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Abstract A pedigree consisting of 103 New Zealand White
hyperlipidemic and normal rabbits was used in a genetic analysis
of total cholesterol and triglyceride levels to test for Mendelian
control of hyperlipidemia. The founder male of this pedigree was
identified through hypercholesterolemia and evidence suggested
vertical transmission of a hypercholesterolemic phenotype in this
pedigree, although a combined hyperlipidemia phenotype (ele-
vated cholesterol and triglycerides) also occurred in many descen-
dents of the original founders. Segregation analysis of quantitative
measures of total cholesterol and triglycerides in this pedigree was
employed to test hypotheses about Mendelian control in the
presence of substantial inbreeding. A simple Mendelian model
was the best explanation for triglycerides in these animals. This best
fitting model was essentially co-dominant with genotypic specific
variances, where the heterozygote was hypertriglyceridemic and
the mutant homozygote showed even more extreme values. The
observed distribution of total cholesterol was also compatible with
a mixture of distinct genotypic distributions, but there was evi-
dence of non-Mendelian transmission in this pedigree. The ob-
served hypertriglyceridemia in these animals may reflect an abnor-
mality of very low density lipoprotein metabolism described
previously. Further studies will be required to elucidate the genetic
control of hypercholesterolemia and the associated combined hy-
perlipidemia in these rabbits.— Beaty, T. H., P. O. Kwiterovich,
A. Laville, and B. Lewis. Genetic analysis of total cholesterol
and triglycerides in a pedigree of St. Thomas rabbits. J. Lipid
Res. 1989. 30: 387-394.

Supplementary key words hypertriglyceridemia ¢ combined hyper-
lipidemia « hypercholesterolemia * pedigree analysis ¢ rabbits

A pronounced hypercholesterolemia in chow-fed New
Zealand White rabbits has been described by Laville and
co-workers at St. Thomas’ Hospital in London (1). This
hypercholesterolemia phenotype is transmitted vertically,
and affected descendants of a single founder male show hy-
percholesterolemia alone, hypertriglyceridemia alone, or a
combined hyperlipidemia phenotype. The combined hyper-
lipidemia phenotype is accompanied by elevations in very
low density lipoprotein (VLDL), intermediate density lipo-

protein (IDL), and low density lipoprotein (LDL) choles-
terol levels.

Kinetic studies with !*'I- and '**I-labeled rabbit lipopro-
teins indicated that there was a marked increase in the
production rates of VLDL-apoB and LDL-apoB in affected
rabbits (1). This inherited metabolic disorder does not ap-
pear to be associated with an abnormality in the LDL
(apoB or apoE) receptor, and therefore this St. Thomas
strain of New Zealand White rabbits appears distinct from
Watanabe heritable hyperlipidemic (WHHL) rabbits who
carry a genetic defect in the LDL receptor (2-4).

The St. Thomas strain of rabbits develops atherosclerotic
lesions, particularly in the descending thoracic aorta, when
fed standard chow (5). Thus, these rabbits are also distinct
from those with another disorder in which pronounced hy-
perlipidemia and atherosclerotic arterial lesions develop in
response to cholesterol feeding (called hyper-responders) (6).

The hyperlipidemia in this St. Thomas rabbit has some
clinical and metabolic features in common with familial
combined hyperlipidemia (FCH), a recognized hyperlipi-
demic syndrome in humans. FCH was originally described
as a Mendelian dominant disorder that can be manifest as
hypercholesterolemia alone, hypertriglyceridemia, or both
in affected members of families of patients with premature
coronary artery disease (CAD) (7). Increased hepatic syn-
thesis of apolipoprotein B and VLDL-B and LDL-B also
occurs in FCH (8, 9), suggesting some similarities in the
metabolic basis for the hyperlipidemic phenotype seen in
the St. Thomas strain.

