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Abstract Apolipoprotein E (apoE) is the ligand for recep-
tor-mediated clearance of remnant lipoproteins. ApoE at
concentrations only 10% of normal, achieved through trans-
plantation of wild-type marrow into apoE(

 

2

 

/

 

2

 

) mice, is
sufficient for the maintenance of normal serum lipid and
lipoprotein levels. The goal of the present study was to
identify the minimal concentration of serum apoE still af-
fecting cholesterol levels, and to determine whether any ef-
fects on remnant clearance below this level of apoE were de-
tectable. ApoE(

 

1

 

/

 

1

 

) marrow was mixed with apoE(

 

2

 

/

 

2

 

)
marrow in proportions of 1, 5, 10, and 25% to make chi-
meric mice with serum levels of apoE ranging from 0.005 to
0.46 mg/dl. Analysis of serum cholesterol and apoE levels
demonstrated a positive correlation between apoE levels and
cholesterol reduction (

 

r

 

 

 

5

 

 0.83), with levels of 0.04 mg/dl
representing the functional threshold level. There were no
differences in lipoprotein profiles and clearance between
apoE(

 

2

 

/

 

2

 

) mice and mice with serum apoE of less than
0.04 mg/dl, as assessed by FPLC, non-denaturing gel elec-
trophoresis, and turnover studies. However, electron mi-
croscopy of negative stains showed fewer lipoprotein parti-
cles with a diameter of 

 

,

 

30 nm in the serum of these mice
compared to apoE(

 

2

 

/

 

2

 

) mice.  These data demonstrate
that the threshold of serum apoE resulting in cholesterol re-
duction is 0.04 mg/dl, and indicate that apoE below this
level affects lipoprotein size distribution possibly by accel-
erating the clearance of smaller remnants.

 

—Hasty, A. H., M.
F. Linton, L. L. Swift, and S. Fazio.
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Apolipoprotein E (apoE) is a plasma glycoprotein re-
sponsible for the receptor-mediated clearance of remnant
lipoproteins from the circulation (1–3). It is recognized
by both the low density lipoprotein receptor (LDLR) and
the LDLR related protein (LRP) (1), and also binds to
heparan sulfate proteoglycans (HSPGs) (4, 5). Mutations
in the apoE gene resulting in receptor-binding defective
apoE or the complete absence of apoE lead to the devel-
opment of type III hyperlipidemia (type III HLP) (6),
which is characterized by an accumulation of cholesterol

 

and triglycerides (7–9), as well as by early atherosclerosis
(9). An animal model of apoE deficiency was created by
targeted disruption of the apoE gene in mice (10–12).
These mice have characteristics similar to type III HLP pa-
tients, including hypercholesterolemia and spontaneous
atherosclerotic lesion development (11–13).

ApoE in both humans and mice is present in serum at a
concentration of 5–8 mg/dl (14, 15). The exact levels of
apoE in serum needed to maintain cholesterol homeosta-
sis are unknown, but normal apoE concentrations are well
above the minimum level. Several lines of evidence point
to the over-abundance of apoE in serum. Individuals and
mice with only one apoE allele have no detectable abnor-
malities in their cholesterol metabolism although they
express only half of normal apoE levels (8, 11, 12, 16). Ad-
ditionally, serum apoE levels in apoE(

 

2

 

/

 

2

 

) mice after
transplantation with apoE(

 

1

 

/

 

1

 

) marrow are only 10% of
normal, yet produce a near normalization of serum cho-
lesterol levels (17–20). Furthermore, transplantation of
apoE(

 

2

 

/

 

2

 

) mice with apoE heterozygous marrow (

 

1

 

/

 

2

 

)
results in serum apoE concentrations of only 5% of wild-
type levels, which produces a significant reduction in
plasma cholesterol levels in the order of 50% (17).

The goal of the present study was to create mice with
levels of apoE below 5% of normal for the purposes of de-
fining the threshold below which its effects on serum cho-
lesterol are no longer apparent. To produce mice with
varying low levels of apoE in serum, we transplanted
apoE(

 

2

 

/

 

2

 

) mice with apoE(

 

2

 

/

 

2

 

) marrow mixed with

 

Abbreviations: apo, apolipoprotein; BMT, bone marrow transplanta-
tion; FPLC, fast performance liquid chromatography; (
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), homozy-
gous wild-type; (
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), homozygous deficient; (
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), heterozygous;
LDLR, low density lipoprotein receptor; LRP, low density lipoprotein
receptor-related protein; HPSGs, heparan sulfate proteoglycans; Type
III HLP, type III hyperlipidemia; VLDL, very low density lipoproteins;
HDL, high density lipoproteins; LDL, low density lipoproteins; IDL, in-
termediate density lipoproteins; IL, interleukin; LPL, lipoprotein li-
pase; pLXSN, parental retrovirus; pLMESN, mouse apoE-containing
retrovirus; pLHESN, human apoE-containing retrovirus.
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apoE(

 

1

 

/

 

1

 

) marrow in decreasing proportions (1:4, 1:10,
1:20, and 1:100).

