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Sonic Hedgehog and Bone Morphogenetic Protein Regulate
Interneuron Development from Dorsal Telencephalic
Progenitors In Vitro
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Cortical progenitors are competent to produce interneurons, but do not generate large numbers of interneurons in vivo under normal
circumstances. This could reflect the absence of an inductive signal in the environment of the dorsal telencephalon and/or the presence
of an inhibitory signal. To determine whether either or both mechanisms regulate interneuron generation, progenitors in dorsomedial
and dorsolateral wall explants of mouse telencephalon were marked with a retrovirus and cultured under several conditions. When
cultured separately, progenitors in dorsomedial wall explants produced fewer GABAergic interneurons than progenitors in dorsolateral
wall explants. When cocultured with ventral telencephalic cells, however, dorsomedial wall progenitors produced more GABAergic
interneurons than in dorsomedial wall explants alone. The inductive effect of ventral telencephalon depended on sonic hedgehog (Shh)
and could be mimicked by exogenous Shh. In contrast, exogenous bone morphogenetic protein 4 (BMP4) reduced the production of
interneurons in dorsolateral wall explants and inhibited the induction by exogenous Shh. Moreover, inhibiting BMP signaling in dorso-
medial wall progenitors with a dominant-negative BMP receptor Ib (dnBMPIb) virus increased their production of interneurons, even if
Shh was blocked. Shh and dnBMPRIb increased proliferation and the generation of interneurons, but FGF2 did not induce interneurons,
although it increased proliferation. This suggests that proliferation per se does not control the production of interneurons. Our findings
suggest that the generation of interneurons by dorsal telencephalic progenitors is normally limited by excess levels of BMPs. Shh may
promote the generation of interneurons by antagonizing BMP, but may not be required directly for the generation of interneurons.
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Introduction
There are two major classes of neurons in the neocortex and
hippocampus: glutamatergic excitatory projection neurons and
GABAergic inhibitory interneurons. Retroviral lineage analysis
and several transgenic models revealed that distinct progenitor
cells give rise to cortical projection neurons and interneurons,
and that there is a relationship between cell phenotype and mi-
gration pattern (Parnavelas et al., 1991; Luskin et al., 1993; Mione
et al., 1994, 1997; Tan et al., 1998). Most cortical pyramidal cells
arise from progenitors in the cortical ventricular zone (VZ) and
migrate radially to form the cortical plate (Sidman and Rakic,
1973; Rakic, 1990; Tan et al., 1998). In contrast, the vast majority
of telencephalic interneurons originate subcortically in the gan-
glionic eminences (GEs) (Anderson et al., 1997a; Tamamaki et
al., 1997).

Although these studies demonstrated that the majority of cor-
tical interneurons arise from the ventral telencephalon, they did
not rule out the possibility that the cortex produces some inter-

neurons, perhaps as many as 20 –30% (Anderson et al., 1997a). In
vitro experiments revealed that cortical progenitor cells are com-
petent to produce interneurons (Gotz and Bolz, 1994; He et al.,
2001), raising questions about the reasons they fail to generate
large numbers of interneurons normally during embryonic de-
velopment. One possibility is that the environment in the dorsal
telencephalon does not support the production of interneurons,
because of the absence of inductive signals and/or the presence of
inhibitory signals.

Although the intrinsic control of cortical interneuron devel-
opment has been studied extensively (Anderson et al., 1997b,
1999; Casarosa et al., 1999; Sussel et al., 1999), the function of
extrinsic signals in the specification of interneurons is less well
established. One of the most investigated secreted morphogens,
sonic hedgehog (Shh), is expressed at a high level in cells of the
ventral telencephalon at embryonic day 11.5 (E11.5) and onward
(Kohtz et al., 1998; Sussel et al., 1999; Nery et al., 2001; Tekki-
Kessaris et al., 2001). Shh has been implicated in several aspects of
CNS development, such as proliferation (Dahmane and Ruiz-i-
Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999) and
cell fate determination (Marti et al., 1995; Roelink et al., 1995;
Chiang et al., 1996; Ericson et al., 1996). The role of Shh in inter-
neuron development has been suggested by studies of its impact
on Dlx (Kohtz et al., 1998, 2001), which has been implicated in
the specification of interneurons (Stuhmer et al., 2002). A direct
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demonstration that Shh induces interneurons was reported re-
cently in monolayer cultures of FGF-stimulated cortical cells
(Yung et al., 2002). It remains to be determined, however,
whether Shh induces interneurons under more physiological
conditions. Development in cortical explants more closely re-
sembles development in vivo (Burrows et al., 1997). In the present
study we used explants of E11.5 mouse telencephalon to test the
hypothesis that regional differences in both inductive and inhibitory
environmental signals control the production of GABAergic ver-
sus glutamatergic neurons by dorsal telencephalic progenitors.

