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ABSTRACT

The adult cerebellum is organized into longitudinal com-
partments that are revealed by specific axonal projec-
tions (olivocerebellar and corticonuclear projections).
These compartments in the adult cerebellum are closely
correlated with the striped expression of zebrin Il (aldol-
ase C), a late-onset marker of Purkinje cells. Similarly,
the embryonic cerebellum is organized into longitudinal
compartments that are revealed by striped expression
of other genes (early-onset markers). The cerebellar
compartments are thought to be the basic and func-
tional subdivisions of the cerebellum. However, the rela-
tionship between the embryonic (early-onset) and the
adult  (late-onset) compartments has remained
unknown, because the pattern of the embryonic com-
partments is distinct from that of the adult compart-
ments. To examine this issue, we labeled Purkinje cells
(PCs) born at embryonic day (E) 10.5, E11.5, and E12.5
by using an adenoviral vector and traced their fated

positions in the adult cerebellum. By comparing the
striped distribution of each cohort of birth date-related
PCs with the striped pattern of zebrin Il immunoreactiv-
ity (zebrin Il bands) in the entire adult cerebellum, we
found that the striped distribution of PCs correlated
strikingly with zebrin Il bands. Generally, a single early-
onset compartment was transformed directly into a sin-
gle late-onset compartment. Therefore, our observation
also indicated the close correlation between the com-
partments formed by birth date-related PCs and olivo-
cerebellar projections. Furthermore, we found that the
cerebellum was composed of three units showing lat-
eral-to-medial developmental gradients, as revealed by
the birth dates of PCs. The results suggest that PC
birth dates play an important role in organizing cerebel-
lar compartmentalization. J. Comp. Neurol. 519:2594-
2614, 2011.
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The cerebellar cortex is organized into a series of longi-
tudinal compartments along the mediolateral axis (for
reviews see Voogd and Glickstein, 1998; Ito, 2001, 2005;
Apps and Garwicz, 2005; Apps and Hawkes, 2009). Pur-
kinje cells (PCs) in each compartment are innervated by a
specific subarea of the inferior olive (10) through climbing
fibers (olivocerebellar projection) and project their axons
to a specific region in the cerebellar or vestibular nuclei
(corticonuclear projection). Therefore, the olivocorticonu-
clear circuit shows modular formation and compartmen-
talizes the cerebellum. Furthermore, the cerebellar com-
partments are identified by the expression of a variety of
marker genes (for reviews see Hawkes, 1997; Herrup and
Kuemerle, 1997; Oberdick et al., 1998; Larouche and
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Hawkes, 2006; Sillitoe and Joyner, 2007; Apps and
Hawkes, 2009). The striped expression of zebrin Il (aldol-
ase C), a late-onset marker of cerebellar compartments,
is closely correlated with the olivocerebellar and cortico-
nuclear projections (Gravel et al., 1987; Wassef et al.,
1992; Voogd et al., 2003; Voogd and Ruigrok, 2004; Sugi-
hara and Shinoda, 2004; Odeh et al., 2005; Sugihara and
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Quy, 2007; Ruigrok et al., 2008) and with physiological
activity in the adult cerebellum (Chen et al., 1996; Apps
and Garwicz, 2005; Gao et al.,, 2006; Sugihara et al.,
2007; Pijpers et al., 2008). Therefore, it is thought that
the cerebellar compartments are established by a spe-
cific molecular mechanism and that they are the basic
and functional subdivisions of the cerebellum.

The compartments observed in the embryonic cerebel-
lum are distinct from those in the adult cerebellum (for
review see Herrup and Kuemerle, 1997). The embryonic
compartments are identified by the striped expression of
genes that are called “early-onset” markers (e.g., En-2
and Wnt7b; Millen et al., 1995), whereas the adult com-
partments are identified by other genes, which are called
“late-onset” markers (e.g., zebrin Il; Leclerc et al., 1988;
Tano et al., 1992; Herrup and Kuemerle, 1997). The adult
cerebellum is composed of more complex compartments
than the embryonic cerebellum (Herrup and Kuemerle,
1997). Moreover, the striped expression of early-onset
markers largely disappears after birth (Millen et al.,,
1995), whereas that of late-onset markers is observed
only in the adult cerebellum (Tano et al., 1992). There-
fore, the difference between the embryonic and the adult
compartments and the transient disappearance of the
cerebellar compartments have made it difficult to deter-
mine how mediolateral (M-L) compartments are estab-
lished and how the embryonic compartments (early-onset
pattern) and the adult compartments (late-onset pattern)
are related, despite several studies having addressed this
issue (Larouche and Hawkes, 2006; Marzban et al., 2007;
Sillitoe et al., 2009).

By using an adenoviral vector system (Hashimoto and
Mikoshiba, 2004), we have found that the pattern of the
cerebellar compartments is determined by the selective
distribution of Purkinje cells (PCs) that share the same
birth date (Hashimoto and Mikoshiba, 2003). In the em-
bryonic cerebellum, the compartments formed by birth
date-related PCs (PC birth date compartments) are identi-
cal to the compartments defined by the early-onset
markers (Fig. 1A; En2, Wnt7B). Moreover, the relative
position of each PC birth date compartment essentially
remains stable from embryo (Fig. 1B-G) to adult (Fig. 1H-
J). Consequently, our adenoviral vector system allows us
to examine the relationship between the embryonic and
the adult compartments by comparing the distribution of
the birth date-related PCs with the expression of the late-
onset marker zebrin Il in the adult cerebellum. The results
indicate that PC birth dates are critical for the establish-
ment of longitudinal compartments in the mouse adult
cerebellum. We speculate that PC birth dates provide
essential triggers for the timing of gene expression, cere-
bellar patterning, and formation of specific projections in
the cerebellum.

Correlation of PC Birth Date with CF Topography

MATERIALS AND METHODS

Preparation and injection of adenoviral
vectors

The AdexCAG-NL-LacZ adenoviral vector (Hashimoto
et al., 1996; Hashimoto and Mikoshiba, 2003) expresses
nuclear-targeted B-galactosidase (NL-LacZ) under the
control of the CAG promoter (Niwa et al., 1991). This vec-
tor was based on human adenovirus type 5 (Ad5) but is
replication incompetent because it lacks the E1A, E1B,
and E3 genomic regions. Each clone was verified by
restriction enzyme digestion and PCR for E1A (Zhao et al.,
1998) in order to exclude parental adenoviruses (Ad5).
Adenoviral vectors were purified and concentrated by
double cesium step gradient centrifugation (Kanegae
et al., 1994). A high-titer viral stock [1 x 10'" plaque
forming units (p.f.u)/ml in 10% (v/v) glycerol/PBS] was
stored at -80°C. The titers of the viral stocks were deter-
mined by plaque assays on HEK293 cells.

Pregnant ICR mice (Slc:ICR; Nippon SLC, Shizuoka, Ja-
pan) were housed in a controlled environment (RIKEN BSI
animal facility) under a regulated 12-hour light/dark
cycle. The RIKEN BSI Animal Committee approved all pro-
cedures involving animal preparation. The day on which
the vaginal plug was detected was counted as EOQ.5.

Mouse embryos were manipulated as described previ-
ously (Hashimoto and Mikoshiba, 2004). ICR mice with
E10.5, E11.5, and E12.5 pregnancies were anesthetized
by intraperitoneal injection of sodium pentobarbital (30
mg/kg body weight). AdexCAG-NL-LacZ (total 1 x 10°
p.f.u.) was injected into the midbrain ventricle of embryos
with a heat-pulled glass micropipette using a microinjec-
tor (IM-300; Narisige Japan). After injection, the embryos
were carefully replaced into the abdominal cavity, and
the body wall muscle was closed with sutures and the
skin with surgical staples. At E18.5, the surviving
embryos were quickly delivered by caesarian section, and
fostered to dams. The next day was defined as postnatal
day 0 (PO). Mice were analyzed at 4-8 weeks of age (n =
3, E10.5 injection; n = 5, E11.5 injection; n = 5, E12.5
injection).

