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Abstract The adult mammalian cerebellum is histologically
uniform. However, concealed beneath the simple laminar
architecture, it is organized rostrocaudally and mediolaterally
into complex arrays of transverse zones and parasagittal
stripes that is both highly reproducible between individuals
and generally conserved across mammals and birds. Beyond
this conservation, the general architecture appears to be
adapted to the animal’s way of life. To test this hypothesis,
we have examined cerebellar compartmentation in the talpid
star-nosed mole Condylura cristata. The star-nosed mole
leads a subterranean life. It is largely blind and instead uses
an array of fleshy appendages (the “star”) to navigate and
locate its prey. The hypothesis suggests that cerebellar archi-
tecture would be modified to reduce regions receiving visual
input and expand those that receive trigeminal afferents from
the star. Zebrin I and phospholipase C34 (PLCB4) immuno-
cytochemistry was used to map the zone-and-stripe architec-
ture of the cerebellum of the adult star-nosed mole. The
general zone-and-stripe architecture characteristic of all mam-
mals is present in the star-nosed mole. In the vermis, the four
typical transverse zones are present, two with alternating
zebrin II/PLCRB4 stripes, two wholly zebrin II+/PLCB4—.
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However, the central and nodular zones (prominent visual
receiving areas) are proportionally reduced in size and con-
versely, the trigeminal-receiving areas (the posterior zone of
the vermis and crus I/IT of the hemispheres) are uncharacter-
istically large. We therefore conclude that cerebellar architec-
ture is generally conserved across the Mammalia but adapted
to the specific lifestyle of the species.

Keywords Cerebellum - Cerebellar adaptation - Purkinje
cell - Stripes

Introduction

The adult mammalian cerebellum is histologically uniform.
However, concealed beneath the simple laminar architecture,
it is organized rostrocaudally and mediolaterally into repro-
ducible arrays of transverse zones and parasagittal stripes
[1-6]. The most extensively studied zone and stripe marker
is the antigen zebrin II ([7]; reviewed in [2, 3, 5, 8]: the
respiratory isoenzyme aldolase C [9, 10]). Zebrin II is
expressed by a subset of Purkinje cells that forms a symmet-
rical array of parasagittal stripes (zebrin I1+) that alternate with
a subset of Purkinje cells that do not express zebrin II. The
zebrin [I-immunonegative (zebrin II-) Purkinje cells can be
positively identified by the selective expression of other com-
partmentation markers such as phospholipase C34 (PLCR4;
[11, 12]). Zebrin I+ stripes are numbered from P1+ medially
to P7+ laterally: zebrin II- stripes (P—; all PLCB4+) are
numbered according to the immediately medial P+ stripe
[13, 14]. The Purkinje cell stripes align with the terminal fields
of both mossy fibers (e.g., [15—18]) and climbing fibers (e.g.,
[19-21]); functional mapping studies have revealed a correla-
tion between receptive field boundaries and zebrin stripes
[22-24]; and several recent reports describe functional differ-
ences between Purkinje cell subsets [25-30].
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The Purkinje cell stripes of zebrin II/PLC4 expression are
grouped into distinct transverse zones. The mouse cerebellum
is subdivided into five transverse zones. The boundaries be-
tween zones are typically not abrupt but rather interdigitate
extensively. The anterior zone (AZ) occupies lobules I-V of
the vermis, extending caudally into the primary fissure. Lobules
VI-VII constitute the central zone (CZ), which is further divid-
ed into an anterior component (CZa: ~lobule VI) and a poste-
rior component (CZp: lobule VII; [31]). The posterior zone
(PZ) comprises lobule VIII and dorsal lobule IX. Finally, the
nodular zone (NZ) consists of ventral lobule IX and lobule X
[4, 32]. In birds, an additional zone, the lingular zone (LZ),
occupies lobule I [33—35]. The AZ and PZ consist of alternating
zebrin I+ and PLCB4+ stripes; Purkinje cells in the CZ and NZ
(and LZ) are uniformly zebrin [I+/PLCB4—. There is no fixed
relationship between lobule boundaries and transverse zones—
the precise alignment varies between species (e.g., the CZ
occupies all lobules VI/VII in mouse but is restricted to lobule
VI in the naked mole-rat [36] and some mutations seem to alter
the two independently (e.g., cerebellar deficient folia [37]).

The zone-and-stripe architecture of the cerebellar cortex is
both highly reproducible between individuals (e.g., [7]) and well
conserved across mammals and birds (e.g., [38, 39]). Zebrin I+
Purkinje cells are also found in fish (e.g., [7, 40]) and reptiles
[38]. Despite the high level of conservation, species-specific
adaptations are also apparent. For example in the naked mole-
rat, which is functionally blind, the visual-receiving CZ is
unusually small [36]. Conversely, in bats, the CZ is unusually
elaborate, perhaps to subserve the needs of echolocation [41].

