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Abstract Between-animal variability has frustrated many ex- 
perimental studies in outbred animal models of human disease. 
Variability that arises from genetic heterozygosity can be 
minimized by use of experimental designs that match littermates 
(polyzygotic twins) across control and treatment groups. Poor 
breeding vigor has prevented use of this experimental design in 
the W H H L  rabbit model of hyperlipidemia and atherosclerosis. 
A comparison of reproduction in W H H L  and normal rabbits 
demonstrated that litter size is limited by functional deficits at 
ovulation, implantation, and gestation in W H H L  females. 
Superovulation of females reliably produced expanded litters of 
W H H L  rabbits. Plasma lipids were measured in expanded lit- 
ters of Japanese White W H H L  OW-WW) and English Half-lop 
W H H L  (EHL-WW) rabbits. The variance of plasma cholesterol 
within sibships was two- to three-fold less than that between- 
litters. Intraclass correlation of total cholesterol within litters of 
EHL-WW was 0.72 and within litters of JW-WW was 
0.67. 8! These data provide evidence of genetic modulation of 
hypercholesterolemia in W H H L  rabbits and demonstrate that 
experimental designs in which littermates are paired across 
groups can decrease the number of animals needed or increase 
the sensitivity of hypothesis tests by two- to 
threefold. - Donnelly, T. M., S. F. Kelsey, D. M. Levine, and 
T. S. Parker. Control of variance in experimental studies of 
hyperlipidemia using the W H H L  rabbit. J.  Lipid Res. 1991. 32: 
1089-1098. 
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The introduction of the Watanabe Heritable Hyperlipi- 
demic (WHHL) rabbit as a model of familial hyper- 
cholesterolemia (FH) has renewed interest in the rabbit as 
a small animal model for studies of atherosclerosis. 
WHHL rabbits offer important advantages over the 
classical, cholesterol-fed rabbit model of atherosclerosis. 
Plasma cholesterol concentrations, which range from 350 
to 1200 mg/dl, are similar to those seen in human FH. 
The WHHL rabbit does not develop hepatic cholesterol 
toxicity (or other organ damage) as does the cholesterol- 

fed rabbit (1-3). Cholesterol-fed rabbits develop aortic le- 
sions that contain foam cells predominantly (4, 5), unless 
the diet is carefully adjusted to match plasma lipid con- 
centrations in WHHL rabbits (6-8). Homozygous 
WHHL Japanese White rabbits UW-WW) and English 
Half-lop rabbits' (EHL-WW) develop fibrous lesions and 
complicated and calcified atherosclerotic plaques (9- 11). 
Finally, type 1 JW-WW rabbits (see Discussion) develop 
coronary artery disease (CAD) (12), lose coronary 
vascular reserve (13), suffer ischemic myocardial injury, 
and live shorter lives than other rabbits (14). Atherogene- 
sis in WHHL rabbits is accelerated by hypertension (15) 
and slowed by cholesterol-lowering drugs (16) and antioxi- 
dant drugs (17, 18). 

The WHHL trait is maintained in outbred rabbit lines. 
Experimental studies that use the WHHL rabbit must be 
designed with sufficient numbers of animals to cope with 
the problem of between-animal variability. It is a fun- 
damental principle of statistics that the number of 
samples (animals) needed to test an hypothesis is directly 
proportional to the variance of the measure of outcome 
(19). Variance can be minimized by carefully matching 

Abbreviations: JW, Japanese White rabbit; NZW, New Zealand 
White rabbit; EHL English Half-lop rabbit; W H H L  is used to indicate 
collectively the homozygous Watanabe Heritable Hyperlipidemic 
phenotype for rabbits of all strains; ww, wW, and WW are, respectively, 
normal, heterozygous, and homozygous Watanabe Heritable Hyperlipi- 
demic phenotypes, i.e., EHL-ww, EHL-wW, and EHL-WW refer to nor- 
mal, heterozygous, and homozygous W H H L  English Half-lop rabbits; 
FH, familial hypercholesterolemia; FSH, follicle-stimulating hormone; 
HCG, human chorionic gonadotropin. 

'To whom reprint requests should be addressed at: The Rogosin Insti- 
tute, 505 East 70th Street, New York, NY 10021. 

'The name, English Half-lop, is the name of the "DxE' 
rabbits, which Richards (24) used to derive the modified W H H L  rabbit. 
We and others have previously referred to these animals as British 
Halflop rabbits (25, 48). 
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animals in control and experimental groups for age, sex, 
weight, and genetic background, ideally by matching lit- 
termates (polyzygotic twins). This approach has had 
limited application (17) in the WHHL rabbit model 
because of the poor reproductive success with which these 
animals breed. Outbred, wild-type rabbits give birth to 
litters of 8-10 young (20). By contrast, litter sizes reported 
for WHHL rabbits are 2-4 in inbred lines (21), 3-6 in 
closed colonies (22, 23), and 4-8 in an outbred line (24). 

