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Abstract
Studies have been carried out to standardize induced
luteolysis model systems utilizing female monkeys and
pregnant rats. In monkeys, administration of a single
injection of GnRH receptor antagonist, Cetrorelix (CET; 150
µg/kg BW s.c.,), on day 7 of the luteal phase led to profound
decrease in serum progesterone (P4) concentration within
24 h (3.6 ± 1.1 vs 0.8 ± 0.2 ng/ml before and 24 h post CET,
respectively p<0.05), and followed by premature onset of
menses 96 h later. It was observed that a single intravenous
injection of rhLH 24 h post CET treatment caused rapid
stimulation of P4 secretion within 1 h that lasted up to 24 h.
To elucidate the molecular mechanisms associated with
brisk restoration of P4 levels, corpora lutea were collected
from monkeys treated with VEH, CET, CET+PBS and CET+LH
treatments for molecular analyses. Expression of StAR,
P450scc, LDLR, 3βHSD and aromatase was decreased in CET
and CET+1 h LH treated monkeys. In CET+8 h LH treated
monkeys, expression of StAR, P450scc and aromatase was
higher. Immunoblot analyses of phospho (p) StAR and total
StAR indicated decreased pStAR and total StAR levels in CL
of CET treated monkeys, but were higher after LH
treatment. In pregnant rat studies, repeated injections of
CET (150 µg/kg BW) were required to induce luteolysis.
Similar to monkey studies, exogenous LH injection for 1 h in
CET treated rats increased serum P4 levels. Expression of
hmgcr, hmgcs, ldlr, p450ssc decreased, expression of 20α-
hsd increased and pStAR expression was marginally higher
after LH treatment. These findings provide evidence for a
dynamic interplay of transcriptional and post translational
changes in expression of luteal genes following endogenous
LH inhibition and replacement studies, and the data further
suggests resilience of the CL structure to recover quickly
from the LH deprived state.

Keywords: Macaques; Pregnant rat; Cetrorelix; LH;
Luteolysis; StAR; Steroidogenic genes

Introduction
A large body of evidence suggests that the development and

maintenance of corpus luteum (CL) function requires the action

of LH in several species [1-3]. In the past, animal models
involving blockade of LH action and/or secretion by way of
immunoneutralization [4] or removal of source of its secretion
by way of hypothalamic lesion and institution of hypothalamic
prosthesis experiments [5] have been utilized to examine the
processes of luteolysis and rescue of CL function in higher
primates. In the last two decades, use of gonadotropin releasing
hormone receptor (GnRH R) antagonists for inhibition of LH
secretion to study CL function has emerged as an important
approach for studying induced luteal regression [6-10]. Several
groups have elegantly demonstrated inhibition of progesterone
(P4) secretion and induction of luteolysis following
administration of GnRH R antagonist [11], and its reversal with
pulsatile administration of exogenous human menopausal
gonadotropin [12], incremental doses of human chorionic
gonadotropin (hCG) [13] or recombinant human (rh) LH
preparation [9]. However, at present, no suitable model exists
for examining the role of LH in the regulation of CL function at
cellular and molecular levels, and for delineation of signal
transduction pathways employed by LH to mediate its multiple
actions. The steroidogenic acute regulatory protein (StAR) has
been demonstrated to play a critical role in tropic hormone-
stimulated steroidogenesis by facilitating cholesterol transfer to
the inner mitochondrial membrane, the site of P450scc enzyme
responsible for conversion of cholesterol into pregnenolone by
[14]. In accordance with the observation of important role for
StAR in steroidogenesis, our recent studies in the monkey CL
revealed that its expression paralleled the circulating P4 levels
during different functional status of CL confirming a tight
association of StAR expression with the P4 levels [10].

