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Summary. The mode of Purkinje cell migration in the
mouse cerebellar primordium was examined immuno-
histochemically, by marking Purkinje cells with anti-spot
35 antibody and labeling them with 5'-bromodeoxyuri-
dine. The cells migrated radially from the neuroepithe-
lium of the fourth ventricle towards the cortical surface
between the 13th and 17th days (E13-E17) of gestation.
Regional differences in the migratory process were evi-
dent: the final settlement of the Purkinje cells proceeded
earlier in the lateral and posterior parts of the primor-
dium, exhibiting latero-medial and posteroventral-
anterodorsal diminishing sequences. To clucidate the
factors involved in the migration, the arrangement of
radial glial fibers, and expression of the cell adhesion
molecule, tenascin, were examined immunohistochemi-
cally with the monoclonal antibody 1D11, a marker for
both immature and mature astroglia, and an anti-tenas-
cin antibody. At E14, 1D11-immunopositive fibers were
seen to extend from the ventricle to the pial surface,
and the cell bodies of immature glia migrated after E15
towards the cortex, shortening the radial processes
whose end-feet were attached to the pia mater. Tenascin,
which possesses a neuron-glial adhesiveness, was also
expressed on the radial fibers during the migration of
the Purkinje cells. The fibers were closely apposed to
the migratory Purkinje cells, and their arrangement and
orientation accorded with the migratory direction of the
Purkinje cells. Further, changes in the molecular species
of antigens detected by both the 1D11 and anti-tenascin
antibodies were observed by immunoblotting analysis
during the course of cerebellar development. These find-
ings suggest that the arrangement of radial glia and ex-
pression of adhesion molecules may be involved in the
control and guidance of Purkinje cell migration.
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Introduction

In the development of the central nervous system, neu-
roblasts are generated from the neuroepithelium of the
ventricles (the ventricular zone of the Boulder Commit-
tee 1970), and they migrate towards destined positions
after the final mitosis. The migratory cells are guided
by contact with radial glial fibers in the cerebral cortex
(Rakic 1985; Gadisseux et al. 1990), the hippocampus
(Nowakowski and Rakic 1979; Rickmann et al. 1987)
and the cerebellar cortex (Rakic 1985). Neuroblasts dif-
ferentiate, extend processes and form neural circuits
through the processes of specific recognition and synap-
togenesis. In the mouse cerebellum, precursors of Pur-
kinje cells complete the final mitosis at embryonic days
11 to 13 (E11-E13), as demonstrated previously in a
SH-thymidine autoradiographic study (Miale and Sid-
man 1961). The mode of migration of the embryonic
Purkinje cells, and factors which control and define the
detailed processes are little understood despite several
studies of rodents (Wassef and Sotelo 1984 ; Altman and
Bayer 1985a, b; Morris et al. 1985).

Spot 35 protein is expressed specifically in Purkinje
cells in the cerebellum, and this protein can be detected
from the embryonic stages (Takahashi-Iwanaga et al.
1986). On the other hand, 5-bromodeoxyuridine (BrdU)
is incorporated into the nuclear DNA of mitotic cells
as a thymidine analogue, and those cells which have
integrated BrdU into the chromosomal DNA can be
detected immunohistochemically with anti-BrdU anti-
body in the developing brain (Yoshida et al. 1987; Miller
and Nowakowski 1988).

We investigated the process of migration of mouse
Purkinje cells by marking them with both anti-spot 35
antibody and BrdU. Special attention was paid to tem-
poral and regional differences. We further studied the
radial structures in the migratory routes by using
markers for immature glia, i.e., anti-vimentin antibody
(Bovolenta et al. 1984) and monoclonal antibody 1D11
(Ono et al. 1989). We also undertook immunohistochem-
ical examinations of the expression of the cell adhesion



196

molecule, tenascin (Erickson and Bourdon 1989), in the
cerebellar primordium. Tenascin, which is also known
as cytotactin (Grumet et al. 1985), J1 (Faissner et al.
1988) and hexabrachion (Erickson and Taylor 1987), is
one of the substrate adhesion molecules which influence
the processes of neuron-glia adhesion and cell migration
at critical developmental stages of the nervous tissue
(Crossin et al. 1990). In a recent study by Prieto et al.
(1990), this molecule was shown to be synthesized in
the developing chick cerebellum by radial glia, and is
present along the glial fibers. Under these circumstances,
we attempted to elucidate the correlative interaction be-
tween Purkinje cell migration and the substrate compo-
nents.

Materials and methods
Animals

Inbred pregnant mice of the C3H/HeJ JcI strain were used. The
day when vaginal plugs were first observed was taken as embryonic
day 0 (E0) and the day of birth was taken as postnatal day 0
(PO).