Histochemical and immunohistochemical
staining

Mice injected with the adenoviral vector were fixed by
intracardiac perfusion with PBS, followed by 4% parafor-
maldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4).
After dissection, the brains were further fixed in the same
fixative overnight at 4°C. To detect the activity of B-galac-
tosidase (B-gal) in the ICR mice injected with AdexCAG-
NL-LacZ, the fixed whole brains were stained with 5 mM
K4[Fe(CN)g], 5 mM Kz[Fe(CN)¢], 1 mM MgCl,, 0.01% so-
dium deoxycholate, 0.02% Nonidet P-40, and 0.1%
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Figure 1. PC birth date compartments in E18.5 and adult cerebella. The distribution of PCs born on E10.5 (green), E11.5 (blue), and
E12.5 (red) in E18.5 cerebella are illustrated in A. At E18.5, cohorts of PCs born on E10.5, E11.5, and E12.5 form eight longitudinal com-
partments along the mediolateral axis (designated PC birth date compartments, BC1-BC8). Each cohort of birth date-related PCs is
located to a specific subset of compartments displaying nested and, in part, mutual complementarity. PCs born on E10.5 form BC3, BC6,
and BC8 (green, A,B) PCs born on E11.5 form BC2, BC4, BC5, and BC8 (blue, A,C); and PCs born on E12.5 form BC1, BC2, BC5, and BC7
(red, A,D). AdexCAG-NL-LacZ was injected into embryos at E10.5, E11.5, and E12.5, and then each cerebellum was whole-mount stained
for B-gal (blue color) at E18.5 and at 4 weeks. The dorsal views of E18.5 cerebella (B-G) and transverse slices of adult cerebella (H-)) are
shown caudally. In A, expression patterns of Wnt7b and £n2 (Millen et al., 1995; Hashimoto and Mikoshiba, 2003), early-onset markers,
are also shown. The arrows indicate the transition from early-onset (E18.5) to late-onset (adult) patterns. PCs born on E10.5 are selectively
located to the caudal half of the paraflocculus (PF; arrowhead, H), whereas PCs born on E11.5 are selectively located to the rostral half of
the PF (arrowhead, I). PCs born on E12.5 cannot be observed from the dorsal side of PF. Scale bars = 1 mm in G (applies to E-G); 1 mm
in J (applies to H-J).

halogenated indoyl-B-p-galactoside (Bluo-gal; Invitrogen,
Tokyo, Japan) for 12 hours. After staining, whole brains
were cryoprotected in 20% (w/v) sucrose in PBS. The
brains were then embedded in 10% (w/v) gelatin in PBS
and transversely sectioned (40 um thick) with a cryomi-
crotome (SM2000 R; Leica, Solms, Germany) as
described previously (Sugihara and Shinoda, 2004; Sugi-
hara and Quy, 2007).

These sections were immunostained with a rabbit poly-
clonal antibody against zebrin Il (see below under Antibody
characterization). In brief, the sections were incubated
with antizebrin Il antibody (320 ng/ml) in PBS with 0.15%

(w/v) Triton X-100 (PBST) for 72 hours at 4°C. The sections
were washed several times with PBST and then incubated
overnight with the goat biotinylated anti-rabbit antibody
(1:200; Vector Laboratories, Burlingame, CA). After incu-
bation, the sections were washed several times with PBST
and incubated again with the biotinylated peroxidase-avi-
din complex (Vectastain Standard Elite; Vector Laborato-
ries) in PBST for 6 hours at 4°C. The immunoreactivity of
antizebrin Il was visualized with 3’-diaminobenzidine tetra-
hydrochloride (DAB; 1 mg/ml; Dojindo Molecular Technol-
ogies, Tokyo, Japan), resulting in a brown precipitate at pla-
ces where zebrin Il was present. Afterimmunostaining, the

2596 The Journal of Comparative Neurology | Research in Systems Neuroscience



sections were sequentially mounted on glass slides (Mat-
sunami Glass, Osaka, Japan). Sections were then counter-
stained with Nuclear Fast Red (Vector Laboratories) and
coverslipped with Permount (Fisher Scientific, Sommer-
ville, NJ) according to standard procedures.

Transverse sections of an adult cerebellum were
washed several times with PBS and incubated for 1 hour
at 4°C in PBS with 1% (w/v) skim milk (Wako, Tokyo, Ja-
pan) and 0.1% (w/v) Triton X-100, followed by incubation
with the rabbit polyclonal antibody against mouse heat
shock protein 25 (Hsp25; 1:250; SPA-801; StressGen,
Ann Arbor, M) diluted with PBST for 2 hours at 4°C. The
sections were washed several times with PBST and incu-
bated with the goat biotinylated anti-rabbit antibody
(1:200; Vector Laboratories) for 2 hours at 4°C. After
incubation, the sections were rinsed several times with
PBST and incubated with the biotinylated peroxidase-avi-
din complex (Vectastain Standard Elite; Vector Laborato-
ries) in PBST for 1 hour at 4°C. The immunoreactivity of
anti-Hsp25 was visualized with DAB (1 mg/ml; Dojindo
Molecular Technologies).

Antibody characterization

Synthetic peptides of CGAATEEFIKRAEMNGLAAQGKYE
that consisted of the amino acid sequence 322-344 of
rat aldolase C, which is identical to zebrin Il (Ahn et al.,
1994), were conjugated to keyhole limpet hemocyanin
(KLH). The immunogen was inoculated into rabbits to gen-
erate the polyclonal antibody against zebrin Il. Specific
antibody against zebrin Il was affinity purified from the
immunized rabbit plasma by affinity columns conjugated
to the synthetic peptide of zebrin Il. The purified zebrin Il
antibody recognized a single band of 39 kDa on Western
blots of rat cerebellum and stained the cell body and den-
drites of PCs in adult rat and mouse cerebella, but no
staining was seen in the cerebellar sections after pread-
sorption with the synthetic peptide of zebrin Il (Sugihara
and Shinoda, 2004; Sugihara and Quy, 2007).

Rabbit polyclonal anti-Hsp25 antibody was generated
against recombinant mouse Hsp25. The anti-Hsp25 anti-
body recognizes an ~25-kDa protein, which corresponds
to the apparent molecular mass of mouse Hsp25, on
Western blots of mouse cerebellum and immunostains
the cell body and dendrites of PCs in an adult mouse cer-
ebellum. There is no Hsp25 immunostaining in the mouse
cerebellar sections after preadsorption with the recombi-
nant mouse Hsp25 (Armstrong et al., 2000).

Analysis of the correlation between PC birth
date compartments and zebrin Il bands

The images of all stained sections were digitized using
an upright microscope equipped with a slide-scanning

Correlation of PC Birth Date with CF Topography

system (digital virtual microscopy system, VS-100; Olym-
pus, Tokyo, Japan) that scans entire slides at high resolu-
tion (0.28 pum/pixel) and high fidelity. All image data were
stored on a computer by VS-ASW software (Olympus) and
manipulated in Photoshop CS3 (Adobe Systems, San
Jose, CA) to adjust white balance of each image. All sec-
tion images were printed on paper (297 mm x 420 mm)
to preserve relative size of all sections, and zebrin Il-posi-
tive and -negative bands were traced, and then the names
of all zebrin Il bands and the names of all cerebellar
lobules were plotted on each image (e.g., Fig. 3B,C,F-H).
Using this anatomical atlas indicating the distribution of
PCs born on E10.5, E11.5, and E12.5, which were positive
for B-gal, and the zebrin Il bands, we examined the corre-
lation between PC birth date compartments and zebrin |l
bands (e.g., Fig. 31,)) in the whole cerebellum. The distri-
bution of B-gal-positive PCs and the zebrin Il-positive and
-negative bands in the whole cerebellum were recon-
structed from serial sections of each cerebellum, and
then the distribution of B-gal-positive PCs and the zebrin
Il-positive and -negative bands were plotted on the sche-
matic diagram of the unfolded cerebellar cortex (Fig. 2),
as described previously (Sugihara and Shinoda, 2004,
Sugihara and Quy, 2007).

Statistical analysis

The number of B-gal-positive PCs on each zebrin Il
band of the transverse region from lobule VII to crus Il
and paramedian lobule (VII-Crll/Par; Fig. 2, green) was
counted (n = 3, E10.5 injection; n = 4, E11.5 injection; n
= 4, E12.5 injection). In the present study, VII-Crll/Par
consisted of about 50 continuous sections (40 pum thick).
The average of B-gal-positive PCs and the standard devia-
tion (SD) of each average were calculated. We used the
Tukey-Kramer method to calculate statistical significance
(JMP; SAS Institute Japan, Tokyo, Japan). Statistical signif-
icance was assumed at P < 0.01.

RESULTS

In the present study, we designated PC birth date com-
partments as BC1 (the most medial) to BC8 (the most lat-
eral), according to the pattern seen in the E18.5 cerebel-
lum (Fig. 1), in order to distinguish them from zebrin I
bands (Fig. 2). All zebrin Il bands were named according
to a previous report (Sugihara and Quy, 2007). Positive
and negative signs (e.g., 4+ and 4a-) indicate zebrin II-
immunopositive and -negative bands, respectively (Fig. 2).