We compared the outcomes of key stages of reproduc- 
tion in WHHL and normal rabbits and found abnorma- 
lities in both sexes. WHHL males frequently produce 
sperm of poor morphology and motility. WHHL females 
have defective function during ovulation, implantation, 
gestation, and nursing (25). On the basis of these findings, 
we developed a method for expanding WHHL litters 
which uses superovulation and artificial insemination 
with pre-screened semen, either alone or together with 
embryo transfer. Plasma lipids were measured in these ex- 
panded litters and the within-litter and between-litter 
variances in plasma cholesterol were compared. The data 
were then used to determine the degree to which the sen- 
sitivity (or power) of experimental studies of hyperlipi- 
demia and atherosclerosis could be increased by matching 
litter-mates (polyzygotic twins) across control and test 
groups. 

METHODS 

Materials 

FSH and HCG were obtained from Sigma. Enzymatic 
triglyceride and cholesterol kits were purchased from 
Boehringer Mannheim. 

Animals 

The JW-WW rabbits have been maintained as a closed 
colony bred from three fertile males and two fertile 
females generously provided by Dr. Y. Watanabe in 1981. 
The JW-WHHL colony was monitored for specific patho- 
gens and found to carry Pasteurella multocida, Eeponema 
cuniculi, and enteric coccidia. In order to minimize 
chronic differences between healthy and sick animals and 
transient variations in plasma lipids, due to intermittent 
infection, an effort was made to free the colony of these 
pathogens. Treponema cuniculi and enteric coccidia were 
eliminated by 1983 by treatment with penicillin and am- 
prolium. All data reported here are from animals born 
after 1983 spanning generations 2 through 6. The term 
“partially-inbred’’ is applied to these JW-WW rabbits to 
indicate that this degree of closed-colony breeding has in- 
creased the coefficient of inbreeding to some moderate, 
but unknown extent. Litter size was not significantly cor- 
related with generation over this period of time (data from 

the 24 successful natural matings presented in Table 1; 
generations 2-6; P > 0.05). 

Outbred, EHL-WW rabbits, originally described by 
Richards, Horlock, and Gallagher (24) were purchased 
from Froxfield Farms, Unit 3, King Lane, Froxfield, 
Hampshire, UK GU321DR. EHL-WW rabbits were 
maintained in specific pathogen-free (SPF) rooms at the 
Laboratory Animal Research Facility (LARC) at The 
Rockefeller University. Continuous monitoring for 
Pasteurella multocida, Peponema cuniculi, and enteric coccidia 
show the colony to be free of these pathogens. This colony 
is maintained by mating homozygous males with hetero- 
zygous females. New outbred breeders are obtained from 
Froxfield Farms each year. Offspring with plasma 
cholesterol concentrations of 400 mg/dl or higher between 
6 and 12 weeks of age are considered homozygotes. Ani- 
mals with plasma cholesterol concentrations between 250 
and 400 mg/dl are resampled and regarded as homozy- 
gotes when the plasma cholesterol is consistently above 
300 mg/dl. 

Pregnant or nursing females and weanling animals 
have unrestricted access to Purina Lab Rabbit Chow low- 
fiber chow (#5321) up to the time blood is drawn to screen 
for lipid phenotype. All other adult rabbits above 16 weeks 
of age that are not in studies and breeding females bet- 
ween matings are fed Purina Lab Rabbit Chow high-fiber 
(#5326) in 125 g/day rations to prevent obesity. 

Experimental Studies 

All female WHHL rabbits used in the comparisons of 
experimental methods of reproduction were healthy, non- 
obese adults between 6 months and 14 months of age and 
had undergone induced ovulation or pregnancy at least 
once before the study. Breeding animals were kept sepa- 
rately in a quiet room with limited human access. Mated 
females were moved to double-sized cages and provided 
with cotton for nesting material. The maternity cages of 
expectant and new mothers were inspected at 8 AM and 
5 PM each day. Newborn WHHL pups were given to 
NZW foster nurses when the natural mother was not ade- 
quately nursing her young (see Induction of parturition 
and wet nurses below). 
Natural mating. The data in Table 1 are from natural 1-day 
matings. Gestation time was calculated from the 1-day 
natural matings of NZW-ww x NZW-ww rabbits and 
JW-WW x JW-WW rabbits. The data presented in Table 
2 are from natural 3-day matings of homozygous with 
heterozygous or homozygous females. 

Exploratory laparotomy. Laparotomy was performed after 
mating healthy adult NZW and WHHL females (26). 
The number of ova released was estimated by counting 
ovulation points. Exploratory laparotomy was repeated 2 
weeks after mating to count the number of fetuses that 
had implanted. 
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Superovulation. Post-pubescent WHHL females ( > 6 
months of age) were superovulated by subcutaneous in- 
jection of 0.5 units of porcine follicle-stimulating hormone 
(FSH) twice per day for 3 days. O n  the fourth day, 
females were inseminated and immediately given 100 IU 
of human chorionic gonadotrophin (HCG) intravenously. 

