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Abstract Plasma lipoprotein fractions from inbred C57BL/6J 
mice and outbred ICR mice were prepared by sequential density 
ultracentrifugation using density ranges that were optimized for 
separating mouse lipoproteins, or by Superose 6 HR10/30 fast 
performance liquid chromatography (FPLC). The lipoproteins 
were characterized by migration behavior in agarose, apolipo- 
protein (apo) composition, lipid composition, and particle size 
distribution. Both sequential density ultracentrifugation and 
Superose 6 FPLC were adapted for the separation of lipopro- 
teins from a single mouse. In the plasma of ICR and C57BL/6J 
mice, in contrast to human plasma, emigrating high density 
lipoproteins (HDL) and @-migrating low density lipoproteins 
(LDL) had overlapping density ranges. For example, &migrating 
apoB-100 LDL, slow pre-&migrating apoB-48 remnants, and 
a-migrating HDLI were found together in the d 1.02-1.04 g/ml 
fraction. The d 1.04-1.06 g/ml fraction contained 8-migrating 
apoB-100 LDL and a-migrating HDLI. Large HDL, that were 
found at d 1.02-1.06 g/mI were apoE-rich HDLl, characteristic 
of cholesteryl ester transfer protein-deficient mammals. The 
d 1.10-1.21 g/ml fraction, in addition to a-migrating HDL, in- 
cluded unique slow 8-migrating particles that contained apoE 
and apoA-I but was deficient in neutral lipids. These slow p- 
HDL eluted in the same FPLC fractions as dense a-migrating 
HDL. Compared to ICR mouse plasma, C57BL/6J mouse 
plasma contained more LDL and less HDLl, which might con- 
tribute to the susceptibility of C57BL/6J and the resistance of 
ICR mice to the development of aortic fatty streak lesions when 
challenged with an atherogenic diet.-de Silva, H. V., J. 
Mbs-Oliva, J. M. Taylor, and R. W. Mahley. Identification of 
apolipoprotein B-100 low density lipoproteins, apolipoprotein 
B-48 remnants, and apolipoprotein E-rich high density lipo- 
proteins in the mouse. J. Lipid Res. 1994. 35: 1297-1310. 

Supplementary key w o r d s  
LDL 

C57BW6J mice ICR mice @migratory 

The availability of many different genetically defined 
strains of mice is likely to provide valuable tools for study- 
ing the relationship of lipoprotein metabolism to cardio- 
vascular disease. Atherosclerosis-susceptible and -resistant 

strains (1-3) have been identified with respect to the for- 
mation of aortic fatty-streak lesions in response to a 
cholesterol-supplemented diet. In addition, the ability to 
generate transgenic mice (4, 5) and the advancements 
made in gene ablation by homologous recombination in 
mice (6, 7) provide powerful tools to begin to address the 
in vivo role of specific apolipoproteins and other proteins 
involved in various aspects of lipid metabolism. However, 
detailed knowledge of mouse plasma lipoproteins and 
lipoprotein metabolism is lacking. Furthermore, the lack 
of cholesteryl ester transfer protein (CETP) activity in 
mouse plasma (8) results in a lipoprotein profile unlike 
that in humans. In the mouse, high density lipoprotein 
(HDL) is the primary cholesterol-carrying lipoprotein in 
plasma. 

Preliminary surveys by LeBoeuf et al. (9) and by Lusis 
et al. (10) identified variations in lipoproteins between 
genetically defined inbred strains of mice. However, the 
characterization of mouse lipoproteins relied on the use of 
human plasma density ranges for lipoprotein separation, 
an approach that subsequently has proven inadequate for 
the isolation of mouse plasma lipoproteins. Camus et al. 
(11) undertook a more detailed characterization of mouse 
plasma lipoproteins using density gradient ultracentrifu- 
gation. Nine subfractions of mouse lipoproteins were 
examined, revealing an overlap in the density ranges of a- 

Abbreviations: d, density; FPLC, fast performance liquid chromatog- 
raphy; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electro- 
phoresis; HDL, high density lipoproteins; LDL, low density lipo- 
proteins; VLDL, very low density lipoproteins; IDL, intermediate 
density lipoproteins; CETP, cholesteryl ester transfer protein; LCAT, 
1ecithin:cholesterol acyltransferase. 
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migrating HDL and @-migrating low density lipoproteins 
(LDL). Camus et al. (11) also identified large HDL at low 
densities (HDLI) similar to that of the rat (12) and dog 
(13). Subsequently, Jiao et al. (14) used Superose 6 fast 
protein liquid chromatography (FPLC) and nondenatur- 
ing gradient gel electrophoresis to identify LDL/HDL 
particle size variations in inbred strains of mice. 

The goals of the current study were to characterize the 
specific lipoproteins found at different densities of plasma 
and to examine in detail the plasma lipoproteins from in- 
dividual mice. The density ranges of mouse apoB-100 
LDL, apoB-48 remnants, apoE-rich HDL,, and dense 
HDL have been defined. Using both small-volume se- 
quential density ultracentrifugation and gel filtration 
chromatography, we have established rapid methods for 
the isolation and characterization of lipoproteins from 
200 pl to 1 ml of plasma. This characterization of the 
lipoproteins at each density range included their content 
of apolipoproteins, lipid compositions, and particle sizes 
as measured by negative staining electron microscopy. 
Two different strains of mice (C57BL/6J and ICR) were 
selected for study to determine the potential variation in 
lipoprotein profiles between strains. The C57BL/6J mice 
are susceptible to developing fatty-streak atherosclerotic 
lesions when maintained on a cholesterol-supplemented 
high-fat diet (3). In contrast, ICK mice are resistant to 
lesion formation when maintained on the same diet 
(H. de Silva, D. Sanan, J. M. Taylor, and R. W. Mahley, 
unpublished results). The ICR mouse is used widely for 
generating transgenic lines, and interest in this strain led 
to its inclusion in the present study. 

