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The preoptic area (POa) of the rostral diencephalon supplies the
neocortex and the amygdala with GABAergic neurons in the devel-
oping mouse brain. However, the molecular mechanisms that deter-
mine the pathway and destinations of POa-derived neurons have
not yet been identified. Here we show that Chicken ovalbumin
upstream promoter transcription factor II (COUP-TFII)–induced ex-
pression of Neuropilin-2 (Nrp2) and its down-regulation control
the destination of POa-derived GABAergic neurons. Initially, a ma-
jority of the POa-derived migrating neurons express COUP-TFII and
form a caudal migratory stream toward the caudal subpallium.When
a subpopulation of cells steers toward the neocortex, they ex-
hibit decreased expression of COUP-TFII and Nrp2. The present
findings show that suppression of COUP-TFII/Nrp2 changed the des-
tination of the cells into the neocortex, whereas overexpression of
COUP-TFII/Nrp2 caused cells to end up in the medial part of the
amygdala. Taken together, these results reveal that COUP-TFII/Nrp2
is a molecular switch determining the pathway and destination of
migrating GABAergic neurons born in the POa.

preoptic area | COUP-TFII/Neuropilin-2 | caudal migratory stream | cortex |
amygdala

Neuronal migration is the fundamental process that deter-
mines the final allocation of neurons in the nervous system.

During cerebral cortical development, most GABAergic inhibitory
neurons are generated in the medial ganglionic eminence (MGE)
and the caudal ganglionic eminence (CGE) of the ventral telen-
cephalon, from where they migrate tangentially into the dorsal
telencephalon (1). Several independent reports indicate that de-
fects in the migration of GABAergic neurons are involved in brain
malformations and psychiatric disorders (1).
The ventral telencephalon is characterized by distinct expres-

sion patterns of transcription factors, including NK2 homeobox
1 (NKx2.1) in the MGE (2) and Chicken ovalbumin upstream
promoter transcription factor II (COUP-TFII) in the CGE (3).
Such segregation of transcription factor expression is relevant to
the separate migratory profiles of the cortical GABAergic neurons
derived from each region (4). Although MGE-derived cells
express LIM homeobox protein 6 (Lhx6), a downstream target
of Nkx2.1, and uniformly migrate toward the entire neocortex
(5–7), most CGE-derived cells express COUP-TFII and migrate
caudally to the neocortex (3, 7). Thus, the migratory profiles of the
cortical GABAergic neurons born at each subregion of the gangli-
onic eminence (GE) differ from each other, however the mo-
lecular mechanism of the migration profiles, especially the caudal
migration of cortical GABAergic neurons, remains to be elucidated.
The GE is the main source of cortical GABAergic neurons, and

there is increasing evidence showing that GABAergic neurons are
also derived from regions outside the ventral telencephalon. Recent

studies using Nkx5.1-Cre and Dbx1-Cremice show the preoptic area
(POa) as a new source of cortical GABAergic neurons containing
an Lhx6-expressing population (8, 9). Other investigators report
that the POa supplies GABAergic neurons to the medial nucleus of
amygdala, in a study using Dbx1-Cre knock-in mice (10). The
neurons migrate caudally to the amygdala via the ventral GE.
However, the profile of the migration of POa-derived cortical
GABAergic neurons remains largely unknown.
Although Lhx6 and COUP-TFII expression are mutually ex-

clusive in the dorsal part of the GE in that they determine the
MGE and CGE properties, respectively, their expression profiles
in the ventral region of the GE are not clearly segregated from
each other. Previous studies showed that in addition to MGE,
there is a large Lhx6-expressing domain covering the caudal tel-
encephalon (11). This distinct Lhx6 expression converges into the
ventro-caudal edge of the MGE, a region termed the anterior
peduncular area (AEP) (11, 12), which partially overlaps with the
COUP-TFII–positive region. Although our previous study dem-
onstrated that AEP-derived cells migrate caudally (3), the origin of
this Lhx6-positive cell population and the physiological significance
of the dual expression of Lhx6 and COUP-TFII remains unknown.
In this study, we examined COUP-TFII and Lhx6 expression in

the migrating neurons of the AEP and found that the Lhx6 and
COUP-TFII double-expressing cells originated from the POa and
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that these GABAergic neurons migrated through the AEP to the
amygdala and the cortex. We also found that COUP-TFII expres-
sion in the POa-derived neurons varied both spatially and tempo-
rally and that the dynamic expression profiles of COUP-TFII, and
its downstream molecule Neuropilin-2 (Nrp2), were crucial for the
appropriate selection of two major migratory routes toward the
amygdala or the neocortex. Thus, these results demonstrate a novel
molecular mechanism for correctly sorting GABAergic neurons in
the developing brain.

