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Abstract

 

The multifunctional low density lipoprotein (LDL) recep-
tor–related protein (LRP) has been postulated to participate
in a number of diverse physiological and pathological pro-
cesses ranging from the homeostasis of plasma lipoproteins,
atherosclerosis, and fibrinolysis to neuronal regeneration
and survival. It has not been possible to demonstrate in vivo
the physiological significance of LRP for each of these com-
plex processes by a conventional gene knockout approach
because LRP is essential for embryonic development. Here
we have used the Cre/loxP recombination system to achieve
inducible, tissue-specific and quantitative disruption of the
LRP gene in adult mice. Inactivation of LRP in the livers of
LDL receptor-deficient mice resulted in the accumulation of
cholesterol-rich remnant lipoproteins in the circulation. In
normal animals, this caused a compensatory upregulation
of the LDL receptor in the liver. Conditional gene targeting
has thus allowed us to isolate a specific physiological func-
tion of LRP for in vivo analysis and has provided unequivo-
cal evidence for another LDL receptor–independent choles-
terol clearance pathway in liver. (
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Introduction

 

The removal of large cholesterol-rich lipoproteins containing
apoB from the circulation takes place primarily in the liver and
is mediated by at least two endocytic receptors, the LDL re-
ceptor and the LDL receptor–related protein (LRP).

 

1

 

 The
LDL receptor binds apoB100 as well as apoE. A genetic defect
in the LDL receptor is the underlying cause for familial hyper-
cholesterolemia in which the apoB100 containing LDL frac-

tion in plasma is dramatically increased (1). In contrast, the
clearance of apoB48/apoE containing chylomicron remnants
which carry dietary cholesterol from the gut to the liver is not
affected in this disease in humans (2) and animals (3, 4) that
are homozygous for an LDL receptor gene defect.

Much circumstantial evidence, obtained in vitro as well as
in vivo, suggests that the alternative pathway by which chylo-
micron remnants are taken up by hepatocytes is in fact a com-
plex process involving hepatic lipase (5), cell surface heparan
sulfate proteoglycans (HSPGs) (6, 7), cell surface bound apoE
(8, 9), and the LRP (10–12). A currently accepted model states
that chylomicrons, after having been converted to remnants by
the action of lipoprotein lipase in the peripheral capillary beds,
penetrate the fenestrated endothelium in the liver and interact
with the hepatocyte cell surface. Hepatic lipase, apoE, and
HSPGs together mediate this initial sequestration which takes
place in the space of Disse. In a subsequent step, remnants are
thought either to interact directly with the LDL receptor (13)
or to undergo enrichment with surface-bound apoE which
makes them competent to bind to the LRP. The receptor–
ligand complexes are then endocytosed and transported to the
lysosomes (14, 15).

Because chylomicron remnant uptake by the liver is a such
a complex multistep process during which the chylomicron
particle sequentially interacts with various lipases, apopro-
teins, proteoglycans, and receptors, it has proven difficult to
demonstrate unequivocally the extent by which LRP contrib-
utes under physiological conditions to hepatic remnant metab-
olism. The strongest indication for a physiologically significant
role of LRP in the process stems from gene transfer and
knockout experiments in mice. A knockout of the LRP gene
itself is not compatible with normal embryonic development
and LRP-deficient embryos die early during gestation (16, 17).
The reason for this lethality presumably lies in the fact that
LRP is a multifunctional receptor that binds many biologically
diverse ligands, resulting in a pleiotropic developmental phe-
notype. Fortunately, overexpression (11) and gene inactivation
(12) of the receptor-associated protein RAP, a molecular
chaperone that tightly binds to LRP and thus prevents the
binding of all currently known ligands to the receptor, have
provided us with animal models in which hepatic LRP activity
is decreased significantly or abolished. The results of these
studies are consistent with a scenario in which LRP, in concert
with the LDL receptor, mediates the endocytic uptake of chy-
lomicron remnants into the liver. However, because RAP also
interacts with other members of the LDL receptor gene family
and possibly with other as yet unidentified proteins, a potential
participation of receptors other than LRP, such as the postu-
lated lipolysis-stimulated receptor (18), could not be excluded.