In pregnant rats, several lines of evidence suggest that LH is
crucial for maintenance of luteal function throughout gestation
[1], however, no systematic studies have been reported to
examine specific effects of inhibition of endogenous LH
secretion on luteal steroidogenesis in pregnant rats. Moreover, it
is not clear whether exogenous LH administration during
luteolysis results in rescue of luteal function. With a view to
examine luteal function and expression of luteal genes during
induced luteolysis and LH replacement studies, several
experiments were carried out in monkeys and rats with the
following objectives: (i) to study the effects of administration of
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GnRH R antagonist treatment on the luteal function and to
characterize early effects of withdrawal of LH on CL function in a
systematic fashion, (ii) to examine the effects of administration
of exogenous LH preparations on the rescue of luteal function
during induced luteal regression with a view to develop model
systems for delineating the signalling pathways associated with
LH actions on structure and function of CL, and (iii) to describe
the early effects of LH replacement in GnRH R antagonist treated
animals on expression profiles of the various luteal genes.

Materials and Methods

Reagents
Oligonucleotide primers were synthesized by Sigma-Genosys,

Bangalore, India. DyNAzyme™ II DNA polymerase (F-501L) and
DyNAmo™ HS SYBR® Green qPCR kit (#F410) were purchased
from Finnzymes, Finland. Restriction enzymes, Moloney Murine
Leukemia Virus (MMuLV) reverse transcriptase, and 100 bp DNA
ladder were obtained from MBI Fermentas, Germany. GnRH R
antagonist, Cetrorelix® (CET) was a kind gift from Asta Medica,
Frankfurt, Germany. rhLH was a kind gift from Ares Serono,
Aubonne, Switzerland and highly purified hLH was a kind gift
from Dr. MR Sairam of Montreal University, Canada. Antibodies
against StAR and phospho-StAR were kind gifts from Drs. DM
Stocco and R King (Texas Tech University Health Sciences Center,
Texas, USA), respectively. Antibody against β-actin (#A5441) and
other reagents were purchased from Sigma Aldrich Co.,
Bangalore, India or sourced from local suppliers.

Animal Protocols, Blood Samples and CL
Collection

Experimental protocols in monkeys and rats described here
were approved by the Institutional Animal Ethics Committee of
the Indian Institute of Science, Bangalore.

Experiments in Macaques (Macaca
Radiata)

The general care and housing of monkeys at the Primate
Research Laboratory, Indian Institute of Science, Bangalore have
been described elsewhere [15,16]. The details of procedure
employed for detecting the onset of estradiol (E2) surge has
been described elsewhere [17]. Blood samples were collected
either daily or at more frequent intervals until the time of CL
retrieval or the onset of menses. For this study, 1 day after E2
peak was designated as day 1 of luteal phase. For analyses of
expression of various genes and western blotting, corpora lutea
were obtained from VEH, CET and CET+rhLH treated monkeys
(see below) as described previously [18]. The CL was retrieved
(see below for experimental details) from the ketamine
hydrochloride (15 mg/kg BW) and/or pentobarbital sodium (8
mg/kg BW) anesthetized monkeys subjected to laparatomy
under aseptic conditions. Immediately after collection, the CL
was cut into 4-5 pieces and flash frozen in liquid nitrogen before
storing at -70⁰C.

Example I: GnRH R antagonist-induced luteolysis
Experiments were carried out using CET, a third generation

GnRH R antagonist, in the macaques during non-fertile
menstrual cycles as reported previously [19,20]. In order to
determine whether a single subcutaneous injection of CET
would be adequate to induce luteolysis, a pilot study was carried
out in which effects of a single injection of CET at a dose of 75 or
150 µg/kg BW was examined in monkeys (n=3 monkeys/dose)
starting from day 7 of the luteal phase. Monkeys receiving 150
µg/kg BW showed fall in circulating P4 levels and exhibited onset
of menses 96 h post CET treatment. Further, characterization of
markers of luteolysis (expression of genes such as P450scc, StAR
and inh-α in CL and other parameters) was carried out on
monkeys receiving CET at a dose of 150 µg/kg BW at the end of
24hrs (see below) as reported previously [10]. Further
experiments in monkeys have been carried out using 150 µg/kg
BW dose of CET.