Results
The COUP-TFII–Expressing Stream of Migrating Cells and the POa Share
Molecular Properties with Both the MGE and the CGE. Because the
molecular mechanisms underlying the migration of the cell pop-
ulation through/from the AEP are poorly understood, we per-
formed immunohistochemistry using antibodies specific for Lhx6
and COUP-TFII in mice at embryonic day 13.5 (E13.5) and found
that AEP partially overlaps with the previously reported COUP-
TFII–expressing region (3) (Fig. 1A). A large number of Lhx6-
expressing cells formed a migratory stream from the AEP toward
the caudal cortex (Fig. 1A, arrow). Quantifying the number of
caudally migrating Lhx6-positive cells in the AEP revealed that
94.2 ± 1.1% cells (n = 395) from five brains (n = 5) were coex-
pressing COUP-TFII (Fig. 1D). The temporal and spatial ex-
pression of COUP-TFII was then studied. In caudally migrating
Lhx6-positive cells, the expression of COUP-TFII gradually de-
creased as the cells reached the CGE (77.1 ± 2.1%, n = 1,018
cells, five brains) and the cortex (39.7 ± 2.9%, n = 410 cells, five
brains) (Fig. 1 C and D).
To examine the origin of the Lhx6/COUP-TFII double-positive

cells, we performed immunostaining for Nkx2.1, a transcription
factor regulating the generation of Lhx6-expressing GABAergic
neurons (2, 6, 13, 14). The expression of Nkx2.1 and COUP-TFII
overlapped in the ventricular zone of the POa at E13.5 (Fig. 1E)
but not in the GE (Fig. S1 A and B). Nkx2.1 expression in the AEP
was weak and not uniform, suggesting that the AEP contributes
very little, if at all, to the Lhx6/COUP-TFII–positive population
(Fig. S1A).
To study the expression of COUP-TFII and Nkx2.1 in the POa,

we then carried out whole mount in situ hybridization at E13.5
using FANTOM clones (15). The POa and its subdomains [the
dorsal POa (POa1) and ventro-caudal POa (POa2)] were char-
acterized by expression of Shh (POa1 and 2), Er81 (POa1), and
Dbx1 (POa2), respectively (Fig. 1F and Fig. S2), as previously
shown (16). COUP-TFII was detected in the ventro-caudal side of
the POa (POa2), a domain in whichNkx2.1 was also detected (Fig.
1F). Most cells in the POa expressed both COUP-TFII and Lhx6
(Fig. S1C), suggesting that the POa and the caudally migrating
cells in the AEP share molecular properties with both the MGE
and the CGE cells.

POa-Derived Cells Show a Novel Two-Step Migratory Profile. To ex-
amine whether the POa2 is the origin of the caudally migrating
cells observed in the AEP, focal electroporation was applied on a
whole mount hemisphere culture system (7) (Fig. 2 A and B). A
CAG-tdTomato vector was electroporated into the POa2 at
E13.5 with Fast Green or fluorescein isothiocyanate (FITC)-
oligonucleotide DNA as a fluorescent marker (Fig. 2A). After 48 h,
virtually all of the POa2-derived cells (97.1 ± 1.4%, n = 148
and n = 5) had migrated into the AEP (Fig. 2C), where they
formed a bundle-like stream (Fig. 2B, arrow). The migratory
profile of the dorsal POa (POa1) cells tended to migrate caudally
and were scattered in the MGE and the CGE (Fig. S3). Most
POa1-derived cells did not form a bundle-like stream, suggesting
that the POa2 is the major source of the caudally migrating cell
population in the AEP.
Examining whether caudally migrating cells in the AEP and

CGE at E13.5 derive from the POa in vivo, performing in utero

electroporation at E11.5 and fixation at 13.5 revealed a narrow
migratory stream from the POa (Fig. 2D). In utero labeling of the
supraoptic paraventricular region (SPV), which is adjacent to the
POa, failed to detect the caudal migratory stream (CMS) (Fig. 2D).
After removing the thalamus and the medial cortex, where the
narrow stream was not observed, from the electroporated hemi-
spheres, a larger fraction of labeled cells was found to migrate to
the ventral CGE, anatomically corresponding to the medial
amygdala, and the caudal cortex (Fig. 2E). The shape of the POa-
derived stream was narrow until it reached the middle of the CGE
and widened in the caudal cortex. Coronal sections taken at E13.5
(Fig. 2G) revealed that most of the migrating POa-derived cells
initially formed a bundle-like stream in the AEP and then migrated
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Fig. 1. A population of the caudally migrating cells and the POa share mo-
lecular properties with the MGE and the CGE. (A) Immunohistochemical
staining for COUP-TFII (green) and Lhx6 (magenta) in an E13.5 horizontal
section. Multiple images were tiled and combined to show the whole brain
slice. Lhx6-expressing cells form two migratory streams from the MGE
(arrowhead) and the AEP (arrow). (B) Schematic diagram of the two migratory
pathways. (C) Magnified views of the COUP-TFII/Lhx6–positive stream in the
AEP, CGE, and caudal cortex at E13.5. (D) Quantification of the proportion of
Lhx6-expressing cells that also express COUP-TFII. (E) Immunohistochemical
staining for COUP-TFII (green) and Nkx2.1 (magenta) in an E13.5 coronal sec-
tion, including the POa. Multiple images were tiled and combined to show the
whole brain slice. High-magnification views show that COUP-TFII and Nkx2.1
are coexpressed in the ventricular zone of the POa. (F) Whole mount in situ
hybridization of COUP-TFII and Nkx2.1 in the E13.5 hemisphere. COUP-TFII and
Nkx2.1 are coexpressed in the POa2. (G) Schematic diagram of the expression
of COUP-TFII, Nkx2.1, and Lhx6 in the POa and the AEP. Ctx, cortex; LGE, lateral
ganglionic eminence; Sep, septum; SPV, supraoptic paraventricular region; TH,
thalamus. [Scale bars, (A and F) 500 μm, (E) 100 μm, and (C) 50 μm.]
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to the ventral CGE. Thereafter, they gradually spread within the
CGE and the ventro-caudal cortex and migrated into the dorsal
cortex. The first part of this two-step migratory profile, in which the
POa-derived cells caudally migrated through the AEP and the
ventral CGE, should be included in the CMS, as previously
reported for the CGE cells (3, 7). Because the AEP and the CGE
are located caudally to the POa, direct labeling of the CGE cells in
our previous study must have also visualized the POa-derived
caudally migrating cells in the CGE. Therefore, the CMS contains
POa-derived cells migrating through the ventral CGE (Fig. 2H), in
addition to the cells born in the CGE. The two-step migration from
the POa is distinct from the single tangential migratory profile in
the ventral telencephalon. These results support our hypothesis
that the POa domain within the diencephalon provides the most
significant source of caudally migrating cells forming the CMS.

