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Numerical Matching During Cerebellar Development: Quantitative
Analysis of Granule Cell Death in Staggerer Mouse Chimeras
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Cell death is a common yet puzzling feature of the devel-
opment of many populations of neurons in the CNS. In the
invertebrate phyla, such death is often preprogrammed; by
contrast, in vertebrates, the best studied examples of his-
togenetic cell death are influenced by interactions among
the neurons and their target. One attempt to explain this
seemingly wasteful scheme of development has led to the
hypothesis that this target-related cell death allows 2 pop-
ulations of cells, which develop in isolation, to come into
numerical and functional balance and hence to provide an
epigenetic “‘buffer” mechanism to accommodate develop-
mental variations. In the current study we have examined
the extent to which the cell death observed in the cerebellar
granule cell population serves to numerically match these
neurons with their primary postsynaptic target, the Purkinje
cell. Staggerer chimeras were made by aggregating 8-cell
staggerer embryos with embryos of wild-type genotype. The
cerebella of the resulting animals developed with widely
varying numbers of normal (wild-type) Purkinje cell targets.
Although staggerer Purkinje cells were present in the chi-
meric brains, these cells are intrinsically deficient in their
normal developmental program (in the mutant, because of
this deficiency, 100% of the granule cells die). Both granule
cells and Purkinje cells were counted in chimeras and sev-
eral wild-type mice. The results reveal that the number of
granule cells present in these brains has a linear relation-
ship with the number of Purkinje cells, and that the line con-
necting the points intersects the Y-axis close to the origin.
These observations suggest that numerical matching is an
important function of target-related cell death in the granule
cell population. As a consequence of this process, neuron
and target come into an accurate, predetermined numerical
balance. The results are further discussed within the con-
text of the control of cell number in the mammalian CNS.

One of the greatest paradoxes in the development of the nervous
system is the phenomenon of naturally occurring cell death.
During embryogenesis, when the goal of the developing organ-
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ism would seem to be growth and addition of cells, many neural
centers in both the CNS and PNS pass through a period in which
a substantial fraction of the population becomes necrotic and
dies (for recent reviews, see Cunningham, 1982; Hamburger
and Oppenheim, 1982; Cowan et al., 1984; Lamb, 1984; Op-
penheim, 1985). Yet, while the fact of its existence is well es-
tablished, both the mechanism by which the cell death process
is controlled and the developmental “logic” behind its occur-
rence remain a mystery. One rationale frequently employed to
explain this paradox is that cell death represents a mechanism
for control of cell number during development. The idea is that
the process of cell death allows 2 populations that are anatom-
ically connected in the adult but spatially separate in the embryo
(e.g., nerve and muscle) to adjust during development in such
a way that their numbers are appropriately balanced.

In part, this concept has developed because of the experi-
mental observation that the amount of cell death in a population
is related to the presence or absence of the target cells of that
population. In most systems studied the removal of the target
leads to a dramatic increase in the amount of cell death and a
concomitant decrease in the size of the adult population. If target
is completely removed early enough in development, then vir-
tually all of the presynaptic neurons will degenerate (Lamb,
1981; Lanser and Fallon, 1984). Though more difficult to achieve,
increasing the target-to-neuron ratio has been shown to decrease
the amount of observed cell death. Hollyday and Hamburger
(1977) achieved a 10-30% increase in the number of surviving
chick motor neurons by transplanting an extra limb. Narayanan
and Narayanan (1978) observed a similar reduction of cell death
in the chick ciliary ganglia, accessory oculomotor nuclei, and
trochlear nucleus after transplanting an extra optic primordium.
Pilar et al. (1980) achieved an increase in target-to-neuron ratio
by decreasing the normal neuronal complement by half and
leaving the target intact. They too observed a reduction in the
amount of cell death in the remaining neurons.

