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Abstract

The dynamic expression for estrogen receptor subtype-1 (ESR1), interleukin-1� (IL1B), and apoptosis-associated genes, as well
as nitric oxide synthase activity, were examined in corpora lutea (CL) of rabbits after prostaglandin F2� (PGF2�) administration
on either day 4 or day 9 of pseudopregnancy. By reverse transcriptase polymerase chain reaction, the steady-state level of ESR1
transcript was lower (P � 0.01) and that of anti-apoptotic B-cell CLL/lymphoma 2 (BCL2) -like 1 (BCL2L1) was greater in day
4 (P � 0.01) than in day 9 CL. Western blot analysis revealed that BCL2-associated X protein (BAX) abundance was greater in
day 4 (P � 0.01) than in day 9 CL, whereas BCL2L1 protein was undetectable at both luteal stages. After PGF2�, ESR1 transcript
decreased (P � 0.01) in day 9 CL, whereas IL1B mRNA showed a transitory increase (P � 0.01) at both stages. The pro-apoptotic
tumor protein p53 (TP53) gene had diminished (P � 0.01) on day 4 and on day 9 after a transitory increase (P � 0.01), whereas
the BAX/BCL2L1 expression ratio increased (P � 0.01) in day 9 CL 24 h after treatment. Following PGF2�, TP53 protein
increased (P � 0.01) at both luteal stages, and BAX decreased (P � 0.01) in day 4 CL but increased (P � 0.01) 24 h later in
day 9 CL; BCL2L1 became detectable 6 h later in day 4 CL. Nitric oxide synthase activity temporarily increased (P � 0.01)
following PGF2�. These findings suggest that PGF2� regulates luteolysis by ESR1 mRNA down-regulation and modulation of pro-
and anti-apoptotic pathways in CL that have acquired a luteolytic capacity.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

In rabbits, as in many other species, luteal regression
after an infertile mating or at the end of gestation is
driven by prostaglandin F2� (PGF2�) of uterine origin

[1]. Recently, several distinct intraluteal pathways have
emerged as potential candidate mediators of the initial
PGF2� triggering action [2], including nitric oxide syn-
thase (NOS) [3,4], endothelial-derived factors endothe-
lin-1 [5] and angiotensin II [6], as well as locally
synthesized PGs [7]. Though the PGF2�-dependent
functional processes have also received much attention
in corpora lutea (CL) of sows [8] and cows [9], the
underlying cellular mechanism and the timing of its
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induction are still unclear in rabbits, and little is known
about what factors confer luteolytic capacity to exoge-
nous PGF2� administered in the mid-luteal stage of
pseudopregnancy [10].

In this context, it is likely that IL1, together with
several other cytokines normally found in rabbit CL
[11,12], are involved in the control of luteal function
acting locally as pro-inflammatory mediators leading to
apoptosis [13]. Similarly, little is known about the sub-
tle interplay with locally acting hormones and intralu-
teal factors exhibiting both pro- and anti-apoptotic
properties, which may be regulated dynamically. In
rabbits, estradiol-17� is recognized as the main lu-
teotrophic hormone because its withdrawal leads to
functional luteolysis owing to activation of apoptosis
[14]. In addition, NOS and its product NO have been
shown to have both pro- and anti-apoptotic effects
through modulation of several intracellular pathways
including B-cell CLL/lymphoma 2 (BCL2) and tumor
protein p53 (TP53) proteins [15], but in the rabbit, CL
inhibition of NOS favors apoptosis [16].

Therefore, the main objective of the present study
was to elucidate the temporal changes in expression of
genes and proteins associated with apoptosis in CL
from early (day 4) and mid (day 9) pseudopregnancy in
response to PGF2� to improve our understanding of
their role in the acquisition of age-dependent luteolytic
capacity. To this end, experiments were devised to
characterize, at each luteal stage, the expression for
estrogen receptor, subtype-1 (ESR1), interleukin-1�
(IL1B), TP53, BCL2-associated X protein (BAX), and
BCL2-like 1 (BCL2L1) following PGF2� challenge as
well as the enzymatic activity of NOS.

2. Materials and methods

2.1. Reagents

Random hexamer primers, deoxyribonuclease I (DNAase
I Amp. Grade), RNAse H- reverse transcriptase (SuperScript
III Reverse Transcriptase), E. coli RNase H, and DNA
ladders were obtained from Invitrogen (S. Giuliano
Milanese, Milan, Italy), as well as reagent for isolation
and purification of total RNA (TRIzol), Taq DNA poly-
merase (Platinum), 10� PCR Buffer, 50 mM MgCl2,
RNAse-free tubes and RNAse-free water, and deoxy-
NTPs. Primers for 18S rRNA and corresponding com-
petimers (QuantumRNA 18S Internal Standards) were
acquired from Applied Biosystems (Monza, MI, Italy).
Primers for mRNAs of IL1B, ESR1, TP53, BCL2L1,
and BAX were supplied by Invitrogen. A Nucleospin
Extract II kit was purchased from Macherey Nagel Inc.