Here we demonstrate that the concentration of mouse
apoE in serum necessary for significant reductions in se-
rum cholesterol levels is 0.04 mg/dl, and that the choles-
terol reduction is highly correlated with the log of serum
apoE levels (

 

r

 

 

 

5

 

 0.83). Although no differences in the
clearance of remnant lipoproteins were detected in mice
expressing low levels of apoE compared to apoE(

 

2

 

/

 

2

 

)
mice, a significant reduction in smaller remnants was evi-
dent by electron microscopic analysis. These data support
the concept of a narrow range of serum apoE concentra-
tions that is limiting for detectable cholesterol changes. In
this range, apoE shows a dose-dependent effect on remnant
removal, from complete clearance at a level of 0.2 mg/dl to
lack of any detectable clearance at a level of 0.03 mg/dl.

MATERIALS AND METHODS

 

Animal procedures

 

ApoE(

 

2

 

/

 

2

 

) mice used in transplant experiments were back-
crossed at least 10 times into the C57BL/6 background. Mice
were maintained in microisolator cages on a rodent chow diet
(PMI No. 5010, St. Louis, MO) and were given autoclaved acidi-
fied water (pH 2.8). One week prior to and 2 weeks after bone
marrow transplantation (BMT), mice were given antibiotic water
consisting of 100 mg/l neomycin (Sigma) and 10 mg/l poly-
myxin B sulfate (Sigma), pH 2.0. Animal care and experimental
procedures were performed according to the regulations of
Vanderbilt University’s Animal Care Committee.

 

ApoE purification and quantitation

 

ApoE was purified from 10 ml of pooled serum from C57BL/6
mice according to standard procedures (21). Briefly, a d 

 

,

 

 1.040
lipoprotein cut was collected from serum and dialyzed against 5
m

 

m

 

 NH

 

4

 

HCO

 

3

 

. After dialysis, the sample was lyophilized and re-
suspended in 0.1 

 

m

 

 NH

 

4

 

HCO

 

3

 

. The sample was then delipidated
with a series of ethanol:ethyl ether mixtures and resuspended in
a guanidine HCl buffer (6 

 

m

 

 guanidine HCl, 0.1 

 

m

 

 Tris, 0.01%
EDTA, pH 7.4). ApoE was separated from apoB by gel filtration
chromatography on a Sepharose-200 column (1.6 

 

3

 

 200 cm) in 4 

 

m

 

guanidine HCl. The OD

 

280

 

 absorbance was used to determine
the apoE-containing fractions, which were then pooled, dialyzed,
and lyophilized. Samples were run on 12% SDS gels to confirm
the purity of apoE preparation. As a standard for comparison we
used murine apoE, kindly provided by Dr. K. H. Weisgraber (San
Francisco, CA). Protein concentration of purified apoE was eval-
uated by a modification to the procedure of Lowry et al. (22).

To determine apoE concentration in serum of C57BL/6 mice,
comparative dilution Western blot analyses were performed on a
pool of C57BL/6 serum with purified apoE as a standard. Sam-
ples were analyzed in triplicate. The concentration of mouse
apoE in serum was calculated to be 3.87 mg/dl. The same pool of
C57BL/6 serum was used as a control in immunoblots for analysis
of apoE concentration in all transplanted mouse serum samples.

 

Cloning of mouse and human apoE cDNA
into the pLXSN retroviral vector

 

The mouse apoE cDNA (exon 2 through exon 4) was ampli-
fied by reverse transcription PCR. The human apoE3 was am-
plified from an expression vector driven by the CMV promoter
(23). Cycling conditions for both the mouse and human apoE

consisted of 40 cycles of: 97

 

8

 

C denaturing for 30 sec, 62

 

8

 

C anneal-
ing for 2 min, and 72

 

8

 

C extension for 2 min. The PCR products
were used for ligation into the pLXSN retroviral vector and trans-
fected into DH5

 

a

 

 cells. The sequence of the apoE cDNA inserts
was confirmed using the ThermoSequenase kit (Amersham, Ar-
lington Heights, IL).

