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augmentation of the supply is by importation of lipopro-
tein-bound cholesterol ( 1 ). Low-density lipoproteins enter 
cells by receptor-mediated endocytosis of the LDL com-
plex and the LDL receptor (LDLR) ( 2 ). High-density lipo-
proteins interact with a membrane protein known as 
scavenger receptor-B1 (SCARB1) to effect the selective up-
take of cholesterol esters from the HDL molecule into 
cells and the bidirectional transfer of free cholesterol ( 3 ). 
The relative contribution of LDL and HDL to the steroido-
genic substrate pool varies among species and may vary 
among tissues within a species. One of the most active ste-
roidogenic tissues is the corpus luteum (CL), formed from 
the components of the follicle following ovulation ( 4 ). In 
humans, circulating LDL is believed to be the major source 
of cholesterol for luteal steroid synthesis, but it has been 
shown that luteinized human granulosa cells can derive 
cholesterol esters from selective uptake via the HDL path-
way ( 5 ). The HDL pathway appears to predominate in the 
CL of rodents ( 1 ), and SCARB1 is expressed in theca and 
luteal cells of the rat ovary ( 6 ). SCARB1 expression in pri-
mary cultures of rat granulosa cells is tightly coupled with 
the uptake of cholesterol esters, again suggesting that it is 
the major pathway for importation in this tissue ( 7 ). There 
is a low level of expression of SCARB1 in mouse granulosa 
cells ( 8 ), and recent studies of luteinization in the pig 
demonstrated similar low expression of SCARB1 in the 
granulosa cells of the follicle ( 9 ). The latter study revealed 
extensive upregulation of SCARB1 in the CL following 
ovulation, with a high level of expression persisting 
through the luteal phase. In the macaque, the ovulatory 
stimulus causes a rapid increase in expression of both 
SCARB1 and LDLR, but only LDL can augment steroido-
genesis after 24 h in vitro ( 10 ). 

       Abstract   During luteinization, circulating high-density li-
poproteins supply cholesterol to ovarian cells via the scav-
enger receptor-B1 (SCARB1).   In the mouse, SCARB1 is 
expressed in cytoplasm and periphery of theca, granulosa, 
and cumulus cells of developing follicles and increases dra-
matically during formation of corpora lutea. Blockade of 
ovulation in mice with meloxicam, a prostaglandin syn-
thase-2 inhibitor, resulted in follicles with oocytes entrapped 
in unexpanded cumulus complexes and with granulosa cells 
with luteinized morphology and expressing SCARB1 charac-
teristic of luteinization. Mice bearing null mutation of the 
 Scarb1  gene (SCARB1  � / �  ) had ovaries with small corpora 
lutea, large follicles with hypertrophied theca cells, and fol-
licular cysts with blood-fi lled cavities. Plasma progesterone 
concentrations were decreased 50% in mice with  Scarb1  
gene disruption. When SCARB1  � / �   mice were treated with 
a combination of mevinolin [an inhibitor of 3-hydroxy-3-
methylglutaryl CoA reductase (HMGR)] and chloroquine 
(an inhibitor of lysosomal processing of low-density lipopro-
teins), serum progesterone was further reduced. HMGR 
protein expression increased in SCARB1  � / �   mice, indepen-
dent of treatment. It was concluded that theca, granulosa, 
and cumulus cells express SCARB1 during follicle develop-
ment, but maximum expression depends on luteinization. 
Knockout of SCARB1  � / �   leads to ovarian pathology and 
suboptimal luteal steroidogenesis.   Therefore, SCARB1 
expression is essential for maintaining normal ovarian cho-
lesterol homeostasis and luteal steroid synthesis.  —Jiménez, 
L. M., M. Binelli, K. Bertolin, R. M. Pelletier, and B. D. 
Murphy.  Scavenger receptor B1 and luteal function in mice. 
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 The cholesterol substrate required for most tissues to 
accomplish steroidogenesis exceeds the capacity for de 
novo synthesis of this sterol, and the principal means of 
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 RNA and protein analysis 
 Total RNA was isolated from microdissected tissues as per 

