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Abstract. The relationship between the concentration of plasma cholesterol and the lipid transfer 
activity (LTA) of lipoprotein-deficient plasma (d > 1.2 1 )  was studied in two models of pregnancy 
in the rabbit. Plasma cholesterol and the protein-mediated transfer of cholesteryl ester and tri- 
glyceride were monitored throughout gestation, 48 hr after parturition, and during lactation in 
New Zealand white (NZW) and heterozygous WHHL rabbits. Lipoprotein cholesterol was de- 
termined prior to and 48 hr after parturition. For both NZW and heterozygous WHHL rabbits, 
the progressive hypocholesterolemia of gestation was associated with parallel changes in LTA. 
Similarly, the rapid postpartum increase in plasma cholesterol was paralleled by increased LTA 
for both strains. In relation to basal values, the relative changes in plasma cholesterol and LTA 
were virtually identical. These data provide further evidence that in the rabbit plasma cholesterol 
and LTA are closely related. 0 1986 h i e t y  for Experimental Biology and Medicine. 

The plasma of man (1) and the rabbit (2) 
contain a lipid transfer protein which facili- 
tates the exchange and net transfer of esterified 
cholesterol and triglyceride among plasma li- 
poproteins, in vitro. Little is known about the 
metabolic regulation of lipid transfer activity 
(LTA) but, a study (3) of plasma lipids and 
LTA across numerous animal species showed 
that LTA is not correlated with plasma total 
cholesterol or the rate of plasma cholesterol 
esterification and that it is only weakly ( r  
= 0.35) correlated with the concentration of 
very low-density lipoprotein cholesterol. In 
contrast, it has recently been reported that 
plasma LTA is highly correlated with plasma 
total cholesterol and very low- and low-density 
lipoprotein cholesterol in three models of hy- 
percholesterolemia in the rabbit (4). 

The purpose of the current research was to 
study the relationship between LTA and 
plasma cholesterol within a single species, the 
rabbit. The pregnant rabbit was chosen as the 
experimental model due to the drastic changes 
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in plasma cholesterol which occur during ges- 
tation (5, 6) and upon parturition (6) in this 
species. The data demonstrate that LTA and 
plasma cholesterol change in unison with 
pregnancy in the rabbit and that the relative 
changes, both increases and decreases, were of 
surprisingly similar magnitude. 

Materials and Methods. Animal handling 
and care. Virgin female New Zealand white 
rabbits (Beckens Research Animal Farm, 
Sanborn, N.Y .) and heterozygous Watanabe 
rabbits weighing 2.5 to 3.5 kg were used in 
these studies. Rabbits were individually 
housed and had free access to tap water. Dur- 
ing gestation animals were provided with 100 
to 200 g of commercial rabbit chow (Purina 
5321, Ralston Purina, St. Louis, Mo.) per day 
(6); during lactation chow was provided ad li- 
bitum. 

All rabbits used in these studies were arti- 
ficially inseminated. The semen was collected 
from homozygous Watanabe heritable hyper- 
lipidemic (WHHL) bucks as described by 
Breddennan et al. (7). WHHL semen was used 
for the purpose of generating WHHL hetero- 
zygotes and ultimately WHHL homozygotes 
for further studies. Fresh semen was extended 
(1/6 v/v) in buffer containing glycerol and 
4.5% dimethyl sulfoxide and stored in liquid 
nitrogen according to the procedure described 
by Von Weitze et al. (8). To induce ovulation, 
does were given 5 mg of pituitary luteinizing 
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hormone (Burns-Biotec Laboratories, Inc., 
Omaha, Nebr.) as an iv injection. The exper- 
imental protocols were in accordance with 
university guidelines. 

