J. Anat. (2003) 203, pp283-296

Zebrin Il compartmentation of the cerebellum in
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Abstract

The mammalian cerebellum is histologically uniform. However, underlying the simple laminar architecture is a
complex arrangement of parasagittal stripes and transverse zones that can be revealed by the expression of zebrin
Il/aldolase C. The cerebellar cortex of rodents, for example, is organized into four transverse zones: anterior, cen-
tral, posterior and nodular. Within the anterior and posterior zones, parasagittal stripes of Purkinje cells expressing
zebrin Il alternate with those that do not. Zonal boundaries appear to be independent of cerebellar lobulation.
To explore this model further, and to broaden our understanding of the evolution of cerebellar patterning, zebrin
Il expression has been studied in the cerebellum of the Madagascan hedgehog tenrec (Echinops telfairi), a basal
insectivore with a lissiform cerebellum with only five lobules. Zebrin Il expression in the tenrec reveals an array of
four transverse zones as in rodents, two with homogeneous zebrin Il expression, two further subdivided into
stripes, that closely resembles the expression pattern described in other mammals. We conclude that a zone-and-
stripe organization may be a common feature of the mammalian cerebellar vermis and hemispheres, and that
zonal boundaries and cerebellar lobules and fissures form independently.
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et al. 1994), is the most extensively studied marker of
cerebellar compartmentation (reviewed in Armstrong
& Hawkes, 2000). Zebrin Il expression is restricted to a
subset of Purkinje cells that are organized into zones

Introduction

The mammalian cerebellum is histologically uniform
and the cytoarchitectural organization is similar

through all lobules of the vermis and hemispheres. A
complex arrangement of parasagittal stripes and trans-
verse zones underlies this relatively simple cellular
organization. This can be revealed using physiological
mapping, anatomical tracing, mutational analysis and
molecular markers (e.g. Voogd et al. 1996; Voogd &
Glickstein, 1998). The antigen zebrin Il (Brochu et al.
1990; Leclerc et al. 1992), which cloning studies have
shown to be the respiratory isoenzyme aldolase C (Ahn
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and stripes. In rodents, zebrin Il expression domains
divide the vermis into four transverse zones — the
anterior zone (AZ: ~ lobule I-V), the central zone (CZ:
~ lobule VI-VII), the posterior zone (PZ: ~ lobule VIII-IX)
and the nodular zone (NZ: ~ lobule X). The AZ and PZ
are further subdivided from medial to lateral, into an
array of parasagittal stripes (rat, Brochu et al. 1990;
mouse, Eisenman & Hawkes, 1993; Ozol et al. 1999; Sil-
litoe & Hawkes, 2002; guinea-pig, Larouche et al. 2003;
hamster, Marzban et al. 2003). A similar compartmen-
tation is seen in opossum (Doré et al. 1990), rabbit
(Sanchez et al. 2002) and cat (Sillitoe et al. 2003). The
expression of zebrin Il in the hemispheres of rodents
suggests that similar transverse boundaries are present
to those in the vermis. The parasagittal organization in
the hemispheres is also homologous with that in the
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vermis — an anterior striped zone comprising the ante-
rior lobe and crus I, a homogeneous central crus Il, a
striped posterior zone (the paramedian lobule) and a
homogeneous paraflocculus and flocculus.

In the present investigation a whole mount immuno-
histochemical technique originally developed for the
analysis of mouse cerebella (Sillitoe & Hawkes, 2002)
has been applied to study compartmentation in the
cerebellum of the Madagascan lesser hedgehog tenrec
Echinops telfairi. Tenrecs are nocturnal animals, weigh-
ing slightly less than a rat, found exclusively in the
western and south-western regions of Madagascar
(Eisenberg & Gould, 1970). Echinops telfairi belongs to
the subfamily Tenrecinae, themselves members of a
large family of insectivores, the Tenrecidae, which has
radiated such that they resemble widely diverse mam-
malian species, both morphologically and ecologically,
including hedgehogs, shrews, opossums and mice. Clas-
sically, the tenrecs are considered insectivores, but
more recent studies have placed them within the
superorder Afrotheria (Mouchaty et al. 2000; Murphy
et al. 2001; Douady et al. 2002; Malia et al. 2002). A grow-
ing body of molecular evidence supports the idea of
polyphyletic insectivora, with tenrecs grouped within
an 'African clade’ of mammals that excludes several
other insectivore families (Stanhope et al. 1998; van
Dijk et al. 2001).

The tenrec cerebellum is of interest for two reasons.
First, there are no previous reports of molecular com-
partmentation of the insectivore cerebellum. It thus
affords the opportunity to extend our phylogenetic
comparisons of cerebellar compartmentation. Secondly,
unlike cerebella studied to date, the tenrec cerebellum
lacks most lobulation in the vermis and hemispheres of
the posterior lobe (Bauchot & Stephan, 1970; Stephan
et al. 1991). Historically, the fissures and lobules in the
cerebellum have been used to compartmentalize the
cerebellum (e.g. Larsell, 1970; Altman & Bayer, 1997).
Therefore, the tenrec allows us to consider cerebellar
compartmentation in the absence of lobules, and to
explore the potential reciprocal relationships between
transverse expression boundaries and fissuration.

Materials and methods

Perfusion and sectioning

Eight Madagascan lesser hedgehog tenrecs (Echinops
telfairi, weighing between 80 g and 160 g) obtained

from our breeding colony in Munich, Germany (Klnzle,
1998), were deeply anaesthetized with an intraperito-
neal injection of tribromoethanol (1.0 mL/100 g) and
killed by transcardiac perfusion with an initial rinse
using 0.9% saline followed by 4% paraformaldehyde
(pH 7.4: seven cases) or 10% formalin (one case). The
brains were removed from the skull and immersion
fixed and stored in 4% paraformaldehyde at 4 °C. Six
cerebella were processed for whole mount immunohis-
tochemistry and two were processed for free-floating
immunohistochemistry and histological staining. All
animal procedures conformed to German laws on the
protection of animals.