To resolve this question we have used inducible tissue-spe-
cific gene knockout strategies to selectively destroy the LRP
gene in the liver of adult mice expressing or lacking LDL re-
ceptors.
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Methods

 

Polyinosinic:polycytidylic ribonucleic acid (pI:pC) was purchased
from Sigma Chemical Co. (St. Louis, MO). The MX1 cre expression
construct (as published in reference 19) was kindly provided by the
Rajewsky group (Cologne, Germany). Recombinant adenovirus car-
rying the Cre gene under the control of the cytomegalovirus pro-
moter (AdCre1) was kindly provided by Drs. Frank Graham and
Martina Anton (McMaster University, Hamilton, Ontario, Canada)
(20). Cholesterol and triglyceride concentrations were determined
enzymatically with assay kits obtained from Boehringer Mannheim
(Indianapolis, IN) and Sigma Chemical Co., respectively.

 

Transgenic animals.

 

Mice in which LRP alleles have been altered
by the introduction of loxP sites (referred to as LRP

 

flox/flox

 

 or LRP

 

flox

 

)
were generated by homologous recombination of the LRP allele in
embryonic stem cells and have been described previously (21). Mice
transgenic for the MX1 cre expression construct were generated by
pronuclear injection of hybrid (SJL

 

 3 

 

C57BL/6J) mice (22). Mice
from five independent transgenic lines were analyzed by breeding to
LRP

 

flox/flox

 

 mice, pI:pC induction of F

 

1

 

 animals carrying the Cre trans-
gene, and determination by Southern blotting of the extent of Cre-
mediated recombination of the floxed LRP allele in the livers of the
induced mice. Three lines were highly effective in inducing recombi-
nation of the LRP allele in the liver. Of these, line 29-4, which had in-
tegrated 

 

z 

 

10 copies of the transgene, was chosen for all subsequent
experiments. Induction with pI:pC was done by intraperitoneal injec-
tion of 250 

 

m

 

l of a 1 mg/ml solution of pI:pC in water. Injections were
repeated up to three times in 2-d intervals. Animals were fed regular
rodent chow containing 6% fat (wt/wt) (Teklad Premier Laboratory
Diets, Madison, WI).

 

Virus injections and FPLC analysis of plasma lipoproteins.

 

Recombi-
nant AdCre1 virus for intravenous injection of mice was grown and
purified as described previously (21). Animals were anesthetized by
intraperitoneal injection of Nembutal

 

®

 

 (80 

 

m

 

g/g body wt) and a total
volume of 150 

 

m

 

l purified virus was injected into the external jugular
vein. 10–21 d after virus administration, blood was drawn from the
vena cava of the individual animals and 100 

 

m

 

l plasma was analyzed
by FPLC on a Superose 6 column (Sigma Chemical Co.). The choles-
terol content of each fraction was determined spectrofluorimetrically
as described previously (3).

 

Immunoblot analysis of membrane proteins and apoproteins.

 

Plasma was collected by retroorbital bleeding before and 10–21 d af-
ter virus infection and analyzed by immunoblotting with polyclonal
antibodies directed against mouse apoB, apoE, and apoAI (11, 12).
Membrane proteins were prepared from mouse livers and brains, sep-
arated by nonreducing SDS-gel electrophoresis on 4–15% polyacryl-
amide gels, and analyzed with polyclonal rabbit antibodies directed
against LRP and LDL receptor (21). Bound IgG was detected using
the enhanced chemiluminescence (ECL) system (Amersham, Arling-
ton Heights, IL). Densitometric scanning was performed using an IS-1000
Digital Imaging System 2.0 (Alpha Innotech Corp., San Leandro, CA).

 

Northern blot analysis.

 

Liver RNA was isolated using the RN-
easy system (QIAGEN Inc., Chatsworth, CA) as recommended by
the manufacturer. 10 

 

m

 

g total RNA was separated on a 1% formalde-
hyde gel, transferred to nitrocellulose, and hybridized with 50 

 

m

 

Ci

 

32

 

P-labeled probes for LDLR (3) and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) essentially according to Sambrook et al.
(23). GAPDH was used as a loading control.

 

Results

 

Liver-specific LRP gene inactivation in adult mice.

