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Abstract Lipoprotein[a] or Lp[a] is a cholesterol-rich plasma 
lipoprotein that is associated with increased risk for car- 
diovascular disease. To better understand this association we de- 
termined the amount of apo[a] and apoB as possible estimates 
for Lp[a] and low density lipoprotein (LDL) accumulation in 
atherosclerotic lesions and in plasma, from patients undergoing 
vascular surgery, using specific radioimmunoassays for apolipo- 
protein[a] and apolipoprotein B. Apo[a] and apoB were opera- 
tionally divided into a loosely bound fraction obtained by 
extracting minced samples of plaque with phosphate-buffered 
saline (PBS), and a tightly bound fraction obtained by extract- 
ing the residual tissue with 6 M guanidine-HC1 (GuHCI). We 
found that 83% of all apo[a] but only 32% of all apoB in lesions 
was in the tightly bound fraction. When normalized for cor- 
responding plasma levels, apo[a] accumulation in plaques was 
more than twice that of apoB. All fractions of tissue apo[a], 
loosely bound, tightly bound, and total, correlated significantly 
with plasma apo[a]. However, no significant correlations were 
found between any of the tissue fractions and plasma apoB. If 
all apo[a] and apoB had been associated with intact Lp[a] or 
LDL particles, the calculated mass of tightly bound Lp[a] would 
actually have exceeded that of tightly bound LDL in five cases 
with plasma Lp[a] levels above 5 mg apo[a] protein/dl. When 
PBS and GuHCl extracts of lesions were subjected to one- 
dimensional electrophoresis, the major band stained for lipid 
and immunoblotted positively for apo[a] and apoB, suggesting 
the presence of some intact Lp[a] in these extracts. These 
results suggest that Lp[a] accumulates preferentially to LDL in 
plaques, and that plaque apo[a] is directly associated with 
plasma apo[a] levels and is in a form that is less easily removable 
than most of the apoB. This preferential accumulation of apo[a] 
as a tightly bound fraction in lesions, could be responsible for 
the independent association of Lp[a] with cardiovascular disease 
in humans. -Pepin, J. M., J. A. O'Neil, and H. F. Hoff. 
Quantification of apo[a] and apoB in human atherosclerotic le- 
sions. J. Lipid Res. 1991. 32: 317-327. 
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plasma Lp[a] were shown to correlate positively with in- 
creased arterial stenosis resulting from atherosclerosis of 
coronary (4, 5), carotid (6), cerebral arteries (7), and 
saphenous vein grafts after coronary bypass surgery (8). 
Although Lp[a] and LDL have several characteristics in 
common, e.g., both contain apoB-100 (9) and are rich in 
cholesteryl esters (2, 3), they are immunochemically and 
physicochemically distinct (3). Lp[a] possesses, in addi- 
tion to apoB-100, a unique protein called apo[a] (9) which 
is linked to B-100 by disulfide bridges (3, 9) and is rich in 
complex carbohydrates (10). Apo[a] exists as several 
isoforms with molecular weights ranging from 300,000 to 
700,000 (2, 3, 11). This size heterogeneity has been spec- 
ulated to be due to polypeptide chain polymorphism (9, 
12). 

The link between plasma Lp[a] levels and accelerated 
atherosclerosis may be related to accumulation of Lp[a] in 
atherosclerotic lesions and the subsequent metabolic fate 
of these lipoproteins. As an initial step to assess this link, 
we measured the accumulation of apo[a] and apoB in le- 
sions as estimates of the accumulation of intact Lp[a] and 
LDL. We wished to determine whether apo[a] was re- 
tained to a greater degree than apoB, and whether 
positive .correlations existed between plasma and tissue 
Lp[a] and LDL. Based on earlier studies measuring apoB 
accumulation in human lesions (13), we divided tissue 
apo[a] and apoB into loosely and tightly bound fractions, 
operationally defined as the fraction extracted with 
phosphate-buffered saline (PBS), and that extracted from 
the residual tissue with the dissociative agent, guanidine- 
HCI, respectively. Apo[a] and apoB concentrations in 
these studies were then measured by respective radioim- 
munoassays. 

Lipoprotein[a], or Lp[a], like low density lipoprotein 
(LDL), is a cholesterol-rich plasma lipoprotein (1-3) that 
has been proposed to be an independent risk factor for 
cardiovascular and cerebrovascular disease. High levels of 

Abbreviations: LDL, low density lipoprotein; PBS, phosphate- 
buffered saline; GuHCI, guanidine hydrochloride; RIA, radioim- 
munoassay, 
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METHODS 

Materials 

Na lZ5I was obtained from ICN Pharmaceuticals, Inc. 
(Irvine, CA). Nonimmune goat serum, antisera raised in 
goats against human Lp[a] and LDL, and rabbit anti- 
goat IgG were prepared by Bethyl Laboratories (West 
Mongomery, TX). Plasminogen, guanidine-hydro- 
chloride, aprotinin, leupeptin, pepstatin, vitamin E, gen- 
tamicin, and bovine serum albumin were purchased from 
Sigma Chemical Co. (St. Louis, MO). CNBr-activated 
Sepharose used for the preparations of affinity chromato- 
graphy gels (LDL-Sepharose and anti-apo[a]-Sepharose) 
and Sephacryl S-400 (HR) for gel filtration, were obtain- 
ed from Pharmacia LKB Biotech. Inc (Piscataway, NJ). 
Pre-made agarose films for one-dimensional gel elec- 
trophoresis, Universal PHAB buffer, and Fat Red 7B lipid 
stain were obtained from Corning (Palo Alto, CA). 

