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Abstract. The cerebellum is organized into a series of
parasagittally aligned bands that may be revealed histo-
logically in the adult mouse by largely complementary
immunostaining of Purkinje cell sets with the monoclon-
al antibodies Zebrin II (ZII; antigen:aldolase C) and P-
path (PP; antigen:90-acetyl glycolipids). We compared
the normal staining pattern using these markers and an
antibody to calbindin with that found in the reeler mu-
tants (rl/rl), in which most Purkinje cell migration is halt-
ed beneath the cerebellar white matter. The results re-
vealed that Purkinje cells in reeler mutants, despite their
ectopic location in large subcortical masses, show a clear
tendency to distribute into alternating zones that either
stain for Zebrin II or for P-path, with variable transition
zones of mixed labeling. However, the estimated number
of zones was fewer than in the normal adult cortex:
roughly 7-9 zones are revealed per side in the mutant
compared with 14 major divisions in wild type mice.
These results raise the possibility that neurons destined
to express these markers are segregated during their mi-
gration and that the final phase of migration into the
cortex might involve further splitting or interdigitation
between cell sets expressing the two antigens.

Key words: Cerebellum ~ Neurological mutant — Gan-
glioside — Immunohistochemistry — Neuron migration

Introduction

The mammalian cerebellar cortex exhibits patterns of af-
ferent and efferent connectivity that conform to longitu-
dinal zones (Voogd 1969; Voogd et al. 1985; Buisseret-
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Delmas and Angaut 1993). A similar parasagittal zonal
organization is revealed by histochemical staining for
certain metabolic enzymes, such as acetylcholinesterase,
5’-nucleotidase, and cytochrome oxidase (Scott 1964;
Voogd 1969; Boegman et al. 1988; Eisenman and
Hawkes 1989; Leclerc et al. 1990), and, even more clearly,
by immunocytochemical staining with antibodies to the
Zebrin 1 and II antigens present in Purkinje cells
(Hawkes et al. 1985; Hawkes and Leclerc 1987; Brochu et
al. 1990; Eisenman and Hawkes 1993). The antigenic
compartmentation of Purkinje cells is spatially correlated
with projection patterns of olivary climbing fibers and
with that of some mossy fiber and corticonuclear projec-
tions (Hawkes and Leclerc 1986; Gravel et al. 1987;
Gravel and Hawkes 1990; Matsushita et al. 1991). Thus,
Zebrin immunostaining provides a powerful method for
investigation of the effects of experimental or genetic per-
turbations on the development of a fundamental aspect
of cerebellar organization (Wassef et al. 1987; Leclerc et
al. 1988; Rouse and Sotelo 1990; Sotelo and Wassef 1991;
Tano et al. 1992; Edwards et al. 1994).

The parasagittal zonation of the cerebellum poses a
major challenge for developmental biology: does cell fate
with respect to antigenic compartments arise from deter-
minative events during histogenesis and cell migration or
through cellular interactions with their environment after
the Purkinje cells are assembled in the cortex? In the
homozygous recler mutant mouse, most Purkinje cells
abort their migration and are assembled in large subcor-
tical masses beneath the white matter (Goffinet 1983;
Yuasa et al. 1993). For this reason, study of the reeler
mutant allows one to assess which aspects of cerebellar
compartmental organization are or are not dependent on
the completion of Purkinje cell migration to their normal
cortical position.

The reeler mutant phenotype involves gross distur-
bances in cell position in the cerebral cortex, hippocam-
pus, and cerebellum and more subtle effects on cellular
organization in other structures (reviews: Caviness et al.
1988; Goffinet 1984). In the cerebral cortex, the stratifica-
tion of neuronal classes into layers is largely inverted and
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dendritic orientation is often abnormal, yet connectivity
patterns are normal with respect to target cells and to-
pography. The systematic disturbance of cell position
arises from a failure of successive waves of neurons gener-
ated in the ventricular zone to migrate past their prede-
cessors, a sequence that normally leads to an inside-out
pattern of cell position with respect to cell birthdate. In
the reeler mutant cerebellum, most Purkinje cells are con-
centrated in ectopic subcortical masses, which are well
segregated from the deep nuclei, and smaller numbers are
located in the granule cell layer and in the Purkinje cell
layer, which together form an unfoliated cortex with an
abnormally small surface arca (Meier and Hoag 1962;
Mariani et al. 1977; Goffinet et al. 1984; Heckroth et al.
1989; Inoue et al: 1990). Whereas the neurons of the mu-
tant cerebellar cortex show a virtually normal organiza-
tion with respect to lamination, cell morphology and
connectivity at the ultrastructural level, the subcortical
Purkinje cells exhibit stunted and maloriented dendritic
trees that receive an appropriate innervation from climb-
ing fibers, no parallel fiber input, and an abnormal direct
innervation from mossy fibers (Mariani et al. 1977;
Wilson et al. 1981; Goffinet et al. 1984; Blatt and Fisen-
man 1988). In contrast to the neocortex, neuron numbers
in the mutant cerebellum are substantially reduced:
Purkinje cell number is half that found in normal mice
(Blatt and Eisenman 1988), and, judging from the small
cortical surface area, the population of granule cells and
other interneurons is even more affected. It has been pro-
posed that in both the neocortex and cerebellum the phe-
notypic abnormalities of the mutation arise as a conse-
quence of a primary disturbance in the interactions be-
tween migrating neurons and the radial glial fibers they
travel along (Pinto-Lord et al. 1982; Yuasa et al. 1993).
However, the affected gene on chromosome 5 has not
been identified, and, consequently, the primary site (or
sites) of action of the two known mutant alleles is still
uncertain.