Example II: Effects of injection of exogenous LH on
luteal function and expression of genes in CL of
monkeys treated with a luteolytic dose of CET

In the previous experiment, a single injection of CET 150
µg/kg BW was able to induce luteolysis, pilot studies were
carried out to determine the effect of administration of
exogenous LH on luteal function. For this purpose, effects of
intravenous injection of rhLH at doses of 10 and 20 IU/kg BW or
2 µg of highly purified hLH preparation were examined in
monkeys treated with CET for 24 h. The results indicated that
injection of rhLH (20 IU/kg BW) or hLH (2 µg) preparations
elevated P4 levels in CET treated monkeys within 2 h to levels
comparable to or higher than that observed in untreated
monkeys on day 8 of luteal phase (data not shown). Group of
monkeys (n=5), CET (150 µg/kg BW) was administered
subcutaneous on day 7 of luteal phase and 24 h later, these
monkeys were administered with 20 IU/ kg BW of rhLH
intravenously. Blood samples were collected at different time
points before and after CET+LH treatments for determining P4
levels. Since LH replacement during CET-induced luteolysis could
restore luteal function, an experiment was carried out to
examine earliest changes in expression of genes associated with
LH-mediated rescue of CL function. Groups of monkeys (n=3/
group) were treated with VEH, CET (150 µg/kg BW), CET+PBS/
rhLH (20 IU/kg BW) or CET+rhLH 8 h. Blood samples were
collected immediately before VEH/CET injections, 12 and 24 h
post injections and 1 and 8 h post PBS or LH injections. At 1 and
8 h post PBS or LH injections, CL was retrieved from all monkeys
for determining messenger RNA levels of luteal genes and StAR
protein levels.

Experiments in Rats (Harlan Wistar)
Female rats aged 3 to 4 months were housed in a controlled

environment (12 h Light: Dark cycle) with ad libitum access to
food and water. The female rats were cohabitated with breeder
male rats. The vaginal smears were screened daily for the
presence of sperm and the day of presence of sperm was
designated as day 1 of pregnancy. A number of earlier studies
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have reported loss of pregnancy in response to GnRH R
antagonist treatment administered on different days of
pregnancy. However, large variations in response to the GnRH R
antagonist treatment have been observed [21]. Also, several
studies have determined the requirement of LH for CL function
during days 7-10 of pregnancy in rats [22].

The present studies were carried out in rats during days 8-10
of pregnancy to establish a consistent response to GnRH R
antagonist. A range of doses of CET was examined and the
details of experiments and results are provided in (Figure 1).

Based on the results of the dose determination studies, a CET
dose of 150 µg/kg BW twice daily administrations was selected
for treatment during days 8-10 of pregnancy to induce luteolysis
and loss of pregnancy in rats.

A group of day 8 pregnant rats was administered either VEH
or CET (150 µg/kg BW, 6 injections) subcutaneous twice daily for
three days and CL (n=5 rats/VEH or CET group) were collected 72
h post treatments.

In another experiment, a group of pregnant rats at the end of
48 h of initiation of CET treatment (4 injections) was
administered either 100 µl of PBS (VEH) or highly purified hLH
preparation (1µg/100µl) i.p., and CL (n=3 rats/PBS or LH group)
from both the groups were collected at 72 h. Blood samples
were collected at different time points to examine P4 levels.

12:00    24:00    12:00    24:00    12:00    24:00    12:00    24:00    12:00    24:00    12:00    24:00

* *  * *  * *  0/2

* *  0/2  0/1

* *  * * 1/1 

* *  * *  * *  4/4 

*  0/1 

* *  0/1  1/1

* *  *  1/3  0/1

* *  * *  2/2 

* *  * *  *  1/1 

* *  * *  * *  2/2 

*  0/1  0/1 

* *  * *  1/1 

CET (μg/kg BWt) 
x no. of injections

D8  D9  D10  D11  D12  D13 D14

75 x 6

150 x 2

150 x 4         

150 x 6

300 x 1

300 x 2

300 x 3

300 x 4

300 x 5

300 x 6

600 x 1

600 x 4

Figure 1: Effect of different doses of CET on pregnancy in rats#.
#: As denoted on the left hand side of the Table, rats were treated with a number of injections (denoted by * at 7 am and 7 pm) of
CET comprising of, 150, 300 or 600 µg/kg BW. The number of rats which lost pregnancy out of the total number of rats used for
each dose are shown in the circle.
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RNA Isolation
Total RNA was isolated from CL tissue of different experiments

using TRI reagent according to the reported procedure
previously [23]. The quality and quantity of RNA was determined
as reported previously [20].