Sample collection and analysis. Rabbits 
were bled (4 ml) from the marginal ear vein 
1 week and 24 hr prior to artificial insemi- 
nation and at weekly intervals thereafter dur- 
ing gestation and lactation. In the later studies, 
animals were bled only on Day 28 of gestation 
and 48 hr after parturition. With exception 
for some of the 48-hr postpartum samples, all 
blood samples were obtained between 10 and 
12 AM. Blood was collected in tubes containing 
0.01 ml of 0.4 M EDTA/4% NaN3/ml blood 
and held on ice no longer than 1 hr before 
separation of plasma by low-speed centrifu- 
gation (4°C). Plasma total cholesterol was de- 
termined after saponification (9) and extrac- 
tion with hexane (10) by the method of Zak 
et al. (1 1). For determination of LTA, 1 ml of 
lipoprotein-deficient plasma was prepared by 
ultracentrifugation (d = 1.21) in a Beckman 
50.3 rotor at 4°C for 3 X 108g X min. The d 
> 1.21 infranatant was recovered from the 
bottom two-thirds of the tube by tube slicing 
and dialyzed against 0.15 M NaC1/0.02% 
NaN3 at 4°C overnight. As previously reported 
(4), ~ 9 5 %  of the LTA was recovered from 
rabbit plasma by this procedure. 

Transfer assay substrate preparation. Glyc- 
erol tri[9, 10(n)-3H]oleate and [4-'4C]choles- 
terol were purchased from Amersham Cor- 
poration (Arlington Heights, Ill.). [ 14C]Cho- 
lesteryl ester was synthesized from [4-14C]- 
cholesterol and oleoyl chloride (Nucheck Prep, 
Inc., Elysian, Minn.) as described by Good- 
man ( 12). The radiolabeled lipids were purified 
at >98% purity by thin-layer chromatography 
on precoated silica gel plates (Silica Gel 60, E. 
Merck, Darmstadt, F.R.G.) with hexane/di- 
ethyl ether/acetic acid (80/20/ 1 v/v) as the de- 
veloping solvent and eluted in chloroform. 
The radiolabeled lipids were incorporated into 
phosphatidylcholine (Lipid Products, Nutfield, 
England) unilamellar vesicles which were in- 
cubated with fresh human plasma, as previ- 
ously described (13). The labeled LDL were 
isolated from whole plasma by ultracentrifu- 
gation (1.019 < d < 1.063) and washed by 
recentrifugation (d = 1.063, 2.76 X 108g 
X min). Human HDL were isolated from fresh 
plasma by ultracentrifugation (d > 1.063 mg/ 

ml, 3.99 X 108g X min). The lipoprotein sub- 
strates were dialyzed against 0.15 M NaCl/ 
0.02% NaN3 and bovine serum albumin was 
added (0.5% wt/v) prior to storage at 5°C. 

Plasma lipid transfer assay. The LTA ofli- 
poprotein-deficient plasma was determined as 
previously described ( 13). Briefly, the assay 
measures transfer of radioactive cholesteryl 
ester and triglyceride from human LDL to hu- 
man HDL. After incubation, donor particles 
(LDL) were precipitated with sodium phos- 
phate and manganese chloride (14) and the 
radioactivity in the supernatant was counted 
in aqueous scintillation cocktail (ACS; Amer- 
sham Corp.). Catalyzed transfer activity was 
calculated as described by Pattnaik et al. (1) 
using a two-pool closed model (15). LTA is 
expressed as %kt per milliliter plasma where 
k is the fraction of lipid transferred per unit 
time and t is the assay time. Over the course 
of the studies, four different preparations of 
substrates were utilized in the transfer assay. 
To eliminate intraassay variability introduced 
by the use of different or aging substrates, an 
external standard of pooled (d > 1.21) rabbit 
plasma kept at -20°C was routinely analyzed 
in duplicate. The lipid transfer activity of this 
rabbit standard was unaffected by storage at 
-20°C for at least 6 months; the coefficient 
of variation for the LTA of this rabbit standard 
was 8.4% when assayed with four different, 
freshly prepared substrate preparations over a 
period of 6 months. 

