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The thyroid-stimulating hormone receptor (TSHR), activated
by either TSH or the newly discovered glycoprotein hormone
thyrostimulin, plays a central role in the control of bodymetab-
olism. Interestingly, in addition to its thyroid expression, we
discovered that the mRNA level of TSHR is periodically regu-
lated in rat ovary by gonadotropins. Ovarian microdissection
followed by real-time PCR analysis indicated that granulosa
cells show the highest level of TSHR expression. Cultures of
follicles and primary granulosa cells demonstrated that the level
of TSHR is up-regulated and decreased by the gonadotropin-
driven cAMP cascade and estradiol production, respectively.
Furthermore, in contrast to the negligible expression of TSH in
the ovary, we also found by real-time PCR and immunohisto-
chemical analysis that thyrostimulin is expressed mainly in
oocytes. Evolving before the appearance of gonadotropins, thy-
rostimulin is considered the most ancestral glycoprotein hor-
mone. Therefore, the presence of thyrostimulin in the ovary
suggests that it may have a primitive function in reproduction
when it activates ovarian TSHR. Next, we generated recombi-
nant thyrostimulin protein and characterized its non-covalent
heterodimeric nature. Using purified recombinant thyrostimu-
lin, we show that the human ovarian cell line NIH:OVCAR-3
also expresses endogenous and functional TSHR. Using cul-
tured rat granulosa cells isolated from different ovarian stages,
we found that treatments with thyrostimulin significantly
increase cAMP production and the c-fos gene response in the
presence of gonadotropins. Thus, this study demonstrates that
oocyte-derived thyrostimulin and granulosa cell-expressed
TSHR compose a novel paracrine system in the ovary, where the
activity is tightly controlled by gonadotropins.

Together with the follicle-stimulating hormone receptor
(FSHR)2 and luteinizing hormone receptor (LHR), the thyroid-

stimulating hormone receptor (TSHR) belongs to a subfamily
of G protein-coupled receptors that can be activated by het-
erodimeric glycoprotein hormones (1, 2). However, in contrast
to FSHR and LHR, which are expressed in gonads and involved
in the animal reproductive cycle (3), TSHR is expressed mainly
in thyroid follicular cells and is involved in regulating the body
metabolic rate (4, 5). UponTSH (also named thyrotropin) bind-
ing, activated TSHR facilitates the synthesis as well as the
release of thyroid hormones through the cAMP cascade; this
increases the expression of thyroglobulin, thyroid peroxidase,
and the sodium/iodine symporter (5, 6). Interestingly, in addi-
tion to TSH, the newly discovered glycoprotein hormone thy-
rostimulin, which is composed of glycoprotein �2 (GPA2) and
glycoprotein �5 (GPB5) subunits, has been demonstrated to be
amore potent ligand of TSHR thanTSH itself (7). In contrast to
TSH, thyrostimulin exhibits a different and wider distribution
acrossmany tissues, where it is suggested to act as a local but yet
uncharacterized regulator (8, 9).
In addition to its expression in thyroid tissues, the presence

of TSHR in many other mammalian tissues has also been doc-
umented. For example, high affinity TSH-binding sites and the
existence of the TSHR transcript have been demonstrated in
lymphocytes, brown adipose tissues, and erythrocytes, imply-
ing that TSHR has non-metabolic roles in immunoregulation
(10), thermogenesis (11, 12), and local circulatory control (13),
respectively. TSHR expression has also been found in follicu-
lostellate cells in human anterior pituitary, where TSHR signal-
ing seems to be regulated in a paracrinemanner by thyrotroph-
derived TSH (14). In addition, TSHR expression can also be
detected in a number of non-thyroidal cells such as retro-ocular
fibroblasts (15), osteocytes (16), hepatocytes (17), and neuronal
cells and astrocytes (18), where the potential physiopathologi-
cal roles of TSHR still await elucidation.
TSHR is phylogenetically close to FSHR and LHR, which are

crucial to the control of animal reproduction. Therefore, one
may speculate that TSHR may also play a role in regulating
reproductive processes. It is interesting in this context that
transcripts encoding TSHR have been found to be abundant in
gonads of various teleosts (19–22). Recently, the ovarian
expression of TSHR has also been demonstrated in mammals.
Immunohistochemical staining and a cAMPassay indicated the
existence of functional TSHR inmature human granulosa cells,
suggesting that TSHRmay participate in the regulation of ovar-
ian function (23). The ovarian localization of TSHR protein has
also been confirmed in the mature bovine corpus luteum,
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where it has been postulated to be involved in the synthesis of
thyroid hormones or the modulation of progesterone synthesis
locally (24). Nevertheless, how TSHR expression is controlled
and the exact roles of TSHR in mammalian ovary remain
unclear. Therefore, in this study, we characterized the regula-
tory pattern of TSHR during the ovarian cycle and demon-
strated the existence of a potential ligand pair, thyrostimulin,
but not TSH, in the ovary. We further generated recombinant
thyrostimulin and used the protein to evaluate the paracrine
action of oocyte-derived thyrostimulin on TSHR-containing
granulosa cells.