Sample acquisition and tissue processing 

Samples of atherosclerotic lesions consisting of fibrous 
plaques and complicated lesions but not fatty streaks or 
grossly normal areas derived from carotid, iliac, and 
femoral arteries and the abdominal aorta, and corre- 
sponding venous plasma samples were obtained from 26 
patients (mean age, 69 years) undergoing vascular 
surgery at the Cleveland Clinic Foundation. Blood 
samples obtained during surgery were collected imme- 
diately in Vacutainer tubes containing ethylenediaminete- 
traacetic acid (EDTA). Blood cells were sedimented by 
low speed centrifugation at 4OC within 2 h and plasma 
fractions were measured by radioimmunoassay (RIA). 
No patients were taking lipid-lowering medications prior 
to surgery. The project was approved by the Cleveland 
Clinic Foundation's Institutional Review Board. 

Samples of plaques were brought to the laboratory on 
ice. The tunica intima was separated from the underlying 
tunica media along the natural cleavage plane of the inter 
nal elastic lamella, as preformed previously (13) and 
rinsed briefly in phosphate-buffered saline (PBS), i.e., 0.15 
M NaCl, 0.1 M phosphate, 0.3 mM EDTA, pH 7.4, to 
remove any loosely adherent blood components. The 
tissue was blotted to remove excess moisture, weighed, 
and finely minced with tissue slicer blades. A loosely 
bound lipoprotein fraction was isolated from the minces 
by extraction without homogenization into cold PBS at a 
ratio of 1 g wet weight tissue to 5 ml PBS for 18 h at 4OC. 
As earlier studies have indicated that proteolytic activity 
may co-isolate with Lp[a] (14), aprotinin (100 K.I.U./ml), 
leupeptin (35 pM), and pepstatin ( 5  p M )  were added to 
tissue extract buffers to inhibit protease activity. Further- 
more, to eliminate auto-oxidation of the lipoproteins and 
growth of bacteria, 20 pM vitamin E and 50 pg/ml gen- 

tamicin, respectively, were added to all samples during 
isolation. The resulting suspensions were centrifuged at 
20,000 g for 1 h at 4OC (15) and the supernatant separated 
from the pellet. 

The resulting pellet was extracted at 4OC for several se- 
quential 24-h periods with 6 M guanidine-HC1 (GuHCl) 
at a ratio of 1 g tissue wet weight to 3 ml GuHC1, which 
included all of the inhibitors listed above. As up to six se- 
quential 24-h extraction periods were needed to remove 
all tissue apo[a], we ultimately used one 6-day extraction 
procedure for subsequent studies. Preliminary studies 
showed that the total amount of apo[a] extractable from 
tissue in six sequential 24-h extraction periods gave values 
comparable to one 6-day extraction period (data not 
shown). This GuHC1-extracted fraction was designated 
the tightly bound fraction. 

Lipoprotein isolation 

Human LDL was isolated from plasma within 24 h of 
drawing of blood obtained from the Cleveland Clinic 
Foundation Blood Bank, using sequential ultracentrifuga- 
tion, (1.019 < d < 1.063 g/ml) according to the procedure 
of Hatch and Lees (16) and was stored at 4OC in 0.15 M 
NaCl containing 0.54 mM EDTA (pH 8.5). Plasma 
samples from donors with concentrations of Lp[a] mass 
> 30 mg/dl, were selected for the isolation of Lp[a] which 
was performed by sequential ultracentrifugation at d 
1.063 and d 1.10 g/ml. The isolated 1.063 < d < 1.10 
g/ml fraction was subjected to gel filtration chromatog- 
raphy using a Sephacryl S 400 H R  column (1.5 cm x 90 
cm) eluted with PBS. The column eluate was monitored 
for absorbance at 280 nm and for immunoreactivity of 
apo[a]. Individual fractions were also subjected to one- 
dimensional gel electrophoresis to determine whether 
Lp[a] fractions were contaminated with HDL or LDL. 
Two protein peaks were resolved by gel filtration chroma- 
tography, one peak containing HDL and the other im- 
munoreactive apo[a]. The fractions under the faster 
eluting peak were pooled for subsequent studies requiring 
purified Lp[a]. 

