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Expression Pattern and Neurotrophic Role of the c-fms
Proto-Oncogene M-CSF Receptor in Rodent Purkinje Cells
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To investigate whether the c-fms proto-oncogene plays arole in
the CNS, we examined its expression in mouse brain. We found
that c-fms-positive Purkinje cells first appeared in caudal cer-
ebellum at postnatal day 0 (PO) arranged in a parasagittal
manner, and most Purkinje cells gradually became positive by
P6. This differential expression was not seen from P7 to adult-
hood, and the parasagittal pattern until P5 was different from
those of L7, zebrins, and the integrin f1 subunit. No neuronal
expression of c-fms was found in the other brain regions ex-
amined. In both reeler and weaver mutant mice in the adult
stage, all Purkinje cells were positive for c-fms as in the wild-
type controls; however, the parasagittal bands of c-fms-
positive Purkinje cells were observed even in the adult stag-
gerer mutant. To check the neurotrophic effect of macrophage
colony-stimulating factor (M-CSF), we immunostained cere-

bella derived from osteopetrotic mutant mice, that is, those
devoid of active M-CSF. We found that the number of calbindin-
positive Purkinje cells in a given cerebellum began to decrease
substantially during the initial 4-5 weeks of the postnatal pe-
riod. In addition, cultured Purkinje cells were dependent on
M-CSF for their survival. These data suggest that expression of
the c-fms gene is intrinsically programmed in the Purkinje cells
and never affected by the afferent synaptic input and that
neuronal survival of Purkinje cells is dependent on M-CSF after
weaning. Therefore, c-fms is considered to be a new develop-
mental marker for Purkinje cells.
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The c-fms proto-oncogene encodes the receptor for macrophage
colony-stimulating factor (M-CSF) and is expressed in cells of the
mononuclear phagocyte lineage (Nienhuis et al., 1985; Sariban et
al., 1985; Sherr et al., 1985; Woolford et al., 1985; Rettenmier et
al., 1986), in trophoblasts and decidual cells (Byrne et al., 1981;
Muller et al., 1983a,b; Regenstreif and Rossant, 1989), and in B
lymphocytes (Baker et al., 1993; Till et al., 1993). In the CNS, the
expression of c-fms has been detected in microglia, astrocytes,
and oligodendrocytes in vitro (Sawada et al., 1990, 1993); how-
ever, the precise cellular localization of c-fms in vivo is unknown.
Recently, several studies have indicated that M-CSF is involved
in neuronal development. The finding that M-CSF is produced by
cultured cerebellar neurons raises the possibility that M-CSF may
play a role in the cytokine network not only between glia but also
between neurons (Nohava et al., 1992). Furthermore, M-CSF is
reported to function as a growth factor in cases of tissue damage
(Berezovskaya et al., 1996; Fedoroff et al., 1997). In the present
paper, we investigated what kind of neurons express c-fms in the
brains of developing and adult rodents by immunohistochemistry
and in situ hybridization and found that Purkinje cells express
c-fms. Lesion studies of climbing fibers and transplantation of
cerebellar anlagen into the anterior eye chamber were performed
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in an effort to determine whether the afferents to the Purkinje
cells play a role in c-fms expression. Cerebellar mutant mice of
three types, the reeler, staggerer, and weaver, and also osteope-
trotic (op/op) mutant mice that are unable to produce active
M-CSF (Wiktor-Jedrzejczak et al., 1990; Yoshida et al., 1990)
were investigated to determine whether the Purkinje cells of these
mutants express c-fms. Using a cell culture system, we confirmed
that M-CSF possibly augments neurotrophic activities toward the
Purkinje cells via c-fms.

