
Heparan sulfate proteoglycans mediate 
internalization and degradation of P-VLDL and 
promote cholesterol accumulation by pigeon 
macrophages 

Tom Seo and Richard W. St. Clair' 
Department of Pathology, The Bowman Gray School of Medicine of Wake Forest University, 
Medical Center Boulevard, Winston-Salem, NC 27157-1072 

Abstract Pigeon and rabbit @migrating very low density lipo- 
protein (PVLDL) are similar in size and composition, yet rab- 
bit PVLDL consistently stimulates greater cholesteryl ester ac- 
cumulation in pigeon peritoneal macrophages than does 
pigeon PVLDL. The purpose of this study was to determine 
the mechanism of this difference. Pigeon PVLDL bound to 
both a high and low affinity site while rabbit PVLDL bound 
primarily to a low affinity site. The high affinity site had the 
characteristics of the LDL receptor. Most rabbit PVLDL and 
some pigeon PVLDL bound to the low aflinity site that was 
not down-regulated by cholesterol loading. PVLDL binding 
t o  the low aflinity site and subsequent internalization and deg- 
radation were mediated by cell surface heparan sulfate proteo- 
glycans (HSPG). Evidence for this includes inhibition of bind- 
ing and uptake by chlorate, which prevents sulfation of 
proteoglycans, and by treatment with heparinase but not 
chondroitinase ABC. PVLDL uptake was stimulated by lipo- 
protein lipase (LpL) and apolipoprotein E (apoE), both 
known to bind HSPGs. Uptake and degradation of PVLDL 
were not mediated by the LDL receptor or the a,MR/LRP.N 
Thus, binding of PVLDL to low affinity, high capacity HSPG 
binding sites on pigeon macrophages appears to directly pro- 
mote internalization and degradation and is largely responsi- 
ble for the greater ability of rabbit PVLDL to stimulate 
cholesterol accumulation.-Seo, T., and R. W. St.  Clair. 
Heparan sulfate proteoglycans mediate internalization and 
degradation of PVLDL and promote cholesterol accumula- 
tion by pigeon macrophages. J Lifnd Res. 1997. 38: 765- 
779. 

migrating very low density lipoprotein (P-VLDL) is the 
major lipoprotein responsible for transport of choles- 
terol in the blood (3). Pigeon PVLDL is similar in size 
and composition to PVLDL from other cholesterol-fed 
animals such as rabbits, but unlike mammalian PVLDL, 
and like all birds, is devoid of apoE (3, 4). Atheroscle- 
rotic lesions of pigeons contain abundant macrophage 
foam cells that are enriched in cholesteryl esters and 
can be seen in the aorta of WC pigeons after only a few 
weeks of cholesterol feeding ( 5 , 6 ) .  As macrophages are 
present in varying amounts throughout all of the stages 
of atherosclerotic plaque development, and macro- 
phage foam cells play a central role in the pathogenesis 
of atherosclerosis in pigeons as in other animal models 
and humans, understanding the variety of mechanisms 
responsible for the uptake and metabolism of lipopro- 
teins by these cells is essential to our understanding of 
a critical stage in the pathogenesis of atherosclerosis. 

In previous studies, we compared the binding and up- 
take of pigeon PVLDL in WC pigeon peritoneal macro- 
phages with rabbit PVLDL as a control. Although these 
lipoproteins have similar cholesterol/protein ratios, 
rabbit PVLDL consistently caused a 2- to %fold greater 
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White Carneau (WC) pigeons develop atherosclero- 
sis naturally and at an accelerated rate with cholesterol 
feeding (1 ,  2) .  Pigeons fed a diet containing 0.5% cho- 
lesterol have plasma cholesterol concentrations that av- 
erage about 1500 mg/dl. Under these conditions, beta- 
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mal essential medium; FBS, fetal bovine serum; PMSF, phenylmethyl- 
sulfonylfluoride; PPACK, D-phenylalanyl-i.-propyl-L-arginine chloro- 
methylketone; PBS, phosphate-buffered saline; TCA, trichloroacetic 
acid; TPA, tetramyristate phorbol acetate; GLC, gas-liquid chroma- 
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cholesteryl ester accumulation and esterification (4,7). 
Pigeon FVLDL was shown to be taken up primarily by 
LDL receptors, while rabbit p-VLDL appeared to bind 
to another site with low affinity and high capacity that 
is yet to be fully characterized (4). This difference in 
the ability of rabbit p-VLDL to load pigeon macro- 
phages with cholesterol could be due to the presence 
of apoE on rabbit p-VLDL, which may direct rabbit J3- 
VLDL to another site on macrophages that is distinct 
from the pigeon LDL receptor. One possible candidate 
for such a site is the armacroglobuIin receptor/low 
density lipoprotein receptor-related protein (a,MR/ 
LRP) . The a,MR/LRP is a member of the LDL receptor 
superfamily and has been shown to bind lipoproteins 
that are enriched in apoE (8-10). Although we recently 
have shown that pigeon peritoneal macrophages ex- 
press the a,MR/LRP, this receptor did not recognize 
either pigeon or rabbit FVLDL (7). Furthermore, addi- 
tion of LpL to these PVLDL, which has been shown to 
promote binding to the mammalian a,MR/LRP (9), 
did not result in binding and metabolism of pigeon or 
rabbit PVLDL by the a,MR/LRP (7). These studies also 
showed that binding of rabbit PVLDL and some pigeon 
PVLDL could not be accounted for by binding to the 
LDL receptor, as binding occurred in the absence of 
calcium (presence of EDTA) and in cells where LDL 
receptors were down-regulated by cholesterol loading 
(4, 7). Previous studies also had shown that neither pi- 
geon nor rabbit p-VLDL bound to the scavenger recep- 
tor (11). 