(Bethlehem, PA, USA). Tritiated [2,3-3H]L-arginine,
with a specific activity of 30–40 Ci/mmol, was pur-
chased from Amersham Biosciences (Amersham Bio-
sciences Ltd, Little Chalfont, Bucks, UK). The NOS
detect assay kit was purchased from Alexis Corp.
(Läufelfingen, Switzerland). The kit for the protein as-
say was purchased from Bio-Rad Laboratories (Hercu-
les, CA, USA). The primary monoclonal antibody
mouse anti-ESR1 used for immunohistochemistry
(IHC) was supplied by Zymed (San Francisco, CA,
USA). The mouse monoclonal antibodies anti-TP53
(sc-73566), BAX (sc-7480), and BCL2L1 (sc-8392),
used for IHC and Western blot (WB) analyses were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The mouse monoclonal anti-�-tubulin an-
tibody was from Sigma-Aldrich (St.Louis, MO, USA).
The biotinylated secondary antibody (goat anti-mouse
IgG) used for IHC was purchased from Vector Labo-
ratories (Burlingame, CA, USA). The avidin-biotin
complex (ABC, Vector Elite Kit) and the chromogen
3,3=-diaminobenzidine tetrachloride (DAB) were ac-
quired from Vector Laboratories. PageRuler Protein
Ladder for WB was obtained from Fermentas (Burling-
ton, Ontario, Canada). The horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG secondary an-
tibody, used for WB as the Restore Western blot stripping
buffer, was obtained from Thermo Fisher Scientific
(Rockford, IL, USA). Protran nitrocellulose membranes
were purchased from Whatman (Dassel, Germany). Bi-
omax films used to document immunocomplexes were
acquired from Kodak Laboratories (Rochester, NY,
USA). The enhanced chemiluminescence detection sys-
tem for WB (Immobilon Western Chemiluminescent
HRP Substrate) was purchased from Millipore (Billerica,
MA, USA). The bands were quantified using Quantity
One software, version 4.6.3 (Bio-Rad Laboratories, Her-
cules, CA, USA, 2009). All other pure-grade chemicals
and reagents were obtained locally.

2.2. Animals, hormonal regimen, and tissue
collection

The protocols involving the care and use of the
animals for these experiments were approved by the
Bioethics Committee of the University of Perugia. Un-
mated 5-mo-old New Zealand white rabbits, weighing
3.5–3.8 kg, were caged individually in quarters of the
University of Perugia Central Animal Facility and
maintained under controlled conditions of light (14 h
light: 10 h dark) and temperature (18 °C). The animals
were provided with commercial rabbit chow and tap
water ad libitum. All rabbits were treated with 20 IU
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eCG, followed 2 d later by an i.m. injection of 0.8 �g
of GnRH to induce pseudopregnancy. The day of
GnRH injection was designated day 0.

On day 4 or day 9 of pseudopregnancy, rabbits (n �
18/group) were administered 200 �g alfaprostol by i.m.
injection. At each luteal stage, 3 rabbits were killed by
cervical dislocation just before (time 0) and then 1.5, 3,
6, 12, and 24 h after PGF2�. Reproductive tracts,
promptly removed from each animal, were thoroughly
washed with saline. Within a few minutes, after rinsing
with RNAse-free phosphate buffered saline for later
evaluation of gene and protein expression, the CL were
excised from the ovaries and, after careful dissection of
nonluteal tissue using fine forceps under stereoscopic
magnification, immediately frozen at �80 °C. For the
immunohistochemical detection of ESR1, TP53, BAX,
and BCL2L1, 2 additional animals for each time point
were sacrificed just prior (time 0) and 6 h after PGF2�

injection administeredon either day 4 or day 9 of pseu-
dopregnancy. The ovaries, excised immediately after
sacrifice, were fixed by immersion in 4% (w/v) form-
aldehyde in phosphate-buffered saline (PBS, pH 7.4)
for 24 h at room temperature and subsequently pro-
cessed for embedding in paraffin following routine tis-
sue preparation procedures.

