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Abstract This study investigates the relationship between
the high density lipoprotein (HDL) receptor (scavenger re-
ceptors, SR-BI and SR-BII), selective lipoprotein-choles-
teryl ester uptake, and testosterone production in Leydig
cells of control, hypocholesterolemic and gonadotrophic
hormone (hCG) treated rats. Leydig cells from mature con-
trol rats show poor efficiency in incorporation of labeled
HDL-cholesteryl esters into testosterone, poor selective up-
take of lipoprotein lipids overall, and a dramatic reduction
of circulating levels of lipoproteins has no apparent effect
on testosterone production or expression of intracellular
enzymes synthesizing cholesterol. Leydig cells from control
rats show minimal levels of SR-BI and SR-BII. However,
similarly aged rats treated with hCG for several days un-
dergo changes consistent with hormone-desensitization. De-
spite the resulting low levels of testosterone production,
SR-BI levels are dramatically increased, Leydig cells now
efficiently internalize HDL-supplied cholesteryl esters by
the selective cholesterol uptake process, and various other
cholesterol-sensitive genes of the cells are up-regulated.
Only SR-BII expression remains negligible and unchanged
throughout this period. It is of interest that Leydig cell SR-
BI of hCG-treated rats is localized in surface microvilli, but
is present also in an elaborate and complex channel system
within the cytoplasm of the cells.  In summary, Leydig
cells differ from other rat steroidogenic cells in not depend-
ing on exogenous lipoprotein-cholesterol during periods of
normal steroid hormone production. However, trophic hor-
mone desensitization is accompanied by increased Leydig
cell SR-BI expression and increased selective HDL-choles-
teryl ester uptake, presumably in preparation for renewed
testosterone production.

 

—Reaven, E., L. Zhan, A. Nomoto,
S. Leers-Sucheta, and S. Azhar.
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Recent reports on the unexpectedly high expression of
high density lipoprotein (HDL) scavenger receptor iso-
forms, SR-BI and SR-BII in rat testicular tissue (1–3) has

 

reopened the issue of whether Leydig cells, like other ste-
roidogenic cells of the rat (4–15), utilize exogeneous
(blood-borne) lipoprotein-derived cholesteryl esters (CEs)
as a source of cholesterol in hormone production, or
whether Leydig cells prefer to synthesize their own choles-
terol, as needed, for the production of testosterone.

A review of the literature on testicular use of lipoprotein-
supplied cholesterol for testosterone production in the rat
reveals findings that vary with the experimental conditions
used, e.g., the use of in vivo (10, 16–18) or in vitro (18–27)
techniques, dispersed interstitial cells [crude (20–22), or
purified (23–27)], the dose and mode of administration of
trophic hormones, LH or hCG [i.e., acute (19–21, 27),
semi-chronic (23, 25), chronic (24, 26)] or even Bt

 

2

 

-cAMP
(21, 25), the use of agents such as 4-aminopyrazolo-[3,4 

 

d

 

]-
pyrimidine (4-APP) to lower circulating levels of serum
cholesterol (21, 24) or, finally, the supply of lipoproteins
either in vitro or in vivo (18–27) to deliver exogenous cho-
lesterol. Overall, the evidence indicates that under normal
physiological conditions, the rat testis does not require ex-
ogenous lipoprotein-cholesterol for Leydig cell testoster-
one production (4, 8, 10), that a single, super-physiological
injection of trophic hormone LH or hCG renders the testis
desensitized for a period of time with lowered binding of
trophic hormone and decreased testosterone production
(28–30), but that sustained administration of trophic hor-
mones for several days or longer can overcome the desensi-
tization process with renewed steroidogenesis (24, 30–33)
with, or without, normalized levels of trophic hormone
binding (30). The question arises as to what extent the scav-
enger receptor proteins, SR-BI or SR-BII, are related to or
mediate these changes.

In the rodent ovary (34–38), adrenal (34, 35, 39, 40),
and in SR-BI transfected cells (34), SR-BI has been shown
to recognize HDL and to be associated with ‘selective’

 

Abbreviations: HDL, high density lipoprotein; CE, cholesteryl ester;
hCG human chorionic gonadotropin; RT, reverse transcriptase; PCR,
polymerase chain reaction.
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lipid uptake from HDL (34, 37), effectively stripping CEs
from HDL particles at the target cell surface (37). In so
doing, HDL-derived CEs are internalized by the cells
(leaving the remaining HDL particle outside); these CEs
may be directly used by the cell in steroidogenesis (37, 41,
42) or stored within the cell in the form of lipid droplets
(37, 41, 42). In general, SR-BI protein expression in ste-
roidogenic tissues has been shown to be regulated by
physiological conditions that alter cholesterol metabolism
and cell requirements for cholesterol (35, 36, 38, 39).
Some evidence suggests that in addition to mediating the
selective uptake of CE from HDL, SR-BI may also mediate
cellular cholesterol efflux (43). A recent study has shown
that the semi-chronic administration of hCG to rats in-
duces a dramatic increase in SR-BI in Leydig cells of the
testes and suggests that such cells may also utilize lipopro-
tein-derived CEs (1).

Recently, a variant of SR-BI (termed SR-BII) has been
found to be expressed in mice and humans (2, 3). The SR-
BI and SR-BII variants are identical except for the region
encoding the C terminal domain. The SR-BII transcript is
relatively abundant in tissues known to express SR-BI and
represents 

 

,

 

30% of total mRNA SR-BI values in mouse
adrenal, but about 80% of total SB-BI values in mouse tes-
tes (2, 3): note, conventional Northern blotting does not
distinguish between SR-BI and SR-BII. SR-BII appears to
mediate selective CE uptake from HDL (as well as HDL-
dependent cholesterol efflux from cells), though with 

 

,

 

4-
fold lower efficiency than SR-BI.

The present study examines these issues in some detail.
We ask whether the process of Leydig cell testosterone pro-
duction utilizes lipoprotein-derived cholesterol, and if so,
under what physiological conditions. We ask whether the ac-

quisition of lipoprotein CE is mediated by the selective CE
uptake pathway, and whether the process is related to the ex-
pression of SR-BI or its variant, SR-BII, in Leydig cells. And
we describe the localization of SR-BI and SR-BII in cells. As
Leydig cells comprise only 2–3% of the normal testis, bio-
chemical and molecular studies must be carried out on prep-
arations of isolated Leydig cells. However, to determine the
localization of HDL receptor proteins, isolated Leydig cells
as well as Leydig cells from intact testes have been viewed.

