
INTRODUCTION

Cell migration is an important determinant of brain structure.
Most, if not all, nerve cells have to migrate from the sites where
they are born to places where they terminally differentiate and
integrate into the brain circuitry. Radial migration of young
neurons from germinal regions lining lateral ventricles to more
superficial layers of the neocortex has been recognized as a
prerequisite for proper morphogenesis and function of the
cerebral cortex (Caviness and Rakic, 1978; Sidman and Rakic,
1973; Walsh and Goffinet, 2000). Radial migration could
explain the radial organization of the cerebral cortex and the
inside-out sequence of cortical formation, and as such it has
been for many years considered to be the principal mode of
cell translocation in the developing cortex (Rakic, 1988).

This view began to change when retroviral lineage tracings
revealed that a large number of neurons do not follow the radial
path, but disperse tangentially throughout the developing
neocortex (Price and Thurlow, 1988; O’Rourke, 1992; Walsh
and Cepko, 1992). It has been proposed that tangentially and
radially migrating neurons belong to different cell pools that
segregate early in the embryonic development (Tan and Breen,

1993; Tan et al., 1998). Finally, several experiments suggested
that many of the tangentially migrating neurons are not born
in the cortical neuroepithelium as was always assumed, but
instead originate outside the neocortex in the basal forebrain
in regions called ganglionic eminences (reviewed by Anderson
et al., 1999; Parnavelas, 2000). From these findings emerged a
new concept of cortical development, which proposes that two
separate populations of neurons participate in corticogenesis.
One population consists of the radially migrating neurons,
which are born in neocortical ventricular zone and probably
give rise to the principal pyramidal neurons of the neocortex.
The second population includes neurons born in ganglionic
eminences that migrate tangentially into the neocortex and
probably differentiate into the cortical non-pyramidal neurons
(Anderson et al., 1999; Parnavelas, 2000).

The name ganglionic eminences reflects the assumption that
these ventral regions give rise to the basal ganglia (Fentress et
al., 1981; Shimamura et al., 1995; Smart and Sturrock, 1979).
The ganglionic eminences are subdivided into the medial
(MGE), lateral (LGE) and caudal ganglionic eminence. The
MGE is thought to give rise to pallidum, while the LGE is
believed to generate most of the striatal neurons (Olsson et al.,
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Recent studies suggest that neurons born in the developing
basal forebrain migrate long distances perpendicularly to
radial glia and that many of these cells reach the developing
neocortex. This form of tangential migration, however, has
not been demonstrated in vivo, and the sites of origin,
pathways of migration and final destinations of these
neurons in the postnatal brain are not fully understood.
Using ultrasound-guided transplantation in utero, we have
mapped the migratory pathways and fates of cells born in
the lateral and medial ganglionic eminences (LGE and
MGE) in 13.5-day-old mouse embryos. We demonstrate
that LGE and MGE cells migrate along different routes to
populate distinct regions in the developing brain. We show
that LGE cells migrate ventrally and anteriorly, and give
rise to the projecting medium spiny neurons in the

striatum, nucleus accumbens and olfactory tubercle, and to
granule and periglomerular cells in the olfactory bulb. By
contrast, we show that the MGE is a major source of
neurons migrating dorsally and invading the developing
neocortex. MGE cells migrate into the neocortex via the
neocortical subventricular zone and differentiate into the
transient subpial granule neurons in the marginal zone and
into a stable population of GABA-, parvalbumin- or
somatostatin-expressing interneurons throughout the
cortical plate.
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SUMMARY
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neurons born in the mammalian basal forebrain
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1998). Initial studies of neuronal migration from the basal
forebrain to the neocortex implicated LGE as the principal
source of tangentially migrating neurons (Anderson et al.,
1997; de Carlos et al., 1996; Tamamaki et al., 1997). However,
recently, it became apparent that a large proportion of these
neurons originate in the most ventral aspect of the
telencephalon, in the MGE (Lavdas et al., 1999; Sussel et al.,
1999; Wichterle et al., 1999). Analysis of the expression of Lim
homeodomain gene Lhx6 in the embryonic forebrain revealed
a stream of cells extending from the MGE to the neocortex
(Grigoriou et al., 1998). This, in combination with experiments
showing dorsal migration of MGE cells in slice cultures,
suggested that Lhx6-positive cells generated in the MGE
migrate tangentially to the neocortex (Lavdas et al., 1999).
Further evidence for this migration came from the analysis of
mice with targeted ablation of Nkx2.1 homeodomain protein,
which leads to the respecification of the MGE into the LGE
(Sussel et al., 1999). Detailed analysis of cellular defects in
Nkx2.1−/− mice revealed that subsets of interneurons are
depleted in the developing striatum (Marin et al., 2000),
neocortex (Sussel et al., 1999) and hippocampus (Pleasure et
al., 2000). However, these deficits appear to be less pronounced
than in the case of the disruption of Dlx1/2 transcription factors
which are expressed in both the LGE and MGE (Anderson et
al., 1997), indicating that both these regions may contribute
neurons to the developing dorsal telencephalon.

Our studies of LGE and MGE cell migration revealed that
the two eminences contain cells with strikingly different
migratory behaviors (Wichterle et al., 1999). MGE cells
migrate extensively in vitro and have a unique capacity to
penetrate and disperse through the adult brain parenchyma.
LGE cells, on the other hand, migrate less extensively in
cultures and are unable to disperse in the adult brain. However,
when LGE and MGE cells are transplanted into the adult
subventricular zone, only LGE cells migrate along the rostral
migratory stream to the olfactory bulb (Wichterle et al., 1999).
These differences in cell migration suggested that LGE and
MGE neuronal precursors might follow distinct migratory
pathways in their normal environment in the developing brain.

While there are multiple studies of MGE and LGE cell
migration in vitro and indirect studies in animals carrying
targeted mutations in specific genes, there is currently no study
analyzing migratory pathways of these cells directly in vivo. It
remains unclear whether the two regions contribute equally to
corticogenesis and whether LGE and MGE cells differentiate
into the same types of neurons after they reach their final
destinations. Most importantly, the perinatal lethality of both
the Dlx1/2 and Nkx2.1 mutant mice makes it impossible
to determine the fate and final phenotypes of tangentially
migrating neurons. Although neuronal migration from
ganglionic eminences into neocortex has received the most
attention, other tangential migratory pathways were described
in the developing forebrain. For example, a migratory route
connecting the ganglionic eminences with the thalamus (so
called gangliothalamic body) has been histologically identified
in embryonic human brains (Letinic and Kostovic, 1997; Rakic
and Sidman, 1969) and a rostral migration from the
subventricular zone (SVZ) to the olfactory bulb has been
demonstrated in postnatal and adult rodent brains (Lois and
Alvarez-Buylla, 1994; Luskin, 1993). It is therefore plausible
that the ganglionic eminences generate neurons destined

for other embryonic brain regions besides the dorsal
telencephalon.

To address these issues, we analyzed the fate of ganglionic
eminence cells directly in the developing mammalian brain.
We used biomicroscopy for targeted transplantation of labeled
LGE and MGE cells into the embryonic mouse brain in utero
(Olsson et al., 1997). We show that homotopically and
homochronically grafted 13.5-day-old MGE and LGE cells
migrate along distinct routes and give rise to different types of
neurons in the embryonic forebrain. We also show that, at the
age studied, the MGE is the principal source of tangentially
migrating neurons destined for the developing neocortex.

MATERIALS AND METHODS

Donor cell preparation
Ventricular and subventricular zones from ganglionic eminences were
dissected from 5-15 E13.5 mouse embryos as described previously
(Wichterle et al., 1999). Swiss-Webster (Taconic), CD-1 (Charles
River) or transgenic mice expressing human placental alkaline
phosphatase in all cells (DePrimo et al., 1996) were used as donor
animals. All animals used in this study were maintained and treated
according to protocols approved by the Institutional Animal Care and
Use Committee at New York University School of Medicine. Tissue
was dissected from the anterior region of the LGE and MGE, where
sulcus clearly divides these two regions. Bordering tissues between
MGE, LGE and neocortex were discarded during dissections to
prevent contamination. Explants were mechanically dissociated by
repeated pipetting through 200 µl yellow plastic pipette tip (20-30
times). Dissociated cells were washed with 1 ml of L-15 medium
(Gibco) containing DNase I (10-100 µg/ml) and pelleted by
centrifugation (5 minutes, 800 g). Cells isolated from transgenic
animals were resuspended in 5 µl of L-15 medium containing DNase
I and kept on ice until further use. Non-transgenic cells were
resuspended in 100 µl of Diluent C and fluorescently labeled by
incubation with 100 µl of PKH26 dye (2-3 µl of the dye in 100 µl of
Diluent C) (Sigma) for 2 minutes. Labeled cells were washed two to
three times with Neurobasal medium (Gibco) and resuspended in 5 µl
of L-15 medium containing DNase I. Cell suspensions were stored on
ice until further use.