The CMS Consists of POa-Derived GABAergic Neurons with Dynamic
COUP-TFII Expression. To further examine the molecular properties
of caudally migrating cells from the POa, cultured hemispheres
electroporated into the POa2 were horizontally sectioned and
immunostained for COUP-TFII and Lhx6 (Fig. 3A). Quantifica-
tion showed that 82.3 ± 2.8% (n = 280 and n = 6) of the POa2-
derived cells migrating in the stream bundle also expressed high
levels of COUP-TFII (Fig. 3B). Immunohistochemical analysis

showed that only 37.4 ± 9.4% (n = 97 and n = 5) of the POa1-
derived cells expressed COUP-TFII (Fig. S3D), supporting the
hypothesis that the POa2 region is the major source of COUP-
TFII–positive migrating cells in the CMS.
The temporal and spatial expression of COUP-TFII in the

CMS was then studied in vivo using the electroporated brain at
E11.5. In the horizontal section at E13.5, POa-derived cells formed
the caudally migrating stream identical with the one from the AEP
observed as a Lhx6-positive stream (Figs. 1 A and B and 3 C andD).
In caudally migrating Lhx6-positive cells, the expression of
COUP-TFII gradually decreased as the cells reached the cortex
(Fig. 1 C and D). The same tendency of the COUP-TFII ex-
pression levels to decline was observed in E13.5 POa-derived
cells electroporated at E11.5 (Fig. 3 E and F), further supporting
the hypothesis that the POa is a source of the CMS.
To examine whether caudally migrating POa-derived cells were

differentiating into GABAergic neurons, we used GAD67-GFP
mice (Fig. 3G) (17). Electroporation into the POa of GAD67-
GFP mice with mCherry at E11.5 showed that the majority of cells
migrating in the CGE and the caudal cortex represent GABAergic
neurons (CGE, 95.7 ± 2.5%, n = 239 and n = 3; caudal cortex,
97.9 ± 2.1%, n = 67 and n = 3) (Fig. 3H). These results suggest
that the CMS is a stream of GABAergic neurons dynamically
changing expression of COUP-TFII.
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A Dynamic Expression of COUP-TFII Regulates Both the Caudal Migration
and the Distribution of POa-Derived Cells in the Cortex. To examine
COUP-TFII expression at the later developmental stages, we
performed immunohistochemistry for COUP-TFII and Lhx6
using E15.5 brains that had been electroporated at E11.5 (Fig. 4

A and B). Similar to E13.5, the majority of electroporated cells
(72.4 ± 4.6%, n = 338 and n = 5) in the ventral CGE expressed
COUP-TFII at E15.5 (Fig. 4 B and C). Interestingly, only a few of
the electroporated cells (4.1 ± 1.0%, n = 208 and n = 8) that had
reached the dorsal cortex expressed COUP-TFII (Fig. 4 B–D). By
contrast, approximately half (48.5 ± 3.6%, n = 208 and n = 8) of
the POa-derived cells in the dorsal cortex expressed Lhx6 (Fig. 4 B
and C). These results suggest that COUP-TFII is down-regulated
in POa-derived cells before they enter the dorsal cortex.
In utero electroporation overexpressing COUP-TFII at E11.5

was then used to investigate the migratory profile of POa-derived
cells at E15.5 (Fig. 4E) and E13.5 (Fig. 5). In control embryos
at E15.5, a large number of POa-derived cells was observed in
the dorsal cortex and was distributed diffusely throughout the
entire cortex (Fig. 4E). By contrast, E15.5 embryos (n = 4) with
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mice electroporated in the POa at E11.5. All migrating POa-derived cells express
GFP (arrowheads in magnified boxed area). (H) Quantification analysis shows
that the majority of POa-derived cells are GABAergic neurons (CGE, 95.7 ±
2.5%, n = 239 cells; caudal cortex, 97.9 ± 2.1%, n = 67 cells, three brains). Ctx,
cortex. [Scale bars, (A) 25 μm, (C) 250 μm, (E) 25 μm, and (G) 100 μm.]
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utero electroporation of COUP-TFII overexpression in the POa at E11.5
and observed at E15.5. Medial views of the control (Upper) and COUP-TFII–
overexpressing (Bottom) E15.5 hemisphere electroporated at E11.5. Bright-field
(whole hemisphere) and fluorescence micrographs (whole hemisphere and
zoom) are shown. POa-derived cells in the control are distributed within the
entire cortex, whereas when COUP-TFII is OE, POa-derived cells accumulate
around the medial amygdala and the caudal end of the hemisphere (arrow),
and no cells are observed in the dorsal cortex (n = 4). Ctx, cortex; MeA, medial
amygdala. [Scale bars, (A) 500 μm, (B) 30 μm, and (E) 500 μm.]
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overexpressed (OE) COUP-TFII showed an accumulation of POa-
derived cells in the medial amygdala and the caudal end of the
cortex (Fig. 4E, arrow), whereas no cells had entered the dorsal
cortex (Fig. 4E, Cortex zoom). When brains were analyzed at E13.5,
a majority of the POa-derived cells overexpressing COUP-TFII
had accumulated in the medial amygdala and the caudal end of the
cortex (Fig. 5 A and B, COUP-TFII OE). COUP-TFII overex-
pression was confirmed as not affecting neuronal cell fate by im-
munostaining for a neuronal marker, doublecortin (DCX), and
glial cell markers, glial fibrillary acidic protein (GFAP) and
alpha-type platelet-derived growth factor receptor (PDGFRα)
(Fig. S4). These results demonstrate that a lower expression
level of COUP-TFII is required for the POa-derived cells to
enter the dorsal cortex.
POa-derived cells overexpressing COUP-TFII in coronal sections