From each rabbit, 3 blood samples were collected by
venous puncture of the marginal ear vein: the first, just
before GnRH treatment; the second, before PGF2� in-
jection, and the third immediately prior to sacrifice. The
samples, collected in EDTA vacutainers, were centri-
fuged at 3000 � g for 15 min, and the plasma was
stored frozen until assayed for progesterone concentra-
tions to assess the functional status of the ovarian CL. For
the purpose of this work, functional luteolysis was defined
as a 50% drop of plasma progesterone from pretreatment
values, before PGF2� administration, and complete lute-
olysis as the failure of CL to secrete progesterone so that
blood concentrations fall below 1.0 ng/mL, which is the
concentration found in estrous rabbits.

2.3. Immunohistochemistry of ESR1, TP53, BAX, and
BCL2L1

The immunohistochemical procedure was performed
on serial 5 �m-thick sections of the ovaries to identify
the cell localization of ESR1, TP53, BAX, and
BCL2L1 using the corresponding primary monoclonal
mouse antibodies diluted 1:80, 1:100, 1:100, and 1:100,
respectively, followed by the biotinylated secondary
antibody (1:200) according to protocols already de-
scribed [17]. Sections in which the primary antibodies
were omitted or substituted by pre-immune mouse

gamma globulin were used for the negative controls of
nonspecific staining.

The intensity of immunostaining was conventionally
classified as being absent, weak, moderate, and strong
when, respectively, �1%, 1%–10%, 10%–50%, 50%–
100% of the cells in the CL section per field of vision
using light microscopy stained positively.

2.4. RNA extraction and reverse transcription

For each rabbit, total RNA was extracted from a
pool of CL, as previously described [12]. Genomic
DNA contamination was prevented by treatment with
deoxyribonuclease I according to instructions. Accord-
ing to the protocol provided by the manufacturer, 5 �g
of total RNA were reverse-transcribed in 20 �L of
SuperScript III Reverse Transcriptase cDNA synthesis
mix using random hexamers. Genomic DNA contami-
nation was checked by developing the PCR procedure
without reverse transcriptase.

2.5. Multiplex RT-PCR amplification

Multiplex PCR amplification was carried out as pre-
viously described [12] using 1 �L of luteal cDNA as
template for targets and 18S primers (Table 1). Cycling
conditions consisted of an initial denaturizing cycle at
94 °C for 75 sec, followed by a variable number of
cycles for each target gene (Table 1) at 94 °C for 15
sec, 60 °C for 30 sec, 72 °C for 45 sec, and a final
extension step at 72 °C for 10 min. Within each exper-
iment and for each gene analyzed, the complete set of
samples was processed in parallel in a single polymer-
ase chain reaction (PCR), using aliquots of the same
PCR master mix. The amplified PCR-generated prod-
ucts (20 �L of 25 �L total reaction volume) were

Table 1
Primers for ESR1, IL1B, TP53, BAX, BCL2L1, and 18S used as
internal standard.

Gene Product
size (bp)

Primers (5=-3=) Cycles
(no.)

ESR1 147 F-AGATCCAAGGGAATGAGCTG
R-CTGCGGCGTTGAACTCATA

35

IL1B 183 F-TGAGGCCGATGGTCCCAATTA
R-AAGGCCTGTGGGCAGGGAAC

35

TP53 300 F-GCTGCTCCGACAGCGATGGT
R-CCCTCCCAGGACAGGCACAC

30

BAX 165 F-CCTTTTGCTTCAGGGTTTCA
R-ATCCTCTGCAGCTCCATGTT

32

BCL2L1 228 F-ACAGCAGTGAAGCAGGCTCT
R-CATCTCCTTGTCCACGCTTT

30

18S 489 F-TCAAGAACGAAAGTCGGAGGTT
R-GGACATCTAAGGGCATCA

118 M. Maranesi et al. / Domestic Animal Endocrinology 39 (2010) 116–130



Author's personal copy

analyzed by electrophoresis on 2% agarose gel using
ethidium bromide staining. Analysis of amplification
products was carried out as reported elsewhere [12].
The amplified products, collected from agarose gel af-
ter electrophoresis, were purified with Nucleospin Ex-
tract II kit and their identity confirmed by DNA se-
quencing using Sanger’s method.

