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The recently cloned very low density lipoprotein
(VLDL) receptor binds triglyceride-rich, apoli-
poprotein-E-containing lipoproteins with bigh
affinity. The observation that VLDL receptor
mRNA is abundantly expressed in extracts of
tissues such as skeletal muscle and beart, but not
liver, bas led to the bypotbesis that this receptor
may facilitate the peripberal uptake of triglycer-
ide-rich lipoproteins. However, little information
is available concerning the types of cells that
express this receptor in vivo. As expression of
the VLDL receptor in the vascular wall might
bave important implications for the uptake and
transport of triglyceride-rich lipoproteins, and
perbaps facilitate the development of atheroscle-
rosis in bypertriglyceridemic individuals, we
used in situ bybridization and immunobisto-
chemistry to determine whetber VLDL receptor
mRNA and protein was expressed in buman vas-
cular tissue. We observed expression of the re-
ceptor by both endotbelial and smooth muscle
cells within normal arteries and veins, as well as

within atberosclerotic plaques. In tbe latter, the
VLDL receptor was also expressed by macro-
phage-derived foam cells. The widespread distri-
bution of the VLDL receptor in vascular tissue sug-
gests a potentially important role for this receptor
in normal and patbophbysiological vascular pro-
cesses. (Am_J Patbol 1996, 148:1985-1997)

The very low density lipoprotein (VLDL) receptor, the
newest member of the low density lipoprotein (LDL)
receptor gene family," was first cloned by Takahashi
and colleagues from a LDL receptor-subtracted
rabbit heart cDNA library.? Cloning of homologous
receptors from human,3® rat,” and mouse®® has
subsequently been reported. These studies have
demonstrated remarkable interspecies conservation
(>95%) of the VLDL receptor cDNA sequence, sug-
gesting an important physiological role for this re-
ceptor. At present, however, this role remains incom-
pletely defined.

The VLDL receptor bears significant amino acid
and structural homology to several other members of
the LDL receptor gene family," particularly the LDL
receptor.231° These receptors both possess five do-
main structures, which include a ligand-binding do-
main containing several ~40-amino-acid cysteine-
rich repeats, an epidermal growth factor precursor-
like domain, an extensively glycosylated serine- and

Supported by grants from the National Institutes of Health
(HL50827) and the American Heart Association®5-9220 (to K. R.
McCrae). Also supported by funds from the Swedish Medical Re-
search Council (03X-7137), Thuring Foundation, Nordic Insulin
Fund, Jeanssons Foundation, and the Swedish National Board of
Health and Welfare.

Accepted for publication February 12, 1996.

Address reprint requests to Dr. Keith R. McCrae, Sol Sherry
Thrombosis Research Center, MRB 112, Temple University School
of Medicine, 3400 N. Broad Street, Philadelphia, PA 19140.

1985



1986  Multhaupt et al
AJP June 1996, Vol. 148, No. 6

threonine-rich domain immediately external to the
transmembrane domain, and a cytoplasmic domain
containing an NPVY sequence, which is required for
receptor-mediated endocytosis via clathrin-coated
pits."" However, an important structural difference
between these receptors is the presence of eight
cysteine-rich repeats in the ligand-binding domain of
the VLDL receptor, in contrast to seven such repeats
in the corresponding domain of the LDL receptor.210
This additional cysteine-rich repeat confers upon the
VLDL receptor a distinct ligand-binding specificity,
as this receptor binds only apolipoprotein (apo)E-
containing lipoproteins, whereas the LDL receptor
binds those containing apoE and/or apoB-100."° In
addition, a 39-kd protein that co-purifies with and
inhibits the uptake of all known ligands by the LDL
receptor-related protein/a,-macroglobulin receptor
(LRP/a,MR)'2'3 and has been termed the LRP/
a,MR receptor-associated protein,'®'* binds with
high affinity to the VLDL receptor but only with low
affinity (Ky ~250 nmol/L to the LDL receptor.'®17
Finally, recent studies have demonstrated that, un-
like the LDL receptor, the VLDL receptor mediates
the uptake and degradation of additional ligands
such as lipoprotein lipase'® ' and urokinase-plas-
minogen activator inhibitor type 1 complexes.'8:2°
In addition to their ligand specificities, the tissue
distribution of the VLDL and LDL receptors differs as
well. Whereas VLDL receptor mRNA is most abun-
dant in heart and skeletal muscle? and is also ex-
pressed in tissues such as kidney, placenta and
brain, it is virtually absent from liver.2457° |n con-
trast, LDL receptor mRNA is most abundant in liver,
with lesser expression in peripheral tissues.*5821
Such observations have led to the hypothesis that
the physiological role of the VLDL receptor may be to
mediate the peripheral uptake of triglyceride-rich,
apoE-containing lipoproteins.248-1° However, the
lack of coordinate regulation between the VLDL re-
ceptor and lipoprotein lipase in cells that produce
both of these proteins,”® as well as the minimal
alterations in VLDL receptor mRNA levels observed
in rat skeletal muscle in response to fasting and
refeeding, have led others to speculate that the ma-
jor role of the VLDL receptor may involve activities
independent of lipoprotein metabolism per se.” This
hypothesis is supported by the lack of a significantly
altered plasma lipoprotein profile in mice with ho-
mozygous deletion of the VLDL receptor gene.?? In
any case, additional information concerning the cel-
lular distribution of this receptor in vivo may be of use
in further evaluating such hypotheses, as few studies
have addressed this issue directly. In one such re-
port, Wittmack et al®® detected VLDL receptor mRNA