Some results of previous studies on the reeler cerebel-
lum are relevant to the issue of zonal organization within
the subcortical Purkinje cell masses. For example, antero-
grade labeling of parts of the olivocerebellar system pro-
duces longitudinal banding patterns (Goffinet et al. 1984;
Blatt and Eisenman 1988), and discontinuities in 5'-nu-
cleotidase staining have been noted (Eisenman 1988).
More significantly, Sotelo and Wassef (1991) have report-
ed in abstract form that the subcortical Purkinje masses
exhibit segregated zones of Zebrin I immunoreactivity.
The present study seeks to provide more direct and de-
tailed information about the organization of the Purkinje
cell compartments in the reeler mutant through the use of
two selective markers of Purkinje cell subsets, the Zebrin
IT antibody and the recently developed antibody, P-path.
The latter has been shown to recognize 90-acetylated gly-
colipids and to stain predominantly the Zebrin II-nega-
tive Purkinje cell bands (Leclerc et al. 1992). The results
on the recler mutant support the hypothesis that com-
partmental cell fate in the cerebellum is determined by
fundamental events of differentiation early in embryoge-
nesis.

Materials and methods

Animals

Adult mice (older than P50) and 4-week old mice of the hybrid
strain B6C3 (C3H X C57BL/6J), which bears the reeler mutation
(r]), were bred in the Shriver Center colony.

Antibodies

The Zebrin II monoclonal antibody (IgG class) was generated in
mouse using cerebellar homogenates from the fish Apteronus as the
immunogen (Brochu et al. 1990). It is known to recognize a 36-kDa
protein in Purkinje cells identified as a variant of the cytoplasmic
enzyme aldolase C (Hawkes 1992). The P-path monoclonal anti-
body (IgM class) was generated using fetal rat brain homogenate as
the immunogen and has been shown to recognize a set of four
glycolipids including 90-acetyl GD3 (Leclerc et al. 1992) and proba-
bly 90-acetyl disialoparagloboside (LD1; Chou et al. 1990). The
antibody to calbindin (gift of Charles Gerfen, NIMH) is a rabbit
polyclonal antibody raised against purified calbindin (vitamin D-
dependent 28-kDa protein).

Immunohistochemistry

After anesthetization with ether or Avertin (11 mg/kg), the mice
were perfused intracardially with saline and then with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.3). The
brains were postfixed 6-15 h. at 4°C, immersed in 25% sucrose PB
for 4 to 15 h., and sectioned transversely through the cerebellum at
40 mm with a sledge microtome.

Serial secttons were collected in 0.05 M phosphate-buffered sa-
line at pH 7.4 (PBS), washed (3 x 15 min) and incubated 15-18 h at
4°C in Zebrin II hybridoma supernatant (1:5-30), P-path hybri-
doma supernatant (1:2-10), and/or anti-calbindin antibody (1:700—
1000) diluted in PBS with 2-10% normal goat serum (Gibco) (NGS-
PBS). Sections were washed with PBS, incubated with HRP-conju-
gated goat anti-mouse IgG or IgM or with goat anti-rabbit IgG for
60-90 min. (Boehringer-Mannheim; 1:50 in NGS-PBS), washed
with PBS or 0.05 M TRIS-buffered saline (TBS, pH 7.4), and react-
ed with TRIS-buffered 0.05% diaminobenzidine (DAB) and 0.005%
H,0,. Sometimes nickel ammonium sulfate was added to the DAB
solution (2 mg/ml) in order to darken the reaction product. Control
sections were processed without a primary antibody.

For double-immunostaining, both hybridoma supernatants
were applied simultaneously, and successive incubations were done
with each secondary antibody and two different DAB solutions, one
containing nickel ammonium sulfate, which yields a black reaction
product, and the other without heavy metals, yielding a brown
reaction product (Hancock 1986). The order of the latter steps was
alternated between cases. In addition, some sections from reeler and
wild-type cases were processed for double-immunofluorescence us-
ing an FITC-tagged secondary antibody to reveal P-path im-
munoreactivity (Boehringer-Mannheim) and a biotinylated sec-
ondary antibody followed by a rhodamine conjugated avidin
derivative to reveal Zebrin II immunoreactivity (ExtrAvidin-RITC,
Sigma).