Immunohistochemistry

Detection of cells which integrated 5'-bromodeoxyuridine. In preg-
nant mice at the 12th day of gestation (E12), 5'-bromodeoxyuridine
(BrdU, Sigma) was administered intravenously three times daily
(each dose, 80 mg/kg) at 6-h intervals (i.e., at 08:00, 14:00 and
20:00). Under Nembutal anesthesia, E13-E18 fetuses were dis-
sected free from the uterine cavity. The heads of E13-E16 mice
and whole brains of E17-E18 mice were immersion-fixed in 95%
ethanol and 5% acetic acid at 4° C for 12 h. They were then dehy-
drated, embedded in paraffin and sectioned at 10 pm. The sections
were deparaffinized and immersed in 0.1 M HCI for 15 min at
4° C to extract basic nucleoproteins, and to expose the nuclear
DNA. After rinsing in 100 mM phosphate-buffered saline (PBS,
pH 7.4), containing 0.85% NaCl, the sections were immersed in
1 mM phosphate buffer (PB, pH 7.4) containing 0.0085% NaCl
and 50% formamide (Wako Pure Chemical, Osaka) at 80° C for
5 min to denature and unwind the double-helical DNA so as to
expose BrdU to the anti-BrdU antibody. The sections were immedi-
ately transferred to ice-cold 80% ethanol to prevent the chromo-
somal DNA from annealing and renaturing. The denaturation tem-
perature was lowered by 20° C with 50% formamide, which also
maintained the quality of the tissue morphology. The tissue sec-
tions were then incubated with anti-BrdU antibody (Becton-Dick-
inson, 1:50 dilution) at 4° C overnight. After rinsing in PBS, the
sections were incubated with horseradish peroxidase (HRP)-labeled
Fab'-fragment of anti-mouse IgG (MBL, Nagoya) (1:40 dilution)
at room temperature for 1 h. After rinsing again in PBS, the HRP
reaction was performed in 0.02% diaminobenzidine (DAB, Dojin-
do Lab., Kumamoto) and 0.006% H,0, in 50 mM Tris-HCI buffer
(TB, pH 7.4).

Immunohistochemical detection of the expression of spot 35 protein.
In some experiments, adjoining sections were subjected to BrdU-
and spot 35-immunohistochemisiry. In other experiments, the
heads of E14-E15 embryos were dissected free and fixed by immer-
sion in 4% paraformaldehyde in 0.1 M PB (pH 7.4) for 48 h at
4° C. Transcardiac perfusion was performed in E16-E18 mice with
20 ml of 4% paraformaldehyde, and the brains were further immer-

sion-fixed in the same fixatives for 48 h at 4° C. Following fixation,
the brains were immersed in 20% sucrose in 0.1 M PB, frozen
on crushed dry ice, and sections were cut with a cryostat (Reichert-
Jung). The paraffin sections for BrdU immunohistochemistry or
cryostat sections were incubated with anti-spot 35 antibody (Ya-
makuni et al. 1984) (1:1000 dilution) at 4° C overnight. After rins-
ing in PBS, the sections were incubated with HRP-labeled Fab’-
fragment of anti-rabbit IgG (MBL, Nagoya) (1:40 dilution) at
room temperature for 1 h. After rinsing again in PBS, the HRP
reaction was performed in DAB-H,0, solution.

Immunohistochemical detection of vimentin. The heads of mouse
embryos (E14-E17) were fixed by immersion in a mixture of forma-
lin-acetic acid-80% ethanol (5:5:90) at 4° C for 5 h. After washing
with 80% ethanol, the material was dehydrated and embedded
in paraffin. Sections were then immunostained with anti-vimentin
antibody (ICN ImmunoBiologicals, Ill., USA) (1:50 dilution) as
the primary antibody and HRP-labeled Fab’-fragment of anti-goat
IgG (MBL, Nagoya) (1:40 dilution) as the secondary antibody.

Immunohistochemical detection of tenascin and neurofilament
(160 kD). The heads of E14-E16 mice and brains of E17-E18
mice were fixed with 4% paraformaldehyde in 0.1 M PB (as in
the spot 35 immunohistochemistry). Cryostat sections were
immunostained with anti-tenascin antibody (Chemicon, Calif.,
USA) (1:1000 dilution) as the primary antibody and HRP-labeled
Fab'-fragment of anti-rabbit IgG as the secondary antibody or
with anti-neurofilament (160 kD) antibody (Amersham, UK) (1:50
dilution) as the primary antibody and HRP-labeled Fab'-fragment
of anti-mouse IgG as the secondary antibody.

Immunohistochemistry of monocional antibody 1D11. Cryostat sec-
tions of paraformaldehyde-fixed E14-E18 brains (see the above
spot 35 and tenascin immunohistochemistry) were also immuno-
stained with monoclonal antibody 1D11 (1:1 dilution) (Ono et al.
1989) as the primary antibody and HRP-labeled Fab'-fragment
of anti-mouse IgG as the secondary antibody. Most sections adja-
cent to those treated immunohistochemically were stained with
cresyl violet.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting of proteins
in the developing mouse cerebellum

Mouse cerebella at E14-E16 and P20 were dissected free and ho-
mogenized in ten volumes of lysis buffer (4% SDS, 9 M urea and
5% mercaptoethanol in 0.0625 M Tris-HCl buffer, pH 6.8). The
homogenates were syringed through a 23-gauge needle to shear
the DNA and to lower the viscosity of the homogenate. The resul-
tant samples were electrophoresed on a 7% gel according to the
method of Laemmli (1970). After the electrophoresis, the separated
proteins were transferred onto a nitrocellulose membrane filter
BA85SD (0.45 um in pore size, Schleicher & Schuell, Dassel) fol-
Jlowing the procedure of Towbin et al. (1979). The blotted mem-
brane was incubated with 5% skimmed milk in 20 mM Tris-HCl
buffer containing 2.9% NaCl (pH 7.5, Tris-buffered saline, TBS)
to block non-specific binding, and each lane was incubated sepa-
rately at 4° C overnight with the following primary antibodies:
anti-tenascin, monoclonal 1D11 or anti-vimentin antibodies. After
rinsing in TBS, each strip was incubated with HRP-labeled second-
ary antibody at room temperature for 1 h, employing HRP-labeled
Fab'-fragment of anti-rabbit IgG for anti-tenascin antibody, HRP-
labeled Fab'-fragment of anti-mouse IgG for monoclonal antibody
1D11, and HRP-labeled Fab’-fragment of anti-goat IgG for anti-
vimentin antibody, respectively. The HRP reaction was then car-
ried out by incubation with DAB/H,0, solution.
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Results
Identification of cerebellar cells labeled with BrdU at E12

