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As postmitotic neurons migrate to their final destinations, they
encounter different cellular microenvironments, but functional
responses of migrating neurons to changes in local environ-
mental cues have not been examined. In the present study, we
used a confocal microscope on acute cerebellar slice prepara-
tions to examine real-time changes in the shape of granule
cells, as well as the mode and rate of their migration as they
transit different microenvironments. The rate of granule cell
movement is fastest in the molecular layer, whereas their elon-
gated somata and long leading processes remain in close
contact with Bergmann glial fibers. Cell movement is slowest in
the Purkinje cell layer after granule cells detach from the sur-
face of Bergmann glia and the somata become transiently
round, whereas the leading processes considerably shorten.
Surprisingly, after entering the internal granular layer, granule

cells re-extend both their somata and leading processes as
they resume rapid movement independent of Bergmann glial
fibers. In this last phase of migration, described here for the first
time, most granule cells move radially for .100 mm (a distance
comparable to that observed in the molecular layer) until they
reach the deep strata of the internal granular layer, where they
become rounded again and form synaptic contacts with mossy
fiber terminals. These observations reveal that migrating neu-
rons alter their shape, rate, and mode of movement in response
to local environmental cues and open the possibility for testing
the role of signaling molecules in cerebellar neurogenesis.
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Since the initial description by Ramon y Cajal (1911), the mor-
phogenetic transformation of migrating granule cells has been
studied mostly in static preparations of fixed tissue of the post-
natal cerebellum (Uzman, 1960; Miale and Sidman, 1961; Fujita,
1967; Mugnaini and Forstronen, 1967; Altman, 1972). These
studies using [3H]thymidine labeling, electron microscopy, and
immunocytochemistry have suggested that, after their final mi-
totic division, granule cells actively move through the developing
molecular layer (ML) to the Purkinje cell layer (PCL). Further-
more, combined use of electron microscopy and Golgi impregna-
tion methods has indicated that granule cell migration is guided
by surface-mediated interactions with Bergmann glial fibers that
traverse the developing molecular layer (Rakic, 1971, 1981, 1985).
Moreover, the use of dissociated cell culture added experimental
evidence to these interpretations (Trenkner and Sidman, 1977;
Edmondson and Hatten, 1987; Hatten and Mason, 1990). How-
ever, these studies have been confined to the description of cell
migration across the ML, whereas little is known about granule
cell translocation across the PCL and the extent of granule cell
movement within the internal granular layer (IGL). Because
granule cells lose contact with the surface of Bergmann glial
fibers after leaving the ML, it remains unclear whether the fur-
ther movement of these cells is attributable to a passive displace-

ment or an active process reminiscent of their earlier glial cell-
associated migration.

Determining how granule cells migrate through these three
major microenvironmental compartments of the developing cer-
ebellum is critical, because cell adhesion and extracellular matrix
molecules exhibit distinct spatial expression sequences in the ML,
PCL, and IGL (Choung et al., 1987; Choung, 1990; Cameron et
al., 1997). In addition, granule cells express different comple-
ments of genes along their migratory pathway, including genes
that encode for specific receptors activated by cell adhesion
molecules (Kuhar et al., 1993; Rocamora et al., 1993; Hatten and
Heintz, 1995; Zheng et al., 1996; Hatten et al., 1997). These
dynamic position-specific changes in granule cell gene expression
raise the possibility that the cells may alter their shape and mode
of migration in response to local environmental cues as they
traverse different cortical layers.

The recent development of acute slice preparations allows the
direct observation of granule cell movement within the natural
cellular milieu (Komuro and Rakic, 1992, 1993, 1995, 1997). We
can now determine how an identified granule cell changes its shape
and migratory behavior as it encounters different cellular compo-
nents in the developing cerebellum. The present results indicate
that, after entering the PCL and IGL, granule cells may change the
mode of migration and may use different extrinsic and intrinsic
signals than those used during translocation across the ML.

