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Selective Role of N-Type Calcium Channels in
Neuronal Migration

Hitoshi Komuro* and Pasko Rakic

Analysis of neuronal migration in mouse cerebellar slice preparations by a laser scanning
confocal microscope revealed that postmitotic granule cells initiate their migration only after
the expression of N-type calcium channels on their plasmalemmal surface. Furthermore,
selective blockade of these channels by addition of w-conotoxin to the incubation medium
curtailed cell movement. In contrast, inhibitors of L- and T-type calcium channels, as well
as those of sodium and potassium channels, had no effect on the rate of granule cell
migration. These results suggest that N-type calcium channels, which have been pre-
dominantly associated with neurotransmitter release in adult brain, also play a transient but
specific developmental role in directed migration of immature neurons before the estab-

lishment of their synaptic circuits.

The majority of neurons in the developing
central nervous system migrate from the site
of their last cell division to their distant
final positions (1). Proper acquisition of
this position, attained through the process
of active migration, ultimately affects a
neuron’s morphology, synaptic connec-
tivity, and function (2). However, the cel-
lular and molecular mechanisms of cell
migration are not well understood. So far it
has been established that in the cerebellar
cortex, postmitotic granule cells migrate
away from the germinal external granular
layer toward the internal granular layer
along the elongated fibers of Bergmann glial
cells (3), and several cell adhesion mole-
cules, which may play a role in this move-
ment, have been isolated (4). Much less
attention has been paid to the cell mem-
brane properties and ionic concentration
during cell movement. Only recently has it
been recognized that migrating neurons in
the developing central and peripheral ner-
vous system express voltage-sensitive ion
channels before reaching their final desti-
nations (5). Here, we present evidence that
the directed migration of postmitotic gran-
ule cells in the developing cerebellum re-
quires functional w-conotoxin—sensitive

(N-type) Ca?* channels.
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We analyzed the mode of granule cell
migration in slice preparations obtained
from postnatal 10-day-old mouse cerebella
labeled with a lipophilic carbocyanine dye
(Dil) using a laser scanning confocal micro-
scope. This method of analysis was chosen
in preference to cultures of dissociated cells
because it allows the visualization of both
the soma and leading processes of migrating
granule cells in situ without disturbing the
ambient microenvironment (Fig. 1). The
labeling of a large number of postmitotic
granule cells with Dil allows precise local-
ization of their position over time (6). Our
measurements of the length of the migrato-
ry pathway during the first 6 hours in slice
preparations indicate that the dynamics and
rate of granule cell migration in vitro of 10
to 17 wm per hour are comparable to those
measured in vivo (Fig. 2) (6). It was also
possible to follow the movement of individ-
ual neurons in the slice preparation by
collecting images of identified migrating
granule cells every 1 to 10 min over a period
of several hours. The rate of migration
observed in the first 2 hours, 16.7 + 5.0
wm per hour (mean + SD, n = 21), was
similar to the rate obtained from the meth-
ods described in (6) and is consistent with
the measurements performed on cocultures
of dissociated cerebellar granule and Berg-
mann glial cells (7). It also corresponds well
with autoradiographic data obtained from
studies of cells labeled with [*H]thymidine
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in intact animals (8).

After establishing that the movement of
postmitotic granule cells was not adversely
affected in this slice preparation for the first
6 hours, we examined whether the electri-
cal activity of granule cells plays a signifi-
cant role in their migration. Several volt-
age-sensitive ion currents have been ob-
served in the immature granule cells (9),
but so far have not been shown to occur
during their migrating phase. Therefore, we
tested several well-known ion channel
blockers by adding each to the tissue culture
medium in separate experiments. Blockade
of the voltage-sensitive Na* channels by
tetrodotoxin and K* channels by tetraeth-
ylammonium chloride or 4-aminopyridine
(9) failed to alter the rate of cell migration
(Fig. 3). However, the addition of Cd**,
which blocks N-, L-, and T-type Ca**
channels (10), resulted in a statistically
significant slowing of cell movement (P <
0.05). In contrast, blocking of L- and
T-type Ca** channels alone by addition of
nifedipine or Ni** (10) had no significant
effect. Finally, the addition to the medium
of w-conotoxin GVIA (»-CgTx), an antag-
onist of the N-type Ca?* channel (I11),
regularly curtailed granule cell migration
(Fig. 3). This effect was dose-dependent in
the range of 30 to 3000 nM. The smallest
statistically significant decrease in the rate
of neuronal migration (P < 0.05) was
detected in a concentration of 30 nM
w-CgTx (24%), and the decrease in the
rate became gradually more pronounced (P
< 0.01) as the concentration of toxin
increased: at 300 nM (50%), at 1000 nM
(65%), and at 3000 nM (>78%).