Lipoprotein quantification and preparation 
of antibodies 

Competitive binding RIAs were used to measure the 
apo[a] and apoB in plasma and tissue extracts. Briefly, 
phase separation was accomplished with rabbit anti-goat 
IgG and facilitated with 3% PEG 3500. Data were 
calculated as B/Bo; where B represented the amount of 
bound tracer in the pellet, and Bo represented the max- 
imum binding of the tracer in the absence of the competi- 
tor, which was approximately 30% of the total counts 
originally placed in the tube. Nonspecific binding using 
nonimmune goat serum in place of the primary antibody 
was determined and subtracted from sample values. 
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Sample data were calculated using a standard curve plot- 
ted as BIBo against a log transformation of the sample 
protein content. The amount of radioactivity in the pellet, 
which is inversely proportional to the amount of antigen 
in the sample, was linear over two orders of magnitude. 

A purified sample of Lp[a] was quantified gravimet- 
rically to calibrate a serum sample to be used as an assay 
standard. Plasma and plaque Lp[a] values were expressed 
in terms of their apo[a] protein moiety, calculated on the 
assumption that approximately 50% of the protein in 
Lp[a] is apo[a] and the remainder is apoB. If one also 
makes the assumption that the apo[a] measured in the 
plasma and plaque samples is present in intact lipopro- 
teins, the data may be converted from apo[a] protein to 
lipoprotein mass by multiplying by a factor of 6.7. Plaque 
apo[a] and apoB contents were also described in a 
normalized fashion by dividing each plaque lipoprotein 
concentration by its respective plasma concentration. 

Freshly prepared LDL (1.0.19 < d <LO63 g/ml) was 
subjected to affinity chromatography using an anti- 
apo[a]-Sepharose column to remove contaminating 
Lp[a]. The protein contents of several LDL standards 
were determined and then used to calibrate a standard 
serum sample. The RIA quantifying apoB measures 
apoB in both LDL and Lp[a]. ApoB concentrations in 
plasma and tissue was also presented as LDL-apoB, ob- 
tained by subtracting the apoB derived from Lp[a] from 
the total apoB, making the assumptions stated previously. 

100 - 
80 - 

# 60: 
40 - 
20- 

Radioimmunoassay for apo[a] and apoB 
A polyclonal antibody was raised in goats against 

Lp[a], and a combination of DEAE Affigel blue and pre- 
cipitation by 50% saturated ammonium sulfate was used 
to isolate a protease-free IgG fraction (Bio-Rad Bulletin 
#1062). Anti-apo[a] was separated from contaminating 
anti-apoB using affinity chromatography on LDL- 
Sepharose 4B according to the manufacturer’s instruc- 
tions (Pharmacia LKB Biotechnology Inc., Piscataway, 
NJ). The purified anti-apo[a] IgG was used at a 1 to 
115,000 final dilution for quantitation of Lp[a] by RIA. 
Freshly prepared LDL free of contaminating Lp[a] 
(removed using anti-apo[a]-Sepharose) was also used to 
elicit in goats polyclonal antibodies against apoB. The 
IgG fraction was used at a dilution of 1 to 200,000 for 
quantitation of apoB by RIA. Under our assay condi- 
tions, both RIAs were sensitive to levels below 4 ng of pro- 
tein. 

Quantification of Lp[a] and LDL in plasma 

Since the amino acid sequence of one apo[a] isoform 
has been reported to be highly homologous to the kringle 
4 of plasminogen (17), we determined whether plasmino- 
gen cross-reacted with apo[a] in our RIA. When we com- 
pared the abilities of apo[a] and plasminogen to displace 

1251-labeled Lp[a] binding to anti-apo[a] at an antibody 
dilution of 1 to 115,000, the results suggested that the con- 
tribution of plasminogen to the measurement of apo[a] by 
our RIA was negligible (Fig. 1A). LDL and HDL also 
showed no reactivity with the anti-apo[a]. The RIA used 
to measure apoB was found to detect apoB in Lp[a] as 
well as in LDL (Fig. 1B). HDL showed no significant im- 
munoreactivity with anti-apoB. Thus, both RIAs appear 
to be highly specific. 

Immunological identity between tissue 
and plasma apoproteins 

Parallel displacement curves are considered a 
characteristic of immunological identity (18). Parallelism 
was demonstrated by performing serial dilutions on 
representative samples of purified lipoprotein, patient 
plasma, and PBS and GuHCl tissue extracts using at least 
three different dilutions per sample to demonstrate 
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Fig. 1. Determination of cross-reactivity in radioimmunoassays 
(RIAs) measuring apo[a] (Fig. 1A) and apoB (Fig. 1B). A: Displacement 
curves for plasminogen (U), LDL (0), and HDL (0) compared to 
plasma Lp[a] (m) based on absolute amounts of protein added. B: Dis- 
placement curves for Lp[a] (a) and HDL (0) compared to plasma LDL 
(0) based on absolute amounts of protein added. At least three different 
dilutions were used per sample to demonstrate linearity. BIBo was plot- 
ted against the protein content in each of the dilutions. 
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Fig. 2. Apo[a] and apoB parallelism in respective RIAs. A: Apo[a] displacement curves for Lp[a] (a), plasma (U), PBS tissue extracts (a), GuHCl 
(0) tissue extracts. B. ApoB displacement curves for LDL (a), plasma (U), PBS (a), and GuHCl (0) tissue extracts. An apolipoprotein value deter- 
mined by RIA from one sample dilution was used to calculate the expected value for each subsequent dilutlon and plotted against BIB. using at 
least three different dilutions per sample to demonstrate linearity. 