MATERIALS AND METHODS

Chemicals and reagents. Polyclonal antibody against the cytoplasmic
region of human c-fms protein (amino acid residues 952-971) and a
peptide fragment corresponding to this region were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). This antiserum is reported
to recognize a single band of 150 kDa (Santa Cruz Biotechnology data
sheet). Another three preparations of polyclonal antibodies against c-fms
(#06-174, #06-175, and #06-176; Upstate Biotechnology, Lake Placid,
NY) were used to confirm the central findings in this study. Anti-
calbindin monoclonal antibody was purchased from Sigma (Tokyo, Ja-
pan). Fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG an-
tibody and Texas Red-conjugated anti-mouse IgG antibody were
purchased from Molecular Probes (Eugene, OR). Peroxidase-conjugated
anti-rabbit IgG antibodies were from Medical and Biological Laborato-
ries (Nagoya, Japan). Recombinant human M-CSF (rhM-CSF) was ob-
tained from Morinaga Milk Industry (Zama, Japan).
Immunoperoxidase and immunofluorescence staining. For the experi-
ments, 40 mice of the B6/C3Fe strain (CLEA Japan, Tokyo, Japan),
including mutant mice (The Jackson Laboratory, Bar Harbor, ME), and
15 Fischer rats (CLEA Japan) were used according to the Animal
Experimentation Guidelines of Keio University School of Medicine.
They were anesthetized with ether and by intraperitoneal injection of
35% chloral hydrate (0.5 ml/kg) and were perfused through the aorta
with fixatives of 4% paraformaldehyde and 0.1 M phosphate buffer or acid
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Figure 1. Postnatal mouse cerebella immunostained for c-fms. Horizontal sections through the cerebella were prepared and processed for immuno-
staining with anti-c-fms. A, c-fms-positive Purkinje cells first appeared as two discrete parasagittal bands (arrows) in the vermis at P0. B, High-power
magnification of c-fms-positive Purkinje cells (arrows) in A is shown. The c-fms-positive cells were arranged symmetrically. C, At P1, two additional
bands appeared; thus the number of parasagittal bands in total was four (arrows). D, High-power magnification of c-fms-positive Purkinje cells (arrows)
in C is shown. E, From P1 onward, small clusters of c-fms-positive Purkinje cells (arrows) were found in the rostral cerebellum arranged in a symmetric
manner. F, G, High-power magnification of c-fms-positive clusters (arrows) in the right lateral hemisphere (F) and in the left lateral hemisphere (G) is
shown. H, At P2, four parasagittal bands (arrows) were found as shown in C and E. I, High-power magnification of c-fos-positive Purkinje cells (arrows)
in H is shown. Scale bars: 4, C, E, H, 1 mm; B, D, F, G, I, 100 pm.
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ethanol (5% acetic acid + 95% ethanol). For immunoperoxidase stain-
ing, sections were treated with anti-c-fms antibody (1:200) for 42 hr at
4°C and then incubated with peroxidase-conjugated goat anti-rabbit IgG
(1:500) for 2 hr at room temperature. The immune complexes on the
sections were detected using a peroxidase substrate consisting of
diaminobenzidine-tetrahydrochloride as described elsewhere (Murase
and Hayashi, 1998a). For immunofluorescence staining, dissected brains
were immersed in 20% sucrose and PBS, frozen in powdered dry ice, and
embedded in Tissue-Tek O.C.T. compound (Miles, Elkhart, IN). Para-
sagittal or horizontal sections of brains (20 wm) were cut on a cryostat
and mounted on silane-coated slides for use in immunohistochemistry
and in situ hybridization studies. The sections were incubated with the
mixed solution of anti-c-fms antibody (1:200) and anti-calbindin mono-
clonal antibody (1:25,000) for 42 hr at 4°C. The anti-calbindin antibody
was used to demonstrate the spatial relationships between calbindin-
positive Purkinje cells and c-fms-positive Purkinje cells. After being
rinsed to remove excess primary antibodies, the sections were incubated
with the mixed solution of FITC-conjugated goat anti-rabbit IgG anti-
body (1:100) and Texas Red-conjugated goat anti-mouse IgG antibody
(1:100) for 2 hr at room temperature. The sections were rinsed in PBS,
mounted in phosphate-buffered glycerol, and examined in a confocal
laser microscope (MRC-600; Bio-Rad, Tokyo, Japan) with a dual exci-
tation mode as described elsewhere (Murase and Hayashi, 1998b).

For immunostaining of cultured Purkinje cells, the same procedures
were followed as described above.

In situ hybridization. The tissue sections were prepared as described
above. Before hybridization with oligonucleotide probes, the sections
were air-dried for 5 min. After the sections were rinsed in PBS, depuri-
nation was performed for 20 min with 0.2 M HCI at room temperature;
then the tissues were treated with proteinase K (25 pg/ml) for 15 min at
37°C. After post-fixation with 4% paraformaldehyde in PBS (5 min), the
sections were immersed in 2 mg/ml glycine in PBS (30 min; twice). The
sections were dehydrated with a series of solutions of increasing ethanol
concentration and chloroform and finally were air-dried. An “antisense”
oligonucleotide probe (48 mer) complementary to the sequence encoding
bases 904-951 of c-fms mRNA was used for hybridization experiments
(Berezovskaya et al., 1996). “Sense” strand probes with target sequences
complementary to those of the antisense probes were used as a control
for nonspecific hybrids. The oligonucleotides were chemically synthe-
sized and HPLC-purified by the Bex Company (Tokyo, Japan). The
oligoprobes (0.2 wmol) were labeled at the 3’ end with digoxygenin.