 

In a previ-
ous study we reported the generation of homozygous mice in
which both LRP alleles had been altered by the introduction
of loxP sites into intronic and upstream promoter sequences.
We demonstrated that recombination of the floxed LRP al-
leles (and thereby inactivation of the LRP gene) could be

achieved in essentially 100% of the hepatocytes after intrave-
nous injection of a recombinant adenovirus carrying the Cre
recombinase into the animals. Expression of the recombinase
led to the excision of the DNA sequences located between the
loxP sites and thus to the removal of functionally critical DNA
elements and coding sequences from the LRP gene locus (21).
Because expression of virally transferred exogenous genes, in
this case the Cre recombinase, is almost exclusively limited to
the liver (24), LRP inactivation was highly tissue-specific and
selective for the liver.

In this study we have used this approach to genetically dis-
sect the physiological role of LRP in hepatic lipoprotein me-
tabolism. We first generated four genetically distinct strains of
animals by cross-breeding homozygous LDL receptor defi-
cient mice (LDLR

 

2

 

/

 

2

 

) with animals that were homozygous for
the floxed LRP allele (LRP

 

flox/flox

 

). In the second generation,
mice that were wild-type at both loci (wt), deficient for the
LDL receptor (LDLR

 

2

 

/

 

2

 

), homozygous for the floxed LRP al-
lele (LRP

 

flox/flox

 

), or homozygous for both mutations (LDLR

 

2

 

/

 

2

 

;
LRP

 

flox/flox

 

) were obtained and further propagated by inbreed-
ing. Two animals of each of the four genotypes were intrave-
nously injected with Cre adenovirus (AdCre1) and killed 21 d
later. Liver membrane proteins from the individual animals
were separated on a nonreducing SDS gel and analyzed by im-
munoblotting with antibodies directed against the LDL recep-
tor (LDLR) and the 85-kD subunit of LRP (LRP). Cre expres-
sion did not affect hepatic expression levels of LDL receptor
and LRP in wild-type animals (21) (Fig. 1, lanes 

 

1

 

 and 

 

2

 

). LRP
expression was also not affected in LDLR

 

2

 

/

 

2

 

 

 

mice (Fig. 1,
lanes 

 

5

 

 and 

 

6

 

). In contrast, LRP expression was greatly re-
duced in livers from LRP

 

flox/flox

 

 mice (21) (Fig. 1, lanes 

 

3

 

 and 

 

4

 

)
and in double mutant LDLR

 

2

 

/

 

2

 

;LRP

 

flox/flox 

 

animals (Fig. 1,
lanes 

 

7

 

 and 

 

8

 

).

 

Defective remnant removal in LRP/LDLR double knock-
out animals.

 

To determine the effect of loss of hepatic LRP
expression on plasma lipoprotein homeostasis in normal and
in LDL receptor–deficient mice, we next compared the plasma
concentrations of apolipoproteins B100, B48, E, and AI in
wild-type, LRP

 

flox/flox

 

, LDLR

 

2

 

/

 

2

 

, and LDLR

 

2

 

/

 

2

 

;LRP

 

flox/flox

 

 mice
before (Fig. 2 

 

A

 

) and after AdCre1 injection (Fig. 2 

 

B

 

). In the

Figure 1. Hepatic expression of LDL receptor and LRP after viral 
gene transfer of Cre recombinase. Two adult mice of each of the indi-
cated genotypes were injected intravenously with 1.4 3 1012 particles 
of recombinant adenovirus (AdCre1). Liver membrane extracts were 
prepared 21 d later. 50 mg protein/lane was separated by SDS gel 
electrophoresis and analyzed by immunoblotting using antibodies 
directed against the LDL receptor (LDLR) and LRP and the ECL 
system.
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absence of Cre virus (Fig. 2 

 

A

 

), plasma concentrations of the
various apoproteins examined were similar in wild-type (lanes

 

1

 

 and 

 

2

 

) and LRP

 

flox/flox

 

 mice (lanes 

 

3

 

 and 

 

4

 

), and in LDLR

 

2

 

/

 

2

 

(lanes 

 

5

 

 and 

 

6

 

) and LDLR

 