manufacturer’s instructions. For each sample, concentration of 
isolated total RNA was estimated from the absorbance mea-
sured at 260 nm using a NanoDrop apparatus (NanoDrop Tech-
nologies, Wilmington, DE), and the volume of extract containing 
100 ng RNA was submitted to DNase treatment and reverse 
transcription. The resulting cDNA was used in subsequent 
qPCR reactions using a 7300 real-time PCR system (Applied 
Biosystems, Foster City, CA) conducted in triplicate, and each 
reaction contained 10 µl Power SYBR® Green PCR Master Mix 
(Applied Biosciences, Warrington, UK), 2 µl of a sense-anti-
sense primer mix, 2 µl autoclaved ddH 2 O, and 6 µl cDNA sam-
ple for a fi nal volume of 20 µl. Common thermal cycling settings 
were used to amplify each transcript (2 min at 50°C, 10 min at 
95°C, then 40 cycles of 15 s at 95°C and 60 s at 60°C). Melting-
curve analyses were performed to verify product identity, add-
ing a dissociation step to the PCR run (15 s at 95°C, 60 min at 
60°C, 15 s at 95°C, and 15 s at 60°C). The sense and anti-sense 
sequences of primers for SCARB1 were 5 ′ -TCTGGCGCTTTTTC-
TATCGT-3 ′  and 5 ′ -ACGGCCCATACCTCTAGCTT-3 ′  ( 16 ), each 
used in a fi nal concentration of 300 nM. The ribosomal pro-
tein L19 (RPL19) was used for the normalization of SCARB1 
abundance. The RPL19 primer sequences for sense and anti-
sense primers were 5 ′ - CTGAAGGTCAAA GGGAATGTG-3 ′ and 
5 ′ -GGACAGAGTCTTGATGATCTC-3 ′  ( 17 ), each used in a fi nal 
concentration of 300 nM. To test the effi ciency of amplifi cation 
of primers of each gene, a cDNA pool was made using equal 
volumes of cDNA solution from each sample. The cDNA pool 
was serially diluted in autoclaved ddH 2 O from 1:7.5 to 1:240, 
and samples were analyzed using the qPCR procedure described 
above. Effi ciency of amplifi cation of each sample was estimated 
using the LinReg software ( 18 ), and the effi ciency of amplifi ca-
tion of the curve was obtained from the serially diluted cDNA 
calculated from the slope of the curve (http://effi ciency.gene-
quantifi cation.info/). Calculated effi ciencies ranged between 
90 and 110% and were therefore considered adequate. Next, 
cDNA from each sample was diluted 1:10 in autoclaved ddH 2 O 
and analyzed by qPCR for RPL19 and SCARB1. Relative abun-
dance of SCARB1 transcripts was calculated by the  �  � Ct method 
corrected by the effi ciency of amplifi cation, as described by 
Pfaffl  ( 19 ). The relative abundance of SCARB1 was analyzed by 
ANOVA using the procedure GLM from the software SAS ( 20 ). 
The independent variable was stage of the estrous cycle. 

 Ovarian structures of the remaining ovary were obtained for to-
tal protein extraction by collection of microdissected fragments in 
Laemmli buffer. Samples were boiled, centrifuged, and an equal 
volume (10  � l) of the supernatant of each sample submitted to 
SDS-PAGE. Proteins were subsequently blotted to a PVDF mem-
brane. The membrane was blocked using 0.5% nonfat milk in tris-
buffered saline containing 0.1% triton-X (TBST) for 1 h at room 
temperature, incubated with rabbit polyclonal anti-mouse SCARB1 
(Novus Biologicals, Littleton, CO), diluted 1:5,000 in blocking so-
lution overnight at 4°C, and fi nally incubated in HRP-conjugated 
goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) 
diluted 1:100,000 in TBST for 1 h at room temperature. Proteins 
were visualized by chemiluminescence (Immobilon Western, Mil-
lipore Corporation, Billerica, MA). Subsequently, membranes 
were washed in TBST, blocked as above, and incubated with HRP-
conjugated anti-mouse- � -actin (Santa Cruz Biotechnology, Santa 
Cruz, CA), diluted 1:50,000 in blocking solution for 20 min at 
room temperature. The optical density of bands detected at the 
expected molecular weight for SCARB1 and  � -actin were quanti-
fi ed by the Image Processing and Analysis in Java (ImageJ) soft-

 The inactivating mutation of SCARB1 in the mouse re-
sults in infertility, in the presence of a normal rate of ovu-
lation ( 11 ) and a reportedly normal capacity to produce 
progestational steroids ( 12 ). The observation that nonvia-
ble oocytes are produced has led to the implication that 
the ovulatory process itself is disrupted in some way ( 11, 
12 ). Although mechanisms remain unclear, it is intriguing 
that targeted overexpression of SCARB1 in the liver res-
cues fertility of SCARB1 null mice to nearly the levels 
found in wild-type mice ( 13 ). In addition, fertility was res-
cued by treatment with Probucol, a drug that lowers circu-
lating cholesterol independent of SCARB1 ( 14 ). Further, 
if as noted above, the major supply of cholesterol for ste-
roidogenesis in the CL is HDL imported via SCARB1 in 
mice, the means by which the ovary in the SCARB1 knock-
out mouse produces a functional CL remains unresolved. 

