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Abstract An enzyme-linked immunosorbent assay was devel- 
oped for measurement of low density lipoprotein (LDL) recep- 
tors. A monospecific polyclonal antibody to LDL receptor 
purified from rat liver that reacted with rat, mouse, canine, and 
human LDL receptor was used. With this assay, LDL receptors 
could be measured on 2-4 x lo5 adherent cells and 1.0 x lo5 
cells in suspension, although results were more variable with cell 
suspensions. Membranes from a variety of receptor-rich and 
receptor-poor tissues could be assayed directly after adherence 
of the membranes to the ELISA plate by an overnight incuba- 
tion. In some instances, the quality of the assay was improved 
by first solubilizing the membranes. The sensitivity of the assay 
is such that between 0.15 and 2 pg of membrane protein is re- 
quired. This could be obtained from leukocytes in a modest 
(20-30 ml) quantity of human blood. The assay was dsed to 
demonstrate the rapid down-regulation of LDL receptors in hu- 
man mononuclear leukocytes in response to a cholesterol- 
containing meal. Overall, the results support the use of ELISA 
technology to measure LDL receptors, particularly for physiolo- 
gic studies. -May, K., F. B. Kraemer, J. Chen, and A. D. 
Cooper. ELISA measurement of LDL receptors. J. Lipid Res. 
1990. 31: 1683-1691. 

Supplementary key word cholesterol 

The serum concentration of low density lipoprotein 
(LDL) is a well-established risk factor for susceptibility to 
atherosclerosis (1). In most individuals, the rate of LDL 
catabolism is determined by the number of LDL recep- 
tors present on the liver and, perhaps, at extrahepatic sites 
(2). In the past, determination of the number of LDL 
receptors has been accomplished primarily by measure- 
ment of the binding andlor degradation of iodinated lipo- 
protein to cells and cell membranes (3, 4). This approach 
suffers from a number of disadvantages: I) the ligand 
(LDL) is heterogeneous and not very stable; 2) it is 
difficult to obtain fresh unperturbed cells from an organ 
such as the liver; and 3) lipoprotein binding to cell mem- 
branes is difficult to interpret because of the existence of 
non-LDL receptor-mediated “specific” binding (5). Thus, 
more convenient, specific, and reproducible methods are 
necessary, particularly for physiologic studies in humans. 
Immunoassays have been used to measure many proteins, 

particularly if they are soluble. It has been more difficult 
to establish such assays for membrane-bound proteins (6). 
In the present report, we’describe an enzyme-linked im- 
munosorbent assay (ELISA) for LDL receptors that 
allows accurate determination of relative receptor content 
in cells and membranes of a variety of species. The assay 
was initially validated with adherent cells, was then 
adapted to cells in suspension, and finally to cell mem- 
branes. The latter allowed the measurement of LDL 
receptors on hepatic and extrahepatic membranes from 
several species as well as membranes from freshly isolated 
human mononuclear leukocytes. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats were purchased form Si- 
monsen Laboratories (Gilroy, CA). Rats, weighing 180- 
220 g, were used to prepare liver membranes. All were 
maintained on a standard chow diet with a controlled 
light cycle. Some rats were injected subcutaneously with 
ethinyl estradiol (5 mg/kg body weight) in propylene gly- 
col on 5 consecutive days to increase LDL receptor 
number (7). Phenylmethylsulfonyl fluoride (PMSF), 3- 
[ 3 - cholamidopropy1)dimethyl -amino ] - 1 - propanesulfonate 
(CHAPS), and phosphatase substrate (p-nitrophenyl 
phosphate disodium) tablets were purchased from Sigma 
(St. Louis, MO). Tissue culture media were purchased 
from GIBCO (Grand Island, NY). Goat anti-rabbit IgG 
was purchased from Cappel (Malvern, PA). Bovine serum 
albumin (BSA) was purchased from Armour Pharma- 

Abbreviations: LDL, low density lipoproteins; PMSF, phenylmethyl- 
sulfonyl fluoride; CHAPS, 3-[3-~holamidopropyl]-dimethylammoniol- 
propane-sulfonate; MEM, minimum essential medium; BSA, bovine 
serum albumin; HBSS, Hank‘s buffered salt solution; LPDS, lipo- 
protein-deficient serum; HSF, human skin fibroblasts; ELISA, enzyme- 
linked immunosorbent assay; PBS, phosphate-buffered saline; LRP, 
LDL receptor-like protein. 
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ceuticals (Kankakee, IL). Alkaline phosphatase-conju- 
gated goat anti-rabbit IgG (heavy and light chain-specific) 
was purchased from Caltag Laboratories (San Francisco, 
CA). Immulon 2 " U  plates were purchased from Dyna- 
tech Laboratories, Inc. (Chantilly, VA). All other chemi- 
cals were obtained from Sigma or J. T. Baker Chemical 
Co. (Phillipsburg, NJ). 