The study begins with a time course outlining the con-
sequences of acute and chronic trophic hormone admin-
istration on testosterone production under the experi-
mental conditions of our study, and key time points have
been chosen to answer all subsequent questions.

METHODS

 

Materials

 

Iodine-

 

125

 

I radionucleotide (carrier free, 

 

,

 

629 GBq/mg; 

 

,

 

17
Ci/mg), [1

 

b

 

, 2

 

b

 

-

 

3

 

H (N)]testosterone, and [cholesteryl-1,2,6,
7-

 

3

 

H(N)]cholesteryl oleate (2.22–3.70 TBq/mmol; 40–60 Ci/
mmol) were purchased from NEN

 

©

 

 Life Science Products, Bos-
ton, MA. [1

 

a

 

,2

 

a

 

(N)-

 

3

 

H]cholesteryl oleolyl ether (1.78 TBq/
mmol; 48.0 Ci/mmol) was obtained from Amersham, Arlington
Heights, IL. The following chemicals were supplied by Sigma
Chemical Co, St. Louis, MO: cholesteryl oleate, cholesterol, tes-
tosterone, bovine plasma fibronectin, egg phosphatidylcholine,
bovine brain sphingomyelin, triolein, insulin, transferrin, crude
human chorionic gonadotropin (hCG), poly-

 

d

 

-lysine, and 8-bromo-
cAMP. Cholesteryl BODIPY FL C12

 

®

 

 (BODIPY-CE) was pur-
chased from Molecular Probes, Eugene, OR. Purified hCG (CR-
121; biological potency, 13,450 IU/mg) was kindly provided by
Dr. R.E. Canfield (College of Physicians and Surgeons of Colum-
bia University, New York, NY), through the center of Population

Fig. 1. Time course of testosterone production. Leydig cell-enriched interstitial cell preparations were obtained from rats given in vivo sa-
line or hCG (50 IU) every day for 4 consecutive days. Testes were removed at 6 h or at 1, 2, 3, and 4 days of hCG treatment. Cells isolated at
these time points were incubated with medium alone (basal), hCG, Bt2cAMP, or 22(R) hydroxy-cholesterol for 4 h before samples were
taken for measurement of testosterone production by RIA.
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Research, NICHHD, NIH, Bethesda, MD. Anti-SR-BII serum was
generously supplied by Dr. Deneys R. van der Westhuyzen, Uni-
versity of Kentucky Medical Center, Lexington, KY. All other re-
agents used were of analytical grade.

 

Animals and hormonal (gonadotropin)
and 4-APP treatment

 

Sprague-Dawley male rats (

 

,

 

3 months of age) were purchased
from Charles River Laboratories, Bloomington, IN. The animals
were injected (sc) with either normal saline (control rats) or 50
IU of hCG (hCG-treated rats) daily for up to 4 days. To induce
hypocholesterolemia, some animals were treated (ip) with 4-ami-
nopyrazolo-3, 4 [d] pyrimidine (4-APP; 20 mg/kg BW, every 24 h
for 3 days). The animals were killed by decapitation and the tes-
tes were removed and placed in medium 199 supplemented with
1 mg/ml bovine serum albumin, plus penicillin (100 U/ml) and
streptomycin (100 

 

m

 

g/ml).

 

Isolation, purification and culture of Leydig cells

 

Crude interstitial cells (containing 10–15% Leydig cells) were
prepared by collagenase treatment of decapsulated testes as de-
scribed previously (21, 44). Pure preparations of Leydig cells
were obtained using a continuous iso-osmotic Percoll gradient
centrifugation (44). The percentage of the Leydig cells in each
preparation was examined by staining for 3

 

b

 

-hydroxysteroid de-
hydrogenase activity as described by Payne, Downing, and Wong.
(45). The purified Leydig cells were maintained at 37

 

8

 

C for up to
24 h in a basal medium (46) [(DME: F12, 1:1) supplemented with
HEPES (15 m

 

m

 

), bovine serum albumin (1 mg/ml), insulin (2

 

m

 

g/ml), transferrin (5 

 

m

 

g/ml), fibronectin (2 

 

m

 

g/cm

 

2

 

 ), penicillin
(100 U/ml), streptomycin (100 

 

m

 

g/ml), gentamicin (20 

 

m

 

g/ml)].

 

Measurement of testosterone secretion

 

Freshly isolated interstitial cells (

 

,

 

2 

 

3

 

 10

 

6

 

 cells), purified Ley-
dig cells (

 

,

 

2 

 

3

 

 10

 

5

 

 cells) or cultured purified Leydig cells (

 

,

 

2 

 

3

 

10

 

5

 

 cells) were incubated in incubation medium (1 ml) contain-
ing CaCl

 

2

 

 (2.5 m

 

m

 

), 1 methyl-3-isobutylxanthine (IBMX, 0.1 m

 

m

 

)
and 

 

6

 

 purified hCG (10 ng/ml) or freely diffusible 22(R) hy-
droxycholesterol (10 

 

m

 

m

 

). After incubation for 3 h at 37

 

8

 

C, the
testosterone concentration in cells plus medium was determined
by radioimmunoassay (44).

 

Gonadotropin receptors (hCG binding activity)

 

The gonadotropin receptor concentration was determined
using a saturation concentration of 

 

125

 

I-labeled hCG (300 p

 

m

 

) in
the presence or absence of an excess of unlabeled hCG. Bound
and free hormone was separated and specific binding was calcu-
lated as described previously (47, 48).