EXPERIMENTAL PROCEDURES

Animals—Sprague-Dawley rats were obtained from the Lab-
oratory Animal Center of the National Yang-Ming University.
For time course analyses of the TSHR mRNA levels using a
superovulationmodel, immature female rats (26 days old) were
primed with 15 IU of pregnant mare serum gonadotropin
(PMSG) at 0900–1000 h and received an intraperitoneal injec-
tion of 10 IU of human chorionic gonadotropin (hCG) 48 h
later. Rats were then killed at different time points, and the
ovaries were collected for total RNA extraction. All animals
were housed under a controlled humidity, temperature, and
light regimen and fed standard rat chow ad libitum. The rats
were anesthetized and killed using CO2. Animal care was con-
sistent with institutional guidelines for the care and use of
experimental animals.
Reagents and Hormones—McCoy’s 5A medium, Leibovitz

L-15medium, RPMI 1640medium, L-glutamine, penicillin, and
streptomycin were obtained from Invitrogen. PMSG, hCG, and
human FSH were purchased from Calbiochem. The anti-pro-
gesterone antibody, anti-FLAGmonoclonal antibodyM1, anti-
FLAG M1 affinity gel, progesterone, estradiol, androstenedi-
one, 3-isobutyl-1-methylxanthine, 8-bromo-cAMP, forskolin,
bovine serum albumin/fluorescein isothiocyanate-conjugated
progesterone 3-(O-carboxymethyl)oxime, and other chemicals
(unless noted) were purchased from Sigma. The anti-GPB5
antibody was obtained from immunized rabbits using the puri-
fied recombinant GPB5 protein from Escherichia coli (7).
Preparation of Ovarian Cells and Culture of Granulosa Cells—

To assess the gene distribution in each ovarian compartment,
the ovaries from immature rats (26 days old) were microdis-
sected in Leibovitz L-15 medium by puncturing under a ste-
reomicroscope (Nikon Instruments). Oocytes, granulosa cells,
and theca-containing shells were individually collected. The
purity of granulosa and theca cells was confirmed based on the
differential expression of FSHR and LHR transcripts deter-
mined by real-time PCR (25).Oocyteswere further treatedwith
350 units/ml hyaluronidase (Sigma) to remove additional
cumulus cells. Corpora lutea were isolated after hCG treatment
for 72 h.
For granulosa cell cultures, rat ovaries after the indicated

treatments were punctured in Leibovitz L-15medium. Ovarian
debris and oocytes were removed, and the remaining medium
containing granulosa cells was collected after low speed centri-
fugation at 500 � g for 10 min. Granulosa cells were dispersed
by repeated washing and resuspended into McCoy’s 5A
medium supplemented with 10�7 M androstenedione, 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 0.25 mM 3-isobutyl-1-methylxanthine. Cell numbers were
adjusted to 2 � 105 viable cells/ml.
cDNA Isolation, Gene Amplification, and Quantification—

To determine the c-fos transcript levels in granulosa cells, cells
harvested from rats with different treatments were preincu-
bated under serum-free conditions for 20 h before stimulation
with 10 nM thyrostimulin in the presence or absence of go-
nadotropins for an additional 30min. To analyze the changes in
TSHR transcript levels in granulosa cells, cells isolated from
immature 26-day-old rats were incubated with forskolin,
8-bromo-cAMP, or estradiol for 12 h before RNA extraction.
The target tissues and treated cells were harvested, and their
total RNAs were extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. For first-strand
cDNA synthesis, 2 �g of total RNA were reverse-transcribed
using a RevertAidTM first-strand cDNA synthesis kit (Fermen-
tas, Hanover, MD) with an oligo(dT) primer.
For semiquantitative PCR, the primer pairs for each gene

were as follows: rat TSHR, ACCAGAAGCTTGACTTACAT-
AGACC (forward) and CAGGTTCCGGATACTACTCTC-
ATTA (reverse);Gpa2, AGGCAGCCGTCCCAATC (forward)
and TCACTTCGCACTGTCACGTTAA (reverse); Gpb5,
TGACGGTGAAGCTGCCTAACT (forward) and GGACAG-
CCATAGGGTAGGTGTAGA (reverse); Gpa1, CACGTGCT-
GTGTGGCCAA (forward) and CAGTGGCAGTCCGTG-
TGGT (reverse); TSH�, CATCTGCCTGACCATCAACA
(forward) and CCTGAGAGAGTGCGTACTTG (reverse); and
�-actin, TGACAGACTACCTCATGAAGATCC (forward)
and CTGCTTGCTGATCCACATCTG (reverse).
For quantitative TaqMan real-time PCR, aQuantiTect probe

