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Abstract

The cerebellar morphological phenotype of the spontaneous neurological mutant mouse dreher
(Lmx1ad-J) results from cell fate changes in dorsal midline patterning involving the roof plate and
rhombic lip. Positional cloning revealed that the gene Lmx1a, which encodes a LIM homeodomain
protein, is mutated in dreher, and is expressed in the developing roof plate and rhombic lip. Loss
of Lmx1a causes reduction of the roof plate, an important embryonic signaling center, and
abnormal cell fate specification within the embryonic cerebellar rhombic lip. In adult animals,
these defects result in variable, medial fusion of the cerebellar vermis and posterior cerebellar
vermis hypoplasia. It is unknown whether deleting Lmx1a results in displacement or loss of
specific lobules in the vermis. To distinguish between an ectopic and an absent vermis, the
expression patterns of two Purkinje cell specific compartmentation antigens, zebrin Il/aldolase C
and the small heat shock protein HSP25, were analyzed in dreher cerebella. The data reveal that
despite the reduction in volume and abnormal foliation of the cerebellum, the transverse zones and
parasagittal stripe arrays characteristic of the normal vermis are present in dreher, but may be
highly distorted. In dreher mutants with a severe phenotype, zebrin 1l stripes are fragmented and
distributed non-symmetrically about the cerebellar midline. We conclude that although Purkinje
cell agenesis or selective Purkinje cell death may contribute to the dreher phenotype, our data
suggest that aberrant anlage patterning and granule cell development lead to Purkinje cell ectopia,
which ultimately causes abnormal cerebellar architecture in dreher.
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Introduction

The spontaneous neurological mutant dreher is one of many mouse models used to
understand cellular behaviors during nervous system development. Positional cloning
revealed that an autosomal recessive mutation in Lmx1a, encoding a LIM-homeodomain
transcription factor, is responsible for the dreher phenotype (Millonig et al. 2000). The
mutation results in abnormal formation of the roof plate and adjacent cerebellar rhombic lip,
two structures that express Lmx1a during embryonic development. As a result, cerebellar
development is significantly compromised (Millonig et al. 2000; Chizhikov et al. 2006;
Chizhikov et al. 2010).

LIM-containing proteins play roles in tissue patterning, differentiation and morphogenetic
movements (Kikuchi et al. 1997; Hobert et al. 1999; Zhao et al. 1999; Hobert and Westphal
2000; Hukriede et al. 2003; Hunter and Rhodes 2005; Matthews et al. 2008). In zebrafish,
overexpression of ISLET-3 causes abnormal termination of Wht1, Engrailed2 and Pax2
expression at the boundary between the mesencephalon and metencephalon (Kikuchi et al.
1997; Wingate and Hatten 1999). The consequent severely impaired morphogenetic
movements result in the abnormal morphology of the cerebellar primordium (Kikuchi et al.
1997).

Lmxla is expressed in the mouse embryo in roof plate progenitors and differentiating cells
on the dorsal midline from E8.5 onwards (Millonig et al. 2000; Failli et al. 2002). Its
expression expands into the adjacent rhombic lip by E12.5 (Chizhikov et al. 2006;
Chizhikov et al. 2010). The roof plate is a transient signaling center that controls
proliferation of the adjacent neuroepithelium and induces the rhombic lip. The rhombic lip
gives rise to additional roof plate and granule neuron precursors, in addition to glutamatergic
deep cerebellar nuclei neurons (Wang et al. 2005; Machold and Fishell 2005; Fink et al.
2006; Rose et al. 2009). Loss of Lmx1a in the dreher roof plate lineage leads to an early
reduction in the size of the metencephalic roof plate, which secondarily reduces proliferation
throughout the entire adjacent cerebellar zone where Purkinje cells are generated.
Subsequently, by E12.5 Lmx1a expression expands into the rhombic lip where its expression
is restricted to a population of granule cell progenitors that are fated to populate the posterior
vermis. In the absence of Lmx1a function, these progenitors leave the rhombic lip
prematurely and migrate into ectopic locations in the anterior vermis (Chizhikov et al.
2010). Cumulatively, these defects result in gross cerebellar hypoplasia and abnormalities
that are concentrated medially, with the most obvious being the absence of a normal
cerebellar vermis (Sekiguchi et al. 1992; Millonig et al. 2000; Chizhikov et al. 2006;
Chizhikov et al. 2010).

While the effects of loss of Lmx1a have been described for granule cells, it remains unclear
what happens to dreher Purkinje cells, which do not express Lmx1a at any stage. Here we
examined the apparent absence of the vermis in dreher, and in particular sought to
distinguish between two hypotheses — that the adult vermis is absent, or it is present but
located ectopically and comprised of Purkinje cells that are patterned normally into a zonal
map with distinct molecular profiles.

Brain Struct Funct. Author manuscript; available in PMC 2014 August 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sillitoe et al.