2

 

/

 

2

 

;LRP

 

flox/flox 

 

animals (lanes 

 

7

 

 and 

 

8

 

),
respectively. In contrast, after Cre virus administration, apoB48
concentrations were dramatically increased in LDLR

 

2

 

/

 

2

 

;
LRP

 

flox/flox

 

 animals (Fig. 2 

 

B

 

, lanes 

 

7

 

 and 

 

8

 

) as compared with
LDLR

 

2

 

/

 

2

 

 mice (lanes 

 

5

 

 and 

 

6

 

). apoE concentrations were also
slightly increased. In contrast, animals that lack LRP expres-
sion in the liver but express LDL receptor normally (Fig. 2 

 

B

 

,
lanes 

 

3

 

 and 

 

4

 

) did not show any significant changes in their
plasma apoprotein profiles as compared with wild-type con-
trols that had also received the virus (Fig. 2 

 

B

 

, lanes 

 

1

 

 and 

 

2

 

).
The dramatic rise in apoB48 concentrations in the double

mutant mice that lack functional LRP as well as LDL receptor
in their livers was also reflected by the striking change in their
plasma cholesterol profile (Fig. 3), as well as total plasma cho-
lesterol and triglyceride concentrations (Table I). In this ex-

periment, animals of the indicated genotype were either not
injected (Fig. 3, 

 

open circles

 

; Table I, 

 

2

 

 virus

 

) or injected with
AdCre1 (Fig. 3, 

 

closed circles

 

; Table I, 

 

1

 

 virus

 

). Plasma from
the indicated number of animals in each group was obtained
21 d later, individual total plasma lipid concentrations were de-
termined, and plasma from each animal was subjected to
FPLC fractionation to separate the lipoproteins by size.
AdCre1 injection into LDLR

 

2

 

/

 

2

 

;LRP

 

flox/flox 

 

animals (Fig. 3 

 

D

 

)
led to a large increase of plasma lipoproteins in the chylomi-
cron remnant/VLDL and LDL size range (

 

closed circles

 

). To-
tal plasma cholesterol as well as triglyceride concentrations
were approximately twofold increased as compared with non-
injected LDLR

 

2

 

/

 

2

 

;LRP

 

flox/flox 

 

mice or to injected or nonin-
jected LDLR

 

2

 

/

 

2

 

 animals (Table I). In neither of the other
groups (wild-type, LRP

 

flox/flox

 

, LDLR

 

2

 

/

 

2

 

; Fig. 3, 

 

AÐC

 

) did injec-
tion of Cre virus have any reproducible effect on total plasma
lipid levels or the plasma cholesterol profile of the animals.

 

LRP inactivation by pharmacological induction of a Cre
transgene.

 

Similar results were obtained in mice in which he-
patic expression of Cre recombinase was achieved from an in-
ducible transgene. Transgenic mice carrying Cre under the
control of the interferon-inducible MX1 promoter were gener-
ated independently using the same construct used to generate
the MX1 cre transgenic strain of mice described by Kühn et al.
(19). In these animals, Cre is not expressed unless the animals
are either injected with interferon or are induced to make in-
terferon. The latter can be achieved by intraperitoneally in-
jecting the animals with pI:pC, a double-stranded synthetic
RNA compound that induces peritoneal macrophages to se-
crete large amounts of interferon which subsequently enters
the circulation. The expression profile of the Cre transgene in

Figure 2. Immunoblot analysis of plasma apoproteins in uninjected 
(A) and AdCre1-injected (B) mice. Plasma was obtained from two 
adult mice of each of the indicated genotypes immediately before (A) 
and 21 d after injection with 1.4 3 1012 AdCre1 viral particles (B). 
0.2 ml plasma was separated by 4–15% SDS gel electrophoresis and 
immunoblotted with the indicated polyclonal antibodies against 
apoB, apoE, and apoAI using the ECL system. The relative position 
of migration of apoB100, B48, E, and AI is indicated.