Artificial insemination. Semen was collected from homo- 
zygous WHHL males, 6-12 months of age, using an ar- 
tificial vagina. The semen was then grossly examined 
immediately for consistency (e.g., absence of urine), 
volume, and microscopically for sperm concentration, 
motility and morphology. Those samples qualitatively es- 
timated to be fertile were used immediately to inseminate 
the doe. Each doe was inseminated with at least 100 mil- 
lion motile spermatozoa into the cranial aspect of the 
vagina. Semen samples from multiple donors were not 
pooled. 

Superovulation without embryo transfer Superovulated 
females were fertilized by artificial insemination. Mothers 
were allowed to carry the embryos to term. The litters 
produced by this method are larger (4-13 pups) than 
those born by females mated naturally. The pups, parti- 
cularly those from the largest litters, are small in size and 
weight. When mothers did not nurse, the pups were given 
to foster nurses. 

Embryo trunsfm Embryos (one-cell and two-cell zygotes) 
were collected 18-24 h post HCG injection. Superovula- 
tion and artificial insemination result in a range of 28-68 
(mean of 46) embryos recovered per female, with a failure 
of embryo pick-up in about 15% of the animals. After 
midline laparotomy, a slim glass cannula was inserted into 
the fimbriated ends of the oviducts and a blunt 20-gauge 
needle was introduced via the uterus and the utero-tubal 
junction into the isthmus of the oviduct. The oviducts 
were flushed with approximately 5 ml each of the optimal 
medium of Kane and Foote, plus 10% heat-inactivated, 
sterile rabbit serum, and the zygotes were collected in a 
sterile petri dish (27). This particular approach allows 
later reutilization of the donor mothers for further collec- 
tion of zygotes from identical parents. Zygotes were ex- 
amined and counted under a dissecting microscope and, 
after exteriorization of the oviducts through a flank 
laparotomy, up to 7 embryos were transferred into each 
ampulla in proven breeder NZW rabbits. Except where 
specifically noted, embryos from multiple donors were not 
pooled. The number of foster mothers receiving embryos 
ranged from 2 to 5 depending on the number of embryos 
that were collected. Surrogate mothers were injected 
18-24 h previously with 100 IU HCG to induce ovulation 
and thus a synchronized pseudopregnancy. 

Induction of parturition and wet nurses. To provide wet 
nurses, normal NZW females were bred to normal males 
when WHHL rabbits were bred. NZW females were 
given 10 units of oxytocin subcutaneously to induce 

delivery when needed. The fraction of pups raised by wet 
nurses ranged from none to 30% and averages approx- 
imately 20%. Most pups that survive the first 48 h after 
transfer to wet nurses survive to weaning (>go% and de- 
velop into normal weight adults. 

Blood and plasma lipid determinations 

Weanling animals were separated from their mothers 
between 6 and 10 weeks of age. Blood was taken from the 
marginal ear vein of nonfasted animals 1 or more weeks 
after they had been weaned to the rabbit chow diet. Blood 
was drawn with a 24-gauge intravenous Teflon catheter 
(Angiocath, Becton Dickinson and Co.) to avoid hemoly- 
sis which interferes with the enzymatic method used for 
determination of cholesterol. Blood was transferred to a 
tube containing disodium EDTA to a final concentration 
of 1 mg/ml, immediately refrigerated, and separated 
within 3 h. Total cholesterol and triglycerides were 
measured by enzymatic assay (28-30) using a Roche 
COBAS Fara analyzer. Long-term standardization of 
both assays was maintained by use of three-level, serum- 
based, control reference pools (kept at - 7 O O C )  that 
recovered the CDC cholesterol and triglyceride standards 
to within 5% of the targeted values (31). Cholesterol 
and triglycerides were measured once for each animal. 
The total imprecision (expressed as coefficient of variation 
%) of the cholesterol method was 2 %  (0.9% within run, 
1.1% between run) and 1.4% between day. The total im- 
precision of the triglyceride method was 5% (2% within 
run, 3% between run) and 3.7% between day (32). The 
enzymatic triglyceride measurements were not corrected 
for free glycerol; a preliminary survey of 33 plasma 
samples from JW, NZW, and EHL normal and WHHL 
rabbits showed that free glycerol concentrations were low 
(equivalent to 13.5 mg/dl triglyceride-equivalents; 95% 
confidence limits - 9.3 to 36.3 mg/dl). 

Plasma progesterone concentrations were measured by 
extraction and radioimmunoassay as previously described 

A two-tailed Student’s t-test was used to test differences 
in mean values of total cholesterol and triglycerides be- 
tween sexes and breeds of rabbit. The same test was ap- 
plied to breeding data. For all animals within a breed and 
separately for males and females, total variances for 
cholesterol and triglycerides were calculated. This total 
variance does not take into account litter and therefore 
represents the magnitude of variance that must be con- 
sidered when litter is ignored in an experimental design. 