Before sectioning, the cerebella were cryoprotected
through graded sucrose solutions: 10% (2 h), 20% (2 h
or until the cerebellum sank) and 30% (until the cere-
bellum sank) at 4 °C. The tissue was then frozen in OCT
embedding compound (VWR, Mississauga, Ontario,
Canada). Serial sections were cut in the sagittal (30 um) and
horizontal (40 um) planes and collected on gelatin-coated
slides for histological staining and in phosphate-
buffered saline (PBS; Sigma, St Louis, MO, USA) for free-
floating immunohistochemistry.

Histology

Frozen tissue sections were stained for myelin and
counterstained with cresyl violet following the methods
of Schmued (1990).

Immunohistochemistry

Sections were rinsed three times in PBS for 5 min each,
incubated in 30% H,0, for 10 min at room temper-
ature (RT) and again rinsed three times in PBS (5 min
each). Sections were then blocked in 10% normal goat
serum in PBS for 3 h at RT. Following blocking, sections
were incubated at RT overnight in anti-zebrin Il anti-
body. Anti-zebrin Il is a mouse monoclonal antibody
produced by immunization with a crude cerebellar
homogenate from the weakly electric fish Apterono-
tus (Brochu et al. 1990): it was used directly from
spent hybridoma culture medium at a concentration
of 1:200. Following three 5-min rinses in PBS, sec-
tions were incubated in horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse immunoglobulin (diluted
1:200 in 10% normal goat serum, Jackson Immuno-
Research Laboratory, West Grove PA, USA) for 3 h at RT.
Staining was visualized by incubation in 0.5 mg mL™
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diaminobenzidine (DAB; 10 mg tablets, Sigma), 0.5
uL mL™ 30% H,0, in PBS until the desired colour intens-
ity was achieved. Sections were then mounted in Entel-
lan mounting media (E.M. Science, Gibbstown, NJ,
USA) and allowed to dry.

Photomicrographs were captured with a SPOT Cooled
Color digital camera (Diagnostic Instruments Inc., Sterling
Heights, MI, USA) mounted on a Zeiss Axioplan Il micro-
scope. Images were assembled in Adobe Photoshop
4.0, and then cropped and corrected for brightness and
contrast but not otherwise manipulated.

Whole mount immunohistochemistry

Whole mount immunostained tissue was processed
using a slightly modified protocol originally designed
for screening mutations in the mouse cerebellum
(Sillitoe & Hawkes, 2002). Cerebella were post-fixed
overnight at 4 °C in Dent’s fixative (four parts absolute
methanol (MeOH): one part dimethysulphoxide (DMSO);
Dent et al. 1989). Next cerebella were incubated in
Dent's bleach (four parts MeOH: one part DMSO: one
part 30% H,O,; Dent et al. 1989) for ~6 h at RT then
dehydrated twice for 30 min each in 100% MeOH at
RT. The tissue was passed through 4-5 cycles of chilling
to —80 °C and thawing to RT in 100% MeOH followed
by overnight incubation in MeOH at —80 °C. Next, the
tissue was rehydrated for 90 min each in 50% MeOH,
15% MeOH, and PBS then enzymatically digested in
10 ug mL™" proteinase K (> 600 units mL™"; Boehringer
Mannheim) in PBS for 5min at RT. After rinsing
three times for 30 min each in PBS, the tissue was incu-
bated in blocking buffer (Davis, 1993) overnight at 4 °C.
The tissue was then incubated for 48-96 h in anti-zebrin
Il antibody (Brochu et al. 1990; 1 : 200), rinsed three times
for 2 h each at 4 °C, and incubated for 48-72 h at 4 °C
in secondary antibody (1 : 200, Jackson ImmunoResearch).
Finally, the tissue was rinsed four times for 3 h each at
4 °C followed by a final overnight rinse, incubated in PBT
(0.2% bovine serum albumin, 0.1% Triton X-100 in PBS;
Davis, 1993) for 2 h at RT, and antibody binding sites
revealed with DAB and 0.5 uL mL™" 30% H,O,.

Whole mount photomicrographs were captured
with a SPOT digital camera (Diagnostics Instruments
Inc.) mounted on a Zeiss Stemi SV6 microscope.
Cerebella were photographed immersed in PBT,
with incident illumination. Montages were assembled
in Adobe Photoshop 4.0. Schematics were drawn
using Adobe lllustrator 8.0 and are based upon the
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morphology of whole mount immunoperoxidase-
stained cerebella.

Results

The mammalian cerebellum, as described by Larsell
(1970), is classified into 10 lobules (indicated by the
Roman numerals I-X). Three principal fissures, the pri-
mary fissure (located between lobules V and VI), sec-
ondary fissure (located between lobules VIII and IX)
and the posterolateral fissure (located between lobules
IX and X), show strong homology across the mammalia
and are easily recognized by their positions and prom-
inence. Hemispheric lobules are named and linked to
putative vermal equivalents: the anterior lobules are
usually unpaired, lobule VI is paired with the lobulus
simplex, lobule VII with the lobulus ansiformis (crus
I and crus II), lobule VIII with the paramedian lobule,
lobule IX with the paraflocculus, and lobule X with the
flocculus.

