIM-hd proteins in cell fate determination and differentiation,
suggests that they have a role in the generation of the neuronal di-
versity in the basal forebrain. Results from a number of studies
(Marin et al., 2000; Asbreuk et al., 2002; Zhao et al., 2003) now point
to an important role of lhx7 in the development of cholinergic neu-
rons in the forebrain. As for lhx6, its expression in migrating inter-
neurons suggests that this gene uniquely or in combination with
other transcription factors might play a role in the decision of MGE
cells to differentiate in situ or to migrate dorsally to the cortex. Recent
studies have also speculated that lhx6 may regulate the development
of the GABAergic neurons in the striatum (Marin et al., 2000). Here,
we used the novel method of RNA interference (RNAi) to test the
hypothesis that lhx6 plays a role in the neurochemical identity of
cortical interneurons and in their migration from the ventral telen-
cephalon. We show that lhx6 does not regulate the expression of
GABA in MGE neurons, but it does control their migration from the
subpallium.

Materials and Methods
Dissociated cell cultures. The brains of embryonic day (E) 13.5 mouse
embryos were removed (E0.5, day vaginal plug was found), and the de-
sired forebrain regions were microdissected and placed in a solution
containing 0.05% trypsin and 100 �g/ml DNaseI in Neurobasal medium
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(Invitrogen, Paisley, UK). After 15 min incubation (at 5% CO2, 37°C),
they were washed in Neurobasal medium with 10% fetal bovine serum
and dissociated with a fire-polished Pasteur pipette. The resulting sus-
pension was centrifuged at 3000 rpm for 3 min. The cell pellet was resus-
pended in medium containing Neurobasal medium, 2 mM L-glutamine,
penicillin/streptomycin, and 1:50 dilution of B-27 (Invitrogen). A total
of 2 � 10 4 cells were plated onto each 13 mm diameter glass coverslip,
according to the instructions of the manufacturer (Invitrogen).

Construction of vectors. We used a vector-based RNAi approach to
intracellularly produce a short hairpin double stranded RNA (dsRNA)
from a DNA template under the RNA polymerase III promoter. An-
nealed oligonucleotides were cloned into the HincII-NcoI sites of the
pTZ-U6 � 1 vector (a kind gift from Dr. John Rossi, City of Hope,
Duarte, CA). Our construct, pTZ-U6-Lhx6, was designed to target the
lhx6 mRNA at position 173–192 from the sequences published by
Kimura et al. (1999). This sequence is devoid of secondary structures, is
outside of the conserved LIM or homeobox domains, and gives a specific
hit only for lhx6 in the GenBank database. The oligonucleotides (Sigma
Genosys, London, UK) were annealed at a concentration of 10 �M in 10
mM Tris HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA at 95°C for 1 min. The
solution was then cooled to 70°C followed by slow cooling to 4°C for 2.5
hr. The sequences of the oligonucleotides were as follows (underlined
letters denote hairpin loop):

Sense AGACGCAGAGGCCTTGGTTCAAGAGACCAAGGCCTCT-
GCGTCTGACTTTTTC and antisense CATGGAAAAAGTCAGACG-
CAGAGGCCTTGGTCTCTTGAACCAAGGCCTCT GCGTCT.

As a control, we used the empty pTZ-U6 � 1 vector or a small inter-
fering RNA (siRNA)-producing vector on the basis of the same lhx6
sequence but containing a few base mutations (shown below in under-
lined bold lowercase letters; deletions are denoted by empty parenthe-
ses). The identity of both constructs was verified by sequencing.

Sense AGACGCcAGAGGCCTTGGTTCAAGAGACCAAGGa( )CTg-
TGCGTCTGACTTTTTC and antisense CATGGAAAAAGTCAGACG-
CAcAG( )tCCTTGGTCTCTTGAACCAAGGCCTCT gGCGTCT.

Two groups of investigators (Grigoriou et al., 1998; Kimura et al.,
1999) have cloned lhx6 independently, and although the reported se-
quences were similar, there were several differences at the 5� and 3� ends
of the coding region. To choose the correct target sequence for our
dsRNA construct, we cloned lhx6 from an E13.5 brain cDNA library. Our
sequencing data agreed with the sequence published by Kimura et al.
(1999) (95% identity at the nucleotide level).