PCR kit (Qiagen, Valencia, CA) was used. The primer pairs and
fluorescent probes for each gene were as follows: TSHR, ACC-
AGAAGCTTGACTTACATAGACC (forward) and CATGT-
AAGGGTTGTCTGTGATTTCT (reverse); TSHR probe,
CAGAGCTCCCCTTGCTCAAGTTTCTTGG; �-actin, CTC-
TGTGTGGATTGGTGGCTC (forward) and CTGCTTGCT-
GATCCACATCTG (reverse); and �-actin probe, CCTGG-
CCTCACTGTCCACCTTCC.
For quantitative SYBRGreen real-timePCR, aMaxima SYBR

Green qPCR Master Mix kit (Fermentas) was used, and the
primer pairs for each gene were as follows: Gpb5, TGACGGT-
GAAGCTGCCTAACT (forward) and GGACAGCCATAGG-
GTAGGTGTAGA (reverse), c-fos, GGGACAGCCTTTCCT-
ACTACCAT (forward) and TGCGCAAAAGTCCTGTGTGT
(reverse); and �-actin, CTCTGTGTGGATTGGTGGCTC
(forward) and CTGCTTGCTGATCCACATCTG (reverse).
Expression and Purification of Recombinant Human Thyro-

stimulin Proteins—The full-length human GPA2 and GPB5
cDNAs were amplified by PCR from human ovarian cDNA
(Clontech, Palo Alto, CA). To facilitate protein purification,
GPA2 was further tagged with a FLAG epitope at the N termi-
nus by replacing the endogenous signal peptidewith a prolactin
signal peptide and the epitope tag. TheGPA2 andGPB5 cDNAs
were then subcloned into the bipromoter expression vector
pBudCE4.1 (Invitrogen). Fidelity of the PCR products was con-
firmed by sequencing of the final construct.

Thyrostimulin-TSHR Signaling in the Ovary

FEBRUARY 5, 2010 • VOLUME 285 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3759



To generate recombinant thyrostimulin from the mamma-
lian expression system, transfected 293T cells were clonally
selected and confirmed to express both the GPA2 and GPB5
subunit proteins using antibodies against the FLAG epitope
and GPB5. Conditioned medium was then purified using an
anti-FLAGM1 affinity gel against FLAG-GPA2. Protein purity
and biochemical characteristicswere analyzed by electrophore-
sis using a 15% SDS-polyacrylamide gel.
Immunohistochemical Analyses—The ovaries from imma-

ture rats were fixed using Bouin’s fixative for 8 h before paraffin
embedding. Blocks were sectioned at 8 �m thickness. Immu-
nohistochemical analyses were performed using the rabbit
polyclonal antibody against GPB5 diluted at 1:100. Substitution
for the primary antibody with rabbit preimmune serum served
as a negative control. Staining was visualized using the VEC-
TASTAIN ABC-AP kit (Vector Laboratories, Burlingame, CA)
following the manufacturer’s instructions. To neutralize spe-
cific epitope binding, the anti-GPB5 antibody was presaturated
with purified thyrostimulin protein (1 �M) for 2 h at room tem-
perature. The mixtures were then used on sections instead of
the anti-GPB5 antibody alone. To eliminate any endogenous
biotin background, the sections were pretreated using an avi-
din/biotin blocking kit (Vector Laboratories) following the
manufacturer’s instructions before adding the primary
antibody.
Assessment of the Changes in cAMP and Progesterone Levels—

To assess the bioactivity of purified thyrostimulin on human
NIH:OVCAR-3 cells, cells were treatedwith increasing doses of
thyrostimulin in RPMI 1640medium supplemented with 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 0.25 mM 3-isobutyl-1-methylxanthine for 16 h. To analyze
the changes in cAMP and progesterone in granulosa cells, cells
from rats after different treatments were resuspended in
McCoy’s 5A medium and dispensed into 12-well plates (Corn-
ing, Corning, NY) in triplicate. Following treatment with puri-
fied thyrostimulin in the presence or absence of gonadotropins
for 48 h, the conditioned media were collected and stored at
�80 °C until their cAMP and progesterone levels were mea-
sured. The amount of cAMP in themediawas determinedusing
the cAMP-Glo assay kit (Promega, Madison,WI) following the
manufacturer’s instructions. The amount of progesterone was
measured by enzyme-linked immunosorbent assay using the
specific anti-progesterone antibody.
Data Analysis—All experimental results are presented as the

means� S.D. of triplicate cultures or samples; at least two extra
experiments showed similar results. Statistical significance was
determined using Student’s t test for multiple group compari-
sons. Significance was accepted at p � 0.05 and is indicated by
asterisks in the figures unless noted otherwise.