 

Lipoprotein preparation

 

Apo E-free high density hHDL

 

3

 

 were isolated as described pre-
viously (11, 13, 41, 42). These human-derived lipoproteins were
used exclusively because they are not recognized by the LDL-
mediated ‘endocytic pathway’. For uptake and internalization
studies, hHDL

 

3

 

 preparations were conjugated with residualizing
labels, i.e., 

 

125

 

I-labeled dilactitol tyramine ([

 

125

 

I]DLT) and
[

 

3

 

H]cholesteryl oleolyl ether ([

 

3

 

H]COE) (11, 13). For fluores-
cence microscopy, reconstituted (rec) cholesteryl 

 

BODIPY

 

-HDL
particles were prepared as recently described from this labora-
tory (41, 42). In addition, rec[

 

3

 

H]cholesteryl oleate-hHDL

 

3

 

 (40,

Fig. 2. Time-dependent effect of hCG administration on gona-
dotropin receptor (hCG) binding activity in testicular interstitial
cell membranes. The crude membrane preparations from Leydig
cell-enriched interstitial cell preparations of Fig. 1 were incubated
with a saturating concentration (300 pm) [125I]hCG in the presence
or absence of excess unlabeled hCG (12.5 IU/ml) at 228C for 3 h to
monitor gonadotropin receptor binding activity. Other details were
the same as described under Experimental Procedures. The results
are a mean of two separate experiments.

Fig. 3. Time-dependent affect of hCG administration on SR-BI ex-
pression. Leydig cell-enriched interstitial cell preparations of Fig. 1
were used for Western blot analysis of SR-BI protein expression. Im-
munoreactive bands are shown in top panel (arrow) and quantitative
scanned data of blots are presented in graph form (lower panel).  by guest, on June 14, 2012
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41) were used to demonstrate the conversion of lipoprotein-
derived cholesteryl ester into testosterone.

 

Uptake and internalization of lipoprotein-derived
cholesteryl esters

 

For these experiments, cultured Leydig cells were incubated 

 

6

 

hCG (10 ng/ml) and hHDL

 

3

 

 equipped with radiolabeled, non-
releaseable apolipoprotein ([

 

125

 

I]DLT) and cholesteryl ester ([

 

3

 

H]
COE) tags that would accumulate within the cells even when de-
graded (11, 13, 41, 42). Incubations were carried out with
[

 

125

 

I]DLT–[

 

3

 

H]COE–hHDL

 

3

 

 (35 

 

m

 

g/ml) 

 

6

 

 hCG (10 ng/ml) for
6–24 h at 37

 

8

 

C. At the end of incubation, the dishes were processed
for the determination of trichloroacetic acid-insoluble and -soluble
[

 

125

 

I] and total 

 

3

 

H radioactivities, as described previously (11, 13).
Endocytic uptake is calculated from TCA-soluble 

 

125

 

I label
only. The difference between total and TCA-soluble radioactivity
is believed to be surface associated 

 

125

 

I radioactivity. Because 

 

125

 

I
and 

 

3

 

H labels are on the same particle, the surface bound 

 

125

 

I is
also equal to surface bound 

 

3

 

H. Thus, total 

 

3

 

H minus surface
bound 

 

3

 

H equals the total amount of 

 

3

 

H internalized. To calcu-
late ‘selective’ uptake of cholesteryl ester (CE), soluble 

 

125

 

I radio-
activity is subtracted from soluble 

 

3

 

H radioactivity. Finally, to cal-
culate mass of CE internalized, these values are divided by
protein:cholesterol ratio of hHDL

 

3

 

 (i.e., 2.73).

 

Utilization of lipoprotein derived CE
in testosterone production

 

To demonstrate that rat Leydig cells can utilize lipoprotein-
derived cholesteryl ester for steroid production, Leydig cells
(

 

,

 

2 

 

3

 

 10

 

5

 

) were incubated with [

 

3

 

H]cholesteryl oleate (CO)-

hHDL

 

3

 

 or [

 

3

 

H]CO-[

 

14

 

C]free cholesterol (FC)–HDL (100 

 

m

 

g/
ml) 

 

6

 

 hCG (10 ng/ml) for 24 h, after which cells and media
were extracted with chloroform–methanol 2:1, and the organic
phase was assayed for testosterone production by thin-layer
chromatography using hexane–diethyl ether–methanol 70:20:5
(v/v/v) as a mobile phase. Results are expressed as DPM of 

 

3

 

H
label or 

 

3

 

H/

 

14

 

C labels incorporated into testosterone (49).

 

Fluorescence microscopy of HDL-derived CEs

 

For fluorescence microscopy of internalized BODIPY-CE, Ley-
dig cells were grown on 25-mm-diameter glass coverslips coated

Fig. 4. Uptake of radiolabeled HDL-cholesteryl oleate by Leydig
cells. Percoll-purified Leydig cells from control and 4d-hCG-treated
rats were incubated with HDL labeled with [3H]cholesteryl oleate
and hCG in vitro for 24 h, then measured for cholesteryl ester, free
cholesterol, and total sterol uptake after extraction with organic sol-
vents followed by TLC.

Fig. 5. Utilization of HDL-derived cholesteryl oleate in testoster-
one production by Leydig cells. Purified Leydig cells as in Fig. 4
were incubated with [3H]cholesteryl oleate and hCG in vitro for 24
h, after which the cells and media were extracted with chloroform –
methanol and the organic phase was assayed for mass of testoster-
one produced by RIA (panel A), incorporation of [3H]cholesterol
into testosterone by TLC (panel B), and efficiency of [3H]choles-
terol incorporation ([3H]radioactivity/mass of testosterone pro-
duced) (panel C). h, control 1 hCG; ( ), 4d-hCG 1 hCG.

TABLE 1. Effect of 4-APP treatment on testosterone 
secretion by purified Leydig cells

Testosterone Secretion

Addition
Untreated 

Control 4-APP

ng/mg DNA

Basal 0.61 6 0.12 0.45 6 0.09
1hCG 22.00 6 3.10 26.00 6 5.60

Aliquots of Leydig cells (,2 3 105) from control and 4-APP
treated rats (20 mg/kg BW, every 24 h for 3 days, i.p.) were incubated
with or without hCG (10 ng/ml) plus 0.1 mm 1-methyl-3-isobutylxan-
thine (IBMX). After incubation for 3 h at 378C, the testosterone con-
centration in the medium plus cells was determined by radioimmu-
noassay. Results are means 6 SE of four separate experiments.
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with fibronectin. After washing, cells were incubated 6 hCG
and/or rec HDL-BODIPY-CE (50 mg/ml) at 378C for 24 h and
processed for confocal fluorescence microscopy (42).

