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Regulation of Hepatic Lipoprotein Receptors in the Dog

RAPID REGULATION OF APOLIPOPROTEIN B,E RECEPTORS,
BUT NOT OF APOLIPOPROTEIN E RECEPTORS,
BY INTESTINAL LIPOPROTEINS AND BILE ACIDS

Bo ANGELIN, CAROL A. RAviOoLA, THOMAS L. INNERARITY, and
ROBERT W. MAHLEY, Gladstone Foundation Laboratories for Cardiovascular
Disease, Cardiovascular Research Institute, Departments of Pathology and
Medicine, University of California, San Francisco, California 94140

ABSTRACT Two distinct lipoprotein receptors can
be expressed in the dog liver. One is the apolipoprotein
(apo-) B,E receptor. This receptor binds apo-B-con-
taining low density lipoproteins (LDL), as well as apo-
E-containing lipoproteins, such as the cholesterol-in-
duced high density lipoproteins (HDL,). The second
hepatic lipoprotein receptor is the apo-E receptor. It
binds apo-E HDL, and chylomicron remnants, but not
LDL. The present studies were undertaken to deter-
mine whether short-term (acute) regulation of the two
receptors can occur in response to perturbations in
hepatic cholesterol metabolism. The design used three
groups of experimental animals: (¢) immature dogs
(with both hepatic apo-B,E and apo-E receptors ex-
pressed), (b) adult dogs (with predominantly the
apo-E receptor expressed and little detectable apo-B,E
receptor binding activity), and (c) dogs treated with
the bile acid sequestrant cholestyramine or those that
have undergone biliary diversion (with apo-E recep-
tors and induced apo-B,E receptors).

In the first series of experiments, changes in hepatic
lipoprotein receptor expression were studied by deliv-
ering cholesterol to the liver via intestinal lymph li-
poproteins. Dog lymph (5-11 mg of triglycerides/min
per kg of body weight, 0.15-0.3 mg of cholesterol/min
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per kg) or saline were infused intravenously for 6-8
h into matched pairs of dogs. Serial liver biopsies were
obtained at intervals of 1-2 h. A progressive loss of
specific (calcium-dependent) binding of LDL was seen
in hepatic membranes from both immature and cho-
lestyramine-treated dogs. After 4-6 h of lymph infu-
sion, almost no apo-B,E receptor binding could be de-
tected. The decrease in binding of apo-E HDL, to the
same membranes was much less pronounced, and
could be explained by a loss of binding of HDL. to the
apo-B,E receptor; there was little or no effect on
apo-E receptor binding.

In the second series of experiments, the effects of
a diminished hepatic demand for cholesterol on lipo-
protein receptor expression were studied by suppress-
ing bile acid synthesis. The bile acid taurocholate (2-
3 umol/kg per min) was infused intravenously over
a 6-h interval. This resulted in a progressive loss of
LDL binding to liver membranes of immature or cho-
lestyramine-treated dogs. The infusion of taurocholate
for 6 h did not significantly alter the expression of the
apo-E receptor binding activity, whereas apo-B,E re-
ceptor activity was rapidly down-regulated. Prepara-
tion of a bile fistula in adult dogs markedly induced
the expression of the apo-B,E receptor. In this state,
the binding activity of the apo-B,E receptor could be
almost totally abolished by reinfusion of taurocholate
for 6 h, without profoundly affecting apo-E receptor
binding. Evidence from the analysis of plasma lipo-
protein patterns and tissue culture reactivity suggested
that changes in assayed hepatic lipoprotein receptor
activity occurred in concert with changes in plasma
lipoproteins.
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The results indicate that the two canine hepatic li-
poprotein receptors differ in their metabolic regula-
tion. The apo-B,E receptor responds rapidly to changes
in hepatic requirements for cholesterol. The apo-E
receptor appears to be more refractory to acute reg-
ulation. The rapidity of the changes in the activity of
the apo-B,E receptor (within 2-4 h) suggests that the
binding activity of this receptor may be regulated by
factors independent of protein synthesis.

INTRODUCTION

The liver is a key organ in cholesterol and lipoprotein
homeostasis (1, 2). It both synthesizes cholesterol and
acquires cholesterol from chylomicron remnants and
other lipoproteins. Hepatic cholesterol, regardless of
its origin, can be resecreted into the plasma in endog-
enous lipoproteins or into the bile as free cholesterol
or, after conversion, as bile acids. Biliary excretion is
the dominant pathway for net removal of cholesterol
from the body.

Present knowledge supports the concept that most
excreted cholesterol and bile acids are derived from
plasma lipoprotein cholesterol (for review see 1). The
first step in the hepatic uptake of lipoprotein choles-
terol is the binding of plasma lipoproteins to liver
membrane receptors (2). Knowledge of the possible
regulation of lipoprotein uptake by modulation of liver
receptor activity is thus of major importance in un-
derstanding how body cholesterol and lipoproteins are
metabolized. Moreover, nonreceptor-mediated up-
take of lipoproteins may also be of significance in total
body cholesterol metabolism (for review see 3).

Recent studies of canine liver have demonstrated
the presence of two distinct types of high affinity re-
ceptors that interact with plasma lipoproteins (4, 5).
One of the hepatic receptors is the low density lipo-
protein (LDL) or apolipoprotein (apo-)! B,E receptor,
which interacts with both apo-B-containing LDL and
apo-E-containing high density lipoproteins (HDL),
such as cholesterol-induced apo-E HDL,.. Normally,
this receptor is not readily detectable, or is expressed
at low levels with controlled metabolic conditions, in
the livers of mature, adult dogs (>18 mo of age). How-
ever, the hepatic apo-B,E (LDL) receptors can easily
be demonstrated (expressed at high levels) in imma-
ture, growing animals. Likewise, these receptors can
be induced to high levels in adult dogs that have been
treated with the bile acid sequestrant cholestyramine
or subjected to prolonged fasting (4, 5). The apo-B.E

! Abbreviations used in this paper: apo, apolipoprotein;
apo-E HDL,, cholesterol-induced high density lipoproteins
containing only apo-E; CHAPS, 3[(3-cholamidopropyl) di-
methylamonio] propanesulfonate.
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receptor closely resembles the LDL receptor in fibro-
blasts (4-7). The second hepatic receptor, the apo-E
receptor, is present on liver membranes of both adult
and immature dogs. It differs from the apo-B,E re-
ceptor in that it binds apo-E-containing lipoproteins
but does not interact with normal LDL. This receptor
is presumably responsible for the high affinity uptake
of chylomicron remnants by the liver (5, 8-11). It has
been identified in liver membranes not only from dogs,
but also from swine and man (4, 5).

Previous studies have indicated that the activity of
the canine hepatic apo-B,E receptor can be regulated
by long-term metabolic perturbations (4, 5). Feeding
of the hypocholesterolemic drug cholestyramine or
long-term fasting resulted in an increased expression
of the apo-B,E receptor in adult dogs. On the other
hand, feeding immature dogs a diet high in cholesterol
and saturated fat led to the loss of apo-B,E receptor
binding activity. In the present study, we have inves-
tigated whether the binding activity of the apo-B,E
and/or the apo-E receptors in dog liver membranes
can be influenced by induced short-term changes in
liver cholesterol metabolism. We studied immature
dogs (with both receptors initially expressed), adult
dogs (with predominantly apo-E receptors), and dogs
treated with cholestyramine (with apo-E receptors and
induced apo-B,E receptors). These studies were car-
ried out under two principal protocols: (a) infusion of
lymph (resulting in an increased load of exogenous
cholesterol delivered to the liver), and (b) infusion of
bile acids (resulting in a reduced conversion of cho-
lesterol to bile acids). The results indicate that short-
term regulation of the binding activity of the apo-B,E
receptor, but not of the apo-E receptor, occurs in dog
liver membranes.

