The Journal

of Neuroscience,

May

1989,

g(5):

1608-l

620

Development
and Death of External Granular Layer Cells in the
Weaver Mouse Cerebellum: A Quantitative Study
Richard

J. Smeyne

Department

and Dan Goldowitz

of Anatomy,

Thomas Jefferson

University,

Philadelphia, Pennsylvania

Previous studies have identified
the cerebellar
granule cell
as a primary site of gene action in the weaver mutant mouse.
The temporal
expression
of the weaver mutant granule cell
phenotype
has not been fully investigated.
To identify early
postnatal
expression
of the weaver mutant phenotype,
we
quantitated
4 parameters
of cerebellar
development
in postnatal day 0, 2, 4, 6, and 8 +/+, WV/+, and WV/WV mice: (1)
cerebellar
area, (2) cells in the external granule layer (EGL),
(3) number of mitotic figures in the EGL, and (4) number of
pyknotic figures in the EGL. Qualitative
observations
suggest a generalized
retardation
in the development
of WV/WV
and WV/+ EGL cells compared
with the +I+ cells. Quantitatively, the earliest detectable
mutant phenotype
in WV/ WV
and WV/+ cerebella
is the increased
presence
of cell death
in the EGL, apparent
at the day of birth. Degenerating
cells
in the EGL, the majority of which are found in the postmitotic
zone of this layer, contain abnormally
clumped heterochromatin, suggestive
of “nuclear”
cell death. Previous hypotheses concerning
the mechanism
of weaver gene action have
suggested
that granule cells die due to their inability to migrate from the EGL. The time course, mode, and spatial
organization
of cell death found in the present studies lead
us to suggest that an earlier event in granule cell development, such as the exit of neuroblasts
from the cell cycle or
axonogenesis,
is affected by the weaver gene.

It is believed that the precision by which the nervous system
develops has its basis in the timing and cellular specificity of
geneexpression.Since many genesare being expressedin many
cells at varying times in the developing brain, it is difficult to
critically examine the role of any one specific gene in development. The study of single gene mutations that affect development provides an elegant solution to this problem. When
using genetic mutations in the analysis of nervous system development, however, 2 points must be ascertained:(1) the cellular target(s)of mutant geneaction and (2) the temporal course
of mutant geneexpression.These 2 points of information allow
one to assess
how the expressionof the mutant genecan account
for the abnormal phenotypesthat are seenin the mutant animal.
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Numerous singlegenemutations that affect the development
of the CNS of the mouse have been described (seeSidman et
al., 1965; Cavinessand Rakic, 1978). One of thesemutants is
the weaver mouse(genesymbol = WV).The most striking deficit
in the homozygous weaver (WV/WV)cerebellum is a virtual absenceof granule cells in the vermis. The heterozygous weaver
mouse (WV/+) showsa lesssevere mutant phenotype with an
attenuated loss of cerebellar granule cells (Rakic and Sidman,
1973a).Rezai and Yoon (1972) and Rakic and Sidman (1973a)
noted the presenceof pyknotic cells in the postmitotic, premigratory zone and suggestedthat the degenerationofweaver granule cells was the result of their inability to migrate from the
external granulelayer (EGL) to the internal granule layer (IGL).
Early studies,therefore, proposedthat the granule cell lossmay
be secondary to glial defects in the weaver cerebellum (Rakic
and Sidman, 1973b). Sotelo and Changeux (1974) noted that
somegranule cells were able to migrate to the IGL before degeneration, suggesting,to them, that the site of geneaction was
closer to the granule cell. The notion that the granule cell is a
direct site of weaver geneaction was supported by the in vitro
findingsof Willinger and Margolis (1985a,b), who demonstrated
that WV/WVgranule cells had a lower rate of survival than wildtype granule cells. Goldowitz and Mullen (1982) used WV/+ H
+/+ chimerasto demonstrate experimentally that the granule
cell wasa primary site of geneaction in the heterozygousweaver
mouse. The analysis of interspecific WV/WV-+$/+ chimeras
demonstrated that despitethe presenceof +/+ Bergmannglia,
WV/WVgranule cells do not survive. Furthermore, +/+ granule
cellssuccessfullymigrate past WV/WVBergmannglia (Goldowitz,
1989). Likewise, in an elegant set of studiesusing an in vitro
“chimeric” system, Hatten and colleagues(1986) found that
+/+ granule cells could successfullyattach and migrate along
both WV/WVand +/+ Bergmannglia, while WV/WVgranule cells
had an impaired associationwith +/+ or WV/WVradial glia.
Thus, there is substantialevidence to point to the granule cell
as a primary site of weaver gene action. The rationale of this
study is to examine the cellular events affected by WVgene
expressionand the time courseof these events. Identifying the
onset of the weaver mutant phenotype in the framework of
normal cerebellar development should suggestwhich step in
granule cell differentiation is affected by the weaver gene. We
find that as early as the day of birth (PO)the WV/WVcerebellum
can be differentiated from the WV/+ and +/+ cerebellum by
the amount of cell death presentin the EGL. This early expression of the weaver phenotype suggests
that an event prior to the
physical migration of the granule cells, which starts at around
postnatal day 4 (P4) in the +/+ mouse (Miale and Sidman,
1961; Fujita et al., 1967) is disrupted by the weaver gene.
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Materials

