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Abstract—Methotrexate (Mtx) conjugated with maleylated bovine serum albumin (Mtx-MBSA) was
taken up and degraded by cultured hamster peritoneal macrophages through the polyanion binding
site for acetylated low density lipoprotein. Mtx-MBSA also eliminated intracellular amastigotes of
Leishmania donovani in cultured hamster peritoneal macrophages about three times more efficiently
than free Mtx. The antileishmanial effect of Mtx-MBSA on parasitized macrophages was blocked by
MBSA, lysosomal inhibitors (chloroquine and monensin), and metabolic antagonists of Mtx (folic and
folinic acids). The primary sites of accumulation of radioactivity of injected “I-labeled Mtx-MBSA
were the macrophage rich tissues, viz. liver and spleen. These results suggest that Mtx-MBSA would
ensure rapid and effective killing of intracellular parasites harbored by macrophages. Furthermore,
these results also indicate the feasibility of a general approach for rapid intracellular delivery of desired

agents to macrophages for various purposes.

Leishmania donovani, the etiological agent for vis-
ceral leishmaniasis or Kala-azar in humans, reside
and proliferate solely in the phagolysosomes of the
macrophages of the infected hosts [1]. All currently
used antileishmanial agents, such as antimony com-
pounds, diamidines and amphotericin, often lead
to severe toxic side reactions [2-5]. This probably
happens because these drugs are taken up not only
by the host macrophages which harbor L. donovani
but also by other cell types. Attempts have been
made in the past to develop a specific targeting
rationale, so that the parasite could be specifically
eliminated without affecting other cell types of the
host. Encapsulation of the drugs within liposomes is
one of the very promising methods of developing
antileishmanial agents to reticuloendothelial systems
[6-8].

Our aim was to design a drug-delivery system
based on the exquisite specificity and high efficiency
of the process of receptor-mediated endocytosis
which would selectively deliver the drugs only to the
host macrophages. To achieve this, we conjugated a
model antileishmanial drug, methotrexate (Mtxi)
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[9], with maleylated bovine serum albumin (MBSA),
the macromolecular ligand which is recognized by
specific binding sites located only on macrophages
[10, 11]. Experimental evidence presented in this
paper indicates that such drug conjugates are likely
to ensure maximum delivery of the drugs to macro-
phages at low plasma concentration, resulting in
rapid elimination of the intracellular parasites.

EXPERIMENTAL METHODS

Materials. Special biochemicals like methotrexate,
bovine serum albumin (BSA), chloroquine, monen-
sin, folic acid and folinic acid were purchased from
the Sigma Chemical Co. (St Louis, MO). Tissue
culture supplies were from Gibco (U.S.A.). Other
reagents used were of analytical grade.

Parasite. The promastigotes of L. donovani (UR6)
were maintained on modified blood agar slopes
[12, 13] at 25°. For experimental purposes they were
harvested from 3-day-old agar slopes by scraping into
phosphate-buffered (20 mM, pH 7.5) saline (0.15 M)
(PBS).

Macrophages. Peritoneal cells were harvested
from either male or female young (70-75 g) hamsters
(Mesocricetus auratus) that had received an intra-
peritoneal injection of 2 ml of Brewer’s thioglycollate
medium (DIFCO) 5 days previously, as described
[14]. The peritoneal fluid from five to ten hamsters
(6-10 x 10 cells per hamster) was pooled, and the
cells were collected by centrifugation (400 g, 10 min,
4°). Cells were suspended in medium A [RPMI 1640
medium containing 20% heat-inactivated fetal
bovine serum (HIFBS), 25mM Hepes, 1001.U.
penicillin/ml and 100 ug streptomycin sulfate/ml] at
a final concentration of 2 X 10°cells/ml. Aliquots
(1 ml) of this cell suspension were dispensed into
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plastic Petri dishes (35 x 10 mm) and incubated at
37° for 2 hr. Each dish was washed three times with
PBS to remove non-adherent cells. The adherent
macrophages were incubated for another 24 hr with
fresh medium A at 37°, washed once with PBS,
and used for experiments. Each dish of adherent
macrophages contained about 20% of the total num-
ber of cells originally plated (20-25 mg cell protein).