BrdU was administered to pregnant mice at E12 and
the offspring were sacrificed at P2. Immunohistochemi-
cal staining of the materials obtained was carried out
with anti-BrdU and anti-spot 35 antibodies. At P2,
BrdU-labeled cells were arranged discontinuously in one
or two layers (Fig. 1B, D) and their distribution was
identical to that of cells immunoreactive to anti-spot
35 antibody (Fig. 1A, C) which specifically stains Pur-
kinje cells in the cerebellar cortex (Yamakuni et al. 1984).
Only a few cells in the cerebellar nucleus were labeled
with BrdU (Fig. 1B).

Migratory patterns of cells labeled with BrdU at E12

The migratory process of mitotic cells, labeled with
BrdU at E12, was observed in parasagittal sections of
E13-E17 mice. At E13, most of the labeled cells ap-
peared to be stratified in the subventricular zone. In
the intermediate zone, we found migratory cells, most
of which were probably precursors of Purkinje cells. Sev-
eral cells reached the primordial cortical region only in
the caudal half (Fig. 2A). The number of migratory la-
beled cells in the caudal primordial area was increased
at E14 (Fig. 2B). At E15, rising numbers of labeled cells
were seen approaching the cortex in the caudal part of
the cerebellar primordium. In the rostro-dorsal part,
however, only some of the cells reached the cortical re-
gion (Fig. 2C). Extensive areas of the cortex were cov-
ered with labeled cells at E16, while many other cells
were still migrating from the subventricular to the inter-
mediate zone (Fig. 2D). At E17, the majority of the la-
beled cells reached the cortex and formed stratified cell
layers, although the number of labeled cells in the rostro-
dorsal part of the cortex was apparently smaller, and
migratory cells remained in the subcortical area
(Fig. 2E).

It is of interest to note that Purkinje cells move
through the cerebellar nuclei at E17 (Fig. 2E), while the
Purkinje cells at E15 move around the nuclear cells
which are also in the migratory stage (Fig. 2C; cf. E18
of rats (Altman and Bayer 1985b)).

Some cells, presumably granule cell precursors, were
also labeled in the external granule cell layer of the E13—
E15 primordia, since no labeled cells were found in the
layer after E16: further division of the labeled cells may
result in a dilution of the incorporated BrdU (Fig. 2).

Expression of spot 35 protein
observed in parasagittal sections

Spot 35-immunopositive cells, corresponding to Purkinje
cell precursors, were observed in the subventricular and
intermediate zones of the E14 cerebellum. Most of the
cells were found in the caudal half of the primordium,
and few reached the cortex (Fig.3A). At E15, the

number of migratory cells was increased in the interme-
diate and cortical zones of the caudal part (Fig. 3B).
Purkinje cells accumulated in the cortex at E16
(Fig. 3C). At E17, most of them were observed in the
cortex, forming several rows of cell layers, except in the
rostro-dorsal region, towards which many Purkinje cells
were still migrating (Fig. 3D). In the entire cortex of
the E18 cerebellum, it was clearly demonstrated that
groups of Purkinje cells were arranged discontinuously
in several layers, interrupted by groups of immunonega-
tive cells (Fig. 3E).

Regional differences in the migration of spot
35-immunopositive cells observed in coronal sections

A medio-lateral difference was also evident in the pro-
cess of migration of spot 35-immunopositive cells (con-
sidered as equal to Purkinje cells), as seen in coronal
sections. In the entire E14 cerebellum, most of the spot
35-immunopositive cells were distributed homogeneous-
ly in both the subventricular and intermediate zones
(Fig. 4A). In the lateral part of the E15 cerebellum, im-
munopositive cells accumulated in the intermediate zone
(Fig. 4B). In the lateral part of the E16 primordium,
many Purkinje cells had reached the cortex. In the medial
part, however, the migration of Purkinje cells was re-
tarded, and many of them still remained within the sub-
ventricular zone in the most medial portion (Fig. 4C).
Across the entire E17 primordium, Purkinje cells were
arranged in several layers and the cells were distributed
from the intermediate zone to the cortex. In the lateral
part, several discrete masses of Purkinje cells were
formed, while in the medial part, the development of
Purkinje cell layers was retarded (Fig. 4D). Small groups
of spot 35-negative cells interrupted the continuous ar-
rangement of spot 35-positive cell layers, as clearly ob-
served in the E18 material (Fig. 5).

Morphological features of migratory Purkinje cells

From E14, spot 35-immunoreactive cells appeared in the
cerebellar primordium (Figs. 3 A and 6 C), where the ini-
tial differentiation steps of immature Purkinje cells oc-
curred. Different types of Purkinje cells were recognized:
one type represented a round form with no apparent
polarity, and was situated mainly in the subventricular
zone; and the other type represented an elongated form
with polarized processes correlated with the migratory
direction (Fig. 6C). The latter possessed leading and/or
trailing processes, which were arranged in the direction
of the apparent migratory stream. The migratory cells
of the elongated type were distributed mainly in the in-
termediate zone. The leading processes of the Purkinje
cells changed their direction, from perpendicular to par-
allel relative to the pial surface, in the upper part of
the intermediate zone of the E14-E15 cerebellum
(Fig. 7B). As observed in adjoining sections stained with
antineurofilament (160 kD) antibody, this region ap-
peared to coincide with the trajectory area of afferent