RESULTS

Ovarian TSHR Expression and Its Regulation by Go-
nadotropins—Using PCR amplification, the TSHR transcript
could be detected in both the ovaries and adjacent oviducts of
immature and mature rats (Fig. 1A). Interestingly, quantitative
real-time PCR analysis showed that the TSHR mRNA level in
immature ovaries was 6.5-fold higher than that in mature ova-
ries (Fig. 1B), which suggests that TSHR expression is regulated

during ovarian maturation. To demonstrate this, the ovaries
from superovulated immature rats treatedwith PMSG followed
by hCG for different intervals were collected to assess changes
in TSHR expression. Using PCR amplification, the ovarian
TSHR transcripts after hCG treatment were found to be
decreased (Fig. 2A). Therefore, the gonadotropin effects on
TSHR expression were further characterized by quantitative
real-time PCR. As shown in Fig. 2B, the TSHRmRNA level was
up-regulated during the early stages immediately after injection
of either PMSG or hCG but then gradually decreased after
injection for 6 h. TSHR expression showed the lowest level at 48
and 96 h after hCG treatment. We subsequently analyzed
TSHR expression in the various ovarian compartments by iso-
lating cDNA from granulosa cells, theca-containing shells,
luteal cells, and oocytes. As shown in Fig. 2C, the TSHR tran-
script was present mainly in granulosa cells and was lowest in
the corpus luteum.
Mechanism Underlying the Modulation of TSHR Levels by

Gonadotropins—The changes in TSHR transcript levels in the
superovulated rat model (Fig. 2B) suggest that ovarian TSHR
expression is tightly controlled by gonadotropins. It is known
that the gonadotropin actions lead to a prompt increase in
cAMP levels in the ovary. In turn, thesemodulate steroidogenic
genes that facilitate the synthesis and release of steroid hor-
mones, mainly estradiol, as a late response to gonadotropins
(26, 27). To further clarify the possible mechanisms underlying
the modulation of ovarian TSHR levels by gonadotropins, the
effects of cAMP and estradiol on TSHR expression were evalu-
ated. As shown in Fig. 3A, treatments with graded doses of
forskolin or 2 mM 8-bromo-cAMP increased the TSHR tran-
script level in cultured immature granulosa cells. Furthermore,
we isolated early antral follicles and cultured them with estra-
diol (10�8 M) for different time intervals. The TSHR transcript
was suppressed by 67% at 3 h after estradiol treatment and
maintained this low level when incubated for longer periods
(Fig. 3B). The effect of estradiol on isolated immature granulosa
cells was also analyzed. Treatment with estradiol led to a dose-

FIGURE 1. TSHR is expressed in the ovary and oviduct. cDNAs from imma-
ture (26 days old) and mature (8 weeks old) rat tissues were used for PCR
amplification (A) and real-time quantification of TSHR expression levels (B).
Data are expressed as the means � S.D. The levels of �-actin served as loading
and normalized controls.
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dependent suppression of the TSHR transcript in cultured
granulosa cells (Fig. 3C).
Thyrostimulin (GPA2/GPB5) Acts as a Paracrine Ligand for

TSHR in the Ovary—TSHR can be activated by two het-
erodimeric glycoprotein hormones, TSHand thyrostimulin. To
assess whether the ovary has the endogenous ligand for ovarian
TSHR, the transcript of each glycoprotein subunit, Gpa1 and
TSH� for TSH andGpa2 andGpb5 for thyrostimulin, was eval-
uated using rat ovaries. The primer set for each gene has been
previously tested using rat pituitary cDNA as a positive control.
Primer pairs that were capable of amplifying a single-band cor-
rect gene product (data not shown) were then used to assess the

gene transcript profile in the ovary. In contrast to the negligible
expression of the TSH� subunit for TSH, PCR amplification
indicated that both Gpa2 and Gpb5 were expressed constitu-
tively in ovaries treated with PMSG or with PMSG followed by
hCG for different intervals (Fig. 4A). Using PCR amplification,
we demonstrated that both theGpa2 andGpb5 transcripts can
be detected in every isolated ovarian compartment (Fig. 4B). It
is known the �-subunit genes exhibit a wider and more abun-
dant distribution than the�-subunit genes; thus, the location of
functional heterodimeric glycoprotein hormone depends on
the expression of restricted �-subunits (9, 28). We therefore
quantified the expression levels of Gpb5 in different ovarian
compartments. As shown in Fig. 4C, oocytes contained the