Lipoprotein cholesterol determination. The 
esterified and free cholesterol concentrations 
of plasma lipoproteins were determined for 
some samples on Day 28 of gestation and 48 
hr postpartum. Lipoproteins were isolated by 
sequential ultracentrifugation at densities 
1.019 and 1.063, as described for LTA sub- 
strate preparation. Lipids in each density class 
were extracted with hexane and free choles- 
terol and cholesteryl esters were separated on 
precoated TLC plates (Silica Gel 60) with hex- 
ane/diethyl ether/acetic acid (80/20/ 1 v/v). 
Lipids were eluted from silica gel with chlo- 
roform/methanol(9/ 1 v/v), saponified (9), and 
again extracted with hexane. Recovery of cho- 
lesterol by this protocol was at least 90%, as 
determined with a porcine plasma standard of 
known cholesterol content. Lipoprotein cho- 
lesterol was quantified by gas-liquid chro- 
matography on a 60-cm glass column with 
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an internal diameter of 4 mm. The column 
was packed with 3% SP2401 on 100-120 
mesh Supelcofort (Supelco Inc., Bellefonte, 
Pa.). Analyses were performed on a Hewlett- 
Packard Model 5790A gas chromatograph 
equipped with a flame ionization detector. 
Nitrogen was used as carrier gas at a flow rate 
of 40 ml/min. The injection port, column, and 
detector temperatures were kept at 235°C. 
Cholesteryl methyl ether (Sigma, St. Louis, 
Mo.) was used as the internal standard and 
had a retention time 0.7 times that of choles- 
terol. The internal standard method was used 
to calculate cholesterol content. The mean 
standard deviation for duplicate analysis was 
2.1896, as calculated from 75 samples. 

Results. In these studies, 6 New Zealand 
white rabbits were artificially inseminated with 
semen collected from WHHL homozygous 
bucks. The conception rate was 55% ( 15 preg- 
nancies/27 inseminations); 2 does apparently 
aborted between Days 2 1 and 28 of gestation. 
The litter size was 5.2 k 0.8 (mean t- SE) live 
young. 

The changes in plasma total cholesterol 
concentration and LTA during gestation and 
lactation for a typical pregnant rabbit and 
nonpregnant control are illustrated in Fig. 1. 
Week-to-week variability in both plasma cho- 
lesterol and LTA are evident for the control 
animal, with no apparent systematic relation- 
ship between the two variables. In contrast, 
changes in plasma cholesterol and LTA oc- 
curred in unison for the pregnant rabbit; the 
two curves were parallel throughout gestation 
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FIG. 1 .  Plasma total cholesterol and lipid transfer activ- 
ities for a typical pregnant and control rabbit. Plasma cho- 
lesterol: control (O), pregnant (a); plasma lipid transfer 
activity: control (0), pregnant (0). 

TABLE I. RELATIVE PLASMA TOTAL CHOLESTEROL 
LEVELS AND LIPID TRANSFER ACTIVITIES DURING 

GESTATION AND LACTATION a 

Transfer activityb 

Days after Total Cholesteryl 
insemination cholesterol ester Triglyceride 

Gestation 
7 (6) 99.2 f 5.1 101.0 f 7.5 98.6 f 6.3 

14 (5) 89.1 f 8.9 80.0 k 4.0 82.9 f 3.6 
21 (6) 50.2 f 7.3 49.5 f 4.3 51.9 f 4.9 
28 (6) 17.2 f 2.0 27.3 k 4.5 28.7 f 4.7 

Lactation 
35 (4) 58.4 f 12.8 58.9 f 14.7 62.2 f 18.1 
42 (6) 61.0 f 8.5 71.3 k 5.1 70.4 f 6.1 

Group mean f SE; number in parentheses represents 
number of observations. 

% Basal values were calculated for each animal as (value 
at designated day postinsemination/basal value) X 100. 
Basal values (mean f SE) were plasma cholesterol, 72.6 
f 5.8 mg/dl; cholesteryl ester and triglyceride transfer ac- 
tivities, 594 f 28 and 489 f 29% kg/ml, respectively. 

and lactation. Although not shown, changes 
in triglyceride transfer activity were parallel to 
those of cholesteryl ester transfer activity. 