Materials and Methods
Explant cultures. Timed-pregnant CD1 mice (Charles River Laboratories,
Wilmington, MA) were killed with CO2. E11.5, E13, or E16 embryos were
placed in sterile HBSS (Invitrogen, Bethesda, MD), and the brains were
dissected. Dorsolateral and dorsomedial walls of the telencephalon were
dissected (Fig. 1 A) and transferred to nucleopore filters (13 mm, 0.2 �m
pore; Corning, Fisher Scientific, Pittsburgh, PA) floating on serum-free
culture medium (Bottenstein and Sato, 1979) containing 25 �g/ml insu-
lin (Sigma, St. Louis, MO). For some experiments, GEs (medial and
lateral) were also dissected. Approximately 25–30 min later, 30 �l of
culture medium containing retrovirus was added to the tops of the filters
carrying dorsal telencephalic explants. This results in a selective infection
of progenitor cells in the VZ (Burrows et al., 1997). Viruses included:
control virus (titer: 1–2 � 10 7cfu/ml), which expresses �-galactosidase
(�-gal), and dominant-negative bone morphogenetic protein receptor Ib
(dnBMPRIb) virus (titer: 1–2 � 10 7cfu/ml), which coexpresses �-gal
(Lillien and Raphael, 2000). In experiments in which Shh signaling was
blocked, explants were cultured in the presence of either a Shh neutral-
izing monoclonal antibody (5E1) (Ericson et al., 1996) [diluted in 1:5;
Developmental Studies Hybridoma Bank, (DSHB) Iowa City, IA] or
different concentrations of cyclopamine (0.5, 5.0, and 10.0 �M; Toronto
Research Chemicals Inc., North York, Ontario, Canada). Cyclopamine at
5 �M was found to be the most effective. 5E1 or cyclopamine was added
to the culture medium daily. For controls, explants were exposed to
culture supernatant containing a control antibody (anti-Pax6 antibody)
(DSHB) or DMSO. In some experiments recombinant FGF2 (10 ng/ml;
R & D Systems, Minneapolis, MN), recombinant BMP4 (10 ng/ml; R & D
Systems) or unmodified recombinant Shh-N (0.05, 0.5, or 5.0 �g/ml; R &
D Systems) was added to cultures. After 4 d in culture, explants were
dissociated enzymatically using 0.1% trypsin (Sigma) in calcium and
magnesium-free HBSS for 15 min at 35°C. After trituration, the dissoci-
ated cell suspensions were plated on poly-D-lysine (PDL) (Sigma)-coated
glass slides (1 � 10 5 cells each in serum-free medium) for 1 hr at 37°C
before they were fixed and labeled with antibodies (see below). In some
experiments, cells were dissociated after 4 d in explant culture then
grown as a monolayer on polyornithine-coated coverslips for 3 d in
serum-free medium before they were stained with antibodies (Fig. 1 A�).
Dissociation facilitates the removal of trophic factors added to the ex-
plants (such as FGF2, Shh) and accelerates differentiation.

Aggregate cultures. Dorsomedial telencephalic wall and ganglionic em-
inence explants were dissected from E11.5 embryonic brains. To distin-
guish progenitor cells arising from the dorsomedial wall, “responding”
explants (dorsomedial wall explants) were infected with control retrovi-
rus as described above, whereas the “inducing” tissues (dorsomedial wall
or GEs) remained uninfected. One day after infection, explants were
dissociated enzymatically (see above), and an equal number of cells from
infected and uninfected explants (2–3 � 10 5 total cells) were mixed in 15
ml conical centrifuge tubes. Centrifugation was used to form an aggre-
gate (Watanabe and Raff, 1990), and three aggregates per condition were
transferred to nucleopore filters floating on serum-free medium. After
3 d in culture, aggregates were dissociated and prepared for immuno-
staining as described for explants.

Immunocytochemistry. Dissociated cells plated on glass slides or cov-
erslips were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB), pH 7.4, or in 4% PFA in 3% PIPES buffer for 10 min at room
temperature. Cells were fixed with 4% PFA in 0.1 M PB and 0.1% glutar-
aldehyde (Sigma) to stain with anti-GABA antibody or 4% PFA in 0.1 M

PB and 3% glutaraldehyde to stain with monoclonal anti-glutamate an-
tibody. After rinsing with PBS, cells were blocked in PBS containing 10%
fetal bovine serum (FBS) (Invitrogen) and 0.1% Triton X-100. Cells were
then incubated in primary antibodies for 1 hr. The following primary
antibodies were used: rabbit anti-�-galactosidase (1:1000; Cortex Bio-
chem, Inc., San Leandro, CA), mouse anti-�-galactosidase (1:200; Pro-
mega, Madison, WI), mouse anti-TuJ1 (1:400; Covance Research Prod-
ucts, Berkeley, CA), mouse anti-PCNA (1:100; Sigma), rabbit anti-GABA
(1:2000; Sigma), mouse anti-GAD6 (1:2; DSHB), rabbit anti-glutamate
(1:2000; Sigma), and mouse anti-glutamate (1:2000; Chemicon, Te-
mecula, CA). Staining was visualized with fluorescent secondary anti-
bodies: donkey anti-mouse or anti-rabbit cy2 or cy3 (cy2: 1:200, cy3:
1:800; Jackson ImmunoResearch, West Grove, PA). Secondary antibod-
ies were applied for 30 min at room temperature. Finally, cells were
rinsed in PBS and mounted in 95% glycerol in PBS. Fluorescent images
were obtained using a Leica (Nussloch, Germany) DMR microscope.
Sensys digital camera (Photometrics Ltd., Tuscon, AZ), IPLab, and
Adobe Photoshop 6.0 software (Adobe Systems Inc., San Jose, CA).

Data collection and analysis. In each experiment 100 infected cells (�-
gal� cells) were counted per condition per antibody, and the proportion
of neurons (TuJ1�), proliferating cells (PCNA�), excitatory neurons
(glutamate�), or interneurons (GABA� or GAD6�) was determined.
At least three experiments were performed per condition. Data are rep-
resented as mean (%) � SEM. To verify whether differences between
distinct conditions reach the significance level p � 0.05, t tests were used.

Immunohistochemical staining of cortical sections. Cryostat sections (20
�m) were cut from E11.5 mouse brains. After fixation with 4% PFA in 0.1
M PBS, pH 7.4, in the presence of 0.1% glutaraldehyde (Sigma) and
blocking in PBS containing 10% fetal bovine serum (Invitrogen) and
0.1% Triton X-100, sections were incubated in primary antibody (rabbit
anti-GABA, 1:2000; Sigma) overnight at 4°C. Sections were rinsed and
incubated in secondary antibody (donkey anti-rabbit cy2, 1:200; Jackson
ImmunoResearch) for 2 hr. The staining was photographed with a Leica
DMR microscope using fluorescence optics.