MATERIALS AND METHODS
Cerebellar slice preparations. Postnatal 10-d-old mice (CD-1) were killed
by decapitation, in accordance with institutional guidelines. Cerebella
were quickly removed from the skull and placed in cold (5°C) HBSS (40
mM glucose). Before cutting, cerebella were embedded in 20% gelatin
and sectioned sagittally into 300–400 mm slices on a Vibro Slice mic-
rotome (Stoelting). After sectioning, pia mater and gelatin were carefully
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Figure 1. Time-lapse series of images illustrating transformation of granule cell leading process during its penetration of the PCL. A, Example of a
granule cell labeled with DiI near the ML–PCL border. During the observation period, the spindle-shaped soma (asterisks) gradually moved from the
ML toward the ML–PCL border. Wide arrows and small arrows indicate motile lamellipodia and filopodia, respectively. The distance traversed by the
granule cell soma (B), the length/width ratio of the soma (C), and the leading process length ( D) were plotted as a function of elapsed time. PCL,
Purkinje cell layer; ML, molecular layer. Scale bar, 10 mm. Time interval (in minutes) is indicated on either the top or bottom.
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Figure 2. Time-lapse series showing an example a granule cell in the PCL. A, After granule cells crossed the ML–PCL border, they became rounded
(white stars). Each asterisk indicates the soma of a granule cell. The distance traversed by the granule cell soma (B) and the length/width ratio of the
soma ( C) were plotted as a function of elapsed time. IGL, Internal granular layer; PCL, Purkinje cell layer; ML, molecular layer. Scale bar, 10 mm. Time
interval (in minutes) is indicated on either the top or bottom.
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removed under a dissecting microscope. The use of sagittal slices ob-
tained from the middle region of the cerebellum allowed us to observe
granule cell movement in a single focal plane from their origin in the
external granular layer (EGL) to their final position in the IGL. How-
ever, because parallel fibers of migrating granule cells may be bisected
during the sectioning of slices in this plane, we also examined the rate of
granule cell movement in 300–400 mm sections sliced coronally, to
minimize damage to growing parallel fibers. The results did not reveal a
significant difference in the shape of migrating granule cells or the mode
and rate of their migration between sagittal and coronal slices (H.
Komuro and P. Rakic, unpublished observations). Therefore, only the
results from the observation on sagittal slices were used for the data
presented in the present study.

DiI Labeling. To label migrating granule cells, cerebellar slices were
incubated for 3 min at 20°C in a fluorescent lipophilic carbocyanine dye,
1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI,
7.2 mg/ml; Molecular Probes, Eugene, OR) added to the cell culture
medium (Honig and Hume, 1986). The incubation medium consisted of
minimum essential medium (MEM; Life Technologies, Gaithersburg,
MD) supplemented with 40 mM glucose, 1.8 mM glutamine, 24 mM
NaHCO3 , penicillin (90 U/ml), and streptomycin (90 mg/ml). After
rinsing in the incubation medium, brain slices were maintained in an
incubator (37°C, 95% O2 , 5% CO2 ) for an additional 2–4 hr. Brain slices
were then transferred into the chamber of a microincubator (PDMI-2,
Medical System) attached to the stage of an inverted microscope (IMT-2;
Olympus Optical, Tokyo, Japan). The rate of cell movement is related
closely to the temperature of the medium; lowering the medium temper-
ature slows cell movement (Rakic and Komuro, 1995). Therefore, cham-
ber temperature was kept at 37.0 6 0.5°C using a temperature controller
(TC-202, Medical System), and the slices were provided with constant
gas flow (95% O2 , 5% CO2 ). To prevent movement of the slice prepa-
ration during observation, a nylon net glued to a small silver wire ring
was placed over the preparations.