Cell culture 
Human skin fibroblasts (HSF) were maintained in 

modified Eagle's medium (MEM) supplemented with 
penicillin (100 unitdml), streptomycin (100 pg/ml), glu- 
tamine (2 mM), and 10% fetal calf serum under a hu- 
midified atmosphere of 95% air, 5% C 0 2  at 37°C. For 
ELISA, cells were subcultured in 24-well cell culture 
plates (day 0). Cells were grown to confluence; on day 3, 
the growth medium was replaced with fresh medium sup- 
plemented with lipoprotein-deficient serum to up-regu- 
late LDL receptor expression (3). The cells were used on 
day 4, and at that time the cell density was 2-4 x lo5 
cells/cm* and 60 pg cell protein/cm2. Rat hepatoma ( H E  
7288C) cells were grown in suspension in Swimm's S-77 
medium supplemented with 10% fetal calf serum as 
previously described (8). For ELISA binding studies, cells 
were subcultured at a density of 1 x lo5 cells/ml media 
(day 0). On day 3, the growth medium was replaced with 
one of the following: fresh medium, fresh medium sup- 
plemented with 10 % lipoprotein-deficient serum, or fresh 
medium supplemented with 25-hydroxycholesterol. Cells 
were used in experiments on day 4. At the time of assay, 
cell density was 6-8 x lo5 celldml, and 1 x lo5 cells were 
aliquoted to each silanized glass tube for assay. 

Preparation of membranes 

Liver, adrenal, and intestinal membranes were 
prepared from normal and ethinyl estradiol-treated rats 
by the method of Kovanan et al. (4) as modified by this 
laboratory previously (8). For some experiments, the 
liver membrane preparations were solubilized with either 
30 mM CHAPS by the method of Hui et al. (9) or with 
octylglucoside as described by Cooper, Nutik, and Chen, 
(10). All protien assays were by the method of Lowry et 
al. (11) or by the Bio-Rad (Richmond, CA) microprotein 
assay. 

Enzyme-linked immunosorbent (ELISA) 
assay - standard curve 

Polyclonal rabbit anti-rat LDL receptor IgG was 
prepared as described previously (10). Polystyrene (Im- 
mulon 2 "U) 96-well microtiter plates were used as a solid 
phase. A curve of anti-rabbit IgG binding to known 
amounts of polyclonal anti-LDL receptor antibody was 
constructed. To do this, 100 pl goat anti-rabbit IgG (1- 
5 pg/ml in phosphate buffer) was added to each well and 

incubated overnight at 37OC. The wells were washed 
three times (all washes had twice the incubation volume, 
e.g., 200 pl, and were performed at 4"C, e.g., on ice) with 
0.3 % bovine serum albumin (BSA) in phosphate-buf- 
fered saline (PBS) (buffer A). A 10-fold higher concentra- 
tion of BSA (3.0%) in PBS (200 p1) was then added and 
the plates were incubated at 37OC for 45-60 min to cover 
nonspecific binding sites. After washing three times with 
buffer A (200 pl), polyclonal anti-LDL receptor IgG was 
added to duplicate wells (0.078, 0.156, 0,312, 0.625, 1.25, 
2.5, 5.0 ng/100 pl in buffer B; 0.3% BSA and 1 mM 
CaC12 in PBS) and incubated for 1.5 h at 37OC. The wells 
were washed five times with 200 p1 of buffer B, and alka- 
line phosphatase-conjugated goat anti-rabbit IgG in buf- 
fer B (100 pl) was added and incubated at 37OC for 45 min 
to detect bound anti-LDL receptor antibody. For each 
preparation, to achieve an optimal signal expression in 
the absorbance range measured by the microelisa auto- 
reader, 1:5000, 1:2500, or 1:1250 dilutions of alkaline 
phosphatase-conjugated antibody in buffer B were used. 
The wells were washed with buffer B five times. Then, 
100 pl substrate solution (0.1 % p-nitrophenyl phosphate, 
disodium in 0.5 M bicarbonate buffer containing 1 mM 
MgC12, pH 9.8) was added and incubated at room 
temperature for 45-60 min. Alkaline phosphatase was 
quantified colorimetrically with a Dynatech MR580 
microelisa reader. Absorbance was plotted as a function 
of anti-LDL receptor antibody, using the Statview (Brain 
Power, Inc., Calabasas, CA) linear regression program for 
the Macintosh computer. It was assumed that all of the 
added anti-receptor antibody was bound, allowing con- 
version of the absorbance units of unknown samples to 
the amount of antibody bound. 