Two distinct theories describe the way brains vary in size
between species. In one case, evolutionary selection for enlarge-
ment of any one brain part is constrained to the enlargement of
the whole brain (e.g., [42]). Alternatively, different brain parts, or
functionally coupled neural systems, may change independent-
ly—mosaic rather than concerted evolution (e.g., [43]). In the
cerebellum, this implies either that when one region expands to
meet a functional need, all the rest do as well, or that the
cerebellum comprises a mosaic of multiple systems that can
expand or contract independently. To begin to test the hypothesis
that cerebellar architecture is a highly conserved mosaic that
adapts to specific lifestyles, we have examined cerebellar com-
partmentation in the star-nosed mole Condylura cristata, a
hamster-sized talpid (family Zalpidae—the moles) found in
wet lowland areas of eastern Canada and the northeastern
USA. Condylura leads a subterranean and semi-aquatic life
and is functionally blind. Its prey is located by using an array
of mobile, fleshy appendages (“‘the star”) at the end of the snout
[44], a mechanosensory adaptation of the trigeminal system
(e.g., [44, 45)). Given its unusual lifestyle, Condylura is predict-
ed by the mosaic model to show two specific adaptations in its
cerebellar architecture: first, a reduction in visual areas, and
secondly, an expansion of those parts of the cerebellum receiving
trigeminal inputs. Zebrin II and PLCB4 immunocytochemistry

was used to map the zone-and-stripe architecture of the cerebel-
lum of the adult star-nosed mole. Consistent with the hypothesis,
the data revealed a strikingly small central zone of the vermis
(visual) accompanied by an unusually large posterior zone and
crus I/II of the hemispheres (trigeminal). We therefore conclude
that cerebellar architecture behaves as a mosaic to adapt to
specific evolutionary pressures.

Materials and Methods
Animals

All animal procedures conformed to institutional regulations
and the Guide of the Care and Use of Experimental Animals
from the Canadian Council of Animal Care. Adult star-nosed
moles C. cristata (N=14, both males and females) were
obtained from Vanderbilt University after being collected in
Pennsylvannia under permit no. COL00087 (for details, see
[46]). Animals selected for the study were of different sizes
and weights (typical adult individuals are 15-20 cm long and
weigh about 55 g; no systematic interindividual differences
were found although the immunostaining tended to be less
consistent than in mice).

Adult C. cristata (>35 days) were deeply anaesthetized
with sodium pentobarbital (120 mg/kg, i.p.) and transcardially
perfused with 0.9 % NaCl in 0.1 M phosphate buffer (pH 7.4)
followed by 4 % paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). The brains were then removed, post-fixed in the
same fixative at 4 °C for several days, and stored in buffer.

Antibody Characterization
The following antibodies were used:

1. Anti-zebrin II: Cerebellum of the star-nosed mole is a
mouse monoclonal antibody produced by immunization
with a crude cerebellar homogenate from the weakly
electric fish Apteronotus [7] and subsequently shown to
bind the respiratory isoenzyme aldolase C (Aldoc; [9,
10]), and it was used directly from spent hybridoma
culture medium diluted 1:400. On immunoblots, anti-
zebrin II recognizes a single polypeptide band, apparent
molecular weight 36 kDa, in species from fish to mam-
mals (e.g., [38]). In cerebellum, zebrin IT immunoreactiv-
ity is restricted to a subset of Purkinje cells (e.g., [7]), with
possible weak expression in glia [47].

2. Anti-phospholipase Cf34: Rabbit anti-phospholipase C[34
(anti-PLCRB4) was raised against a synthetic peptide
representing amino acids 15-74 of the mouse PLC[34
protein fused to glutathione-S-transferase and expressed
in bacteria (used diluted 1:1,000). Control immunohisto-
chemistry by using either antibody preabsorbed with
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antigen polypeptides or cerebellar sections from a PLC34
knockout mouse yielded no significant immunostaining
[11, 12]. Anti-PLCB4 recognizes a single polypeptide
band of 134 kDa apparent molecular weight on Western
blots of mouse [48] and human (unpublished data) cere-
bellar homogenates. The band is absent from Western
blots of cerebellar homogenates from a PLCB4 null mouse
[48]. In the mouse cerebellum, PLCB4 is expressed in the
zebrin II-immunonegative subset of Purkinje cells [11,
12].

3. Anti-calbindin: Two different anti-calbindin antibodies
were used. Rabbit anti-calbindin D-28K antiserum (anti-
CaBP, diluted 1:1,000) was produced against recombinant
rat calbindin D-28K. On immunoblots, it recognizes a
single band of apparent molecular weight 27-28 kDa
(manufacturer’s datasheet, Swant Inc., Bellinzona, Swit-
zerland, code no. CB38). Mouse monoclonal anti-
calbindin (diluted 1:1,000) raised against chicken
calbindin, specifically stains the **Ca-binding spot of
calbindin D-28K (apparent molecular weight 28 kDa,
isoelectric point 4.8) in a two-dimensional gel of mouse
brain homogenate (manufacturer’s information, Swant
Inc., Bellinzona, Switzerland, code no. 300). Both anti-
calbindin antibodies yielded identical Purkinje cell spe-
cific immunostaining that was completely consistent with
that reported often before [4, 49, 50].