From these semiquantitative observations has grown the con-
cept that target-related cell death performs a numerical matching
function (Hamburger, 1975; Katz and Lasek, 1978). The im-
plication of this hypothesis is that there must be some numerical
relationship that allows the definition of presynaptic neuron
number as a function of target size. A beginning attempt to
describe this function for the lateral motor column has been
made by McLennan (1982) and by Tanaka and Landmesser
(1986). Tanaka and Landmesser (1986), in particular, have
shown, by transplanting chick limbs to quail embryos and vice
versa, that a high degree of correlation is found between post-
cell-death neuron number and target size (measured as number
of target myotubes). While only 4 points were available for
graphing, these 4 fit a straight-line function well.
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Our laboratory has been interested in the regulation of cell
number in the CNS for some time. We have used as our model
mouse cerebellar cortex and those factors that regulate both
Purkinje and granule cell number. The granule : Purkinje cell
contact is analogous to the model systems described above for
several reasons. First, Caddy and Biscoe (1979) have shown that
a reduction of granule cell number occurs during normal cere-
bellar development. The reduction amounts to approximately
20-30% of the initial population. Second, the effects of target
removal can be documented by a series of neurological muta-
tions that block the ability of granule cell axons to make ap-
propriate contact with Purkinje cells (see Sidman, 1968, 1972,
1983; Sotelo, 1975; Mullen and Herrup, 1979, for review). Third,
comparisons among mutants that block this contact before (szag-
gerer. Landis and Sidman, 1978; Herrup and Mullen, 1979a,
1981), during (lurcher: Caddy and Biscoe, 1979; Wetts and Her-
rup, 1982a, b), and after (Purkinje cell degeneration: Mulien et
al., 1976) the bulk of synaptogenesis has occurred suggest very
strongly that, as with the neurons of the lateral motor column
and the ciliary ganglion, there is a critical period for this inter-
action as well.

In the present study, we have used the cerebellum and the
granule : Purkinje cell circuit as a model system to explore the
process of target-related cell death. Rather than alter the size of
the target by surgery or drugs, we have used a genetic mutation
known as staggerer (gene symbol, sg). In this mutant, the Pur-
kinje cells never develop the tertiary dendritic spines that are
the site of granule cell : Purkinje cell synapse, and hence the
granule cells never have a competent target with which to in-
teract (Sidman, 1968; Sotelo and Changeux, 1974; Yoon, 1979a-
¢). Experimental aggregation chimeras made between sg/sg and
+/+ embryos were used to vary the number of potential target
cells over a wide range. The results of our quantitative analysis
illustrate that, in the absence of other variables, the function
that defines the plot of granule cell number versus Purkinje cell
number is a straight line. This finding strongly supports the
concept that one of the functions of target-related cell death is
the numerical matching of pre- and postsynaptic neuronal pop-
ulations.

Materials and Methods

Animals. Mice used as embryo donors in this study were primarily
received directly from the Jackson Laboratory (Bar Harbor, ME). The
staggerer mutants, however, were all bred in our colony at the Yale
Medical School. They are currently being maintained on a background
that is N7 on C57BL/6J and has been further inbred for § generations.
The original stock was received from the Jackson Laboratory and in-
cludes 2 genetic marker genes in repulsion to staggerer on chromosome
9: dilute (d) and short ear (se). Males and females of genotype (sg+ +/+dse)
are intercrossed, and the genotypes of the resulting pups are distinguish-
able by 15 d of age either by coat color (the dilute gene results in a gray
coat) or by behavior. Animals are maintained on a 12-hr light/dark
cycle with food and water ad libitum.

Chimeras were made by standard protocols (Tarkowski, 1961; Mintz,
1962, 1965; Mullen and Whitten, 1971). The resulting animals were
identified as to their genotype mostly on the basis of cerebellar mor-
phology. If no Purkinje cells from the ?/sg embryo were wild type in
appearance, the chimera was assumed to be sg/sg = +/+ in genotype.
This conclusion was most often confirmed by an overall reduction in
cerebellar size (see Fig. 4).

Histology and cell counts. Preparation of histological and histochem-
ical material was as described previously (Mullen, 1977; Herrup and
Mullen, 1979b; Herrup and Sunter, 1986). The chimeras described here
were all constructed with 1 staggerer embryo (on a 8-glucuronidase
background that is Gus?/Gus®) and 1 wild-type embryo from a strain
whose g-glucuronidase background was Gus”/Gus”. The only exception

to this was x96, whose wild-type component was from the IC/Le strain
and who was partially analyzed previously as part of a different study
(Herrup, 1983).

