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ABSTRACT

A comparison of the cerebellar cortex of BALB/cByJ and C57BL/6J mice showed two morphological 

differences. First, the BALB/cByJ progenitor strain have a high number of ectopic granule cells (145.8 ± 

8.7 per section), whereas the C57BL/6J progenitor strain have a low number (36.0 ± 1.0 per section). 

Second, BALB/cByJ mice have a secondary fissure which subdivides the uvulovermal lobule. The CXB 

set of recombinant inbred strains, originally derived using BALB/c and C57BL/6 as progenitor strains, was 

used to determine the genetic influences on the production of ectopic granule cells and on cerebellar 

foliation and to determine their relationship to each other. Of the seven recombinant inbred strains, five 

(CXBD, CXBG, CXBH, CXBI, and CXBK) have BALB/c-like numbers of ectopic granule cells and two 

(CXBE and CXBJ) had C57BL/6-like numbers of ectopic granule cells. Small clusters of ectopic granule 

cells located at the pial surface are found in BALB/cByJ and in all five of the recombinant inbred strains 

with BALB/c-like granule cell ectopia. The fact that the strain distribution patterns for both the granule 

cell ectopia and the presence of small ectopic granule cell clusters are concordantwith the strain distribution 

pattern for the Hid locus, a single autosomal dominant gene that affects the lamination of hippocampal area 

CA3c, indicate thatHW has pleiotropic effects on both cerebellar and hippocampal development. The strain 

distribution pattern for the presence of the secondary fissure in the uvulovermal lobule is non-concordant 

with the strain distribution pattern for the Hid locus. In addition, secondary fissures not characteristic of 

either progenitor strain are found in some of the CXB strains, and two recombinant inbred strains (CXBD 

and CXBG) have large clusters of ectopic granule cells and ectopic Purkinje cells. Thus, this study has 

identified three different aspects of cerebellar development that are under distinct genetic control: 1) the 

presence of ectopic granule cells and small clusters of ectopic granule cells, both of which may be pleiotropic 

effects of Hid, 2) the presence of large clusters of ectopic granule cells and ectopic Purkinje cells, and 3) the 

pattern of cerebellar foliation. These findings demonstrate that inbred and recombinant inbred strains are 

useful for the elucidation of developmental genetic relationships between diverse regions of the CNS.
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INTRODUCTION

Comparative neurological methods can be applied within a single species to obtain 

information about the genetic control of neurological traits. This is possible because of the 

existence of inbred and recombinant inbred strains of mice. Inbred strains of mice have long 

served as useful tools in evaluating genetic influence in normal morphogenesis and disease. 

Little (’09) developed the first inbred mouse strain (DBA) and used it to study the roles of 

genetic factors in cancer. Since then, a number of biological and biomedical fields have 

exploited the genetic properties of inbred strains. For example, the histocompatibility loci which 

define the genetic basis for the rejection and survival of tissue transplants (for review, see Snell, 

’81) and the functions of tissue alloantigens and immune response genes (Bailey, ’81, ’82) were 

originally defined using inbred strains. Inbred strains have made these discoveries possible 

because: 1) inbreeding reduces the probability of heterozygosity at any unselected locus to 

<0.01 (Green, ’81), 2) differences between animals of the same inbred strain (except for sexual 

dimorphisms) are non-genetic in nature (Wimer et al., ’69), 3) one can relate inbred strain 

differences to the underlying single gene dissimilarities, and 4) inbred strains are a reservoir of 

genes which might be considered responsible for some of the variability seen in wild 

populations. Over 200 inbred strains exist (Green, ’81), many of which are derived from 

different wild populations, and, hence carry different samplings of the normal gene pool.

Festing (’79) has outlined a useful paradigm for exploiting these properties. First, identify 

a phenotypic difference between two inbred strains. Second, produce a set of classical crosses 

(FI, F2 and backcrosses) which might give insight into the mode of inheritance of the 

phenotypic difference in question. Third, use recombinant inbred (RI) strains which may 

indicate whether or not the phenotypic difference has a single gene or a polygenic mode of
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inheritance, the chromosomal location of the locus or loci in question and the degree of linkage 

of the locus or loci to other loci. One may also utilize cross-fostering, isolation of major loci 

and a diallele analysis for polygenic characteristics when utilizing inbred strains.