linearity as described by Feldcamp and Smith (18). The 
data plotted on a graph should, ideally, result in a straight 
line that is parallel to that determined for the standard 
curve for each RIA. If the slopes are not parallel, dis- 
parate final concentrations would be observed at different 
dilutions. As seen in Fig. 2A, the displacement curves of 
apo[a] in purified Lp[a], apo[a] in plasma, and apo[a] in 
the PBS- and GuHC1-extracted fractions were parallel. 
When the same assessment was made for apoB in LDL, 
plasma, and in the PBS- and GuHC1-extracted fractions, 
again all four were parallel (Fig. 2B). These results sug- 
gest that plasma and tissue apo[a], and plasma and tissue 
apoB were immunologically identical. 

Preliminary studies to develop procedures for 
quantifying of apo[a] and apoB in plaques 

In initial studies, we extracted apo[a] with PBS for 24 
h at 4OC to isolate a loosely bound fraction. An additional 
extraction of the residual pellet for 24 h with PBS yielded 
less than 5% of the apo[a] in the first extraction. The 
residual pellet was subsequently extracted with 1% Triton 
X-100 for 24 h at 4OC to obtain a tightly bound fraction, 
as we had used previously for extracting apoB from hu- 
man lesions (13). To assess whether any additional apo[a] 
could be removed from the residual tissue, we first ex- 
tracted tissue minces with PBS, divided the residual pellet 
minces into two equal aliquots, and then compared the 
amount of apo[a] that could be extracted using a 1% Tri- 
ton X-100, with the amount that could be extracted with 
6 M GuHCl. Triplicate observations were made from one 
sample per condition. The PBS-extracted fraction con- 

tained 2.9 +_ 0.4 pg apo[a]/g tissue wet weight 
(mean 2 SE). GuHCl extracted almost four times more 
apo[a] (12.6 2.2) as Triton X-100 (3.4 0.3) from the 
residual tissue. 

Effect of extraction procedures on RIA 

Since GuHCl in residual tissue extracts is added to the 
RIA at final concentrations of 12 mM to 48 mM, we 
tested the effects of these concentrations of GuHCl on the 
measurements of apo[a] and apoB in Lp[a] and LDL in 
respective RIAs. GuHCI, at these final concentrations, 
did not significantly interfere with the measurements of 
apo[a] and apoB in Lp[a] and LDL, respectively. We con- 
sidered the possibility that some material extracted from 
plaques and present in the PBS extract or in the GuHCl 
extract might interfere with the measurement of apo[a] or 
apoB by RIA. However, we found that the measurement 
of immunoreactive apo[a] and apoB in Lp[a] and LDL, 
after the addition of aliquots of PBS- or GuHCl extracts, 
was additive. In another study, we quantitatively removed 
immunoreactive apo[a] or apoB from separate aliquots of 
representative samples of one PBS extract and three 
CuHCl extracts by affinity chromatography using 
anti-apo[a]-Sepharose or anti-apoB-Sepharose. The 
respective immunoabsorbed tissue extracts were then 
added to assay tubes containing either Lp[a] or LDL. We 
then measured the apo[a] or apoB concentration by 
respective RIAs in the presence and absence of tissue ex- 
tracts. Again, no significant differences were found. Since 
extractions of residual tissue with GuHCl were performed 
for up to 6 days, we also determined whether the im- 
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munoreactivity of endogenous Lp[a] or of LDL would be 
affected by this long extraction period, i.e., by protease 
digestion or masking of immunoreactive sites on apo[a] or 
apoB by tissue components. Plasma Lp[a] and LDL were, 
therefore, incubated for periods of 0, 2, and 6 days with 
a GuHCl extract from which all endogenous apo[a] or 
apoB immunoreactivity had been removed as described 
above. However, no effect on the plasma Lp[a] or LDL 
measurements by RIA could be detected by incubating 
with corresponding extracts. 

Since Rath et al. (19) had recently measured the accu- 
mulation of apo[a] in homogenates of human 
atherosclerotic plaques extracted with 1% Tween-20, we 
tested whether 6 M GuHCl would remove any additional 
apo[a] from tissue initially extracted with Tween. We 
mimicked Rath‘s procedure by first homogenizing minces 
of plaque in the presence of 1% Tween-20 using both a 
Polytron (Brinkman Instruments, Westbury, NY) or a 
glass tissue homogenizer, pelleting the insoluble residual 
tissue by centrifugation, and then extracting the residual 
tissue with 6 M GuHCl. In two studies using plaques 
from different cases, we found that GuHCl extracted an 
additional amount of apo[a] from the residual tissue after 
Tween extraction amounting to 30% and 200%, respec- 
tively, of the amount of apo[a] extracted by Tween alone. 
Furthermore, comparisons of total apo[a] extracted with 
and without homogenization suggested that homogeniza- 
tion destroyed apo[ a] immunoreactivity. We concluded 
from these preliminary studies that sequential extraction 
of nonhomogenized plaque minces with PBS and with 
GuHCl was the procedure of choice. 

