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Dynamics of Granule Cell Migration: A Confocal Microscopic Study in

Acute Cerebellar Slice Preparations

Hitoshi Komuro and Pasko Rakic
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Real-time examination of Dil-labeled, immature granule cells
in cerebellar slice preparations reveals several temporal and
cytological aspects of neuronal migration that have not been
observed in previous in vivo or in vitro systems. Using con-
focal microscopy we have obtained evidence that rates of
cell movement depend critically on the age of the cerebel-
lum, Although there were considerable variations in the speed
of individual cells, the average rate of cell migration in-
creased systematically from 9.6 + 3.0 um/hr in cerebella
from 7-d-old mice to 18.0 + 2.9 um/hr in cerebella from 13-
d-old mice. Consequently, granule cells traversed the de-
veloping molecular layer within a relatively constant time
period despite the doubling in width of the molecular layer
during the second week of postnatal life. Granule cell move-
ment was characterized by alternations of short stationary
phases with movement in a forward or backward direction.
The net displacement of a cell depended on the duration
and frequency of these phases as well as on the speed of
movement. Changes in the relative position of Dil crystals
attached to the surface of granule cells suggested the ex-
istence of a complex topographical flow of plasma mem-
brane during migration. Although a large portion of the plas-
ma membrane seemed to move in register with the nucleus
and surrounding cytoplasm, new membrane appeared to be
incorporated primarily at the leading process. However, the
pattern of membrane flow at the interface between migrating
neurons and Bergmann glial fibers could not be determined,
since these sites could not be labeled by Dil crystals. The
present results are in harmony with the concept that multiple
cellular/molecular mechanisms may be engaged in granule
cell migration.

[Key words: cerebellar development, neuronal cell migra-
tion, confocal microscopy, brain slice preparation, fluores-
cent carbocyanine dye, cell movement rate]

In the developing brain, postmitotic neurons migrate from their
place of origin to distant final destinations (Rakic, 1972; Sidman
and Rakic, 1973). This directed, active displacement of im-
mature neurons is essential for establishing normal cytoarchi-
tecture and synaptic connectivity in the vertebrate brain (Cav-
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iness and Rakic, 1978; Hatten, 1990; Rakic, 1990). In cerebellar
cortex, for example, granule cells migrate from the external gran-
ular layer where they are generated, crossing the expanding mo-
lecular layer to reach their final position in internal granular
layer (Ramon y Cajal, 1911; Miale and Sidman, 1961). Electron
microscopic analysis suggested that granule cell migration may
be guided and their movement facilitated by interactions with
the elongated processes of Bergmann glial cells (Rakic, 1971).
Subsequent studies have supported the concept that functional
interactions between postmitotic granule cells and Bergmann
glial fibers are essential for neuronal migration (Rakic and Sid-
man, 1973a,b; Rakic, 1976, 1981; Hatten et al., 1984, 1986;
Gao and Hatten, 1993). Recently, several molecular and cellular
mechanisms have been implicated in the directed movement
of granule cells, including cell—ell recognition and adhesion,
intracellular Ca?+ dynamics, and activity of NMDA receptors
(Antonicek et al., 1987; Edmondson et al., 1987; Gloor et al.,
1990; Fishell and Hatten, 1991; Komuro and Rakic, 1993a,b;
Cameron and Rakic, 1994; Farrant et al., 1994; Rakic et al.,
1994).

One major impediment in examining the role of different
molecules in cell movement is the availability of reliable func-
tional assays of neuronal migration. During the last three de-
cades, several features of migrating granule cells have been an-
alyzed, first using in vivo and more recently in vitro assay systems.
In initial studies, *H-thymidine autoradiography was used to
reveal the spatiotemporal pattern of granule cell movement in
vivo (Miale and Sidman, 1961; Fujita, 1967; Altman, 1969).
Dissociated cell culture systems were subsequently developed
to allow direct observations of granule cell movement in vitro
(Trenkner and Sidman, 1977; Hatten, 1985; Edmondson and
Hatten, 1987; Gregory et al., 1988). Recently, granule cell move-
ment has been examined using a microexplant culture system
(Moonen et al., 1982; Nagata and Nakatsuji, 1990).

Although studies using dissociated cell and microexplant cul-
ture systems have provided valuable information about possible
mechanisms that underlie granule cell migration, these systems
do not retain the ambient cellular and molecular environment
that normally affects cell migration. For example, cerebellar
granule cells in vivo migrate in a stereotypical and unidirectional
fashion away from the external granular layer. However, in both
dissociated cell and microexplant culture systems, granule cells
migrate bidirectionally along the process of the glial cells as well
as on the bundles of neurites.