 

Preparation of producer cell lines

 

The retroviral constructs were used to transfect the ecotropic
packaging cell line, Bosc-23, which has been shown to result in
transient high titer production of infectious virus (24). The super-
natant from these cells was used to infect the amphotropic packag-
ing cell line, PA317 (25). The media from this cell line was then
used to infect the ecotropic packaging cell line, 

 

c

 

2, in a trans-infec-
tion method for creating high titer producer cell lines (26). The
infected 

 

c

 

2 cells carrying the provirus were selected with the neo-
mycin analogue G418 (Sigma, St. Louis, MO). Individual clones
were isolated and analyzed for apoE expression and infectious titer.
Mouse apoE-expressing (pLMESN/

 

c

 

2), human apoE-expressing
(pLHESN/

 

c

 

2), and parental virus (pLXSN/

 

c

 

2) producer cells
were selected for use in bone marrow transplant experiments. The
producer cell lines used for BMT studies were assayed for the pres-
ence of recombinant wild-type virus by the S

 

1

 

L

 

2

 

 assay (27, 28) and
were found to be helper virus-free.

 

Bone marrow transplants

 

Bone marrow was collected from apoE(

 

2

 

/

 

2

 

) and apoE(

 

1

 

/

 

1

 

)
mice by flushing femurs and tibias using RPMI 1640 with 2% FBS
and 10 U/ml heparin (Sigma). ApoE(

 

1

 

/

 

1

 

) marrow was added
to apoE(

 

2

 

/

 

2

 

) marrow at 1, 5, 10, and 25%. Cells were washed,
counted, resuspended in RPMI, and used immediately for trans-
plantation into lethally irradiated recipient mice. ApoE(

 

2

 

/

 

2

 

)
mice were given 5 

 

3

 

 10

 

6

 

 cells in a volume of 300 

 

m

 

l via tail vein
injection 4 h after lethal irradiation with 900 rads from a cesium
gamma source. Bone marrow transplants with retroviral-trans-
duced marrow were performed as follows: bone marrow was col-
lected from apoE(

 

2

 

/

 

2

 

) donors, counted, and plated in suspen-
sion dishes, where proliferation was stimulated by pre-culturing
with interleukin 3 (IL-3) and interleukin 6 (IL-6) for 48 h. After
pre-culture, bone marrow cells were collected and re-plated at
5 

 

3

 

 10

 

5

 

 cells/ml in the above media with 6 

 

m

 

g/ml polybrene
(hexadimethrine bromide, Sigma) onto dishes of 80% confluent
producer cells again for 48 h. The non-adherent bone marrow
cells were then collected and used to transplant lethally irradi-
ated apoE(

 

2

 

/

 

2

 

) mice as described above. Cells were counted,
resuspended in RPMI 1640, and injected into the tail vein of re-
cipient mice (3–5 

 

3

 

 10

 

6

 

 cells in 300 

 

m

 

L).

 

Serum cholesterol and triglyceride analysis

 

Blood samples were collected by retro-orbital venous plexus
puncture using heparinized tubes. Serum was separated by cen-
trifugation and preserved using 1 m

 

m

 

 phenylmethylsulfonyl fluo-
ride (PMSF) (Sigma). Serum cholesterol levels were determined
using Raichem reagent No. 80035VI (San Diego, CA), adapted
for a microtiter plate assay (29). Briefly, 100 

 

m

 

L of a 1:100 dilu-
tion of serum was mixed with 100 

 

m

 

L of reagent and incubated at
37

 

8

 

C for 10 min in a microtiter plate. The 490 nm absorbance
was read on a Molecular Devices microplate reader (Menlo Park,
CA). Serum triglyceride levels were determined using Sigma Kit
No. 339 similarly adapted for microtiter plate assay (absorbance
was read at 540 nm).

 

Lipoprotein separation

 

Serum samples from individual mice were subjected to fast
performance liquid chromatography (FPLC) analysis using a Su-
perose 6 column from Pharmacia on a Waters HPLC system
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model 600 (Milford, MA). Briefly, a 100-

 

m

 

L aliquot of serum was
injected onto the column and separated with a buffer containing
0.15 

 

m

 

 NaCl, 0.01 

 

m

 

 Na

 

2

 

HPO

 

4

 

, 0.1 m

 

m

 

 EDTA, pH 7.5, at a flow
rate of 0.5 ml/min. Forty 0.5-ml fractions were collected and
tubes 11–40 were analyzed for cholesterol and apoE content. Frac-
tions 14–17 contained VLDL and chylomicrons; fractions 18–25
contained LDL/IDL, fractions 26–31 contained HDL; fractions
32–40 contained the remaining non-lipid bound proteins.