A number of laboratories have suggested that proteo- 
glycans (PG) , specifically heparan sulfate proteoglycans 
(HSPG), play an important role in the initial binding 
of lipoproteins to certain cells, particularly hepatocytes 
(1 2-1 6). Binding to HSPGs could be mediated by posi- 
tively charged heparin binding domains on apolipo- 
protein B-100 (apoB-100) or apoE (17), or via another 
protein such as lipoprotein lipase (LpL) that can form 
a complex with lipoproteins (18, 19). After binding, the 
HSPGbound lipoproteins were shown to be transferred 
or "handed off" to a specific receptor such as the 
a,MR/LRP or the LDL receptor for internalization and 
subsequent degradation (12, 16). Such a mechanism is 
unlikely to occur in pigeon macrophages, however, as 
the a,MR/LRP on pigeon macrophages does not bind 
either pigeon or rabbit PVLDL. Binding also could not 
be attributed to the LDL receptor as experiments were 
done under conditions where binding of P-VLDL to 
LDL receptors was inhibited or LDL receptors were 
down-regulated (7). As a result, in this study we consid- 
ered an alternative mechanism for the uptake of rabbit 
and pigeon J3-VLDL by pigeon macrophages that in- 
volved the initial binding to cell surface HSPGs and 

internalization without transfer to a lipopi-otein re- 
ceptor. 

METHODS 

Materials 

Sodium "51-iodide (IMS 300, carrier-free, in NaOH 
solution, pH 7 to 11) and [I-'4C]oleic acid (CFA 243) 
were purchased from Amersham Corp., Arlington 
Heights, IL. ["C] triolein (glycerol[ l-"C] trioleate) was 
purchased from DuPont NEM Research products, Bos- 
ton, MA. Bovine serum albumin (BSA), bovine milk li- 
poprotein lipase (LpL), and heparinase I (H 2519) 
were purchased from Sigma Chemical Company, St. 
Louis, MO. Lipoprotein lipase was dialyzed first against 
deionized water containing 1 mg/ml EDTA and 1.2 M 

NaCl to remove ammonium sulfate, then against the 0.5 
M NaCl solution and was stored in 2-ml vials at -70°C. 
Eagles's minimum essential medium (MEM) was pur- 
chased from JRH Biosciences, Lenexa, KS, and RPMl 
was purchased from Mediatech, Washington, DC. Fetal 
bovine serum (FBS) was from ICN/Flow, Costa Mesa, 
CA. The FBS was heat-inactivated before use by incuba- 
tion at 56°C for 1 h. Aprotinin and phenylmethylsulfo- 
nylfluoride (PMSF) were purchased from Boehringer 
Mannhein Corp., Indianapolis, IN. D-Phenylalanyl-L- 
propyl-1,-arginine chloromethylketone (PPACK) was 
purchased from Calbiochem Corp., San Diego, CA. 
Chondroitinase ABC (code No. 100330) was from Sei- 
kagaku Co., Tokyo, Japan. Sodium chlorate (40,301-6) 
was purchased from Aldrich Chemical Co., Inc., Mil- 
waukee, WI. Recombinant human apoE (E3 isoform) 
was produced by baculovirus gene transfer and was a 
gift from Dr. John S. Parks of the Department of Com- 
parative Medicine, Bowman Gray School of Medicine, 
Wake Forest University, Winston-Salem, NC. 

Isolation of p-VLDL from hypercholesterolemic 
pigeons and rabbits 

Pigeon P-VLDL was isolated from the plasma of WC 
pigeons fed a diet of commercial pigeon pellets con- 
taining 0.5% cholesterol and 10% lard for at least 1 
month. The rabbit FVLDL was obtained from the 
plasma of New Zealand White rabbits (Robinson Ser- 
vices, Inc., Winston-Salem, NC) fed a commercial chow 
diet containing 0.5% cholesterol and 5% corn oil for at 
least 30 days. The PVLDL was isolated by ultracentrifu- 
gation at d < 1.006 g/ml for 20 h as described previ- 
ously (20). The isolated p-VLDL was labeled with i251 
using the iodine monochloride method of MacFarlane 
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as modified by Bilheimer (21) or coupled with lZ5I-la- 
beled tyramine cellobiose ( lZ5I-TC). Iz5I-TC was pre- 
pared by using 1,3,4,6,-tetrachloro-3a,6adiphenylgly- 
couril (Iodogen) (0.06 to 0.1 mCi/nmol TC) (22, 23), 
and the Iz5I-TC was covalently linked to pigeon and r a b  
bit PVLDL (5 to 10 nmol TC/mg PVLDL protein) 
after activating the iodinated TC with cyanuric chloride 
as described previously (24, 25). The PVLDLs, labeled 
with either Iz5I or Iz5I-TC, were dialyzed extensively 
against saline containing 1 mg/ml EDTA, sterilized by 
filtration through a Millipore filter (0.45 pm), and 
stored at 4°C for use within 2 weeks. 

Cell culture 

WC pigeon peritoneal macrophages were elicited us- 
ing thioglycolate and maintained in culture in Eagle's 
MEM containing 10% heat-inactivated FBS, vitamins, 
glucose, L-glutamine and antibiotics as described previ- 
ously (4). This will be referred to as MEM medium. To 
load pigeon macrophages with cholesterol in order to 
down-regulate the LDL receptor (4), rabbit PVLDL 
(150 pg/ml) in MEM medium was incubated with cells 
for 24 h at 37°C. This resulted in the accumulation of 
200-400 pg esterified cholesterol per mg cell protein. 
The cells were incubated for an additional 24 h in the 
absence of rabbit PVLDL to allow internalization of sur- 
face bound PVLDL (7). 

The THP-1 human monocyte/macrophage cell line 
(26), the 5774 murine macrophage cell line, and LDL 
receptor negative GM2000 human skin fibroblasts (27) 
were used for comparison with pigeon macrophages. 
THP-1 cells, incubated in the presence of phorbol ester 
(TPA) to convert them to the macrophage phenotype, 
and the 5774 mouse macrophage cell line were grown 
in culture in RPMI medium containing 10% FBS as de- 
scribed previously (7). LDL receptor-negative GM2000 
fibroblasts were incubated in MEM medium containing 
10% FBS (7). 

Results of cell culture studies represent the mean ? 
SEM of triplicate dishes at each point. All experiments 
were repeated at least once with comparable results. 