2.6. Protein analysis of TP53, BAX, and BCL2L1 by
Western blotting

The changes in expression of luteal TP53, BAX, and
BCL2L1 proteins were analyzed by WB either before
or after PGF2� administration at both the early and
mid-luteal stages. For each rabbit, total luteal proteins
were extracted from a pool of 8 CL, as previously
described [18]. Briefly, the CL were homogenized in 1
mL ice-cold RIPA buffer (PBS containing 1% Igepal
CA-630, 0.5% sodium deoxycholate, and 0.1% SDS).
After incubation at 4 °C for 20 min, the homogenates
were centrifuged at 12,000 � g for 60 min at 4 °C. The
protein concentrations of supernatants were measured
using the protein assay kit with bovine serum albumin
(BSA) as standard. Equivalent amounts of protein (20
�g) were separated by discontinuous 10% SDS-PAGE
with 4% staking gel for 40 min at 200 V and 500 mA.
Thereafter, proteins were transferred onto nitrocellu-
lose membranes for 1 h at 100 V and 350 mA. Mem-
branes were then blocked in Tris-buffered saline (TBS)
containing 0.05% Tween 20, 5% nonfat dried milk, and
3% BSA. Immunoblotting was performed by sequential
exposure to anti-TP53, anti-BAX, and anti-BCL2L1
monoclonal antibodies (1:500) overnight at 4 °C. Mem-
branes were then probed with HRP-labeled rabbit anti-
mouse IgG antibody (1:20,000) for 60 min at room
temperature under gentle agitation. All antibody incu-
bations were performed in TBS containing 5% nonfat
dried milk and 0.05% Tween-20. The immunocom-
plexes were detected by enhanced chemiluminescence
according to the manufacturer’s protocol and exposed
to x-ray film. Blot images were acquired, and the in-
tensities of the bands were quantified by densitometric
analysis. After the blots were stripped, membranes
were reprobed with anti-�-tubulin mouse monoclonal
antibody (0.5 �g/mL) overnight at 4 °C, as above.
Values were expressed as arbitrary units of relative
abundance of the specific proteins normalized with that
of �-tubulin used as loading control.

2.7. NO synthase activity determination

Nitric oxide synthase activity was determined by mon-
itoring the conversion of [3H]L-arginine to [3H]L-citrul-

line with a commercial NOS assay kit, according to the
experimental protocol described by Boiti et al [12].

2.8. Progesterone assay

Progesterone concentrations were determined by ra-
dioimmunoassay, using specific antibody according to
the procedure reported elsewhere [3]. Progesterone was
extracted from corresponding 0.1 mL plasma samples
with ethyl ether, and each sample was assayed in du-
plicate. The assay sensitivity was 0.08 ng/mL for pro-
gesterone, whereas intra- and interassay coefficients of
variation were 5.3% and 10.2%, respectively.

2.9. Statistical analysis

Data on gene and protein expression, progesterone
plasma concentrations, and NOS activity were exam-
ined by ANOVA followed by the Student-Newman-
Keuls t test. Data on the expression ratio of BAX/
BCL2L1 mRNAs were examined by the nonparametric
Kruskal-Wallis test followed by the Student-Newman-
Keuls t test. Differences were considered significant at
P � 0.01.

3. Results

3.1. In vivo induction of luteolysis

Progesterone plasma concentration, used as a
marker of luteal functional activity, was low (0.6 � 0.3
ng/mL) in all does before induction of ovulation. Pro-
gesterone decreased 12 h (P � 0.01) after PGF2� in-
jection on day 9 of pseudopregnancy, and complete
functional regression was achieved 24 h (P � 0.01)
later, when it decreased to basal values found at estrus
(Fig. 1). As expected, PGF2� was ineffective in induc-
ing a functional regression when administered on day 4
of pseudopregnancy.

3.2. Immunolocalization of ESR1, TP53, BAX, and
BCL2L1

Using monoclonal antibodies, strong positive reac-
tion for ESR1 was observed in the nucleus of luteal
cells of both day 4 and day 9 CL before PGF2� injection
(Fig. 2, top panels). The intensity of immunostaining
remained unaffected 6 h after PGF2� treatment in day 4
CL, but it became moderate in day 9 CL (Fig. 2, top
panels). Independently of luteal stage, moderate and
strong nuclear immunopositivity for TP53 was detect-
able in luteal cells before and after treatment, respec-
tively (Fig. 2, middle panels). Weak nuclear staining
for BAX was detectable in luteal cells of both day 4 and
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day 9 CL before and after PGF2� injection (Fig. 2,
bottom panels). Independently of luteal stage, no stain-
ing for BCL2L1 was observed in CL either before or
after PGF2� challenge (data not shown). Positive im-
munoreaction was detected in the ooplasm of oocytes
(data not shown). Staining was absent when the corre-
sponding primary antibodies were substituted with non-
immune serum (data not shown).

3.3. Gene expression of ESR1 and IL1B

Before treatment, the steady-state level of CL ESR1
mRNA was lower (P � 0.01) on day 4 than on day 9 of
pseudopregnancy (Fig. 3). On day 4, the ESR1 mRNA
levels remained fairly constant during the 24 h follow-
ing alfaprostol administration. Conversely, on day 9 of
pseudopregnancy, the relative abundance of ESR1
mRNA gradually declined to almost undetectable val-
ues (P � 0.01) within 6 h after PGF2� treatment and
then remained at low levels thereafter (Fig. 3).