 

Apolipoprotein E Western blot analyses

 

Serum samples were tested for the presence of apoE by dot
blot analysis. Samples were applied at different dilutions to indi-
vidual wells of a 96-well dot blot apparatus (Shleicher and Schuell,
Keene, NH) along with dilutions of C57BL/6 serum. The pri-
mary antibody used was polyclonal rabbit anti-mouse apoE
(BioDesign International, Kennebunk, ME). The secondary anti-
body was horseradish peroxidase-conjugated goat anti-rabbit IgG
(Sigma). Signal was detected using the ECL kit by Amersham. Si-
milar Western blot analyses were performed on FPLC samples
after electrophoresis on 12% SDS gels and transfer to nylon mem-
branes (Gelman). Serum from pLMESN, pLHESN, and pLXSN
were electrophoresed on LFS gels by Z-axis (Hudson, OH), ac-
cording to the kit instructions.

 

Densitometric analysis

 

Densitometric analyses were performed on a MultiImage light
cabinet with the AlphaImage 3.24 software (Alpha Innotech
Corp., San Leandro, CA). Concentrations of chimeric mouse
apoE levels were compared to C57BL/6 concentrations on dot
blot analyses. Undiluted apoE-deficient mouse serum was used as a
control for cross-reactivity of the polyclonal antibody with other
apoproteins. Individual values were then compared to the percent
reduction in serum cholesterol from individual mice at 6 weeks

post-BMT. Linear regression was calculated comparing the serum
cholesterol reduction with the log of the apoE concentration.

 

Macrophage primary cultures

 

Peritoneal cells were collected 2 days after injection of thiogly-
colate as described (30), counted, and plated into 12-well dishes
at 2 

 

3

 

 10

 

6 cells/well in DMEM 1 10% FBS. After 2 h, non-adher-
ent cells were removed. Wild-type, C57BL/6 mouse peritoneal
leukocytes collected and plated in the same manner served as a
positive control. Medium was collected from macrophages in
48-h intervals and frozen in 1 mm PMSF for Western blot analysis.

Turnover studies
Lipoproteins of different densities were prepared from serum

of triton-treated C57BL/6 or non-treated retroviral-transduced
BMT recipient mice. Serum was centrifuged on a Beckman ultra-
centrifuge in a TL120 rotor. Density cuts were: chylomicrons
(d , 1.006 g/ml), VLDL (d 1.006–1.019 g/ml), and IDL/LDL
(d 1.019–1.040 g/ml). Turnover studies were performed essen-
tially as described (31). Groups consisted of 3–4 recipient mice.
125I-labeled lipoproteins were injected via the jugular vein. Blood
was collected by retro-orbital venous plexus puncture with hep-
arinized tubes immediately, 15, 60, and 180 min after injection.
Aliquots of serum were analyzed for radioactivity on a gamma
counter. Total counts were calculated assuming that mouse
plasma volume is 3% of body weight.

Negative stains
Plasma lipoproteins were sized by negative stain electron

microscopy using carbon-stabilized Formvar-coated nickel
grids and 2% aqueous phosphotungstic acid, pH 6.5. Stained
grids were viewed in a Philips 300 electron microscope (Phil-
ips Electronic Instruments Inc., Mahwah, NJ), and random
fields were selected and photographed. Lipoprotein diameters

Fig. 1. Western blot analysis of apoE levels in chimeric mice. Serum was collected from recipient mice of
apoE(2/2)/apoE(1/1) mixed marrow at 3 weeks after transplantation. SDS PAGE was performed on 3 ml
of undiluted serum samples from mice in the different transplantation groups (100, 25, 10, and 5% C57BL/
6 marrow) to evaluate the chimerism created by this technique. After electrophoresis on 12% SDS gels, sam-
ples were transferred to nitrocellulose membranes and probed for mouse apoE, as described in Materials
and Methods. Panel A: densitometric analysis of apoE expression from mouse serum in panel B. Panel B:
Lanes 1–2, 1:10 and 1:20 dilutions of C57BL/6 serum; lane 3, apoE(2/2) serum; lanes 4–5, serum from a
100% C57BL/6 recipient; lanes 6–8, serum from 25% recipients; lanes 9 –11, serum from 10% recipient
mice; lanes 12–14, serum from 5% recipients.
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were determined by measuring all spherical lipoproteins
within a given field. Between 250 and 500 lipoproteins were
measured from three samples in each group (pLHESN and
pLXSN). Particles were grouped in two categories: .30 nm
and ,30 nm. Statistical evaluation of the difference in size dis-
tribution between particles of the two groups was performed
by Chi-square analysis.