FIGURE 2. Expression and regulation of TSHR in the ovary. Rats at 26 days
of age were treated with PMSG, followed 48 h later with hCG. The ovaries
collected at the indicated intervals were used for cDNA preparation. The TSHR
transcripts were compared by PCR amplification (A) and real-time PCR quan-
tification (B). C, comparison of TSHR expression in different ovarian cell types
by real-time PCR quantification. Granulosa cells (GC), theca shells (TS), and
oocytes (OC) were isolated from rat ovaries (26 days old), whereas corpora
lutea (CL) were obtained from PMSG-primed rats at 72 h after hCG treatment.
Data are expressed as the means � S.D. For all data, at least three individual
repeats were done, and the �-actin levels served as internal and normalized
controls.

FIGURE 3. Forskolin, 8-bromo-cAMP, and estradiol effects on the TSHR
transcript in the ovary. To evaluate the cAMP effects on TSHR expression,
granulosa cells from 26-day-old rats were treated with graded doses of for-
skolin or 2 mM 8-bromo-cAMP (Br-cAMP) for 12 h (A). C, control. To test the
estradiol effect, early antral follicles isolated from immature rats were incu-
bated in the presence of 10�8

M estradiol for different intervals (B), and gran-
ulosa cells from 26-day-old rats were cultured in the presence of graded doses
of estradiol for 12 h (C). After reverse transcription, the TSHR transcript levels
were determined by real-time PCR and normalized using �-actin levels. Data
were obtained from triplicate experiments and are shown as the means �
S.D. *, p � 0.05.
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highest levels, whereas granulosa cells showed amoderate level
of the Gpb5 transcript.
Interestingly, immunohistochemical staining indicated a

strong GPB5 immunoreactivity in oocytes but not in granulosa
cells (Fig. 5, A–D). Similar results were also obtained using the
horseradish peroxidase system counterstained with hematoxy-
lin (supplemental Fig. 1). The synthesis of GPB5 protein in
granulosa cells is thus likely to be low or blocked at the transla-
tional level by a yet uncharacterized mechanism. To confirm
the positive GPB5 staining found in oocytes, an antigen block-
ing assay was performed. As shown in Fig. 5E, GPB5 staining
was completely abolished when the antibody was preabsorbed
with the purified GPA2/GPB5 heterodimer. In addition, the
intensity of GPB5 staining was increased after the sample was

pretreatedwith avidin/biotin-blocking reagents that reduce the
nonspecific signal from endogenous biotin or biotin-binding
molecules (Fig. 5F). It is also known that thyrostimulin is �30-
fold more potent than TSH in terms of activating TSHR (8).
Therefore, these results suggest the thyrostimulin, but not TSH
protein, is expressed in oocytes and acts as a paracrine factor for
TSHR signaling in the ovary.
Purification of Recombinant Thyrostimulin and Its Effects on

CulturedOvarianCells—To study the ovarian functions of thy-
rostimulin, conditionedmedia collected from transfected 293T
cells stably expressing FLAG-taggedGPA2/GPB5were used for
recombinant protein purification. Following affinity purifica-
tion against the FLAG tag appended to GPA2, the purity and
heterodimeric property of thyrostimulin were confirmed by
Coomassie Blue staining andWestern blotting. Under reducing
conditions, purified thyrostimulin could be separated into two
subunits, namely GPA2 and GPB5, and migrated as bands at
�22 and �18 kDa, respectively (supplemental Fig. 2A). These
two bands were confirmed to be GPA2 and GPB5 monomers
using the specific antibodies against the FLAG epitope on
GPA2 and the GBP5 epitope (supplemental Fig. 2B, first and
third lanes). To further demonstrate the non-covalent het-
erodimeric nature of purified thyrostimulin, we performed a
cross-linking analysis using disuccinimidyl suberate. After
cross-linking, both Coomassie Blue staining (supplemental Fig.
2A, fourth lane) and Western blotting (supplemental Fig. 2B,
second and fourth lanes) revealed the presence of a het-
erodimer, migrating as a band at �40 kDa.
The bioactivity of purified thyrostimulin was confirmed

