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NOVEL TRANSVERSE EXPRESSION DOMAIN IN THE MOUSE

EREBELLUM REVEALED BY A NEUROFILAMENT-ASSOCIATED ANTIGEN
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bstract—The mammalian cerebellum is composed of a highly
eproducible array of transverse zones, each of which is subdi-
ided into parasagittal stripes. By using a combination of Pur-
inje cell antigenic markers and afferent tracing, four transverse
ones have been identified: the anterior zone (AZ: �lobules
–V), the central zone (CZ: �lobules VI–VII), the posterior zone
PZ: �lobules VIII-dorsal IX) and the nodular zone (NZ: �ventral
obule IX�lobule X). Neurofilament-associated antigen (NAA) is
n epitope recognized by a monoclonal antibody, which is ex-
ressed strongly in association with neurofilaments. During
erinatal cerebellar development, anti-NAA immunocytochem-

stry reveals novel features of cerebellar organization. In partic-
lar, the CZ is reproducibly subdivided into anterior and poste-
ior components. Between embryonic day 17 and postnatal day
NAA immunoreactivity is expressed selectively by a parallel

ber bundle that is restricted to lobule VII, thereby distinguish-
ng the CZ anterior (lobules VIa, b) from the CZ posterior (lobule
II). The novel restriction boundary at lobule VII/VIII, which is
lso reflected in the morphology of the external granular layer
nd aligns with a gap in the developing Purkinje cell layer,
recedes the morphological appearance of the posterior supe-
ior fissure between lobules VIb and VII. In addition, afferent
xons to the CZ terminate in an array of parasagittal stripes that

s probably a specific climbing fiber projection. Thus, the trans-
erse zone architecture of the mouse cerebellum is more com-
lex than had previously been appreciated. © 2008 IBRO. Pub-

ished by Elsevier Ltd. All rights reserved.

ey words: stripes, zones, zebrin II, parallel fiber, climbing
ber, Purkinje cell.

he complex topography of the cerebellar cortex can be
evealed by the expression patterns of numerous molecules.
he primary organizer seems to be the Purkinje cell. In the
dult, Purkinje cell expression patterns reveal a complex
opography that is both highly reproducible (e.g. Brochu et al.,
990) and conserved across species (Sillitoe et al., 2005).
he mouse cerebellum comprises four transverse zones: the
nterior zone (AZ: �lobules I–V), the central zone (CZ: �lob-

Present address: Department of Anatomy, College of Medicine, Kon-
ang University, Nosan, Chungnam 320-711, South Korea.
Corresponding author. Tel: �1-403-220-5036; fax: �1-403-270-9497.
-mail address: rhawkes@ucalgary.ca (R. Hawkes).
bbreviations: AZ, anterior zone; CaBP, calbindin perinatal stripe
arker; CZ, central zone; CZa, anterior central zone; CZp, central
osterior zone; DAB, diaminobenzidine; HRP, horseradish peroxi-
w
ase; NAA, neurofilament-associated antigen; NZ, nodular zone; P,
ostnatal day; PZ, posterior zone; ROR, retinoic acid orphan receptor.
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les VI–VII), the posterior zone (PZ: �lobules VIII–dorsal IX)
nd the nodular zone (NZ: �ventral lobule IX�lobule X) (e.g.
zol et al., 1999; Armstrong et al., 2000; Sillitoe and Hawkes,
002). The transverse zones of the vermis are mirrored in the
emispheres. Each transverse zone is subdivided into a re-
roducible array of parasagittal stripes (e.g. revealed by us-

ng zebrin II/aldolase C expression in the AZ and PZ; Brochu
t al., 1990; Eisenman and Hawkes, 1993; Ozol et al., 1999;
illitoe and Hawkes, 2002; by using expression of the small
eat shock protein HSP25 in the CZ and NZ; Armstrong et
l., 2000). In addition to the compartmentation of the Purkinje
ells, similar zone and stripe restrictions are seen in the
xpression patterns of granule cell markers (e.g. nitric oxide
ynthase; Hawkes and Turner, 1994: reviewed in Ozol and
awkes, 1997). Finally, the zone and stripes topography is
lso reflected in the terminal fields of both mossy fibers (e.g.
ravel and Hawkes, 1990; Akintunde and Eisenman, 1994;
i and Hawkes, 1994) and climbing fibers (e.g. Gravel et al.,
987; Wassef et al., 1992; Voogd et al., 2003; Apps and
arwicz, 2005; Sugihara and Quy, 2007 etc.), and in asso-
iated receptive field maps (Chockkan and Hawkes, 1994;
allem et al., 1999; Gao et al., 2006 etc.). Cerebellar topog-

aphy can be traced prenatally, and is apparently stable
hroughout development (e.g. Luckner et al., 2001; Marzban
t al., 2007: reviewed in Herrup and Kuemerle, 1997; Arm-
trong and Hawkes, 2000; Larouche and Hawkes, 2006 etc.).

Monoclonal antibody 3A10 recognizes a peptide
pitope—neurofilament-associated antigen (NAA)—that is
o-expressed with neurofilaments in the adult brain (e.g.
erafini et al., 1996). The specific epitope(s) is unknown.

n this report NAA immunocytochemistry has been used
oth in sections and in whole mounts to reveal a novel
ransverse boundary in the neonatal cerebellum that is
ssociated with two classes of axons, a subset of climbing
ber afferents from the inferior olivary nuclei and a subset
f parallel fibers, the axons of granule cells. These expres-
ion domains split the CZ into two: an anterior central zone
�CZa), which comprises lobules VIa, b of the vermis and
he lobulus simplex of the hemispheres, and a central
osterior zone (�CZp), which is coextensive with lobule
II and the ansiform lobules. These data therefore reveal a
ovel level of complexity in cerebellar topography.