The tenrec cerebellum is only slightly larger than the
cerebellum of mouse (~8 mm in width). In general, the
structure of the cerebellum resembles that of other
small mammals. The vermis extends along the entire
antero-posterior extent of the cerebellum. Laterally,
the hemispheres are large and extend outwards from
the anterior and posterior lobe vermis. Even more later-
ally, a prominent paraflocculus sits adjacent and parti-
ally ventral to the hemispheres. As in other mammals,
lobules and fissures extend transversely across the ver-
mis of the anterior and posterior lobe. However, in the
central vermis and the hemispheres, fissures are absent
and most of the posterior lobe vermis and all the hemi-
spheres are lissiform (Fig. 1). Similarly, no longitudinal
furrows separate the vermis and hemispheres of the
posterior lobe. Because of the morphological similar-
ities of the cerebellum, we have adapted the lobule
nomenclature previously employed for another insecti-
vore, the shrew Sorex cinereus (Larsell, 1970), despite
the more modest lobulation in Echinops telfairi (see
Bauchot & Stephan, 1970; Stephan et al. 1991). In the
anterior lobe, lobule |-l are fused and separated from
lobule IV-V (also undifferentiated) by the preculmin-
ate fissure (Fig. 1A,D). Lobules IV-V and VI-VIII are
separated by the deep primary fissure (Fig. 1A,D). Lob-
ules VI, VIl and VIII cannot be distinguished (Fig. 1B; at
the microscopic level there is occasionally an additional
tiny fissure, possibly separating lobule VI-VII from lob-
ule VIII: see also Bauchot & Stephan, 1970). The rostral
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Fig. 1 The morphology of the adult tenrec cerebellum views seen
from the anterior (A), dorsal (B) and posteroventral (C) and on
a midsagittal section stained for myelin and counterstained
for cresyl violet (D, from the region indicated in A). (A) Lobules
I-1Il, IV=V and VI-VIIl are undifferentiated and are not separated
by fissures. (B) In the hemispheres, the presumed hemisphere
lobule VI (pHVI) is not separated from the posterior hemispheric
lobules that are themselves fused. (C) The paraflocculus is
prominent and extends laterally away from the hemispheres
while the flocculus is hidden from view. (D) Five lobules are
present in the tenrec cerebellum (I-l1, IV-V, VI-VIII, IX and X).
At the midsagittal level four fissures are prominent: preculminate,
primary, secondary and the posterolateral fissure. The lobules
are indicated by Roman numerals. Abbreviations: f.pc.,
preculminate fissure; f.pr., primary fissure; f.s., secondary
fissure; f.pl., posterolateral fissure; pfl, paraflocculus. Scale
bars:B=1mm (A, B,D);C=1mm,D=1mm.

portion of lobule VI-VIII (referred to below as the pre-
sumptive lobule VI (pVI)) overhangs the superior sur-
face of lobule IV-V (Fig. 1D). Caudally, lobule VI-VIII
are divided from the prominent lobule IX by the sec-
ondary fissure (Fig. 1B,D). The most posterior fissure is
the posterolateral fissure (Fig. 1C,D) between lobule IX
and X.

The morphology of the anterior hemispheres in Echi-
nops telfairi is similar to rodents (each vermian lobule
is accompanied by a corresponding hemispheric lob-
ule). The hemispheric extension of lobule VI is pro-
minent in Echinops telfairi and is not separated by a
posterior superior fissure from the more posterior crus
I and crus Il (Fig. 1B). As in the vermis, the posterior lobe
hemispheres are poorly lobulated. No overt fissure sep-
arates the posterior lobe vermis from the hemispheres.
Unlike other mammals (see Voogd et al. 1996), no dis-
continuity was observed at the transition from the ver-
mis of presumed lobule VII (pVII) to the hemispheres of
presumed lobule VII (pHVII). The posterolateral fissure
separating lobules IX and X of the vermis extends lat-
erally to separate the prominent paraflocculus (Fig. 1A)
from the flocculus. The paraflocculus and flocculus are
anatomically continuous with lobules IX and X, respec-
tively. The flocculus is located ventrocaudal to the
paraflocculus at its connection with the vermis and
extends rostrally to lie medial to the paraflocculus.

Zebrin Il expression in the tenrec cerebellum

As in all mammals studied to date, zebrin Il immuno-
reactivity is expressed in Purkinje cells of the tenrec
cerebellum (Fig. 2A). Immunoperoxidase reaction pro-
duct is deposited in all three laminae of the cerebellar
cortex. In the molecular layer, reaction product is heavily
deposited in the dendrites of Purkinje cells. In the
Purkinje cell layer, the somata of Purkinje cells are
strongly reactive for zebrin Il (their nuclei are all non-
reactive), and in the granular layer Purkinje cell axons
also express zebrin Il (arrow, Fig. 2A), which extend
into the white matter tracts (Fig. 2B) and into the deep
cerebellar nuclei (Fig. 2C). Zebrin Il reactive axons are
prominent from the point at which they exit the basal
portion of the Purkinje cell somata. They then leave the
dense plexus of stained processes located below the
Purkinje cell layer (arrowhead, Fig. 2D), converge in
the granular layer and extend as fascicles into the
white matter. Reaction product is heavily deposited in
Purkinje cell axon terminals within the cerebellar
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Fig. 2 Zebrin Il expression by Purkinje cells in the tenrec
cerebellum as viewed in immunoperoxidase-stained horizontal
sections. (A) The expression of zebrin Il in the vermis of lobule
IV-V. All Purkinje cells are immunoreactive in this field. No
other cells in the cerebellar cortex are stained. Reaction
product is deposited heavily in the dendrites in the molecular
layer (ml) and the somata in the Purkinje cell layer (pcl).
Purkinje cell axons in the granular layer (gl) are also
immunoreactive (arrow). (B) Zebrin Il immunoreactivity in the
cut profiles of Purkinje cell axons located in the white matter
is seen as tracts. (C) Staining in the cerebellar and vestibular
nuclei is as punctate deposits around the somata of neurons (s),
consistent with the distribution of Purkinje cell axon terminals.
(D) Zebrin Il immunoreactivity is detected in the cytoplasm
of the Purkinje cell somata but not the nuclei. Immunoreactive
Purkinje cell axons (arrows) exit the somata and converge

in the granular layer forming small fascicles. Occasionally,
axons and recurrent axon collaterals form a dense plexus
directly beneath the Purkinje cell layer (arrowhead).
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and vestibular nuclei (Fig. 2C). There is no apparent
staining of astrocytes in the tenrec cerebellum: some
glial immunoreactivity has been described in other spe-
cies (e.g. mouse, Walther et al. 1998; hamster, Marzban
et al. 2003).