Page 3

Materials and methods

Animals, Perfusion and Sectioning

Antibodies

All animal procedures conformed to institutional regulations and the Guide to the Care and
Use of Experimental Animals from the Canadian Council for Animal Care. Breeder pairs
heterozygous for the Lmx1a gene (B6C3Fe a/a-Lmx1ad ) were obtained from Jackson
Laboratories (Bar Harbor, Maine) and mated in our breeding colony. B6C3Fe a/a-Lmx1ad™J
contains a point mutation in the Lmx1a gene and is predicted to produce an altered protein
that is likely to be unstable in vivo (Chizhikov et al. 2006). Phenotypically, homozygous
mice (Lmx1ad-J/Lmx1ad™J = dreher) were easily identifiable based on a white belly spot
clearly evident after fur development, severe ataxia and circling behavior, and by their small
size compared to littermate controls. PCR was performed according to standard protocols.
Primers and conditions used in the current study are available upon request. All experiments
were performed on animals that were at least 3 weeks old.

Mice were deeply anaesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 0.9% NaCl in 0.1M phosphate buffer (pH 7.4) followed by 4%
paraformaldehyde in 0.1M phosphate buffer (pH 7.4). The brains were then removed and
post-fixed in 4% paraformaldehyde at 4°C for 48 hours. The cerebella were then
cryoprotected through a series of buffered 10% (2 hrs), 20% (2 hrs), and 30% (overnight)
sucrose solutions. Series of 40um thick transverse sections were cut through the extent of the
cerebellum on a cryostat and collected for free-floating immunohistochemistry.

Anti-zebrin Il is a mouse monoclonal antibody produced by immunization with a crude
cerebellar homogenate from the weakly electric fish Apteronotus: it was used directly from
spent hybridoma culture medium at a concentration of 1:1000 (Brochu et al. 1990). On
immunoblots mouse monoclonal anti-zebrin 11 has been shown to recognize a single
polypeptide band of apparent molecular weight 36 kilodaltons (kDa) on cerebellar
homogenates from all vertebrate classes studied (fish - Lannoo et al. 1991; Meek et al. 1992,
birds - Pakan et al. 2007 and mammals - Sillitoe et al. 2005). As previously shown, we
found that zebrin Il immunoreactivity is expressed strongly in a subset of Purkinje cells (e.g.
Brochu et al. 1990), and weakly in some glia (e.g., Walther et al. 1998).

Rabbit polyclonal anti-HSP25 (StressGen; Victoria, BC, Canada) was used diluted at
1:1000. On western blots of adult mouse cerebellar homogenates this rabbit polyclonal anti-
HSP25 antibody recognizes a single band of approximately 25 kDa (manufacturer's data
sheet and see Armstrong et al. 2000). Our studies using this antibody resulted in a tissue-
staining pattern identical to that previously reported in wild type mice (Armstrong et al.
2000; Armstrong et al. 2001).

Monoclonal anti-calbindin (1:5000) is a well-established Purkinje cell specific marker and
was purchased from Swant (Bellinzona, Switzerland).

Brain Struct Funct. Author manuscript; available in PMC 2014 August 21.
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Immunohistochemistry

Immunohistochemistry was carried out as described previously (Sillitoe et al. 2003). 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, pH 7.4, Sigma, St. Louis, MO, USA) containing 0.1% Triton-X and
the primary antibody for 16-18 hours at 4°C. Secondary incubation in horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse antibody (diluted 1:200 in PBS;
Jackson Immunoresearch Laboratories, West Grove, PA) lasted 2 hrs at room temperature.
Diaminobenzidine was used to visualize the reaction product. Sections were dehydrated
through an alcohol series, cleared in xylene and cover-slipped with Entellan mounting
medium (BDH Chemicals, Toronto, ON, Canada).

Photomicrographs were captured with a SPOT Cooled Color digital camera (Diagnostic
Instruments Inc.) and assembled in Adobe Photoshop version 4.0. The images were cropped
and corrected for brightness and contrast but not otherwise manipulated.

Whole mount immunohistochemistry

Results

Whole mount immunostained tissue was processed according to a protocol designed to
screen for patterning defects in the cerebellum of mutant mice (Sillitoe and Hawkes 2002).
Briefly, cerebella were post-fixed overnight at 4°C in Dent's fixative (Dent et al. 1989). Next
cerebella were incubated in Dent's bleach (Dent et al. 1989) for ~6 hrs at room temperature,
then dehydrated in 2 x 30 min each 100% methanol. The tissue was passed through 4-5
cycles of chilling to -80°C and thawing to room temperature in 100% methanol followed by
overnight incubation in methanol at -80°C. Next, cerebella were rehydrated for 90 min each
in 50% methanol, 15% methanol, and PBS then enzymatically digested in 10ug/mi
proteinase K (>600 units/ml; Boehringer Mannheim) in PBS for 5 min at room temperature.
After rinsing 3 x 30 min in PBS, the tissue was incubated in blocking buffer (Davis 1993)
overnight at 4°C. The tissue was then incubated for 48-96 hrs in zebrin 1l antibody (1:200),
rinsed 3 x 2 hrs at 4°C, and incubated for 48-72 hrs at 4°C in secondary antibody (1:200,
Jackson ImmunoResearch Lab). Finally, the tissue was rinsed 4 x 3 hrs each at 4°C followed
by a final overnight rinse, incubated in 0.2% bovine serum albumin, 0.1% Triton X-100 in
PBS (PBT: Davis 1993) for 2 hrs at room temperature, and immunoreactivity revealed with
diaminobenzidine plus 0.5 pl/ml 30% H,0,.