Prior to treatment, the steady-state levels of IL1B
mRNA were similar in CL of both luteal stages (Fig. 4).

Following PGF2� injection, the relative abundance of
IL1B mRNA increased gradually (P � 0.01) and sim-
ilarly during the first 3 h in both day 4 and day 9 CL
(Fig. 4). On day 4 of pseudopregnancy, the luteal IL1B
relative mRNA abundance peaked 2-fold (P � 0.01)
above the basal level 3 h after PGF2� challenge and
thereafter gradually fell to pretreatment values. In day 9
CL, IL1B mRNA reached the peak level 6 h after the
PGF2� challenge, and then fell to pretreatment values
(Fig. 4).

3.4. Gene and protein expression of TP53

The steady-state levels of TP53 mRNA were com-
parable in CL explanted at both early and mid-luteal
phases (Fig. 5, A and B). On day 4 of pseudopregnancy,
the TP53 mRNA levels gradually decreased (P � 0.01)
during the 24 h after the treatment. On day 9 of pseu-
dopregnancy, the TP53 mRNA levels rose (P � 0.01)
until 3 h after PGF2� treatment and then gradually
decreased to reach values lower (P � 0.01) than pre-
treatment values (Fig. 5, B).

Before PGF2� challenge, TP53 protein was barely
expressed in both day 4 and day 9 CL (Fig. 5, C and D).
After PGF2� treatment, an increase (P � 0.01) in the
abundance of TP53 was observed in CL of both stages
(Fig. 5, D). In day 4 CL, protein expression for TP53
increased (P � 0.01) within 1.5 h after PGF2� injection
to reach 30-fold higher values 3 h later and then grad-
ually declined to levels 8-fold higher (P � 0.01) than
pretreatment values (Fig. 5, D). In day 9 CL, TP53
protein concentrations gradually increased (P � 0.01)
from 3 to 12 h after PGF2� administration but fell (P �
0.01) to almost undetectable values 24 h later (Fig. 5, D).

3.5. Gene expression of BAX and BCL2L1

The steady-state levels of BAX transcript were sim-
ilar in CL of both stages (Fig. 6, A and B). On day 4 of
pseudopregnancy, the BAX mRNA concentrations were
not affected by the treatment (Fig. 6, B). In day 9 CL,
the expression for BAX mRNA remained at the same
high concentrations for the first 3 h after PGF2� admin-
istration and then decreased (P � 0.01) to half values
thereafter (Fig. 6, B). Before treatment, the steady-state
level of BCL2L1 transcript was greater (P � 0.01) in
day 4 than in day 9 CL (Fig. 6, C and D). On day 4 of
pseudopregnancy, after PGF2� injection, the BCL2L1
mRNA concentrations remained the same for the next
24 h (Fig. 6, D). In day 9 CL, BCL2L1 mRNA relative
abundance decreased (P � 0.01) 6 h after PGF2� admin-
istration and remained low (P � 0.01) thereafter (Fig. 6,
D). The expression ratio of BAX/BCL2L1 mRNAs in day

Fig. 1. Plasma progesterone concentrations in blood samples col-
lected 0, 1.5, 3, 6, 12, and 24 h after PGF2� analog injection on day
4 or day 9 of pseudopregnancy. Apart from time 0, each data point
represents mean � SD of values derived from 3 different rabbits.
Asterisks indicate significantly different values (P � 0.01) from time
0 progesterone concentrations.
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4 CL was lower than in day 9 CL (0.61 � 0.15 vs 1.23 �
0.13, respectively, P � 0.01) and did not change follow-
ing PGF2� administration. In day 9 CL, the BAX/BCL2L1
ratio increased 1.7-fold (P � 0.01) only 24 h after the
PGF2� challenge.

3.6. Protein expression of BAX and BCL2L1

Anti-BAX antibody detected an immunoblot protein
doublet at approximately 21 kDa in CL of both luteal
stages before and after PGF2� treatment. BAX protein
steady-state levels were 5-fold greater (P � 0.01) in
day 4 than in day 9 CL (Fig. 7, A and B). In day 4 CL,
BAX protein abundance decreased 4-fold (P � 0.01)
1.5 h after PGF2� treatment and then remained at the
same low concentrations thereafter, except for a peak
12 h later (Fig. 7, B). In day 9 CL, abundance of BAX
protein remained fairly constant after PGF2� adminis-
tration at values similar to pretreatment values, except
for a 5-fold increase (P � 0.01) 24 h later (Fig. 7B).