Immunocytochemistry

Peroxidase immunohistochemistry was carried out on free-
floating sections as described previously [51]. Briefly, tissue
sections were washed thoroughly, blocked with 10 % normal
goat serum (Jackson Immunoresearch Laboratories, West
Grove, PA) and then incubated in 0.1 M phosphate-buffered
saline (PBS) buffer containing 0.1 % Triton-X100 and 5 %
bovine serum albumin (blocking solution) and the primary
antibody for 16-18 h at room temperature. Finally, sections
were incubated in biotinylated goat anti-rabbit or biotinylated
goat anti-mouse Ig antibody (diluted 1:1,000 in blocking
solution; Jackson Immunoresearch Laboratories, West Grove,
PA) for 2 h at room temperature, and binding revealed by
using diaminobenzidine (Vectastain ABC Staining Kit, Vector
Laboratories Inc., Burlingame, CA). Sections were mounted
on slides, dehydrated through an alcohol series, cleared in
xylene, and cover-slipped with Entellan mounting medium
(BDH Chemicals, Toronto, ON).

Cerebellar sections for fluorescent immunohistochemistry
[51] were washed, blocked in PBS containing 10 % normal
goat serum (Jackson Immunoresearch Laboratories, West
Grove, PA), and incubated in blocking solution containing
the primary antibody for 16-18 h at 4 °C. Following incuba-
tion in primary antibodies, sections were washed and then left
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for 2 h at 4 °C in PBS containing CY3-conjugated goat anti-
rabbit secondary antibody (Alexa conjugated Abs) and CY2-
conjugated goat anti-mouse secondary antibody as appropri-
ate (both diluted 1:1,000; Jackson Immunoresearch Laborato-
ries, West Grove, PA). After incubation in secondary antibody,
sections were washed in 0.1 M PBS buffer, mounted onto
chrome-alum and gelatin subbed slides, air-dried overnight,
cleared in xylene, and cover-slipped with non-fluorescing
mounting medium (Fluorsave Reagent, Calbiochem, La Jolla,
CA).

Photomicrographs were captured with a SPOT Cooled
Color digital camera (Diagnostic Instruments Inc., Sterling
Heights, MI) running under Adobe Photoshop 9. The images
were cropped and corrected for brightness and contrast but not
otherwise manipulated. The rostrocaudal length of the
Purkinje cell layer was measured from sagittal sections
through the vermis close to the midline. Images were captured
and then measured by using Zen Pro 2012 software.

Results
Cerebellar Morphology

The external appearance of the cerebellum of C. cristata is
shown from the dorsal aspect in Fig. la. There is a central
vermis with large hemispheres on each side. An acortical area
that lacks molecular and Purkinje cell layers is located in the
paramedian sulcus between the vermal and hemispheric com-
ponents of the CZ (white asterisks). A similar acortical area is
found in several species (e.g., rat [52], rabbit [53], and bat
[41]), but not all (e.g., the naked mole-rat [36]).

Cerebellar lobules are clearly distinguishable in sagittal
sections through the vermis (Fig. 1b) and are labeled from
rostral (lobule I) to caudal (lobule X). Lobules I to V, separated
by well-developed fissures, can be delineated in the large
anterior lobe of the vermis. The anterior lobe is separated from
the posterior lobe by the primary fissure, which is prominent
but capped by the anterior extension of lobule VI. Lobule V1 is
separated by the posterior superior fissure from the extensive
lobules V1la,b,c (Fig. 1a, b). Lobule VIII is small and seems to
be compressed by the caudal extension of lobule VIIc and the
rostral extension of lobule IXa, but the prepyramidal and
secondary fissures are nonetheless evident (Fig. 1b). Finally,
in the most caudal vermis, lobule IXb is separated from
lobules Xa,b by the posterolateral fissure. In the hemispheres,
the hemispheric extension of the posterior superior fissure
separate lobulus simplex a,b from the lobulus ansiformis
(subdivided into crus Ia,b and Ila,b by the intercrural fissure;
Fig. la, white arrow). Caudally, the paramedian lobule is
apparent (Fig. la). The small hemispheric component of
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Fig.1 The cerebellum of the adult star-nosed mole. a Low magnification
image of the unstained cerebellum of the star-nosed mole, seen from
dorsal. The vermis on each side is separated by the paramedian sulcus
from the hemispheres. Acortical areas are indicated by white asterisks. b
A sagittal section through the cerebellar vermis of the adult star-nosed
mole. Lobules are indicated by Roman numerals. Lobules I-V are located
anterior to the primary fissure (pf). Lobule VI is separated from the
especially large lobule VII by the posterior superior fissure (psf). Lobule
VII extends caudally to cover the prepyramidal fissure (ppf) that con-
tinues to the small lobule VIII. The secondary fissure (sf) is located
between lobules VIII and IXa. Lobules IX and X are also prominent;
prominent fissures and the medial nucleus are labeled. The rostrocaudal
length of the vermis is ~54 mm. ¢ A sagittal section through the cerebellar
vermis of an adult mouse is shown for comparison. The rostrocaudal
length of the vermis is ~30 mm. ¢r/ crus I, cril crus 11, Is lobulus simplex,
pm paramedian lobule, psf posterior superior fissure. Scale bars=1 mm
(color figure online)