Only a few investigators have studied CNS development in inbred strains utilizing all or part 

of the approach summarized by Festing (’79). For example, in the hippocampus of BALB/cJ 

and BALB/cByJ mice the late-generated neurons of area CA3c do not migrate through the 

cortical plate; thus, in the adult they are deep with respect to the early generated neurons 

(Barber et al., ’74; Vaughn et al., ’77; Nowakowski, ’86). By making FI and F2 hybrids (using 

BALB/cByJ and C57BL/6J as progenitor strains) and utilizing the CXB set of RI strains, 

Nowakowski (’84) determined that this phenotypic difference is the result of a single autosomal 

dominant gene which is shared by most and probably all of the BALB/c substrains. The locus 

in BALB/c responsible for this phenotype was given the name "Hippocampal lamination defect" 

(gene symbol: Hid). Robinson et al. (’85) used a similar approach to define genetic influences 

on the development and function of the preoptic area and anterior hypothalamus region in 

DBA/2J and C57BL/6J mice. Portions of this approach have also been used by Wimer et al. 

(’82), Landis (’73) and Inouye and Oda (’80).

Of particular importance to the present analysis are the studies by Landis (’73) and Inouye 

and Oda (’80). Landis (’73) found that BALB/cJ mice have a high number of ectopic granule 

cells present in the molecular layer of the cerebellum whereas C57BL/6J mice have significantly 

fewer ectopic granule cells and are considered to have normal cerebellar cytoarchitecture. 

Inouye and Oda (’80) reported differences in the folial patterns of BALB/cAnCrj and 

C57BL/6NCrj. They found that C57BL/6NCrj lack: 1) the precentral fissure a, which divides 

the lingula from the ventral lobule of the lobulus centralis, 2) the intraculminate fissure, which 

subdivides the culmen into dorsal and ventral lobules, 3) the uvular sulcus 1, which subdivides 

the uvula into lobules a-b and c, and 4) the declival sulcus, which subdivides the declive into
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lobules a and b. BALB/cAnCrj also lack the intraculminate fissure and precentral fissure a but 

the declival sulcus and uvular sulcus 1 are present. Because of this phenotypic difference, 

Inouye and Oda (’80) suggested that there exist genetic influences in the development of the 

cerebellar lobes and lobules resulting in adult folial pattern variations.

The goal of this study was to exploit the existence of the CXB set of RI strains to determine 

the genetic relationship among three distinct phenotypes that differ between BALB/cByJ and 

C57BL/6ByJ: 1) the lamination of the hippocampal area CA3c as influence by Hid. 

(Nowakowski, ’84), 2) the number of ectopic cerebellar granule cells (Landis, ’73), and 3) the 

cerebellar folial pattern (Inouye and Oda, ’80). The rationale of the present study is as follows. 

The analysis of the granule cell ectopia and folial patterns of the CXB RI strains will generate 

strain distribution patterns (SDP) which can then be compared to each other and to the known 

SDP for Hid (Nowakowski, ’84). If the SDP for granule cell ectopia or folial patterns are non- 

concordant, it is conclusive proof that these two facets of cerebellar development are under 

separate genetic control. Similarly, if the SDP of either the granule cell ectopia or the folial 

patterns is non-concordant with that of Hid then it is conclusive proof that one or more facets 

of the development of the cerebellum and the development of hippocampal area CA3c are 

under separate genetic control (Bailey, ’81). If, however, the SDP for either the granule cell 

ectopia or the folial patterns is concordant with each other or with Hid then this provides 

evidence that the traits of interest are the pleiotropic effects of a single gene or produced by 

two closely linked genes (Bailey, ’81). Establishing a developmental genetic relationship 

between granule cell ectopia and/or cerebellar foliation with that of Hid could begin to establish 

an understanding of differential w shared gene expression during the development of two 

distinct areas of the developing CNS.
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MATERIALS AND METHODS

Animals

All mice were either purchased from the Jackson Laboratory (Bar Harbor, ME) or bred 

locally from stock obtained from the Jackson Laboratory. At sacrifice the mice were between 

5 to 6 weeks of age. The cerebellar granule cell ectopia and vermal folial patterns were 

examined in 3 different experimental conditions: 1) males and females of the BALB/cByJ 

inbred strain (3 animals of each sex), 2) males and females of the C57BL/6J and the 

C57BL/6ByJ inbred strains (2 animals of each sex for each substrain), and 3) males and females 

of each of the 7 CXB recombinant inbred strains (2 animals of each sex from each strain). The 

CXB RI strains were originally derived from a female BALB/cAnNBy and a male 

C57BL/6JNBy (Bailey, ’81). For a detailed description of the application of RI strains to a 

neuroanatomical phenotype see Nowakowski (’84).