Double labeling with an adenoviral vector
and an antizebrin Il antibody

Our adenoviral vector system allows us to introduce
transgenes into neuronal progenitor cells in a neuronal
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Figure 2. An unfolded representation of zebrin Il bands in the
entire mouse cerebellum. This drawing is adapted from Sugihara
and Quy (2007). The patterns of the zebrin Il bands clearly differ
in the four transverse regions: lobule IV and V (IV-V; red), lobule
Vla to simple lobule a/b (Vla-Sim; yellow), lobule VII to Crus Il a/
b and paramedian lobule (VII-Crll/Par; green), and lobule VIII to
copula pyramidis (VIlI-Cop; blue). The names of the zebrin I
bands on the right side of the four transverse regions are listed
at bottom. In the transverse region from lobule Vib/c to Crus Ib
(white dotted line), zebrin ll-positive bands appear to merge to-
gether, so there are no zebrin Il-negative bands. The rostrocaudal
direction in FL and PF regions is equivalent to the lateromedial
direction in other parts of the cerebellar cortex (arrow). Cop, cop-
ula pyramidis; Crla, Crus la; Crlb, Crus Ib; Crlla, Crus lla; Crllb,
Crus llb; Par, paramedian lobule; pf, primary fissure; Roman
numerals, lobule number; Sim a, simple lobule a; Sim b, simple
lobule b.

birth date-specific manner (Hashimoto and Mikoshiba,
2004). This technique is very useful for the examina-
tion of neuronal development and function because we

can genetically manipulate each subset of neurons
sharing the same neuronal birth date and can examine
the native behavior of each such neuronal subset. PCs
are generated from progenitor cells located on the roof
of the fourth ventricle between E10.5 and E12.5. PCs
born on E10.5 (Fig. 1E,H), E11.5 (Fig. 1F,l), and E12.5
(Fig. 1G,)) are labeled with nuclear-targeted B-galacto-
sidase by the injection of the adenoviral vector Adex-
CAG-NL-LacZ into the midbrain ventricle of mouse
embryos at E10.5, E11.5, and E12.5, respectively. We
find that PCs that are generated at E10.5, E11.5, and
E12.5 form distinct subsets of compartments, which
are arranged mediolaterally (BC1-BC8) in the E18.5
cerebellum (Fig. 1). PCs born on E10.5 form BC3, BC6,
and BC8 (Fig. 1A,B, green); PCs born on E11.5 form
BC2, BC4, BC5, and BC8 (Fig. 1A,C, blue); and PCs
born on E12.5 form BC1, BC2, BC5, and BC7 (Fig.
1A,D, red). Therefore, the pattern of mediolateral com-
partments in the cerebellum is determined by the birth
date of PCs. The patterns of PC birth date compart-
ments in the embryonic cerebellum are similar to the
expression patterns of several early-onset markers
(Fig. 1A, En2, Wnt7b; Hashimoto and Mikoshiba, 2003).
However, in contrast to these early, and also late-onset
markers such as zebrin Il, the adenoviral labeling of
PCs is stable from embryo until adult (Fig. 1E-J; at
least until 1.5 years of age; data not shown). Therefore,
by comparing PC birth date compartments and zebrin
Il bands in adult cerebella, we were able to examine
the correlation and the transition between early- and
late-onset cerebellar compartmentalization.

The adenoviral vector AdexCAG-NL-LacZ was injected
into E10.5, E11.5, and E12.5 embryos, and the brains [n
= 3, E10.5 injection (Fig. 1H); n = 5, E11.5 injection (Fig.
11); n = 5, E12.5 injection (Fig. 1))] were fixed when they
were 4-8 weeks old. The cerebella were whole-mount
stained for B-gal. PC birth date compartments were repro-
ducible, and the pattern of PC birth date compartments
was stable in each adult cerebellum (data not shown). A
series of transverse sections from the B-gal stained brain

Figure 3. Double labeling with an adenoviral vector and antizebrin Il antibody. AdexCAG-NL-LacZ was injected into embryos at E11.5 (A)
and E12.5 (E), and then each cerebellum was whole-mount stained for B-gal (blue color) at P27. Each stained cerebellum was trans-
versely sectioned, then stained with antizebrin Il antibody (brown color) and counterstained with nuclear fast red (red color). B-D and F-
H indicate the double-labeled sections taken from A and B, respectively. The letters and numerals (e.g., a+/-, 5+/-) indicate the identi-
ties of zebrin Il bands. | and ] show magnifications of the double-labeled sections, and the bars at bottom in | and ] indicate the zebrin
Il-positive (brown color) and B-gal-positive (blue color) regions in each section. Zebrin Il immunoreactivity is observed in the dendrite (I,
arrow) and cytosol (I, black arrowhead) of PCs. In contrast, B-gal staining is observed in the cell bodies of PCs in each PC birth date
compartment (I, white arrowhead). Some of the PCs in the PC birth date compartment are faintly labeled for p-gal (J, open arrow). DPF,
dorsal paraflocculus; g, granule cell layer; m, molecular layer; p, Purkinje cell layer; VPF, ventral paraflocculus. Scale bars = 1 mm in A-

H; 0.1 mm in I,).
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was immunostained with antizebrin Il antibody (Fig. 3B-
D,F-]). Zebrin Il immunoreactivity was observed in the
dendrites (Fig. 31, arrow) and cytosol of PCs (Fig. 3l, black
arrowhead) and revealed zebrin ll-positive and -negative
bands in the cerebellum (Fig. 31,J). In contrast, B-gal stain-
ing was observed in cell bodies of PCs (Fig. 3I, white
arrowhead). The B-gal-positive PCs formed compartments
in the cerebellum (Fig. 31,J). Therefore, it was easy to dis-
tinguish zebrin Il bands from B-gal-positive PC birth date
compartments. Adenoviral injection and [-gal staining
never altered the multiple and striped pattern of zebrin Il
immunostaining compared with controls (data not
shown). PC birth date compartments, which were com-
posed of B-gal-positive PCs, coincided with zebrin Il-nega-
tive (Fig. 3I) and -positive (Fig. 3J) bands. Some of PCs in
a PC birth date compartment seemed to be faintly labeled
with B-gal (Fig. 3J, open arrow). This seems to be caused
by the difference in efficiency of the adenoviral infection.
When AdexCAG-NL-LacZ is injected into the ventricle of
embryonic brain, the adenoviral particles randomly infect
PC progenitor cells on the surface of the fourth ventricle
(Hashimoto and Mikoshiba, 2003, 2004; Hashimoto and
Hisano, 2011). Therefore, the multiplicity of infection
(moi) of AdexCAG-NL-LacZ is different on every other PC
progenitor cell. Probably, the moi of AdexCAG-NL-LacZ
on PCs that are faintly labeled with B-gal is relatively low.

Distribution of birth date-related PCs in the
entire cerebellar cortex

A previous study (Sugihara and Quy, 2007) has defined
zebrin Il bands throughout the mouse cerebellar cortex
and provides a detailed map of zebrin Il bands in the
adult cerebellum (Fig. 2). Using this map, we plotted the
names and the locations of zebrin Il-positive and -nega-
tive bands on all pictures of transverse sections of the
cerebella (e.g., Fig. 3B,C,F-H). To clarify the distribution
of PCs born on E10.5, E11.5, and E12.5 in adult cere-
bella, we systematically compared the location of the -
gal-positive PCs with zebrin ll-positive and -negative
bands on each transverse section. The distribution of B-
gal-positive PCs and the zebrin ll-positive and -negative
bands in the whole cerebellum were reconstructed from
the serial sections of each cerebellum. According to the
previous study (Sugihara and Quy, 2007), we plotted the
reconstructed distribution of B-gal-positive PCs and the
reconstructed zebrin Il bands on the schematic diagram
of the unfolded cerebellar cortex (Fig. 4A-C). The sche-
matic diagrams indicated the correlation between PC
birth date compartments and zebrin Il bands on the
entire cerebellar cortex (Fig. 4A-C). We found that PCs
born on E10.5 (Fig. 4A), E11.5 (Fig. 4B), and E12.5 (Fig.
4C) were selectively located in the striped regions in the

adult cerebella and formed the longitudinal compart-
ments in the adult cerebellum. The distributions of the
birth date-related PCs display bilateral symmetry and are
almost complementary to each other. They were consist-
ent with PC birth date compartments in E18.5 cerebella
(Fig. 1B-G). In addition, a similar distribution of labeled
PCs is observed in the rostral (including IV-V and Vla-
Sim) and caudal (including VII-Crll /Par and VIII-Cop) cer-
ebellar cortices (Fig. 4). Furthermore, these compart-
ments formed by PCs born on E10.5, E11.5, and E12.5
closely matched zebrin Il bands in the entire cerebellum.
These observations indicated that PC birth date compart-
ments in the adult cerebellum correlated strikingly with
zebrin |l bands.