Purkinje cell counts were performed as described in earlier studies
(e.g., Wetts and Herrup, 1982¢; Herrup and Sunter, 1986). Granule cells
were counted by protocols described by Wetts and Herrup (1983). Cer-
ebellar granule cell layer areas were measured from sections approxi-
mately 160 um apart using a semiautomatic image analysis system
(Bioquant, R&M Biometrics, Nashville, TN). The resulting areas were
graphed as function of distance from the midline, and the area under
this curve was used to determine the granule cell layer volume. At
1000 x, random granule cell fields were examined, superimposed on a
grid (seen through a drawing tube) that was 50 um on a side. A minimum
of 36 such grid counts were done from each cerebellar half, representing
all mediolateral and anterior—posterior regions of the cerebellum. As
the section thickness was 8 um, the average number of granule cells per
grid was taken to be the number of cells in a volume of 20,000 zm3.
The total granule cell layer volume was divided by the grid volume and
multiplied by the number of granule cells per grid. This value, which
we term the raw count, was corrected by the method of Hendry (1976)
to correct for split cells. Granule cell diameters were also measured on
the Bioquant at 1000 x.

Results
Background on the staggerer mutation
As reported previously, the staggerer mutation (sg/sg) results in
the severe atrophy of the cerebellar cortex (Fig. 1). The midline
cross-sectional area is dramatically reduced (Fig. 1, 4, B),
and the cells that remain in the mutant cortex (Fig. 1D) are
markedly different from the wild type (Fig. 1C). Virtually 100%
of the granule cells degenerate, primarily during the second to
fourth postnatal weeks (Sidman et al., 1962). Although Purkinje
cells are present, they are far from normal (Sidman, 1968; Brad-
ley and Berry, 1978; Landis and Sidman, 1978). The best de-
scription of the mutant defect to date is that “the Purkinje cells
are generated at the normal time, but are much delayed in
postnatal differentiation, showing a remarkably immature form”
(Sidman, 1968). The feature of this mutation that is most rel-
evant for the current study is that the sg/sg Purkinje cells lack
the tertiary branchlet spines that serve as the site of synapse
between the granule and Purkinje cells. While the dendrite of
the normal Purkinje cell is studded with spines, the staggerer
Purkinje cells have a withered dendritic arbor (see Golgi im-
pregnations of Sidman, 1968; Bradley and Berry, 1978). This
defect has been confirmed at the ultrastructural level (Sotelo
and Changeux, 1974; Yoon, 1977a, b; Landis and Sidman, 1978).
In the mosaic cerebellum of the staggerer < wild-type chi-
mera, Herrup and Mullen (1979b, 1981) showed that all of the
Purkinje cell defects visible in the light microscope are intrinsic
to the sg/sg Purkinje cells themselves. That is, even in the pres-
ence of genetically wild-type cells, all staggerer cells retain the
mutant phenotype of reduced number, small size, predomi-
nantly ectopic location, and regional variability. Because of the
unavailability of appropriate cell markers, it is presumed, though
never directly proven, that the tertiary branchlet spines are also
absent. By contrast, the granule cells are not direct sites of gene
action. Herrup (1983) showed that millions of genetically stag-
gerer granule cells could be rescued in the mosaic environment
of the chimeric cerebellum, presumably by the presence of wild-
type Purkinje cells. Since the staggerer Purkinje cells never pre-
sent a target to the developing granule cells and since the ge-
netically mutant granule cells are capable of rescue and appear
morphologically normal in the adult (Fig. 2, B-D), the staggerer
chimeras are an ideal system in which to test the numerical
matching hypothesis. The adequacy of this model is further
confirmed by the work of Sonmez and Herrup (1983) who showed
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Figure 1.

Comparison of cerebellar morphologies in wild-type (4, C) and staggerer (B, D) mice. A and B, Sagittal sections near the midline from

wild-type (4) and staggerer (B) cerebella. Note the dramatic reduction of cerebellar mass in the mutant. C and D, Higher-magnification views of
the cellular composition of wild-type (C) and staggerer (D) cerebellar cortex. By this age (3 months), the mutant has lost virtually all of its granule
cells, although cells of basket, stellate, and glial morphology remain. The medium to large neurons (MLN) that remain are smaller than wild type
and are not aligned in a single row. Original magnification: 4 and B, x12.5; C and D, x500.

that, in the mosaic brains of 16- to 17-d-old staggerer chimeras,
the amount of cell death is intermediate between staggerer and
wild type. Thus, cell death is an important factor in the regu-
lation of final granule cell number in the chimeric cerebellar
cortex.