EXPERIMENTAL METHODS 

Lipoprotein isolation by sequential density 
ultracentrifugation 

ICR mice were purchased from Charles River Labora- 
tories (Wilmington, MA), and C57BL/6J mice were ob- 
tained from Jackson Laboratories (Bar Harbor, ME). 
ICR and C57BL/6J mice 10-14 weeks of age, fed normal 
mouse chow (Purina 5001, 4% fat), were fasted for 4 h 
and bled by cardiac puncture using I mg/ml of EDTA. 

Fasting was limited to 4 h to minimize stress to the 
animals prior to collection of blood. At this time, chylo- 
microns and their remnants are likely to have been 
cleared from circulation. Thus, the apoB-48 (as well as 
apoB-100) lipoproteins in plasma are derived almost ex- 
clusively from the liver by this time. In studies not 
described here, there was no significant difference in 
mouse plasma triglyceride levels between a 4 h and a 6 h 
fast, indicating that this time period had relatively stable 
lipid metabolism. 

In the large volume analysis, lipoproteins from 60- 
200 ml of pooled mouse plasma were separated by se- 

quentially adjusting the plasma to different densities by 
addition of potassium bromide followed by ultracentrifu- 
gation in a Beckman 60 Ti  rotor, using tubes with a ca- 
pacity of 39.5 ml. The dC1.006, d 1.006-1.02, and 
d 1.02-1.04 g/ml fractions were isolated after centrifuga- 
tion at 50,000 rpm for 16 h at 4OC. The d 1.04-1.06 and 
d 1.06-1.08 g/ml fractions were centrifuged for 18 h; the 
d 1.08-1.10 and d 1.10-1.21 g/ml fractions were centrifuged 
for 24 h and 48 h, respectively, all at 59,000 rpm at 4OC. 
Lipoproteins that floated at each density were collected by 
tube-slicing and recentrifuged under the same conditions 
to remove contaminating plasma proteins. This analysis 
was carried out for four pooled volumes of ICR and 
C57BL/6J plasma. 

In the small volume analysis, lipoproteins from single 
mice (n = 20) were separated by sequential density 
ultracentrifugation at the same density ranges in a 
TLA100.2 rotor (using a Beckman tabletop TLlOO ultra- 
centrifuge) with tubes having a capacity of 1 ml. Each 
sequential centrifugation was for 2.5 h at 4OC at 
100,000 rpm, except the final d 1.10-1.21 g/ml centrifuga- 
tion was for 4 h at 4°C at 100,000 rpm. Lipoproteins were 
not recentrifuged in this procedure. The recovered 
lipoprotein fractions were dialyzed against 150 mM 
NaCl, 10 mM Tris, pH 7.4, and 1 mM EDTA. 

Lipoprotein isolation by Superose 6 fast performance 
liquid chromatography (FPLC) 

Total plasma lipoproteins or lipoprotein fractions iso- 
lated by sequential density ultracentrifugation were sepa- 
rated by FPLC gel filtration using a single Superose 6 
HR10/30 column (Pharmacia LKB, Piscataway, NJ) or 
two Superose 6 HR10/30 column9 in series. Samples of 
200 pl were applied to the column, and the eluate was col- 
lected in 0.5-ml fractions at a flow rate of 0.5 ml/min. 

Agarose gel electrophoresis and immunoblot analysis 

Equal volumes of isolated lipoprotein fractions were 
analyzed by electrophoresis in precast 1% agarose gels 
(Ciba Corning, Palo Alto, CA). The lipoproteins resolved 
by agarose gel electrophoresis were stained for neutral 
lipid by Fat Red 7B (Sigma, St. Louis, MO), according 
to the manufacturer's instructions, or they were trans- 
ferred to nitrocellulose by blotting. For this latter proce- 
dure, wet nitrocellulose paper adjacent to three sheets of 
Whatman 3MM filter paper, all cut to the size of the gel, 
were placed on agarose gels for 30 min after electrophore- 
sis. Following transfer, the nitrocellulose sheets were in- 
cubated with apolipoprotein-specific antibodies. The anti- 
bodies were detected by reaction with an 125I-labeled 
secondary antibody followed by autoradiography, or with 
a horseradish peroxidase-conjugated secondary antibody 
followed by chemiluminescent detection (ECL Kit, Amer- 
sham, Arlington Heights, IL). Anti-human apoB and 
anti-human apoA-I were used to detect mouse apoB and 
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apoA-I, respectively; anti-rat apoE was used to detect 
mouse apoE. 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and electroimmunoblot 
analysis 

The apolipoproteins in equal volumes of each lipopro- 
tein density fraction were analyzed by electrophoresis 
through denaturing 3-15% polyacrylamide gradient gels 
according to the method of Laemmli (15). The apolipo- 
proteins that were separated by SDS-PAGE were stained 

were purchased from Wako Chemicals USA, Inc. (Rich- 
mond, VA). The cholesteryl ester content of each lipo- 
protein fraction was determined by subtraction of the free 
cholesterol value from the total cholesterol value. 

RESULTS 

Distribution of mouse plasma lipoproteins 
The lipoproteins in different density fractions that were 

separated by large volume ultracentrifugation followed by 
with Coomassie Brilliant Blue or transferred to nitrocellu- 
lose sheets by electroblotting (16). Individual apolipo- 
proteins were identified by reaction with specific anti- 
bodies as described above. The apolipoproteins in FPLC- 
separated fractions were identified by silver staining (17). 