PC birth date compartments and zebrin Il
bands are closely correlated in the adult
cerebellum

Zebrin 1l bands are useful to examine the cerebellar
compartmentalization because the pattern of zebrin I
bands (Fig. 2) is stable between individual mice. However,
zebrin |l bands are complex (Fig. 2). For instance, the
names of zebrin Il bands in the rostral and caudal halves
of the cerebellum differ clearly from one another. In addi-
tion, zebrin ll-positive bands appear to merge together in
the transverse region from lobule Vib/c to Crlb (Vlb/c-
Crlb; Fig. 2, white dotted line); thus, there are no names
of zebrin Il bands in Vlb/c-Crlb. Therefore, the compli-
cated nomenclature of zebrin Il bands has introduced
confusion into the study of cerebellar mediolateral com-
partmentalization (Apps and Hawkes, 2009) and has
made examination of the correlation between PC birth
date compartments and zebrin Il bands difficult. There-
fore, we divided the cerebellum into multiple transverse
regions: 1) lobule IV and V (IV-V; Fig. 2, red), 2) from
lobule Vla to simple lobule sublobule a and b (VIa-Sim;
Fig. 2, yellow), 3) from lobule VII to Crus lla and Ilb and
paramedian lobule (VII-Crll/Par; Fig. 2, green), and 4)
from lobule VIII to copula pyramidis (VIII-Cop; Fig. 2, light
blue). The IV-V region is located in the anterior lobe,
which has no structural boundary between the vermis
and the hemispheres, and consists of four major (1+,
2+, 4+, and 6+) and several narrow (b+, 3+, and 5+)
zebrin ll-positive bands. Additionally, there is a narrow
satellite zebrin Il-negative band (6a-) in the medial part of
6-+. The Vla-Sim region is located in the posterior lobe, in
which the paravermal sulcus separates the vermis (Vla)
and hemisphere (simple lobule). The Vla-Sim contains
nine zebrin Il-positive bands (1+, a+, 24, 2b+, c+, d+,
44, 5+, and 6+). Zebrin Il bands a+, 2b+, c+, and d+
are present only in this region. The VII-Crll/Par region is
located in the posterior lobe, in which the vermis (VII) and
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Figure 4. Distribution of PCs born on E10.5, E11.5 and E12.5 in
the adult cerebellum. Distributions of PCs born on E10.5 (A,
green dots), PCs born on E11.5 (B, blue dots), and PCs born on
E12.5 (C, red dots), which are positive for f-gal, are plotted on
the topographic map of zebrin Il bands (Fig. 2) for the entire adult
cerebellum. The left FL and PF of B were lost.

hemisphere (crus lla, crus Ilb and paramedian lobule) are
clearly separated by the paravermal sulcus. The VII-Crll/
Par contains nine zebrin ll-positive bands (1+, 2+, 3+,
4+, 4b+, 5a+, 5+, 6+, and 7+). The VIII-Cop region is
located in the caudal edge of the cerebellum and has a
shallow paravermal sulcus between the vermis and the
hemisphere, which contains six major zebrin ll-positive

Correlation of PC Birth Date with CF Topography

bands (14, 2+, 3+, 5+, 6+, and 7+) and four weakly
zebrin Ilimmunostained bands (f+, e14, e1-, and e2+).
Zebrin 1l band 6-, which would be intercalated between
6+ and 7+, is absent in this region.

To clarify the detailed correlation between PC birth
date compartments in the adult cerebellum and zebrin I
bands, we systematically compared the distribution of -
gal-positive PCs with all zebrin Il bands in all sections
belonging to IV-V (Fig. 2, light red; Fig. 6), Vla-Sim (Fig. 2,
light yellow; Fig. 7), VII-Crll/Par (Fig. 2, light green; Fig.
8), and VIII-Cop (Fig. 2, light blue; Fig. 9). In the case of
compartments formed by PCs born on E10.5, a few la-
beled PCs were observed in a zebrin Il band in given sec-
tions (Figs. 6A-C, 7A,B, 8A-C, 9A,B). However, the B-gal-
positive PCs were also observed in the same zebrin Il
band in adjacent serial sections. Furthermore, PCs born
on E10.5 were localized to the same zebrin Il bands and
formed the longitudinal compartments in the adult cere-
bellum (Figs. 1H, 4A). We counted the number of PCs
born on E10.5, E11.5, and E12.5 in each zebrin Il band of
VII-Crll/Par (n = 3, E10.5 injection; n = 4, E11.5 injec-
tion; n = 4, E12.5 injection; Fig. 5). PCs born on E10.5
(Fig. 5, green) were selectively located in 3-, 54, and 6-
zebrin Il bands. PCs born on E11.5 (Fig. 5, blue) solely
formed zebrin Il bands 3+, 4+, 5a+/-, 6+, and 7+, and
PCs born on E12.5 (Fig. 5, red) solely formed zebrin Il
bands 14+ /- and 4a-. The difference in the total cell num-
ber between zebrin Il bands is probably caused by the dif-
ference in the shape (width and length) of the bands
(refer to Fig. 2). Therefore, even if a few B-gal-positive
PCs were observed in a zebrin Il band in a section, we
considered that there was a correlation between the com-
partments formed by PCs born on E10.5 and the zebrin Il
band.

Although the pattern of zebrin Il bands was different
and the names of zebrin Il bands are not consistent
between IV-V (Fig. 6), Vla-Sim (Fig. 7), VII-Cll /Par (Fig. 8),
VIIl-Cop (Fig. 9), and lobule IX (Table 1), the observations
clearly indicated that PC birth date compartments and
zebrin Il bands were closely correlated and how individual
PC birth date compartments in the embryonic cerebellum
were transformed into individual zebrin Il bands in the
adult cerebellum. Consequently, we found that the transi-
tions from PC birth date compartments in the embryonic
cerebellum (early-onset pattern) to zebrin Il bands in the
adult cerebellum (late-onset pattern) were categorized
into two types of groups: 1) a single PC birth date com-
partment directly became a single zebrin ll-positive or -
negative band in the adult cerebellum and 2) a single PC
birth date compartment was transformed into multiple
zebrin ll-positive and -negative bands in the adult cerebel-
lum. In addition, PC birth date compartments belonging
to the type 1 group were formed by a single birth cohort
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Figure 5. Number of B-gal-positive PCs in each zebrin band of
VII-Crll /Par. Numbers of PCs born on E10.5 (green bars), E11.5
(blue bars), and E12.5 (red bars), which were labeled with B-gal,
are counted in each zebrin Il band of VII-Crll/Par (n = 3, E10.5
injection; n = 4, E11.5 injection; n = 4, E12.5 injection). The av-
erage of B-gal-positive PCs born on E10.5, E11.5, and E12.5 is
indicated in each zebrin Il band. PCs born on E10.5 are selec-
tively located in 3-, 5+, and 6- zebrin Il bands. PCs born on
E11.5 solely form zebrin Il bands 3+, 4+, 5a+/-, 6+, and 7+.
PCs born on E12.5 solely form zebrin Il bands 14 /- and 4a-. In
contrast, zebrin Il bands 2+ /-, 4b+/ -, and 5- are composed of
PCs born on E11.5 and E12.5. The difference in the total cell
number between zebrin Il bands seems to be caused by the dif-
ference in the shape (width and length) of zebrin Il bands (refer
to Fig. 2). Bars represent mean = SD. *P < 0.01.

of PCs (E10.5, E11.5, or E12.5). In contrast, PC birth date
compartments belonging to the type 2 group were formed
by two different birth cohorts of PCs (E11.5 and E12.5).
The two different birth cohorts of PCs were intermingle
with each other, and, finally, the distribution of the two
different birth cohorts of PCs demarcated the positions of
zebrin ll-positive and -negative bands in the adult cerebel-
lum. The transition from the embryonic compartments
(early-onset pattern) to the adult compartments (late-
onset pattern) had remarkable similarity in all transverse
regions (Figs. 6N, 7M, 8P, 9M).