Assaying adherent cell lines by ELISA 
Cell lines were grown as monolayers in 24-well tissue 

culture plates at 37OC. After growing to confluence, cells 
were washed twice with buffer A (600 pl), and then in- 
cubated at 37°C for 45 min with appropriate media plus 
3.0% BSA (300 pl). Cells were then chilled at 4OC for 
15 min. All incubations and buffers used beyond this step 
were performed at 4°C to prevent LDL receptor interna- 
lization and recycling. In all washes, supernatants were 
carefully removed by aspiration to minimize cell stripping 
from wells. Cells were washed twice with buffer A (600 pl) 
and then an excess amount of anti-LDL receptor anti- 
body in cell media supplemented with 0.3% BSA and 
1 mM CaC12 (buffer C) was added (300 pl), and incubated 
for 1.5 h. Excess amount of antibody was determined by 
titration (0, 25, 50, 100, 200, 400 pg/ml). Cells were 
washed five times with buffer B (600 pl each), and then 
alkaline phosphatase-conjugated goat anti-rabbit anti- 
body in buffer C (300 pl) was added and incubated for 
45 min. (The amount of alkaline phosphatase-conjugated 
goat anti-rabbit antibody for optimal binding in the stan- 
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dard curve was predetermined in separate experiments.) 
Cells were washed five times with buffet B (600 p1) and 
substrate solution was added (300 pl) and incubated at 
room temperature for 45-60 min. When the substrate in- 
cubation was complete, 100-pl aliquots of the superna- 
tants were transferred to 96-well microtiter plates and 
absorbance values were measured by microelisa reader. 
This transfer prevented cells from interfering with absor- 
bance measurement. 

Assaying cell suspensions by ELISA 
The assay of LDL receptors, expressed in cell lines 

grown in suspension or in freshly isolated primary cells, 
was performed as described for adherent cell lines with 
the following exceptions. Cells were assayed in silanized 
glass tubes instead of plates. The incubation buffer used 
was Swimm's S-77 supplemented with appropriate con- 
centration of CaC12 and bovine serum as outlined for 
adherent cell lines. Cells were pelleted at 500 g for 5 min 
in a Sorvall RC-5B centrifuge prior to changing wash 
buffer, resuspending in incubation buffer, and aliquoting. 

Assaying membrane proteins for LDL receptor 
by ELISA 

The ELISA assay was also used to measure LDL recep- 
tors on either solubilized or nonsolubilized membrane 
proteins from dog as well as rat tissue. When measuring 
LDL receptors from a new tissue type or species, the 
amount of membrane protein added to the microtiter 
wells for LDL receptor quantitation was titered. For liver 
membranes, we have found that the optimal amount of 
membrane protein is between 0.125 and 1.000 pg per well. 
With membranes from nonhepatic tissues, up to 2 pg of 
protein/well may be required. Membrane proteins were 
incubated overnight at 37OC in 96-well plates. Membrane 
proteins were assayed using the same protocol outlined 
above for standards, with the following exceptions. An an- 
tibody titration was performed for each new type of mem- 
brane protein. Polyclonal anti-LDL receptor antibody 
was added in excess to get a complete quantitation of 
LDL receptors present in membrane protein. Usually 
conditions were optimal with 100 pg/ml antibody. Parallel 
samples were assayed using normal rabbit IgG instead of 
anti-LDL receptor IgG to detect nonspecific binding. The 
nonspecific binding was subtracted from the anti-LDL 
receptor binding to determine specific binding. The assay 
was read in the plates in which the reactions were carried 
out. 

Human studies 

Subjects and protocol. Three normal, healthy male sub- 
jects (age 22.7 & 1.5 yr) volunteered for the study. After 
an overnight fast, 50 ml of heparinized blood was ob- 
tained for mononuclear leukocyte isolation. The subjects 

then consumed 750 mg of cholesterol in the form of three 
hard-boiled eggs and 80 g of triglyceride in the form of 
cheesecake within 20 min. After 2 h, blood was again ob- 
tained for mononuclear leukocyte isolation. Fasting tri- 
glyceride and cholesterol values averaged 42.7 & 3.3 and 
128.0 & 13.0 mg/dl, respectively, while 2 h postprandial 
values were 152.3 & 16.4 and 128.0 & 14.0, respectively 
(mean & SE). 