taken at E13.5 showed a dramatically decreased scattered migration
to the dorsal cortex and accumulation of cells in the CMS to a

narrow bundle (Fig. 5B and Fig. 2G as the control). Quantitative
analysis revealed that the percentage of cells in sector 1, which is
the caudal region of the hemisphere, was significantly higher when
overexpressing COUP-TFII (88.5 ± 6.4%, n = 173 and n = 6)
compared with the control (62.5 ± 7.1%, n = 696 and n = 7) (Figs.
2 F and H and 5 C and D).
To knock down COUP-TFII in the POa-derived cells, a pre-

viously published target sequence for COUP-TFII was used (18).
The knockdown efficiency was verified in Neuro2a cells (Fig. S5)
and in flow cytometry-sorted CMS cells (Fig. 6 E and F). Cells in
which COUP-TFII was depleted were distributed more rostrally
in the cortex than those transfected with a scrambled control
shRNA vector (Fig. 5, COUP-TFII KD). Coronal sections revealed
more detached cells from the CMS, following COUP-TFII
knockdown, compared with the control (Fig. 5B, arrows).
Quantification showed a significant increase in the percentage of
cells in sector 3, which is the rostral region of the hemisphere, when
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COUP-TFII was knocked down (14.4 ± 2.5%, n = 2,161 and n =
10), compared with the control (7.3 ± 1.5%, n = 1,707 and n = 6)
(Fig. 5 C andD). Collectively, these results suggest that COUP-TFII
regulates the caudal migration along the CMS and inhibits the
detachment of cells from the CMS and their subsequent migra-
tion into the dorsal cortex.

Nrp2 Is Preferentially Expressed in the CMS and Functions as a
Downstream Target of COUP-TFII. Our previous study shows that
COUP-TFII overexpression induces the CMS in MGE cells and
that COUP-TFII knockdown inhibits the CMS in CGE cells (3).
This COUP-TFII function in the GE is analogous to that of the
POa-derived cells, suggesting the possibility of a common molecular
target(s) of COUP-TFII, which may be involved in CMS induction
in the GE cells and the POa. Thus, to search for downstream target(s)
of COUP-TFII that may be regulating the direction of the
caudal migration from the POa to the dorsal cortex, we compared
the transcriptome of MGE cells overexpressing COUP-TFII with
that of CGE cells depleted of COUP-TFII. The screening of
molecules that were up-regulated in the CMS-induced cells, and
down-regulated in the CMS-inhibited cells, revealed Nrp2 as a
candidate. Interestingly, analysis of the heterozygous Nrp2-Δ
mouse brain (+/−), in which tauGFP was knocked in into the
Nrp2 locus (19), revealed that the pattern of Nrp2 expression was
similar to that of COUP-TFII (Fig. 6). Nrp2 was strongly expressed
in the AEP and the CGE, with its caudally migrating COUP-TFII–
expressing cells, and more weakly expressed in the caudal cortex
(Fig. 6 A and B). Sema3F is a ligand for Nrp2 and works as a re-
pulsive cue to cortical interneurons (20). In situ hybridization on
E13.5 horizontal sections demonstrated a strong expression of
Sema3F in the striatum, as previously reported (20, 21), and a faint
expression along the route of the CMS (Fig. 6C). Intriguingly,
Sema3F was markedly higher in the striatum than in the AEP (Fig.
6C, AEP zoom) and suggests that Sema3F acts as a beacon for
POa-derived cells (Fig. 6D).
It is well established that in lymphatic vessels, COUP-TFII

binds the promoter region of Nrp2 via SP1 and induces Nrp2
expression (22). The same regulation process of the Nrp2 ex-
pression by COUP-TFII has recently been reported in the de-
veloping murine forebrain at E12.5 (23). To investigate whether
Nrp2 expression is also regulated by COUP-TFII in the CMS, real-
time PCR on fluorescence-activated cell sorted (FACS) POa-
derived cells was performed. Knocking down of COUP-TFII
significantly reduced Nrp2 mRNA expression to 55.5 ± 9.3%
(shRNA-control, n = 4; COUP-TFII shRNA, n= 6) (Fig. 6 E and F).
These results indicate that COUP-TFII regulates Nrp2 expression
in the CMS.
To examine the specific role of Nrp2 in regulating the mi-