BC3, BC4, BC6, and BC7 belong to the type 1 group.
These PC birth date compartments directly became single
zebrin Il bands in the adult cerebellum (Table 1, BC3,
BC4, BC6, BC7). BC3 and BC6 were formed by PCs born
on E10.5 and BC3 became zebrin ll-negative bands,
whereas BC6 became zebrin Il-positive bands (Table 1,
BC3, BC6). BC4 was composed of PCs born on E11.5 and
became zebrin ll-positive bands (Table 1, BC4). BC7 was
formed by PCs born on E12.5 and agreed with zebrin II-
negative bands (Table 1, BC7). On the other hand, BC2
and BC5 belong to the type 2 group. BC2 and BC5 were
formed by PCs born on E11.5 and E12.5 in the embryonic

cerebellum (Fig. 1A) and became multiple zebrin [l-posi-
tive and -negative bands in the adult cerebellum (Table 1,
BC2, BC5). PCs born on E11.5 were distributed through
BC2 and BC5, whereas PCs born on E12.5 were selec-
tively located in the most medial zebrin Il bands in BC2
(Figs. 7M, 8P, 9M; Table 1, BC2) and were preferentially
located in the medial region of BC5 (Figs. 7M, 8P, 9M; Ta-
ble 1, BC5).

BC1 became zebrin Il bands 1+ and 1- in the adult
cerebellum and was very narrow in most cases. If zebrin II
bands 14 and 1- are assumed to be a single compart-
ment, BC1 also belongs to the type 1 group because BC1
is composed of a single birth cohort of PCs, which are
born on E12.5 (Table 1, BC1). In the adult cerebellum,
BC8 was clearly divided into three compartments that
were designated as BC8a, BC8b, and BC8c (Figs. 7M, 8P;
Table 1, BC8). BC8a and BC8c were formed by PCs born
on E11.5 and were identical to zebrin Il-positive bands
(Fig. 8l; Table 1, BC8a, BC8c), whereas BC8b was formed
by PCs born on E10.5 and was identical to zebrin ll-nega-
tive bands (Fig. 8C; Table 1, BC8b). In the embryonic cer-
ebellum, BC8 was formed by PCs born on E10.5 and
E11.5 (Fig. 1A-C,E,F); however, PCs born on E10.5 and
PCs born on E11.5 were never intermingled with each
other in BC8 and formed separate compartments, which
were BC8a (E11.5), BC8b (E10.5), and BC8c (E11.5), in
the adult cerebellum (Table 1, BC8). Consequently, we
think that BC8a, BC8b, and BC8c¢ also belong to the type
1 group, because a single birth cohort of PCs directly
became a single zebrin ll-positive or -negative band. Over-
all, in PC birth date compartments belonging to the type
1 group, PCs born on E10.5 directly become zebrin [l-pos-
itive band (BC6) and zebrin Il-negative bands (BC3 and
BC8b); however, PCs born on E11.5 exhibit a tendency to
become zebrin ll-positive bands (BC4, BC8a, and BC8c),
and PCs born on E12.5 preferentially become zebrin II-
negative band (BC7). Remarkably, the compartments
formed by PCs born on E12.5 were identical to zebrin II-
negative bands in IV-V (Fig. 6N).

We observed some exceptional cases in this grouping
of PC birth date compartments. In IV-V, BC7 could not
been distinguished from BC8, because the boundary
between BC7 and BC8 was not apparent. Therefore, we
cannot categorize BC7 and BC8 in IV-V into the type 1 or
type 2 groups. However, the most lateral compartment in
IV-V, which may be composed of BC7 and BC8, became
multiple zebrin Il-positive and -negative bands (4-, 5+,
5-, 6+, 6a-, and 6-) in the adult cerebellum (Fig. 6N). In
VIII-Cop, the boundary between BC2 and BC3 was
observed on the inside of zebrin ll-positive band 3+ (Fig.
9M). Therefore, in this region, the formation of PC birth
date compartments is inconsistent with the patterning of
zebrin ll-positive and -negative bands.
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PC birth date compartments in paraflocculus
and flocculus

Zebrin Il expression in the paraflocculus (PF) and the
flocculus (FL) did not reveal cerebellar compartments,
because all PCs in PF and FL were immunopositive for
antizebrin Il antibody (Fig. 10A-C). In contrast, the birth
date-related PCs compartmentalized PF and FL into sev-
eral regions. PCs born on E10.5 were selectively located
in the caudal half of PF (Fig. 1H, arrowhead; Fig. 4A, PF),
whereas PCs born on E11.5 were selectively located in
the rostral half of PF (Fig. 1l, arrowhead; Fig. 3A, DPL,;
Fig. 4B, PF). In contrast, PCs born on E12.5 were situ-
ated in the ventromedial region of PF (Fig. 4C, PF; Fig.
10C, arrowhead), which could not be seen from the dor-
sal side of PF (Fig. 1J, arrowhead; Fig. 3E, DFP). In FL,
PCs born on E10.5 were preferentially located in the
caudal region (Fig. 4A, FL), and PCs born on E11.5
seemed to be scattered within FL (Fig. 3D, FL; Fig. 4B,
FL), whereas PCs born on E12.5 were preferentially situ-
ated in the middle of FL (Fig. 3H, FL; Fig. 4C, FL). Conse-
quently, PCs born on E10.5, E11.5, and E12.5 form com-
partments in PF and FL even though there are no zebrin
Il-negative bands in PF and FL; furthermore, the com-
partments formed by PCs born on E10.5, E11.5, and
E12.5 seem to be mutually complementary in PF and FL
(Fig. 10A-C). In contrast to zebrin Il bands, it is known
that the immunoreactivity of antiheat shock protein 25
(Hsp25) reveals longitudinal compartments in PF and FL
(Armstrong et al., 2000; Sillitoe and Joyner, 2007; Silli-
toe et al., 2008; Apps and Hawkes, 2009). To compare
PC birth date compartments (Fig. 10A-C) with the
Hsp25-immunopositive compartment in PF and FL, we
immunostained a section of PC and FL with anti-Hsp25
antibody (Fig. 10D). Hsp25-positive PCs were located in
the ventromedial region of PF and the dorsomedial
region of FL (Fig. 10D, white arrows). The Hsp25-immu-
nopositive compartment seems to agree with the com-
partment formed by PCs born on E12.5 in PF and FL
(Fig. 10C).

Olivocerebellar projection patterns in
relation to PC birth date compartments

The patterns of olivocerebellar and corticonuclear pro-
jections divide the cerebellar cortex into multiple longitu-
dinal compartments (Buisseret-Delmas and Angaut,
1993). The olivocerebellar and corticonuclear projection
patterns were identified in each zebrin Il band throughout
the cerebellum, and the close correlation between the
longitudinal compartments formed by the olivocerebel-
lar/corticonuclear projections and zebrin Il bands has
been demonstrated (Gravel et al.,, 1987; Wassef et al.,
1992; Voogd et al., 2003; Sugihara and Shinoda, 2004;

Correlation of PC Birth Date with CF Topography

Voogd and Ruigrok, 2004; Sugihara and Quy, 2007; Sugi-
hara et al., 2009). Because our data indicated a close cor-
relation between PC birth date compartments and zebrin
Il bands, we examined the correlation between PC birth
date compartments and olivocerebellar and corticonu-
clear projections by comparing PC birth date compart-
ments with zebrin Il bands.

PC birth date compartments that were formed by sin-
gle birth date cohorts of PCs, BC1 (E12.5), BC3 (E10.5),
BC4 (E11.5), BC6 (E10.5), and BC7 (E12.5), each devel-
oped into a single zebrin I compartment or two neighbor-
ing zebrin Il compartments. In the other PC birth date
compartments that were formed by two different birth
date cohorts of PCs, BC2 (E11.5 and E12.5), BC5 (E11.5
and E12.5), and BC8 (E10.5 and E11.5), the two cohorts
tended to become segregated into mediolaterally distinct
subcompartments that contributed to multiple zebrin I
bands in the adult cerebellum. Furthermore, the longitudi-
nal formation of PC birth date compartments in the adult
cerebellum (Fig. 4) revealed the linkage between zebrin Il
bands in the rostral (lobule |-V and Vla-Sim) and caudal
(VII-Crll /Par and VIII-Cop) halves of the cerebellum (Table
1). BC1 linked 14 and 1- throughout all regions in the
adult cerebellum. In BC2, a compartment formed by PCs
born on E12.5 was located to the medial part of BC2 and
linked a+ in Vla-Sim to 2+ in VII-Crll/Par and VIII-Cop.
BC3 linked 2- in IV-V and Vla-Sim (rostral cerebellum) to
3-in VII-Crll /Par and VIII-Cop (caudal cerebellum). BC4
linked b+ in IV-V, 2b+ in Vla-Sim, and 4+ in VII-Crll /Par
and VIII-Cop. BC6 linked 4+ in the rostral cerebellum to
5+ in the caudal cerebellum. BC7 linked 4- in the rostral
cerebellum to 5- in the caudal cerebellum. BC8 in the
embryonic cerebellum was reorganized into three parts in
the adult cerebellum. The medial (BC8a), intermediate
(BC8b), and lateral (BC8d) parts corresponded to 5+, 5-,
and 6+ in Vla-Sim and 6+, 6-, and 7+ in VII-Crll/Par
and VIII-Cop, respectively, indicating that 5+, 5-, and 6+
in the rostral cerebellum were linked, respectively, with
6+, 6-, and 7+ in the caudal cerebellum.