A one-way analysis of variance assuming a random 
effect model (34) was used to estimate the between- and 
within-litter variability of total cholesterol for each breed. 
Intraclass correlations were estimated and an approx- 
imate 95% lower confidence limit was calculated. The in- 

(33)- 
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TABLE 1. Yields from 24 pregnancies each in normal NZW and 
homozygous W H H L  rabbits 

Stage‘ NZW .TW-WW 

Abortionsb 
Stillborn pups 
Live-born pups 
Weanlings 

0 
11 

228 
208 

4 
18 
97 
43 

‘The results of 24 successful matings of NZW (wild type) rabbits and 
24 successful matings of male and female JW-WW rabbits. All data are 
from natural 1-day matings. Males were not screened for quality and quan- 
tity of semen. The percentages of successful matings for NZW and JW- 
WW were: 24/34 = 7 1 % and 24/56 = 43 %, respectively. 

’All abortions occurred after the 20th day of gestation. 

traclass correlation, which has a maximum of 1, is large 
when the variation between litters is large in relation to 
the total variation. For this analysis, a large intraclass cor- 
relation indicates that animals within a litter have similar 
cholesterol levels. This was done for all animals and 
repeated for males and females. Similar analyses were 
performed for triglycerides. 

RESULTS 

Reproductive yields from natural matings 
The data shown in Table 1 are the outcomes of 24 suc- 

cessful pregnancies from natural 1-day matings of 
JW-WW x JW-WW rabbits and NZW-ww x NZW-ww 
rabbits. JW-WW females gave birth at 29-31 days com- 
pared to 30-32 days for NZW-ww females (30.6 k 1.2 
days, n = 13 vs. 31.8 k 0.4 days, n = 13; P < 0.005). 
Pregnancy in WHHL rabbits ended more often with 
spontaneous abortion or delivery of stillborn pups than in 
NZW rabbits. WHHL mothers bore fewer live-born pups 
and nurtured fewer to weaning. Mismothering, mostly 
failure to nurse, claimed 56% and 5% of live-born pups 
in WHHL and normal litters, respectively. The smaller 
number of live-born pups in the WHHL litters together 
with the large number of spontaneous abortions and 
stillborn young suggested that the WHHL females were 
losing embryos early in pregnancy. 

Reproductive function in WHHL rabbits 
To test this hypothesis, we studied ovulation and im- 

plantation by exploratory laparotomy in another eight 
WHHL and four NZW rabbits. BY counting ovulation 
points, we infer that WHHL and NZW females released 
respectively: 9.4 k 2.1 and 12.5 k 1.9 ova (P < 0.05). A 
second laparotomy 2 weeks later indicated that sig- 
nificantly fewer ova had been fertilized and become im- 
planted in the JW-WW mothers: 3.6 k 3.2 vs. 8.5 k 2.4 

(P < 0.05). Implantation rates (number im- 
plantedhumber of ova) were not significantly lower in 
JW-WW mothers compared to NZW mothers 
(P > 0.05). Of these implanted embryos, 0.75 k 1.4 vs. 
6.5 k 2.4 (per-litter mean) survived to parturition (P < 
0.001). The rate of parturition (number of live- 
bordnumber implanted) was significantly lower in JW- 
WW mothers (P < 0.005). 

Gestation is dependent on progesterone. In the rabbit, 
plasma progesterone concentrations peak between the 
10th and 25th day of gestation (35). Progesterone concen- 
trations measured in two each of the JW-WW and NZW 
mothers described above were in the low-normal range in 
JW-WW mothers (2-7 ng/ml) until the 15th day of gesta- 
tion. At day 20, concentrations remained below 10 ng/ml 
(range 7-8 ng/ml) in the JW-WW mothers and rose above 
10 ng/ml (range 11-25) in the NZW mothers. This evi- 
dence of suboptimal progesterone production during 
pregnancy led us to test several reproductive techniques 
that would help maintain pregnancy by supplementing 
progesterone production in WHHL females or would 
transfer the burden of gestation to normal surrogate 
mothers. 

Expansion of litters 

Natural matings. The data shown in Table 2 are the out- 
comes of natural 3-day matings and three experimental 
breeding techniques. Pregnancy rates and the number of 
rabbits weaned per litter are presented because they de- 
termine the success of a breeding program, but these 
measures are affected by many factors (age, health, obesi- 
ty, prior breeding, and nursing experience and animal 
care) that are not related directly to reproductive func- 
tion. Only litter size directly reflects reproductive losses 
during ovulation, implantation, and gestation. Homozy- 
gous WHHL females, either partially inbred JW-WW or 
outbred EHL-WW rabbits, produced small litters: 4.0 k 
2.1 and 5.5 2.9, respectively, in natural matings with 
homozygous WHHL males. This is approximately half 
the 8-10 pups produced per litter by normal rabbits (see 
Table 1 or ref. 20). 