Abbreviations:. LDL, low density lipoproteins; IDL, intermediate density
lipoproteins; VLDL, very low density lipoproteing; WHHL, Watanabe
heritable hyperlipidemia; FCH, familial combined hyperlipidemia; FH,
familial hypercholesterolemia; CAD, coronary artery disease; PAP, pedigree
analysis package; LRT, likelihood ratio test; AIC, Akaike’s information
criterion.
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In this report, we present a genetic analysis of the quan-
titative levels of plasma total cholesterol and triglyceride
designed to test specific models of inheritance for a single
pedigree of these St. Thomas rabbits. The pedigree contain-
ing 103 individuals shown in Fig. 1 has a high level of in-
breeding which must be considered in the genetic analysis.
A series of models of inheritance were fit to these data, in-
cluding a simple polygenic model, a Mendelian single locus
model with homogeneous variances about each genotypic
mean, models in which genotypic specific means and vari-
ances were estimated, and mixed models with both Men-
delian and polygenic components.

METHODS

Pedigree

The pedigree shown in Fig. 1 resulted from successive
breedings of a male New Zealand White rabbit with two
female non-litter mates from this same strain. The founder
male had marked hypercholesterolemia but normal trigly-
ceride levels, while both females had cholesterol and tri-
glycerides within the normal range. Backcross matings with
two daughters from the resulting half-sibships were carried
out, descendants were mated with one another and with
other rabbits from this same strain. There is a substantial
level of inbreeding in this pedigree, and inbreeding coefh-
cients were calculated for each member of the pedigree us-
ing a program provided by Boyce (10). Under the assump-
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tion that the founders of this pedigree were themselves not
inbred, the mean inbreeding coefhicient was 0.1208 for the
103 members of this pedigree. Inbreeding coefficients
ranged from 0.0 to 0.375, as shown in Fig. 1. The highest
values occurred in offspring of full sibs from a father-
daughter mating, i.e., individuals 42-46 and 56-58 in Fig. 1.

Individual rabbits were sampled at the age of 2 months
after an overnight fast of 16 hr. At this age, the rabbits were
1 month post-weaning and on a standard diet. Total cho-
lesterol and triglyceride levels were measured by enzymatic
methods as described previously (1). Table 1 lists the means,
standard error of the mean, variances, and coeflicients of
skewness and kurtosis for both total cholesterol and trigly-
cerides in these animals.

Segregation analysis

In addition to the calculation of kinship coefficients,
segregation analysis was carried out on this pedigree com-
paring a series of models of inheritance for total cholesterol
and triglycerides separately using the Pedigree Analysis
Package (PAP) (11). This program allows the calculation
of joint genotypic probabilities for sets of individuals which
must be considered simultaneously in an inbred pedigree
such as this.

The models of inheritance included a sporadic model
where every individual was assumed to have the same geno-
type; Mendelian single locus models with distinct genotypic
means and a common variance estimated; Mendelian single
locus models with both genotypic specific means and vari-
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Fig. 1. Pedigree of 103 St. Thomas rabbits showing inbreeding coefficients for inbred individuals.
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TABLE 1. Descriptive statistics for total cholesterol and
triglycerides in 103 St. Thomas rabbits

N Mean + SEM  Variance Skewness Kurtosis

mmol/l
Total cholesterol 103 5.952 + 0.314 10.164 0.86° 0.26
Triglyceride 103 1.655 + 0.118 1.438 2.04° 5.88%

“Significantly different from expectation under normal distribution.

ances but strict Mendelian transmission between parent
and offspring; polygenic models where correlations between
relatives were assumed to result from the additive effects of
many independent genetic factors; mixed Mendelian models
where both Mendelian and polygenic factors were consid-
ered simultaneously; and arbitrary models of inheritance
where the segregation parameters were estimated directly.

Usually when doing segregation analysis, tests of hy-
potheses about the underlying parameters (either frequency,
penetrance, or transmission parameters) rely on the likeli-
hood ratio test (LRT) which is computed as minus twice
the difference between the In-likelihood for a reduced model
(ie., 2 model with a given parameter constrained to some
value) and that for a complete model (i.e., a model with
that parameter estimated from the data), i.e.,

LRT = -2{ln L (reduced model) - In L
(complete model)}.