Not all Purkinje cells in the tenrec cerebellum express
the same levels of zebrin Il immunoreactivity. In the
molecular and Purkinje cell layers, immunostaining in
the dendrites and somata reveals a symmetrical array
of bands interrupted by Purkinje cell stripes that are
either weakly immunoreactive (e.g. the arrow in lobule
IV-V in Fig. 2E) or completely non-reactive (e.g. the
arrow in the caudal part of lobule VI-VIII (pVIIl) in
Fig. 2E). In other regions, all Purkinje cells are strongly
reactive for zebrin Il (in some regions of the cerebellar
cortex, immunoreactivity was observed in Purkinje cell
somata but was absent from the distal dendrites, e.g.
stripes in the vermis of pVIIl (Fig. 2E): from the point
of view of defining zones and stripes these specific
areas have all been deemed zebrin ll-immunoreactive).
Exclusion of the zebrin Il antigen from dendrites has
been noted in both guinea-pig (Larouche et al. 2003)
and cat (Sillitoe et al. 2003), and reflects subcellular
compartmentation of zebrin Il rather than a staining
artefact. The general proportions and distributions of
the anti-zebrin Il immunoreactive stripes are consistent
with those previously described in other mammals
(rat, Brochu et al. 1990; mouse, Eisenman & Hawkes,
1993; rabbit, Sanchez et al. 2002; hamster, Marzban
et al. 2003; cat, Sillitoe et al. 2003). Therefore, the same
nomenclature has been adopted for the tenrec, label-
ling the zebrin ll-immunopositive regions of the vermis
P1+ to P3+, and the positive regions of the hemispheres
P4+ to P7+. Zebrin ll-immunonegative regions are
numbered P1- to P6- according to the neighbouring,
medially located, immunopositive stripe.

(E) Low-power view of the vermis of presumptive lobules V
(pV) and VIII (pVIIl). Zebrin Il expression is restricted to a
Purkinje cell subset that forms a symmetrical array of stripes.
Stripes of non-reactive Purkinje cells (e.g. arrow in lobule
pVIII) interrupt immunoreactive Purkinje cell stripes. The P1+
(midline) and two laterally located P2+ and P3+ stripes are
labelled. Note that in the ‘negative’ stripes (e.g. P1-) the
Purkinje cell somata may be weakly reactive for zebrin II
(e.g. arrow in lobule pV) and the distinction between stripes
depends largely on the dendritic immunoreactivity in the
molecular layer. In the white matter (wm), the axons of zebrin
ll-immunoreactive Purkinje cells form symmetrically organized
fascicles on either side of the midline (for the same in rat, see
De Camilli et al. 1984; see also Voogd, 1969). Scale bar = 100 um
in A; 50 um in B (also applies to C and D); 250 um in E.
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Fig. 3 Whole mount zebrin Il peroxidase immunohistochemistry of the adult tenrec cerebellum; (A,C) whole mounts, and (B,D)
schematics. Peroxidase reaction product is deposited in a subset of Purkinje cells that are arranged into an elaborate array of
zones and stripes. Heavily reactive stripes are shown in black and weakly reactive stripes are shown in grey. Dotted lines indicate
inconsistent labelling. Whole mount views show staining of the Purkinje cell dendrites arranged parasagittally in the molecular
layer. Although reaction product is also deposited in the somata and axons of Purkinje cells, this staining cannot be seen from
the surface. Anterior (A,B) and posterior (C,D) views of the cerebellum. Each whole mount on the left corresponds to the
schematic on the right. The schematics are a composite of data derived from high-power whole mount and tissue section
immunostaining. Cerebellar vermian lobules I-IX are indicated by Roman numerals (lobule X is hidden from view in C but
reflected outwards in D): pfl = paraflocculus, fl = flocculus. The zebrin ll-immunoreactive stripes P1+ to P7+ are labelled (as 1-7
for clarity). Note that although all Purkinje cells in the paraflocculus express zebrin Il, the level of expression is lower anteriorly
(see Fig. 9). The slanted lines in the paraflocculus (D) indicate acellular regions, as found in many other mammals (see Voogd et al.
1996). The approximate extents of the transverse zones in the vermis are indicated in the schematics: anterior zone (AZ), central
zone (CZ), posterior zone (PZ) and nodular zone (NZ). The scale bar in D = 1 mm (applies to whole mounts and schematics).

Organization of the vermis

Four distinct zebrin Il-expressing transverse domains
can be identified in the tenrec vermis — the anterior
zone (AZ: ~ lobule I-V; Fig. 3A,B), the central zone (CZ:
~ pVI-pVII; Fig. 3A-D), the posterior zone (PZ: ~ pVIII,
lobule IX; Fig. 3C,D) and the nodular zone (NZ: ~ lobule
X; Fig. 3C,D), similar to those in mice (Ozol et al. 1999).
Transitions between zones, as in rodents (e.g. Ozol
et al. 1999), are comprised of interdigitating zebrin
ll-positive and -negative stripes, and as a result the
boundaries are not sharply delineated.