To study molecular and cellular mechanisms underlying gran-
ule cell migration, it is essential to develop an in vitro system
that both faithfully replicates neuronal migration in vivo, and
permits a microanalysis of migrating cell behavior. To achieve



this goal, several slice culture systems have been developed
(Hemmendinger and Caviness, 1988; Komuro and Rakic, 1992,
1993a; O’Rourke et al., 1992; Fishell et al., 1993; Roberts et
al., 1993). In the present study, the migration of fluorescently
labeled granule cells was examined in cerebellar slice prepara-
tions from postnatal mice using a laser scanning confocal mi-
croscope. This approach revealed several spatial and temporal
characteristics of granule cell movement that should be taken
into account in considering the mechanism of cell migration.

Materials and Methods

Postnatal day (P) 7-13 mice (CD-1) were killed by decapitation, in
accordance with institutional guidelines. Cerebella were quickly re-
moved from the skull and placed in cold (5°C) Hanks’ balanced salt
solution (40 mMm glucose, 2.5 mMm Hepes) that was oxygenated with 95%
0,, 5% CO, to a final pH of 7.4. Prior to cutting, cerebella were em-
bedded in 20% gelatin and sectioned sagittally into 300400 pum thick
slices on a Vibro Slice microtome (Stoelting Co.). After sectioning, pia
mater and gelatin were carefully removed under a dissecting microscope.
Only slices obtained from the middle region of the cerebellum were
used for this study. To label migrating granule cells, cerebellar slices
were incubated for 30 min at 37°C in a fluorescent lipophilic carbocy-
anine dye [1,1’'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per-
chlorate (Dil)] (10 ug/ml) (Molecular Probes) added to the cell culture
medium (Honig and Hume, 1986). The incubation medium consisted
of minimum essential medium (Gibco) supplemented with 40 mm glu-
cose, 1.8 mM glutamine, 24 mm NaHCO;, penicillin (90 U/ml), and
streptomycin (90 ug/ml). After rinsing with the incubation medium,
brain slices were maintained in an incubator (37°C, 95% air, 5% CO,)
for an additional 2—4 hr. Brain slices were then transferred into the
chamber of a microincubator (PDMI-2, Medical System Corp.) attached
to the stage of an inverted microscope (IMT-2, Olympus Corp.). Cham-
ber temperature was kept at 37.0 + 0.5°C using a temperature controller
(TC-202, Medical System Corp.), and the slices were provided with
constant gas flow (95% O,, 5% CO,). To prevent movement of the slice
preparation during observation, a nylon net glued to a small silver wire
ring was placed over the preparations.

A laser scanning confocal microscope (Bio-Rad, MRC-600) was used
to visualize migrating granule cells labeled with Dil in the slices. The
tissue was illuminated with 514 nm wavelength light from an argon
laser through an epifluorescence inverted microscope equipped with a
40 x water-immersion objective (Zeiss, numerical aperture 0.75). Light
passing through the aperture was filtered by a 550 nm long-pass filter.
To protect the migrating granule cells labeled with Dil from any cyto-
toxic effect of the laser beam, neutral density filters were added to reduce
the excitation light level by 99%. If no movement of granule cells was
detected during the first 30 min of observation, the brain slice was
discarded. Shock to the tissue during sectioning of slices can disrupt cell
movement and prevent most cells from migrating. Accordingly, the
present study is based on the analysis of approximately one-fifth of the
most healthy slices which displayed sustained cell migration. This sam-
pling procedure favored slices in which cells displayed visible and robust
movement shortly after sectioning. Since the mode and speed of granule
cell movement in slices resembled those in vivo (Fujita, 1967), we pre-
sume that other cytological and temporal parameters of migration are
analogous to the in vivo situation. Images of the migrating granule cells
in a single focal plane were collected with laser scans every 1 or 10 min
for up to 5 hr, and recorded on an optical disk recorder (TQ-3031,
Panasonic) or an optical drive (cosmos 600, Racet).

