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Development/Plasticity/Repair

Four-Dimensional Migratory Coordinates of GABAergic
Interneurons in the Developing Mouse Cortex

Eugenius S. B. C. Ang Jr,* Tarik F. Haydar,* Vicko Gluncic, and Pasko Rakic
Department of Neurobiology, Yale Medical School, New Haven, Connecticut 06510

We have used time-lapse multiphoton microscopy to map the migration and settling pattern of GABAergic interneurons that originate in
the ganglionic eminence of the ventral forebrain and incorporate into the neocortex of the cerebral hemispheres. Imaging of the surface
ofthe cerebral hemispheres in both explant cultures and brains ofliving mouse embryos revealed that GABAergic interneurons migrating
within the marginal zone originate from three different sources and migrate via distinct and independent streams. After reaching their
areal destination, interneurons descend into the underlying cortex to assume positions with isochronically generated, radially derived
neurons. The dynamics and pattern of cell migration in the marginal zone (see movies, available at www.jneurosci.org) suggest that the
three populations of interneurons respond selectively to distinct local cues for directing their migration to the appropriate areas and
layers of the neocortex. This approach opens a new avenue for study of normal and abnormal neuronal migration in their native
environment and indicate that interneurons have specific programs for their areal and laminar deployment.
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Introduction

The neurons of the cerebral cortex are generated before birth and
are distributed in an inside-out manner, with early generated cells
forming deeper layers and subsequently born neurons occupying
successively more superficial positions (Angevine and Sidman,
1961) (for review, see Rakic, 1988). Most cortical neurons origi-
nate from the proliferative ventricular zone of the dorsal telen-
cephalon (Sidman and Rakic, 1973; Rakic, 1974) and migrate
radially to the cortical plate, forming columns of neurons that
originate at the same place (Rakic, 1972). These columns are
composed of a unique balance of excitatory projection neurons
and inhibitory interneurons that subserve the specific areal func-
tion (Mountcastle, 1997). It has been shown that a tangential
migratory stream exists between the lateral ganglionic eminence
(LGE) and the cortex (de Carlos et al., 1996; Tamamaki et al.,
1997), and that these streams from the ganglionic eminence (GE)
give rise to most of the GABAergic interneurons in the rodent
cortex (Anderson et al., 1997; Lavdas et al., 1999; Sussel et al.,
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1999; Wichterle et al., 2001; Jimenez et al., 2002). In addition, a
number of studies also indicate a variety of sources for interneu-
rons, such as the retrobulbar proliferative field (Meyer et al.,
1998; Zecevic and Rakic, 2001), the interhemispheric plate (Rakic
and Yakovlev, 1968; Monuki et al., 2001), and dorsal proliferative
zones (Letinic et al., 2002). Besides being generated in different
proliferative zones, cortical interneurons also travel through dif-
ferent telencephalic compartments such as the subventricular
zone (Anderson et al., 2001), intermediate zone (IZ; Tamamaki et
al., 1997), and marginal zone (MZ; Lavdas et al., 1999; Zecevic
and Rakic, 2001) on their way to the dorsal cortex (Marin and
Rubenstein, 2001).

After arrival within the appropriate area, interneurons must
then incorporate into the proper laminar position within appro-
priate columns. Because each layer of the cortical plate is gener-
ated at a specific time during neurogenesis (Rakic, 1974), radially
migrating cells from the dorsal telencephalic proliferative fields
must meet, interdigitate, and cooperate with their ventrally orig-
inated, tangentially migrating counterparts to form the proper
time-dependent inside-out laminar gradients.

How these distantly derived types of neurons integrate into
proper areal and laminar positions within the cortex with previ-
ously generated radially arrived neurons is not well understood.
To address this question, we have used time-lapse multiphoton
microscopy in mice to examine the movement of living interneu-
rons during the various phases of their superficial cortical migra-
tion and then followed their descent into the cortical plate.

Materials and Methods

Organotypic slices, explants, and whole-brain preparations. Coronal slices
at the level of future sensorimotor cortex were obtained as described
previously (Haydar et al., 1999). Briefly, freshly isolated whole brains in
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MEM were cut into 300 wm slices using a tissue chopper and then trans-
ferred into serum-free medium (SFM; Neurobasal A medium supple-
mented with N2, B27, and Glutamax) containing 0.025 nm CellTracker
Green (Molecular Probes, Eugene, OR) for 1 hr. Slices were destained for
0.5 hr in fresh SFM and then embedded in growth factor-reduced (GFR)
Matrigel on a 15 mm coverslip that was then hardened in a 37°C incuba-
tor for 30 min. Explant flaps of the dorsal neocortical wall of the right
telencephalic hemisphere were isolated by microdissection after removal
of the meninges, and the rostral and lateral edges of the flaps were then
notched to enable identification of orientation. For in situ whole-brain
experiments, part of the right hemispheres of whole brains were exposed
by craniotomy, and the meninges were removed. The isolated head was
then immersed in CellTracker Green for 1 hr and washed for 0.5 hr.

In all cases, stained tissue was placed pial surface-down on 15 mm
coverslips and embedded in GFR Matrigel. In the case of whole brains, a
thin ring of plastic tubing was cemented to the coverslip for support, and
the head was placed within the ring and embedded in GFR Matrigel.
Coverslips with embedded tissue were then mounted in an RC-25F im-
aging chamber and bolted into a series 20 platform heater that was stably
heated to 37°C using a dual-channel heater controller (Warner Instru-
ments, Hamden, CT). SEM was preheated using an SF-28 in-line heater
(Warner) and superfused through the chamber at 0.1 ml/min using a
P720 mini peristaltic pump (Instek).