Negative staining electron microscopy 

Lipoprotein fractions were diluted to 0.1 mg of pro- 
tein/ml in 10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM 
EDTA and adjusted to 1% phosphotungstic acid, pH 7.0, 
and to 0.1% sucrose (18). The samples were dried onto 
Formvar carbon-coated grids and examined using a JEM 
100 CXII transmission electron microscope (Jeol Ltd., 
Tokyo, Japan). The particle size distribution in each 
lipoprotein fraction was determined by measuring at least 
200 particles using an Image-VAT analysis system (Uni- 
versal Imaging Corp., West Chester, PA). 

Analytical methods 
Protein concentrations were measured by the proce- 

dure of Lowry et al. (19). The triglyceride, total cho- 
lesterol, nonesterifed (free) cholesterol, and phospholipid 
contents of lipoprotein fractions were determined by 
colorimetric quantitation assays optimized for the neces- 
sary sensitivity range on an Abbott Spectrum Analyzer 
(Abbott Park, IL). The reagents for the determination of 
cholesterol (Product Number 290319) and triglycerides 
(Product Number 701912) were obtained from Boehringer 
Mannheim Diagnostics (Indianapolis, IN); the reagents 
for the determination of free cholesterol (Product Number 
274-4109) and phospholipid (Product Number 996-54001) 

agarose gel electrophoresis and staining by Fat Red 7B are 
shown in Fig. 1. Separation of lipoproteins from small 
plasma volumes collected from individual mice yielded 
the same results as those from the large volumes (data not 
shown). A notable finding in both approaches was the ap- 
pearance of both a-migrating and 0-migrating lipopro- 
teins in the d 1.02-1.08 g/ml range of fractions. This over- 
lapping of a-migrating and 0-migrating lipoproteins 
contrasts with the human plasma lipoprotein profile, 
where these lipoprotein classes have unique density 
ranges (20): human P-migrating LDL occur at d 1.019- 
1.063 g/ml, and human a-migrating HDL occur at 
d 1.063-1.21 g/ml (20). Consistent with the nomenclature 
used previously to describe rat (12) and canine (13) lipo- 
proteins, mouse a-migrating lipoproteins that occur at 
d<1.06 g/ml are referred to as HDLl, and those at 
d>1.06 g/ml as HDL. 

In ICR and C57BL/6J plasma, the d < 1.006 g/ml frac- 
tion contained pre-0-migrating very low density lipopro- 
teins (VLDL). The d 1.006-1.02 g/ml intermediate density 
lipoproteins (IDL) fraction consisted of two populations 
of particles migrating close together at a slow pre-0 posi- 
tion. Three distinct particles were found at d 1.02-1.04 
g/ml: &migrating LDL (Fig. 1, band a), slow pre-0- 
migrating particles, shown subsequently to be apoB-48 
remnants (Fig. 1, band b), and a-migrating HDLl 
(Fig. 1, band c). The d 1.04-1.06 g/ml fraction contained 
HDLl and LDL, while the d 1.06-1.08 g/ml fraction con- 
tained primarily HDL with minor amounts of LDL. The 
d 1.08-1.10 g/ml and d 1.10-1.21 g/ml fractions contained 
HDL. 

,rr" ,e ,e ,e $0 ,?.* ,p" ,e ,e $0 $0 ,?.* 
Fig. 1. Agarose gel electrophoresis of mouse plasma 
lipoproteins isolated by sequential density ultracen- 
trifueation from ICR and C57BL16T mice. Lipo- 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  
- 

proteins of the indicated densities were separated by 
electrophoresis on a 1% agarose gel and stained by Fat 
Red 7B. The labels are a, apoB-100 LDL; b, apoB-48 
remnants; c, HDL,. The arrowhead at the right indi- 
cates the migration origin of the agarose gels and the 
direction of migration is toward the a direction; the a 
and symbols .mark electrophoretic migration posi- 
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e 

ICR C57BU6J tions. 
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Fig. 2 .  SDS-polyacrylamide gel electrophoresis of isolated lipoprotein 
fractions of ICR and C57BL16J mice. Lipoprotein fractions from ICR 
and C57BL16J mice were isolated by sequential density ultracentrifuga- 
tion and recentrifuged at the same density to remove plasma proteins. 
Aliquots of 15 p1 for each density fraction were resolved by electrophore- 
sis in denaturing 3-15% polyacrylamide gradient gels, then specific 
apolipoproteins were identified by electroimmunoblot analysis using 
apolipoprotein-specific antibodies. 

While the lipoprotein profiles of ICR and C57BL/6J 
plasma were similar overall, there were subtle differences 
between the two strains. The lipoproteins in the d < 1.006 
g/ml fraction of C57BL/6J plasma migrated slower than 
those in the corresponding fraction of ICR plasma. In 
ICR plasma, HDLl (band c) was the predominant 
lipoprotein class in the d 1.02-1.06 g/ml fractions, whereas 
in C57BL/6J plasma, the LDL (band a) were the major 
lipoproteins in these density fractions. 