lobule VIII, the copula pyramidis, is concealed by the large
caudal extension of crus II and the paramedian lobule.

Compartmentation Antigen Expression in the Cerebellum

Sections through the cerebellar cortex of the star-nosed mole
immunoperoxidase stained with anti-zebrin II show a charac-
teristic distribution of Purkinje cells. The reaction product is

deposited in the somata, dendrites, and axons (Fig. 2a). No
other cell types are stained. A similar restriction of immuno-
reactivity in the cerebellum has been reported from multiple
species (e.g., [38, 39]). In some species, additional, weak
immunoreactivity is seen in the somata of Bergmann glial
cells (e.g., mouse [47]): this was not seen in the star-nosed
mole. Not all Purkinje cells in the star-nosed mole express
zebrin II. Rather, transverse sections through the vermis show
consistently strong anti-zebrin II immunoreactivity in some
Purkinje cells (black arrow) and weak or no staining of the rest
(e.g., lobule V; Fig. 2b). The pattern of zebrin II expression is
symmetrical about the midline and reveals an array of
parasagittal stripes (Fig. 2¢) reminiscent of those seen in many
mammals, including rodents (e.g., mouse [14], rat [7], and
hamster [54]) and bats [41].

In many species, PLCB4 is a positive antigenic mark-
er of the zebrin II-immunonegative Purkinje cell subset.
Purkinje cell somata and dendrites both express PLC(34
(Fig. 2d) in the star-nosed mole, but it is not detected in
the Purkinje cell axons (this is also the case in other
species, e.g., mouse [11]). PLCB4 is not expressed in all
Purkinje cells. Rather, anti-PLCB4 reaction product is
deposited in some while others are either weakly stained
or not immunoreactive (Fig. 2e). The result is that anti-
PLCRB4 immunocytochemistry reveals an array of
parasagittal stripes (Fig. 2f). Double immunostaining
for CaBP and either zebrin II (Fig. 2g) or PLCRB4
(Fig. 2h) confirms that the immunonegative stripes for
zebrin Il and PLCRB4 are not due to the absence of
Purkinje cells. Finally, double labeling for zebrin II
and PLCB4 shows that the two Purkinje cell populations
are non-overlapping (Fig. 2i) and comprise the entire
Purkinje cell population.

Zone and Stripe Architecture

The expression patterns of zebrin II and PLCB4 in the star-
nosed mole cerebellum reveal a complex, reproducible
cytoarchitecture in the form of transverse zones and
parasagittal stripes (Fig. 3).

AZ

The patterns of zebrin II (Fig. 4a) and PLCB4 (Fig. 4b)
expression in the AZ resemble those reported in numerous
other mammals (e.g., [11]). We have therefore adopted the
usual stripe nomenclature here as well. A narrow Pl+
stripe straddles the midline with P2+ to P4+ stripes on
each side (seen both in immunoperoxidase (Fig. 4a) and
immunofluorescence staining (Fig. 4c)). A second pair of
zebrin I+ stripes (P2+) lies laterally on either side with
their medial boundaries ~300 pwm from the midline. A
third pair (P3+) is located ~550 pwm laterally from the
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Fig. 2 Zebrin II and PLCB4 expression in the cerebellum of the star-
nosed mole. a A transverse section through the cerebellum of the star-
nosed mole immunoperoxidase stained by using anti-zebrin II. The
Purkinje cell somata in the Purkinje cell layer (pcl) and dendrites in the
molecular layer (ml) are strongly immunoreactive. b Immunoperoxidase
staining for zebrin II seen in transverse section reveals that subsets of
Purkinje cells expressing zebrin Il (black arrow) are interposed by similar
stretches in which immunostaining is weak or absent (white arrow). ¢
Immunostaining of a transverse section through the anterior cerebellum
by using anti-zebrin II. Stripes of immunoreactive Purkinje cells are clear
in the vermis. d Immunoperoxidase staining of a transverse section for
PLCB4. Both the Purkinje cell somata and the dendrites are labeled. e
Immunoperoxidase staining for PLCB4 in transverse section reveals that
subsets of Purkinje cells expressing PLCB4 (black arrow) are interposed
by Purkinje cells with weak or no immunostaining (white arrow). f A