Identification of wild-type cells

Purkinje cells were counted as described in Materials and Meth-
ods. The expected precision of these counts is not as high as
that of other studies from this laboratory. To count a cell as
present in a section, it must have a portion of its nucleus visible.
In our material, this is best revealed by a Nissl stain such as
cresyl violet (Fig. 2C). In the counts of the staggerer chimeras,
however, we also wish to count only wild-type Purkinje cells,
as these are the cells that are presumably providing target for
the granule cells. We therefore also need to know the genotype
of each cell since staggerer Purkinje cells survive in the chimera
(Mullen and Herrup, 1979; Herrup and Mullen, 1979b, 1981).
This is revealed with certainty only through 8-glucuronidase
histochemistry, with which the mutant cells appear stained (red),

while the wild-type cells appear unstained except with the meth-
yl green counterstain (Fig. 2, B—D). Difficulties arise because,
although most sg/sg Purkinje cells in the chimera are ectopic
(e.g., Fig. 2, B, C), some will occasionally be found in or near
the true Purkinje cell layer (Fig. 2D). These cells might easily
be mistaken for +/+ in cresyl violet preparations. To circum-
vent this difficulty we have adopted the convention of Sonmez
and Herrup (1983). Any cell at the interface of the granule cell
and molecular layers was counted as a wild-type Purkinje cell
if it was sufficiently large in size.

The staggerer chimeras

Midline sagittal sections of the chimeras used in this study are
shown in Figure 3. A wild-type animal is shown in Figure 34
and a staggerer mutant in Figure 3K for comparison. As illus-
trated by this montage, the ratio of the staggerer to wild-type
composition varies widely. Cerebellar Purkinje cell counts from
these animals are shown in Table 1. As might be predicted from
the midsagittal areas, the number of surviving wild-type Pur-
kinje cells varies from near wild-type values (e.g., chimera 264)
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Figure 2. Appearance of the cerebellar cortex of wild-type (4) and staggerer chimeric animals (B—D). The wild-type section has been stained with
cresyl violet; the chimera sections are all stained for 8-glucuronidase histochemistry and counterstained with methyl green. In B-D, all +/+ Purkinje
cells have been marked with open arrows, while the genetically sg/sg cells have been marked with solid arrows. Although in most regions the sg/
sg cells are ectopic in location (as well as small in size), they are occasionally found in or near the Purkinje cell layer as in D. If this sg/sg cell were

stained only with cresyl violet it could easily be mistaken for a +/+ cell.

to near mutant values (e.g., chimera 96). This variation was also
apparent in the coats and livers of these animals (data not shown).

The distribution of the wild-type Purkinje cells in a repre-
sentative sagittal section from x96 is shown in Figure 44. The
position of each wild-type cell is noted by the presence of a dot.
Note that the wild-type cells do not occur in large patches.
Rather, they appear uniformly distributed across the entire re-
duced length of the Purkinje cell layer, especially in single sagittal
sections. In addition, their density is reduced compared to wild
type (Fig. 4B). An apparently uniform distribution has been
reported previously using either GPI (Oster-Granite and Gear-
hart, 1981), 8-glucuronidase (Mullen, 1978), pcd (Mullen, 1977),
or lurcher (Wetts and Herrup, 1982c) as a cell marker. This
observation is important for the interpretation of this study as
it means that the variation in target size is not occurring to
vastly different extents in different cerebellar regions.

Granule cells were counted as described in Materials and
Methods. Since it is not necessary to know the genotype of a
granule cell (neither genotype is intrinsically altered; Herrup,
1983), cresyl violet material was used exclusively. Table 1 shows

the numbers of granule cells surviving in each of the half-cer-
ebella examined in this study. In addition, some of the salient
quantitative data from our determinations of granule cell layer
volume and granule cell density are reported. To test the nu-
merical matching hypothesis using the granule : Purkinje cell
circuit as a model, it is assumed that Purkinje cell number is
the independent variable, while granule cell number is the de-
pendent variable. Figure 5 shows the resulting graph. Each filled
circle represents the counts of 1 hemi-cerebellum from 1 stag-
gerer — wild-type chimera. The points suggest a linear relation-
ship, and the solid line is the least-squares fit of the chimera
data plus the staggerer mutant (zero Purkinje cells, zero granule
cells). The equation of this line (y = mx + b) is granule cell
number = 192 x Purkinje cell number + 1.17 x 10¢. The cor-
relation coefficient (r2) is 0.969.