Apolipoprotein composition of mouse plasma 
lipoproteins 

Individual apolipoproteins in each fraction of ICR and 
C57BL16J lipoproteins were separated by SDS-PAGE, 
then stained by Coomassie Brilliant Blue. Figure 2 shows 
the apolipoprotein content of each density fraction iso- 

lated by large volume centrifugation. The d < 1.006 g/ml 
fraction contained a mixture of apoB-48 and apoB-100. 
However, in the d 1.006-1.06 g/ml fractions, apoB-100 
predominated. The d 1.02-1.06 g/ml fractions from 
C57BL/6J plasma contained increased levels of apoB-100 
compared to those from ICR plasma. This finding was 
consistent with the increased levels of &migrating LDL 
in these fractions of C57BL/6J plasma (Fig. 1). Apolipo- 
protein E was abundant in the d<1.06 g/ml fractions of 
both ICR and C57BL/6J plasma. Similar results were ob- 
tained after electrophoresis of density fractions isolated by 
small volume centrifugation of plasma from a single 
mouse. However, albumin was a major component of the 
d 1.10-1.21 g/ml fraction because these fractions were cen- 
trifuged only once (data not shown). Both apoA-I and the 
low molecular weight apoC components (apoA-11, apoC-I, 
apoC-11, and apoC-111) were abundant at higher densi- 
ties. A relatively abundant peptide with an apparent 
M ,  = 8,000 was detected in the d 1.06-1.21 g/ml frac- 
tions. As it was not observed in the lower density frac- 
tions, the M, = 8,000 peptide could be apoA-11. It is 
noteworthy that this peptide is more abundant in ICR 
mice than in C57BL/6 mice, and may be associated with 
the minor differences observed in HDL size between the 
two strains. 

Lipid composition of mouse plasma lipoproteins 

Pooled plasma of fasting ICR mice (four separate 
pools, Tables 1 and 2) contained 130.0 * 18.0 mg/dl of 
triglyceride, whereas C57BW6J plasma contained 30.5 * 
5.7 mg/dl of triglyceride. Plasma cholesterol values were 
91.3 * 4.9 mg/dl and 60.5 * 19.0 mg/dl for ICR and 
C57BL/6J mice, respectively. However, no major differ- 
ences were observed in the percent distribution of in- 
dividual lipid components among all lipoprotein fractions 
in each strain of mice (Table 1). Of the plasma triglycer- 
ide, 80% was in the d<1.006 g/ml fraction, whereas 
-60% of the plasma cholesterol was in the d 1.10-1.21 
g/ml fraction. Approximately 20% of the plasma choles- 
terol was recovered in the d 1.02-1.08 fractions that con- 

TABLE 1 .  Percent distribution of lipid among plasma density fractions 

Total Cholesterol Phospholipid Triglyceride 
Lipoprotein 

Density Miaration ICR C57BW61 ICR C57BU61 ICR C57BU6T 

g/ml 

d < 1.006 Pre6 8.3 f 2.0 5.9 f 1.0 11.8 f 6.4  7.6 f 2.0 82.0 f 7.1 85.5 f 1.2 
1.006- 1.02 slow pre 6 3.2 f 1 . 1  3.5 f 1 . 1  2.7 f 1.7 1.8 f 0.8 8.5 f 5.0 5.3 f 2.4 
1.02-1.08 Q, slow pre 6, 6 22.5 f 3.3 20.1 f 3.3 17.6 f 3.6 15.0 f 3.6 5.7 f 1.2 6.0 f 1.2 
1.08-1.10 Q 10.7 f 5.9 9.6 f 4.5 11.4 f 5.0 10.7 f 5.3 2.0 f 1.7 0.9 f 0.7 

2.3 1.0 1.10-1.2 1 Q 55.4 f 8.7 61.0 + 8.4 56.4 f 8.7 65.0 10.7 1.2 f 0.5 

The averages ( f standard deviation) are values for density fractions from four pooled plasma separations (indicated as a, b, c, and d in Table 
2) from ICR and C57BL16J mice where the total lipid recovery was >80%. The relative amount of each major lipid class is indicated as a percent 
of the total amount of that lipid in all density fractions. 
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sisted of a mixture of @-, slow pre-@-, and a-migrating 
lipoproteins. The lipid composition of each density frac- 
tion is shown in Table 2, which shows the relative amount 
of the major lipid components in each fraction. 

Size distribution of mouse lipoproteins 

The lipoprotein size distributions in the various density 
fractions, as shown by negative staining electron 
microscopy, were similar in both ICR and C57BL/6J 
mice (Fig. 3A). Approximately 80% of the particles in the 
dC1.006 g/ml fraction were 180-500 A in diameter. 
Although three different classes of lipoproteins were 
found in the d 1.02-1.04 g/ml fraction, recognizable sub- 
populations of different sizes were not observed. In the 
d 1.10-1.21 g/ml fraction (Fig. 3G), the lipoproteins from 
ICR mice were distinctly larger than those from C57BW6J 
mice. 

Identification of mouse apoB-100 LDL, apoB-48 
remnants, and apoE-rich HDL, 

The d 1.006-1.06 g/ml lipoprotein fractions contained 
a-migrating and @-migrating lipoproteins (Fig. 1) having 
apoB-100, apoB-48, apoE, and apoA-I components (Fig. 
2). As these particles could not be separated by density 
centrifugation, they were resolved by agarose gel electro- 
phoresis. Each of these different lipoprotein bands was ex- 
cised from the gel, and the apolipoproteins were detected 
by SDS-PAGE and immunoblot analysis (Fig. 4). 

The d 1.006-1.02 g/ml fraction had two major compo- 
nents (Fig. 4, left panel). The slower migrating particles 
(a) contained apoB-100 and apoE, and they were desig- 
nated apoB-100 IDL. The faster migrating particles (b) 
contained primarily apoB-48 and apoE, and they were 
designated apoB-48 IDL. The d 1.02-1.04 g/ml fraction 
contained three distinct lipoproteins that were identified 
as apoB-100 LDL (band a), apoB-48 remnants (band b), 
and apoE-rich HDLl (band c) (Fig. 4, middle panel). In 
the d 1.04-1.06 g/ml fraction, the apoB-100 LDL con- 
tained almost no apoE, while the HDLl contained sub- 
stantial amounts of both apoE and apoA-I (Fig. 4, right 
panel). 