Observation of granule cell migration. A laser scanning confocal micro-
scope (MCR-600; Bio-Rad, Hercules, CA) was used to visualize migrat-
ing granule cells labeled with DiI in the slices (Komuro and Rakic, 1995;
Rakic and Komuro, 1995). The use of this microscope permitted high-
resolution imaging of migrating neurons up to 120 mm deep within the
tissue slices. The tissue was illuminated with 514 nm wavelength light
from an argon laser through an epifluorescence inverted microscope
equipped with a 403 water immersion objective (Zeiss; numerical aper-
ture, 0.75). Light passing through the aperture was filtered by a 550 nm
long-pass filter. To resolve movement of migrating cells clearly, image
data typically were collected at an additional electronic zoom factor of
2–3. Time-lapse imaging of live, fluorescently labeled cells can produce
phototoxic effects in the imaged cells. Indeed, when well stained cells
were imaged with very high incident illumination intensity or imaged too
frequently, we invariably saw changes in the structure or dynamics of
migrating granule cells. However, when the incident illumination was
sufficiently attenuated, labeled specimens could be imaged (10 min in-
tervals) for many hours without signs of photodynamic damage. To
protect the migrating granule cells labeled with DiI from any cytotoxic
effect of the laser beam, neutral density filters were added to reduce the
excitation light level by 99%. To avoid injured granule cells located near
the sectioning surfaces, we examined the shape and behavior of migrat-
ing granule cells located 15–120 mm below the surface of the slices. If
granule cells showed no evidence of motility for .300 min, the brain slice
was discarded. Shock to the tissue during sectioning of slices can disrupt
cell movement and can prevent cells from migrating. Accordingly, the
present study is based on the analysis of approximately one-third of the
healthy slices, which had displayed cell migration. This sampling proce-
dure favored slices in which cells displayed visible and robust movement
shortly after sectioning. Images of the migrating granule cells in a single
focal plane were collected with laser scans every 10 min for up to 10 hr
and recorded on an optical disk recorder (TQ-3031, Panasonic) or an
optical drive (cosmos 600, Racet). At the beginning and end of each
recording session for each preparation, frame images were recorded with
403 magnification (electronic zoom factor of 1) or 203 magnification
(electronic zoom factor of 1) to determine the orientation of slice
preparations, the borders between cerebellar cortical layers, and the
position of granule cells within cortical layers by optical sectioning of
several different focal planes along the z axis. Statistical significance
between experimental groups was tested by Student’s t test.

The length/width ratio of the soma and leading process length of each
migrating granule cell were determined manually with a mouse-driven

imaging software package. The leading process length was defined as the
linear distance between its tip and its base. The distance traveled by a
migrating granule cell was defined as the absolute value of the changes in
its position during the entire time-lapse session.

RESULTS
Transformation of granule cells during and after
penetration of the PCL
First, we examined the changes in the shape and behavior of
DiI-labeled granule cells in the deep strata of the ML as they
approach the PCL. The cell illustrated in Figure 1A was visual-
ized 3 hr after staining and recorded in optical sections at 10 min
intervals for up to 320 min. At the beginning of recording, it had
a vertically elongated cell body, a thin trailing process, and a
voluminous leading process, such as described in Golgi impreg-
nation material (Ramon y Cajal, 1911; Rakic, 1971). During the
observation period, the granule cell soma, initially located ;40
mm away from the ML–PCL border, gradually moved toward the
PCL with an elongated bipolar shape (length/width ratio, 3.8–5.3;
Fig. 1B,C). However, the tip of the leading process, which had
penetrated the PCL, did not extend, and, as a result, its length
decreased from 52 to 30 mm (Fig. 1D). The shortening of the
leading process was caused by the advance of the granule cell
soma within the leading process rather than active retraction. The
distal portion of the leading process positioned in the PCL had
large motile lamellipodia and filopodia (Fig. 1A, wide arrows and
small arrows, respectively). This is uncharacteristic of the leading
process of migrating granule cells in the ML, which is associated
with Bergmann glial fibers, and usually tapers without motile
lamellipodia (Rakic, 1985; Komuro and Rakic, 1992). The
present results demonstrate that the granule cell leading process
undergoes a dynamic transformation after penetrating the upper
strata of the PCL, whereas the soma does not exhibit distinct
changes in form and rate of movement as it transits the ML.
Because Bergmann glial cell somata are located at the upper
strata of the PCL (Mugnaini and Forstronen, 1967; Rakic, 1971),
these dynamic changes in the shape and movement of the granule
cell leading process are the initial signs that the tip of the leading
process has detached from the surface of Bergmann glial cells in
the upper strata of the PCL.

Next, we examined changes in granule cell shape and the rate
of movement during the final stage of Bergmann glia-guided
migration in the upper strata of the PCL. The soma of a granule
cell (Fig. 2A) that was located initially in the deep strata of the
ML (46 mm away from the ML–PCL border) gradually moved
toward the PCL before crossing the ML–PCL border 3 hr after
the start of recording. The movement of the soma slowed signif-
icantly during this period, from 18.0 mm/hr in the ML to 9.5
mm/hr in the PCL (Fig. 2B). After the soma became round (Fig.
2C), the rate of movement decreased further to ;4.0 mm/hr.