Fig. 2A-F. Photomicrographs of parasagittal sections of the mouse
cerebellar primordium (E13-E17) showing the migratory patterns
of BrdU-labeled cells. Pregnant mice at the 12th day of gestation
were given BrdU, and sections from the fetal brains were immuno-
stained with anti-BrdU antibody. Directions of migration are indi-
cated by arrows. Scale bars 100 um A (E13) Most of the labeled
cells are in the subventricular zone. Many migratory cells are pres-
ent in the intermediate zone and there are several cells (arrowheads)
in the caudal half of the cortical primordium. B (E14) Many labeled
cells are migrating in the intermediate zone towards the cortex,
mainly in the caudal half of the primordium. C (E15) The number

of labeled cells near the cortex is increased in the caudal half of
the primordium. In the rostro-dorsal region, labeled cells are mi-
grating around a presumed nuclear region. D (E16) The entire
cortex is largely covered with labeled cells, and many others are
still migrating in the intermediate zone. E (E17) Labeled cells form
stratified cell layers in the caudal part of the cortex. In the rostro-
dorsal part, however, the number of labeled cells is much smaller,
and migratory cells remain in the subcortical area. Regional differ-
ences in development are apparent. F Photomicrograph showing
the presence of cells in the nuclear region of the E15 cerebellum.
Nissl-stained section adjacent to C



Fig. 3A-E. Photomicrographs of parasagittal sections of the E14—
E18 cerebellum showing the distribution of spot 35-immunoposi-
tive cells and fibers (asterisks). Scale bars 100 um. A (E14) Spot
3S-immunopositive cells are distributed in the subventricular and
intermediate zones. B (E15) Many migratory Purkinje cells are
seen in the caudal part of the primordium and some are present
in the cortex. C (E16) Purkinje cells are distributed over almost
the entire cerebellum. D (E17) Most of the Purkinje cells are accu-
mulated in the cortex. In the rostro-dorsal part, however, many
cells are still migrating towards the cortex. E (E18) Purkinje cells
are arranged discontinuously in the cortex, interrupted by immuno-
negative cell groups

fibers from the dorsal part of the medulla oblongata, after E17, spot 35-immunoreactive fibers were seen to
presumably from the vestibular nuclei (Fig. 7A). Thus, enter the region of the cerebellar nuclei, apparently ex-
the change in direction of the migratory Purkinje cells tending from migratory Purkinje cells as well as from
in this area may be caused by the route of growing vesti- those already scttled in the cortex.
bulo-cerebellar fiber bundles.

At E17-E18, formation of cortex by the migratory
cells was delayed in the rostro-dorsal area as compared Immunohistochemical observation
to other regions (Fig. 3D, E). In this delayed area, typi- of vimentin-immunopositive structures
cal spot 35-immunoreactive cells bearing leading and/or
trailing processes were found (Fig. 8C). In addition, in Employing an immature astroglia marker (Bovolenta
parasagittal (Fig. 3D, E) and coronal (Fig. 4D) sections et al. 1984), examinations were made of vimentin-immu-



Fig. 4A-D. Photomicrographs of coronal sections of the E14-E17
cerebellum showing regional differences in the migration of spot
35-immunopositive cells. Scale bars 100 pm. A (E14) Most of the
Purkinje cells are distributed in the subventricular and intermediate
zones. B (E15) Many Purkinje cells accumulate in the intermediate
zone of the lateral part. C (E16) In the lateral part of the primor-

dium, many Purkinje cells are seen in the cortex, but their migration
is retarded in the medial portion. D (E17) Over the entire cortex,
the Purkinje cells are arranged to form layers with several rows.
Particularly in the lateral part of the cortex, several masses of
Purkinje cells are formed. Immunopositive fibers are indicated by
asterisks



202

noreactive structures in the cerebellar primordium. From
E14, vimentin immunoreactivity was apparent in radial
fibers which extended from the surface of the fourth
ventricle (Fig. 9B) to the pial surface (Fig. 9A). Vimen-
tin-immunoreactive cell bodies were observed in the ven-
tricular zone. By Nomarsky optics, a close apposition
of elongated or round cells to the vimentin-positive
fibers was clear. In the subventricular and intermediate
zones, the direction of the fibers and the arrangement
of the apposed cells coincided with the migratory stream
of Purkinje cells (Fig. 9 A, B). The fibers in the ventricu-
lar and subventricular zones remained recognizable until
E17 (Fig. 10B).

Observation of monoclonal antibody
1D11-immunoreactive structures

From E14, 1D11-immunoreactive structures were ob-
served in the cerebellar primordium. Radial fibers immu-
noreactive to 1D11 extended from the ventricular zone
to the subpial region (Fig. 6A). 1D11-immunoreactive
cell bodies were also noted in the ventricular zone

Fig. 5A, B. Photomicrographs of
coronal sections of the E18 cere-
bellum. Scale bars 100 pm. A
Several rows of spot 35-immuno-
positive cells occur discontinuous-
ly in the cortex, interrupted by
immunonegative cell groups (as-
terisks). B An adjacent section to
Fig. 5A stained with cresyl violet.
Note that several rows of Pur-
kinje cells are arranged contin-
uously in the cortex