Before treatment, BCL2L1 protein was undetectable
in both day 4 and day 9 CL (Fig. 7, C and D). In day 4 CL,
immunoreactive bands for BCL2L1 were observed only 6,
12, and 24 h after PGF2� injection, with a peak (P � 0.01)
at 12 h (Fig. 7, C and D). In day 9 CL, BCL2L1 protein

remained untraceable following PGF2� challenge (Fig. 7,
C and D).

3.7. Nitric oxide synthase enzymatic activity

The steady-state activity of total luteal NOS was
comparable in both day 4 and day 9 CL (Fig. 8). For the
first 3 h following PGF2� challenge, NOS activity rose
similarly almost 2-fold (P � 0.01) in CL of both luteal
stages (Fig. 8). Thereafter, NOS activity declined (P �
0.01) to pretreatment values in day 4 CL, whereas it
continued to rise (P � 0.01) in day 9 CL up to 6 h after
PGF2� injection, and then decreased (P � 0.01) to basal
concentrations (Fig. 8).

4. Discussion

Corpora lutea regression via apoptotic pathways has
been demonstrated in several species [19–21], but the
actual factors triggered by PGF2� remain to be identi-
fied. On the other hand, the molecular mechanisms that
protect the CL from the onset of luteolysis in the early
stages of luteal development are poorly known. In fact,
one of the most intriguing facets of luteal physiology

TP53 

0      6           0                         6  
Time post PGF2α treatment (h) 

        Day 4 CL        Day 9 CL 

ESR1 ESR1 ESR1 
ERαα
ESR1 

TP53 TP53 TP53 

BAX BAX BAX BAX 

Fig. 2. Details of microphotographs of corpora lutea derived from the immunohistochemical analysis of ESR1, BAX, and TP53 in rabbit ovaries
collected on days 4 and 9 of pseudopregnancy before (time 0) and 6 h after PGF2� injection. Positive staining is shown as brown coloring. ESR1,
TP53, and BAX show positive nuclear reaction of different intensity within luteal cells. In ESR1 microphotographs, bars � 10�m; in TP53 and
BAX, bars � 40 �m.
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concerns the understanding of what cellular and molec-
ular mechanisms confer CL the sensitivity to the luteo-
lytic action of PGF2� at a precise stage of their devel-
opment. As in other species [8,9], rabbit CL are not
completely refractory to PGF2� in the early stages of
development during pseudopregnancy, and several
changes occur at molecular and genetic levels, although
luteal steroidogenesis is not impaired [6,7]. In this
study, through RT-PCR, WB, and IHC, we provide
further evidence that exogenous PGF2� differentially
modulates luteal expression for ESR1 IL1B TP53, BAX,

and BCL2L1 transcripts as well as that for TP53, BAX,
and BCL2L1 proteins, depending on luteal stage. These
differential expression responses to PGF2� at the gene
and protein level are consistent with CL changes of key
factors that may drive intraluteal cell molecular net-
works toward acquisition of luteolytic capacity and
apoptosis.

Growing evidence suggests that, through genomic
regulations mediated by estrogen receptor, estradiol-
17� exerts both luteotrophic and luteolytic actions de-
pending on the species [22]. In the ovary of rabbits,
ESR1 is the dominant isoform and is predominantly

Fig. 3. ESR1 mRNA relative abundance in rabbit CL harvested just
before and at different time intervals after PGF2� injection on day 4
or day 9 of pseudopregnancy. The lower panels show representative
photographs of typical 2% agarose ethidium bromide-stained gels,
showing the presence of the expected bp products yielded after
reverse transcriptase polymerase chain reaction (RT-PCR) using
primers for target ESR1 (147 bp) and 18S (489 bp). Lane LD is the
kb DNA marker, lane PCR-represents a negative control of non-
reverse-transcribed RNA submitted to PCR amplification, whereas
the other lanes identify the corresponding hours after PGF2� injec-
tion. For each luteal stage, the values (means � SD), derived from
densitometric analyses of ESR1 reported in arbitrary units relative to
18S expression, combine the results from 3 different rabbits for each
time point. Within each luteal stage, different letters above bars
indicate a significantly different value (P � 0.01). An asterisk points
to a significant difference (P � 0.01) of the pretreatment values (time
0) between luteal stages.