Tissue Preparation

All mice were anesthetized with an overdose of a 4% solution of chloral hydrate 

administered intraperitoneally. The mice were then intracardially perfused for 5 minutes using 

a mixed aldehyde fixative (1.0% paraformaldehyde and 1.25% glutaraldehyde) in a 0.1 M PO4 

buffer (pH 7.4). The brain was removed, bisected midsagittally, and parasagittal slabs 

approximately 2 mm thick were cut from the cerebellar vermis. The slabs were then dehydrated 

in a graded series of ethanol and embedded in epon-araldite. A series of 10-50 serial semi

thin sections (1.5 pm) of the entire midline vermis were cut, stained with toluidine blue and 

examined with light microscopy.

Page 7



Quantification

Cerebellar granule cells were classified as ectopic when they were located within the 

molecular layer. They were distinguished from the other cellular constituents of the molecular 

layer by their distinctive nuclear shape and staining pattern (see Figure 1), using criteria 

adapted from Landis (’73) and Palay and Chan-Palay (’74). Briefly, granule cells have small, 

round or oval nuclei which have distinctive patches of heterochromatin just inside the nuclear 

membrane. In contrast, basket and stellate cells have larger nuclei, each with a prominent 

nucleolus, more lucent nucleoplasm and only small patches of heterochromatin. The nuclei of 

glial cells are smaller, less regularly shaped and have much denser nucleoplasm than the nuclei 

of the granule cells.

The vermal sections of the progenitor strains and RI strains were drawn, the ectopic granule 

cells counted, and the mean and standard error of the mean (SEM) of the number of ectopic 

granule cells calculated. Also, the molecular layer of the entire sectioned vermis was divided 

into three regions (upper third or pial, middle third, and lower third); the number of ectopic 

granule cells within each region was counted and the mean percentage and SEM for each region 

in each strain was determined. The folial pattern for the two progenitor strains and each of the 

seven RI strains was also determined using the criteria and terminology of Inouye and Oda 

(’80).
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RESULTS

Granule Cell Ectopia

A significant difference was found between the numbers of ectopic granule cells in the two 

progenitor strains (Figures 1 and 2). BALB/cByJ mice had a high number of ectopic granule 

cells (145.8 ± 8.7 per section), whereas C57BL/6J had a low number (36.0 ± 1.0 per section). 

Upon analysis of the CXB RI strains, it was found that five strains had a high number of 

ectopic granule cells and were classified as BALB/c-like for this trait: CXBD (176.8 ± 17.8 per 

section), CXBG (329.5 ± 41.9 per section), CXBH (197.8 ± 5.6 per section), CXBI (171.0 ± 

12.3 per section) and CXBK (154.0 ± 14.8 per section). The remaining two strains from the 

CXB series had a low number of ectopic granule cells and were classified as C57BL/6-like for 

this trait: CXBE (49.0 ± 2.3 per section) and CXBJ (41.8 ± 3.8 per section) (Figure 2). The 

combined mean for BALB/cByJ and all five of the RI strains with BALB/c-like granule cell 

ectopia was 195.8 ± 2.7 cells per section; and the combined mean for C57BL/6J and the two 

RI strains with C57BL/6-like granule cell ectopia was 42.3 ± 0.4 cells per section. An analysis 

of variance established that this difference is statistically significant (F = 7.8, df = 8, p < 

0.00002).

None of the vermal lobes or lobules appeared to have more ectopic granule cells than any 

of the other lobes or lobules; thus, no further analysis of the differential distribution of the 

ectopic granule cells among the lobules was performed. However, a discernible difference was 

noticed concerning the position of ectopic granule cells within the molecular layer itself (Table 

1). In BALB/cByJ mice, 63.2% ± 2.5 of the ectopic granule cells were in the lower third of the 

molecular layer, 22.8% ± 0.8 in the middle third and only 14.0% ± 2.0 in the upper third.

£ C57BL/6J had a similar distribution with 49.9% ± 1.3 in the lower third, 34.8% ± 1.2 in the
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middle third and 15.4% ± 0.7 in the upper third. Strain CXBK also had a similar distribution 

of ectopic granule cells but the other six RI strains had markedly different distributions. Four

• of the RI strains (CXBD, CXBG, CXBH and CXBI; indicated by single asterisks in Table 1)

had a high percentage of ectopic granule cells in the upper third of the molecular layer. Of 

these four RI strains CXBG and CXBH had the highest percentage. The remaining two RI 

strains (CXBE and CXBJ; indicated by double asterisks in Table 1) had a low percentage of 

ectopic granule cells in the upper portion of the molecular layer.