SR-BI and SR-BII antibodies
Polyclonal antibodies raised against peptides to the carboxy

terminus of mouse SR-BI (amino acids 489–509: AYSESLMSP
AAKGTVLEQEAKL (36, 38) and SR-BII (amino acids 491–506:
PLLEDSLSGQPTSAMA (2) were prepared and characterized as
described previously (3, 36, 38).

Polyacrylamide gel electrophoresis
and immunoblot analysis

Aliquots of interstitial or Leydig cell lysates (25–50 mg protein)
containing equal protein mass were resolved by SDS-polyacryla-
mide gel and the proteins were electrophoretically transferred onto
immobilon PVDF transfer membranes. The membranes were sub-
sequently blocked, probed with polyclonal anti-SR-BI or SR-BII fol-
lowed by reaction with peroxidase-conjugated secondary antibody
(36, 38). After extensive washing, chemiluminescent substrate was
added (Amersham, Arlington Heights, IL), the radiographic
chemiluminescence was detected at various times (1–10 min), and
appropriate films were subjected to densitometric scanning.

Identification of SR-BI and SR-BII by immunofluoresence
For immunofluorescent confocal microscopy of SR-BI and SR-

BII, Leydig cells were grown on fibronectin-coated glass coverslips
under basal conditions. After the appropriate treatment, cells were
washed in phosphate-buffered saline (PBS), fixed 10 min in 4%
paraformaldehyde, washed in PBS, treated with ethanolamine, per-
meabilized with 0.2% Triton X-100, placed in normal goat serum

and 5% non-fat dry milk in PBS, for 1 h at 378C, and incubated with
anti-SR-BI or SR-BII (1:1000–1500) at 48C overnight. Subsequently,
the cells were washed free of antibody and incubated at room tem-
perature in a buffer containing biotinylated goat anti-rabbit IgG
(1 h), followed by FITC-avidin for 1 h. After washing, coverslips
were mounted on slides using Fluoromount G (Fisher Scientific,
Pittsburgh, PA) and viewed by confocal fluorescent microscopy
(Cell Science Imaging Facility, Stanford University, Stanford).

Immunoelectron microscopy
For immunoelectron microscopic localization of SR-BI, intact

testes of control and 4d-hCG-treated rats were perfused for 30
min with 4% paraformaldehyde-0.5% glutaraldehyde; the tissue
was diced into tiny cubes and fixed for 3–5 h longer in the origi-
nal fixative before being placed in 4% paraformaldehyde over-
night. Tissue blocks were processed and embedded in LR gold
resin (Ted Pella Co., Redding, CA) using techniques described
by Berryman and Rodewald (50). Ultrathin sections on grids
were blocked with 5% normal goat serum (1 h, room tempera-
ture), incubated with primary antibody (SR-BI, 300 mg protein/
ml) or pre-immune IgG 1–2 h at room temperature, and labeled
with goat anti-rabbit IgG–10 nm gold (EM Sciences, Fort Wash-
ington, PA) for 1 h at room temperature. Finally, the sections
were stained with osmium vapor and lead citrate and viewed with
the electron microscope (38).

Isolation of total RNA and reverse transcription (RT) 
polymerase chain reaction (PCR) analysis

A sensitive semi-quantitative assay for multiple mRNAs by RT-
PCR (36,51) was adopted to assess the expression of two choles-
terol-sensitive genes within Leydig cells [LDL (B/E) receptor (52,
53), and the key enzyme involved in cholesterol biosynthesis, 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reduc-

TABLE 3. Incorporation of HDL-derived [3H]cholesteryl oleate 
([3H]CO) and [14C]free cholesterol ([14C]FC) into testosterone

by Leydig cells from control and 4d-hCG-treated rats

Incorporation into Testosterone
3H/14C
RatioConditions [3H]CO [14C]FC

dpm/mg DNA

Control 41.25 6 8.8 4.75 6 1.19 8.68
4d-hCG 169.50 6 26.0 15.80 6 4.8 10.73

Leydig cells from control and 4d-hCG-treated rats were incubated
with doubly labeled ([3H]CO and [14C]FC HDL and hCG in vitro for 24 h
and incorporation of 3H/14C, labels into testosterone was measured by
TLC. The result are mean 6 SE of four separate experiments.

Fig. 6. Uptake of radiolabeled HDL-CEs by selective versus en-
docytic mechanisms. Purified Leydig cells from control (j) and 4d-
hCG-treated ( ) rats were provided with hCG 1 HDL with radiola-
beled, non-releasable apolipoprotein ([125I]DLT) and cholesteryl
ester ([3H]COE) tags that would accumulate within cells. Uptake
by the endocytic or selective pathways was determined as described
under Experimental Procedures.

TABLE 2. Rates of incorporation of endogenously synthesized 
cholesterol [14C]acetate-labeled sterols and HDL derived

[3H]-cholesteryl oleate into secreted testosterone by Leydig
cells from control and 4d-hCG-treated rats

[3H]Cholesteryl Oleate [14C]Acetate

Total 
Cholesterol Testosterone

Total
Cholesterol Testosterone

dpm/mg DNA dpm/mg DNA

Control 358.5 6 72.5 28.0 6 6.7 11783 6 1577 825 6 236
4d-hCG 1343.0 6 179 195.0 6 30 29367 6 6055 74 6 8

Leydig cells from control and 4d-hCG-treated rats were incubated
with [14C]acetate 1 HDL labeled with [3H]cholesteryl oleate 1 hCG in
vitro for 24 h. The cells and medium were extracted with organic sol-
vents and, after TLC, the incorporation of 3H/14C, into testosterone was
quantified by liquid scintillation counting. The results are expressed as a
mean (dpm/mg DNA) 6 SE of four separate experiments.
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tase (54)]. The expression of glyceraldehyde-3-phosphate dehydrog-
enase (GAPDH) was used as a stable internal control (56) as pre-
liminary experiments indicated that L19 expression increased in
Leydig cells of 4d-hCG-treated rats (36, 51). Total RNA was iso-
lated from Leydig cell preparations by the guanidine–
isothiocyanate–phenol–chloroform extraction procedure (55).
For mRNA analysis by RT-PCR, the following oligonucleotide prim-
ers were designed based on known cDNA sequences of the various
target genes.