 Given the importance of SCARB1 to steroidogenesis 
and ovarian function, we explored the expression of 
SCARB1 in the ovary through the estrous cycle in adult 
mice and following blockade of ovulation in gonadotro-
pin-stimulated immature mice. Further, to determine pos-
sible associations of form and function in the absence of a 
functional HDL importation system, we examined the 
morphology of ovarian structures and responses to phar-
macological perturbations of the cholesterol metabolism 
in mice bearing inactivating mutation of SCARB1. 

 MATERIALS AND METHODS 

 Animals and tissue collection procedures 
 All animal experiments were approved by the Université de 

Montréal Animal Care Committee and conducted according to 
guidelines of the Canadian Council of Animal Care. 

 Our initial interest was to determine patterns of expression of 
SCARB1 in the ovary during fi nal stages of follicular develop-
ment and luteinization. Stages of the estrous cycle were deter-
mined in mature wild-type (WT) mice of mixed C56/B6 and 
Balb/c lineage by examination of exfoliative cytology of the va-
gina. Gene and protein expressions of SCARB1 were quantifi ed 
in granulosa cells, and luteal tissues were obtained by laser micro-
dissection as described in Duggavathi et al. ( 15 ). Briefl y, ovaries 
(n = 3 mice in each of proestrus, estrus, and diestrus stages) were 
embedded in OCT compound (Tissue-Tek, Sakura Finetek USA, 
Inc., Torrance, CA), snap frozen in liquid nitrogen, and stored at 
 � 80°C. Frozen whole ovaries were cut using a Leica CM3050 Cryo-
stat in 25  � M thick slices at  � 16°C and adhered to a polyethylene 
naphthalate-coated glass slide (Leica MicroDissect GmbH, Her-
born, Germany). Tissues on slides were subsequently washed in 
PBS to remove OCT, stained in toluidine blue, dehydrated by 
washing in ethanol at increasing concentrations (70–100%), and 
incubated for 1 h at 37°C. The granulosa cell compartment was 
laser-microdissected from follicles present in ovaries collected 
from animals in proestrus and estrus stages of the estrous cycle, 
while the whole CL were microdissected from ovaries collected 
during diestrus. Laser-microdissection was performed using 
Leica AS LMD System at 20× magnifi cation. From each animal, 
ovarian structures of one ovary were obtained for total RNA ex-
traction by collection of microdissected fragments in RLT buffer 
(Qiagen RNeasy Micro Kit, Qiagen, Valencia, CA). Similar struc-
tures in the second ovary were collected for protein analysis fol-
lowing microdissection. 
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 Experiment 2.   Given the central role of SCARB1 in ovarian 
steroidogenesis, a SCARB1  � / �   mouse model provided by 
Dr. M. Krieger ( 11 ) was used to examine the effects of SCARB1 
absence on ovarian morphology. Development and ovulation of 
follicles in adult, wild-type (WT), and SCARB1  � / �   mice were 
stimulated with eCG and hCG injections 48 h apart. Cholesterol 
supply was further perturbed by pharmaceutical intervention 
with de novo synthesis and delivery of cholesterol from LDL. At 4 
h prior to hCG injection, animals were divided to receive vehicle 
or a combination of 20 µg/g BW mevinolin (Mev), an inhibitor 
of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR; Sigma, 
Fair Lawn, NJ) and 100 µg/g BW of chloroquine (Chloro; Sci-
ence Lab, Inc., Kingwood, TX), a weak base that interferes with 
cholesterol effl ux from lysosomes, thereby inhibiting intracellu-
lar delivery of cholesterol from LDL ( 22, 23 ). The experiment 
took the form of a 2 × 2 factorial (n = 3 per group). Ovaries and 
blood were collected 18 h after the hCG injection, the former 
fi xed in Bouin’s solution for 24 h and embedded in paraffi n as 
described earlier. Morphology of ovarian structures was observed 
by light microscopy both in HE- and PAS-stained tissue sections. 
To verify whether inhibiting cholesterol sources affected ovarian 
tissue- and cell-specifi c localization of SCARB1 in WT mice, 
SCARB1 was identifi ed by immunohistochemistry, as described 
for experiment 1. Because manipulating cholesterol sources was 
expected to alter expression of cholesterol synthesizing enzymes, 
ovarian abundance and distribution of HMGR was analyzed in all 
animals by immunohistochemistry. The procedure was similar to 
that described above for detection of SCARB1, except that a goat 
anti-human polyclonal antibody (Santa Cruz Biotechnology), di-
luted 1:50 in PBS containing 5% BSA, and a CY3-conjugated don-
key anti-goat IgG antibody (Jackson Immunoresearch Lab, Inc.), 
diluted 1:400 in PBS, were employed. 