Figure 1: Photomicrographs of the cerebellar cortex from C57BL/6J (A) and BALB/cByJ (B). Small 
arrowheads point to single ectopic granule cells. Large arrow points to a cluster of ectopic granule 
cells. Smail arrows point to molecular layer intemeurons. Abbreviations: P, pial surface; ML, 
molecular layer; PL, Purkinje cell layer. For further details see the text.

♦
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4

Figure 2: A histogram showing the number of ectopic cells per section in each of the nine analyzed 
strains. The two horizontal dashed lines indicate the combined means for C57BL/6 and C57BL/6- 
like strains and BALB/cByJ and BALB/c-Iike strains. For further details see the text.

Ectopic Granule Cell Clusters

The variability in the position (Table 1) and number (Figure 2) of granule cells among the 

five RI strains with BALB/c-like numbers of ectopic granule cells was due to the presence of 

both small and large clusters of ectopic granule cells found at the pial surface of the molecular 

layer, in the position of the former external granule cell layer (Figure 3). A cluster of cells, as
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TABLE 1: Percentages of Ectopic Granule Cells

Position
in ML BALB/c C57BL/6 CXBD* CXBE** CXBG* CXBH* CXBI* CXBJ** CXBK

Lower third 63.2 ± 2.5 49.9 ± 1.3 53.5 ± 5.1 46.0 ± 2.3 35.5 ± 3.4 33.0 ± 1.0 40.8 ± 1.2 65.3 ± 2.1 52.7 ± 5.1

Middle third 22.8 ± 0.8 34.8 ± 1.2 23.0 ± 1.7 49.3 ± 3.0 28.5 ± 2.5 24.5 ± 1.0 30.0 ± 1.6 31.3 ± 1.7 31.3 ± 1.0

Upper third 14.0 ± 2.0 15.4 ± 0.7 23.5 ± 5.4 4.8 ± 1.4 36.0 ± 5.5 42.5 ± 1.8 29.3 ± 1.6 3.5 ± 0.9 16.0 ± 6.1

Table 1: The distribution of ectopic granule cells in three levels of the molecular layer is shown as a 
percentage ± the standard error of the mean. BALB/cByJ and C57BL/6J have a similar distribution, 
despite the fact that they have significantly different numbers of ectopic neurons (Figure 2). Only one 
of the RI strains (CXBK) has a distribution similar to the two progenitor strains. Two of them 
(marked by a double asterisk) have a lower percentage of ectopic granule cells in the upper third of 
the molecular layer. Four of them (marked by a single asterisk) have a higher percentage of ectopic 
granule cells in the upper third of the molecular layer.

defined in this study, consisted of at least five cells either apparently adjacent to or within a few 

microns of each other and located within any level of the molecular layer. Two kinds of clusters 

were found: small and large. Serial-sections through both kinds of clusters showed that they are 

elliptical in shape with the major axis extending parallel to the plane of the folia.

Small clusters were found in BALB/cByJ and in all five of the RI strains with BALB/c- 

like numbers of ectopic granule cells (Figures 3A-3C) but were not found in C57BL/6 or in the 

two RI strains with C57BL/6-like numbers of ectopic granule cells. Small clusters were about 

30-50 pm wide and 30-160 pm long; they did not extend into the middle third of the molecular 

layer and rarely consisted of more than 35 granule cells at the widest portion of the cluster. 

BALB/cByJ, CXBD and CXBK had clusters in half or fewer than half of the animals analyzed, 

whereas CXBG, CXBH and CXBI had clusters in all animals analyzed. In animals with clusters 

present the number of clusters per section ranged from 1 to 7. The small ectopic granule cell 

clusters were comprised of only granule cells and molecular layer intemeurons and appeared 

not to be concentrated in any particular lobe of the vermis.
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In contrast to the small clusters, the large clusters (Figures 3D-3F) varied greatly in their 

composition, morphology, and position in the molecular layer. They were found only in strains 

CXBD and CXBG and were always located along the lingular pial surface of the precentral 

fissure a. The large clusters were 220-330 /nn wide and several hundred /im in length; they 

usually extended into the middle third of the molecular layer and some contacted the internal 

granule cell layer. Typically, they consisted of more than 120 granule cells at the widest portion 

of the cluster, and the smallest of large clusters had approximately twice as many cells in a 

cross-section as the largest of the small clusters. Some of these clusters had more than 500 

granule cells per section. Some had ectopic Purkinje cells within the cluster (Figure 3E), while 

others seemed to be connected to the internal granule cell layer by a trail of ectopic granule 

cells and ectopic Purkinje cells (Figures 3D). Still others were adjacent to an area where the 

normal cytoarchitecture of the Purkinje cell layer and internal granule cell layer was disrupted 

(Figure 3F).