Apolipoprotein distribution among mouse plasma 
lipoproteins 

The identification of apoB-100 IDL, apoB-100 LDL, 
apoB-48 IDL, apoB-48 remnants, and apoE-rich HDLl 
permitted a precise analysis of the apolipoprotein distri- 
bution among mouse lipoproteins. In this approach, the 
various ultracentrifugal fractions were resolved by agarose 
gel electrophoresis followed by the transfer of the lipopro- 
teins from the agarose gel to nitrocellulose and reaction 
with specific antibodies (Fig. 5). The pre-0 d < 1.006 g/ml 

lipoproteins contained both apoB-100 particles and 
apoB-48 particles (Fig. 2), and the d 1.006-1.02 g/ml frac- 
tion contained slow pre-0 apoB-100 IDL and apoB-48 
IDL. The apoB in the @-migrating lipoproteins (Fig. 5, 
band a) in the d 1.02-1.08 g/ml fractions is apoB-100 (Fig. 
4), whereas the pre-@ particles in the d 1.02-1.04 g/ml 
fraction (Fig. 5, band b) are apoB-48 remnants (Fig. 4). 

Apolipoprotein E was found on all lipoproteins in the 
dc1.006, d 1.006-1.02, and d 1.02-1.04 g/ml density frac- 
tions, but it was not present in apoB-100 LDL (band a) 
of the d 1.04-1.06 g/ml fraction. In the d 1.10-1.21 g/ml 
fraction that was isolated without recentrifugation, anti- 
apoE identified a slow 0-migrating band in the 
lipoprotein fractions of both ICR and C57BL/6J plasma 
(Fig. 5 ,  band d). This slow 0 particle is probably deficient 
in neutral lipids, as'it did not stain with Fat Red 7B 
(Fig. 1). It was not present in the recentrifuged d 1.10-1.21 
g/ml fraction (data not shown). Apolipoprotein A-I, in ad- 
dition to its presence mainly in HDL, also was found in 
slow P-migrating lipoproteins of the d 1.10-1.21 g/ml frac- 
tion (Fig. 5, band d). 

Characterization of lipoprotein density fractions by 
Superose 6 FPLC 

The differences in size between the various plasma 
lipoprotein density fractions corresponded with their elu- 
tion from Superose 6 columns by FPLC (Fig. 6B). To ob- 
tain maximum separation, two columns were used in 
series. Large triglyceride-rich VLDL and chylomicron 
remnants were eluted in the void volume, whereas lipo- 
proteins of higher densities had successively greater reten- 
tion times. Both ICR and C57BL/6J mouse plasma had 
essentially the same elution profiles; only the results of the 
ICR analysis are shown in Fig. 6.  These results indicated 
that FPLC could be used as an alternative preparative 
method for isolating mouse plasma lipoproteins. How- 
ever, similar to density centrifugation, gel filtration chro- 
matography was unable to separate HDLI, apoB-48 rem- 
nants, and apoB-100 LDL from each other in the d 1.02- 
1.04 g/ml density fraction. Additionally, gel filtration 
chromatography by FPLC was inadequate at separating 
apoB-100-containing particles from apoB-48-containing 
lipoproteins in all density fractions (Fig. 6C). These data, 
together with the results of negative staining electron 
microscopy (Fig. 3, panel C), suggested that these three 
classes of lipoproteins, at this density range, had similar 
sizes, making it necessary to use gel electrophoresis or 
other methods to separate these lipoproteins. Neverthe- 
less, Superose 6 gel filtration is a rapid isolation method 
that avoids the potential artifacts of ultracentrifugation 

Analysis of whole plasma by FPLC confirmed that 
most triglyceride-rich lipoproteins eluted in the void 
volume, and cholesterol-rich lipoproteins had retention 

(21-2 5). 
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TABLE 2. Lipid compositions of ICR and C57BLi6J mouse lipoprotein fractions 

Total Free Chalertervl 
Density Cholcsterol Phospholipid Triglyceride 

E’d 

ICR d < 1.006 
a 
b 

d 
c 

Mean f SD 
ICR d 1.006-1.02 

a 
b 

d 
C 

Mean i SD 
ICR d 1.02-1.04 

a 
b 

d 
C 

Mean f SD 
ICR d 104-1.06 

a 
b 

d 
c 

Mean f SD 
ICR d 1.06-1.08 

a 
b 

d 
c 

Mean f SD 
ICR d 1.08-1.10 

a 
b 

d 
C 

Mean f SD 
ICR d I 10-1.21 
a 
b 

d 
c 

Mean f SD 
C57BL16J d < 1.006 

a 
b 

d 
c 

Mean r SD 
C57BL/6J d 1.006-1 02 

a 
b 

d 
c 

Mean * SD 
C57BL/6J d 1.02-1 04 

a 
b 
c 
d 

Mean * SD 
C57BLbJ d 1.04-1.06 

a 
b 

d 
c 

Mean f SD 
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Fig. 3. 
staining electron microscopy as described in Methods. 