Analysis

In the reeler mutant, photographic analysis was supplemented by a
3D reconstruction of a case processed for double- labeling in serial
sections. Through use of a camera lucida attached to a Leitz Ortho-
plan microscope, charts of all 30 sections through the cerebellum
were made at low magnification (x45). These charts contained
color-coded outlines of zones containing one of three types of stain-



ing based on cells and surrounding neuropil: Zebrin only, P-path
only, or mixed. The latter category included areas with individual
cells that were double-labeled and/or areas where neuropil and cells
of both staining types were highly intermixed. Photocopied trans-
parencies of 16 closely spaced drawings were aligned and digitized
with a Summagraphics tablet interfaced to an IBM compatible
personal computer running DesignCAD 3D (American Small Busi-
ness Computers). Relative section position was encoded in Z axis
coordinates. Using a special command to create a virtual surface
over selected lines, a wire-frame mesh of 20-40 planes was con-
structed around profiles of like labeling that lined up in sets of 34
sections visualized at a time. In cases of a divergence of one profile
into two, or convergence of two into one, the single profile was
segmented into two pieces. A shading subroutine was used to ren-
der 3D views of the surfaced labeling zones from selected perspec-
tives at a resolution of 800 x 600 pixels and 8 bits of color informa-
tion. These views were stored as bitmap files in PCX format and
imaged onto color slides by a computer graphic slide bureau (Visual
Horizons, Rochester, N.Y.).

In order to assess the relative representation of Zebrin II- and
P-path-positive cells in the subcortical Purkinje masses, the relative
volumes of the three types of zones were determined by the point-
counting stereological method (Underwood 1970). The charts of 16
evenly spaced sections were laid over a rectangular grid of points
spaced at 4-mm intervals, and the number of intercepts of each type
of Purkinje cell zone was tabulated. Data were combined for four
sections in each quartile in the rostrocaudal dimension.

Results

Normal mice

Immunocytochemical results in wild type and phenotypi-
cally normal reeler heterozygotes (+ /rl) reveal that the
Zebrin II and P-path monoclonal antibodies stain longi-
tudinal bands of Purkinje cells that are largely comple-
mentary (Fig. 1). The results confirm those obtained pre-
viously in the C57BL/6 strain (Leclerc et al. 1992). The
Zebrin-positive bands tend to be thinner in rostral lob-
ules and thicker in caudal lobules, whereas the converse
is true for most P-path-positive bands. The bilaterally
symmetrical Zebrin-positive zones include three bands in
the vermis (P1-P3), one band that spans the vermis-hemi-
sphere junction (P4), three major bands in the hemisphere
(P5-P7), and most of the flocculus and paraflocculus
(Fig. 1 b, d, f) (cf also Tano et al. 1992, and Eisenman and
Hawkes, 1993). P-path stains all Zebrin-negative zones
and, in addition, the P3 Zebrin-positive band throughout
its rostrocaudal extent, although with less intensity
(Fig. 1 a, ¢, e). In certain lobules, overlapping expression
of Zebrin II and P-path antigens is detectable in the P2
(dorsal regions of lobule IX) and P4 bands (lobule V and
ventral lobule VIII). Zones of dual staining are also evi-
dent in the hemispheres, the flocculus and paraflocculus.

Reeler mutant mice

In 4-week-old reeler mutants stained with the calbindin
antibody (Fig. 2a), the subcortical masses of Purkinje
cells show a consistent organization into lateral (L), inter-
mediate (I) and medial (M) subdivisions, as described pre-
viously (Goffinet et al. 1984). A small proportion of cells,
estimated to comprise about 5% of the Purkinje popula-
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tion (Heckroth et al. 1989), are normally positioned in a
thin cortex with an abnormally small surface area and
minimal signs of foliation. In the subcortical masses,
most of the medial and intermediate subdivisions are im-
munoreactive for P-path (Fig. 2b); however, calbindin
immunostaining reveals that distinct regions of these
masses and the lateral perimeter of the lateral Purkinje
mass are P-path-negative (compare arrowheads in
Fig. 2a, b). Staining with Zebrin II is very weak in the
mutant at this age (not shown). Nevertheless, the pres-
ence of Purkinje cell zones that are P-path-negative indi-
cates a clear biochemical heterogeneity within the ectopic
Purkinje cell population.

In the adult reeler mouse, the subcortical masses were
found to be comprised of segregated zones containing
P-path positive cells or Zebrin II positive cells. A third
type of compartment, also found in the normal cerebellar
cortex, shows staining with both antibodies. The overall
patterns of labeling are illustrated by photomicrographs
from a case with alternate staining of serial sections with
the two antibodies (Fig. 2c—g). Subsequent to this de-
scription, we will render in more detail aspects of the
spatial configuration of the subcortical zones with single
and dual labeling as revealed by analysis and a 3D recon-
struction based on sections processed for combined la-
beling with both antibodies (Figs. 3, 4). Finally, observa-
tions on antigen staining patterns within the mutant cor-
tex will be presented (Fig. 5).