and Methods

Animals. C57BU6J mice carrying the heterozygous and homozygous
weaver mutant alleles were housed in our animal colony on a 12:12
light-dark cycle. Heterozygous weaver males (WV/+) were mated with
heterozygous (WV/+), homozygous (WV/WV)weaver, or wild-type (+/+)
females. Pregnant females were checked each morning to determine if
they had given birth. Day of birth was considered postnatal day 0 (PO).
A total of 83 mice from postnatal days 0, 2,4, 6, and 8 were processed
for histology.
Perfusionandhistology.At 2 day intervals from PO-P8 animals were
injected intraperitoneally with an overdose of Avertin. When deeply
anesthetized, mice were perfused transcardially with 0.9% normal saline
followed by a modified Bouin’s solution (Fraser, 1982). Brains were
removed after perfusion and postfixed for 24-48 hr in fresh fixative.
After the postfixation, brains were dehydrated and embedded in Paraplast-plus. Sagittal sections of the right hemicerebellum were cut serially
at 6 Wm. After every 20th section, 4 consecutive sections were mounted
onto 0.5% gelatin-coated slides and stained using the method of Fraser
(1982) or hemotoxyline-eosin. These staining techniques, with the above
fixative helped to highlight mitotic figures and pyknotic nuclei. In another
series of experiments, 1 pm sections were prepared from the cerebellum
as previously described (see Goldowitz and Mullen, 1982).
Morphometrylmeasurement
of the developing
cerebellum.
Of the 83
cerebella qualitatively examined at the light microscopic level, the cerebella from 39 mice were chosen for quantitative measurements. Five
features of cerebellar morphogenesis were quantified: (1) cerebellar areal
section, (2) area of the EGWsection, (3) total number of cells in the
EGL/section, (4) number of mitotic figures in the EGWsection, and (5)
number of dead/dying cells in the EGL/section. In these studies, 2
regions of the cerebellum were analyzed: vermis and hemisphere. Since
the area of the vermis and hemisphere increase in size from PO to P8,
and the borders of these regions are not constant, we measured a 480
pm area which was always a part of vermis or hemisphere at each of
the ages examined. The vermal data was derived from the most medial
aspect of the cerebellum, spanning a region from the midline to 480 pm
laterally. This region is characterized by the limited presence of nuclear
cells. The hemispheric data presented in this study was derived from
the lateral cerebellum, spanning a region from the point where the brain
stem and forebrain are first anatomically separated to 480 Nrn medially.
This region is characterized by the lateral expansion of the cerebellum
and the prominent presence of nuclear cells. In this study, our analysis
focused principally on the medial cerebellum, the region most affected
by the weaver gene (Herrup and Trenkner, 1987).
Area measurements were made by tracing sections using a drawing
tube and a digitizing tablet (Houston Instruments, Inc.), which was
interfaced with an Apple-Ile computer and Optomax Semi-Automatic
Image Analysis System software (Optomax, Inc.). Area of the cerebellum
was measured at 40 x magnification, while area of the EGL was measured at 400 x magnification.
Cell counts were made from 6-8 areas or bins (0.01-0.03 mm2) per
section within the EGL. These bins were chosen so that the anteriorto-posterior axis of the cerebellum was equally sampled. In order to
count all of the granule cell nuclei, mitotic figures, and pyknotic nuclei
in a field, it was necessary to focus throughout the entire thickness of a
section, since the granule cell’s diameter was smaller than the section
thickness. There were approximately 125 cells per bin, so that 7501000 cells per section were sampled. No significant differences in the
cell density existed between the individual bins. Cells in early metaphase
through late telophase were counted as mitotic cells (Fig. 4B). Dead or
dying cells were characterized by their condensed chromatin and hyperchromatic nuclei (Fig. 5C). For each parameter the bin values were
summed for each of 5 sections, and a mean value/section was determined. Total cell number in the EGL was determined by multiplying
the cell density of the bins (cells/measured area) by the total area of the
EGL:
Total area
Number
Mean cells per bin
x
of the
=
of EGL
Mean area per bin
EGWsection
cells/section.
The measures from each of the individual sections were summed and
multiplied by 20 (the number of sections between those sections that
were analyzed). This estimate was corrected for split nuclei according
to the method of Abercrombie (1946), using an empirically determined
average nuclear size of 4 pm. No differences in nuclear diameter were
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Table 1. Number of animals in study and mating schemes from
which they were derived

Aae
PO
WV/WV
WV/-t
+/+
P2
WV/WV
WV/+
+/Jr
P4
WV/WV
wv/+
+/+
P6
WV/WV
wv/+
+/+
P8
WV/WV
WV/+
+/+

wv/+ x

wv/+ x

wv/+ x

n

+/+

wv/+

WV/WV

4
7
3

-

2 (2)b
4 (0)
3 (3)

2 (2)

4
6
8

0
1 (0)
4 (4)

2 (0)
4 (1)
4 (2)

2 (2)

5
9
3

-

2 (2)

-

3 (3)
5 (1)
0

5
9
3

-

5
8
4

-

-

-

4 (1)
3 (2)

3 (3)
0

l(l)
0

3 (1)
5 (2)
3 (1)

2 (1)

3 (0)
7 (2)
4 (1)

2 (2)

4 (0)
0

1 (0)
0

Genotypes were assigned on the basis of percentage of pyknotic cells present in
the EGL.
a Total number of animals of each genotype qualitatively
examined.
b The number in parentheses represents the total number of animals quantitatively
examined.

seen between the granule cells of the 3 genotypes. The numbers of mitotic
cells and dead/dying cells were determined in a similar manner. The
clearing rate of the pyknotic figures was determined using the formulas
derived by Hughes (196 1). Cell counts were made using an oil-immersion objective at a magnification of 1000.
In order to determine
if there were significant
differences
between or
among the 3 groups, an ANOVA was carried out. A Newman-Keuls
analysis for differences between groups (Winer, 1961) was performed
when significant differences in the ANOVA were found.