Size distribution of lipoprotein particles. Plasma lipoprotein fractions from ICR (-) and C57BL/6J (---) mice were examined by negative 

times that corresponded to the elution of d 1.06-1.21 HDL which corresponded to chylomicron remnants and 
(Fig. 7A). Both ICR and C57BL/6J plasma yielded the VLDL, and in fractions 23-36, which corresponded to 
same results; only the ICR distribution profile is shown HDLI. The remainder of the apoE was in smaller HDL 
here. Immunoblot analysis of Superose 6 column frac- (fractions 38-44). Apolipoprotein A-I was most abundant 
tions that had been separated by SDS-PAGE (Fig. 7B) in fractions 30-48, corresponding to the elution positions 
showed that most of the apoE was in fractions 15-19, of HDL other than HDLI. 
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orlgln a b  c orlgln a c  Separation of mouse plasma lipoproteins by Superose 6 
FPLC 
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Density, g/ml 

Fig. 4. Identification of apoB-100 LDL, apoB-48 remnants, and 
HDLI. Top: ICR mouse d 1.006-1.02 (left panel), d 1.02-1.04 (middle 
panel), and d 1.04-1.06 (right panel) g/ml lipoprotein fractions (8 cI) 
were analyzed by agarose gel electrophoresis. The bands labeled a, b, or 
c were cut from agarose gels using an adjacent lane stained with Fat Red 
7B forreference. Bottom: the lipoproteins in the agarose gel pieces were 
resolved by electrophoresis in denaturing 3-15% polyacrylamide gra- 
dient gels, transferred to nitrocellulose by blotting, and reacted with 
antibodies specific for apoB, apoE, and apoA-I. 

As gel filtration is rapid and allows the separation of 
lipoproteins from as little as 200 p1 of plasma, FPLC con- 
ditions using a single Superose 6 column were established. 
The elution of lipoproteins was monitored by the mea- 
surement of the cholesterol and triglyceride content of in- 
dividual column fractions (Fig. 8A). Apolipoproteins 
B-48 and B-100 were in the VLDL eluate (fractions 
17-20, Fig. 8B), whereas apoB-100 was more abundant 
than apoB-48 in the LDL/HDL1-containing eluate (frac- 
tions 22-27, Fig. 8B). Apolipoprotein E was present in all 
fractions (in different amounts), reflecting its distribution 
among all classes of lipoproteins except LDL, whereas 
apoA-I was limited to smaller HDL classes. While this ap- 
proach lacks the resolution of the two-column FPLC 
method, the single-column method permits rapid screen- 
ing of mouse plasma. 

The lipoproteins in each column fraction were sepa- 
rated by agarose gel electrophoresis, and the distribution 
of apoB, apoE, and apoA-I was examined by immunoblot- 
ting (Fig. 8C). The apoB was found on VLDL and IDL 
in fractions 16-20. In fractions 21-27, apoB-48 remnants 
(band b) could be distinguished from apoB-100 LDL 
(band a). 

Apolipoprotein E was present on apoB-48 remnants 
(band b), HDLl (band c), smaller a-migrating HDL 
(fractions 28-33) and pre-6-HDL (band d) in fractions 
29-31 (Fig. 8C). The pre-P-HDL (band d) correspond to 
the neutral, lipid-deficient slow P-HDL observed in the 

ICR 

C57BU6J I 

ut- , 
.1 

a -a 

- B  
I 

Fat Red 78 Anti- Apo B Anti- ApoE Ant i-Apo A-l 

Fig. 5. Distribution of apolipoproteins among ICR and C57BL/6J mouse lipoproteins. Lipoprotein fractions (2 PI) from ICR (top) and C57BL16J 
(bottom) mice were resolved by agarose gel electrophoresis, then detected by Fat Red 7B staining (left panel) or were transferred to nitrocellulose 
and reacted with antibodies specific to apoB, apoE, or apoA-I, as indicated. The labels indicate the following particles: a, apo3-100 LDL; b, apoB-48 
remnants; c, HDL,; d, neutral lipid-deficient HDL. The arrowhead at the right indicates the migration origin of the agarose gels; the a and B symbols 
mark electrophoretic migration positions. 
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Fig. 6. ICR mouse plasma lipoprotein fractions separated by gel filtration after Superose 6 FPLC. Lipoprotein density fractions from the plasma 
of ICR mice (200 cI) were separated by agarose gel electrophoresis (panel A) and FPLC using two Superose 6 HR10130 columns in series (panel B). 
The elution pattern of each lipoprotein fraction (labeled on top) after gel filtration is shown in an integrated profile. FPLC fractions from each profile 
were analyzed for apoB-100 and apoB-48 by 3-15% SDS-polyacrylamide gradient gel electrophoresis followed by silver staining (panel C). 

d 1.10-1.21 g/ml density fraction that were identified 
previously (Fig. 5, band d). Apolipoprotein A-I also was 
found on these slow 0-HDL, as well as on a-migrating 
HDL in fractions 28-33 as shown in Fig. 8C. 

DISCUSSION 

In this study we compared the normal lipoprotein pro- 
files of two strains of mice: C57BL/6J, an inbred strain 
that is susceptible to atherosclerosis when placed on a diet 
high in fat and cholesterol (3), and ICR, an outbred strain 
that is resistant to developing fatty-streak lesions (H. 
de Silva, D. Sanan, J. M. Taylor, and R. W. Mahley, un- 
published results) when placed on a defined atherogenic 
diet. 

We have analyzed the development of fatty-streak le- 
sions in female ICR mice fed a 30% fat, 1.25% cholesterol 
diet for 14 weeks (n = 20), 5 months (n = 16), and 
13 months (n = 10). Cholesterol levels were increased 2- 
to %fold at each sampling interval as compared to age- 

matched ICR mice fed Purina 5001 mouse chow (4.5% 
fat). At 14 weeks, 5 months, and 13 months, the mice were 
exsanguinated and the heart and aortic arch were dis- 
sected and fixed in 4% paraformaldehyde. Serial sections 
of 10 mm were prepared starting at 100 mm below the 
aortic sinus and continued up to the curve of the aortic 
arch. No significant differences were observed in ICR 
mice maintained on the atherogenic diet and chow diet 
with regard to lipid deposition in the vessel wall as deter- 
mined by Oil Red 0 staining (H. de Silva, D. Sanan, 
J. M. Taylor, and R. W. Mahley, unpublished results). 