In transverse sections through a central level with re-
spect to the rostrocaudal extent of the cerebellum, the
zones with P-path staining are more extensive in the me-
dial and intermediate cell masses (Fig. 2c). In the medial
cell mass, a large dome-like zone of P-path immunostain-
ing is flanked laterally by vertical strips containing Ze-
brin II reactive cells (Fig. 2d, e, open arrows). Also, a thin
column of Zebrin IT positive cells lies on each side of a
midline septum (Fig. 2d, e, small arrows), which is devoid
of Purkinje cells (note the calbindin negative septum in
Fig. 2a). These vertically oriented zones of Zebrin II
staining become wider in more caudal sections through
the cerebellum (Fig. 2g). At this level, it becomes clear
that the peri-midline zone contains label with both anti-
bodies (Fig. 2f, g, small arrows), whereas the lateral zone
of Zebrin II staining (Fig. 2g, open arrows) only partially
overlaps the P-path-stained zone, which contains sub-
zones of intense and weak P-path staining (Fig. 2f, arrow-
heads). In the intermediate cell mass, (Fig. 2¢, d, f, g, dia-
monds), the extensive P-path-stained region is bounded
dorsomedially by strips of Zebrin IT (Fig. 2d, g, arrow-
heads). These caps of Zebrin IT staining are in continuity
with a stream of reactive cells that extend ventrally across
the P-path staining region (Fig. 2g, arrowheads). Finally,
in the lateral cell mass, a large vertically elongated zone
stained with Zebrin II, which includes ventral, lateral,
and dorsal concentrations of stained cells (Fig. 2d, g, ar-
rowheads), may be seen to enfold a Zebrin 1T negative
Purkinje cell =zone that is positive for P-path
(Fig. 2¢, 4, f, g, triangles). At the more rostral level, the
ventrolateral enlargement of the lateral Purkinje cell
mass, which is considered to be homologous to the floc-
cular/parafloccular lobe in normal mice (Goffinet et al,
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Fig. 1a-f. Pattern of Zebrin II and P-path immunostaining in the
wild-type B6C3 mouse. Transverse sections through the cerebellum
at caudal (a, b) and rostral (¢, d) levels. Zebrin IT antibody staining
(Z1I; b, d, f) and P-path-antibody staining (PP; a, ¢, e) show a
largely complementary pattern. Arrows (a, b) point to some of the
Zebrin II positive bands that are P-path negative. Note that the
width of Zebrin II-reactive bands in the rostral vermis (d) is less
than that in the caudal section (b). In converse fashion, P-path-reac-

1984), is essentially devoid of P-path staining (Fig. 2c,
asterisk).

Double-labeled material was used to identify the ZII-
positive and P-path-positive overlapping zones. The
boundaries between zones of ZII staining and P-path
staining were usually found to involve transition zones of

tive bands widen as one passes from caudal (a) to rostral (¢) in the
vermis, to the point that P-path-negative zones are not discernible
at this low magnification. Panels e and f, which are enlarged views
of lobules VII and VIII from a and b, show the alignment of P-path-
negative or -positive bands, marked with asterisks in e, and Zebrin
II-positive bands, labeled P1—P7 in f. An obvious Purkinje cell zone
that stains for both markers is the P3* band. Bars: equal 1 mm in
a—d and 100 mm in e

variable width that showed staining with both antibodies
(Fig. 3). Double-labeled zones in the mutant subcortical
masses usually include a mixture of single-labeled cell
bodies and their dendritic processes around the cell bod-
ies. Since it was often difficult to discern whether the
brown DAB reaction product associated with Zebrin I1
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Fig. 2 (for legend see page 422)
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Immunoreactivity was present within individual cells also
intensely stained with the nickel-black DAB reaction
product associated with P-path immunoreactivity, the
presence of brown reactivity within the coarse dendritic
processes surrounding cells with black reaction product
was used to classify a Purkinje cell zone as staining with
both antibodies (PP&Z, Fig. 3a). In some double-stained
zones, individual somata display exclusively the brown
DAB reaction product indicative of ZII immunoreactivi-
ty (Fig. 3b, arrows). .

The computer graphic reconstruction was based on
charts of one case processed for double-immunocyto-
chemical staining, with Zebrin II staining zones rendered
in blue, P-path positive zones colored yellow and zones
with dual staining demarcated in green. The 3D recon-
struction is iflustrated by surface views of the subcortical
masses shown from caudal, dorsal and rostral perspec-
tives (Fig. 4b, c, d, respectively) and by an interior view of
a thick slice shown from a caudal perspective (Fig. 4a).
Important aspects of the antigenic compartmentation
patterns are clarified by these views. The antigenic zones,
viewed from a dorsal perspective (Fig. 4¢), tend to show
an elongated configuration in the rostrocaudal dimen-
sion. Like the bands in the normal cerebellar cortex, the
P-path reactive zones increase in width in rostral cerebel-
lum, and, conversely, Zebrin II stained zones become