Mononuclear leukocyte membrane preparation. Mononuclear 
leukocytes were isolated as described by Boyum (12). Each 
50-ml sample of blood was divided in half and diluted 
with 15 ml of Hank's buffered salt solution (HBSS) 
without Ca2+ and Mg2+. Each sample was underlaid with 
10 ml of Hypaque-Ficoll and centrifuged at room 
temperature for 30 min at 500 g. The interface containing 
the mononuclear leukocytes from the two gradients was 
removed with a pipette, combined, diluted with 50 ml of 
HBSS without Ca2+ and Mg2+ and centrifuged at 4OC for 
10 min at 600 g. The cell pellets were then washed two 
times with HBSS without Ca2+ and Mg2' and resus- 
pended in 6 ml of 150 mM NaCl, 1 mM CaC12, and 
10 mM Tris-HC1 (pH 7.4). Membranes were prepared 
from the mononuclear cells as previously described for 
macrophages (10). The cell suspension was homogenized 
with a Brinkman Polytron at setting 6 for 20 sec x 3 at 
4°C. The homogenate was centrifuged at 4OC for 4 min 
at 800 g, and the supernatant was then centrifuged at 4°C 
for 60 min at 100,000 g. The resulting pellet was 
resuspended in 0.25 M sucrose, 1 mM EDTA, 100 p M  
leupeptin, and 20 mM Tris-HC1 (pH 7.4) and used for 
measurement of LDL receptors as described in the assay 
for membranes. 

RESULTS 

Test of antibody specificity 

The polyclonal antibody to the rat LDL receptor has 
been characterized in a number of previous studies. It 
does not recognize the LDL receptor-related protein 
(LRP) described by Herz et al. (13) (Fig. 1, left). To 
further test its specificity, immunoreactivity was com- 
pared to that of a monoclonal anti-LDL receptor anti- 
body which purifies only the LDL receptor. On  PAGE 
gels, which were overloaded with solubilized liver mem- 
branes from ethinyl estradiol-treated rats, a number of 
bands are identified. These are all induced with the estro- 
gen treatment (10). The same bands are recognized by the 
mono- and polyclonal antibodies (Fig. 1, right), suggest- 
ing that all are from the LDL receptor and that the 
polyclonal antibody does not recognize any proteins that 
are not derived from the LDL receptor. To test its speci- 
ficity in monocytes, comparable protein was loaded on the 
gel. There was very little immunoreactivity and that pre- 
sent was at the appropriate molecular weight region of 
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Fig. 1. Immunoreactivity of anti-LDL receptor antibody. Left: The antibody does not recognize the LDL receptor-like protein (LRP).  A 2% 
polyacrylamide gel, containing 0.1 % SDS reinforced with agarose (23). was run on liver membranes from normal (nor) or ethinyl estradiol-treated 
(EE) rats and the proteins were transferred to nitrocellulose. The nitrocellulose was incubated with either polyclonal anti-LDL receptor antibody 
or the anti-LRP antibody supplied by Herz et al. (13). The blot  was  developed  with a horseradish peroxidase-conjugated second  antibody. VLDL 
was also run on the gel and  the protein stain showing apoB is included as  a marker. The location of the  LDL receptor (LDL-R), its dimer, and 
the LRP are noted. Right: The antibody recognized only LDL receptor material in rat liver and human monocytes. Membranes were prepared 
from the liver of ethinyl estradiol-treated rats  and from human monocytes as described in Methods. Fifty pg protein dissolved in 30 mM CHAPS 
was applied to 6 % polyacrylamide gels containing 0.1 7% SDS, and no reducing agents were added. After electrophoresis, the proteins were trans- 
ferred to nitrocellulose and incubated with either a monoclonal (E) or the polyclonal anti-rat  LDL receptor antibody and developed  with a second 
antibody conjugated with horseradish peroxidase. A molecular weight standard (MW) is included. 

LDL receptor (Fig. 1, right). This confirms the specificity 
and suggests that  the ELISA is  very  sensitive  since, 
despite the faintness of the immunoblot, monocyte mem- 
branes gave a clear reaction in the ELISA (see below). In 
previous reports, we have demonstrated its monospecifici- 
ty  to 5774 cells (14), dog liver and  adrenal (15), and  rat 
adrenal, intestine, skeletal  muscle, and  brain (16). 

Standard curve, internal  standard,  and  optimization 
of the ELISA method 

To construct a standard curve, ELISA plates were 
coated with excess goat anti-rabbit IgG, and varying 
amounts of rabbit  anti-rat LDL receptor were added. 
After incubation and  appropriate washing, alkaline 
phosphatase-conjugated goat anti-rabbit IgG was added 
to the wells, washed, and  substrate was added. The reac- 
tion was quantified by absorbance at A405lA490. A linear 
range was identified, and a line was constructed by least 
squares linear regression. The R2 was  always greater than 
0.95. Such a '  standard line was constructed on each 
ELISA plate. In the  linear range, it was assumed that  the 

amount of anti-LDL receptor antibody added was com- 
pletely bound. The absorbance of unknown samples was 
expressed in ng anti-LDL receptor antibody bound, 
derived from the  standard curve. 