Whole mount photomicrographs were captured with a SPOT digital camera (Diagnostics
Instruments, Sterling Heights, MI) mounted on a Zeiss Stemi SV6 microscope. Cerebella
were photographed immersed in PBT under incident illumination. Montages were assembled
in Adobe Photoshop 4.0. The images were cropped and corrected for brightness and contrast
but not otherwise manipulated.

Morphology of the dreher cerebellum

The cerebellum in Lmx1a®-Y/Lmx1ad-J (dreher) mice is markedly reduced in size (Fig. 1;
Sekiguchi et al. 1992; Millonig et al. 2000). A system to grade the variable phenotype was
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published by Mishima et al. (2009). We have adopted their nomenclature to characterize the
dreher morphology in our experiments. No gross morphological abnormalities were seen in
heterozygous littermates (Fig. 1B: although a heterozygous neural phenotype has been
reported — Patrylo et al. 1990). The morphological abnormalities of the cerebellum in dreher
mice range from partial fusion at the midline and mild rotation or ectopia of the vermal
lobules (compare +/+ in Fig. 1A to a grade 2 dreher in Fig. 6; Mishima et al. 2009 and also
see Fig. 9), to the complete lack of midline fusion and apparent absence of the vermis. In the
more severe cases, only a few lobules are present, located laterally, and the failure of
midline fusion creates an acortical crevice that exposes the fourth ventricle (grade 4 dreher
in Fig. 1C). The variability within the dreher phenotype may be due to differential modifier
gene effects on mixed genetic backgrounds (Murcia et al. 2007; Mishima et al. 2009).

Histology of the dreher cerebellum

Despite the severe defects in lobulation and the dramatic reduction in the size of individual
lobules, cerebellar lamination appears normal in dreher (Fig. 2; Sekiguchi et al. 1992;
Chizhikov et al. 2010 and unpublished data). However, the granular layer has an irregular
thickness with the thinnest regions observed in the vermis (arrowheads in Fig. 3C and Fig.
6D). Most Purkinje cells in the adult dreher cerebellum are organized into a normal
monolayer as seen by the expression of calbindin, zebrin 1l and HSP25 (see Fig. 3 and Fig.
7), but in amongst the cerebellar nuclei (CN) clusters of ectopic zebrin ll-immunoreactive
Purkinje cells are common (compare lateral nuclei in Fig. 2A with 2B; see also Fig 2C). In
addition, ectopic HSP25-immunoreactive Purkinje cells were found within the white matter
(arrow Fig. 2D). Furthermore, calbindin immunoreactivity also revealed ectopic Purkinje
cells within the white matter and CN (compare Fig 2E with 2F). Interestingly, mild
lamination defects have also been observed in the dreher cerebral cortex (Costa et al. 2001)
and hippocampus (Sekiguchi et al. 1992).

Organization of the vermis

The fundamental parcellation of the mammalian cerebellar vermis appears to be into four
transverse zones - the anterior zone (AZ: ~ lobules 1-V), the central zone (CZ: ~lobules VI,
V1), the posterior zone (PZ: ~lobules VII1) and the nodular zone (NZ: ~lobule 1X, X)
(Ozol et al. 1999; Apps and Hawkes 2009). The zebrin Il/aldolase C expression pattern in
Purkinje cells reveals that the AZ and PZ are further subdivided, from medial to lateral, into
an array of at least seven parasagittal stripes designated P1+ - P7+ (for zebrin 1I-
immunopositive) and P1- to P7- (for zebrin ll-immunonegative). While all Purkinje cells in
the rodent CZ and the NZ express zebrin 11, the small heat shock protein HSP25 reveals a
pattern of Purkinje cell stripes that respect the anterior-posterior limits delineated by the
transverse zones (Armstrong et al. 2000; Armstrong and Hawkes 2002). The expression of
HSP25 reveals at least five immunoreactive stripes in the CZ and at least three thick
immunoreactive stripes in the NZ (Armstrong et al. 2000). Using these markers of Purkinje
cell patterning we conclude that the four transverse zones of the adult vermis are present in
dreher, but are ectopically located laterally. Because the expression of these markers is
refractory to Purkinje cell ectopia and experimental manipulations, they can be used to
identify the cerebellar vermis in ectopic locations (reviewed in Armstrong and Hawkes
2000; Sillitoe and Hawkes 2002).

Brain Struct Funct. Author manuscript; available in PMC 2014 August 21.
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Anterior zone—In the AZ of control mice, a highly reproducible array of zebrin |1
immunoreactive stripes is present (Ozol et al. 1999; Sillitoe and Hawkes 2002; Fig. 3). At
the midline, P1+ is thin and distinct in all five lobules of the AZ. Laterally on either side of
the midline, P2+ to P4+ are arranged symmetrically. The P2+ stripe does not extend
caudally far beyond the primary fissure and is restricted to lobules IV and V (see also rabbit
- Sanchez et al. 2002; guinea pig - Larouche et al. 2003). The P3+ stripe is distinct in all five
lobules and is situated approximately 500um lateral to P1+ in lobules I-111 (Fig. 3A; Sillitoe
and Hawkes 2002). The most lateral stripe, P4+, is visible in all lobules of the AZ and is
most clearly seen on wholemount immunoperoxidase-stained cerebella (e.g., Sillitoe and
Hawkes 2002).