METHODS

Animals. Mature (>1.5 yr of age) and immature (<0.5
yr of age) foxhounds were obtained from Brink Farm (Paola,
KS). The animals had continuous access to water and were
fed a normal dog chow diet (Purina Dog Meal, Ralston Pur-
ina Co., St. Louis, MO). Six dogs, 6-8-mo-old, were treated
with cholestyramine (Colestipol hydrochloride, kindly pro-
vided by Douglas McCarter of the Upjohn Co., Kalamazoo,
MI) at a dose of 35 g (2-3 g/kg of body wt) for at least 10d
before being studied. The cholestyramine was mixed with
the dog food (Kal Kan Chunky Meat Stew). In three mature
foxhounds, cholecystectomy was performed, and a T-tube
with an occludable balloon (Baldwin balloon occlusion T-
tube, 10F, C. R. Bard International Inc., Murray Hill, NJ)
was inserted into the common bile duct while the animals
were under halothane anesthesia. The external limb of the
T-tube was occluded and the balloon deflated, so that the
normal enterohepatic circulation was maintained for 5 wk.
This was done to establish postoperative stabilization. Total
biliary diversion was established 5 d before the infusion stud-
ies. While the foxhounds were under local anesthesia, the
external limb of the T-tube was opened, and the occlusion
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balloon in the distal limb was inflated, creating a total bile
fistula. Basal data on the animals used for the various infusion
experiments are given in Table I.

Lipoprotein isolation. All dogs were fasted overnight
before blood sampling. Canine LDL were isolated from the
plasma of foxhounds fed the commercial dog chow. The apo-
E HDL, were prepared from the plasma of foxhounds fed
a semisynthetic diet containing 5% cholesterol and 16% hy-
drogenated coconut oil (12). The LDL were isolated by ul-
tracentrifugation (d = 1.02-1.063) in a 60-Ti rotor (Beckman
Instruments, Inc., Mountain View, CA) at 59,000 rpm for
18 h and were purified by Geon-Pevikon block electropho-
resis (13). The isolated LDL contained apo-B as the only
detectable band on sodium dodecy! sulfate (SDS)-polyacryl-
arnide gel electrophoresis and migrated as a single band with
B-mobility on paper electrophoresis. The apo-E HDL, were
isolated by Geon-Pevikon electrophoresis from the ultracen-
trifugal fraction, d = 1.006-1.02, as described (12) and
mainly, or exclusively, contained apo-E as demonstrated by
gel electrophoresis. The isolated lipoproteins were dialyzed
extensively against 0.15 M NaCl, 0.01% EDTA, pH 7.0, be-
fore use. Canine '**I-apo-E HDL, were iodinated by the
Bolton-Hunter procedure, as described previously (14). The
135].LDL were prepared according to the method of Bilhei-
mer et al. (15). The specific activities of '*I-apo-E HDL,
were generally 500-800 cpm/ng of protein, and those of '*I-
LDL were 250-500 cpm/ng.

Lymph collection. Lymph fistulas were created in mon-
grel dogs (15-20 kg) anesthetized with halothane, by using
a modification of the procedure of Rajpal and Kirkpatrick
(16), as previously described (17). The dogs were fed meat
dog food (Kal Kan Chunky Meat Stew), and lymph was col-
lected into 600-ml Fenwal blood packs (Baxter Travenol
Laboratories, Travenol Laboratories, Inc., Deerfield, IL)
containing disodium-EDTA (final concentration, 1 mg/ml).
Lymph was generally collected for 2-3 d, stored at 4°C un-
der sterile conditions, and used for infusion studies within
5 d of collection. The mean triglyceride and cholesterol con-
centrations of the lymph preparations used in the different
experiments were 3.2+0.5 (SEM) g/dl and 92+12 mg/dl,
respectively. More than 90% of the cholesterol and more
than 98% of the triglyceride were present in the d < 1.02
density fraction, as demonstrated by density-gradient ultra-
centrifugation according to the method of Redgrave et al.
(18). The major apoproteins of the d < 1.02 fraction, dem-
onstrated by SDS-polyacrylamide gel electrophoresis, were
apo-B, apo-A-1, apo-A-IV, and apo-E. The apo-B was almost
exclusively of the low molecular weight form, similar to the
B-48 described in man (19).

Preparation of chylomicron remnants. Dog lymph was
kept refrigerated at 4°C overnight, and the top creamy layer
was removed. This chylomicron-enriched fraction, raised to
d = 1.02, was washed twice by underlayering beneath a sa-
line-EDTA solution (d = 1.006) and centrifuged for 20 min
at 25,000 rpm with an SW 28 rotor. Chylomicron remnants
were prepared by modification of the procedure of Florén
et al. (20). Postheparin plasma was obtained from an adult
foxhound 10 min after an injection of heparin (150 U/kg of
body wt). This postheparin plasma was frozen at —20°C until
used. A 2-ml chylomicron aliquot (~100 mg of triglycerides)
was added to 20 ml of 0.1 M Tris-HCI (pH 8.5) containing
5 g of fatty acid-free albumin, and the solution was dialyzed
against 0.1 M Tris-HCl (pH 8.5) overnight. After 15 ml of
postheparin plasma was added to the sample, the solution
was incubated 4t 37°C for 26 h. At the end of the incubation,
the solution was adjusted to a final density of 1.063 by KBr
and refloated in a solution of 10 mM Hepes, pH 7.4, 1.1%
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NaCl, and 0.01% EDTA by centrifugation at 27,000 rpm for
8 h in an SW 28 rotor. The top layer was removed, its density
adjusted to d = 1.063, and the lipoproteins were washed by
discontinuous density-gradient ultracentrifugation (18). The
resulting top layer (chylomicron remnants) was removed and
dialyzed against saline. This procedure resulted in the hy-
drolysis of 98% of the chylomicron triglycerides. The chy-
lomicron remnants were iodinated by the Bolton-Hunter
method (14). The specific activity of the 25 remnants was
~1,700 cpm/ng of protein.

Experimental procedure. In general, pairs of littermates
(one control and one experimental animal) were studied in
each experiment (Table I). Special attention was given to
standardizing the preoperative care of the animals. They
were housed at constant temperature and humidity with
light cycling (dark 7 p.m. to 7 a.m.) for at least 4 d before
the experiment (usually for several weeks). Food was given
daily at 10 a.m., and the animals were deprived of food after
4 p.m. on the day before the experiment, which was started
between 7 and 8 a.m. Induction of anesthesia was performed
by an injection of sodium pentothal (25 mg/kg of body wt),
whereafter the dogs were ventilated, and light anesthesia
continued with methoxyflurane (Metofane, Pitman-Moore,
Inc., Washington Crossing, NJ). Catheters were inserted into
the femoral vein and artery, and an intravenous infusion of
0.15 M saline was given at a rate of 2.2-4.4 ml/min, with
a Harvard Apparatus Co. (S. Natick, MA) infusion pump.
In addition, a slow infusion of lactate-Ringer solution with
10% dextrose was given via a cephalic vein. The abdomen
was opened, and two base-line liver biopsies (3-4 g each)
were obtained. Special care was given to taking paired sam-
ples from similar anatomical locations in the two dogs.