 Hormone assay 
 Progesterone concentrations in serum were evaluated in a 

single radioimmunoassay according to a protocol described 
previously ( 15 ). The intra-assay coeffi cient of variation was cal-

ware. The ratio of SCARB1 and  � -actin densities was obtained for 
each sample and analyzed by ANOVA as described above. 

 Immunohistochemistry 
 To determine the distribution of SCARB1, ovaries were col-

lected following euthanasia from three animals at each stage, dis-
sected free from surrounding tissues under a stereoscope, fi xed 
in paraformaldehyde, and embedded in paraffi n using standard 
procedures. Ovarian tissue- and cell-specifi c localization of 
SCARB1 was verifi ed by fl uorescence immunohistochemistry. 
Briefl y, paraffi n sections of ovaries were rehydrated, boiled in 10 
mM sodium citrate (pH 6.0) for 20 min, and cooled to room 
temperature (RT). Subsequently, sections were blocked in PBS 
containing 5% BSA for 30 min at RT, incubated with rabbit poly-
clonal anti-mouse SCARB1 (Novus Biologicals) or HMGR (Santa 
Cruz Biotechnology) diluted 1:50 in PBS containing 5% BSA 
overnight at 4°C. As a negative control, some sections were incu-
bated with BSA in the place of SCARB antibody. Sections were 
washed, incubated with Cy3-conjugated goat anti-rabbit IgG 
(Jackson Immunoresearch Lab., Inc.), diluted 1:400 in PBS for 1 
h at RT. Slides were then washed, and sections were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma, St. 
Louis, MO), diluted 1:1000 in PBS, for 5 min. Slides were 
mounted in Permafl uor (Lab Vision Corp., Fremont, CA). Ovar-
ian distribution of SCARB1 was observed by confocal microscopy 
using the Olympus Fluoview 1000 system and Fluoview version 
1.7 software. Laser sources of 543 nM and 405 nM were employed 
for detection of CY3 and DAPI signals, respectively. For a given 
fl uorochrome (i.e., CY3 or DAPI), photomultiplier voltage, laser 
power, pinhole aperture, time of acquisition, and image reso-
lution were maintained constant for all confocal images. The 
Kalman fi lter mode was used for all image acquisition. For high 
magnifi cation images (600×) of follicles, “stacks” of fi ve subse-
quent images, 1.42 mm thick each, were obtained. Then, for 
each particular cell type (i.e., theca, mural granulosa, or cumu-
lus), the image within the stack showing the strongest signal was 
selected for analysis. 

 Experimental procedures 
 Experiment 1.   To determine whether the elevated expres-

sion of SCARB1 that accompanies luteinization depends on ovu-
lation, immature WT female mice received IP injections of equine 
chorionic gonadotropin (eCG; 5 IU) to induce follicular devel-
opment, followed by human chorionic gonadotropin (hCG; 5 
IU) 48 h later to induce ovulation. At 4 h prior to the hCG injec-
tion, animals received 0 or 6 mg/g body weight (BW)   meloxicam 
[MEL; prostaglandin synthase-2, (PTGS2) activity inhibitor; 
Sigma, St. Louis, MO] to block ovulation ( 21 ). Ovaries and ovi-
ducts were collected 18, 24, or 36 h after the hCG injection (n = 
3 animals/time point) and separated by dissection. Oviducts and 
the right ovary of each mouse were embedded in paraffi n. Mor-
phology of ovarian structures and presence of ovulated oocytes in 
oviducts were observed by light microscopy in hematoxlyn/eosin 
(HE)- or periodic acid-Schiff (PAS)-stained tissue sections. Ovar-
ian tissue- and cell-specifi c localization of SCARB1 was verifi ed by 
fl uorescence immunohistochemistry and confocal microscopy. 
The left ovary of each mouse was snap frozen in liquid nitrogen 
and stored at  � 80°C until RNA extraction and real-time PCR 
(qPCR) was carried out, except that for each sample, the volume 
of extract containing 1 µg RNA was submitted to DNase treat-
ment and reverse transcription. The relative abundance of 
SCARB1 was analyzed by ANOVA using the GLM procedure from 
SAS software ( 20 ). Independent variables were treatment (pla-
cebo or MEL), time after hCG injection (18, 24, or 36 h), and the 
treatment by time interaction. 