Our working hypothesis is that N-type
calcium channels modulate granule cell mi-
gration by controlling Ca®* influx. Calci-
um ions have already been shown to play a
role in the motility of growth cones (12).
To test their function in migrating neurons
we measured the rate of cell migration in
culture medium containing Ca?* above and
below normal concentration of 1.8 mM.
Low concentrations (0.1 to 1.0 mM) result-
ed in a graded significant (P < 0.01) de-
crease in the rate of migration (Fig. 4). In
contrast, concentrations of 5.0 mM Ca’*
slightly enhanced the rate of migration,
though the increment was not statistically
significant (Fig. 4). These results show that
the rate of cell migration is highly sensitive
to fluctuations in Ca’* concentration and
support the hypothesis that w-CgTx affects
this rate by blocking Ca’* entry into the
cell.

Natural toxins such as @-CgTx can exert
specific effects only on cells that have a
sufficient quantity of appropriate channels
on their membranes. To determine the
time of onset of expression and distribution
of N-type Ca** channels on the plasma-

lemmal surface of granule cells, we incubat-
ed slice preparations from postnatal 10-day-
old mouse cerebella with tetramethyl-
rhodamine-conjugated w-conotoxin (Tm-
Rhd-w-CgTx) (13). By confocal microscopy,
we detected a striking pattern of labeling
across the layers of the developing cerebellum
(Fig. 5A). The outer and inner halves of the
external granular layer were distinctly marked
by a sharp difference in labeling. The outer
half of the external granular layer, which
contains mainly proliferating cells, was devoid
of any fluorescence (PLZ in Fig. 5B). Howev-
er, the inner half of the same layer, which is
composed mainly of postmitotic cells in their
premigratory phase, was clearly reactive (PMZ
in Fig. 5B). The fluorescence expressed by the
postmitotic granule cells was more intense
during their passage through the molecular
layer (ML in Fig. 5B) and attained a maximal
intensity in the internal granular layer where
the cells reach their final destination (GL in
Fig. 5A). Therefore, N-type Ca’* channels
are present at the appropriate time and place
on the immature granule cell surface and
could easily be bound by w-CgTx during their
migration.

Our results suggest that the activity of

Fig. 1. Migrating granule cells in the slice
preparation (A) 2 and (B) 6 hours after staining
with carbocyanine dye (Dil). The soma of a
migrating neuron (MN) as well as its leading
process (LP) could be identified. The border
between the external granule layer (EGL) and
molecular layer is marked by a dotted line. In
these experiments, 10-day-old mouse cerebel-
la were sectioned sagittally into 800-um-thick
slices and stained for 30 min with Dil (10 ng/ml,
Molecular Probes, Eugene, OR) added to a cell
culture medium. The incubation medium con-
sisted of minimum essential medium (MEM)
(Gibco) supplemented with 40 mM glucose, 1.8
mM glutamine, 24 mM NaHCO,, penicillin (30
U/ml), and streptomycin (90 ng/ml). After stain-
ing for 30 min at 37°C, preparations were rinsed
with plain incubation medium and maintained in
an incubator (37°C, 95% air, 5% CO,). At 2, 4,
and 6 hours several slice preparations were
fixed with 10% formalin in 0.1 M phosphate