In addition, we have described the separation of mouse 
plasma lipoproteins using three approaches: conventional 
large-volume sequential density ultracentrifugation using 
density ranges optimized for mouse lipoproteins, small- 
volume sequential density ultracentrifugation, and Su- 
perose 6 FPLC. Small-volume sequential density ultra- 
centrifugation offers significant advantages over conven- 
tional ultracentrifugation: small volumes of plasma from 
just one or two mice can be examined at one time, and the 
collection time for recovering density fractions is short. 
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Fig. 7. The distribution of lipid, apoE, and a p d - I  among lipoproteins separated by Superose 6 HR10/30 FPLC. 
ICR mouse plasma (200 pl) was resolved by FPLC using two tandem Superose 6 columns. Panel A: the cholesterol 
(0) and triglyceride (0) distribution in the plasma elution fraction was measured. The integrated absorbence profile 
at 280 nm for mouse plasma is indicated (---). The positions corresponding to the elution peaks for density fractions 
are included for reference. Panel B: the distribution of apoE and apoA-I across the FPLC profile (50 pllfraction) 
was determined by SDS-PAGE and electroimmunoblot analysis using antibodies specific for apoE and a p d - I .  

Furthermore, plasma lipoproteins isolated by density 
ultracentrifugation are relatively free of contaminating 
plasma proteins, and the lipoprotein samples are concen- 
trated as a result of flotation. However, some apolipo- 
protein components might dissociate during flotation 
(21-25), and a lengthy processing time is required to ob- 
tain samples for analysis. As might be expected, gel filtra- 
tion chromatography using Superose 6 FPLC is a rapid 
method for separating lipoproteins, and it is especially 
useful for studying lipoproteins in small volumes of 
plasma. 

By themselves, each of these lipoprotein separation 
methods is inadequate to fully resolve mouse plasma 
lipoproteins. Each method must be used in combination 
with an additional separation technique to identify in- 
dividual classes of lipoproteins in most fractions. For ex- 
ample, the d 1.02-1.04 g/ml density fraction contains 
three different lipoprotein classes (HDL1, apoB-48 rem- 
nants, and apoB-100 LDL) that are not fully resolved by 
Superose 6 FPLC. Agarose gel electrophoresis can pro- 

vide the next level of separation required for the analysis 
of the individual lipoproteins in each method. In addi- 
tion, the combination of SDS-PAGE and electroimmuno- 
blotting permits a rapid determination of the apolipo- 
protein composition of plasma lipoprotein fractions. 
Failure to include additional separation techniques after 
ultracentrifugation or FPLC can lead to a misinterpreta- 
tion of experimental results. 

Characterization of mouse lipoproteins prepared by the 
three isolation methods yielded identical results and 
showed that mouse apoB-containing particles (both 
apoB-100 LDL and apoB-48 remnants) and large apoE- 
rich HDLl overlapped substantially in both size and den- 
sity. The apoB-100 LDL and apoB-48 remnants could be 
distinguished by agarose gel electrophoresis on the basis 
of their respective 0- and pre-P-migrations. Similarly, 
apoB-100- and apoB-48-lipoproteins were resolved by 
agarose gel electrophoresis into faster-migrating apoB-48 
IDL and slower-migrating apoB-100 IDL in the d 1.006- 
1.02 g/ml fraction. However, they were indistinguishable 
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Fig. 8. Rapid separation and analysis of mouse plasma lipoproteins. Panel A: ICR mouse plasma (200 p1) was 
resolved by FPLC using a single Superose 6 column. The cholesterol (m) and triglyceride (0) distribution as deter- 
mined by lipid analysis of the gel filtration fractions is shown. The fractions containing VLDL, IDL, apoB-100 LDL, 
apoB-48 remnants, apoE-rich HDLI, and ,HDL, as determined by immunoblot analysis, are indicated below the 
plasma lipid profile. Panel B: electroimmunoblot analysis of lipoproteins separated by Superose 6 FPLC. Plasma 
gel filtration fractions (50 pl) were resolved by electrophoresis of 3-1576 denaturing polyacrylamide gels, and the 
distributions of apoB-100, apoB-48, a@-I, and apoE were determined by electroimmunoblotting using specific 
antibodies. Panel C: the FPLC fractions were resolved by agarose gel electrophoresis, transferred to nitrocellulose 
by passive diffusion, and immunoblotted using antibodies to apoB, apoE, or apoA-I. The labels are as follows: a, 
apoB-100 LDL; b, apoB-48 remnants; c, apoBrich HDLI; d, neutral lipid-deficient.HDL. The a, pre 0 ,  and f l  
migration positions are indicated at right, and the origin of the agarose gels is indicated by the arrowhead. 
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from one another in the d < 1.006 g/ml fraction. Unlike in 
human plasma, mouse apoB-48 particles extended to 
d 1.04 g/ml, and mouse apoB-100 particles were found up 
to d = 1.08 g/ml. 

Mouse HDL were heterogeneous in size and composi- 
tion and were found at d 1.02-1.21 g/ml. The large HDLl 
that occurred at d 1.02-1.06 g/ml were apoE-rich, while 
d > 1.06 g/ml HDL contained both apoE and apoA-I. Ap- 
proximately 60% of the plasma cholesterol was found in 
the d 1.10-1.21 g/ml HDL. In addition to a-migrating 
HDL, slow 0-migrating, neutral lipid-deficient HDL par- 
ticles having both apoE and apoA-I were identified in the 
d 1.10-1.21 g/ml fraction. These particles also were found 
in the small HDL fractions eluted from the Superose 6 
FPLC column. They are similar to the pre-0-migrating 
particles, described by Ishida, Frolich, and Fielding (26), 
isolated from mouse plasma after gradient density cen- 
trifugation at d>1.08 g/ml. However, Ishida et al. (26) 
noted the association of only apoA-I with the pre-0-HDL 
particles. This apparent discrepancy in the data may be 
due to the presence of multiple forms of pre-0-HDL that 
contain apoE and/or apoA-I. The lipid-deficient HDL 
particles in the mouse may be analogous to human pre-0- 
HDL particles (27-29) postulated to be precursors to 
larger HDL. In hyperlipidemic patients, an increase in 
apoA-I pre-0-HDL was noted (27), suggesting a relation- 
ship between a-migrating HDL and small, lipid-deficient 
pre-0-HDL. The slow 0-HDL in mice may be derived 
from the surface components of triglyceride-rich chylo- 
microns and VLDL as a consequence of catalysis by lipo- 
protein lipase and possibly hepatic lipase during circula- 
tion. However, the origin and function of the slow 0-HDL 
require further study 