by the protein’s ability to stimulate cAMPproduction inTSHR-
transfected 293T cells (data not shown). Furthermore, to test
the potency of purified thyrostimulin and the existence of
endogenous TSHR in ovarian-derived cells, human NIH:
OVCAR-3, an ovarian cell line from a patient with progressive
adenocarcinoma of the ovary (29), was selected. Treatments
with purified thyrostimulin stimulated cAMP production in a
dose-dependent manner. PCR amplification also showed the
presence of the TSHR transcript in NIH:OVCAR-3 cells (sup-
plemental Fig. 2C). These results confirm that recombinant
thyrostimulin is bioactive and the existence of functional TSHR
in some ovarian cells.
Based on the TSHR expression pattern in the ovary, TSHR is

abundant in rat granulosa cells and shows higher transcript
levels after injection of gonadotropins for 6 h (Fig. 2). In con-
sideration of the gonadotropin effects and the potential delay in
TSHR translation, granulosa cells from untreated rats, rats
primed with PMSG for 12 h, and rats primed with PMSG for
48 h followed by hCG injection for 12 h were harvested and
treated with either buffer or thyrostimulin in the presence or
absence of gonadotropins (Fig. 6). In contrast to the negligible
effect on cells treated with thyrostimulin alone, we demon-
strated that thyrostimulin was able to augment cAMP produc-
tion (Fig. 6, A–C) and c-fos gene transcription (Fig. 6,D–F) to a
statistically significant level when the cells were co-treatedwith
gonadotropins, suggesting that the expression of functional
TSHR protein is gonadotropin-inducible. However, progester-
one production was not affected by the thyrostimulin treat-
ments except for a slight increase when PMSG-primed granu-

FIGURE 4. Thyrostimulin, but not TSH, is expressed in the ovary. A, ovaries
collected at the indicated times from superovulated rats were used for cDNA
preparation. The subunit genes, Gpa1 and TSH� for TSH and Gpa2 and Gpb5
for thyrostimulin, were PCR-amplified. To assess the transcript levels of Gpa2
and Gpb5 in various ovarian compartments, cDNAs from different ovarian cell
types were isolated for PCR amplification of the Gpa2 and Gpb5 genes (B) and
real-time quantification of the Gpb5 gene (C). Data are expressed as the
means � S.D. For all data, at least three individual repeats were done, and
�-actin levels served as internal and normalized controls. GC, granulosa cells;
TS, theca shells; OC, oocytes; CL, corpora lutea.
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losa cells were co-treated with FSH (Fig. 6, G–I). This
phenomenon, which will be discussed below, is likely to be a
result of the tight control of ovarian TSHR expression by
gonadotropins.

DISCUSSION

To our knowledge, this is the first
report that demonstrates the coex-
istence of TSHR and its cognate
ligand thyrostimulin in mammalian
ovary, where they compose a novel
paracrine system. Taken together
with our results, a model regarding
the regulatory control of TSHR and
the action of thyrostimulin in the
ovary is presented in Fig. 7.We have
shown that thyrostimulin, but not
TSH, is located in oocytes, where it
can be secreted and act as a local
paracrine factor to activate the
cAMP cascade and nuclear c-fos
response in granulosa cells through
TSHR. Contrary to the constitutive
expression of thyrostimulin in the
ovary, the TSHR transcript is tightly
regulated during ovarian develop-
ment. At the early stages of gonado-
tropin actions, either the transcript
or the functional protein of TSHR is
up-regulated. Such an up-regula-
tion is likely to be triggered by an
increase in the secondary messen-
ger cAMP derived from activated
gonadotropin receptors. This hy-
pothesis is further supported by our
results showing that there is an
increase in the TSHR transcrip-
tional levels in granulosa cells when
treated with forskolin or 8-bromo-
cAMP (Fig. 3A). Interestingly, a
functional cAMP-response element
between �139 and �131 bp up-
stream of the translational initiation
site of the human TSHR gene has
also been characterized and is
known to be conserved inmammals
(30). It is known that an increase in
gonadotropins will stimulate follicle
growth and luteinization, which is
accompanied by a significant in-
crease in the estradiol level. Using
cultured rat granulosa cells treated
with estradiol, we have also shown
that estradiol is likely to be the
major regulator that decreases ovar-
ian TSHR expression (Fig. 3C). Such
a result is consistent with the
marked decrease in the TSHR tran-

script observed at the late stages of gonadotropin treatments in
the superovulationmodel (Fig. 2B).We conclude that the ovar-
ian TSHR level and signaling are tightly controlled by gonado-
tropins through the cAMP and steroid feedback loop. This

FIGURE 5. Distribution of the thyrostimulin protein in the ovary. Ovarian sections from immature rats (26
days old) were incubated under different conditions as indicated, A and B, normal rabbit serum at different
magnifications; C and D, anti-GPB5 antibody at different magnifications; E, anti-GPB5 antibody preneutralized
with the purified thyrostimulin protein; F, addition of an additional avidin/biotin-blocking step to quench the
endogenous non-specificity of the biotin background before incubation with the anti-GPB5 antibody. GC,
granulosa cells; TC, theca cells; OC, oocytes. Bars � 100 �m.