After obtaining the liver biopsies to establish base-line
values, an infusion of lymph (5-11 mg of triglycerides, 0.15-
0.30 mg of cholesterol/kg of body wt per min) or taurocho-
late (2-3 umol/kg per min, with a solution of ~20 mM
taurocholate in 0.15 M saline) was started in the experimen-
tal animal. The saline infusion was continued at a similar
rate into the control dog. Liver biopsies were obtained at
intervals of 1-2h from both dogs for 6-8 h. Continuous
monitoring of arterial pH, pco;, and po, was performed in
nine experiments by using a Corning model 175 blood gas
analyzer (Corning Medical, Corning Glass Works, Medford,
MA), and demonstrated stable conditions throughout the
experiments.

Isolation of canine liver membranes. Liver membranes
were prepared according to the procedure of Kovanen et al.
(21). The liver samples were immediately rinsed in ice-cold
phosphate-buffered saline, and 1-2 g were suspended in 10—
20 ml of 10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1.0 mM
CaCl;, and 1.0 mM phenylmethylsulfonyl fluoride. All steps
in the preparation were carried out at 4°C. The suspension
was homogenized with four 15-s pulses in a Polytron ho-
mogenizer (Brinkmann Instruments, Inc., Westbury, NY; PT
30, setting 8), and the homogenates were centrifuged at 500
g for 5 min. The. supernatants were recentrifuged at 8,000
g for 15 min. The resulting supernatants were then centri-
fuged at 100,000 g for 60 min, and the pellets were washed
once by recentrifugation at 100,000 g for 60 min in the above
buffer. In some experiments, receptors were solubilized from
membrane fragments as described by Schneider et al. (22),
by using either octyl-8-p-glucoside or 3[(3-cholamidopropyl)
dimethylammonio] propanesulfonate (CHAPS; Pierce
Chemical Co., Rockford, IL) at a final concentration of 15
mM, pH 7.5 (23).

Binding of *I-lipoproteins to liver membranes. The
100,000-g pellets, frozen at —70°C until assayed, were re-
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suspended in 20 mM Tris-HCI, pH 7.5, 50 mM NaCl, and
1.0 mM CaCl, by forcing the suspension through a 22-gauge
needle 10 times, followed by sonication of the suspension for
20 s in a Sonifier cell disruptor (Branson Sonic Power Co.,
Danbury, CT). The protein concentration of each suspension
was determined according to the method of Lowry et al.
(24). The binding of lipoproteins to liver membranes was
assessed by determining the amount of '*I-labeled lipopro-
teins associated with the membranes, as described by Basu
et al. (25). Assays were carried out at 0°C on ice in 100 ul
of incubation buffer containing 50 mM Tris-HCI, pH 7.5,
25 mM NaCl, 1.0 mM CacCl,, and 20 mg/ml of bovine serum
albumin. In general, each assay contained 100-200 pg of
membrane protein, 5 pug/ml of LDL, or 0.3 ug/ml of apo-
E HDL, in the presence or absence of 30 mM EDTA. After
incubation for 60-90 min, 75-ul aliquots were removed and
layered onto 100 ul of fetal bovine serum in cellulose nitrate
Airfuge tubes (Beckman Instruments). The tubes were cen-
trifuged at 4°C in a Beckman Airfuge at 100,000 g for 45
min, the supernatants were removed by aspiration, and the
pellets were washed once with 175 ul of fetal bovine serum
at 100,000 g for 10 min. The pellets were separated by slicing
the tube with a razor blade, and the radioactivity in the
pellets was determined in a gamma counter (Gamma 4,000,
Beckman Instruments). The binding of chylomicron rem-
nants was assayed at 23°C in order to minimize the high
level of nonspecific (calcium-independent) binding observed
when studies were performed at 4°C (5).

The specific (calcium-dependent) binding of '%I-lipopro-
teins to the liver membranes was determined by subtracting
the amount of !*I-lipoprotein bound in the presence of
EDTA from the amount bound in the absence of EDTA. The
maximum amount of lipoprotein bound to the membranes
and the equilibrium dissociation constant (K,) were deter-
mined from the Scatchard analysis (26), by using various
concentrations of the !%I-lipoprotein in the incubation me-
dium. The values used for the molecular weight of LDL and
apo-E HDL, were 3 X 10° (20% protein) and 3.6 X 10° (15%
protein), respectively (27).

Analysis of plasma and liver lipids. Total plasma cho-
lesterol and plasma triglyceride levels were determined by
using enzymatic procedures (Bio-Dynamics, Boehringer
Mannheim Corp., Indianapolis, IN). Cholesterol, free and
esterified, and triglycerides in liver tissue homogenates were
quantified by a combination of thin-layer chromatography
and gas-liquid chromatography (Hewlett-Packard Co., Palo
Alto, CA; model 5880). Plasma concentrations of total bile
acids were determined by using a 3a-steroid dehydrogenase
assay (Sterognost-3a, Myegaard A/S, Oslo, Norway).

Plasma samples and LDL fractions were analyzed on poly-
acrylamide gradient gels (PAA4/30, Pharmacia Diagnostics,
Div. of Pharmacia, Inc., Piscataway, NJ) and stained with
Oil red O (28). Gels were run for 24 h at 12-14°C. After
staining, peaks were quantitated by microdensitometry.

Cultured fibroblast binding assay. Normal human fibro-
blasts, obtained and maintained as previously described (14),
were dissociated from stock flasks with 0.05% trypsin, 0.02%
EDTA solution and plated in 35-mm petri dishes at a density
of 8.5 X 10* cells per dish. 1 wk later, after the apo-B.E
(LDL) receptors had been induced by a 48-h incubation of
the cells with medium containing 10% lipoprotein-deficient
serum, the cells were used for experiments. The binding
assays were performed at 4°C as described (29), except that
the cells plated in the 35-mm petri dishes (instead of 60-
mm) were incubated with 1 ml of medium instead of 2 ml.

Regulation of Hepatic Lipoprotein Receptors

RESULTS

To determine whether an increased delivery of lipo-
protein cholesterol of intestinal origin affected hepatic
lipoprotein receptors, whole lymph was infused into
six experimental dogs (cf Table I, dogs 2, 4, 6, 8, 10,
and 12). The infusion resulted in a rapid increase in
plasma triglyceride levels, from 34+5 mg/dl
(mean=SEM) to 849+363 mg/dl. The rise in plasma
cholesterol was more modest, from 131+14 to 151+11
mg/dl. As exemplified in Fig. 1A, an apparent steady-

TABLE I
Basal Data on Pairs of Dogs Used in Infusion Experiments

Dog Plasma
No. Experimental protocol Sex Age Weight cholesterol
Treatment, infusion mo g mg/dl
1 Saline M 5 16 213
2  Lymph M 5 16 197
3  Saline M 3 10 112
4  Lymph M 3 10 113
5° Saline M 4 18 189
6° Lymph M 4 12 130
7  Cholestyramine, saline M 6 10 121
8  Cholestyramine, lymph M 6 11 127
9  Cholestyramine, saline F 8 21 97
10  Cholestyramine, lymph M 8 23 104
11°  Saline M 26 29 134
12° Lymph M 27 34 119
13  Saline M 3 8 116
14  Taurocholate M 3 8 115
15 Saline M 4 17 188
16  Taurocholate M 4 19 201
17  Saline M 4 11 150
18  Taurocholate M 4 12 151
19  Cholestyramine, saline M 6 14 118
20  Cholestyramine, taurocholate M 7 19 124
21 Bile fistula, taurocholate F 34 20 85
22  Taurocholate F 33 24 138
23  Bile fistula, taurocholate M 22 26 95
24  Taurocholate M 31 31 139
25  Bile fistula, taurocholate M 22 27 67
26  Taurocholate M 20 30 87
27  Cholestyramine, taurocholate M 20 26 128
28  Taurocholate M 26 31 110

° The perfusions of these two dogs were performed on separate
days.
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FIGURE1 A Plasma concentrations of cholesterol and triglycerides before and during infusion
of saline (closed symbols) or lymph (open symbols) in two littermate dogs (dogs 9 and 10)
treated with cholestyramine (35 g/d for 3 wk). The rate of infusion of lymph corresponded
to 6 mg/kg per min of triglycerides and 0.25 mg/kg per min of cholesterol. B Liver con-
centrations of free and esterified cholesterol (milligram of sterol per gram of tissue) and of
triglycerides (milligram per gram) in the same experiment. The open symbols and closed
symbols represent the data obtained during lymph or saline infusions, respectively.

state concentration of plasma lipids was reached in all
animals, generally after 2-3 h of infusion. During the
prolonged infusion of saline into the six paired control
dogs, the plasma levels of cholesterol and triglycerides
generally fell slightly (the mean cholesterol level was
141+20 mg/dl before and 111+21 mg/dl at the end
of the experiment, and the mean triglyceride level was
33+4 and 28+11 mg/dl, respectively).