Semi Quantitative RT-PCR Expression
Analysis

Semi quantitative RT PCR analysis was carried out as
described previously [23]. The list of primers employed along
with amplicon size and annealing temperature are provided in
Table 1.

Table 1: Primers used for Semi quantitative (RT-PCR) analyses.

Sl. No Gene name Oligonucleotide sequence (5’to 3’) Annealing temp (°C) Product size (bp)

1 StAR F: AAGGGGCTGAGGCAACA

R: CTTCCAGCCGAGAACCGAG

60 133

2 3bHSD F: TGGGGAAGGAGGCCCATTCC

R: CCCAGGCCACGTTGCCAAC

67 122

3 P450scc F: CGAGGACATCAAGGCCAACGT

R: CCTCTGCCCGCAGCATATCC

64 128

4 Aromatase F: CAATACCAGGTCCTGGCTAC

R: CCTCTCCAGAGATCCAGAC

60 141

5 L19 F: GCCAACTCCCGTCAGCAGA

R: TGGCTGTACCCTTCCGCTT

60 154

6 LDLR F: CTGTGACTCAGACCGGGAC

R: CGAGCCATCTTCGCAGTC

60 151

7 Inhibin-a F: GAAGGGTAGAAGAGGGTGGG

R: GCAGCACCATAGCTCACCT

63 130

8 Inhibin-bA F: CATCACGTTTGCCGAGTCAGGAA

R: GAGGCGGATGGTGACTTTGGTC

70 157

Quantitative Real time PCR (qPCR)
Expression Analysis

The list of primers employed in the qPCR analysis is provided
in Table 2. The qPCR analysis was performed as described

previously from the laboratory [24]. PCR for each sample was set
up in duplicates and the average Ct was used in the ΔΔCt
equation.

Table 2: Primers used for Quantitative Real Time (qPCR) analyses.

Sl. No Gene name Oligonucleotide sequence (5’to 3’) Annealing temp (°C) Product size (bp)

1 hmgcs1 F: ACGATACGCTTTGGTAGTTG

R: AAGCCCTCGGTCAAAAAT

60 131

2 hmgcr F: GGGTCAAGATGATCATGTCT

R: ATTCTCTTGGACACATCTTCAG

50 179

3 ldlr F: GAGTCCCCTGAGACATGCAT

R: GGGAGCAGTCTAGTTCATCCG

61 145

4 star F: GGCCCCGAGACTTCGTAA

R: TGGCAGCCACCCCTTGA

62 218

5 p-450scc F: ACCCAACTCGTTGGTTGGA

R: CACGTTGATGAGGAAGATGGT

62 131

6 20α-hsd F: AGAGATAGGTCAGGCCATTGT

R: ATCCCCTGGCTTCAGAGATAC

68 202
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7 rpl 19 F: CGTCCTCCGCTGTGGTAAA

R:AGTACCCTTCCTCTTCCCTATGC

62 214

Immunoblot Analysis
Immunoblot analysis of the total protein lysates from CL

tissues was carried out as per the procedures reported
previously [20].

Hormone Assays
Serum P4 and E2 concentrations were determined by specific

RIA as reported previously [23]. The sensitivity of P4 and E2
were 0.1 ng/ml and 39 pg/ml, respectively, and the inter- and
intra- assay variations were ˂ 10%.

Statistical Analysis
Data were expressed as mean ± SEM. Messenger RNA and

protein expression of different genes were analyzed by one-way

ANOVA, followed by the Newman-Keuls comparison test ( PRISM
Graph pad, version 2: Graph pad software, USA). The p value
˂0.05 was considered statistically significant.