Anterior zone

Despite the presence of undifferentiated lobules (lob-
ule I-1lIl and IV-V) in the anterior lobe, the AZ of tenrec
(Fig. 4A,C,E) resembles that of mouse, with a strongly
zebrin ll-immunoreactive midline band (P1+) and a
strong flanking band laterally to either side (called
P3+: see Ozol et al. 1999). P1+ straddles the midline,
and P3+ lies laterally (distance from the midline is
~625 um - lobule I-lll; ~750 um - lobule IV-V). As in
mouse, a short P2+ stripe is seen in lobule IV-V anterior
to the primary fissure. In rodents, this cannot be traced
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Fig. 4 The topography of the anterior zone (AZ) of the vermis.
(A) Zebrin ll-immunoreactive Purkinje cells in the AZ, shown in
whole mount. An array of zebrin |l parasagittal stripes extends
through all lobules anterior to the primary fissure (f.pr.). The
arrow indicates the weak P2+ stripe and dashed lines indicate
the approximate levels of the sections shown in B-E. (B)
Horizontal section through the boundary between the AZ and
CZ in lobule pVI, immunoperoxidase-stained for zebrin IIl. A
narrow stripe of zebrin ll-reactive Purkinje cells (P1+) straddles
the midline on the rostral aspect. (C,D) Horizontal sections
through lobule IV-V immunoperoxidase-stained for zebrin Il.
(C) Seen at lower magnification, the most striking stripe in the
AZ is the thick (~375 um) heavily reactive P3+. Note that almost
no zebrin Il immunoreactivity is detected in the distal dendrites
of Purkinje cells located within P2+ (square brackets), perhaps
explaining why P2+ is not seen in the whole mount view (A).
Patches of zebrin Il-immunoreactive Purkinje cells lateral to
P3+ are inconsistently stained and may represent P4+ (arrow).
(D) Seen at high magnification, P1+ at the midline is flanked
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into the more anterior lobules. The same is true in
whole mount preparations of the tenrec cerebellum
(e.g. Fig. 3A). However, in horizontal sections through
the AZ a weak stripe of zebrin Il expression is seen
between P1+ and P3+ (e.g. Fig. 4C-E). We have inter-
preted this as the rostral extension of P2+. Thus, the
stripes in lobule V-V appear to be continuous with
those in lobule I-lll, despite minor differences in width
and staining intensity (e.g. P3+ is much broader in lob-
ule IV-V: Figs 3A,B and 4A). Finally, an inconsistent,
very weak, P4+ stripe is seen laterally in sections (arrow,
Fig. 4C: P4+ is described further with the hemispheres
below).

Central zone

The alternating zebrin Il +/- stripes seen in the AZ dis-
appear in the CZ, which begins caudal to the primary
fissure (Fig. 4A,B) in lobule VI-VIII (Fig. 5A), and occu-
pies the rostral portion of lobule VI-VIII (accounts for
~'/, of the posterior lobe vermis). All Purkinje cells in
the vermis of the CZ express zebrin Il (Fig. 5B): at the
caudal end of VI-VIII (pVIIl) the P1+ stripe from the PZ
interdigitates into the CZ as a thin immunoreactive
stripe flanked by P1-stripes on either side (e.g. Fig. 5C-
E). However, in some individuals a few Purkinje cells at
the midline of the caudal aspects of pVI are only weakly
immunoreactive (e.g. Fig. 5C) whereas the midline is
non-reactive in the most rostral aspects of pVI (see
Figs 3B and 4A,B). The P1- stripes (dashed line D in
Fig. 5C; arrows in Fig. 5D) broaden caudally (Fig. 5C,E).
The uniform CZ expression domain interdigitates with
the AZ rostrally and with the PZ caudally, and the span
where no zebrin II- Purkinje cells is seen is short.

Posterior zone

Zebrin Il expression in the most caudal portion of
lobule VI-VIII reveals a characteristic pattern of broad
parasagittal bands (Figs 3C,D and 6) typical of the PZ
in other species (e.g. rat, Brochu et al. 1990; mouse,
Eisenman & Hawkes, 1993; Ozol et al. 1999; Sillitoe &

by P2+ and P3+ laterally. (E) Horizontal section through lobule
I-IIl immunoperoxidase-stained for zebrin Il. P1+ and P3+ are
both strongly zebrin Il immunoreactive and equal in width.

P2+ is more weakly immunoreactive. At this rostrocaudal level,
P1-is difficult to discern as the lateral border of P1+ and the
medial border of P2+ merge (square brackets). Scale bars: A =
1 mm; C=500 um; D = 100 um; E = 250 um (also applies to B).
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Fig. 5 The topography of the central zone (CZ) of the vermis.
(A) Dorsal view of the rostral half of lobule VI-VIII, presumptive
lobules VI and VIl (pVI-pVII), shown in an anti-zebrin Il-stained
whole mount preparation. Zebrin Il is expressed throughout the
CZ. (B) Horizontal section through pVI-pVII, immunoperoxidase-
stained for zebrin Il (the corresponding region is indicated by
dashed line B in panel A). All Purkinje cells express zebrin II. (C)
Dorsoposterior view of lobule VI-VIII, shown in whole mount.
Between lobules pVI and pVIl, P1+/P1- stripes, which appears
to derive from the caudal PZ, interrupts the homogeneous
zebrin Il expression domain. (D) Horizontal section through
lobule pVII, immunoperoxidase-stained for zebrin Il (indicated
by dashed line D in panel C). Peroxidase reaction product is
heavily deposited in most Purkinje cell dendrites, somata and
axons but dendriticimmunoreactivity is weak in a pair of stripes
adjacent to the midline (arrows). (E) Horizontal section through
lobules pVII-pVIIl immunoperoxidase-stained for zebrin I
(indicated by the dashed line E in panel C). P1+ becomes clearly
differentiated from the immunopositive Purkinje cells located
laterally. Scale bar in A=1mm; C=1 mm; E =250 um (also
applies to B and D).