Figure 3, A and C, shows that, once the granule cell entered the
PCL, the shape of its soma transformed from a vertically elon-
gated spindle (a length/width ratio of 3.0–4.5) to a sphere (a
length/width ratio of 1.3–2.8). The rate of soma movement was
11.5 mm/hr before rounding and 3.8 mm/hr after rounding (Fig.
3B). One can argue that the rounding up of the soma and slowing
of movement could be caused by physiological deterioration after
a prolonged period of observation. However, we consider this
unlikely because the cells appeared healthy, and 1.5 hr after the
soma became round, they resumed a spindle shape as they en-
tered the deep strata of the PCL (at 180 min in Fig. 3A). These
results demonstrate that, at the final stage of Bergmann glia-
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guided granule cell migration in the PCL, the granule cell
abruptly changes its shape and migratory behavior.

To determine whether granule cells complete their migration
after losing their contact with Bergmann glial cells in the PCL, we
examined the subsequent behavior of rounded granule cells.
Figure 3, D and E, shows that the rounded soma of a granule cell,
initially located at the upper strata of the PCL, remained station-
ary and did not change its shape throughout the observation
period. The length/width ratio during this period was consis-
tently low, with a range of 1.9–2.2 (Fig. 3F). However, highly
motile lamellipodia (Fig. 3D, wide arrows) develop at the distal
portion of the leading process that penetrates the IGL, although
the leading process does not exhibit a net extension in length (Fig.
3G). These results demonstrate that, after losing attachment to
glial surfaces, rounded granule cells remain stationary for an
extensive period. However, the tips of their leading processes
exhibit alternative changes that range from a tapered to a more
broad form, suggesting that the leading process tips of round-
shaped granule cells actively search for potential guidance cues.

Renewal of granule cell migration in the IGL
We analyzed a total of 36 rounded granule cells in the PCL and
found that they remained stationary for an average of 115 6 18
min, with times ranging from 30 to 220 min. Moreover, rounded
granule cells in the PCL did not exhibit any signs of further
differentiation into their mature form, such as extending several
thin processes from the soma. After this stationary period, how-
ever, the granule cell began to re-extend its soma and leading
process (Fig. 4A). During its transformation in cell body shape
(length/width ratio of 2.1–2.3 to 3.7–4.2) and the extension of the
leading process (19–30 mm), the granule cell gradually acceler-
ated the rate of its migration from 2.8 to 7.7 mm/hr (Fig. 4B–D).
Finally, 130 min after the start of recording, the spindle-shaped
soma had crossed the PCL–IGL borderline (Fig. 4A). Thus,
granule cells do not complete their migration in the PCL as
commonly assumed but, rather, initiate a new phase of their
migration within the IGL, which is independent of Bergmann
glial fibers.

To determine whether granule cells could exhibit active and
directed migration in the IGL in the absence of glial guidance, we
examined the migratory behavior of granule cells in the IGL.
Figure 5, A and B, shows that a spindle-shaped granule cell soma,
initially located in the upper strata of the IGL (20 mm away from
the PCL–IGL border), migrated toward the deep strata of the
IGL at a rate of 12.3 mm/hr. The long axis of its soma remained
oriented perpendicular to the PCL–IGL boundary line during
this radial migration, and its soma shape remained a vertically
elongated spindle (length/width ratio of 3.9–5.3; Fig. 5C). Sur-
prisingly, the size, shape, and rate of movement of this soma are
comparable to those recorded for granule cells migrating within
the ML (Komuro and Rakic, 1995; compare with Figs. 1C, 5C).

The direction of cell body movement among 33 granule cells
examined in the IGL was within an angle of 30° to a perpendicular

line drawn between the PCL–IGL and IGL–white matter (WM)
boundaries. These observations reveal that granule cells migrate
rapidly, radially, and unidirectionally toward the deep strata of
the IGL in the absence of guidance cues provided by Bergmann
glial cells. Therefore, these results suggest that other sets of
localized guidance cues and different cellular and molecular
mechanisms may regulate the shape and movement of granule
cells within the IGL.

