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Abstract. In the developing brain, postmitotic neurons
exhibit dynamic changes in mode, direction, tempo and
rate of migration as they traverse different cortical layers.
Such changes in cell migration require orchestrated ac-
tivities of multiple guidance cues and transmembrane sig-
nals. In this article, we first describe when, where and
how cerebellar granule cells alter their migratory behav-

ior during the entire course of their migration. We then
present how internal (inherent) programs regulate the se-
quential changes in the migratory behavior of granule
cells in vitro. Finally, we discuss the roles of external
guidance cues and transmembrane signals in controlling
granule cell migration.

Key words. Neuronal cell migration; cerebellar granule cell; intrinsic program; N-type Ca?" channel;

NMDA receptor; intracellular Ca?* level; somatostatin.

Introduction

In the developing central nervous system, the majority of
neurons migrate from their site of origin to their final des-
tination, movement which is essential for the establish-
ment of normal brain organization [1—5]. In the human,
distinct genetic mutations and environmental toxins can
affect neuronal migration, and result in abnormal cortical
development [6—17]. Although the mechanisms by which
these cortical abnormalities develop are still unclear [12],
evidence has accumulated to indicate that the migration of
neurons requires the orchestration of multiple molecular
events, including the selection of a pathway, the formation
of adhesive interactions, the activation of specific ion
channels and receptors and the assembly and disassembly
of cytoskeletal components [3, 4, 18, 19]. This review is
based on studies of the migration of cerebellar granule
cells. The prenatal and early postnatal cerebella have been
used as a model system of neuronal cell migration, since
the defined neuronal cytoarchitecture and the small num-
ber of neuronal types in the cerebellum provide an ideal
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system for determining cellular and molecular mecha-
nisms of neuronal migration [18—23]. Specifically, the
migration of cerebellar granule cells has been intensively
examined, and cellular and molecular mechanisms under-
lying granule cell migration are known to be utilized dur-
ing the migration of immature neurons in other brain re-
gions [4, 24—-27]. In this article, we will first describe
recent studies on cortical layer-specific changes in the mi-
gratory behavior of granule cells in the early postnatal
mouse cerebellum. We will then present internal (intrin-
sic) programs for controlling the alterations of granule cell
behavior in vitro. Finally, we will demonstrate the roles of
external guidance cues and signaling molecules in main-
taining cell motility and in providing directional cues.

Cortical layer-specific alterations of granule cell
migration in the early postnatal cerebellum

The combined use of a laser scanning confocal micro-
scope and a fluorescent lipophilic carbocyanine dye (i.e.,
Dil) allows us to observe the migratory behavior of im-
mature neurons in their natural cellular milieu [28—30].
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With this method, we found that granule cells alter their
shape concomitantly with changes in the mode and rate of
migration as they traverse different cortical layers [4, 19,
22,28-30]. The cortical layer-specific changes in migra-
tory behavior of cerebellar granule cells are schematically
represented in figure 1. In this section, we will describe
the translocation and transformation of cerebellar granule
cells from their birthplace to their final destination.

The external granular layer

In the early postnatal cerebellum, granule cell precursors
actively proliferate at the top of the external granular layer
(EGL) [30—-34]. After their final mitosis, the cerebellar
granule cells remain in the EGL for 20—48 h before initi-
ating their radial migration across the molecular layer
(ML), but the significance of this latent period was not
well understood. Recently, we found that coincident with
the extension of two uneven horizontal processes oriented
parallel to the longitudinal axis of the folium, the postmi-
totic granule cells start to migrate tangentially in the di-
rection of the larger process [30]. Interestingly, their mor-
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phology and the speed of cell movement change system-
atically with their position within the EGL [30]. The rate
of tangential cell movement is fastest (~14.8 um/h) in the
middle of the EGL, when the cells have two short hori-
zontal processes. As the granule cells elongate their so-
mata and extend longer horizontal processes at the bottom
of the EGL, they move at a reduced rate (~12.6 um/h). At
the interface of the EGL and the ML where the cells mi-
grate tangentially at the slowest rate (~4.1 um/h), their so-
mata round, and then begin to extend couples of the de-
scending processes into the ML. After the stationary
period, the granule cells abruptly extend a single vertical
process and initiate the transition from tangential to radial
migration, reshaping their rounded somata into a verti-
cally elongated spindle [30].

The ML

In the ML, the granule cells have vertically elongated cell
bodies, thin trailing processes, and more voluminous lead-
ing processes, and migrate radially along the Bergmann
glial processes [4, 19, 28, 29]. Interestingly, the rates of

EGL

ML

PCL

IGL

Figure 1. Three-dimensional representation of granule cell migration from the external granular layer (EGL) to the internal granular layer
(IGL) in the early postnatal mouse cerebellum. 1, extension of two uneven horizontal processes near the top of the EGL; 2, tangential mi-
gration in the middle of the EGL; 3, development of vertical process near the border between the EGL and the molecular layer (ML);
4, initiation of radial migration at the EGL-ML border; 5, Bergmann glia-associated radial migration in the ML; 6, stationary state in the
Purkinje cell layer (PCL); 7, glia-independent radial migration in the IGL; 8, completion of migration in the middle or the bottom of the
IGL. Abbreviations: P, Purkinje cell; B, Bergmann glia; G, Golgi cell; g, postmigratory granule cell; cf, climbing fiber; mft, mossy fiber

terminal.
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granule cell movement in the ML depend critically on the
age of the cerebellum. The average rate of cell migration
in the ML increases systematically from 9.6 pm/h in post-
natatal day (P)7 to 18.0 um/h in P13 [28]. Consequently,
the granule cells traverse the developing ML within a rel-
atively constant time period despite the doubling in width
of the ML during the second week of postnatal life [28].
Furthermore, granule cell movement in the ML is char-
acterized by alternations of short stationary phases with
movement in a forward or backward direction [28]. The
net displacement of a cell depends on the duration and fre-
quency of these phases as well as on the speed of move-
ment.