Hybridization was performed at 37°C for 12 hr with 0.1 pg/ml
digoxygenin-oligonucleotide probe dissolved in the hybridization me-
dium. After being washed at 37°C with 2X SSC for 30 min, 1X SSC for
30 min, and 0.5X SSC for 30 min twice, the sections were incubated in
blocking solution (Boehringer Mannheim, Tokyo, Japan) for 1 hr. The
sections were then treated for 2 hr with alkaline phosphatase-labeled
anti-digoxygenin antibody diluted (1:300) with the blocking solution. The
alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl phosphate ni-
troblue tetrazolium chloride was used for color development, without
counterstaining. All solutions used in this experiment were autoclaved in
the presence of 0.1% diethylpyrocarbonate (Nacalai Tesque, Kyoto,
Japan).

Destruction of climbing fibers. Five newborns and seven adult male mice
8 weeks old (B6/C3Fe strain) were used. Newborn mice were anesthe-
tized with ether (Wako Chemical, Tokyo, Japan), and inferior cerebellar
pedunculotomy was successively performed. The posterior part of the
occipital bone was removed, and the posterior atlanto-occipital mem-
brane and the dura mater were pierced and the inferior cerebellar
peduncles were cut by inserting a capsulotomy knife into the fourth
ventricle (Murase, 1995). A control adult without the pedunculotomy was
used for anti-calbindin staining of the inferior olivary neurons.

Transplantation study. Cerebellar anlagen dissected from embryonic
day 14 mice was transplanted into the anterior eye chamber of six adult
mice (B6/C3Fe strain; 10 weeks old) using a microsyringe. Before the
grafting surgery, the hosts were anesthetized with ether, and their eyes
were treated topically with 1% atropine in 0.9% physiological saline to
dilate the pupils. Subsequent immunohistochemical investigations were
performed 30 d after grafting.

Mutant mice. The reeler, staggerer, and op/op mutations were each
maintained in the hybrid B6 X C3Fe background, and the weaver
mutation was maintained in the B6 X CBA background. These heterozy-
gous mutants were purchased from The Jackson Laboratory. Homozy-
gous mutant mice were obtained by intercrossing fertile heterozygous
mice. The homozygous cerebellar mutants were recognized by their
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smaller overall dimensions of the cerebella, especially at the midline, and
by their smaller numbers of folia at postnatal day 6 (P6). At P24, the
cerebellar ataxia of mutants enabled us to identify homozygotes. The op
progeny were distinguishable from their normal siblings by a failure of
eruption of incisors postnatally. These op/op mice were maintained on a
diet of wet food purchased from CLEA Japan. Three reeler, three
weaver, and three op mice of P24, P27, and P7 staggerer mice of P6, P12,
P20, and P24 were used. Six control mice of the same age and strains of
mutants were used according to the Animal Experimentation Guidelines
of Keio University School of Medicine.

Culture of Purkinje cells. Primary culture of rat embryos (embryonic
day 18) was performed according to the method described previously
(Nakajima et al., 1993). Cell mixtures consisting of 70% Purkinje cells
were prepared as described elsewhere (Messer, 1989) and incubated in
DMEM/Ham’s F-12 containing 10% FCS (DF-FCS) for 10 d. This
culture medium was then replaced with DMEM/Ham’s F-12 supple-
mented with serum-free supplements (DF-SF) as described previously
(Hayashi et al., 1994), containing various concentrations of rhM-CSF.
Some cultures were continuously maintained in DF-FCS without this
replacement. These cultures were used as a control group and were
regarded as showing 100% survival. After 7 d of incubation, the cultured
cells were fixed and immunostained for calbindin to examine the neuro-
nal survival rate of Purkinje cells. This was calculated as the ratio of the
number of surviving Purkinje cells after a 7 d period of culture in DF-SF
to that of Purkinje cells in the control group.

Statistical analysis. The ratio of surviving Purkinje cells under each
culture condition was determined. Each experiment was done in quadru-
plicate. Each value represents the mean and 1 SD. Statistical analysis was
performed by one-way ANOVA with Scheffé’s multiple comparison
procedure (significance with p < 0.05).