Leishmania-macrophage tissue culture model. The
macrophage monolayers, prepared as above on glass
cover-slips (18 mm), were incubated at 37° with L.
donovani promastigotes, in medium A with a para-
site to macrophage ratio of 10:1. After 2 hr of incu-
bation, the infected macrophages were washed with
PBS to remove the unabsorbed parasites. The test
compound was added to the medium and, after incu-
bation of the parasite-laden macrophages at 37° for
20 hr, the number of the amastigotes per 100-200
macrophages was counted microscopically.

Maleylation of BSA. BSA was maleylated by the
reaction of the protein with maleic anhydride at
constantly maintained alkaline pH (8.0) as described
[15] and extensively dialyzed against 10 L PBS. Elec-
trophoretic mobility of the chemically modified pro-
tein was tested by agarose gel (0.7%) electrophoresis
at pH 8.4[16]. The relative electrophoretic mobilities
(Rpx 100) of BSA and MBSA were 23 and 72,
respectively.

Coupling of Mtx to MBSA. MBSA (30mg, in
0.15M NaCl, pH4.5) was mixed thoroughly with
Mtx (100mg) and 1-ethyl-3-(3-dimethyl amino-
propyl)-carbodiimide (100 mg) in a total volume of
3ml. The pH of the reaction mixture was adjusted
to 7.5 with sodium bicarbonate. The reaction mixture
was stirred for 2 hr at 30° and incubated for 20 hr at
4°, The conjugate was purified from excess reactants
and other small molecules by Sephadex G-50 gel
filtration. The Mtx content of various fractions was
assayed by measuring their absorbance at 380 nm.
MBSA has a negligible absorbance at 380 nm. Coup-
ling of Mtx to MBSA did not alter appreciably the
electrophoretic mobility of the native protein as evi-
denced by agarose gel electrophoresis at pH 8.4 [16].
Protein was determined by the biuret method [17].
Conjugates with molar ratios of Mtx: MBSA of 36
and 10 were used in these studies.

Radioiodination of Mtx-MBSA. Mtx-MBSA was
labeled with Na['*’I] by the iodine monochloride
catalyzed reaction, as described [18]. More than 98%
of the radioactivity was acid precipitable, and the
specific radioactivity was ~550 cpm/ng protein.

Assay of uptake and degradation of ['PI|Mix-
MBSA by macrophages. Each Petri dish containing
a cultured monolayer of hamster peritoneal macro-
phages received 1ml of the culture medium A
(without HIFBS but with 1 mg/ml BSA) containing
different concentrations of ['*I]Mtx-MBSA. After
incubation for 5hr at 37°, the amount of labeled
material in the cells and the amount of '>’I-labeled
trichloroacetic acid (TCA)-soluble (noniodide)
material in the medium were determined in duplicate
dishes, as described {19].

Infusions of [***I|Mix-MBSA. Female hamsters
(130-150 g) were anesthetized by intraperitoneal
injection of sodium phenobarbital. The femoral vein
and the carotid artery were cannulated for infusion
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and blood sampling respectively. Each hamster
received about S0ug of [FIMtx-MBSA
(5.5 x 10° cpm) in a single intravenous infusion of
250 ul. The animals were killed 10 or 20 min after
the introduction of radioactivity, and different tissues
were collected. Tissues were washed with Hanks’
balanced salt solution (HBSS) and weighed, and the
radioactivity was measured in a well-type gamma
counter. In the competition experiments, 1mg
MBSA was injected, in a total volume of 250 ul,
intravenously 2 min before the introduction of
[SIMtx-MBSA.

Isolation of hepatocytes and non-parenchymal cells
from hamster liver. Liver cell suspension was
obtained by the perfusion technique [20]. The organ
was perfused in situ with Ca’*-free HBSS for 15 min,
followed by HBSS containing 0.05% collagenase for
10 min. The liver was cut into small pieces and trans-
ferred to 50 ml HBSS. The mixture was gently stirred
for 2 min with a magnetic stirrer. The suspension was
filtered three times through three layers of cheese-
cloth, and the cells were allowed to settle in a conical
centrifuge tube for 15 min at 4°. Sedimented hepa-
tocytes were washed three times with HBSS and
counted in a hemocytometer. The cells in the super-
natant fraction (mainly composed of nonparen-
chymal cells), were also washed with HBSS and
counted. The nonparenchymal cell preparation con-
tained about 13% hepatocytes, whereas contami-
nation of the hepatocyte preparation by non-
parenchymal cells was negligible.