in choriocarcinoma and cultured human umbilical
vein endothelial cells, and they also used in situ
hybridization and immunohistochemistry to demon-
strate the expression of VLDL receptor mRNA and
protein, respectively, by human trophoblast in situ. A
faint signal resulting from hybridization of the VLDL
receptor cDNA probe with mRNA within villous stro-
mal capillary endothelial cells was also detected,
although these cells were not stained by anti-VLDL
receptor antibodies. These findings have recently
been extended by the demonstration that cultured
endothelial cells express a functional VLDL recep-
tor.'®

Although the studies described above suggest
that the VLDL receptor might be expressed by en-
dothelium constituting at least some vascular beds,
a detailed analysis of the expression of this receptor
in normal and pathological specimens of human vas-
cular tissue has not been performed. Addressing this
issue may be of significant importance, as the vas-
cular wall, particularly the endothelium, forms a bar-
rier between plasma and parenchymal tissues that
regulates the flux of lipoproteins between these
compartments. In vitro, endothelial cells express
LDL24-2° and scavenger receptors,?°~2" and bovine
and rabbit endothelial cells have also been reported,
on the basis of ligand-binding studies, to express a
receptor for B-VLDL.2° However, scavenger recep-
tors do not bind native lipoproteins,3232 and the
expression of LDL receptors by contact-inhibited,
confluent endothelium exposed to physiological li-
poprotein concentrations is markedly down-regulat-
ed,?*2¢ raising uncertainty as to the importance of
these receptors in mediating lipoprotein uptake by
endothelial cells in vivo.2” Therefore, we have used
fluorescent in situ hybridization and immunohisto-
chemistry to characterize the expression of the VLDL
receptor in both normal human vessels as well as
atherosclerotic plaques.

Materials and Methods

Tissue Samples

Human umbilical cords and carotid atherectomy
specimens were obtained following after deliveries
and medically indicated carotid endarterectomies,
respectively. Human temporal arteries were ob-
tained from temporal artery biopsy specimens per-
formed for evaluation of suspected temporal arteritis
(only vessels in which this diagnosis was excluded
were used). Sections of myocardium and normal
aorta were obtained from the excised tissue of car-
diac allograft recipients. All tissues were fixed in



formalin within 4 to 6 hours after removal and sub-
sequently embedded in paraffin.