Determination of the binding of '251-labeled p-VLDL 
to pigeon macrophages 

Cells were incubated with Iz5I labeled PVLDL at the 
indicated concentrations for 3-6 h at 4°C. Chlorate 
(NaC103), an inhibitor of sulfate adenyltransferase, 
when incubated with cells reduces sulfation of PGs with- 
out affecting the secretion of the PG backbone (28). 
Cells were incubated with 25-50 mM NaCIOs in MEM 
medium for 24-36 h prior to the binding experiments. 
Preliminary studies showed that incorporation of 35S 
into cellular PGs was reduced by up to 80% with 50 mM 

NaC103. Using trypan blue dye exclusion and cell pro- 
tein per dish, preliminary studies showed that concen- 
trations of NaCIOs of up to 100 mM were not toxic to 
pigeon macrophages when incubated at 37°C for 48 h. 
To distinguish the role of specific PGs, cells were incu- 
bated with heparinase and chondrotinase ABC prior to 
lipoprotein binding. Heparinase degrades the heparan 
sulfate glycosaminoglycans, while chondroitinase ABC 
digests chondroitin-6-sulfate, chondroitin4sulfate, and 
dermatan sulfate. Heparinase and chondroitinase ABC 
were incubated in HEPESMEM with cells at concentra- 
tions of 31 U (heparinase) or 1.51 U (chondroitinase 
ABC) per ml of culture medium for 2 h at 37°C before 
incubation with lipoproteins. To eliminate the binding 
of PVLDL to the LDL receptor on pigeon macro- 
phages, binding experiments were done in the pres- 
ence of EDTA, as binding of PVLDL to the LDL re- 
ceptor on pigeon macrophages, like mammalian 
macrophages, was shown to be strictly Caz+-dependent 
( 4 , l l ) .  The concentration of EDTA in the medium was 
carefully calculated so that there was always an excess 
(0.5 mM) of EDTA over Ca2+. Under the same condi- 
tions, the binding of methylamine-activated @M 
(aZM+) to the pigeon &MR/LRP, which also requires 
Ca2+, was nearly completely abolished (7). At the end 
of the incubation with Iz5I-labeled PVLDL, the culture 
medium was poured off and the cell layer was washed 
five times with PBS containing 2 mg/ml BSA, then 
three times with PBS alone. Cells were digested with 1 
N NaOH for a minimum of 3 h and an aliquot was 
counted in a Beckman gamma counter (model 5500B) 
to determine cell-associated Iz5I radioactivity. A second 
aliquot of NaOH was taken from each dish for protein 
determination using the method of Lowry et al. (29). 
The results are expressed per mg of cell protein. The 
specific binding of P-VLDL was defined as the differ- 
ence between the amount of '251-labeled-~VLDL bound 
in the presence and absence of a 30- to 50-fold excess 
of unlabeled homologous PVLDL. Specific binding was 
evaluated by Scatchard analysis as described by McPher- 
son (30) using the EBDA and LIGAND computer p r e  
grams (BIOSOFI', Cambridge, UK). Binding affinity 
(&) and capacity (B,,,) were based on the least squares 
best fit of either a one-site or two-site model. 

Determination of metabolism of conventionally 
radiolabeled p-VLDL ( '551-p-VLDL) and 1*51-TC- 
labeled p-VLDL 

Pigeon macrophages were incubated with radiola- 
beled pigeon or rabbit PVLDL in the presence or a h  
sence of LpL or apoE for 3 h at 3'7°C at the concentra- 
tions indicated. To eliminate the metabolism of PVLDL 
mediated by LDL receptors on pigeon macrophages, 
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studies were carried out in medium containing 0.5 mM 
excess EDTA. A 3-h incubation period was used for me- 
tabolism studies as longer incubations in the presence 
of EDTA caused the detachment of cells from the cul- 
ture dish. To inhibit the metabolism of P-VLDL by PGs, 
cells were pretreated for 36 h with NaC103 as described 
above, and an equal amount of NaC103 was also incu- 
bated with cells during the 3-h metabolism studies to 
inhibit recovery of sulfate incorporation into newly syn- 
thesized PGs. The cells then were washed as described 
above and solubilized in 1 N NaOH to determine cell- 
associated ‘”I-TC-p-VLDL and lZ5I-PVLDL. Aliquots of 
culture medium were taken from the dishes incubated 
with 1251-@-VLDL to determine degradation by measure- 
ment of 10% TCA soluble noniodide lz5I as described 
in detail previously (4, 11). 

Measurement of cellular cholesterol mass 

To determine cholesterol accumulation, cells were 
incubated with MEM medium containing 20 mM 

HEPES, 2 mg/ml BSA, and 25 pg/ml pigeon or rabbit 
P-VLDL in the presence or absence of 50 nM LpL at 
37°C for the times indicated. Cells were washed three 
times with PBS and the cellular lipids were extracted 
with isopropanol containing 10 pg/ml of stigmasterol 
as an internal standard. Free and esterified cholesterol 
mass were determined by gas-liquid chromatography 
(GLC) of the isopropanol extract, and results were cor- 
rected for recovery of the stigmasterol internal stan- 
dard. Cell protein was measured by the method of 
Lowry (29) from the cells remaining on the dish after 
extraction of lipids and solubilization in 1 N NaOH. 
These methods have been described in detail elsewhere 
(31).  

Lipoprotein lipase assay 

Pigeon macrophages, 5-774 and THP-1 macrophages 
were incubated with MEM medium for 48 h at 37°C as 
described. On day 3, fresh Eagle’s MEM medium con- 
taining 2 mg/ml BSA, vitamins, glucose, L-glutamine, 
and antibiotics was added and cells were incubated for 
12 h at 37°C. The culture medium was assayed for lipo- 
protein lipase as described by Iverius and Ostlund- 
Lindqvist (32) in which heat inactivated human serum 
was used as a source of apoC-I1 as an activator for LpL. 
Unpasteurized bovine milk obtained fresh from a local 
farm was centrifuged at 4°C to remove the cream and 
used as a standard for the LpL assay. Results are ex- 
pressed as nmol of free fatty acid liberated from [ “C]- 
triolein per mg cell protein. GM2000 human skin fi- 
broblasts that do not secrete LpL were used as a 
negative control. 