Transfections. Dissociated MGE cells were transfected at 2 d postplat-
ing, because this time was found to render the best transfection efficiency
(10 –20% on average). The transfection was performed using Lipo-
fectamine 2000 according to the guidelines of the manufacturer (Invitro-
gen). For each coverslip, 3 �l of Lipofectamine 2000 and 1 �g of DNA
were used. To visualize the transfected cells, the experimental constructs
were cotransfected with pEGFP-N1 vector (BD Biosciences, Palo Alto,
CA; vector referred to as pEGFP) in a ratio 5:1. The cultures were pro-
cessed for immunohistochemistry on day 4 postplating.

Immunohistochemistry. The immunohistochemistry procedure was
performed as described previously (Lavdas et al., 1999). The primary
antibodies used were anti-Lhx6 (rabbit polyclonal, 1:2000; a kind gift
from Dr. V. Pachnis, National Institute for Medical Research, London,
UK), anti-GAD 65/67 (rabbit polyclonal, 1:250; Affiniti Research Prod-
ucts, Exeter, UK), anti-calbindin (rabbit polyclonal, 1:10,000; Swant,
Bellinzona, Switzerland), anti-GABA (rabbit polyclonal, 1:1000; Sigma),
and anti-MAP2 (mouse monoclonal, 1:500; Sigma). The anti-rabbit or
anti-mouse FITC or rhodamine-conjugated secondary antibodies (Mo-
lecular Probes, Eugene, OR) were used at a dilution of 1:500. The confo-
cal microscope images were reconstructed using MetaMorph imaging
software (Universal Imaging Corporation, West Chester, PA).

Electroporation of brain slices. Slices were prepared from E13.5 mouse
embryos as described previously (Lavdas et al., 1999). Medial coronal
slices were mounted onto nitrocellulose filters (0.45 �m; Millipore, Lon-
don, UK) and were subsequently incubated with 5 �g of DNA for 1 min.
To focally electroporate the GE, a vertically oriented platinum wire elec-
trode (negative pole) was positioned over the GE while a horizontal
electrode was positioned underneath the nitrocellulose filter (positive

pole). The electrodes were connected to a dual-pulse isolated stimulator
(Intracel, Herts, UK). The following electroporation conditions were
used: 100 Hz, 50 V, 5 msec width of pulse, three to five pulses. Slices were
then transferred in defined culture medium containing DMEM:F12
(Sigma), 5% heat-inactivated fetal bovine serum, 1� N-2, 100 �M

L-glutamine, 2.4 gm/l D-glucose (Sigma), and 5 U/ml penicillin and 5
mg/ml streptomycin in a humidified 5% CO2 incubator at 37°C. All
materials were purchased from Invitrogen, unless otherwise stated. La-
beled slices were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, at room temperature for 2 hr, mounted onto glass slides,
and examined with a confocal microscope (Leica, Nussloch, Germany).
The images were reconstructed using MetaMorph imaging software.

Results
Lhx6 plays a role in the tangential migration of
cortical interneurons
Previous studies reported lhx6 expression in the subventricular
and submantle zones of the MGE and in tangentially arranged
corridors of cells in the marginal, intermediate, and subventricu-
lar zones of the cortex (Grigoriou et al., 1998; Lavdas et al., 1999).
These lhx6-expressing cells were shown to be tangentially migrat-
ing cortical interneurons that had arisen in the MGE (Lavdas et
al., 1999). Based on these observations, we sought to investigate
the role of lhx6 in interneuron migration by studying the loss of
lhx6 function in MGE neurons using RNA interference. We chose
to silence lhx6 in MGE neurons by focally electroporating brain
slices with a U6 promoter-driven vector producing double-
stranded siRNA, because this method provides the advantage of
genetic manipulation in a controlled spatiotemporal manner.

To visualize transfection and to demonstrate that our hairpin
siRNA could efficiently hinder lhx6 expression, we cotransfected
the siRNA construct or control vectors (empty or mutated siRNA
vector) with a pEGFP vector (5:1 molar ratio to ensure that all
green fluorescent protein (GFP)-expressing cells had been co-
transfected with the siRNA plasmid) in cells dissociated from the
MGE of E13.5 mouse brains. The cells were fixed 32–72 hr post-
transfection and immunostained for Lhx6. Dissociated MGE
cells cotransfected with the control vector showed a number of
GFP-expressing cells also positive for Lhx6 (Fig. 1A,B). This
finding confirmed that the transfection procedure and the back-
bone vectors did not interfere with the expression of Lhx6. Dis-
sociated MGE cells cotransfected with the siRNA and the pEGFP
vectors showed no GFP-expressing cells positive for Lhx6 (Fig.
1C,D), indicating that the siRNA efficiently disrupted the expres-
sion of lhx6. Transfection with siRNA did not affect cell viability
as indicated by 4�,6�-diamidino-2-phenylindole (DAPI) staining
(Fig. 1E,F). We confirmed that the siRNA vector conferred loss
of lhx6 function in preparations analyzed 32–72 hr post-
transfection. Although recent reports (Omi et al., 2004) have
indicated that siRNA can have a long-lasting effect in mammalian
cell cultures, we performed our analysis 2–3 d post-transfection
for best visualization of transiently transfected cells by means of
GFP expression.