Results

Mode and rate of cell movement

The laser scanning confocal microscope allowed us to identify
Dil-labeled migrating granule cells in the molecular layer of the
slice preparation. Because Dil crystals are incorporated into the
plasma membrane, the fluorescent images accurately displayed
cell body contours. Migrating granule cells in our preparations
had a characteristically small spindie-shaped body, a thin trail-
ing process, and a more voluminous leading process, such as
described by Ramon y Cajal (1911) using a Golgi-impregnation
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method. In most instances the leading process extends first, and
the nucleus and surrounding cytoplasm descend within the
membrane envelope to the next position. Since the entire leading
process including the attenuated tip is often difficult to visualize,
the rate of granule cell migration in the present study was cal-
culated by measuring the distance between the lower margin of
the cell soma and selected stationary elements in the slice prep-
aration. Figure 14 shows an example of a Dil-labeled granule
cell in the molecular layer of a postnatal 9-d-old (P9) mouse
cerebellum visualized 2 hr after staining, and recorded in optical
sections collected at 10 min intervals. As shown at lower-power
magnification (Fig. 1.B), this particular granule cell indicated by
a black asterisk was located approximately 15 um below the
slice surface, and was closely apposed to the process of a Berg-
mann glial cell indicated by white arrowheads. All migrating
granule cells were closely apposed to Bergmann glial fibers; a
single Bergmann glial process was often contacted by two mi-
grating granule cells (Fig. 1B). The cell body of the migrating
granule cell in Figure 14 was initially 12 um long and 4 um
wide. However, the cell changed its shape during its movement,
possibly because of squeezing past various obstructions in its
environment. During the observation period, the cell body of
the granule cell gradually translocated along the Bergmann glial
fiber toward the internal granular layer (Fig. 14).

The rate of granule cell movement is closely related to the
temperature of the culture medium; lowering the medium tem-
perature slowed cell movement (H. Komuro and P. Rakic, un-
published observation). Therefore, all experiments in the pres-
ent study were carried out at 37.0 + 0.5°C. To analyze the
dynamic pattern of cell movement, we plotted the distance tra-
versed by the granule cell as a function of elapsed time. For
example, the cell shown in Figure 14 moved a total distance of
21.0 um toward the internal granular layer during the 2 hr of
recording (Fig. 2). Therefore, the overall rate of this cell move-
ment was 10.5 um/hr. However, the displacement of the mi-
grating granule cell ranged between 0-2.8 um for each 10 min
time-bin recording.

The overall rate of granule cell movement in slice preparations
obtained from 51 postnatal P7-13 mouse cerebella ranged be-
tween 6-24 um/hr, and the average rate was 13.9 um/hr. This
rate of movement is comparable to the rate based on changes
in position of cells labeled with 3H-thymidine in a series of intact
animals (Fujita, 1967). Furthermore, this rate of movement is
similar to the rate obtained from dissociated cerebellar granule
cells of comparable age in coculture experiments (Fishell and
Hatten, 1991), and with data obtained from microexplant cul-
tures of the mouse cerebellum of similar age (Komuro and Rak-
ic, 1993b).

Age-dependent change in the rate of cell movement

After establishing that the average rate of cell movement in
slices was not adversely affected by the in vitro conditions for
the first several hours, we examined the rate of granule cell
movement over the course of postnatal development. More than
100 cerebellar slices obtained from P7-13 mice were examined
for a period between 30 min and 5 hr using laser scanning
confocal microscopy. In slices obtained from P8 (Fig. 34), P10
(Fig. 3B), P11 (Fig. 3C), and P12 (Fig. 3D), the somata of
migrating granule cells moved vertically across the molecular
layer toward the internal granular layer. Although we did not
observe distinct differences in the size or morphology between
migrating granule cells at different postnatal days, we found a
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Figure 2. The distance traversed by the granule cell as a function of
elapsed time. The position of the migrating granule cell was recorded
at 10 min intervals over 120 min. The overall rate of movement of this
cell was 10.5 um/hr.

systematic increase in the distance traversed by granule cells
with age of the animal (Fig. 4). For example, the granule cell
from P8 mouse (Fig. 44) moved a distance of 9.3 ym during a
1 hr period, while granule cells obtained from older animals
moved significantly farther: the granule cell in P10 slice moved
12.1 pm (Fig. 4B), the cell in P11 slice moved 17.2 um (Fig.
4C), and the cell in P12 slice moved 23.4 um (Fig. 4D)ina 1
hr period.

To examine the relationship between the rate of cell move-
ment and age of cerebellum, the rate of individual granule cell
movement was plotted as a function of age (Fig. 5). Although
we observed considerable variation in the rate of cell movement
within a given postnatal day, the overall rate of cell movement
gradually and systematically increased during the course of de-
velopment. The average rate of cell movement was 9.6 + 3.0
um/hr (mean = SD, n = 4) at P7, 10.7 £ 2.8 um/hr (n = 10)
at P§, 10.4 = 4.5 um/hr (n = 8) at P9, 13.3 = 3.5 um/hr (n =
8)at P10, 14.2 + 5.6 um/hr (n = 6) at P11, 20.1 = 3.5 um/hr
(n=19)at P12, and 18.0 = 2.9 um/hr (n = 6) at P13 (Fig. 5).
These results suggest that during development of the mouse