RESULTS

Threshold of serum apoE necessary
for serum cholesterol changes

When apoE(2/2) mice are transplanted with 100%
wild-type bone marrow, serum apoE concentration is 10–
12% of normal levels (0.38–0.46 mg/dl) and serum cho-
lesterol levels are normalized (17, 19, 20). To express
lower levels of apoE, we produced chimeric mice by mix-
ing apoE(1/1) and apoE(2/2) bone marrow in differ-
ent proportions (1, 5, 10, and 25% C57BL/6), and using
this marrow to transplant lethally irradiated apoE(2/2)
recipient mice. The resulting serum apoE levels in these
mice ranged from 0.005 to 0.45 mg/dl. ApoE Western
blot analysis of serum 4 weeks after transplantation dem-
onstrated that, although apoE levels tended to be lower
with the lower proportion of C57BL/6 marrow in the mix-
ture, there were overlaps of apoE expression between
groups (Fig. 1). When cholesterol data are compiled for
mice based on transplantation groups, mice receiving
10% apoE(1/1) marrow (0.04–0.05 mg/dl) have a 40%
reduction in serum cholesterol, whereas mice receiving
5% or 1% mixed marrow (0.005–0.04 mg/dl) do not have
significant cholesterol changes (Fig. 2). Peritoneal mac-
rophages were collected from mice 6 to 9 months after
BMT. Western blot analyses of media from cultured cells
demonstrated variability in apoE expression between
groups (Fig. 3), suggesting that the plasma levels of apoE
are a direct reflection of macrophage apoE expression
level. To determine the threshold of apoE necessary for
cholesterol reductions, individual samples were assayed
for apoE concentration and cholesterol reductions. A
standard pool of mouse serum with apoE levels measured
to be 3.78 mg/dl was used for all comparative dilution im-
munoblot analyses. There was a significant correlation be-

Fig. 2. Serum cholesterol changes in chimeric mice. Serum cho-
lesterol levels were measured in recipient BMT mice before and at
3, 4, 6, and 9 weeks post-BMT. The percent reduction from baseline
was determined for individual mice and the results were averaged
at each timepoint. The transplantation groups were as follows:
100% C57BL/6 marrow (n 5 3), m; 25% C57BL/6 marrow (n 5 6),
h; 10% C57BL/6 marrow (n 5 8), j; 5% C57BL/6 marrow (n 5
13), s; 1% C57BL/6 marrow (n 5 4), d. Error bars represent the
standard error of the mean for each group. All timepoints for mice
in the 25% and 100% groups were significantly different (P ,
0.001) from the respective timepoints of mice in both the 1% and
5% groups.

Fig. 3. Western blot analysis of macrophage apoE from chimeric mice. Peritoneal macrophages were col-
lected from BMT recipient mice at killing after thioglycollate injection. Cells were washed and plated onto
12-well dishes at 1 3 106 cells per well. After macrophages had seeded, they were washed and the media were
collected in 48-h intervals. Lipoproteins were extracted from the media with fumed silica and electropho-
resed on 12% SDS gels. Proteins were transferred to nitrocellulose membranes and probed for apoE. The
protein content of individual wells was quantitated by a Lowry assay and equivalent amounts of media per mg
cell protein were loaded onto the gel. Lane 1, C57BL/6 macrophages; lane 2, 25% mouse; lanes 3 –4, 10%
mice; lanes 5–7, 5% mice and lanes 8–10, 1% mice.
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tween serum cholesterol reductions and the log of the
apoE levels (r 5 0.83). The threshold of apoE below
which no changes in cholesterol were observed was about
0.04 mg/dl (Fig. 4).

Remnant lipoproteins are progressively
reduced as apoE levels increase

Lipoprotein profiles of chimeric mice with different se-
rum levels of apoE were evaluated by FPLC analysis. Anal-
yses were performed on 5–7 individual samples from each
group. The changes in lipoprotein profiles were charac-
terized first by reductions in the VLDL and IDL fractions,
followed by reductions in LDL (Fig. 5, panel A). The dis-
tribution of apoE on lipoproteins was determined by West-
ern blot analysis of FPLC fractions. The apoE was located
primarily on VLDL, IDL, and LDL, with smaller amounts
on HDL (Fig. 5, panel B) in all groups of mice.

Clearance of IDL in the presence of low level apoE
Due to the variability in apoE concentrations produced

in the chimeric BMT mice, we used another technique to
obtain mice with consistent low levels of apoE in serum.
ApoE(2/2) mice were transplanted with apoE(2/2)
marrow that had been transduced with either a mouse or
human apoE-containing retrovirus (pLMESN and pLHESN,
respectively). These mice had levels of 0.02 mg/dl apoE in
serum, which was consistent between mice and was always
below the threshold necessary to induce measurable cho-
lesterol changes (Fig. 6). Serum apoE concentrations and
cholesterol levels in mice transplanted with transduced
marrow are stable for up to 16 weeks after transplantation
(not shown). Controls used for these experiments were
mice transplanted with parental-virus transduced cells
(pLXSN).