The lobules of the AZ in dreher are often rotated with respect to the posterior lobules and
ectopic with respect to the midline (e.g., arrow - Fig. 3B showing a grade 3 dreher
cerebellum). Although deflected, P1+ to P3+ can be confidently identified in the dreher AZ
(Figs. 3C, D: the +/+ midline P1+ stripe is derived from the fusion of the stripes from each
hemicerebellum and hence is represented separately in the two ectopic halves). The
abnormalities in Purkinje cell patterning appear to be consistent with the rotated morphology
of the lobules. Stripes in the AZ are often positioned such that they are rotated in the same
direction as the lobules they traverse (Fig. 3C and D). Thus, despite the severely convoluted
morphology of the AZ, the underlying pattern of zebrin 1l is relatively normal in dreher.
However, the distance between P1+ and P3+ is approximately half the distance than it is in
+/+ littermates (~250 pm in a grade 3 dreher compared to ~500 pm in +/+ for lobule 1V).
Moreover, in dreher the distance between P1+ and P3+ is highly variable between the
ventral (Iobules I-111) and dorsal (lobules 1V and V) sub-divisions of the AZ (Fig. 3).

Central zone—The alternating zebrin I1+/- stripes seen in the +/+ AZ disappear in the CZ,
which begins caudal to the primary fissure (Ozol et al. 1999). All Purkinje cells in the
vermis of wild type mice CZ express zebrin Il (Fig. 4A; Ozol et al. 1999). As was the case
for the AZ, the dreher CZ is in an ectopic location lateral to the cerebellar midline. In dreher
mutants with milder phenotypes, lobules VI-VII are rotated in the horizontal plane such that
they are only partially located at the midline (grade 2 dreher cerebellum in Fig 4D). In the
more severe cases, lobules VI-VII are no longer visible at the midline and a large gap
separates the two sides of the cerebellum (e.g., grade 4 dreher in Fig. 1C). Adjacent to the
midline gap, a region that expresses zebrin Il uniformly can reliably be identified (Figs. 4B
and C). This is consistent with the presence of an ectopic CZ domain, but cannot be
distinguished by zebrin 11 expression from the uniformly zebrin I1+ crus I lobule of the
hemispheres (especially as hemispheric lobulation is also abnormal).

The CZ of the +/+ vermis contains five parasagittal stripes of Purkinje cells that express
HSP25 — one astride the midline and two laterally on either side (Fig. 5A: Armstrong et al.
2000). No HSP25-immunoreactive Purkinje cells are present in the hemispheres. (Ectopic
HSP25-expression in Purkinje cells is occasionally seen in mutant mice, for example in an
NPC1 mouse model of Niemann-Pick type C disease - Sarna et al. 2003 - but these are
infrequent and not organized in stripes). HSP25 immunoreactivity was therefore used to
determine whether the CZ vermis in dreher is genetically ablated or located ectopically.
Immunohistochemical analysis reveals that a variable, fragmented pattern of HSP25 is
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present in the dreher CZ (compare near adjacent tissue sections in a grade 4 mutant in Figs.
5B and C). On each tissue section individual stripes of HSP25-immunoreactive Purkinje
cells (Fig. 5D) were often observed in isolation, with few or no adjacent stripes (Fig. 5B and
C). Thus, the unambiguous identification of all five HSP25 immunoreactive stripes is
difficult in the dreher CZ. This is likely due in part to the ectopia of HSP25+ Purkinje cells
(Fig. 2C). In addition however, the deflection of each side of the unpaired vermis appears to
cause an anterior-posterior staggering of Purkinje cell stripes on one side of the vermis
relative to the other.

Posterior zone—In wild type cerebella (Figs. 6A and C), a pattern of alternating zebrin 11
+/- stripes is seen in the PZ (e.g., lobule VIIII; rat - Hawkes and Leclerc 1987; mouse -
Eisenman and Hawkes 1993; Ozol et al. 1999; Sillitoe and Hawkes 2002: reviewed in
Marzban and Hawkes 2010). The characteristic saddle shape of lobule VIII in the +/+
cerebellum (Figs. 1A, 6C) is often difficult to identify in dreher and, as is the case for the
anterior lobules, the PZ is skewed laterally (grade 2 dreher cerebellum in Fig. 6B) and
partially concealed by the hemispheric lobules (Fig. 6D). Nevertheless, the P1+ to P4+
stripes of the PZ vermis can each be identified in dreher (Fig 6B and Fig. 6E), although
often with poor symmetry between the two sides of the cerebellum (e.g. zebrin 1l-
immunoreactive stripes are obvious on the right side of the cerebellum in Fig. 6B but poorly
resolved on the left side). One feature we observed in some mutants was the lack of tissue
continuity at the apex of lobule 1X (black asterisk in a grade 3 mutant shown in Fig. 6E).
This conspicuous gap in the tissue was consistent with a morphological defect at the
midline. In such mutants we used this location as a landmark to locate the midline zebrin 11
stripe and accordingly, the adjacent non-symmetrical stripes (Fig. 6E).