s

Figure 1. Migrating granule cells in a slice preparation obtained from
P9 mouse cerebellum. Postmitotic granule cells were labeled fluores-
cently with Dil and their positions in the molecular layer were visualized
by laser scanning confocal microscopy. A, High-power micrographs show
the translocation of a migrating granule cell. The cell body of a granule
cell labeled with Dil gradually moved in the direction of the internal
granular layer (toward the bottom of the photograph). The time interval
is indicated in minutes at the bottom of each photograph. Note that the
shape of the migrating granule cell changes during the brief period
recorded. The black asterisks mark the cell body of the migrating granule
cell. Small white arrows and a white asterisk mark fixed reference points
in the slice. B, Low-power overview of the developing molecular layer,
which includes the migrating granule cell (indicated by a black asterisk)
shown in 4. This optical section was obtained approximately 15 pm
below the slice surface, 70 min into the period of observation. Migrating
granule cells can be identified by their position, size, characteristic bi-
polar shape, and thin trailing and more voluminous leading processes.
Bar, 5 um (4), 10 um (B). MGC, migrating granule cell; PC, soma of
the Purkinje cell; ML, molecular layer. White arrowheads in both A and
B indicate the processes of the Bergmann glial cells.
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cerebellum, later-generated granule cells tend to migrate faster
than earlier-generated granule cells. Although the increment in
the rate of the cell movement is relatively small between suc-
cessive days, the average rate in P13 mouse is about twice that
recorded at P7.

Transit time across the molecular layer

During postnatal development, the width of the molecular layer
in midsagittal cerebellum increases rapidly from about 70 um
to 150 um. To determine the transit time of granule cells in the
expanding molecular layer, we measured the width of the mo-
lecular layer and the rate of cell movement in the cerebellar
slices from the P7-13 mice. Since there is considerable variation
in the width of the molecular layer between the different regions
in the cerebellum, our measurements were confined to the pyr-
amis of the anterior lobe cut coronally at the midline level. At
P7 the average width of the molecular layer was 76 um, 89 um
at P8, 104 um at P9, 111 gm at P10, 123 um at P11, 132 um
at P12, and 139 um at P13 (Fig. 64). This steady increase may
be attributed to the addition of parallel fibers, growth of den-
dritic processes of Purkinje cells, and the formation of stellate
and basket cells.

To estimate the time required by granule cells to cross the
entire molecular layer, the width of the molecular layer in the
pyramis close to the midline was divided by the average rate of
cell movement at each age group. Although there was some
variation, the transit time values in all animals between P7 and
P13 were remarkably similar (Fig. 6B). For example, the average
transit time was 7.9 hr at P7 mouse, 8.3 hr at P8, 10.0 hr at
P9, 8.3 hr at P10, 8.7 hr at P11, 6.6 hr at P12, and 7.7 hr in
P13 (Fig. 6 B). These results suggest that granule cells move from
the premigratory zone of the external granular layer to the in-
ternal granular layer within approximately 10 hr after the ini-
tiation of migration, irrespective of the age of the animal and
the increase in width of the molecular layer.

Saltatory movement of migrating cells

To examine the dynamics of granule cell movement in more
detail, we recorded the shape and cell body displacement in the
cerebellarslices at 1 min intervals. Figure 7 illustrates magnitude
of cell body displacement of a typical fast- (Fig. 74) and slow-
moving (Fig. 7B) cell as a function of elapsed time. Although
the distance traversed by both fast- and slow-moving granule
cells gradually increased with passage of time, the cell body of
both migrating cells did not move linearly (Fig. 74,B). The
migration speed of both cells fluctuated between phases of rapid
advancement and a complete curtailment of movement.

The distance and direction attained by bodies of migrating
cells during each minute of observation revealed a dynamic
process characterized by the stationary periods which alternated

—

Figure 3. Migration rate of immature granule cells at different post-
natal ages. Cerebellar slices were obtained from P8 (4), P10 (B), P11
(C), and P12 mouse cerebella (D). Migrating granule cells labeled flu-
orescently with Dil in slices were visualized by laser scanning confocal
microscope. These photographs were obtained approximately 10-30 um
below the slice surface. The cell body of each granule cell gradually
moved in the direction of the internal granular layer (toward the bottom
of each photograph). Time interval (in minutes) is indicated at the
bottom of each photograph. The asterisks mark the migrating granule
cell soma. Small white arrows point to the lower margin of the cell soma.
Bar, 5 um.
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Figure 4. Graphs showing the distance traversed by the granule cells
shown in Figure 34-D versus time. The overall rates of the granule cell
movement were 9.3 um/hr (4, obtained from P8 mouse), 12.1 um/hr
(B, P10), 17.2 um/hr (C, P11), and 23.4 um/hr (D, P12). Note that the
rate of cell body movement increases during postnatal development.