Transplantation in utero
High density cell suspension (~800,000 cells/µl) was front-loaded into
beveled glass micropipettes (~50 µm diameter) that were prefilled
with mineral oil and mounted on a microinjector (modified version of
Narishige). Cells were allowed to settle inside the pipette and the
excess cell-free medium was expelled. The recipient pregnant mice
(E13.5) were anesthetized, uterine horns were exposed through an
intraperitoneal incision and animals were mounted under the
biomicroscope as described previously (Liu et al., 1998; Olsson et al.,
1997). The tip of the micropipette was inserted into the LGE or MGE
under real-time ultrasound guidance and 10-20 nl of cell suspension
was injected. The position of the embryo and the path of the
micropipette insertion was recorded for each embryo. Embryos in
which we detected extensive cell leakage to the lateral ventricle (either
detected at the time of transplantation by the ultrasound microscope
or identified in processed brains as deposits of labeled cells within the
choroid plexus and in periventricular regions) were excluded from the
subsequent analysis.

Analysis of cell migration
Transplanted embryos (~60% of injected embryos survived) were
collected at 1, 2 and 4 days after transplantation or as 3-week and 4-
month-old animals. Three to six successfully transplanted animals
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were analyzed for each time-point and region (~50% of surviving
injected animals contained grafted cells). For labeling of proliferating
cells, some pregnant mice were injected with BrdU (40 mg/kg) 1-2
hours before sacrifice. Embryos were transcardially perfused with 4%
paraformaldehyde 0.25% glutaraldehyde, brains removed and
postfixed overnight. Brains were cut coronally into 50-100 µm thick
sections using a vibratome. Sections from brains that received cells
carrying alkaline phosphatase transgene were inactivated for 30
minutes at 70°C and stained with NBT/BCIP (Boehringer, 1/0.1 mg/
ml). Sections were mounted in Krystalon (EM Science) or Aquamount
(Polysciences), and photographed using an Olympus microscope and
SPOT camera (Diagnostic Instruments). Sections from animals
receiving fluorescently labeled cells were wet-mounted and
photographed. The density of graft-derived cells in individual brain
regions was analyzed using the NIH Image 1.62 software. Images of
all available sections from individual brains were analyzed. Brain
regions of interest were selected, their areas measured and numbers
of graft-derived cells were counted (using the Analyze Particles
function). Total numbers of labeled cells found in selected brain
regions were used to calculate the distribution of grafted cells. To
calculate the cell density in individual regions, we divided the number
of cells by the area and thickness of brain slices and averaged results
obtained for regions extending across multiple sections.

Immunohistochemistry
Animals were transcardially perfused with 4% paraformaldehyde,
brains removed and postfixed overnight. Samples were cryoprotected
in 30% sucrose in phosphate-buffered saline (PBS), embedded in
Histoprep (Fisher Scientific) and frozen. Brains were sectioned
coronally at 20-30 µm using a cryostat, after which sections were air
dried and stored at −20 °C. The immunostaining was performed either
on cryostat sections or on free-floating 50 µm vibratome sections. The
following antibodies were used for immunofluorescence: mouse CR-
50 (1:400; Ogawa et al., 1995), rabbit anti-GABA (1:2500, Sigma),
rabbit anti-neurofilament-145 (Chemicon, 1:1000), rat anti-BrdU
(1:200, Harlan Sera Lab), rabbit anti-somatostatin (1:500,
Calbiochem), mouse anti-parvalbumin (1:1000, Sigma), rabbit anti-
calretinin (1:500, Chemicon), mouse anti DARPP-32 (1:1000; Ouimet
et al., 1984), rabbit anti-human placental alkaline phosphatase
(hPLAP) (1:200, Accurate Chemical & Scientific Corp., New York)
and sheep anti-hPLAP (1:100, American Research Products, MA).
The following secondary antibodies were used: cy3-conjugated
donkey anti-mouse, cy3-conjugated donkey anti-rabbit, cy2-
conjugated donkey anti-rabbit and cy2-conjugated donkey anti-sheep
(all from Jackson ImmunoResearch, PA). Sections were washed in
PBS, blocked for 1 hour in PBS containing 10% donkey serum and
0.2% Triton X-100. Sections were then incubated overnight at 4°C in
primary antibodies diluted in PBS containing 1% donkey serum and
0.2% Triton X-100, then washed three times in PBS and incubated
with secondary antibodies for 1-2 hours at room temperature in the
dark. For BrdU double staining, sections were first processed for the
hPLAP immunostaining, fixed in 3% PFA for 15 minutes, washed
three times in PBS, incubated in 4M HCl at room temperature for 5-
10 minutes, washed three times in PBS and stained for BrdU.
Fluorescent images were obtained using a cooled-CCD camera
(Princeton Instruments) and Metamorph software (Universal Imaging,
Pennsylvania) or the SPOT camera.

RESULTS

Ultrasound guided transplantation
In order to study the migration and fate of MGE and LGE cells
directly in the embryonic brain we used a recently developed
technique of ultrasound guided microtransplantation (Liu et al.,
1998; Olsson et al., 1997). The MGE is a transient structure in

the developing mouse brain that appears around embryonic day
10 (E10) and persists until approximately E16, when it fuses
with the rapidly growing LGE. We decided to perform our
experiments on E13.5 animals – when the MGE is well
developed but still separated from the LGE. To capture the
timecourse of MGE cell migration, we analyzed transplanted
embryos at 1, 2 and 4 days after transplantation. Final
distribution of transplanted MGE and LGE cells was analyzed
in 3-week-old postnatal animals and the long term survival of
MGE-derived cells was analyzed in 4-month-old animals. In
order to prevent leakage of grafted cells into the ventricular
system, we used a beveled glass micropipette (~50 µm in
diameter) and limited our transplantations to 10-20 nl of a
dense cell suspension containing between 5000 and 15,000
cells. As some grafted cells were deposited along the track of
the micropipette, we approached the ganglionic eminences
from different angles and excluded from our analysis regions
adjacent to the needle track and brains in which grafted cells
had excessively leaked into ventricles (which could be detected
by the ultrasound microscope). In an average experiment ~60%
of injected embryos survived, but generally only ~50% of these
embryos contained grafted cells. This is probably due to the
uneven distribution and aggregation of cells within the
micropipette during the microtransplantation.

MGE cells migrate via the subventricular zone to the
neocortex
In order to determine migratory pathways of MGE cells in the
developing forebrain, we analyzed the distribution of grafted
cells at 1 (n=3), 2 (n=5) and 4 days (n=4) after homotopic and
homochronic transplantation. At 1 day, MGE cells were largely
confined to the site of transplantation. Labeled migrating cells
were observed within the LGE (developing striatum) and
occasionally in the most proximal aspects of the neocortex
(close to the LGE/cortical boundary; Fig. 1A,B). One day later,
at 2 days after transplantation, large numbers of migrating cells
dispersed throughout most of the dorsal forebrain (5600±1000
labeled cells/brain, n=3; Fig. 1D-F). The highest concentration
of tangentially oriented labeled cells in the neocortex was found
within the neocortical SVZ (BrdU-labeled proliferative region
adjacent to the cortical VZ (The Boulder Committee, 1970))
(Figs 1E, 2A-C). This region, also known as the lower
intermediate zone, has been previously shown to contain a large
number of MGE-derived Lhx6-expressing cells (Lavdas et al.,
1999). To determine whether MGE cells use corticofugal axons
as a substrate for their migration (Metin et al., 2000), we double
labeled some sections with antibodies against neurofilament-
145 (NF-145). While MGE-derived cells were occasionally
aligned with neurofilament immunoreactive fibers within the
lower intermediate zone, they were rarely observed within the
axon rich upper intermediate zone (Fig. 2C). Tangentially
oriented migratory cells were also found in the subplate, cortical
plate and marginal zone. Radially oriented cells with their
leading processes oriented centrifugally towards the pial surface
were detected within the upper intermediate zone and cortical
plate. These results indicate that tangentially migrating neurons
use primarily substrates in the neocortical subventricular zone
for their translocation.