Results

Example I: Effect of CET treatment on circulating P4
levels and the length of menstrual cycle

As shown in (Figure 2) , serum P4 levels prior to CET injection
were 3.6 ± 1.1 ng/ml, decreased to 1.6 ± 0.1 ng/ml at 12 h, 0.8 ±
0.2 ng/ml at 24 h and remained <0.5 ng/ml thereafter. All three
monkeys exhibited menstruation 96 to 120 h after CET injection
corresponding to 22-23 days of menstrual cycle length during
the experimental period in contrast to the menstrual cycle
length of 27-29 days in monkeys not under experimentation.

Figure 2: Circulating P4 levels in female monkeys following inhibition of pituitary LH secretion. Mean (± SEM) serum P4
concentrations in female monkeys (n=3) receiving CET (150 μg/kg BW) on day 7 of luteal phase till the onset of menses. Arrow
indicates the start of treatment, am and pm refers to blood samples collected in the morning (0900 h) and evening (2100 h),
respectively. M denotes menses. *** denotes significance (p<0.001) from day 7 AM time point.
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Example II: Effect of exogenous LH treatment on
luteal function in CET-treated monkeys

Circulating P4 levels prior to CET treatment were 3.80 ± 0.41
ng/ml and decreased (p˂0.05) to 1.24 ± 0.10 and 1.01 ± 0.19
ng/ml at 12 and 24 h post CET treatment (Figure 2).

Administration of intravenous injection of rhLH increased
(p˂0.05) P4 to 3.8 ± 0, 4.51 ± 0, 5.2 ± 0, 5.21 ± 0.98 and 4.21 ±
0.78 ng/ml corresponding 2, 2, 36 and 48 h post CET treatment,
respectively (Figure 3). Circulating P4 levels were lower at 48 h,
since few monkeys exhibited menstruation 96-120 h post rhLH
treatment.

Figure 3: Serum concentrations of P4 (mean ± SEM) in female monkeys (n=5) following CET and LH treatments. Red bars denote
the serum P4 levels immediately before and after CET treatment, whereas blue bars denote P4 concentrations before and after LH
treatment. Arrows indicate injections. Bars with different letters are different (p<0.05) from each other. *** denotes significance
(p<0.001) from 12 and 24 time points. In the previous experiment, it was seen that P4 levels increased briskly after administration
of exogenous LH injection in monkeys treated with CET to induce luteolysis. An experiment was performed to examine P4 levels at
earliest time point and the data is presented in Figure 3. Circulating P4 levels were 4.05 ± 0, 1.6 ± 0.42 and 0.45 ± 0.08 ng/ml at 0,
12 and 24 h post CET treatment, respectively. Administration of exogenous LH at 24 h post CET resulted in significant (p<0.05)
increase in P4 levels at 1 h (0.45 ± 0.08 ng/ml vs. 2.8 ng/ml; (Figure 3) and 8 h (0.45 ± 0.08ng/ml vs. 4.5 ± 0.65 ng/ml).

Example in monkeys: Effects of LH treatment on
expression of luteal genes associated with
steroidogenesis

Since injection of rhLH stimulated acute increase in P4 levels
in CET treated monkeys, CL from VEH/CET treated monkeys
receiving LH for 1 and 8 h was examined for expression changes
in steroidogenic genes and inhibin family genes. Expression of
genes involved in steroidogenesis such as StAR, cholesterol side-
chain cleavage enzyme (P450scc, CYP11A1), low density