P3+ P2+ P1+ P2+ P3+

Fig. 6 The topography of the posterior zone (PZ) of the
vermis. (A) The arrangement of zebrin ll-immunoreactive
Purkinje cells in the PZ, shown in whole mount. An array of
zebrin Il parasagittal stripes extends through the PZ. P1+ to
P4+ are labelled (as 1-4 for clarity). (B) A higher power whole
mount view of the caudal aspect of lobule VI-VIII (i.e. pVIII)
immunoperoxidase-stained for zebrin Il. Reaction product is
heavily deposited in P1+ to P3+ of the vermis. All five stripes
in the vermis of the PZ are approximately equal in width. P2+
and P3+ occasionally appear to fuse for a short distance
(arrow). (C) Horizontal section through rostral pVIII,
immunoperoxidase-stained for zebrin Il (from the region
indicated by dashed line Cin panel A). P2+ and P3+ are separated
by a thin zebrin ll-immunonegative P2- stripe. (D) A high
magnification view of the boxed area in C. The dendrites and
somata of Purkinje cells in P2— are non-reactive for zebrin II.
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Hawkes, 2002; rabbit, Sanchez et al. 2002; guinea-pig,
Larouche et al. 2003; hamster, Marzban et al. 2003; cat,
Sillitoe et al. 2003). One zebrin Il immunoreactive stripe
is located at the midline (P1+) and at least three lie lat-
erally on either side (P2+ to P4+ ; Fig. 6A-C). P2+ and
P3+ appear to diverge from a single thick stripe origi-
nating in the lateral CZ (Fig. 3D). Caudally in the PZ, P2+
and P3+ fuse into one broad stripe as the P2- tapers
away (Fig. 6E). Finally, P4+ sits at the boundary
between the vermis and the hemispheres (see below):
the medial half of P4+ appears to form the lateral edge
of the vermis and the lateral half of the stripe is par-
avermian. Caudal to the secondary fissure, P1+ tapers
and P2+ increases in width towards the apex of lobule
IX (Fig. 7A,B). Ventrally in lobule IX, P1- and P2— widen
and again P1+ to P3+ can be clearly distinguished
(Fig. 7C). In mouse, ventral IX is a zone of overlap
between the PZ and the NZ (e.g. Armstrong et al.
2000), and the same may be true in tenrec as well.

Nodular zone

Posterior to the posterolateral fissure, in lobule X, all
stripes disappear within the depths of the fissure as the
parasagittal stripe pattern of zebrin Il expression once
again gives way to a uniform zone of Purkinje cells that
all express zebrin Il (the NZ: Fig. 7C,D). Although zebrin
Il staining intensity occasionally varied between
Purkinje cells, no consistently zebrin Il negative stripes
were seen in lobule X.

Organization of the hemispheres

In rodents, the rostrocaudal pattern of zebrin Il in the
vermis is recapitulated in the hemispheres where
zones with parasagittal stripes alternate with uniform
expression domains. In the hemispheres of Echinops
telfairi, the pattern of zebrin Il expression reveals an
array of parasagittal stripes that extends uninterrupted
through all lobules. However, similar to rodents, the
hemispheres have at least four zebrin ll-immunoreactive
stripes: P4+, P5+, P6+ and P7+ (Figs 3B and 8A,B). Medially,
P4+ is located adjacent to the vermis and is often

(opposite) (E) Horizontal section through the caudal aspect of
pVIlI, immunoperoxidase-stained for zebrin Il (indicated by
dashed line E in panel A). P1+ at the midline and P1-on either
side extend through the entire PZ. The P2+ and P3+ stripes are
fused. Scale bars: A=1 mm; B=1 mm; C=500 um; D= 100 um;
E = 250 um.
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Fig. 7 The topography of the caudal posterior zone (PZ) and
the nodular zone (NZ) of the vermis. (A) Posterior view of lobules
pVllland IX zebrin Ilimmunoperoxidase stained in whole mount.
The pattern of zebrin Il expression changes across the secondary
fissure (f. sec.). In lobule IXP1+ is thin whereas P2+ is very broad
and occupies ~40% of the vermis. P3+ is the most lateral stripe
in lobule IX and is located medial to a thick acellular region at
the extreme edge of the cerebellum (asterisk). The P- stripes
taper toward the apex of lobule IX. (B) Horizontal section
through the apex of lobule IX, immunoperoxidase-stained for
zebrin Il (from the region indicated by dashed line B in panel
A). (C) A ventral view of zebrin Il expression in lobules IX and
X shown in whole mount. The P-stripes thicken and P1+ to
P3+ become distinctly separated from one another. Beyond
the posterolateral fissure (f.p.l.), zebrin Il is expressed uniformly
and the P- stripes disappear. (D) Horizontal section through
lobule X, immunoperoxidase-stained for zebrin II. All Purkinje
cells in lobule X express zebrin Il. Reaction product is heavily
deposited in the dendrites, somata and axons. The dashed line
indicates the midline. Abbreviations: ml = molecular layer; pcl
= Purkinje cell layer; gl = granular layer. Scale bar = 500 um in
B; 1 mm in C (also applies to A); 250 um in D.
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f.pc. f.pr

P7+

pHVI m pHVIlat.

Fig. 8 Zebrin Il expression domains in the cerebellar
hemispheres. (A) Anterior view of the medial aspect of
presumptive hemisphere lobule VI (pHVI m) shown in a whole
mount immunoperoxidase-stained preparation. P4+, P5+, P6+
and P7+ are highly reproducible between individuals. P6a+ is
thin, weaker in reactivity and inconsistently labelled. (B) The
zebrin Il immunoreactive stripes in the lateral aspects of pHVI
(pHVI lat.) seem to be continuous with those in pHVI m.

P6+ and P7+ are thicker and extend into the P6- stripe.