The linkage between zebrin Il bands in the rostral cere-
bellum and zebrin Il bands in the caudal cerebellum,
which was revealed by the longitudinal formation of PC
birth date compartments, agreed with the topographic
pattern of olivocerebellar climbing fiber projections (Table
1). BC1, BC3, BC4, BC6é, BC7, BC8a, BC8b, and BC8c
were identical to the longitudinal compartments formed
by olivocerebellar projections, which were named,
respectively, A, X, X-CX, C2, C3, D1, DO, and D2 olivocer-
ebellar zone (Table 1; Voogd et al., 2003; Voogd and Rui-
grok, 2004; Sugihara and Quy, 2007). According to the
cross-correlation among PC birth date compartments,
zebrin Il bands, and the topographic map of olivocerebel-
lar projections, we made a list (Table 1) indicating the
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following: 1) PC-birth date compartments (BC1-BC8c), 2)
zebrin Il bands corresponding to each PC birth date com-
partment, 3) subareas in |0 corresponding to each PC
birth date compartment, and 4) subareas in the cerebellar
nuclei to which PCs in each PC birth date compartment
are connected (Sugihara and Quy, 2007). As shown in Ta-
ble 1, we could determine the pattern of the topographic
connection for every PC birth date compartment in the
adult cerebellum. These observations highlight the close
correlation between the birth date of PCs and the longitu-
dinal compartmentalization revealed by zebrin Il immuno-
reactivity and olivocerebellar/corticonuclear projections.

The close correlation between the birth date of PCs
and zebrin Il bands also revealed a new aspect of the cer-
ebellar compartmentalization. According to systematic
arrangements of each cohort of birth date-related PCs,
the cerebellum seems to be divided mediolaterally into
three subareas: 1) the medial area that corresponded to
the vermis and was composed of BC1, BC2, and BC3 (Fig.
11, medial); 2) the intermediate area that roughly corre-
sponded to the paravermis or pars intermedia and was
composed of BC4, BC5, and BCé6 (Fig. 11, intermediate);
and 3) the lateral area that roughly corresponded to the
hemisphere and was composed of BC7, BC8a, and BC8b
(Fig. 11, lateral). In the three subareas of Vla-Sim and VII-
Crll/Par, PCs born on E10.5 (Fig. 11, green rectangles)
were located in the most lateral compartment, PCs born
on E12.5 (Fig. 11, red rectangles) were located to more
medial compartments, and PCs born on E11.5 (Fig. 11,
blue rectangles) were located to the middle compart-
ments. Therefore, PCs formed lateral-to-medial develop-
mental gradients in the three areas [BC3-to-BC1 (Fig. 11,
medial), BC6-to-BC5 (Fig. 11, intermediate), and BC8b-to-
BC7 (Fig. 11, lateral); Fig. 11, black arrows] in the adult
cerebellum.

DISCUSSION

Using an adenoviral vector system, we reveal that cere-
bellar compartmentalization is determined by the birth
date of PCs (Hashimoto and Mikoshiba, 2003). We care-
fully compared PC birth date compartments in the adult
cerebellum with zebrin Il bands, which are markers for
late-onset patterns and olivocerebellar climbing fiber pro-
jections (Buisseret-Delmas and Angaut, 1993; Voogd
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et al., 2003; Voogd and Ruigrok, 2004; Sugihara and Shi-
noda, 2004; Sugihara and Quy, 2007). The present study
clarifies the relationship between the embryonic compart-
ments (early-onset patterning) and the adult compart-
ments (late-onset patterning). Generally, a single PC birth
date compartment in the embryonic cerebellum was
directly transformed into a single zebrin Il band in the
adult. We observed that PC birth date compartments in
the adult cerebellum correlated closely with zebrin I
bands and therefore also with the organization of the oli-
vocerebellar climbing fiber projections (Table 1). Hence,
PC birth date may integrate early- and late-onset pattern-
ing with the topographic map of olivocerebellar
projections.

PC birth date compartments as the basic
units in the cerebellum

To reveal PC birth date compartments, we selected
E10.5, E11.5, and E12.5 as the time of the adenoviral
injection, because 1) the patterns of compartments
formed by PCs born on E10.5, E11.5, and E12.5 (BC1-
BC8) are identical to the patterns of early-onset markers,
including Wnt7b and EnZ2 (Fig. 1A); 2) each pattern of
compartments formed by PCs born on E10.5, E11.5, and
E12.5 is unchanged even if adenoviral injection is done 6
hours earlier or 6 hours later than E10.5, E11.5, and
E12.5 (data not shown), suggesting that there are no dif-
ferent patterns of compartments formed by the birth
date-related PCs between E10.5 and E11.5 or between
E11.5 and E12.5; 3) the pattern of PC birth date compart-
ments is stable from embryo to adult; and 4) each pattern
of PC birth date compartments is generally constant from
mouse to mouse (data not shown). In fact, there was a
small variation of B-gal-stained compartments caused by
the infectivity of the adenoviral vector. However, the posi-
tions of PC birth date compartments were constant.
Therefore, we think that the compartments formed by
PCs born on E10.5, E11.5, and E12.5 (BC1-BC8) are the
basic and immutable units of cerebellar compartmentali-
zation. PCs may acquire their cell fate when they are gen-
erated from progenitor cells on the roof of fourth ventricle
and form specific subsets of PC birth date compartments
in the adult cerebellum according to their distinct charac-
teristics. However, the mechanism by which the fate of

Figure 8. Correlation between PC birth date compartments in the adult cerebellum and zebrin Il bands in VII-Crll/Par. A-O are arranged
in a manner similar to the panels in Figure 6. The boundary between the vermis and hemisphere is indicated by arrows in F,G,L. The dia-
gram in P indicates a close correlation between the early-onset pattern represented by PC birth date compartments in the E18.5 cerebel-
lum (upper half) and the late-onset pattern represented by zebrin Il immunoreactivity in the adult cerebellum (lower half). The arrows in P
show the change from the early-onset pattern to the late-onset pattern. Scale bars = 250 pm.
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TABLE 1.

Close Correlations Among PC Birth Date Compartments, Zebrin 1l Bands, Olivocerebellar Projection, and Corticonuclear
Projection in the Adult Cerebellum

Cerebellar cortex Origin of olivocerebeliar projection
PC-birthdate | Bi of (Rostral) (Caudal) n;ﬁi‘d Olie =
compartments’ PC’ Zebrin |1-band® pC? Zone? of 10° Subarea®
V-V Via-Sim Vil-Cril/Par Viii-Cop X
1+ 1+ 1* 1+ 1* MCN A cMAQC-a Caudal
) 2l - 1- 1- 1- 1- MCHN A tMAO-b Lateral Caudal
Beta Caudal
L = a+ (EN1.5/E12.5) | 2+ (EN.5/E125) | 2+ (E11.5/E125) | 2+ (E1.5/E125) | Men A -
E e E1.5/ oMAGe Hedial
2 E125 |1-(EM5E125)| a-(E115) 2- (E115) 2- (E115) 2- (E11.5) MCN A cMAO-b Lateral Intermediate
2+ (E11.5) 2+ (E115) 3+ (E11.5) Mmﬂ 3| s |mowice | Awx) | emaoa [intermediate and Rostal
= = = = = Lateral half of 3+ = ICG AAX) | cMAOD-a [intermediate and Rostral
medial part of 2- 2- 3- 3- 3- G x eMAC-b Lateral Rastral
DMCC,
BC4 E11.5 b+ 20+ 4 s 4+ PN | xeox [ coudelOM
vPO
= 2b- (E125) 4a- (E12.5) — = DLP A2 cMAO-b Medial Caudolateral
= o+ (E115)  |4b+ (E11.5/E125) — - DLP Az cMAO-c Lateral Caudal
% o= e~ (E11.5) 4b- (E11.5/E12.5) —_ — DLP AZ cMAC-b Medial Caudomedial
g = d+ (E11.5) Sa+ (E11.5) — = oLP AZ cMAO-c Lateral Rostral
E E11.5/ — d- (E11.5) 5a- (E11.5) — —_ DLP  |(Lateral AZ} cMAO-b Medial Intermediate
£ BG E12.5 2-) = — 4- (E116/E125) — VN B dDAO
{b+) . : + (E11.5[E125) | o
b ({EEnz_sda} = = e 1551’55:; 5 = AIN c1 VDAO Caudolateral
3— (E11.5/E12.5) a2+ (E11.5)
"""" @) — = 7 (e2-) 5 PiN cx | oMo Medial Rostral
BC6 E105 pre a 5+ 5+ = FIN c2 MAQ
BC7 E12.5 2(4-) 4- 5 ?(5-) = AN c3 wDAO Rostromedial
g = BC8a E11.5 ? 5+ 6+ 6+ — LCN D1 vPO
g|o| Bcep E10.5 7 5- (= - — DLH Do DM Central and rostral
BCBc E11.5 T B+ T+ T+ —_ LCN D2 dPO

'The compartments formed by birthdate-related Purkinje cells (Hashimoto and Mikoshiba, 2003). See Results for details.