EXPERIMENTAL PROCEDURES

ice

ll animal procedures conformed to institutional regulations and
he Guide to the Care and Use of Experimental Animals from the
anadian Council for Animal Care. All experiments conformed to

nternational guidelines on the ethical use of animals. All efforts

ere made to minimize the number of animals used and their

ved.

mailto:rhawkes@ucalgary.ca


s
h
C
r
f

A

3
o
b
I
t
S
a
p
B
d
S
a
u
z
a
(
t
i
P
(
c
l
c
p
I
a
o
r
a
c
w
1
f
i
a
o
a
a
p
g
n
#
t
s
e
2
(
c
d
1
P
g

P

M
(
0
h
m
c

1
S
e
f

I

P
s
t
g
P
T
t
(
m
L
(
d
w
C
n
a
c
o
t
A
g
U
t
s
o
a
(
(
I
i
b
s
p
L
v

d
A
p
s
m
2
i
a

N
c

N
t
d
F
(
w
L
c
b

H. Marzban et al. / Neuroscience 153 (2008) 1190–1201 1191
uffering. Three strains of mice—B6129SF2/J and C57BL/6J, and
eterozygous thy1-YFP (line thy1-YFP16) mice backcrossed into
57BL/6 (Feng et al., 2000)—were obtained from Jackson Labo-

atories (Bar Harbor, ME, USA) and maintained in our animal
acilities: no significant differences were noted between strains.

ntisera

A10 Is a mouse monoclonal antibody that recognizes a family
f NAA. It was obtained from the Developmental Studies Hy-
ridoma Bank developed under the auspices of the National
nstitute of Child Health and Human Development and main-
ained by the University of Iowa, Department of Biological
ciences (Iowa City, IA, USA) (used diluted 1:1000). Rabbit
nti-neurofilament H is a polyclonal antiserum against HPLC-
urified primate phosphorylated neurofilament H (200/210 kDa:
iomol International cat. # NA1211: Linnarsson et al., 2001). Two
ifferent mouse monoclonal anti-calbindins were used, one from
igma, St. Louis, MO, USA (anti-calbindin-D-28K, clone CB-955,
scites fluid, IgG1 isotype raised against bovine kidney calbindin:
sed diluted 1:1000) and the other from Swant, Bellinzona, Swit-
erland (McAb 300, lot #18(F): raised against chicken calbindin
nd specifically stains the 45Ca-binding spot of calbindin D-28k
apparent molecular weight 28,000, isoelectric point 4.8) in a
wo-dimensional gel of mouse brain homogenate (manufacturer’s
nformation); used here diluted 1:2000). Both antibodies yielded
urkinje cell specific staining identical to that reported often before

e.g. De Camilli et al., 1984; Ozol et al., 1999). Rabbit anti-
albindin D-28K antiserum (anti-CaBP: Swant Inc., code # CB38,
ot # 9.03; diluted 1:10,000) was produced against recombinant rat
albindin D-28K. In the cerebellum, CaBP is exclusively ex-
ressed in Purkinje cells (e.g. Baimbridge et al., 1982). Anti-zebrin
I is a mouse monoclonal antibody produced by immunization with
crude cerebellar homogenate from the weakly electric fish Apter-
notus (Brochu et al., 1990) and subsequently shown to bind the
espiratory isoenzyme aldolase c (Aldoc: Ahn et al., 1994; Hawkes
nd Herrup, 1996: it was used directly from spent hybridoma
ulture medium diluted 1:400). Rabbit anti-phospholipase C�4
as raised against a synthetic peptide representing amino acids
5–74 of the mouse PLC�4 protein fused to glutathione-S-trans-

erase and expressed in bacteria (used diluted 1:1000). Control
mmunohistochemistry using either antibodies pre-absorbed with
ntigen polypeptides or cerebellar sections from a PLC�4 knock-
ut mouse yielded no significant immunostaining (Nakamura et
l., 2004; Sarna et al., 2006). An identical staining pattern was
lso obtained with another anti-PLC�4 antiserum, raised in guinea
ig (M. Watanabe, unpublished observations). Rabbit anti-neuro-
ranin was raised against a full-length recombinant rat neurogra-
in protein (Chemicon Inc., Temecula, CA, USA: catalog
AB5620; used diluted 1:5000): further details of the characteriza-

ion are found in Larouche et al., 2006). Previous studies using this
ame antibody have shown that neurogranin-like immunoreactivity is
xpressed in Golgi cells of the murine cerebellum (Singec et al.,
003; Larouche et al., 2006). Goat anti-retinoic acid orphan receptor
ROR)� (1:2000, Santa Cruz Biotechnology, Santa Cruz, USA) spe-
ifically recognizes Purkinje cells, both in the adult cerebellum and
uring embryogenesis (Ino, 2004). Rabbit anti-Pax6 (used diluted
:2000, Chemicon Inc.), raised against the C-terminus of murine
ax-6, specifically recognizes granule cells in the cerebellum (En-
elkamp et al., 1999; Yamasaki et al., 2001).

erfusion and sectioning

ice were deeply anesthetized with sodium pentobarbital
100 mg/kg, i.p.) and transcardially perfused with 0.9% NaCl in
.1 M phosphate buffer (pH 7.4) followed by 4% paraformalde-
yde in 0.1 M phosphate buffer (pH 7.4). The brains were re-
oved, post-fixed in 4% paraformaldehyde at 4 °C for 48 h. The
erebella were then cryoprotected through a series of buffered a
0% (2 h), 20% (2 h), and 30% (overnight) sucrose solutions.
eries of 40 �m thick transverse sections were cut through the
xtent of the cerebellum on a cryostat and collected in PBS for
ree-floating immunohistochemistry.