FIGURE 6. Effects of thyrostimulin on cAMP, c-fos gene, and progesterone biosyntheses in granulosa
cells treated with or without gonadotropins. Granulosa cells from immature rats (left panels) or from rats
injected with PMSG for 12 h (middle panels) or with PMSG for 48 h followed by hCG for 12 h (right panels) were
treated with thyrostimulin (indicated as A2/B5) in the presence or absence of gonadotropins as indicated. For
the cAMP (A–C) and progesterone (G–I) assays, cells were incubated for an additional 48 h before measure-
ments. For c-fos gene induction (D–F), cells were serum-starved for 20 h before thyrostimulin and gonado-
tropin treatments for an additional 30 min. Cells were then collected for cDNA preparation. The c-fos gene
levels were quantified by real-time PCR and normalized against the �-actin expression level. At least three
individual repeats were done. Data were obtained from triplicate experiments and are shown as the means �
S.D. *, p � 0.05.
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implies that the induction of functional TSHR expression is
periodic and transient during ovarian development. Further-
more, the down-regulation of TSHR expression by gonado-
tropin-driven estradiol production also explains why there is
only �50% cAMP and c-fos augmentation and no apparent dif-
ference in progesterone production during long-term treat-
ments with thyrostimulin in gonadotropin-primed granulosa
cells (Fig. 6). Alternatively, TSHR signaling may serve to mod-
ulate different ovarian functions other than steroidogenesis. To
characterize these, a more complete inventory of TSHR func-
tion with the elimination of estradiol interference will be
needed to understand the exact roles of TSHR in folliculogen-
esis and luteinization.
In addition to our results showing regulation of the TSHR

transcript during the mammalian ovarian cycle, TSHR expres-
sion in fish ovaries has also been found and demonstrated to
change significantly during the reproductive season. The ovar-
ian expression of TSHR in channel catfish remains low
throughout vitellogenesis but is markedly elevated at the
spawning period and then gradually decreases afterward until the
next run of ovarian recrudescence (22). A similar expression pat-
tern of ovarian TSHR has also been reported in European seabass
(21), suggesting that TSHR could participate in active vitellogene-
sis and in the regulation of gamete maturation and ovulation.
In addition, TSHR expression has also been found in fish

testes. In European seabass, the TSHR transcript in the testis
increases and remains high during recrudescence but declines
and reaches its lowest level at the post-spawning stage, suggest-
ing that TSHR in the testis is involved in the processes of
gonadal development and/or spermiation (21). It is known that
TSHR has the same evolutionary origin as FSHR and LHR and
that the ligands of these proteins are all glycoprotein hormones.
Therefore, the findings of TSHR expression in both the testis
and ovary suggest that, like FSHR and LHR, TSHR may play a
direct role in the regulation of gonadal physiology.
Recent genomic analysis has indicated that glycoprotein hor-

mones coevolved with their receptors and that their presence

can be traced back to invertebrates (2, 28). Glycoprotein hor-
mones are composed of a common �-subunit (GPA1) and a
dissimilar �-subunit such as FSH�, LH�, CG�, and TSH�. In
addition, two newly discovered glycoprotein subunits, GPA2
andGPB5, were found to form thyrostimulin (7). Amphioxus, a
member of the phylum Chordata, is considered to be in an
evolutionary lineage between invertebrates and vertebrates,
and this organism has been reported to have no other glycopro-
tein hormone except for thyrostimulin (31). This evolutionary
analysis indicates that the two heterodimeric glycoprotein sub-
units GPA2 and GPB5, which form thyrostimulin, are likely to
be the most ancient origins of the gonadal and thyroid glyco-
protein hormones. They may have appeared in the early Cam-
brian period. Furthermore, in Drosophila melanogaster, a pair
of glycoprotein genes, Gpa2 and Gpb5, has been reported and
shown to have high homology to mammalian Gpa2 and Gpb5
(32). Fly GPA2 is capable of forming a heterodimer with fly
GPB5 to activate a fly receptor, the Drosophila leucine-rich
repeat-containing G protein-coupled receptor-1, which shows
high homology tomammalian TSHR. No other pair of gonado-
tropin-like molecules and receptors is found in the fly. These
results, together with the study with amphioxus, strongly sup-
port the idea that theGpa2 andGpb5 genes, evolving before the
appearance of the gonadotropin genes, are indeed the ancient
origins of glycoprotein hormones. Therefore, one may also
speculate that the primitive roles of the thyrostimulin-likemol-
ecule may also involve reproductive control and gonadal devel-
opment in addition to regulation of the metabolic rate.
From the viewpoint of an in vitro bioactivity assay, thyro-