with periods of either forward or backward movement (Fig.
7C,D). During the 50 min of observation, the fast-moving cell
exhibited a total of 33 min of forward movement, 7 min of
backward movement, and 10 min in a stationary state. In con-
trast, a slow-moving cell, during the same period, exhibited 28
min of forward movement and 11 min of backward movement,
and spent 11 min in a stationary state. The distance traversed
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Figure 5. Increment of migration velocity in the cerebellar granule

cells as a function of age. Overall velocity (rate) of cell body movement
of granule cells in the molecular layer was calculated by the total distance
traversed by each granule cell during the observation periods. Each e
corresponds to the rate of cell migration obtained from a single neuron.
Each O represents the average rate of cell movement at each of the ages.
These results suggest that the rate of granule cell movement within a
given postnatal day is variable, but on the average the rate is faster in
older animals than in younger.

by the fast-moving cell during each minute of forward move-
ment was 0.5 = 0.4 um (mean + SD, n = 33), while the distance
traversed by the slow-moving cell was 0.3 + 0.2 um (n = 28).
Taken together, the fast-moving cell had longer forward move-
ment periods and traveled farther within each forward move-
ment period than the slow-moving cell. These results suggest
that the overall rate of granule cell migration depends on both
the duration and combination of periods of forward movement,
backward movement, and stationary state as well as the speed
of movement in each movement period.

Plasma membrane flow during cell body movement

Studies of growth cone motility and neuronal migration have
implied that the flow of the plasma membrane may direct cell
movement through a combination of mechanisms that include
membrane addition, deletion, and recycling (Rakic, 1985a,b;
Kucik et al., 1990; Heath and Holifield, 1991; Stossel, 1993).
To examine this issue, it is essential to determine the relation-
ship between the translocation of the cell body and movement
of its plasma membrane. To approach this problem, we ex-
ploited the serendipitous observation that undissolved crystals
of Dil are often attached to the outer plasma membrane of
migrating granule cells. These crystals could be seen as small
fluorescent spots during the 5 hr observation of the slice prep-
aration. We were able to record the position of these spots on
the plasma membrane of the cell body during active movement
of individual cells. These records thus indicated the movement
of the plasma membrane relative to the cell body and leading
process.

Figure 8 shows an example of a migrating granule cell that
has three small fluorescent spots attached on its plasma mem-
brane. As evident in the series of micrographs, these spots (a—
¢) did not remain at the same relative positions on the plasma



membrane during the cell body movement. Changes in the posi-
tion of these three spots are illustrated schematically and ana-
lyzed quantitatively (Fig. 94). A substantial change in the posi-
tion of these spots was observed during 5 hr. Crystal a initially
moved from the middle of the cell body to the margin between
soma and trailing process, but subsequently regained its starting
portion. Therefore, this spot remained at the middle of the cell
soma at the beginning and end of the observation period, and
overall moved in concert with the cell body. Crystal b, sitnated
initially at the border of ccll soma and leading process, shifted
to the center of the cell soma, but it also overall moved in concert
with the movement of entire cell body. Crystal c, initially sit-
uated at the distal portion of the plasma membrane of the lead-
ing process, moved with respect to the cell body in a direction
opposite to migration, and at the end of the observation period
it was situated ncar the middle of cell soma. Analysis of the
displacement of each spot and the cell body at shorter intervals
revealed that all three spots undergo alternate forward and back-
ward displacement while the cell body as a whole moves toward
the internal granular layer (Fig. 9B). Therc are marked differ-
ences in the duration and combination of each period as well
as in the translocated distance between the three spots. The
most dramatic was the shift in position of spot ¢, from the distal
scgment of the leading process to the equatorial position on the
cell soma.

In slice preparations obtained from 23 postnatal P7-13 mouse
cerebella, all 61 Dil crystals initially situated within cell soma
moved in concert with the cell body movement, and thus re-
mained within the domain of the cell soma throughout a | hr
observation. In contrast, the majority of the Dil crystals initially
situated on the leading process (25 of 29 cases) moved in an
opposite dircction with respect to movement of the cell body,
and were subsequently found around the cell soma. The re-
maining four Dil crystals retained their original position on the
leading process. Finally, all nine Dil crystals initially situated
on the trailing process remained on the trailing process after 1
hr of observation. Throughout our experiments, neither the
movement of Dil crystals from the domain of cell body to the
leading process nor the movement from cell body to trailing
process was recorded.