mmunohistochemistry

eroxidase immunohistochemistry was carried out on cerebellar
ections as described previously (Sillitoe et al., 2003). Briefly,
issue sections were washed thoroughly, blocked with 10% normal
oat serum (Jackson Immunoresearch Laboratories, West Grove,
A, USA) and then incubated in 0.1 M PBS buffer containing 0.1%
riton X-100 and the primary antibody for 16 –18 h at room

emperature. Secondary incubation in horseradish peroxidase
HRP) – conjugated goat anti-rabbit or HRP-conjugated goat anti-
ouse antibody (diluted 1:200 in PBS; Jackson Immunoresearch
aboratories) lasted 2 h at room temperature. Diaminobenzidine
DAB, 0.5 mg/ml) was used as the chromogen. Sections were
ehydrated through an alcohol series, cleared, and coverslipped
ith Entellan mounting medium (BDH Chemicals, Toronto, ON,
anada). Cerebellar sections for double-label fluorescent immu-
ohistochemistry were processed as described previously (Sillitoe et
l., 2003). Briefly, tissue sections were washed, blocked in PBS
ontaining 10% normal goat serum (Jackson Immunoresearch Lab-
ratories) and incubated in both primary antibodies overnight at room
emperature, rinsed, and then incubated for 2 h at RT in a mixture of
lexa 546–conjugated goat anti-rabbit Ig and Alexa 488–conju-
ated goat anti-mouse Ig (Molecular Probes Inc., Eugene, OR,
SA), both diluted 1:2000. After several rinses in 0.1 M PBS, sec-

ions were coverslipped in non-fluorescing mounting medium (Fluor-
ave Reagent, Calbiochem, La Jolla, CA, USA). Whole mount per-
xidase immunocytochemistry was performed according to Sillitoe
nd Hawkes (2002) except that the PBS containing 5% skim milk
Nestlé Foods Inc., North York, ON, Canada) plus 0.1% Triton-X 100
Sigma) was used as blocking solution. Biotinylated goat anti-rabbit
gG (Jackson Immunoresearch Laboratories Inc.) was diluted 1:1000
n PBS containing 0.1% Triton X-100 and incubated with the cere-
ellum overnight. Cerebella were washed with PBS (3�2 h) and
ubsequently incubated overnight with ABC complex solution pre-
ared according to the manufacturer instructions (Vectastain, Vector
aboratories Inc., Burlingame CA, USA). Antibody binding was re-
ealed by using DAB as the chromogen.

Photomicrographs were captured with a SPOT Cooled Color
igital camera (Diagnostic Instruments Inc.) and assembled in
dobe Photoshop version 9.0. For confocal microscopy, an Olym-
us Fluoview BX50 microscope was used running under Fluoview
oftware. For confocal microscopy, an Olympus Fluoview BX50
icroscope was used and Z-stacked images (10 layers, each
�m in depth) were captured by using Fluoview software. The

mages were cropped and corrected for brightness and contrast
nd montages were assembled in Adobe Photoshop 9.

RESULTS

AA is co-expressed with anti-NF in the adult
erebellum

eurofilaments comprise a heterogeneous group of pro-
eins, and neurofilaments in different brain locations have
ifferences in molecular structure (e.g. Liu et al., 2004).
ig. 1 compares the expression of NAA immunoreactivity
Fig. 1A) in the adult mouse cerebellar cortex to that of a
ell-characterized anti-neurofilament H antibody (Fig. 1B:
innarsson et al., 2001). Double label immunofluores-
ence reveals that both antigens are strongly expressed in
asket cell axons surrounding the Purkinje cell somata. In

ddition, NAA immunoreactivity is associated with a subset



o
c

N
n

T
t
c
t
b
p
a
p

C
V
H
a

s
l
p
o
n
m
a
e
a
s
N

d

F
r
m
n
t
i
(
t
M
o
(
a
t
m
s
m
a
d
s
d
l
a
(
N

F
t
c
(
p
P
p
l

H. Marzban et al. / Neuroscience 153 (2008) 1190–12011192
f parallel fibers coursing immediately above the Purkinje
ells somata in the molecular layer (Fig. 1C).

AA reveals a novel transverse boundary in the
eonatal cerebellum

he topographical distribution of NAA immunoreactivity in
he cerebellum at postnatal day (P) 0 is revealed by using
erebellar whole mount immunocytochemistry (Fig. 2). In
he AZ no NAA immunoreactivity is detected in the vermis,
ut two or three, weakly NAA-immunoreactive (NAA�)
arasagittal stripes are present laterally in the paravermis
nd anterior lobe hemispheres (lobules III–V), which ap-
ear to extend caudally into the lobulus simplex (Fig. 2A).

The boundary in the vermis between the AZ and the
Z lies in the primary fissure between lobule V and lobule
Ia (Ozol et al., 1999; Armstrong et al., 2000; Sillitoe and
awkes, 2002; Sarna et al., 2006 etc.). The same bound-

ig. 1. Neurofilament antigens seen in transverse cryostat sections
hrough the adult mouse cerebellar cortex. Double immunofluores-
ence labeling with anti-NAA (A), anti-NFH (B) and the merged image
C) shows double labeling in the basket cell axons that form the
ericellular nets and pinceaux around Purkinje cell somata in the
urkinje cell layer (pcl). In addition, NAA expression is associated with
arallel fibers (pf) concentrated in the deeper part of the molecular

ayer (ml). Scale bar�20 �m (A–C).
ry also represents a restriction boundary for NAA expres-
A
v

ion (Fig. 2A, B). In lobule V of the vermis (the posterior
imit of the AZ) NAA is either weakly expressed or not
resent at all. In lobule VIa/b, on either side of the midline
f the vermis, a pair of well-defined, strongly NAA-immu-
opositive stripes is found, centered �320 �m from the
idline. Seen at higher magnification, each broad stripe
ppears as a pair divided into two by a narrow immunon-
gative gap (Fig. 2B). Additional parasagittal stripes can
lso be discerned in the lobulus simplex of the hemi-
pheres but these are less well defined and display weaker
AA immunoreactivity than in the vermis.