The Purkinje cell layer

Once the granule cell soma enters the Purkinje cell layer
(PCL), its shape transforms abruptly from a vertically
elongated spindle to a sphere [29]. These rounded somata
slow their movement significantly, and stop completely in
the PCL [4, 29]. The rounded somata remain stationary in
the PCL for an average of 115 min, with times ranging
from 30 to 220 min [29]. However, highly motile lamel-
lipodia and filopodia develop at the distal portion of the
leading process, suggesting that the tips of leading
processes actively search for potential guidance cues.
After a prolonged stationary period, the granule cells in
the PCL begin to re-extend their somata and leading
processes. Furthermore, during this transformation, the
granule cells gradually accelerate the rate of their migra-
tion and cross the border between the PCL and the inter-
nal granular layer (IGL) [29].

The IGL

The spindle-shaped granule cells migrate toward the bot-
tom of the IGL at a rate comparable to that recorded for
granule cells migrating along Bergmann glial fibers
within the ML [4, 28, 29]. The long axis of the granule
cell soma remains oriented perpendicular to the PCL-IGL
boundary line during this radial migration. Interestingly,
once the tip of a leading process approaches the IGL-
white matter (WM) border, the granule cell soma becomes
rounded [29]. The granule cell migration then slows and
stops near the IGL-WM border. In the P10 mouse, the ma-
jority of granule cells complete their migration at the bot-
tom stratum of the IGL [29].

In the P10 mouse cerebellum, the granule cells first move
tangentially about 220 um in the EGL [30], and then
migrate radially about 250 pum to attain their final posi-
tion in the IGL [29]. The average transit time of granule
cells is 25.0 h in the EGL, 9.8 h in the ML, 5.2 h in the
PCL, and 11.1 h to attain their final position in the IGL
[29, 30]. Therefore, cerebellar granule cells move from
the top of the EGL through the ML and the PCL to their
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final position in the IGL within about 2 days (average,
51 h) [23, 29, 30].

Intrinsic programs for controlling the sequential
changes in granule cell migration

As described above, granule cells exhibit a distinct mode
and tempo of migration in the different cortical layers
of the early postnatal cerebellum. Although such changes
in migratory behavior of granule cells are likely to be
induced by responses to local environmental cues, the
alterations of migratory behavior may also depend, at
least in part, on an internal clock or intrinsic pro-
grams [35—-43]. Recently, we found that isolated granule
cells sequentially go through three characteristic phases
of behavior and morphology without a cell-cell contact,
indicating that inherent (intrinsic) mechanisms control
the alterations of morphology and migratory behavior
[44]. The isolated granule cells obtained from postnatal
0 to 2-day-old mouse cerebella migrate on the poly-
L-lysine/laminin (20 pg/ml)-coated glass coverslip
for up to ~60 h in vitro without contacting other neu-
rons, neuronal processes or glial cells [44]. Three
characteristic phases of sequential changes in gran-
ule cell behavior and morphology in vitro are as fol-
lows [44].

The first phase (PI, a period of 0—20 h in vitro)

At the early stage of P, the granule cells with their spher-
ical cell bodies migrate out from the explant, repeatedly
change the shape of their somata from spherical to
spindle and vice versa, and frequently turn to the left or
right without extending leading processes (fig. 2 A) [44].
At the point at which the granule cells change their
direction of movement, they stop, become round, and
then extend their cell bodies in the direction of the up-
coming movement. Shortly after the extension, the cells
resume their movement parallel to the direction of the
longitudinal axis of the cell bodies. At the middle stage
of PI, the granule cells repeatedly extend and withdraw
short leading processes, and move at a fast rate only after
the process extends fully (fig. 2 B) [44]. Furthermore, the
extension of a new leading process in a different direction
is an essential prerequisite for changing the direction of
cell movement. At the end of PI, the granule cells start to
develop a new mode of turning behavior; first, the tip of
the leading process turns in a new direction and then the
cell body follows the changes (fig. 2 C). Furthermore, the
granule cells exhibit a dynamic cycle of cell advance and
stationary phase every 3 h; the active cell migration lasts
for approximately 2 h, and the stationary period is ap-
proximately 1 h in length.
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Figure 2. Schematic representation of autonomous changes in granule cell morphology and different modes of turning in vitro. Isolated gran-
ule cells go through three characteristic phases of behavior and morphology without cell-cell contact. Such alterations depend on elapsed
time after an initiation of culture. (4—C) The first phase (PI) is a period of 0—20 h in vitro, when granule cells initiate their migration. (D)
The second phase II (PII) is a period of 20—40 h in vitro, when granule cells have their long leading processes and move at the fastest rate.
(E) The third phase III (PIII) is a period of 40—60 h in vitro, when granule cells terminate their migration. In the early stage of PI, undif-
ferentiated granule cells, which do not have a leading process, alter the direction of movement by reorientation of the longitudinal axis of
their somata (shown in 4). In the middle stage of PI, granule cells withdraw their process, and then extend a new process toward the di-
rection of upcoming movement (shown in B). In the late stage of PI, turning of the tip of the leading process to a new direction is followed
by their somata (shown in C). In PII, the leading process bifurcates, and the nucleus and surrounding cytoplasm enter into one of the branches
(shown in D). In PIII, granule cells become permanently stationary, extend a lamellipodium around the soma, and emit several thin processes
(shown in E)). White asterisks indicate first images of granule cells taken during each series of observation. A white circle indicates a post-
migratory granule cell in the late stage of PIII. Pseudocolor images represent the images of the granule cells, which were taken approxi-
mately every 30 min.
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The second phase (PIL, a period of 20—40 h in vitro)
At the early stage of PII, the granule cells develop another
mode of turning behavior as follows: (i) the tip of the lead-
ing process bifurcates, (i) both branches extend in the op-
posite direction, (iii) one of the branches collapses and re-
tracts, (iv) the cell body follows the direction of extension
of the remaining branch (fig. 2 D) [44]. Granule cells ex-
hibit this mode of turning behavior throughout PII. The in-
trinsic changes in turning behavior may play a role in the
alteration of direction of granule cell movement observed
near the EGL-ML border in vivo. At the late stage of PII,
the granule cells become stationary for 2—3 h and retract
their processes, suggesting that the prolonged stationary
state of granule cells in the PCL may be controlled, at least
in part, by intrinsic signals.