Other methods 

Protein content of lipoprotein samples was determined 
by the bicinchoninic acid (BCA) macro-protein assay 
(Pierce, Rockford, IL) according to the method described 
by Smith et al. (20) except that a 60-min, 6OoC heating 
step was used to enhance the sensitivity of the assay. 
Bovine plasma albumin was used as the standard. This 
technique is simpler to perform and much more sensitive 
than the Lowry procedure (21). However, we found that 
values of LDL protein measured by the method of Lowry 
et al. (21) gave values consistent with independent mole- 
cular weight estimates, while the BCA method gave values 
1.3 times higher. We therefore, chose to convert our BCA 
measurements to Lowry measurement using a factor of 
0.77. Lipoproteins were iodinated for RIA tracer using a 
modification of Bilheimer, Eisenberg, and Levy’s (22) 
alteration of the iodine monochloride procedure of 
McFarlane (23), in order to produce tracer with a high 
specific activity. One-dimensional gel electrophoresis 
using 1% agarose, which was used to verify the column 
chromatography purification of Lp[a], was performed ac- 
cording to the manufacturer’s instructions (Corning, Palo 
Alto, CA) except that the electrophoresis time was in- 

creased to 75 min to allow for greater separation between 
LDL and Lp[a]. To eliminate differences in migration due 
to protein concentration, 60 pg BSA was added to each 
well prior to application of the sample. GuHCl extracts of 
lesions were first dialyzed against 4 M urea prior to elec- 
trophoresis. The samples were visualized by lipid-staining 
with Fat Red 7B in methanol. Parallel agarose gels were 
subjected to immunoblotting by capillary transfer to 
nitrocellulose and immunostained for apo[ a] or apoB 
using primary antibodies at dilutions of 1 to 10,000 and/or 
secondary antibody (rabbit anti-goat IgG) coupled to col- 
loidal gold (1 to 350 dilution) followed by silver enhance 
ment Uanssen Biologicals NV, distributed by Amersham 
International, U.K.). 

Each RIA analysis was performed in triplicate. Com- 
parisons of the differences between the means of two equal 
sized groups were performed using nonpaired Student’s 
t-test and statistical significance was designated for values 
of P < 0.05. Linear regression analysis was performed on 
correlation data in order to determine correlation coeffi- 
cients ( r ) ,  and statistical significance of regression lines 
was determined using the method of least squares. 

RESULTS 

Quantification of apo[a] and apoB in  human plasma 
and corresponding plaques 

The distribution of plasma apo[a] and apoB levels in 26 
individuals (Fig. 3A and 3B) showed a wide spectrum 
ranging from 0.3 to 17.3 mg apo[a] protein/dl (correspon- 
ding to 1.8 and 114.0 mg Lp[a] mass/dl, respectively); and 
from 32.1 to 181.5 mg apoB protein/dl. Mean levels of 
plasma apo[a] and apoB were 4.3 mg/dl (29 mg/dl Lp[a] 
mass) and 95.2 mg/dl (Table 1). Using this assay we had 
previously found that Lp[a] levels in a group of 32 cases 
with no angiographically determined stenosis of coronary 
arteries had a mean Lp[a] level of 17.3 mg/dl, (8), a value 
that was consistent with levels found by others for a nor- 
mal population (5). Plasma Lp[a] mass levels of 30 mg/dl 
(4.5 mg apo[a]/dl) or higher were shown to be associated 
with significantly greater risk for developing coronary 
atherosclerosis ( 5 )  or vein graft stenosis (8). This value 
was close to the mean levels of Lp[a] in this study. 

When the accumulations of plaque apo[a] and apoB, 
expressed as loosely bound, tightly bound, and total apoli- 
poprotein (Table l), were measured in the lesions of these 
26 individuals whose plasma levels were just described, 
only 18% of the total plaque apo[a] was in a loosely bound 
form, i.e., extractable with PBS, whereas 68% of the total 
plaque apoB was in this form ( P  < 0.001). S’ ince some 
apoB might be associated with apo[a] as intact particles 
in plaques, we also calculated the amount not associated 
with apo[a] in Lp[a]. This was measured by subtracting 
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Fig. 3. 
the 26 patients undergoing vascular surgery. 

Distribution of total plasma apo[a] (A) and apoB (B) levels in 

the amount of apoB in Lp[a] from total apoB, assuming 
that this amount of apoB is equal to the total tissue 
apo[a]. Making these calculations we found again that 
only 28% of plaque apoB that was not associated with 
Lp[a] was in a tightly bound form. 