To facilitate comparison of weekly changes 
in plasma cholesterol and LTA for the group 
of pregnant rabbits, the weekly values for 
plasma cholesterol and LTA for each animal 
were expressed as percentages of the respective 
preinsemination (basal) values. The group 
mean k SE for basal plasma total cholesterol 
was 72.6 fi 5.8 mg/l00 ml. The cholesteryl 
ester and triglyceride transfer activities were 
594 k 28 and 489 f 29 %kt/ml plasma, re- 
spectively. The group mean f SE for these 
variables at weekly intervals during gestation 
and lactation, expressed relative to basal val- 
ues, are presented in Table I. Both plasma 
cholesterol and cholesteryl ester or triglyceride 
transfer activities decreased progressively dur- 
ing gestation and reached minimum values by 
Day 28. After parturition (Day 35), plasma 
cholesterol and LTA rebounded in a parallel 
manner to about 60% of basal values. 

The average length of gestation for rabbits 
in this study was 31 days (range, 30-33 days), 
Day 0 being the day of insemination. The first 
postpartum sample was collected 35 days after 
insemination. Therefore, the Day-35 samples 
for the animals were not uniform with respect 
to time after parturition. To characterize the 
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TABLE 11. RELATIVE CHANGES IN PLASMA CHOLES- 
TEROL AND LIPID TRANSFER ACTIVITY IN PREGNANT 

RABBITS 48 hr AFTER PARTURITION a 
~~ 

Transfer activity 

Total Cholesteryl 
cholesterol ester Triglyceride 

Day 28 of 

48 hr post- 
gestation 16.2 f 3.0 23.2 f 4.6 22.6 f 3.1 

partum 47.5 f 5.5 43.2 f 1.8 39.0 f 2.8 

Group mean f SE, six animals. 
% Basal values were calculated for each animal as (val- 

ues at designated day postinsemination or hour postpar- 
tum/basal value) X 100. Basal values (mean f SE) were 
plasma cholesterol, 99.5 f 15.6 mg/dl; cholesteryl ester 
and triglyceride transfer activities, 587 k 28 and 480 f 36% 
kt/ml, respectively. 

drastic postpartum increases in plasma cho- 
lesterol and LTA more accurately, the rabbits 
were reinseminated and blood samples were 
collected on Day 28 and 48 hr after parturi- 
tion. Samples were not collected closer to par- 
turition to avoid jeopardizing the first gener- 
ation WHHL young, which were to be further 
studied. The group mean f SE for pre- and 
postpartum plasma cholesterol and LTA val- 
ues, expressed relative to basal values, are 
shown in Table 11. The relative values for the 
variables on Day 28 of gestation in this study 
were not different from those observed in the 
first study (Table I). By 48 hr postpartum, 
plasma cholesterol and transfer activities re- 
turned to greater than 43% of basal values. 
Relative to the values of Day 28, plasma cho- 
lesterol and LTA had increased 3.6 k 1 .O-fold 

and 2.2 k 0.7-fold, respectively, within 48 hr 
of parturition. 

To determine if the observed changes in the 
LTA of lipoprotein-deficient plasma were as- 
sociated with changes in lipid distributions 
among circulating lipoproteins, the cholesterol 
concentrations of the plasma lipoproteins of 
some pregnant rabbits were measured. Pre- 
sented in Table I11 are the group means k SE 
for lipoprotein total and esterified cholesterol 
concentrations for pregnant rabbits on Day 
28 of gestation and 48 hr after parturition. 
Compared to nonpregnant controls, the total 
and esterified cholesterol concentrations of all 
lipoprotein density classes of pregnant rabbits 
were reduced near parturition. Large changes 
were noted for both LDL and HDL. In addi- 
tion, there appeared to be reductions in the 
relative cholesteryl ester content of the d 
-c 1 .O 19 lipoproteins. By 48 hr after parturition 
LDL and HDL cholesterol levels had risen to 
about 50% of basal values. 