Figure 3. Plasma cholesterol profiles of uninjected (open circles) and 
AdCre1-injected (closed circles) mice. Plasma was obtained from 
adult wild-type (A), LRPflox/flox (B), LDLR2/2 (C), and LRPflox/flox;
LDLR2/2 (D) mice immediately before (open circles) and 21 d after 
injection with 1.4 3 1012 AdCre1 viral particles (closed circles). 50 ml 
plasma from each mouse was separated on a Superose 6 FPLC col-
umn and cholesterol content of the individual fractions was deter-
mined spectrofluorimetrically. The relative positions of remnant lipo-
proteins (CR), LDL, and HDL are indicated. Shown profiles are the 
average of profiles obtained from three to four individual animals of 
the indicated genotype.
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our animals, in particular the kinetics of induction by pI:pC,
and tissue specificity of expression were similar to those de-
scribed in the original article by Kühn and colleagues (19).
LRP expression was unaltered in brain after induction of the
transgene in double mutant animals (Fig. 4, lanes 1 and 2)
compared with non–Cre-transgenic controls (lanes 3 and 4). In
contrast, LRP expression in the liver was completely abolished
in pI:pC induced MX1 cre1;LDLR2/2;LRPflox/flox animals (Fig.
4, lanes 5 and 6) as compared with identically treated control
mice (lanes 7 and 8).

In the absence of inducing agent, LRP expression levels
(not shown) and lipoprotein profiles (Fig. 5 A, open circles) of
MX1 cre1;LDLR2/2;LRPflox/flox mice were indistinguishable from
LDLR2/2;LRPflox/flox animals not harboring the MX1 cre trans-
gene. Within 10 d of transgene induction, however, total plasma
cholesterol and triglyceride concentrations were elevated ap-
proximately threefold in the MX1 cre1;LDLR2/2;LRPflox/flox

animals whereas they were not significantly altered in the non–
Cre-transgenic controls (Fig. 5 A, closed circles, and Table II).
As was the case in the AdCre1-injected double mutant mice,
chylomicron remnant/VLDL and LDL lipoprotein fractions

were dramatically increased in animals harboring the Cre
transgene, but not in nontransgenic controls. Again, a dra-
matic increase in apoB48 containing lipoproteins was primarily
responsible for the elevation of plasma cholesterol and triglyc-
eride levels in pI:pC-induced MX1 cre1;LDLR2/2;LRPflox/flox

mice (Fig. 5 B). The significant increase in the size of the LDL
peak after the induction of the Cre transgene in the LDLR2/2;
LRPflox/flox mice was not due to an accumulation of apoB100
containing “true” LDL particles, but small apoB48 remnant li-
poproteins (Fig. 5 A).

LDL receptor upregulation in LRP knockout livers. These
findings supported the hypothesis that in the liver LRP and
LDL receptor cooperate in removing large cholesterol-rich
lipoproteins from the circulation. This raised the possibility
that LDL receptor expression might be upregulated in LRP-
deficient hepatocytes to compensate for the absence of a func-
tional LRP-mediated removal pathway. To test for such a
compensatory regulatory mechanism we compared LDL re-
ceptor mRNA (Fig. 6 A) and protein (Fig. 6 B) expression in
normal and LDL receptor-deficient mouse livers. Although we
did not observe an increase in LDL receptor mRNA levels in
LRP-deficient livers (Fig. 6 A, lanes 3 and 4) compared with
wild-type controls (lanes 1 and 2), the amount of LDL recep-
tor protein expressed was consistently higher when LRP was
absent (Fig. 6 B, lanes 3 and 4) as compared with wild-type
control livers (lanes 1 and 2). Quantitation of LDL receptor
mRNA expression on a PhosphorImager and densitometric
scanning of the immunoblot revealed no change of LDL re-
ceptor mRNA levels, but there was a 2.3-fold increase in LDL
receptor protein expression in LRP-deficient livers.

Discussion

In this study we have used tissue-specific gene knockout ap-
proaches to stably inactivate the LRP gene in livers of adult
mice. Hepatic LRP expression was virtually abolished after ex-
pression of Cre recombinase in this organ. This somatic inacti-
vation of the LRP gene had no obvious negative effects on the
apparent general health of the animals, in contrast to the con-
ventional germline disruption of the LRP gene which resulted
in early embryonic lethality. However, physiological and bio-
chemical analyses of the animals revealed that LRP-depen-
dent clearance of specific ligands from the circulation by the
liver was greatly impaired. These include a2-macroglobulin
(21) and chylomicron remnants (this study). The current re-
sults provide definitive genetic evidence that the endocytic up-
take of cholesterol-rich remnant lipoproteins from the circula-
tion by the hepatocytes is achieved by means of a dual
receptor system that involves the LDL receptor and the LRP.