In utero imaging of viable embryos. All surgeries were performed in
accordance with all local and federal animal regulations using approved
Yale Animal Care and Use Committee protocols. Pregnant mice in the
16th day of gestation were anesthetized using a combination of ketamine
and xylazine (10 ul/gm of animal weight of 10 mg of ketamine and 0.2 mg
of xylazine in sterile saline by intraperitoneal injection). After midline
laparotomy, the individual uterine sacs were exposed, and the embryos
were transilluminated by fiber-optic light source. The top of the head was
positioned in the frame of hunt chalazion forceps (Storz; Bausch & Lomb
Surgical, St. Louis, MO). The uterine musculature and amniotic sac were
first fixed using a purse string suture with an 8.0 monofilament atrau-
matic prolene suture (Prolene Blue Monofilament; Ethicon, Inc., John-
son & Johnson Co.). Consequent incision through the middle of the
tissue circle (bordered by a suture ring) exposed the embryo’s head. The
diameter of the purse string suture was restricted to make primary fixa-
tion of the uterus and amniotic sac around the head at the level deter-
mined by the interparietale bone and lower portions of frontal bones,
preventing escape of the amniotic fluid. The connection of the head and
the uterine tissue was permanently fixed with fibrin surgical glue (Tisseel;
Baxter Healthcare Corp., Deerfield, IL). Therefore, the dorsal part of
neurocranium was exposed for further microsurgery under a stereo mi-
croscope while the rest of the embryo remained within the amniotic
fluid. This surgery maintained viability during the following procedures:
i.e., atraumatic microsurgical exposure of the brain and two-photon mi-
croscopy. The approximate dimensions of the ensuing craniotomy were
3 X 3 mm, whereas dural excision and removal of the meninges were 1 X
2 mm. Thereafter, a chamber made of a silicon tube (8 mm high and 10
mm in diameter) was embedded in the fibrin glue around the edges of the
uterus. The chamber was then filled with CellTracker Green dye solution
for 15 min to label cells of the exposed brain for two-photon microscopy.
A pediatric pulse—oximeter device monitored maternal vital signs. Mon-
itoring uterine artery circulation assessed viability of the embryos.

Two-photon imaging and analysis. Stable tissue preparations were im-
aged using a Zeiss (Thornwood, NY) LSM 510 NLO system with an 8 W
pumped Coherent Mira 900F laser (Coherent Laser Group) direct-
coupled to an inverted Axiovert 100M microscope (Zeiss; Jena, GmBH).
All time-lapse studies were conducted with an oil-immersed 25X 0.8
numerical aperture (NA) Plan-NeoFluar lens. Tissue viability was en-
sured by minimal laser throughput (typically <5% of 1.2 W mode-
locked power) and bidirectional scanning. CellTracker Green was excited
at 800 nm. For coronal slices, we routinely collected 20 X 2 um image
stacks 80—100 um deep within the tissue. For explant flaps, stacks were
taken to encompass the entire MZ from the pial surface to the midcortical
plate. Time series experiments were conducted by collecting identical
stacks at the same tissue position every 4—25 min (see figure legends) for
up to 24 hr. The imaging preparation was stable in all planes throughout
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the experiments. The rate and direction of migrating cells were measured
in sequential frames generated from the time series experiments and
confirmed by noting the orientation of the slices. In some cases, the stacks
were projected into single images to enable following the cells through-
out the entire experiment as they changed z positions. For imaging of the
in utero preparation, we used a two-photon microscopy system consist-
ing of a BX50 upright confocal microscope (Olympus Optical, Tokyo,
Japan), a Tsunami Ti-sapphire laser mode-locked at 800 nm (Spectra-
Physics, The Solid-State Laser Co., Mountain View, CA), and a Millennia
Xs diode-pumped 8.5 W laser (Spectra-Physics) coupled with Olympus
Fluoview FV300 imaging—controlling software. We used an Olympus
40X 0.8 NA water immersion objective.

Immunohistochemistry and electron microscopy. Primary anti-
calbindin (1:1000; Chemicon, Temecula, CA), anti-calretinin (1:1000;
Chemicon), anti-reelin (1:100; a gift from Dr. M. Ogawa, Riken Brain
Science Institute), anti-GABA (1:1000; Sigma, St. Louis, MO), and DIx-2
(1:150; a gift from J. Rubenstein, University of California San Francisco,
San Francisco, CA) were incubated on whole-mount explant flaps or
entire telencephali overnight at 4°C followed by species-specific fluoro-
phore-labeled secondary antibodies (see figure legends for details). Ex-
plants were mounted in Vectashield (Vector Laboratories, Burlingame,
CA) and the mediolateral-rostrocaudal orientation was noted. For DAB
reactions, the Vector ABC kit was used according to the manufacturer’s
suggestions, followed by a B-p-glucose reaction catalyzed by glucose ox-
idase. Tissue flaps for electron microscopy were fixed in 2% paraformal-
dehyde and 0.2% glutaraldehyde and then treated with 1% osmium tet-
roxide in phosphate buffer for 1 hr, dehydrated in ethanol and propylene
oxide, and flat-embedded in Durcupan (Fluka, Buchs, Switzerland) be-
tween glass slides and coverslips coated with Liquid Release Agent (Elec-
tron Microscopy Sciences). Sixty-nanometer-thick serial ultrathin sec-
tions were cut from selected blocks on a Reichert ultramicrotome with a
diamond knife and collected on Formvar-coated mesh copper grids. The
ultrathin sections were stained with uranyl acetate and lead citrate and
examined and photographed with a JEOL 1010 transmission electron
microscope.

Quantitative analysis of double labeling: calretinin and calbindin. Em-
bryonic day 15 (E15) cortical explant flaps were fixed with 4% parafor-
maldehyde and stained for both calretinin (1:1000; Swant) and calbindin
(1:1000; Chemicon) as described above. The MZs of the cortical flaps
were imaged using confocal microscopy. Ten to 15 optical slices at 1 wm
steps were taken to include all calretinin and calbindin cells in the MZ.
The orientation of processes of both calretinin- and calbindin-positive
neurons were measured using the LSM 510 software. Medial was assigned
0°; rostral was assigned 90°; lateral was assigned 180° and caudal was
assigned 270°. Processes that bifurcated or trifurcated were each counted
as separate processes. Calretinin counting was done separately and blind
to calbindin counting. To test the hypothesis that the samples were
drawn from two populations that differ in the general shape of their
respective distributions (e.g., differences in dispersion and differences in
skewness), we used the Wald—Wolfowitz runs test.