This LRT approximates a chi-square distribution with
degrees of freedom equal to the difference in the number of
parameters in the complete and reduced models, as the
sample size gets larger. Here our sample consists of a single
pedigree, however, so the usual LRT should not be viewed
directly as a chi-square statistic. Nonetheless, the magni-
tude of the improvement in the In-likelihood function of
one model compared to another model in a hierarchical
series still serves as an indication of its overall fit to the data.
Since the LRT is only appropriate for strictly hierarchical
models (ie., the ‘reduced’ model must be a subset of the
‘complete’ model) and since not all genetic models are
hierarchical, Akaike’s information criterion (AIC) was ex-
amined for each model to guide in the selection of the most
parsimonious model among non-hierarchical models (12,
13). This test statistic is also based on the In-likelihood (i.e.,
AIC = -2InL + 2 (number of parameters)), and models
with smaller AIC values are considered more parsimonious,
ie., they give a better fit with fewer parameters.

RESULTS

The results of segregation analysis of total cholesterol are
shown in Table 2 which lists parameter estimates and their
standard errors for allele frequency (p); up to three geno-

typic means (f;, fly, fis) and the corresponding standard
deviations about these means (8, 8,, and 8;); the propor-
tion of variance attributable to a shared polygenic compo-
nent (I:Ip); and the probability of a heterozygote (genotype
2) transmitting a specific allele to an offspring (7). Note
that some of these parameters are constrained to certain
values in some models. For example, a Mendelian reces-
sive model implies p; = py and 7, = 0.5. Also shown in
Table 2 are the -2In-likelihood values and Akaike’s infor-
mation criterion for each model which are used to com-
pare the various models.

From this table, it is clear that the Mendelian models
were favored over either a sporadic model (i.e., model 1
where a common mean and variance were estimated but
every individual was assumed to be independent) or a sim-
ple polygenic model (i.e., model 2 where all correlation
among individuals was assumed to be due to additive
genetic factors). Among the Mendelian models (models
3-6), the more general model with three distinct genotypic
means and three distinct standard deviations was better
than either a recessive model where two genotypes were
constrained to have the same mean and the same variance
(model 5), or a Mendelian model with a single variance
common to all genotypes (model 3). Mixed Mendelian
models (7 and 8 in Table 2) were also examined. The reces-
sive mixed model (model 7) was not better than the reces-
sive Mendelian models with genotypic specific variances.
Furthermore, the estimated correlation or heritability under
a recessive mixed model was quite small (6.5%) for this
pedigree. Boundary problems were encountered when
fitting codominant mixed model (model 8), invalidating fur-
ther comparison using either the LRT or Akaike’s criterion.
Note that under these mixed models, as currently defined,
the correlation among relatives is computed assuming a
homogeneous variance across all genotypes, so it was not
possible to estimate genotypic specific variances and the
residual heritability.

The best fitting Mendelian model] appeared to be the one
with three distinct genotypes and three genotype specific
variances (model 6), i.e., a codominant model where both
the heterozygote and homozygote would be considered
hypercholesterolemic, but the mutant homozygote has both
a greater mean and variance. Further tests for the trans-
mission of this hypothetical Mendelian gene were carried
out by estimating the segregation parameter representing
the transmission between a heterozygote parent and an
offspring, along with the parameters of both the Mendelian
and mixed models. A strict Mendelian model dictates that
this segregation parameter, termed 7, by Elston and Stewart
(14), be equal to 0.5. The estimated value of 7, was con-
siderably below this value for both models allowing geno-
typic specific variances (models 12 and 13 in Table 2). For
example, an LRT statistic comparing the best fitting Men-
delian model (model 6) to a more general alternative (model
13) was 4.49 (= 496.34 — 491.85) and would lead to reject-
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TABLE 2. Segregation analysis of total cholesterol on 103 New Zealand white rabbits