Cessation of granule cell movement in the deep strata
of the IGL
After granule cells reach their final destination, they form den-
drites and establish synapses with waiting mossy fibers and Golgi
cell axon terminals (Rakic, 1971). However, it is not known
whether granule cells stop migrating at a specific position within
the IGL. To resolve this issue, we examined in slice preparations
where and how granule cells complete their migration in the IGL.
Figure 6A shows that a granule cell soma, initially located in the
middle of the IGL (78 mm away from the PCL–IGL border and 62
mm away from the IGL–WM border), migrated radially toward
the IGL–WM border at a rate of 14.7 mm/hr (Fig. 6B). However,
after 70 min of recording, the active tip of the leading process
approached the IGL–WM border, and the cell soma became
rounded, with a change of its length/width ratio from a range of
3.0–3.8 to 1.4–1.6 (Fig. 6C). Furthermore, the granule cell grad-
ually slowed its migration and after 100 min of recording com-
pletely stopped its movement 27 mm away from the IGL–WM
border (Fig. 6A,B). Although the soma of the granule cell ceased
movement in the deep strata of the IGL, its leading process
exhibited dynamic changes in shape. For example, the tip of the
leading process turned to the left (Fig. 6A, open arrow at 110 min)
and then retracted (Fig. 6D).

In the postnatal 10-d-old mouse cerebellum, the IGL in the
pyramis, close to the midline, is ;150 mm wide. To categorize the
final positions of the granule cells within the IGL, we divided the
width of the IGL into three strata: the top stratum, within 50 mm
of the PCL–IGL border; the middle stratum, within 100 mm of the
PCL–IGL border; and the bottom stratum, .100 mm from the
PCL–IGL border. Among 33 granule cells examined, 27 cells
(82%) settled at the bottom stratum of the IGL, 4 cells (12%)
settled at the middle stratum, and 2 cells (6%) settled at the top
stratum. The average distance between the PCL–IGL border and
the final position of granule cells in the IGL was 113 6 5 mm (n 5
33). These results reveal that, after entering the IGL, most
granule cells migrate radially .100 mm, independent of glial
fibers toward the IGL–WM border, suggesting that, as in the
cerebral cortex, late-generated granule cells pass through the
strata of early generated granule cells. Thus, a majority of granule
cells complete their migration at the bottom stratum of the IGL,
whereas ,20% of the granule cells settle at the middle or top
strata. This suggests that granule cells may stop their movement
in response to putative cues at the deep strata of the IGL; at

4

Figure 3. Time-lapse series showing an example of transformation and translocation of a granule cell in the PCL. A, Example of the granule cell soma
(asterisks) as it transformed from a vertically elongated spindle to a spherical shape (white stars). The distal portion of its leading process developed a
motile lamellipodia (wide arrow). The distance traversed by the granule cell soma (B) and the length/width ratio of the soma (C) were plotted as a
function of elapsed time. D, Time-lapse series showing a dynamic change in shape of leading process of stationary granule cell. Although the rounded
soma of the granule cell remained stationary throughout the observation period, highly motile lamellipodia (wide arrows) were present at a distal portion
of the leading process. The distance traversed by the granule cell soma ( E), the length/width ratio of the soma ( F), and the leading process length ( G)
were plotted as a function of elapsed time. IGL, Internal granular layer; PCL, Purkinje cell layer; ML, molecular layer. Scale bar, 10 mm. Time interval
(in minutes) is indicated on the top.
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present, it is unknown which cells or candidate molecules identi-
fied in the deep strata of the IGL are involved in this process.

Length and duration of granule cell transit across the
ML, PCL, and IGL
In the postnatal 10-d-old mouse cerebellum, postmitotic granule
cells migrate radially ;250 mm to attain their final position in the
IGL. Of this total length, the cells move ;110 mm to cross the

ML, ;27 mm to traverse the PCL, and an additional 113 mm in
the IGL toward the IGL–WM border. This indicates that the
distance traversed by granule cells in the IGL is similar to that
traversed by the granule cells along Bergmann glial fibers in the
ML (Komuro and Rakic, 1995).

To determine the transit time of granule cells in the ML and
PCL and the time required by granule cells to attain their final
position in the IGL, the width of the ML and PCL and the

Figure 4. Time-lapse series showing an example of secondary transformation of a rounded granule cell at the PCL–IGL border. A, During the
observation period, a rounded granule cell (white asterisks) began to re-extended its soma and leading process. Arrows indicate a broad tip of a leading
process. The distance traversed by the granule cell soma (B), the length/width ratio of the soma (C), and the leading process length (D) were plotted
as a function of elapsed time. IGL, Internal granular layer; PCL, Purkinje cell layer. Scale bar, 10 mm. Time interval (in minutes) is indicated on the
top.
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translocated distance in the IGL were divided by the average rate
of cell movement at each layer. The average rate of granule cell
movement was 11.2 6 0.9 mm/hr (n 5 38) in the ML, 5.2 6 0.8
mm/hr (n 5 36) in the PCL, and 10.2 6 1.1 mm/hr (n 5 33) in the
IGL (Fig. 7D). Therefore, the average transit time was 9.8 hr in
the ML and 5.2 hr in the PCL, and the time required to attain
their final position in the IGL was 11.1 hr. These results suggest
that granule cells move from the premigratory zone of the EGL
through the ML and the PCL to their final position in the IGL
within 1 d (average, 26 hr) after the initiation of radial migration.