The third phase (PIII, a period of 40—60 h in vitro)
At the early stage of PIII, the granule cells start to exhibit
the initial signs of termination of migration, which is a
morphological change of the leading process [44]. At the
late stage of PIII, the granule cells slow their movement,
and slightly increase the turning number. At the end, the
cells become permanently stationary, extend a lamel-
lipodium around the soma, and emit several thin processes
(fig. 2E). The majority of granule cells terminate their mi-
gration 50—60 h after the initiation of their movement
without external cues [44]. This 50 to 60-h term is com-
parable to the time required for granule cells to migrate
from the EGL to the IGL in vivo [29, 30], suggesting that
internal programs may be involved in the termination of
granule cell migration in vivo.

The relationship between the migratory behavior of gran-
ule cells, their morphology and the elapsed time after an
initiation of cultures also indicates intrinsic programs for
cell migration [44]. In PI, the granule cells migrate at an
average rate of 26.0 pm/h and exhibit the highest rate of
turning behavior (1.3 turns/h), when the cells have multi-
ple (3.7 processes/cell) and short (20.8 pm) processes.
The length of the cycle of cell movement and stationary
state is shortest (218 min). In PII, the granule cells extend
a long and thick leading process-like process (55.6 pm),
and exhibit an elongated cycle (244 min) of cell move-
ment and stationary state. The rate of cell movement is
fastest (33.1 um/h), while the number of turnings is low-
est (0.3 turns/h). In PIIL, the granule cells slow their move-
ment (25.2 pm/h), but slightly increase the turning num-
ber (0.5 turns/h). The length of the cycle of cell movement
further increases to 297 min.

If there is a strong intrinsic program for controlling mi-
gratory behavior, isolated granule cells may exhibit simi-
lar characteristic phases of migration in different adhesive
substrates and in different concentrations of laminin. Fur-
thermore, granule cells isolated from different postnatal
stages may also undergo the same patterns of changes in
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migratory behavior. To address these issues, we deter-
mined the migratory behavior of isolated granule cells in
a fibronectin (20 pg/ml) and in a lower (4 pg/ml) or higher
(100 pg/ml) concentration of laminin [44]. Moreover, we
observed sequential changes of granule cell migration in
the cultures prepared from postnatal 5-day-old mouse
cerebella [44]. Although there are some differences in the
rates of cell behavior among the four different experi-
mental groups, the majority of isolated granule cells dis-
play the same patterns of behavioral and morphological
changes during the three characteristic phases in isolation
as follows: (i) the rate of cell movement in PII is fastest,
(i1) the rate of turning behavior in PI is highest, (iii) the
length of cycle of cell movement systematically increases
as time in vitro increases, (iv) the length of the stationary
state in PII is longest, (v) the number of processes is
largest in PI, and (vi) the length of process in PIII is
longest. These results demonstrate the existence of intrin-
sic (inherent) programs for controlling migratory behav-
ior of granule cells in an age- or a developmental stage-de-
pendent manner. These results suggest that such internal
programs may play a crucial role in distinct modes of
granule cell migration in different cortical layers of the de-
veloping cerebellum in vivo.

How do these intrinsic changes in migration in vitro com-
pare to those observed in vivo? The comparison suggests
distinctive roles of intrinsic signals and external guidance
molecules in controlling granule cell migration in vivo
[28—30, 44]. For example, although in PI (0—20h in
vitro) isolated granule cells most frequently turn left or
right, the cells in the EGL in vivo migrate tangentially and
do not alter the direction of cell movement until 20 h af-
ter the initiation of migration [30], suggesting that local-
ized external cues or cell-cell contacts suppress the in-
trinsic turning activity of granule cells in the EGL. In PII
(20—40 h in vitro), granule cells have two long processes
and move at the fastest rate. Likewise, in the ML in vivo
(20—-30 h after the initiation of migration), granule cells
have a long leading process and a trailing process and
move radially at an increased rate [28, 29]. This similar-
ity suggests that the changes in migratory behavior ob-
served in the ML may be regulated, at least in part, by in-
trinsic programs. Furthermore, in PIII (40—60 h in vitro),
granule cells terminate their migration without cell-cell
contact and start to express the a6 subunit of GABA , re-
ceptors, which are expressed only when the cells arrive in
the IGL in vivo [45, 46], suggesting that granule cells in
PIII may be in a similar stage of differentiation as those in
the IGL [44]. The time schedule for completion of mi-
gration in vitro is quite similar to that for granule cell mi-
gration in vivo [29, 30, 44]. This similarity indicates that
an internal program (or clock) may be involved in deter-
mining the term of cell migration.