The majority of graft-derived cells at 2 days after
transplantation were bipolar with a long leading process which
was sometimes bifurcated. The leading process was often tipped
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with a prominent growth cone with long filopodia and
lamellopodia (Fig. 1C). Most of the labeled cells were oriented
with their leading process pointing in the dorsal direction, away
from the MGE (Fig. 2A). Interestingly, some MGE-derived
cells were oriented in other directions, pointing backward
towards the MGE, radially to the cortical plate or with their

leading process intercalated into the neocortical ventricular
zone. The speed of MGE cell migration inferred from the
position of labeled cells at days 1 and 2 after transplantation is
remarkable. Many labeled cells were found as far as the border
between the neocortex and hippocampus (Fig. 1E) 2 days
after transplantation (i.e. >2 mm away from the site of
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Fig. 1. Distribution of MGE cells one (E14.5,
A-C), two (E15.5, D-F) and four (E17.5, G-I)
days after homotopic transplantation. Coronal
sections of embryonic mouse brains containing
MGE cells labeled with PKH26 fluorescent dye
before transplantation. Graft-derived cells are
black or dark blue. (A) One day after
transplantation, most of the grafted cells were
located at the site of transplantation in the MGE.
No grafted cells were detected in the lateral
ventricle (lv). The pipette insertion site is marked
by an arrow. (B) At 1 day post transplantation
migrating cells were observed in the LGE and at
the cortical boundary (arrowhead). (C) Example
of a migratory cell with a leading process and a
growth cone. (D) Two days after transplantation,
multiple cells migrated into the neocortex.
Migration is directional as no cells migrate to the
septum (sep). (E) The highest density of migrating
MGE cells is in the cortical subventricular zone.
(F) Tangential section through the anterior
neocortex reveals migrating cells in the
subventricular zone (central lighter region). No
graft-derived cells migrated into the olfactory bulb
(ob). (G) Four days after transplantation, most of
the MGE-derived cells settled in the neocortical
marginal zone. No labeled cells were found in the
hypothalamus (ht) and thalamus (th). (H) Cortical
subventricular zone contains fewer migrating cells
than at 2 days and most of the grafted cells are
found in the marginal zone. (I) Disappearance of
migrating neurons from the subventricular zone is
obvious in the tangentially cut anterior cortex.
Olfactory bulb is devoid of labeled cells.

Fig. 2. MGE cells in the subventricular and marginal zones at
two (E15.5) and four (E17.5) days after transplantation.
(A) Higher magnification of the boundary between the
developing striatum and neocortex at 2 days after transplantation
reveals the shape and orientation of tangentially migrating
neurons. Most PKH26-labeled MGE neurons migrate close to
the neocortical ventricular zone and only few cells are observed
in the marginal zone. (B) Double labeling for BrdU reveals most
of the tangentially oriented cells in the neocortical SVZ.
(C) Tangentially migrating cells do not use corticofugal axons in
the upper intermediate zone, which were labeled with antibody
against neurofilament-145. (D) Confocal image of differentiating
MGE-derived neurons in the marginal zone 4 days after
transplantation. (E) Quantification of the density of graft-derived
cells demonstrates the shift from the subventricular (SVZ) to
marginal zone (MZ) between days 2 and 4. (F) Immunostaining
of transplanted MGE cells expressing alkaline phosphatase in
one day old pup (7 days after transplantation) reveals that some
of the MGE-derived cells (green) express GABA (red).
(G) Staining with antibody CR-50 against reelin (red) revealed
that MGE-derived cells (green) are found close to clusters of
CR-50 positive cells but they are not double-labeled.
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transplantation). These cells had to move with speeds of >80
µm/hour, which is similar to the speed of homotypic, glia-
independent neuronal migration in vitro (Wichterle et al., 1997).

MGE cells disperse throughout the developing
telencephalon
At 4 days, many graft-derived cells dispersed throughout the
dorsal forebrain (6200±800 labeled cells/brain, n=4). Most of
the migrating cells (~85%) were found in the neocortex (Fig.
1G, Table 1). In contrast to the 2 day survival, many labeled
cells were concentrated superficially in the marginal layer of
the neocortex (~60% of labeled cells in neocortex) at this time-
point (Fig. 1G-I). Two days after transplantation, the density
of labeled cells in the neocortical subventricular zone was
approx. three times higher than in the marginal zone (Fig. 2E).
By contrast, the density of labeled cells in the marginal zone
4 days after transplantation was approx. six times higher than
in the subventricular zone (Fig. 2E). These results indicate that
subsequent to the initial phase of tangential migration through
the SVZ, MGE derived neurons move radially into the cortical
plate and marginal zone, where they may further disperse
tangentially and differentiate. 

Although most MGE cells migrated into the neocortex,
some labeled cells were observed within the developing
hippocampus, piriform cortex, anterior olfactory nucleus,
striatum, globus pallidus and amygdala 4 days after
transplantation (Table 1). At this survival time, graft-derived
cells had started to extend multiple processes from cell bodies,
suggesting that the MGE cells had started to differentiate. In
contrast to the basal ganglia, where MGE cells extended longer
processes, labeled cells within the marginal zone of neocortex
extended only multiple short processes (Fig. 2D).
Morphologically immature labeled cells with migratory
(bipolar) shape were found primarily in the neocortical SVZ
and cortical plate. No labeled cells were found in the
contralateral hemisphere. Migration of MGE cells was
directional and selective, as they did not disperse into the
neighboring hypothalamus, thalamus, septum or olfactory bulb
(Fig. 1G,I).

MGE cells differentiate into subpial granule neurons
in the marginal zone
To analyze the final phenotype of MGE and LGE-derived
neurons, we transplanted genetically labeled cells
constitutively expressing human placental alkaline

phosphatase (hPLAP) (DePrimo et al., 1996). In our previous
studies, we have shown that at least 30% of MGE cells grafted
into the adult brain differentiate into GABAergic neurons
(Wichterle et al., 1999). It has been also shown that some MGE
cells migrating to the neocortex in embryonic brain slices
express the CR-50 antigen, which would suggest that they
differentiate into Cajal-Retzius cells (Lavdas et al., 1999). To
study the phenotype of MGE-derived cells, differentiating in
the marginal zone, we double immunostained brain sections of
postnatal day 1 (P1) animal, which received an MGE graft on
E13.5 for alkaline phosphatase and GABA or CR-50. We found
that some MGE-derived cells within the developing cortical
plate and marginal zone were immunoreactive for GABA (Fig.
2F). MGE cells in the marginal zone were often found
associated with clusters of CR-50 immunoreactive cells, but we
never observed double labeled MGE-derived cells stained with
CR-50 antibodies (Fig. 2G). These results suggest that E13.5
MGE cells that migrate into the marginal zone give rise to a
subset of subpial granule cells but they do not differentiate into
Cajal-Retzius neurons.

MGE-derived cells persist in the neocortex into
adulthood
Neurons in the marginal zone are believed to undergo apoptosis
early in the postnatal period (Spreafico et al., 1999; Spreafico
et al., 1995; Super et al., 1998). The long-term survival of cells
migrating tangentially into the neocortex has not been studied
previously and therefore it was possible that MGE cells form
a transient cell population that dies soon after birth. To study
the fate of MGE cells, we grafted hPLAP-expressing MGE
cells into the MGE of wild-type embryos and analyzed the final
distribution of MGE-derived cells in 3-week-old mice (n=4)
and in 4-month-old adults (n=3). There was no apparent
difference between MGE cell distribution at these two survival
times. The marginal zone was cell sparse and did not contain
any graft-derived hPLAP-positive cells. The deeper layers of
the neocortex, by contrast, contained numerous hPLAP-labeled
cells (Fig. 3). Although the MGE-derived cells were found in
all cortical layers, their concentration was highest in layers 5
and 6 (75% of MGE-derived cells).