Rat LDL (B/E) receptor (LDL-R)
(upper primer) 59-GAAGTCGACACTGTACTGACCACC-39
(lower primer) 59-CTCCTCATTCCCTCTGCCAGCCAT-39

Rat HMG-CoA reductase
(upper primer) 59-CCAAGGGTACGGAGAAAGCAC-39
(lower primer) 59-CAATGTAGATGGCAGTGACGA-39

Rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

(upper primer) 59-TGAAGGTCGGTGTGAACGGATTTGGC-39
(lower primer) 59-CATGTAGGCCATGAGGTCCACCAC-39

Suitable aliquots of total RNA (250–5,000 ng) were reverse
transcribed for 60 min at 378C using 500 ng oligo (dT)12–18 and
200 U of Moloney murine leukemia virus reverse transcriptase
(SUPERSCRIPT II RT) in a 20 ml reaction mixture (1.0 mm
dNTPs, 1.5 mm MgCl2, 50 mm Tris-HCl, pH 8.4, 75 mm KCl, 20
mm DTT, and 40 U RNAse inhibitor, RNasin). Two microliters of

the reverse transcription reaction mixture was then used for PCR
in a final solution of 100 ml containing 1 3 PCR buffer, 0.8 mm
dNTPs, 1.0 mm of appropriate oligonucleotide primers (Table 1),
2 mCi [a-32P]dCTP, and 2.5 U of Taq DNA polymerase, as well as
1.0 mM oligonucleotide primers for GAPDH (56) used as the
stable internal control.

Unless otherwise stated, 30 cycles were performed consisting
of denaturation (948C, 1 min), annealing (GAPDH and HMG-
CoA reductase, 568C, and LDL receptor, 628C; 3 min), and exten-
sion (728C, 2 min). PCR products were subjected to electro-
phoresis on 5% polyacrylamide gels in 0.5 3 Tris-borate-EDA
buffer. The gels were dried under vacuum and heat and exposed
to X-ray films for 1–4 h at room temperature. Appropriate films
were subjected to densitometric scanning, and the radioactivity
in each of the PCR bands was normalized to the radioactivity of
the GAPDH band as an internal control.

Miscellaneous techniques
The DNA content of the cells was quantified colorimetrically

(57). The procedure of Markwell et al. (58) was used to quantify
protein content of hHDL3 and reconstituted HDL preparations.
Protein in the cellular lysates was determined as described by

Fig. 8. Western blot analysis of SR-BI and SR-BII protein expression.
Purified Leydig cells from either control or 4d-hCG-treated rats were
used. Total cell lysates were prepared as described in Experimental
Procedures and 25 mg of the lysate from each group was subjected to
immunoblot analysis using either rabbit anti-SR-BI or anti-SR-BII. The
SR-BI and SR-BII proteins were visualized by chemiluminescence. In
8A, SR-BI protein (arrow) is compared in purified Leydig cell prepa-
rations from control and 4d-hCG: in 8B, SR-BI and SR-BII expression
is compared in cells from control and 4d-hCG-treated rats.

Fig. 7. HDL-fluorescent-CE uptake by Leydig cells. Leydig cells
from control (panel A) and 4d-hCG rats (panel B) were provided
with HDL-BODIPY-CEs for 24 h, then viewed by confocal micros-
copy. Some cells of the control animals were able to take in CEs and
store them in lipid droplets (red fluorescence, panel A). Cells of
the desensitized animals took in far more CE (yellow and red fluo-
rescence, panel B) than control cells, but this CE appeared to be
stored in membranes rather than discrete fat droplets.
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Peterson (59). Cholesterol content of the hHDL3 and reconsti-
tuted HDL was determined colorimetrically according to the pro-
cedure of Tercyak (60).

RESULTS

Throughout these studies, animals that were treated
with vehicle alone are referred to as controls; animals
treated in vivo with gonadotropins are referred to as hCG
rats. For experiments in which testosterone is measured,
cell preparations from both groups of animals are also
given hCG in vitro.

Time course of Leydig cell function
Testosterone production. Leydig cell testosterone produc-

tion after acute and chronic stimulation with the trophic
hormone, hCG, is shown in Fig. 1. Rats were injected for 4
days with hCG (or vehicle) and testicular samples were ob-
tained at 6 h, or 1, 2, 3, and 4 days. Interstitial cell prepara-
tions from these samples were treated with buffer (basal) or
hCG, Bt2cAMP or 22[R] hydroxy-cholesterol in vitro for 3 h
prior to measurement of testosterone production. Depend-
ing on the in vitro treatment, testosterone production var-
ied but, in general, the capacity of Leydig cells to produce
hormone fell after 6 h of hCG treatment and reached a low
point after 1–2 days of in vivo hCG. Some recovery was seen
at 3 days when the cells were provided with freely diffusible
cholesterol analog or Bt2cAMP in vitro, but no recovery was
seen in cells provided with hCG in vitro.

hCG binding. Figure 2 indicates that Leydig cell hCG
binding in interstitial cell preparations drops precipi-
tously after commencement of hCG treatment in vivo and
remains low for the duration of the test period.

SR-BI expression. Western blots of the above interstitial

cell preparations show that expression of the HDL-scavenger
receptor (SR-BI) is not seen at zero time or 6 h, but is
highly expressed by 24 h after hCG treatment, and contin-
ues to be highly expressed for the remainder of the exper-
imental period (Fig. 3).

The large differences in the response of cells from con-
trol and 4d-hCG-treated animals provided the basis for
choosing these two animal models to further clarify the in-
teraction of SR-BI/SR-BII and selective CE uptake in rat
Leydig cells. In the following studies purified Leydig cell
preparations were used throughout.

Uptake and utilization of metabolizable cholestrol oleate
Uptake of HDL-derived cholesteryl oleate. Purified Leydig

cells from control and 4d-hCG-treated animals incubated
with [3H]cholesteryl oleate for 24 h were measured for
uptake of radiolabeled cholesteryl esters (CEs) and total
sterols. Figure 4 indicates that cells from 4d-hCG rats took
up ,2 times the amount of lipid taken in by control cells.