Granule cells exhibit distinct rates of cell movement while
they migrate in different cortical layers in vivo [28—30].
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Although these alterations of the rate in vivo are likely due
to different modes of migration (glia associated or glia
independent) and to differences in microenvironments
[18, 21], sequential changes in the rate without cell-cell
contact in vitro suggest that granule cells may intrinsically
change their speed in vivo. The mechanisms underlying
changes in the rate of cell movement in vitro and in vivo
remain to be examined, but there is a possible scenario. In
the in vitro studies, granule cells migrate on laminin,
which promotes frequent and rapid migration among ex-
tracellular matrix molecules [47—49]. Importantly, the
speed of cell movement depends on several variables re-
lated to receptor-ligand interactions, including ligand
(such as laminin) levels, receptor (such as integrin) levels
and receptor-ligand binding affinities [50]. For example,
the laminin concentration promoting the maximum mi-
gration speed decreases reciprocally as integrin expression
increases. On the other hand, increases in integrin-ligand
affinity similarly result in maximum migration at recip-
rocally lower ligand concentrations [50]. Therefore, if
granule cells alter the levels of receptors for extracellular
matrix and cell adhesion molecules, the rate of cell move-
ment may change even though their microenvironments
are the same. Interestingly, granule cells sequentially ex-
press different complements of genes that encode for re-
ceptors for extracellular matrix and cell adhesion mole-
cules along their migratory pathway in vivo [3, 51]. These
lines of evidence, as a whole, suggest that changes in the
speed of granule cell migration in vitro and in vivo may be
explained, at least in part, by alteration in levels of recep-
tors for extracellular matrix and cell adhesion molecules.
However, exact levels of these receptors in vitro and in
vivo remain to be determined.

The sequential expression of cytoskeletal components
may also be involved in inherent changes in behavior and
morphology, since granule cells are highly polarized in the
direction of migration, and spatial and temporal changes
in the cytoskeleton are required for alteration of orienta-
tion and cell movement [52—55]. The leading processes
and trailing processes of granule cells exhibit a distinct
orientation of cytoskeletal components [56], and express
cytoskeletal components in the following order: (i) actin-
containing microfilaments, (ii) microtubules, and (iii)
neurofilaments [57]. These lines of evidence suggest that
a genetically programmed order of expression of cyto-
skeletal components may be crucial for alterations of mi-
gratory behavior of granule cells and their morphology.
After establishing that cerebellar granule cells exhibit cor-
tical layer-specific changes in migratory behavior in vivo
and that sequential alterations of migratory behavior of
granule cells in vitro depend, at least in part, on intrinsic
programs, we discuss in the following sections how sig-
naling molecules and external guidance cues participate in
controlling the layer-specific changes in granule cell mi-
gration in the developing brain.
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Intracellular signaling, transmembrane signaling,
cell adhesion and external guidance cues in cortical
layer-specific alterations of granule cell migration

To date, large numbers of molecules and genes have been
discovered as potential regulators or modulators of neu-
ronal cell migration [3—5]. Some of these are involved in
modifying the migration of specific types of neuron,
while others provide signals controlling the migratory be-
havior of many different types of neuron. To understand
the cellular and molecular mechanisms underlying gran-
ule cell migration, we selected several signaling molecules
and genes, which are known to play crucial roles in con-
trolling granule cell migration. In this section, we will de-
scribe the distinct roles of the molecules and genes in cor-
tical layer-specific changes in granule cell migration one
by one.

Voltage-dependent Ca?* channels

The combined use of acute slice preparations and phar-
macological tools reveals the role of voltage-gated Ca?*
channels, especially the N-type Ca?* channel, in granule
cell migration [4, 58]. The postmitotic granule cells at the
middle and the bottom of the EGL start to express N-type
Ca?" channels prior to the initiation of their migration [58].
The number of N-type Ca?* channels on the plasmalem-
mal surface of granule cells rapidly increases during the
translocation of the cell soma from the EGL to the IGL
[58]. Importantly, blockade of N-type Ca?* channel activ-
ity by a specific antagonist, w-conotoxin GVIA, signifi-
cantly reduces the rate of granule cell migration in the ML
of the postnatal mouse cerebellum, while blocking other
types of voltage-gated Ca?* channels, such as L- or T-type
Ca?*" channels, has no significant effect [58]. Likewise,
blockade of the voltage-sensitive Na* channels fails to al-
ter the rate of granule cell migration [58]. These results
suggest that the activity of N-type Ca?* channels plays a
critical role in controlling the rate of granule cell move-
ment in the early postnatal cerebellum.