Despite the decreased rate of cell movement in the PCL, no
accumulation of granule cells has been observed, because equal

numbers of cells arrive and leave this layer at any given time. Our
previous study indicates that granule cells migrating along a
Bergmann glial fiber arrive in the PCL within 5–10 hr (Komuro
and Rakic, 1995). They remain in the PCL for ;5 hr before
entering the IGL. Therefore, the number of granule cells in the
PCL is stable throughout the entire development period.

In summary, the total length of the migratory pathway of
granule cells in the developing mouse cerebellum is ;250 mm,
but during this short journey they pass through three distinct
cellular compartments (ML, PCL, and IGL). As presented quan-
titatively in the histograms (Fig. 7A–D), there is a direct and
consistent relationship between cell shape (expressed as the ratio

Figure 5. Time-lapse series showing an example of migration of a granule cell at the upper strata of the IGL. A, During the observation period, the
spindle-shaped soma (asterisks) of a granule cell translocated vertically toward the deep strata of the IGL at a rate of 12.3 mm/hr. Small arrows indicate
the trailing process of the migrating granule cell. The distance traversed by the granule cell soma (B) and the length/width ratio of the soma (C) were
plotted as a function of elapsed time. IGL, Internal granular layer. Scale bar, 10 mm. Time interval (in minutes) is indicated on the top.
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Figure 6. Time-lapse series showing an example of vertical migration of a granule cell at the middle strata of the IGL. A, During the observation period,
the spindle-shaped soma (asterisk) migrated vertically toward the IGL–WM border. White arrows and white stars indicate the tip of a leading process and
the rounded soma of the migrating cell, respectively. An open arrow indicates the horizontally extended tip of its leading process, whereas small arrows
indicate the trailing process of the migrating granule cell. The distance traversed by the granule cell soma ( B) and the length/width ratio of the soma
(C) were plotted as a function of elapsed time. IGL, Internal granular layer; WM, white matter. Scale bar, 10 mm. Time interval (in minutes) is indicated
on either the top or bottom.

1486 J. Neurosci., February 15, 1998, 18(4):1478–1490 Komuro and Rakic • Granule Cell Migration in Developing Cerebellum



between the width and length of cell soma), the length of the
leading process, and the rate of cell movement.

DISCUSSION
It is generally agreed that the mode and rate of neuronal migra-
tion in the central and peripheral nervous systems depend on the
surface-mediated interactions with the cellular environments en-
countered by the moving cells (Rakic, 1990; Bronner-Fraser,
1993, 1995; Anton et al., 1997). However, until recently it was not
possible to observe migrating cells directly in their natural setting
as they move across the different migratory terrains. Use of the
real-time recording of cell movement in cerebellar slice prepara-
tions (Komuro and Rakic, 1995) enables analysis of changes in
granule cell shape, mode, and tempo of their migration during
their transit across the ML, PCL, and IGL. The basic changes
observed in the present study can be subdivided into several
stages as summarized in Figure 8: (1) in the ML granule cells
have a distinct bipolar soma with long leading processes as they
migrate toward the PCL along Bergmann glial fibers; (2) after the
tips of the leading processes penetrate the PCL they abruptly stop
growing, whereas granule cell nuclei continue to move toward the
PCL; (3) after entering the PCL, granule cell somata become
rounded, and their movement transiently stops; (4) within the
PCL, the granule cell somata remain stationary for ;2 hr while
their leading processes develop new motile lamellipodia; (5) at
the PCL-IGL border, granule cells again assume a spindle shape
and resume migration; (6) at the top and middle strata of the IGL,

some granule cells acquire a round shape and stop movement, but
the majority of cells remain spindle-shaped and continue to move
radially toward the bottom of the IGL; and (7) at the bottom
strata of the IGL these cells again become rounded, and their
locomotion finally stops.