Fig. 2a—g. Purkinje cell immunostaining patterns in 4-week-old and
adult reeler mutants. a, b Mid-cerebellar transverse sections from a
juvenile mutant stained with calbindin (a) and P-path (b) antibodies.
Subcortical Purkinje cell masses exhibit medial, intermediate and
lateral subdivisions, labeled M, I, and L, respectively. The lateral
mass includes a ventrolateral region considered homologous to the
floccular/parafloccular lobe in wild-type mice (P). Matching arrow-
heads in the two panels point to sites where Purkinje cells stain with
calbindin but do not show above background labeling with P-path
antibodies. The sites of the deep cerebellar nuclei (CN) do not show
cellular labeling, but only a light reactivity consistent with reactivity
in corticonuclear axons. ¢,d Comparable sections from an adult
reeler mutant stained with P-path and Zebrin II antibodies, respec-
tively. Note the extensive expression of P-path in the medial cell
mass, which at this level is separated from the overlying cortex by
the white matter of the superior cerebellar peduncle (labeled s), and
in the intermediate cell mass (marked with a diamond in ¢ and d),
which lies below fibers of the middle cerebellar peduncle (m). The
patch of P-path staining in the lateral Purkinje mass (marked with
a triangle) is flanked by Zebrin II-reactive cell clusters. These and
other Zebrin II-positive Purkinje cell groups are denoted with ar-
rowheads in d. The thin band of Zebrin II staining on each side of
the midline (small arrow) is barely resolvable at this magnification
due to the background staining in this section. e Enlarged view of
medial Purkinje cell mass from a Zebrin I1 stained section. Reactive
cells are located in a thin vertical band along the midline (small
arrows) and at the lateral boundary of the medial mass (open ar-
rows). f, g Sections through the caudal cerebellum of the adult
mutant stained with P-path and Zebrin II antibodies, respectively.
Small arrows point to a peri-midline band in the medial cell mass
which stains with both antibodies. The open arrows in g indicate
broad bands of Zebrin I staining more laterally in the medial cell
mass. P-path-positive and Zebrin IT-negative zones of the interme-
diate and lateral cell masses are marked with diamonds and trian-
gles, respectively. Arrowheads in g point to concentrations of Zebrin
II-reactive cells in the intermediate and lateral masses. Bars 500 pm
in a—d and f,g and 100 pm in e

broader in caudal cerebellum. This appearance of rostro-
caudally elongated zones is partially obscured in surface
views of the subcortical masses because of superficial
sheet-like zones of Zebrin II immunoreactivity. For ex-
ample, a swath of Zebrin IT stained Purkinje cells extends
mediolaterally along the dorsal surface at central cerebel-
lar levels and contributes to the bridges of continuity
between the medial, intermediate and lateral divisions of
the subcortical masses (see Fig. 4a, ¢ in the region rostral
to the sites labeled a, b). Also, a thin sheet of Zebrin II
staining extends over the caudal surface of the medial cell
mass, and, consequently, the zonal pattern more rostrally
is obscured in views rendered from a caudal perspective
(Fig. 4b, asterisks).

Approximately seven elongated antigenic zones may
be discriminated by inspection of the reconstruction (e.g.
Fig. 4¢). In this estimate, the thin bands labeled 1 and 5,
judged to show dual labeling by our charting criteria, are
considered as distinct zones, and the band labeled 3 is
considered as a single largely Zebrin [I-immunoreactive-
zone that shows a partial overlap with P-path-reactive

>

Fig. 3a, b. Examples of single-labeled and dual-labeled zones from
reeler cerebellar sections processed for combined immunocyto-
chemical labeling with P-path and Zebrin IT antibodies. a Color
microphotographic view of the dorsal transition region between the
medial and intermediate cell masses and overlying cortex at a cen-
tral cerebellar level. On the left, the zone marked PP & Z may be
seen to contain Purkinje cells labeled black with P-path immunore-
activity (nickel-DAB reaction product) and a cloud of coarse den-
dritic processes labeled brown with Zebrin I immunoreactivity
(DAB reaction product). The adjacent Purkinje cell group (Z) shows
only brown reactivity in cells and processes and thus corresponds to
a zone reactive only for the Zebrin II antigens. b Transverse sector
through the dorsal transition region between the intermediate and
lateral subcortical Purkinje cell masses. Zones with staining by
Zebrin IT alone, by Zebrin II and P-path, and by P-path alone are
evident (labeled Z, PP & Z, and PP, respectively). In the zone with
dual staining, some individual somata show only the brown DAB
reaction product corresponding to Zebrin II immunoreactivity (e.g.
small arrows). Bar 100 pm