CORETTE LIBRARY 
CARROLL COLLEGE
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Figure 3: Photomicrographs of small (A-C; medium-sized arrowheads) and large (D-F; larger arrowheads) 

ectopic granule cell clusters. Arrows point to the anterior medullary velum. The asterisk (in F) indicates 

an area of depletion of the Purkinje and granule cell layers. Abbreviations:?, pial surface; ML, molecular 

layer; PL, Purkinje cell layer; GL, granule cell layer. For further details see the text.

*
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Folial Patterns

Within each of the two progenitor strains and the seven RI strains mice were identical in 

their folial pattern but there was considerable folial variation among the progenitor and RI 

strains. Analysis of the progenitor folial patterns revealed that the only apparent difference 

between the two strains is that BALB/cByJ had the uvular sulcus 1 whereas C57BL/6J (and 

C57BL/6ByJ) did not (Figure 4 and Table 2). Both strains lacked the intraculminate fissure, 

precentral fissure a and the declival sulcus.

The presence or absence of the uvular sulcus 1 was used to classify the CXB RI strains 

(Table 2, Figure 4): CXBE, CXBG, CXBI and CXBK had the uvular sulcus 1 and are classified 

as BALB/c-like for this trait, whereas CXBD, CXBH and CXBJ lacked the uvular sulcus 1 and 

are classified as C57BL/6-like for this trait.

Folial pattern phenotypes arose in the RI strains that were not present in either of the 

progenitor strains (Table 2 and Figure 4). The new phenotypes involved the presence of the 

precentral fissure a, the intraculminate fissure and/or the declival sulcus. The precentral fissure 

a was found in RI stains CXBD, CXBE, CXBG and CXBK. In addition, the lingula in CXBD 

and in CXBG was anomalous in that the ventral portion extended anteriorly, with the internal 

granule cell layer lying on top of the anterior medullary velum. This abnormal extension results 

in the precentral fissure a being posterior in direction, in contrast to CXBE and CXBK, in 

which the precentral fissure a extends dorsally (see Inouye and Oda, ’80 for normal orientation 

of the precentral fissure a). The intraculminate fissure was found in RI strains CXBH, CXBI 

and CXBJ. CXBI was the only RI strain that had a distinguishable declival sulcus.
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IV-V IV-V,

BALB/cByJ
I X

C57BL/6J

IV-V

IV-V

CXBE CXBG

a VI

'Aix

IV-V/C,

CXBI CXBJ

Figure 4: Drawings of the cerebellar vermal folial pattern in all analyzed strains. Abbreviations: I, lingula; 

n, ventral lobule of lobulus centralis; III, dorsal lobule of lobulus centralis; IV, ventral lobule of culmen; V, 

dorsal lobule of culmen; VI, declive; VII, tuber vermis; VHI, pyramis vermis; IX, uvula vermis; X, nodulus.

For further details see the text.
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DISCUSSION

We have identified three traits in the cerebellum of BALB/cByJ and C57BL/6 mice which 

are dichotomous phenotypes. By dichotomous, it is meant that the two progenitor strains have 

different phenotypes and one of these two phenotypes is found in each of the RI strains. In 

addition, we have identified four new cerebellar phenotypes which occur in one or more of the 

RI strains, but not in either of the two progenitor strains. These are, therefore, non- 

dichotomous traits. The strain distribution patterns (SDP’s) of all of these phenotypes is 

summarized in Table 2.

Dichotomous traits

The identification of a dichotomous phenotype in a set of RI strains indicates that this 

phenotypic difference is produced by an allelic difference at a single locus (Bailey, ’81). Of the 

three dichotomous phenotypes which we have identified, the SDP for both the number of 

ectopic granule cells and the presence of small ectopic granule cell clusters is concordant with 

the SDP for the Hid locus. However, the SDP for the presence of the uvular sulcus 1 is non-

concordant with the SDP for the Hid locus.