We have used two different approaches to express Cre re-
combinase in the livers of adult mice and thereby specifically
inactivate the LRP gene in a temporally and spatially con-
trolled manner: by adenovirus-mediated gene transfer, and by
induced expression from an integrated transgene. The first ap-
proach relies on the tissue tropism of adenovirus and on the
fact that recombinant gene expression from intravenously in-
jected adenovirus is almost exclusively limited to the liver (24).
As an independent second approach, and to allay concerns
about potential hepatotoxic effects due to viral infection,
transgenic mice were generated in which expression of Cre was
controlled by the interferon-inducible MX1 promoter (19). In-
terferon expression was elicited by intraperitoneal injection of

Table I. Total Plasma Cholesterol and Triglyceride 
Concentrations in AdCre1 Injected or Noninjected Mice of the 
Indicated Genotypes

Cholesterol (mg/dl) Triglycerides (mg/dl)

1 virus 2 virus 1 virus 2 virus

Wild-Type 8166 (3) 12067 (9) 7364 (3) 42610 (9)
LRPflox/flox 9069 (4) 118628 (15) 77610 (4) 52616 (15)
LDLR2/2 250613 (3) 287631 (5) 91627 (3) 86628 (5)
LRPflox/flox;
LDLR2/2 5036110 (4) 234627 (11) 185647 (4) 76620 (11)

Animals (age z 12 wk) were intravenously injected with 1.4 3 1012 virus
particles and the plasma was analyzed 10 d later. Values shown repre-
sent averages from the number of animals per group indicated in paren-
theses. Variances shown represent standard deviation determined by
Student’s unpaired t test.

Figure 4. Immunoblot analysis of LRP in brain and liver of MX1 
cre transgenic or nontransgenic LRPflox/flox;LDLR2/2 mice. Adult 
LRPflox/flox;LDLR2/2 mice that were either transgenic (lanes 1, 2, 5, 
and 6) or nontransgenic (lanes 3, 4, 7, and 8) for the MX1 cre trans-
gene were injected (three times, intraperitoneally) with 250 mg pI:pC 
in 2-d intervals. 10 d after the last injection, membrane fractions were 
prepared from livers and brains of the animals and 50 mg protein/lane 
was separated by SDS gel electrophoresis and immunoblotted with 
an antibody that specifically recognizes the 85-kD subunit of LRP. 
Bound IgG was detected using the ECL system.
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pI:pC, a double-stranded RNA polymer that activates and
stimulates macrophages to secrete interferons.

Both methods yielded similar results. Hepatic LRP expres-
sion was reduced substantially or abolished after adenovirus-
mediated Cre gene transfer (Fig. 1) or pI:pC induction (Fig. 4).
Gene inactivation was limited to tissues accessible to circulat-
ing virus or interferons, as no loss of LRP protein expression
was observed in virus or interferon-inaccessible tissues such as
the brain (Fig. 4) where LRP is also highly expressed (21). In-

activation of the LRP gene in mice that expressed functional
LDL receptors did not result in the accumulation of remnant
lipoproteins. This was ascertained by immunoblot analysis of
plasma apoproteins (Figs. 2 and 5 B), measurement of total
plasma lipid concentrations (Tables I and II), and by FPLC
size fractionation of plasma lipoproteins (Figs. 3 and 5 A). In
contrast, absence of LRP expression in the livers of LDL re-
ceptor–deficient mice (3) resulted in an approximately two- to
threefold elevation of total plasma cholesterol and triglyceride
levels and a dramatic increase of apoB48, a marker for rem-
nant lipoproteins, in plasma (Figs. 2 and 5 B). This was also re-
flected by the substantial increase of cholesterol that was car-
ried in lipoproteins of large (VLDL, CR) and intermediate size
(IDL, LDL) in doubly deficient mice (Figs. 3 and 5 A). These
findings suggest that both LDL receptor and LRP are involved
in the clearance of apoE containing remnants and that the LDL
receptor can functionally fully compensate for LRP when the
latter has been inactivated by somatic gene disruption (Fig. 3 B).