Discussion

The numerical relationship between cerebellar granule cells and
Purkinje cells in staggerer chimeric mice has been examined as
a model system in which to study the phenomenon of naturally
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Figure 3. Midsagittal sections from the chimeras analyzed in this study. These micrographs emphasize the ability to achieve a finely graded series
of cerebellar morphologies ranging from small (with many fewer granule and Purkinje cells) to near wild-type in size. The cerebellum in A is from
a wild-type C57BL/6] mouse; the cerebellum in K is from a homozygous staggerer mutant. Both animals were 3 months of age. The remaining
micrographs in B-J are from x264, x263, x280, x2, x159, x1, x238, x168, and x96, respectively.

occurring cell death during the development of the mammalian
CNS. Chimeras represent an attractive model system for the
study of cell death for several reasons. First, the site of gene
action can be defined to such a level as to assure that the only
direct effect of the gene is on the target cell (i.e., the Purkinje
cell). Second, in the chimeras, the Purkinje cells that remain
have been untreated by drugs or radiation and unperturbed by
surgical intervention during development. The genetics serve as
a precision neurological tool to remove only Purkinje cells. Third,

the target population is not removed in big chunks. Rather,
there is a diffuse loss of cells throughout the cerebellum as il-
lustrated in Figure 4 (see also Wetts and Herrup, 1982a, c; as
well as Mullen, 1977, for pcd/pcd = +/+ chimeras and Oster-
Granite and Gearhart, 1981, for Gpi-1¢/Gpi- 1+~ Gpi- 1*/Gpi- I*
chimeras). Fourth, the fact that the genotype ratio (mutant to
wild type) can vary widely from 0 to 100% means that a broad
distribution of points can be examined. Finally, the nature of
the system is such that the Purkinje cells that remain and serve
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A

as the focus of the study are all genetically wild type. Thus,
undetected pleiotropic effects of the mutation.are not likely to
interfere with the analysis.

Although the genetic approach is quite distinct from previous
studies of experimentally manipulated cell death (in which in-
creases and decreases of target size were achieved primarily
through surgical manipulation of target or presynaptic popu-
lation size), our results are in complete agreement with the re-
sults and predictions of these earlier studies. Both McLennan
(1982) and Tanaka and Landmesser (1986) found a good cor-
relation between the number of surviving motor neurons in the
spinal cord and the number of target myotubes present during
the cell death period. The latter authors suggested, as we do,
that a straight-line relationship exists between the size of the
presynaptic neuron population and its target.

Our data confirm and extend these observations. The ratio
of granule cells to Purkinje cells in our various experimental
animals remains nearly constant despite a wide variation in the
number of wild-type Purkinje cells present as granule cell targets.
Thus, when the data are plotted as in Figure 5, a straight-line
relationship is the best fit to the data. The significance of this
observation is made greater by the fact that the points deter-
mined from the staggerer chimera data almost perfectly extend
the line defined previously (Wetts and Herrup, 1983) by various
inbred (nonchimeric) strains of laboratory mice (the open sym-
bols in Fig. 5). Thus, the relationship we are describing here is
not an artifact of either the staggerer gene or the chimeric nature
of the tissue we are analyzing.

It is informative to compare the linear relationship observed
in the present study of staggerer chimeras with the curvilinear
relationship described by Wetts and Herrup (1983). The 2 stud-
ies are virtually identical in their approach and choice of model
system. What distinguishes them is the mutation used to elim-
inate the Purkinje cell target. Wetts and Herrup (1983) used the
lurcher mutation to destroy all genetically +/Lc Purkinje cells
in the chimeric cerebella. However, since +/Lc¢ Purkinje cells
do not die until the granule cells have already begun forming
synapses with them, these authors hypothesized that the cur-
vilinear relationship might be due to this early presence of +/Lc
Purkinje cells in the chimeras. These transient neurons, while

Figure 4. Reconstruction of the Pur-
kinje cell layer of x96 (4) and a wild-
type (B) mouse. Both sections are from
near the midline. In each the cerebellar
surface and inner edge of the internal
granule cell layer have been drawn in.
The position of each normal Purkinje
cell has been noted by the presence of
a single dot. Note that while there is an
overall reduction in the length and den-
sity of the Purkinje cell layer in the chi-
mera, there are no large regions where
the Purkinje cells are totally absent.
Thus, granule cell target is being re-
moved diffusely in the chimeras.

potentially contributing to granule cell survival, would be gone
before the animals were sacrificed, and hence their numerical
presence would go undetected in the counts of adult animals.
By contrast, the staggerer mutation results in Purkinje cells that
are reduced in number and have atrophic dendritic arbors that
never develop tertiary branchlet spines, the site of granule cell
parallel fiber synapse. These mutant Purkinje cells thus intrin-
sically lack any granule cell target. These properties mean that
the wild-type cells that we count in the adult chimeras are an
accurate representation of the quantity of postsynaptic target
available to the developing granule cells during growth and syn-
aptogenesis.