During lymph infusion, there was an increase in
hepatic triglycerides from 0.80+0.16 to 3.24+0.43 mg/
g of liver, and an increase in hepatic cholesteryl esters
from 0.27+0.05 to 0.54+0.10 mg/g of liver. The level
of hepatic free cholesterol remained essentially un-
changed (2.15+0.28 mg/g before and 2.23+0.24 mg/

-
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o5 10 15

Lipoprotein Added (pg/mi)

FIGURE 2 Calcium-dependent binding of '**I-apo-E HDL,
to liver membranes from dog 9, treated with cholestyramine

(35 g/d for 3 wk), before and after infusion of saline
for 6 h.
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g at the end of the infusion). As exemplified in Fig.
1B, the rise in the level of hepatic lipids continued
throughout the lymph infusion experiment. However,
the hepatic concentrations of triglycerides and free
and esterified cholesterol remained fairly constant in
the saline-infused control dogs.

The crude membrane fractions prepared from livers
of the saline-infused immature or cholestyramine-
treated dogs displayed calcium-dependent, high affin-
ity binding of canine '*I-apo-E HDL, and '*I-LDL.
As shown in Fig. 2, the direct binding data obtained
for the '*I-apo-E HDL, of a cholestyramine-treated
dog during the preinfusion phase (basal control period)
and after the period of saline infusion, were essentially
identical. The maximum amount of apo-E HDL,

Lipoprotein Bound (ng/mg Protein)

o 20 3
Lipoprotein Added (pg/mi)
FIGURE 3 Calcium-dependent binding of '**I-LDL to liver

membranes from a cholestryamine-treated dog (dog 9) be-
fore and after infusion of saline for 6 h.

B. Angelin, C. A. Raviola, T. L. Innerarity, and R. W. Mahley



bound to the hepatic membranes during the prein-
fusion phase (basal period) was 48 ng of HDL, protein/
mg of membrane protein. The apparent equilibrium
dissociation constant, as calculated from the Scatchard
plot, was 0.2 X 107° M. There was no evident change
in the binding characteristics of apo-E HDL, at the
end of the saline infusion period (Kq = 0.2 X 107° M;
maximum binding (Bpn.,) = 45 ng of lipoprotein pro-
tein/mg of membrane protein). The hepatic mem-
branes from the same saline-infused dog also dem-
onstrated saturable, calcium-dependent binding of
LDL (Fig. 3). The affinity of the LDL binding was
lower (apparent K4 = 15 X 107° M, both before and
after saline infusion) than that of the apo-E HDL,
binding, as previously described (4, 5). The maximum
amount of LDL bound was ~65 ng/mg of protein,
both before and at the end of the saline infusion.

4ot

Lipoprotein Bound (ng/mg Protein)

1 1 1 1

0.5 10 15
Lipoprotein Added (ug/mi)
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® Basal
A Lymph Infusion

Bound/Free
<)
N

o1r

L 1

10 30 50
Bound (ng/mg Protein)

FIGURE4 A Calcium-dependent binding of '®I-apo-E
HDL. to liver membranes from dog 10, which were treated
with cholestyramine (35 g/d for 3 wk) before and after in-

flusion of lymph for 6 h. B Scatchard plot of the binding
ata.
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Bound (ng/mg Protein)

FIGURE 5 Scatchard plot of calcium-dependent binding of
'5_LLDL to liver membranes from a cholestyramine-treated
dog (dog 10) before and after infusion of lymph for 6 h.

The hepatic membranes derived from immature or
cholestyramine-treated dogs infused with lymph (Ta-
ble 1, dogs 2, 4, 6, 8, 10, and 12) likewise demonstrated
calcium-dependent binding of apo-E HDL, and LDL
in the preinfusion basal state. However, after 6 h of
lymph infusion, there was a reduction in the amount
of apo-E HDL, bound to liver membranes (Fig. 4A).
The affinity of the binding did not change, but the
maximum amount of apo-E HDL. bound decreased
(in this example, from 42 to 28 ng/mg of protein) (Fig.
4B). This decrease in the binding of apo-E HDL, could
theoretically be explained by a reduction of the bind-
ing activity of the apo-B,E and/or apo-E receptors.
Studies of LDL binding showed that after 6 h of lymph
infusion, saturable, high affinity, calcium-dependent
binding of LDL to the same liver membranes was no
longer demonstrable (Fig. 5). As previously described
(30), binding of LDL and apo-E HDL, to the apo-B,E
receptor occurs in a proportion of 3-4:1. By using this
ratio, a reduction of 8-10 ng/mg in apo-E HDL, bind-
ing could be calculated to correspond to the loss of
apo-B,E receptor binding activity in this experiment
(31 ng/mg of protein). Thus, most, if not all, of the
changes in apo-E HDL. binding induced by lymph
infusion could be accounted for by a near total loss of
detectable apo-B,E receptor binding activity.

The prompt, dramatic decrease in apo-B,E receptor
binding activity that followed the infusion of lymph
lipoproteins into the immature or cholestyramine-
treated dogs is illustrated in Fig. 6. The major reduc-
tion in LDL binding occurred between 2 and 4 h after
the start of the lymph infusion. This rapid change in
calcium-dependent LDL binding activity could be
demonstrated repeatedly in both immature dogs and
dogs treated with cholestyramine (Table 11), whereas
apo-E HDL. binding activity was less dramatically
affected by lymph infusion (Table III). The results
from all the experiments, using a given concentration
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of LDL or apo-E HDL, for the binding assays, are
summarized in Tables II and III. The results are ex-
pressed as the percentage of change in the activity
based on the zero time (basal control) values. The mean
reduction in binding of apo-E HDL,, compared with
parallel control values after 6-7 h of lymph infusion,
was 28+16%. By contrast, the corresponding reduction
in LDL binding was 88+8%.

To determine more clearly whether or not the apo-
E receptor was significantly down-regulated by the
infusion of intestinal lipoproteins, the binding of apo-
E HDL, to liver membranes from an adult dog (which
expressed apo-E receptor binding activity and little
detectable LDL binding) was measured during a 9-h
infusion of lymph (Table I, dogs 11 and 12). Although
high affinity LDL binding was not readily demonstra-
ble (<1 ng of LDL protein bound/mg of hepatic mem-
brane protein), calcium-dependent, saturable, high
affinity binding of apo-E HDL, was virtually un-
changed by the lymph infusion. With an apparent Kq
of 0.13X10™°M, the maximum amount of apo-E
HDL, bound before lymph infusion was 37 ng of HDL,
protein/mg of hepatic membrane protein, and 35 ng
of HDL, protein/mg at the end of the 9 h of lymph
infusion. Infusion of saline into an adult dog had no
effect on the binding of apo-E HDL..