Before delivering the siRNA construct in brain slices by elec-
troporation, we first examined the kinetics of electroporated neu-
rons. We used a set-up similar to the one described by Marin et al.
(2001) to electroporate pEGFP alone or together with a control
vector to the GE of E13.5 brain slices and analyzed the migratory
behavior of neurons after 24, 48, and 72 hr (Fig. 2A–C). The
electroporated cells displayed the typical bipolar morphology of
tangentially migrating neurons. We observed that 24 hr post-
transfection the first GFP-positive neurons had already reached
the lateral cortex. At 48 hr, electroporated cells had migrated
further, and by 72 hr, many cells were found in the dorsomedial
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cortex, indicating that electroporated cells advanced into the cor-
tex through time. Confocal image analysis showed that electro-
poration was not superficial, because many cells had been trans-
fected deeply into the tissue (200 –250 �m in a 300 �m slice).
Furthermore, although transfection by electroporation delivered
a construct only to a group of cells at any one time and not to

successive cohorts of cells (as is the case
with fluorescent dye labeling), the effi-
ciency of transfection achieved was suc-
cessful enough to provide a sufficient
number of cells to be monitored (Fig. 2E,
control).

Having established that our siRNA vec-
tor hindered lhx6 expression efficiently
and that electroporation did not inhibit
tangential migration of transfected cells,
we combined the two methods to examine
whether lhx6 is involved in the migration
of neurons from the MGE to the cortex.
Focal electroporation of the siRNA and the
pEGFP vectors (surplus 5:1 molar ratio) in
brain slices resulted in neurons dispersing
from the site of electroporation compara-
ble with control experiment (empty or
mutated siRNA vector), suggesting that
the motility of neurons electroporated
with the siRNA vector was not affected
(Fig. 2D). However, no GFP-labeled neu-
rons were detected in the cortex 48 –72 hr
post-transfection (n � 30 brain slices). On
a few occasions, a few GFP-labeled cells
had accumulated at the corticostriatal
boundary (4 � 1.5 cells) (Fig. 2D, arrow,
E) but, contrary to the tangentially migrat-
ing neurons, they did not display the typi-
cal bipolar morphology of actively migrat-
ing cells. The failure of tangentially
migrating neurons to enter the cortex sug-
gests that lhx6 is necessary for those neu-
rons to migrate past the corticostriatal
notch.

Lhx6 does not regulate the
GABAergic phenotype
Early in forebrain development, the MGE
is nearly the sole contributor of GABA-
containing interneurons to the rodent cor-
tex (Anderson et al., 2001, 2002). The ma-
jority of these migrating interneurons
express Lhx6 (93.3 � 6.7% of dye-labeled
MGE cells in the cortex express Lhx6 at
E13.5), suggesting that this gene might
regulate their GABAergic phenotype.
Double immunostaining experiments for
Lhx6 and GABA in dissociated E13.5 cor-
tical cultures showed that only a propor-
tion of GABAergic neurons contain Lhx6
and vice versa (65.2 � 2.2% of Lhx6 cells
express GABA and 72 � 2.4% of GABA
cells express Lhx6) (Fig. 3A–C), suggesting
that lhx6 is not associated with the expres-
sion of the neurotransmitter in these neu-
rons. To exclude the possibility that Lhx6

cells in the cortex are glia precursors, we performed double im-
munolabeling analysis of Lhx6-expressing cells with MAP2, a
marker of differentiated neurons, in dissociated cortical cultures.
We found that 95.3 � 4.7% of Lhx6 cells express MAP2, confirm-
ing their neuronal identity (Fig. 3A,D,E). Similar experiments
performed to assess colocalization of Lhx6 with GABA in subpal-

Figure 1. RNAi effectively blocks the expression of lhx6 in GE neurons. A–D, Dissociated MGE cells taken from E13 mice were
transfected with pEGFP and control vector ( A, B) or pEGFP and the siRNA vector (C,D) and immunostained for Lhx6 (red). A high
proportion of MGE cells transfected with pEGFP/control vector were also positive for Lhx6 ( A, B, arrows). Dissociated MGE cells
transfected with pEGFP/siRNA vector did not exhibit Lhx6 immunoreactivity, indicating that the production of RNAi in these cells
inhibited lhx6 expression (n � 5 experiments). E, F, siRNA transfection did not affect cell viability as shown with DAPI nuclear
staining (arrows). Scale bars, 50 �m.