The activity of voltage-gated Ca?" channels also directs
the migration of immature neurons in the nematode
Caenorhabditis elegans [59]. The C. elegans unc-2 gene
encodes a protein with a high degree of sequence simi-
larity to the al subunits of vertebrate voltage-activated
Ca?* channels [60]. The UNC-2 amino acid sequence sug-
gests that its closest vertebrate homologues are the non-L-
type family of high-threshold Ca?* channels, a group that
includes the N-type and P/Q-type Ca?* channels [59]. In-
terestingly, in mutants carrying loss-of-function alleles of
the Ca?" channel gene unc-2, the touch receptor neuron
(AVM) and the interneuron (SDQR) fail to migrate an ad-
equate distance and often migrate in the wrong direc-
tion, leading to misplacement of their cell bodies [59].
However, the AVM neurons in unc-2 mutant animals ex-
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tend axons in a wild-type pattern, suggesting that the
UNC-2 Ca?" channel specifically directs migrations of the
neuronal cell body and is not required for axonal
pathfinding [59].

N-methyl-D-aspartate subtype of glutamate receptors
The presence of spontaneous activity of the N-methyl-
D-aspartate (NMDA) receptors on the surface of mi-
grating cerebellar granule cells has been confirmed by
patch-clamp analysis [61]. The frequency of spontaneous
NMDA receptor-coupled channel activity is low in the
middle and the bottom of the EGL, but high in the ML
[61]. Migrating granule cells co-express the NR1 and
NR2A or NR2B subunits of the NMDA receptor,
whereas postmigratory cells in the IGL express the NR1
and NR2C types [62, 63]. Most importantly, blocking
NMDA receptor activity with its antagonists signifi-
cantly decreases the rate of granule cell movement in the
ML [4, 24]. In contrast, the rate of cell migration is
not substantially altered by blocking the activity of
non-NMDA receptors (i.e., kainate and AMPA receptors),
GABA, receptors and GABA receptors [24]. The role
of the NMDA receptor in granule cell migration is
further supported by evidence that changes in Mg?" or
glycine concentration affect the rate of cell movement
[24]. Because extracellular Mg?>" blocks NMDA recep-
tor activity in a voltage-dependent manner [64] and ap-
plication of glycine potentiates NMDA receptor activity
[65], they are expected to influence cell migration. In-
deed, the removal of Mg?* from the medium significantly
increases the rate of granule cell movement in the ML
[24]. In contrast, the rate of cell movement is reduced
in a high-Mg?" medium. Likewise, the application of
10 uM glycine significantly increases the rate of cell
movement in the ML. These results suggest that the ac-
tivity of NMDA receptors controls the rate of granule cell
movement [4, 24].

The question as to how the NMDA receptors expressed by
migrating granule cells could be activated is intriguing,
because the migrating granule cells do not form synapses
before the completion of their translocation in the IGL
[66]. One possibility is that endogenous extracellular glu-
tamate may activate the immature form of the NMDA re-
ceptor by nonsynaptic means. Interestingly, the elevation
of extracellular glutamate concentrations by inhibiting
glutamate uptake by astrocytes increases the frequency of
spontaneous NMDA receptor-coupled channel activity
[61], and significantly accelerates the rate of granule cell
movement in the ML [24]. These results suggest that en-
dogenous glutamate may be an important signal for the ac-
tivation of NMDA receptors and that the increase in ex-
tracellular glutamate could enhance the rate of cell
migration until the concentration reaches a toxic level
[67].

Neuronal cell migration

The NMDA receptors also play a role in controlling the
migration of immature neurons in the embryonic cere-
brum. For example, the activation of NMDA receptors
stimulates the migration of neurons in the embryonic cere-
bral cortex [26], while the blockade of the NMDA recep-
tors inhibits cortical cell migration [27]. Although the mu-
tation of the NR1 subunit of NMDA receptors does not
significantly affect the distribution of neurons in the cere-
bral cortex, implying normal rates and routes of migra-
tion, the cortical neurons in NMDA receptor mutant mice
may have acquired compensatory mechanisms for cell mi-
gration [68].

Intracellular Ca?* fluctuations

Transient elevations of intracellular Ca?* levels ([Ca?'],)
are essential for initiating and maintaining the movement
of cells ranging in type from fibroblasts to immature glial
cells [69—74]. For example, an increase in the rate of
Schwann cell migration is correlated with a rise in [Ca?'];
[74]. Likewise, migrating human neutrophils exhibit mul-
tiple increases and decreases in [Ca?*]; [75]. The buffering
of [Ca?*];, or removal of extracellular Ca** blocks transient
increases in [Ca?']; in neutrophils and, thus, reduces or in-
hibits cell migration [75]. Monitoring intracellular Ca**
levels using Ca?" indicator dyes demonstrates that mi-
grating granule cells exhibit dynamic changes in [Ca®*]; of
the cell body [4, 76]. The average amplitude of [Ca®']; el-
evations is 14% of the baseline intensity of Fluo-3, and
the average duration is 1.3 min [76]. Transient elevations
of [Ca?]; occur 4—24 times/h, with average frequencies of
13/h. There is a clear positive correlation between the rate
of cell movement and both the amplitude and frequency
components of Ca?" fluctuations. The correlation coeffi-
cient between the rate of cell movement and the amplitude
of Ca?" fluctuations is 0.74, and that of the rate of cell
movement and the frequency of Ca?" fluctuations is 0.83
[76]. Importantly, the reduction of Ca?" influx by lowering
extracellular Ca?" concentrations or by blocking Ca*'
channels or NMDA receptors results in a decrease in the
amplitude and frequency of spontaneous Ca?" elevations
[76]. This reduction is linearly related to the rate of cell
movement. Taken together, these results indicate that the
combination of the amplitude and frequency components
of intracellular Ca?" fluctuations provide an intracellular
signal controlling granule cell migration.