(Fig. 6 A, B). The direction of these fibers coincided with
the migratory stream of the Purkinje cells. The structures
were found to be denser and more distinct in the medial
part than in the lateral part of the E14 cerebellum. At
E15 (Fig. 10A), 1D11-immunoreactive cell bodies were
identified in the subventricular zone, and they apparent-
ly migrated towards the cortex, with the radial fibers
arranged in the direction of movement. Expression of
1D11 antigen in the membrane of the glial cell bodies
was also observed (Fig. 10A’). Some of the 1D11-immu-
noreactive cell bodies exhibited an elongated form. Spot
35-immunoreactive cells and 1D11-immunoreactive cell
bodies were intermingled in the subventricular zone, and
1D11-immunoreactive cell bodies also underwent migra-
tion, following the Purkinje cells which had started to
migrate earlier. By E17, 1D11-immunoreactive cell bod-
ies reached the caudo-dorsal part of the cortex, at which
most of the Purkinje cells had already arrived (Fig. 8 B).
The 1D11-immunoreactive processes had become short-
ened, with their end-feet attached to the pia mater. The
1D11-immunoreactive structures resembled in appear-
ance the Bergmann glia of the postnatal cerebellum. In
the rostro-dorsal region of the E17-E18 cortical primor-
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dium (Fig. 8 A), where the arrival and layer formation
of Purkinje cells were relatively delayed as compared
to other regions, migratory Purkinje cells were still pres-
ent (Fig. 8C), and 1D11-immunoreactive radial fibers
remained distinct (Fig. 8 A) despite the shortening of the
radial fibers in other parts of the cortex.

Fig. 6 A—C. Photomicrographs of parasa-
gittal (A) and coronal (B and C) sec-
tions of the E14 cerebellum. A 1D11-im-
munopositive radial fibers extend from
the ventricular zone to the subpial re-
gion. Scale bar 100 pm. B 1D11-immun-
opositive fibers are arranged radially
from the ventricular zone towards the
cortex. Scale bar 50 pm. C Boxed area
from an adjacent section to Fig. 6B, im-
munostained with anti-spot 35. In the
subventricular and intermediate zones,
spot 35-immunopositive Purkinje cells of
both round and elongated form are ob-
served. Migratory Purkinje cells of elon-
gated form possess leading and/or trail-
ing processes (asterisks). The migratory
stream apparently corresponds to the ar-
rangement of 1D11-immunopositive ra-
dial fibers. Nomarsky optics. Scale bar

20 pm

Tenascin-immunoreactive structure
in the cerebellar primordium

Tenascin is a cell adhesion molecule which is believed
to mediate the interaction between neurons and glia in
developing nervous tissues (Erickson and Bourdon
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1989). This molecule is synthesized by the glia and is
considered to be identical or closely related to the Ji-
molecule (Kruse et al. 1985), cytotactin (Hoffman et al.
1988) and hexabrachion (Erickson and Taylor 1987). At
E14, tenascin-immunoreactive radial fibers were found
to extend from the ventricular zone to the pia mater
(Fig. 11 A—C). These radial fibers were likewise arranged
in the direction of Purkinje cell migration. The density
of the fibers was higher in the medial half of the primor-
dium where Purkinje cells were migrating massively to-
wards the cortex, than in the lateral half where many
Purkinje cells were already approaching the cortex (not
shown in the figures). After E17, the expression of tenas-
cin immunoreactivity in the radial fibers was noted in
the cortical part of the primordium with a diminished

Fig. 7A, B. Photomicrographs of parasagittal
sections of the E14-E15 cerebellum. A Affer-
ent fibers, immunostained with anti-neurofila-
ment (160 kD) antibody (asterisks), entering
the intermediate zone of the cerebellum from
the dorsal part of the primordial medulla.
Scale bar 200 pm. B Spot 35-immunopositive
Purkinje cells changing their migratory direc-
tion (arrows) from perpendicular to parallel
relative to the pial surface in the intermediate
zone, as observed in the boxed area of an ad-
jacent section to A. Nomarsky optics. Scale
bar 20 um

intensity. Weak immunoreactivity was observed over the
cerebellar tissue in both the cell structures and extracel-
lular space.

Apposition of migratory Purkinje cells to radial fibers
observed in horizontal sections
of the cerebellar primordium

Serial horizontal sections of the E14-E15 cerebellar pri-
mordium were immunostained by antibodies of anti-
spot 35 (Fig. 12A), anti-tenascin (Fig. 12B) and 1D11
(Fig. 12C). Spot 35-immunopositive migratory cells
were apparently apposed to the radial fibers with 1D11
or tenascin immunoreactivity. Complexes of migratory
cells and tenascin- or 1D11-immunoreactive radial fibers



Fig. 8 A-C. Photomicrographs of parasagittal sections of the E17
cerebellum. A 1D11-immunopositive radial fibers still extend from
the intermediate zone to the subpial region in the rostro-dorsal
region. Scale bar 50 um. B 1D11-immunopositive cell bodies are
distributed in the caudo-dorsal portion of the cortex with processes
extending into the subpial region. Scale bar 50 pm. C Many spot

were therefore plotted diagrammatically (Fig. 12A’, B,
C"). The distribution pattern of each immunoreactive
fiber attached to spot 35-immunoreactive cells was
found to be similar. The diameters of the 1D11-immuno-
reactive radial fibers (Fig. 12C), however, appeared to
be larger than those of the tenascin-immunoreactive ra-
dial fibers (Fig. 12 B). Usually one to several radial fibers
were apposed to a presumed migrating cell. 1D11-immu-
noreactive cell bodies were occasionally observed among
_the fibers and migratory Purkinje cells (Fig. 12C).