Taken together, the present results suggest that the nucleus
and surrounding cytoplasm, as a whole, shift in concert with
the movement of surrounding plasma membrane. The rate and
direction of plasma membrane flow may depend on the position
of the plasma membrane relative to the cell body of the mi-
grating cell. In particular, the movement of some spots from
the leading process to the cell soma i1s compatible with the
hypothesis that most new membrane is added at the tip of
migrating cclls and passively transferred toward the cell body.

Discussion

Granule cell movement in slice preparations

The present study shows that the behavior of migrating granule
cells labeled with fluorescent carbocyanine dye can be visualized
in slice preparations which allow preservation of local cytoar-
chitectonics. Our results indicate that values for basic param-
eters of granule cell migration in this paradigm arc comparable
to thosc recorded in vivo. However, real-time observation of
granule cell movement in the slice preparations revealed several
novel aspects of cell movement, including changes in the rate
of cell movement during development, constancy of the transit
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Figure 6. A, Increase of the width of the molecular layer in cerebella
during the course of postnatal development. Slices were obtained from
P7-13 mouse cerebella and the width of the molecular layer was mea-
sured using confocal microscopy after staining with Dil. Measurements
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midline. B, Transit time needed by postmitotic granule cells to cross
the entire molecular layer as a function of postnatal days. To estimate
the transit time, the width of the molecular layer in the pyramis was
divided by average migration velocity obtained from Figure 5. Notice
that the transit time is relatively constant, although the width of the
molecular layer expands during the postnatal development.

time across the molccular layer, saltatory pattern of cell move-
ment, and complex flow of plasma membrane.

All migrating granule cells examined were closely apposed to
the elongated processes of Bergmann glial cells and eventually
shifted their somata toward the internal granular layer. The
overall rate of cercbellar granule cell movement during the first
5 hr in slice preparation was 13.9 um/hr, similar to the rate
estimated for granule cells in vivo as well as in dissociated granule
and glial cells in cultures (Fujita, 1967:; Fishell and Hatten,
1991). This rate is also similar to the rate of cells migrating
radially in organotypic cultures of the developing cerebral wall
(O’Rourke et al., 1992). These similaritics suggest that common
cellular/molecular mechanisms may control average rates of
neuronal migration in the developing cerebellum and cerebrum,
in spite of large differences in the length of pathways and range
of speeds of individual cells.
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Figure7. Graphs showing the saltatory movement of two migrating granule cells. The distances traversed by a typical fast-moving (4) and a slow-
moving (B) migrating cell from P10 mice are plotted as a function of elapsed time. The position of the migrating granule cell body was recorded
at 1 min intervals over a 50 min period. The overall rates of migration were 14.3 um/hr (fast-moving cell, 4) and 7.0 um/hr (slow-moving cell,
B). Graphs (C, D) show the distance traversed by granule cells illustrating 4 and B, respectively, during each minute. In this plot, positive values
represent the forward movement of the granule cell body toward the internal granular layer, while negative values represent backward movement,
toward the external granular layer. Note that both migrating granule cells alternate between forward and backward movement periods, and stationary

periods.

Age-dependent change in the rate of cell migration

Our results show that the average rate of granule cell movement
in the molecular layer increases systematically from about 9.0
um/hr at P7 to 18.0 um/hr at P13. This increase was observed
in a series of developing cerebella despite considerable variation
in the rate of individual cell movement within a given postnatal
day. The large change in the rate of movement over 1 week’s
time is surprising since one might expect that the reduction of
extracellular space in the molecular layer in older animals, caused
by the addition of parallel fibers and the formation of synapses
between parallel fibers and Purkinje cells, would impede later-
generated granule cells, making them slower, rather than faster.

At present, the cellular and molecular mechanisms controlling
the rate of cell movement during the postnatal development are
not well known. However, there are several possible explana-
tions for the increases in the rate of cell movement at older ages.
First, migrating granule cells in the molecular layer are apposed
to both the processes of Bergmann glial cells, and also to the
fascicles of ascending axons belonging to previously generated
granule cells (shown in Fig. 15B in Rakic, 1971). The number
of axons associated with each Bergmann glial process increases
as development proceeds. Therefore, it is possible that the ex-
panded contact area between the later-generated granule cell
and axons of earlier-generated granule cells allows an increase
in the rate of cell movement, even if other conditions remain
unchanged.