The questions of how transient elevations of [Ca?']; con-
trol cell motility remain to be examined. One possibility
is that fluctuations of [Ca?']; regulate the dynamic assem-
bly and disassembly of cytoskeletal elements required for
the operation of a force-generating mechanism involved in
cell movement [56]. Furthermore, elevations of [Ca?]; in
neutrophils lead to the disruption of specific sites of at-
tachment to an adhesive substratum [75]. Changes in
[Ca?']; in migrating neurons may modulate the repetitive
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formation and elimination of binding sites between mi-
grating neurons and their migratory substrates. Intracel-
lular calcium may control conformational changes of cell
adhesion molecules, such as integrins, which are ex-
pressed on the plasma membrane of migrating neurons
[48, 77-79].

Brain-derived neurotrophic factor

Cerebellar granule cells express brain-derived neu-
rotrophic factor (BDNF) and its high-affinity receptor
(TrkB) [80—82]. The level of BDNF expression increases
during early postnatal development [80, 81]. In vitro,
Bdnf~ granule cells initiate migration poorly and exoge-
nous BDNF induces both wild-type and Bdnf~~ cells to
migrate [83]. In vivo, a lack of BDNF results in impaired
migration of granule cells [83].

Contradictorily, BDNF has been reported to significantly
increase neurite length and the speed of growth cone mi-
gration of granule cells, but has no effect on the speed of
granule cell body movement [84].

Neurotrophin-3

In the prenatal cerebellum neurotrophin-3 (NT-3) mRNA
expression begins with the emergence of the EGL [85].
During postnatal development, there is a large transient in-
crease in NT-3 mRNA expression in the cerebellum from
PS5 to P20 [86]. Both granule cell precursors in the EGL
and differentiated granule cells in the IGL express its
high-affinity receptor (TrkC) [80, 82, 86, 87]. Although
mice with a single targeted gene deletion for #7kC show no
large-scale cerebellar abnormality [88], chronic applica-
tion of exogenous NT-3 results in a significant reduction
of the thickness of the EGL, but does not affect cell death,
suggesting that N'T-3 accelerates the exit of postmitotic
granule cells from the EGL [89].

Neuregulin

In the developing cerebellum, granule cells express
neuregulin (NRG), and radial glial cells express its re-
ceptor, erbB4 [90]. When the glial erbB4 receptors are
blocked, the granule cells fail to induce radial glia forma-
tion, and their migration along radial glial fibers is im-
paired [90]. Moreover, soluble NRG is as effective as neu-
ron-glia contact in the induction of radial glia formation.
These results suggest that NRG and erbB4 play a role in
the migration of cerebellar granule cells along radial glial
fibers in the developing ML [90].

Stromal cell-derived factor 1a
In the prenatal and early postnatal cerebellum, stromal
cell-derived factor la (SADF-la) expression is re-
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stricted to the pial membrane, while granule cell precur-
sors and immature granule cells express its receptor
CXCR4 [91, 92]. Importantly, the deletion of SDF-1a or
CXCR4 leads to the premature migration of granule cell
precursors away from the proliferative zone of the EGL
[91, 93]. Small numbers of granule cell precursors are
found ectopically outside the EGL of SDF-la- or
CXCR4-deficient mice [91, 93]. Furthermore, SDF-1a
induces chemotactic responses in granule cell precursors
and enhances granule cell proliferative responses to Sonic
hedgehog in vitro [94]. These results, as a whole, suggest
that SDF-1a and CXCR4 play a crucial role in retaining
granule cell precursors and granule cells in the EGL. In
particular, SDF-1a would prevent inward migration of
CXCR4-positive granule cells by chemoattracting them
toward the pia mater.

Ephrin-B2

Although the expression of SDF-1a or CXCR4 persists
during the early postnatal cerebellum, postmitotic granule
cells initiate their migration toward the IGL. This raises a
question: how do granule cells break away to migrate in-
ward? Recently, Flanagan and his colleagues found pos-
sible molecular mechanisms that answer this question
[95]. Ephrin-B2 is expressed in the EGL at P3 [95]. Its re-
ceptor EphB2 is also found in the EGL, with weak ex-
pression at PO and strong expression at P3 [95]. Therefore,
ephrin-B2 and EphB2 receptor are strongly expressed in
the EGL prior to an initiation of inward migration of post-
mitotic granule cells. Most importantly, the chemoattrac-
tant effect of SDF-1a to the granule cells is selectively in-
hibited by soluble EphB2 receptor through reverse
signaling of ephrin-B2 [95]. These results suggest that
when granule cells are ready to migrate, they would lose
responsiveness to SDF-1a. Such changes in responsive-
ness to SDF-la could be mediated at least in part by
EphB2 receptor and ephrin-B2.

Astrotactin

Astrotactin has been isolated as a neuronal ligand for mi-
gration on glial fibers [3, 5, 21, 48, 49]. The cerebella of
astrotactin null mice are approximately 10% smaller than
wild type [96]. In vivo and in vitro cerebellar granule cell
assays show a decrease in neuron-glial binding and a re-
duction in the rate of granule cell migration in astrotactin
null mice, suggesting that astrotactin functions in granule
cell migration along glial processes in the ML [48, 96].