gration of POa-derived cells, Nrp2 was OE or knocked down at
E11.5. The efficiency of the Nrp2 knockdown was confirmed
in Neuro2a cells (Fig. S5). Overexpression or knocking down
of Nrp2 had similar effects on the migration profile as over-
expressing or knocking down COUP-TFII, respectively (Fig. 5A,
COUP-TFII OE and COUP-TFII KD and Fig. 7A, Nrp2 OE and
Nrp2 KD). When Nrp2 was OE, cells were distributed in the
narrow stream of the CMS and the medial amygdala (Fig. 7 A–C,
Nrp2 OE), whereas depletion caused cells to migrate more
rostrally and diffusely in the cortex (Fig. 7 A–C, Nrp2 KD).
Thus, detachment of cells from the CMS and migration into the
dorsal cortex was promoted and inhibited by Nrp2 knock-
down and overexpression, respectively, similar to the ob-
served effects of COUP-TFII knockdown and overexpression
(Fig. S6). Interestingly, overexpressing Nrp2 significantly rescued
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the abnormal migration into the rostral cortex of cells in which
COUP-TFII was knocked down (n = 938 and n = 6) (Fig. 7). The
knockdown effects of COUP-TFII or Nrp2 were significantly
rescued by coexpression of the shRNA-resistant mutant of COUP-
TFII or Nrp2 (Fig. S7).
Finally, we analyzed whether the expression level of COUP-

TFII or Nrp2 affected the distribution of POa-derived cells in the
medial amygdala on coronal sections. Because no specific marker
for the medial amygdala at E13.5 exists, we used Lhx6 as the
reference, because Lhx6 was reported as a regional marker for the
dorsal part of the adult medial amygdala (24, 25). As expected
from the medial view of the transfected hemispheres, we found
that more POa-derived cells populated the medial amygdala when
COUP-TFII (n = 128 and n = 6) or Nrp2 (n = 184 and n = 6) was
OE, compared with the control (n = 272 and n = 6) (Fig. S8). In
contrast, when COUP-TFII (n = 275 and n = 6) or Nrp2 (n = 416
and n = 6) was knocked down, fewer cells were detected in the
medial amygdala, compared with the control (n = 383 and n = 6)
(Fig. S8).
Taken together, these results demonstrate that a precise regu-

lation of the levels of COUP-TFII and Nrp2 controls the migra-
tory profile of POa-derived GABAergic neurons.

Discussion
GABAergic neurons born in the forebrain migrate long distances
to populate different areas of the brain, including the neocortex,
the striatum, and the amygdala (26). To reach all these distant
destinations, migrating neurons need to navigate through the
different structures of the brain (27, 28). This study demonstrates
a unique migratory profile of POa-derived GABAergic neurons
and that dynamic COUP-TFII and Nrp2 expression functions as
a molecular switch directing the cells toward either the amygdala
or the neocortex in the developing mouse brain. Previously, our
group reported a caudal migration profile of the CGE cells reg-
ulated by COUP-TFII and named it the CMS (7). The current
study shows that the CMS contains POa-derived cells that migrate
through the ventral CGE. Although it remains unclear to what
extent each population contributes to the CMS, our results in-
dicate that the CMS is a large migratory stream covering the di-
encephalon and the telencephalon and includes both POa-derived
and CGE-derived cells.

The Migratory Profile of POa-Derived Neurons. The migration of the
POa-derived cells is poorly understood, although recently this
population has been revealed to be the source of GABAergic
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neurons in the neocortex and the amygdala (8–10). The present
findings show that the POa-derived cells that were migrating to
the neocortex and the amygdala initially shared the migratory
stream and then took separate paths controlled by the dynamic
expression of COUP-TFII and Nrp2. A previous study by Soma
et al. shows a sharp, bundle-like migratory stream from the third
ventricle; however, it was reported without characterizing the
origin of this stream (29). Our present findings, which are based
on focal electroporation into specific regions of the hypothala-
mus, demonstrate that the bundle-like migratory stream origi-
nates mainly from the POa2 domain. This profile of migration
appears different from the well-characterized tangential mi-
gration of MGE-derived cortical interneurons. Rather, this
migration profile is yet another example of atypical tangential
migration such as the rostral migratory stream (30) and the
interneuron migration from ventral telencephalon to the thal-
amus in human (31). These results were confirmed by in utero
electroporation, which revealed a clearly delineated migratory
stream from the POa. The findings of the present study suggest
that the CMS in the AEP originates predominantly from
the POa domain and not from other hypothalamic regions of
the diencephalon.
Using Dbx1-Cre mice, Hirata et al. demonstrate that amygdala

GABAergic neurons derived from the POa form a migratory
stream called the POa amygdala migratory stream (10). The re-
sults presented here demonstrate the presence of a POa-derived
CMS that supplies GABAergic neurons to the caudal telenceph-
alon, including at least the medial amygdala and neocortex. Thus,
it is likely that the POa-derived CMS includes the POa amygdala
migratory stream. In another study using Dbx1-Cre mice, Dbx1-
expressing cells were found in the intermediate zone of the caudal
cortex (32). These observations are consistent with the results
presented here. Gelman et al. reported that one-third of the cells
from the Dbx1-expressing domain (POa2) express Lhx6 (9). Our
results demonstrate that 48.5% of the POa-derived cells that
reached the dorsal cortex expressed Lhx6. This finding verifies
previous studies and supports the possibility that POa2 is the
principal source of the CMS in the AEP.
In this study, we extensively analyzed brains at E13.5 because

detailed expression analysis data exist at this stage (16), and we
found the CMS at E13.5. Hirata et al. analyzed birthdates of
migrating neurons from the POa to the amygdala and found
that POa-derived cells labeled by tamoxifen injection from E9.5
to E11.5 populated the medial amygdala in Dbx-1 CreERT2

mice with a peak at E10.5 and E11.5 (10). Our data showed that
electroporation at E12.5 to the POa also gave rise to the CMS
from the POa (Fig. S9). Thus, the POa-derived migrating cells
in the CMS are likely to be generated over several days during
development, including E13.5.