Another possibility is that the increase in the rate of cell
migration at older ages is related to the maturity of the bio-

chemical machinery that underlies cell motility. Thus, the faster
cell movement at older ages may be related to an increase in
the concentration of extracellular glutamate, which modulates
the rate of granule cell migration by activating NMDA receptors
which in turn regulate Ca?* influx essential for cell contractility
(Komuro and Rakic, 1993a). Aithough there is no information
available about changes in the concentration of extracellular
glutamate in the developing molecular layer, it is possible that
glutamate levels gradually increase during the early postnatal
period due to an increase in the number and maturation of
parallel fibers. On the other hand, if the sensitivity of the NMDA
receptor in migrating granule cells increases during the course
of development, it could account, at least in part, for the ac-
celerated rate of cell movement in older animals, even if extra-
cellular glutamate levels remain constant. Indeed, it has been
reported that granule cells in the premigrating zone of the ex-
ternal granular layer in young animals are less sensitive to bath-
applied NMDA than those in older animals (Rossi and Slater,
1993). Therefore, age-dependent changes in the rate of cell mi-
gration may be due to alterations in the structural and molecular
environment of the expanding molecular layer as well as to
changes in the biophysical properties of migrating granule cells
during postnatal development.

Transit time across the molecular layer

The increase in rate of granule cell migration in older specimens
may be a biological requirement for the construction of the
cerebellar cortex. It has been shown that postmitotic granule
cells have a restricted window of time in which they possess the
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Figure 8. Translocation of the surface
plasma membrane of a migrating gran-
ule cell during cell body movement. In
cerebellar slice preparation of P10
mouse, small crystals of the dye Dil
formed bright spots (a, b, ¢} which al-
lowed us to examine the displacement
of the plasma membrane. Transloca-
tion of the small fluorescent spots on
the plasma membrane of the migrating
granule cell was visualized by laser
scanning confocal microscopy and was
recorded in optical sections. The bright
spot a, indicated by a circle, is initially
attached to the plasma membrane at
the middle of the cell body; bright spot
b, indicated by an arrowhead, is at-
tached at the margin between the cell
body and leading process; and bright
spot ¢, indicated by a white asterisk, is
attached to the plasma membrane of
the leading process. Notice that the po-
sition of all three spots (a—) moved to
different positions on the surface plas-
ma membrane during the cell body’s
movement toward the internal granular
layer (toward the bottom of the each
photograph). Time interval (in min-
utes) is indicated on the botfom of each
photograph. Bar, 5 um. The black as-
terisks mark the cell body of the mi-
grating granule cell.
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Figure 9. A, Schematic representation of the translocation of the three Dil crystals seen as fluorescent spots on the plasma membrane of the
migrating cell illustrated in Figure 8. The positions of spots designated as 4, b, and ¢ (indicated by a filled circle, arrowhead, and asterisk, respectively)
correspond to the positions of three fluorescent spots illustrated in Figure 8, and the position of d (indicated by an open circle) marks the margin
between the trailing process and cell body. The time interval (in min) is indicated at the top of each drawing. B, Graphs showing the translocation
of the three fluorescent spots (a—c) and the cell body (d) at intervals of 10-30 min. Positive values represent the forward translocation of the
fluorescent spot (toward the internal granular layer) while negative values represent the backward movement (toward the external granular layer).

All three spots on the plasma membrane alternate between forward and backward movement on the surface of the migrating cell. Notice that the
translocation of ¢ was the most dramatic, and that the most new membrane was added at the segment distal to it.
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potential for migration (Trenkner et al., 1984). Therefore, as the
molecular layer increases in width, it may become crucial that
granule cells enhance their migration velocity in order to com-
plete their migration within that critical period. The present
results show that the transit time of granule cells across the
molecular layer in the mouse cerebellum is relatively constant
and ranges between 6.6-10.0 hr during the entire postnatal pe-
riod. This result stands in contrast to the 4 hr transit time that
has been estimated in vivo using the *H-thymidine autoradiog-
raphy in the P10 mouse cerebellum (Fujita et al., 1966).

The external granular layer in the developing cerebellum can
be divided into two zones. The outer half of the external granular
layer, the proliferative zone, contains mainly dividing cells. Af-
ter their final mitotic division, postmitotic granule cells become
displaced to the inner half of the external granular layer, where
they remain until onset of migration. Hence the term “premi-
gratory zone.” Cells remain here for 21-28 hr before they begin
to migrate across the molecular layer, toward the internal gran-
ular layer (Fujita et al., 1966; Fujita, 1967). In the study using
3H-thymidine autoradiography, the transient time across the
molecular layer was estimated from the relationship between
the position of labeled granule cells and the elapsed time after
injection of *H-thymidine. Thus, the estimated transient time
depended upon both the length of cell cycle in the proliferative
zone and transient time within the premigratory zone of the
external granular layer. Therefore, it is possible that the transient
time across the molecular layer as obtained from the autora-
diographic study is an underestimation, due to the variability
in cell cycle duration within the proliferative zone and the tran-
sient time across the premigratory zone (Fujita et al., 1966;
Fujita, 1967).