The distribution of anti-NAA immunoreactivity changes
ramatically again at the posterior superior fissure be-

ig. 2. Whole mount NAA peroxidase immunocytochemistry reveals a
eproducible pattern of transverse zones and parasagittal stripes in the
ouse cerebellum at P0. Lobules in the vermis are identified by roman
umerals. (A) In an anterior view, there is no NAA-immunoreactivity in

he vermis of the AZ (lobules III–V are seen), but symmetrical, weakly-
mmunoreactive parasagittal stripes can be seen in the lobulus simplex
lsa�lobulus simplex anterior; lsb�lobulus simplex posterior) and in
he paravermian region of the anterior lobe (lobules III–IV: arrows).
ore caudally, a strongly immunoreactive parasagittal stripe extends
n either side of the midline from the caudal face of the primary fissure
pf: between lobules V and VI) posteriorly through lobule VIa/b to the
nterior boundary of lobule VII (it extends the full length of the CZ to

he boundary with the PZ, but this is obscured in the CZp in whole
ount views). NAA immunoreactivity in lobule VII appears uniform and

trong, and extends laterally into the ansiform lobule (al). (B) A high
agnification view of lobule VI, from the region outlined by the rect-
ngle in A, to show that each NAA� stripe in lobule VIa comprises a
oublet, separated by a narrow immunonegative gap (arrows). The
ame can be seen in transverse sections (see Fig. 4 below). (C) In a
orsal view, the subdivision of the CZ is clear with overt stripes in

obule VIa/b (CZa), homogeneous immunoreactivity in lobule VII (CZp:
nd ansiform lobule), and a uniformly immunonegative lobule VIII
anterior PZ). (D) In a ventral view, lobules IX and X (the NZ) are also
AA-immunonegative (as is lobule I, the most anterior lobule of the

Z). Abbreviations: cp�cerebellar peduncle; amv�anterior medullary
ellum. Scale bars�1 mm (A, C, D); 500 �m (B).
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ween lobules VIb and VII. All of lobule VII in the vermis,
ogether with its lateral extensions—the ansiform lobules
f the hemispheres (crus I and crus II are not distinct in the
ewborn mouse)—comprises a uniformly and strongly
AA-immunopositive expression domain (Fig. 2A, C). No
tripes are apparent in the whole-mount staining, as they
re obscured by the overlying homogeneous immunoreac-
ivity, but in sections it is clear that they extend the full
ength of the CZ (see below). The staining pattern changes
gain in the prepyramidal fissure between lobules VII and
III, which also represents the boundary between the CZ
nd the PZ (Fig. 2C). Caudal to the prepyramidal fissure
he strong anti-NAA staining in the posterior CZ is replaced
y no immunoreactivity in the PZ (e.g. lobule VIII: Fig. 2C)
nd the NZ (e.g. lobule X: Fig. 2D).

Thus, the novel result is that the CZ (�lobules VI and
II in the vermis; the lobulus simplex and the ansiform

obule in the hemispheres) is apparently subdivided by the
xpression pattern of NAA into two transverse expression
omains: in whole mount these appear as a striped CZa
omprising lobules VIa/b and the lobulus simplex and a
niform CZp comprising lobule VII and the ansiform lob-
les.

he developmental profile of NAA staining

AA-immunoreactivity is first expressed in the cerebellar
rimordium as early as E8/9 (Doorn et al., unpublished ob-
ervations) but the differential expression that distinguishes
Za from CZp is restricted to the period of the E17 to P7 (Fig.
). At older ages, NAA-immunoreactivity spreads to other

obules (Fig. 3) and in the adult the distribution is dominated
y parallel fibers and basket cell axons (Fig. 1).

The expression of NAA during developmental varies
etween transverse zones. In the AZ no expression is
etected before P7: later, weak stripes of immunoreactivity
re found that persist into adulthood (data not shown).
triped NAA expression in the CZa (lobule VIa/b) emerges
t �E17 with strong immunoreactivity both in the vermis
nd hemispheres (Fig. 3A). These stripes are clearly rec-
gnizable until �P8 after which they disappear. Uniform
xpression in the CZp is present from E17 as a narrow
ransverse fiber bundle. At E17 this narrow fascicle is
estricted to the putative lobule VIb/VII boundary but
roadens to the edge of the VII/VIII boundary to occupy all
he CZp, vermis and hemispheres, by P0 (Fig. 3B). This
ascicle preceded any sign of formation of the sulcus sep-
rating VIa/b from VII (the posterior superior fissure). The
Zp remains distinct until P5 (Fig. 3C), after which time

mmunoreactivity increases in the other lobules and con-
omitantly has weakened in CZp, so that by P8 (Fig. 3D)
he distinct CZp is no longer apparent. Finally, although
here are sometimes signs of very weak NAA� stripes
n the PZ/NZ, these are not stained reliably and we have
reated these two zones as immunonegative throughout
evelopment (e.g. Fig. 2D). The same stripe array is also
een in transverse sections through the CZa of the devel-
ping cerebellum immunoperoxidase stained by using
A10 (P0, Fig. 4A; P3, Fig. 4B). In contrast, antisera

gainst phosphorylated epitopes on the 200 kDa neurofila- s
ent subunit (SMI31, e.g. Sternberger and Sternberger,
983; anti-neurofilament H, Linnarsson et al., 2001) give
niform staining, and immunoreactivity for non-phosphory-

ated neurofilament epitopes on NFH (SMI32: e.g. Stern-
erger and Sternberger, 1983; Dusart et al., 1997) is ab-