Nodular Zone—In the most posterior lobules of the +/+ vermis, the zebrin I1-
immunonegative stripes disappear as the PZ gives way to the NZ (~ lobules IX and X; Ozol
et al. 1999), and almost all Purkinje cells express zebrin 11 (see Fig. 6A). Whole mount and
serial section analyses of dreher cerebella confirmed the presence of the NZ as defined by
the uniform expression of zebrin 11 (see Figs. 6B and D). The distribution of NZ Purkinje
cells that express HSP25 in dreher revealed an array of stripes characteristic of lobules IX
and X (Fig. 7). For example, in lobule 1X at least five obvious stripes are revealed in wild
type and dreher mutants (arrows Fig. 7A, B). However, in dreher the abnormal foliation
causes the regular array of stripes to be deflected laterally, which ultimately results in a mis-
alignment of stripes between the rostral and caudal faces of the lobule (asterisk in Fig. 7B).

Organization of the hemispheres

Zebrin Il expression in the hemispheres revealed alternating stripes in all specimens despite
the severe lobulation abnormalities. In +/+ cerebella, at least four prominent zebrin 11+
stripes occupy the hemispheres (P4a+, P5b+, P6+ and P7+: Fig. 8A). Strikingly, in dreher
the pattern of zebrin 11 expression in the hemispheres is more or less normal in both the
anterior and the posterior hemispheres. The parasagittal pattern in (presumptive) HVI gives
way to the uniform zebrin 11 expression in crus I (Fig. 8B). In crus Il and the paramedian
lobule (Fig. 8B) all four zebrin 1l immunoreactive stripes were observed and easily traced
over the cerebellar surface.
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In wild type mice all Purkinje cells are zebrin Il immunoreactive in the flocculus and the
paraflocculus (Fig. 8C), but HSP25 reveals a heterogeneous pattern in the paraflocculus
(Fig. 8E; Armstrong et al. 2000). Similarly, in dreher the expression of zebrin I1 is uniform
in the flocculus (Fig. 8D) while HSP25 is striped in the paraflocculus (Fig. 8F).

Discussion

Several developmental defects could account for the cerebellar abnormalities in dreher.
These include agenesis of the vermis, formation of the vermis followed by cell death and
ectopia of the vermis due to abnormal Purkinje cell migration and/or failure of midline
fusion. Our data are consistent with the hypothesis that Purkinje cells from all four zones of
the vermis are present in dreher but are displaced laterally to ectopic locations due to a
failure of midline fusion (Fig. 9). The presumptive ectopic vermis is reliably distinguished
from the hemispheres on several grounds: as in wild type mice, the zebrin Il and HSP25
expression patterns in dreher define distinct subsets of Purkinje cells; the individual
hemispheric zebrin 11 Purkinje cell stripes can be identified; and there are no HSP25+ stripes
in the hemispheres of adult wild type mice. Furthermore, based on Purkinje cell phenotypes,
our data also suggest that some Purkinje cell ectopia in dreher is due to the failure of
embryonic Purkinje cell clusters to disperse properly.

Several previous investigations have provided evidence that Purkinje cell stripe markers are
expressed with fidelity despite Purkinje cell ectopia and in the presence of abnormal
connectivity. For zebrin 1l these include studies of mutant mice with cerebellar
developmental abnormalities (e.g., reeler — Edwards et al. 1994; disabled — Gallagher et al.
1998), studies of afferent lesions (e.g., Leclerc et al. 1988; Ji and Hawkes 1995; Zagrebelsky
et al. 1996; Armstrong et al. 2000), and studies in which the cerebellum is grown in slice
cultures (Seil et al. 1995) or as intracortical or intraocular grafts (Wassef et al. 1990). For
constitutive HSP25 expression, they include various lesion paradigms (afferent ablations,
eye sutures etc.: Armstrong et al. 2000, Armstrong et al. 2001) and studies of mouse
cerebellar mutants (weaver — Armstrong and Hawkes 2001; disabled — Armstrong et al.
2009). Thus, we conclude that examination of Purkinje cell expression patterns is a valid
approach to examine cerebellar patterning in dreher mice.

Zebrin 11 expression revealed that in dreher mice Purkinje cell stripes are either altered in
width or the spacing between stripes is severely reduced (see Fig. 2 and Fig. 3). The
reduction in the number of zebrin I1+ cells per stripe could be due to the failure of specific
embryonic Purkinje cell clusters to disperse into stripes (Fig. 2). Similarly, the reduced
spacing between zebrin 11+ stripes could reflect a failure of Purkinje cell subsets to properly
incorporate into the Purkinje cell layer (Fig. 3). Indeed, previous work has shown that
cerebellar deficient folia (cdf) mutants have a selective failure of a zebrin 11- Purkinje cell
subset to disperse, which ultimately results in stripe width abnormalities (Beierbach et al.
2001). However, in contrast to cdf, Purkinje cell ectopia in dreher mice likely involves
multiple subsets (Fig. 2). Purkinje cell clusters are known to disperse under the control of
the reelin-disabled signaling pathway (E18-P3: reviewed in Howell et al. 1997; Larouche
and Hawkes 2006; Larouche et al. 2008; Miyata et al. 2010). We propose that in dreher, the
lack of reelin signaling medially could in theory result in a failure of vermis Purkinje cells to
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disperse properly. The absence of this key cell migration signal might explain why some
Purkinje cells are ectopic and trapped among the cerebellar nuclei, a potent source of reelin
in the developing cerebellum (Jensen et al. 2002).