lipoprotein receptor (LDLR), aromatase (P450arom, CYP19A1)
and 3beta-hydroxysteroid dehydrogenase (3βHSD) decreased
significantly (p˂0.05; Figure 4) at 24 h following CET treatment.
However, there was no significant (p˃0.05) increase in the
expression of these genes except LDLR at 1 h post LH treatment
in CET treated monkeys (Figure 4), though a detectable increase
in circulating P4 levels were observed. At 8 h post LH treatment,
expression of aromatase, P450ssc, LDLR, StAR, 3βHSD, inhibin α
and inhibin βA was significantly (p ˂ 0.05) higher compared to CL
collected from monkeys treated with CET for 24 h (Figure 5).
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Figure 4: (A) Serum concentrations of P4 (mean ± SEM) in female monkeys (n=3) following CET and LH treatments. Red bars
denote the serum P4 levels following CET treatment whereas blue bars denote P4 levels following LH replacement in CET-treated
animals. (B) Effects of CET and LH treatments on expression of luteal genes. qPCR analysis for genes involved in steroidogenesis
viz. StAR, P450scc, LDLR, Aromatase and 3βHSD following CET and LH treatments. Expression of different genes in CL collected
from CET (24 h) + PBS (1 h) treated monkeys was set as 1 and the values for expression in CL collected from VEH (24 h) + PBS (1 h)
and CET (24 h) + rhLH (1 h) were expressed as fold change over the expression level in CET (24 h) + PBS (1 h) CL. Each bar
represents the mean ± SEM (n=3). Bars with different letters differ significantly (p<0.05).
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Figure 5: qPCR expression analysis of StAR, P450scc, LDLR, Aromatase, 3βHSD, Inhibin α, and Inhibin βA genes following LH
replacement. The graphs represent the fold change over CET+PBS (values in this group was set as 1). Each bar represents mean ±
SEM (n=3) of PCR reactions done in triplicates. Bars with different letters are significantly different (p<0.05).

Expression of StAR, a marker of CL function and regarded as a
true rate limiting step in steroidogenesis, did not increase
following LH replacement, despite the increase in serum P4
levels. To study whether co or post-translational modification of
StAR is responsible for this increased steroidogenesis,
immunoblot analysis was performed using phospho-StAR
(pStAR) antibody on CL lysates prepared from VEH (24 h) + PBS
(1 h), CET (24 h) + PBS (1 h) and CET (24 h) + LH (1 and 8 h)

treated monkeys. Following CET treatment, there was a dramatic
decrease in StAR protein levels corroborating the mRNA
expression and also the pStAR levels decreased dramatically
(Figure 6). However, LH treatment did not lead to any increase in
StAR protein levels which corroborates well with the mRNA
expression, but it led to a significant increase in pStAR levels
both at 1 and 8 h post rhLH treatment (Figure 6).
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Figure 6: Phosphorylation status of StAR following CET and LH treatments. (A) Immunoblot analysis of total protein lysates (50 μg)
from macaque CL following CET and LH treatments using pStAR antibody. The same blot was stripped and reprobed with StAR
and β-actin antibodies. Here, β-actin served as an internal control. (B) Densitometry analysis of the pStAR/StAR. Results were
expressed as fold change of expression in CL of CET (24 h) + PBS (1 h) treated monkeys was set as 1 and all other values were
expressed in relation to CL of CET (24 h) + PBS (1 h) treatment values. All the bands were normalized to the respective β-actin
signal intensity to correct for the differences in the protein loaded. Each bar represents mean ± SEM (n=3). Bars with different
letters differ significantly (p<0.05).
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Figure 7: (I) Serum levels of P4 (mean ± SEM) in rats on day 11 of pregnancy following VEH or CET treatment. CET (150 µg/kg BW)
was administered twice daily on days 8-10 of pregnancy. (II) Expression of luteal genes after CET treatment. Semi-quantitative RT-
PCR expression analysis (mean ± SEM) of hmgcr (A), hmgcs1 (B), ldlr (C), star (D), p450scc (E) and 20α-hsd (F). rpl-19 gene was
used as internal control for equal loading of RNA. Relative expression of each gene was calculated following densitometry
(*:p<0.0, **:p<0.01 and ***:p<0.001).
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Effects of CET Treatment and LH
Replacement on Luteal Function in
Pregnant Rats

Administration of 6 injections (at 12 h intervals) of CET
treatment from day 8 of pregnancy resulted in significant
(p<0.05) decrease in P4 levels from blood collected 24 h after the
end of last injection of CET treatment (Figure 7I). In CL of CET
treated rats, expression of hmgcr, hmcgs, ldlr and p450scc was
lower (Figure 7II A-D); p<0.05) in CL of CET treated rats,
expression of star (Figure 7II E) was not statistically significant
and expression of 20α-hsd (Figure 7II F) was significantly higher
(p<0.05; Figure 7II). In another experiment, the secretion
pattern of P4 before and after CET treatment and LH treatment
is represented in Figure 8A. P4 levels significantly decreased

(p<0.05) post 24 h CET treatment and the levels were <10 ng/ml
by 72 h (Figure 8A).

