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ABSTRACT 

Variation in mandible shape has been investigated in a set of recombinant 
inbred (RI) lines of mice, the C57BL/6J X A/J (BXA;AXB) RI lines. Consid- 
erable genetic variation was detected between the RI lines, but most lines were 
intermediate in shape when compared with the parent lines. Variation in man- 
dible shape could not be explained by any single gene differences known be- 
tween the parent lines including the H - 2  locus. Some RI lines had mandible 
shapes unlike either parent, and one in particular, line BXA1, had an unusual 
shape with a pronounced condyloid process. It was concluded that mandible 
shape has a complex inheritance involving a number of genes, each with small 
effects. In some cases, recombination of the genes can produce bone shapes 
quite different from those of the original parent line.-There was no evidence 
that the variability in steroid-induced cleft palate incidence in the BXA;AXB RI 
lines is related to the variation in adult mandible shape as detected in this study. 

HERE is considerable variation in the shape of the mandible between T different strains of mice (FESTING 1972). This variation has been used 
to investigate whether colonies of mice have become genetically contaminated 
(FESTING and LOVELL 1980) and to distinguish between wild mouse populations 
(THORPE, CORTI and CAPANNA 1982). In a previous study we showed that 
although an animal’s age and sex affected mandible shape, these factors had 
small effects when compared with strain variation (LOVELL, TOTMAN and JOHN- 
SON 1984). In this paper we investigate the variation in mandible shape in a 
set of recombinant inbred (RI) lines of mice and the relationship of mandible 
shape to glucocorticoid-induced cleft palate in these RI lines. 

Recombinant inbred lines are inbred strains derived by brother X sister 
matings of the progeny from an F2 cross between two inbred strains. Each 
individual within a line is genetically identical, and each line carries one of the 
alleles at any locus where there is a difference between the two parental lines. 
The strain distribution pattern (SDP) of these allelic differences can be used 
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to identify linkage with and pleiotropic effects of polymorphic loci. RI lines 
are particularly useful for studying measurements which can only be made 
after the animal has been killed. The set we have used were developed by M. 
NESBITT from crosses between A/J and C57BL/6J mice (NESBITT and SKAMENE 
1984). These two strains differ in the incidence of steroid-induced cleft palate 
in fetuses following the injection of cortisone on days 11-14 of pregnancy 
(FRASER and FAINSTAT 1951). A/J has a high incidence (24%), whereas 
C57BL/6J has a low incidence (<1%) (LIU and ERICKSON 198613). 

There was evidence in this set of RI lines of a relationship between the 
incidence of steroid-induced cleft palate and the response of glucocorticoid 
binding to dithiothreitol and a higher incidence associated with the b allele of 
&-microglobulin and &glucuronidase (LIU and ERICKSON 1986b). It has been 
suggested that retardation of the growth of the mandible is implicated in drug- 
induced cleft palate (BURDI et al. 1973). The C57BL/6J X A/J lines have been 
investigated to see if the variation in mandible shape seen in adult mice can 
be related to the level of steroid-induced cleft palate in fetuses or to variables 
known to be related to the incidence of cleft palate, such as H-2 (BONNER and 
SLAVKIN 1975; ERICKSON, BUTLEY and SING 1979). 

MATERIALS AND METHODS 

Animals: BXA, AXB RI lines and A,B H-2 congenics: The inbred and congenic 
strains were obtained from the Jackson Laboratory, Bar Harbor, Maine. C57BL/1 OJ 
were used as they were congenic partners of the BI0.A strain used in previous studies 
(ERICKSON, BUTLEY and SING 1979). Studies have shown that C57BL/lOJ and C57BL/ 
6J have similar mandible shapes (FESTING and LOVELL 198 1 ,  figure 2). The  RI lines 
were descendants of pairs supplied by MURIEL NESBITT of the University of California. 
The  H-2 congenic lines BIO.A and A.BY/Sn were obtained from the Jackson Labora- 
tory and were maintained by brother-sister mating. The mouse colony at the University 
of Michigan was kept at 20-22”, with 12-hr light and 12-hr dark periods. All mice 
were offered Purina mixture 1020 and tap water ad libitum. 

