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Diverse Migratory Pathways in the
Developing Cerebral Cortex

Nancy A. O’'Rourke,* Michael E. Dailey, Stephen J Smith,
Susan K. McConnell

During early development of the mammalian cerebral cortex, young neurons migrate
outward from the site of their final mitosis in the ventricular zone into the cortical plate,
where they form the adult cortex. Time-lapse confocal microscopy was used to observe
directly the dynamic behaviors of migrating cells in living slices of developing cortex. The
majority of cells migrated along a radial pathway, consistent with the view that cortical
neurons migrate along radial glial fibers. A fraction of cells, however, turned within the
intermediate zone and migrated orthogonal to the radial fibers. This orthogonal migration
may contribute to the tangential dispersion of clonally related cortical neurons.

Newly generated neurons in developing ce-
rebral cortex migrate outward from the ven-
tricular zone, through a cell-sparse intermedi-
ate zone, and into the cortical plate below the
pial surface of the brain (I). Glial fibers that
extend radially from the ventricular to pial
surfaces offer a direct pathway for this migra-
tion (2, 3). Rakic (4) has proposed that
cortical neuronal migration is strictly radial,
preserving a point-to-point mapping between
the ventricular zone and cortical plate. Lin-
eage studies with retroviral markers, however,
indicate that clones derived from single pro-
genitors can have a wide tangential dispersion
across the cortex (5, 6). One possible expla-
nation for this result is that the pathways for
neuronal migration are more complex than
the simple routes offered by radial glia.

To examine directly the migratory be-
havior and pathways of individual cortical
cells, we fluorescently labeled cells in living
brain slices and observed their movement
using time-lapse confocal microscopy (7).
Brain slices allow such imaging studies yet
maintain the complex three-dimensional
environment in which neurons normally
migrate (8, 9). Coronal slices were prepared
from neonatal ferret cortex during upper-
layer neurogenesis (10) and were maintained
in roller tube cultures (11). The following
day cells were labeled by focal injection of
Dil into the ventricular zone (12), and
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fluorescent cells were imaged in the interme-
diate zone 12 to 48 hours later (13). Images
were obtained 30 to 60 um below the slice
surface to avoid following cells that had
migrated beyond the slice onto the cover slip
or into the collagen gel. Single optical sec-
tions were collected at 1- to 2-min intervals
for up to 45 hours, and the pathways and
rates of migration were determined.

Visualization of Dil-labeled cells in the
intermediate zone revealed cells with bipolar
morphologies, elongated cell bodies, thick
leading processes, and thinner trailing pro-
cesses (Fig. 1A). Leading processes extended
complex lamellate and filopodial expansions
and frequently branched (Figs. 1, 2, and 3).
Trailing processes were simpler but also ex-
tended filopodia. These morphological fea-
tures are similar to those of cells in fixed brains
presumed to be migrating neurons (2).

Time-lapse sequences revealed the dynam-
ics of migration. Four images of a single cell
that exhibited characteristic migratory behav-
ior (Fig. 1) show that both leading and trail-
ing processes rapidly extended and retracted
filopodia, behaviors typical of cells exploring
their environment (14). The trajectory of the
leading process anticipated the direction of
movement of the cell soma, although the
soma often moved at an independent rate.
Here, the leading process advanced rapidly
with little cell body movement (Fig. 1, B and
C); subsequently, the soma lurched forward
(Fig. 1D). The cell body changed shape dur-
ing this movement, as if squeezing past an
obstruction in its environment. The behavior
of these cells is reminiscent of that observed in
co-cultures of dissociated cerebellar neurons
migrating on glia (3).
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Among imaged cells, a variety of migra-
tory pathways were traversed. The majority
of cells (81.6%; for example, Fig. 1) migrat-
ed in a radial or near-radial direction (15)
toward the pial surface of the slice. Of 71
cells that moved radially, only one reversed
direction to migrate back toward the ven-
tricular zone. The average rate of migration
of radially directed cells over the entire
imaging period was 11 pm per hour. Cells
frequently paused, then resumed movement;
thus, the average velocity during movement
was higher, roughly 14 pm/hour.