RESULTS 

Our previous studies have shown that rabbit and pi- 
geon PVLDL bind specifically to pigeon peritoneal 
macrophages (4). The 4°C binding characteristics of pi- 
geon and rabbit PVLDL to pigeon macrophages are 
shown in Fig. 1. Binding of pigeon P-VLDL to pigeon 
macrophages was saturable and specific. In cells loaded 
with cholesterol the ascending limb (low concentra- 
tions) of the specific binding curve was reduced. As in- 
dicated by the curvilinear Scatchard plot, pigeon p- 
VLDL bound to both high and the low affinity sites, and 
the marked reduction in the high affinity sites upon 
loading cells with cholesterol is consistent with the in- 
terpretation that the high affinity binding of pigeon p- 
VLDL is mediated by an LDL receptor-like binding site. 
Binding of pigeon PVLDL to the low affinity site was 
altered only slightly by cholesterol loading suggesting 
that this binding site was not regulated by cholesterol. 
Although rabbit P-VLDL also exhibited a curvilinear 
binding pattern upon Scatchard analysis, the binding 
characteristics were distinct from that of pigeon 0- 
VLDL. Rabbit P-VLDL bound predominantly to a low 
affinity site that had a K,, of 122 pg/ml, while smaller 
amounts bound to a high affinity site (&  5.13 pg/ml). 
The observation that rabbit P-VLDL was bound primar- 
ily to the low affinity, high capacity site is consistent with 
the specific binding curves (Fig. I ) ,  showing that rabbit 
PVLDL binding did not reach saturation even at the 
highest concentration used (100 pg/ml) . Cholesterol 
loading of cells had little effect on overall binding of 
rabbit P-KDL. These results also are consistent with 
our previous data showing that rabbit P-VLDI, was a 
poor ligand for the LDL receptor on pigeon macro- 
phages (4, 7). 

When identical studies were carried out in the pres- 
ence of LpL (Fig. 2), different binding properties of 
pigeon and rabbit p-VLDL were observed. The filled 
squares show the Scatchard plots without LpL (these 
are the same data shown in Fig. l ) ,  while open circles 
show the binding of p-VLDL in the presence of 50 nM 
LpL. In the presence of L.pL the Scatchard analysis indi- 
cated one dominant binding Component for pigeon p- 
VLDL with a much greater capacity than in the absence 
of LpL (Fig. 2A). Cholesterol loading had little effect on 
this differential in binding (Fig. 2B). NaC103 treatment 
virtually eliminated binding of pigeon 0-VLDL in the 
presence of LpL (Fig. 2C) consistent with the conclu- 
sion that most binding was to cell surface PGs. Binding 
of rabbit P-VLDL also was resolved into one binding 
component in the presence of LpL (Fig. 2D), and there 
was little effect of cholesterol loading on binding kinet- 
ics of rabbit PVLDL (Fig. 2E). Most rabbit @VL,DL 
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Fig. 1. Concentration-dependent binding of pigeon 
and rabbit PVLDL to pigeon macrophages at 4°C. 
Cells were incubated with HEPESMEM containing 
2% FBS and the indicated amount of 'P51-labeled pi- 
geon or rabbit PVLDL in the presence or absence of 
a 30-fold excess of homologous unlabeled PVLDL. 
Specific binding was determined after a 5-h incuba- 
tion at 4OC by subtracting nonspecific binding from 
total binding. Two days before the experiment, an- 
other set of dishes (cholesterol-loaded) was incubated 
with 150 pg/ml of rabbit PVLDL for 24 h. This was 
followed by incubation in HEPESMEM with 10% FBS 
for an additional 24 h to allow the bound PVLDL to 
be internalized and cellular cholesterol to equilibrate. 
Specific binding of '251-labeled pigeon and rabbit P 
VLDL was determined as described above. Results are 
the mean of total, nonspecific, and specific binding 
of triplicate dishes at each point. Scatchard plots with 
the calculated affinity (I&) and capacity (B-)  were 
generated from the specific binding data using the 
EBDA, LIGAND computer programs as described in 
Methods. A straight line indicates a best fit for a single 
site model while a curved line indicates a two-site 
model is the best fit. 

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 

Bound (nghg cell protein) Bound (nghg cell protein) 

binding was lost when cells were treated with NaC103 
(Fig. 2F). These studies demonstrated that binding of 
pigeon and rabbit P-VLDL was mediated by at least two 
components. Pigeon FVLDL bound both to high affin- 
ity LDL receptors and to low affinity high capacity sites 
that were most likely cell surface PG. The binding of 
rabbit PVLDL, on the other hand, was primarily medi- 
ated by the low affinity, high capacity PG sites. Addition 
of LpL to both rabbit and pigeon PVLDL primarily in- 
creased binding to the low affinity, high capacity PG 
sites. 

To confirm that binding was mediated by cell surface 
PGs, cells were pretreated for 24 h at 37°C with 25 mM 
NaC103 to inhibit sulfation of PGs prior to the binding 
of '25E&VLDL at 4°C (Fig. 3). The incubation of cells 
with NaC103 did not change the amount of cell protein 
per dish or the binding of another ligand, '251-labeled 
a2Mf to the @MR/LRP (4°C binding for 5 h to pigeon 
macrophages was 114 ? 2.2 and 129 t- 19.8 ng/mg cell 
protein (n = 3), respectively, for control cells and cells 
preincubated with NaC103 for 24 h at 37°C). When pi- 
geon macrophages were pretreated with NaC103, the 
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Fig. 2. Concentration-dependent binding of pigeon and rabbit PVLDL incubated with lipoprotein lipase at 
4°C. Cells were incubated with HEPESMEM containing 2% FBS and the indicated amount of 1251-labeled pigeon 
or rabbit &VLDL in the presence (+LpL, open circles) of 50 mM bovine LpL. For comparison, the Scatchard 
plots for PVLDL in the absence of LpL (-LpL) from Fig. 1 have been included as the closed squares. Nonspe- 
cific binding was obtained by incubation of labeled PVLDL with a 30-fold excess of homologous unlabeled P 
VLDL. The NaC103-treated cells were incubated with 25 mM NaCI03 in HEPESMEM with 10% FBS for 24 h 
prior to incubation with medium containing labeled &VLDL to measure binding. All other conditions and 
procedures are identical to those described in Fig. 1.  