midline, and a fourth pair (P4+) is in the paravermis
(Fig. 4a, c, e). Both the P1+ and P2+ stripes extend
continuously throughout the anterior lobe from lobule I
to lobule V (Figs. 3 and 4a, c, e). The P+ stripes are
separated by broad stripes of zebrin II-/PLCB4+ Purkinje
cells (P1—, P2—; Fig. 4b, d). Three substripes are apparent
within P1- (e.g., lobule III; Fig. 5a—c). A substripe archi-
tecture is also being present in P2— (likely comprising a
strongly immunoreactive PLCB4+ substripe medially and a
weakly immunoreactive PLCB4+ substripes laterally
(Fig. 5a—c). From time to time, the PLCB4+ substripes
are separated by narrow, interdigitating zebrin II+ stripes
but their occurrence is irregular (e.g., Fig. 5c), and in
other sections, substripes seem to be separated by acellular
raphes or reflected in changes in anti-PLCB4+ staining
intensity, and no zebrin II+ stripes are seen: (Fig. Sa—c).
The alternating pattern of zebrin II and PLCB4 expression
extends into the dorsal (posterosuperior) bank of the pri-
mary fissure (arrowhead; Fig. 4c—e), where the P+ and P—
stripes are clearly revealed by both anti-zebrin II and anti-
PLCB4 immunocytochemistry (zebrin II, Fig. 4a, c;
PLCB4, Fig. 4b, d).
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transverse section through the anterior cerebellum immunostained by
using anti-PLCB4. Stripes of immunoreactivity are clear in the vermis.
g Double immunofluorescence staining of a transverse section through
the anterior cerebellum, for zebrin II (green) and CaBP (red). CaBP is
expressed in all Purkinje cells. The gaps between the zebrin 11+ stripes are
filled by CaBP-+/zebrin II- Purkinje cells. h A transverse section through
the anterior cerebellum, double immunofluorescence stained for PLC34
(green) and CaBP (red). The spaces between the PLCB4+ stripes are filled
by CaBP+/PLCB4+ Purkinje cells. i A transverse section through the
anterior cerebellum, double immunofluorescence stained for zebrin II
(green) and PLCB4 (red). Stripes of zebrin II immunoreactivity are
complementary to stripes of PLC34 expression. Lobules are indicated
by Roman numerals. Scale bars=50 pm in a (applies to a, d); 100 um in
b; 250 um in ¢ (applies to ¢, f~g); 100 pm in e; S00 pm in h and I (color
figure online)

Cz

In most mammals studied to date, the AZ interdigitates
with the CZ within the primary fissure [36]. The CZ is
identified as a uniformly zebrin II+/PLCB4— zone that
occupies most of lobules VI and VII in the mouse [4,
11]. In the star-nosed mole, a uniformly zebrin II+/
PLCB4— expression domain is present but is unusually
small, occupying only the dorsal part of lobule VI
(Fig. 6a, b). The finding that the CZ does not occupy
all of VI/VII is not surprising—there are several in-
stances in which lobulation and transverse zone bound-
aries are uncoupled, e.g., [37]. In caudal lobule VI and
rostral lobule VII, the pattern of uniform zebrin II+/
PLCB4— expression domain is replaced by the alternat-
ing stripes of the large PZ (Figs. 6a, c—g and 7).

|4

The most prominent feature of the mammalian and avian PZ is
an array of alternating broad P+/P— stripes (reviewed in [39]).
In Condylura, the PZ is unusually large but anti-zebrin I and
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Fig. 3 Transverse section through the anterior cerebellum of the star-
nosed mole, double immunostained for zebrin II (green, a) and PLCB4
(red, b; merged, c). Lobules in the vermis are indicated by Roman
numerals. Scale bars=1 mm (color figure online)

a v

Fig. 4 The AZ of the cerebellar vermis of the star-nosed mole. a A
transverse section through the lobules -V immunoperoxidase stained by
using anti-zebrin II. Narrow stripes of zebrin II+ Purkinje cells are present in
the AZ. The P1+ to P4+ stripes in lobules II-V are labeled (as /—4). b A serial
transverse section through the lobules -V immunoperoxidase stained by
using anti-PLCB4. Broad stripes of PLCB4+ Purkinje cells are separated by

anti-PLCB4 immunocytochemistry nonetheless reveal a char-
acteristic array of alternating stripes that extend continuously
from lobule VII to IX (Figs. 6a and 7a—c, f-h).

NZ

In most mammals, the NZ is a uniformly zebrin II+/PLCB4—
zone that occupies lobule X and interdigitates with the PZ in
lobule IX. In the star-nosed mole, lobules IX (Fig. 7d—e) and
X (Fig. 71) are predominantly zebrin II+ but stripes can still be
discerned through lobule IXb (Fig. 7d, 1).