Tenascin

The extracellular matrix molecule tenascin has been im-
plicated in neuron-glia recognition in the developing cen-
tral and peripheral nervous system [97—100]. Schachner
and colleagues demonstrated that tenascin influences neu-
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rite outgrowth and the migration of cerebellar granule
cells by different domains in the fibronectin type III ho-
mologous repeats [101].

Tissue plasminogen activator

In the developing cerebellum, granule cells turn on the
gene for tissue plasminogen activator (tPA) as they begin
their migration into the ML [102]. Granule cells both se-
crete tPA, an extracellular serine protease that converts the
proenzyme plasminogen into the active protease plasmin,
and bind tPA to their cell surface. Interestingly, mice
lacking the tPA gene (tPA7") have greater than two-
fold more migrating granule cells in the ML during a
period of active cell migration [103, 104]. A real-time
analysis of cell movement in vitro reveals that granule
cells in tPA** mice migrate at an average rate of 7.3 pm/h
compared with rates of 3.7 pm/h in tPA~ mice [105].
Thus, granule cells in tPA7~ mice migrate through the
ML at about half the rate measured for migration of
granule cells in tPA** mice [105]. These findings suggest
that tPA gene expression is required for maintaining
the maximal rate of granule cell migration during cere-
bellar development.

Platelet-activating factor

Platelet-activating-factor (PAF) has been implicated in
the human neuronal migration disorder Miller-Dieker
lissencephaly [106, 107]. In this disorder, the brain has
a smooth cortical surface (lissencephaly) caused by
a lack of outer cortex complexity [17, 106, 107]. The
brains of these patients manifest a disruption of the
migration of cerebellar granule cells [106, 108]. This
brain malformation results from a haploinsufficiency
of the gene LIS-1 [109—111], which encodes a 45-kDa
subunit of a brain PAF acetylhydrolase, an enzyme that
converts PFA to the inactive lyso-PAF by removing the
acetyl group on the sn2 position of the PFA molecule
[112, 113]. PAF receptor activation evokes changes in
the neuronal cytoskeleton leading to growth cone co-
llapse and neurite withdrawal, suggesting that similar
PAF receptor-mediated changes in the cytoskeleton of
immature neurons could lead to a disruption of neu-
ronal migration [114]. Bix and Clark [115] found that
the application of the nonhydrolyzable PAF receptor ago-
nist methyl carbamyl PAF (mc-PAF) yields a dose-
dependent decrease in cerebellar granule cell migration.
This effect can be blocked by PAF receptor antagonists
[115]. Although mc-PAF minimally inhibits neurite out-
growth, its primary effect is on the movement of granule
cell somata [115]. Taken together, these results suggest
that the stimulation of neuronal PAF receptors could be
one critical stem for the regulation of cerebellar granule
cells as well as immature cortical neurons.

Neuronal cell migration

Cyclin-dependent kinase 5

Cyclin-dependent kinase 5 (Cdk-5) is one unique member
of the cyclin-dependent kinases [116, 117]. Unlike other
cyclin-dependent kinases, which are known to control cell
cycle in eukaryotes, Cdk-5 expression and kinase activity
are not high during cell division. The appearance of active
Cdk-5 is correlated with the cessation of neurogenesis and
the beginning of differentiation of neuronal cells in the de-
veloping brain [118]. To elucidate the role of Cdk-5 dur-
ing postnatal cerebellar development, Ohshima and col-
leagues generated a series of cdk5'-cdk5"" chimeric
mice, because cdk5 mice die around birth and much
cerebellar development occurs postnatally [119—121]. In
the cdk5-cdk5*+ chimeric cerebella of 2- to 3-month-
old mice, significant numbers of granule cells are located
in the ML, suggesting a failure to complete migration
from the EGL to the IGL [121]. In fact, the granule cells
found within the ML of chimeric cerebella are nearly all
CdkS5 deficient [121]. In contrast, the granule cells within
the IGL are a mixture of cdk5" and cdk5"" cells [121].
These results indicate that the block in cell migration that
leaves many granule cells stranded within the ML is in-
trinsic to cdk5' cells, suggesting that Cdk-5 may play
crucial roles in the execution of cerebellar granule cell
migration.

9-0O-acetyl GD3

9-O-acetyl GD3 is a ganglioside, and is expressed in the
developing nervous system during periods of neuronal mi-
gration [122]. Electron microscopic analysis reveals that
9-O-acetyl GD3 is localized at the contact sites between
migrating granule cells and Bergmann glial processes in
the EGL and ML [122]. Furthermore, the application of
Jones monoclonal antibody, which recognizes 9-O-acetyl
GD3, blocks the migration of cerebellar granule cells in a
dose-dependent manner [122]. These results suggest that
9-O-acetyl GD3 is involved in glia-associated migration
of cerebellar granule cells in the developing ML.

Somatostatin

Somatostatin, a neuropeptide, has two bioactive products,
somatostatin-14 (SST-14) and somatostatin-28 (SST-28),
which is a congener of SST-14 extended at the N-terminus
[123—-126]. Five somatostatin receptors (SSTRs) have
been cloned and named SSTR1-5 according to their or-
der of identification [127—131]. Both SST-14 and SST-28
bind to all five SSTRs. The SSTR2 gene displays a cryp-
tic intron at the 3” end of the coding segment, which gives
rise to two spliced variants, a long (SSTR2 A) form and a
short (SSTR2B) form [132, 133]. The activation of so-
matostatin receptors elicits their cellular responses
through G-protein-linked modulation of multiple second-
messenger systems including adenylyl cyclase, Ca?" and
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K" channels, Na*/H* antiporter, guanylate cyclase, phos-
pholipase C, phospholipase A2, MAP kinase, and protein
tyrosine phosphatase [134—145]. SST and its analog oc-
treotide act as chemoattractants for primitive (CD34")
hematopoietic cells [146]. In contrast, SST attenuates
thrombin-stimulated migration of fibroblasts [147].