Fig. 4a—d. Computer graphic reconstruction of antigenic zones in
the subcortical Purkinje cell masses of an adult reeler mouse. Blue
zones are positive only for Zebrin II, yellow zones are positive only
for P-path, and green zones exhibit reactivity for both antibodies. a
Central slice 280 pm thick rendered from a caudal viewpoint. Based
on charting of five out of a series of eight sections. Qutlines of the
superficial boundaries from the first and last sections are shown
with pink lines. The three major subdivisions of the Purkinje cell
masses are readily visualized (labeled M, I, and L). Antigenic zones
with a substantial extension in the dorsoventral axis are labeled 1-9.
The sites labeled a and b correspond to the location of photograph-
ic enlargements shown in Fig. 3a and 3b, respectively. b, ¢, d Cau-
dal, dorsal and rostral views, respectively, of the complete recon-
struction (minus a part of the most rostrolateral cerebellum, which
was lost in processing). Rostral is down in panel ¢. Note that Zebrin
II-positive zones predominate caudally and P-path-positive zones
rostrally. About seven antigenic zones may be distinguished on the
basis of major extension in the rostrocaudal axis (labeled 1-7 in ¢).
These patterns are partially obscured by superficial sheets of Zebrin
IT immunoreactivity that extend mediolaterally between points la-
beled a and b in panel ¢ (same points as in panel a). The asterisks in
b mark a sheet-like extension of Zebrin 11 immunoreactivity that
covers the caudal surface of the large P-path-reactive zones of the
medial cell mass. Bar 500 pm
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Fig. 5a-d. High magnification views of the cerebellar cortex and
subjacent regions of an adult reeler mutant stained with P-path and
Zebrin II. a, b Double-immunofluorescent staining from an inter-
mediate site in the rostral-caudal and medial-lateral extent of the
cerebellum. P-path staining (a) labels one patch of cortical Purkinje
cells (brackets) which lie in a Zebrin II-negative zone (b). Other
scattered P-path-staining cells are either mixed with ZII* cells or
show dual labeling (e.g. asterisks). A reference blood vessel is labeled

zones on each side. When one tries to count antigenic
zones with substantial extension in the dorsoventral di-
mension, perhaps two additional zones in the lateral
cerebellum might be considered (Fig. 4a). Aside from the
smaller total number of antigenic zones, the relatively few
zones detected in the medial cell mass, which is believed
homologous to the vermis, contrasts strongly with the
banding pattern found in the normal vermis (Fig. 1),
Interpretation of results from the mutant depend on
assumptions about the normalcy of representation of

with a v. ¢, d Alternate sections from caudal cerebellum stained with
P-path and Zebrin II antibodies, respectively. Enlarged from Fig, 2f,
g. Photographs are aligned at the midline (arrows on the right).
Three clusters of P-path-positive cells in the cortex and subjacent
regions are located at sites that are largely Zebrin-negative (dia-
monds), and vice versa for P-path-negative and Zebrin II-positive
zones. Inverted triangles mark the approximate boundaries of these
antigenically distinct zones. Bars 50 pm

antigenic cell types in the subcortical masses. For this
reason, the relative volume of zones charted as staining
for P-path only, for Zebrin IT only, or for both, were
quantified using the point-counting stereological method
(Table 1). The results bear out the above qualitative ob-
servations on rostrocaudal differences in prevalence of
antigen expression. For example, in the rostral fourth of
the cerebellum, zones with P-path staining only represent
51% of the total volume occupied by Purkinje cells, but
in the caudal quarter their volume percent representation



Table 1. Relative volume of zones in subcortical masses immuno-
stainedwith Zebrin II (ZII), P-path (PP) or with both antibodies in
the reeler mutant cerebellum

Quartile %ZIL  “%ZII+PP %PP %Total ZII %Total PP
Caudal 1 414 299 28.7 71.3 58.6
2 281 159 560 440 71.9
300222 12.0 65.8 342 77.8
Rostral 4  35.0 14.1 50.9  49.1 65.0
Means 317 18.0 50.3  49.6 63.3

drops to 29%. Conversely, the same measures for Zebrin
IT stained zones increases from 35% to 41%. The data on
zones containing staining for both antigens ranges be-
tween 14 and 30%, depending on rostrocaudal level. Al-
though these latter values appear to be high, the determi-
nation of the relative representation of dual labeled zones
in the normal cerebellar cortex was beyond the scope of
the present investigation.

The sparseness of Purkinje cells in the cortical layer of
reeler mutants makes it difficult to determine whether
they are organized into longitudinal bands. Nevertheless,
examination of double- immunofluorescent-labeled sec-
tions (Fig. 5a, b) or alternate sections stained with Zebrin
11 and P-path (Fig. 5c, d) reveals that the molecular layer
of the mutant shows significant segregation among den-
drites stained with the two antibodies. These dendrites
arise from Purkinje cell somata in the cortex and from
somata Jocated more deeply in either the granule cell
layer or in superficial regions of the subcortical cell mass-
es. The territories occupied by both types of dendritic
staining exhibited an alternating pattern with intervening
zones of overlap. Such territories extend in the rostrocau-
dal dimension over at least three to four sections.

Discussion

The parasagittal compartmentation of the cerebellum
poses a major challenge for understanding how such an
organizational pattern arises in development. The
present results with Zebrin II and P-path immunostain-
ing in the reeler mutant provide not only new informa-
tion on phenotypic abnormalities of the cerebellum, but
they also bear on the factors that determine biochemical
heterogeneity of normal Purkinje cells.