ig. 3. The perinatal development of NAA expression in the cerebel-
um as revealed by whole mount peroxidase immunocytochemistry
dorsal views). Lobules in the vermis are indicated by roman numerals.
A) NAA immunohistochemistry at E17 reveals a stripe array in the
ermis of lobules VI/VII (CZ) and the nascent lobulus simplex in the
emispheres. One pair of stripes is situated in the vermis �280 �m
ither side of the midline (1) with a second pair located �750 �m from

he midline in the hemispheres (2). In addition, a narrow NAA� fiber
ascicle runs along the edge of the prepyramidal sulcus between
obules VII and VIII (arrow). The pair of stripes adjacent to the midline
s shown at higher magnification in the inset (a). (B) At P0, the stripe
rray in the CZa is still prominent. In addition uniform immunoreactivity
as expanded to occupy all lobule VII in the vermis (the CZp), and the
ntire nascent ansiform lobule of the hemispheres (al: the intrahemi-
pheric fissures are still immature and crus I and II are fused). (C) By
5 the NAA-immunoreactivity in the CZa stripe array has begun to

ade. In the CZp, immunoreactivity is still prominent. In the hemi-
pheres, the intrahemispheric fissure has appeared in the ansiform
obule between crus I (crI) and crus II (crII), and the higher staining
ntensity differentiates the ansiform lobule from the neighboring lobu-
us simplex (ls) and paramedian lobule (pl). (D) By P8, the stripe array
n the CZa is weak, and the anti-NAA staining intensity has increased
n other parts of the cerebellum such that a distinct CZp can no longer
e discerned. Parasagittal stripes can still be seen in the CZa (lobule
Ia, b). Scale bars�1 mm (A–D); 250 �m (inset a).
ent (data not shown). Thus the differential expression
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attern is not characteristic of neurofilament antigens in
eneral.

hat is the structural basis of NAA stripes in the CZ?

here are three plausible candidates for the NAA� stripes
n the CZ, each of which is already known to be organized
n stripes in the perinatal cerebellum: climbing fibers,

ossy fibers (reviewed in Sotelo and Wassef, 1991; Sotelo
nd Chédotal, 2005) and Purkinje cell dendrites (reviewed

n Herrup and Kuemerle, 1997; Armstrong and Hawkes,
000; Larouche and Hawkes, 2006 etc.). The evidence
oes not support the hypothesis that these are mossy fiber
tripes. Mossy fibers terminate in the granular layer in the
dult (Fig. 5A). In the embryonic and perinatal cerebellum

hey form direct contacts with Purkinje cell somata but
arely extend superficially into the molecular layer (Fig.
B). Instead, they are displaced into the granular layer as
ranule cells migrate from the external granular layer. The
AA� axons clearly extend beyond the Purkinje cells into

he developing molecular layer (Fig. 5C). This can be
ompared with the distribution of mossy fibers, as revealed
y the expression of a thy1-YFP transgene (Feng et al.,
000). First, there is no co-expression of thy1-YFP and
AA (Fig. 5Dd). Next, NAA� axons clearly extend into the
olecular layer, past the Purkinje cells (Fig. 5C: and some-

imes perisomatic; for example inset Fig. 5Cc), while the
ossy fibers are confined to the immature granular layer

Fig. 5B). Similarly, the immunoreactivity is not associated
ith Purkinje cells. CaBP in the cerebellum is expressed
nly in Purkinje cells (e.g. De Camilli et al., 1984). Double

mmunofluorescence labeling for CaBP and NAA reveals
o co-expression (although the profiles are intermingled:
ig. 5C). Therefore, we hypothesize that these stripes
epresent a specific subset of climbing fiber axons. We see
o staining in the source of the climbing fibers: the inferior
livary complex (data not shown).

In sagittal views, the NAA-immunopositive axon pro-
ection (green) can be followed through the cerebellum to a

ig. 4. NAA peroxidase immunocytochemistry of 40 �m cryostat trans
howing two parasagittal stripes of expression (1, 2) in the CZa. As
oublets. Scale bar�500 �m (A, B).
istinct terminal field in the CZ (Fig. 6A, B). It is restricted c
ostrally in the nascent lobule VIa, b on the caudal face of
he primary fissure (the same place that the AZ and CZ
nterdigitate: Ozol et al., 1999). Caudally it ends abruptly at

boundary at which the prepyramidal fissure will form
etween lobules VII and VIII (Fig. 6A, B).

Marani and Voogd (1979) identify a gap in the molec-
lar layer in this region in the adult mouse, and Pax6

mmunostaining (an antigenic marker of the external gran-
lar layer and developing granule cells: Swanson et al.,
005) shows a reproducible thinning of the external gran-
lar layer in this region (Fig. 6A, B). Interestingly, this
egion of the superficial cortex is also different in that the
urkinje cells are less-well organized into a monolayer:

or example, at E18 immunoperoxidase staining using
he Purkinje cell marker ROR� (Ino, 2004) reveals a
iscontinuity in the Purkinje cell layer at same site (Fig.
C, D). It is clear that this transverse boundary predates

he formation of the prepyramidal fissure between lob-
les VII and VIII and also precedes NAA expression.
ections through the vermis immunoperoxidase stained

or Pax6 reveal the zone of thinned EGL as early as E15
Fig. 6E), which is clearly evident at E16 (Fig. 6F), E18
Fig. 6G) and P3 (Fig. 6H).