Artificial insemination without superovulation was 
tried in 13 JW-WW females and 10 EHL-WW females. 
This is not strictly a “natural” method of mating, but 
neither is it an experimental method in the sense that it 
supplements progesterone production or transfers the 
burden of gestation to heterozygous or normal females. 
Artificial insemination without superovulation gave litter 
sizes of 4.5 f 2.5 and 5.6 * 2.5 live-born pups in JW- 
WW and EHL-WW rabbits, respectively, compared to a 
mean litter size of 6 2 reported by Phelan et al. (23). 
In our hands, artificial insemination without superovula- 
tion did not significantly increase litter size compared to 
natural mating. 
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TABLE 2. Breeding methods and yields in JW-WW and EHL-W rabbits 

Crossb Pregnancy All Homozygous 
Method" (M x F) Rate' Live Bornd Weanlingsd 

m e a d l i t h  + STD 

JW rabbits 
Natural ww x ww 23/42 4.0 + 2.1 2.1 f 2.6 

(55%) 

EHL rabbits 
Natural ww x ww 10/14 5.5 i 2.9' 1.9 f 2.6' 

(71%) 
Natural ww x w w  49/108 6.5 f 2 . f  2.0 i 2.65 

(45%) 

(71 %) 

(60%) 

S.O. ww x ww 10/14 9.6 f 3.3h 5.1 f 3.3' 

S.O. with E .T.  ww x ww 315 6.2 + 1.9' 4.0 f 1.6k 

"S.O. is superovulation; E.T. is embryo transfer. 
'WW x WW: homozygous male mated to homozygous female; WW x wW: homozygous male mated to heter- 

ozygous female. 
'Pregnancy rate is given as litterdmatings with percent yield in parentheses. The higher efficiency of natural mat- 

ings compared to Table 1 is explained by the use of males that were screened for normal sperm production. The 
pregnancy rate data for embryo transfer experiments are: number of donors that produced any live born pups/total 
number of donors. 

dThe numbers of live born and weanling pups are given as mean per litter f standard deviation. The total number 
of pups can be calculated by multiplying by the number of pregnancies for each category. All live-bornllitter refers 
to homozygous W H H L  rabbits, except for male EHL-WW x female EHL-wW matings where heterozygous and 
homozygous newborns could not be distinguished. Heterozygous EHL-wW rabbits were not included in the count 
of homozygous weanlings. 

"Naturally bred JW-WW x WW vs. EHL-WW x WW: NS (P > 0.05). 
'Live-born JW-WW x WW vs. EHL- WW x WW: P < 0.001, 
EHomozygous weanlings JW-WW x WW vs. EHL WW x wW: NS (P > 0.05). 
'Live-born EHL-WW x WW natural mating vs. superovulation: P < 0.01, 
'Weanling EHL-WW x WW natural mating vs. superovulation: P < 0.05. 
JLive-born EHL-WW x WW natural mating vs. superovulation with embryo transfer: NS (P > 0.05). 
'Weanling EHL WW x WW natural mating vs. superovulation with embryo transfer: P < 0.05. 

Experimental reproductive methods. Outbred EHL rabbits 
were used to compare experimental methods of reproduc- 
tion to avoid the question of inbreeding depression which 
would have been an issue had we used partially inbred 
females from the closed colony of JW-WW rabbits. In the 
first experimental method shown in the lower portion of 
Table 2, heterozygous females were mated to homozygous 
males to transfer the burden of pregnancy away from 
homozygous females. Heterozygous WHHL females gave 
birth to larger (but not significantly larger, P > 0.05) lit- 
ters than were those produced by homozygous mothers, 
but only about half of these were homozygous WHHL 
rabbits. The over-all production of weanling homozygous 
WHHL rabbits by heterozygous females was less than 
that from matings between homozygous animals. 

In the second method, homozygous WHHL females 
were superovulated, artificially inseminated, and then left 
to carry their embryos to term. We confirmed by laparo- 
tomy that this procedure induced ovulation from 40-60 
corpora lutea. The data in Table 2 show that the litters 
produced by superovulated mothers were approximately 
twice as large as those produced by naturally mated 
homozygous or heterozygous mothers. However, the pups 

from the largest litters with 10-13 new-borns were small 
in size and weight and the mothers occasionally needed 
help from foster nurses to feed part of the litter. This was 
the simplest and most productive method of those tested, 
but success required that foster mothers were prepared 
and available at the time of delivery. 