We wished to determine whether plaque apo[a] content 
correlated with plasma apo[a] levels. As seen in Fig. 4A, 
using linear regression analysis, not only did total plaque 
apo[a] correlate with plasma apo[a] levels ( r  = 0.82, 
P < 0.001), but so did the loosely bound fraction of 
apo[a] ( r  = 0.78, P < 0.001) and tightly bound apo[a] 
( r  = 0.82, P < 0.001). These results suggest that there is 
a strong association between tissue and plasma apo[a] in 
human plaques. When similar correlations (Fig. 4B) were 
performed between plasma apoB and total plaque apoB, 
loosely and tightly bound apoB fractions, r values of 0.29 
( P  = 0.12), 0.19 ( P  = 0.34), and 0.31 (P = O.lO), respec- 
tively, were obtained. Thus, no strong association was 
found between tissue and the plasma apoB. When total 
plaque apo[a] was correlated with total plaque apoB, no 
correlation was found ( r  = 0.18, P = 0.386). 

On an absolute scale, the total amount of apoB that ac- 
cumulated in plaques was greater than the total amount 
of apo[a] (Table 1). However, when these values were nor- 
malized to equal plasma concentrations by dividing each 
plaque apolipoprotein value by its corresponding plasma 
concentration, we found that in 20 out of 26 cases, total 
normalized apo[a] accumulation was actually higher than 
total normalized apoB accumulation. The ratio of the 
amounts of plaque apo[a] to plaque apoB, when normal- 
ized by their respective plasma concentrations, should be 
greater than one if the former exceeds the latter. Twenty 
out of 26 cases studied had ratios greater than one (Fig. 
5), with a mean ratio of 2.35 * 2.05. Similar ratios were 
found for normalized values of plaque apo[a] to the 
calculated value of apoB not associated with Lp[a], with 
a mean ratio of 2.63 -+ 2.74. 

To assess whether in some individuals tightly bound 
Lp[a] expressed as particle mass might have actually ac- 
cumulated to a greater degree than tightly bound LDL 
mass, we converted our measurements of apo[a] and apoB 
into Lp[a] mass and LDL mass making the calculations 
previously described in Methods. When the calculated 
amounts of Lp[a] mass and LDL mass that were tightly 
bound were compared in our 26 cases studied, 5 cases had 

TABLE 1. Apo[a] and apoB in plasma and plaques 

Plasma 
Apolipoprotein 
Concentration 

Plaque Apolipoprotein Content 

Loosely Bound ( % I  Tishtly Bound (%) Total 

mg/dl pg/s tissue wet pg/s tissue we1 wl ps/s tissue we1 W l  

Apo[a] 4.3 k 4.5 3.6 k 4.5 (17.5) 17.0 k 17.0 (82.5) 20.6 k 21.3 
ApoB 95.2 k 43.1 215.0 i: 116.0 (68.3) 99.6 k 66.9 (31.7) 314.6 f 152.3 

Results are expressed as mean & SD of the values in the lesions from the 26 cases studied. Plaques were extracted 
sequentially with PBS and with GuHCl as described in Methods. Total plasma, plaque apo[a], and apoB were measured 
by individual RIAs as described in Methods; %, the percent of total extracted plaque-derived apo[a] or apoB found 
in the loosely bound and tightly bound fractions. 
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Fig. 4. A: Correlation of plasma apo[a] with total tissue apo[a], loosely bound tissue apo[a], and tightly bound tissue apo[a] in the 26 cases studied. 
B: Correlation of plasma apoB with total tissue apoB, loosely bound tissue apoB, and tightly bound tissue apoB in the 26 cases studied. C: Correlation 
of plasma and tissue LDL-apoB protein (total apoB minus apoB assumed to be present in Lp[a] and equal to total apo[a]). 

a higher calculated Lp[a] mass than a calculated LDL 
mass in this fraction. When the case that had extraor- 
dinarily low plasma and tissue apoB levels (sample at far 
right of Fig. 5) was omitted, we found a significant 
positive correlation (Y = 0.72, P = 0.001) for the ratio of 
Lp[a] mass to LDL mass with plasma Lp[a] concentra- 
tions (Fig. 6). This result suggested that the absolute 
amount of Lp[a] could have actually exceeded LDL in 
some patients with high plasma Lp[a] levels, e.g., above 
5 mg apo[a] proteinldl, if all apo[a] and apoB had been 
present as intact Lp[a] and LDL particles. 