RESULTS

c-fms expression pattern in Purkinje cells

Anti-c-fms immunostained the Purkinje cells, whereas the ex-
pression pattern of c-fms changed during postnatal stages. During
the embryonic stage, the expression of c-fms was not observed
(data not shown). At PO, when the c-fms-positive Purkinje cells
first appeared in the caudal cerebellum, two symmetric bands
arranged in a parasagittal manner were observed (Fig. 14,B).
During P1-P3, another two bands of c-fms-positive Purkinje cells
appeared (Fig. 1C-I). Furthermore, two small clusters of c-fms-
positive Purkinje cells were also found consistently in the rostral
cerebellum arranged in a symmetric manner (Fig. 1E-G). Thus,
the number of distinct major bands became in total six during this
postnatal period. From P4 to P5, the expression of c-fms spread to
the rostral vermis and the hemispheres gradually (Fig. 24,B),
while the immunoreactivity of some Purkinje cells was still neg-
ative. The immunoreactivity was expressed evenly in most Pur-
kinje cells at P6 (Fig. 2C), and subsequent to P7 and in the adult,
c-fms was expressed in all of the Purkinje cells (data not shown).
The immunoreactivity was localized not only in the cerebellar
cortex but also in the deep cerebellar and vestibular nuclei, where
Purkinje axons terminated and formed synapses (Fig. 2F). Dou-
ble staining for c-fms and calbindin showed that Purkinje cells
were the c-fms-positive structures, and calbindin-positive and
c-fms-positive units were compatible in the cerebella (see Fig. 5).
Other calbindin-positive neurons, such as hippocampal or cortical
neurons, were not positive for c-fms (data not shown), and no
immunopositive neurons were observed except for the Purkinje
cells. However, the Purkinje axons in the granular layer were
rarely stained c-fms-positive (Fig. 2D). This profile of c-fms
immunoreactivity could not be reproduced when cerebellar slices
were processed with normal rabbit serum instead of with anti-c-
fms antibodies (data not shown) or when primary antibody was
preabsorbed with an excess amount of the c-fms C-terminal
peptide (Fig. 2E).

Because c-fms expression is known to occur in microglia,
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Figure 3. Expression of c-fms mRNA in the cerebellum of a P30 mouse. Digoxygenin-labeled oligonucleotide probes complementary to mouse c-fms
were prepared. Mouse brains were hybridized with sense (A4) and antisense (B) probes. Hybridization labeling specifically overlaid Purkinje cells (B).
The sense probe gave no signals in 4. GL, Granular layer; ML, molecular layer; PCL, Purkinje cell layer. Scale bars, 100 pum.

astrocytes, and oligodendrocytes in vitro, we carefully examined
its expression in these glial cells in vivo. However, c-fms immu-
noreactivity and mRNA expression were not observed in this
study (data not shown).

Expression of c-fms mRNA in Purkinje cells

To confirm whether c-fms mRNA is expressed in the Purkinje
cells, we performed in situ hybridization studies using oligonu-
cleotide probes. The specificity of the antisense probes used in
these in situ hybridization experiments was checked by using
corresponding sense oligoprobes as negative controls. The sense
probes gave dim signals of nonspecific background on the somata
of Purkinje cells (Fig. 34), whereas antisense probes resulted in
strong distinct signals from Purkinje cells (Fig. 3B). Neither the
dentate nucleus neurons nor other deep cerebellar neurons
showed any positive signal (data not shown). Therefore, it seems
that the positive immunoreactivity observed in the case of Pur-
kinje cells was specific for the c-fms molecule.

Lack of involvement of climbing fibers in the
expression of c-fms in Purkinje cells

The developmental expression of c-fms paralleled both Purkinje
cell development and climbing fiber arborization. Thus, we spec-
ulated that these developmental events were not independent of
each other. To test this hypothesis, we performed lesion studies
using mice in which the inferior cerebellar peduncle was selec-
tively cut. The inferior cerebellar pedunculotomy was performed
at PO or at the adult stage. The pedunculotomized neonatal mice
were examined immunohistochemically at P3 and P25, and the
climbing fiber-deafferented adults were examined 30 d later. To
ascertain the complete destruction of the olivary neurons, we
sliced and stained the medulla of the mice with anti-calbindin

antibody (Fig. 44,B). No changes in the differential expression of
c-fms were found in these deafferented mice (Fig. 4C).