Fig. 4. IL1B mRNA relative abundance in rabbit corpora lutea har-
vested just before and at different time intervals after PGF2� injection
on day 4 or day 9 of pseudopregnancy. The lower panels show
representative photographs of typical 2% agarose ethidium bromide-
stained gels, showing the presence of the expected bp products
yielded after reverse transcriptase polymerase chain reaction using
primers for target IL1B (183 bp) and 18S (489 bp). Lane LD is the kb
DNA marker, lane PCR-represents a negative control of non-reverse-
transcribed RNA submitted to PCR amplification, whereas the other
lanes identify the corresponding hours after PGF2� injection. For
each luteal stage, the values (means � SD), derived from densito-
metric analyses of IL1B reported in arbitrary units relative to 18S
expression, combine the results from 3 different rabbits for each time
point. Within each luteal stage, different letters above bars indicate a
significantly different value (P � 0.01).
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associated with the cytosolic compartment [23]. The
regulation of ESR1 expression has been investigated in
numerous species, including the rabbit, but to the best
of our knowledge, no study has been conducted on
rabbit CL during spontaneous or PGF2�-induced lute-
olysis. A clear difference in the steady-state levels for
ESR1 transcript emerged between the early and mid-
luteal stages, with day 4 lower than day 9 CL. How-
ever, although its relative mRNA abundance remained
unaffected following PGF2� challenge in day 4 CL,
ESR1 mRNA was greatly down-regulated in day 9 CL
as early as 6 h after PGF2� injection. Interestingly, the
decrease in ESR1 transcript coincided with progester-
one decline, which occurred 6 h after PGF2� injection
in luteal tissue of mid-pseudopregnancy and approxi-

mately 8 h later in peripheral blood [12]. Previous
studies indicated that the loss of steroidogenesis in the
rabbit CL is associated with the concomitant loss of
luteal estrogen receptor, and that there is a relationship
between luteal estrogen receptor content and estradiol-
stimulated progesterone synthesis [24]. Based on their
morphological appearance, most of the ESR1 immuno-
reactive cells were steroidogenic, with round nuclei and
vacuolized cytoplasms. However, the elongated aspect
of some ESR1-positive nuclei suggests that other types
of luteal cells may also express ESR1.

Current evidence suggests that luteolysis may be an
immune-mediated event, and resident immune cells are
now recognized as key modulators of the CL functional
lifespan by acting on nearby luteal, endothelial, stro-

Fig. 5. Relative abundances of TP53 mRNA and protein in rabbit corpora lutea harvested just before and at different time intervals after PGF2�

injection on day 4 or day 9 of pseudopregnancy. In A, representative photographs of typical 2% agarose ethidium bromide-stained gels, showing
the presence of the expected bp products yielded after reverse transcriptase polymerase chain reaction (RT-PCR) using primers for target TP53
(300 bp) and 18S (489 bp). Lane LD is the kb DNA marker, lane PCR-represents a negative control of non-reverse-transcribed RNA submitted
to PCR amplification, whereas the other lanes identify the corresponding hours after PGF2� injection. In B, data (means � SD) derived from
densitometric analyses of TP53 in CL reported in arbitrary units relative to 18S expression. In C, representative immunoblots of TP53 and
�-tubulin; in D, densitometric analyses of the blots reported in arbitrary units relative to �-tubulin. For each luteal stage, the values for gene and
protein expressions combine the results from 3 different rabbits for each time point. Within each luteal stage, different letters above bars indicate
a significantly different value (P � 0.01).
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mal, and immune cells through a large array of cyto-
kines [12,25,26]. Among these, IL1 has been identified
in the ovary of several species, including the rabbit
[27], where it plays a role in follicular development,
ovulation, and steroidogenesis [28]. Although it is ev-
ident that IL1B greatly influences ovarian and CL phys-
iology, there have been controversial results concerning
its specific mechanism of action. In the present study,
following PGF2� challenge, luteal IL1B mRNA was
up-regulated within 3 h on both day 4 and day 9 of
pseudopregnancy, but thereafter, the dynamic expres-
sion pattern differed depending on luteal stage. The
reason for this differential response might depend on
changes in CL cell composition and in intraluteal en-
docrine milieu. In fact, although the monocyte/macro-

phage system, a normal but very modest component of
the developing rabbit CL [29,26], is the primary source
of IL1B, this cytokine is also released by other cells of
the ovary, including fibroblasts, endothelial, luteal [30],
granulose, and theca cells [28]. Increasing numbers of
immune cells have been reported in rabbits during
spontaneous luteal regression [27,11]. Thus, the in-
creased gene expression for luteal IL1B after PGF2�

administration detected at day 9 of pseudopregnancy
may be related to the influx of macrophages at this
time, as observed in bovines [31].