Parameter Estimates

Number of

Model parameters 13 ;, ;:2 ;43 31 ;, 33 I‘:Ip ;, -2nl.  AIC
Non-Mendelian
1. Sporadic 2 (1.0) 5952 (=) (=) 3173 (=a) (= 0y) ) (0.5) 529.55 533.55
+ 0.309 + 0.220
2. Polygenic 3 (1.0) 4392 (=) (= m) 3.203 (=0 (=0 0.242  (0.5) 525.28 531.28
+ 0.994 + 0.243 + 0.156
Mendelian
3. Recessive, 4 0.791 4997 (= m) 11.260 2235 (=0) (= o) (0) (0.5) 513.98 521.98
1 variance + 0.131 + 0.270 + 0.746 + 0.185
4. Codominant, 5 0.807 4.623 5.272  11.305 2229 (=0;) (= oy) 0) (0.5) 513.36 523.36
1 variance + 0.123 + 0546 + 0.436 + 0.750 + 0.186
5. Recessive, 5 0.654 4.567 (= ) 8.323 1.896 (= o0y) 3.499 (O] 0.5) 506.56 516.56
2 variances + 0.177 1 0.281 + 0929 + 0.191 + 0.441
6. Codominant, 7 0.740 1.621 4.942 8.077 0.482 1.767 3.642 ) 0.5) 496.34 510.34
3 variances + 0.129 + 0.235 + 0.273 + 0.702 + 0.151 + 0.189 + 0.437
Mixed
7. Recessive, 5 0.973 3.957 (= py) 9.965 2292 (= 0y) (= 0y) 0.060 (0.5) 509.72 519.72
mixed + 0.044 + 0.613 + 1.076 + 0.175 + 0.034
8. Codominant, 6- 0.999° 2.872 4.877 10.053 2070 (= 01) (= oy) 0.017  (0.5) 492.89°
mixed”
General
9. Recessive, 6 0.984 2.599 (= m) 6.824 2463 (=0, (= 0y 0.078 0.250° 502.33°
mixed®
10. Recessive, 5 0.799 4972 (= my) 11.160 2,227 (=0) (= 0y) 0) 0.469 513.84 523.84
1 variance + 0.129 + 0.275 + 0.773 £ 0.185 + 0.081
11. Codominant, 6 0.812 4.562 5.233 11.172 2.216 (= a) (= 0y) ©0) 0.463 513.14 525.14
1 variance + 0.121  + 0.573 + 0.421 + 0.785 1+ 0.187 + 0.077
12. Recessive, 6 0.784 4628 (= m) 8.462 1.93¢ (= ay) 3.525 0) 0.327 505.62 517.62
2 variances + 0.146 + 0.266 + 0.883 + 0.190 + 0.473 + 0.130
13. Codominant, 8 0.822 1.912 5.135 7.766 0.581 1.765 3.609 0) 0.247 491.85 507.85
3 variances + 0.116 + 0.319 + 0.309 + 0.806 + 0.175 + 0.194 1+ 0.407 + 0.106

“Estimator at boundary.
®*Not at true maximum.

ing the Mendelian hypothesis when simply viewed as a chi-
square statistic. Looking at Akaike’s criterion also showed
the more general model to have a slightly smaller value.
Thus, these two test statistics do raise the possibility of non-
Mendelian control of cholesterol levels in this pedigree. Fur-
thermore, both of these models (6 and 13) predicted a grand
mean that was slightly lower than that of the sample itself,
raising the possibility that models with three distinct means
and variances cannot adequately explain these data.
The results of a similar analysis on triglyceride levels are
shown in Table 3. Again, there was a strong familial corre-
lation in triglycerides as evidenced by the high estimated
heritability (56.2%) obtained under a simple polygenic
model, but the Mendelian models (models 3-6) overall
provided better explanations for these data. There was
significant heteroscedascity (differences in variances) among
the genotypes, however, and the best Mendelian model in-
cluded three distinct genotypes, each with a different vari-
ance. Mixed Mendelian models (models 7 and 8) were also
examined, but they had lower In-likelihoods and involved

390 Journal of Lipid Research Volume 30, 1989

very modest heritabilities beyond that due to the major
gene. When the transmission parameter 7, was added to the
model, there was no evidence of nonMendelian inheritance
for this putative hypertriglyceridemia allele. The most par-
simonious model for triglycerides in this pedigree was,
therefore, a Mendelian codominant mechanism with mild
hypertriglyceridemia in the heterozygote and severe hyper-
triglyceridemia in the mutant homozygote.

A number of nongenetic models were also examined
which hypothesize mixtures of distinct distributions but
with equal transmission probabilites from parent to child.
These so-called ‘equal 7 models often resulted in maximi-
zation problems, but in no case did they appear to be bet-
ter fitting than the Mendelian models used here.