It was of interest to test whether or not the afferent inputs at
prenatal stages may influence the expression of c-fms in the
cerebellum. Thus, we next transplanted cerebellar anlagen from
mice of embryonic day 14 into the anterior eye chamber of adult
mice, in which no afferents are included (Altman and Bayer, 1978;
Wassef et al., 1990), and c-fms was not expressed (Fig. 4D).
Thirty days after grafting, the Purkinje cells in the grafted tissue
were immunostained with anti-c-fms as well as with antibodies
against calbindin, a typical marker of Purkinje cells. The Purkinje
cells in the graft were not arranged in a single layer and rather
showed a disorganized cytoarchitecture (Fig. 4E), which compli-
cated our analysis of the Purkinje cell banding pattern. However,
they remained c-fms-positive in their somata and dendrites (Fig.
4F). Thus, these results strongly imply that climbing fibers do not
affect c-fms expression in developing Purkinje cells.

c-fms expression in cerebellar and op/op mutant mice
The expression of c-fms and calbindin in cerebella of reeler,
staggerer, weaver, and op/op homozygotes was investigated by
dual immunofluorescence microscopy. c-fms-positive Purkinje
cells were found in the op/op (Fig. 5A-C), reeler (Fig. 5D-F), and
weaver (Fig. 5G-I) mutants. The Purkinje cells in these three
mutants expressed both calbindin and c-fms, so the distribution of
these two antigens was the same. The staggerer Purkinje cells
expressed calbindin; however, some of these cells did not express
c-fms. Thus, the expression of c-fms among these cells was not
consistent (Fig. 5/-L). These data indicate that the expression of
c-fms is suppressed in some Purkinje cells of the staggerer mu-
tants by intrinsic mechanisms.

Figure 2. Parasagittal bands of c-fms-positive mouse Purkinje cells. Horizontal sections through the cerebella were prepared and processed for
immunostaining with anti-c-fms. 4, c-fms-positive Purkinje cells were spread throughout the hemispheres at P3. The Purkinje cells in the intermediate
zone gradually became c-fms-positive, so the clusters in the lateral hemispheres were not so distinct compared with those in the period of P1-P2.
However, as shown in this figure, the Purkinje cells in the lateral hemispheres showed strong immunoreactivity. B, At P5, weakly stained Purkinje cells
remained as parasagittal bands. C, At P6, most Purkinje cells expressed a substantial amount of c-fms, although the extent of immunostaining was
somewhat weaker than that observed in other developmental stages. D, Higher magnification of the cerebellum at P30 is shown. Purkinje cells and their
dendrites showed c-fms immunoreactivity. £, The cerebellum at P30 immunostained with anti-c-fms preabsorbed with antigen is shown. The c-fms
immunoreactivity was completely absent when preabsorbed antibody was used. F, The cerebellar fastigial nucleus (FN) at P30 is shown. Staining was
found in the boutons surrounding the somata of deep cerebellar neurons of the fastigial nucleus. Because the deep neurons were c-fms-negative, they
were unstained. GL, Granular layer; ML, molecular layer; PCL, Purkinje cell layer. Scale bars: A-C, 1 mm; D-F, 100 pwm.
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Figure 4. Effect of climbing fiber deafferentation on c-fms gene expression in Purkinje cells. After mice were pedunculotomized or after mice were
subjected to cerebellar transplantation, cerebellar tissues were removed and processed for immunohistochemistry as described in Materials and Methods.
A, B, Transverse sections of inferior olives (/O) stained with anti-calbindin antibody are shown. 4, IO prepared from an untreated normal adult mouse. B,
10 from an adult mouse pedunculotomized at P0. Note the absence of the inferior olivary neurons in B. C, Immunohistochemistry of a horizontal section
of climbing fiber-deficient cerebellum is shown. After inferior cerebellar peduncles were cut in a postnatal mouse at PO, the cerebellum was immunostained
with anti-c-fms at P4. The destruction of climbing fibers did not alter the pattern of expression of c-fms (see Figs. 1, 2). D, Coronal (Figure legend continues)
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To investigate the possible mechanisms responsible for this
finding concerning the staggerer Purkinje cells, we checked fron-
tal and horizontal sections of staggerer cerebella in further detail.
Because Purkinje cells in the staggerer display developmental
delay or arrest (Yoon, 1976), we suspected that this may influence
c-fms expression in these cells. This developmental delay or
arrest influences integrin B1 expression, which starts at P6 in
normal pups, and the absence of integrin B1 in the staggerer
Purkinje cells suggested that they stop development earlier than
P6 (Murase and Hayashi, 1996). Therefore, we suspected that the
staggerer cerebella would show parasagittal bands of c-fms-
positive Purkinje cells when sectioned in a horizontal or frontal
plane, and our investigation revealed that c-fms-positive bands
were evident even in the adult stage (Fig. 6). The c-fms-positive
bands in the staggerer cerebella resembled those observed in the
case of normal pups during P1-P3 (see Fig. 1C,E,H).