Bromodeoxyuridine injections. Bromodeoxyuridine (BrdU; 50 ug/gm)
was injected into pregnant reeler females (Relnrl, BALB/c) at E13, E15,
and E17. Wild-type pups were killed and transcardially perfused at post-
natal day 7 (P7) with 4% paraformaldehyde. PCR was used to determine
the genotypes of the pups. Primer sequences were given by D’Arcangelo
etal. (1996). The brains were dissected out and drop-fixed for 48 hr in 4%
paraformaldehyde. Three coronal slices from each of three brains were
used for quantitation. One hundred-micrometer-thick sections were cut
on a standard vibratome. The slices were treated with 2N HCl for 20 min
at room temperature and then washed three times for 10 min with PBS.
The slices were then incubated in anti-BrdU (1:100; Becton Dickinson,
Mountain View, CA) for 48 hr at 4°C. They were then washed three times
for 10 min each time with PBS and incubated for another 48 hr with
anti-calbindin (1:1000; Chemicon). Subsequently, the slices were incu-
bated with species-specific fluorophore-labeled secondary antibodies at
room temperature, counterstained with propidium iodide, and mounted
in Vectashield (Vector Laboratories).

Quantitative analysis of double labeling: BrdU and calbindin. Images
were taken with a confocal Zeiss LSM 510 NLO system using a 25X 0.8
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Figure1. Thetelencephalicspread of ventrally derived interneurons occursin three streams.
(albindin- immunopositive cells (white) in the MZ at various embryonic ages are shown in
lateral views of whole-mount hemisphere preparations. ob, Position of olfactory bulb at the
rostral end of the telencephalic vesicle. Theses series of images were taken from the pial surface.
The brightly stained cells are at the surface of the telencephalon and are at the same depth as
(ajal—Retzius cells. Similar experiments were performed with both calbindin and CR-50 to
localize the relative depth of the calbindin interneurons imaged (data not shown). The less
brightly stained cells are farther below the pial surface. Two streams of migrating interneurons
emerge as early as E11.5 A, Stream | moves from a caudal to rostral and lateral to medial
direction (arrow). Stream |l moves in a rostral to caudal direction (arrowheads) and is confined
to ventral cortical areas such as the poc. On E12 (B) and E12.5 (D), stream | extends over the
lateral and rostral surface of the dorsal telencephalon, whereas stream Il extends caudally over
the ventral telencephalon. The boxed region in B is shown at a higher magnification in C. Each
stream has two components ((): an initial wave of interneurons oriented toward the leading
edge of the stream (small arrows) and a subsequent front of cells with multiple orientations
(below dashed line). The boxed region in Dis shown at a higher magnification in £. Streams | and
Il'in £ remain segregated from each other by a cell-sparse gap (between red dashed lines). A
third stream (Ill) emerges just dorsal to the olfactory bulb at E13 ( F) and moves in a rostral to
caudal direction (arrows). D, Dorsal; M, medial; C, caudal; R, rostral; V, ventral; L, lateral (n = 4
brains for each age).

NA Plan-NeoFluar lens. Images were collected at the medial-dorsal tel-
encephalon at the level of the hippocampus. Stacks of 10 optical slices at
1 wm steps were taken for each image. Four separate images were needed
to span the full length of the cortex from the pia to the white mater. These
images were made into one montage using Photoshop 6.0 (Adobe).
Calbindin-positive cells and those double-labeled with BrdU were
counted in Photoshop 6.0. An eight-tiered grid was overlayed on top of
all 10 optical slice images, and positively labeled cells were assigned to
each tier depending on their placement. Tier 1 started at the top of the
pia, and tier 8 ended in the white matter. Each tier was equal in width and
height. All counting was done blind.

Results

Migrating streams of GABAergic interneurons in the MZ

To determine the origin and areal distribution of GABAergic
interneurons in the MZ, we imaged calbindin-stained interneu-
rons in the MZ of whole-mounted brains at E11.5 to E14 (Fig. 1).
Calbindin is a marker for migrating GABAergic interneurons
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from the GE during these embryonic ages (Anderson et al., 1997),
and staining with this marker revealed the emergence and gradual
spread of interneurons over this period (Fig. 1). At E11.5, the first
generation of interneurons emerge on the dorsal surface of the
cerebral vesicle (Fig. 1A). These cells originate from two distinct
areas: one situated caudally (Fig. 1A, I) and the other rostrally
(Fig. 1A, II). The pattern and orientation of migrating cells indi-
cate that stream I starts from caudal portions of the cerebral
vesicle and migrates in a lateral to medial direction (Fig. 1A,
arrows). Over time, migrating cells from this stream become pro-
gressively distributed more rostrally; however, cells continue to
migrate in a lateral to medial direction, so that the entire hemi-
sphere eventually becomes covered by a wave of cells originating
caudally and moving rostrally. Examination of the series of ex-
periments performed at different ages suggests that stream I orig-
inates from the caudal ganglionic eminence (Anderson et al.,
2001; Nery et al., 2002), whereas the medial ganglionic eminence
may contribute to the middle and rostral portions of the stream.

Cells in stream II originate from the rostral end of the brain
ventral to the olfactory bulb and migrate caudally (Fig. 1A, ar-
rowheads). This stream is present at the cortical surface simulta-
neously with cells of stream I, but there is no mixing between cells
of streams I and II (Fig. 1 B,D,E). Stream II cells are confined to a
ventral area of the cortex defined as the primary olfactory cortex
(poc; de Carlos et al., 1996).

By E12, the edges of stream I have expanded medially toward
the midline and rostrally toward the olfactory bulb (Fig. 1B, ar-
rows), and stream II has completely covered the area of the poc
(Fig. 1 B, arrowheads). Thus, although occurring simultaneously,
streams I and II remain segregated. There is always a clearly de-
fined cell-sparse region where the two streams avoid each other
(Fig. 1, B, line of arrows, E, between dashed lines). Importantly,
orientations of interneurons change as the stream spreads over
the cortex. Most cells at the leading edge of stream I have their
leading processes oriented medially toward areas not yet popu-
lated by the stream (Fig. 1C, arrows). However, in lateral areas
that are already covered, the leading processes of the interneu-
rons are oriented in various directions (Fig. 1C, underneath
dashed line). The interneurons in stream I reach more medial
areas of the cortical surface by E12.5 (Fig. 1 D). The change in the
size of stream I from E11.5 to E12.5 (Fig. 1, compare A, D) shows
the massive dispersion of these neurons across the surface of the
brain that is achieved in just 24 hr.