Preparation of mandibles and statistical analysis: All the mice were humanely 
killed, and the mandibles were prepared by papain digestion (FESTING 1972). Eleven 
measurements were made on the right mandible of each mouse. Figure 1 shows these 
measurements. Each value was then expressed as a percentage of the sum of all 11 
measurements to correct for overall size. A series of four canonical variates were ob- 
tained by applying the discriminant functions described by FESTING (1979, p. 50) to 
the corrected values. These discriminant functions were developed in an analysis of 
samples of young male mice from a number of commercial stocks of mice, using a 
canonical variate analysis (FESTING 1974). They have subsequently been used to inves- 
tigate the effects of various factors on the shape of the mandible. The canonical variate 
analysis reduces the correlated set of 11 measurements on each mandible into a smaller 
series of uncorrelated measures which “explain” a large proportion of the variation in 
the material. The discriminant functions are those linear combinations of the original 
11 measurements which maximize the ratio of between-group variation to the within- 
group variation. 

Variability in mandible shape in the present study was investigated by plotting scores 
on one canonical variate against another. Relationships between genotypes were inves- 
tigated by cluster analysis, using the Genstat statistical package. A measure of the 
multivariate distance between each pair of samples was calculated from the sum of the 
squared differences between their mean canonical variate values. This set of measures, 
similar to a set of generalized distances or Mahalonobis d z  distances, was used to create 
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FIGURE 1.-Diagram of the right mandible of a C57BL/6J mouse showing the 11 measurements 
made on each mandible in this study. 

a similarity matrix. Cluster analysis was carried out on this similarity matrix using 
nearest neighbor criteria (EVERITT 1974). Groups initially consist of single members 
and are merged according to their nearest members. The groups with the smallest 
distance are joined together. Cluster analysis should not be considered a tool for formal 
statistical analysis but, rather, as an aid to investigating complex multivariate problems. 
Comparisons between sets of RI lines carrying one or other of the alleles at a given 
locus were carried out using Scheff6’s test. This provides a conservative statistical test 
minimizing the risk of false positives in a posteriori comparisons (SNEDECOR and COCH- 
RAN 1967). 

Glucocorticoid-induced cleft palate: The methods for obtaining the data on gluco- 
corticoid-induced cleft palate in the AXB and BXA recombinant inbred lines are de- 
scribed in the accompanying papers (LIU and ERICKSON 1986a,b). 

RESULTS 

Duplicate samples from the C57BL/6J X A/J (and reciprocal cross) RI lines 
were similar in shape, although the two BXA8 samples were somewhat varia- 
ble. Samples from males and females of the same strain were similar in shape. 
There was evidence of considerable genetic variation between the RI lines, as 
shown by the mean canonical variate (CV) values (Table 1; Figure 2) and the 
cluster analysis (Figure 3). The original analysis used to produce the discrimi- 
nant function results in a series of canonical variates with an overall mean of 
zero and within-group standard deviations of one. The  within-group standard 
deviations here are, in general, greater than one. This increased variability is 
probably due to the small sample sizes and the wide age ranges. Some varia- 
bility may be due to genetic variation within the RI lines, as some of the 
animals were derived from the 15th generation of inbreeding, at which point 
only 95% homozygosity would be expected. 

Two RI lines, BXA2 and BXAl 1, had shapes similar to the inbred strain 
C57BL/lOJ, which is a substrain of C57BL/6J, and to its H-2 congenic strain 
B1O.A (LOVELL, TOTMAN and JOHNSON [1984] reported values of 3.91, -0.19, 
0.19 and 2.18 for CV I to CV IV for a large sample of 116 male C57BL/6J 
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FIGURE Z.-Graph of CV I against CV I1 of the mandibles from C57BL/6J X A/J recombinant 
inbred lines. Solid box around strain name indicates strains with steroid-induced cleft palate inci- 
dence >20%. Dotted lines around strain name indicates strains with steroid-induced cleft palate 
incidence (IO-20%). 

mice). Three RI lines, AXB5, AXB7 and BXA14, clustered near the A/J 
sample. The other RI lines differed from both parental lines, but in general, 
most had scores on the first two canonical variates similar or intermediate to 
the parent lines. 