Because different preparations of anti-LDL receptor 
antibodies that  had varying affinities  were used, it was not 
always  possible to compare results directly among assays. 
In order to compare  the results of assays done with 
different antibody preparations, an aliquot of a control 
membrane protein was assayed on each plate. The control 
membrane protein was derived from the same tissue and 
species as the samples being studied, if possible, and was 
titered at the same concentrations as the unknown sam- 
ple. The correction was rarely more than 10%. 

The conditions  for the assay  described  in  Methods  were 
maximized with respect to time and temperature. Since 
the  anti-LDL receptor antibody was found to bind with 
much higher affinity  to cell surfaces and  membrane pro- 
teins in the presence of 1.0 mM CaC12, calcium was in- 
cluded during incubation with anti-LDL receptor anti- 
body. Ca2' did not affect the reactivity between the goat 
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anti-rabbit antibodies and the anti-LDL receptor anti- 
body. However, when CaC12 was present throughout the 
assay, a decrease in signal was observed. Thus, two buffers 
were used for both standards and unknown membranes or 
cells: a calcium-free buffer before the anti-LDL receptor 
antibody was added, and a buffer supplemented with 
CaC12 in the presence of anti-LDL receptor antibody and 
during subsequent washes. The use of 3.0 % BSA to block 
nonspecific binding sites prior to antibody incubation was 
critical in attaining sensitivity, with as much as an 8-fold 
increase in signal obtained. 

Quantitating surface LDL receptors by ELISA 
in  adherent cell cultures 

The majority of studies of LDL receptor regulation 
have been done in adherent cells in culture; thus, the 
ELISA was first applied to such cells. To minimize LDL 
receptor internalization and recycling, assays were per- 
formed at 4OC. The ELISA assay quantitated human 
LDL receptors on HSF cells. LDL receptor concentration 
on lipoprotein-deficient serum (LPDS)-treated HSF cells 
was compared with LDL receptor concentration on un- 
treated control HSF cells. The ELISA detected the in- 
crease in LDL receptors that is induced by culture in 
LPDS (Fig. 2). Four experiments were performed in 
parallel with lZ5I-labeled apoE-rich lipoprotein bindipg 
studies for comparison purposes. The mean ratio of LDL 
receptor concentration in LPDS treatedhntreated cells 
for these experiments was 3.95 ( * 1.03 SE) by the ELISA 

0 %  
4.0 

3.0 g f  
2 2.0 
a& 

o a  
E +  0 0  

f 1.0 
Y I W  

ELISA 125-REMNANTS - a  -In 
9 5  

Fig. 2. Comparison of ELISA measurement of LDL receptors on hu- 
man skin fibroblasts with 1*51-labeled chylomicron remnant binding. 
Human skin fibroblasts were grown to confluence in 24-well tissue cul- 
ture plates (2-4 x lo5 cells/well). During the 24 h before the determina- 
tion, they were grown in either complete or delipidated media. After 
cooling to 4OC and washing, rabbit anti-LDL receptor antibody was ad- 
ded (100 cg/ml) and incubated for 1.5 h. After further washing, alkaline 
phosphatase-conjugated goat anti-rabbit I& was added and incubated 
for 45 min. After washing, substrate solution was added, and after color 
development was complete, 100-4 aliquots were transferred to ELISA 
plates and absorbance was measured. Anti-LDL receptor I& bound 
was determined from a standard curve. The mean and standard error 
of four experiments is given. 'Z51-labeled chylomicron remnant binding 
was measured as previously described (14). The ratio of serum-free to 
control receptors by each method of determination is shown. Mean + 
SE of four separate experiments. 

12 , 

4 pg/ml25-OH 2 #g/ml2S-OH 1 W/ml25-OH CONTROL LPDS + mevinolin 

Fig. 3. ELISA measurement of LDL receptors on rat H E  (7288C) 
cells. H E  cells were maintained in suspension culture. During 14 h 
before use, the media was supplemented with the indicated concentra- 
tion of 25-hydroxycholesteroI or replaced with delipidated media con- 
taining 0.25 BM mevinolin. The ELISA was carried out as described in 
the legend to Fig. 2, except that the cells were pelleted between washes 
and incubations. Duplicate determinations were made. 

1025uMl 

method and 3.37 ( * 0.65 SE) by the lipoprotein binding 
method. Thus, there was good agreement between the 
two approaches. Similar results were obtained with the 
adherent murine cell line 5774 grown in control or LPDS 
(2.7-fold induction with ELISA, 2.5-fold induction of 
'251-labeled chylomicron binding, respectively). 