In Situ Hybridization

The template used to prepare the digoxigenin-la-
beled VLDL receptor DNA probe was a 3146-nucle-
otide VLDL receptor cDNA cloned from a human
skeletal muscle cDNA library.* The cDNA was la-
beled by the random primer method®* using the
Ready to Go labeling kit (Pharmacia, Piscataway,
NJ), with the reaction mixture supplemented with 20
wmol/L digoxigenin-labeled dUTP (Promega, Madi-
son, WI). Labeled probe was purified using Seph-
adex G-50 spin columns (Boehringer Mannheim, In-
dianapolis, IN) and then precipitated with ethanol. In
situ hybridization studies were performed using a
modification of previously described methods.®®
Briefly, slides were deparaffinized, digested with
proteinase K (Boehringer Mannheim; 5 ug/ml at
37°C for 30 minutes), and acetylated (0.1 mol/L tri-
ethanolamine in 0.25% acetic anhydride, pH 8.0, for
10 minutes at 25°C). Slides were then serially
washed in 2X standard saline citrate (SSC), 70, 95,
and 100% ethanol, chloroform, and 100% ethanol
and then air dried. A hybridization solution contain-
ing 50% formamide, 10 mmol/L Tris, 1 mmol/L EDTA,
1x Denhardt’s solution, 0.5% sodium dodecy! sul-
fate, 2x SSC, 0.2 mg/ml herring sperm DNA, and 20
ng of labeled probe was added, and the sections
were heated to 89°C for 5 minutes before overnight
incubation at 42°C in a humidified chamber. After
hybridization, slides were washed by incubation in
2X SSC at 37°C for 30 minutes, then digested with
RNAse A (5 ug/ml in 0.01 mol/L Tris, 0.5 mol/L NaCl,
1 mmol/L EDTA, pH 8.0) for 30 minutes at 37°C.
Finally, slides were washed twice each with 2X
SSC and 0.1X SSC at room temperature and incu-
bated for an additional 10 minutes in 0.1X SSC. To
detect bound probe, sections were first incubated in
2X SSC containing 2% normal sheep serum and
0.5% Triton X-100 (blocking buffer) and then incu-
bated sequentially for 30 minutes each with fluores-
cein-isothiocyanate-labeled rabbit anti-digoxigenin,
sheep anti-rabbit, and fluorescein-isothiocyanate-la-
beled rabbit anti-sheep antibodies, all diluted in
blocking buffer (all antibodies were from Oncor,
Gaithersburg, MD). Slides were then washed five
times with phosphate-buffered saline (PBS) at room
temperature, mounted in Antifade (Oncor), and
viewed using an Olympus AH3 microscope
equipped with epifluorescence. All studies included
two negative control slides, one in which labeled
VLDL receptor DNA was omitted and another in
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which the tissue under study was treated with RNAse
A before the hybridization step.

DNA Sequence Analysis

To verify that digoxigenin-labeled DNA probes gen-
erated from random-primer labeling of the VLDL re-
ceptor cDNA would not cross-react with mRNA spe-
cies encoding other members of the LDL receptor
gene family, we analyzed the extent of homology
between the cDNA sequences of the VLDL and LDL
receptors and the VLDL receptor and LRP/a,MR
(see Results). Sequences were obtained from Gen-
Bank R86.0 (Hitachi Software, San Bruno, CA) using
MacDNASIS version 3.2 (Hitachi Software). The
cDNA sequences for the VLDL receptor and LRP/
a,MR (accession numbers L20470 and X13916, re-
spectively) were obtained directly, whereas that of
the LDL receptor was derived by linking together 18
exons of the genomic sequence (accession num-
bers K02573, L00338, and L00352). Amino acid and
DNA homology was assessed using MegAlign (La-
serGene, DNASTAR, Madison, WI). Dot matrix plots
were generated using MacDNASIS. The melting tem-
peratures of DNA oligonucleotides of various lengths
was determined using OLIGO version 4.0 (National
Biosciences, Plymouth, MN).

Production of VLDL Receptor Antiserum

The VLDL receptor antiserum used in this study was
raised against a recombinant polypeptide containing
the amino-terminal 160 amino acids of the receptor.
The cDNA encoding this fragment was prepared
using the polymerase chain reaction (forward primer
5'-CCGCGTGGATCCAAAGCCAAATGTGAACCCT-
CC-3’;reverse primer 5'-CACGATGAATTCACAGTC-
CAGCTCATCACTGCC), with the full length VLDL
receptor cDNA as template. The polymerase chain
reaction product was directionally subcloned into the
prokaryotic expression vector pGEX2T (Pharmacia).
Recombinant protein was expressed in Escherichia
coli as a fusion protein with Schistosoma japonicum
glutathione-S-transferase and purified by affinity
chromatography using glutathione-agarose.*® Rab-
bits were immunized with the 45-kd fusion protein
dissolved in PBS and emulsified with Freund’s com-
plete adjuvant and bled 10 to 14 days after booster
injections. Sera from five different rabbits were
screened for their reactivity on immunoblots against
solubilized membrane preparations prepared from
VLDL-receptor-overexpressing Idl A7 cells,' and
IgG from one of the five rabbits was found to recog-
nize proteins of ~120 kd and ~95 kd within these
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preparations. When tested against detergent ex-
tracts of whole endothelial cells, this antiserum rec-
ognized proteins of similar molecular weight and
displayed a pattern of reactivity that was identical to
that displayed by a previously described, affinity-
purified antiserum raised against a synthetic peptide
corresponding to the 20 carboxyl-terminal amino ac-
ids of the human VLDL receptor.'® The sensitivity of
the amino-terminal antiserum, however, was 5- to
10-fold greater than that of the carboxyl-terminal IgG
(data not shown).