Two lines, AXB6 and, in particular, BXA1, had scores on the first canonical 
variate which were larger than those for C57BL/lOJ. BXAl had a very distinct 
and unusual shape (Figure 4) which resulted in high positive values for CV I 
and CV I11 and in negative values for CV 11. The three mandibles from this 
line (from two males and one female) had the highest relative values for the 
position of the condyloid process, but had the shortest relative length for the 
position of the inferior notch and angular process. Unfortunately, the breeding 
performance of this line was extremely poor, so no further samples were 
available and no data were obtained on the incidence of steroid-induced cleft 
palate. 

A further series of lines, BXA4, BXA6, BXA10, AXB9 and AXB15, were 
distinct from other lines based on the cluster analysis. The other H-2 congenic 
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FIGURE 3.-Dendogram of mandible shape of two inbred strains, A/J and C57BL/10J, two 

congenic strains, A.BY/Sn and B1O.A and 19 recombinant inbred lines derived from crosses 
between A/J and C57BL/6J. 

strain A.BY/Sn was also different from A/J. A.BY/Sn is congenic with the A/ 
WySn substrain that branched from A/J in the 1930s before 20 generations 
of brother x sister matings had been completed. Differences in shape between 
the two A strains might result from different H-2 alleles, but are probably due 
to different genetic backgrounds. 

There was no evidence that allelic differences at the H-2, B2m or Gus loci 
affected mandible shape. (These three loci were chosen because of apparent 
effects on glucocorticoid-induced cleft palate incidence; LIU and ERICKSON 
1986b). None of the comparisons between sets of lines, with one allele com- 
pared with the other, were significant using ScheffG’s test on the indices of 
mandible shape, CV I-CV IV. There was no evidence of an association be- 

- 

C57BLllOJ 
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FIGURE 4.-Pbotographs of niandibles from a series of A/J X C57BL/6J recombinant inbred 
lines. Top row to right): A/J, A.BY/Sn, BIO.A, C57BL/10J; second row: AXBI,  AXB2, AXB5, 
AXBG; third row: AXBS, AXB7, AXBIZ, AXBIS; fourth row: A X B l 5 ,  AXB17, BXA1, BXAP; 
and bottom row: BXA 1 1 ,  BXA 14, BXA 15. 

tween mandible shape and the incidence of hydrocortisone-induced cleft palate. 
(Spearman’s rank correlation between the incidence and CV I-CV IV values 
was nonsignificant in each case.) 

T w o  strains with a high incidence, BXA14 and AXB5, had mandible shapes 
somewhat similar to A/J, the high-incidence strain, but two other lines, AXBl3 
and AXB17, had similar shapes and low or zero incidences of steroid-induced 
cleft palate. Other strains with mandible shapes distinct from either parent had 
low incidences of cleft palate. 

None of the strains with high or intermediate incidences of cleft palate had 
unusually large or small mandible bodies or mental symphyses. These lines 
showed no distinctive features aside from line AXBS having, on average, the 
smallest overall size and relative height of the coronoid process. 

DISCUSSION 

The discriminant functions used in this study were those developed by M. 
F. W. FESTINC for the routine checking of mouse colonies for genetic contam- 
ination. They are capable of detecting considerable genetic variation, as well 
as providing estimates of the effect of sex differences and variability in age on 
mandible shape (LOVELL, TOTMAN and JOHNSON 1984). These functions were 
able to show considerable variation in mandible shape between the genotype 
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of two sets of recombinant inbred lines. The mandible shapes of most of the 
lines were intermediate to the parental lines, and no “major” genes affecting 
mandible shape were detected. BAILEY (1984) has investigated variation in the 
shape of the mandible using a series of congenic strains differing from C57BL/ 
6By by only a chromosomal segment bearing a histocompatability gene intro- 
duced from BALB/cBy. He showed that 8 of 25 such strains had significantly 
different mandible shapes and estimated that at least 30 genes affect the shape 
of the mandible. 