Chylomicron remnants are presumed to bind to both
the apo-B,E and apo-E receptors. Results from the
present study demonstrated that '?°I-labeled chylo-
micron remnants do in fact bind to both receptors.
Even after a 6-h infusion of lymph, membranes from

A
‘§ -
3
3 10 Saline
b
R L
§ w-
Lymph
[ .
3 -
E
»
(]
2 40}
1 'y 1
0 2 4 6

Infusion Time (Hours)

a cholestyramine-treated dog bound chylomicron rem-
nants with high affinity (Fig. 7). The degree of re-
duction in maximum binding observed after suppres-
sion of apo-B,E receptor binding activity was in rea-
sonable agreement with that seen for apo-E HDL, by
using membranes from the same dog (Fig. 4B). There
was no change in the binding of chylomicron remnants
to the liver membranes during saline infusion (data
not shown).

The results thus far obtained indicated that the bind-
ing activity of the hepatic apo-B,E receptor, but not
the apo-E receptor, was rapidly reduced by a plasma
infusion of intestinal lipoprotein cholesterol and tri-
glycerides. These observations were further tested by
considering the effects of bile acid infusion on the reg-
ulation of the hepatic lipoprotein receptors. The bio-
synthesis of bile acids is regulated by the amount of
bile acids returning to the liver (negative feedback)
(31). Suppression of bile acid formation would there-
fore considerably reduce the hepatic demand for cho-
lesterol. Consequently, we investigated whether ca-
nine hepatic lipoprotein receptors were affected by the
infusion of exogenous taurocholate, the major endog-
enous bile acid in the dog (32-34).

When taurocholate was infused at a rate of 3.2
pmol/kg per min for 6 h into an immature dog, the
calcium-dependent binding of apo-E HDL, was re-
duced by ~50%, whereas the affinity of the binding
remained unchanged (Fig. 8A). Before bile acid in-
fusion, membranes from the immature dog bound
large amounts of LDL with high affinity (Kq= 17
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FiGURE 6 Binding of apo-E HDL, (A) and LDL (B) to liver membranes from cholestyramine-
treated dogs infused with saline or lymph for 6 h. The data shown are the maximum amounts
of apo-E HDL, or LDL bound (calculated from the Scatchard plots) expressed as a percentage
of the basal values. The results are from a pair of littermate dogs (dogs 9 and 10) treated with
cholestyramine (35 g/d for 3 wk) before the experiment.
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TaBLE II
Specific (Calcium-dependent) Binding of 'I-LDL to Liver Membranes from Immature
or Cholestyramine-treated Dogs Infused with Saline or Lymph®

Binding activity

Infusion time

h
Dog Infusion [} 1 2 3 4 5 6 7

% (of initial)
Immature dogs

1 Saline 100 (12.7) 85 84 186 — 81 — 81
2 Lymph 100 (11.9) 88 42 17 — <1 — <1
3 Saline 100 (17.4) — 63 — 82 - 51 —
4 Lymph 100 (17.0) — 18 — <1 — <1 —
5 Saline 100 (23.4) — — 57 — 91 - —
6 Lymph 100 (58.2) — — 38 — 23 — —
Cholestyramine-treated dogs

7 Saline 100 (17.4) — 106 — 92 — 64 —
8 Lymph 100 (10.8) — 79 — 46 — <1 —
9 Saline 100 (10.5) — 90 — 52 — 67 —
10 Lymph 100 (9.8) — 105 — 11 — 24 —

° The assay of LDL binding to hepatic membranes was performed as described in Methods by using a
constant concentration of membrane protein (100-200 ug) and labeled lipoprotein (4.0-5.3 ug/ml) within
each experiment. Data are given as a percentage of the initial (basal control) value.

t Absolute values for the binding of LDL (nanograms of lipoprotein protein per milligram of membrane
protein) appear in parentheses.

TasLE III
Specific (Calcium-dependent) Binding of '*I-Apo-E HDL, to Liver Membranes from Immature or
Cholestyramine-treated Dogs Infused with Saline or Lymph®

Binding activity

Infusion time

h
Dog Infusion 0 1 2 3 4 5 6 7

% (of initial)
Immature dogs

1 Saline 100 (12.1)§ 141 112 162 — 150 — 80
2 Lymph 100 (9.3) 84 86 38 — 35 — 24
3 Saline 100 (9.3) — 102 — 70 — 40 —
4 Lymph 100 (12.0) — 81 — — — 48 —
5 Saline 100 (21.0) — — 56 — 79 — —
6 Lymph 100 (36.7) — — 44 — 42 — —

Cholestyramine-treated dogs

7 Saline 100 (15.7) — 78 — 69 — 72 —
8 Lymph 100 (15.2) — 113 - 44 - 57 —
9 Saline 100 (26.7) — 112 — 94 — 95 —
10 Lymph 100 (27.0) — 104 — 63 — 79 —

° The assay of apo-E HDL, binding to hepatic membranes was performed as described in Methods by
using a constant concentration of membrane protein (100-200 ug) and labeled lipoprotein (0.24-0.73
ug/ml) within each experiment. Data are given as a percentage of the initial (basal control) value.

1 Absolute values for the binding of apo-E HDL. (nanogram of lipoprotein protein per milligram of
membrane protein) appear in parentheses.
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FIGURE 7 Scatchard plot of calcium-dependent binding of
chylomicron remnants to liver membranes from a choles-
tyramine-treated dog (dog 10) before and after infusion of
lymph for 6 h. Binding studies were performed at 23°C with
125]-labeled dog chylomicron remnants.

X 107° M) in the presence of calcium (Fig. 8B). After
6 h of taurocholate infusion, this binding was almost
totally abolished (Fig. 8B). The change in maximum
binding of apo-E HDL, could thus be explained by the
disappearance of apo-B,E receptor binding activity,
whereas the binding activity of the apo-E receptor
appeared to be relatively unaffected. In agreement
with the results obtained in the lymph infusion studies,
the binding of chylomicron remnants was reduced to
the same extent as was that of apo-E HDL, (Fig. 8C).
There was no change in the binding activity of any
of the three lipoproteins (apo-E HDL,, LDL, and chy-
lomicron remnants) during saline infusion in the par-
allel control dog (data not shown).

A rapid reduction in LDL binding activity after tau-
rocholate infusion was confirmed in three immature
dogs, as well as in a cholestyramine-treated dog (Table
IV). The changes in apo-E HDL, binding were much
less pronounced (Table V). The binding activities of
the LDL and apo-E HDL, were compared by using
a LDL concentration of 4.2-7.3 ug/ml and an apo-E
HDL, concentration of 0.2-0.6 ug/ml in the binding
assays. The mean relative reduction at 6 h, compared
with the matched saline-infused controls, was 69+16%
for LDL binding, and only 20+15% for apo-E HDL,
binding.

The marked reduction in apo-B,E receptor binding
to LDL observed in the membrane binding assay of
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the cholestyramine-treated dog (Table I, dog 20) was
also observed in the solubilized liver membrane bind-
ing assay for the same dog (Table VI). The LDL bind-
ing was reduced from 303 to 19 ng/mg of solubilized
liver membrane protein by taurocholate infusion (3
pmol/kg per min). These results, obtained with the
solubilized receptor assay, suggested that the decrease
in apo-B,E receptor activity, as determined by the
membrane binding assay, was not due simply to a
masking of receptor binding sites on the membranes.