Despite the premature termination of Purkinje cell mi-
gration beneath the white matter, the cells that form the
ectopic masses do become organized into alternating
zones that stain with Zebrin II, P-path or with both anti-
bodies. Moreover, these antigenic zones are generally ori-
ented in the sagittal plane. Segregated zones of antigen
expression spaced by bands of mixed expression were
also evident for Purkinje dendrites in the molecular layer.
These arise both from the sparse cell population located
appropriately in the cortex and from somata in the gran-
ule cell and subcortical masses.

Because of the nearly complete absence of foliation in
the reeler cerebellum, it is difficult to make explicit com-
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parisons with the parasagittal zonation of the cerebellum
in wild type mice. A similar feature in the organization of
antigen distribution patterns of both wild type and reeler
mice is a tendency for wider P-path staining cell groups in
rostral cerebellum and for wider Zebrin II stained zones
in caudal cerebellum. One obvious difference is that there
are fewer zones of Purkinje cells within the subcortical
masses than in the normal adult cortex: roughly 7 to 9
zones are revealed per side in the mutant compared with
14 major divisions in wild-type mice. This difference is
particularly evident in the medial subcortical mass,
which may reasonably be considered as the homologue
of the vermis in wild type mice. We detected on each side
a thin dual-stained zone near the midline, a large P-path-
labeled zone, and small flanking zones with Zebrin II
staining which partially overlapped the P-path-positive
zone. By contrast, the normal vermis exhibits bilaterally
three Zebrin-positive and three Zebrin-negative bands, of
which the third Zebrin-reactive band and the Zebrin II-
negative bands stain with the P-path antibody.

Previous observations by others support the inference
that the number of longitudinal zones in the subcortical
Purkinje population is abnormally small. In one study,
Purkinje cell immunoreactivity for the protein L7 was
shown to define about five zones unilaterally in the
neonatal mouse vermis, but in reeler mutants during the
same period the entire medial cell mass was stained
(Smeyne et al. 1991). Photographs of staining with 5'-nu-
cleotidase in the reeler mouse (Eisenman 1988) and of
anterograde labeling of climbing fiber innervation
(Goffinet et al. 1984, Blatt and Eisenman 1988) reveal a
small number of zonal subdivisions in the medial cell
mass, apparently two or three on each side. In each of
these studies, a band through the body of the medial cell
mass is evident, which contrasts with the P-path staining
pattern observed in the present study. However, Zebrin
II staining was abnormally weak in the éctopic Purkinje
cells of the mutant, and the presence of heterogeneities in
the density of P-path staining within the medial mass
raises the possibility of an additional Purkinje cell zone
(cf Fig. 2¢, f). Nevertheless, it is fair to conclude that there
are fewer longitudinal zones in the medial cell mass of the
mutant than in the normal vermal cortex.

The present results have implications for understand-
ing how Purkinje cell compartmentation arises in devel-
opment. Quite different classes of mechanism may be dis-
tinguished by experimentally determining the stage at
which cellular patterning emerges in development. If the
cell heterogeneity that underlies compartmental organi-
zation exists prior to postmigratory cell assembly, then
one must look at the events of specification in the ventric-
ular zone and regulation of cell migration for the origins
of pattern formation. Alternatively, if the cells acquire
their divergent properties after migration, then one must
also consider either cooperative interactions among the
cell populations during differentiation or inductive influ-
ences from afferents already organized in the appropriate
pattern. Since cell migration of most Purkinje cells is
aborted subcortically in the mutant, the presence of seg-
regation among groups of cells expressing different anti-
gens suggests, though does not prove, that neurons des-
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tined to express these markers are segregated during their
migration.

In previous developmental studies in the rat and
mouse, the mature banded pattern of Zebrin immunore-
activity emerges only during the 3rd week postnatally
(Leclerc et al. 1988; Tano et al. 1992), which is subsequent
to the establishment of normal topographical organiza-
tion of afferent systems (Sotelo et al. 1984; Arsenio-Nu-
mes and Sotelo 1985; Chedotal and Sotelo 1992; Wassef
et al. 1992). However, results of lesion and heterotopic
transplantation experiments suggest that Zebrin expres-
sion patterns do not depend on the organizing influences
of appropriate afferent inputs (Leclerc et al. 1988; Wassef
et al. 1990). Also, transplants of dissociated and reaggre-
gated fetal Purkinje cells show patchiness with respect to
compartment markers (Rouse and Sotelo 1990), which
provides some support for the view that compartmental
cell fate is determined prenatally. Better evidence in favor
of the latter hypothesis comes from studies demonstrate
that biochemical heterogeneities among slab-like groups
of Purkinje cells are present at a prenatal period when
they are still migrating. For example, discontinuous pat-
terns of staining with antibodies to cyclic GMP protein
kinase, calbindin, and L7 have been shown to be tran-
siently present among varying sets of Purkinje cells in late
fetal and early postnatal rodents (Wassef and Sotelo,
1984; Wassef et al. 1985; Smeyne et al. 1991). Unfortu-
nately, there is no clear evidence that these early forms of
compartmentation are related to the anatomical divi-
sions delineated with Zebrin antibodies in the adult. A
correlation has recently been made in the rat between
discontinuities in Purkinje cell expression of the protein
PEP19 and projections of a subset of climbing fiber affer-
ents reactive with a parvalbumin antibody (Wassef et al.
1992); however, the match was made in one cerebellar
lobule only and only during a neonatal period after mi-
gration was complete. The consistent finding of studies
using other markers for Purkinje cell subsets in the late
fetal period is that cluster number is less than that re-
vealed by Zebrin staining at maturity. Careful analysis by
Wassef and Sotelo (1984) led them to identify nine zones
of positive and negative immunoreactivity for cyclic
GMP protein kinase. Interestingly, this is similar to the
number of Purkinje slabs revealed by Zebrin II and P-
path staining in the adult reeler observed in the present
study.