Measuring LDL receptor concentrations 
in cell suspensions 

For physiologic studies, adherent cells cannot be used, 
but circulating cells or cell suspensions may be available. 
To explore further the sensitivity of the method and assess 
its use with cell suspensions, rat HTC (7288C) cells were 
studied. A representative experiment comparing four 
treatment groups to a control is shown (Fig. 3). Cells 
treated with 25-hydroxycholesterol had a dose-dependent 
decrease in the number of LDL receptors compared to 
control cells. Conversely, cell LDL receptor expression 
was up-regulated with 0.25 p M  mevinolin supplemented 
with 10 % LPDS. In this experiment, replicas were within 
10% of each other, and there was no overlap between 
replicates of the experimental groups, although there was 
some overlap between individual control samples and the 
lowest concentration of 25-hydroxycholesterol. These 
findings are consistent with previous observations using 
ligand binding (8). In a separate experiment, a compari- 
son to lZ5I-labeled chylomicron remnant binding was car- 
ried out. With HTC 7288C cells grown in complete media 
or LPDS plus mevinolin, the induction of lZ5I-labeled 
chylomicron remnant binding was 5.6-fold and of ELISA 
activity was 6.2-fold. We have previously reported (8) that 
in this cell line, the induction of remnant binding is due 
to an increase in LDL receptors. Freshly isolated rat adi- 
pocytes were also successfully assayed (17). Thus, the 
assay can be adapted to cell suspensions, and the results 
of metabolic perturbations can be assessed. However, 
because of the need for a larger volume and repeated cen- 
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trifugation, the assay was less sensitive, more laborious, 
and less precise with these types of cells than with 
adherent cells. 

Quantitating LDL receptor density in rat membrane 
proteins by ELISA 

Because of the difficulties encountered with cells in 
suspension, and the fact that suspensions cannot always 
be prepared from tissues, the assay was adapted to mem- 
branes. Immunoassay of membrane protein has certain 
limitations (6) so the assay was carefully validated for 
membranes. The concentrations of LDL receptors in nor- 
mal rat liver membranes were compared to liver mem- 
branes taken from rats treated with ethinyl estradiol for 
5 days. Membranes were bound directly to the solid phase 
(0.25 pglwell), and increasing concentrations of anti-LDL 
receptor antibody were added to microtiter wells, contain- 
ing the liver membrane protein. At 100 pglml anti-LDL 
receptor antibody, the binding plateaued, indicating suffi- 
cient antibody had been added to recognize almost all of 
the exposed LDL receptors in the liver membrane prepar- 
ations (Fig. 4A), and this concentration was used in 
subsequent experiments. The two types of membranes 
were then compared, while varying the concentration of 
membrane protein with constant anti-LDL receptor anti- 
body concentration (100 pglml) (Fig. 4B). A linear 
response was obtained with < 1.0 pg membrane protein. 
Thus, the assay is zero order with respect to antibody at 
a modest antibody concentration, and first order with 
respect to liver membrane receptors at a level that re- 
quires a very small amount of tissue. With membranes, 
the background is considerably lower than with cells and 
never exceeded 20% of the total signal under optimal 
assay conditions. 

Quantitating LDL receptor density in membranes 
derived 'from extrahepatic rat tissues and tissues of 
other species 

The ability of the assay to determine receptor density 
in an extrahepatic tissue of the rat was studied by using 
membranes prepared from rat intestine. Using the same 
conditions as with rat liver, a linear response was obtained 
(Fig. 5A). Intestinal membranes have about one-fourth 
the amount of LDL receptors that liver has. Even in a 
tissue with a low content of LDL receptor, nonspecific 
binding is not a problem (Fig. 5A). The background is a 
greater percentage of total binding than with liver mem- 
branes, but, even in this worst case, was still only 20% of 
the original. 

Rabbit polyclonal anti-rat LDL receptor antibody 
cross-reacts with the LDL receptor from a variety of spe- 
cies, including mouse, dog, and human. The utility of an- 
tibody in quantifying receptors from some of these spe- 
cies was studied. With dog liver, linear response as a func- 

A 1.2 , 
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0.00 1 .oo 2.00 

LIVER MEMBRANE PROTEIN (pa) 

Fig. 4. ELISA measurement of LDL receptors on rat liver mem- 
branes. Membranes were prepared by the method of Kovanen, Brown, 
and Goldstein (7) from livers of control rats or rats that had been pre- 
treated with ethinyl estradiol for 5 days. Membranes adhered to the 
ELISA plates by incubating overnight at 37OC. The remainder of the 
procedure was as described in the legend to Fig.2, except that the absor- 
bance was determined in the original plate. A) The amount of anti-LDL 
receptor antibody bound as a function of antibody concentration. Each 
well contained 0.25 pg membrane protein. B) The amount of anti-LDL 
receptor antibody bound as a function of membrane protein. The anti- 
body concentration was 100 pglml. In order to display the background, 
absorbance units are shown. In A), the peak binding was 9 ng IgG; in 
B), it was 14 ng IgC. 

tion of membrane was obtained over the range of protein 
up to 2 pg protein. In a number of experiments, the 
ELISA results were compared to those obtained by im- 
munoblots and densitometric scanning with good correla- 
tion found. However, immunoblotting required up to 
1,000-fold more membrane and considerably more anti- 
body (data not shown). 