Enzymatic detection of the alkaline phosphatase resulted in
Golgi-like staining of the graft-derived cells and their
processes. In the neocortex, MGE-derived cells differentiated
into neurons of varying sizes and shapes (Fig. 4A-F). In most
cases, the morphology of individual MGE-derived neurons was

Table 1. Density and distribution of MGE and LGE cells in selected forebrain regions four days after homotopic
transplantation

NCx Gl OT Str NA GP A

MGE 1 +++ (82%) − (0%) + (1%) + (9%) − (1%) +++ (4%) + (2%)
MGE 2 +++ (83%) − (0%) ++ (2%) ++ (12%) + (1%) + (1%) + (1%)
MGE 3 +++ (87%) − (0%) ++ (2%) ++ (8%) + (1%) + (1%) − (0%)
MGE 4 +++ (88%) − (0%) ++ (1%) ++ (8%) − (0%) + (1%) + (1%)

LGE 1 − (3%) − (0%) ++++ (6%) ++++ (76%) +++++ (14%) − (0%) − (0%)
LGE 2 − (4%) − (0%) ++++ (5%) +++++ (83%) +++++ (7%) − (0%) − (0%)
LGE 3 − (3%) − (0%) +++++ (7%) +++++ (87%) ++ (2%) − (1%) − (0%)
LGE 4 − (1%) +++++ (31%) +++++ (6%) ++++ (61%) + (0%) − (0%) − (0%)
LGE 5 − (1%) +++++ (23%) +++++ (8%) +++++ (65%) ++ (1%) − (0%) − (0%)

Minus and plus signs correspond to the following densities of grafted cells: (−) <100 cells/mm3; (+) 100-200 cells/mm3; (++) 200-400 cells/mm3; (+++) 400-
800 cells/mm3; (++++) 800-1600 cells/mm3; (+++++) >1600 cells/mm3. Distribution of grafted cells among selected areas is shown in parentheses. 

A, amygdala; Gl, olfactory bulb granule cell layer; GP, globus pallidus; NA, nucleus accumbens; NCx, neocortex; OT, olfactory tubercle; Str, striatum.



3764 H. Wichterle and others

Fig. 3.MGE cells expressing alkaline
phosphatase were grafted into the wild-
type E13.5 MGE. The majority of graft-
derived cells are found in the neocortex
in 3-week-old (left, more posterior
coronal section) and 4-month-old (right,
more anterior coronal section) animals.
Some cells in the posterior section are
observed in the amygdala and CA1 field
of the hippocampus. In contrast to the
4-day survival (Fig. 1G-I), no graft-
derived cells are found in the marginal
zone (the dark staining in the marginal
zone are labeled projections of neurons
located deeper in the cortical plate,
arrow). A, amygdala; MZ, marginal
zone; NCx, neocortex; Str, striatum.

Fig. 4. Morphology of MGE-derived neurons stained for alkaline phosphatase. (A,D,E,H) Neurons in 4-month-old animal; (B,C,F,G,I) neurons
in 3-week-old animal; dorsal is towards the top throughout. MGE cells in the neocortex differentiated into: aspiny multipolar neurons (A,C), bi-
tufted neurons (B), neurons with a small cell body (D, arrow), basket cells (E) and chandelier cells (F). MGE cells were also observed in: the
CA1 field of the hippocampus (basket cells) (G), the lateral globus pallidus (H) and the striatum (I). To capture some of the fine three
dimensional processes, two to three photographs taken in different focal planes were fused to produce the final image.
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confounded by large numbers of labeled dendrites and axons
crisscrossing the field (Fig. 4A). However, one brain contained
only relatively small number of grafted cells, which made the
analysis of individual neuronal projections possible. Most cells
were multipolar aspiny or sparsely spiny neurons with medium
to large cell bodies (Fig. 4A,C). We also observed radially
oriented bi-tufted or double bouquet cells (Fig. 4B), cells with
small cell bodies and less prominent dendritic arbors (Fig. 4D,
arrow), basket cells (Fig. 4E) and chandelier cells (Fig. 4F)
(Fairen et al., 1984). None of the MGE-derived neurons
manifested typical features of pyramidal neurons (triangular
cell body extending a thick spiny apical dendrite). None of the
labeled processes of MGE-derived neurons, which crisscrossed
the neocortex, contained dense spines (Fig. 4A). The processes
accumulated particularly in marginal zone (Fig. 3) and layers
5 and 6, but we did not detect any axons projecting into the
contralateral hemisphere or extensive axonal projections to
subcortical regions. Therefore we concluded that the majority
of MGE cells differentiated into a population of locally
projecting interneurons, some of which were labeled with
antibodies against GABA. 

While the highest density of MGE-derived cells was observed
in the neocortex, some MGE cells were also detected in the
anterior olfactory nucleus, piriform cortex, striatum, lateral
globus pallidus (but never in the medial globus pallidus), in the
CA1 and occasionally in the caudal aspect of the CA3 fields of
the hippocampus, in multiple nuclei of the amygdala and in the
bed nucleus of the stria terminalis (Fig. 3, data not shown).
MGE-derived cells found in different brain regions had different
shapes. MGE neurons differentiating in the CA1 field of the
hippocampus had a typical morphology of hippocampal basket
cells (large cell bodies and characteristic aspiny projections)
(Fig. 4G). Cells in the lateral globus pallidus were medium size
neurons with only few projections (Fig. 4H). MGE-derived
striatal neurons were either similar to the ones in globus pallidus
or smaller neurons with extensive fine dendritic arborizations
(Fig. 4I). Although the majority of MGE-derived neurons in all
studied areas were aspiny or sparsely spiny, few neurons found
at the ventral striatum (close to the site of transplantation)
differentiated into medium spiny neurons similar to the ones
observed in LGE grafts (see below). As observed at 2 or 4 day
survival times, MGE graft-derived cells did not migrate in the
thalamus, hypothalamus, septum or olfactory bulb (Fig. 3). A
few cells (<10 neurons per brain) were detected in the
contralateral hemisphere. These cells, which probably migrated
to the other hemisphere along the corpus callosum, differentiated
into neocortical neurons close to the midline.

Neocortical non-pyramidal neurons can be subdivided into
three categories based on their expression of parvalbumin,

calretinin or somatostatin (Gonchar and Burkhalter, 1997;
Kubota et al., 1994). In order to identify the types of
neocortical interneurons derived from the MGE, we
immunostained brain sections with antibodies against these
three markers. Approximately 70% of MGE-derived neurons
in the neocortex were immunoreactive for parvalbumin (170

Fig. 5. Immunohistochemical characterization of grafted MGE (A-C)
and LGE (D-F) cells in the neocortex (NCx; A,B,F) and striatum
(Str; C,D,E). MGE-derived cells are from a 4-month-old animal,
LGE-derived cells are from 3-week-old animal. The second column
and green color in the third column represent staining for alkaline
phosphatase expressed in transplanted cells. (A-C) Many MGE cell
in the neocortex expressed parvalbumin (A) and somatostatin (B) but
within striatum did not express striatal marker DARPP-32 (C). (D,E)
The majority of LGE cells in the striatum expressed DARPP-32 (D)
but did not express parvalbumin (E). (F) By contrast, some of the
LGE-derived neurons that migrated into the neocortex expressed
parvalbumin.
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MGE-derived cells analyzed) (Fig. 5A), ~35% were
immunoreactive for somatostatin (120 cells analyzed) (Fig.
5B) and <3% of MGE-derived cells were labeled with anti-
calretinin antibodies (130 cells analyzed). As mentioned above,
some of the MGE cells migrated into the striatum and
differentiated there into aspiny neurons. None of these cells
expressed DARPP-32 (Fig. 5C), which is a marker of
projecting medium spiny neurons (Ouimet et al., 1998), but
some of them expressed parvalbumin (data not shown). These
results indicate that MGE-derived neurons in striatum retain
their biochemical profile and probably represent a distinct
population of striatal interneurons derived from the MGE
(Marin et al., 2000).

LGE cells remain within the developing basal
forebrain
Labeled LGE cells grafted back into the embryonic LGE
dispersed within the basal forebrain (1500±500 cells, n=5), but
only very few cells migrated into the neocortex at four days

after transplantation (<5% of grafted cells) (Fig. 6A,B; Table
1). Graft-derived LGE cells were observed to disperse and
differentiate within the dorsal and ventral striatum including
the nucleus accumbens and olfactory tubercle (Fig. 6C,D;
Table 1). None or only very few LGE-derived cells were found
in the globus pallidus, amygdala, septum, neocortex or piriform
cortex (Fig. 6A; Table 1). Interestingly, the final distribution of
LGE-derived cells depended on the precise position of the graft
within the developing LGE. When LGE cells were placed in
the caudal aspect of the LGE (just anterior to the caudal
ganglionic eminence) large numbers of grafted cells migrated
into the nucleus accumbens (Fig. 6A-D; LGE 1 and 2 in Table
1). By contrast, LGE cells grafted into the more anterior LGE
did not contribute substantially to nucleus accumbens (LGE 3-
5 in Table 1). Instead, LGE cells placed in the dorsal anterior
LGE migrated in large numbers rostrally into the granule layer
of the olfactory bulb (Fig. 6E; LGE 4 and 5 in Table 1). In all
brains that received LGE grafts, labeled axons extending along
the internal capsule all the way to the substantia nigra were

H. Wichterle and others

Fig. 6. Homotopic transplants
of PKH26-labeled LGE cells.
(A) Coronal section of E17.5
embryonic brain four days
after transplantation reveals
accumulation of LGE cells in
the striatum and absence of
LGE cells in the neocortex.
Some labeled cells leaked into
brain ventricles during the
transplantation (black dots in
choroid plexus of the lateral
ventricle). (B) More anterior
view reveals selective
dispersion of LGE-derived
cells throughout the striatum
(str). Notice the sharp
boundary between the
striatum and neocortex (ncx).
(C) LGE-derived cells migrate
also into the nucleus
accumbens (na) and olfactory
tubercle (ot) in the basal
forebrain. (D) High
magnification of labeled cells
in the olfactory tubercle
reveals multiple processes
extending from individual
cells. (E) In several animals,
labeled LGE cells migrated
into the core of the olfactory
bulb (ob).
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observed as early as 4 days after transplantation. This
suggested that LGE-derived cells started to differentiate into
the principal striatal projecting neurons.