Hemispheres

The striped architecture of the vermis extends into the
hemispheres, and the typical mammalian distribution is
generally present, although again with exceptions. The
striped array seen in the vermis of lobules VI-VII
extends laterally into the putative simplex and ansiform
lobules (Fig. 3a—c). First, in most mammals, lobulus
simplex a is striped whereas lobulus simplex b is uni-
formly zebrin II+. In the star-nosed mole, the patterns
of zebrin II (Fig. 8a) and PLCB4 (Fig. 8b) expression in
the lobulus simplex are striped and complementary
(Fig. 8c). However, no uniformly zebrin II+/PLCB4—

narrow stripes of PLCB4— Purkinje cells. ¢, d Double immunofluorescence
staining for zebrin II (green) and PLCB4 (red) of a transverse section through
lobules IV-V of the vermis. Stripes of zebrin II+ and PLCB4+ Purkinje cells
are complementary. Precul preculminate fissure, pf primary fissure. Scale
bars=1 mm in a (applies to a, b); 500 um in d (applies in c¢—e) (color figure
online)
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Fig. 5 a—c Transverse sections through the vermis of lobule III,
immunoperoxidase stained for PLCB4 show substripes within P1— and
P2—-. A high magnification view is shown in b and summarized in cartoon
form in ¢. Within P1—, three PLCB4+ stripes are separated by two narrow

lobulus simplex b is apparent. Secondly, in most mam-
mals, the ansiform lobule is divided by the intracrural
fissure into crus I and crus II, and both reveal a well-
defined pattern of zebrin II/PLCB4 stripes (e.g., [11,
14]). The same is the case in the star-nosed mole: crus
I and crus II are very large with prominent fissures that
further subdivide them into crus la/b and crus Ila/b
(Fig. 1a). In both crus I and crus II, zebrin II+ and
PLCB4+ Purkinje cells form an alternating stripe array
(Fig. 8d, e) that extends to the paraflocculus
(Fig. 8d, e). In the star-nosed mole, all Purkinje cells
appear to be zebrin I+ in the flocculus, as is the case
in many other mammals (data not shown).

@ @ Springer

stripes of zebrin 11+ Purkinje cells (asterisks). Inset in b indicates an
acellular raphe/space. /nset in ¢ shows zebrin 11+ Purkinje cells within the
PLCB4+ stripes. Scale bars=250 um in a and b

Discussion
General Anatomy

Despite differences in the gross anatomy of the cerebellum
between mouse and star-nosed mole (such as the large vermis
with elongated lobule VI/VII and relatively small lobule VIII)
we have numbered cerebellar lobules in the star-nosed mole in
a way we believe to be consistent with the schemata adopted
in rodents (e.g., [55]). The three principal fissures—the pri-
mary fissure, prepyramidal fissure, and posterolateral fis-
sure—are conserved across the Mammalia and are reliably
identified in the star-nosed mole, and despite the small lobule
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Fig. 6 The CZ of the star-nosed a
mole. a A cartoon of the dorsal
aspect of the star-nosed mole
cerebellum indicating the pattern
of zebrin II and PLCB4
expression in the CZ and PZ (the
P1+ to P3+ stripes of the PZ are
labeled as /, 2, and 3). b Double
immunofluorescence staining of a
transverse section through the
lobules VIb for zebrin II (green)
and PLCB4 (red). The uniform
pattern of zebrin II expression in
lobule VIb (= CZ) is accompanied
by a lack of PLCB4 expression. c,
d Transverse serial sections
through lobule VIla
immunoperoxidase-stained for
zebrin II (¢) and PLCRB4 (d).
Almost all Purkinje cells are
zebrin II/PLCB4—. e-g Double
immunofluorescence staining of a
transverse section through the
anterior part of lobule VIla for
zebrin 11 (green) and PLCB4 (red)
and merged in g. Almost all
Purkinje cells are zebrin II/PLCB4
—. Scale bars=250 um in b;

250 pm in g (applies to c—g)
(color figure online)

Fig. 7 The PZ and NZ of the cerebellum of the star-nosed mole. a
Double immunofluorescence staining of a transverse section through
lobules VIIb for zebrin 11 (green) and PLCB4 (red). b, ¢ Transverse serial
sections through the lobule VIIc immunoperoxidase-stained for zebrin 11
(b) and PLCB4 (c). Zebrin Il and PLCB4 are expressed in complementary
stripes. d, e Transverse serial sections through the lobules 1X
immunoperoxidase-stained for zebrin II (d) and PLCB34 (e). f-h Double