  Fig.   1.  Protein expression of SCARB1 in the ovarian theca (A), 
granulosa (B), cumulus oophorus (C), and luteal cells (D) of ma-
ture mice undergoing normal estrous cycles. A–D: Confocal mi-
croscopy images of fl uorescent immunohistochemistry staining of 
SCARB1. E–H: Confocal microscopy images of DAPI staining of 
nuclei. I–L: Merged image of SCARB1 and DAPI. Bars: 10 µm. 
Images are representative of the ovaries of three or more ani-
mals. DAPI, 4’,6-diamidino-2-phenylindole; SCARB1, scavenger 
receptor-BI.   
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 RESULTS 

 Distribution of SCARB1 through the mouse estrous cycle 
 Immunohistochemical analysis revealed punctate ex-

pression SCARB1 in theca, mural granulosa, cumulus, and 

culated between duplicates ranging from 1% to 9%. Concentra-
tions of progesterone were analyzed by ANOVA using the 
procedure GLM from SAS software ( 20 ). Independent variables 
were genotype (WT or SCARB1  � / �  ), treatment (control or 
Chloro/Mev combination), and the genotype by treatment 
interaction. 

  Fig.   2.  Relative abundance of SCARB1 mRNA (A) (means ± SEM) and protein (B, C) in ovarian cells col-
lected by laser microdissection from ovaries collected at different stages of the estrous cycle from WT mice, 
as determined by qPCR and immunoblotting. SCARB1, scavenger receptor-BI; WT, wild type.   



2366 Journal of Lipid Research Volume 51, 2010

a few corpora lutea at 24 h; and oocytes entrapped in fol-
licles with reduced or absent antra at 36 h ( Fig. 3E–H ). In 
the MEL-treated mice, the granulosa layer at 36 h after 
hCG appeared 2-fold thicker or more than in preovulatory 
follicles ( Fig. 3H ). 

 Ovarian abundance of SCARB1 mRNA increased over 
time after hCG injection and was at a maximum at 36 h 
(effect of time;  P  < 0.01) (  Fig. 4  ). Increases occurred re-
gardless of MEL treatment (no treatment by time interac-
tion), indicating that blocking ovulation did not interfere 
with whole ovary SCARB1 expression. SCARB1 protein im-
munolocalization indicated that MEL treatment induced a 

luteal cells (  Fig. 1  ). In all cell types, expression was ob-
served throughout the cytoplasm and plasma membrane 
but appeared absent from the nucleus. Staining was more 
intense in the cytoplasm of luteal cells, and given the larger 
volume of cytoplasm with respect to follicular cells, it was 
clear that SCARB1 protein expression per cell is greater in 
the cells of the CL. Overall, SCARB1 expression appeared 
to be similar as follicles developed from proestrus to es-
trus, and expression increased drastically following lute-
inization ( Fig. 1 ). This trend was confi rmed in laser 
microdissected ovarian tissue collected at specifi c stages of 
the estrous cycle. Indeed, SCARB1 mRNA relative abun-
dance increased 6-fold ( P  < 0.05) as animals progressed 
from proestrus-estrus to diestrus (  Fig. 2   A ). Furthermore, 
the SCARB1 protein abundance, as estimated by West-
ern blotting, followed a similar pattern of increase ( Fig. 
2 B, C). 

 Ovulatory patterns 
 To further establish the expression patterns of SCARB1 

and determine the role of ovulation in the increase of the 
SCARB1 gene expression and immunoreactivity, we 
treated mice with MEL, the inhibitor of PTGS2 activity, or 
with vehicle. Histological analysis of the ovaries (  Fig. 3  )
and oviducts (data not shown) revealed that ovulation had 
occurred in all but a few large follicles in the vehicle-
treated animals by 18 h after hCG treatment. The expected 
CL formation was evident in control animals at 24 and 36 
h ( Fig. 3A–D ). In contrast, the ovaries of mice treated with 
MEL displayed oocytes surrounded by compact layers of 
cumulus cells in follicles and no corpora lutea at 18 h after 
hCG treatment; antral follicles with entrapped oocytes and 

  Fig.   3.  Bright fi eld microscopy images of hematoxylin-eosin stained sections of ovaries from immature mice stimulated with equine cho-
rionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) and collected 18 h (A, E), 24 h (B, F) or 36 h after hCG (C, G). 
Mice received 0 (A–D) or 6 mg/g body weight   meloxicam, a prostaglandin synthase-2 activity inhibitor (E–H). D: An enlargement of a CL 
at 36 h after hCG. H: Intact follicle with luteinized granulosa cells and entrapped oocyte at 36 h after hCG in a meloxicam-treated mouse. 
F insert: An oocyte with expanded cumulus oophorus. Bars: 150 µm. C, cumulus oophorus; CL, corpus luteum; G, granulosa cells, O, oocyte 
T, theca.   