Results
Determination of genotypes
Based upon previous descriptions of the weaver cerebellum
(Rakic and Sidman, 1973a), the 3 genotypescan be easily differentiated at postnatal days 4, 6, and 8. The mutant phenotype
of the weaver cerebellumat earlier ageshasnot been described,
and thus we had no a priori reasonsfor assumingwhat a genotypically WV/WVor WV/+ cerebellumwould look like comparedwith
the +/+ cerebellum. To addressthis point, we searchedfor an
experimental measure(phenotype) that could identify the genotype. PO and P2 cerebella were examined from pups born
from 3 mating schemes:(1) WV/+ x WV/+, (2) WV/+ x WV/WV,
and (3) WV/+ x +/+ (seeTable 1). In the WV/+ x WV/+ mating,
we found that only one variable (cell death) clearly fell into 3
distinct groups,aswould be predicted by Mendelian segregation.
Examination of cerebellafrom a WV/WVx WV/+ mating showed
that the percentageof cell death in the EGL clearly fell into 2
groups, as would be expected from the genotypesused in this
mating scheme.The percentagesof dead/dying cellsfrom these
2 groups were similar to those of dead/dying cellsin presumed
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Figure 1. Low-power photomicrographs of +/+ (A, D), WV/+ (B, E), and wvlwv (C, FJ sections from the PO (A-C) and P8 (LWJ cerebellar vermis.
At PO, the granule cells are arranged in an external granule layer (egl, arrows). At P8, an internal granule layer (igl, arrows) has formed in both the
+/+ and WV/+. No IGL is present in the P8 WV/WVcerebellum. Scale bars: A-C, 200 pm; D-F, 400 pm.
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Figure 2. Graphic presentation of development of the +/+, WV/+, and WV/WVcerebellar vermis from PO to P8. A, Area; B, cells in the EGL; C,
mitotic figures in the EGL, D, pyknotic cells in the EGL. *ANOVA (p < 0.05).

WV/WVand WV/+ genotypesfound from the WV/+ x WV/+ matings. Finally, the WV/+ x +/+ mating yielded 2 distinct groups
that were also similar to the percentagesof dead/dying cells in
the presumedWV/+ and +/+ found in the WV/S x WV/+ matings. Thus, each animal at POand P2 could be assigneda genotype basedupon the phenotype of cell death, and all of the
other phenotypes could be compared relative to this assigned
genotype.
The wild-type cerebellum(+/+)
Sagittal sectionsthrough the PO vermis reveal 5 large lobules
(Fig. 1A). More laterally, fissuresare just starting to separate
the cerebellum into lobules. From PO through P2, the area of
the cerebellarvermis increasesslightly (Fig. 2A). From P2 through
P4, the vermis undergoesa rapid period of growth. This growth
is most apparent in the vermis, which showsa 3-fold increase
between P2 and P4 (Table 2). In contrast, the area/section of
the cerebellarhemispheresonly increasesabout 130%(seeFig.
3A). From P4 through P8, the vermal areadoubles. Cerebellar
growth is mainly in the dorsal-ventral and anterior-posterior
dimensions (the anterior-posterior extent of the vermis increasesapproximately 900% from PO-P@. The medial-lateral
extent of the entire cerebellum at P8 is only 60% greater than

at PO.At P8, the adult number of lobulesis presentin the vermis
(Fig. 10).
The subpial surfaceof the early postnatal cerebellum is covered by numerous,closely packed cells that composethe EGL
(Fig. 4A). At PO,the EGL is 3-4 cellsthick. Occasionalmitotic
figures are present throughout the entire thicknessof the EGL
(from pia to the nascentmolecular layer). By P2, the EGL has
grown to 4-6 cells in thickness,with a comcomitant 2-fold rise
in the number of cells in the EGL (Fig. 2B; Table 3). Mitotic
figuresare, asbefore, seenthroughout the thicknessof the EGL.
The mitotic index of the EGL rangesfrom 1 to 2% (Table 4).
In the deepestlayers of the EGL, at the molecular layer (ML)
interface, someof the granule cells have started to changefrom
a round to an elongatedspindle shape.This changein cell morphology is consistent with changesseen in neurons that are
beginningtheir migration (Fig. 4A) (Ramon y Cajal, 1960;Rakic, 1971; Trinkhaus, 1984). By P2, a few cells are seenwithin
the molecular layer. The EGL, however, remains a compact
zone. The EGL at P4-P8, which increasesto 8-10 cellsin thickness,can be separatedinto 2 zones: a superficial zone (approximately % of the EGL) that contains the majority of the mitotically active, rounded cells, and a deeper zone (approximately
V3 of the EGL) containing both round and elongatedcells. This
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3. Graphic presentation of development of the +/+. WV/+. and WV/WVcerebellar hemispheres from PO to P8. A, Area; B, cells in the EGL;
C, mitotic figures in the EGL; D, pyknotic cells in the EGL.