Immunofiuorescent Staining and
Immunohistochemistry

After in situ hybridization, selected sections were
also examined by using immunofluorescent staining
to identify the types of cells that hybridized with the
labeled VLDL receptor DNA. Specific antibodies
used in these studies included rabbit anti-von Wille-
brand factor (anti-vWF), the macrophage-reactive
IgM,. monoclonal antibody HAM-56%" (both from
Dako, Carpinteria, CA), and monoclonal anti-smooth
muscle actin (IgG,,; Biogenics, San Ramon, CA).
These antibodies were used at dilutions of 1:1000,
1:100, and 1:2000, respectively. Bound primary an-
tibody was detected using biotinylated goat anti-
rabbit or horse anti-mouse immunoglobulin (Vector
Laboratories, Burlingame, CA), followed by strepta-
vidin-rhodamine (Boehringer Mannheim).

To assess the distribution of VLDL receptor pro-
tein, immunohistochemistry was performed using the
amino-terminal VLDL receptor antiserum described
above at a 1:50 dilution. The specificity of immuno-
staining was routinely assessed by performing par-
allel studies in which identical dilutions of nonim-
mune rabbit serum were substituted for the amino-
terminal antiserum. Bound antibody was detected
using the avidin-biotin complex (ABC) method, as
previously described.®®° In selected studies, the
expression of VLDL receptors by macrophage-de-
rived foam cells within atherosclerotic plaques was
assessed by double immunostaining. In these exper-
iments, sections were concurrently incubated with
the amino-terminal VLDL receptor antiserum and
HAM-56. Sections were then washed, and HAM-56
binding was detected by sequential incubation of the
slides with alkaline-phosphatase-conjugated horse
anti-mouse IgG and the alkaline phosphatase sub-
strate new fuchsin (Sigma Chemical Co., St. Louis,
MOQO), which yields a red precipitate. Sections were
washed again, and bound anti-VLDL receptor anti-
bodies were detected using the ABC method®83°

with diaminobenzidine (Sigma), which yields a
brown precipitate, as the peroxidase substrate.

Results

Assessment of Amino Acid and Nucleotide
Homology between the VL.DL and LDL
Receptors and LRP/a,MR

Previous studies, employing Northern blotting tech-
niques, have not demonstrated cross-reactivity be-
tween random-primer-labeled VLDL receptor cDNA
with mRNA encoding other members of the LDL
receptor gene family.223 However, as the stringency
conditions used for in situ hybridization studies differ
from those employed for Northern blots, we exten-
sively analyzed the extent of homology between the
VLDL and LDL receptors and the VLDL receptor and
LRP/a,MR to verify that cross-reactivity of our digoxi-
genin-labeled DNA probe with mRNA encoding
these other receptors would not occur. We observed
a relatively high degree of amino acid homology
(46.2%) between the VLDL and LDL receptors as
well as between the VLDL receptor and LRP/a,;MR
(24% overall, with local comparisons between the
most homologous sub-segments of the two recep-
tors revealing 37.5% homology). Despite these sim-
ilarities, however, analysis of short sequences con-
taining up to 11 consecutive, perfectly conserved
amino acids, revealed poor conservation of corre-
sponding DNA sequences. We also assessed the
extent of overall homology between the nucleotide
sequences encoding these receptors. These studies
revealed a homology of 43% between the cDNA
sequences of the VLDL and LDL receptors and
40.1% between the most highly conserved regions of
the VLDL receptor (nucleotides 482 to 1129) and
LRP/a,MR (nucleotides 3020 to 3673). As two ran-
dom DNA sequences would be expected to have
~25% homology, these results suggest that the DNA
sequences encoding these three receptors are
poorly conserved. Finally, by Clustral*® and dot-plot
analyses,*' the longest uninterrupted DNA se-
quences shared between the cDNAs of the VLDL
and LDL receptors and the VLDL receptor and LRP/
a,MR were determined to be 16 and 17 nucleotides,
respectively.