A third stream of calbindin-positive cells emerges at E13 from
the rostral end of the cerebral vesicle (Fig. 1 F, arrows). This wave
of cells, named stream III, originates dorsal to the olfactory bulb.
Although the exact source of stream IIT is unknown, possible sites
include rostral portions of the striatal anlage and the retrobulbar
proliferative field (Meyer et al., 1998; Zecevic and Rakic, 2001) as
well as the interhemispheric plate (Rakic and Yakovlev, 1968;
Monuki et al., 2001). Thus, cells migrate posteriorly in a well
confined stream that eventually intermixes with stream I (Fig.
1F).

Areal allocation of GABAergic interneurons in the MZ

By E14 (data not shown), the MZ had thickened to an extent that
calbindin-positive cells could not be observed in the whole
mounts. However, cytological examination indicates that the MZ
had split into two distinct strata by E14. The CR-50 monoclonal
antibody-positive Cajal-Retzius cells (C-R cells) are situated
most superficially, and the migrating GABAergic interneurons
are located below them. To better understand this apparent ar-
chitectonic change, we analyzed more closely the cellular constit-
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Figure2. The MZis stratified with superficial (=R cells and deeper-migrating interneurons.
A, Tangential view of the MZ afterimmunohistochemical staining for the CR-50 reelin antibody.
Some (R cell processes are grouped along orthogonal axes forming a distinct rectilinear pat-
tern. A coronal semithin section of an E15 cortex stained for CR-50 reelin (brown) and counter-
stained with toluidine blue ( B) illustrates the stratification. Red arrowheads denote the deeper
tangentially oriented migrating cells. Electron micrographs from tangential sections though the
MZ demonstrate the large (—R cells ( () often with processes oriented orthogonal to each other.
Smaller cells with migrating morphology ( D) lie deep to the (=R cells. Scale bars (G, D), 10 m.

uents of the MZ at E15, when this bilaminar pattern becomes
even more pronounced. We made both coronal slices and explant
flaps of the cortex to examine the location and orientation of C-R
cells. The upper stratum of the MZ at E15 was occupied by the
C-R cells, consisting of large cell bodies and usually one tangen-
tially oriented process labeled by the CR-50 antibody (Fig. 2A,B).
Below these cells, but still within the MZ, were smaller tangen-
tially oriented bipolar cells (Fig. 2B, arrowheads). Underneath
these bipolar cells was situated the cell-dense cortical plate (Fig.
2B).

We next performed electron microscopy on E15 cortical ex-
plant flaps to characterize the orientation of the C-R cells (Fig.
2C). A dorsal en face view shows the approximately perpendicu-
lar arrangement of neighboring C-R cell bodies and their pro-
cesses. This orthogonal arrangement of some MZ cells, described
previously by Ramon y Cajal (1911) and Zecevic and Rakic
(2001), suggested that the orientation of some groups of C-R cells
conform to a specified rectangular pattern. Other groups of C-R
cells, however, did not follow this orthogonal arrangement.
Smaller tangentially oriented cells (Fig. 2D) were located below
the C-R cells.

We next performed immunohistochemical analysis of the MZ
at E15 to understand the relationship between the C-R cells and
the migrating interneurons. By this time, the MZ could be di-
vided into superficial (1-7 wm from the pial surface) and deep
(8—15 wm from the pial surface) strata (Fig. 3). The superficial
stratum populated primarily by C-R cells immunolabeled with
CR-50 (Fig. 3A—C) and calretinin antibodies (Fig. 3A). In addi-
tion, long axonal processes stained with GABA most likely orig-
inated from either the zona incerta of the ventral thalamus (Dam-
merman et al., 2000) or the underlying GABAergic interneurons
(Fig. 3B). Although DIx-2 staining did occur in this superficial
stratum (Fig. 3C), this staining pattern did not colocalize with the
CR-50 staining (Fig. 3C), suggesting that most of the CR-50-
positive cells were derived from the dorsal telencephalon rather
than the GE. In contrast, the deep stratum was sparsely populated
with CR cells (Fig. 3D—F) and contained mostly migrating inter-
neurons positively stained for calbindin (Fig. 3D), GABA (Fig.
3E), and DIx-2 (Fig. 3F), indicating their phenotype and origin
from the GE.
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To observe the direction of migration of GABAergic interneu-
rons through the MZ between E12 and E15, we used two-photon
microscopy with three separate approaches for time-lapse exper-
iments (Fig. 4B—D). The organotypic coronal slices showed bipo-
lar interneurons migrating along the surface of the cortical plate
(movie 1, available at www.jneurosci.org). We found that inter-
neurons migrated not only in the expected lateral to medial di-
rection, consistent with their ventral origin, but also in the oppo-
site medial to lateral direction (white arrowheads in movie 1,
available at www.jneurosci.org). This shows for the first time that
interneurons in the MZ can migrate in several different directions
that were not detected previously in static light and electron mi-
croscopic preparations.

To examine cell movement in more detail and in real time, we
made explant flaps of the dorsal neocortical wall from E15 mouse
embryos (Fig. 4C,G). This approach allowed us to image the sur-
face of the cortex and to follow the tangential migration of a larger
population of interneurons. Not only did cells move in both me-
dial and lateral directions, but they also moved in rostral and
caudal directions (movie 2, available at www.jneurosci.org).
Quantitation of the time-lapse experiments showed that inter-
neurons migrated at a relatively slow speed (3.7 + 0.4 um/hr; n =
25) in multiple directions.

To ensure that the migration pattern in the explants was not
an artifact attributable to disruption of the morphogen gradients
that exist across the intact cerebral wall (Bishop et al., 2000;
Fukuchi-Shimogori and Grove, 2001), we imaged embryonic
brains in situ over time (Fig. 4 B,F; movie 3, available at www.j-
neurosci.org). The area imaged was in the rostral and medial area
of the brain at E14. Cells migrated faster than in explants (67.3
7.6 um/hr; n = 18) and predominantly medially and caudally.
The fast-moving cells imaged in this experiment were part of a
long-range migration at the leading edges of streams I and III
(Fig. 1F, area near red arrows) that moved predominantly in the
medial and caudal directions.

In contrast to the fast migration of cells engaged in the stream
migration, we found that the slow multidirectional movement
observed first in the explants represents a local positioning phase
before these interneurons descend into the cortical plate. Two
examples of this are shown in a higher magnification taken from
an E12 whole-mounted brain (Fig. 1, C, cells underneath dotted
line, E, area above two dashed lines) where these cells position
themselves in various directions.