To assess whether some of the plaque-derived apo[a] 
and apoB could be present within intact Lp[a] particles, 
we subjected the PBS extract, the GuHCl extract, and the 

corresponding serum sample from one case to one- 
dimensional agarose electrophoresis, and then stained a 
gel for lipid and immunostained parallel gels for apo[a] 
and apoB. Fig. 7 demonstrates a montage of such gels, il- 
lustrating that in both the PBS extract and the GuHCl ex- 
tract the major band co-stained for lipid, apo[a], and 
apoB, suggesting the presence of some intact Lp[a]. Also 
noteworthy are the observations that the bands staining 
positively for apo[a] and apoB in the PBS extract migrate 
further than the corresponding band in plasma, and that 
these bands in the GuHCl extract migrate even further 
than those in the PBS extract. Still unexplained is the 
strong immunostaining at the origin for apo[a] and for 
apoB, but not for lipid from plasma and PBS extracts. 
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Fig. 5. Relative ratios of plaque apo[a]  to plaque apoB, both normal- 
ized  for corresponding plasma concentrations in the 26 cases studied. A 
ratio > 1 indicates that, relative to  their corresponding plasma concen- 
trations, more apo[a] has accumulated in the  artery wall than apoB. 

DISCUSSION 

In this study we have documented  the  accumulation of 
apo[a]  and apoB in human atherosclerotic lesions using  a 
procedure that sequentially extracts nonhomogenized 
minces of tissues with PBS and with 6 M GuHCl.  The 
two fractions obtained were operationally defined as 
loosely and tightly bound forms of apo[a]  and apoB, 
respectively. Plaque  and plasma apo[a]  and apoB showed 
parallel displacement curves in respective RIAs, sug- 
gesting identical immunoreactivities. Neither GuHCl  nor 
plaque-derived components  that co-extracted with these 

4 D. r=0.71 I 
co.001 

O D  

0 2 4 6 8 10  12 14 16 18 20 
Plasma apo(a) (Wdl) 

Fig. 6. Correlation of the  ratio of the calculated values  of tightly 
bound tp[a] mass to  the calculated values  of tightly bound tissue LDL 
mass  with plasma Lp[a] levels  in 25 of the 26 cases studied. Apo(a] levels 
and apoB levels  were convened to Lp[a] mass and  LDL  as described in 
the text. 

p" "' 

PBS GuHCl 
serum  extract  extract 

HDL - 

LP@) - I 
LDL - 

origin - 

L (a) B L (a) E L (a) B 
Fig. 7. One-dimensional electrophoresis patterns of a plaque PBS  ex- 
tract, a plaque GuHCl extract, and its corresponding serum, all from 
one individual. Minces of plaques were sequentially extracted with  PBS 
and GuHCl as described in Methods. Samples of the serum, PBS  ex- 
tract, and GuHCl extract were applied to a 1% agarose gel at equivalent 
concentrations of apo[a] and apoB as measured by RIAs (0.5 to 1.0 
cg/well). Prior to application, the sample of the GuHCl extract was di- 
alyzed against 4 M urea. Samples were electrophoresed for 75 min at 90 
volts. Serum and plasma gave the same results. 

apolipoproteins perturbed  their  measurement in respec- 
tive  assays.  Finally, at the dilutions of antibody used in the 
apo[a] RIA, neither plasminogen nor  other lipoproteins 
demonstrated significant cross-reactivity. 

Our results confirm and extend on those recently 
reported by Cushing  et al. (24) and  Rath et al. (19), 
although  major  procedural differences exist among these 
studies. Using  the technique described by Cushing  et al. 
(24), e.g., electrophoresis of apo[a] directly from tissue 
minces, we had previously found that only about one-half 
of total apoB in plaques from hypercholesterolemic 
monkeys (25) or swine (26, 27) could be quantified by this 
procedure. Subsequent  treatment with detergents (13) 
or hydrolytic enzymes (28) was needed to remove the re- 
maining apoB. Based on  data from the present study, it 
is likely that  apo[a] would be at least as refractory to ex- 
traction by electrophoresis as apoB. We found ,that  a sig- 
nificant amount of apo[a) could be removed with GuHCl 
from tissue that  had been originally extracted by the pro- 
cedure described by Rath et al. (19). These results suggest 
that  the published data might be underestimates of tissue 
apo[a] content. However, direct comparisons of the  ab- 
solute numbers in these studies, with appropriate conver- 
sions, indicate that  the  actual  apo[a] values reported were 
higher than reported by us. Although the reasons for this 
apparent discrepancy are not clear, they may reflect some 
aspect of the immunochemical measurements, i.e., Rath 
et al. (19) used monoclonal rather  than polyclonal anti- 
bodies for apolipoprotein  detection,  and  neither of the 
published studies reported  on  the immunochemical iden- 
tity between tissue and plasma apo[a]. 
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The concentration of apoB estimated from lesions in 
this study was consistent with those values published by 
us earlier from tissue homogenates (29, 30). However, 
these values were about five times greater than the values 
reported by Cushing et al. (24) and Rath et al. (19). It is 
possible that this discrepancy could be due to differences 
in the degree of lesion pathology in the two studies, since 
Rath et al. (23) used aortic specimens obtained at bypass 
surgery that were probably not as involved as the fibrous 
plaques and complicated lesions used in this study This 
discrepancy could also have resulted from the lack of im- 
munological identity between tissue and plasma apoB in 
the recently published studies (19, 24), since no assess- 
ment of such identity was given. 