A fraction of cells (12.6%) migrated
orthogonal to the radial direction (15) (Fig.
2). One such cell moved initially to the left
(Fig. 2A) but switched polarity, converting
the trailing into the leading process and
reversing direction over the course of 12
min (Fig. 2B). Branches and filopodia ex-
tended radially from the leading process
(Fig. 2C), as if the cell were exploring (but
then ignoring) possible radial routes. On
average, orthogonally migrating cells
moved faster (30 pm/hour) than radially
migrating cells and covered distances up to
350 pm (Fig. 2D). Cells also migrated at
angles intermediate between radial and or-
thogonal: 17.2% of cells were oriented be-
tween 30° and 60° from radial (15).

Several cells changed migratory trajecto-
ries, making sharp right-angle turns from
radial to orthogonal or vice versa. One such
cell body initially moved radially but its
leading process was bent at a right angle
(Fig. 3A). Subsequently, the soma rounded
the turn delineated by the leading process
(Fig. 3B) and migrated orthogonally. Its
leading process then formed branches ori-
ented both radially and orthogonally (Fig.
3C). Right-angle turns were not rare; they
were observed in 36.4% of orthogonally
and 5.6% of radially migrating cells. Some
cells turned at more subtle angles. The cell
shown in Fig. 1 migrated initially at an
angle about 30° to 40° off radial then made
a smooth turn to a radial direction.

To examine whether radial glia were pre-
sent in cultured slices and thus potentially
able to direct migration (3, 4), we fixed and
stained slices in whole mount with antibodies
to the glial marker vimentin (16). Staining
revealed dense palisades of immunoreactive
fibers (Fig. 4A) with predominantly radial
orientation, terminating in branched endfeet
at the pial surface, as do radial glial cells in
vivo (17). To assess the relationship between
cells observed migrating in time-lapse experi-
ments and radial glia, we fixed slices, photo-
converted Dil-labeled migrating cells (18),
and immunolabeled the slices for vimentin
(Fig. 4). The close apposition between a
migrating cell (Fig. 4B) and a vimentin-
positive radial process (Fig. 4C) is consistent
with the hypothesis that radial migration is
supported by radial glial substrates.
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Fig. 1. Time-lapse sequence of a Dil-labeled cell migrating at a near-radial to radial orientation
through the intermediate zone of a cortical slice (each panel separated by 55 min). (A) A single
optical section shows the cell soma (arrow) with a trailing process (small arrowhead) and leading
process ending in multiple filopodial extensions (large arrowheads) that extend and retract
dynamically. The cell is oriented at a 30° to 40° angle from radial (vertical); the pial surface is up.
(B) The leading process extended forward, accompanied by a small forward movement of the
cell soma (arrow). (C) The leading process turned onto a strictly radial orientation, whereas the
cell soma (arrow) remained stationary for 1 hour. (D) The soma (arrow) translocated forward
along the turn defined by the leading process; the leading process itself branched (arrowhead)
but showed little forward progress. Scale bar represents 25 um.

Fig. 2. Time-lapse se-
quence of a cell migrating
orthogonal to the radial di-
rection (each panel sepa-
rated by approximately
100 min). (A) An orthogo-
nally migrating cell moved
initially to the left. Radial is
delineated by a vertical
process (arrow); the pial
surface is up. (B) The cell
reversed its orientation and
began to migrate rapidly
(24 wm/hour) to the right.
(C) As the cell migrated, it
extended filopodia along
radial trajectories (arrow-
head). (D) The cell with-
drew these processes and
continued its orthogonal
migration for a total of
roughly 350 um. Scale bar
represents 25 um.

Fig. 3. Time-lapse sequence of cell making a right-angle turn (each panel separated by
approximately 2 hours). (A) The cell soma (arrow) moved radially while its leading process
(arrowheads) was bent in a sharp orthogonal turn. (B) The soma (arrow) moved into the turn
delineated by the leading process. The leading process formed multiple filopodia (arrowheads),
one of which extended radially. (C) The cell body (arrow) completed the turn and moved onto an
orthogonal trajectory. The filopodia enlarged into several branches (arrowheads), conceivably in
anticipation of another turn. Scale bar represents 25 pm.
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Fig. 4. (A) A single optical section
through a slice stained in whole
mount with antibodies to vimentin.
Palisades of radially oriented glial
processes extend through the up-
per intermediate zone (bottom)
into the cortical plate. Branched
glial endfeet are seen at the pial
surface (top). Migrating cells
were imaged only in the interme-
diate zone, where fibers are
largely unbranched. Scale bar
represents 50 wm. (B) The Dil-
labeled cell shown migrating in
Fig. 1 was fixed (1 hour after the
last panel in Fig. 1 and after fur-
ther migrating 10 pm radially).
The cell was photoconverted into
a dark diaminobenzidine reaction
product (arrow). (C) The same
slice was immunostained, and a
simultaneous laser scan of the
cell shown in (B) was superim-
posed on a scan of the vimentin
staining. A vimentin-positive glial
process (arrowheads) is visible
adjacent to the migrating cell (ar-
row). Note the various angles of