Utilization of HDL-derived CE for testosterone production. In
a similar protocol, purified Leydig cells from control and
4d-hCG-treated animals were incubated with radiolabeled
[3H]cholesteryl oleate hHDL 1 hCG in vitro for 24 h to
determine the efficiency of incorporation of HDL-choles-
terol into testosterone. As shown in Fig. 5 (panel A), the
mass of testosterone produced in control cells is 4 to 5-fold
greater than the mass of testosterone produced in 4d-hCG
rats. However, the incorporation of 3H-labeled HDL-cho-
lesterol into testosterone (panel B) in control cells is rela-
tively low and, therefore, the efficiency of [3H]cholesterol
utilization for testosterone production (ratio B/A) in con-
trol cells is also low (panel C). This suggests that under
normal circumstances, control cells do not utilize an exog-
enous source of cholesterol for testosterone production.
A comparable study done with cells from hCG-treated rats

Fig. 9. SR-BI/SR-BII immunofluorescent staining of
Leydig cells. Cells from control and 4d-hCG-treated
rats were immunostained for SR-BI (9A, 9B) or SR-BII
(9C, 9D) and examined by confocal microscopy. Cells
from 4d-hCG rats (9B) showed patchy SR-BI expression
(red color) near the surface of most cells; cells from
control animals showed borderline labeling (9A, light
green), but neither preparation of Leydig cells stained
for SR-BII showed specific labeling (9C, 9D dark green
color).
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shows that the mass of testosterone produced by hCG cells
is far lower than seen in control cells, but the incorpora-
tion of 3H-labeled cholesterol into this testosterone is
high. Thus, the efficiency of the process (ratio B/A) in
cells from hCG rats is far greater than that seen in cells of
control rats (panel C). These data suggest that while hCG
cells do not make much hormone they do have an effi-
cient process by which to obtain precursor cholesterol
from exogenous sources when needed.

To more carefully examine the source of cholesterol for
control Leydig cells, three additional studies were carried
out. In the first study, hypocholesterolemic (3d-4APP-
treated) rats were examined for testosterone production.
Table 1 indicates that the Leydig cell testosterone re-
sponse from control and 4APP rats was similar despite a
90% fall in total cholesterol levels of the 4APP-treated

rats, again suggesting that the rat Leydig cell does not de-
pend on exogenous lipoproteins for cholesterol. In a
more direct study, Leydig cells from control and 4d-hCG
rats were incubated with [14C]acetate or [3H]cholesteryl
oleate-tagged HDL. Table 2 indicates that control cells
used ,10 times more of the de novo synthesized choles-
terol (from [14C]acetate) and 4 times less cholesteryl ole-
ate than did hCG cells in the production of testosterone.
Finally, to determine whether Leydig cells depend on free
cholesterol as a precursor source for testosterone produc-
tion, Leydig cells of control and 4d-hCG rats were incu-
bated with HDL doubly radiolabeled with [3H]cholesterol
oleate and [14C]free cholesterol. Although total incorpo-
ration of the two sterols into testosterone (and the amount
of testosterone produced) differed significantly, Leydig
cells from both groups of rats utilized similar ratios of cho-

Fig. 10.
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lesteryl oleate to free cholesterol for hormone production
(Table 3). Thus, free cholesterol does not constitute a
major source of cholesterol for control Leydig cells.

Leydig cell selective HDL-CE uptake
Mass of HDL-CEs internalized by Leydig cells. Leydig cells

from control and 4d-hCG-treated rats were provided with
125I-labeled dilactitol (DLT)–[3H]cholesteryl oleoyl ether
(COE)–hHDL to measure the mass of CEs internalized
(Fig. 6). DLT and COE are non-releasable, non-metaboliz-
able apolipoprotein and cholesterol tags that accumulate
within cells even when degraded and distinguish between
endocytic and selective pathway-mediated cholesterol up-
take from HDL (11, 13, 41, 42). Figure 6 shows that while
both the endocytic and selective pathways are operative in
Leydig cells, the major proportion of HDL-CE uptake
takes place via the selective pathway. In any case, cells
from 4d-hCG animals take up substantially more (,2-fold)
HDL-derived CEs compared to cells from control animals.

These results are similar whether (or not) Leydig cells from
control and hCG animals are treated with hCG in vitro.

HDL-BODIPY-CE uptake. Using BODIPY-CE as a fluo-
rescent morphological marker for the uptake of HDL-
CEs, we can confirm the fact that Leydig cells from con-
trol rats do take up HDL-CEs (Fig. 7A), but the amount
of CE uptake is low; i.e., even after the long 24 h incuba-
tion period with BODIPY-labeled HDL, only 50% of Ley-
dig cells from control animals show any lipid stored in
droplets, and even in such active cells, the lipid droplets
are relatively sparse. Cells from 4d-hCG-treated rats (Fig.
7B) show generally heightened fluoresence compared to
the control rats (i.e., more yellow and red colors repre-
senting medium and high levels of fluorescence). How-
ever, in these cells, the newly internalized (fluorescent)
lipid appears confined to endomembranes and lipid
storage droplets are only rarely seen. These results are si-
milar whether or not Leydig cells are treated with hCG
in vitro.

Fig. 10. SR-BI immunocytochemical staining of Leydig cells at the electron microscope level. A low magnification view shows Leydig cells
from control animals (10A) with occasional SR-BI -associated gold particles, and cells from 4d-hCG animals (10B) with pronounced immu-
nogold labeling of microvilli when these structures are found to protrude from the surface of the cells. Many Leydig cells from hCG rats also
show immunogold labeling of SR-BI in the cell interior. At higher magnification (10C), this gold labeling is found associated with mem-
branes of a complex series of channels (10C, arrowheads) spiraling through the peripheral cytoplasm of the cells. The channels are believed
to be inverted portions of the plasma membrane (or microvilli) and in fortuitous high magnification images (10D), one sees striations
within the double membranes of the channels (arrowheads) which may be remnants of native HDL.
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Leydig cell expression of SR-BI and SR-BII
SR-BI/SR-BII protein. Whereas the expression of SR-BI

is barely detectable in Leydig cells from control animals,
it is highly expressed in Western blots of cells from 4d-
hCG-treated animals (Fig. 8, arrow). In Fig. 8B, the ex-
pression of SR-BI and SR-BII are compared in Western
blots. Again, SR-BI is prominent in cells of hCG rats; in
contrast, SR-BII expression is low in cells of both control
and hCG treated animals.