In order to characterize further the possible role of
bile acids as regulators of hepatic membrane apo-B,E
receptor binding activity, total bile fistulae were cre-
ated in three adult dogs. While the dogs were under
general anesthesia, a liver biopsy (basal) was obtained,
and an occludable T-tube was inserted into the com-
mon bile duct after cholecystectomy (as described in
Methods). 5 wk after the operation, the distal limb of
the T-tube was occluded, thus creating a total bile
fistula. After biliary drainage for 5d, each dog was
anesthetized, a base-line liver biopsy was obtained
(referred to as a bile fistula sample), and an infusion
of taurocholate (3 pmol/kg per min) was given for 6
h (Table I, dogs 21, 23, and 25).

The interruption of the enterohepatic circulation of
the bile acids by the fistula induced apo-B,E receptor
binding activity, as evidenced by high affinity, cal-
cium-dependent binding of LDL to liver membranes
(Table VII). There was also a clear increase in the
binding of apo-E HDL,, most of which could be ac-
counted for by the binding of HDL, to the apo-B.E
receptors. However, some increase in the binding ac-
tivity of the apo-E receptor cannot be excluded. The
reinfusion of taurocholate, which presumably sup-
pressed the bile acid biosynthesis induced by the bile
fistula, resulted in a marked reduction of LDL binding
and a return of apo-E HDL, binding to initial levels
(Table VII). Similar changes were observed with sol-
ubilized membrane receptors (Table VIII). Thus, stim-
ulation of bile acid formation was associated with the
induction of apo-B.E receptor binding activity, and
suppression of bile acid biosynthesis resulted in rapid
reduction in this activity.

It could be argued that the suppressive action of
taurocholate was due to a less specific action of the
bile acid on hepatic plasma membranes, e.g., the bile
acids exerting a detergent effect on the cell surface
receptors. However, such an effect would have had to
be directed only against the apo-B,E receptors, because
binding to the apo-E receptor was still observed. In
order to test this possibility, we studied the effect of
taurocholate on LDL binding activity in a cultured
fibroblast system. When taurocholate, at concentra-
tions of up to 1.5 mM, was incubated for 16 h with
confluent human fibroblasts grown in lipoprotein-de-
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FIGURES A Calcium-dependent binding of apo-E HDL, to liver membranes of an immature
dog (dog 18) before and after infusion of taurocholate 3.2 pmol/kg per min, for 6 h. B Calcium-
dependent binding of LDL to the same liver membranes. C Calcium-dependent binding of
chylomicron remnants to the same liver membranes.

ficient serum, there was no effect on the direct binding
of I-LDL (data not shown). This corresponds to a
much higher concentration of taurocholate in the me-
dium than was obtained in the infusion studies (mean
plasma bile acid concentration after 6 h of infusion,
0.2210.05 mM, n = 6). In addition, plasma membranes
from the adrenals of taurocholate-infused dogs (dogs
20, 27, and 28) still bound large amounts of LDL with
high affinity (K4 = 25, 18, and 27 X 107%; B,,., = 380,
767, and 877 ng of lipoprotein/mg of membrane pro-
tein, respectively), even though the liver membranes
obtained simultaneously showed no demonstrable
binding of LDL. The data for the adrenal membrane
binding of LDL closely agreed with those reported
previously for normal dogs (35) and for a saline-in-
fused dog (dog 19: K4 = 12 X 107%, B, = 855 ng/mg
of protein). The binding data obtained with adrenal
membranes suggested that hepatic and adrenal apo-
B.E receptors are regulated independently. As would
be anticipated, taurocholate infusion resulted in a pro-
found down-regulation of the hepatic apo-B,E recep-
tors, without an obvious effect on the adrenal apo-B,E
receptor binding activity.

Finally, the relative insensitivity of the apo-E re-
ceptor to acute regulation by bile acid infusion was
studied in adult dogs expressing predominantly the
hepatic apo-E receptor. Liver membranes from dog
22 bound apo-E HDL, with an apparent K, of
0.3 X 107° M both before and after 6 h of taurocholate
infusion. The maximum amount of apo-E HDL, bound
was 23 ng/mg of protein before the infusion and 22
ng/mg of protein at the end of the infusion. Similar
results were obtained when binding to solubilized
membrane receptors was determined in two additional
adult dogs (Table IX).

Regulation of Hepatic Lipoprotein Receptors

Thus, the binding activity of the apo-B,E receptors
in dog liver membranes appears to be subject to rapid
regulation in response to changes in the hepatic de-

TaBLE IV
Specific (Calcium-dependent) Binding of '*I-LDL to Liver
Membranes from Immature or Cholestyramine-treated
Dogs Infused with Saline or Taurocholate®

Binding activity

Infusion time

h

Dog Infusion 0 2 4 6

% (of initial)
Immature dogs

13 Saline 100 (5.6)t 105 81 59
14 Taurocholate 100 (5.7) 37 11 7
15 Saline 100 (8.2) 99 110 74
16 Taurocholate 100 (10.3) 68 33 53
17 Saline 100 (25.1) 100 106 89
18 Taurocholate 100 (29.8) 100 49 37
Cholestyramine-treated dogs
19 Saline 100 (31.8) 101 80 89
20 Taurocholate 100 (21.0) 32 <1 <l

° The assay of LDL was performed as described in Methods by
using a constant concentration of membrane protein (100-200 ng)
and labeled lipoprotein (4.2-7.3 ug/ml) within each experiment.
Data are presented as a percentage of the initial (basal control)
value.

t The absolute values for the binding of LDL (nanograms of li-
poprotein protein per milligram of membrane protein) appear in
parentheses.
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TABLE V
Specific (Calcium-dependent) Binding of '*I-Apo-E HDL, to
Liver Membranes from Immature or Cholestyramine-treated
Dogs Infused with Saline or Taurocholate®

Binding activity

Infusion time

h
Dog Infusion 0 2 4 6

% (of initial)
Immature dogs

13 Saline 100 (12.2)% 104 83 61
14 Taurocholate 100 (16.2) 58 68 65
15 Saline 100 (10.1) 97 87 71
16 Taurocholate 100 (11.8) 62 42 72
17 Saline 100 (11.4) 87 105 115
18 Taurocholate 100 (8.9) 51 100 82

Cholestyramine-treated dogs

19 Saline
20 Taurocholate

100 (19.5) 106 92 96
100 (23.1) 42 58 38

° The assay of the binding of apo-E HDL, was performed as de-
scribed in Methods by using a constant concentration of membrane
protein (100-200 ug) and labeled lipoprotein (0.22-0.63 ug/ml)
within each experiment. Data are given as a percentage of the
initial (basal control) value.

{ The absolute values for the binding of apo-E HDL, (nanograms
of lipoprotein protein per milligram of membrane protein) appear
in parentheses.

mand for cholesterol. An important question is whether
these changes in hepatic membrane binding of LDL
observed in vitro are reflected by corresponding
changes in LDL catabolism in vivo. If receptor-me-

TABLE VI
Specific (Calcium-dependent) Binding of '*I-Apo-E HDL, and
I3[ DL to Solubilized Liver Membrane Receptors before and
during Infusion with Taurocholate, 3 umol /kg per min®

Binding of Apo-E HDL, Binding of LDL

ng/mg

Basal
Taurocholate, 4 h

269 303
102 19

° The solubilization of membrane receptors was performed by us-
ing octyl-B-p-glucoside (dog 20). The binding activity of the sol-
ubilized membrane was determined by incubating 50 ug of solu-
bilized protein with 0.9 ug/ml of '*I-apo-E HDL, or 30 ug/ml of
3[.LDL at 0°C for 90 min in the absence and presence of 30 mM
EDTA.
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diated hepatic uptake of canine LDL is of importance
to the overall catabolism of this lipoprotein, we would
expect to observe an increased plasma concentration
of LDL during lymph or bile acid infusion, due to the
reduction in apo-B,E receptor activity. Such studies
are hampered by the presence of lymph lipoproteins
in the plasma after lymph infusion; however, the bile
acid infusion experiments provided an opportunity to
test this hypothesis. Although total plasma cholesterol
was reduced in cholestyramine-treated and bile-di-
verted animals (Table I), there were no consistent
changes in total plasma lipids during infusion. Direct
measurement of the changes in LDL concentrations
proved to be impossible because of the very low levels
of canine plasma LDL and because of the several steps
necessary to purify canine LDL (ultracentrifugation
and preparative electrophoresis).