LGE cells grafted into the MGE do not adopt MGE
migratory properties
It has been suggested that some embryonic neural cells can
adopt different phenotypes depending on their location in the
developing brain (Brustle et al., 1995; Campbell et al., 1995;
Fishell, 1995; Olsson et al., 1997). To test whether LGE cells
could behave as MGE cells and migrate to the neocortex, we
transplanted LGE cells heterotopically into the MGE (n=3).
Four days later, LGE cells remained within the basal forebrain.
The olfactory tubercle and ventral striatum proximal to the site
of transplantation contained the highest density of labeled
cells. Fewer labeled cells migrated to the developing nucleus
accumbens and piriform cortex. Similar to the case of
homotopic LGE grafts, we observed very few labeled cells

within the neocortex (~8%, n=3) and amygdala. These findings
suggest that E13.5 LGE cells do not adopt the migratory
properties of MGE cells after heterotopic transplantation into
the developing MGE.

LGE cells differentiate into medium spiny neurons
and olfactory bulb interneurons
To study the long-term fate of LGE cells, we grafted transgenic
hPLAP-expressing LGE cells into the LGE of wild-type
embryos. The final fate of LGE cells was studied in 3-week-
old animals (n=2). Similarly, as at 4 days after transplantation,
only very few graft-derived cells were found in the neocortex
(Fig. 7A). The majority of LGE-derived cells differentiated
within the striatum, olfactory tubercle and nucleus accumbens
into medium spiny neurons (Fig. 7B). Although within the
striatum and nucleus accumbens these cells were multipolar,
within the olfactory tubercle they had bi-tufted shape with
dendritic processes reaching the ventral surface of the brain

Fig. 7. Alkaline phosphatase-expressing
LGE cells in 3-week-old animals.
(B,D,E) Two to three fused photographs
taken in different focal planes. (A) LGE
cells disperse throughout the striatum
and migrate ventrally into the olfactory
tubercle (ot). Many labeled axons
crisscross the ventral pallidum (vp).
Notice that this distribution is
complementary to the distribution of
MGE cells (Fig. 3). No cells are
detected in the septum (sep) and only
rarely in the neocortex. (B) LGE cells in
the striatum differentiated into medium
spiny neurons. (C) Projecting axons
were found among others in the medial
globus pallidus. (D) The few LGE-
derived neurons that migrated into the
neocortex differentiated into aspiny
neurons. LGE cells migrated to the
olfactory bulb and differentiated into
interneurons in the granule cell layer
(gcl) and glomerular layer (gl).
(E) Immature neurons were observed in
the rostral migratory stream (rms).
(F) LGE cells in the olfactory tubercle
differentiated into bi-tufted spiny
neurons with processes reaching the
surface of the brain.
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(Fig. 7F). To confirm the phenotype of LGE-derived cells, we
immunostained brain tissue with antibodies against DARPP-
32, which is expressed in the majority of medium spiny
neurons (Ouimet et al., 1998). We observed that ~97% of LGE-
derived cells (74 cells analyzed) in striatum, nucleus
accumbens and olfactory tubercle expressed DARPP-32 (Fig.
5D). We have shown that many of the MGE-derived cells in
the neocortex and striatum expressed parvalbumin (Fig. 5A).
By contrast, none of the LGE-derived cells in striatum stained
with antibodies against this marker (Fig. 5E) (130 cells
analyzed). Multiple labeled LGE-derived axons were observed
in the internal capsule, lateral and medial globus pallidus (Fig.
7C), and substantia nigra, which are probably the efferents of
the striatal medium spiny neurons. Dense labeled axons were
also found in the ventral pallidum (Fig. 7A), which are
probably derived from projecting neurons in the nucleus
accumbens and olfactory tubercle. In both analyzed animals,
LGE-derived cells were also found in the olfactory bulb,
where they differentiated into granule and periglomerular
interneurons (Fig. 7E). One of the analyzed animals contained
labeled neuronal precursors within the subventricular zone
(SVZ) and rostral migratory stream leading to the olfactory
bulb (Fig. 7E), suggesting that some LGE cells gave rise to
stem cells residing in the SVZ (Doetsch et al., 1999).

While most of the LGE cells differentiated into spiny
neurons in striatum, nucleus accumbens and olfactory tubercle
or interneurons in the olfactory bulb, few LGE-derived cells
migrated into the neocortex. These neurons were aspiny or
sparsely spiny (Fig. 7D) and they did not express DARPP-32
(data not shown). Interestingly, we found that several of these
neurons were immunoreactive for parvalbumin (Fig. 5F),
suggesting that LGE cells migrating to the neocortex are
biochemically and morphologically similar to the MGE cells.
These cells could correspond to MGE cells passing through the
LGE at the time of dissection. 

LGE and MGE-derived glial cells
Although the majority of MGE and LGE-graft derived cells
differentiated into neurons, we observed also some graft-
derived glial cells. MGE-derived glia were exclusively
located in the proximity to the site of transplantation.
Oligodendrocytes were encountered in striatal white matter, in
the internal capsule and in the anterior commissure close to the
site of transplantation. MGE-derived astrocytes were relatively
rare and observed exclusively within the ventral striatum (data
not shown). No glial cells were found in the neocortex after
homotopic MGE transplantation, suggesting that unlike MGE-
derived young neurons, grafted glial or bipotential progenitors
did not undergo long distance tangential migration at the ages
studied. Similarly, LGE-derived glia did not migrate into the
neocortex or olfactory bulb. LGE-derived oligodendrocytes
were scattered throughout the striatum and multiple LGE-
derived astrocytes (protoplasmic, fibrous and stellate) were
observed within the core of the striatum and olfactory tubercle
(Fig. 7A, data not shown).

DISCUSSION

We provide direct in vivo evidence indicating that the
embryonic MGE is the principal source of neurons migrating

tangentially to the developing neocortex. In contrast to
previous reports (Anderson et al., 1997; de Carlos et al., 1996;
Tamamaki et al., 1997), we did not detect significant migration
of E13.5 LGE cells into the neocortex. The few LGE-derived
cells that migrated to the neocortex in vivo, probably
correspond to contaminating MGE cells passing through the
LGE on route to the neocortex. This is supported by our
findings that these cells have many characteristics typical of
MGE but not of LGE-derived neurons – they are aspiny or
sparsely spiny, they do not express DARPP-32, but some of
them express parvalbumin.

Interestingly, recent analysis of tangential cell migration in
brain slices isolated from wild type and Nkx2.1−/− embryos
suggested that at least in vitro LGE cells in E14.5 and older
embryos do migrate to the neocortex (Anderson et al., 2001).
In this study we did not detect significant number of LGE-
derived cells in the neocortex, even in those adult animals in
which LGE-derived neural stem cells remained in the SVZ and
continued to produce neuronal precursors migrating to the
olfactory bulb. This indicates that LGE cells migrating rostrally
to the olfactory bulb and LGE cells migrating dorsally to the
neocortex belong to separate lineages. It remains to be
determined if the dorsally migrating cells are derived locally
from the LGE ventricular zone cells, or whether they originate
outside the LGE and only at later embryonic stages infiltrate
this region. The latter would be consistent with the proposition
that the postnatal SVZ is divided into the neurogenic (anterior)
and gliogenic (posterior) domain (Luskin, 1998). It is possible
that the anterior domain containing rostrally migrating neurons
is derived from the embryonic LGE, while the posterior
domain containing dorsally migrating glial precursors is
largely a descendant of the caudal ganglionic eminence (CGE).
Currently it is not known how divergent the LGE and CGE are
and how sharp a boundary separates the two regions.