Notwithstanding the differences in absolute values of 
apo[a] and apoB found in this study and the previously 
published two studies, all three studies found a significant 
positive correlation between plasma and plaque apo[a] 
contents, but not between plasma and plaque apoB. It is 
noteworthy that such high correlations for plaque and 
plasma apo[a] levels were obtained using plasma samples 
obtained directly at surgery, even though numerous fac- 
tors could have resulted in perturbation of these plasma 
values. The lack of correlation for plasma and plaque 
apoB might have been due to the greater degradation of 
LDL than Lp[a] by vascular cells (31) or to a greater in- 
fluence of plasma LDL than Lp[a] on dietary fluctuations 
(32), precluding accurate measurement in cross-sectional 
studies. In both this study and the report of Cushing et 
al. (24), apo[a] accumulation exceeded apoB accumula- 
tion in plaques when the values were normalized for cor- 
responding plasma concentrations. 

The current study extends the previous studies by 
demonstrating that tissue-derived apo[a] and apoB can be 
operationally divided into loosely bound and tightly 
bound fractions, and that most tissue-derived apo[a] is 
found in the latter, while most tissue-derived apoB is 
found in the former (Table 1). Furthermore, in a few cases 
with high plasma Lp[a] levels, the absolute mass of Lp[a] 
accumulating in the tightly bound fraction would have 
been greater than the accumulation of LDL in that frac- 
tion if one had assumed that apo[a] and apoB were en- 
tirely present as intact Lp[a] and LDL. Although we have 
no evidence that all apo[a] and apoB are in the form of 
intact Lp[a] or LDL, we have demonstrated by one- 
dimensional agarose electrophoresis that some apo[a] is 
associated with apoB and with lipid in both loosely and 
tightly bound fractions of apo[a], suggesting the presence 
of intact Lp[a]. In addition to this electrophoresis data, 
we have obtained several lines of preliminary data sug- 
gesting the presence of intact Lp[a] in both PBS extracts 
and GuHCl extracts. Particles in the size range of LDL 
and Lp[a] could be seen in these extracts by electron 
microscopy. Immunoreactive apo[a] and apoB were pres- 
ent in a fraction that co-eluted with Lp[a] when fractions 

of PBS and GuHCl extracts were subjected to gel filtra- 
tion chromatography. Finally, when plaque extracts were 
subjected to affinity chromatography on Sepharose anti- 
apoB, the bound and eluted fraction gave a band on one- 
dimensional agarose electrophoresis in which immuno- 
blots of apoB and apo[a] co-migrated. Furthermore, par- 
ticles in the size range of LDL and Lp[a] were seen in 
such purified samples. The data from Rath et al. (19) also 
suggested that much of the apo[a] appears to be asso- 
ciated with apoB, possibly within an intact Lp[a] particle. 

One explanation for the tight binding of apo[a] is that 
Lp[a] interacts more avidly with some tissue compo- 
nent(s) than LDL does to form insoluble complexes that 
require dissociative agents for solubilization. Whether 
this component is arterial proteoglycan, as was shown in 
vitro to interact more avidly with Lp[a] than with LDL 
to form insoluble complexes (33, 34), or other compo- 
nents still needs to be determined. Such tight binding of 
apo[a] could also be the result of aggregation of Lp[a], 
since Lp[a] was shown to be more sensitive than LDL to 
aggregation following interaction with Ca2 + ions (35). It 
is possible that the large accumulation of Lp[a] in the 
tightly bound form is, in some way, responsible for the in- 
dependent association of the lipoproteins with accelerated 
atherosclerosis. Perhaps this fraction represents ag- 
gregated Lp[a] which is then internalized by tissue 
macrophages to induce lipid-loading, e.g., foam cell for- 
mation, a characteristic of the early fatty streak lesions 

Although we have provided evidence that much of the 
plaque apo[a] is probably still present in an intact Lp[a] 
and have highlighted the impact of such an accumulation 
with regards to subsequent lipid loading of vascular cells 
and the resultant foam cell formation, it needs to be 
stressed that other lines of evidence also suggest the pre- 
sence of apo[a] in forms other than intact Lp[a]. The data 
of Rath et al., (19) suggest that some apo[a] may be disso- 
ciated from apoB. Our unpublished gel filtration data of 
GuHCl extracts in the presence of this dissociative agent 
demonstrate the presence of a smaller peak eluting after 
Lp[a]. Given that apo[a] from Lp[a] has recently been 
shown to inhibit the fibrinolytic system in numerous 
ways, i.e., competing for plasminogen-binding sites on 
fibrin (37, 38) or plasminogen receptors on endothelial 
cells and monocyte-macrophages (39), free apo[a] may 
play a role in the vessel wall during the atherosclerotic- 
thrombotic process that has hereto not been considered. 
Further studies on the structural and functional proper- 
ties of free apo[a] and/or apo[a] associated with intact 
Lp[a] isolated from human atherosclerotic lesions are still 
needed. 
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