  Fig.   4.  Relative abundance of SCARB1 mRNA (means ± SEM) as 
determined by qPCR in whole ovaries collected 18, 24, or 36 h after 
hCG of immature mice stimulated with eCG and hCG. Mice re-
ceived 0 (Control; open bars) or 6 µg/g BW meloxicam, a cy-
clooxygenase-2 activity inhibitor (Meloxicam; solid bars). eCG, 
equine chorionic gonadotropin; hCG, human chorionic gonado-
tropin; SCARB1, scavenger receptor-B1.   
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gesterone 42% ( P  < 0.02). Reduction was 43% in WT mice 
and 30% in SCARB1  � / �   ( Fig. 6 ). No effect of the com-
bined treatment on luteal morphology was evident in ova-
ries harvested from either the WT or SCARB1  � / �   mice 
(  Fig. 8  ). To further explore the means by which SCARB1  � / �   
mice compensate for the defi ciency in HDL uptake, we 
examined the abundance of signal for HMGR, a rate-
limiting enzyme in the cholesterol pathway, in the luteal 
structure in WT and SCARB1  � / �   mice by fl uorescent im-
munohistochemistry and confocal microscopy. The inten-
sity of fl uorescence indicates that HDL defi ciency in 
SCARB1  � / �   mice results in increased expression of this 
enzyme (  Fig. 9  ). Blockade of HMGR activity and concur-
rent interference with LDL metabolism had no apparent 
effect on the abundance of the HMGR cellular protein in 
the WT mice. In contrast, the expression of the choles-
terol synthetic enzyme appeared more intense in the Mev/
Chloro-treated SCARB1  � / �   mice. This fi nding further sup-
ports the view that increased HMGR expression is a major 
mechanism by which SCARB1  � / �   mice obtain the choles-
terol required for luteal steroid synthesis. 

 DISCUSSION 

 The pattern of expression of SCARB1 in the mouse fol-
licle differs from the pig ( 9 ), the other species where it has 
been examined in detail, in that there is substantial signal 
present in the granulosa cells throughout the estrous 

redistribution of the SCARB1 signal among ovarian struc-
tures. In the ovaries of vehicle-treated mice, the signal for 
SCARB1 was found in the cytoplasm of granulosa cells at 
18 h after the ovulatory stimulus and appeared not to vary 
at 24 h or 36 h (data not shown). The granulosa cells main-
tained expression levels not different from proestrus ( Figs. 
1 and 2) . In contrast, immunoreactivity in luteal cells 
(present in corpora lutea, defi ned by the absence of an 
oocyte, vascularization of the former granulosa cell layer, 
and increased nuclear/cytoplasmic ratio relative to granu-
losa cells) appeared to increase across time   Fig. 5A –C ). In 
ovaries from animals in which ovulation was blocked with 
MEL, the onset of increased expression of SCARB1 in 
nonovulated follicles, as visualized by confocal microscopy, 
occurred at 18 h ( Fig. 5D–F ). By 36 h, the cells in the thick-
ened mural granulosa layer displayed an increase in cell 
volume and the presence of foamy cytoplasm characteris-
tic of luteal cells. The SCARB1 expression was consistent 
with luteinization, in spite of the absence of ovulation and 
entrapment of the oocyte. In the few follicles that ovulated 
in MEL-treated mice, the signal was similar to that seen in 
granulosa cells of the vehicle-treated controls at 24 h ( Fig. 
5G ). At 36 h, the luteal phenotype was emerging in these 
few follicles, but it appeared to be delayed relative to the 
control CL, in that there was an apparently lower expres-
sion of SCARB1 ( Fig. 5H ). 

 Effects of reduction of cholesterol supply 
 Previous reports suggest that there is no luteal defect in 

mice bearing null mutation of the SCARB1 gene. In con-
trast, we found that circulating progesterone levels in se-
rum samples of superstimulated, ovulated mice were lower 
in SCARB1 knockout mice by approximately 50% com-
pared with the WT ( P  < 0.01) during the luteal phase (  Fig. 
6  ). It was therefore of interest to determine whether there 
are morphological correlates in ovaries of SCARB1  � / �   
mice related to reduced progesterone output. 