“Names and positions of zebrin Il-bands were determined according to Sughihara and Shinoda (2004) and Sugihara and Quy (2007). See Results
for details.

3According to Buisseret-Delmas and Angaut (1993), Voogd and Ruigrok (2004), Sugihara et al., (2009)

“*According to Voogd, et al., (2003), Voogd and Ruigrok (2004), and Sugihara and Quy (2007).

SAccording to Sugihara and Quy (2007).The principal olive (PO) is further subdivided into the ventral (vPO) and dorsal lamellas (dPO), and the dorso-
medial group subnucleus (DM). The dorsal accessory olive (DAO) is divided into dorsal (dDAO) and ventral folds (vDAO). The medial accessory olive
(MAO) is divided into rostral (rMAO) and caudal parts (cMAO). The cMAO is further subdivided cytologically into lateral (cMAO-a), intermediate
(cMAO-b), and medial parts (cMAO-c). AIN, anterior interposed nucleus; Beta, subnucleus beta; DLH, dorsolateral hump; DLP, dorsolateral protuber-
ance; DMCC, dorsomedial cell column; ICG, interstitial cell group; LCN, lateral cerebellar nucleus; LVN, lateral vestibular nucleus; MCN, medial cer-
ebellar nucleus; PIN, posterior interposed nucleus.

#

Figure 10. PC birth date compartments in PF and FL. The sections of PF and FL (A-C) were stained for -gal (dark blue or black color),
immunostained with antizebrin Il antibody (blown color), and counterstained with Nuclear Fast Red (pink color). PF and FL are clearly com-
partmentalized into several regions by PCs born on E10.5 (A), E11.5 (B), and E12.5 (C). The borders of each compartment are indicated
by arrows in A-C. The schematic drawing in B represents the regions of compartments formed by PCs born on E10.5 (green line), E11.5
(blue lines), and E12.5 (red line). The expression of zebrin Il does not reveal compartments in PF and FL because all PCs in PF and FL are
zebrin Il positive (A-C). In contrast, the Hsp25 immunoreactivity (D) shows a compartment in the ventromedial region of PF and the dorso-
medial region of FL. The borders of the Hsp25-immunopositive region are indicated by arrows (D). Arrowheads indicate the ventromedial
region of PF. Scale bar = 1 mm.
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Figure 11. Three units of a lateral-to-medial developmental gradient in the adult cerebellum. The correlation between PC birth date com-
partments in the adult cerebellum and zebrin Il bands in Vla-Sim (upper half) and in VII-Crll/Par (lower half) are indicated. There are three
units of a lateral-to-medial (E10.5 to E12.5) developmental gradient in the cerebellum (black arrows). These correspond to the vermis
(medial), medial half of hemisphere (intermediate), and lateral half of hemisphere (lateral). The boundary between the vermis and hemi-
sphere is located between BC3 and BC4 (2- and 2b+ in Vla-Sim; 3- and 4+ of in VII-Crll/Par). In contrast to the three lateral-to-medial
developmental gradient units (black arrows), BC3, BC4, and the medial half of BC5 formed a medial-to-lateral developmental gradient (ma-

genta arrows).
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PCs is determined and the characteristics of each birth
date-related PC are still unclear.

Interrelationship between early-onset and
late-onset patterning

Several studies have compared the embryonic and
adult compartments by mapping the expression of mole-
cules in early postnatal periods (Larouche and Hawkes,
2006; Marzban et al., 2007) or in a transgenic animal (Sil-
litoe et al., 2009). Although these studies have demon-
strated that some multiple late-onset compartments ori-
ginated from a single early-onset compartment, the
relationship between the patterns of these two compart-
ments has not been thoroughly clarified. Here, we sys-
tematically examined the relationship between PC birth
date compartments in the embryonic cerebellum (early-
onset patterning) and zebrin Il bands (late-onset pattern-
ing). In general, a single PC birth date compartment
(group 1 type: BC1, BC3, BC4, BC6, and BC7) in the em-
bryonic cerebellum (early-onset pattern) was directly
transformed into a single zebrin Il band in the adult cere-
bellum (late-onset pattern; Table 1). In contrast, the for-
mation of BC2, BC5, and BC8 (group 2 type) was more
complex than the other PC birth date compartments
(group 1 type). BC2, BC5, and BC8 were each formed by
two different birth cohorts of PCs (Figs. 6N, 7M, 8P, 9M).
BC2 and BC5 were formed by PCs born on E11.5 and
E12.5, whereas BC8 was formed by PCs born on E10.5
and E11.5. This overlap of different PC birth cohorts con-
tributes to the complexity of the late-onset patterning. In
BC2 and BC5, PCs born on E12.5 were located to the
more medial region than PCs born on E11.5 (Figs. 6N,
7M, 8P, 9M, 11). Therefore, PC cohorts born on E11.5
and E12.5 in BC2 and BC5 divided these regions into nar-
rower bands of zebrin Il-positive and -negative bands.
Similarly, the distribution of PCs born on E10.5 and E11.5
in BC8 generates three subcompartments (BC8a, BC8b,
and BC8c) in the adult cerebellum. The relocation of the
birth date-related PCs contributed to the positioning of
zebrin Il bands in BC2, BC5, and BC8. Therefore, our ob-
servation suggests that PC birth date compartments in
the embryonic cerebellum (early-onset patterning) are ba-
sic units of the establishment of M-L compartments in
the adult cerebellum defined by zebrin Il bands (late-
onset patterning). Furthermore, PC birth date compart-
ments were identical to the topographic pattern of olivo-
cerebellar climbing fiber projections (Table 1). Each PC
birth date compartment seems to provide different posi-
tional information to the circumstances (e.g., Eph-ephrin
signaling; Nishida et al., 2002) and be concerned with the
establishment of the topographic pattern of olivocerebel-
lar projections. However, the molecular mechanisms by

Correlation of PC Birth Date with CF Topography

which the cerebellar compartmentalization is established
are not clear.

In Vlb/c-Crlb (Fig. 2, white dotted line), lobule X (Fig.
2, X), FL (Fig. 2, FL), and PF (Fig. 2, PF), there are no
zebrin ll-negative bands, because all PCs are immunopos-
itive for zebrin Il (for reviews see Sillitoe and Joyner,
2007; Apps and Hawkes, 2009). Therefore, it seems that
there are no cerebellar compartments in these regions.
However, the immunoreactivity of anti-Hsp25 reveals
another longitudinal compartments in Vlb/c, lobule X, PF,
and FL (Armstrong et al., 2000; Sillitoe and Joyner, 2007,
Sillitoe et al., 2008; Apps and Hawkes, 2009). Further-
more, olivocerebellar projections clearly form zonal com-
partments in these regions (Ruigrok, 2003; Sugihara and
Shinoda, 2004; Voogd and Ruigrok, 2004; Sugihara et al.,
2004; Schonewille et al., 2006), and the Hsp25 immuno-
reactivity is correlated with the topographic map of olivo-
cerebellar projections and physiological functions (Scho-
newille et al., 2006). Similarly, the birth date-related PCs
formed longitudinal compartments in Vib/c-Crlb and
lobule X (Figs. 3AE, 4), and PF and FL (Fig. 1H,l, arrow-
heads, Figs. 4, 10A-C). Therefore, it is difficult to examine
the relationship between PC birth date compartments
and zebrin Il bands in Vlb/c-Crlb, lobule X, PF, and FL,
but PC birth date compartments can be compared with
Hsp-25 immunoreactivity in these regions. The compari-
son between PC birth date compartments and Hsp25 im-
munoreactivity (e.g., Fig. 10) is helpful for understanding
the relationship among PC birth date compartments, the
topographic map of olivocerebellar projections, and phys-
iological functions in these regions. Interestingly, the
compartment formed by PCs born on E12.5 in PF and FL
seems to agree with the Hsp25-immunopositive compart-
ment (Fig. 10C,D). The observation suggests that PC birth
date compartments in PF and FL are formed independ-
ently of zebrin Il immunoreactivity and are correlated with
the topographic map of olivocerebellar projections in PF
and FL.