Concordance of the SDP’s for both the number of ectopic granule cells and the presence 

of small ectopic clusters with the SDP for the Hid locus (Table 2) suggests that Hid may have 

pleiotropic effects on both cerebellar and hippocampal development, although it is also possible 

that Hid is closely linked with a separate locus that affects granule cell migration in the 

developing cerebellum (Bailey, ’81). Interestingly, the presence of ectopic granule cells in the 

cerebellum further demonstrates the specificity of the Hid locus. In the hippocampus, Hid

• affects only the late-generated neurons in area CA3c (Nowakowski, ’84; ’86; Nowakowski and
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Davis, ’85). Other areas of the hippocampus and the hippocampal region (e.g., dentate gyrus 

and entorhinal area) appear to be normal. Similarly, in the cerebellum, Hid affects only a small 

percentage of the total number of granule cells. It does not appear that Hid alone affects other 

cerebellar cellular constituents in the vermal region, vermal foliation or the distribution of 

ectopic granule cells throughout the vermis. Thus, the effect of Hid on the cerebellum is cell- 

class specific, affecting the migration of only a small number of granule cells, although it is not 

clear why all granule cells are not affected.

Exactly what Hld’s effect is on the migration of granule cells might be elucidated by 

examining the position of the ectopic granule cells within the molecular layer. A high 

percentage of ectopic granule cells in both BALB/cByJ and C57BL/6 are found within the 

lower portions of the molecular layer (Table 1). In contrast, the small clusters found at the pial 

surface in BALB/cByJ and in all five of the RI strains with BALB/c-like number of ectopic 

granule cells represent granule cells that are in the position of the former external granule cell 

layer; hence, it may be inferred that these cells did not initiate migration. It is interesting to 

note, however, that when the position of all of the ectopic granule cells is considered (Table 1) 

the proportions in the inner, middle and outer thirds of the molecular layer are not all the 

same. Moreover, since 1) the distribution of ectopic granule cells in BALB/cByJ and C57BL/6J 

is similar (Table 1), 2) one of the four RI strains with BALB/c-like numbers of ectopic granule 

cells (CXBK) had a distribution greatly different from the other four (CXBD, CXBG, CXBH 

and CXBI), and 3) the two RI strains with C57BL/6-like numbers of granule cells (CXBE and 

CXBJ) have even fewer granule cells in the upper third of the molecular layer than does 

C57BL/6J, the genetic influences on the number of ectopic granule cells is clearly different from 

the genetic influences on their position within the molecular layer. This may indicate that there 

exists separate genetic control over the initiation and locomotory phases of neuronal migration 

(Nowakowski, ’86, ’88). Regardless of their position in the molecular layer, the ectopic granule
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cells appear to be morphologically normal. This suggests that the successful completion of their 

migration is not necessary for their viability.

The SDP for the presence of the uvular sulcus 1 is non-concordant with the SDP for Hid 

(and the number of ectopic granule cells. This suggests that the genetic influences on the 

development of a secondary fissure in the uvular vermis are distinct from those influence 

developing cerebellar cortical cytoarchitecture by means of their influence on the migration of 

the cerebellar granule cells. In other words, the genetic control of cerebellar foliation is distinct 

from the genetic control of granule cell migration. This is consistent with the suggestion (Mares 

and Lodin, ’70) that cerebellar foliation is the result of the differential rates of cell proliferation 

in external granule cell layer (i.e., higher in the proximity of fissures and lower in the convexities 

of the gyri).

New, non-dichotomous traits

Each of the four new, non-dichotomous phenotypes have a unique SDP. The SDP’s for the 

three phenotypes related to the foliation of the cerebellum (Table 2) all differ from each other 

and also from the SDP for the presence or absence of the uvular sulcus 1, as described above.

Inouye and Oda (’80) reported differences in the folial patterns occurring in 13 inbred 

strains, which suggests a genetic influence on the development of the cerebellar lobes and 

lobules. In both the present study and in the study of Inouye and Oda (’80), folial variation was 

seen among inbred strains but not among mice of the same inbred strain. This finding further 

supports the suggestion of genetic influence on the development of the cerebellar lobes and 

lobules. Minor folial variation was seen between the progenitor strains (BALB/cByJ, 

C57BL/6ByJ and C57BL/6J) used for this study and the BALB/cAnCrj and C57BL/6NCrj mice 

in Inouye and Oda’s study (’80). BALB/cByJ and BALB/cAnCrj are very similar except that 