Testing for co-segregation
Even though the evidence of Mendelian control of total
cholesterol was ambiguous, it is logical to ask whether the

two best fitting Mendelian models could give any evidence
of independent control of triglycerides and total cholesterol.
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TABLE 3. Segregation analysis of triglycerides on 103 New Zealand white rabbits

Parameter Estimates

Number of -

Model parameters P ;, ﬁ, ﬁ, 31 ;2 33 H, ?, -2InL.  AIC
Non-Mendelian
1. Sporadic 2 (1.0) 1.655 (= 1) (= t1) 1.193 (= o) (= 0y) 0) (0.5) 131.66 135.66
+ 0.117 + 0.083
2. Polygenic 3 (1.0) 1335 (=) (= m) 1.258 (= 01) (= 0y) 0.562 (0.5) 119.30 125.30
+ 0.451 + 0.116 + 0.191
Mendelian
3. Recessive, 4 0.765 1.330 (= p) 4.128 0.787 (= 01) (= 0y) 0) 0.5) 99.68 103.68
1 vanance + 0.142 1 0.101 ) + 0.324 + 0.082
4. Codominant, 5 0.769 1.151 1.430 4.132 0.760 (= 0,) (= 0y) 0 (0.5) 102.78 112.78
1 variance + 0.139 + 0.170 4 0.133 + 0.295 1+ 0.064
5. Recessive, 5 0.634 1.235 (= my) 3.002 0.601 (= o0,) 1.390 (0 (0.5) 82.77 9277
2 variances + 0.200 1 0.164 + 0.673 + 0.167 + 0.196
6. Codominant, 7 0.797 0.827 1.513 3.385 0.201 0.662 1.527 (0) (0.5) 59.93 73.93
3 variances + 0.128 4+ 0.052 4+ 0.113 + 0.458 + 0.040 + 0.075 + 0.280
Mixed
7. Recessive, 5 0.823 1.246 (= wy) 4.014 0.787 (= 0) (= 01) 0.036 (0.5) 103.59 113.59
mixed + 0.160 4+ 0.164 + 0.354 1 0.078 + 0.069
8. Codominant, 6 0.999° 0.553 1.275 3.610 0.746 (= 05) (= 0y) 0.114  (0.5) 94.21%
mixed”
General
9. Recessive, 6 0.775 1.277 (= ) 4.077 0.773 (= 01) (= 0y) 0.019 0.577 102.68 114.68
mixed + 0.177 1 0.162 + 0.334 + 0.067 + 0.066 ¢ 0.075
10. Recessive, 5 0.738 1321 (= ) 4,133 0.771 (= 01) (= 01) 0) 0.584 102.76 112.76
1 variance + 0.155 4 0.891 + 0.285 + 0.066 + 0.071
11, Codominant, 6 0.747 1.132 1.477 4.180 0.748 (= 0,) (= 0y) ) 0.600 100.82 112.82
1 variance + 0.148 1+ 0.149 ¢+ 0.145 + 0.274 1 0.060 + 0.067
12. Recessive, 6 0.682 1134 (= m) 2,877 0.496 (= o)) 1.435  (0) 0.507 79.85 91.85
2 variances + 0.161 4+ 0.077 + 0.387 1+ 0.061 + 0.197 + 0.080
13. Codominant, 8 0.792 0.831 1.538 3.468 0.207 0.665 1.516 (0) 0.528 59.76 75.76
3 variances + 0,132 4+ 0.052 ¢ 0.130 + 0.508 + 0.044 + 0.077 1 0.290 + 0.067

“Estimator at boundary.
Not at true maximum.

To do this, we looked for evidence of possible co-segregation

codominant with genotype specific variances (model 6 in
or linkage between these two putative loci. Linked genes

Table 3) where the most common homozygote (genotype

will co-segregate within a family and evidence of complete
linkage could mean that there were either two loci located
physically near one another (i.., true linkage) or that a sin-
gle locus controlled both cholesterol and triglycerides (i.e.,
pleiotropic expression of a single locus). On the other hand,
any evidence of recombination would exclude this latter
possibility.

The high degree of inbreeding present in this pedigree
makes it impossible to directly evaluate a two-locus model,
since the number of genotypic combinations for individuals
in the pedigree who must be considered jointly was too
large. Therefore, to address the question of linkage, we com-
puted the probability of each individual’s having each of
the three genotypes at the hypothetical cholesteral locus and
the apparent hypertriglyceridemia locus, separately, using
the respective best fitting Mendelian models. For example
the best fitting model for triglycerides was a Mendelian

T,T,) had a phenotypic mean of 0.83 mmol, the heterozy-
gous T T, genotype had a phenotypic mean of 1.51, and the
mutant homozygote had a mean of 3.39 mmol (genotype
T,T,). The best fitting model for total cholesterol was also
a Mendelian codominant with three distinct variances
(model 6 in Table 2) with an estimated mean of 1.62 mmol
for genotype C;C;, 4.94 for genotype C,C,, and 8.08 for
C,C; homozygotes.