voltage-sensitive N-type Ca?* channels is
crucial to granule cell migration. In con-
trast, the activity of voltage-sensitive Na™*,
K*, and L- and T-type Ca’* channels
seems to be far less or not significant for
migration. This finding is surprising because
N-type Ca?* channels are not known to
modulate cytoskeletal and contractile pro-
teins but rather have been mainly implicat-
ed in the release of neurotransmitters (11).
Furthermore, growth cone movement (14),
neurite extension (15), and neural crest cell
migration (5) in cell cultures appear to be
regulated, for the most part, by the activity
of L-type Ca?* channels. At present, we do
not know the amount and subtype distribu-
tion of Ca’* channels on the plasmalem-
mal surface of migrating neurons. The ratio
of N-type to L-type channels varies consid-
erably between in vitro and in vivo envi-
ronments, between cell classes, and be-
tween developing and adult tissues (16).
Furthermore, N-type Ca’* channels are a
quite heterogeneous group (11). It is there-
fore possible that during the migration
phase immature granule cells possess differ-
ent subtypes and ratios of Ca’* channels
than after arrival at their final destination

buffer (pH 7.4) and cut into sections 200 wm thick in the sagittal plane. Only sections obtained from
the middle of the slice were used for quantitative analysis.

Fig. 2. The relation between the mean distance tra-
versed by labeled granule cells and the time elapsed
between the end of staining with Dil and fixation. All
three sets of in vitro experiments were conducted on _
cerebellar slices obtained from 10-day-old mice. Each 5
column is an average of at least 100 neurons. Bar,
SEM. The distance attained by neurons at different g
time points differed statistically (P < 0.01). For the in -
vivo experiments, 10-day-old mice were anesthetized, 8 20
a hole was bored in each of their skulls, and a tiny
crystal of Dil was placed on the exposed cerebellar
external granular layer. Cerebella were fixed 7 hours
later by exposure to 10% formalin in 0.1 M phosphate

in vitro in vivo

2 hours 4 hours 6 hours 7 hours

buffer (pH 7.4) and sectioned sagittally into 200-pm-thick sections. The mean migrating distance
obtained from in vivo experiments is comparable to the distance obtained from in vitro analyses.
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Fig. 3. The effect of several ion channel block-
ers on granule cell migration in cerebellar slice
preparations. All preparations were obtained
from 10-day-old mice. Each bar is an average
of at least 100 cells. Small bar, SEM. Before the
addition of various ion channel blockers, the
granule cells were labeled with Dil and the slice
preparations were maintained in culture medi-
um for 2 hours as described in Fig. 1. Subse-
quently, specific Ca2*, Na*, and K* channel
blockers were added and preparations main-
tained for an additional (A) 2 to (B) 4 hours. At
either time, the mean distance of cell displace-
ment in control slice preparations (CM) was not
significantty different from the values obtained
after the addition of 10 uM tetrodotoxin (TTX),
which blocks Na* channels, 100 uM Ni2*+ (Ni),
which blocks T-type Ca?* channels, 5 uM
nifedipine (NIF), which blocks L-type Ca chan-
nels, and 20 puM tetraethylammonium (TEA) or

g 3

IN
Ell
x1680-©

>
v

2 uM 4-aminopyridine (4-AP), which blocks K* channels. However, addition of 3 pM w-conotoxin
(w-CgTx) and 100 uM Cd?* (Cd), which block the N-type and all types of Ca2* channels,
respectively, reliably inhibited cell movement. We obtained each mean migratory distance by
subtracting the mean displacement of the cell soma at 2 hours in culture (Fig. 2) from the total length
of the migratory pathway. Single (P < 0.05) and double (P < 0.01) asterisks indicate statistical

significance.

in the internal granular layer.

At present, there is no direct evidence
that migrating granule cells generate the
spontaneous electrical activity or eleva-
tion of intracellular Ca’?* concentrations
by the activation of N-type Ca?* chan-
nels. However, in tissue culture experi-
ments immature granule cells generate
spontaneous electrical activity (I7) and
show elevations of intracellular Ca?* after
the application of glutamate to the medi-
um (18). Furthermore, undifferentiated

Distance (um)
3

0-—0.1 05 1.0 1.8 5.0
Ca2* (mM)