To determine more precisely the influence of any potential in
vitro artifacts, we developed an original approach that enabled us
tolook at the MZ in the living mouse embryos in utero at E16 (Fig.
4 A,E). These images confirmed both the multidirectional orien-
tation of C-R cells and the similar arrangement in orientation of
leading processes of interneurons located below them. This was
further evidence that the multidirectional orientations found in
our in vitro explant data were accurate and not attributable to
disruption of morphogen gradients. These images are the first
documented in utero imaging of the surface of the viable devel-
oping neocortex using multiphoton microscopy.

The multidirectionality of both the C-R cell processes and the
interneuron migration pattern in the MZ as well as their close
apposition to each other led us to ask two questions. First, are the
orientations of these two populations of cells specific or random?
Second, if there is a correlation between the orientations of these
two populations, could C-R cells be providing cues to underlying
migrating interneurons, or are both populations orienting to the
same cues?
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Figure3.

Phenotypic characterization of the superficial and deep strata of the MZ. A—F, En face confocal sections taken through
superficial (1-7 wm; A—C) and deep (8 —15 m; D—F) levels of the E15 MZ. Cortical flaps were triple-stained for CellTracker Green
(green), CR-50 (blue), and GABA, calretinin, calbindin, or Dlx-2 (red). Most of the cells in the superficial stratum of the MZ colabel
for calretinin and CR-50 (A). These CR-50 cells, however, do not colabel with GABA (B) or with DIx-2 ( (). Rather, long axonal

Merge

- - | p < 0.001 for calretinin cells; X = 67.960;
p < 0.001 for calbindin cells). Thus, these
two populations of cells were not random
in their orientation. In fact, many cells in
both populations tended to be oriented in
the rostral, caudal, or lateral direction,
whereas the medial direction was least rep-
resented (Fig. 5A,B,D).

Next, we compared the distribution of
orientations of calretinin cells to the distri-
bution of orientation of calbindin cells.
The reason we did this was to see whether
the two distributions were similar (Fig.
5D). To test this, we used the Wald—Wol-
fowitz runs test, which determines
whether two samples are drawn from two
populations that differ in the general shape
of their respective distributions (i.e., dif-
ferences in dispersion and differences in
skewness). The results demonstrated that
the samples were drawn from the same
population (Z = 1.4878; p = 0.1368), sug-
gesting that C-R cell and interneuron ori-
entations were similar. This evidence sup-
ports our conclusion that the overlying
C—R cells could provide positional cues for
the migrating interneurons below them. In
fact, a recent study showed that a lack of
C-R cells as well as subplate neurons in
Emx 1/2 double-mutant cerebral cortex is
associated with abnormal tangential mi-
gration from the GE (Shinozaki et al.,
2002). However, if C-R cells do indeed
provide guidance cues to the underlying
interneurons, then it is not contact-
mediated, because the processes of
calretinin- and calbindin-positive cells
were rarely demonstrated to be touching
(Fig. 5C).

projections labeled with GABA, such as the one shown in B. Clusters of DIx-2-labeled cells ( () did appear in this superficial stratum,

but these cells did not colabel with CR-50. Tangentially oriented cells in the deep stratum of the MZ labeled with calbindin (D),
GABA (), and DIx-2 (F). The deep stratum was relatively devoid of CR-50 labeling ( D—F). Scale bars (G, F), 50 m.

We performed an analysis of the directionality of C-R cell
processes and leading processes of migrating interneurons in the
MZ using calretinin and calbindin double labeling of E15 explant
flaps (Fig. 5C). The entire dorsal telencephalic field was sampled
using confocal microscopy to optically section 10-15 um into
the MZ using 1 um steps (a total of 20 fields of view taken from
four brains). Calretinin, a marker of C-R cells in the rodent cor-
tex (del Rio et al., 1995), allowed us to visualize the direction of
the long processes of the C-R cells (Fig. 3A) and thereby to mea-
sure their relative orientation using the telencephalic poles as a
reference. We assumed that the direction of the long leading
process of calbindin-positive interneurons in fixed tissue re-
flected the actual direction of migration, as suggested by our
time-lapse movies (movie 3, available at www.jneurosci.org).

As expected from our previous data (Fig. 2A4,D), both the
calretinin-positive (n = 883) and calbindin-positive (n = 1809)
cells were oriented in many directions (Fig. 54,B). However, x°
analysis showed that these two distributions were both signifi-
cantly different from frequencies expected if the cells were equally

Descent and laminar settling of
GABAergic interneurons

After the local positioning phase, inter-
neurons in the MZ slowed down and dove into the underlying
cortical plate (Fig. 6 A,B; movies 4, 5, available at www.jneuro-
sci.org). Interneuron integration began with an extension of their
longleading process from the MZ into the cortical plate (CP) and
culminated in somal translocation into the cortical plate (Fig. 6 A,
movie 4, available at www.jneurosci.org). Similar migratory be-
havior of interneurons in the MZ has recently been documented
by Polleux etal. (2002). An en face view of the MZ shows the same
process as a tangentially migrating cell dives into the cortical plate
and disappears from the field of view (Fig. 6 B, movie 5, available
at www.jneurosci.org).