P4 secretion pattern before and after PBS/LH treatment in CET
treated pregnant rats are shown in (Figure 8B). The P4 levels
prior to CET treatment were set as 100% and the levels at other
time points were expressed in relation to 100% (Figure 8B).
Administration of PBS at 48 h after initiation of CET treatment
had no effect on declining P4 secretion (Figure 8B), but
administration of LH treatment halted the declining P4 secretion
and by 72 h, P4 secretion was restored up to 60% of the
concentration observed before CET treatment (Figure 8B).
Immunoblot analysis of StAR (both total StAR and pStAR)
expression revealed that total StAR tended to be lower in CET
treated rats, but pStAR clearly showed higher expression
following LH treatment (Figure 8C).

Figure 8: Effects of GnRH R antagonist and LH treatments on luteal steroidogenesis. (A) Serum levels of P4 (mean ± SEM) in rats
on day 11 of pregnancy following VEH or CET treatment. CET (150 µg/kg BW) was administered twice daily on days 8-10 of
pregnancy. (B) Serum P4 levels in rats treated with PBS or LH at 48 h after initiation of CET treatment. Arrows indicate injections
of CET, PBS and LH treatments. (C) Immunoblot analysis of pStAR and total StAR expression in CL collected from rats treated with
no treatment (VEH), CET+PBS and CET+LH. Densitometry data is expressed as mean ± SEM. Bars with different letters are
different (p<0.05) from each other.

Discussion
In monkeys, a number of previous studies including ours

utilized repeated administration of the GnRH R antagonists for
periods up to 2 to 3 days to inhibit endogenous LH [6-10].
Although the treatment regimen was effective in inhibition of
luteal function, but the possibility of CL being exposed to
residual LH effects could not be ruled out between intervals of
injections of antagonist treatment. Moreover, in repeated
injection model systems, it will be difficult to accurately
determine the time point of actual inhibition of LH secretion. In
the present study, a single injection of antagonist was sufficient
to inhibit LH action. Since P4 levels decreased within 3-4 h after
CET treatment and by 24 h post treatment, expression of several
genes associated with steroidogenesis declined to levels

comparable to the CL considered regressed [11]. In women, Del
Canto et al. [25] also reported use of single injection of 2 mg of
CET to induce luteal regression and a number of features of
induced regression has been characterized. Together with
studies in women, the present results clearly demonstrate that
the protocol is so simple that it could be considered for
terminating the luteal phase, and has potential implications for
utilization as non-surgical and pre-implantation contraception in
women. It should be pointed out that other than dose
determination studies reported [21], there is very limited
information available on induced luteolysis in pregnant rats.

The midcycle LH surge, considered to be the physiological
trigger, initiates ovulation and luteinization of preovulatory
follicles via induction of specific genes in granulosa cells required
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for these two processes. Initially, it was believed that once the
CL is formed, it functions independent of pituitary LH [26]. Also,
once luteal formation is initiated, the mechanisms involved in
the LH/hCG-stimulated cAMP production becomes desensitized,
and therefore requirement for continued cAMP-dependent
signaling is lost leading to a state of cAMP non-responsiveness in
the maturing luteal cell [27-31]. It was observed that rhesus
monkey luteal cells became unresponsive to exogenous
gonadotropins in vitro as they proceed from mid to late luteal
phase [32]. The independence of CL from circulating LH was
ruled out in primates, since it was shown that neutralization of
monkey LH by administering antibodies against hCG led to
decrease in P4 levels and premature menses [4]. Furthermore,
cessation of GnRH infusion in MBH-lesioned monkeys during
early or mid-luteal phase decreased serum P4 levels followed by
menses suggesting the dependence of CL on LH for its structure
and function [33]. Employing GnRH antagonists, various groups
have proved the obligatory requirement of LH for CL in women
[34] and several species of macaques [35,36]. Although all these
LH-withdrawal models were utilized for studying physiological
and molecular events underlying luteolysis, these models
required either continuous infusion of GnRH to MBH-lesioned
monkeys or repeated injections of GnRH antagonists for at least
3 days to observe a significant decrease in serum P4 levels. In the
present study, an induced luteolysis model was standardized in
which administration of a single injection of CET on day 7 of the
luteal phase was sufficient to initiate the process of luteolysis.
Similar experiments have also been reported in humans, in
which a single subcutaneous injection of 3-5 mg of CET led to a
rapid and marked suppression of LH and E2 [37].