Figure

deeper zone is not ascompacted asthe mitotically active zone
(Fig. 40).
As previously describedby Mares and coworkers(1970), pyknotic nuclei are occasionally seenwithin the EGL of the wildtype mousefrom POthrough P8 (Table 5). The majority of these
pyknotic cells are found in the deep layers of the EGL (at the
EGL/ML interface), although somearefound at more superficial
levels. The pyknotic cells in the EGL are scattered and rarely
found in clusters(Fig. 54).
Heterozygous weaver mouse(WV/+) cerebellum
At PO, the area/sectionof the WV/+ cerebellumis equal to that
of the +/+ mouse(Figs. 2A, 3A). The lobular arrangementof
the WV/+ and +/+ cerebellum is similar (Fig. 1B). Like the
+/+ vermis, the cross-sectionalarea of the WV/+ vermis increasesonly slightly (40%) from PO to P2 (Table 2). From P2
to P4 there is an increasedrate of growth, although lessthan
that seenin the wild-type mouse,such that the area/sectionof
the WV/+ vermis is 33% smaller than the vermal area/section
of the +/+ cerebellum. From P4 to P8, the area/sectionof the
WV/+ vermis develops at a slower pace than in the +/+ cerebellum, so that by P8, the area of the WV/+ vermis is 57% of
the +/+ vermis (Fig. lE, Table 2). Similarly, the cerebellar
hemispheresof the WV/+ are 37% smaller than those of the

+/+ cerebellum (Fig. 3A). The total width of the cerebellum,
at P8, is decreasedby 13% in the WV/+ animal compared with
the +/+ animals.
At P2, differencesbetween the WV/+ and +/+ are seenin the
meannumber of cells/sectionin the vermal EGL (Fig. 2B; Table
3). The vast majority of these WV/+ EGL cells appear round.
Very few spindle-shapedcells are seenin the deep portions of
the EGL (Fig. 4B). As in the +/+ mouse, mitotic figures are
presentthroughout all layers of the EGL. Postnatal day 4 is the
time at which appreciablenumbersof granulecells at the EGW
ML interface start to elongate. This initial migration of granule
cellsis similar to that seenin the P2 +/+ cerebellum.Although
a great majority of these cells do not move away from the
compacted EGL, a few cellsare seenin the molecular layer (Fig.
4E). More migrating granule cells are seenin the WV/+ cerebellum at postnatal day 6. By P8, the EGL of the WV/+ cerebellum can be divided into a proliferative zone and a postproliferative zone, similar to that of the +/+ mouse.
The number of mitotic figures in the WV/+ cerebellum, like
the +/+, is approximately l-2% of the total number of cells
within the EGL (Figs. 2C, 3C, Table 4).
Pyknotic nuclei, which are only rarely seenin the +/+ animals, are more abundant at all times in the WV/+ EGL (Figs.
20, 30, Table 5). Before P4, the dead/dying cells are located
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Table 2. Mean area vermidsection

Genotype
Age +/+

(mm*)

WV/+

WV/WV
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Table 3. Mean number of EGL cells in the vermiskection

Significancec

Genotype
Aee +/+

wv/+

Significancec

WV/WV

PO

0.225 (3)0
[0.217-0.259]”

0.292 (3)
[0.252-0.3411

0.252 (3)
[0.240-0.268]

-

PO

1750 (3)n
[ 1620-20201”

1890 (3)
[ 1750-20201

1790 (3)
[ 1600-2 1801

-

P2

0.483 (6)
[0.360-0.642]

0.419 (2)
[0.367-0.4741

0.286 (2)
[0.262-0.3091

-

P2

3160 (6)
[2960-33901

2660 (2)
[2480-28301

2470 (2)
[2080-28601

1,6

2, 5

P4

10,500 (2)
[10,400-10,500]

7310 (2)
[6270-83401

4470 (4)
[3980-57 lo]

2, 3

P4

1613

1.12 (2)

0.743 (2)

0.467 (4)

[l.lO-1.131

[0.741-0.744]

[0.446-0.503]

P6

1.08 (1)

0.773 (2)
[0.733-0.8131

0.468 (2)
[0.439-0.468]

2, 3

P6

9700 (1)

8600 (2)
[8 130-90701

4820 (2)
[47 10-49301

1,5

P8

1.96 (1)

1.10 (2)

0.683 (2)

2, 3

P8

17,000 (1)

[0.641-0.725]

10,200 (2)
[9810-10,600]

6620 (2)
[5230-80101

1, 5

[1.04-1.101

y Mean area cerebellum/section
vermis (mm2). In parentheses is the number of
animals used for the study.
I’ Range of measurements
in brackets.
( Statistical analyses comparing +/+, WV/+, and WV/WV from PO-P8. An ANOVA
was performed at each of the ages. If statistical significance was found, a posteriori
Newman-Keuls
analysis was performed.
Below is a key to explain the levels of
significance for each of the comparisons:
1, ANOVA, p < 0.05.
2, ANOVA, p < 0.01.
3, Newman-Keuls
+/+, WV/+, and WV/WV significantly different, p < 0.05.
4, Newman-Keuls
+/+, WV/+, and WV/WV significantly different, p < 0.01.
5, Newman-Keuls
WV/+ and WV/WV significantly different from +/+, p < 0.05.
6, Newman-Keuls
WV/WV significantly different from WV/+ and +/+, p < 0.05.