Using these two models, the probabilities of each geno-
type at the hypothetical Mendelian loci were computed for
each member of the pedigree and the entire pedigree was
examined for evidence of independent segregation. There
were three matings in the pedigree informative for linkage
under these models (between individuals 2 and 10, 58 and
59, and 58 and 64), each involving a phase known double
heterozygote female (C,C,T,T; in coupling) and a male
homozygous at the cholesterol locus and heterozygous at
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the hypertriglyceridemia locus (C,C,T,T?). The probability
of these genotypic assighments was over 98% for all parents
in these three matings, although the probabilities of geno-
typic assignments in offspring ranged well below this. Look-
ing at the predicted genotypes of the 26 offspring of these
matings showed 4 apparent recombinants, 10 apparent non-
recombinants, and 12 noninformative offspring. The full
sib mating between individuals 24 and 25 represented a
similar mating (C,C, T, Ty male by C,C; T, T, female) but
phase was not known, so it was not possible to identify
recombinant offspring. Overall, this analysis of the best
fitting Mendelian models suggests triglycerides and total
cholesterol are not under control of a single genetic
mechanism.

DISCUSSION

While there are many familial forms of hyperlipidemia,
some of which appear to be Mendelian, it is not a simple
task to identify genetic mechanisms from human data due
to small family sizes and the influence of covariates such as
age, sex, etc. Animal models for hyperlipidemia are ex-
tremely useful in identifying genetic mechanisms since con-
trolied matings can be made and large sibship or litter sizes
are often available. However, the level of inbreeding present
in matings among standard laboratory animals can create
its own problems for segregation analysis. For relatively
simple models of inheritance (single locus models), it is pos-
sible to consider explicitly the observed inbreeding using
available programs for pedigree analysis. More complex
models (e.g., two-locus models with 10 or more genotypes)
remain computationally intractable for highly inbred
pedigrees such as the one used here.

It must always be remembered, however, that analysis of
small groups of laboratory animals necessarily limits the
inferences that can be made. The goal of this type of genetic
analysis is to identify possible Mendelian models underly-
ing a phenotypic distribution, and then use them to predict
outcomes of further matings or experiments. All estimates
of proportions of variation attributable to polygentic varia-
tion (i.e., the heritability) or variation due to the Mendelian
locus itself lose relevance when drawn from a single inbred
pedigree such as this. For example, heritability is defined as
the proportion of total phenotypic variation attributable to
variation in independently segregating genes, each contrib-
uting equally to the observed phenotype. However, in the
presence of inbreeding, the apparent polygenic component
is inflated by the average inbreeding coefficient (which was
0.12 in this particular pedigree) (15). Since this computed
level of inbreeding assumes (falsely) that the founders were
themselves noninbred, it is extremely hazardous to estimate
from this analysis how much of the total variation in cho-
lesterol or triglycerides is due to additive genetic factors.
Similarly, it is extremely difficult to estimate how much of

392 Journal of Lipid Research Volume 30, 1989

the total variation in New Zealand white rabbits is due the
apparent hypertriglyceridemia locus found in this pedigree
of St. Thomas rabbits, because this is a function of both
the genotypic means and the allele frequency. With only
six founders in this pedigree, any estimate of allele fre-
quency must be viewed with caution. Nonetheless, this
segregation analysis remains extremely useful for identify-
ing possible Mendelian models and then predicting geno-
types for individual animals. Even if there is no meaning-
ful population of reference when analyzing a single pedigree
such as this, it is still possible to make inferences about biol-
ogical systems and then go on to design further tests and
experiments.