P6a+ is thin and heavily reactive for zebrin Il. In contrast to
pHVI m, the P6a+ stripe in pHVI lat. is consistently labelled.
(C) Immunoperoxidase-stained transverse section through
pHVI m showing P4+ to P6+. (D) P4+ broadens in pHVII,
eventually becoming the thickest stripe in the posterior lobe
hemispheres (pHVIII). P5+ and P6+ are heavily reactive in pHVII
and P7+ persists as a weakly reactive stripe. In the middle

difficult to differentiate from staining in the vermis of
the anterior lobules. P4+ gradually broadens caudally,
becoming the thickest stripe in the posterior cerebel-
lum (Fig. 8D). Both the lateral and the medial edges of
P4+ are sharp. No thin P4a+ and P5b+ bands were
found in tenrec, equivalent to those in crus Il of other
species (e.g. rat, Brochu et al. 1990; Hallem et al. 1999;
mouse, Eisenman & Hawkes, 1993; Sillitoe & Hawkes,
2002). Laterally, P5+ is prominent and sometimes
appears to be fused with P4+ (e.g. Fig. 8C). Immuno-
reactivity of P5+ gradually decreases and is difficult to
distinguish from neighbouring stripes in the more pos-
terior regions (Fig. 8D). Distinct P5+ and P6+ stripes
cannot be distinguished in the most caudal part of the
posterior hemisphere (double arrow, Fig. 8D). Lateral
to P5+, a very broad P6+ occupies most of the lobule
and is the most prominent stripe in the anterior hemi-
spheres. The lateral edge of P6+ forms a sharp bound-
ary with P6-. Within P6-, a thin, strongly reactive
zebrin ll-positive stripe (P6a+) appears inconsistently in
the medial aspect of presumptive HVI (pHVI m: Fig. 8A)
and consistently in the middle portion of pHVI (pHVI
lat: Fig. 8B). P6a+ is not seen in the posterior hemi-
spheres and appears to fuse with P7+ in the lateral
aspects of pHVI. Even more laterally, P7+ skirts the
extreme edge of the hemisphere. The medial edge of
P7+ forms a sharp boundary with P6- and its lateral
extent borders the paraflocculus (Fig. 8D).

The anterior paraflocculus is weakly immunoreactive
for zebrin Il (Fig. 9A). Dorsally, an abrupt transition
separates the anterior and posterior paraflocculus
where reactivity of zebrin Il in the posterior parafloccu-
lus becomes stronger (Fig. 9A). The boundary between
the two expression domains is sharp and divides the
entire mediolateral extent of the paraflocculus (arrow,
Fig. 9A). As seen from a ventroposterior view, the zebrin
Il expression domain in the posterior paraflocculus is
apparently continuous with the P6+ stripe of the pos-
terior hemispheres (Fig. 9B). A large acellular gap inter-
rupts the expression of zebrin Il in the paraflocculus
(slanted lines, Fig. 3D; asterisk, Fig. 9B). This is a region

region of the hemispheres (~ pHVII-pHVIII), zebrin Il expression
levels in P5+ and P6+ decreases suddenly forming a broad,
weakly reactive domain (double arrow) and leaving only the
lateral edge of P6+ sharply defined. P5- broadens and is
distinct. P7+ remains weakly immunoreactive. P3+ in the
vermis is labelled for orientation. Abbreviations: f.pc.,
preculminate fissure; f.pr., primary fissure. Scale bars = 1 mm
in A and D (scale bar in D also applies to B); C= 100 um.
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Fig. 9 Zebrin Il expression in the paraflocculus and flocculus
shown in whole mount immunoperoxidase-stained cerebella.
(A) Lateral view of the paraflocculus (pfl). The heavily
reactive Purkinje cells in the posterior paraflocculus form

a sharp boundary (arrow) with the weakly reactive anterior
paraflocculus. pHVI and vermian lobule IX are labelled. (B)
Ventroposterior view of the paraflocculus and flocculus (fl).
All Purkinje cells express zebrin Il. The P6+ stripe extending
over the hemispheres of the posterior hemispheric lobules
appears to be continuous with the paraflocculus.

A large cell-poor area in the posterior paraflocculus
(asterisk) presents as an immunonegative gap in the

zebrin Il expression. Ventrally, lobules IX and X (hidden
from view) of the vermis are morphologically continuous
with the paraflocculus and the flocculus, respectively. Scale
bars =1 mm.

with a complete absence of cerebellar cortex, which
is found in many other mammails (Larsell, 1970; Voogd
et al. 1996). All Purkinje cells in the flocculus are
heavily reactive for zebrin Il and no stripes are apparent
(Fig. 9B).

Discussion

The antigenic compartmentation of the cerebellar
cortex has been correlated with many features of
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cerebellar biology. First, afferent terminal fields in the
cerebellum are aligned with Purkinje cell stripes (mossy
fibres, e.g. Ji & Hawkes, 1994; climbing fibres, Gravel
et al. 1987; reviewed in Voogd et al. 1996). Second, tac-
tile receptive field mapping has revealed correlations
in rat between sensory modalities and zebrin Il stripe
boundaries (Chockkan & Hawkes, 1994; Ji & Hawkes,
1995; Hallem et al. 1999). Third, there is much evidence
that these topographical relationships are established
during embryogenesis through afferent growth cones
using Purkinje cell compartmentation as a guide (e.g.
Sotelo & Wassef, 1991; Armstrong & Hawkes, 2000).
Thus a thorough understanding of cerebellar compart-
mentation is a necessary underpinning of studies of
cerebellar function (e.g. Sanchez et al. 2002).