Immunochemical analysis of marker proteins
for the immature glial cell lineage

Electrophoresis of proteins in both embryonic and adult
mouse cerebella was carried out using SDS-polyacryl-

35-immunopositive cells bearing leading processes (asterisks) are
still migrating in the rostro-dorsal region, as observed in the boxed
area of an adjacent section to A. The direction of their arrangement
corresponds to that of the 1D11-immunopositive radial fibers in
A. Scale bar 20 pm

amide gels (7%). They were then transferred to nitrocel-
lulose filters and reacted with antibodies of 1D11, anti-
tenascin or anti-vimentin. Vimentin protein was ex-
pressed as a single band corresponding to a molecular
weight (MW) of 57 kD, and the apparent molecular
weight was found to be constant during development
from embryo to adult (Fig. 13C). In contrast, the anti-
gens recognized by 1D11 monoclonal antibody under-
went changes of molecular species (Fig. 13B). In the em-
bryonic cerebellum (E15), a band corresponding to a
MW of 110 kD was dominant. In the adult cerebellum,
however, a band corresponding to a MW of 40 kD be-
came dominant. The antigens recognized by anti-tenas-
cin anti-body also changed their molecular weight dur-
ing development (Fig. 13 A). At E14, the antibody recog-
nized bands corresponding to MW 205 kD and MW
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220 kD. At E15-E16, when the Purkinje cells underwent
massive migration, the expression of these bands was
increased. Later, however, the bands faded and the band
corresponding to MW 205 kD disappeared from the
adult cerebellum.

Discussion

In the present study, the initial expression of spot 35
immunoreactivity in the mouse cerebellar primordium
was demonstrated at E14. On the other hand, spot 35-

Fig. 9A, B. Photomicrographs of
parasagittal sections of the E14
cerebellum immunostained with
anti-vimentin antibody, in the in-
termediate zone and cortical re-
gion (A) and in the subventricular
zone (B). Migratory cells are ap-
parently apposed to immuno-
positive radial fibers. Nomarsky
optics. Scale bars 20 pm

immunopositive cells have been observed in the rat em-
bryonic cerebellum from E17 (Takahashi-Iwanaga et al.
1986). The birth date of mouse Purkinje cells is E11-E13
(Miale and Sidman 1961; Inouye and Murakami 1980),
while that of rat Purkinje cells is E12-E15 (Altman and
Bayer 1978). Here, the day of sperm positivity was con-
sidered as EO. The difference of 3 days in the initial
expression of spot 35 immunoreactivity between mice
and rats may well be related to the difference of 2 days
in the birth date of the Purkinje cells between the two
animals. Thus, the expression of spot 35 immunoreactiv-
ity is generally considered to be initiated several days
after the final mitosis in rodent Purkinje cell precursors.



Fig. 10. A Photomicrograph of a coronal section of the E15 cerebel-
lum tmmunostained with 1D11. Immunopositive cells (asterisks)
are migrating from the subventricular zone towards the cortex,
with the radial fibers (arrows) arranged in the direction of move-
ment. Radial fibers are obviously decreased in the ventricular zone.
Scale bar 50 pm. A’ Photomicrograph of a horizontal section, cut
through the subventricular zone, of the E15 cerebellum immuno-

Several clusters of spot 35-immunopositive cells were
formed in the Purkinje cell layer of the mouse cerebellar
primordium (E18) (Fig. 5). In the rat perinatal cerebel-
lum, transient heterogeneity in the expression of several
Purkinje cell markers has also been reported (Wassefl
et al. 1985). When Purkinje cells were labeled with BrdU
at E12 and examined at P2 in the present study, the
labeled cells were found to be discontinuously arranged,
partly forming groups (Fig. 1). In the chick embryonic
cerebellum, Purkinje cells labeled with *H-thymidine at
the final mitotic period also form longitudinal bands
in the cortex (Kanemitsu and Kobayashi 1988). A recent
study employing chimeric mice (Wetts and Herrup 1982)
has indicated that the progenitors which are committed
to differentiate into the entire population of cerebellar
Purkinje cells constitute eight kinds in C3H/HeJ mice.
Such multiplicity of progenitor cells can be reflected in
a heterogeneous population of developing Purkinje cells.

Furthermore, a regional heterogeneity in the differen-
tiation of Purkinje cells can be created by extrinsic fac-
tors such as developing cerebellar afferents or the chemi-
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stained with 1D11. Note that the plasma membrane of the glial
cell bodies (asrerisks) and radial glial processes (arrows) were both
immunopositive. Scale bar 20 um. B Photomicrograph of a parasa-
gittal section of the E17 cerebellum immunostained with anti-vi-
mentin antibody. Immunopositive radial fibers (arrows) from the
ventricular zone still remain. Nomarsky optics. Scale bar 20 pm

cal microenvironment of the extracellular matrices. The
transient longitudinal organization of spot 35-immuno-
positive cells in the Purkinje cell layer is reminiscent of
the parasagittal organization of the olivocerebellar pro-
Jjection observed in cats (Groenewegen and Voogd 1977;
Kawamura and Hashikawa 1979; Brodal and Kawa-
mura 1980) and rats (Chan-Palay et al. 1977). According
to Mason et al. (1990), climbing fibers in mice have al-
ready reached the multilayered zone of Purkinje cells
at birth. It has also been demonstrated that the parasa-
gittal organization of the olivocerebellar topography is
already established in the newborn rat (Sotelo et al.
1984). It is possible therefore that growing afferents may
induce or maintain the zonal expression of spot 35 im-
munoreactivity in the continuously arranged Purkinje
cells in the cortex, as observed in the E18 mouse cerebel-
lum (Fig. 5). Cortico-nuclear fibers also exhibit a parasa-
gittal organization pattern (Dietrichs and Walberg 1979,
1980; Voogd and Bigare 1980; Dietrichs 1981a, b, 1983).
After E16 in mice, presumed axons of Purkinje cells
reach the nuclear region (Figs. 3C-E, and 4D). Early



Fig. 11 A-C. Photomicrographs of parasagittal sections of the E14
cerebellum immunostained with anti-tenascin antibody. Radial
fibers extend from the ventricular zone to the cortex (A), parts

contact between immature Purkinje and nuclear cells
might be responsible for the maintenance of expression
of the spot 35 immunoreactivity in a zonal pattern at
the late embryonic stages.