The relationship between plasma choles- 
terol and LTA was also studied in heterozy- 
gous WHHL rabbits during pregnancy. Het- 
erozygous WHHL does were acquired as a re- 
sult of inseminating New Zealand white 
females with semen collected from WHHL 
homozygous bucks. The six heterozygotes 
were inseminated twice over a period of 8 
weeks and the same two animals conceived 
on both occasions (4 pregnancies/ 12 insemi- 
nations). Blood samples were collected prior 
to and 28 days after insemination and 48 hr 
after parturition. Presented in Table IV are 
the absolute and relative values for plasma 
cholesterol and LTA for the heterozygous 

TABLE 111. PLASMA LIPOPROTEIN CHOLESTEROL AND CHOLESTERYL ESTER 
CONCENTRATIONS IN PREGNANT RABBITS 

Group 

Nonpregnant controls 27.1 f 4.8 (68 k 3) 

Pregnant, Day 28 2.1 f 0.4 (58 f 2) 2.6 f 0.5 (63 f 2) 4.7 f 1.3 (70 k l )  

48 hr postpartum 12.8 f 2.1 (67 f 1) 

5.0 f 1.5'(71 f 2)" 64.3 f 16.8 (67 f 2) 

3.9 f 2.4 (69 f 2) 33.4 f 9.7 (64 k 5) 

a VIDL (very low- and intermediate-density lipoproteins), d < 1 .O 19; LDL (low-density lipoproteins), 1 .O 19 < d 

Group mean f SE. Nonpregnant controls, n = 3; 48 hr postpartum, n = 4; pregnant, Day 28, n = 4, except that 
< 1.063; HDL (high-density lipoproteins), d > 1.063. 

LDL and HDL cholesterol values were derived from three observations. 
" Numbers in parentheses represent the cholesteryl ester as percentage of cholesterol. 
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WHHL does during both pregnancies. As ev- 
ident from the basal values, there were large 
differences in plasma cholesterol and LTA be- 
tween the two rabbits. Despite these differ- 
ences, plasma cholesterol and LTA were re- 
duced to low levels for both animals on Day 
28 of gestation. Similar to the response in New 
Zealand white rabbits, 48-hr postpartum re- 
bounds in plasma cholesterol and transfer ac- 
tivities were observed for the two WHHL het- 
erozygotes. Presented in Table V are the li- 
poprotein cholesterol and cholesteryl ester 
concentrations for the two WHHL heterozy- 
gotes on Day 28 and 48 hr afler parturition 
(second pregnancy). It is not possible to de- 
termine clearly the extent to which the cho- 
lesterol concentrations of the lipoprotein frac- 
tions were affected on Day 28 because basal 
values were not determined. However, post- 
partum increases in plasma cholesterol and 
LTA were associated with 4-fold increases in 
LDL and HDL cholesterol for one animal and 
20- and 2-fold increases in VLDL + IDL and 
LDL cholesterol, respectively, for the other 
animal. 

Discussion. The present studies demon- 
strate that the drastic changes in plasma cho- 
lesterol observed in the pregnant rabbit are as- 
sociated with similar changes in plasma LTA. 
Furthermore, the association between plasma 
cholesterol and LTA during pregnancy was 
observed for relatively hypercholesterolemic 
WHHL heterozygotes as well as for normoli- 
pidemic New Zealand white rabbits. In a pre- 
vious report (4) it was demonstrated that three 
different models of hypercholesterolemia in 
rabbits were associated with increased plasma 
LTA. While the mechanistic nature of this as- 
sociation is not known, it is apparent that 
plasma LTA changes concomitantly with large 
changes in plasma cholesterol levels in the 
rabbit. 