throughout the EGL, although they tend to predominate in the
inner %. These dead/dying cells are most typically found as
individual cells rather than in clusters.At P4, a band of darkly
staining pyknotic nuclei becomesapparent at the EGUML interface. In the P4 vermis, the dead/dying cellsare seenmore in
the anterior lobules than in the posterior lobules. In the cerebellar hemispheresof the WV/+ mouse,approximately 40% fewer pyknotic nuclei are seencomparedwith the vermis (Figs. 20,
30). From P4 through P8, pyknotic cells are found in both the
EGL and the molecular layer of the vermis (Fig. 6B).
The molecular layer of the WV/+ cerebellum is thin and relatively acellular at P4. This is unlike the +/+, where many
migrating cells are seenin the molecular layer of the P4 cerebellum. By P6, in the WV/+, cells have started to migrate from
the EGL through the ML, forming a recognizable IGL. The
molecular layer of the P6 WV/+ cerebellum appearsto be hypercellular compared with the P6 +/+ cerebellum. This hypercellularity of the molecular layer in the WV/+ mouseis also
seenat P8 (Fig. 6, A, B).
The homozygous weaver(WV/WV) cerebellum
The WV/WVcerebellum at POhasa similar appearanceto that of
the WV/+ and +/+ cerebellawith no detectable differencesin
the width or area/section of the cerebellum (Figs. lC, 2A, 3A,
Table 2). The area of the vermis in the WV/WVincreasesfrom
POto P2, although the growth is only 46 and 69% of that seen
in the +/+ and WV/+ cerebellum, respectively (Fig. 2A). The
vermis, at P4, is 48% of the size of the +/+ vermis (Table 2).
This is similar to the situation in the WV/WVhemisphere(see
Fig. 3A). By P8, the area/section of the vermis is 65% smaller

QMean number of cells/section EGL vermis. In parentheses is the number of
animals used for the analysis.
b Range of measurements in brackets.
i Statistical analysis comparing +/+, WV/+, and WV/WVfrom PO-P& For explanation
of levels of significance, see Table 2.

than the wild-type cerebellum (Figs. lF, 2A). The area/section
of the P8 WV/WVhemispheresis reduced in size by 23% from
that of the +/+ cerebellum (Fig. 3A). The total width of the
cerebellum in the WV/WVmouseat P8 is reduced 10 and 18%
compared with the WV/+ and +/+, respectively.
No differences are seen in the total number of EGL cells/
section in the PO WV/WVmouse compared with the +/+ and
WV/+ cerebella (Figs. 2B, 3B, Table 3). By P2, there is a decreasednumber of vermal EGL cells/sectionin WV/WVcompared
with +/+ mice. This difference becomesmore striking at P4
(Table 3). Unlike the WV/+ or +/+ cerebella,no spindle-shaped
cells are seenin the deep layers of the EGL (Fig. 4C). The EGL

Table 4. Percentage of mitotic figures/section (vermis)

Age
PO

Genotype
+/+

WV/+

WV/WV

Significancec
-

1.41 (3)

0.82 (3)

1.13(3)

[1.14-1.881"

[0.71-0.931

[0.70-1.591

2.12 (6)
[1.56-2.831

1.61 (2)
[1.60-1.621

[l.lO-1.771

P4

1.42 (2)
[0.87-1.971

1.95 (2)
[1.08-2.821

1.93 (4)
[1.71-2.261

-

P6

3.11 (1)

1.68 (2)
[0.80-2.571

1.21 (2)
[1.20-1.231

-

P8

1.30 (1)

1.44 (2)
[0.99-1.901

1.58 (2)
[1.57-1.581

-

P2

1.43 (2)