On the other hand, various factors are involved in
the determination of the patterns of neuronal migration
and settlement. These factors can be broadly grouped
into two categories: one concerns regional and temporal
differences in the intrinsic nature of the populations of
neuronal precursors, while the other concerns the cellu-
lar and extracellular components which interact with mi-
gratory cells during development. A temporal gradient
from the ventro-caudal to the dorso-rostral regions was
revealed in the patterns of migration and settling of Pur-
kinje cells, as demonstrated by the distribution and mi-
gration of BrdU-labeled cells and spot 35-immunoposi-
tive cells in the mouse embryonic cerebellum (Figs. 2
and 3). Such a caudo-rostral gradient in the regional
differences of migratory pattern of Purkinje cells has
also been observed in the rat cerebellar primordium by
labeling the cells with *H-thymidine (Altman and Bayer
1985a, c). Furthermore, a latero-medial gradient in the
migratory pattern was clearly demonstrated in the pres-
ent study by means of the specific marker, spot 35, for
Purkinge cells (Fig. 4).

of which are magnified in B and C. Nomarsky optics. Scale bar
50 pym in A, and 20 ym in B and C

Regional differences of mouse Purkinje precursors
were not recognized in the E13 neuroepithelium when
the BrdU incorporation was examined following admin-
istration at E12 (Fig. 2A). At E14-E15, however, differ-
entiation of the neuroepithelial cells to spot 35-immuno-
reactive cells occurred earlier in the lateral and caudal
than in the medial and rostral regions (Figs. 3A, B and
4 A, B). As demonstrated also by Inouye and Murakami
(1980), the final mitotic division occurs earlier for the
Purkinje cells localized at the lateral level. It can be con-
jectured that an inherent heterogeneity of Purkinje cell
precursors in the neuroepithelium may determine the
regional differences in migratory pattern and final settle-
ment of Purkinje cells.

In the present materials from E17-E18 brains, the
rostral region of the cerebellar cortex was not yet occu-
pied by settled Purkinje cells, and migratory cells were
observed moving towards the area (Fig. 3D, E). These
migratory Purkinje cells appeared to deviate in their
course around the cerebellar nuclei which had been
formed earlier. Thus, even though their birth dates are
the same as those of other Purkinje cells, their final set-
tlement in the cortex tends to be delayed. In addition,
the trajectory of afferent fibers from the medulla oblon-
gata to the intermediate zone of the cerebellar primor-



Fig. 12A-C. Photomicrographs (A, B and C) and diagrammatic
drawings (A”, B’ and C’) of sections of the E14-E15 cerebellum,
cut horizontally at migratory zones, showing correlative locations
between migratory Purkinje cells and radial fibers. Note that Pur-
kinje cells, stained with anti-spot 35 antibody (A and A’), are close-

dium may be responsible for change in the migratory
course at E14-E15 (Fig. 7). These fibers are considered
to be vestibulo-cerebellar fibers, which are the earliest
cerebellar afferents, and reach mainly the caudal part
of the cerebellar primordial cortex, so forming the anlage
of the vestibulocerebellum (Morris et al. 1988).
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ly apposed to the tenascin-immunopositive (B and B’) and 1D11-
immunopositive (C and C’) radial fibers. The locations, sizes and
shapes of the immunonegative, large cells in B and C equally corre-
spond to spot 35-immunopositive Purkinje cells in A. Nomarsky
optics. Scale bars 10 pm

The glial or matrix cells (Fujita 1963) and the extra-
cellular matrices in the cerebellar primordium should
also be regarded as important factors which are involved
in the migration of Purkinje cells. Since Sidman and
Rakic (1973) advocated the concept of contact guidance
as an underlying mechanism in the migration of neuro-
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Fig. 13 A-C. Immunoblotting analysis of tenascin and marker pro-
teins for the glial cell lineage in the cerebellum. A Immunoblots
stained with anti-tenascin antibody. 7, E14; 2, E16; 3, adult. B
Immunoblots stained with 1D11. 1, E15; 2, adult. C Immunoblot
of the E14 cerebellum stained with anti-vimentin antibody

blasts in the developing brain, the correlations between
neuroblast migration and the structural distribution of
radial glia have been investigated, e.g., in the murine
cerebral cortex (Gadisseux et al. 1989, 1990), monkey
hippocampus (Nowakowski and Rakic 1979) and mon-
key cerebellum (Rakic 1985). Several authors (Del Cerro
and Swarz 1976; Swarz and Oster-Granite 1978) have
referred to the structural appearance of radial glia in
the rodent embryonic cerebellum, but did not unambigu-
ously show a relationship to and participation in the
migration of Purkinje cells.