In order to quantify LDL receptors in the adrenal 
gland of the dog, a different protocol was necessary 
because intact membranes gave variable results, pre- 
sumably because they could not be homogenized well 
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DISCUSSION 

8 4  - 
a 
2 
$ 2  
a 

- 
MEMBRANE PROTEIN (pg) 

- B 
m 

2.5 

t o : .  , . , . , . , . , . I  
5 0.0 0.2 0.4 0 . 6  0.8 1.0 1.2 

ADRENAL MEMBRANE PROTEIN (pg) 

Fig. 5. ELISA measurement of LDL receptors on rat intestinal and 
adrenal membranes. The same protocol as in Fig. 4B. The adrenal 
membranes were solubilized in CHAPS before incubation with the 
microtiter plates. A) rat intestinal cells; B) dog adrenal gland. 

enough to give a uniform particle size in the small vol- 
ume needed for the assay. However, when the membranes 
were solubilized first, a linear assay was obtained (Fig. 5B). 
Thus, the assay can be adapted to quantify LDL recep- 
tors in a variety of tissues from a number of species. 

Measurement of LDL receptors on human 
mononuclear leukocytes and the response to a 
cholesterol-rich meal 

It has been suggested that the cholesterol metabolic 
responses of human mononuclear leukocytes reflect those 
in the liver (18-20). Mononuclear leukocytes were 
isolated, membranes were prepared and assayed for LDL 
receptor content by ELISA. A linear response was ob- 
tained with 0.25 to 1.0 pg of protein (not shown). To test 
the ability of the assay to detect changes in LDL receptor 
number, blood was obtained from three individuals 
before and 2 h after they were fed a high fat, high 
cholesterol meal. Consistent with a previous report (19), 
the number of LDL receptors decreased in each indivi- 
dual (Fig. 6) (P<O.O5 by paired t test). Thus, this assay 
can be used on human mononuclear leukocytes and 
should prove useful in a variety of clinical studies. 

The LDL receptor, by virtue of its ability to bind apoB 
and apoE with high affinity, initiates the removal of lipo- 
proteins containing these apoproteins and, thus, plays a 
central role in determining serum cholesterol concentra- 
tion (2). Although the bulk of LDL receptors are in the 
liver, most, if not all, cells are capable of expressing LDL 
receptors under appropriate conditions. Thus, measuring 

LDL receptors has proved to be a useful tool for studying 
cholesterol homeostasis in many cells and tissues both in 
vitro and in vivo. In general, receptors are measured by 
determining the amount of binding of radiolabeled LDL 
to the relevant cell or to membranes prepared from a 
tissue homogenate. This approach has a number of 
drawbacks, including poor sensitivity, the presence of 
substantial nonspecific binding (especially in cir- 
cumstances where the number of receptors is low), and 
the presence of LDL receptor-independent specific bind- 
ing in some tissues (5). Furthermore, the ligand, LDL, 
cannot be stored for more than a few weeks and may be 
heterogeneous even in the same donor. Thus, it is difficult 
to compare results from day to day, particularly in terms 
of absolute values. This is particularly a problem in devis- 
ing assays that will be useful for conducting clinical stud- 
ies of patients over time. Accordingly, we have applied 
ELISA technology to the problem and now report the es- 
tablishment of such a procedure and document its utility. 

The success of the assay depends on the quality and 
specificity of the antibody. The antibody used in these 
studies was prepared against LDL receptor purified from 
a rat liver. It has previously been shown to recognize only 