BALB/cAnCrj mice have a declival sulcus (Inouye and Oda, ’80). C57BL/6J (and
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C57BL/6ByJ) differs from C57BL/6NCrj in that the ventral portion of the lingula of C57BL/6J 

extends anteriorly and continues to the anterior medullary velum in this way it resembles the 

lingula found in both BALB/cByJ and BALB/cAnCrj (Inouye and Oda, ’80). The lingular 

extension was more pronounced, however, in BALB/cByJ than in C57BL/6J. These differences 

demonstrate the genetic similarities between related inbred strains, substrain divergence and 

the differences between non-related inbred strains (Festing, ’79; Green, ’81). It is of interest 

that the secondary fissures involved in the novel, non-dichotomous phenotypes which were 

found in the CXB series were the same as those which varied in the 13 inbred strains studied 

by Inouye and Oda’s (’80). These secondary fissures include the precentral fissure a, 

intraculminate fissure, declival sulcus and the uvular sulcus 1. The other secondary fissures (i.e. 

precentral fissure, posterior superior fissure) were always present in both Inouye and Oda’s 

study (’80) and in the present study. This suggests that either all of the genetic loci contributing 

to the variation in cerebellar foliation observed by Inouye and Oda (’80) in 13 inbred strains 

of mice are present in the C57BL/6J and BALB/cByJ inbred strains or that more than one 

combination of alleles can produce a particular cerebellar foliation pattern.

An estimate of the number of genetic loci which interact to produce the three new non- 

dichotomous phenotypes observed in our study can be obtained in two ways. First, each 

secondary fissure can be considered to be inherited independently. This idea has the conceptual 

advantage of simplicity, and it presupposes that each of these three phenotypes is produced by 

the interaction of at least two genes both of which influence the phenotype but which differ in 

the two progenitor strains. Thus, as many as six separate loci may influence the presence or 

absence of these three secondary cerebellar fissures. Considering only the data from our study 

(Table 2), it is possible that the presence of the intraculminate fissure and the precentral fissure 

a in the RI strains are mutually exclusive phenotypes. This would reduce the number of 

required loci to five. However, the study of Inouye and Oda (’80), is inconsistent with this idea
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TABLE 2: SDP of all Analyzed Phenotypes

Phenotvoe BALB/c C57BL/6 CXBD CXBE CXBG CXBH CXBI CXBJ CXBK

Hid C B C B c c c B C

egc C B C B c c c B C

s cl C B C B c c c B C

1 c - - + - + - - - -

s uv 1 C B B C c B c B c
f icul - - - - - + + + -

f pre a - - + + + - - - +

s de - - - - - - + - -

Table 2: C indicates the presence of a BALB/c-like phenotype. B indicates the presence of a C57BL/6 
phenotype. + indicates that this phenotype is not present in either progenitor strains but is present 
in the respective RI strain. - indicates that this phenotype is not present in either progenitor strain or 
in the respective RI strain. Abbreviations:///^, Hippocampal lamination defect mutation; egc, ectopic 
granule cells; s cl, small clusters; 1 cl, large clusters and abnormal lingula; s uv 1, uvular sulcus 1; f icul, 
intraculminate fissure; f pre a, precentral fissure a; s de, declival sulcus. The SDP for Hid is from 
Nowakowski, 1984.

of mutual exclusivity because the inbred strains C3Hf/HeNem and DDK/Nga have both the 

intraculminate fissure and the precentral fissure a.

An alternative way to estimate the number of genetic loci necessary to produce these 

pattern variations is to consider the pattern of these three secondary fissures to be the inherited 

phenotype. In this conceptual framework, there are, therefore, five germane phenotypes: 1) 

the pattern common to the two progenitor strains, 2) the pattern common to CXBD, CXBE, 

and CXBG, 3) the pattern common to CXBH and CXBJ, 4) the pattern exhibited by CXBI, and 

5) the pattern exhibited by CXBK The number of phenotypic groups (F) found within the RI
*
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strains that differ from the progenitor strains can be used in order to determine the minimum 

number of effective loci (L) involved in the production of secondary fissures (Bailey, ’81):

(1) L = log (F + 2)/log 2, where L is an integer (fractional parts are rounded up).

In this case F = 4, because there are four new, phenotypes in the RI strains. Hence, L, the 

minimum number of minimum effective loci involved in the production of these three secondary 

fissures is 3.

Thus, we have a range of 3-6 loci needed to produce the observed variations in cerebellar 

foliation. As noted above, one possible explanation for the fact that the secondary fissures 

involved in the novel, non-dichotomous phenotypes which were found in the CXB series were 

the same as those which varied in the 13 inbred strains studied by Inouye and Oda’s (’80) is that 

only a few loci are involved in determining this variation. This would suggest that the number 

of loci is near the lower end of the 3-6 range. Four is the minimum number needed to account 

for both our findings and those of Inouye and Oda (’80).