In addition to examining the staggerer mutant at P24, we also
examined the staggerer at P6, P12, and P20 to test whether the
cerebella from young staggerer mice expressed the parasagittal
bands of c-fms-positive Purkinje cells. The bands were found in
the staggerer cerebella examined, and they were similar to that of
P24 (data not shown). Thus, most of the staggerer Purkinje cells
were calbindin-positive but c-fms-negative, whereas some popu-
lations of Purkinje cells were positive for both calbindin and
c-fms, and these cells were arranged to display the parasagittal
bands when the staggerer cerebella were examined in horizontal
or frontal planes.

Possible functional role of M-CSF and c-fms in
Purkinje cells

The functional role of c-fms in the Purkinje cells was investi-
gated using op/op mutants that could not produce active
M-CSF. All Purkinje cells of op/op mutants showed both
calbindin and c-fms immunoreactivity, as observed in the case
of their normal littermates (Fig. 54-C), but their numbers
were reduced during the initial 4-5 weeks in the postnatal
period (Fig. 7). The distribution of the remaining Purkinje
cells was random, showing no evident bands (data not shown).
These data strongly suggest that the survival of Purkinje cells
is dependent on M-CSF after weaning. To confirm this depen-
dency, we prepared a mixed-cell suspension rich in Purkinje
cells to be cultured with or without M-CSF. In the absence of
M-CSF, most Purkinje cells died within a week, whereas most
of them survived well when M-CSF was added (Fig. 8).

DISCUSSION

Glial cells were reported to express c-fms when they were cul-
tured (Sawada et al., 1990, 1993), but we could not detect the
expression of c-fms in glial cells in vivo. However, we have for the
first time found that some Purkinje cells expressed c-fms in the
course of cerebellar postnatal development and that the c-fms-
positive Purkinje cells formed quite unique parasagittal bands
during PO-P6.

Several antigens are known to show a transient banding pattern

«
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in embryonic or perinatal cerebella similar to that observed in the
case of c-fms. Among these molecules, the following are included:
cGMP-dependent protein kinase (cGK) (Wassef and Sotelo,
1984), calbindin (Wassef et al., 1985), Purkinje cell-specific gly-
coprotein (PSG) (Langley et al., 1982), PEP 19 (Wassef et al.,
1992), and L7 (Oberdick et al., 1990, 1993). The expression of
these molecules was first observed as parasagittal bands in the
early developmental stage, and such banding patterns were not
found during the first to second postnatal weeks, because all
Purkinje cells began to express these markers evenly. Although
the transient patterns were quite similar, the precise timing of
onset of appearance and the expression patterns were different
for markers (Wassef et al., 1992). For example, the onset of the
appearance of immunoreactivity in Purkinje cells was observed at
E16 in the case of calbindin, E17 in the case of cGK, around E20
in the case of PSG and PEP 19, and PO in the case of c-fms.
mRNA of L7 appeared between P4 and P8 and continued to be
evident through to the adult stage (Oberdick et al., 1988). In
transgenic mice carrying an L7-B-galactosidase fusion gene, ex-
pression of the transgene first appeared at E17 with four para-
sagittal bands of Purkinje cells, and the number of L7-positive
Purkinje cells gradually increased during the first postnatal week.
At P9, all Purkinje cells expressed the L7 gene (Oberdick et al.,
1990, 1993; Smeyne et al., 1991). Therefore, the duration of
appearance of transient bands in the case of c-fms, from PO to PS5,
was different from that of every other marker described above.

Subtle differences were confirmed by comparison of each spa-
tiotemporal pattern of gene expression. The transient bands of
c-fms-positive Purkinje cells were characterized as four main
bands and two additional clusters in the lateral hemispheres (Fig.
1E), and the Purkinje cells of the midline were devoid of c-fms
immunoreactivity during PO-P3. However, in the case of both
c¢GK and PEP 19 the Purkinje cells of the midline were charac-
terized as showing strong immunoreactivity at the time of onset
of appearance of the transient bands (Wassef et al., 1992). The
expression of calbindin was not detected at the midline at E16,
the time of its onset; however, by E20 many Purkinje cells includ-
ing those at the midline expressed calbindin. The banding pat-
terns of calbindin and c-fms apparently differ from each other.