The medial and lateral ganglionic eminences do not develop
simultaneously. The MGE develops earlier and faster than
other parts of the forebrain. Between days E11 and E14, the
MGE forms the most conspicuous protuberance in the
forebrain vesicle. Later it appears that the growth of the MGE
is diminished, and between days E15 and E16 the MGE fuses
with the growing LGE. We have shown in vivo that E13.5
MGE cells migrate away from the MGE into the developing
neocortex, where they differentiate into cortical interneurons.
Although we have observed multiple morphologically and
biochemically distinct types of cortical interneurons derived
from MGE grafts, it remains to be addressed whether all
cortical interneurons are generated outside the neocortex.

MGE cells from animals as young as E11 have a remarkable
capacity to migrate in an in vitro tangential migration assay
(Wichterle et al., 1999). It is conceivable that MGE cells
younger than E13.5 also disperse widely across the developing
forebrain, possibly contributing cells to the globus pallidus
(Fentress et al., 1981; Shimamura et al., 1995; Smart and
Sturrock, 1979), striatum (Olsson et al., 1998; Marin et al.,
2000), neocortex (Lavdas et al., 1999; Meyer et al., 1998;
Sussel et al., 1999) and hippocampus (Pleasure et al., 2000).
Therefore, the MGE might be a transient structure in the
developing mammalian forebrain, whose primary function is
to generate large quantities of tangentially migrating neurons,
perhaps of different phenotypes, depending on the time of their
birth.

H. Wichterle and others
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Analysis of the MGE cell migration indicates that these cells
initially move tangentially, independent of the radial glia.
While tangentially oriented MGE cells were observed in all
neocortical regions at 2 days after transplantation, the highest
concentration was found in the subventricular zone of the LGE
and neocortex, similar to the distribution of Lhx6- (Grigoriou
et al., 1998; Lavdas et al., 1999) and calbindin- (Del Rio et al.,
2000) expressing cells. It has been proposed that tangentially
migrating neurons might interact with corticofugal axonal
fibers present in the intermediate zone (O’Rourke, 1995; Metin
et al., 2000; Poluch et al., 2001). The fact that most of the
tangentially migrating cells are concentrated in the axon sparse
subventricular or lower intermediate zone and avoid the axon-
rich upper intermediate zone suggests that MGE-derived cells
use substrates either expressed specifically by the lower
intermediate zone axons, or generated by ventricular or
subventricular zone cells. We propose that neocortical
subventricular zone may be populated in large part by young
neurons originating in restricted areas in the basal forebrain
and similarly, like the adult SVZ, it might serve as a main
corridor for tangential neuronal migration (Fishell, 1993;
O’Rourke, 1997).

LGE cells contribute mainly to the dorsal and ventral
striatum (including the nucleus accumbens and olfactory
tubercle) and the olfactory bulb (Anderson et al., 1997; Olsson
et al., 1998; Corbin et al., 2000; Toresson et al., 2000; Yun et
al., 2001). Migrating LGE cells may use both the tangential
and radial pathways for their dispersal. Radial glia passing
through the LGE curve ventrally and terminate at the olfactory
tubercle. Thus, it is likely that LGE cells migrating to the
olfactory tubercle use radial glia for their translocation. By
contrast, LGE cells migrating to the olfactory bulb and to the
medial aspect of the nucleus accumbens move in the direction
perpendicular to the orientation of glial fibers. It is likely that
this type of migration is similar to the tangential migration of
postnatal and adult SVZ cells to the olfactory bulb (Lois et al.,
1996; Wichterle et al., 1997). Detailed analysis of the sites of

transplantation and regions into which LGE cells migrate
suggests a general anteroventral orientation of LGE migration
(Fig. 8). Our finding that some LGE cells migrate into the
granule layer of the developing olfactory bulb several days
before the first granule cells are born (Bayer, 1983) is quite
surprising. It is possible that the early SVZ cells specified in
the developing LGE move anteriorly and seed the
subventricular zone in the olfactory bulb, which later will give
rise to the early olfactory bulb interneurons (Anderson et al.,
1997; Corbin et al., 2000).

Histological studies of the human and rat fetal brains
suggested that cells born in the SVZ adjacent to the developing
olfactory bulb migrate through a narrow region at the olfactory
peduncle to the surface of the developing brain and give rise
to the subpial granule cells in the marginal zone (Gadisseux et
al., 1992; Meyer et al., 1998). As these studies relied on
histological analysis, it might have appeared that LGE cells
migrating into the narrow region of the olfactory tubercle
continued in their migration into the marginal zone of the
neocortex. Our study demonstrates that E13.5 MGE gives rise
to some of the transient neurons in the subpial granule layer.
However, it has been shown that many subpial granule cells are
born before E13.5 and it remains to be determined whether
these earlier cells also originate in the MGE.

Another migratory pathway from ganglionic eminences to
the pulvinar nucleus of the developing thalamus has been
detected in the fetal human brain (Letinic and Kostovic, 1997;
Rakic and Sidman, 1969). It has been suggested that this
migratory pathway is present only in humans but not in other
vertebrates. Consistent with this hypothesis, we did not observe
migration of E13.5 MGE or LGE cells into the diencephalon.
However, we did not study the fate or migratory pathways of
cells found in the caudal ganglionic eminence. We noticed that
caudal ganglionic eminence cells migrate extensively (similar
to MGE cells) in an in vitro tangential migration assay (H. W.,
S. N. and A. A.-B., unpublished). We do not know the fate of
caudal ganglionic eminence cells in vivo, but we can speculate
that these cells might behave either similarly like MGE cells
(migrate dorsally to integrate into the developing hippocampus
and caudal neocortex), like LGE cells (migrate into the ventral
basal ganglia, possibly pallidum), or alternatively they might
be able to cross into the diencephalon like cells in the human
brain (Fig. 8).

Because both the LGE and MGE cells migrate through the
same regions within the LGE, but then their migration diverges
to distinct target areas, the two neuronal populations must use
different guidance systems. It has been proposed that LGE cell
migration is guided by a chemorepulsive factor Slit1 secreted
from the ventricular zone of the LGE (Zhu et al., 1999). It
remains to be determined which mechanisms guide the long
distance MGE cell migration. Our preliminary studies indicate
that MGE cells are guided to the neocortex by the selective
permissiveness of dorsal forebrain areas in combination with
chemorepulsive and chemoattractive factors secreted from
the ventral forebrain and neocortex respectively (H. W. and
A. A.-B., unpublished).

MGE cells engage in a migration across most of the
embryonic forebrain. Why do these cells undergo such a
long journey? As the developing central nervous system is
subdivided along its longitudinal axis into anatomically,
genetically and functionally distinct areas (Rubenstein et al.,

Fig. 8.Model of tangential neuronal migratory pathways in the
developing mouse brain. Longitudinal view of the developing
telencephalic vesicle with the anterior end pointing to the right. Gray
arrows depict the large scale migration of MGE cells into the
developing neocortex (ncx). Black arrows depict the migratory
pathways from different parts of the LGE. Cells from the
dorsoanterior LGE migrate preferentially into the olfactory bulb (ob),
while more posteriorly grafted LGE cells migrate preferentially into
the nucleus accumbens (na). LGE cells disperse through the striatum
and migrate ventrally to the olfactory tubercle (ot). Hypothetical
migratory routes from the caudal ganglionic eminence (CGE) are
depicted by broken arrows.
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1998), radial and tangential migrations probably play different
roles during brain development (Herrup and Silver, 1994).
Radial migration provides the basis for radial mosaicism of the
developing neocortex (Rakic, 1988). Tangentially migrating
neurons, on the other hand, often cross molecularly defined
brain boundaries (Puelles et al., 2000). As different regions of
the neuroepithelium give rise to different neuronal types,
tangential migration might be used to import specific cell types
into regions where these cells are not or cannot be normally
produced. Therefore, tangential migration might have been co-
opted by nature to expand the cellular complexity in particular
regions of the developing brain. From the evolutionary
perspective, ganglionic eminences belong to older brain
structures than neocortex. It is possible that the tangential
migration of MGE cells was a prerequisite for the evolution or
subsequent expansion of neocortical regions in mammals.
Finally, it has been proposed that the early differentiating
preplate and marginal zone neurons influence neocortical
development (Frotscher, 1998) and that GABA released in the
developing neocortex could affect the rate of neocortical
progenitors proliferation and their migration (Behar et
al., 2000; Haydar et al., 2000; LoTurco et al., 1995). It is
therefore conceivable that MGE-derived tangentially migrating
GABAergic neurons regulate the early steps of corticogenesis
by producing signals affecting the proliferation, migration or
commitment of young neurons produced in the neocortical
ventricular zone.