Fig. 4. The effect of various concentrations of
Ca?* in tissue culture medium on the rate of
granule cell migration. All preparations were
obtained from 10-day-old mice. Each bar is an
average of at least 100 cells. Small bar, SEM.
After labeling the slice preparations with Dil, we
maintained them in control cuiture medium (1.8
mM Ca?*) for 2 hours. Subsequently, the con-
trol culture medium was changed to low or high
Ca?* culture medium and preparations were
maintained for an additional 4 hours. We ob-
tained each mean migratory distance by sub-
tracting the mean displacement of the cell
soma at 2 hours in culture (Fig. 2) from total
length of the migratory pathway. Double aster-
isks indicate statistical significance at the P <
0.01 level.
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spinal neurons exhibit spontaneous eleva-
tion of intracellular Ca?* (19). This tran-
sient elevation of intracellular Ca?* was
inhibited by application of 5 uM ®-CgTx
to the medium (19). Therefore, the acti-
vation of N-type Ca’* channels can cause
elevation of intracellular Ca?* in migrat-
ing granule cells, although these channels
may not behave as “classical” N-type
channels (20, 21).

Calcium ion channels are thought to
control Ca?* influx, which in turn influ-
ences a variety of important cellular func-
tions ranging from membrane excitability
and neurotransmitter secretion to differen-
tial gene expression (22). Our results sug-
gest that Ca?* influx through N-type Ca**
channels is also essential for directed neu-
ronal migration. However, unlike surface
molecules that are thought to be involved
in the recognition of migratory pathways
and adhesion between neurons and glial
cells (I, 4), N-type Ca** channels probably
play a permissive role in neuronal migra-
tion. For example, activation of voltage-
sensitive Ca?* channels on neural crest
cells changes cytosolic free Ca?* concen-
trations and thereby can influence both the
onset of cell migration and the degree of
cell-cell adhesion (23). Furthermore, Ca?*
is involved in cytoskeletal formation and
the activity of actin-binding contractile
proteins (12) and thereby may be necessary
for proper motility of the leading process of
the cell or translocation of its nucleus (1).
It is also possible that Ca?* regulation is
linked to changes in adhesion molecules
such as neural cell adhesion molecules and
N-cadherin, which participate in morpho-
logical differentiation (24). Because migrat-
ing granule cells express several cell adhe-
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Fig. 5. Distribution of w-CgTx-sensitive Ca2*
channels in the cerebellum of 10-day-old mice.
Slice preparations cut sagittally at about 300
wm were incubated with 1 pM tetramethyl-
rhodamine-conjugated «-CgTx (TmRhd-w-
CgTx, List Biological, Campbell, California) in
MEM for 60 min at room temperature and rinsed
with the same culture medium for an additional
2 hours. The binding sites of TmMRhd-w-CgTx
were visualized with a confocal microscope.
(A) Low-power overview of the developing cer-
ebellum, which shows gradual increase in
staining density from the external granular layer
(EGL) across the molecular layer (ML) to the
Purkinje cell layer (PL) and internal granular
layer (GL). Scale bar, 100 um. (B) Higher
power microphotograph displays absence of
fluorescence in the outer proliferative zone
(PLZ) and moderate staining in the inner pre-
migratory zone (PMZ) of the external granular
layer. Bipolar migrating cell (arrow), which
moves across the molecular layer, is well-dis-
tinguished by fluorescence of the soma and
leading process. Scale bar, 25 um.

sion molecules (4), some of these molecules
might regulate and activate N-type Ca?*
channels (24). Therefore, the early expres-
sion of w-CgTx—sensitive Ca?* channels in
postmitotic cells may be an essential pre-
requisite to both the initiation and the
execution of their movement.
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Interferon-Dependent Tyrosine Phosphorylation of
a Latent Cytoplasmic Transcription Factor

Chris Schindler, Ke Shuai, Vincent R. Prezioso,
James E. Darnell, Jr.*

The interferon-a (IFN-a)—stimulated gene factor 3 (ISGF3), a transcriptional activator,
contains three proteins, termed ISGF3a proteins, that reside in the cell cytoplasm until they
are activated in response to IFN-a. Treatment of cells with IFN-a caused these three
proteins to be phosphorylated on tyrosine and to translocate to the cell nucleus where they
stimulate transcription through binding to IFN-a—stimulated response elements in DNA.
IFN-v, which activates transcription through a different receptor and different DNA binding
sites, also caused tyrosine phosphorylation of one of these proteins. The ISGF3a proteins
may be substrates for one or more kinases activated by ligand binding to the cell surface
and may link occupation of a specific polypeptide receptor with activation of transcription

of a set of specific genes.