Time-lapse imaging of interneurons just before they descend
into the cortical plate suggests that cues present in the underlying
layers determine whether the interneuron will descend. Figure 7
shows a migrating interneuron in the MZ with a long leading
process extending down into the full length of the cortical plate.
Time-lapse analysis (movie 6, available at www.jneurosci.org)
and still frames (Fig. 7) show the extension, withdrawal, exten-
sion, and finally withdrawal of the leading process before the
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Figure4. Amultifaceted approach toimaging migrating cells. Four preparations constituted
amultifaceted approach forimaging migrating cells: live in utero embryonic cortices ( A), in situ
whole brains ( B), tangential cortical explants ( €), and organotypic coronal slices ( D). £, In utero
enface view of the MZ at E16. F, Similar two-photonimage of a CellTracker Green-stained MZ of
an E14 in situ whole brain. G, Two-photon image of a CellTracker Green-stained MZ of an E15 in
vitro tangential cortical explant. The multidirectional nature of the tangentially oriented cells
found in the cortical explant ( G) was confirmed in both the in situ whole brain (F) and in utero
whole brain (£) preparations. Scale bars (£, G), 50 wm.
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Figure5.  Comparison of the orientations of calretinin- and calbindin-positive neuronsin the
MZ. A, Distribution of calretinin-positive cell orientation in the MZ of E15 cortices (n = 883). B,
Distribution of the orientation of calbindin-positive leading processes (n = 1809). Inthe casein
which the leading process bifurcated or trifurcated, all processes were measured. Multiple
orientations were measured for each population of cells (4, B); however, there was a predomi-
nance of cells oriented in the rostral, caudal, and lateral directions (4, B, D). Both the calretinin
(A) and calbindin ( B) measurements were taken from double-labeling experiments and there-
fore are from the same fields of view (fields of view, 20; brains, 4). Fields of view were randomly
sampled across the entire dorsal telencephalic field. , Double-labeling immunohistochemistry
ofthe MZ of an E15 tangential cortical explant. Calretinin-positive cellsare in red, and calbindin-
positive cells are in green. The two populations of cells do not align along each other’s processes
(0); however, their overall distributions of orientation (D) are similar. This conclusion was
confirmed using the Wald—Wolfowitz runs test (Z = 1.4878; p = 0.1368), which compares the
relative shape of two distributions. C, Caudal; L, lateral; M, medial; R, rostral. Scale bar ( (), 50

m.

interneuron continues to migrate tangentially. In this case, the
cell does not descend into the cortical plate, even though it exten-
sively searches the underlying layers. Contrast this migration
with that of the descending interneuron to the left of this cell in
movie 6 (available at www.jneurosci.org). It rapidly descends
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Figure 6. A, Time-lapse imaging of an E14 coronal slice in the MZ and CP stained with
CellTracker Green. A downwardly migrating cell originating in the MZ (red arrow) moves toward
its eventual position in the CP. The cell translocates its cell body toward the end of its leading
process. The red dashed line shows the starting position of the cell body. The number in the top
right corner is the time in minutes. B, Time lapse imaging of an E15 cortical flap stained with
CellTracker Green. This series of images depicts another cell descending into the CP from the MZ
from an en face view. The cell body (red arrow) follows its leading process into the depth of the
explant flap, where it disappears from the field of view. The red dashed line shows the starting
point of the cell body. Scale bars (4, B), 50 wm.

from the MZ to finally position itself in the layers of the cortical
plate. (Fig. 8A). This process of cortical plate integration marks
the third and final stage of interneuron migration from the MZ.

To determine with certainty the final position of these inter-
neurons in the postnatal cortex, we injected pregnant mice at
E13, E15, and E17 with BrdU (50 ug/gm of body weight) and
performed immunohistochemistry on the brains of offspring
aged P7. We triple labeled each brain section with propidium
iodide (PI) to show cortical lamina, BrdU antibody to elucidate
the time of origin, and calbindin to label the interneurons.

Our previous analysis of the embryonic cortex revealed that
calbindin, one of several calcium-binding proteins expressed in
the brain, preferentially labels the ventrally derived GABAergic
interneurons (Fig. 3D-F). In addition, other studies have shown
that calbindin is a specific marker for the double-bouquet sub-
population of interneurons in the postnatal cortex (Hendry et al.,
1989; Van Brederode et al., 1990; Gogelia and Hamori, 1992). We
chose to specifically analyze calbindin immunoreactivity at P7 for
anumber of reasons. We wanted to make sure that the calbindin-
positive cells we stained in embryos were part of the same cell
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Figure7.
tially from left to right in the MZ. It bifurcates its leading process and sends a long process into the cortical plate (red asterisk). The
leading process extends, retracts, extends, and retracts again over the course of the imaging session before it continues to migrate
tangentially toward the right. The behavior noted is consistent with the hypothesis that the migrating cell uses its leading process
to search the underlying CP before enteringit. In this case, the cell continues to migrate tangentially without entering the CP. Scale
bar, 50 m.

population we analyzed postnatally. There is a documented de-
velopmental shift of some calbindin cells to parvalbumin immu-
noreactivity, but this occurs only after P14 in rodents (Alcantara
et al., 1996). Second, some pyramidal-like cells in layers II-IV
begin to express calbindin but not until after P7 (Alcantara et al.,
1993; reviewed in Hof et al., 1999). These calbindin-positive py-
ramidal cells tend to be lightly stained and do not have processes
(Sanchez et al., 1992). By restricting our analysis to P7 mice, we
therefore avoided these developmental changes in calbindin im-
munoreactivity from obscuring our results.

Low magnification of P7 cortex stained for PI and calbindin
shows the relationship between cortical lamina and calbindin
staining (Fig. 8 A—C). The cortex displays a regular lamination
pattern with a band of calbindin-positive cells located through-
out the middle of the cortical plate in presumptive layers IV and
V (Fig. 8A,B). A recent paper (Magdaleno et al., 2002) also
showed a regular lamination pattern for calbindin-positive cells
in wild-type P26 cerebral cortex.

To quantify the distribution of calbindin-positive cells, we
counted the percentage of labeled cells within a grid made up of
eight equally sized bins (Magdaleno et al., 2002). The grid was
overlayed on top of each image, with bin 1 starting at the pia and
bin 8 ending in the white matter. The majority of calbindin-
positive cells in the cortex accumulated in bins 4 and 5 (55 = 3%)
with a secondary accumulation in bins 2 and 3 (29 * 3%; Fig.
8C).

We then quantified double-labeled cells for calbindin and
BrdU injected at E13, E15, and E17 to elucidate the time of origin.
Calbindin-positive cells born on E13 and analyzed at P7 settle
predominantly in bins 3-5 (83 = 2%; Fig. 8 D). Calbindin-
positive cells born on E15 accumulated predominanatly in bins

Time-lapse imaging of an E15 coronal slice stained with CellTracker Green. The cell (white arrow) migrates tangen-
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2-4 (74 *= 2%; Fig. 8D), whereas
calbindin-positive cells born on E17 re-
sided mostly in bins 2 and 3 (87 % 12%;
Fig. 8 D). Therefore, these results revealed
an inside-out pattern of laminar organiza-
tion (Fig. 8 D), as previously described for
GABAergic cells (Miller, 1985; Cavanagh
and Parnavelas, 1988).