These observations stand in contrast to early studies using
[3H]thymidine autoradiography, which have suggested that iso-
chronically generated granule cells stop their migration randomly
throughout the IGL (Miale and Sidman, 1961; Fujita et al., 1966;
Altman, 1972). However, the present results indicate that the
majority of granule cells migrating at postnatal day 10 eventually
settle in the deep strata of the IGL, without respect to the time of
their origin. It is well established that some cells continue to
proliferate within the IGL, although the final positions and even-
tual phenotypes of these cells remain unclear (Uzman, 1960;
Fujita et al., 1966). Because the IGL contains other neuronal
classes in addition to granule cells (Altman and Bayer, 1977;
Mugnaini and Floris, 1994), the estimation of final positions of
granule cells in the IGL using [ 3H]thymidine autoradiography
includes a mixed population of cells. This could explain the
apparent discrepancy between [3H]thymidine observation and
our results.

Previous in vitro studies demonstrated that both the cytology
and migratory behavior of granule cells are highly responsive to
the substrates to which they become attached (Fishell and Hatten,
1991; Fishman and Hatten, 1993; Rivas and Hatten, 1995). For

Figure 7. Relationship between morphology and rate
of movement of granule cell through different layers of
developing cerebellar cortex. A–D, Histograms of soma
length (A), soma width ( B), leading process length
(C), and movement rate of granule cells (D) in the
ML, PCL, and IGL of developing cerebellum. Each
column represents the average values obtained from 38
migrating granule cells in the ML, 36 cells in the PCL,
and 33 cells in the IGL. Single ( p , 0.05) and double
( p , 0.01) asterisks indicate statistical significance.
IGL, Internal granular layer; PCL, Purkinje cell layer;
ML, molecular layer.
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example, dissociated granule cells display an elongated bipolar
migrating shape when they are plated onto either astroglial
plasma membranes, laminin, or fibronectin, whereas cells are
rounded when plated on collagen (Fishell and Hatten, 1991).
Although in vivo studies showed that granule cells traverse three
distinct cellular compartments (ML, PCL, and IGL), thus far only
the candidate molecules involved in the phase of migration
through the ML have been studied (Hatten and Mason, 1990;
Cameron and Rakic, 1994; Rakic et al., 1994; Hatten and Heintz,
1995; Anton et al., 1996; Rio et al., 1997). It is possible that
migrating granule cells are guided by various extracellular matrix
molecules that are expressed in distinct distributions in the PCL
and the IGL (Chuong, 1990). Dissociated granule cells migrate
well on extracellular matrix molecules in the absence of either
glial or axonal processes (Liesi, 1992; Fishman and Hatten, 1993).
Alternatively, later-generated granule cells could migrate along
the ascending axons of earlier-generated granule cells that are
already present in the IGL. While migrating across the ML,
granule cells are apposed to both the Bergmann glial fibers and
the fascicles of the ascending axons of earlier-generated granule
cells (shown in Rakic, 1971, his Fig. 15B). In microexplant cul-
tures, granule cells move along the neurites of differentiating
granule cells (Nagata and Nakatsuji, 1990; Komuro and Rakic,
1996). Interestingly, in the developing cerebrum, a specific pop-
ulation of migrating neurons changes its affiliation with radial
glial processes to axonal fascicles (O’Rourke et al., 1992). There-
fore, vertically oriented axons of postmigratory granule cells
might also support the inward migration of later-generated gran-

ule cells as they transit the PCL and the IGL. However, we cannot
exclude the possibility that glial cells continue to play a role in
granule cell migration, particularly within the upper strata of the
IGL. Bergmann glial cells extend short vertical processes into the
upper strata of the IGL during the period of granule cell migra-
tion (shown in Rakic, 1971, his Fig. 6; Muller et al., 1994). After
granule cell migration is completed, Bergmann glial cells with-
draw short vertical processes (Rakic, 1971; Muller et al., 1994),
suggesting that granule cells that settle in the upper strata of the
IGL may migrate along these glial processes in the same way that
they do in the ML. However, because the tips of the short glial
processes do not fully span the IGL, granule cells that settle in its
deep strata require another substrate to reach their final position.