Results
Regional differences in interneuron development
We wanted to investigate the generation of interneurons from
progenitors in the dorsal telencephalic wall before the beginning
of interneuron migration from the ventral telencephalon. We
also wanted to determine whether there were regional differences
within the dorsal telencephalon in the capacity of progenitor cells
to produce interneurons. To address these issues we used ex-
plants of E11.5 mouse telencephalon comparing medial and lat-
eral dorsal telencephalic walls. Explants were dissected as indi-
cated in Figure 1A. To label proliferating cells in the dorsal
telencephalic ventricular zone, progenitors in explants were in-
fected with a retrovirus that expresses the histochemical marker
�-gal (Burrows et al., 1997). The phenotypes of the progeny of
virus-infected cells were determined either after acute dissocia-
tion of explants after 4 d in vitro (div) or after dissociation of 4 div
explants and culture as a monolayer for an additional 3 d (7 div
total) (Fig. 1A�). Cells were double-labeled for the lineage marker
�-gal to identify the virus infected cells (Fig. 1C,D,H,I,K,L) and
either TuJ1, an early neuronal marker (Fig. 1E�,F�,H�,I�), GABA,
a general marker for inhibitory interneurons (Fig. 1C�,D�,E,F),
or glutamate to label projection neurons (Fig. 1K�,L�).

In the dorsal telencephalon, lateral wall-derived progenitor
cells generated significantly more GABAergic interneurons than
did progenitor cells in the medial telencephalic region after 4 d in
explant culture (Fig. 1B). When cells from dorsomedial (DM) or
dorsolateral (DL) wall explants were dissociated after 4 div and
allowed to differentiate for an additional 3 d as monolayers (7 div
total) in the absence of exogenous growth factors, the proportion
of interneurons was further increased, but medial-lateral differ-
ences in the generation of interneurons were still apparent (Fig.
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1B). All GABA� cells were also TuJ1� at 4 and 7 div (Fig.
1E,E�,F,F�). To confirm the regional difference in interneuron
development, we used another well characterized marker of in-
terneurons, GAD65 (Benson et al., 1994; Phelps et al., 1999), a
synthesizing enzyme for GABA. At 7 div, 89.3 � 1.8% of the
GABA� cells were GAD� (n � 4). The proportion of GAD�
cells among control virus-infected cells was higher laterally than
medially (GAD�/� -gal�: 26 � 2.2% vs 50.3 � 3.5%; medial vs
lateral; 7 div; n � 4; p � 0.002), confirming the results obtained
using GABA immunostaining to identify interneurons. None of
the GABAergic cells showed any level of glutamate expression at 4
or 7 div, in either the control virus-infected or the uninfected
populations (glutamate�/GABA�: 0 � 0; n � 4).

There was no difference in the proportion of neurons after 7
div (Fig. 1G), although DL telencephalic explants produced sig-
nificantly more neurons than did DM telencephalic explants after
4 div. This might reflect more extensive proliferation in DM than

Figure 1. Dorsolateral progenitors generate more interneurons than dorsomedial progeni-
tors in E11.5 telencephalic explants. A, Coronal sections from E11.5 mouse telencephalon were
stained for GABA to show the extent of tangential migration of GABAergic neurons from the
ganglionic eminences. This panel also illustrates how explants were dissected from different
telencephalic regions. A�, Explant cultures from E11.5 telencephalon were infected with a con-
trol retrovirus that expresses �-galactosidase. Four days later, the fate of infected cells was
determined immunocytochemically 1 hr after dissociation (C, C�, E, E�, H, H�, K, K�). Some of
these dissociated cells were cultured as monolayers for an additional 3d (7 div total; D, D�, F, F�,
I, I�, L, L�). Cultures were stained with �-gal and either the general interneuron marker GABA
(C�, D�, E, F ), the early neuronal marker TuJ1 (E�, F�, H�, I�), or the projection neuron marker
glutamate (K�, L�). Some of the dissociated cells were double labeled for TuJ1 and GABA at 4 (E,
E�) and 7 div (F, F�) to confirm that all GABA� cells were also TuJ1�, therefore neurons.

Figure 2. Ventral telencephalic cells can induce the generation of interneurons from dorso-
medial progenitors via Shh. A, Schematic diagram illustrates the experimental procedure by
which aggregate cultures were prepared from ganglionic eminences and dorsomedial telen-
cephalon. B, The proportion of GABAergic interneurons generated by �-gal� dorsomedial
progenitors was increased in cultures in which dorsomedial progenitors were cocultured with
ganglionic eminence-derived cells (M*�GE), compared with the ones in which dorsomedial
telencephalic cells were cultured alone (M*�M). Blocking Shh signaling with cyclopamine (5
�M; cyc) diminished interneuron production induced by GE (M*�GE�cyc). A ventrally derived
signal or signals increased the proliferation of dorsomedial progenitors ( C) and decreased neu-
ronal differentiation ( D), suggesting that it delayed neuronal differentiation by stimulating
proliferation. These effects of ventral cells were also blocked by cyclopamine. *p � 0.04; **p �
0.009.

4

Arrows in C, D, H, I, K, and L point to �-gal� cells that are also labeled with a cell-type marker.
Arrows in C�, D�, H�, I�, K�, and L� show GABA�, TuJ1� or glutamate� cells, which are also
�-gal�. Arrows in E show 2 GABA� cells, which are TuJ1� (E�). Note that many of the TuJ1�
cells (E�) are not immunoreactive for GABA ( E). In F, arrows point to two of the five GABA�
cells, and F� indicates that these cells are also TuJ1�. *p � 0.0001, comparing dorsolateral
progenitors to dorsomedial progenitors.
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in DL telencephalic explants at 4 div (18.5 � 1.4 vs 8.5 � 0.5%;
DM vs DL; n � 10; p � 0.0001), which delayed neuronal differ-
entiation medially. Analyzing the production of glutamatergic
neurons revealed a complementary difference in their develop-
ment compared with GABAergic neurons. By 7 div more gluta-
matergic neurons were produced from DM-derived progenitors
than from DL ones (Fig. 1 J). None of the glutamatergic neurons
were GABA� (GABA�/glutamate�: 0 � 0; n � 3).