Other parasagittal bands were observed in postnatal or adult
Purkinje cells. Zebrin I (Hawkes et al., 1985; Hawkes and
Leclerc, 1986, 1987, Gravel et al., 1987; Leclerc et al., 1988),
zebrin II (Brochu et al., 1990; Lannoo et al., 1991; Ahn et al.,
1994), and integrin 1 (Murase and Hayashi, 1996) were shown to
reveal clear parasagittal bands composed of Purkinje cells from
P6 onward. Zebrin- or integrin $1 subunit-immunoreactive Pur-
kinje cells first appeared caudally at P6, and most Purkinje cells
gradually became positive by P12. The expression was then sup-
pressed in some of these cells, so that the positive Purkinje cells
in the adult were organized into parasagittal bands interposed by
negative cells throughout the vermis and hemispheres. In contrast
to cfms or other perinatal markers, zebrins or integrin B1
showed parasagittal bands during the adult stage.

The developmental period, when the parasagittal bands

section of cerebellar anlagen immunostained with anti-c-fms is shown. Cerebellar anlagen was prepared from fetal mice at E14 and immunostained with
anti-c-fms as described in Materials and Methods. No c-fms immunoreactivity was observed. 4 v, Fourth ventricle; NE, neuroepithelium. E, F, Cerebellar
anlagen of E14 was grafted into the anterior eye chamber of adult mice. Thirty days after grafting, the grafted tissue was dual-immunostained with
anti-calbindin (E) and anti-c-fms (F). The cerebellar tissue in the anterior eye chamber contains calbindin-positive Purkinje cells, and the pattern of
expression of c-fms and calbindin was similar. These calbindin-positive Purkinje cells formed clusters but were not arranged in a single layer. Scale bars:

A-C, 1 mm; D-F, 100 pum.
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Figure 5.

Dual immunofluorescence staining of parasagittal sections from mutant cerebella at P24 by anti-calbindin (red) and anti-c-fms ( green)
antibodies. The regions expressing both c-fms and calbindin are visualized as yellow regions. In osteopetrotic (A-C), reeler (D-F), and weaver ( G-I)

mutant cerebella, the patterns of expression of c-fms and calbindin are similar. Displaced Purkinje cells in the reeler mutant express c-fms. Some of the
staggerer Purkinje cells (/-L) do not express ¢

-fms (arrows). Scale bars, 100 wm.
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Figure 6. Parasagittal expression of c-fms in the staggerer Purkinje cells of P24. 4, The selective expression of c-fms occurred in the vermis and the
lateral hemispheres resembling the cerebella of wild-type mice during the period of P2-P3. The clusters of c-fms-positive Purkinje cells are indicated
by arrows. B, High-power magnification of the lateral hemispheres of A is shown. C, High-power magnification of the midvermis of 4 is shown. Scale

bars: A, 1 mm; B, C, 100 wm.

changed dramatically, corresponds to the period of synaptogen-
esis and dendritogenesis of Purkinje cells. We suspected that the
synaptic input of climbing or parallel fibers might regulate c-fms
expression in Purkinje cells. However, the pattern of expression
of c-fms in the cerebellum was not altered or disturbed by
destruction of the climbing fibers, by the transplantation study, or
by reeler or weaver mutations (D’Arcangelo et al., 1995; Patil et
al., 1995). Thus, c-fms expression is independent of the synaptic
input of developing climbing or parallel fibers.

The staggerer mutant, whose mutated locus contains the gene
encoding RORa (retinoic acid receptor-related orphan nuclear
receptor «) (Hamilton et al., 1996), provides another line of
evidence that Purkinje cells stimulate the autonomous expression
of c-fms. The failure of interaction between ROR« and the
thyroid hormone signaling pathway might result in the immaturity
of staggerer Purkinje cells, so these cells are almost devoid of
spines on dendritic branchlets and have stunted dendrites (Landis
and Sidman, 1978), and analysis of chimeric mice comparing the
homozygote and wild type shows that the primary defect is
localized to the Purkinje cells of the homozygote (Herrup and
Mullen, 1979b, 1981).