Discussion

The phenomenon of radial neuronal mi-
gration from the ventricular zone (VZ) to
the cortical plate was initially inferred
from observations made on histological
preparations (His, 1874; Ramon y Cajal,
1911). The basic mechanisms used in ra-
dial neuronal migration, including the role
of neuron—glia interactions and differen-
tial cell surface adhesion, were elucidated
by the use of a combination of [ *H]thymi-
dine labeling, Golgi impregnation, and
three-dimensional reconstructions from
electron microscopic serial sections (Ra-
kic, 1972, 1988). More recently, the ventral
origin of GABAergic neurons and the pat-
terns of their tangential migration have
been elaborated using class-specific im-
munolabeling and retroviral gene transfer
methods (Anderson et al., 1997; Lavdas et
al., 1999; Zhu et al., 1999; Letinic and Ra-
kic, 2001; Wichterle et al., 2001). Here, we
provide insight into how these two classes
of neurons cooperate to establish brain
cortical architecture.

The present study is the first documented in utero imaging of
neuronal migration in the murine embryonic cortex using mul-
tiphoton microscopy. We took advantage of the reduced photo-
toxicity and increased tissue penetration (Denk et al., 1990; Cen-
tonze and White, 1998) inherent in multiphoton live imaging to
analyze the migration patterns of GE-derived cells from global,
regional, and local perspectives. This new approach enabled the
observation of properties of neuronal migration that were unde-
tectable using previously available methods. Together, our data
show that areal and laminar positioning of GABAergic interneu-
rons involve different mechanisms and are likely to be regulated
by distinct molecular cues present in the dorsal neocortical wall.

Areal distribution
Previous results, primarily relying on coronal slice preparations,
have illustrated predominant ventral to dorsal migratory routes
for tangential migration in the MZ. This view is accurate but
insufficient to explain the entire range of migration profiles and
settling patterns of interneurons during cortical development.
Several reviews have postulated multiple sources and migratory
routes of telencephalic invasion (His, 1874; Corbin et al., 2001;
Maricich et al., 2001; Marin and Rubenstein, 2001). The present
multifaceted approach has uncovered three streams of tangen-
tially migrating cells in the MZ that emerge at different times
during development and move in distinct and at times opposite
directions across the surface of the telencephalon (Fig. 9A, movie
2, available at www.jneurosci.org).

Tangential views of the cortical surface also revealed a second-
ary short-range positioning of cells that was much slower than the
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Figure 8.  Calbindin-positive cell distribution in mouse P7 cortex. Calbindin is labeled in
green, and propidium iodide labels cell nuclei in red. A, Low-power views (10X) of the cortex.
A prominent band of calbindin-positive cells occurs in middle layers of the cortex. B, Corre-
sponding montage of sections taken at higher power (25 ; white rectangle in A as an exam-
ple). G, To quantify the distribution of calbindin-labeled cells in the cortex, a grid made up of
eight equally sized bins was overlayed on top of images such as those shown in B. The percent-
age of labeled cells in each bin is depicted in C. Bin 1 was positioned starting at the pia, and bin
8 fell within the white matter. D, Comparison of the distribution of double-labeled calbindin and
BrdU cells in the mouse P7 cortex. The y-axis represents the eight bins of a counting grid similar
to that used in B and C. An inside-out settling pattern in the cortex occurs with calbindin-
positive cells injected with BrdU on E13 (red), E15 (blue), and E17 (green) (n = 3 slices for each
condition). Each field of view was composed of 10 optical sectionsimaged 1 um apart.

initial long-range phase. Time-lapse imaging showed that indi-
vidual cells move in different directions (movie 2, available at
www.jneurosci.org) before diving into the cortical plate (movies
4,5, available at www.jneurosci.org) where they eventually reside
as GABAergic interneurons. The fact that migrating cells cross
each other’s pathways at the intersections (movie 2, available at
www.jneurosci.org) suggests that each cell class responds to dif-
ferent cues for their direction. The three-dimensional working
model of this complex multidirectional cell migratory behavior,
which occurs within the context of the previously settled dorsal
VZ-derived neurons, is presented in Figure 9B.

Recent evidence suggests that interneurons migrating
through the 1Z use TAG-1 present on corticofugal fibers as a
migration substrate (Denaxa et al., 2001). Several long-range re-
pulsive axonal guidance cues such as Slit (Zhu et al., 1999; Wong
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Figure 9.  Two models depicting the long-range migration of interneurons in the MZ and
their eventual integration into the cortical plate with isochronically generated radial migrating
neurons. A, Three predominant streams of migrating interneurons in the marginal zone of the
developing cortex: |, a caudal to rostral and lateral to medial stream emerging from the caudal
and medial ganglionic eminences (green and yellow, respectively); |1, a rostral to caudal stream
confined to the ventral telencephalon (orange); and Ill, a rostral to caudal stream emerging
dorsal to the olfactory bulb (red). B, Model for local positioning of migrating interneurons.
Radial glia (blue) support the radial migration of dorsally derived neurons (yellow) to the CP. In
the MZ, the deep tangentially migrating interneurons (red) are located beneath the (R cells
(green). At the end of their local positioning within the MZ, migrating interneurons turn and
incorporate into the CP using either radial glial cell processes or neuronal apical dendrites as
quides. R, Rostral; C, caudal; V, ventral; D, dorsal; L, lateral; M, medial; RG, radial glia; SV,
subventricular.

et al., 2001), semaphorins (Marin et al., 2001), and hepatocyte
growth factor/scatter factor (Powell et al., 2001) have been impli-
cated in directing tangentially migrating cells out of the ventral
telencephalon. However, the exact cues responsible for directing
the local positioning of calbindin-positive interneurons as they
arrive in the dorsal telencephalic field before they descend into
the cortical plate have not been identified. The reflection of the
multidirectional movement of the interneurons with the orien-
tation of the superficial C-R cells (Fig. 5A,B,D) suggests that the
C-R cells may either provide directional cues for this secondary
migration or orient to similar cues as the migrating interneurons.
Underlying diffusible morphogen gradients may be orienting
both C-R cells and migrating interneurons because of the similar
pattern in both populations of cells.