The topography of the NAA stripes can be related to
hose of antigens described previously. Most adult stripe
ntigens are not expressed in the temporal window during
hich the CZa and CZp can be distinguished (e.g. zebrin I,
awkes and Leclerc, 1987; zebrin II, Lannoo et al., 1991;
thers do not show stripes in the perinatal CZ, e.g. HSP25,
rmstrong et al., 2001; neurogranin, Larouche et al.,
006). A notable exception is phospholipase C�4, which is
xpressed in a family of (zebrin II-immunonegative) stripes
hat is consistent throughout postnatal development (Mar-
ban et al., 2007) and into adulthood (Sarna et al., 2006).
lthough all Purkinje cells in the CZ are zebrin II-immu-
opositive/PLC�4-immunonegative, stripes are clear at

he zone boundaries where the CZ interdigitates with the
eighboring AZ and PZ. In these regions it is possible to

ctions through lobule VI of the cerebellar vermis at P0 (A) and P3 (B)
ole mount views (e.g. Fig. 2B), these stripes sometimes present as
verse se
in the wh
ompare NAA stripes to the Purkinje cell compartmenta-
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ion. For example, the rostral extensions of the NAA�

tripes from VIb to VIa are clearly PLC�4-immunonegative
ith sharp and well-define boundaries (Fig. 7A, B, D–F). A
econd perinatal stripe marker is calbindin (CaBP). CaBP
s expressed in the adult cerebellum in all Purkinje cells
nd no other cells are immunoreactive (e.g. Baimbridge
nd Miller, 1982). However, in the perinatal cerebellum,
aBP expression is transiently restricted to a Purkinje cell
ubset that forms a reproducible stripe array (rat, Wassef
t al., 1985; mouse, Ozol et al., 1999). When NAA and
aBP are compared the cluster of midline Purkinje cells

hat strongly express CaBP in lobule VI is restricted to the
AA-immunonegative stripe, while NAA-immunopositive
tripes overlap with weakly CaBP-immunopositive Purkinje
ells more laterally (Fig. 7C). Finally, neurogranin is a
urkinje cell stripe marker in the perinatal cerebellum

Larouche et al., 2006). The neurogranin stripe array aligns
ith that revealed by anti-NAA staining (Fig. 7G–I), al-

ig. 5. Stripes of NAA immunoreactivity in the developing CZa are ne
hrough the adult cerebellum a thy1-YFP transgene (green) is express
atter tracts (wm), which terminate in synaptic glomeruli in the gran
olecular layer (ml: Purkinje cell dendrites are immunofluorescence st
sagittal section through the P3 cerebellum, mossy fiber axons that e

ayer and Purkinje cell multilayer (pcl: anti-CaBP, red), and rarely exte
hrough the P3 cerebellum. In contrast to the mossy fibers, NAA� axo
y using anti-CaBP, red) to reach the immature molecular layer. They
f NAA and CaBP. (c) At a higher magnification NAA� axons terminal a
agittal section through the cerebellar vermis of a thy1-YFP transgenic
o-expression: thy1-YFP-expressing mossy fibers are restricted to t
olecular layer (ml). The inset (d) shows tissue from the same region
0 �m (inset c); 20 �m (inset d). For interpretation of the references to c
hough the same structures are not co-labeled (anti-NAA w
abels axons; neurogranin is expressed in Purkinje cells:
ee Fig. 5C).

hat is the structural basis of uniform NAA staining
n the CZp?

s seen by using whole mount NAA immunohistochemis-
ry the intense uniform NAA-immunoreactivity in lobule VII
s localized to a bundle of fibers running parallel to the long
xis of the folia (Fig. 8A). The fibers can also be seen in
ections (sagittal, Fig. 8B; transverse, Fig. 8C). The bundle
s situated superficially on the cerebellar cortex, external to
he Purkinje cells (Fig. 8B, C), sandwiched between the
urkinje cells and the external granular layer (Fig. 8B, C).
herefore, we conclude that the homogeneous fiber bun-
le immunostaining in the CZp is associated with a specific
opulation of parallel fiber axons. This is consistent with

he NAA expression pattern in the adult cerebellum (Fig. 1),

ciated with mossy fibers nor Purkinje cells. (A) In transverse sections
ssy fibers. The fluorescence is seen in mossy fiber axons of the white
r (gl) but do not extend through the Purkinje cell layer (pcl) into the
using anti-PLC�4, red; Sarna et al., 2006). (B) In a confocal image of
e thy1-YFP transgene (green) are restricted to the immature granular
d into the molecular layer. (C) A confocal image of a sagittal section
(green) extend well beyond the Purkinje cell multilayer (pcl: revealed
beneath the external granular layer (egl). There is no co-expression

urrounding the Purkinje cell somata. (D) A confocal image of a 40 �m
(green) at P3, immunofluorescence stained for NAA (red), reveals no
lar layer (gl) and white matter tracts; NAA� axons extend into the
her magnification. Scale bars�50 �m (A); 50 �m (C); 50 �m (B, D);
is figure legend, the reader is referred to the Web version of this article.
ither asso
ed in mo
ular laye
ained by
xpress th
nd beyon
ns at P3
terminate
re seen s
mouse

he granu
hich also shows parallel fiber immunoreactivity. Also con-
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istent with this interpretation, double immunofluorescence
taining with anti-NAA and anti-Pax6 revealed that a small
ubset of granule cells in the granular layer also is NAA-
mmunopositive (Fig. 8D, E).