Figure 2. Electroporation of lhx6 silencing constructs in E13.5 mouse brain slices. A–C, The GE was electroporated with control
vector/pEGFP, and tangential migration was visualized after 24 hr ( A), 48 hr ( B), and 72 hr ( C). More GFP cells were found in the
cortex with time. Electroporation of siRNA vector/pEGFP resulted in labeled neurons dispersing within the GE but not entering the
cortex ( D). Sometimes, neurons (arrow) would accumulate at the corticostriatal boundary. Scale bars, 200 �m. E, Graph depicts
quantification of cell migration from the GE electroporated with control vector (31 � 4.7 cells within the cortex) and siRNA vector
(4 � 1.5 cells at corticostriatal boundary; Student’s t test; p � 0.0001).
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lial neurons also showed that this gene is not closely associated
with GABA expression (49 � 3.6% of GABA cells express Lhx6
and 25.7 � 3.5% of Lhx6 cells express GABA in dissociated cul-
tures from mouse E13.5 MGE) (Fig. 3A,F,G).

To investigate whether Lhx6 can regulate the GABAergic phe-
notype, we transfected our siRNA vector and examined the ex-
pression of GABA and GAD65/67 in dissociated cell cultures pre-
pared from E13.5 mouse MGE (32–72 hr post-transfection). The

results were normalized against the control in every experiment
to eliminate variability in transfection efficiency. We found that
loss of lhx6 function did not affect the expression of the neuro-
transmitter or its synthesizing enzyme in MGE neurons (Fig.
4A–D) (GABA, �3.8 � 11.4%; GAD65/67, 1.3 � 9.3% different
from control). Similarly, silencing lhx6 in MGE cultures did not
affect calbindin expression (the colocalization of siRNA trans-
fected neurons with calbindin was 2.1 � 8% different from con-
trol). These observations confirmed the results of the double-
immunostaining studies described above, which showed that the
GABAergic phenotype of MGE and cortical neurons is indepen-
dent of lhx6. In addition, our results indicate that the siRNA
vector interfered specifically with the expression of Lhx6, leaving
other developmental pathways such as the expression of GAD
and GABA intact.

Discussion
The role of lhx6 in tangential migration of
cortical interneurons
Experimental evidence points to an important role of LIM-hd
proteins in many developmental processes in the nervous system
ranging from cell lineage and phenotype determination to axonal
guidance and patterning (for review, see Hobert and Westphal,
2000). The present study focused on the role of one such tran-
scription factor, lhx6, in the migration and phenotype specifica-
tion of cortical interneurons by performing loss of gene function
experiments with the aid of double-stranded siRNA.

The method of dsRNA as a tool for silencing target genes was
initially developed and used in C. elegans and later in D. melano-
gaster (Hannon, 2002). Its use in mammalian systems was ini-
tially limited, because the presence of long dsRNA triggers gen-
eral transcription shutdown and subsequent cell death (for
review, see Kumar and Carmichael, 1998). This problem has been
overcome with the use of siRNAs that are either chemically syn-
thesized and introduced into cells exogenously (Elbashir et al.,

Figure 3. Expression of Lhx6 in dissociated cultures from mouse E13.5 brain. A, The graph
depicts percentage colocalization of Lhx6 with various markers in dissociated cultures (n � 3
litters). B, C, Lhx6 (B, red) colocalizes with GABA (C, green) in some cells in dissociated cortical
cultures (arrows). GABA cells that do not colocalize with Lhx6 and many Lhx6 cells that do not
express GABA are also observed (arrowheads). D, E, Lhx6 (D, red) in cortical dissociated cultures
colocalizes (arrows) with MAP2 (E, green). F, G, Lhx6 (red) colocalizes with GABA in MGE cell
cultures (arrows), but there are also GABA cells that do not express Lhx6 and vice versa (arrow-
heads). Scale bar, 50 �m.