To further demonstrate the role of LH in the maintenance of
primate CL function, replacement, studies were performed by
various groups, in which gonadotropins were administered
either simultaneously or following GnRH R antagonist treatment.
It was observed that co-administration of hCG and LHRH (GnRH)
R antagonist prevented the fall in P4 levels [38]. Similarly,
simultaneous administration of hCG and GnRH R antagonist also
could reverse the luteolysis process, whereas administration of
hCG at 48-72 h post GnRH antagonist treatment could not avert
the decrease in P4 and luteolysis [7]. In the studies carried out by
Duffy et al. [9], only the escalating doses of rhLH along with the
Antide (GnRH R antagonist) treatment could restore the P4
production. In the present study, as it was possible to induce
luteolysis with a single injection of CET in monkeys and multiple
injections in rats, it was further examined whether this CET-
induced luteolysis process was reversible. LH replacement
studies indicated that administration of a single injection of
rhLH/LH was sufficient to restore P4 levels to pre-CET treatment
levels. It was surprising then that CL from both the species
continue to maintain sensitivity to LH during the regressing
state. It should be pointed out that in both the species, the LH
receptor expression became lower after CET treatment [18].

To elucidate the molecular mechanisms underlying the
immediate increase in serum P4 levels, expression of genes
involved in steroidogenesis were examined in both the species.
It was observed that LH treatment in CET-treated monkeys did
not show expression changes at 1 h, but the expression of many
luteal genes had recovered from CET inhibited condition by 8 h.

In pregnant rats, expression of luteal genes decreased, excepting
for StAR expression. Evaluation of the phosphorylation status of
StAR protein at 1 h time point in both species showed an
increase in the pStAR level suggestive of maintaining
responsiveness to LH. StAR was identified as a 30 kDa phospho-
protein associated with mitochondria in gonadal and adrenal
cells [39,40] and it was suggested that StAR undergoes
phosphorylation in response to cAMP, generating the active
form of the protein [41]. Arakane et al. [42], reported that Ser
194/1, a potential site of phosphorylation mediated by PKA, is
an important residue in StAR and mutation of this residue led to
a 50% decrease in its activity. The authors also proposed that, a
tropic stimulus which leads to an acute increase in cAMP and
subsequently activation of PKA, will lead to phosphorylation of
StAR and due to its short half-life, any increase in its biological
activity will have a significant but short-lived effect on
steroidogenesis. It is very well known that gonadotropin-
mediated increase in steroid biosynthesis can be divided into
two sequential steps. First, the acute effects (co or post-
translational) that occur within an hour, due to the
phosphorylation of proteins critical for CL/testis function.
Second, the long-term effects (transcriptional) that occur at later
time points may be due to the increased transcription of genes
encoding essential components of steroidogenic machinery like
StAR, aromatase, 3βHSD and P450scc. It is possible that
phosphorylation of StAR might have contributed to the
immediate increase in P4 biosynthesis observed at 1 h following
LH treatment in both the species.

To our knowledge, the present study is the first one to
demonstrate the induction of luteolysis by a single injection
(monkeys) or multiple injections (rats) of CET and reversal of this
luteolytic event by a single injection of rhLH in both the species.
These findings provide evidence for involvement of co- or post-
translational changes in the CL immediately following exposure
to LH during inhibition of endogenous LH, and the data further
suggests resilience of the CL structure that recovers quickly from
the LH-deprived state. The new findings of LH blockade and
replacement will pave the way for determining specific LH
actions in the regulation of structural and functional properties
of CL in both monkeys and rats.
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