stimulin is likely to serve as an alternative ligand of TSH for
activating TSHR. However, its exact roles are still unknown.
Patients with lost-of-function mutations of TSH� exhibit con-
genital central hypothyroidism (33, 34), whereas Gpb5-null
mice show no overt thyroid-related phenotype (8, 35). Distinct
from TSH expressed in thyrotrophs, thyrostimulin expression
in the anterior pituitary is located at the corticotrophs, where
its release has been demonstrated not to be in response to thy-
rotropin-releasing hormone (8, 9). These results indicate that
thyrostimulin is unlikely to be involved in the thyrotropin-re-
leasing hormone-TSH-thyroid hormone feedback loop and
substitute for the TSH activity in animals. It is known that cor-
ticotrophs produce adrenocorticotropic hormone, which is
secreted in response to the release of hypothalamus-derived
corticotropin-releasing hormone and acts on the adrenal gland
under stress conditions. The expression of thyrostimulin in
corticotrophs suggests that thyrostimulin may also be con-
trolled through the hypothalamus-pituitary-adrenal axis. Inter-
estingly, the expression of TSHR has also been found in the
adrenal gland (36). Future experiments will be critical to clarify
whether thyrostimulin responds to corticotropin-releasing
hormone stimulation and thus plays a non-thyroidal role in the
control of homeostasis or immune suppressive effects.
Although activating the same receptor as TSH, the receptor-

binding characteristics of thyrostimulin are quite different
from those of TSH. Binding and competition assays indicate
that there are two ligand-binding sites on TSHR. One site can
interact with either thyrostimulin or TSH, whereas the other
site can bind only thyrostimulin alone (8). The Scatchard plot

FIGURE 7. Paracrine action and regulatory mechanism of thyrostimulin-
TSHR signaling in the ovary. Oocyte-derived thyrostimulin and granulosa
cell-expressed TSHR compose a paracrine system in the ovary, where its
action is tightly controlled by gonadotropin surges.
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for iodinated thyrostimulin binding fits a two-site model. The
calculated kd values are 1.19 � 0.68 nM for the high affinity site
and 2.7 � 2.2 mM for the low affinity site. In contrast, the kd for
iodinated TSH binding is estimated at 41 nM. This indicates
that thyrostimulin is a more potent ligand than TSH. Such a
result is also supported by Nakabayashi et al. (7), who showed
that thyrostimulin can stimulate cAMP production more effi-
ciently than TSH in cells expressing recombinant TSHR.
Unlike TSH, which is expressed mainly in mammalian ante-

rior pituitary, the existence of thyrostimulin has been found in
many different tissues such as the anterior pituitary, skin, ret-
ina, adrenal gland, pancreas, central nervous system, and testis
(8, 37), suggesting that thyrostimulin may act as a local regula-
tor rather than as an endocrine hormone. Our results also indi-
cate that thyrostimulin, but not TSH, can be expressed in rat
oocytes as a paracrine factor for TSHR-expressing granulosa
cells. Although we cannot rule out an endocrine effect of TSH
on ovarian TSHR, on the basis of the ligand binding data
described above, which show that the bioactivity of thyrostimu-
lin is �30-fold more potent than that of TSH (8), one may
discard the possibility of TSH interference with the paracrine
action between thyrostimulin and TSHR in the ovarian com-
partments. Surprisingly, in situ hybridization results have indi-
cated that the amphioxus Gpb5 transcript is abundant in pre-
vitellogenic oocytes (31), which also supports the hypothesis
that thyrostimulin may have a primitive function in inverte-
brate ovary. In addition to the ovary, several studies also suggest
that thyrostimulin and TSHR are possibly coexpressed in ver-
tebrate testis (8, 19, 21, 37). Future experiments are needed to
clarify their compartmental distribution and their signal trans-
duction effect. These will provide a more comprehensive
understanding of these proteins’ paracrine and/or autocrine
activity in testicular development and spermatogenesis.
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