Hypertriglyceridemia in this pedigree of St. Thomas rab-
bits seems to be under clear Mendelian control with co-
dominant expression of the mutant allele and substantial
heteroscedasticity (differences in variances) among the three
genotypes at this locus. Fig. 2 shows the observed distri-
bution of triglycerides and the hypothetical underlying
genotypic distributions derived from model 6 in Table 3.
Such genotypic specific variance are biologically reasonable
in that a mutant allele could well affect both the mean and
the variance in a complex physiological trait such as triglyc-
erides. Indeed, Moll et al. (16) have shown that both the
mean and variance of cholesterol in the LDL fraction differ
between heterozygotes for the familial hypercholesterole-
mia (FH) gene and homozygous normal individuals. In this
analysis of a large human pedigree, Moll et al. (16} found
there was an additional difference in the effect of age on
LDL cholesterol levels between these two genotypes.

Often log transformations are used for traits that show
significant skewness (as do triglycerides), since it is possible
for skewness alone to spuriously lead to inferring the pres-
ence of a Mendelian mechanism (17). A series of models
similar to that shown in Table 3 was examined on In-tri-
glycerides (with rescaling) in this pedigree, and again strong
evidence for 2 Mendelian component was seen (the LRT
was 9.82 for the null hypothesis of no Mendelian compo-
nent). However, transformation had three major effects on
the inferences drawn from this analysis. First, the hetero-
scedasticity among genotypic distributions was no longer
statistically significant. Second, it was no longer possible
to distinguish between the means of the normal homozygote
and the heterozygote. This is to be expected since In-
transformation compresses the phenotypic scale consider-
ably. Last, after In-transformation there was some residual
correlation over and above that due to the Mendelian com-
ponent, representing some 6% of the total variation in In-
triglycerides. From this analysis of transformed triglycer-
ides, however, it was still possible to compute genotypic
probabilities for each animal in the pedigree under the best
fitting model and compare genotypic assignments. Aside
from the expected difficulty in distinguishing between T, T,
and T, T, genotypes using In-triglycerides, there was near
complete agreement in identifying animals homozygous for
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Fig. 2. Frequency distribution of observed triglycerides in a 103 member pedigree. The hypothetical genotypic
distributions for the three genotypes at the hypertriglyceridemia locus from the best fitting Mendelian model (model

6 in Table 3) are also shown.

the mutant hypertriglyceridemia allele (e.g., all individuals
identified as being T, T, with probability of 70% or greater
under model 6 in Table 3 also had a 70% or greater prob-
ability of being homozygous for the rare hypertriglyceride-
mia allele under the best fitting model obtained from the
analysis of In-transformed triglycerides).

While the distribution of total cholesterol in these St.
Thomas rabbits was compatible with a Mendalian codomi-
nant model, the overall fit of the best model to the total
distribution was not as good as obtained with the analysis
of triglycerides. There was some evidence of nonMendelian
transmission which may, in part, be due to sampling varia-
tion, since there were only six matings involving an ap-
parent heterozygote in this single pedigree (although 50
offspring were produced). However, it is difficult to rig-
orously interpret either test statistic (the LRT or Akaike’s
criterion) for the null hypothesis that 7, = 0.5 using a single
pedigree. Further work to better define this putative hyper-
cholesterolemia locus and its relationship to the more clean-
ly segregating hypertriglyceridemia locus is obviously
needed.

Rabbits homozygous for this apparent hypertriglyceride-
mia locus in this pedigree have some clinical and metabolic
features similar to those seen in patients with familial com-
bined hyperlipidemia (7). Patients with FCH may have hy-
percholesterolemia, hypertriglyceridemia, or both and the
patient’s lipid profile may change over time. However, the
delayed expression of hyperlipidemia often seen in humans
with FCH does not appear to occur in these St. Thomas
rabbits that display the abnormality at an early age. Further

biochemical and genetic studies will be necessary to deter-
mine whether the hyperlipidemia in these St. Thomas rab-
bits can serve as a model for human FCH. Ei

We wish to thank Dr. Ningguo Feng for his assistance in the early
phases of this analysis. Parts of this work were supported by
NHLBI RO1-HL28872 and NICHHD RO1-HD23288.
Manuscript received 28 April 1988 and in revised form 29 August 1988.

REFERENCES

1. Laville, A., R. R. Turner, M. R. Pittilo, S. Martini, C. B.
Marenah, P. M. Rowles, G. Morris, G. A. Thomson,
N. Woolf, and B. Lewis. 1987. Hereditary hyperlipidemia
in the rabbit due to overproduction of lipoproteins. I. Bio-
chemical studies. Arteriosclerosis. 7: 105-112.