In the current studies, pregnant rabbits were 
utilized to study the relationship between 
plasma cholesterol and LTA. This model was 
particularly useful because it afforded the op- 
portunity to monitor LTA with decreasing and 
increasing plasma cholesterol concentrations. 
The relative decreases for the two variables 
were virtually identical during gestation. Even 
more striking was the rapid increase in LTA 
with increased plasma cholesterol shortly after 
parturition. 
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TABLE V. LIPOPROTEIN CHOLESTEROL AND RELATIVE CHOLESTERYL ESTER CONCENTRATIONS IN 
HETEROZYGOUS WHHL RABBITS DURING THE SECOND PREGNANCY a 

VIDL LDL HDL 
Sample Animal (mg/ 100 ml) (mg/ 100 ml) (mg/ 100 ml) 

Gestation, Day 28 A 2.4 (65)b 17.2 (66) 5.1 (61) 
B 2.0 (55) 13.6 (54) 5.2 (46) 

48 hr after parturition A 5.2 (50) 69.7 (60) 20.5 (58) 
B 40.0 (65) 27.3 (69) 6.8 (63) 

~~ ~~~ ~ 

VIDL (very low- and intermediate-density lipoproteins), d < 1 .O 19; LDL (low-density lipoproteins), 1 .O 19 < d 
< 1.063; HDL (high-density lipoproteins), d > 1.063. 

* Numbers in parentheses represent the cholesteryl ester as percentage of cholesterol. 

The mechanism(s) for decreased plasma 
cholesterol and LTA during gestation and the 
rapid postpartum rebounds for these variables 
are not known. The hypocholesterolemic ef- 
fects of exogenous estrogen have been dem- 
onstrated in the rat (16, 17) and postmeno- 
pausal women (1 8, 19) and are characterized 
by decreased LDL cholesterol. In rats, the es- 
trogen-induced reduction in LDL cholesterol 
is associated with an increased number of he- 
patic LDL receptors (16) and subsequent 
stimulation of hepatic LDL uptake (20). 
Plasma estrogen increases during gestation in 
the rhesus monkey (21) and in women (22). 
However, plasma cholesterol decreases in the 
monkey (23) and increases in women (24) 
during gestation. Furthermore, postpartum 
increases in plasma cholesterol in the rabbit 
are not associated with a change in plasma 
estrogen (25), and plasma cholesterol (24) and 
estrogen (22) both decrease at term in women. 
Thus, it is unlikely that plasma estrogen is the 
sole determinant of plasma cholesterol during 
pregnancy. 

To date, little is known about the regulation 
of plasma LTA. Partial lipolysis of lipoprotein 
substrates has been shown to enhance transfer 
activity in vitro (26). In the current studies we 
have focused on changes in the LTA of lipo- 
protein deficient plasma. Therefore the ob- 
served changes in LTA could represent 
changes in the mass or specific activity of lipid 
transfer protein or of an endogenous inhib- 
itor. Although inhibitor activity has been found 
in the lipoprotein deficient plasmas of hu- 
mans, rats, and pigs, inhibitory activity was 
not detected in lipoprotein deficient rabbit 
plasma (1 3). 

The mechanism(s) for the apparent rela- 
tionship between changes in plasma choles- 

terol and LTA in the rabbit are not known. 
Low levels of LTA have been detected in re- 
circulating, hepatic perfusates of rabbits (27) 
and it has been demonstrated that plasma LTA 
binds to VLDL (26,28), LDL (28), and HDL 
(27,28) in vitru. In the current studies of preg- 
nant rabbits, changes in LTA were associated 
with large changes in plasma cholesterol pri- 
marily in the LDL and HDL fractions. In a 
previous study (4), the increased LTA for two 
different models of diet-induced hypercholes- 
terolemia was highly correlated with increased 
VLDL and LDL cholesterol. The common 
features between these studies appear to be the 
parallelism between plasma LTA and both 
LDL and total plasma cholesterol. These find- 
ings raise the possibility that plasma LTA is 
regulated not only by a balance between its 
secretion into and removal from plasma but 
also by the availability of lipoprotein particles 
to which the transfer protein can bind. 
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