It has been reported that climbing and mossy fibers
have collateral branches that are projected into separate
cerebellar lobules (Voogd et al., 2003; Ruigrok, 2003;
Pijpers et al., 2006). For instance, climbing fibers that are
projected to zebrin Il band 4- in Vla-Sim and 5- in VII-
Crll/Par send their collateral branches into zebrin Il 5a-
in VII-Crll /Par. The collateralization of climbing fibers sug-
gests a functional relationship among the separate longi-
tudinal compartments. 10 neurons in the rostral part of
medial accessory olive (rMAO) project their climbing
fibers to zebrin ll-positive regions (4+ in IV-V and Vla-
Sim, 54 in VII-Crll/Par and VIII-Cop), and their collateral
branches are projected to the caudal half of PF (Buis-
seret-Delmas and Angaut, 1993; Sugihara et al., 2004;
Pijpers et al, 2005; C2 olivocerebellar zone). The
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compartments formed by PCs born on E10.5 [4+ in V-V
and Vla-Sim, 54 in VII-Crll/Par and VIII-Cop (Table 1,
BC6); caudal half of PF (Fig. 1H, arrowhead; Fig. 4A, PF)]
were identical to the target regions of rMAO. This coinci-
dence suggests that there is a correlation between the
collateralization of climbing fiber projection and the PC
birth date compartments.

Developmental gradient in the cerebellum

Results of the present study indicate that the cerebel-
lum is composed of three zones represented by lateral-to-
medial developmental gradients of PCs [BC3-to-BC1 (Fig.
11, medial), BC6-to-BC5 (Fig. 11, intermediate), BC8b-to-
BC7 (Fig. 11, lateral); Fig. 11, black arrows]. The earliest
born (E10.5) PCs are located near the lateral edge (BC3,
BC6, BC8b) in each of the three zones (Fig. 11, green rec-
tangles). PCs that were born on the following day (E11.5)
are located in more medial regions (Fig. 11, blue rectan-
gles) than the compartment formed by PCs born on
E10.5. The latest born (E12.5) PCs settle in the most
medial regions (Fig. 11, red rectangles). It is likely that
the generation of the three earliest PC birth date compart-
ments (BC3, BC6, BC8b) underlies the three zonal organi-
zation of the cerebellum. This is the first observation of a
distinct developmental gradient in the cerebellum. It is
known that PCs located in vermis, paravermis, and hemi-
sphere preferentially project their axons to the medial
cerebellar, interposed, and lateral cerebellar nuclei,
respectively (Goodman et al., 1963; Brodal, 1981; Paxi-
nos and Franklin, 2003; Voogd and Ruigrok, 2004; Apps
and Garwicz, 2005; Sugihara et al., 2009; refer to Fig. 11,
target nuclei of PCs; Table 1, target nucleus of PC). There-
fore, the cerebellum is generally divided into three regions
(vermis, paravermis, and hemisphere) according to the
corticonuclear projections. Interestingly, three zones rep-
resented by the lateral-to-medial developmental gradients
of PCs (Fig. 11, medial, intermediate, lateral) were identi-
cal to vermis, paravermis, and hemisphere of the cerebel-
lum (Fig. 11, Table 1). The observation suggests that there
is a correlation between three zones represented by a lat-
eral-to-medial developmental gradient of PCs and the pat-
tern of cerebellar corticonuclear projection. We hypothe-
size that PC birth date compartments contribute to the
establishment of the topographic map of corticonuclear
projections in the cerebellum, but further studies are nec-
essary to confirm this.

In contrast to the three zones, a zone from BC3 to the
medial BC5 in Vla-Sim and VII-Crll/Par formed a medial-
to-lateral developmental gradient of PCs (Fig. 11, ma-
genta arrows). The boundary between the vermis and par-
avermis seemed to be located between BC3 and the
medial BC5 in Vla-Sim (Fig. 7D,E,l, arrows) and VII-Crll/
Par (Fig. 8A,F,L, arrows). Therefore, we assume that the

zone from BC3 to the medial BC5 (Fig. 11, magenta
arrows) probably plays an important role in the definition
of the boundary between the vermis and the paravermis.
However, further analysis is required to explore this.

Physiological significance of PC birth date
compartments in the adult cerebellum

Neuronal activity is often longitudinally organized in
the cerebellar cortex, as seen in optical recordings from
the cortical surface (Gao et al., 2006), spontaneous com-
plex spike activity in multiple PCs (Sugihara et al., 2007),
and evoked responses by peripheral stimulation (Oscars-
son and Sjolund, 1977). As a basis of these functional
organizations, projection patterns of afferent and efferent
axons are closely correlated to the longitudinal compart-
ments that are visualized by zebrin Il immunostaining
(Buisseret-Delmas and Angaut, 1993; Voogd et al., 2003;
Sugihara and Shinoda, 2004; Sugihara and Quy, 2007,
Pijpers et al., 2006; Sugihara et al., 2009). In addition,
the expression of an excitatory amino acid transporter
subtype 4 (EAAT4; Dehnes et al., 1998; Wadiche and
Jahr, 2005) and phospholipase CB4 (Kano et al., 1998;
Sarna et al., 2006), which directly regulate cerebellar
activities, are closely correlated with zebrin Il bands. Fur-
thermore, recent studies (Voogd et al., 2003; Ruigrok,
2003; Pijpers et al., 2006) indicate that the topographic
organization of mossy fiber inputs is closely correlated
with zebrin Il bands and the topographic map of climbing
fiber inputs in the adult rat cerebellum. Therefore, the
neuronal activity and the neuronal network of the cerebel-
lum are highly organized according to the longitudinal
compartments in the cerebellum. Our observations indi-
cated the close correlation between PC birth date com-
partments (early-onset pattern) and zebrin Il bands (late-
onset pattern), and therefore also the topographic map of
olivocerebellar/corticonuclear projections (Table 1). Fur-
thermore, PC birth date compartments are probably con-
cerned with the topographic organization of mossy fiber
inputs (Voogd et al., 2003; Ruigrok, 2003; Pijpers et al.,
2006). Gross axonal projection in the cerebellum is gen-
erally established much earlier during embryonic develop-
ment than establishment of the late-onset pattern
(Leclerc et al., 1988; Wassef et al., 1990; Seil et al.,,
1995; Gallagher et al., 1998; Marzban et al., 2007). This
suggests that PC birth date compartments (early-onset
pattern) play an important role in establishing the cere-
bellar neuronal network as well as in forming the late-
onset pattern.

Neuronal activity recorded by flavoprotein autofluores-
cence in vivo imaging in the adult mouse cerebellum (Gao
et al., 2006) may be related to PC birth date compart-
ments in the cerebellum. We have demonstrated three
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bands along the parasagittal axis, b1, b2, and b3, in Crll
after parallel fiber stimulation and, furthermore, two
bands, b1 and the region between b2 and b3, after pe-
ripheral stimulation of the vibrissal pad. This indicates
that b1, b2, the region between b2 and b3, and b3 corre-
spond to zebrin Il bands 5+ (the original paper called this
region 5b+), 64, 6-, and perhaps 7+, respectively (Table
1). Our observations show that these bands are identical
to BC6, BC8a, BC8b, and BC8c in Crll, respectively.
Among these bands the two that receive the peripheral
inputs, b1 and the region between b2 and b3, corre-
sponded to BC6 and BC8b, both of which arise from PCs
born on E10.5 (Fig. 8P, Table 1). Although the mechanism
of how these two bands are activated by peripheral stimu-
lation is not clear, the observations suggest that the adult
longitudinal compartments formed by a PC cohort that
shares the same birth date might contribute to cerebellar
function. The results of the present study (Table 1) allow
us to study the relationship between PC birth date com-
partments and neuronal activity in the cerebellum. A fur-
ther study will reveal the relationship between PC birth
date compartments and functional compartments in the
cerebellum.
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