The third method was superovulation, artificial in- 
semination, and transfer of embryos from superovulated 
homozygous females to normal NZW surrogate mothers. 
The data reported in Table 2 are the results of embryo 
transfer experiments carried out with five superovulated 
EHL-WW donors. The average yield of embryos was 
good: mean, 46; range, 20-67. In pilot studies it was 
observed that surrogate mothers that received fewer than 
5 embryos per ampulla (total < 10) did not produce live- 
born pups. For this reason, each NZW surrogate mother 
received from 10- 15 embryos, so that the from two to four 
surrogate mothers were used for each donor mother. In- 
cluded in Table 2 are data from two unsuccessful 
superovulation and embryo transfer experiments that 
gave no live-born pups and three successful experiments 
that gave an average of 6.2 f 1.9 live-born pups. Of these 
pups, 4.0 f 1.6 were weaned per superovulated donor. 
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Fig. 1. Distribution of plasma cholesterol and triglycerides in nonfast- 
ing JW-WW and EHL-WW rabbits of 6 to 15 weeks of age. Range of 
cholesterol is divided into 100 mg/dl intervals; range of triglyceride is 
divided into 200 mg/dl intervals. All animals reared under the same con- 
ditions. See Table 3 for means by breed and sex. 
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Superovulation and embryo transfer gave larger litters 
(but not significantly so) and more weanlings (P < 0.05) 
than natural EHL-WW x EHL-WW matings. The bet- 
ter weaning rate may be partly explained by the fact that 
the nursing mothers are wild-type NZW rabbits. We 
believe that success with this method was due more to the 
large number of embryos that were transferred than to 
any beneficial effect on survivial. For example, in an ex- 
periment that is not included in Table 2, 80 embryos were 
collected from two donors (45 from one and 35 from the 
other) and pooled for transfer; 60 embryos were trans- 
ferred to 4 surrogate mothers (15 embryos each); 16 pups 
were born and 14 survived to weaning. 

3 
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Plasma lipids 
Plasma lipid concentrations in WHHL rabbits plateau 

during the period of rapid growth from 6 to - 15 weeks 
of age and then begin to fall to levels 50% to 60% of peak 
between 6 and 12 months of age (36). By limiting the 
plasma lipid data to the relatively stable period between 
6 and 15 weeks of age, the contribution of age to between- 
litter variability was minimized: 10 JW-WW 1' itters con- 
taining 44 rabbits and 35 EHL-WW litters containing 118 
animals met this criterion. Plasma triglyceride data were 
available from only 64 of the 118 EHL-WW rabbits and 
from 18 of the 44 JW-WW rabbits. The frequency distri- 
butions of nonfasting plasma total cholesterol and triglyc- 
erides are shown for all JW-WW and EHL-WW rabbits 
in Fig. 1 .  Mean plasma lipid concentrations of males and 
females of both breeds are given in Table 3 .  Plasma 
cholesterol tended to be higher in male and female EHL- 
WW rabbits compared to t+- JW-WW counterparts, but 
the difference was statistically significant in females only. 
Nonfasting plasma triglyceride concentrations were sig- 
nificantly lower in EHL-WW males compared to JW-WW 
males. These measurements of plasma cholesterol and 
triglyceride concentrations are in agreement with those 
reported by Watanabe, Takashi, and Shiomi (36) and by 
Gallagher et al. (10) for the respective founder colonies. 
Thus our data, from animals reared under identical con- 
ditions, confirm the differences in plasma cholesterol and 
triglyceride concentration between these two strains of 
WHHL rabbit. Preliminary data from our animals sug- 
gest that the between-strain difference in hypertriglyceri- 
demia is even more pronounced in male rabbits after a 
12-h overnight fast: 180 mg/dl versus 430 mg/dl in EHL- 
WW and JW-WW, respectively. 

Between- and within-litter associations of plasma lipid 
concentration 

The variance of plasma cholesterol among littermates 
was compared to that between litters. The results in Table 

JW-WW EHL-WW 

. - m  
-0 

I =  

I 

TABLE 3. Plasma b i d s  in IW-WW and EHL-WW rabbits 

Total Cholesterol Triglyceride 

Males Females All Males Females All 

mg/dl ms/dl 

JW-WW" 664 T 162 633 f 133 648 f 147 498 f 144 330 f 116 433 f 155 

EHL-WW 721 i 175 774 f- 194 748 186 267 f 86 318 f- 102 290 f- 96 

.JW vs. E H L ~  NS P=0.0005 P=0.0006 P < 0.0001 NS P < 0.005 

(22) (22) (44) ( ' 1 )  (7) (18) 

(59) (59) ( 1  18) (35) (29) (64) 

Data are given as means + standard deviation with the number of animals in parentheses 
"Within JW-WW rabbits: males vs. females: TC not significant; TG, P < 0.02. 
'Between JW and EHL: P values are two-sided t tests; NS, not significant. 
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TABLE 4. Within and between litter variance of plasma 
cholesterol" 