binding of both pigeon and rabbit FVLDL was reduced 
by 30-50% (Fig. 3 ) .  As pigeon P-VLDL binds primarily 
to LDL receptors, this suggests that PGs also may play 
a cooperative role in binding of lipoproteins to the 
pigeon LDL receptor. Addition of LpL caused a 500- 
700% increase in binding of both P-VLDLS, and this en- 
hanced binding was nearly eliminated by NaCI03 treat- 

ment, suggesting that binding was mediated primarily 
by cell surface PGs. As the formation of soluble lipopro- 
tein PG complexes does not require calcium (33), bind- 
ing studies were carried out in the absence and pres 
ence of EDTA in order to distinguish between LDL 
receptor-mediated binding, which requires calcium (4, 
7, 11). At the concentrations used (50 kg/ml), EDTA 
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,DL. Cells were incubated for 24 h in HEPES Fig. 3. 
MEM containing 10% FBS. On the second day the medium was replaced with fresh HEPES-MEM (10% FBS) with or without 25 mM NaCIOs 
and incubated for an additional 24 h with the cells. Cells were chilled to 4°C and washed three times with cold PBS. Cells were then incubated 
with HEPESMEM containing 25 pg/ml '*'I-labeled pigeon or rabbit PVLDL in the presence or absence of 50 n M  bovine LpL for 5 h at 4°C. 
The EDTA-containing medium (+EDTA) had 0.5 mM excess EDTA over CaZt, while the EDTA-free (-EDTA) medium had 2.5 m M  free Ca2+. 
Nonspecific binding was obtained by incubation with a 50-fold excess of homologous unlabeled PVLDL. The height of the bars indicates the 
mean of specific binding of triplicate dishes ZSEM. 

Effect of lipoprotein lipase and NaCIOs on binding of '251-labeled pigeo 

reduced the binding of pigeon PVLDL by 20-50%, 
while having no effect on binding of rabbit PVLDL. 
This is consistent with the binding of some pigeon P 
VLDL to the LDL receptor, while almost no rabbit p- 
VLDL binds to the LDL receptor (4, 7). As the en- 
hanced binding of both FVLDLs with LpL was largely 
independent of calcium, it suggests that the greater 
binding of PVLDL in the presence of LpL was not me- 
diated by the LDL receptor on pigeon macrophages. 

To determine which family of PGs mediated the bind- 
ing of pigeon and rabbit PVLDL to pigeon macro- 
phages, cells were treated with either heparinase or 
chondroitinase ABC prior to binding in order to distin- 
guish between binding to HSPGs and other PGs such 
as chondroitin sulfate and dermatan sulfate. Cells were 
treated with these enzymes for 2 h at 37°C followed by 
incubation with '251-labeled PVLDL for 3 h at 4°C. As 
a control, a set of the same dishes was treated with 50 
mM NaC103 for 36 h prior to the 4°C binding experi- 
ment. Results are shown in Fig. 4. Consistent with previ- 
ous experiments, binding of pigeon and rabbit PVLDL 
in the presence of 50 mM LpL (Fig. 4A) was significantly 
enhanced. As before, this enhancement was abolished 
when cells were treated with NaC103. The treatment of 
cells with heparinase was as effective as NaCIOs in re- 
ducing FVLDL binding, while chondroitinase ABC had 

no effect. When identical experiments were performed 
in the absence of LpL (Fig. 4B), similar results were 
seen although the magnitude of binding was less. Thus, 
binding of both pigeon and rabbit PVLDL at 4°C was 
mediated in part by cell surface HSPGs. HSPGs also me- 
diated the enhanced binding of PVLDL in the presence 

Although binding of PVLDL to PGs is enhanced in 
the presence of LpL, the actual internalization and ulti- 
mate degradation of PVLDL have been shown to be 
mediated largely by other receptors such as the a,MR/ 
LRP or the LDL receptor (10, 13,16). If the binding of 
PVLDL to PGs on the surface of pigeon macrophages 
results in internalization of PVLDL, the mechanism 
must be different from mammalian cells as neither the 
a2MR/LRP nor the LDL receptor mediates binding un- 
der the conditions of these experiments (7). Alterna- 
tively, it is possible that HSPGs on the cell surface di- 
rectly mediate the internalization and subsequent 
degradation of PVLDL. To test this possibility, cells 
were incubated with 1251-TGlabeled PVLDLs in the 
presence or absence of LpL for 3 h at 37°C and total 
metabolism was measured. To eliminate any metabo- 
lism that might be mediated by lipoprotein receptors, 
the incubations were carried out in the presence or ab- 
sence of 0.5 mM excess EDTA. Incubations were limited 

of LpL. 
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to 3 h to prevent the detachment of cells from culture 
dishes in the presence of EDTA. Results are shown in 
Fig. 5. These studies were done with PVLDL labeled 
with '251-TC. The TC is residualized in lysosomes, thus 
total Iz5I count in the cells represents all of the PVLDL 
internalized over the 3-h period. Approximately 700 ng 
of pigeon PVLDL and 1000 ng of rabbit P-VLDL were 
internalized without addition of LpL, and both were re- 
duced with NaC103. When LpL was added, internaliza- 
tion of pigeon and rabbit P-VLDL was increased by 70% 
and l50%, respectively. The enhanced internalization 
of both PVLDLs in the presence of LpL was abolished 
when cells were treated with NaCIOs. Similar results 
were seen in the presence and absence of EDTA. 

Fig. 4. Effect of heparinase and chondroitinase ABC 
on pigeon and rabbit PVLDI. binding at 4°C. Cells 
were incubated in HEPESMEM medium containing 
10% FBS with or without 50 mM N a C Q  for 36 h. An- 
other set of dishes was incubated with 3 unit/ml of 
heparinase (hep) or 1 unit/ml of chondroitinase ABC 
(Cabc) for 2 h at 37°C prior to the binding experi- 
ments. Dishes were washed with cold PBS and incu- 
bated with MEM containing 50 pg/ml of 131-T<:- 
labeled pigeon or rabbit PVLDL in the presence or 
absence of 50 nM bovine LpL for 5 h at 4°C to nieasure 
cell surface binding. Nonspecific binding was deter- 
mined by incubation with a 30-fold excess of unla- 
beled homologous P-VLDL. Results are the mean of 
triplicate dishes * SEM. Pigeon FVLDI, (p&VI.Dl.); 
rabbit PVLDL (r&VLDL). 

To be certain that internalization of PVLDL resulted 
in lysosomal degradation, a similar 3 h ,  37°C incubation 
experiment in the presence of EDTA was carried out 
using conventionally '251-labeled P-VLDL, and degrada- 
tion products as well as cell-associated '"I were mea- 
sured (Fig. 6). Results indicate that the enhancement 
of P-VLDL internalization with LpL and the reduction 
in internalization with NaCIOs were associated with par- 
allel changes in the degradation of PVLDL. Thus inter- 
nalization of PVLDL by HSPGs results in the delivery 
of a proportional amount of PVLDL for degradation. 