In contrast to granule cell migration (Cajal, ’ll; Miale and Sidman, ’61; Fujita et al.,’66; 

Rakic, ’72, ’76), little is known concerning the developmental mechanisms responsible for the 

foliation of the cerebellum. It has been suggested that the lobular subdivisions arise because 

of a mismatch between the rate of cell proliferation of the rapidly expanding external granule 

cell layer and that of the more, slowly expanding underlying cortex (Altman and Anderson, ’69; 

Rakic and Sidman, ’73b; Lauder et al., ’74). This idea is supported by the finding that the 

proliferation rate of the external granule cell layer was found to be higher in the vicinity of 

fissures than in the convexity of the gyri (Mares and Lodin, ’70). If this idea of a mismatch is 

correct, the logical prediction is that one mechanism of action of the loci that affect cerebellar

* foliation is by locally affecting the rate of proliferation in the external granule cell layer.
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The remaining non-dichotomous phenotype, the occurrence of large ectopic granule cell 

clusters in an abnormal lingula, was found only in RI strains which had a BALB/c-like number

0 of ectopic cells, small cell clusters, and a precentral fissure a. However, although our data

indicate that these three traits are necessary for the occurence of the large ectopic clusters, 

they are not sufficient. The evidence that they are not sufficient is provided by CXBK which 

has all four traits but does not have the large clusters. The occurrence of the large cluster 

phenotype in the RI strains but not in the progenitor strains signifies the involvement of two 

or more genes in the phenotypic expression (Bailey, ’81). Again, equation (1), as described 

above, can be applied. In this case F = 1, because the large cluster phenotype is new. Hence, 

L, the number of minimum effective loci involved in the presence of large ectopic granule cell 

clustering, is 2. The simplest interpretation of these data is that the occurrence of the large 

ectopic clusters phenotype requires both the Hid/Hid genotype (from the BALB/cByJ 

progenitor strain) and another unidentified genotype (from the C57BL/6ByJ progenitor strain). 

Hypothetically, the unidentified locus from C57BL/6ByJ exacerbates the effect of Hid on the 

development of the cerebellum such that ectopic Purkinje cells are also produced, but it has no 

discernible effect in the absence of Hid. The lingula of CXBD and CXBG was the only area 

of the cerebellum that had large clusters of ectopic granule cells. In addition, the presence of 

large clusters of ectopic cells was accompanied by foliar abnormalities in both CXBD and 

CXBG. These two facts suggest that these phenomena are produced by a related cause. One 

could speculate that a local change in the rate of proliferation of external granule cell in the 

lingula (Mares and Lodin, ’70) could displace the precentral fissure a from the normal position 

to a more anterior location. Thus, instead of the precentral fissure a being oriented dorsally, 

it is oriented posteriorly. This abnormal proliferative displacement could also result in a twisting 

of the lingula anteriorly and, subsequently, resulting in a displacement of the developing
6
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Purkinje cell layer and a disruption of granule cell migration resulting in large ectopic granule 

cell clusters.

Conclusions

This analysis of inbred and recombinant inbred strains has identified three different aspects 

of cerebellar development that are each under distinct genetic control presumably by a different 

single locus: 1) the number of ectopic granule cells and the presence of small ectopic granule 

cell clusters, both of which may be pleiotropic effects of Hid, 2) a gene which in the presence 

of Hid produces large clusters of ectopic granule cells and an anomalous lingula, and 3) the 

absence or presence of the uvular sulcus 1. In addition, our data indicate that a small number 

of the genetic loci (three to six) interact to produce variations in the foliation pattern of the 

cerebellar cortex. These date provide evidence that a single gene (Hid} may produce a 

disruption of neuronal migration in two distinct cell classes located in different regions of the 

CNS. The establishment of a pleiotropic effect of a single gene on the development of the 

hippocampal and cerebellar cortices is particularly interesting in light of recent reports of 

disruptions in these two regions of the CNS in schizophrenia and autism (Baumann and 

Kemper, ’84; Kovelman and Scheibel, ’84, ’86; Courchesne et al., ’88; Weinberger, ’87). Thus, 

these findings demonstrate that inbred and recombinant inbred strains are usefule for the 

elucidation of developmental genetic relationships between diverse regions of the CNS. We 

have also provided evidence for the existence of a small number of genetic loci that influence 

local variation in the structure of the cerebellum. The future analysis of the genetic loci that 

affect cerebellar foliation using other methods may help to reveal their mechanism of action and 

to determine if they too have pleiotropically effects.
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