COUP-TFII Expression in the POa and in POa-Derived GABAergic
Neurons. The present study demonstrates that the dynamic ex-
pression of COUP-TFII functioned as a molecular switch for the
POa-derived GABAergic neurons to change their migratory di-
rection from caudal to dorsal. Although most POa-derived cells
expressed COUP-TFII at E13.5, the results presented here suggest
that almost none of the POa-derived neurons that had migrated to
the dorsal cortex expressed COUP-TFII at E15.5. POa-derived
cells in the caudal cortex expressed COUP-TFII at E13.5; there-
fore, we postulate that COUP-TFII is down-regulated by E15.5.
However, it is also possible that a few POa-derived cells that do
not express COUP-TFII are somehow able to migrate to the
dorsal cortex. The present study indicates that COUP-TFII caused
and/or maintained the caudal migration of POa-derived cells. In
support of this hypothesis, a recent study demonstrated hypoplasia
or complete loss of the medial amygdala in COUP-TFII condi-
tional knockout mice (23), suggesting that COUP-TFII expression
is necessary for caudal migration of POa-derived GABAergic

neurons in the formation of the medial amygdala. By contrast,
cortical GABAergic neurons derived from the COUP-TFII–
expressing domain were reported to remain unaltered in COUP-
TFII conditional knockout (RxCre;COUP-TFF/F) mice (23).
However, given the results that (i) COUP-TFII expression in this
conditional knockout mouse was weakly observed at E12.5 in the
ventral telencephalon (23) and (ii) COUP-TFII expression was
down-regulated in the POa-derived cortical GABAergic neurons,
weak expression of COUP-TFII in POa-derived cells at early
stages might be sufficient for their ultimate distribution in the
cortex. Further studies are required to draw a final conclusion
about the requirement of COUP-TFII for the migration of
cortical interneurons.
In human GE, COUP-TFII is expressed in a gradient manner

with a small increase in the CGE at gestational week 15 (33, 34).
In the human cortex, it is shown that the COUP-TFII expression
is abundant in the caudal cortex and moderate in the rostral
cortex at gestational weeks 15–22 (33), which are reminiscent of
the expression patterns in the mouse cortex at E13.5 shown in
this study. Unfortunately, the COUP-TFII expression in the POa
has not yet been examined in the developing human brain;
however, a large population in the caudal MGE has been
reported to coexpress COUP-TFII and Nkx2.1 (34), similar to
the POa2 in the mouse brain shown in the present study. Indeed,
it would be worth investigating whether the CMS is present in
the developing human brain using double immunohistochemistry
for COUP-TFII and Lhx6.
In our analysis, Nrp2-Δ mouse brain (−/−) failed to show sig-

nificant aberrant migration, as assessed by GFP and calbindin
immunohistochemistry at E13.5 (Fig. S10). However, it has been
reported recently that Nrp1 expression is also directly regulated
by COUP-TFII (23). We confirmed that Nrp1 has a similar
function with that of Nrp2 in inhibiting the detachment of the
POa-derived cells from the CMS and their accumulation in the
amygdala (Fig. S11). This functional and expression compensa-
tion of Nrp1 could explain why the Nrp2-Δ mouse brain (−/−) did
not show obvious disruption of the CMS.
Our finding that COUP-TFII expression in the POa-derived

cells is sustained in the CGE and the medial amygdala, but not in
the dorsal cortex, raises the possibility that the expression dy-
namics of COUP-TFII and Nrp2 are related to the final desti-
nation of the POa-derived cells. Because the amygdala is highly
related to autism spectrum disorders in humans (35) and the
human NRP2 gene is associated with the clinical expression of
autism in Chinese populations (36), the present study may pro-
vide a plausible link between Nrp2 and the development of the
amygdala. Because COUP-TFII expression was also observed in
other areas of the amygdala nucleus—for example, the baso-
lateral complex, which was severely affected in COUP-TFII KO
mice—the COUP-TFII/Nrp2 pathway may also regulate the cau-
dal migration of neurons destined for other amygdala regions.
Further studies of the formation of the CMS will contribute to our
understanding of the development of the amygdala and the ce-
rebral cortex, and their possible relation to autism.