The greater binding of rabbit P-VLDL to pigeon mac- 
rophages results in greater internalization and degrada- 
tion culminating in greater cholesterol accumulation 
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at 37°C for 3 h. 
C&s were incubated with 50 pg/ml of '251:T&abeled pigeon'or rabbit PVLDL in theprksence or-absence of 100 nM bovine LpL for 3 h at 
37%. The EDTA-containing medium (+EDTA) had 0.5 mM excess EDTA over Ca*', while the EDTA-free medium (-EDTA) had 2.5 mM 
excess Ca'+. Where indicated dishes were pretreated with 50 mM NaCI03 for 36 h prior to the experiments, and an equal amount of NaCIOS 
was added to the medium during the 3 h incubation with '251-TC-PVLDL to inhibit the sulfation of newly synthesized proteoglycans. After 3 
h at 3 7 T ,  cells were washed and assayed for cel1-associated radioactivity which represents the sum of surface bound and internalized PVLDL. 
Nonspecific binding was obtained by incubation with a 30-fold excess of unlabeled homologous PVLDL. Data represent specific binding of 
pigeon (pFVLDL) and rabbit (rFVLDL) PVLDL. Results are the mean of triplicate dishes 2SEM. 

than with pigeon PVLDL (4, 7). As described earlier, 
a major difference between pigeon and rabbit PVLDL 
is the presence of apoE on rabbit p-VLDL. ApoE is 
known to bind HSPGs with high affinity (17). Thus we 
investigated whether addition of apoE to pigeon p- 
VLDL would increase its uptake by pigeon macro- 
phages. To eliminate the binding of pigeon PVLDL to 
pigeon LDL receptors, the experiment was carried out 
in the presence of 0.5 mM EDTA. When cells were incu- 
bated for 3 h at 37°C with '*'I-TC-labeled pigeon P 
VLDL to which exogenous recombinant human apoE 
had been added at a mass ratio of 1 pg apoE to 10 pg 
FVLDL protein, there was a %fold increase in the inter- 
nalization of pigeon PVLDL (Fig. 7). This was similar 
to the metabolism of pigeon PVLDL in the presence 
of 100 nM LpL. When both apoE and LpL were added 
to pigeon PVLDL, its internalization was further en- 
hanced. NaC103 treatment markedly reduced the en- 
hanced binding due to apoE, LpL, and apoE + LpL. 
As the study was performed in a calcium-free medium, 
the effect was independent of LDL receptors and the 
a2MR/LRF'. Despite the fact that native rabbit PVLDL 
already had significant amounts of apoE, further en- 
richment with apoE induced even greater binding of 

rabbit PVLDL to pigeon macrophages and the effect 
of apoE was eliminated by NaCIOS treatment. 

To determine whether PGmediated PVLDL metabo- 
lism induced cholesteryl ester accumulation in pigeon 
macrophages, normal or NaC103-treated cells were in- 
cubated with or without LpL for up to 18 h and choles- 
terol mass in the cells was measured. As a control, cells 
also were incubated without PVLDL for the same 
length of time. The results of this study are shown in 
Fig. 8. Cholesterol content of cells incubated without P 
VLDL remained unchanged throughout the course of 
the experiment. When cells were incubated with pigeon 
or rabbit PVLDL in the presence of LpL, there was 
nearly a doubling in cholesterol accumulation com- 
pared with cells incubated with PVLDL alone. NaC103 
treatment markedly reduced cholesterol accumulation 
in cells incubated with pigeon or rabbit PVLDL in the 
presence or absence of LpL. These studies are consis- 
tent with the conclusion that metabolism of PVLDL by 
a PGmediated process may play a significant role in 
cholesterol accumulation by pigeon macrophages. 

Although LpL clearly stimulated PVLDL uptake by a 
PGmediated uptake process, it was not clear whether 
this process could have any physiological importance 
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Fig. 6. Determination of cell-associated and degraded PVLDL in pigeon macrophages in Ca'+-free medium. Cells were incubated with 50 
pg/ml of conventionally labeled 1251-labeled pigeon or rabbit PVLDI. in the presence or absence of 100 nM bovine LpL for 3 h at 37°C. The 
medium contained 0.5 mM excess EDTA over Ca". Some dishes were pretreated with 50 mM NaCIOs for 36 h prior to the experiments, and 
an equal amount of NaCIOs was added to the medium during the 3 h incubation with '2"I-labeled PVLDL in order to inhibit the sulfation of 
newly synthesized proteoglycans. After 3 h, the culture medium was removed and assayed for TCA-soluble noniodide 1251 degradation products. 
Cells were washed and assayed for the cell-associated lZ5I count as described in Methods. Results are the mean of triplicate determination? 
+SEM. 

without knowing whether pigeon macrophages could 
secrete LpL, as do mammalian macrophages. To deter- 
mine whether pigeon macrophages secrete LpL, cells 
were incubated with MEM containing BSA without se- 
rum for 24 h, and the culture medium was analyzed for 
LpL activity by measuring the hydrolysis of radiolabeled 
triglyceride emulsion particles. The 5774 murine and 
THP-1 human macrophage cell lines were used for com- 
parison. LDL receptor negative GM2000 human skin 
fibroblasts, which do not secrete LpL, were used as a 
negative control. Both normal and cholesterol-loaded 
pigeon peritoneal macrophages were studied. As shown 
in Table 1, pigeon macrophages secreted an amount of 
LpL activity similar to that of THP-1 cells. LpL activity 
was similar for normal and cholesterol-loaded cells. 
5774 cells had the highest activity of the cells tested, 
while GM2000 fibroblasts had no detectable lipolytic ac- 
tivity. 

DISCUSSION 

The present study shows that pigeon and rabbit P 
VLDL are taken up by pigeon peritoneal macrophages 

by two processes: a high affinity LDL receptor-like 
mechanism and a low affinity, high capacity process that 
involves binding to cell surface HSPGs. Pigeon PVLDL 
is taken up by both processes while rabbit PVLDL is 
taken up primarily by the low affinity HSPG mechanism. 