We next assessed the length of complementary
single-stranded DNA that would be capable of bind-
ing to target mMRNA under the conditions of our in situ
hybridization studies (42°C, 2X SSC, 50% form-
amide). We determined that an oligonucleotide with
a sequence completely complementary to target
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Figure 1. Expression of VLDL receptor mRNA in the buman umbilical vein. A and C: Fluorescent in situ hybridization using a digoxigenin-labeled
VLDL receptor DNA probe. The presence of VLDL receptor mRNA in endotbelium (A) and smooth muscle cells (C) was confirmed by co-staining
sections with antibodies specific for vWF (B) and a-smooth muscle actin (D). Original magnification, X 50.

mRNA would have to be at least 36 nucleotides in
length to hybridize to its target under these condi-
tions. As the maximal length of completely homolo-
gous nucleotide sequences shared by the VLDL and
LDL receptors was 16 nucleotides, and between the
VLDL receptor and LRP/a,MR was 17 nucleotides,
we concluded that the use of a labeled cDNA probe
to specifically detect the presence of VLDL receptor
mRNA in tissue sections was appropriate.

Detection of VLDL Receptor mRNA by in
Situ Hybridization

In initial studies, we determined whether VLDL re-
ceptor mRNA was present in cells constituting the
wall of the umbilical vein. After in situ hybridization of
umbilical vein sections with labeled VLDL receptor
probe, we observed a pattern of fluorescence that
corresponded to the vascular lining of the collapsed
vein (Figure 1A). Co-staining of sections with anti-
VWF antibodies confirmed the impression that this
pattern of fluorescence was largely due to the pres-
ence of VLDL receptor mRNA within the endothelial
cells lining the umbilical vein (Figure 1B). In tangen-
tial sections, we also observed a circumferential

layer of VLDL receptor mRNA-containing cells that
encircled the vein (Figure 1C). These were deter-
mined to be smooth muscle cells, based on the
observation that antibodies against a-smooth mus-
cle actin co-localized precisely with the cells that
contained VLDL receptor mRNA (Figure 1, C and D).

We next studied arterial tissue to determine whether
a similar pattern of VLDL receptor mRNA expression
was present in cells constituting the walls of these
vessels. Figure 2A depicts a low power view of a sec-
tion of temporal artery affected by early atherosclerotic
change that was hybridized with digoxigenin-labeled
VLDL receptor DNA. Hybridization of the DNA with a
single layer of cells lining the vessel lumen as well as
with a disordered array of cells within the neointima and
a more orderly arrangement of cells constituting the
vessel media was observed. Co-staining of this tissue
with anti-vWF antibodies suggested that the VLDL re-
ceptor mRNA-containing cells lining the vessel lumen
were endothelium (Figure 2B). Examination of sections
at higher power revealed more distinctly the co-local-
ization of VLDL receptor cDNA and anti-vWF antibod-
ies (Figure 2, E and F). The identity of the neointimal
and medial cells that contained VLDL receptor mRNA
was confirmed in a similar fashion, by co-staining sec-
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Figure 2. Expression of VLDL receptor mRNA in atherosclerotic temporal artery. A: Fluorescent in situ hybridization using digoxigenin-labeled VLDL
receptor DNA revealed abundant expression of VLDL receptor mRNA in the vascular wall. Note autofluorescence of the internal elastic lamina.
Original magnification, X 25. C: Observation under bigher power confirmed the presence of mRNA within both neointimal (single arrowhead) and
medial (double arrowhead) smooth muscle cells. Original magnification, X 50. E: The presence of VLDL receptor mRNA within individual endotbelial
cells (arrowhead). Original magnification, X 100. B and F: Endothelial cells within these sections were localized by co-staining using antibodies
specific for vWF. Original magnifications, X 25 and X 100, respectively. D: Smooth muscle cells were identified by co-staining sections with antibodies
specific for a-smooth muscle actin. Original magnification X 50.

tions hybridized with VLDL receptor cDNA with anti-
bodies to smooth muscle actin. These studies revealed
that the VLDL receptor mRNA-containing cells within
both of these regions were indeed smooth muscle cells
(Figure 2, C and D).

In addition to the tissues described above, a sim-
ilar pattern of expression of VLDL receptor mRNA
was observed in sections of normal aorta and coro-
nary artery (not shown). VLDL receptor mRNA was
also present in scalp arterioles (Figure 3), in small

venules located in the periphery of the umbilical
cord, and in capillaries from several sites. Finally,
consistent with reports that have demonstrated the
presence of abundant VLDL receptor mRNA within
extracts of cardiac tissue, we detected VLDL recep-
tor mRNA within the myocardium. In the latter, the
hybridization pattern corresponded to that of individ-
ual myofibrils (Figure 4).