It is also likely that fewer Purkinje cells are generated in dreher mice due to reduced
mitogenic signaling from a reduced roof plate (Chizhikov et al. 2006; Chizhikov et al.
2010). Moreover, loss of Lmx1a may affect specific subsets of Purkinje cells more than
others. For example, removal of Engrailedl causes severe defects in the patterning of zebrin
Il stripes, whereas loss of Engrailed2 function causes major alterations in HSP25 stripe
patterning (Sillitoe et al. 2008). In addition, several spontaneous and engineered mutations
that affect cerebellar development induce selective Purkinje cell ectopia (Armstrong and
Hawkes 2001; Beierbach et al. 2001; Larouche et al. 2008). Moreover, genetic and physical
insults to the developing cerebellum cause patterned Purkinje cell death (Sarna and Hawkes
2003). Similar differential alterations in the pattern of specific Purkinje cell stripes or
subsets may also be true in dreher.

Since Lmx1a is not expressed in Purkinje cells at any stage of their development, all vermis
defects must be secondary to roof plate and rhombic lip abnormalities in dreher mice. The
complexity of the dreher phenotype may be best understood from the perspective of the
normal developmental dynamics of the developing cerebellum. First, in contrast to the
theory of fusion of the hemi-cerebella to form the whole structure (Louvi et al. 2003), recent
genetic fate mapping data supports a model where initially only the anterior vermis is fused
and cell proliferation allows for expansion and development of more posterior vermis
(Sgaier et al. 2005; Sillitoe and Joyner 2007). Second, during vermis expansion the initially
wing-like cerebellum rotates ~90 degrees and transforms the anterior-posterior axis into the
medial-lateral axis of the cerebellum (Fig. 9; Sgaier et al. 2005; Sillitoe and Joyner 2007).
Since the anterior vermis is initially unaffected by the dreher mutation (Chizhikov et al.
2010), cell proliferation and tissue expansion appear to be spared in the anterior cerebellum
of dreher and therefore patterning of Purkinje cell stripes proceeds normally in this domain
(Fig. 9). Further, we conclude that anterior midline fusion is also less dependent on Lmxla
function in this domain. Posterior predominant vermis hypoplasia is at least partially
explained by a switch in the fate of posterior granule cells to anterior domains (Chizhikov et
al. 2010). However, since the roof plate provides mitogenic signals that affect Purkinje cell
neurogenesis, posterior vermis proliferation is likely compromised. In severe cases of dreher
(grades 3-5) the two halves of the vermis are often deflected from the midline by ~45
degrees (e.g. lobule HVI in Fig. 1B). We speculate that in addition to vermis expansion,
Lmxla is required for rotation of the hemi-cerebella and formation of the mature medial-
lateral axis. It is intriguing that expansion and rotation of the vermis might be tightly
coupled (and linked by Lmx1a function) but independent of Purkinje cell stripe patterning.

Cerebellar abnormalities predominant in the vermis are seen in several rodent models. The
best-known mouse example is the weaver (wv/+) mouse, in which neuronal migration
defects — directly affecting both granule cells (Hatten et al. 1986; Goldowitz 1989) and
Purkinje cells (Smeyne and Goldowitz 1990) — lead to lobule malformations that are both
regionalized (e.g., specific abnormalities in the CZ: Armstrong and Hawkes 2001) and most
severe in the vermis (e.g. Rezai and Yoon 1972; Blatt and Eisenman 1985; Herrup and
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Trenkner 1987). Similarly, the hereditary cerebellar vermis defect rat (cvd), which lacks the
Netrin-1 receptor Unc5h3, is characterized by defects in the cerebellar vermis and a
dysplastic cerebellum (Kuwamura et al. 1997; Kuramoto et al. 2004). At around E19, cvd
rats lack normal vermis development and subsequently the cerebellar hemispheres appear
fused. Lamination is abnormal and the Bergmann glia and Purkinje cells are abnormally
oriented (Kuwamura et al. 1997). It is interesting to speculate that an important cause of
abnormal cerebellar morphology in all three mutations may be a direct consequence of
compromised granule cell development leading to abnormal midline fusion. Because the
expression of compartmentation antigens has not been analyzed in cvd rats, it remains a
possibility that their vermis is also positioned ectopically within the hemispheres.

Several congenital malformations in humans also affect the genesis of the cerebellar vermis.
For example, heterozygous mutations in ZIC1 and ZIC4 and heterozygous mutations of
FOXC1 are associated with Dandy-Walker malformation (Grinberg et al. 2004; Aldinger et
al. 2009). Dandy-Walker malformation consists of either partial or complete agenesis of the
vermis, in which the posterior lobules appear to be disproportionately targeted (Patel and
Barkovich 2002; Barkovich et al. 2009). In addition, mutations in several cilia and basal
body protein encoding genes have all recently linked to Joubert syndrome (Doherty 2009;
Lee and Gleeson 2010). Joubert syndrome is associated with posterior fossa abnormalities
and consists of posterior predominant vermian hypoplasia (Maria et al. 1997). Although the
specific genes that are mutated in each disease are different, common underlying cellular
defects may link the different conditions. Interestingly, the developmental pathogenesis of
Dandy Walker malformation has been associated with abnormal rhombic lip and EGL
formation (Aldinger et al. 2009; Blank et al. 2011) and EGL proliferative defects have also
been hypothesized to underlie the Joubert Syndrome phenotype (Chizhikov et al. 2007;
Spassky et al. 2008). Based upon the morphological abnormalities of the cerebellum, we
propose that the Lmx1a mutation in dreher is a valuable animal model for understanding the
developmental origins of diseases that affect the cerebellar vermis.
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heterozygote
dreher/+)

homozygote
(dreher)