Several pieces of evidence support the presence of 
these two mechanisms for the uptake of PVLDL. Ki- 
netic analysis of 4°C binding of '251-labeled PVLDL 
shows the presence of at least two classes of binding 
sites. The high affinity binding site was down-regulated 
by loading the cells with cholesterol, while the low af- 
finity site was unaffected. In contrast, binding to the low 
affinity site was inhibited by NaC103 which prevents sul- 
fation of PGs. LpL stimulated binding to the low affinity 
site. This enhanced binding with LpL was completely 
inhibited by NaCIOS but unaffected by cholesterol load- 
ing. In the presence of LpL there was an increase in 
the number of PVLDL particles bound to the cell sur- 
face. WC pigeon peritoneal macrophages have been 
shown to synthesize a variety of classes of PGs (34). 
Chondroitin sulfate PGs (CSPG) are largely secreted 
from the cells and can be found in the culture medium, 
while HSPGs are localized primarily on the cell surface 
( 3 5 ) .  Based on the inhibition of binding of pigeon and 
rabbit (3-VLDL by heparinase, but not by chondroitinase 
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Fig. 7. Effect of apolipoprotein E and lipoprotein lipase on pigeon and rabbit PVLDL metabolism by pigeon macrophages in Ca?+-free me- 
dium. Cells were incubated with 50 pg/ml of 1251-TGlabeled pigeon or rabbit PVLDL in the presence or absence of recombinant human apoE 
(12.5 pg/ml) and/or bovine LpL (100 nM) for 3 h at 37°C in Ca2'-free medium. The amount of apoE added to the PVLDL is approximately 
3.6 mol apoE per mol PVLDL using molecular weights of 34,000 and 500,000 for apoE and PVLDL protein, respectively. As the TC is not 
degraded and is trapped in lysosomes, its accumulation in cells provides an accurate measure of total PVLDL bound and internalized. The 
medium contained 0.5 mM excess EDTA over Ca?' to inhibit Ca*+-dependent pathways. The indicated sets of dishes were treated with 50 mM 
NaCIOs for 36 h to inhibit the sulfation of proteoglycans prior to addition of '251-TGPVLDL, and an equal amount of NaC103 was added to 
the medium during the 3 h incubation with '251-TGPVLDL to inhibit the sulfation of newly synthesized proteoglycans. After 3 h at 37"C, cells 
were washed and assayed for cell-associated radioactivity. Nonspecific binding was obtained by incubation with a 30-fold excess of unlabeled 
homologous PVLDL. Data represent specific binding. Results are the mean of the triplicate dishes 2SEM. 

ABC, we conclude that the low affinity binding of pi- 
geon and rabbit PVLDL is mediated largely by cell sur- 
face HSPGs and not CSPGs. Interestingly, treatment of 
cells with NaCI03 also reduced the binding capacity of 
pigeon PVLDL to the high affinity LDL receptor by 
about SO%, while having no effect on affinity (data not 
shown). It is possible to speculate that initial binding to 
PGs could facilitate the binding of pigeon PVLDL to 
the LDL receptor by putting FVLDL in a favorable ori- 
entation for optimal binding or by concentrating P 
VLDL in localized areas where abundant LDL receptors 
are found. It is difficult to know whether a similar mech- 
anism operates for rabbit P-VLDL due to the small 
amount of high affinity binding of rabbit PVLDL to pi- 
geon macrophages. 

Using a variety of cell types including skin fibroblasts, 
hepatocytes, and macrophages, others have reported 
that several lipoproteins (LDL, VLDL, PVLDL, chylo- 
micron remnants) bind to HSPGs (12-17). In most 
cases, however, this did not result in direct internaliza- 
tion of these lipoproteins (16). Instead, the lipoproteins 
were transferred or "handed off" to the LDL receptor 
or a,MR/LRP for internalization (12, 16, 17). Recent 
observations in human skin fibroblasts, however, have 
shown that LDL-LpL complexes can bind with low af- 

finity and high capacity to a receptor-independent site, 
while LDL in the absence of LpL is taken up by the 
conventional LDL receptor pathway (36). The authors 
concluded that this pathway was not the a,MR/LRP, 
as LDL-LpL complexes were localized differently from 
a2Mt  on cells, but rather that the complexes were bind- 
ing to cell surface PGs. This observation agrees with our 
conclusion that PVLDL are taken up after binding with 
low affinity and high capacity by cell surface HSPGs. In 
the presence of LpL, such a mechanism predominates 
in mediating the binding and metabolism of PVLDL 
(Fig. 2).  Obunike et al. (37) showed that THP-1 macro- 
phages metabolized significant amounts of LpLLDL 
complexes by direct uptake via cell surface PGs in addi- 
tion to internalization by the a,MR/LRP. 

Although pigeon peritoneal macrophages have both 
LDL receptors (4, 11) and a,MR/LRP (7 ) ,  several 
pieces of evidence indicate that neither is required for 
internalization and ultimate degradation of PVLDL. 
Most of our binding, internalization, and degradation 
studies were done in the presence of excess EDTA. As 
binding to both the LDL receptor and a,MR/LRP re- 
quires calcium (4, 7, lS), while binding to HSPGs does 
not (33), this is strong evidence that a component of 
binding and internalization of P-VLDL is not mediated 
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Fig. 8. Cholesterol accumulation in pigeon peritoneal macrophages incubated with pigeon or rabbit PVLDL in the presence or absence of 
lipoprotein lipase and/or NaCI03. Cells were incubated for 24 h with HEPESMEM containing 10% FBS with or without 50 mM NaCIO?. Cells 
were washed with PBS, then incubated with HEPESMEM containing 25 pg/ml of pigeon or rabbit FVLDL with or without 50 nM bovine LpL 
for the indicated periods of time. These B-VLDL also were labeled with '"I-TC, but the Iz5I data were not used for the purpose of this experiment, 
The cells that were preincubated with NaClO, continued to have the same concentration of NaCIOS during incubation with PVLDI, to inhibit 
the sulfation of newly synthesized proteoglycans. Cell cholesterol content was measured by gas-liquid chromatography. Result? are the mean 
of triplicate dishes at each point 2SEM. 