RESULTS

Uptake and degradation of Mix-MBSA by macro-
phages. When freshly isolated hamster peritoneal
macrophages were incubated with increasing con-
centrations of ['*I]Mtx-MBSA at 37°, cellular radio-
activity increased in a saturable fashion (Fig. 1a).
During the 5-hr incubation, a part of the added
[PI}Mtx-MBSA was degraded to TCA-soluble
material (Fig. 1a). As the concentration of ['ZT]Mtx-
MBSA increased, the rate of degradation increased
in parallel with the saturable component of the cellu-
lar uptake process. In both cases, half-maximal
values were achieved at an [*I|Mtx-MBSA con-
centration of about 5 ug protein/ml.

When macrophages were incubated with ['2I|Mtx-
MBSA at 37° for various lengths of time, cellular
radioactivity reached a steady-state (plateau) after
about 1.5 hr (Fig. 1b). However, acid-soluble radio-
activity continued to appear in the medium at a
linear rate, reflecting the simultaneous uptake and

Fig. 1. Accumulation and degradation of ['*I]Mtx-MBSA
by hamster peritoneal macrophages at 37°. (a) Con-
centration curves for accumulation (@) and degradation
(O). (b) Time course of accumulation (@) and degradation
(O). (c) Effect of chloroquine (3 uM) on the rate of accumu-
lation [(@) control; (W) with chloroquine] and degradation
[(O) control; (O) with chloroquine] of ['*I|Mtx-MBSA
(10 ug protein/ml). The molar ratio of Mtx to MBSA in
the drug conjugate used was 36. Results are means *SD
of three independent determinations.
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Fig. 2. Binding of ['*I|Mtx-MBSA by hamster peritoneal macrophages at 4° for 2 hr. The molar ratio
of Mtx to MBSA in the drug conjugate used was 36. Results are means =SD of three independent
determinations.
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Fig. 3. Degradation at 37° of ['*I}Mtx-MBSA previously bound by cultured hamster peritoneal macro-

phages. Cultured macrophages were incubated with [*I]Mtx-MBSA (10 ug protein/ml) for 2 hr at 4°,

Cells were washed and reincubated with fresh medium at 37°. At different time points, the radioactivity

bound to the cells (A) or released from the cells as TCA (6%) soluble (O) and TCA insoluble (@)

molecules in the culture supernatant fraction was assessed. The molar ratio of Mtx to MBSA in the
drug conjugate used was 36. Results are means +SD of three independent determinations.

degradation of ['*I|Mtx-MBSA (Fig. 1b). After 5 hr,
approximately twelve times as much ['ZI]Mtx-
MBSA had degraded, compared to the amount con-
tained within the cells during the steady state. In the
presence of the lysosomal inhibitor, chloroquine,
degradation of [*’I]Mtx-MBSA was inhibited, and
its cellular content increased linearly for 5 hr (Fig.
1c).

To measure the surface binding of [ZI]Mtx-
MBSA, we incubated the macrophages with increas-
ing concentrations of the ligand at 4°. ['®I|Mtx-

MBSA bound to the cells with saturation kinetics
(Fig. 2). Maximal binding was achieved within 2 hr
at about 7 ug/ml. The half-maximum concentration
for [ZI)]Mtx-MBSA binding to macrophages at 4°
(about 1 ug/ml) was lower than the half-maximum
concentration for cellular uptake at 37° (about 5 ug/
ml).

In another experiment, cells that had bound
(**I]Mtx-MBSA at 4° were subsequently warmed to
37°. The cell-bound radioactivity declined rapidly.
About 70% of the decline was due to the release of
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Fig. 4. Leishmanicidal effect of different preparations of Mtx-MBSA in cultured hamster peritoneal
macrophages. Two preparations of Mtx-MBSA with molar ratios of Mtx to MBSA of 36 (A) and 10 (B)
were tested. (a) Compared with respect to equivalent protein concentration: (O) with A; (@) with B;
and () with free MBSA. (b) Compared with respect to equivalent Mtx concentration: (O) with A; (@)
with B; and (00) with free Mtx. Results are means =SD of three independent determinations.

acid-soluble radioactivity from the cells, a reaction
that reached completion within 150 min. The 30%
of the cell-bound ['ZIMtx-MBSA that was not
degraded dissociated from the cell surface soon after
warming and appeared in the medium as acid-pre-
cipitable radioactivity (Fig. 3). Degradation of
[*“1)Mtx-MBSA was effectively prevented by both
unlabeled Mtx-MBSA and free MBSA ; half-maxi-
mum inhibition occurred at about 25-30 ug of the
competitors per ml of the medium.