In addition to the DNA sequence analyses de-
scribed above, the specificity of our in situ hybridiza-



Figure 3. Expression of VLDL receptor mRNA in scalp arterioles present
within a temporal artery biopsy specimen. Nuclei were counterstained
with propidium iodide. Original magnification, X 100.

tion experiments is supported by several observa-
tions. First, digestion of sections with RNAse A
before incubation with labeled VLDL receptor probe
resulted in complete elimination of the positive hy-
bridization signal, demonstrating that the probe hy-
bridized specifically with cellular RNA. Second, Witt-
mack et al®® have shown that 32P-labeled DNA
probes prepared from the same VLDL receptor
cDNA used in these studies hybridized specifically
with VLDL receptor mRNA on Northern blots. Third,
in situ hybridization of the labeled probe with human
liver, which contains abundant LDL receptor and
LRP/a,MR mRNA,“? revealed the presence of VLDL
receptor mRNA only within vascular structures and
sinusoidal lining cells (presumably Kuppfer cells),
with no signal detected in hepatocytes (not shown).
These results are consistent with the low level of
nucleotide homology between the VLDL and LDL
receptors and the VLDL receptor and LRP/a,MR and
provide additional evidence that the digoxigenin-la-
beled DNA probe used in these studies hybridized
specifically with VLDL receptor mRNA.
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Immunohistochemical Detection of VL.DL
Receptor Protein

To determine whether the tissues that expressed
VLDL receptor mRNA also expressed the receptor
itself, we performed immunohistochemistry using a
specific amino-terminal VLDL receptor antiserum.
This antiserum stained human vascular tissues in a
pattern identical to that observed when in situ hybrid-
ization was performed using VLDL receptor cDNA.
Specifically, both venous and arterial endothelial and
smooth muscle cells were consistently stained, with
the staining pattern suggesting that the VLDL recep-
tor was distributed on both the surface and within the
cytoplasm of both cell types (Figure 5, A and B). The
specificity of the observed staining was confirmed
by demonstrating that normal rabbit serum used at
identical dilutions as the VLDL receptor antiserum
did not stain these tissues (Figure 5C). Furthermore,
although the antiserum stained vascular structures,
Kuppfer cells, and bile duct epithelium within the
liver, no staining of hepatocytes was detected, dem-
onstrating that, consistent with prior immunoblot

Figure 4. Expression of VLDL receptor mRNA in cardiac tissue. mRNA
was present in a cardiac vein (arrowhead) as well as within myocytes,
in which the bybridization pattern correlated with that of individual
myofibrils (double arrowheads). Nuclei were counterstained with pro-
pidium iodide. Original magnification, X 100.
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Figure 5. Immunobistochemical detection of the VLDL receptor in
buman umbilical vein (A) and atberosclerotic carotid arteries (B and
C), using an amino-terminal VLDL receptor antiserum. The receptor
was expressed by endotbelium lining botb vessels (arrowheads) as well
as by normal umbilical vein smooth muscle cells (A, double arrow-
head) and carotid neointimal smooth muscle cells (B, double arrow-
head). C: Control immunobistochemical stain in which an identical
dilution of nonimmune rabbit serum was substituted for the amino-
terminal anti-VLDL receptor antiserum. Original magnifications, X 10
(A) and X25 (B and C).

analyses, the antiserum did not recognize hepato-
cyte LDL receptors or LRP/a,MR (Figure 6). These
observations also demonstrate that the anti-VLDL
receptor antiserum did not recognize human gluta-
thione-S-transferase, which is normally found in
abundance in liver parenchyma.*? '

Figure 6. Expression of the VLDL receptor in buman liver. A: VLDL
receptor antisera specifically stained vascular structures (single arrow)
and Kuppfer cells (double arrows) as well as bile duct epithelium
(asterisk). B: Under bigher magnification, staining of Kuppfer cells is
more easily observed. C: Negative control stain of the identical section
depicted in A, in which an equal dilution of nonimmune rabbit serum
was substituted for the VLDL receptor antiserum. Original magnifica-
tions, X 100 (A and C) and X 200 (B).

Finally, the amino-terminal antiserum was used to
investigate whether the VLDL receptor was expressed
by foam cells within atherosclerotic lesions. These cells
were initially identified by their characteristic appear-
ance in hematoxylin-and-eosin-stained sections of ath-
erosclerotic carotid arteries (Figure 7A) and at least a
subpopulation determined to be macrophage derived
based upon their reactivity with HAM-56°7 (Figure 7C).
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Figure 7. Presence of VLDL receptor in macrophage-derived foam cells within an atherosclerotic carotid artery. A: Histological demonstration of foam
cells (arrowhead). Hematoxylin and eosin stain. B: Immunostaining of foam cells with the amino-terminal VLDL receptor antiserum (arrowhead).
C: Immunostaining of foam cells using the macrophage marker HAM-56. D: Double immunolabeling of foam cells using HAM-56 (red precipitate)
and the amino-terminal VLDL receptor antiserum (brown precipitate). Co-localization of both precipitates on individual cells (arrowheads) confirms
the expression of VLDL receptors by macrophage-derived foam cells within this plaque. Original magnification, X 100.