by either of these receptors. Another possible candidate 
for mediating the uptake of rabbit P-VLDL is the re- 
cently characterized VLDL receptor (38). Although 
some role for this receptor cannot be completely elimi- 
nated, as discussed previously ( 7 )  in another avian spe- 
cies (chicken) VLDL receptors appear to be restricted 
to oocytes and there is no evidence that chicken macro- 

phages express VLDL receptors. Direct binding studies 
also indicated that neither rabbit nor pigeon PVLDL 
bound to the a,MR/LRP ( 7 ) .  The stimulation of bind- 
ing of FVLDL by LpL was unaltered in cells preloaded 
with cholesterol in order to down-regulate LDL recep- 
tors. Although 4°C binding to HSPGs was enhanced 
somewhat more by LpL (up to 7-fold) compared with 

TABLE 1. Measurement of lipoprotein lipase activity in medium incubated with pigeon, 5-774, or THP-I 
macrophages, and GM2000 human skin fibroblasts 

Cell types 1 .~1 .  activity - - 
nmol FFA releused/man/mg cell protrin 

Pigeon macrophages 
Pigeon macrophages (cholesterol loaded) 
5774 macrophages 
THP-1 macrophages 
GM2000 fibroblasts 

32.75 t 3.52 
26.07 i 1.40 
93.80 2 21.25 
22.40 2 9.35 
-5.59 2 9.19 

Each cell line was incubated as described in Methods for 3 days at 37°C. In order to load pigeon peritoneal 
macrophages with cholesterol they were incubated in HEPESMEM containing 2% FBS and 150 Fg/ml of 
rabbit FVLDL for 24 h at 37OC. These dishes were washed and incubated with fresh medium containing 2% 
FBS for an additional 24 h at 37°C to allow internalization of surface-bound rabbit FVLDL. On the day of the 
experiments, each cell line was incubated with HEPESMEM containing 2 mg/ml of BSA for 12 h at 3 7 T .  
The celkonditioned medium was then analyzed for lipoprotein lipase activity as described by Iverius et  ai. 
(92) using a triglyceride emulsion containing ["Cltriolein. After removal of the medium, cells were washed 
with PBS and solubilized in 1 N NaOH and assayed for protein. Results have been normalized to equivalent 
amounts of cell protein per dish. Resule are mean of triplicate dishes t SEM. 
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internalization at 37°C (up to 2-f01d), there was a clear 
increase in .the internalization and ultimate degrada- 
tion of PVLDL when binding to HSPGs was stimulated. 
Others have also shown that binding of lZ5I-labeled LDL 
to PGs was stimulated more than internalization (39). 

Binding to HSPGs was stimulated by LpL and apoE. 
Both of these proteins have been shown by others to 
bind HSPGs (8,9, 18). Added apoE stimulated binding 
and metabolism of both pigeon and rabbit FVLDL. As 
a result, the greater binding of native rabbit P-VLDL 
to pigeon peritoneal macrophages, and its consequent 
greater ability to stimulate cholesterol accumulation, 
may be the result of this endogenous apoE. It should be 
pointed out, however, that we did not test this possibility 
directly by trying to block the effect of endogenous 
apoE on rabbit P-VLDL. This will be necessary before a 
final conclusion on this point can be drawn. The effect 
of apoE was additive over the already enhanced binding 
of PVLDL by LpL. This suggests either that the capacity 
for LpL enhancement of PVLDL binding had not been 
achieved at the concentration of LpL used (50-100 
nM), or LpL and apoE bind to different sites on the 
HSPGs. The latter is the most likely possibility as differ- 
en t binding domains for LpL and apoE on HSPGs have 
been described (40). 

Most importantly, internalization of PVLDL via the 
HSPG pathway in pigeon peritoneal macrophages re- 
sults in the delivery of large amounts of cholesterol to 
these cells and their storage as cholesteryl esters. If 
binding to PGs is blocked by NaC103, cholesteryl ester 
accumulation is reduced. This suggests that under ap- 
propriate conditions this pathway may play an impor- 
tant role in cholesterol delivery to macrophages. Never- 
theless, the mechanisms by which PVLDL that is bound 
to HSPGs on the cell surface of macrophages is internal- 
ized are unclear. In most cells the rate of turnover of 
cell surface PGs is 5-20 h depending on cell type (41) 
and is considerably slower than that of cell surface re- 
ceptors such as the LDL receptor (15-20 min) (42). 
In macrophages, however, the turnover of the plasma 
membrane occurs in a matter of minutes (43), thus, it 
is possible that by simply binding to cell surface HSPGs, 
some lipoproteins are internalized and directed to lyso- 
somes for degradation. Despite the slower turnover of 
cell surface PGs, the large quantities of PGs on the sur- 
face of cells and the fact that a single glycosaminoglycan 
chain on HSPGs binds multiple lipoproteins (44) could 
result in significant amounts of cholesteryl esters deliv- 
ered to cells via a PGmediated pathway. 

A popular current concept of the pathogenesis of ath- 
erosclerosis suggests that macrophage foam cells form 
as the result of uptake of abnormal lipoproteins by scav- 
enger receptors (45). Oxidized lipoproteins are one of 
the abnormal forms that have been suggested. Al- 

though there seems little doubt that lipoprotein oxida- 
tion is one process that can result in cholesteryl ester 
accumulation in macrophages, it does not exclude a 
role for other mechanisms as well. One such potential 
mechanism is the direct uptake of lipoproteins by 
HSPGs on macrophages. Being low affinity but high ca- 
pacity, such a process would be most efficient in situa- 
tions of high concentrations of lipoproteins and in the 
presence of agents like LpL or apoE to enhance binding 
to HSPGs. The atherosclerotic plaque would appear to 
be an ideal environment for this to occur. The concen- 
tration of plasma lipoproteins has been shown to be 
quite high in the extracellular environment of the 
plaque (25, 46). Macrophages have been shown both 
in vitro (47-50) and in vivo (51-53) to synthesize and 
secrete LpL and apoE. Our data show that LpL secre- 
tion from pigeon macrophages continues at the same 
rate even after cholesterol loading; in mammalian mac- 
rophages, cholesterol loading increases apoE secretion 
(50,54,55). Thus, the conditions of the atherosclerotic 
plaque seem ideal for promoting binding of lipopro- 
teins to cell surface HSPGs, suggesting that such a 
mechanism may play an important role in the develop- 
ment of macrophage foam cells of the atherosclerotic 
p1aque.l 
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