 The ovaries in the SCARB1  � / �   mice examined consis-
tently displayed abnormal structures not found in WT ova-
ries. The fi rst was a blood-fi lled follicular cyst (  Fig. 7A  ). This 
structure was present in various degrees of enlargement 
throughout the SCARB1  � / �   ovaries. At 18 h after hCG 
injection and approximately 6 h after expected ovulation, 
ovaries from SCARB1  � / �   mice contained some structurally 
normal corpora lutea and smaller luteinized structures. 
( Fig. 7B ). A common fi nding was the presence of follicle-
like structures that appeared to have two layers, with the 
outer comprising hypertrophied, luteal-like cells and the 
interior resembling the granulosa cell compartment of a 
normal follicle ( Fig. 7C ). To further defi ne this structure, 
ovarian sections were stained with PAS to reveal polysaccha-
rides. This analysis revealed an intact basement membrane 
( Fig. 7D ) between the outer and inner compartments, lead-
ing to the conclusion that this structure is an intact follicle 
with a hypertrophied theca compartment. 

 We then attempted to further reduce the cholesterol 
pool in SCARB1  � / �   and WT mice by blocking de novo syn-
thesis with Mev and interdicting LDL processing with 
Chloro. Overall, this treatment reduced circulating pro-

  Fig.   5.  Protein expression of SCARB1 in representative corpora 
lutea (A–C, G, H) and in follicles (D–F) of immature mice stimu-
lated with eCG and hCG and collected 18 h (A, D), 24 h(B, E, G) 
or 36 h after hCG (C, F, H). Mice received 0 (A–C) or 6 µg/g BW 
meloxicam, a prostaglandin synthase-2 activity inhibitor (D–H). 
Merged confocal microscopy images of fl uorescent immunohisto-
chemistry staining of SCARB1 and DAPI staining of nuclei.   Panel C 
insert: An example of negative control (fi rst antibody replaced by 
BSA). Bars: 50 µm. eCG, equine chorionic gonadotropin; hCG, hu-
man chorionic gonadotropin; SCARB1, scavenger receptor-B1.   
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 We further observed strong SCARB1 expression in the 
cumulus oophorus of the follicle, consistent with the view 
that the cumulus serves as an important source of choles-
terol for the maturing oocyte ( 25 ). The distribution of the 
protein suggests SCARB1 may play an important role in 
uptake of HDL from the follicular fl uid and consequent 
effl ux to the oocyte. The SCARB1  � / �   mouse, while capa-
ble of ovulation, is infertile due to so far unexplained oo-
cyte defects that prevent fertilization ( 12 ). This infertility 
is reversed by transplant of the ovaries to the WT females 
( 12 ) or by induction of hepatic SCARB1 expression in the 

cycle. The protein was found in the cytoplasm and at the 
periphery of both granulosa and luteal cells in the mouse. 
Strong cytoplasmic expression in granulosa cells is in con-
trast to the pig fi ndings, where there was a low level of 
punctate expression in the cytoplasm and a primarily pe-
ripheral localization of the protein ( 9 ). This difference 
may refl ect, in part, differences in the method of detec-
tion, because in another study, conventional microscopy 
demonstrated SCARB1 to be localized on the apical mem-
brane of the enterocyte, while confocal microscopy re-
vealed both cytoplasmic and membrane distribution ( 24 ). 

  Fig.   6.  Plasma progesterone concentrations (LS means ± SEM) from WT or SCARB1  � / �   mature mice stimulated with eCG and hCG and 
collected 18 h after hCG. Mice received placebo injections (Control) or a combination of 20 mg/g BW mevinolin (Mev; an HMGR inhibi-
tor) and 100 mg/g BW chloroquine (Chloro; an inhibitor of lysosomal processing of LDL). hCG, human chorionic gonadotropin; HMGR, 
3-hydroxy-3-methylglutaryl CoA reductase; eCG, equine chorionic gonadotropin; hCG, human chorionic gonadotropin; SCARB1, scaven-
ger receptor-B1; WT, wild type.   

  Fig.   7.  Bright fi eld microscopy images of atypical 
structures in hematoxylin-eosin-stained (A–C) or pe-
riodic acid-Schiff (PAS)-stained (D) sections of ova-
ries from SCARB1  � / �   mature mice stimulated with 
eCG and hCG and collected 18 h after hCG. A: Folli-
cular cyst-like structure; bar: 200 µm. B: Small 
luteinized structure; bar: 100 mm. C: Partially 
luteinized follicle; bar: 50 µm. D: Partially luteinized 
follicle showing intact basal lamina (arrow); bar: 50 
µm. CL, corpus luteum; eCG, equine chorionic go-
nadotropin; G, granulosa cells; hCG, human chori-
onic gonadotropin; SCARB1, scavenger receptor-B1; 
T, theca.   
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progesterone is required for ovulation ( 28 ), and it is pos-
sible that the absence of SCARB1compromises granu-
losa cell steroidogenesis that ensues after the ovulatory 
stimulus. 