To determine whether the potential of dorsal telencephalic
progenitor cells to generate interneurons is restricted to certain
developmental stages, we analyzed DM and DL telencephalic ex-
plants from E13 and E16 embryonic brains after 4 –7 div. We did
not observe an age-related decline in the competence of dorsal
telencephalic progenitor cells to produce interneurons. More-
over, more GABAergic neurons were produced from late progen-
itors than from early ones. For example, when progenitor cells
were labeled by control virus infection at E13, 38.8 � 5.7% of DM
progenitors generated GABA� neurons after 7 div, compared
with 26.6 � 1.3% of E11.5 progenitors ( p � 0.004). E13 DL
progenitors also produced a high proportion of interneurons af-
ter 7 div (55.7 � 11.6%). Even at E16, 26 � 1.8% of DL telence-
phalic wall progenitors expressed GABA after 4 d in explant
cultures.

Ventral telencephalon enhances production of interneurons
by DM telencephalic progenitors
The fact that DL telencephalic progenitors generated more inter-
neurons than their medial counterparts raised the possibility that
GEs, which are closer to DL cortex, produce a signal that pro-
motes the development of interneurons in the adjacent dorsal
telencephalon. To determine whether ventral telencephalic sig-
nals can modulate the production of interneurons by dorsal
telencephalic progenitors, aggregates were formed from cells
derived from DM telencephalic explants and GEs (Fig. 2 A).

Progenitor cells from the medial wall of the dorsal telenceph-
alon were labeled with control retrovirus, whereas GE cells were
not infected. When E11.5 DM wall cells were mixed with cells
from GEs, we found that there was a 1.5-fold increase in the
proportion of GABAergic neurons generated by DM progenitors
compared with progenitors in aggregates of DM wall alone (Fig.
2B). This provided further support for the idea that local envi-
ronmental cues, rather than limited potential of progenitors, are
responsible for the low production of interneurons in the DM
telencephalon under normal circumstances.

Blocking Shh signaling inhibits the interneuron-inducing
effect of the ventral telencephalon
After observing that ventral telencephalon could promote inter-
neuron development by DM telencephalic progenitors, we
wanted to identify the factor or factors that could be responsible
for this effect. Shh is a good candidate for mediating interneuron
development for several reasons. First, it is highly and specifically
expressed in ventral telencephalon early in development (E11
and onward) (Kohtz et al., 1998; Sussel et al., 1999; Nery et al.,
2001; Tekki-Kessaris et al., 2001). Second, cortical explants cul-
tured in the presence of Shh start to express Dlx genes (Kohtz et
al., 1998), which are believed to be essential for interneuron de-
velopment (Stuhmer et al., 2002). Third, Shh has been shown to
increase the number of clones that contain GABAergic neurons
in cultures of FGF-expanded cortical progenitors (Yung et al.,
2002).

To determine whether the interneuron-inducing effect of the
ventral telencephalon in aggregate cultures was mediated by Shh,

we blocked Shh signaling in these cultures. One day after aggre-
gates were formed from E11.5 DM telencephalic and GE cells, 5
�M cyclopamine was added to cultures to block Shh signaling.
Cyclopamine blocked the induction of interneurons by ventral
telencephalic cells (Fig. 2B). This provides further support for the
idea that Shh produced by the ventral telencephalon promotes the
development of interneurons in the dorsal telencephalon. Cyclo-
pamine also inhibited proliferation of DM wall progenitors induced
by GE in aggregates (Fig. 2C), and increased the proportion of neu-
rons to the level seen in cultures of DM alone (Fig. 2D).

Blocking endogenous Shh signaling in the dorsal
telencephalon inhibits interneuron development
The experiments above demonstrated that ventral telencephalon
can promote the development of interneurons from DM telence-
phalic progenitor cells, and that the induction depended on Shh.
Shh is expressed in the dorsal telencephalon by E14 (Dahmane et
al., 2001). At earlier stages of development, it has been reported
that Shh may be expressed ectopically in explants of dorsal telen-
cephalon (Tekki-Kessaris et al., 2001). It is also possible that Shh
produced by ventral telencephalon diffuses into more dorsal re-
gions of the telencephalon even at early stages of development
(Incardona et al., 2000; Zeng et al., 2001). To determine whether
“endogenous” Shh signaling contributes to interneuron develop-
ment in DL cortex, E11.5 DL explants were cultured in the ab-
sence or presence of cyclopamine (Cooper et al., 1998; Incardona
et al., 1998) or an Shh-neutralizing antibody (Ericson et al.,
1996). When Shh signaling was blocked with cyclopamine (5
�M), the proportion of GABAergic neurons in the DL telenceph-
alon was reduced at 4 and 7 div (Fig. 3A). A similar effect was
observed with Shh neutralizing antibody (17.3 � 2.6 vs 11.0 �
1.7%; control antibody vs anti-Shh antibody; after 4 div; n � 4;
p � 0.02). Cyclopamine also reduced the generation of interneu-
rons in DM telencephalic explants (9.3 � 0.9 vs 6.0 � 0.6%;
DMSO vs cyclopamine; 4 div; n � 4; p � 0.007). When Shh was
blocked, we noted a complementary increase in glutamatergic
neurons compared with interneurons at 4 and 7 div in DL ex-
plants (Fig. 3B). Blocking Shh signaling also caused a decrease in
proliferation (Fig. 3C), as reported by Dahmane et al. (2001), but
it did not lead to a significant difference in the proportion of
neurons at 4 and 7 div (Fig. 3D). These results imply that Shh
signaling is involved in the development of interneurons in the
dorsal telencephalon and may regulate the relative proportion of
inhibitory and excitatory neurons.

Exogenous Shh can enhance interneuron generation by
dorsomedial progenitors
The regional difference in interneuron development that we ob-
served in the dorsal telencephalon is consistent with the idea that
ventral telencephalic cells produce an inductive signal, most
likely Shh, and the proximity of DL cortex to the source of this
positive signal causes DL progenitors to produce more interneu-
rons than their medial counterparts. Our results above suggested
that DL cortex contained endogenous Shh, because adding cyclo-
pamine to DL explant cultures could diminish the production of
interneurons. This is also consistent with a previous study show-
ing the presence of Shh in E13.5 cortical explants (Tekki-Kessaris
et al., 2001). If an insufficient level of Shh signaling is what pre-
vents DM progenitors from becoming interneurons with a higher
frequency, then adding exogenous Shh to DM wall explants
should increase the probability that DM progenitors generate
interneurons.