Is the presence of c-fms bands in the staggerer caused by the
developmental arrest or delay of the Purkinje cells? Yoon (1976)

reported that the process of development of Purkinje cells as a
whole was either delayed or arrested in the staggerer. We re-
ported that staggerer Purkinje cells remained negative for the
integrin B1 subunit for their entire life (Murase and Hayashi,
1996). Because Purkinje cells of normal pups begin to express
integrin B1 at P6, the absence of integrin B1 in the staggerer
Purkinje cells suggests that the development of staggerer Purkinje
cells is arrested before P6. During P1-P2, two symmetrical clus-
ters of c-fms-positive Purkinje cells were observed in each lateral
hemisphere, so three main c-fms positive bands were evident on
each side of the midline. At P3, the Purkinje cells in the inter-
mediate zone gradually became c-fms positive, so the clusters in
the lateral hemispheres were not so distinct compared with those
in the period of P1-P2. In the case of P3 cerebellum (Fig. 24), the
Purkinje cells in the lateral hemispheres showed strong immuno-
reactivity. The three bands on each side observed in the adult
staggerer resembled those in the normal pups. Taken together,
the c-fms-positive bands in the normal pups and their occurrence
in the staggerer cerebella during P6-P24, it is plausible that the
staggerer Purkinje cells cease their development at approxi-
mately P1-P3, resulting in their differential expression of c-fms.

The next question is whether the retention of the c-fms bands
in the staggerer relates to regional differences in the number of
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surviving Purkinje cells in the staggerer, because M-CSF signal-
ing via c-fms may function to promote neuronal survival. To test
this, we surveyed the cerebella of op/op mutant mice that are
devoid of active M-CSF. We found that the number of calbindin-
positive Purkinje cells in a given cerebellum was reduced sub-
stantially during the initial 4-5 weeks of the postnatal period, and
the remaining Purkinje cells were both c-fms- and calbindin-
positive (Figs. 5, 6). These data strongly suggest that the survival
of Purkinje cells is dependent on M-CSF after weaning, although
the underlying molecular mechanism remains unclear.

As for the reduction of Purkinje cell number in the staggerer,

Figure 7. Partial absence of Purkinje cells in osteopetrotic mutant (op/op) cerebellum. Horizontal sections from mutant cerebellum of P27 were
prepared and processed for immunostaining as described in Figure 1 using anti-calbindin antibody. 4, Surviving Purkinje cells positive for calbindin were
sporadically found. B, Massive loss of Purkinje cells is evident between the arrows. Scale bars, 100 wm.

they are reduced by 60-90% (Herrup and Mullen, 1979a), and the
reduction in number varies in severity along a mediolateral axis.
The reduction in Purkinje cell number in the staggerer is most
severe in the intermediate region and least severe in the lateral
cerebella and at the midline (Herrup and Mullen, 1979a). If this
reduction is caused by a direct effect of the RORa mutation, it
seems likely that the regional variation would not appear. From
our findings on c-fms expression and Purkinje cell loss in op/op
mutants, we postulate that the regional variation might be attrib-
utable to the parasagittal expression of c-fms in the staggerer. We
therefore suggest that the reduction in number of staggerer Pur-
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Figure 8. Enhancement of the survival of Purkinje cells by thM-CSF.
Samples rich in Purkinje cells were prepared from cerebellar cell suspen-
sions of E18; then the cells were cultured in a serum-free medium with or
without thM-CSF for 7 d. As a control group, Purkinje cells that had been
cultured in serum-containing medium were used. The cells were then
processed for immunostaining with anti-calbindin antibody to calculate
the ratio of survival of the Purkinje cells compared with the control group.
Each value represents the mean and 1 SD. Statistical analysis was per-
formed by one-way ANOVA with Scheffé’s multiple comparison proce-
dure (significance with p < 0.05). The control group differs from every
other group. The groups with asterisks do not differ from each other, nor
do the nonmarked groups, but in all other comparisons the differences are
significant.

kinje cells might be triggered by the fact that most of them fail to
express c-fms because of their developmental arrest during P1-
P3. The restricted expression of c-fms might still allow the Pur-
kinje cells in the midvermis and lateral hemispheres to survive.

It remains unanswered why many Purkinje cells survive in the
oplop cerebella. One plausible explanation is that M-CSF has a
neurotrophic effect after weaning, and until then other neurotro-
phic factors might nurture the Purkinje cells. This idea is partly
supported by the results that cultured Purkinje cells show more
survival activity in the presence of M-CSF than in its absence
(Fig. 8). Therefore, the decreased number of op/op Purkinje cells
in postnatal cerebellum is possibly caused by a deficiency of
M-CSF in a critical period after weaning. However, we could not
observe the complete degeneration of Purkinje cells in the living
op/op mice, because these mice usually die during P28-P30.
Further studies would be indispensable to determine whether
ectopic M-CSF is effective to inhibit the decrease in Purkinje cell
numbers in op/op mice.
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