Foam cells were also stained specifically by the VLDL
receptor antiserum (Figures 7B), and double immuno-
staining experiments performed using both HAM-56
and anti-VLDL receptor antibodies confirmed that at
least most of the VLDL receptor-expressing foam cells
were indeed macrophage derived (Figure 7D).

Discussion

Our studies have demonstrated that both endothe-
lium and smooth muscle cells composing human
venous and arterial tissues express VLDL receptor
mRNA and protein. The receptor was expressed in
both normal vessels as well as within atherosclerotic
plaques and was present in vessels of all calibers.
Although the techniques employed in this study do
not allow us to accurately quantitate the relative in-
tensity of VLDL receptor expression in vessels from
different sites, we hope to address this issue in future
studies, with the goal of determining whether VLDL
receptor expression is enhanced in the cytokine-rich
milieu of the atherosclerotic plaque.**

Although an extensive literature exists concerning
the expression of lipoprotein receptors by cultured en-
dothelial and smooth muscle cells,24~3" comparatively
few studies have addressed the issue of which of these
receptors are expressed by these cells in vivo, either
within normal vessels or atherosclerotic plaques. The
expression of acetyl-LDL receptor mRNA by macro-
phages within fatty streaks and atherosclerotic plaques
has been reported by Yla-Herttuala et al,*®> who dem-
onstrated co-localization of this mMRNA species with
15-lipoxygenase mRNA and protein, suggesting a role
for macrophage 15-lipoxygenase-induced oxidative
maodification of LDL in the pathogenesis of atheroscle-
rotic plague development.*® However, these investiga-
tors did not detect LDL receptor mRNA within these
lesions, possibly due to down-regulation of this recep-
tor in response to elevated local cholesterol concentra-
tions. In another study, Luoma et al*® demonstrated the
presence of LRP/a,MR mRNA and protein in smooth
muscle cells within normal aorta as well as within both
smooth muscle cells and macrophages within athero-
sclerotic lesions. Consistent with the findings of Yla-
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Herttuala et al,*® scavenger receptor mRNA was
present within lesion macrophages, and LDL receptor
mRNA was absent from the plaque.*® Similar findings
were also recently reported by Lupu et al,*” who de-
tected LRP/a,MR mRNA within smooth muscle cells of
normal aorta and vasa vasorum as well as within
smooth muscle cells and macrophages within athero-
sclerotic lesions. In contrast to previous observa-
tions,*® however, these investigators detected LRP/
a,MR mRNA within endothelium, although endothelial
expression of LRP/a,MR protein could not be demon-
strated using immunohistochemistry.*”

Our findings extend these reports by documenting
the expression of an additional lipoprotein receptor
within the vascular wall in vivo. The current observations
demonstrate that, in addition to LRP/a,MR, smooth
muscle cells within both normal and atherosclerotic
vessels also express VLDL receptors. Furthermore, in
addition to LRP/a,MR and scavenger receptors, mac-
rophage-derived foam cells within atherosclerotic
plagues also express VLDL receptors. Finally, we have
demonstrated the expression of both VLDL receptor
mRNA and protein in endothelium from numerous vas-
cular sites. Although our study is static and cannot
determine with certainty the physiological functions of
the VLDL receptor in the vascular wall, the detection of
the receptor in this setting is a new observation that
provides insight into its potential biological roles. For
example, although it is unlikely that the endothelial
expression of the VLDL receptor contributes signifi-
cantly to the overall clearance of chylomicrons and
remnants, it may nevertheless promote a limited, con-
stitutive uptake of such triglyceride-rich lipoproteins
into the vascular wall. Although chylomicrons have
been shown to undergo lipoprotein lipase-mediated
hydrolysis on the luminal endothelial surface,*® the
possibility that these and other apoE-containing li-
poproteins may, to a limited extent, be directly taken up
by the endothelium via receptor-mediated endocytosis
has not been fully addressed. After such uptake, these
lipoproteins might either undergo intracellular hydroly-
sis or be directly transported across the endothelium
for subsequent uptake by smooth muscle or other pa-
renchymal cells. This hypothesis is supported by ad-
ditional studies of Yla-Herttuala, who extracted large
(35-nm), triglyceride-rich lipoproteins, with the charac-
teristics of B-VLDL, from lesion-free aortic tissue of
young trauma victims.>° Passage of such molecules
into the vascular wall in an intact form suggests their
direct uptake via a receptor-mediated endocytotic pro-
cess.