PATIENT 1 PATIENT 2 PATIENT 3 

Fig. 6. ELISA measurement of LDL receptors on membranes from 
mononuclear leukocytes before and after a cholesterol-rich fatty meal. 
Thirty ml of blood was drawn from three normal volunteers before they 
consumed a cholesterol-rich fatty meal. Two hours after the meal, an 
additional 30 ml of blood was drawn. Mononuclear leukocytes were 
isolated, and their membranes were prepared as described in Methods. 
An ELISA was done as described in the legend to Fig. 4. Each well was 
incubated with 1 pg membrane and 100 pglml antireceptor antibody. 
Pre versus post P<0.05 by Student’s T test. 
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the LDL receptor and closely related peptides (10, IS), 
which probably represent the receptor precursor, a dimer 
of the receptor, and degradation fragments of the recep- 
tor. It does not appear to cross-react to any extent with the 
LRP, a protein with significant homology to the LDL 
receptor (13). Although prepared against a rat antigen, 
such an antibody has considerable ability to recognize the 
LDL receptor of may other species including dog, mouse, 
and humans. This is not surprising since the receptor is 
well conserved with about 75 76 homology between the 
human and rat proteins (21). Although monoclonal anti- 
bodies might have advantages compared to polyclonal an- 
tibodies in terms of the availability of a continuous supply 
of a homogeneous reagent, in our experience, they tend 
to have lower affinities and greater species specificities, 
characteristics which limit their usefulness for many 
purposes. 

The assay described has several major advantages. 
These include its simplicity and the avoidance of radioac- 
tivity, as well as the fact that samples can be stored and 
assayed in large numbers simultaneously. This can be a 
particular advantage in large complex studies involving 
feeding regimens. Perhaps most notable is the sensitivity 
of the assay; less than 1 pg of liver membranes is needed 
per determination. Thus, the approach should facilitate 
studies of biopsy material. Similarly, white cell mem- 
branes prepared from only 15-30 ml of blood can be 
assayed, making it possible to assess the response of indivi- 
duals to drugs and dietary manipulations. For example, 
although most individuals respond to a cholesterol-con- 
taining meal with a decrease in LDL receptors, this is not 
always the case nor is the magnitude of the decrease pre- 
dictable (F. Kraemer, K. May, and A. D. Cooper, unpub- 
lished observations). By studying this variability, we may 
gain insight into the basis for hypo- and hyperrespon- 
siveness to dietary cholesterol and its role in the suscep- 
tibility to atherosclerosis. 

The assay was applicable to all of the tissues we studied. 
This included tissues where background binding makes 
the data obtained with radioligand assays difficult to in- 
terpret. Even in monocytes, where Western blotting 
reveals only a small amount of antigen, a clear signal was 
obtained. However, the ratio of background-to-specific 
binding (signal-to-noise) varies appreciably, depending 
on the strength of the signal. With membranes, back- 
ground varied from 4% of the total signal with mem- 
branes from liver of ethinyl estradiol-treated rats to a 
worst case of 20% of the total signal in intestine. For 
white cell membranes, background was an average of 
about 10%. As noted, the background was generally 
higher with cells ranging from 22 % in up-regulated cells 
to 55 % in maximally down-regulated cells. Thus, as long 
as an adequate number of replicates are carried out, valid 
estimates can be readily made. 

Although solid phase technology has been applied suc- 
cessfully to membrane proteins, there are several specific 
caveats that must be recognized when measuring LDL 
receptors (6). First, when bound to solid phase, the im- 
munoreactivity of some epitopes may be altered. This is 
more problematic with monoclonal antibodies, but may 
account for different reactivities among batches of 
polyclonal antibodies. Second, to get absolute values for 
antibody binding, the complete titration curves should be 
constructed and analyzed mathematically. However, for 
relative studies, such as those described here, the ap- 
proach of seeking a near-zero order for antibody and 
near-first order for membranes should suffice. Third, it is 
necessary to monitor the antibody for monospecificity fol- 
lowing each boost of the donor and to titer each bleed 
carefully. Fourth, when first assaying a new type of mem- 
brane by ELISA, whether varying tissue type or animal 
species, a membrane titer at constant antibody concentra- 
tion must be performed to establish binding conditions. 
Further, when a new antibody preparation is used in the 
assay, it is necessary to re-establish binding conditions 
because antibody affinities vary somewhat with different 
antibody preparations. Fifth, when used with cultured 
cells, the assay will measure only the number of surface 
receptors. Conversely, when used with cell membranes, 
the assay will measure total cell receptors, which will 
obscure any differences in the subcellular distribution of 
receptors induced by a treatment. Similarly, differences in 
rates of internalization or degradation must be assessed 
with the appropriate ligand in intact cells. Lastly, genetic 
defects that affect receptor function, but not receptor 
synthesis or localization to the plasma membrane, may 
not be apparent with an immunologic assay as compared 
to a functional assay (18). However, when used with ap- 
propriate care, ELISA measurement of LDL receptors 
should facilitate studies of the physiology of the LDL 
receptor. 

After the completion of this work, a report of a solid 
phase radioassay for LDL receptors, using domain- 
specific antibodies, was reported (22). Since purified 
receptors were used in that report, it is difficult to com- 
pare the two assays, but their general similarities suggest 
that a variety of approaches to solid phase assay of the 
LDL receptor are possible and should become standard 
technology in the future. P 
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