 A further structure, represented by an intact granulosa 
compartment surrounded by a hypertrophied theca, was 
common in the ovaries of the SCARB1  � / �   mouse. The ba-
sis for this anomaly is unclear, but follicles with similar 
morphology can be found in a mouse model engineered 
to overexpress the luteinizing hormone- �  subunit and 
thus are hyperandrogenic ( 29 ). Given the important 
role of SCARB1 in thecal androgen production ( 30 ), the 
alternative—that these cells produce only low levels of 
androgens—is possible. 

 We examined the effects of reducing the availability of 
cholesterol by concurrent interdiction of de novo synthesis 
and interference with lyosomal processing of LDL. This 
combined treatment had no apparent effect on the mor-
phology of the ovaries, and reduced, but did not eliminate, 
circulating progesterone in both WT and SCARB1  � / �   mice. 
The increased expression of HMGR in the SCARB1  � / �   ovary 
was interpreted to be an intracellular feedback response to 
the reduction in intracellular cholesterol in the transgenic 
ovaries ( 31 ). The mouse bearing spontaneous mutation in 
the Niemann-Pick C1 gene is unable to process LDL choles-
terol but displays circulating progesterone concentrations 
that do not differ from WT mice ( 32 ). The dysfunction of 
the LDL pathway is compensated, presumably by de novo 
synthesis of cholesterol and its importation via SCARB1. As 
all three sources were believed to have been compromised 
in the present study, it must be concluded that cholesterol 
stored in the CL in the form of cholestryl esters was the 
source of the substrate for progesterone synthesis. 

 The feedback system for cholesterol homeostasis is reg-
ulated by the abundance of the transcriptionally active 
form of sterol-regulatory element binding protein (SREBP) 
( 31 ). An important transcriptional target of SREBP is the 

liver alone ( 13 ). These fi ndings are consistent with the 
conclusion that dyslipidemia and inappropriate transfer 
of HDL cholesterol between the cumulus cells and the oo-
cyte impair normal oocyte development, thereby render-
ing the ovulated ovum not fertilizable. 

 To explore the role of ovulation and luteinization in 
SCARB1 expression, we employed a pharmacological 
blockade of PTGS2, an enzyme well known to be necessary 
for the ovulatory process ( 26 ). The qPCR results indicate 
that the process of SCARB1 expression in the ovary occurs 
in the absence of ovulation and on a similar time scale. 
Moreover, dynamics of SCARB1 expression in relation to 
hCG injection were similar between treatments. This is in-
triguing because CLs are the ovarian structures with great-
est SCARB1 expression, and they were present in a lower 
number in MEL-treated mice in all time points studied. 
Fluorescent immunohistochemistry analysis permitted us 
to observe a redistribution of the SCARB1 signal caused by 
MEL treatment. Specifi cally, the SCARB1 signal became 
more intense in nonovulated follicles in the MEL group, 
while the morphological observations indicated that the 
granulosa cells therein luteinized. The rare follicles that 
ovulated following MEL treatment appeared delayed in 
expression of SCARB1, suggesting that, in a few cases, the 
treatment retarded ovulation. 

 Western analysis confi rmed the absence of the SCARB1 
protein in the SCARB1  � / �   mouse. In contrast to previous 
reports that indicate no differences in ovarian morphol-
ogy between null and WT mice and no reduction in circu-
lating progesterone ( 11 ), our fi ndings suggest signifi cant 
pathology in the SCARB1  � / �   mouse ovary. Some corpora 
lutea were smaller in diameter than those in WT animals. 
There were large cystic, hemorrhagic follicles that resem-
bled structures in mice with null mutation of the estrogen 
receptor- �  gene  (Esr1)  ( 27 ), suggesting that estrogen defi -
ciency may play a role in the phenotype. The defect may 
be earlier in the steroidogenic pathway. It is known that 

  Fig.   8.  Bright fi eld microscopy images of hematoxy-
lin-eosin-stained sections of ovaries from WT (A, C) or 
SCARB1  � / �   mature mice stimulated with eCG and 
hCG and collected 18 h after hCG. Mice received pla-
cebo injections (A, B) or a combination of 20 µg/g 
BW mevinolin (Mev; an HMGR inhibitor) and 100 
µg/g BW chloroquine (Chloro; an inhibitor of lyso-
somal processing of LDL) (C, D). Bars: 200 µm. CL, 
corpus luteum; eCG, equine chorionic gonadotropin; 
F, follicle; hCG, human chorionic gonadotropin; 
HMGR, 3-hydroxy-3-methylglutaryl CoA reductase; 
SCARB1, scavenger receptor-B1; WT, wild type.   
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