SRBI/II immunofluorescence. Leydig cells from control
and hCG animals were maintained on coverslips, immuno-
stained for SR-BI or SR-BII, and viewed by confocal mi-
croscopy. The color photos in Fig. 9 indicate that control
cells show very weak SR-BI staining (Fig. 9A, green colora-
tion) and essentially no expression of SR-BII (9C, dark
green color). Leydig cells from 4d-hCG rats show in-
creased immunostaining for SR-BI (9B, red color promi-
nent near the cell surface), but essentially no expression
of SR-BII (9D, dark green).

SR-BI immunocytochemistry. At the electron micro-
scope level, Leydig cells from control rats showed no im-
munogold labeling for SR-BI (Fig. 10A), while surface-
associated microvilli were consistently labeled for SR-BI
in Leydig cells of 4d-hCG rats (10B). Many Leydig cells
of the hCG rats, however, did not exhibit a profusion of
surface microvilli, but instead revealed deeply invagi-

nated cell surface membranes. These invaginated mem-
branes often formed a remarkably complex network of
circular or spiral channels, which coursed through the
peripheral cytoplasm of the cells. Most of the cytoplas-
mic channels were outlined with immunogold (Fig.
10C) representing sites of SR-BI localization and, at
higher magnifications, it was often possible to recognize
striations between the double membranes of the chan-
nels which in previous publications from this laboratory
(38, 61, 62) have been shown to be intact HDL (Fig.
10D). As such, these channels which appear to be inside
the cells, are probably connected to the outside and
represent an inverted microvillar compartment with
trapped HDL.

Leydig cell expression of SR-BI and LDL-R in
hypocholesterolemic rats

HDL(SR-BI) receptor protein. The Western blot/graph of
Fig. 11A indicates that SRBI expression is very low in Ley-
dig cells of control animals. Cells from animals treated
with 4APP for 3 days show similar levels of SR-BI (despite a
90% reduction in circulating cholesterol levels), but once
again, cells from animals treated with hCG for 4 days show
dramatically increased SR-BI expression.

LDL (B/E) receptor protein. The response pattern for
LDL-R and SR-BI expression is similar; i.e., cells from con-

Fig. 11. Western blot analysis of SR-BI (panel A) and LDL-R (panel B) proteins in Leydig cells of control,
hypocholesterolemic, and 4d-hCG-treated rats. Suitable aliquots of pure Leydig cell lysates (40 –50 mg pro-
tein) were separated by SDS-PAGE on 7% (LDL-R) or 10% (SR-BI) polyacrylamide gel. SR-BI and LDL-R
proteins were detected by Western blot using specific antibodies. Hypocholesterolemia had no effect on Ley-
dig cell SR-BI or LDL-R expression in control cells, but both receptor proteins were greatly increased after
chronic hormone stimulation.
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trol and 4APP-treated rats show equal expression of LDL-
R but a 2-fold increase in expression of LDL-R was seen in
cells from hCG treated rats (Fig. 11B).

Leydig cell expression of cholesterol-sensitive genes
RT-PCR analyses (radioautographs and scanned im-

ages) of Leydig cell HMG-CoA reductase and LDL-R mR-
NAs from control and 4d-hCG-treated rats are shown in
Fig. 12. Panels A and B show variation in expression of the
proteins in the two separate RT-PCR experiments carried
out, but a similar result overall, i.e., increased expression
of HMG-CoA reductase and LDL-R mRNA in the cells of
4d-hCG rats as compared to control rats.

DISCUSSION

Fundamental to understanding the findings of this
study is the question of whether Leydig cells, like other
steroidogenic cells of the rat, normally utilize lipoprotein-
provided CEs for steroid hormone production. In the cur-
rent report, a variety of experiments were used to address
this question. The results from these studies were compat-
ible with the view that Leydig cells from control rats do
not depend on exogenous lipoproteins, but instead tend

to utilize endogenous sources of cholesterol for testoster-
one production. These experiments have shown that con-
trol Leydig cells can bring in some lipids from the outside
if provided with radiolabeled cholesterol oleate or fluores-
cently labeled (BODIPY) HDL-CEs, but the amount of
lipid introduced into the cells is minor. Although Leydig
cells from control animals produce large amounts of tes-
tosterone, they show poor efficiency in the incorporation
of labeled HDL-CEs into testosterone, they show little uptake
of radiolabeled cholesterol oleate, and they show little
HDL-CE uptake by either the endocytic or selective cho-
lesterol uptake pathways. Indeed, such control cells show
no increase in the expression of cholesterol-sensitive
genes such as LDL receptor protein (LDL-R, mRNA or
protein content), or in HMG-CoA reductase mRNA even
after animals were treated for 3 days with 4APP (to reduce
circulating cholesterol levels), strongly suggesting that
Leydig cells do not use HDL or LDL-supplied CE for the
purpose of testosterone production. Indeed, testosterone
production is not altered by this treatment. Also, when
control and hCG cells were directly incubated with
[14C]acetate or [3H]cholesteryl oleate-HDL, control cells
utilized ,10 times more acetate-derived cholesterol and
,5 times less HDL-CO for testosterone production than
did hCG cells. Finally, the two groups of Leydig cells did

Fig. 12.  The expression of LDL-R and HMG-CoA reductase mRNAs in pure Leydig cell preparations from
rats treated with or without hCG for 4 days. LDL-R, HMG-CoA reductase, and GAPDH mRNAs were ampli-
fied using a semi-quantitative RT-PCR protocol as described under Experimental Procedures. The relative
levels of expression in Leydig cells from control (2) and hCG (1)-treated animals are shown.
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not differ in their use of HDL-derived free cholesterol for
testosterone production. Given these data supporting the
idea that control Leydig cells utilize endogenous sources
of cholesterol for testosterone production, it is no surprise
that Leydig cells express only minimal levels of SR-BI and
little or no SR-BII. Control Leydig cells produce large
amounts of hormone, but given the above results 1 high
expression of HMG-CoA reductase mRNA in the cells,
one must conclude that ample levels of cholesterol are
produced endogenously to support testosterone produc-
tion in these animals.