Figure 4. lhx6 silencing in dissociated cultures from mouse E13.5 brain. Dissociated MGE
cultures were transfected with lhx6-directed siRNA-producing vector and pEGFP. A–D, Silenc-
ing of lhx6 did not affect expression of GABA ( A, B, red) or GAD65/67 (C,D, red), because several
siRNA-transfected cells ( B, D, green) were positive for these markers (arrows). Scale bars, 50
�m. n � 3 litters.
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2001) or produced intracellularly by DNA templates (Lee et al.,
2002). The main limitation in using the former siRNAs has been
their short half-life within the cell. The development of DNA
vectors that produce siRNA has made it possible to silence a gene
for an extended period of time (Brummelkamp et al., 2002).
Here, we used such a vector to produce a short hairpin dsRNA in
focally electroporated brain slices after confirming that the con-
struct hampers Lhx6 expression effectively in dissociated MGE
neurons. Silencing lhx6 in brain slices resulted in cells dispersing
normally within the GE but not migrating into the cortex, indi-
cating that lhx6 is necessary for the migration of cortical inter-
neurons from the MGE.

The restricted expression of lhx6 in the MGE suggests that this
transcription factor does not account for the migration of all
subpallial neurons destined for the cortex. In the later stages of
development, the LGE, which is primarily devoid of lhx6, pro-
vides a significant number of tangentially migrating neurons to
the cortex (Anderson et al., 2001). Moreover, in Nkx2.1 mutants,
where the MGE is respecified to LGE and lhx6 expression is lost
(Sussel et al., 1999; Marin et al., 2000; Nery et al., 2002), cells from
the expanded LGE still migrate to the cortex. Together, these
findings suggest that lhx6 does not account for the migration of
all subpallial neurons destined for the cortex, and that other tran-
scription factors may be required to provide neurons of the GE
with the necessary instructions to migrate toward the cortex. Fur-
thermore, lhx6 might not solely regulate the migration of MGE-
derived cortical interneurons. It is possible that a rich combina-
torial code of LIM-hd proteins, similar to the one described in the
spinal cord (for review, see Shirasaki and Pfaff, 2002), also exists
during forebrain development (i.e., lhx6 might form functionally
diverse protein complexes with other proteins, including tran-
scription factors of the same family). Likely binding partners in-
clude lhx1, 2, 5, and 7, which occupy regions of the dorsal and
ventral telencephalon where lhx6 is also found (Shawlot and Be-
hringer, 1995; Porter et al., 1997; Zhao et al., 1999; Monuki et al.,
2001; Asbreuk et al., 2002). It is possible that lhx6 functions in
synergy with these or other factors as part of a protein complex
that, if disrupted, tangential migration is arrested.

Lhx6 does not specify the GABAergic phenotype
of interneurons
It has been suggested that the expression of lhx6 and lhx7 in the
ventral telencephalon defines distinct cell types in this region of
the developing brain (Marin et al., 2000). Recent genetic evidence
supports an important role for lhx7 in the development of cho-
linergic neurons in the basal forebrain (Asbreuk et al., 2002; Zhao
et al., 2003). The expression of lhx6 in complementary subpallial
regions and in migrating cortical interneurons has prompted
speculation that it may be involved in the specification of their
GABAergic phenotype. Other LIM-hd transcription factors have
been implicated in neurotransmitter choice (e.g., the C. elegans
lim-6 has been found to regulate GAD expression and to control
the morphology of GABAergic neurons) (Hobert et al., 1999).

The observation that there is no extensive colocalization of
GABA with Lhx6 in dissociated cortical and MGE cultures sug-
gests that lhx6 does not regulate the expression of GABA in these
neurons, although a role for this gene in the specification of dis-
tinct subsets of GABAergic neurons cannot be excluded. Our
lhx6-silencing experiments confirmed that the expression of
GABA and its synthesizing enzyme GAD65/67 as well as cal-
bindin are not controlled by this transcription factor. Further-
more, in DLX1/2 mutants, where there is almost complete loss of
GAD65 cells (Anderson et al., 1997a,b), a number of lhx6-

positive cells survive (Marin et al., 2000). These observations, in
conjunction with the fact that GABAergic projection neurons
and interneurons arise not only from the MGE but also other
subpallial regions, clearly show that lhx6 is not directly associated
with the GABAergic phenotype.

In summary, the results presented here show that lhx6 does
not specify the GABAergic phenotype of cortical interneurons,
but it regulates their migration from the subpallium.
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