To address whether exogenous Shh can mimic the
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interneuron-inducing effect of ventral tel-
encephalon, DM telencephalic explants
were dissected, and recombinant Shh was
added to the cultures at different concen-
trations: 0.05, 0.5, and 5 �g/ml. Shh at a
concentration of 0.5 or 5.0 �g/ml in-
creased the percentage of GABAergic in-
terneurons after 4 d in explant culture
(Fig. 3E). It also stimulated proliferation
(Fig. 3G), as reported by Rowitch et al.
(1999), raising questions about the ulti-
mate fate of the dividing cells. Shh-treated
progenitors still generated more interneu-
rons than untreated cultures after 7 div
(Fig. 3E). A significant increase in GABA�
cells was also apparent in cultures treated
with 0.05 �g/ml Shh as explants (after 7
div: 24.8 � 0.8% vs 39.5 � 3.5%; un-
treated vs Shh-treated; n � 4; p � 0.01).
The percentage of neurons was not altered
after 7 div (Fig. 3H); however, there was a
complementary reduction in glutamater-
gic neurons in the Shh-treated cultures
(Fig. 3F). These data support the idea that
Shh promotes the development of inter-
neurons and that Shh levels in the DM tel-
encephalon are suboptimal for interneu-
ron generation.

BMP inhibits interneuron generation
from dorsolateral telencephalic
progenitor cells
Although a limiting concentration of Shh
in the dorsal telencephalon, particularly
the DM region, could account for regional
differences in interneuron development,
inhibitors in the DM wall could also be
involved in regulation of interneuron dif-
ferentiation. BMPs are normally expressed
at higher levels in the DM wall (Furuta et
al., 1997; Grove et al., 1998) and antago-
nize Shh signaling in many tissues (Ericson
et al., 1995; Liem et al., 1995; Watanabe et
al., 1998; Zhu et al., 1999). To test the effect
of BMP on interneuron development, DL
telencephalic explants were dissected from
E11.5 mouse brains, and BMP4 was added
to the cultures. Application of BMP4 de-
creased the proportion of interneurons at
4 and 7 div (Fig. 4A). There was also a
decrease in proliferation after treatment
with BMP4 (Fig. 4B), as reported by others
(Kalyani et al., 1998; Mabie et al., 1999;
Zhu et al., 1999), although neuronal dif-
ferentiation was not altered (Fig. 4C).
These results suggest that increasing the
level of BMP in the DL telencephalon
causes DL progenitors to behave more like
DM progenitors with respect to interneu-
ron generation. This supports the idea that
a dorsomedially derived inhibitor sup-
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presses interneuron development in the dorsal telencephalon.
When Shh was added to DM telencephalic explants, it could
overcome this inhibition; however, when BMP4 was added
together with Shh (Shh�BMP), BMP inhibited the inductive
effect of Shh (Fig. 4 D). This implies that the balance between
Shh and BMP4 concentrations determines the proportion of
interneurons generated.

Blocking BMP signaling increases the generation of
GABAergic interneurons from dorsomedial telencephalic
progenitor cells
To confirm that the DM signal that limits interneuron develop-
ment normally is BMP, DM telencephalic explants were dissected
from E11.5 embryos and infected with a retrovirus transducing
dominant-negative BMPRIb (dnBMPRIb) and �-gal (Lillien and
Raphael, 2000) or control virus. DnBMPRIb and control
retrovirus-infected explants were cultured for 4 d before they
were dissociated and either processed for immunocytochemistry
or allowed to differentiate for 3 more days (7 div total). In acutely
dissociated explant cultures there was no significant difference in
the proportion of interneurons between control and dnBMPRIb-
infected cells, however when these cells were allowed to differen-
tiate further, dnBMPRIb-infected cells produced considerably
more GABAergic interneurons than control virus-infected
cells (Fig. 5A). A comparable difference between control and
dnBMPRIb virus-infected DM cells was observed using GAD anti-
body to distinguish interneurons (GAD�/� -gal�: 26 � 2.2% vs
51 � 4.6%; control vs dnBMPRIb virus; 7 div; n � 4; p � 0.002).
In contrast to DM progenitors, when DL progenitors were in-
fected with dnBMPRIb or control virus, we could not see a sig-
nificant increase in the proportion of interneurons generated
from dnBMPRIb-infected progenitors (39.3 � 3.2 vs 46.0 �
3.8%; control virus vs dnBMPRIb virus; 7 div; p � 0.25). This
observation further supports the idea that an interneuron-
inhibiting signal is most abundant or active in the DM telen-
cephalon. As noted previously, dnBMPRIb virus increased
proliferation (Fig. 5B) (Lillien and Raphael, 2000) and reduced
differentiation into neurons in explant culture at 4 div (Fig. 5C).
However, after the dissociated cells differentiated for 3 more days
(7 div total) in the absence of exogenous mitogens, the propor-
tion of neurons generated from dnBMPRIb-infected cells
approached that seen in control-infected cultures (Fig. 5C). The
percentage of glutamatergic neurons was reduced among cells
infected with dnBMPRIb virus (Fig. 5D), suggesting a comple-
mentary change in interneurons and projection neurons. These
observations further support the idea that endogenous BMPs
normally inhibit the production of interneurons in the dorsal
telencephalon, particularly in the DM wall.