Several differences were observed in the lipoprotein 
profiles between ICR and C57BL/6J mice. The d < 1.006 

g/ml fraction from C57BL/6J mice had a marked electro- 
phoretic retardation on agarose gels, which is likely to be 
the consequence of a lipid or apolipoprotein composition 
difference. Additionally, the HDL of the d 1.08-1.10 and 
d 1.10-1.21 g/ml fractions had larger average diameters in 
ICR mice than in C57BL/6J mice. These size differences 
appeared to reflect the relative amount of the M, = 8,000 
putative apoA-I1 peptide found in these HDL (Fig. 2A). 
The HDLl levels were higher in ICR mice, whereas LDL 
levels were higher in C57BL/6J mice. ICR mice con- 
tained higher fasting plasma triglyceride levels than 
C57BL/6J mice. Overall, these differences may affect the 
susceptibility or resistance of each strain to the develop- 
ment of fatty-streak lesions when challenged with an 
atherogenic diet. 

The distribution of plasma lipoproteins that we ob- 
served in both ICR and C57BL/6J mice can be inter- 
preted according to the scheme illustrated in Fig. 9. The 
small HDL in the d 1.10-1.21 g/ml and d 1.08-1.10 g/ml 
fractions presumably acquire excess cholesterol from 
peripheral tissues and apoE from other lipoproteins or 
from HDL precursor particles. The cholesterol is es- 
terified by 1ecithin:cholesterol acyltransferase (LCAT), an 
enzyme for which apoA-I is a cofactor (30, 31), and the 
dense HDL are converted to larger cholesteryl ester-rich 
HDLl particles. These large particles are apoE-rich but 
apoA-I-poor and are postulated to be cleared by a 
receptor-mediated mechanism that requires apoE. The 
d 1.02-1.04 g/ml fraction contains cholesteryl ester-rich, 
apoE-rich HDLl and apoB-48 remnants as well as 
apoB-100 LDL, accounting for - 20% of the total plasma 
cholesterol. 

In the mouse, similar to other CETFdeficient mam- 
mals such as the rat (12) and dog (13), apoE-rich HDLl 
are postulated to function as a primary plasma source of 

Density (g/ml) 

fk1.006 1.0061.02 1.02-1.04 1.04-1.06 1.06-1.08 1.08-1.10 1.1&1.21 

HDL 1 HDL 

B48 848 
Remnants Remnants - LDL - LDL - LOL 

VLDL- 8100 
Remnants I 

"HDL precursor" 

Fig. 9. 
are consistent with the analysis of the composition and properties of plasma lipoproteins carried out in this investigation. 

Metabolic pathways of mouse plasma lipoproteins. These suggested pathways for mouse lipoprotein metabolism, as explained in the text, 
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cholesterol for tissues. This postulate is supported by the 
results of Fig. 1, Fig. 5, and Table 1. In contrast to 

humans, HDLl in these animals is a major cholesterol- 
carrying lipoprotein, and apoE-containing large HDL, 
are prominent (32-35). In addition, humans with CETP 
deficiency (36, 37) have large HDL that are enriched in 
apoE and appear to be the human counterpart of mouse 
HDLl (36, 37). Cholesterol feeding of CETP-deficient 
animals results in a marked increase of large HDLl (also 
termed HDLJ, which can extend to low plasma densities 
(d < 1.006 g/ml) and may transport as much as 50% of the 
plasma cholesterol (38). The HDLl that are enriched in 
apoE bind to the LDL receptors with high affinity (39), 
and they can substitute for LDL as the major class of 
cholesterol-carrying plasma lipoproteins delivering lipids 
to peripheral tissues and the liver (38). The HDLl appear 
to be derived in plasma from small HDL that acquire 
cholesterol from extrahepatic tissues and are converted to 
the larger, lower density HDLl (13, 38). 

Our understanding of the formation of large HDL 
from small HDL is influenced by the in vitro studies of 
Gordon, Innerarity, and Mahley (40). They used canine 
HDL and cholesterol-loaded macrophages or cholesterol- 
coated Celite particles to demonstrate that small HDLS 
were converted to large HDLl particles in the presence of 
excess cholesterol in an LCAT-dependent reaction. Koo, 
Innerarity, and Mahley (41) demonstrated that HDLl for- 
mation depended on the availability of apoE, which could 
be newly synthesized from cells, derived from other 
plasma lipoproteins, or exogenously added. In addition, 
apoE2, which binds the LDL receptor with reduced 
affinity (42, 43), was as effective as apoE3 in mediating 
HDLl formation. Apolipoprotein E was required for the 
expansion of the growing HDL core, but neither apoA-I 
nor apoC-I11 were sufficient to facilitate the formation of 
HDLl particles. The availability of transgenic mice and 
mutant mice null for the apolipoprotein genes and other 
genes involved in plasma lipid metabolism offers new ex- 
perimental tools to delineate these mechanisms. I 
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