JW-WW EHL-WW 

Males 
Variance 

Between litter 
Within litter 

Rb 
c LC 

Females 
Variance 

Between litter 
Within litter 

R 
CL 

Males and females 

Between litter 
Within litter 

Variance 

R 
CL 

10 litters 
and 22 pups 

18,018 
9,676d 
0.65 
0.26 

10 litters 
and 22 pups 

14,092 
4,75€id 
0.75 
0.43 

10 litters 
and 44 pups 

15,409 
7,710d 
0.67 
0.45 

28 litters 
and 59 pups 

21,411 
9,89td 
0.68 
0.48 

30 litters 
and 59 pups 

30,300 
8,151' 
0.79 
0.64 

35 litters 
and 118 pups 

25,405 

0.72 
0.60 

9,944d 

'Variance is expressed in units of mg/dl squared with the number of 

bIntraclass correlation. 
'Ninety-five percent lower confidence limit of intraclass correlation. 
dBetween litters vs. within litter variance difference: P < 0.001, 
'Between litters vs. within litter variance difference: P < 0.01. 

litters and pups given for each group. 

4 show that the between-litter variance in plasma 
cholesterol is significantly larger than the within-litter 
variance when males or females are considered separately 
or together. This was true in both strains. Intraclass cor- 
relations were high: 0.72 for EHL-WW rabbits and 0.67 
for JW rabbits. Male and female animals had similar in- 
traclass correlations of plasma cholesterol. The analysis 
was repeated for triglyceride concentration, but there was 
no evidence of intraclass correlation for this measure 
within the smaller sample size that was available. 

DISCUSSION 

Expanded litters 

The two- to threefold lower variance of plasma 
cholesterol found within litters as compared to between 
litters has important implications for the design of experi- 
ments with WHHL rabbits. The number of animals 
needed to detect a difference between a control and an ex- 
perimental group at a given level of statistical significance 
is directly proportional to the variance of the experimen- 
tal measurement. Pairing littermates can increase sen- 
sitivity by making a smaller difference detectable, 
increase the statistical power of a given experimental 
design, reduce the number of animals used in each ex- 
perimental group and thereby lower cost, or enable more 
effective use of experimental agents that are often in short 
supply. 

To realize the benefit from pairing WHHL littermates, 
it was necessary to develop breeding methods that pro- 
duced expanded litters in large numbers. This is because 
plasma cholesterol, triglycerides, and incidence of cor- 
onary artery disease vary with age and sex in WHHL 
rabbits. Not only must littermates be paired, but the 
paired animals should also be sex-matched and the litters 
should be age-matched (ideally within 7 to 10 days of age). 
Superovulation of WHHL rabbits produces litters 70% of 
the time and gives the investigator control over the time of 
birth. On  average, 5 of the 9 animals in each litter survive 
to weaning and most litters produce two pairs of same-sex 
littermates. Superovulation is a relatively simple nonsur- 
gical procedure that can be applied with equal ease to the 
smaller JW-WW rabbits. It requires no more expertise 
than the method of induction of ovulation recommended 
by Phelan et al. (23), but larger litters are produced. 
Superovulation with embryo transfer offers the promise of 
further expansion of litters, but this approach remains 
technically complex and less reliable than superovulation 
alone. 

Reproduction in WHHL rabbits 
Our data clearly demonstrate reproductive dysfuction 

at specific stages in pregnancy in WHHL females. Losses 
at ovulation, implantation, and during gestation ac- 
counted for the poor reproductive vigor of WHHL rab- 
bits. 

Chai (37) demonstrated by laparotomy that implanta- 
tion was impaired in inbred females that presumably had 
normal LDL-receptor function. He interpreted this in- 
creased mortality of zygotes as evidence of an unfavorable 
uterine environment due perhaps to lack of hormonal 
stimulation. This same mechanism has been advanced to 
explain the rapid decrease in litter size observed with 
serial inbreeding of JW-WW rabbits (21).3 However, this 
explanation is ruled out in the case of the outbred EHL- 
WW rabbits and seems unlikely in the case of our partial- 
ly inbred JW-WW rabbits. Watanabe and his coworkers 
(21) have shown that closed-colony breeding of JW-WW 
rabbits does not cause the same rapid fall in reproductive 
vigor that occurs with each generation of father-daughter 
inbreeding. 

Our finding that plasma progesterone concentrations 
did not rise in pregnant WHHL females supports the 
hypothesis that reproductive dysfunction at these steroid 
hormone-dependent stages in pregnancy may be linked in 
some undefined way to the loss of LDL-receptor function. 

'Shiomi, Ito, and Watanabe (21) quote C.  K .  Chai (37) as having 
shown that reproductive hormone function is decreased with in- 
breeding. Chai only proposed this as one of several hypothetical 
mechanisms that could explain the reproductive depression of inbred 
rabbits. 