Saltatory movement of the migrating cells

Studies of dissociated cerebellar cells and microexplant culture
systems showed a ““start—stop” pattern of granule cell movement
(Edmondson and Hatten, 1987; Nagata and Nakatsuji, 1990).
Migrating cells in an organotypic culture experiment using ce-
rebral slices (O’Rourke et al., 1992) exhibit a pattern of cell
movement that is similar to the movement observed in disso-
ciated granule cells (Edmondson and Hatten, 1987). The present
results, based on observations of slice preparations, show a high-
ly dynamic tempo of granule cell migration that is characterized
by stationary periods alternating with periods of either forward
or backward movement. Thus, saltatory movements of the cell
body within its cytoplasmic cylinder may be a ubiquitous prop-
erty of migrating neurons in the developing brain.

The cellular and molecular mechanisms underlying saltatory
movements of the migrating cell body are not well understood.
Nonetheless, it is possible that migrating granule cells possess
an intrinsic biological rhythm that directs undulation. Recently,
we found that the intracellular Ca?* level of migrating granule
cells in microexplant cultures displays spontaneous cyclic os-
cillation in both the cell nucleus and cytoplasm (Komuro and
Rakic, 1993b). This cyclic periodicity of the intracellular Ca2+
level correlates with periodicity of the cell body movement (Ko-
muro and Rakic, 1993b). Furthermore, Ca2+ influx across the
plasma membrane, which is regulated by the activity of N-type
Ca?+ channels and NMDA receptors, is essential for the dis-
placement of the granule cells (Komuro and Rakic, 1992, 1993a).
Therefore, it is possible that saltatory movements of migrating
granule cells are dependent upon the cyclic oscillation of intra-
cellular Ca?* levels, which may, in turn, be regulated by multiple
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intrinsic and extrinsic mechanisms including the various volt-
age- and ligand-activated Ca** channels.

Plasma membrane flow during cell migration

Although it is well established that surface area of migrating
neurons substantially increases as cell soma moves across ex-
panding spaces of the developing brain (Rakic et al., 1974), the
site of new membrane addition and subsequent flow of incor-
porated molecules at the cell surface are not known. Our study
using Dil crystals attached at the plasma membrane of migrating
granule cells suggests that somatic membrane may move in
register with the downward movement of the cell nucleus, and
induce membrane from the leading process into the somatic
membrane. Furthermore, our results are consistent with the
hypothesis that new membrane is mainly deposited in the lead-
ing process and is eventually passively translocated backward.
Present results are also in harmony with the conclusion based
on the time-lapse microphotography of movement of glass par-
ticles attached to dissociated sympathetic neuron in culture, that
new plasma membrane is deposited in the region of the growing
tip of the neurite (Bray, 1970). Although our conclusion is based
on the assumption that the position of Dil crystals reflects flow
of cell membrane, we cannot rule out the possibility that Dil
crystals embedded in the outer plasma membrane of migrating
cells were anchored to the neuronal cytoskeleton through trans-
membrane linkage. If this were the case, the movement of the
crystals would reflect the movement of the cytoskeleton rather
than that of the plasma membrane (Forscher et al., 1992; Okabe
and Hirokawa, 1992). However, microtubules in cultured neu-
rons are generated in the cell body and continually translocated
in an anterograde direction along the neurite (Reinsch et al.,
1991; Tanaka and Kirschner, 1991). Therefore, the retrograde
movement of Dil crystals which translocated from the leading
process to the cell body does not reflect movement of cyto-
skeleton but more likely indicates plasma membrane flow.

In the present study, we could not determine whether the
portion of neuronal plasma membrane attached directly to a
Bergmann glial process moves in the same manner as the re-
maining ““ free” membrane, since it was not possible to label
the apposed portion of the membrane. Therefore, the segments
of the plasmalemmal junction between the migrating neuron
and the process of a Bergmann glia cell may remain in the same
position during translocation of the cell body (Rakic, 1985a,b).
This is an attractive possibility, since such constant attachment
can be reconciled with the role of recognition and adhesion
molecules in neuronal cell migration (Rakic et al., 1994).

Taken together, our observations of migrating neurons in a
slice preparation suggest that multiple cellular and molecular
mechanisms may underlie the translocation of plasma mem-
brane during cell body movement. Since plasma membrane of
migrating neurons is composed of several classes of molecules
including recognition receptors, cell adhesion molecules, and
various ion channels (Rakic et al., 1994), it is possible that each
displays a different turnover time and pattern of flow. Fluores-
cently labeled cerebellar slice preparation offers powerful means
to address these mechanisms, but some limitations, described
here, should be taken into consideration in interpreting these
results.
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