Leishmanicidal action of Mix-MBSA in macro-
phages. The parasite-laden macrophages were incu-
bated with increasing concentrations of Mix-MBSA

at 37° for 3 hr, washed, and incubated in drug-free
medium for up to 20 hr. The leishmanicidal activity of
the drug conjugate showed saturation kinetics (Fig. 4,
aandb). The concentrations of the drug conjugate for
half-maximum killing were 0.40 and 0.75 ug protein/
ml of the conjugates with molar ratios of Mtx: MBSA
of 36 and 10 respectively. During a 3-hr exposure
period, 60% of the intracellular amastigotes was elim-
inated at a concentration of 3 ug/ml Mtx when pre-
sented as Mtx-MBSA. In cortrast, an equivalent
amount of Mtx under the same conditions eliminated
only 25% of the amastigotes. At concentrations lower
than 0.1 ug/ml Mtx equivalent, the conjugate was

2999



3000 G. CHAUDHURI, A. MUKHOPADHYAY and S. K. BAsu

90

Amastigotes killed (per cent)

Time (hr)

Fig. 5. Time course of killing-of Leishmania donovani amastigotes by Mtx-MBSA or by free Mtx in

cultured hamster peritoneal macrophages. Methotrexate, either as free drug [(W) 1 ug/ml; (O) 3 ug/ml}

or drug conjugate (molar ratio of Mtx to MBSA in the drug conjugate used was 36) [(@) 1 ug Mtx

equivalent/ml; (O) 3 ug Mtx equivalent/ml] was incubated with the parasite-infected macrophages for

the specified time period at 37°. Cells were then washed and incubated for another 20 hr at 37°, after

which the macrophages were stained and amastigotes inside the cells were counted microscopically.
Results are means =SD of three independent determinations.

nearly 100-fold more effective than free Mtx. Fur-
thermore, when parasitized macrophages were incu-
bated with Mtx-MBSA at 37° for various lengths of
time, the L. donovani amastigotes decreased at a lin-
ear rate (Fig. 5). About 20% of the amastigotes were
eliminated per hour of exposure of the parasitized
macrophages to the drug conjugate. On the other
hand, only 7.5% of the amastigotes were killed per
hour by exposure of the cells to an equivalent amount
of Mtx under identical conditions.

The leishmanicidal effect of the drug conjugate was
suppressed when an excessive amount of MBS A was

present in the medium (Table 1). Furthermore, lyso-
somotropic agents like chloroquine and monensin
inhibited the antileishmanial activity of Mtx-MBSA
(Table 1). There was no measurable effect of these
lysosomotropic agents on the antileishmanial activity
of free Mtx under the experimental conditions
described (not shown). The killing effect of Mtx-
MBSA was reversed by metabolic antagonists of Mtx,
e.g. folic and folinic acids (Table 1).

Blood clearance and tissue distribution of [\*1|Mtx-
MBSA inthe hamster. More than 50% of the [12[|Mtx-
MBSA infused intravenously was removed from the

Table 1. Inhibition of the antileishmanial activity of Mtx-MBSA by MBSA,
lysosomotropic agents and methotrexate analogs

Amastigote survival* (%)

Additions Without Mtx-MBSA With Mix-MBSA
Nonet 100.0 37.5+8.0
MBSA

(100 pg/ml) 96.5 + 3.2 64.3+ 6.6

(500 pg/ml) 92.0+2.6 78.4+42
Monensin (3 uM) 74843 77.3+6.7
Chloroquine (3 uM) 64.7+73 55.0+6.0
Folinic acid

(10 pg/ml) 1003 + 3.7 793 £43

(100 pug/ml) 94.4 £ 2.5 85.8+4.6
Folic acid

(10 pg/ml) 73+35 59.9+3.7

(100 pg/ml) 84.4+13 443+72

* Results are means +SD of three independent determinations. Control cover-
slips contained about 200-650 amastigotes per 100 macrophages.
t See text for the details of the assay conditions.
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Fig. 6. Tissue distribution of intravenously injected ['*I]Mtx-MBSA in hamster. Results are averages
of two independent determinations. See text for experiméntal details.

circulation of hamsters within 7 min. About 85% of
the infused ['®I]Mtx-MBSA was cleared from the
blood within 20 min. The radioactivity was found to
be concentrated in the tissues containing large num-
bers of macrophages such as liver and spleen (Fig. 6).
Of the total radioactivity taken up by the liver, about
75% was accumulated in the nonparenchymal cells
(Table 2).