Proliferation does not regulate interneuron production
Experiments modifying BMP or SHH signaling suggested a cor-
relation between changes in the proportion of proliferating cells
and in the proportion of interneurons generated: BMPs de-
creased proliferation and also reduced interneurons, whereas Shh
and dnBMPRIb had mitogenic effects on telencephalic progeni-
tor cells and increased interneuron development. These observa-
tions raised the possibility that increased proliferation is respon-
sible for the increase in interneurons. The proliferation
stimulating effect of fibroblast growth factor 2 (FGF2) is well
documented (Gensburger et al., 1987; Tao et al., 1996; Cavanagh

et al., 1997; Raballo et al., 2000), therefore
we wanted to test whether adding exoge-
nous FGF2 to dorsal telencephalic cultures
would also induce interneurons. FGF2 (10
ng/ml) was added to DM or DL telence-
phalic explants, and the proportion of to-
tal neurons, interneurons, and glutama-
tergic neurons was determined either after
4 d in explant culture or 3 d after dissocia-
tion and culture of cells as a monolayer in
the absence of exogenous FGF2 (7 div to-
tal). In DM and DL wall explants, FGF2,
like Shh, increased proliferation (Fig.
6A,B). Unlike Shh, however, FGF2 did not

Figure 4. BMP4 inhibits the generation of interneurons. A–C, Dorsolateral telencephalic
explants were infected with control virus expressing �-gal at E11.5 and cultured in the absence
or presence of BMP4 (10 ng/ml) for 3 d (4 div total). After 4 div the proportion of GABA� ( A),
PCNA� ( B), or TuJ1� ( C) cells was determined among the virus-infected, �-gal� cells. Cells
from dissociated explants were also cultured as monolayers for 3 d without BMP4 (7 div total).
Dorsolateral telencephalic progenitors generated fewer interneurons ( A), approximately equal
proportions of neurons ( C), and divided less extensively ( B) after explants were treated with
BMP4 compared with untreated explants. D, E11.5 dorsomedial telencephalic explants were
infected with control virus and cultured in Shh alone (0.5 �M) or Shh�BMP4 (0.5 �M Shh; 10
ng/ml BMP4) for 3 d (4 div total). Explants were dissociated, cultured as monolayers without
exogenous factors, and the proportion of GABAergic neurons was determined 3 d later (7 div
total). Shh alone induced the production of interneurons, but BMP4 inhibited the interneuron-
inducing effect of Shh. *p � 0.03; **p � 0.0006.

4

Figure 3. Shh regulates the generation of interneurons from dorsal telencephalic progenitors. E11.5 dorsolateral and dorso-
medial telencephalic explants were infected with control retrovirus expressing �-gal. A, The proportion of infected cells in the
dorsolateral wall that expressed GABA decreased in the presence of cyclopamine (5 �M), an inhibitor of Shh signaling. Cyclopam-
ine was added to explants for 3 d (4 div total). Explants were dissociated and cultured for 3 more days as monolayers without
cyclopamine (7 div total). B, A complementary increase in glutamatergic neurons was observed when cyclopamine was added to
explants. C, Blocking Shh also decreased proliferation, but did not cause a significant change in the proportion of neurons ( D).
Adding recombinant Shh to dorsomedial telencephalic explants for 3 d (4 div total) increased the generation of interneurons ( E).
Exogenous Shh reduced neuronal differentiation at 4 div ( H ), which might be caused by increased proliferation ( G). Cells from
dissociated explants were also cultured as monolayers for 3 d without Shh (7 div total). The proportion of interneurons was still
greater in cultures that had been exposed to Shh ( E). The proportion of neurons was not different after 7 div, but the production
of glutamatergic neurons showed a complementary decrease compared to GABAergic neurons in Shh-treated cultures ( F). *p �
0.04; **p � 0.008; ***p � 0.0003.
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increase the production of interneurons from DM progenitors
after 4 or 7 div (Fig. 6C). In explants of DL wall, FGF2 actually
reduced the production of interneurons (Fig. 6D) and increased
the generation of glutamatergic neurons after 7 div (Fig. 6F). We
did not observe a change in the proportion of glutamatergic neu-
rons generated from DM progenitors (Fig. 6E). Neuronal differ-
entiation was reduced in both DM and DL explants after 4 div,
presumably because of the increase in proliferation that delayed
differentiation. After 7 div a small reduction in neurons was still
observed in DL but not DM explants (Fig. 6G,H). These results
indicate that proliferation per se does not control the generation
of interneurons.

DnBMPRIb does not act via Shh to regulate
interneuron production
In a previous study, we showed that blocking BMP signaling by
infection with a dnBMPR1b virus promoted the maturation of
VZ progenitors to a subventricular zone (SVZ) state by a cell
nonautonomous mechanism (Lillien and Raphael, 2000). We re-
cently showed that this effect of dnBMPRIb virus was mediated
by Shh (Viti et al., 2003). To determine whether Shh mediates the
effect of dnBMPRIb virus on interneuron development, we
added cyclopamine to block Shh in explants of DM telencepha-
lon infected with dnBMPRIb virus. In contrast to regulation of
SVZ development, Shh does not appear to mediate the effect of
dnBMPRIb virus on interneuron development. For example, the
proportion of GABA� cells induced by blocking BMP was not
reduced when Shh was blocked simultaneously in DM telence-

phalic explants (Fig. 7A). Blocking Shh did eliminate the tran-
sient reduction in neurons seen at 4 div among dnBMPR1b-
infected cells (Fig. 7B) and reduction in glutamatergic neurons
(Fig. 7C). The absence of a reduction in interneurons when BMP
and Shh signaling were blocked simultaneously suggests that
BMP might inhibit the development of interneurons nonautono-
mously by blocking an as yet unidentified signal that, like Shh,

Figure 5. Blocking BMP signaling promotes the production of interneurons. Dorsomedial
telencephalic progenitors were infected with control (�-gal) or dnBMPRIb (coexpressing
�-gal) retrovirus at E11.5, and their progeny were analyzed after 4 and 7 div. Blocking BMP in
dorsomedial progenitors caused a remarkable increase in interneuron differentiation after 7 div
( A), together with a complementary decrease in the percentage of glutamatergic neurons ( D).
B, Blocking BMP increased proliferation after 4 div in explants. C, Neuronal differentiation was
initially reduced if BMP was blocked, consistent with increased proliferation. At 7 div, however,
the percentage of neurons among dnBMPRIb and control virus-infected cells was not different.
*p � 0.05; **p � 0.005; ***p � 0.0009.