immunofluorescence staining of a transverse section through the lobule
VIII for zebrin II (green) and PLCB4 (red): the stripe patterns are com-
plementary. i A transverse section through the lobules X
immunoperoxidase-stained for zebrin II shows a uniform expression
profile. g/ granular layer, pc/ Purkinje cell layer, m/ molecular layer. Scale
bars=250 pmin a; 250 um in ¢ (applies to b, ¢, i); 250 pm in e (applies to
d—e); 250 pum in h (applies to f-h) (color figure online)
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Fig. 8 The striped architecture in the hemispheres of the star-nosed mole
cerebellum. a, b Serial transverse sections immunocytochemically
stained for zebrin II (a) and PLCB4 (b) reveal a striped architecture in
the hemispheres: the stripe sets are complementary. ¢ Double immuno-
fluorescence staining of a transverse section through the hemisphere for
zebrin I1 (green) and PLCB4 (red). The stripe patterns are complementary.

VIII, the prepyramidal and secondary fissures are still distin-
guishable in sagittal sections (Fig. 1).

The zone-and-stripe architecture of the cerebellum gener-
ally conforms to the pattern reported from many species in the
past (e.g., [38, 39]) but also has three specific features worthy
of note:

1. Substripes within the P1—/P2— stripes of the AZ: Similar
substripes have been reported during mouse development,
where three distinct PLCB4+ clusters fuse in the first
postnatal week to form a single stripe [12]. This triplet
structure of P1—/P2— is also reflected in the segregation of
spinocerebellar and cuneocerebellar mossy fiber terminal
fields (e.g., [17]) and in the expression of an L7/pcp2-lacZ
transgene [4]. However, the presence of narrow interven-
ing zebrin II+ stripes separating the subzones (Figs. 4c
and 5a) has not been seen before. These stripes may be
related to the so-called “satellite” stripes irregularly seen
in rodents (e.g., [56]).

2. Small CZ: In mice, the CZ occupies lobules VI and VIIL.
However, in the star-nosed mole, it is much smaller and
restricted to lobule VI (and even then is not evident in the
more ventral part; Figs. 4a, b and 9). Whether both a CZa
and a CZp is present despite the small size cannot be
determined as specific markers for CZ subzones in mouse
(HSP25 [32]; neurofilament-associated antigen [31]) were
not detected in the star-nosed mole. The evolutionary
explanation for a small CZ may lie in the fact that star-

GRO @ Springer

d, e Serial transverse sections through the paraflocculus (pfl)
immunoperoxidase stained for zebrin II (d) and PLCB4 (e). /sa lobulus
simplex a, Isb lobulus simplex b, ¢/l crus II. Scale bars=1 mm in b
(applies to a, b); 500 pm in e (applies to d, e); 500 um in ¢ (color figure
online)

nosed moles are blind. The CZ is a prominent cerebellar
visual-receiving area (e.g., [57, 58]). In Fig. 9, the vermis
of the star-nosed mole is compared to that of the mouse
and another visually impaired species, the naked mole-rat
[36]. In both cases, the CZ is much smaller than in the
mouse. Therefore, it is plausible to speculate that the
proportionally small CZ reflects the lack of visual input.
This may also explain why the NZ in the star-nosed mole
is proportionally small compared to mouse but compara-
ble to that in the naked mole-rat (Fig. 9). It should be
emphasized that this is an evolved feature: for example,
the surgical removal of visual input in a newborn mouse
has no effect on the size or stripe architecture of the CZ
[59].

3. Relative expansion of the PZ, crus I, and crus II: The most
striking sensory feature of Condylura is the “star,” a
highly sensitive mechanosensory adaptation of the tri-
geminal system [45, 60]. In mammals, sensory informa-
tion from the face, snout and vibrissa and rays is carried
by the trigeminal nerve. Consistent with the prominent
role of the somatosensory system in the star-nosed mole,
the somatosensory map in the primary sensory cortex
resembles a visual system map rather than a typical barrel
cortex with receptive input from vibrissae. Furthermore,
not only do tactile fovea in the star-nosed mole function
similarly to the retinal fovea in other mammals, they are
also comparable with the acoustic fovea of bats [46].
Trigeminocerebellar mossy fibers terminate in the AZ
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Fig. 9 Unfolded representations mouse
of the vermis of the mouse (m),

naked mole-rat (nm-r; [36]), and

star-nosed mole (s-nm) cerebella

compared for the pattern of zebrin

IT expression. a The three -V

unfolded cerebella are shown to
scale (mm). Uniform zebrin 1T
expression is indicated by solid
boxes and striped expression by
lines. Compared to the mouse, the
visual receiving areas (the CZ and
NZ) are reduced in relative size in Vi

the two blind species (naked

mole-rat and star-nosed mole) and =
the trigeminal-receiving PZ in the
star-nosed mole is relatively VIl
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enhanced importance of the IXd
trigeminal system. The PZ IXv
extends from rostral lobule VII to