-

y Mean percentage of mitotic figures/section
in the vermis. The number in
parentheses is the number of animals used for this study.
h Range of measurements in brackets.
cStatistical analysis comparing +/+, WV+, and WV/W from PGP8. For explanation
of levels of significance, see Table 2.
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Figure 4. Development of the external granule layer of the +/+ (A, D), WV/+ (B, E), and WV/WV(C, I;) cerebellar vermis. A, In the P2 +/+
cerebellum, some of the granule cells at the interface of the EGL and the molecular layer (ML) are starting to elongate (arrows). Some of these cells
have started to migrate into the molecular layer. B, This section shows the EGL of the P2 WV/+. In contrast to the +/+ cerebellum, fewer spindleshaped cells are present at the EGWML interface. A mitotic figure is present near the pial surface of the cerebellum (white arrow). C, This section
of the P4 WV/WVEGL shows that the EGL remains a compact zone, with an absence of spindle-shaped cells at the EGL/ML interface. Dead and
dying cells are usually found in the deeper layers of the EGL (arrowheads).
D, The EGL of the P4 +/+ vermis has expanded into 2 zones, a compact
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of the WV/WV mouse remains a compact zone through postnatal
day 8, although occasional cells can be seen between the compacted EGL and the Purkinje cells. In the P8 cerebellar hemispheres some spindle-shaped cells are seen in the deep portions
of the EGL.
Mitotic figures are present throughout the compacted EGL
from PO through P8. The percentage of mitotic figures present
in the WV/WV vermis is similar to that found in the +/+ and
WV/+ mice-typically
between l-2% (Fig. 2C, Table 4).
The percentage of pyknotic nuclei in the WV/WV EGL is dramatically increased over the WV/+ and +/+ cerebella at all ages
studied in both the vermis and the hemisphere (Figs. 20, 30,
Table 5). The percentageof cell death is increasedin the vermis
relative to that of the hemisphere(Figs. 20, 30). At PO, the
number of dead/dying cellsis approximately 1O-fold higher than
that seenin the +/+ EGL. A majority of thesedead/dying cells
are present in the inner third of the EGL, although these hyperchromatic cells can be found at all levels in the EGL (Fig.
5, B, C). The dead and dying cells in the PO WV/WVcerebellum
are most numerousin the posterior lobules(Fig. 5B), and these
pyknotic cells, in 1 ym plastic sections,nicely demonstratedifferent stagesof cell death (Fig. 5C). At PO, the early form of
cell death predominates, characterized by abnormal clumping
of heterochromatin (seeFig. 5C) (Cunningham, 1982). At P2,
thesepyknotic cellsform a noticeable band presentat the EGW
ML interface. By P4, some of the pyknotic cells at the EGW
ML interface are found in clustersthat incur into the molecular
layer. At P6 and P8, the dead/dying cellswithin the WV/WVEGL
are predominantly found in such clusters (Figs. 4F, 6C). The
majority of these pyknotic cells are in the late stagesof cell
death, characterized by nuclear fragmentation (seeFig. SC’).At
P8 the percentageof dead and dying cells in the hemisphereis
slightly lower than that of the vermis (4.26 and 5.16%).
The molecular layer of the WV/WVcerebellum remains thin
and relatively acellular from POthrough P6. At P6, somerounded cellscan be seento be separatefrom the EGL in the molecular
layer. Those cells that are seenin the molecular layer remain
rounded and do not have the typical appearanceof migrating
cells.
Discussion
The cellular event perturbed in the developmental history of
the weaver cerebellargranule cell is unknown. To approach this
problem we quantitatively examined the cerebellargranulecell
precursor population of +/+, WV/+, and WV/WVmice from PO
to P8. We find that at PO, the weaver phenotype of cell death
is already expressedin the EGL, suggestingthat the event in
granule cell differentiation which is affected by the weaver gene
occursprior to the physical migration of the granule cellsat P4.
Previous studiesof weaver cerebellardevelopment have not
reported phenotypic differencesprior to P4 (Rezai and Yoon,
1972; Rakic and Sidman, 1973a). Thus, we needed to confidently determine the genotype of each of the animals usedin
this study. The assignmentof genotype was predicated on establishing differenceswithin the granulecell population between
+/+, WV/+, and WV/WVcerebella. As presentedin Results, we
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(vermis)

Genotype
+/+

WV/+

WV/WV

PO

0.36 (3)
[0.06-0.541b

1.02 (3)
[0.67-1.51

3.30 (3)
[2.06-4.14]

I,6

P2

0.37 (6)
[0.08-0.53]

1.23 (2)
[1.12-1.351

3.92 (2)
[3.83-4.01]

1, 3

P4

0.12 (2)
[O.l l-0.141

1.50 (2)
[1.31-1.701

6.62 (4)
[4.73-7.681

1,6

P6

0.25 (1)

1.16 (2)
[1.02-1.311

5.17 (2)
[4.42-5.921

2,6

P8

0.37 (1)

1.54 (2)
[1.46-1.621

5.16 (2)
[4.71-5.621

2,6

Age

1615

Significancec

u Mean percentage of pyknotic cells/section vermis. The number in parentheses
is the number of animals used for the study.
b Range of measurements in brackets.
L Statistical analysis comparing +/+, WV/+, and WV/WVfrom PC-P& For explanation
of levels of significance, see Table 2.

used3 mating schemesto generatemice of restricted genotypes.
The increased incidence of cell death was the only variable
examined that enabledusto distinguishbetweenthe 3 genotypes
at PO.At POand P2, there were 3 distinct levels of cell death,
and thesecorrelated with the expected genotypesfrom progeny
of the various mating schemes.Within each of these 3 groups
there was little variability in the percentageof EGL cell death
as might be expectedif cell death is controlled by the expression
of a genewith complete penetrance.
Development

of the weaver EGL

The presentqualitative observationsof the development of the
WV/+ and WV/WVcerebellumafter P4 agreewith previously published descriptions(Rezai and Yoon, 1972; Rakic and Sidman,
1973a, b; Sotelo and Changeux, 1974). In this study, we have
identified 2 mutant phenotypes present within the EGL population prior to P4: (1) a delay in granule cell migration and (2)
an increasein cell death in the EGL.
Granule cellsat the EGL/ML interface of the +/+ cerebellum
start to elongatein preparation for migration at around P2. This
processis delayed for approximately 2 days in the WV/+ vermis
and is rarely seenin the WV/WVcerebellum. The WV/+ granule
cells appear to have an impeded developmental program that
not only resultsin a 2 d delay in the start of migration but also
in a longer transit time of granule cells through the molecular
layer (Rezai and Yoon, 1972). This retardation in the migratory
processresultsin a hypercellular molecular layer that is apparent
by P6.
Both Rezai and Yoon (1972) and Rakic and Sidman (1973a,
b) noted the increasedpresenceof pyknotic cells in the EGL of