The increase in cholesterol-rich lipoproteins in the LDL/
IDL size range was due to the accumulation of small apoB48
containing particles (Fig. 5 A). These results differ from those
obtained in other animal models of defective remnant metabo-
lism, i.e., apoE-deficient mice (25, 26), in which the accumulat-
ing particles are large and contain relatively more triglyceride.
However, important differences exist between the LRP and

Figure 5. Plasma cholesterol profiles and 
plasma apoB levels in uninduced and in pI:
pC-induced mice. (A) Adult LRPflox/flox;
LDLR2/2 mice that were either transgenic 
(left) or nontransgenic (right) for the MX1 
cre transgene were injected (three times, 
intraperitoneally) with 250 mg pI:pC in 2-d 
intervals. Immediately before the first (un-
induced; open circles) and 10 d after the last 
injection (induced; closed circles), plasma 
was obtained from the animals and lipopro-
teins were size-fractionated on a Superose 
6 FPLC column. Cholesterol content of the 
individual fractions was determined spec-
trofluorimetrically. The relative positions 
of remnant lipoproteins (CR), LDL, HDL 
are indicated. Shown profiles are the aver-
age of profiles obtained from two individ-
ual animals of the indicated genotype. Im-
munoblot analyses of corresponding 
column fractions from induced animals for 
apoB100, apoB48, and apoE are shown un-
derneath the respective FPLC profiles. (B) 
Adult LRPflox/flox;LDLR2/2 mice that were 
either nontransgenic (lanes 1 and 2) or 
transgenic for MX1 cre were injected 
(three times, intraperitoneally) with pI:pC 
in 2-d intervals. 10 d after the final injec-
tion, 0.2 ml plasma from each mouse was 
separated by 4–15% SDS gel electrophore-
sis and immunoblotted with a polyclonal 
antibody against apoB using the ECL sys-
tem. The relative position of migration of 
apoB100 and apoB48 is indicated.

Table II. Total Plasma Cholesterol and Triglyceride 
Concentrations in MX1 Cre Transgenic and Nontransgenic 
LRPflox/flox; LDLR2/2 Mice Injected or Noninjected with pI:pC

Cholesterol
(mg/dl)

Triglycerides
(mg/dl)

1 pI:pC 2 pI:pC 1 pI:pC 2 pI:pC

MX1 cre1; LRPflox/flox; LDLR2/2 754 213 274 69
LRPflox/flox; LDLR2/2 334 207 131 99

Animals (age 16–20 wk) were injected (three times intraperitoneally)
with 250 mg pI:pC and the plasma from two animals in each group was
pooled and analyzed 10 d after the final injection.
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the apoE knockout models. In apoE knockout mice the com-
position of the lipoprotein particles is altered due to the ab-
sence of apoE. Instead, the particles contain significant amounts
of apoAIV. This change in apoprotein composition might af-
fect the susceptibility of the chylomicrons to lipolytic process-
ing and account for the observed differences in the make-up of
the remnants.

In the mouse, substantial amounts of apoB48 are produced
by the liver, in contrast to humans where this apoprotein is al-
most exclusively made by the intestine (27–29). The apoB48
containing remnants that accumulate in double knockout ani-
mals must therefore constitute a mixture derived from synthe-
sis in both organs.

If both LRP and LDL receptor are equally effective in me-
diating the clearance of remnant lipoproteins in the liver, why
is there no discernible accumulation of remnants in the circula-
tion when either LRP or LDL receptor is functionally inacti-
vated? One answer to these questions has been offered by the
combined studies of Hamilton and Havel (8), Ji et al. (6, 7),
and Mortimer et al. (9) who demonstrated that apoE in con-
junction with HSPGs leads to sequestration of remnants on
the hepatocyte surface and their subsequent uptake by an
apoE-dependent secretion/recapture mechanism (30). Taken
together, these studies suggest that remnant uptake by the
liver involves a two-stage process in which circulating remnant
particles are quickly removed from the bloodstream by a non–
receptor-mediated interaction with apoE on the hepatocyte
surface, followed by enrichment with apoE and subsequent in-
ternalization by the LDL receptor and by LRP. In this model,
remnant lipoproteins would only start to accumulate in the cir-
culation after the sequestration compartment has been satu-
rated.