DISCUSSION

Macrophages isolated from a variety of organs in
several animal species have exhibited high affinity
binding sites for certain polyanionic macromolecules
such as acetylated low density lipoprotein, maleyl-
ated BSA and fucoidin. Such chemically modified
protein ligands not only bind to macrophages
through these binding sites but also are internalized
by the process of absorptive endocytosis and
degraded in the lysosomes [10, 11]. In the present
study of targeted delivery, the above polyanion
“receptor” system was selected because (i) macro-
phages are the only cell type that harbors these
binding sites; (ii) the number of the binding sites on

the cell surface is high (20,000-40,000); (iii) the
“receptor” system mediates rapid internalization and
degradation of the protein ligands recognized by the
binding sites; and (iv) the “receptor” system has no
known down regulation and is probably recycled
[10, 11].

To achieve specific drug delivery to leishmania-
infected macrophages, we coupled methotrexate, a
potent antifolate drug which has considerable anti-
leishmanial activity [9], with the macromolecular
ligand MBS A shown to be specific for macrophages.
Because of the cytotoxic effect of Mtx at the thera-
peutic dose, it is currently not used in chemotherapy
of leishmaniasis. The approach described in this
paper is likely to overcome this problem.

We found that the cultured hamster peritoneal
macrophages also have the polyanion binding sites,
and such cells can endocytose and degrade [*I]Mtx-
MBSA in the lysosomes rapidly and efficiently
through these binding sites. The rapid (about 8 ug/
5hr/mg protein) uptake and degradation of
['3T]Mtx-MBSA by hamster peritoneal macrophages
was inhibited by MBSA, suggesting that the drug
conjugate was taken up by the cell by the polyanion
binding sites on macrophages. This observation was

Table 2. Uptake of ['“I]Mtx-MBSA by hamster liver cells

Radioactivity (cpm/mg cell protein) in:

Hamsters injected with: Hepatocytes Nonparenchymal cells
[*1]Mtx-MBSA
(5 ug/ml blood) 392 1225
["®IMtx-MBSA
(5 pg/ml blood)

+
MBSA (100 ug/ml blood) 200 550

See text ‘for experimental details.
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further strengthened by the fact that Mtx-MBSA did
not exert its antileishmanial effect in the presence of
free MBSA. Our finding also demonstrates that Mtx-
MBSA conjugate was more efficient (nearly 100-fold
at concentrations below 0.1 ug/ml Mtx equivalent
and about 3-fold at higher concentrations) than free
Mtx in eliminating L. donovani amastigotes from the
infected cultured hamster peritoneal macrophages.
Free MBSA had very little, if any, antileishmanial
activity at low concentrations.

Prior incubation of macrophages with lysosomal
inhibitors like chloroquine and monensin blocked
the antileishmanial action of Mtx-MBSA, suggesting
that intact lysosomal function is necessary for the
drug conjugate to exert its antileishmanial effect. As
expected, the antileishmanial action of Mtx-MBSA
was also blocked when metabolic antagonists of the
drug, e.g. folic or folinic acids, were present in the
test medium. These observations suggest that the
antileishmanial efficacy of Mtx-MBSA in the macro-
phage tissue culture model is probably due to intra-
cellular liberation of Mtx or its biologically active
derivatives by lysosomal degradation of Mtx-MBSA.

Finally, we demonstrated that in intact hamsters
the radiolabeled Mtx-MBSA is rapidly cleared from
circulation and is concentrated in tissues such as liver
and spleen which are rich in macrophages.

Thus, we have shown that it is possible to deliver
apparently cytotoxic drugs to macrophages through
the polyanion “receptor” system. Further studies
with other antileishmanial agents and in vivo experi-
ments, currently underway, are necessary to evaluate
the potential of this mode of specific antileishmanial
chemotherapy. This approach to drug targeting may
be useful in combating not only leishmaniasis but
also other infections associated with macrophages,
e.g. tuberculosis, typhoid and leprosy.