Mandible shape is therefore unlikely to be determined by the effects of just 
one or two major genes, but, rather, is the result of a series of genes, each 
with small effects. These genes probably act during development by varying 
the growth of various parts of the skeleton. ATCHLEY, PLUMMER and RISKA 
(1985a,b) have recently reported the results of the analysis of variation in 
mandible shape in a large sample of an outbred stock of mice. They reviewed 
the factors acting during development, whether intrinsically (by varying the 
timing and degree of growth of the embryonic skeletal tissue) or extrinsically 
(by the action of such factors as other bones or muscles affecting the shape by 
mechanical loadings on various muscle attachments and joints). ATCHLEY and 
his co-workers used principal components analysis, another multivariate anal- 
ysis, to investigate variation in a set of similar measurements to those used by 
us. They attempted to relate the pattern of variation they found to these 
underlying processes of embryonic development of the mandible. They pro- 
duced a set of functions of the original measurements that appear to relate to 
some of the developmental history of the functional units making up the man- 
dible. The discriminant functions used here are, in all probability, measuring 
similar patterns. The first discriminant function, for instance, gives high posi- 
tive scores to strains such as AXBG that have a high length/height ratio. The 
second discriminant function gives high negative scores to strains such as AXBG 
and BXAl that have pronounced condyloid processes. Figures 2, 3 and 4 show 
that there is considerable variation in the shape of the mandible between the 
RI lines from two inbred strains. It is not possible to compare the variations 
found here with that reported by ATCHLEY, PLUMMER and RISKA, because they 
do not illustrate the variation they investigated, nor do they provide summary 
statistics of the individual measurements they made. 

In a few cases, such as line BXA1, the shape of the mandible was unlike 
either parental line. The genes determining mandible shape have recombined 
to produce a new gene combination resulting in a different and distinct bone 
shape. Unfortunately, the breeding performance of line BXA 1 was extremely 
poor, and few animals were available for investigation. It would be interesting 
to see if the musculature associated with the coronoid process in this line is 
reduced or abnormal and to note how the mandible shape is produced during 
development. 

Several polymorphisms existing in the RI lines sets could not be related to 
large differences in mandible shape. Although alleles at the H-2 locus have 
been shown to affect mandible shape, these effects are small when compared 
with the differences between two inbred strains (FESTING 1972). Variation 
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between a congenic strain and an inbred strain such as that found here between 
A/J and A.BY/Sn is probably due to differences at a number of other gene 
loci, especially considering the long divergence time between A/J and A/WySn, 
as well as at the H-2 locus. JURILOFF (1982) has shown considerable differences 
in the incidence of spontaneous cleft lip between the A/J and A/WySn inbred 
strains. These findings suggest that A/J is not the ideal congenic partner for 
A. BY/Sn. 

It has been suggested that variation in the time and degree of growth of a 
facial structure may be important in the etiology of steroid-induced cleft palate. 
The aspects of bone shape identified by the morphometric methods in this 
study are the results of such processes during development. None of the man- 
dibles studied are, of course, from mice which had a cleft palate. However, 
there was no indication of unusual shapes or aberrant growth in those geno- 
types which had a high predisposition to cortisone-induced cleft palate. On the 
contrary, a range of mandible shapes were found, none of which seemed to 
have a correlation with cleft palate incidence. In fact, strains with similar 
mandible shapes may have very different incidences. Thus, adult mandible 
shape is not a useful indicator of a genotype’s susceptibility to glucocorticoid- 
induced cleft palate. 

This work was supported by National Institutes of Health grant DE06108. We are grateful to 
MURIEL NFSBITT for the A/J X C57BL/6J recombinant inbred lines. 
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