As one possible explanation for reduced compartment
number in both the adult reeler and late fetal wild type
mouse, we propose that the final phase of migration into
the cerebellar cortex might normally involve events that
increase the degree of interdigitation between cell sets
expressing the two antigens. For example, migratory sets
of Purkinje cells destined to express a particular compart-
ment-specific antigen might normally divide into two
groups or cause a complementary set of Purkinje cells to
split as one group becomes assembled with respect to
earlier populations in the emergent cortex. Such a pro-
cess is suggested from observations by Wassef and Sotelo
(1984) of an apparent insertion of a cGMP kinase-posi-
tive cell group into a zone of non-staining Purkinje cells
in the developing cerebellar cortex (Group III in their
Fig. 5).

Alternatively, the Purkinje cells halted in their migra-
tion in reeler mutants could correspond to subsets that
would normally populate only specific compartments,
whereas the cells that form a relatively normal cortex
may represent subsets less susceptible to the mutation. If
the latter were true, one would expect major differences
in the representation of compartment markers in subcor-
tical versus cortical positions, which does not seem to be
the case. For example, as presented in Table 1, zones with
cells expressing only the Zebrin 1T antigen occupied 32%
of the subcortical masses, a value which is similar to esti-
mates that 30% of all Purkinje cells express the antigen in
the normal adult rat (Brochu et al. 1990). Although an-
other 18% of the Purkinje masses corresponds to mixed
antigen expression, the lack of counterstaining did not
permit assessment of the fraction of Zebrin II-positive
cells in these regions. Despite such uncertainty, Zebrin
II-stained cells were readily identified in the cortex, often
in apparent spatial register with Zebrin II-reactive zones
in the subcortical masses. Thus, it seems unlikely that the
estimated 5% of the Purkinje cell population that resides
in the mutant cortex (Heckroth et al. 1989), even if com-
posed of cells that would normally populate a subset of
Purkinje cell zones, could account for missing bands in
the subcortical population.

A final possibility is raised by the additional finding of
Heckroth et al. that total Purkinje cell number in the
mutant is 40-50% less than normal. Thus, it is conceiv-
able that the reeler mutation causes the preferential death
of cell groups that would normally form additional zones
of each label type. However, compared to the hypothesis
we favor, such an explanation does not account for the
similarity in number of Purkinje cell zones detected sub-
cortically in the adult reeler mouse and in the normal
rodent during embryogenesis. Also, this explanation re-
quires extra assumptions difficult to reconcile with evi-
dence from mutant wild-type chimeras (Mullen 1977,
Terashima et al. 1986). The presence of wild-type cells in
such genetic mosaics allows cerebellar development to
proceed normally, indicating that the mutant phenotype
is not autonomously expressed within all or subsets of
the Purkinje cell population but instead arises from a
deficient interaction of Purkinje cells with their environ-
ment. Thus, it is simpler to presume that the two mutant
phenotypes of reduced cell number and reduced number
of antigenic compartments are independent effects, both
secondary to the deficiency in cell migration, than to
posit a selective effect of the mutant gene on survival
promoting interactions of Purkinje cell subsets with their
environment.

The present observations on Purkinje cell compart-
mentation in the reeler mutant mouse contribute to a
growing body of evidence that cell fate with respect to
these compartments is determined at a very fundamental
level. For example, the expression of a number of transge-
nes inserted into the mouse genome has been shown to
conform to a longitudinal banding pattern (see Oberdick
et al, 1993, for discussion). Also, Purkinje cell death
caused by three mutations in the mouse, nervous (nr),
Purkinje cell degeneration (pcd), and tambaleante (¢bl),
has been shown to proceed with a preferential rate or
extent among one set of Purkinje cell bands (Wassef et al.



1987). In the nervous mutant, cell bands surviving in the
vermis correspond closely with the Zebrin negative and
P-path positive Purkinje cell compartments (Wassef et al.
1987; Edwards et al. 1994). As is the case with the reeler
gene, it is unclear whether or not the effects of transgene
insertion or of these single gene mutations on the
parasagittal banding pattern reflect a direct interaction
with the genes that are fundamentally involved in regu-
lating compartmental heterogeneity. However, our find-
ing of a significant degree of antigenic compartmentation
among Purkinje cells that fail to complete their migration
provides support for the hypothesis that the critical ge-
netic expression patterns that lead to antigenic compart-
mentation in normal development begin to operate be-
fore or during cell migration.
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