Acknowledgements—We thank Dr P. K. Das of the Indian
Institute of Chemical Biology, Calcutta, for his help in
performing liver perfusion experiments and Dr G. C.
Mishra for critically reviewing the manuscript. The Indian
Council of Medical Research, New Delhi, awarded a Senior
Research Fellowship to G. C.; A. M. was supported by
Junior and Senior Research Fellowships, respectively, from
the Department of Science and Technology, Government
of India, and the Council of Scientific and Industrial
Research, New Delhi. We are grateful to Prof. B. K.
Bachhawat, Director, Indian Institute of Chemical Biology,
for providing laboratory facilities in the initial phase of the
study.

REFERENCES

1. Chang KP, Cellular and molecular mechanisms of intra-
cellular symbiosis in leishmaniasis. Int Rev Cytol
(Suppl.) 14: 267-302, 1983.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

G. CHAUDHURI, A. MUKHOPADHYAY and S. K. BAsu

Marr JJ, Berens RL and Nelson DJ, Purine metabolism
in Leishmania donovani and Leishmania brasiliensis.
Biochim Biophys Acta 544: 366-371, 1978.

. Pfaller MA and Marr JJ, Antileishmanial effect of

allopurinol. Antimicrob Agents Chemother 5. 469-472,
1974,

. Prata A, Treatment of Kala-azar with amphotericin B.

Trans R Soc Trop Med Hyg 57: 266-268, 1963.

. Berman JD, Experimental chemotherapy of leish-

maniasis—A critical review. In: Leishmaniasis (Eds.
Chang KP and Bray RS), pp. 111-138. Elsevier Science
Publishers, Amsterdam, 1985.

. Alving CR, Steck EA, Hansen WL, Loizeau PS, Chap-

man WL Jr and Waits VB, Improved chemotherapy of
experimental leishmaniasis by the use of a liposome-
encapsulated antimonial drug. Life Sci 22: 1021-1026,
1978.

. New RRC, Chance ML, Thomas SC and Peters W,

Antileishmanial activity of antimonials entrapped in
liposomes. Nature (Lond) 272: 55-56, 1978.

. Ostro MJ, Liposomes: From Biophysics to Thera-

peutics. Marcel Dekker, New York, 1987.

. Coderre JA, Beverly SM, Schimke RT and Santi DV,

Overproduction of a bifunctional thymidylate syn-
thetase-dihydrofolate reductase and DNA amplifi-
cation in methotrexate-resistant Leishmania tropica.
Proc Natl Acad Sci USA 80: 2132-2136, 1983.
Goldstein JL, Ho HK, Basu SK and Brown MS, Bind-
ing site on macrophages that mediates uptake and
degradation of acetylated low density lipoprotein, pro-
ducing massive cholesterol deposition. Proc Natl Acad
Sci USA 76: 333-337, 1979.

Brown MS, Basu SK, Faick JR, Ho YK and Goldstein
JL, The scavenger cell pathway for lipoprotein degra-
dation: Specificity of the binding site that mediates the
uptake of negatively charged LDL by macrophages. J
Supramol Structure 13: 67-81, 1980.

Roy JC, Cultivation of various leishmania parasites in
solid medium. Indian J Med Res 20: 355~-367, 1932.
Chaudhuri G, Chatterjee TK and Banerjee AB,
Growth factor requirement for in vitro growth of Leish-
mania donovani. Indian J Med Res 76: 157-166, 1982.
Edelson PJ, Zwiebel R and Cohn ZA, The pinocytic
rate of activated macrophages. J Exp Med 142: 1150-
1164, 1975.

Glazer AN, Delange RJ and Sigman DS, Chemical
Modifications of Proteins. North-Holland, Amsterdam,
1975.

Noble RP, Electrophoretic separation of plasma lipo-
proteins in agarose gel. J Lipid Res 9: 693-700, 1968.
Layne E, Spectrophotometric and turbidimetric
methods for measuring proteins. Methods Enzymol 3:
447-454, 1957.

Goldstein JL, Basu SK and Brown MS, Receptor-
mediated endocytosis of low-density lipoprotein in the
cultured cells. Methods Enzymol 98: 241-260, 1983.
Goldstein JL and Brown MS, Binding and degradation
of low-density lipoproteins by cultured human fibro-
blasts. J Biol Chemn 249: 5153-5162, 1974.

Berry MN and Friend DS, High-yield preparation of
isolated rat liver parenchymal cells: a biochemical and
fine structural study. J Cell Biol 43: 506-520, 1969.