Frykman et al®2 have recently demonstrated that
homozygous disruption of the VLDL receptor gene in
mice does not impair fertility or cause significant ab-

normalities in plasma lipoprotein concentrations. These
findings, though surprising, are not inconsistent with
our observations, for several reasons. First, our tech-
niques are not quantitative, and it is likely, based on in
vitro studies,® that the VLDL receptor is expressed in
endothelium in relatively low abundance; therefore, its
absence might not grossly affect the metabolism of
triglyceride-rich lipoproteins. This hypothesis is consis-
tent with the absence of the VLDL receptor from he-
patic tissue and the belief that it does not play a sig-
nificant role in lipoprotein clearance. Second, the
observation that mice lacking functional VLDL recep-
tors were somewhat smaller than their normal counter-
parts, and that this diminished size was primarily attrib-
utable to decreases in adipose tissue, might be
explained not only by deficient uptake of triglyceride-
rich lipoproteins at the end-organ level but also poten-
tially by impaired transport of such moieties across the
vascular wall and decreased delivery to peripheral tis-
sues. However, it must also be appreciated that Joki-
nen et al” were unable to demonstrate VLDL receptor
mRNA within mouse endothelial cells using in situ hy-
bridization, and thus it is possible that the presence of
this receptor on human endothelium is a species-spe-
cific phenomenon. This hypothesis will require more
detailed investigation; nevertheless, we believe that our
findings accurately depict the distribution of the VLDL
receptor in human vascular tissues, particularly as they
are supported by studies employing cultured human
endothelial cells.2-2®

It is also possible that in some individuals the VLDL
receptor may be involved in pathological processes,
such as atherosclerotic plaque formation. Taken to-
gether with the findings of this study, the observations
that the VLDL receptor may mediate foam cell forma-
tion®" and that its expression is not diminished by high
cholesterol concentrations®'® suggest that the VLDL
receptor might facilitate the uptake of excessive
amounts of atherogenic, triglyceride-rich lipoproteins
into the vascular wall in individuals with clinical syn-
dromes associated with elevated levels of such li-
poproteins, such as diabetes mellitus®2-€ or familial
hypertriglyceridemia.®” Indeed, the characterization of
an endothelial receptor capable of mediating even lim-
ited uptake of chylomicrons or remnants may contrib-
ute to a better understanding of the relationship be-
tween atherosclerotic cardiovascular disease and
postprandial hypertriglyceridemia originally proposed
more than 40 years ago,>® revived by Zilversmit,%° and
supported by data from numerous recent reports. 6964
Finally, although the VLDL receptor has been found to

. be expressed by monocytic cell lines, such as THP-1

cells,® we believe that our studies are the first to dem-



onstrate the expression of this receptor by macro-
phages within atherosclerotic plaques.

Much additional work will be required to clearly de-
fine the role of the VLDL receptor in normal and abnor-
mal vascular physiology. Indeed, the relative contribu-
tion of this receptor to the overall uptake of triglyceride-
rich lipoproteins by cultured endothelial or smooth
muscle cells has not yet been determined. Further-
more, the observation that lipoprotein lipase promotes
the uptake of human VLDL by VLDL receptor-overex-
pressing Idl A7 cells' suggests that similar interac-
tions between triglyceride-rich lipoproteins, the VLDL
receptor, and lipoprotein lipase may also occur on the
endothelium, which binds lipoprotein lipase with high
capacity.®% In addition, whether the ability of VLDL to
mediate endothelial cytotoxicity,5”® enhance the se-
cretion of plasminogen activator inhibitor type 1,5%:7° or
promote the adhesion of monocytes”’"2 to endothe-
lium are mediated through interactions with the VLDL
receptor remains to be determined. Finally, recent
studies'®2° demonstrate that the VLDL receptor
shares with LRP/a,MR the capacity to internalize and
degrade plasminogen activator-inhibitor complex-
es”%75 and thus may be involved in processes such as
the regulation of vascular wall fibrinolytic activity and
angiogenesis. Our studies document the presence of
this intriguing and potentially important receptor in the
vascular wall and provide a framework for additional
studies through which the roles of the VLDL receptor in
this setting may be further examined.
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