Figurel.
The arrangement of zebrin Il immunoreactive parasagittal stripes in the cerebella of

littermate wild type, heterozygous and homozygous dreher mutant mice, shown in
wholemount. (A) The posterior lobe vermis of a +/+ cerebellum immunoperoxidase-stained
for anti-zebrin 11. Zebrin Il is expressed by a series of parasagittal stripes of Purkinje cells in
the vermis and hemispheres of the posterior cerebellum. (B) The posterior lobe vermis of a
cerebellum from a heterozygous animal immunoperoxidase-stained for anti-zebrin 11. The
expression of zebrin Il is normal in the vermis and the hemispheres. (C) The posterior lobe
vermis of a cerebellum from a homozygous dreher animal immunoperoxidase-stained for
anti-zebrin I1. The posterior lobe vermis is almost completely absent from the midline and is
replaced by an ectopic mass of tissue. The hemispheric lobules are irregularly shaped but
relatively correctly positioned. Zebrin Il is expressed in parasagittal stripes in the
hemispheres. Note that despite its small size, the vermis of lobule V is positioned normally.
The vermis of the rostral aspect of lobule V1 is present but deflected laterally and only
partially fused at the midline. As in control and heterozygous cerebella, the expression of
zebrin 11 in lobules V-VI in the homozygous dreher cerebellum reflects the AZ to CZ
transition. Roman numerals indicate cerebellar lobules. Scale bar in C =1 mm (also applies
to A and B).
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Figure2.
Ectopic Purkinje cells are located in the cerebellar nuclei (CN) and white matter tracts of the

dreher cerebellum. (A) In wild type mice Zebrin Il immunoreactive axons of Purkinje cells
are observed within the CN. (B) In dreher the medial (Med), intermediate (Int), and lateral
(Lat) nuclei are clearly distinguished on transverse sections immunoperoxidase-stained for
zebrin 1. Ectopic Purkinje cell somata located in the lateral nucleus are immunoreactive for
zebrin 1l (white asterisk). (C) An example of an ectopic zebrin Il immunopositive cluster of
Purkinje cells shown at higher magnification (the center of the cluster is labeled with a white
asterisk). (D) An example of an ectopic HSP25 immunopositive cluster of Purkinje cells
(arrow), shown at high magnification. (E) In wild type mice calbindin immunoreactive
Purkinje cell axon terminals outline the somata of their target CN neurons (arrowheads). (F)
In dreher ectopic calbindin immunopositive Purkinje cell somata (arrows) are interspersed
among the CN neurons, which are outlined by immunoreactive Purkinje cell axon terminals
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(arrowhead). Note that zebrin I, HSP25 and calbindin are expressed by Purkinje cells but
are not expressed by the CN neurons. Scale bar in A = 250 um (applies to B); C = 100 um;
D =50 um (applies to E and F).
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Figure 3.
Zebrin Il is expressed in parasagittal stripes in the anterior zone (AZ) vermis of dreher mice.

(A) At least three zebrin Il immunopositive stripes are reproducible in the AZ of +/+
cerebella. In lobule 111, P1+ is located at the midline and is heavily reactive for zebrin II.
Two P3+ stripes are located approximately 500 pm lateral to P1+ and are also heavily
reactive for zebrin 11. P1- is broad and is located directly between P1+ and P3+. In lobule
1V, P1- tapers and the distance between P1+ and P3+ are reduced accordingly. (B) In
dreher, P1+ is central and is flanked by two P3+ stripes located 400-500 pm laterally. The
width of P1- is considerably reduced. (C) In lobule IV, zebrin Il immunopositive stripes
appear deflected from the midline of the cerebellum. The zebrin Il P1+ stripe and the
morphological midline seen from lobules at the cerebellar surface (arrow) are not aligned.
Despite the twisting of the stripes, which no longer run parasagitally, the distance between
them is relatively normal. Irregularities are observed in the width of individual stripes (e.g.,
the P3+ stripe on the left side is wider at this level of the AZ in this individual and the P1-
on the left is concomitantly reduced. (D) Higher magnification view of lobules IV/V,
illustrating the twisted architecture of the AZ stripes P1+ and P3+. Roman numerals indicate
cerebellar lobules. Scale bar = 500 um in A (also applies to B and C); 250 pm in D.
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Figure4.
Zebrin 11 is expressed by all Purkinje cells of the central zone (CZ) vermis in the cerebellum

of dreher mice. (A, C) In the +/+ CZ, peroxidase reaction product is evenly deposited in all
Purkinje cells, revealing a single uniform domain of zebrin Il expression. (B, D) In the
dreher CZ, most Purkinje cells express zebrin I1. As in control cerebella, the transition from
the AZ to CZ occurs between lobules V and VI as the regular array of stripes in the caudal
AZ (arrows in D) gives way to a solid domain of expression in the rostral CZ. However,
compared to the relatively central location of vermian lobule V, the vermis of lobule VI in
dreher is deflected laterally and is located within the hemispheres. Roman numerals indicate
cerebellar lobules. Scale bars = 75 um in A (also applies to B); C = 1 mm (applies to D).
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Figureb5.
The expression of HSP25 reveals parasagittal stripes in the central zone (CZ) of dreher