Materials and Methods
Animals. Pregnant ICR (Institute of Cancer Research) mice were purchased from
Japan SLC, Inc. All animal experiments in Japan were performed under the
control of the Keio University Institutional Animal Care and Use Committee in
accordance with Institutional Guidelines on Animal Experimentation at Keio
University. In Sweden, ethical approval was granted by the Stockholm’s
Ethical Committee North (D.no N486/12). The day on which a vaginal plug was
detected was recorded as E0.5. For the analysis of Nrp2 expression and mi-
gration analysis, we used heterozygous (+/−) and homozygous (−/−) Nrp2-Δ
mice generated by crossing ubiquitous Cre-expressing mice with mice with
an NP2-flox-neo mutant allele, including tauGFP, from the Jackson Labo-
ratory (19) (STOCK Nrp2tm1.1Mom/MomJ, 006697).
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Plasmid Vectors. CAG–COUP-TFII derived from a FANTOM (functional anno-
tation of mammalian genome) cDNA clone (clone ID B230309B05) was used as
described previously (3, 15, 37). Nrp1 and Nrp2 cDNA was cloned into a CAG-
GS vector (37) to generate the CAG-Nrp2 expression vector. tdTomato
cDNA was isolated from the ptdTomato cDNA plasmid (Clontech, cat. no.
632531) and inserted into the pCAG-MCS2 plasmid to generate the CAG-
tdTomato (38) expression vector. The shRNA-resistant expression vectors for
COUP-TFII and Nrp2 (CAG–COUP-TFII resistant, CAG-Nrp2 resistant) were gener-
ated by a standard mutagenesis PCR method. The target sequences of shRNA-
COUP-TFII and shRNA-Nrp2 and the sequence of shRNA-resistant COUP-TFII and
Nrp2 are described in Fig. S5. The target sequence of COUP-TFII is identical to the
sequence used in previous studies (18). A FITC-labeled oligonucleotide (oligo; 5′-
FITC-TACGTACGTACGTA-3′) was used as a marker for the site of electro-
poration as described previously (7).

Focal Electroporation into the Telencephalic Hemisphere. Focal electroporation
and hemisphere culture were performed as reported previously (3, 7). Briefly,
telencephalic hemispheres from E13.5 ICR mouse embryos were dissected and
placed in PBS. The tdTomato expression vector containing a CAG promoter
(37) was injected into each region of the POa1 and POa2. To monitor the in-
jection site, a Fast Green solution (0.1%; Sigma Aldrich) was added to the
plasmid solution at a ratio of 1:10, as reported previously (39). Approxi-
mately 0.1 μL of the plasmid solution (5 μg/μL) was injected into the POa
with a glass micropipette. The telencephalic hemispheres were placed be-
tween a platinum plate electrode and a tungsten needle electrode. Electronic
pulses (100 V, 5 ms) were discharged four times at 5 ms apart with an elec-
troporator (CUY21E; NepaGene), and this series of four electroporations
was repeated three times for each hemisphere.

Whole Telencephalic Hemisphere Culture. Electroporated E13.5 telencephalic
hemispheres were cultured for 48 h as previously described (3). Brains were
rotated in 2 mL DMEM nutrient mixture/Ham’s F-12 (Sigma) containing the N-2
supplement (Invitrogen) under a continuous gas flow (95% O2 and 5% CO2 at
37 °C). Images of the whole mount telencephalic hemispheres were acquired
with a cooled color CCD camera (VB-7010; KEYENSE).

In Situ Hybridization. Whole mount and section in situ hybridization were per-
formed as reported previously (3, 40). Digoxigenin (DIG)-labeled antisense RNA
probes were synthesized with DIG-UTPs (Roche Diagnostics), using PCR products
that had been amplified from the FANTOM clones (40, 41). The FANTOM cDNA
clones were established by the Genome Exploration Research Group, RIKEN
Genomics Science Center, using full-length technologies described elsewhere
(15), and the clones were replicated and provided by K.K. Dnaform (Kanagawa,
Japan). The clones used for in situ hybridization were as follows: COUP-TFII,
B230309B05; Nkx2.1, 8430401I11; Er81, 9630017N10; Dbx1, 6230409C10; and
Shh, 5730522J07. The Sema 3F probe was transcribed from a Sema3F cDNA
fragment used in the previous work by Ito et al. (21).

Immunohistochemistry. Immunohistochemical analyses were performed as
described previously (7, 39). The primary antibodies were anti–COUP-TFII
(mouse monoclonal, 1:100; PP-H7147-00, Perseus Proteomics Inc.), anti-Lhx6
[rabbit polyclonal, a gift from V. Pachnis, Medical Research Council National In-
stitute for Medical Research, London, or rabbit polyclonal (H-75), 1:50, sc-98607,
Santa Cruz Biotechnology], anti-DCX (rabbit polyclonal, 1:500, ab18723, Abcam),
anti-GFAP (rabbit polyclonal, 1:1,000, Z0334, Dako), anti-PDGFRα [rabbit poly-
clonal (C-20), 1:100, sc-338, Santa Cruz Biotechnology], anti-calbindin D28k (rabbit
polyclonal, 1:1,000, CB-38a, Swant), and anti-GFP (chicken polyclonal, 1:1,000,
ab13970, Abcam). Embryonic mice brains were dissected out in ice-cold Dulbecco’s
PBS and fixed in 0.1 M sodium phosphate buffer, pH 7.4, containing 4% (wt/vol)
paraformaldehyde overnight. For immunostaining, horizontal sections (14 μm
thick) were prepared with a cryostat (CM1900, CM3050S; Leica Microsytems) and
incubated overnight with the primary antibodies. After washing, the sections
were incubated with the appropriate species-specific secondary antibodies, as
follows: donkey DyLight 488-, 549-, or 649-conjugated anti-mouse IgG, anti-rabbit
IgG, or anti-chicken IgY (Jackson ImmunoResearch Laboratories). Images were
acquired with a confocal microscope (FV300, FV1000; Olympus) and analyzed
using Photoshop CS5 software (Adobe).