The implication of the linear relationship is that if the variable
of target size is isolated as the independent variable, then nu-
merical matching does indeed occur between Purkinje and gran-
ule cells, i.e., the granule cell population uses a strict develop-
mental algorithm to adjust its numbers to the size of the

Table 1. Quantitative features of the granule cell layers of the
sg/sg -~ +/+ chimeras used in this study

Granule Granule Purkinje

cell layer  cell density Granule cell

volume (per 20,000 cell number number
Chimera (x10°um3) um?3) (x10¢) (x10%
x263 left 4.40 89.2 18.1 91.1
x263 right 4.70 107.1 19.2 100.1
x238 left 2.87 101.8 10.4 47.1
x238 right 2.77 90.5 9.10 46.8
x264 left 5.08 114.2 22.4 103.4
x264 right 4.70 114.5 19.7 96.5
x280 left 4.42 120.4 20.9 86.1
x280 right 4.17 112.0 19.0 92.3
x168 left 2.53 107.0 9.43 53.2
x 168 right 2.46 103.2 7.85 39.1
x159 left 3.56 111.6 14.0 81.0
x96 left 2.75 97.0 10.4 26.7
x1 left 3.50 94.5 12.1 57.5
x2 left 4.20 94.3 8.09 34.5




Granule cell number (x10-¢)

s i J

20 40 60 80 100 120
Purkinje cell number (x10 %)

Figure 5. Counts of cerebellar granule cells as a function of +/+ Pur-
kinje cell number in wild-type and staggerer mice and their chimeras.
The wild-type data (from Wetts and Herrup, 1983) have been plotted
as open circles, the staggerer chimeras data as filled circles. The single
point at the origin represents the staggerer mutant, with no granule cells
and no +/+ Purkinje cells present. The straight line is the least-squares-
fit of the chimera data plus the staggerer mutant. The slope of the line
is 192 granule cells/Purkinje cell; the Y-interceptis 1.17 x 10° granule
cells.

postsynaptic, Purkinje cell target population. The straight-line
relationship suggests that there is very little, if any, “plasticity”
in the interaction. A given Purkinje cell population seems ca-
pable of supporting only a specific number of granule cells, and
it does so even when the number of granule cells needing such
support is increased, as is the case in the chimeras. At the same
time, a given granule cell population seems to require support
from a relatively specific number of Purkinje cells and can do
with no fewer, even in situations where competition is stiff. It
is worth noting that while the preceding comments focus on
cerebellar cortex, the same discussion applies equally to the
results described in the lateral motor column. That these 2 dif-
ferent systems led 2 groups of investigators to the same conclu-
sions suggests that the principle of numerical matching probably
applies to many cases of target-related cell death throughout the
nervous system.

It is informative to view these results in the broader context
of intrinsic versus extrinsic control of cell number in the mam-
malian CNS. Previous studies from our laboratory (Wetts and
Herrup, 1982a—c; Herrup et al., 1984; Herrup, 1986a, b; Herrup
and Sunter, 1986) have demonstrated that the cerebellar Pur-
kinje cells descend from a small number of progenitors selected
in the early stages of CNS development to be the sole source of
the adult population of these neurons. In addition, during nor-
mal, unperturbed development, each of these progenitor cells
appears intrinsically programmed to produce a strain-specific
number of adult Purkinje cells (i.e., the number of cells in the
clone derived from one of the Purkinje progenitors is constant
and characteristic of the genotype of the progenitor). From the
standpoint of cell number control, once the number of progen-
itors has been selected, the size of the adult Purkinje cell pop-
ulation has been determined and is intrinsic to the lineages.
Later, interactions between the granule and Purkinje cell pop-
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ulations rigorously adjust granule cell number to match this
number of Purkinje cells. Thus, numerical decisions made in
the earliest stages of CNS development, and executed through
cell lineage relationships, can potentially specify cell numbers
for many other interacting neuronal populations in the adult
brain via the numerical matching process. These second-order
specifications are extrinsic to the population, however, since
they rely on cell:cell interactions, and thus are modifiable through
changes in the developmental process in a given organism. The
granule cell counts in our chimeras (with widely varying target
sizes) illustrate that any system thus constructed has wide lat-
itude for numerical response to unexpected developmental
changes. These response potentials, however, are based on ap-
parently strict but relatively simple rules.
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