The migration of granule cells in the IGL might be regulated by
cues from mossy fibers, axons of Golgi type II cells that eventually
form synapses with postmigratory granule cells, or both; both are
present in the IGL before the arrival of granule cells (Rakic and
Sidman, 1973; Mason and Gregory, 1984). Most mossy fiber
terminals accumulate at the interface of the PCL and IGL where
they “wait” for incoming granule cells (Rakic and Sidman, 1970).
It has been suggested that granule cells may be attracted by
molecules released from mossy fiber terminals and “pick up” their
connections after arriving at the PCL–IGL interface (Rakic and
Sidman, 1970; Rakic, 1985). Indeed, deprivation of mossy fiber
input originating from the pons results in the curtailment of
granule cell migration (Hamori, 1969). Furthermore, terminals of
mossy fibers release glutamate, which could change intracellular
Ca21 levels in granule cells by modifying Ca21 influx across their

Figure 8. Schematic representation of the
morphogenetic transformation of granule cells
as they migrate across various cellular com-
partments of the developing cerebellar cortex.
EGL, External granular layer; ML, molecular
layer; PCL, Purkinje cell layer; IGL, internal
granular layer; WM, white matter; BG, Berg-
mann glial cell; G, postmigratory granule cell;
PC, Purkinje cell.
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plasma membrane (Bisti et al., 1971; Connor et al., 1987; Garth-
waite and Brodbelt, 1989, 1990; Rossi and Slater, 1993). In the
microexplant culture, migrating granule cells exhibit spontaneous
fluctuations of intracellular Ca 21 levels, and depression of the
amplitude and frequency components of Ca 21 fluctuations by
blockade of Ca21 influx across the plasma membrane results in a
reversible retardation of cell movement (Komuro and Rakic,
1996). Selective blockade of the activity of the NMDA subtype of
glutamate receptor decreases the rate of granule cell movement
in acute slices (Komuro and Rakic, 1993), whereas overactivation
of NMDA receptors results in the arrest of neuronal migration in
vivo (Marret et al., 1996). Another possible source of attraction
for migrating granule cells is Golgi type II cell terminals, which
release GABA. Application of GABA modifies the migrating
behavior of cortical neurons in a dose-dependent manner by
changing intracellular calcium levels (Behar et al., 1996). Thus,
the neurotransmitters released from prospective presynaptic fi-
bers, such as mossy fibers and Golgi cell axons, could regulate the
rate, as well as duration, of granule cell migration by modifying
the intracellular Ca21 levels. Furthermore, age-related changes
in the concentration of glutamate and GABA in the extracellular
space of the IGL may affect the migratory behavior of granule
cells generated at different times.

Another possibility is that changes in granule cell shape and
mode of their migration in different cellular compartments of the
cerebellar cortex might be induced by intrinsic signals. Diversifi-
cation of postmitotic cells into multiple cell phenotypes minutes
after final mitotic division, and before arrival at the target desti-
nation, has been demonstrated in a variety of developing struc-
tures (Trisler et al., 1996; Meissirel et al., 1997). In particular,
cells destined for the various layers of the cerebral cortex seem to
be specified in the proliferative ventricular zone (McConnell and
Kaznowski, 1991). Thus, it is possible that the postmitotic granule
cells are specified to settle in different strata of the IGL. It has
been shown that migrating cerebellar granule cells express several
genes at specific points along their pathway, and some of these
genes encode for specific receptors activated by cell adhesion
molecules (Kuhar et al., 1993; Rocamora et al., 1993; Friedman
and Seeds, 1995; Hatten and Heintz, 1995; Zheng et al., 1996;
Hatten et al., 1997). Although the role of these genes in the
developing cerebellum has not been determined, it has been
shown that mutated cell adhesion molecule-related kinase genes
can transform fibroblasts from a typical polar migratory shape to
a more rounded shape and can dramatically reduce mobility
compared with the wild type (Ilic et al., 1995). Furthermore,
laminar and cytoarchitectonic abnormalities of cerebral and cer-
ebellar cortices may be caused by mutation of specific genes that
are involved in the completion of migration (Howell et al., 1997;
Sheldon et al., 1997; Ware et al., 1997). Therefore, alternating
gene expression during the translocation of migrating granule
cells from the EGL to the IGL may function to modulate changes
in their shape and behavior, as well as their allocation. The use of
slice preparations in conjunction with confocal microscopy allows
for the examination of the role of various molecules and the
uncovering of mechanisms underlying cell migration through the
heterogeneous terrain of the developing mammalian brain.
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