mice. (A) HSP25 is expressed by at least five immunoreactive stripes (one stripe located at
the midline and two on either side bilaterally) in the CZ of +/+ mice. (B) In dreher, stripes of
HSP25 expressing Purkinje cells are detected in the vermis of the CZ and the NZ. (C) A
near adjacent tissue section to the one shown in panel (B) illustrating the staggered
architecture of the HSP25 pattern. The CZ stripe in this panel is more medial than the CZ
stripe in panel (B). (D) An example of an HSP25 immunoreactive stripe in the lateral
aspects of the dreher CZ (higher magnification of the box labeled C in panel B). Roman
numerals indicate cerebellar lobules. Scale bars =1 mm in C (applies to B and = 500 um in
A); D=75um.
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Figure6.
Zebrin Il is expressed in parasagittal stripes in the posterior zone (PZ) vermis of dreher

mice. (A) Wholemount anti-zebrin Il immunoperoxidase staining of control cerebella
reveals an array of parasagittal stripes in the vermis of lobule VIII. (B) In dreher,
wholemount immunoperoxidase-staining for anti-zebrin 11 reveals clearly delineated
parasagittal stripes in the vermis of lobules VIII. (C) An example of a transverse section
through the PZ of a control cerebellum immunoperoxidase-stained for zebrin 11. (D) An
example of a transverse section through the PZ of a dreher cerebellum immunoperoxidase-
stained for zebrin Il. Zebrin 1l immunoreactive stripes in the vermis of lobule VIII are
deflected to one side of the cerebellum. (E) Despite abnormal foliation and abnormal fusion
of the posterior vermis (e.g. lobule IX in this cerebellum) in dreher, an array of parasagittal
stripes occupies the presumptive lobule VIII. The pattern of zebrin Il in the hemispheres is
distinguishable from the pattern in the vermis. The midline of the dreher cerebellum was
often identified by a conspicuous gap in the cerebellar cortex (asterisk). Roman numerals
indicate cerebellar lobules. P1+ to P4+ are labeled as 1-4 in all panels. Scale bar =1 mm in
B (also applies to A); D =500 um (also applies to C); E =1 mm.
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Figure7.
The expression of HSP25 reveals parasagittal stripes in the nodular zone (NZ) of dreher

mice. Similar to wild type mice (A), at least five HSP25 immunoreactive stripes are detected
in lobules IX and X of dreher mice (B). One stripe is located at the midline and is flanked
by two stripes bilaterally (arrows). Note that despite the different rostrocaudal locations of
each hemi-vermis, five obvious HSP25 immunoreactive stripes are visible in a single plane.
(C) Despite the lateral deflection of lobules, stripes in the caudal CZ are fully differentiated
from the stripes in the NZ (higher magnification of the box labeled C in panel B). (D) An
example of an individual immunoreactive stripe showing that HSP25 immunoreactive
Purkinje cells are organized into a monolayer (higher magnification of the box labeled D in
panel B). As in control cerebella, reaction product is heavily deposited in the Purkinje cell
somata and dendrites. The arrow points to an immunoreactive blood vessel in the granular
layer (for details see Armstrong and Hawkes 2001). Roman numerals indicate cerebellar
lobules. Scale bar =1 mm in A (also applies to B); D = 50 pm (also applies to C).
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Figure8.
Zebrin Il expression reveals parasagittal stripes in the hemispheres of dreher mice. (A) In

control cerebella, at least six zebrin 1l immunopositive stripes occupy the hemispheres (P4a
+, P4b+, P5a+, P5b+, P6+ and P7+). The broad P5b+ and P6+ are heavily reactive and are
easiest to identify on whole mount immunoperoxidase-stained cerebella. (B) P5b+ and P6+
are the most obvious stripes in the hemispheres of the dreher cerebellum as seen on whole
mount immunoperoxidase-stained cerebella: P4+ and P7+ are resolved with less clarity. (C)
In control cerebella zebrin 11 is expressed in all Purkinje cells in the flocculus (see also
Eisenman and Hawkes 1993). (D) Zebrin Il is also expressed in all Purkinje cells the dreher
cerebellum. (E) In wild type cerebella HSP25 is expressed in a subset of Purkinje cells in the
flocculus/paraflocculus complex (pfl/fl; for details see Armstrong and Hawkes 2001). (F)
An example of an HSP25 immunoperoxidase-stained transverse section through the
flocculus/paraflocculus in dreher showing that HSP25 is expressed by a subset of Purkinje
cells in the paraflocculus. Scale bar = 1 mm in A (also applies to B); 50 um in F (also
applies to C, D, E).
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Schematics illustrating three stages of cerebellar morphogenesis in wild type and dreher
mutant mice. The rhombic lip (rl), the region that is initially affected after loss of Lmxla
gene expression in dreher, is marked in red. The blue lines in the E15 and adult schematics
illustrate Purkinje cell stripe patterns. The cerebellar midline is indicated by the black dotted
line. Note that the vermis (e.g. in the anterior cerebellum) is shifted laterally in dreher and
the pattern of stripes is deflected accordingly. Because the severity of dreher defects is grade
specific (Mishima et al. 2009), the extent of stripe deflection is variable (a mild rotation is

illustrated here).
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