individual glial fibers; these deviations, all falling within 40° of radial, may account for the near-radial
patterns of cell movement. Scale bar represents 10 pm.

We do not know what substrate supports
orthogonal migration. In fixed sections
through temporal cortices of retrovirally in-
fected brains, young neurons were observed
in postures consistent with orthogonal mi-
gration (19). In the temporal cortex, the
S-shaped trajectory of radial glia creates a
tangentially oriented substrate within the
intermediate zone, which suggests that here
glial fibers guide even nonradial migration.
Our images, however, were obtained from
dorsal cortical regions, in which the predom-
inant orientation of glia is radial (Fig. 4A)
(17); orthogonally migrating cells were ori-
ented at right angles to the radial fibers.
Thus, another cellular substrate may guide
orthogonal migration. Cells may migrate
along axon tracts extending tangentially
through the intermediate zone (20), as im-
plicated in the tangential dispersion of some
tectal neurons (21). Orthogonally migrating
cells may instead employ extracellular ma-
trix guidance cues. That orthogonal cell
movement is roughly three times faster than
radial movement suggests that nonglial sub-
strates may underlie orthogonal migration.
Alternatively, a subpopulation of rapidly
migrating cortical cells may selectively use
orthogonal pathways.

We believe that many of the cells we
have imaged are fated to become neurons
for several reasons. (i) Their morphological
features are typical of cells in fixed cortical
sections presumed to be migrating neurons
(2). (ii) Their dynamic behavior resembles
that of migrating cerebellar neurons in vitro
(3). (iii) Bromodeoxyuridine studies of mi-

gration in cultured slices demonstrate that
postmitotic cells move from the ventricular
zone into the cortical plate (8, 9). (iv)
These postmitotic cells are normally des-
tined to become upper-layer neurons (10).
That lineally related neurons spread tan-
gentially throughout the cortex (5, 6) sug-
gests that neurons that use nonradial migra-
tory pathways can indeed survive and dif-
ferentiate in the cortical plate.

Here, we have shown directly that the
predominant mode of cell migration in the
intermediate zone is indeed radial (2—4).
However, cells can make sharp right-angle
turns onto orthogonal pathways and mi-
grate rapidly for hundreds of microns from
their initial radial path. Nonradial migra-
tion is likely to occur in intact cortex
because orthogonally oriented cells have
been noted in the intermediate zone in
Golgi-stained sections (22), electron mi-
crographs (23), and in retroviral lineage
experiments (6, 19). Thus, orthogonal
migration may serve to tangentially dis-
perse neurons that originate at a discrete
point within the ventricular zone (24).
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Prevention of Programmed Cell Death of
Sympathetic Neurons by the bc/-2 Proto-Oncogene

Irene Garcia, Isabelle Martinou, Yoshihide Tsujimoto,*
Jean-Claude Martinout

Approximately half of the neurons produced during embryogenesis normally die before
adulthood. Although target-derived neurotrophic factors are known to be major determi-
nants of programmed cell death—apoptosis—the molecular mechanisms by which trophic
factors interfere with cell death regulation are largely unknown. Overexpression of the bc/-2
proto-oncogene in cultured sympathetic neurons has now been shown to prevent apoptosis
normally induced by deprivation of nerve growth factor. This finding, together with the
previous demonstration of bcl-2 expression in the nervous system, suggests that the Bcl-2
protein may be a major mediator of the effects of neurotrophic factors on neuronal survival.

Programmed cell death—apoptosis—is an
active process of self-destruction that occurs
in normal vertebrate development (1). Al-
though RNA and protein synthesis seem to
be required for many cells to die (2), the
molecular pathways that regulate pro-
grammed cell death are unknown. Evidence
suggests that, in neurons, this process is
initiated under conditions in which the
concentration of target-derived neuro-
trophic factors is reduced (3). The bcl-2
proto-oncogene product (4) delays the on-
set of apoptotic cell death in B cells (5) and
in T cells (6), and we now show that bcl-2
overexpression prevents neuronal death in-
duced by trophic factor deprivation.