Figure 6. FGF2 does not induce interneurons in explant cultures. Progenitor cells from E11.5
dorsomedial (DM) and dorsolateral (DL) telencephalic walls were infected with a control retro-
virus, cultured as explants in the absence or presence of FGF2 (10 ng/ml) for 3 d (4 div total), and
the proportions of proliferating cells, interneurons, projection neurons, and total neurons were
determined (4 div). Explants were also dissociated and cultured for an additional 3 d in mono-
layer cultures in the absence of FGF2 (7 div total). FGF2 did not induce interneurons in DM
telencephalic explants ( C) and decreased interneuron development in DL telencephalic ex-
plants after 7 div ( D). Neuronal differentiation was reduced in both DM and DL explant cultures
at 4 div after treatment with FGF2 (G, H ), probably because of increased proliferation in these
cultures (A, B). A small decrease in the percentage of neurons was maintained in FGF2-treated
DL cells after 7 div, but not in DM cells (H, G). FGF2 promoted development of glutamatergic
neurons in DL, but not in DM cultures (E, F ). *p � 0.05; ** p � 0.005.
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can promote interneuron development. Alternatively, BMP
might act cell-autonomously to block the production of
interneurons.

Discussion
In vivo studies indicated that most interneurons in rodents are
generated in the ventral telencephalon, although they left open
the possibility that some interneurons originate from dorsal tel-
encephalic progenitors (Anderson et al., 1997a). Studies in vitro
have demonstrated that dorsal progenitors are competent to gen-
erate interneurons. In the present study we addressed the possible
mechanisms underlying the disparity between in vitro compe-
tence and in vivo behavior. We demonstrate that Shh can induce
interneuron development in explants of dorsal telencephalon.
Moreover, endogenous BMPs inhibit the generation of interneu-
rons dorsally. Shh is predominantly expressed in the ventral tel-
encephalon, whereas the highest expression of BMPs is observed
dorsally. These findings suggest that an insufficient level of Shh
and/or the inhibitory effect of BMPs normally reduce the proba-
bility that dorsal telencephalic progenitors become interneurons.

Shh promotes interneuron development from dorsal
telencephalic progenitors
Several lines of evidence support the idea that Shh promotes the
production of interneurons in the telencephalon. First, early in
development Shh is expressed specifically by ventral telence-
phalic cells (Kohtz et al., 1998; Nery et al., 2001). In vivo at this
developmental stage GABAergic interneurons are localized to the
ventral telencephalon (Fig. 1A), therefore Shh expression and the

site of interneuron development colocalize. Second, in aggregate
cultures of E11.5 DM and ventral telencephalon, ventral cells
induce interneuron development from dorsal progenitors, and
this can be blocked by cyclopamine (Fig. 2B). Third, if recombi-
nant Shh is added to E11.5 cortical explants, it can mimic the
interneuron- inducing effect of the ventral telencephalon (Fig.
3E). This is consistent with the findings of a recent publication in
which Shh was shown to promote interneuron development in
monolayer cultures of FGF2-treated cortical progenitors (Yung
et al., 2002).

Shh expression is not restricted to ventral regions of the CNS,
becoming apparent in the dorsal telencephalon around E14
(Dahmane et al., 2001). In explant cultures dissected from E11.5–
E16 dorsal telencephalon, progenitors gave rise to a significant
proportion of GABAergic interneurons. This could be caused by
the ectopic expression of Shh in E11.5 explant cultures (Alberta et
al., 2001; Tekki-Kessaris et al., 2001), although Shh could be
present at later ages (Dahmane et al., 2001). If Shh is present in
the dorsal telencephalon later in development and it can promote
interneuron development, one would expect that at least late
cortical progenitors might give rise to interneurons. Several ob-
servations support this possibility. For example, Letinic et al.
(2002) showed that in organotypic slice cultures of human em-
bryonic forebrain, cortical VZ/SVZ cells could differentiate into
interneurons, and it has been suggested that a subpopulation of
interneurons that expresses calretinin might arise from the cor-
tical SVZ at later stages of embryonic mouse development (Xu et
al., 2003).

If early cortical progenitors do not generate interneurons nor-
mally, but later gestation and early postnatal progenitors may
give rise to interneurons (Xu et al., 2003), it raises the possibility
that progenitor maturation is involved in interneuron develop-
ment. A recent study from our laboratory demonstrated that Shh
could promote the maturation of VZ progenitors to an SVZ state,
characterized by expression of a higher level of EGFRs among a
subset of progenitors (Viti et al., 2003). One possibility is that Shh
induces interneurons in the dorsal telencephalon by promoting
the VZ–SVZ transition via EGFR induction and biases SVZ pro-
genitors toward generating GABAergic interneurons. FGF2 also
promotes the development of an EGFR� subset of progenitors
(Lillien and Raphael, 2000). FGF2, however, does not increase the
development of interneurons from dorsal telencephalic progen-
itors in our hands (Fig. 6C,D). It is not known whether FGF2- and
Shh-induced SVZ progenitors differ in their potential to give rise
to neurons versus glial cells or to subtypes of neurons. It is pos-
sible that FGF2-induced SVZ progenitors are biased to become
projection neurons or astrocytes (Levison and Goldman, 1993;
Tarabykin et al., 2001; Tramontin et al., 2003), whereas Shh-
induced SVZ progenitors are biased to generate interneurons or
oligodendrocytes (Orentas et al., 1999). It is also possible that
EGFR� cells are not obligatory precursors of interneurons, be-
cause interneuron induction could be elicited at lower concen-
trations of Shh than upregulation of EGFR expression (A. Gu-
lacsi, unpublished observations). The relationship between
EGFR expression and interneuron generation remains to be clar-
ified, but it should be noted that progenitors in the rostral migra-
tory stream that give rise to olfactory bulb interneurons express a
high level of EGFRs (Eagleson et al., 1996; Doetsch et al., 2002).