When such rats are treated with hCG for several days, their
Leydig cells undergo changes consistent with hormone-
desensitization. That is, hCG binding and testosterone
production are reduced reaching a low point 24 h after
the initiation of daily hormone treatment, and recovery of
trophic hormone binding and steroid hormone produc-
tion does not fully occur for the 4-day duration of the
study. However, HDL (SR-BI) receptor expression, not
seen in cells of control animals or for some hours after the
initiation of the hCG treatment, is found in cells sampled
at 24 h, and remains prominent for 4 days of hCG treat-
ment. Experiments comparing control cells and 4d-hCG
cells indicate that the hormone-treated cells now efficiently
take up HDL-derived cholesterol esters (cholesteryl oleate)
and efficiently use this cholesterol in testosterone synthesis
(though relatively less testosterone is actually made
throughout the test period), that HDL-provided choles-
teryl esters are taken in by both the selective and endocytic
pathways, that expression of SR-BI and LDL-R protein is
prominent, and that mRNA for HMG-CoA reductase,
LDL-R and SR-BI are all highly expressed. Indeed, in this
scenario, there is a dramatic reversal in the expression of
both endocytic (LDL-R) and selective (SR-BI) receptor-
related uptake of lipoprotein-derived CEs from outside of
cells, but also continued good expression of HMG-CoA re-
ductase, suggesting that cholesterol synthesis inside the
cell continues at a high level. Only SR-BII expression
remains negligible and unchanged during the course of
the 4-day period of hCG treatment, and it is likely that this
variant of SR-BI plays no role in maintaining cholesterol
levels in rat Leydig cells. Thus, it appears that rat Leydig
cells do not utilize circulating (exogenous) lipoprotein
cholesterol for the purposes of testosterone production
under normal circumstances, but they are capable of do-
ing so under emergency situations induced by chronic
trophic hormone administration.

Why control Leydig cells of the rat differ so dramatically
from steroidogenic cells of the ovary (4, 5, 7–10, 13, 41, 42)
or adrenal (6, 11, 12, 15) in obtaining cholesterol for ste-
roid hormone production is not yet clear. One wonders
whether the variable ambient temperature of the testis
makes it an inhospitable environment for the direct (selec-
tive) uptake of a neutral lipid such as cholesteryl ester, and
whether Leydig cells, which rely on a steady supply of cho-
lesterol for testosterone production, may have circum-
vented this problem by synthesizing their own unesterified
cholesterol as needed. Whatever the reason, Leydig cells
from normal mature rats have very few lipid droplets [the

normal storage depot for cholesteryl esters in other ste-
roidogenic tissues (63)], and their lipid droplet number is
reduced even further after in vivo treatment with trophic
hormones such as hCG (24). This situation may explain
why Leydig cells from 4d-hCG animals store newly incorpo-
rated (fluorescent-labeled) HDL-derived CE in membranes
of the cell instead of in lipid droplets [as is the case with hu-
man and rodent granulosa-luteal cells under similar cir-
cumstances of SR-BI up-regulation (41, 42, 51, 64)]. It may
be that adult rat Leydig cells have lost the machinery neces-
sary for efficient lipid droplet formation and storage, and
that a large influx of non-metabolizable CEs, such as the
HDL BODIPY-labeled CE, has no place to go after being in-
corporated into membrane compartments of the cell.

The relationship of the membrane-stored fluorescent
lipids to sites of SR-BI expression in Leydig cells is also of
interest. The immunofluorescent images of Fig. 9B indi-
cate that SR-BI is located in irregular patches near, but not
necessarily on, the exterior surface of these cells. In ultra-
structural studies of similar Leydig cells from the intact
testis, we see that the localization of SRBI is, in fact, associ-
ated with microvilli, and that occasionally one sees a Ley-
dig cell with a profusion of microvilli as in Fig. 10B. More
often, however, one sees Leydig cells with complex infold-
ings of the plasma membrane which form numerous dou-
ble-membraned channels within the cortical cytoplasm of
the cells. As it appears that HDL are trapped within the
channels (61, 62), it is likely that the channels are (or
were at some point) open to the exterior of the cells. The
channel membranes stain prominently with antibodies to
the HDL receptor protein, SR-BI, and we speculate that
these immunolabeled channel membranes represent the
patchy SR-BI immunofluorescence seen near the surface of
the cells in the confocal images of Fig. 9B. Whether the in-
coming CE is also trapped in the plasma membrane lining
of the channels, or has moved into the endomembranes
of the cell, remains to be seen.

Thus, Leydig cells from control rats do not efficiently
utilize exogenous lipoprotein to supply cholesterol for tes-
tosterone production, but attempt to do so when chroni-
cally stimulated by trophic hormone. Under the latter cir-
cumstances, the cells up-regulate HMG-CoA reductase,
increase their de novo synthesis of cholesterol, and dou-
ble the expression of LDL-R which regulates the endocytic
uptake of low density lipoproteins. In addition, the cells
are induced to express SR-BI and they show increased selec-
tive uptake of HDL-derived CEs. The process by which the
latter occurs is similar to that seen in hormone-desensitized
rat ovarian models, in that the increased expression of SR-
BI is localized to a plasma membrane (microvillar) com-
partment of the target cells (38) and, as a result, exoge-
nous lipoprotein-derived CEs are brought into the Leydig
cells (though little steroid hormone is produced) during
the trophic hormone treatment period. However, two as-
pects of selective uptake process show unusual expression
in Leydig cells; first, most of the SRBI-labeled plasma
membranes in Leydig cells appear to be in the form of
convoluted membrane channels embedded within the cy-
toplasm of the Leydig cell rather than in typical surface
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microvilli, and second, despite increased uptake of lipo-
protein-derived CEs, little, if any, of the internalized lipid
is stored in lipid droplets as is typical for steroidogenic
cells of the adrenal and ovary (7, 41, 42, 61). We speculate
that as mature rat Leydig cells do not normally rely on ex-
ogenous cholesterol for steroidogenesis, structural and
metabolic machinery that normally increase the efficiency
of the selective cholesterol uptake process in other ste-
roidogenic cells of the rat may be absent in Leydig cells. 
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