However, it was possible to access indirectly the
changes in plasma lipoproteins by comparing the abil-
ities of the plasma lipoproteins (d < 1.21 fraction) to
compete with LDL for binding to the apo-B,E recep-
tors of fibroblasts before and during bile acid infusion.
It was observed that the d < 1.21 lipoprotein fraction
of the taurocholate-infused, cholestyramine-treated
dog (dog 20) had a greater ability, based on cholesterol
content of the d < 1.21 fraction, to bind to the apo-
B.E receptors of human fibroblasts than did the cor-
responding d < 1.21 fraction obtained from the saline-
infused, cholestyramine-treated control dog (dog 19).
Thus, 50% displacement of '2I-LDL binding occurred
at a cholesterol concentration of 5 ug/ml in the bile
acid-infused dog after 6 h, vs. 50% displacement of
LDL at 20 pg/ml in the saline-infused control after
6 h. As shown in Fig. 9A, more detailed studies dem-
onstrated a progressive increase with time in the bind-

TABLE VII
Specific (Calcium-dependent) Binding of Apo-E HDL, and
LDL to Liver Membranes from an Adult Dog (No. 21)
before and after Creation of a Total Bile Fistula and
after Reinfusion of Taurocholate for 6 h°

Binding of Apo-E HDL, Binding of LDL

Maximum Maximum
Apparent K, bound Apparent Ky bound
M X 10° ng/mg M X 10° ng/mg
Basal 0.10 18 NDt{ <1
Bile fistula
(5d) 0.18 46 13 48
Reinfusion of
taurocholate 0.14 22 ND <1

° Data obtained from Scatchard analysis of binding curves (26).
{ ND, high affinity binding not demonstrable.
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TaBLE VIII
Specific (Calcium-dependent) Binding of Apo-E HDL, and
LDL to Solubilized Receptors of Liver Membranes from Dogs
23 and 25 before and after Total Biliary Diversion,
and after Perfusion with Taurocholate for 6 h°

Binding of
Apo-E HDL, Binding of LDL
Dog23 Dog25 Dog23  Dog25
ng/mg protein
Basal 47 — 4 —
Bile fistula 358 73 71 124
Reinfusion of taurocholate 60 12 <1 29

° Liver membrane protein (~10 ug of protein) solubilized with
CHAPS was incubated with apo-E HDL, (0.58 and 0.47 ug/ml for
dogs 23 and 25, respectively) and LDL (9.0 and 16.2 pg/ml, re-
spectively) for 90 min at 0°C in the absence and presence of 30
mM EDTA. No basal sample was available from dog 25.

ing activity of the d < 1.21 plasma lipoprotein fraction
of a bile fistula dog (dog 23) during taurocholate in-
fusion. A 50% displacement of the '**I-LDL occurred
at a cholesterol concentration of 18 ug/ml for the
d < 1.21 fraction before the infusion of taurocholate
and at a cholesterol concentration of 2 ug/ml after 6
h of taurocholate infusion. There was also a small in-
crease in binding to the fibroblast receptor of the d
< 1.21 fraction of the taurocholate-infused adult dog
(Fig. 9B). Furthermore, gradient gel electrophoresis
of the plasma of the taurocholate-infused, bile fistula
dog (dog 23) demonstrated a relative increase in the
lipid staining of the LDL. As shown in Fig. 10, mi-
crodensitometric scanning of the gel patterns revealed
a significant change in LDL concentration, comparing
the plasma sample taken immediately before the bile
acid infusion with that obtained after 4 h of infusion.
No change in the plasma lipoprotein distribution
was observed in the taurocholate-infused adult dog
(dog 24).

DISCUSSION

The present studies were performed to determine
whether rapid regulation of the binding activity of
hepatic lipoprotein receptors occurs in response to
acute changes in hepatic cholesterol demand. The re-
sults show a marked difference in the metabolic reg-
ulation of the two receptors previously demonstrated
on hepatic membranes, the apo-B,E receptor and the
apo-E receptor. In response to two completely differ-
ent perturbations of hepatic cholesterol metabolism,
an excessive load of exogenous cholesterol in the form
of lymph lipoproteins and an induced feedback inhi-

Regulation of Hepatic Lipoprotein Receptors

bition of bile acid biosynthesis by the infusion of ex-
ogenous bile acids, there was a dramatic decrease in
the binding activity of the apo-B,E receptors on canine
hepatic membranes. On the other hand, the binding
activity of the apo-E receptors on the same membranes
was not significantly affected. These results from short-
term (acute) experiments are in accordance with prior
observations from long-term experiments in which ev-
idence was found for metabolic regulation of apo-B.E,
but not for apo-E receptor binding activity (2, 4, 5).

The significance of the hepatic, receptor-mediated
uptake of apo-E-containing lipoproteins has been
shown previously (4, 5, 8-11), and is further illustrated
in the present studies. The importance of apo-E in the
catabolism of chylomicron remnants is evident from
observations of patients with type III hyperlipopro-
teinemia; such subjects have a specific variant form
of apo-E (E2) (36-38). This isoform does not bind nor-
mally to lipoprotein receptors (39-41) and, conse-
quently, these subjects accumulate chylomicron rem-
nants (8-very low density lipoproteins [3-VLDL)) in
their plasma despite normal amounts of apo-B in the
remnants (42). The importance of the apo-E receptor
in the binding and subsequent uptake of chylomicron
remnants by the liver can be inferred from at least two
lines of evidence in the present study. First, the
changes in the binding of chylomicron remnants to
hepatic membranes followed very closely the pattern
of binding of apo-E HDL, to the membranes, but not
that of LDL (Figs. 4B, 5, 7, and 8). This implies that
chylomicron remnants can bind to both apo-B,E and
apo-E receptors. Second, in spite of a continued in-
fusion of lymph chylomicrons over a time period when
LDL binding was almost totally abolished (cf Fig. 6B),
there was no evidence of a progressive increase in

TaBLE IX
Specific (Calcium-dependent) Binding of Apo-E HDL,
to Solubilized Receptors of Liver Membranes
from Dogs 24 and 26 before and after
Infusion of Taurocholate for 6 h°

Binding of Apo-E HDL,

Dog 24 Dog 26
ng/mg protein
Basal 81 35
Taurocholate 100 20

* Liver membrane protein (10 ug of protein) solubilized with
CHAPS was incubated with apo-E HDL, (0.58 and 0.47 ug/ml for
dogs 24 and 26, respectively) for 90 min at 0°C in the absence and
presence of 30 mM EDTA. The binding of LDL (at concentrations
of 9.0 and 16.2 ug/ml for dogs 24 and 26, respectively) was <1
ng/mg of protein in both dogs.
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plasma lipids, and hepatic lipids continued to increase
(cf Fig. 1). This suggests that the apo-E receptor bind-
ing activity of canine hepatic membranes may handle
a considerable load of lipoproteins of dietary origin.
Accordingly, the adult dog, which predominantly ex-
pressed apo-E receptor binding activity, did not show
a reduced capacity for clearing lymph chylomicrons.
If we assume that all of the cholesterol of the infused
lymph was taken up by the liver, it can be estimated
that the apo-E receptor-mediated uptake cleared at
least 1.5 g of cholesterol during a typical 6-h experi-
ment.