To determine whether serum apoE concentrations be-
low the cholesterol reduction threshold would affect the
clearance of remnant lipoproteins, we studied the turn-
over of 125I-labeled VLDL (d , 1.019 g/ml) from C57BL/6

or pLMESN mouse plasma in three groups of mice:
C57BL/6, pLXSN, and pLMESN. Serum samples were
collected at 15, 60, and 180 min after injection. The clear-
ance of both VLDL types was greater than 80% in C57BL/6
mice by 3 h after injection, but was equally delayed in

Fig. 4. Correlation between serum apoE and cho-
lesterol reduction in chimeric mice 6 weeks after
BMT. Serum cholesterol levels at baseline and 6 weeks
after transplantation were evaluated as described in
Materials and Methods. Serum samples were then
used for dot blot and densitometric analysis and com-
pared with serial dilutions of C57BL/6 serum (de-
scribed in Methods). Samples were analyzed in tripli-
cate and individual values for serum apoE levels were
compared to serum cholesterol reductions. A loga-
rithmic correlation line was plotted through the
data. The inset contains a graph demonstrating the
linear correlation (r 5 0.83) between the cholesterol
reduction and the log of the apoE concentration for
individual samples. The transplantation groups of in-
dividual mice are indicated by symbols: 100%
C57BL/6 marrow (n 5 2), m; 25% C57BL/6 marrow
(n 5 4), h; 10% C57BL/6 marrow (n 5 5), j; 5%
C57BL/6 marrow (n 5 9), s; 1% C57BL/6 marrow
(n 5 3), d.

Fig. 5. FPLC analysis of lipoprotein distribution in serum of chi-
meric mice. Individual mouse samples with increasingly reduced
total cholesterol values were analyzed by FPLC analysis. Samples
were injected onto a Superose-6 column and separated into forty
0.5-ml fractions as described in Materials and Methods. Cholesterol
levels were evaluated for each sample and plotted. Panel A: Lipo-
protein distribution of mice from baseline (d, 500 mg/dl), 5% re-
cipient (s, 363 mg/dl), 10% recipient (m, 230 mg/dl), 25% recipi-
ent (n ,  150 mg/dl), and 100% recipient (r ,  95 mg/dl).
Representative examples of one animal from each group are pre-
sented. Panel B: Western blot analysis of apoE in FPLC fractions
from a 5% recipient mouse.
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pLMESN and pLXSN mice, with 40% of the initial counts
still in serum 3 h after injection (data not shown).

In addition, the clearance of different remnant lipopro-
tein classes was tested by injecting C57BL/6 125I-labeled chy-
lomicrons (d , 1.006 g/ml), VLDL (d 1.006–1.019 g/ml),
and LDL (d 1.019–1.040 g/ml) into pLXSN and pLHESN
mice. Again, no differences were detected between mice ex-
pressing low levels of extrahepatic apoE compared to con-
trol pLXSN mice (Fig. 7). Interestingly, there was no dif-
ference in the clearance of LDL between apoE(2/2) and
C57BL/6 mice, presumably because this particle binds to
the LDLR via apoB-100 (Fig. 7, panel C). Non-denaturing
gel electrophoresis was also performed on serum from
pLHESN, pLMESN, and pLXSN to determine whether
any differences in remnant concentrations were detect-
able. A broad VLDL band was evident in all samples but
no differences were distinguishable among groups (data
not shown).

Finally, the size distribution of serum lipoproteins from
fasted pLXSN and pLHESN mice was analyzed by electron
microscopy after negative staining. Lipoprotein particles
from each group were separated into those .30 nm (VLDL
and chylomicron remnants) and those ,30 nm (mostly
IDL and LDL). Mice expressing low levels of apoE had a
significant reduction in lipoproteins with diameters less
than 30 nm (P 5 0.011 by Chi-square analysis, Fig. 8),
indicating a possible preferential loss of these smaller
remnant particles (,30 nm) when apoE is present in lim-
iting concentrations. Similar results were obtained with
pLMESN mouse serum.

DISCUSSION

The goals of this study were to find the threshold level
of apoE necessary to produce measurable effects on serum

Fig. 6. ApoE Western blot analysis in serum of apoE(2/2) mice transplanted with apoE(2/2) bone mar-
row transduced with an apoE-expressing retrovirus. Three-mL aliquots of fasted serum samples were sub-
jected to 12% SDS-PAGE. Proteins were transferred to a pure nitrocellulose membrane (Gelman) by semi-
dry transfer and immunoblotted as described in Materials and Methods. Lanes 1 –3 contain 3 mL of C57BL/6
serum as stated, lane 4 is serum from a control mouse transplanted with apoE(2/2) bone marrow trans-
duced with an empty retrovirus, and lanes 5–9 contain serum from 5 different experimental mice transplanted
with pLMESN.