Another reason why remnants do not accumulate when
LRP alone has been knocked out in the liver has been offered
by our finding that LDL receptor protein expression is in-
creased in these animals (Fig. 6 B). Because LDL receptor
protein but not mRNA expression is increased, this compensa-
tory mechanism is likely to take place at the posttranscrip-
tional level, possibly by increasing receptor half-life. The in-
crease of LDL receptor expression also suggests that under
normal physiological conditions LRP contributes substantially
to hepatic remnant clearance and does not merely serve as a
backup receptor that has meaningful clearance functions only
when the LDL receptor is absent.

Another unexpected observation has resulted from the
present experiments. In a previous study (11), we used ade-
noviral transfer of the inhibitory protein RAP to completely
prevent the binding of remnants to LRP. In these experiments
we noted a large increase in the plasma concentration of cho-
lesterol and triglycerides that were carried in apoB48 contain-
ing lipoprotein particles resembling remnants. In this study we
also observed a marked increase in plasma cholesterol and
apoB48 concentrations, but a much smaller increase in plasma
triglyceride levels compared with the RAP overexpression
experiments. This was true irrespective of whether LRP gene
disruption was induced by adenoviral transfer of Cre or by in-
duction of the recombinase from the integrated transgene, ex-
cluding the possibility of a hepatotoxic nonspecific viral effect.
The most likely explanation for the observed quantitative
difference between these two conceptually different experi-
mental approaches is that RAP, when it circulates at high con-
centrations in the bloodstream, not only prevents remnant re-
moval by LRP in the liver, but may also interfere with other
receptors or biochemical processes that participate in the catab-
olism of chylomicrons and remnants. Future studies should
identify this unknown RAP-sensitive step and determine
whether a postulated lipolysis-stimulated receptor (18) might
play a role in this pathway.

Taken together, these experiments provide unequivocal ge-
netic evidence for a physiological role of LRP in the hepatic
uptake of remnant lipoproteins and in the maintenance of
plasma lipid homeostasis. They also demonstrate the feasibil-
ity of genetically dissecting and analyzing complex and devel-
opmentally essential biochemical pathways by temporally and
spatially controlled somatic gene inactivation. By combining
different tissue-specific promoters and a ligand-inducible Cre
recombinase (31) it should be possible to elucidate the role of
LRP or other essential genes for embryonic development as
well as for neuronal development and survival and the forma-
tion of atherosclerotic lesions.

Acknowledgments

We are indebted to Martina Anton and Frank Graham for sharing
the Cre-expressing adenovirus, to Wen-Ling Niu, Laura Quinlivan,
and Scott Clark for outstanding technical assistance, and to Mike
Brown, Joe Goldstein, and David Russell for critical reading of the
manuscript.

Figure 6. Northern (A) and Western (B) 
blot analyses of LDL receptor expression 
in wild-type and LRP-deficient livers. (A) 
Total mouse liver RNA from MX1 Cre 
transgenic (lanes 3 and 4) or nontransgenic 
mice (lanes 1 and 2) that had been induced 
with pI:pC was obtained 21 d after the final 
injection. 10 mg of each sample was ana-
lyzed by Northern blotting using 32P-
labeled probes specific for the mouse LDL 
receptor (LDLR) or GAPDH. Filters were 
exposed to Kodak XAR film for 16 h at 
2808C. (B) Wild-type (lanes 1 and 2) or 
LRPflox/flox mice (lanes 3 and 4) were in-

jected with AdCre1 and liver membrane were prepared 21 d later. 50 mg of liver membrane protein extract/lane was separated by 4–15% SDS 
gel electrophoresis, transferred to nitrocellulose membranes, and incubated with antibodies directed against the 85-kD subunit of LRP or the 
LDL receptor (LDLR). Bound IgG was detected using the ECL system.
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