2. Watanabe, Y. 1980. Serial inbreeding of rabbits with heredi-
tary hyperlipidemia (WHHL-rabbit): incidence and develop-
ment of atherosclerosis and xanthoma. Atherosclerosis. 36:
261-268.

3. Kita, T., M. S. Brown, Y. Watanabe, and J. L. Goldstein.
1981. Deficiency of low density lipoprotein receptors of the
WHHL rabbit: an animal model of familial hypercholes-
terolemia. Proc. Natl. Acad. Sci. USA. 78: 2268-2272,

4. Kita, T,, M. S. Brown, D. W. Bilheimer, and J. L. Gold-
stein. 1982. Delayed clearance of very low density and inter-
mediate density lipoproteins with enhanced conversion to low
density lipoprotein in WHHL rabbits. Proc. Natl. Acad. Sci.
USA. 79: 5693-5697.

5. Seddon, A. M., N. Woolf, A. Laville, R. M. Pittilo, P. M.
Rowles, R. R. Turner, and B. Lewis. 1987. Hereditary hyper-
lipidemia and atherosclerosis in the rabbit due to overproduc-

Beaty et al.  Genetic analysis of cholesterol and triglycerides in rabbits 393

2102 ‘6T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

394

tion of lipoproteins. II. A preliminary report of the arterial
pathology. Arteriosclerosis. 7: 113-124.

Roberts, D. C. K., C. E. West, T. G. Redgrave, and J. B.
Smith. 1974. Plasma cholesterol concentration in normal and
cholesterol fed rabbits: its variability and heritability. Athero-
sclerosts. 19: 369-380.

Goldstein, J. L., H. G. Schrott, W. R. Hazzard, E. L.
Bierman, and A. G. Motulsky. 1973. Hyperlipidemia in coro-
nary heart disease. II. Genetic analysis of lipid levels in 176
families and delineation of a new inherited disorder, com-
bined hyperlipidemia. J. Clin. Invest. 52: 1544-1568.
Chait, A., J. J. Albers, and J. D. Brunzell. 1980. Very low
density lipoprotein overproduction in genetic forms of hyper-
triglyceridemia. Eur. J. Clin. Invest. 10: 17-22. .
Janus, E. D, A. M. Nicoll, P. R. Turner, P. Magill, and
B. Lewis. 1980. Kinetic basis of the primary hyperlipidemias:
studies of apolipoprotein B turnover in genetically defined
subjects. Eur. J. Clin. Invest. 10: 161-172.

Boyce, A. J. 1983. Computation of inbreeding and kinship
coefficients on extended pedigrees. ] Hered 74: 400-404.

Journal of Lipid Research Volume 30, 1989

11

12.

13.

14.

13.

16.

17.

Hasstedt, S. J., and P. E. Cartwright. 1981. PAP: pedigree
analysis package. Tech Rep no. 13. Dept. of Biophysics &
Computing, Univ. of Utah, Salt Lake City.

Bonney, G. E. 1986. Regressive logistic models for familial
disease and other binary traits. Briometrics. 42: 611-615.
Akaike, H. 1974. A new look at statistical model identifica-
tion. IEEE Trans. Autom. Control. AC-19: 716-723.

Elston, R. C,, and J. Stewart. 1971. A general model for the
genetic analysis of pedigree data. Hum. Hered. 21: 523-542.
Bulmer, M. G. 1985. The Mathematical Theory of Quan-
titative Genetics. Oxford University Press, New York. 108.
Moll, P. P, C. F. Sing, S. Lussier-Cacan, and J. Davignon.
1984. An application of a2 model for genotype dependent rela-
tionship between a concomitant (age) and a quantitative trait
(LDL cholesterol) in pedigree data. Genet. Epidemiol 1:
301-314.

MacLean, C. J., N. E. Morton, and R. Lewis. 1975. Analysis
of family resemblance. IV. Operational characteristics of
segregation analysis. Am. J. Hum. Genet. 27: 365-384.

2102 ‘6T aunr uo ‘sanb Aq 610 4j:mmm woly papeojumoq


http://www.jlr.org/