caudal lobule IX in the star-nosed X
mole, and leaves the small CZ to

occupy only the dorsal portion of b

naked mole-rat star-nosed mole
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— 20
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lobule VIb. The NZ is restricted to
lobule X. b The three unfolded 0 m

cerebella are redrawn to the same
length to emphasize the

proportional differences in size 25
between transverse zones

50

75

100

and PZ, in register with the zebrin II+/— stripes [22, 35,
61-63]. There are also prominent trigeminocerebellar in-
puts to the hemispheres especially to the crus II region of
the cerebellum [64—67]. Consistent with the importance of
the star appendages, all three areas in the star-nosed mole
are prominent (AZ, Fig. 4; PZ, Fig. 7; hemispheres, Fig. 8).
For example, Fig. 9 shows that the PZ of the vermis is
relatively enlarged compared to the mouse, consistent with
the hypothesis that PZ expansion correlates with the ex-
panded role of trigeminal inputs. Finally, the NZ is propor-
tionally rather small, which is also the case in the naked
mole-rat (Fig. 9b). The NZ, like the CZ, receives prominent
inputs from the visual system (e.g., [68]), and so the small
size may reflect both species are blind.

An extreme example of an unusual mammalian lifestyle is
found in the bats. We recently described the zone-and-stripe
architecture in several species of microchiropteran bat [41].
While the overall architecture of the bat cerebellum resembles
that in other mammals, the transverse zonation has two novel

features. First, an additional transverse zone is found in lobule
I (=lingular zone, [41]), a feature previously only encountered
in the avian cerebellum [33—-35]. Secondly, the CZ in bats is
elaborated from two zones to four, two uniformly zebrin II+/
PLCB4— and two striped. Two hypotheses can be advanced to
explain the unusual transverse zone architecture in bats—
either that it reflects an adaptation to flight and/or to echolo-
cation [41] or it is an evolved characteristic of the clade
independent of the special adaptations. Surprisingly, the
talpids are phylogenetically part of a monophyletic group with
the bats and are more closely related to bats than they are to
mole-rats or tenrecs (e.g., [69]; albeit that the last common
ancestor of bats and talpids likely lived about 65—75 million
years ago, so there has been much time for divergent evolution
to have taken place in both lineages). There is no evidence of
either a lingular zone or an elaborated CZ in Condylura,
consistent with the hypothesis that these features evolved to
subserve flight and echolocation, respectively, and are not
shared characteristics of the clade. It will be interesting to
see if similar adaptations are found in the Macrochiroptera.
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In conclusion, the zone-and-stripe architecture of the mam-
malian cerebellum has been analyzed in more than 20 species
and generally, it has been the similarities between species
rather than the differences that have drawn attention (e.g.,
[38, 39]). However, species-specific cerebellar characteristics
are also present (e.g., an LZ in birds [33-35], an LZ and
expanded CZ in bats [41], and an enlarged PZ in the naked
mole-rat [36]). In the case of the star-nosed mole, the unusual
features of cerebellar architecture, such as the small CZ and
large PZ, can plausibly be correlated with adaptations to
blindness and enlarged trigeminocerebellar input from the star.
These findings are not consistent with a model in which all
cerebellar regions adapt in concert but rather point to a mosaic
structure with distinct regions—in these cases, transverse
zones—upon which selection pressure acts, in part,
independently.

This and other comparative studies of cerebellar compart-
mentation raise the general issue of whether the cerebellum is
a collection independently varying modules (zones and
stripes) or should be treated as a single entity. Examples of
regional (allometric) brain adaptations have often been
mapped in the cortex. For example, enlarged forelimb tactile
representations in the cortices of primates, raccoons [70], and
moles [71]. In addition, naked mole rats have a huge cortical
representation of the front teeth and reduced cortical visual
representations (e.g., the naked mole-rat [72]). These and
other examples suggest the hypothesis that increase or de-
crease in relative size of a brain region is driven by functional
augmentation [70]. While the sample is small, the same may
apply in the cerebellum, for example, the reduced CZ in the
blind naked mole-rat [36] and the enhanced trigeminal receiv-
ing areas in the star-nosed mole (e.g., Fig. 9). This suggests
that a version of allometric scaling may apply within the
cerebellum as well as to the elaboration of the cerebellum as
a whole (e.g., [73]). By the cerebellar allometry hypothesis,
individual transverse zones in the cerebellum can indepen-
dently expand or reduce in relative size sensory inputs evolve,
while still retaining their characteristic mammalian striped
architecture [Bats may be an exception: novel or atypical
adaptation of lobule I (“lingular zone”) and hypertrophy and
atypical architecture of the CZ (lobules VI/VII)]. Presumably,
transverse zone size is determined early in development by
altering the number of Purkinje cells destined to give rise to
the zone. In turn, this implies that different parts of the
cerebellar anlage in the fourth ventricle are fated to generate
different zones (consistent with the birth dating restriction
evidence, e.g., [74] and reviewed in [5]).
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