Despite the wealth of phenotypic information and the central
role in cortical formation attributed to C—R cells, there is still
some debate as to their origin. The original hypothesis states that
C—Rcells come from the dorsal VZ and are present in the preplate
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before it is split into the MZ and subplate (Marin-Padilla, 1971,
1972, 1978). The hypothesis that C-R cells are derived from the
cortical progenitor zone is supported by the Tbrl and Emx1/2
mutations, which both greatly diminish the number of C-R cells
(Hevner et al., 2001, Shinozaki et al., 2002). A subsequent hy-
pothesis suggests a second source of C-R cells that migrate tan-
gentially to the MZ from basal forebrain areas (Meyer et al., 1998;
Lavdas et al., 1999). Finally, a third type of MZ cell, termed “pi-
oneer neuron,” is postulated to exist before the preplate is split
and is derived from the dorsal VZ. These pioneer neurons are
reelin-negative and send long axons that reach as far as the lateral
ganglionic eminence (Meyer et al., 1998; Soria and Fairen, 2000).

Because of their time of origin and immunohistochemical
identification presented here (for example CR-50-positive, DIx-
2-negative cells), the most parsimonious explanation is that the
C-R cells derived from the dorsal telencephalon are the ones
whose orientation is similar to that of the underlying interneu-
rons. This unexpected finding suggests that these two drastically
different cell types (in phenotype, morphology, site of origin, and
migratory potential) share a fundamental similarity that directly
relates to cell positioning. Thus, these data suggest that properties
of the dorsal neocortical wall may influence the tangential migra-
tion and settling of ventrally derived interneurons.

The similarity in the distribution of their orientations and
close proximity to each other make C-R cells likely candidates to
provide positional cues for interneurons in the MZ. However,
there may be other explanations. First, it is possible that the pio-
neer neurons may serve as this scaffold as well as an additional
guide for the long-range migration because their axons actually
reach basal forebrain areas such as the LGE. Alternatively, a third
element, possibly the pial-basement membrane, could be inde-
pendently aligning both the C-R cells and the interneurons. In-
terestingly, recent evidence suggests that an intact pial-basement
membrane is necessary for correct localization of C-R cells
(Graus-Porta et al., 2001) (for review, see Magdaleno and Cur-
ran, 2001) as well as proper neuronal migration (Michele et al.,
2002; Moore et al., 2002). Nevertheless, our data suggest that
superficial constituents of the dorsal neocortical wall are intri-
cately organized and may therefore convey areal and laminar
information to the incoming interneurons.

Laminar positioning

After reaching the appropriate areal position, interneurons reori-
ent their leading processes radially in preparation for descent into
the cortical plate. This realignment occurs along either the lead-
ing processes of radially arrived neurons or radial glial shafts
(Hedin-Pereira et al., 2000) (Fig. 9B). In the latter possibility, the
guidance cues in the leading process would likely have to change
from neurophilic to gliophilic. Tangentially migrating cells in the
1Z abruptly turn up into the CP and use radial glial fibers as they
ascend (Polleux et al., 2002). This mechanism is most likely also
used by the tangentially migrating interneurons in the MZ as they
descend into the CP. Such change has been noted during transi-
tion from tangential movement to radial migration in the cere-
bellum (Rakic, 1971), dorsal thalamus (Letinic and Rakic, 2001),
and pons (Rakic, 1990; Rodriguez and Dymecki, 2000). Never-
theless, the molecular mechanisms responsible for this transition
between neurophilic to gliophilic modes of migration remain to
be elucidated.

The inside-out settling pattern of tangentially migrating cells
(Fig. 8 D) is reminiscent of the neuronal deployment that occurs
via radial migration. Even though tangentially migrating inter-
neurons originate in such distant sources as the GE or retrobulbar
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proliferative fields (Meyer et al., 1998; Zecevic and Rakic, 2001),
they still integrate into the cortex in an inside-out pattern. How
the interneurons that migrate superficially through the MZ find
their correct laminae by diving downward toward the oncoming
radial migrators is unknown. Taken together, these data suggest
that similar laminar cues must exist for tangentially and radially
migrating cells born at the same time despite their different
modes and routes of migration.

One possibility is that the laminar cues for both tangentially
and radially migrating neurons are present in the dorsal VZ. A
recent study suggests that tangentially migrating interneurons in
the IZ may receive laminar positioning cues from the VZ because
some of them first dive down to the VZ before reversing direction
and migrating superficially (Nadarajah et al., 2002). This mech-
anism, if correct, would then be similar to the one used by radially
migrating cells that are committed to their laminar destination in
the VZ (McConnell and Kaznowski, 1991). Although we have live
imaging evidence that tangentially migrating cells in the MZ also
do this (data not shown), some MZ cells we imaged did not
approximate the VZ and instead halted migration within the CP
(movie 6, available at www.jneurosci.org). Another possibility
supported by evidence from this present study indicates that lam-
inar cues for tangentially migrating cells could exist on or be
secreted by cells already present in the cortical plate. The leading
process “searching” behavior of interneurons in the local posi-
tioning phase of their integration supports this hypothesis. This
possibility would make the initial positioning of the radially mi-
grating cells critical for subsequent interneuron integration.

The present study illustrates how ventrally and dorsally de-
rived neurons combine together into a functioning cortex. Our
data also illustrate significant interplay between diverse cell types.
In particular, elements of the dorsal neocortical wall, namely, the
C-R cells, possess directional information that may be used by
ingrowing ventrally derived interneurons to ensure their proper
integration. Moreover, interneurons settle in appropriate cortical
laminae with respect to their time of origin. Thus, cells of the
dorsal and ventral telencephalon are integrated together using
similar temporal and spatial restraints.

The developmentally ordered facets of this integration must
be highly regulated because even small mistakes could translate
into subtle but functionally significant disorders attributable to
inappropriate interneuron innervation (Kozloski et al., 2001).
Disturbance of this migration may be involved in a variety of
developmental disorders involving deficits of GABAergic cells or
their misplacement, such as in cortical dysplasia causing epilepsy
(Roper et al., 1999), schizophrenia (Benes et al., 1991), autism
(Casanova et al., 2002), and Tourette’s syndrome (Leckman and
Riddle, 2000). Our results indicate that distinct molecular programs
at work in the dorsal neocortical wall govern the areal distribution
and laminar positioning of neocortical interneurons.
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