t
zonenearthe pial surface(r) anda looserzoneof cellsnearthe EGL/ML interface(Zr).Spindle-shaped
cellsaswellasmigratingcellsarepresent
within the molecularlayer (arrows). E, This sectionfrom the P4 WV/+showsthat the EGL hasgrownin width but hasnot clearlyseparated
into
the 2 distinctzones.Spindle-shaped
cellsfirst becomeprevalentat the EGL/ML interfaceat this time (arrows).F, This sectionof the P8 WV/WV
showsthat the EGL remainsa compactzonewith pyknotic nucleipresentthroughoutall levelsof the EGL (arrows). Scalebars:A-I;, 50 pm.
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Figure 5. Cell death in the EGL of the +/+ (A) and WV/WV(B, C) from the PO cerebellum. A, Cell ,death in the PO +/+ cerebellum, although
rare, is equally present throughout the anterior and posterior extent of the EGL (arrows). B, Cell death in the posterior lobules of the PO WV/WV
cerebellum (arrows) is increased above that seen in the +/+ cerebellum. C, Photomicrograph of 1 brn plastic section showing pyknotic nuclei
present in the posterior lobules of the WV/W EGL. Three stages of cell death can be seen: (1) early (black arrowhead), intermediate (curved black
arrow), and late (black arrows). Scale bars: 100 pm. Calibration bar (C) = 10 pm.
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WV/+ and WV/WV cerebella after P4. From P4 to P20 (the time
of EGL disappearance), the majority of the pyknotic cells are
present in the postproliferative mantle zone (Rakic and Sidman,
1973a, b). Prior to P4, we find that the positions of the pyknotic
cells are not as segregated as seen after P4. At the early ages,
pyknotic cells are distributed throughout the radial extent of the
EGL. Thus, the EGL of the PO and P2 WV/WV mouse may give
the qualitative impression of a normal cerebellum. The cell
death in the EGL can be highlighted, as in the present study,
by special methods of tissue processing. We found that when
only a basophilic (Nissl) stain is used, the pyknotic cells are less
visible than with a combined basophilic and acidophilic stain,
such as hemotoxylin and eosin. For these reasons, identification
of cell death prior to P4 may have been difficult for previous
investigators. From P6 to P8, dead and dying cells are relegated
to conspicuous positions in both the WV/WV and WV/+ cerebellum. As described by Rakic and Sidman (1973b), “tongues” of
dead and dying cells are present at the EGWML interface in the
P6 WV/WV.In addition, pyknotic cells were also found throughout
the superficial layers of the EGL.
Cell death in the WV/WV and WV/+ EGL has clear spatial constraints, as might be expected from the known medial (most
affected) to lateral (least affected) nature of the weaver phenotype
(Herrup and Trenkner, 1987). From PO to P8, the percentage
of pyknotic granule cells in the medial cerebellum (vermis) of
the WV/WVmouse is increased relative to that of the lateral aspect
of the cerebellum (hemispheres). Also, in the PO WV/WV cerebellum, pyknotic cells are preferentially present in the posterior
lobules of the cerebellar vermis (Fig. 5B). Thus, within the
WV/WV EGL, specific subpopulations of granule cells express the
mutant phenotype of cell death at an earlier time. These regions
where greater percentages of cell death are seen, the vermis and
the posterior lobules, contain granule cell precursors that are
among the earliest produced (Altman, 1969).
Characterization of cell death in the EGL
Granule cell death in the EGLI has been observed in the +/+,
WV/+, and WV/WVcerebella, with the amount of cell death in the
WV/WVdramatically increased relative to the amount ofcell death
seen in the +/+ EGL. Calculation of the clearing rate of the
granule cells from the EGL of the WV/WV reveals that pyknotic
cells are removed from the environment in 4-7 hr. This figure
is consistent with the clearing rate of degenerating cells in spinal
cord and retina (Hughes, 196 1; Wong and Hughes, 1987). Since
there seems to be no change in the mitotic index of EGL granule
cells in +/+, WV/+, or WV/WV(this study; Rezai and Yoon, 1972),
it appears that the amount of cell death seen in the EGL can
alone account for the granuloprival nature of the weaver mutant
cerebellum.
Previous studies have suggested that the type of cell death,
nuclear or cytoplasmic, can be used to suggest the cellular
processes that lead to cell death (Pilar and Landmesser, 1976;
Cunningham, 1982). In our present light microscopic material,
pyknotic WV/WV EGL cells have abnormally clumped hetero’ When considering the cell death in the EGL, we recognize that the EGL gives
rise to several distinct cell types, including granule cells, basket cells, stellate cells
(Miale and Sidman, 1961), and possibly Golgi cells (Hausmann et al., 1985). The
adult numbers ofgranule cells, stellate cells, and basket cells have been determined
(Palkovitz
et al., 197 la, b; Smolyaninov,
197 l), and from these estimates it can
be determined that 92% of the cells derived from the EGL will become granule
cells. Sotelo (1975) has demonstrated that basket cells and stellate cells are present
in the adult WV/WV cerebellum, further reinforcing a view that the vast maiority
of dead and dying cells are from the granule cell precursor population.