It has been shown that most if not all cortical interneurons
express Dlx (Anderson et al., 1997b; Letinic et al., 2002) and that
expression of Dlx genes in the dorsal telencephalon can induce
GAD65 expression, characteristic of interneurons (Stuhmer et
al., 2002). Shh was shown to induce Dlx expression in the dorsal

Figure 7. Blocking BMP does not stimulate interneuron generation via Shh. E11.5 dorsome-
dial telencephalic explants were infected with dnBMPRIb or a control retrovirus and cultured in
the absence or presence of cyclopamine (5 �M) for 3 d (4 div total). Explants were dissociated
and cultured for 3 d as monolayers (7 div total). The phenotype of infected cells was analyzed
after 4 and 7 div. A, Blocking BMP promoted the generation of interneurons, but blocking Shh
simultaneously could not diminish this increase. Inhibiting BMP reduced the proportion of
neurons after 4 div ( B) and the proportion of glutamatergic neurons ( C). The effects of the BMP
block on total neurons and glutamatergic neurons were inhibited by cyclopamine, unlike the
effect of BMP block on interneuron generation. *p � 0.05; **p � 0.0001.
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telencephalon, however there was a temporal restriction in the
competence of dorsal progenitors to exhibit this response to Shh
(Kohtz et al., 1998). It is unlikely, however, that dorsal progeni-
tors lose their capacity to generate interneurons during embry-
onic development. For example, we found that progenitors from
E13 and E16 cortical explants can still differentiate into interneu-
rons. The competence of later progenitors to produce interneu-
rons is also consistent with their derivation from SVZ progenitors
(Xu et al., 2003).

Several studies of Shh misexpression in the dorsal domain of
the CNS have shown that Shh induces oligodendrocytes (Poncet
et al., 1996; Pringle et al., 1996; Orentas et al., 1999). For example,
when mouse embryos were infected with a Shh-expressing retro-
virus at E9.5, the majority of infected cells became oligodendro-
cytes by postnatal day 21 (P21) (Nery et al., 2001). A general
decrease in neurons was also observed, however the subtypes of
neurons were not reported. The results of that study could be
interpreted to suggest that Shh does not induce interneurons in
vivo in the dorsal telencephalon. An alternative interpretation,
however, is that during the 4 week interval between injection and
analysis, oligodendrocyte progenitors may have divided more ex-
tensively than those of interneurons, masking an effect of Shh on
interneurons.

BMPs normally suppress interneuron development
BMP4 is expressed in the dorsomedial telencephalon (Furuta et
al., 1997; Mehler et al., 1997), although BMP4 immunoreactivity
has also been detected in the lateral telencephalic wall (Li et al.,
1998). In many tissues BMPs antagonize responses to Shh (Eric-
son et al., 1995; Mekki-Dauriac et al., 2002), therefore they rep-
resent a reasonable candidate for inhibiting interneuron genera-
tion dorsally. Our study shows that exogenous BMP4 decreases
interneuron development from dorsal progenitors and antago-
nizes their induction by Shh (Fig. 4A,D), while blocking endog-
enous BMP signaling with a virus expressing dnBMPRIb in-
creases the generation of interneurons (Fig. 5A). The inhibitory
effect of BMP contradicts a recent study in which it was found
that BMP and Shh interact cooperatively to promote interneuron
specification (Yung et al., 2002). In that study Shh and BMP2
were added to monolayer cultures of FGF2-primed E12.5 cortical
progenitors. In contrast, we used explant cultures, in which cell–
cell interactions are maintained, as in the in vivo environment.
Moreover, our cultures were not primed with FGF2, which can
alter properties of progenitors (Lillien and Raphael, 2000). These
differences in culture preparations might account for the differ-
ence in the effect of BMP on interneurons we observed.

How might extrinsic factors act to regulate
interneuron development?
Several mechanisms could underlie the regulation of interneuron
development by Shh and BMP. For example, Shh could promote
interneuron generation by suppressing the inhibitory effect of
BMPs (Fig. 4D). Shh has been shown to antagonize BMP signal-
ing at several levels (Zhu et al., 1999; Mekki-Dauriac et al., 2002).
FGF2 has also been shown to antagonize BMP signaling in other
systems as well as in embryonic cortex (Lillien and Raphael, 2000;
Anderson et al., 2002). If just inhibiting BMP signaling was suf-
ficient to induce interneurons, then FGF should mimic the effect
of Shh on interneuron development. Our findings showed that
this is not the case.

An alternative mechanism to explain the antagonistic effect of
BMP and Shh on interneuron development is that generation of
interneurons is regulated by proliferation. BMPs inhibit prolifer-

ation, whereas blocking BMP signaling or adding Shh stimulates
proliferation, and these changes in proliferation are correlated
with changes in the percentage of interneurons. FGF2 also stim-
ulates proliferation but it does not promote the generation of
interneurons, therefore a proliferation-based mechanism is not
likely.

Shh was recently shown to maintain the survival of neuroep-
ithelial cells by preventing Ptc-1-induced apoptotic cell death
(Thibert et al., 2003). It is not likely that changes in interneuron
generation were attributable to the selective survival or death of
interneurons, because changes in interneurons were usually cou-
pled to complementary changes in glutamatergic neurons, and
the overall number of neurons was not altered.

We showed previously that blocking BMP signaling with a
dnBMPRIb virus promoted the development of EGFR� SVZ
progenitors via Shh (Lillien and Raphael, 2000; Viti et al., 2003).
In contrast, in the present study we found that Shh does not
mediate interneuron development induced by blocking BMP
with dnBMPRIb (Fig. 7A). This suggests that BMP does not in-
hibit interneuron generation simply by inhibiting Shh and that
Shh may not be required for generation of interneurons. An Shh-
independent mechanism that is also antagonized by BMPs may
promote the generation of interneurons, as noted for the gener-
ation oligodendrocytes (Nery et al., 2001). Alternatively, BMPs
may act directly to inhibit the generation of interneurons by a
mechanism that cannot be blocked by FGF2.
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