DISCUSSION

he Purkinje cells of the CZ have three distinguishing

ig. 6. (A, B) The NAA� putative climbing fibers in the CZ can be fol
arker of the external granular layer and developing granule cells. A

tained for Pax6 (red) and NAA (green) shows the NAA� climbing fibe
he primary fissure (arrowhead), extends through nascent lobules VI/V
ssure will form between lobules VII and VIII (the CZ/PZ boundary:
xternal granular layer over the CZp is thinner than over neighboring
tained for ROR�, a specific marker of embryonic Purkinje cells (Ino, 2
o the caudal restriction boundary for the NAA� climbing fiber proje
erebellum that will become lobule VII in the vermis can be traced in
egion of thinned EGL is indicated by arrows and shown at higher mag
3 (H). Scale bars�100 �m (B); 250 �m (A, C); 100 �m (D); 250 �m

egend, the reader is referred to the Web version of this article.
eatures: all are zebrin II�, all are PLC�4�, and there is a S
tripe array revealed by expression of HSP25. Until now,
espite minor complications due to interdigitating stripes
rom neighboring zones, there has been no reason to think
hat the CZ was not a single zone. In particular, previous
tudies of expression patterns reveal no evidence of a
ifference between lobules VI and VII (e.g. zebrin II, all
urkinje cells are immunopositive (e.g. Ozol et al., 1999;

sagittal sections at E18 immunostained for NAA and Pax6. Pax6 is a
section through the cerebellum at E18 double immunofluorescence

ion to the CZ. The terminal field begins rostrally in the caudal face of
rms a sharp boundary caudally in the vermis where the prepyramidal
by a slight indentation of the cortical surface; arrow). Note that the
, D) Sagittal views of the E18 mouse cerebellum immunoperoxidase

ap is present in the Purkinje cell multilayer (arrow), which corresponds
H) A thinning of the external granular layer over the region of the

ections through the vermis immunoperoxidase-stained for Pax6. The
in the insets, and is seen as early as E15 (E), E16 (F), E18 (G) and
00 �m (H). For interpretation of the references to color in this figure
lowed in
sagittal

r project
II and fo

indicated
zones. (C
004). A g
ction. (E–
sagittal s
nification
(E–G); 5
illitoe and Hawkes, 2002); PLC�4, all are immunonegative
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Sarna et al., 2006); HSP25, continuous stripes of expression
xtend uninterrupted across VI and VII (adult, Armstrong et
l., 2000: all Purkinje cells in the CZ are HSP25� in the
eonate, Armstrong et al., 2001); L7-pcp2-lacZ, all nega-
ive in the adult, all positive in the neonate, Ozol et al.,
999 etc.). The present data, however, point to a hitherto
nappreciated, reproducible subdivision of the CZ into an
nterior portion—the CZa—characterized in whole mount
AA immunocytochemistry by stripes of climbing fiber ter-
inals, and a posterior portion—the CZp—distinguished
y a unique set of parallel fibers. Such a distinction be-
ween lobules VI and VII is commonly drawn in human
natomy: the declive (�lobule VI in mouse) and hemi-
pheric posterior quadrangular lobule are grouped to-
ether as the lobulus simplex (to reflect that there is no
lear separation of vermis and hemispheres), and are
istinct from the more caudal lobules of vermis; the folium
nd tuber and hemispheric semilunar lobules (�lobule
II�ansiform lobules).

Evidence for stripes of climbing fiber terminals comes
rimarily from anterograde tracing studies. There are also

ig. 7. The stripe topography of the NAA� putative climbing fiber proj
xpression in the CZa (lobules VIa, b) and uniform expression in the CZ
urkinje cell stripes in lobule VIa. These are the posterior extensions of
t al., 2007). (C) Transverse section through lobule VI at P0 double im
luster of Purkinje cells that strongly expresses CaBP with weak CaBP
eakly-CaBP immunoreactive clusters but not in the strongly immun

mmunofluorescence at P4 stained for NAA (D), PLC�4 (E), and the m
n PLC�4-immunonegative Purkinje cell stripes. (G–I) Transverse sect
eurogranin (H), and the merged image of G and H (I). The NAA� ax

erminal field, neurogranin and NAA are not co-expressed. Scale bars�
o color in this figure legend, the reader is referred to the Web versio
eports of stripes of climbing fibers that express particular O
ntigenic markers, both in the neonate (e.g. Wassef et al.,
992a,b) and the adult (e.g. corticotropin releasing factor:
ing et al., 1997). In some cases, climbing fiber terminal
eld stripes have been shown to align with stripes of Pur-
inje cells (Gravel et al., 1987; Wassef et al., 1992a,b:
pps, Voogd et al., 2003; Pijpers et al., 2006; Sugihara
nd Quy, 2007 etc.).

Climbing fiber growth cones first enter the cerebellum
t around E15 (Paradies and Eisenman, 1993), where they
ontact the embryonic Purkinje cell clusters, thereby es-
ablishing the olivocerebellar topography. Immunocyto-
hemical studies have revealed ordered climbing fiber pro-

ections from E15 (Paradies and Eisenman, 1993: re-
iewed in Sotelo and Chédotal, 2005). This distinction
isappears along much the same timelines as do the
tripes of NAA expression. Although the whole mount ap-
earance seems to restrict the climbing fiber projection to
he CZa (e.g. Fig. 2), sagittal sections through the CZ
eveal NAA� climbing fibers with terminal fields that ex-
ends throughout lobule VII but do not significantly enter
obule VIII (i.e. restriction rostral to the CZ/PZ boundary:

) Whole mount NAA immunostaining of the CZ at P5 showing striped
VII). (B) Whole mount PLC�4 immunostaining of the CZ at P5 showing
stripes of the AZ (for more details and stripe terminology, see Marzban
orescence labeled for CaBP (red) and NAA (green) shows a midline
ion in the neighboring stripes. The NAA� axons ramify throughout the

medial cluster. (D–F) Transverse section through lobule VI double
age of D and E (F) reveals that NAA� axons terminate preferentially

gh lobule VI double immunofluorescence at E18 labeled for NAA (G),
inate in the neurogranin-immunoreactive stripes, although within the
(A, B); 100 �m (C); 100 �m (D–I). For interpretation of the references
rticle.
ection. (A
p (lobule
the P1�

munoflu
express

oreactive
erged im

ion throu
ons term
zol et al., 1999: Fig. 6). The notion that the climbing fiber
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opography is not restricted at the CZa/CZp boundary is
onsistent with previous anterograde mapping studies that
how no discontinuities in the region (e.g. Voogd and
uigrok, 2004; Sugihara and Quy, 2007).