Many polypeptide growth factors and cy-
tokines induce the transcription of largely
nonoverlapping sets of genes (I-5). The
basis for this high degree of specificity in
gene activation by particular polypeptide
ligands is not known. Many cell surface
receptors have intrinsic biochemical activ-
ities that transmit signals to the cell interior
(6-8). For example the internal domains of
the receptors for platelet-derived growth

Laboratory of Molecular Cell Biology, The Rockefeller
University, New York, NY 10021.
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factor and epidermal growth factor (6, 8)
have tyrosine kinase activity that is re-
quired for their biologic function. Howev-
er, the receptors for many ligands such as
growth hormone, tumor necrosis factor,
interleukin-1, IFN-a, and IFN-y do not
have known enzyme activities associated
with them (I-5). However some of these
receptors could have associated kinases
such as p56“*, which associates with the
CD4 portion of the T cell receptor complex
(9). A number of tyrosine kinase substrates,
particularly serine threonine kinases, are
targets of cell surface-associated enzymes
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(10-13). However, no substrate has been
described that serves to link tyrosine kinase
activity at the cell surface to stimulation of
transcription in the nucleus (14).

We have studied genes whose transcrip-
tion is stimulated by binding of IFN-a and
IFN-v to their specific cell surface receptors
(1, 15, 16). In the case of IFN-a, the factor
responsible for the transcriptional activa-
tion is a complex of four proteins termed
ISGF3 (interferon-stimulated gene factor 3)
(17-19). Three of these proteins, collec-
tively termed ISGF3a proteins, reside in
the cytoplasm in unstimulated cells (18). In
cells stimulated with IFN-a, these proteins,
which are 113, 91, and 84 kD in size (19),
are translocated to the nucleus where, to-
gether with a 48-kD DNA binding protein
(19, 20), they form the ISGF3 complex.
ISGF3 binds tightly to a specific DNA
sequence, the ISRE, or interferon stimulat-
ed response element (17, 21) and directs
IFN-o—dependent gene transcription in the
nucleus. We have cloned cDNAs that en-
code the 48-kD DNA binding protein (22)
and the 113-, 91-, and 84-kD ISGF3a
proteins (23, 24) and prepared several dif-
ferent antisera to portions of these proteins.

The NH,-terminal 701 amino acids of
the 91- and 84-kD proteins are identical,
and the 91-kD protein contains 38 addi-
tional amino acids at its COOH-terminus
(23). The 113-kD protein is a member of
the same gene family as the 91- and 84-kD
proteins and shares about 40% amino acid
identity with the 91- and 84-kD proteins,
but can be distinguished by specific antisera
(24). Three rabbit antisera were prepared to
bacterial fusion proteins and used to exam-
ine IFN-induced changes in the abundance
of the proteins: antiserum to amino acids
671 to 806 of the 113-kD protein (anti-
113), antiserum to amino acids 598 to 705
of the 91-kD protein (anti-91), and antise-
rum to the COOH-terminal 36 amino acids
of the 91-kD protein (anti-91T). Protein
extracts from untreated [>’S]methionine-
labeled cells were used to test each antise-
rum. Anti-113 precipitated only the 113-
kD protein (Fig. 1A). Anti-91 precipitated
both the 91- and 84-kD proteins (Fig. 1B)
and anti-91T precipitated only the 91-kD
protein (Fig. 1B). Thus, in untreated cells
the three proteins appear not to be associ-
ated with one another.

Extracts of HeLa cells treated with IFN-
o, IFN-vy alone, or IFN-a after prior treat-
ment with IFN-y were examined. TFN-
o alone activates ISGF3, but IFN-y alone
does not (18, 19). However, treatment of
HeLa cells with IFN-y for 16 to 18 hours
renders them ten times more responsive to
IFN-a than untreated cells and ten times
more ISGF3 is formed (25). This enhanced
response of Hela cells is due at least
in part to an increased amount of the
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