Fig. 7. Lipoprotein turnover studies in C57BL/6, pLHESN and pLXSN mice. Chylomicrons (d , 1.006 g/ml), VLDL (d 1.006–1.019 g/
ml), and LDL (d 1.019–1.040 g/ml) were labeled with 125I and used for turnover studies in C57BL/6, pLHESN, and pLXSN mice (n 5 3 in
each group). Injections were made in the jugular bulb and blood collections were performed through the orbital venous plexus immediately
after injection and at 15, 60, and 120 min after injection. Counts in serum are calculated as the percent of the immediate counts. Panel A
demonstrates the turnover of chylomicron remnants, panel B is of VLDL, and panel C is of LDL.
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cholesterol concentrations and to investigate whether any
subtle effects on remnant lipoprotein clearance could be
detected below this level. To evaluate the lower threshold
of apoE for lipoprotein clearance, mice with different
concentrations of apoE were produced by transplanting
apoE(2/2) mice with different proportions of marrow
from C57BL/6 and apoE(2/2) mice. The resulting chi-
meric mice expressed apoE at various levels allowing us to
analyze the threshold of apoE in serum which would still
result in cholesterol clearance. The relationship between
the log of serum apoE levels and cholesterol reduction
was highly significant (r 5 0.83). Serum apoE levels below
0.04 mg/dl resulted in small, variable, and non-significant
changes in serum cholesterol levels whereas apoE concen-
trations between 0.04 and 0.08 mg/dl resulted in choles-
terol reductions ranging from 20 to 50%. At apoE concen-

trations greater than 0.1 mg/dl, cholesterol levels were
nearly normalized, with cholesterol reductions in the
order of 60–80%. Thus, the threshold of apoE necessary
for detectable cholesterol clearance is 0.04 mg/dl. This is
approximately 100-fold lower than normal levels of apoE
in serum. In addition, our negative stain analyses of serum
from mice with apoE levels below the threshold indicates
that a population of smaller remnant particles (diameter
,30 nm) is selectively under-represented. As apoE is an
exchangeable apoprotein that transfers from one lipopro-
tein particle to another, it is possible that the exchange of
apoE among different lipoproteins allows IDL-size parti-
cles, which have a smaller surface-to-core ratio than other
remnants, to accumulate the critical mass of apoE neces-
sary for their clearance more readily than the larger
VLDL and chylomicrons (a schematic representation of

Fig. 8. Negative stain analysis of serum lipoproteins in pLXSN
and pLHESN mice. Blood samples were collected and serum was
centrifuged from mice that had been fasted for 12 h to control for
the presence of post-prandial lipoproteins. Negative stains were
prepared and visualized by electron microscopy according to Mate-
rials and Methods. The diameters of the particles were converted to
nm based upon the magnification of the picture taken. Panels A
and B are representative images from two pLXSN mice, and panels
C and D are from two pLHESN mice. Bar indicates 100 nm. Panel E
presents the relative distribution of particle sizes above and below
30 nm (n 5 3 for each group). There was a significant difference in
the distribution of lipoproteins from the two groups of mice (P 5
0.011, 2 3 2 Chi-square analysis).
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this hypothesis is given in Fig. 9). In this scenario, it is
intriguing to speculate that the apoE-producing Kupffer
cells of donor origin may preferentially enrich smaller
remnants and accelerate their hepatic clearance. Another
interpretation is that the change in lipoprotein particle dis-
tribution reflects increased levels of larger remnants due to
reduced processing of chylomicrons secondary to apoE in-
hibition of lipoprotein lipase (32, 33). However, the lack of
changes in triglyceride levels between apoE-expressing and
apoE(2/2) mice argues against this interpretation.

The data presented here lead to a clearer understand-
ing of the relationship between serum apoE and choles-
terol concentrations. Much work has been done to evalu-
ate the effects of over-expression of apoE in mice. Both
adenoviral delivery and transgenic approaches have been
used to evaluate the effects of over-expression of apoE in
mice. Adenoviral delivery of human apoE in apoE(2/2)
mice has been reported to result in serum expression of
levels as high as 650 mg/dl, although levels of only 1–2
mg/dl were needed to reduce serum cholesterol levels
(34, 35). When apoE is expressed at very high levels, se-
rum cholesterol levels are actually increased, presumably
due to the competition of free apoE with lipoprotein-
bound apoE for hepatic receptors. Shimano et al. (36)
have produced mice expressing rat apoE under the con-
trol of a metallothionein promoter at levels greater than
10 mg/dl. This high level of apoE expression not only re-
duced serum cholesterol and triglyceride levels, but it also
reduced the progression of atherosclerosis in animals on a
high fat diet. Together with our data, a scenario can be de-
picted where a broad range of apoE concentrations (from
0.1 to 10 mg/dl) is compatible with the maintenance of
normal serum cholesterol homeostasis. Our data demon-
strate that at lower concentrations of apoE (from 0.04 to
0.1 mg/dl), there is a dose-dependent relationship be-
tween apoE and serum cholesterol levels. Below the level
of 0.04 mg/dl, apoE is no longer capable of promoting

bulk lipoprotein clearance and cholesterol reduction, but
is associated with a different lipoprotein size distribution
compared to the apoE-deficient state.