Traditionally, the transverse division of the cerebel-
lum into lobes and lobules has been the standard
compartmentation in the mammalian cerebellum (e.g.
Larsell, 1970). More recently, the expression of several
protein markers (e.g. zebrin Il, calbindin, L7/pcp-2-lacZ
transgene, Ozol et al. 1999; HSP25, Armstrong et al.
2000) during development and in the adult have indi-
cated that the cerebellar vermis is divided along the
rostrocaudal axis by three transverse boundaries:
through the rostral face of lobule VI, in the caudal half
of lobule VII, and across the posterolateral fissure
between lobules IX and X. These three boundaries sub-
divide the newborn and adult vermis into four trans-
verse zones: AZ, CZ, PZ and NZ. Within the transverse
zones, unique combinations of Purkinje cell pheno-
types, together with the topography of afferent
terminal fields, identify further subdivisions into
parasagittal stripes. As in rodent cerebella, four distinct
transverse zones (AZ, CZ, PZ and NZ) may be identified
in the cerebellum of Echinops telfairi. Compared with
other mammals previously investigated, the location of
boundaries between the transverse zones is compar-
able between tenrec and mammals with more differ-
entiated cerebella. Thus, the presence of structurally
distinct lobules does not appear to dictate the number
and relative size of transverse compartments in the
mammalian cerebellum.

The number and general organization of zebrin Il
transverse zones and parasagittal stripes is similar in
tenrecs and rodents, although some features of tenrec
cerebellar compartmentation are different. First, three
thin zebrin ll-immunoreactive stripes are a character-
istic feature of the mammalian AZ (e.g. rat, Brochu et al.
1990; opossum, Doré et al. 1990; mouse, Eisenman &
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Hawkes, 1993; rabbit, Sanchez et al. 2002; guinea-pig,
Larouche et al. 2003; cat, Sillitoe et al. 2003). In rodent,
P1+ and two P3+ (previously referred to as P2+, see
Ozol et al. 1999) stripes located laterally are the easiest
to detect. In tenrec, P1+ and two P3+ stripes are prom-
inent in lobules I-1Il and are very similar to those in the
mouse AZ. In rodents, a P2+ stripe is present in lobule
V but cannot be traced far beyond the primary fissure
(e.g. Eisenman & Hawkes, 1993; see also Larouche et al.
2003). By contrast, in the tenrec, a weakly immuno-
reactive P2+ was detected throughout the AZ (e.g. Fig. 4).
Although the extension of P2+ beyond the preculmi-
nate fissure is not seen in rats and mice, a tripartite
organization within the P1- stripe of the rat was pre-
viously inferred from the mossy fibre terminal field
distributions (e.g. Ji & Hawkes, 1994).

Secondly, the CZ, as defined by the uniform exp-
ression of zebrin Il (Ozol et al. 1999), appears small in
Echinops telfairi compared with other species studied
to date, perhaps because the interdigitation with
neighbouring zones is more extensive. The CZ receives
substantial afferent projections originating from the
cerebral cortex associated with the transmission of
visual information (e.g. Glickstein et al. 1994; Serapide
et al. 1994, 2001, 2002). It is interesting then that Echi-
nops telfairi may have only rudimentary vision (Larsell,
1970).

Thirdly, a striking feature of the tenrec cerebellum is
the lissiform posterior vermis and hemispheres. Lobula-
tion is poor in the posterior lobe — a secondary fissure
is visible macroscopically but there are no discrete lob-
ules VI, VIl and VIII apparent at the cerebellar surface.
This presents an opportunity to investigate whether
zebrin expression boundaries between transverse
zones are determined by the pattern of lobulation. The
mechanisms responsible for the placement of fissures
remain obscure. It is generally assumed that the posi-
tion of individual lobules is dependent on the underly-
ing organization of Purkinje cells (e.g. Altman & Bayer,
1997). However, the relationship in the adult is not
simple, and transverse expression boundaries and fissures
do not coincide (e.g. Ozol et al. 1999). Similarly, in
murine mutants in which lobule formation is inter-
rupted, the normal underlying pattern of expression
domains can still be identified (e.g. reeler, Edwards
et al. 1994; disabled, Gallagher et al. 1998; cerebellar
deficient folia, Beierbach et al. 2001). Similarly in the
lissiform tenrec posterior lobe vermis, the transverse
zone and parasagittal stripe expression pattern of zebrin

Il is clearly reminiscent of that in other mammals.
Neither the transition from one transverse zone to
another nor the pattern of stripes (seen also in the AZ
as the parasagittal stripes are unaffected by the undif-
ferentiated lobules) bears any constant relationship to
a feature of the surface topography. Thus transverse
boundaries between expression domains do not induce
the formation of lobules and fissures, and lobulation is
not required for transverse boundary formation.
Finally, in several mammals, a similarity is apparent
between the transverse zones in the vermis and the ros-
trocaudal compartmentation of the hemispheres. For
example, zebrin Il expression in mouse reveals a similar
alternation in vermis and hemispheres of striped
(AZ ~ lobulus simplex), uniform (CZ ~ crus 1), striped
(PZ ~ crus Il and paramedian lobule) and uniform (NZ
~ paraflocculus and flocculus). In tenrec, the expression
of zebrin Il reveals an array of parasagittal stripes that
extend uninterrupted from the AZ hemispheres to
the caudal edges of the PZ hemispheres. However,
although no hemispheric equivalent to the CZ is obvi-
ous (as is often the case in the vermis of the AZ),
changes in the width (AZ to CZ) and intensity (CZ to
PZ) of individual stripes are consistent with the zonal
transitions in the vermis. In the caudal PZ, the broad
domains of zebrin Il expression in the paraflocculus are
consistent with the broad stripes evident in lobule IX
(the paraflocculus may serve as hemisphere lobule IX
(HIX), whereas in the NZ uniform expression of zebrin
Il in the flocculus matches the expression in lobule X
(the flocculus may serve as hemisphere lobule X (HX).
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