The data reveal a distinct expression domain for NAA
hat is associated with a subset of parallel fibers, restricted
o the CZp in lobule VII of the vermis and its hemispheric
xtensions as the ansiform lobules. Several possible ex-
lanations for this finding can be advanced. First, we can
ostulate a distinct granule cell population associated with
Zp. There is substantial evidence for multiple granule cell
ub types (e.g. nNOS is expressed in topographically or-
ered clusters and stripes of granule cells, Schilling et al.,
994; Hawkes and Turner, 1994; Sillitoe et al., 2003 etc;
MDA receptor subunit NR2C-lacZ transgene is ex-
ressed in stripes of granule cells in the immature granular

ayer, Karavanova et al., 2007; reviewed in Ozol and
awkes, 1997). However, clonal analysis of granule cells

n murine x-inactivation chimeras provides no evidence of
lineage restriction boundary in lobule VII (Hawkes et al.,

ig. 8. Expression of NAA in parallel fiber axons of lobule VII (CZp
mmunoreactivity in lobule VII is localized to a bundle of fibers running
he vermis at P5 immunoperoxidase stained by using anti-NAA. Immun
nd reaction product is also deposited in the immature molecular laye

mmunofluorescence stained for NAA. The confocal image reveals it to
ayer (ml), sandwiched between the Purkinje cell layer (pcl) and the
taining of a sagittal section through lobule VII for Pax6 (red) and NAA
n granule cells in the immature granular layer (igl). In most cases, the P
ell somata are double labeled: there does not appear to be any topogra
uperior fissure; ppf�prepyramidal fissure; sf�secondary fissure. S

nterpretation of the references to color in this figure legend, the read
999). It therefore seems more plausible that differential s
AA expression by a granule cell subset is secondary to its
ocal environment. First, this could be an interaction be-
ween granule cells and their local Purkinje cell popula-
ion. Alternatively, granule cells may modulate their ex-
ression patterns in response to their afferent input from
ossy fibers: for example, there is evidence that the
euronal nitric oxide synthase expression by granule
ell subsets is modulated by mossy fiber input (Schilling
t al., 1994; Baader and Schilling, 1996). In either case,
reproducible topographical pattern of expression might
e expected. Because parallel fibers can be very long
e.g. Brand et al., 1976; Mugnaini, 1983) it is not possi-
le to determine which granule cells in the CZp express
arly NAA immunoreactivity. The occasional NAA�

ranule cell somata we observe (e.g. Fig. 8D, E) show
o obvious stripe restriction.

The evidence that the EGL is unusually thin over lobule
II as early as E15 suggests that the unique features of
arallel fibers in the lobulus simplex may pre-date afferent

nput. Several markers reveal differences between EGL

ostnatal cerebellum. (A) In whole mount, the intense uniform NAA
to the long axis of the folia. (B) A 200 �m thick sagittal slice through
e axons can be seen in the white matter tract leading to lobules VI/VII
le VII (inset). (C) A transverse section through the transverse bundle
osed of fine axonal processes concentrated in the immature molecular
ial external granular layer (egl). (D, E) Double immunofluorescence
Pax6 expression is seen in both the external granular layer (egl) and
NAA immunoreactivities do not overlap. However, occasional granule
striction to their mediolateral distribution. Abbreviations: psf�posterior
�1 mm (A) 500 �m (B); 50 �m (C); 25 �m (D); 20 �m (E). For
rred to the Web version of this article.
) in the p
parallel
oreactiv
r of lobu
be comp
superfic
(green).
ax6 and
phical re
ubpopulations (e.g. Otx1/2, Frantz et al., 1994; reviewed
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n Ozol and Hawkes, 1997; receptor protein tyrosine phos-
hatase and acidic fibroblast growth factor, McAndrew et
l., 1998). None is specific to lobule VII. Furthermore, the
eason that the EGL is thin over lobule VII is unclear. There
s no evidence that the thin EGL (and early parallel fiber
AA expression) is due to the early maturation of this

egion as a whole; on the contrary, the Purkinje cells here
re among the last to settle into a monolayer (see Fig. 6C,
: Vastagh et al., 2005 etc.). Likewise, it is not simple to

elate the morphology of the EGL to that of the underlying
urkinje cells. There is no evidence that the Purkinje cell
opulations are different between CZa and CZp (e.g.
SP25, Armstrong et al., 2000; zebrin II, Sillitoe and
awkes, 2002; PLC�4, Sarna et al., 2006 all show no
iscontinuity). Thus, if the early NAA expression in the CZp

s a reflection of the underlying Purkinje cell environment,
hy is it not seen in lobules VIa, b as well? The one
xception to the idea that the Purkinje cell stripes are
omogeneous through the whole CZ is the expression of
ph receptors and ephrins in transverse bands in the
erinatal cerebellum that correspond to presumptive lob-
les (Rogers et al., 1999). In particular, expression of
phA3 and EphA5 receptors delineates the presumptive
II. The cellular substrate is presumably the Purkinje cells,
ut this is not certain.

CONCLUSION

n conclusion, these data indicate that there are more
ransverse boundaries in the cerebellum than have been
ppreciated. In support of this general notion, we recently
eported a fifth transverse zone—the lingular zone—that is
nique to birds (pigeon, Pakan et al., 2007; hummingbird,

waniuk et al., 2007; chicken, Marzban et al., manuscript in
reparation), in which zebrin II/PLC�4 expression distin-
uishes lobule I (the lingula) from the AZ (lobules II–V).
everal investigators have noted that hypoplasia of lobule
I is characteristic of patients with autism (e.g. reviewed in
ourchesne et al., 2004): the present identification of a
nique transverse zone in this region therefore also takes
n potential clinical implications.
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