Expression of an antigen recognized by monoclonal
antibody 1D11 has been observed as a marker for prena-
tal and postnatal astroglia in the cerebellum (Ono et al.
1989). In the present study, radial fibers with 1D11 im-
munoreactivity were found to extend from the ventricu-
lar zone to the pial surface during the E14-E17 period
(Figs. 6 and &). The dynamic transformation of the
1D11-immunoreactive radial fibers and their relation to
migratory Purkinje cells were multiphasic. At first radial
fibers extended from the ventricular zone to the pia
mater at E14-E15 (Fig. 6 A, B) and the arrangement of
fibers was in accordance with the migratory stream of
immature Purkinje cells (Fig. 12A, C). Then, as imma-
ture glia migrated from the ventricular zone, their pro-
cesses retracted towards the cortex after E15 (Figs. 8 A,
B and 10A). Finally in the rostro-dorsal portion of the
E17-E18 cerebellum, migration of Purkinje cells pro-
ceeded among radially arranged 1D11-immunoreactive
fibers (Fig. 8 A, C), and in other parts where Purkinje
cell migration had almost finished, 1D11-immunoreac-

tive radial fibers became transformed into presumptive
Bergmann glia (Fig. 8 B).

At E15, a large part of the Purkinje cells had started
migration and some had reached the cortex. There is
thus a few days’ lag between the onset of Purkinje cell
migration and the migration of the 1D11-immunoposit-
ive soma. In 2-3 days, the Purkinje cells and 1D11-im-
munopositive soma become aligned in the same layer
of the cortex (Fig. 8B). The migration of the 1D11-im-
munoreactive cells and the shortening of their processes
may therefore be triggered by contact interaction be-
tween the migrating Purkinje cells and 1D11-positive ra-
dial fibers. Neuronal influences on glial morphological
changes and gene expression have been reported (Hatten
1985, 1990; Mason et al. 1988).

The molecular species reactive to 1D11 undergo
changes in molecular weight during embryonic develop-
ment (Fig. 13B). At around E15, when large numbers
of Purkinje cells were migrating, a band with a molecular
weight of 110 kD was expressed. During the course of
development, this band disappeared, and a new band
of 40 kD appeared. In the early stages (e.g. E15), 1D11
immunoreactivity was confined to the cellular compo-
nents (radial fibers and cell bodies) (Figs. 6A, B and
10A, A’), but as development proceeded (after E17),
the immunoreactivity extended to the extracellular
spaces of the developing molecular layer of the cortex
(Ono et al. 1989). The conversion of molecular species
of the 1D11-antigen may thus be related to Purkinje
cell migration at the early stages, and subsequently to
granule cell migration at the later stages of cerebellar
development.

The vimentin-immunopositve radial glial fibers were
similar in their distribution pattern and structure to the
1D11-immunopositive ones (Figs. 6 and 9). After the
1D11-immunopositive elements (fibers and cell bodies)
had migrated towards the cortex, the radial fibers immu-
noreactive to 1D11 became shortened (from E15) and
those in the subventricular zone disappeared (Fig. 10A).
In contrast, the vimentin-immunopositive fibers in this
area remained recognizable until E16-E17 (Fig. 10B).
It is unclear whether the immature radial glia of vimen-
tin-immunopositive cells and those of 1D11-immuno-
positive cells are identical, with a common cell lineage.
It could be that, at the transitional state of differentia-
tion of the primitive cells into radial glial cells, expres-
sion of the 1D11 gene(s) may be initiated, followed by
migration of the glial cells towards their final positions
in the cortex to mature as Bergmann glia. On the other
hand, immature matrix cells (Fujita 1963) with vimentin
immunoreactivity may remain in the ventricular zone
as a reservoir of multipotential stem cells for the neuro-
nal or glial cell lineage. Migration of Purkinje cells could
proceed in contact with these radial fibers of different
cell lineages.

After E14, tenascin immunoreactivity was detected
in the cerebellar primordium (Figs. 11 and 12B). The
expression in the radial fibers resembled in appearance
that of the vimentin- and 1D11-immunoreactive struc-
tures (Figs. 6 and 8-12). The tenascin-immunopositive
elements changed their appearance in a similar manner



to the 1D11-immunopositive elements. The distribution
and direction of their arrangement coincided with the
migratory stream of Purkinje cells (Figs. 11 and 12A,
B).

When considering the mechanism of neuronal migra-
tion from the standpoint of contact guidance, it is neces-
sary to assume adhesion of migratory cells to the pro-
cesses of radial glia. A cell-binding domain has been
identified on the protein structure of tenascin and cyto-
tactin (Bourdon and Rouslahti 1989; Friedlander et al.
1988). Structural analysis of tenascin and cytotactin by
cDNA cloning revealed domains homologous to fibro-
nectin type III repeats (Pearson et al. 1988; Jones et al.
1988, 1989). Such domains are recognized by the cellular
receptors, i.e., integrins, for attachment to the Arg-Gly-
Asp (RGD) sequence of the substrate adhesion molecule
(Bourdon and Rouslahti 1989). From the above evi-
dence, it seems highly probable that tenascin expression
on radial glial processes in the cerebellar primordium
is involved in the adhesion of migratory Purkinje cells.
The molecular species recognized by the anti-tenascin
antibody also undergo changes of molecular weight as
the development of the primordium proceeds (Fig. 13 A).
Moreover, the developmental changes of J1, an analo-
gous molecule to tenascin which occurs in the mouse
cerebellum (Kruse et al. 1985), are also similar to our
results. Changes in the molecular species of tenascin are
induced by different splicing mechanisms of a single gene
(Jones et al. 1989). These changes may be related to dif-
ferences in the local and temporal nature of the adhesive-
ness between migratory neurons and radial glial fibers
in the developing cerebellum,.
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