It would be interesting to consider whether the rapid
loss of apo-B,E receptor binding activity observed dur-
ing lymph infusion is of importance under more phys-
iological conditions. Feeding a diet rich in cholesterol
and saturated fat to immature dogs has been shown
to repress hepatic apo-B,E receptor binding activity
almost completely within 30 d (5). No information is
presently available with regard to the effect of shorter
periods of cholesterol feeding in the dog. However,
hepatic LDL binding activity was reduced by ~50%
as soon as 2 d after the initiation of a cholesterol-rich
diet in the rabbit (43). It is reasonable to speculate that
the ingestion of meals rich in cholesterol may affect
the hepatic uptake of LDL by rapidly influencing the
apo-B,E receptor. Differences in the extent of the reg-
ulation of apo-B.E receptors, as well as in the expres-
sion of apo-E receptors, among various species may
thus provide an explanation to the known variability
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FiGURE9 A Comparison of the ability of the d < 1.21 frac-
tions from a bile fistula dog (dog 23) infused with tauro-
cholate (3 pmol/kg per min) to compete with human '*°I-
LDL for binding to normal human fibroblasts. Plasma was
obtained 30 min before (O) and at the start of the infusion
(0O), and then at 2 (A), 4 (®), and 6 (@) h after infusion. B
Comparison of the ability of the corresponding plasma frac-
tions from a taurocholate-infused adult dog (dog 24) to com-
pete with human '*®*I-LDL for binding to normal human
fibroblasts. Studies were performed at 4°C for 2 h with 2
pg/ml of '®I-LDL and the indicated concentrations of d
< 1.21 lipoprotein fraction added on the basis of total cho-
lesterol.
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FIGURE 10 Microdensitometry scans of gradient gels (4-30%
acrylamide) obtained after lipid staining of the plasma from
a taurocholate-infused, bile fistula dog before the start of the
infusion (- - -) and after 4 h of infusion (—). The regions
of the scan labeled as LDL and HDL were identified by
comparison with purified canine LDL and HDL (d = 1.063-
1.21). The large particles that appear at the top of the gel
represent VLDL and intermediate density lipoproteins
(IDL).

in the response to such diets. Further work is clearly
needed to evaluate this possibility.

In agreement with previous studies (4-6), the pres-
ent work demonstrates that an increased expression of
hepatic apo-B,E receptors could be induced by con-
ditions that stimulate the biosynthesis of bile acids, i.e.,
cholestyramine treatment and biliary diversion. These
results indicate that the hepatic requirement for cho-
lesterol to be used in the biosynthesis of bile acids is
an important regulator of apo-B,E receptor activity in
the liver. The total interruption of the enterohepatic
circulation of bile acids, which results in maximal in-
duction of bile acid biosynthesis (31), was linked to a
rapid and dramatic induction (within 5 d) of apo-B,E
receptor expression on hepatic membranes. The bind-
ing activity of these receptors was almost totally abol-
ished when enhanced bile acid biosynthesis was sup-
pressed by infusing bile acids into the circulation. A
similar marked and rapid decrease in apo-B,E receptor
binding was achieved by infusing bile acids into cho-
lestyramine-treated dogs, as well as into immature
dogs (Table 1V). The infusion rate chosen was high
enough to suppress bile acid biosynthesis almost to-
tally, but still well below the maximum excretory ca-
pacity of the liver (32-34).

The association between hepatic LDL uptake (apo-
B,E receptor activity) and bile acid metabolism has
considerable relevance to some recent observations in
man. Cholestyramine treatment has been shown to
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reduce plasma LDL levels in individuals with hetero-
zygous familial hypercholesterolemia by increasing
the receptor-mediated elimination of LDL (44). How-
ever, plasma LDL levels in patients with homozygous
(receptor-negative) familial hypercholesterolemia are
not lowered even by treatment with a total bile fistula
(45). In addition, suppression of bile acid biosynthesis
in man, which occurs during treatment with the pri-
mary bile acid chenodeoxycholic acid (46, 47), results
in a slight, but significant, increase in plasma LDL
levels (48, 49).2 Chenodeoxycholic acid treatment in
man is associated with decreased hepatic cholesterol
synthesis (50), a reduced production rate of VLDL
(51) (the precursor of human plasma LDL), and pos-
sibly a reduction in LDL catabolism. The data in the
present study suggest that the increase in plasma LDL
levels and a possible reduction in LDL catabolism may
be related to the rapid and dramatic down-regulation
of hepatic apo-B,E receptor activity after bile acid
treatment.

A particularly significant finding in the present work
was the observation that the reduction in apo-B.E re-
ceptor binding activity on dog liver membranes oc-
curred so rapidly (i.e., within 2-4 h), in response to
both lymph and bile acid infusion. The decrease in
binding activity was not only detected with the mem-
brane binding assay, but also with the solubilized
membrane preparations. The reduction was appar-
ently limited to the liver, as the binding of LDL to
adrenal membranes was not changed by bile acid in-
fusion. While the regulation of the hepatic apo-B,E
(LDL) receptors appears to be controlled by the cel-
lular need for cholesterol, these results indicate that
different mechanisms may operate to control receptor
expression in various tissues. For example, in fibro-
blasts, preincubation with LDL for ~24 h is necessary
to obtain substantial down-regulation of receptor bind-
ing activity. The decrease in LDL binding activity in
fibroblasts is the consequence of reduced synthesis, and
thus of a decrease in the apparent number of receptor
molecules (52). However, in some situations there may
be a more rapid regulation of the activity of the fi-
broblast receptor (53). The rapidity of the down-reg-
ulation of hepatic apo-B,E receptor activity (within
2-4 h) suggests that a mechanism independent of pro-
tein synthesis may be involved in modulating the
expression of the hepatic apo-B,E receptors.

The mechanism responsible for the rapid loss of apo-

? Angelin, B, and B. Leijd. 1983. Effects of chenodeoxy-
cholic acid and cholic acid feeding on plasma lipoproteins
and cholesterol absorption in hyperlipoproteinemia. A cross-
over study. In Bile Acids and Cholesterol in Health and
Disease. G. Paumgartner, A. Stiehl, and W. Gerok, editors.
MTP Press, Ltd., London. In press.
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B.E receptor binding activity on hepatic membranes
cannot be determined from the present work; however,
several possibilities should be considered. One inter-
esting possibility is that the hepatic receptor is subject
to rapid recycling, as has been demonstrated for the
fibroblast receptor (54). In cultured human fibroblasts,
the LDL (apo-B,E) receptors recycle every 12-15 min,
and inhibition of this process can lead to a rapid loss
of cell surface binding activity without a change in
the total number of receptors. For example, in one
study the treatment of fibroblasts with the ionophore
monensin, which prevents receptor recycling, resulted
in a loss of 75% of the surface binding activity of LDL
within 15 min, and of 90% within 60 min (55). In the
present study of hepatic apo-B,E receptors, intracel-
lular structural or conformational modification, or ac-
celerated degradation of the recycling receptors, which
would prevent expression of the apo-B,E receptors,
could explain the rapid down-regulation of these re-
ceptors. To test these possibilities, experiments using
a suitable in vitro culture system would be necessary.
Whatever the mechanism, however, the present study
presents clear evidence that the apo-B,E binding ac-
tivity can be rapidly modulated and that the two he-
patic receptors, the apo-B,E and the apo-E receptors,
behave differently in response to induced changes in
hepatic cholesterol metabolism.
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