Donnelly et al. Variance in experimental studies using the WHHL rabbit 1095 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Basal cortisol production is normal in W H H L  rabbits, 
but adrenal reserve is limited (38). Similarly, plasma pro- 
gesterone concentrations were in the low range of normal 
until the 20th day of gestation in pregnant W H H L  rab- 
bits. The drop-off in plasma progesterone occurred at the 
time of gestation when plasma cholesterol concentrations 
fall to very low levels in the rabbit: to below 50 mg/dl in 
normal rabbits (39), below 100 mg/dl in cholesterol-fed 
rabbits (40-42), and below 200 mg/dl in W H H L  rabbits 
(43). The combination of low plasma LDL concentration 
with genetically defective LDL receptor function may 
limit delivery of cholesteryl ester to critical steroidogenic 
tissues, such as the ovary and placenta (44) in the rabbit. 
Sub-optimal production of progesterone may then result 
in smaller litter size and shorter gestation time. 

Popjak (40) has described a severe lipid storage disorder 
in the fetal placenta of cholesterol-fed rabbits that is asso- 
ciated with shortened gestation time, miscarriage, low 
birth weight, and small litter size. Popjik suggested that 
fetal nutrition might be compromised, but Zilversmit, 
Remington, and Hughes (45) found no evidence to sup- 
port this hypothesis. We have observed a lipid storage dis- 
order in 28-day fetal placentas taken from EHL-WW 
rabbits compared to EHL-ww rabbits. However, the accu- 
mulation of lipid was moderate compared to that ob- 
served in placentas taken from cholesterol-fed EHL-ww 
rabbits. Nevertheless, these preliminary findings confirm 
the earlier work of Popjik (40), Ross and Zilversmit (42), 
and Zilversmit et al. (45) and extend their observations to 
genetically hypercholesterolemic W H H L  rabbits. 
Although many questions remain unanswered, two 
mechanisms can be proposed: placental lipid storage (pre- 
sumably in non-steriodogenic cells of cholesterol-fed and 
W H H L  rabbits) and LDL-receptor-limited steriodogene- 
sis (WHHL rabbits) that could account for reproductive 
deficits in early pregnancy. 

Genetic backgrounds of WHHL rabbits 

Our data show that genetic background strongly affects 
the expression of hyperlipidemia in LDL-receptor- 
deficient W H H L  rabbits. W H H L  rabbits of different 
breeds cannot be regarded as equivalent. Even rabbits of 
the same breed from different closed colonies are best 
regarded as distinct sublines. This is well illustrated by 
the experience of the colony at Kobe University Institute 
for Experimental Animals. The hyperiipidemic rabbit 
(HLR) trait was discovered in a Japanese White rabbit in 
1973 (46). Two partially inbred lines of W H H L  rabbit 
were developed from the original HLR stock: WHHL-02 
(brother-sister mating of the original HLR rabbits) and 
WHHL-04 (parent offspring mating and back-crossing) 
(47). Between the first and fourth filial generations, the 
frequency of hyperlipidemia increased from 15 % to 5676, 
the coefficient of inbreeding rose to 5075, and the litter 

size decreased from 6.6 to 3.6. Three sublines were deve- 
loped to maintain reproductive vigor: WHHL-M (cross- 
ing -02 and -04), WHHL-B (crossing -04 and JW-NIBS 
strain) and WHHL-06 (crossing -04 and JW rabbits). 
Then in 1985 Watanabe divided his colony into two major 
sublines. The original W H H L  line was designated type 2 
and a new line was designated type 1. The new type 1 
W H H L  rabbits were derived by selective breeding of 
three coronary artery disease-positive males from the B, 
M, and -04 sublines. After selective breeding, W H H L  
rabbits from matings between two type-1 parents had 
higher plasma cholesterol, 713 181 mg/dl versus 
530 +_ 144 mg/dl, and higher triglyceride, 643 204 
mg/dl versus 478 160 mg/dl, concentrations compared 
to type 2 W H H L  rabbits. Aortic atherosclerosis is 
reported to progress at the same rate in both strains, but 
the ages at which 50% of offspring develop coronary le- 
sions are 6-8 months and 16-18 months for types 1 and 
2, respectively. The degree to which genetic background 
and breeding history can affect hyperlipidemia and 
atherosclerosis in W H H L  rabbits is not widely appre- 
ciated and breeding history is often inadequately describ- 
ed in reports of experimental studies of W H H L  rabbits. 

Summary 
We have shown that specific progesterone-dependent 

stages of reproduction are defective in female W H H L  
rabbits. This deficit can be partially overcome by 
superovulation of W H H L  females prior to mating them 
with males. Superovulation is a relatively simple method 
that has the further benefit of producing larger (expand- 
ed) litters. We have reported between-breed and between- 
litter differences in plasma cholesterol and triglyceride 
concentrations that demonstrate the contribution of 
genetic heterozygosity to the total variance of plasma lipid 
levels in WHHL rabbits, by matching same-sex litter- 
mates across experimental groups, the power of a given 
experimental design can be increased substantially. This 
advantage is gained through the control over between- 
litter variation which is achieved by sib-matching. The 
result is either a significant gain in sensitivity or a propor- 
tional reduction of cost. I 
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