Targeted in Utero Electroporation into the POa. The method of targeted in
utero electroporation has been described previously (39, 42). Briefly, CAG-
tdTomato alone (2.5 μg/μL) or CAG-tdTomato (5.0 μg/μL) mixed with CAG–
COUP-TFII (5.0 μg/μL), shRNA–COUP-TFII (5.0 μg/μL), or shRNA-Nrp2 (5.0 μg/μL)
at a ratio of 1:1 was used. Plasmids in a solution of 0.01% Fast Green were
injected into the third ventricle around the POa, and electronic pulses (35 V,
50 ms, five times at E11.5; 40 V, 50 ms, five times at E12.5) were applied

using an electroporator (CUY21; Nepa Gene), with a forceps-type electrode
(CUY650P3). For rescue experiments, the Nrp2 expression vector (0.5 μg/μL) was
added (the ratio of CAG-tdTomato:shRNA vector:CAG-expression vector was
4:5:1). Embryos were allowed to live within the uterine horn until the desired
time of observation. The success rate of specifically labeling to the POa was
approximately one embryo per two pregnant mice. Great care was paid for
selecting the brains only labeled in the POa, not the GE area including the AEP.
Images of the whole mount telencephalic hemispheres were acquired with a
cooled color CCD camera (VB-7010; KEYENSE).

Verification of shRNA Efficiencies. To confirm the knockdown efficiency,
shRNA–COUP-TFII or shRNA-Nrp2 vectors were cotransfected with the COUP-
TFII or HA-tagged Nrp2 expression vectors, which contain the CAG promoter,
into the Neuro2a cell line using the GeneJuice Transfection reagent (EMD
Millipore). To validate the expression of the shRNA-resistant COUP-TFII and
Nrp2 vectors, the CAG-COUP-TFII–resistant or CAG-Nrp2–resistant HA vector
was cotransfected with the shRNA–COUP-TFII or shRNA-Nrp2 vector. After 2 d,
cells were lysed in RIPA buffer (Sigma Aldrich), and the protein lysate was used
for SDS/PAGE and Western blot analysis. The anti–COUP-TFII (mouse monoclo-
nal, 1:500; PP-H7147-00, Perseus Proteomics Inc.), anti-HA [mouse monoclonal
(clone 16B12), 1:500, MMS-101P, Covance], anti-GAPDH [mouse monoclonal
(6C5), 1:1,000, sc-32233, Santa Cruz Biotechnology], and anti-mouse HRP (goat
polyclonal, 1:500, P0447, Dako) antibodies were used for Western blotting.

Cell Sorting and Real-Time PCR. The CAG-EGFP and CAG-tdTomato vectors were
coelectroporated into E11.5 embryos, and themajor CMSwas dissected at E13.5,
as shown in Fig. 6. Dissected tissues were processed in 0.05% trypsin-EDTA for
5 min, after which trypsin was inhibited by the addition of FBS. Tissues were
dissociated by gentle pipetting. Cells expressing EGFP were FACS-sorted
by EPICS ALTRA (Beckman Coulter). Sorted cells were directly lysed with
the RNAqueous-Micro Kit (Life Technologies). cDNA was synthesized using
the SuperScript VILO cDNA Synthesis Kit (Life Technologies). Quantitative
RT-PCR was performed using the ABI PRISM 7500 Fast Real-Time PCR sys-
tem (Life Technologies). Expression data were normalized to the mean
expression levels of 18S rRNA, β-actin, and GAPDH. The following Taq-
Man gene expression assays were used: Nr2f2 (Mm00772789_m1), Nrp2
(Mm00803099_m1), 18S rRNA (Mm03928990_g1), Actb (Mm00607939_s1), and
GAPDH (Mm99999915_g1).

Downstream Analysis Regulated by COUP-TFII. The central regions of the MGE
and CGE were dissected out at E13.5 in Dulbecco’s PBS and dissociated as
described in the cell sorting and real-time PCR. Primary MGEs were transfected
with control vectors (CAG-EGFP and/or CAG-GS at a ratio of 2:1) or COUP-TFII
overexpression vectors (CAG-EGFP and COUP-TFII at a ratio of 2:1) using
Amaxa mouse neuron nucleofector kit (Amaxa Biosystems) according to the
manufacturer’s instructions. Primary CGE cells were transfected with fluores-
cent protein and control or COUP-TFII siRNA (Dharmacon, SMARTpool reagent
ON-TARGET plus) using the same protocol with the MGE cells. Transfected cells
were cultured for 40 h on poly–L-lysine (Sigma)-coated culture dish in DMEM
nutrient mixture/Ham’s F-12 (Sigma) containing the N-2 supplement (Invi-
trogen). Cultured cells were FACS-sorted by EPICS ALTRA (Beckman Coulter),
and then their transcriptome was analyzed using Mouse Expression set 430 2.0
chips (Affymetrix) as described previously (3, 40).

Statistical Analysis. All data are shown as means ± SEM. Normal distribution
and equal variance were checked using Shapiro–Wilk’s test and F test of
equality of variances. For single comparison, Student’s t test or Mann–
Whitney rank sum test were performed. For multiple comparisons, data were
evaluated with a one-way ANOVA, followed by a multiple comparison test
(Tukey–Kramer or Dunnett’s test). For single comparisons, data were evaluated
with a two-tailed Student’s t test.
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