In summary, we have shown directly in living E13.5 mouse
embryos that the medial ganglionic eminence is the principal
germinal region giving rise to neurons that migrate tangentially
into the neocortex where they differentiate into several types
of cortical interneurons. Cells from the lateral ganglionic
eminence at this age did not migrate to the neocortex, but
differentiated into striatal medium spiny projecting neurons,
or migrated ventrally into the olfactory tubercle, nucleus
accumbens and olfactory bulb. It remains to be addressed what
mechanisms underlie the differences in the migratory behavior
of these two cell populations and whether their migratory
properties change during the embryonic development. The
ultrasound guided transplantation proves to be a powerful
technique to study cell migration in vivo and in the future it
should facilitate more extensive fate mapping analysis of the
developing mammalian embryo. Hopefully, it will help to
elucidate the complex migratory pathways of cells born in
other parts of the nervous system or in other embryonic tissues
in a similar way to the way in which it aided our study of cell
migration during the formation of mammalian forebrain.

We are grateful to Sattie Haripal for help with tissue processing and
to Suzy Wichterle Ort for help with the manuscript preparation.
Alfonso Fairen, Jose Miguel Soria-Lopez and Jose Manuel Garcia-
Verdugo were very helpful with the identification of transplanted cells
in the adult brain. We are grateful to Alex Joyner for her comments
on the manuscript. We thank J. R. Stringer for his generous gift of
transgenic mice expressing alkaline phosphatase (DePrimo et al.,
1996), K. Mikoshiba for providing us with CR-50 antibodies (Ogawa
et al., 1995) and P. Greengard for providing us with anti-DARPP-32
antibodies (Ouimet et al., 1984). H. W. is the recipient of the DeWitt
Wallace/Reader’s Digest fellowship, S. N. is supported by PRAXIS
XXI through the Gulbenkian PhD program. This work was supported
by grants from NICHD HD32116 to A. A. B., NIH NS39007 to G. F.,
and NIH NS38461 and NSF IBN9728287 to D. H. T.

REFERENCES

Anderson, S., Mione, M., Yun, K. and Rubenstein, J. L.(1999). Differential
origins of neocortical projection and local circuit neurons: role of Dlx genes
in neocortical interneuronogenesis. Cereb. Cortex9, 646-654.

Anderson, S. A., Eisenstat, D. D., Shi, L. and Rubenstein, J. L.(1997).
Interneuron migration from basal forebrain to neocortex: dependence on Dlx
genes. Science278, 474-476.

Anderson, S. A., Marin, O., Horn, C., Jennings, K. and Rubenstein, J. L.
(2001). Distinct cortical migrations from the medial and lateral ganglionic
eminences. Development128, 353-363.

Bayer, S. A.(1983). 3H-thymidine-radiographic studies of neurogenesis in the
rat olfactory bulb. Exp. Brain Res.50, 329-340.

Behar, T. N., Schaffner, A. E., Scott, C. A., Greene, C. L. and Barker,
J. L. (2000). GABA receptor antagonists modulate postmitotic cell
migration in slice cultures of embryonic rat cortex. Cereb. Cortex10, 899-
909.

Brustle, O., Maskos, U. and McKay, R. D.(1995). Host-guided migration
allows targeted introduction of neurons into the embryonic brain. Neuron
15, 1275-1285.

Campbell, K., Olsson, M. and Bjorklund, A.(1995). Regional incorporation
and site-specific differentiation of striatal precursors transplanted to the
embryonic forebrain ventricle. Neuron15, 1259-1273.

Caviness, V. S., Jr and Rakic, P.(1978). Mechanisms of cortical
development: a view from mutations in mice. Annu. Rev. Neurosci.1, 297-
326.

Corbin, J. G., Gaiano, N., Machold, R. P., Langston, A. and Fishell, G.
(2000). The Gsh2 homeodomain gene controls multiple aspects of
telencephalic development. Development127, 5007-5020.

de Carlos, J. A., Lopez-Mascaraque, L. and Valverde, F.(1996). Dynamics
of cell migration from the lateral ganglionic eminence in the rat. J. Neurosci.
16, 6146-6156.

Del Rio, J. A., Martinez, A., Auladell, C. and Soriano, E.(2000).
Developmental history of the subplate and developing white matter in the
murine neocortex. Neuronal organization and relationship with the main
afferent systems at embryonic and perinatal stages. Cereb. Cortex10, 784-
801.

DePrimo, S. E., Stambrook, P. J. and Stringer, J. R.(1996). Human
placental alkaline phosphatase as a histochemical marker of gene expression
in transgenic mice. Transgenic Res.5, 459-466.

Doetsch, F., Caille, I., Lim, D. A., Garcia-Verdugo, J. M. and Alvarez-
Buylla, A. (1999). Subventricular zone astrocytes are neural stem cells in
the adult mammalian brain. Cell 97, 703-716.

Fairen, A., DeFelipe, J. and Regidor, J. (1984). Nonpyramidal neurons:
general account. In Cerebral Cortex. Vol. 1 (ed. A. Peters and E. G. Jones),
pp. 201-253. Plenum. 

Fentress, J. C., Stanfield, B. B. and Cowan, W. M.(1981). Observation on
the development of the striatum in mice and rats. Anat. Embryol.163, 275-
298.

Fishell, G. (1995). Striatal precursors adopt cortical identities in response to
local cues. Development121, 803-812.

Fishell, G., Mason, C. A. and Hatton, M. E. (1993). Dispersion of neural
progenitors within the germinal zones of the forebrain. Nature 362, 636-
638.

Frotscher, M. (1998). Cajal-Retzius cells, Reelin, and the formation of layers.
Curr. Opin. Neurobiol.8, 570-575.

Gadisseux, J. F., Goffinet, A. M., Lyon, G. and Evrard, P.(1992). The
human transient subpial granular layer: an optical, immunohistochemical,
and ultrastructural analysis. J. Comp. Neurol.324, 94-114.

Gonchar, Y. and Burkhalter, A. (1997). Three distinct families of
GABAergic neurons in rat visual cortex. Cereb. Cortex7, 347-358.

Grigoriou, M., Tucker, A. S., Sharpe, P. T. and Pachnis, V.(1998).
Expression and regulation of Lhx6 and Lhx7, a novel subfamily of LIM
homeodomain encoding genes, suggests a role in mammalian head
development. Development125, 2063-2074.

Haydar, T. F., Wang, F., Schwartz, M. L. and Rakic, P.(2000). Differential
modulation of proliferation in the neocortical ventricular and subventricular
zones. J. Neurosci.20, 5764-5774.

Herrup, K. and Silver, J. (1994). Cortical development and topographic
maps: patterns of cell dispersion in developing cerebral cortex. Curr. Opin.
Neurobiol.4, 108-111.

Kubota, Y., Hattori, R. and Yui, Y. (1994). Three distinct subpopulations of
GABAergic neurons in rat frontal agranular cortex. Brain Res.649, 159-
173.

H. Wichterle and others



3771Tangential neuronal migration in developing forebrain

Lavdas, A. A., Grigoriou, M., Pachnis, V. and Parnavelas, J. G.(1999). The
medial ganglionic eminence gives rise to a population of early neurons in
the developing cerebral cortex. J. Neurosci.19, 7881-7888.

Letinic, K. and Kostovic, I. (1997). Transient fetal structure, the
gangliothalamic body, connects telencephalic germinal zone with all
thalamic regions in the developing human brain. J. Comp. Neurol.384, 373-
395.

Liu, A., Joyner, A. L. and Turnbull, D. H. (1998). Alteration of limb and
brain patterning in early mouse embryos by ultrasound-guided injection of
Shh-expressing cells. Mech. Dev.75, 107-115.

Lois, C. and Alvarez-Buylla, A.(1994). Long-distance neuronal migration in
the adult mammalian brain. Science264, 1145-1148.

Lois, C., Garcia-Verdugo, J. M. and Alvarez-Buylla, A. (1996). Chain
migration of neuronal precursors. Science271, 978-981.

LoTurco, J. J., Owens, D. F., Heath, M. J., Davis, M. B. and Kriegstein, A.
R. (1995). GABA and glutamate depolarize cortical progenitor cells and
inhibit DNA synthesis. Neuron15, 1287-1298.