In the presence of nerve growth factor
(NGF), sympathetic neurons can be main-
tained in culture for several weeks; NGF
deprivation induces neuronal death by an
apoptosis-like mechanism that requires
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both mRNA and protein synthesis (7) and
which is accompanied by nuclear DNA
fragmentation (8). To assess the effect of
bcl-2 on neuronal death, we constructed the
expression vector EB-2, consisting of 1.8 kb
of 5' flanking DNA of the rat neuron-
specific enolase promoter linked to a DNA
fragment encoding human bcl-2 (9), and
microinjected this construct into the nucle-
us of cultured rat sympathetic neurons (Fig.
1A). Approximately 80 to 90% of injected
neurons survived the stress caused by the
injection; damaged cells died less than 3
hours after injection and were not included
in the results.

The percentage of injected neurons that
expressed bcl-2 was determined in cultures
of neurons growing in an NGF-rich medium
by means of a species-specific monoclonal
antibody to human Bcl-2 (10). Twenty-four
hours after injection, approximately 80% of
the neurons that received a solution con-
taining DNA reacted with anti-Bcl-2. [Co-
injection of DNA with fluorescein isothio-
cyanate (FITC)-conjugated dextran in
some cells demonstrated the efficacy of the
injection procedure (Fig. 1, B and C).] This
percentage decreased to 43 *+ 2% (mean =+
SEM, n = 4) (Fig. 1D) 3 days after injec-
tion and to 10% by day 10.

In lymphocytes, the Bcl-2 protein has
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been localized to the inner mitochondrial
membrane (11). Observation of neurons
expressing bcl-2 with a confocal micro-
scope revealed a punctate cytoplasmic im-
munostaining (Fig. 1E), resembling that
of rhodamine 123, which specifically tar-
gets mitochondria (12) (Fig. 1F). This
observation suggests that the protein is
targeted to mitochondria in both neurons
and lymphocytes. However, we cannot
exclude another subcellular localization of
Bcl-2 in neurons.

The effects of bcl-2 on neuronal surviv-
al were investigated in low-density cul-
tures (500 neurons per square centimeter)
in which cells are prevented from cluster-
ing in small groups, thus facilitating cell
injection as well as cell counting. Non-
neuronal cells, a possible source of NGF,
were virtually eliminated by the presence
of 10 uM cytosine arabinoside C in the
culture medium. Experiments were per-
formed on 7-day-old cultures because the
NGF dependency of sympathetic neurons
in vitro has been shown to decrease with
time in culture (7, 13). NGF-containing
medium was replaced with NGF-free me-
dium 3 hours after injection. In some
experiments, antibodies to NGF were add-
ed to the NGF-free medium to accelerate
neuronal degeneration.

In control conditions (no injection or
injection with control pNSE-LacZ vector),
neuronal death—phase-dark cell body and
neurite disintegration—was first apparent
within 48 hours after NGF deprivation. By
72 hours, only 10% of the initial neuronal
population had survived (Fig. 2E); these
neurons may have survived because of near-
by remaining non-neuronal cells. A more
marked degeneration was observed in the
presence of anti-NGF. At 72 hours, almost
all neuronal cells had disappeared (Fig. 2,
A and E). In contrast, 40 to 50% of the
initial neuronal population injected with
EB-2 (depending on the absence or pres-
ence of anti-NGF (Fig. 2E) displayed
phase-bright cell bodies with thick neurites
that adhered to the collagen substratum
(Fig. 2B). The viability of these neurons
was confirmed by staining with the vital
marker acridine orange (14) (Fig. 2C).
They also reacted with anti-Bcl-2 (Fig.
2D). EB-2—-injected neurons were capable
of surviving for more than 1 week in the
absence of NGF (Fig. 2F). By day 10, the
number of surviving neurons decreased to
about 20%, possibly because of reduced
synthesis of Bcl-2 with time. There was a
clear correlation between the percentage of
neurons containing Bcl-2 (in terms of effi-
cacy and duration of transfection) and the
percentage of neurons protected from
death, suggesting that every neuron ex-
pressing bcl-2 was capable of surviving in

the absence of NGF. At day 12, the rescued