chromatin diagnostic of nuclear cell death (Cunningham et al.,
1982) (see Fig. 5C), and is typical of the appearance of pyknotic
cycling, immature cells (Wyllie et al., 1980). In fact, dying cells
in the +/+ EGL have a similar appearance to dead and dying
cells in the WV/+ and WV/WV EGL. This suggests that the weaver
gene may just accentuate a normally occurring process in the
developing EGL. Furthermore, naturally occurring cell death is
thought to be an intrinsic process of the cell that may manifest
itself in a type of cell suicide (Wyllie et al., 1980). This interpretation has significance for proposing a specific cellular process
in the action of the weaver gene.
Does the weaver gene affect a specific stage in the
dlyerentiation of the granule cell?
One of the advantages of the cerebellum in the study of development is that discrete developmental events occur at welldefined times. Thus, the identification ofthe onset of a particular
mutant phenotype may suggest the developmental program affected by a mutant gene. Previous studies regarding the cellular
event affected by the weaver gene have concluded that there is
a defect in cell migration (Rezai and Yoon, 1972; Rakic and
Sidman, 1973a, b; Herrup and Trenkner, 1987). Rakic and Sidman (1973a, b) hypothesized that the ability of granule cells to
migrate and their subsequent death were due to aberrant Bergmann glia. Recently, Herrup and Trenkner (1987) proposed that
the migratory defect in the granule cells may be present at the
initial migration of the granule cell precursors from the area of
the germinal trigone superficially over the surface of the cerebellum.
The present studies demonstrate that the WV/WVphenotype of
increased cell death is first apparent at the day of birth (PO).
Two points suggest that PO is the earliest time that the weaver
phenotype can be seen. First, estimates of the number of cells
in the PO +/+, WV/+ and WV/WVEGL at PO are similar, while
significant differences between the 3 groups exist at P2. Second,
the early stages of cell death predominate at PO, while the later
stages predominate after PO. Since the pyknotic cells are cleared
relatively quickly (4-7 hr), the time when this could be observed
would be in temporal proximity to when cells begin to die.
The identification of PO as the approximate starting time of
weaver phenotypic expression is important since it allows us to
focus narrowly on the developmental events occurring at this
time. At PO, the cells of the EGL are actively proliferating within
the EGL (Fujita, 1967). However, as discussed earlier, there are
no apparent differences in the rate of proliferation in the WV/+
and WV/WV EGL. A second developmental event, extrapolated
from rat development, occurring at around PO in the murine
cerebellum, is the exit of granule cells from their cell cycle (Altman, 1972). Since the weaver gene does not seem to perturb
cellular proliferation, and in light of our observation that a
majority of the dead and dying cells are found in EGL zones
where granule cells exit their cell cycle, we suggest that the
weaver gene acts upon the granule cells at a time after their exit
from the cell cycle and before their physical migration from the
EGL. Cellular processes in the midst of this time period, ineluding the cell’s preparation for migration, would be logical
candidates as the primary cellular event affected by the weaver
locus.
Conclusions
Previous studies regarding the mode of action of the weaver
gene on cerebellar development have strongly suggested that the
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granule cell is an intrinsic site of mutant gene action (Goldowitz
and Mullen, 1982; Hatten et al., 1986; Goldowitz, 1989). By
establishing an historical record of the weaver granule cell, we
hoped to determine at what time point the weaver gene has its
first impact. The first event that seems to set weaver EGL cells
apart from the +/+ EGL cells is an increase in the amount of
pyknotic cells. The timing and presentation of this weaver mutant phenotype suggests an association with a cellular event
proximate to exit from the cell cycle such as cell cycle exit itself,
preparation for migration, or axonal outgrowth (Willinger and
Margolis, 1985a, b).
The loss of granule cells in the cerebellum is not the only
cellular defect that has been described in the WV/WV mouse.
Within the cerebellum the Bergmann glia are known to be decreased in number and abnormal in morphology (Rakic and
Sidman, 1973a, b) and the Purkinje cells are reduced in number
(Rezai and Yoon, 1972; Blatt and Eisenman, 1985; Herrup and
Trenkner, 1987). In the midbrain, there is a loss ofdopaminergic
cells in the WV/WV substantia nigra pars compacta (Schmidt et
al., 1982; Roffler-Tarlov and Graybiel, 1987). To further unravel the mysteries of the weaver gene it needs to be determined
whether these phenomena are primary sites of weaver gene action. The Bergmann glia defect may, for example, be due to an
impaired trophic interaction with the weaver granule cells. The
in vitro studiesof Hatten et al. (1986) found that weaver granule
cells created a dysmorphic appearancein +/+ Bergmann glia
cells. This interaction may be mediated by a 100 kDa protein
called astrotactin, which hasbeenlocalized to cerebellargranule
cells (Edmondson et al., 1988). In general, the Bergmann glia
cellsmay be acutely sensitive to cellular interactions for proper
expressionof its phenotype (Fisher, 1984). It is more difficult
to ascribethe Purkinje cell deficit to such a trophic mechanism.
These cells are produced and settle several days before the apparent onset of the weaver granule cell dysfunction. The defect
in weaver pars compacta cellswould appear even more remote
to the problems within the developing weaver cerebellum.The
onus of any hypothesis of mutant gene action is to relate all
primary effectsof the mutant to a singledefective geneproduct
that has a critical function in the affected cell(s). A hypothesis
that the weaver gene affects EGL cells between the time that
they exit the cell cycle and physical migration should be applicable to the other phenotypes of the weaver mouse. In this
respectthe weaver genemay be thought to adversely, but with
variable consequences,affect cells as they exit their cell cycle
resulting in a generalizeddelay in the maturation process.This
delay in maturation could prevent certain cellsfrom establishing
appropriate environmental relationships, which could not only
account for the spatial differencesin the weaver phenotype but
also the decreasednumbersof Purkinje and pars compacta dopaminergic cells (if these prove to be intrinsic sitesof weaver
geneaction). It is important for future analysesto link the weaver
defect in Purkinje and substantianigra parscompacta cellswith
the cell death observed in cerebellargranule cells to provide a
cohesive story of how the weaver geneis involved in CNS development.
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