Luskin, M. B. (1993). Restricted proliferation and migration of postnatally
generated neurons derived from the forebrain subventricular zone. Neuron
11, 173-189.

Luskin, M. B. (1998). Neuroblasts of the postnatal mammalian forebrain: their
phenotype and fate. J. Neurobiol.36, 221-233.

Marin, O., Anderson, S. A. and Rubenstein, J. L.(2000). Origin and
molecular specification of striatal interneurons. J. Neurosci.20, 6063-6076.

Metin, C., Denizot, J. P. and Ropert, N.(2000). Intermediate zone cells
express calcium-permeable AMPA receptors and establish close contact
with growing axons. J. Neurosci.20, 696-708.

Meyer, G., Soria, J. M., Martinez-Galan, J. R., Martin-Clemente, B. and
Fairen, A. (1998). Different origins and developmental histories of transient
neurons in the marginal zone of the fetal and neonatal rat cortex. J. Comp.
Neurol.397, 493-518.

O’Rourke, N. A., Dailey, M. E., Smith, S. J. and McConnell, S. K. (1992).
Diverse migratory pathways in the developing cerebral cortex. Science 258,
299-302.

O’Rourke, N. A., Sullivan, D. P., Kaznowski, C. E., Jacobs, A. A. and
McConnell, S. K. (1995). Tangential migration of neurons in the developing
cerebral cortex. Development 121, 2165-2176.

O’Rourke, N. A., Chenn, A. and McConnell, S. K. (1997). Postmitotic
neurons migrate tangentially in the cortical ventricular zone. Development
124, 997-1005.

Ogawa, M., Miyata, T., Nakajima, K., Yagyu, K., Seike, M., Ikenaka, K.,
Yamamoto, H. and Mikoshiba, K. (1995). The reeler gene-associated
antigen on Cajal-Retzius neurons is a crucial molecule for laminar
organization of cortical neurons. Neuron14, 899-912.

Olsson, M., Bjorklund, A. and Campbell, K. (1998). Early specification of
striatal projection neurons and interneuronal subtypes in the lateral and
medial ganglionic eminence. Neuroscience84, 867-876.

Olsson, M., Campbell, K. and Turnbull, D. H. (1997). Specification of
mouse telencephalic and mid-hindbrain progenitors following heterotopic
ultrasound-guided embryonic transplantation. Neuron19, 761-772.

Ouimet, C. C., Langley-Gullion, K. C. and Greengard, P. (1998).
Quantitative immunocytochemistry of DARPP-32-expressing neurons in the
rat caudatoputamen. Brain Res.808, 8-12.

Ouimet, C. C., Miller, P. E., Hemmings, H. C., Jr, Walaas, S. I. and
Greengard, P. (1984). DARPP-32, a dopamine- and adenosine 3′:5′-
monophosphate-regulated phosphoprotein enriched in dopamine-innervated
brain regions. III. Immunocytochemical localization. J. Neurosci.4, 111-
124.

Parnavelas, J. G.(2000). The origin and migration of cortical neurones: new
vistas. Trends Neurosci.23, 126-131.

Pleasure, S. J., Anderson, S., Hevner, R., Bagri, A., Marin, O., Lowenstein,
D. H. and Rubenstein, J. L.(2000). Cell migration from the ganglionic
eminences is required for the development of hippocampal GABAergic
interneurons. Neuron28, 727-740.

Poluch, S., Drian, M., Durand, M., Astier, C., Benyamin, Y. and Konig, N.
(2001). AMPA receptor activation leads to neurite retraction in tangentially
migrating neurons in the intermediate zone of the embryonic rat neocortex.
J. Neurosci. Res.63, 35-44.

Price, J. and Thurlow, L. (1988). Cell lineage in the rat cerebral cortex: a
study using retroviral-mediated gene transfer. Development104, 473-482.

Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K., Keleher,
J., Smiga, S. and Rubenstein, J. L.(2000). Pallial and subpallial
derivatives in the embryonic chick and mouse telencephalon, traced by the
expression of the genes Dlx-2, Emx-1, Nkx-2.1, Pax-6, and Tbr-1. J. Comp.
Neurol.424, 409-438.

Rakic, P. (1988). Specification of cerebral cortical areas. Science241, 170-
176.

Rakic, P. and Sidman, R. L.(1969). Telencephalic origin of pulvinar neurons
in the fetal human brain. Zeitschrift fur Anatomie und
Entwicklungsgeschichte129, 53-82.

Rubenstein, J. L., Shimamura, K., Martinez, S. and Puelles, L.(1998).
Regionalization of the prosencephalic neural plate. Annu. Rev. Neurosci.21,
445-477.

Shimamura, K., Hartigan, D. J., Martinez, S., Puelles, L. and Rubenstein,
J. L. (1995). Longitudinal organization of the anterior neural plate and
neural tube. Development121, 3923-3933.

Sidman, R. L. and Rakic, P. (1973). Neuronal migration, with special
reference to developing human brain: a review. Brain Res.62, 1-35.

Smart, I. H. M. and Sturrock, R. R. (1979). Ontogeny of the neostriatum.
In The Neostriatum(ed. I. Divak and R. G. E. Oberg), pp. 127-146. New
York: Pergamon.

Spreafico, R., Frassoni, C., Arcelli, P., Selvaggio, M. and De Biasi, S.
(1995). In situ labeling of apoptotic cell death in the cerebral cortex and
thalamus of rats during development. J. Comp. Neurol.363, 281-295.

Spreafico, R., Arcelli, P., Frassoni, C., Canetti, P., Giaccone, G., Rizzuti,
T., Mastrangelo, M. and Bentivoglio, M.(1999). Development of layer I
of the human cerebral cortex after midgestation: architectonic findings,
immunocytochemical identification of neurons and glia, and in situ labeling
of apoptotic cells. J. Comp. Neurol.410, 126-142.

Super, H., Soriano, E. and Uylings, H. B.(1998). The functions of the
preplate in development and evolution of the neocortex and hippocampus.
Brain Res. Rev.27, 40-64.

Sussel, L., Marin, O., Kimura, S. and Rubenstein, J. L.(1999). Loss of
Nkx2.1 homeobox gene function results in a ventral to dorsal molecular
respecification within the basal telencephalon: evidence for a transformation
of the pallidum into the striatum. Development126, 3359-3370.

Tamamaki, N., Fujimori, K. E. and Takauji, R. (1997). Origin and route of
tangentially migrating neurons in the developing neocortical intermediate
zone. J. Neurosci.17, 8313-8323.

Tan, S. S. and Breen, S.(1993). Radial mosaicism and tangential cell
dispersion both contribute to mouse neocortical development. Nature362,
638-640.

Tan, S. S., Kalloniatis, M., Sturm, K., Tam, P. P., Reese, B. E. and
Faulkner-Jones, B.(1998). Separate progenitors for radial and tangential
cell dispersion during development of the cerebral neocortex. Neuron21,
295-304.

The Boulder Committee (1970). Embryonic vertebrate central nervous
system: revised terminology. The Boulder Committee. Anat. Rec.166, 257-
261.

Toresson, H., Potter, S. S. and Campbell, K.(2000). Genetic control of
dorsal-ventral identity in the telencephalon: opposing roles for Pax6 and
Gsh2. Development127, 4361-4371.

Walsh, C. and Cepko, C. L.(1992). Widespread dispersion of neuronal
clones across functional regions of the cerebral cortex. Science255, 434-
440.

Walsh, C. A. and Goffinet, A. M.(2000). Potential mechanisms of mutations
that affect neuronal migration in man and mouse. Curr. Opin. Genet. Dev.
10, 270-274.

Wichterle, H., Garcia-Verdugo, J. M. and Alvarez-Buylla, A.(1997). Direct
evidence for homotypic, glia-independent neuronal migration. Neuron18,
779-7 91.

Wichterle, H., Garcia-Verdugo, J. M., Herrera, D. G. and Alvarez-Buylla,
A. (1999). Young neurons from medial ganglionic eminence disperse in
adult and embryonic brain. Nat. Neurosci.2, 461-466.

Yun, K., Potter, S. and Rubenstein, J. L.(2001). Gsh2 and Pax6 play
complementary roles in dorsoventral patterning of the mammalian
telencephalon. Development128, 193-205.

Zhu, Y., Li, H., Zhou, L., Wu, J. Y. and Rao, Y. (1999). Cellular and
molecular guidance of GABAergic neuronal migration from an extracortical
origin to the neocortex. Neuron23, 473-485.