The reported concentrations of serum apoE after BMT
with wild-type marrow have varied from undetectable
(20), to 3.8% of normal (19), to our report of 10–12% of
normal (17). We and another group have also reported
the effects of transplantation of apoE(2/2) mice with
apoE(1/2) marrow. Although we both reported a signifi-
cant 50% reduction in serum cholesterol levels following
BMT, we estimated apoE levels to be 5% of normal (17),
whereas VanEck at al. (19) calculated a concentration of
1.87% of normal. Therefore, the discrepancy between the
two reports most likely reflects methodological differences.

It is interesting to note that human and mouse apoE
appear to have different efficacy in inducing lipoprotein
clearance in mice. When Bellosta et al. (37) crossed
apoE(2/2) mice with transgenic mice expressing human
apoE under the control of a macrophage specific pro-
moter, the resulting animals had plasma apoE levels rang-
ing from 0.02 to 1.1 mg/dl. Levels below 0.4 mg/dl were
not sufficient to induce serum cholesterol changes,
whereas levels above 0.4 mg/dl reduced plasma choles-
terol levels by 30–60%. In contrast, we report here that
mouse apoE need only be present in serum levels of 0.04
mg/dl (10-fold less than human apoE3) to result in serum
cholesterol reductions. Other reports confirm the differ-
ence in efficacy between mouse and human apoE in the
mouse system. Tsukamoto et al. (38) used second genera-
tion adenovirus expressing human apoE in apoE(2/2)
mice and found that 30% of normal concentrations of
human apoE were required for serum cholesterol normal-
ization. Sullivan et al. (39, 40) produced mice in which
the endogenous apoE gene was homologously replaced
with the human apoE2 or apoE3 genes. In these mice,
human apoE levels were identical to that of wild-type
mouse apoE levels; however, both human apoE-expressing

Fig. 9. Diagram of the hypothesized effects of low levels of apoE in serum. In this schematic representa-
tion, limiting levels of apoE in serum are responsible for reduced apoE content on lipoproteins in the space
of Disse. We hypothesize that the exchange of apoE between lipoprotein particles in the space of Disse allows
smaller IDL-size remnants to accrue the critical mass of apoE necessary for their clearance by hepatic recep-
tors. The apoE originating from apoE-producing Kupffer cells may have a particularly relevant role in this
pathway. The arrow indicates internalization of an apoE-enriched IDL. (C, chylomicrons; V, VLDL; I, IDL;
L, LDL).
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mice had delayed clearance of apoE(2/2) VLDL and a
dramatic increase in serum cholesterol levels in response
to a high fat, high cholesterol diet when compared to wild
type mice. Moreover, atherosclerotic lesion development
was negatively affected by the expression of apoE3 and,
particularly, apoE2 in these mice. These data provide evi-
dence for the differing effects of mouse and human apoE
in the mouse model.

An interesting question raised by these studies is why
there is such an apparent excess of apoE in serum. One
possibility is related to the apoE secretion–capture hy-
pothesis (42–44). Secretion–capture is a mechanism by
which apoE secreted by hepatocytes is sequestered in the
space of Disse, attached to the HSPG. This hepatocyte-
bound apoE is thought to assist in the capture of incom-
ing remnant lipoproteins, and to promote their removal
from the circulation. In this model, excess apoE would be
beneficial in circumstances such as in the presence of post-
prandial dietary fatty acid intake or when the LDL receptor
is not functioning properly. A recent study in our labora-
tory implicates the LRP as playing a role in lipoprotein up-
take only in the presence of hepatic secretion of apoE
(41). The physiologic over-expression of apoE may serve
to route lipoprotein uptake through the LRP to ensure
appropriate intracellular handling.

In conclusion, we present evidence for significant bio-
logic redundancy of apoE in serum. ApoE levels ranging
from the physiologic concentration of ~4 mg/dl to the low
level of 0.4 mg/dl are compatible with complete plasma
cholesterol homeostasis. Below this level, there is a range of
concentrations in which apoE has a dose-dependent effect
on serum cholesterol levels. At levels lower than 0.04 mg/
dl, apoE is no longer capable of inducing detectable serum
cholesterol changes, but subtle effects on remnant clear-
ance continue to occur. These results indicate that even ex-
tremely low levels of serum apoE have a functional role in
lipoprotein removal, and are suggestive of a hierarchical
clearance of different lipoproteins when serum apoE is in
limiting amounts.
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