SST is expected to play a critical role in neurogenesis or
neural differentiation, because numerous brain regions, in-
cluding the cerebral cortex, cerebellum, hippocampus,
brain stem and spinal cord, exhibit high levels of somato-
statin and its receptor expression early in development,
followed by a decrease to adult levels [148—153]. How-
ever, little is known about the function of somatostatin in
the developing brain, although in an adult brain, somato-
statin functions as a neurohormone, a neurotransmitter
and a neuromodulator [154—158]. Recently, we found that
endogenous somatostatin regulates the migratory behav-
ior of cerebellar granule cells in a cortical layer-specific
manner [46]. Postmitotic granule cells express all five
types of SSTR before an initiation of migration, while dif-
ferentiated granule cells in the adult do not express the re-
ceptors [159, 160]. High levels of somatostatin are present
along the migratory route of granule cells and in their fi-
nal destination [46, 161, 162]. For example, during peri-
ods of granule cell migration, SST-14 is present in Purk-
inje cells, Golgi cells and climbing fibers [163, 164], and
SST-28 is present in Golgi cells and mossy fiber terminals
[46]. To determine whether somatostatin controls the
migratory behavior of granule cells, we used cerebellar
slice preparations obtained from P10 mice [28-30].
Most importantly, the addition of 1 pM of SST-14 or
SST-28 to the medium significantly increases the rate
of granule cell movement in the EGL, slightly decreases the
rate in the ML and significantly decreases the rate in the
IGL [46]. In contrast, the addition of a somatostatin antag-
onist, AC-178,335 (10 pM) [165] to the medium signifi-
cantly decreases the rate of granule cell migration in the
EGL, slightly increases the rate in the ML and significantly
increases the rate in the IGL [46]. Taken together, these re-
sults demonstrate that endogenous somatostatin differen-
tially controls the migration of granule cells in the EGL, the
ML and the IGL. Somatostatin accelerates the tangential
movement of granule cells near the birthplace within the
EGL, but significantly slows down radial movement near
their final destination within the IGL.

Next, to determine whether somatostatin acts directly on
migrating granule cells or other cells, which then indi-
rectly influence granule cell migration, we used the mi-
croexplant cultures of PO—P2 mouse cerebella [44, 76].
The application of 1 pM SST-14 or SST-28 significantly
increases the rate of cell movement at 1 day in vitro, while
SST-14 or SST-28 substantially decrease the rate at 2 days
in vitro [46]. These results suggest that somatostatin acts
directly on migrating granule cells in a stage-specific
manner. Furthermore, we monitored changes in [Ca?']; be-
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Figure 3. Transmembrane signals, cell adhesion molecules and ex-
ternal guidance cues involved in the control of the cortical layer-spe-
cific changes in migratory behavior of cerebellar granule cells in
vivo. 1, tangentially migrating granule cells in the EGL; 2, radially
migrating granule cells along the process of the Bergmann glial
fiber; 3, radially migrating granule cells in the IGL. Abbreviations:
P, granule cell precursor; B, Bergmann glia.

fore and after the application of somatostatin. SST-14
(1 pM) increases the size and frequency of Ca?* fluctua-
tions of granule cells at 1 day in vitro, whereas it elimi-
nates the spike-like Ca?" transients at 2 days in vitro [46].
An increase in the rate of cell movement follows the
enlargement of Ca?* fluctuations at 1 day in vitro, while
the elimination of Ca?" fluctuations at 2 day in vitro de-
creases the rate [46]. These results suggest that the differ-
ential effects of somatostatin at 1 day in vitro and 2 days
in vitro on [Ca?']; might explain, at least in part, how
somatostatin switches its effect on granule cell migration
from acceleration at the early phase of migration to
slowdown at a late phase of migration.

The transmembrane signals, cell adhesion molecules and
external guidance cues involved in the control of the cor-
tical layer-specific changes in granule cell migration are
summarized in figure 3.

Concluding remarks and prospects

Position-specific changes in migratory behavior of cere-
bellar granule cells require the orchestrated activity of
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multiple molecules and signaling systems, including Ca?*
channels, NMDA receptors, intracellular Ca?" fluctua-
tions, BDNF, NRG, SDF-1a, ephrin-B2, EphB2 receptor,
astrotactin, tenascin, tPA, PAF, cdk5, 9-O-acetyl GD3 and
somatostatin. However, little is known about how these
molecules interact with each other during the transloca-
tion of granule cells and which signaling cascades are
activated by these molecules. These questions should
be answered in the future. Furthermore, the isolation of
undiscovered extracellular guidance molecules responsi-
ble for layer-specific changes in neuronal migration re-
mains a continuing challenge. In particular, molecular
mechanisms underlying the changes in the direction of
granule cell movement from tangential to radial near the
EGL-ML border remain to be elucidated. Moreover, the
question of which local environmental cues induce the
completion of granule cell movement in the IGL will be
addressed in the future. Although this review focuses on
the signaling mechanisms and external guidance cues re-
lated to the control of cerebellar granule cell migration,
we are confident that the information obtained from gran-
ule cell migration can apply to neuronal migration in other
brain areas with some modifications.
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