Interleukin-1� exerts a wide array of actions in the
ovary [32]; it decreases progesterone secretion, in-
creases prostaglandin synthesis, induces PGF2� recep-
tor expression, inhibits cyclooxygenase-2 (COX2)

Fig. 6. Relative abundances of BAX and BCL2L1 mRNAs in rabbit corpora lutea (CL) harvested just before and at different time intervals after
PGF2� injection on day 4 or day 9 of pseudopregnancy. In A and C, representative photographs of typical 2% agarose ethidium bromide stained
gels, showing the presence of the expected bp products yielded after reverse transcriptase polymerase chain reaction (RT-PCR) using primers for
target BAX (165 bp), BCL2L1 (228 bp), and 18S (489 bp). Lane LD is the kilobase DNA marker, lane PCR-represents a negative control of
non-reverse-transcribed RNA submitted to PCR amplification, whereas the other lanes identify the corresponding hours after PGF2� injection. In
B and D, data derived from densitometric analyses of BAX and BCL2L1, respectively, in CL reported in arbitrary units relative to 18S expression.
For each luteal stage, the values for gene expressions (means � SD) combine the results from 3 different rabbits for each time point. Within each
luteal stage, different letters above bars indicate a significantly different value (P � 0.01). An asterisk points to a significant difference (P � 0.01)
of the pretreatment values (time 0) between luteal stages.
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mRNA degradation [33], and enhances NO production,
activating constitutive and/or inducible NOS [30]. Re-
cently, we found that PGF2� injection caused a marked
up-regulation of COX2 expression and activity, as well
as increased PGF2� release only in day 9 CL that had
acquired a luteolytic capacity [7]. Therefore, given the
present and previous data, the overexpression of IL1B
mRNA soon after exogenous PGF2� administration
suggests, although indirectly, that this cytokine may be
involved in enhancing intraluteal PGF2� synthetic path-
ways by the up-regulation of luteal NOS and COX2
activities. Thus, these findings suggest that IL1B plays
a pivotal role in promoting the functional regression of
CL that have gained luteolytic capability.

Following PGF2� challenge, total luteal NOS activ-
ity was markedly up-regulated within 1.5 h on both day

4 and day 9 of pseudopregnancy. However, the dy-
namic pattern of NOS activity subsequently differed
between the early and mid-luteal stages. In fact, in early
CL, NOS activity decreased to pretreatment values,
whereas in mature CL, it peaked 6 h after PGF2�

injection to sharply decrease to basal levels in the
following hours. It is now evident that NO has pleio-
tropic actions, as it is involved in immune response as
well as in cell differentiation and apoptosis in several
systems in which it modulates key functions in many
physiological and pathological processes [34]. In vitro
and in vivo data have shown that within the ovary, NO
controls ovulation and regulates luteal steroidogenesis
as well as luteal regression by targeting both nitration
and oxidation of specific proteins [35]. Nitric oxide
exerts both anti- and pro-apoptotic effects in many

Fig. 7. Relative abundances of BAX and BCL2L1 proteins in rabbit corpora lutea harvested just before and at different time intervals after PGF2�

injection on day 4 or day 9 of pseudopregnancy. In A and C, representative immunoblots of BAX and BCL2L1, respectively; in B and D
densitometric analyses of the BAX and BCL2L1 blots, respectively, reported in arbitrary units relative to �-tubulin. Doublet bands at
approximately 21 kDa were detected for BAX (A). For each luteal stage, the values (means � SD) for protein expression combine the results from
3 different rabbits for each time point. Within each luteal stage, different letters above bars indicate a significantly different value (P � 0.01). An
asterisk points to a significant difference (P � 0.01) of the pretreatment values (time 0) between luteal stages.
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biological systems. The anti-apoptotic effects of NO
include inhibition of caspases, increase of heat shock
proteins (HSPs) and BCL2, and nitration of TP53 and
activation of Akt/PKB pathways, which induces cyto-
protective gene expression through NF-kB activation
[36]. On the other hand, nitrosative stress can promote
apoptosis through the activation of mitochondrial path-
ways, such as the release of cytochrome C and endonu-
clease G, as well as the inhibition of NF-kB, decreased
BCL2 expression, and increased TP53 expression [37].

Total NOS activity was much higher in rabbit CL
explanted on day 9 than on day 4 of pseudopregnancy
and cultured in vitro after incubation with PGF2� [3]. In
bovine luteal cells, reactive oxygen species (ROS) were
found to modulate the activation of the signaling path-
way for luteal-cell apoptosis by up-regulating COX2,
TP53, and BAX mRNA expression [38]. This regulatory
action of ROS, however, likely also occurs in vivo
during spontaneous CL regression at the end of the
estrous cycle or following PGF2�-induced luteolysis. In
fact, one of the primary responses to cellular damage,
such as that elicited by ROS [39], is the stabilization

and nuclear translocation of the anti-oncogenic tran-
scription factor TP53 [40].

Among several functions, the transcriptional factor
TP53 acts as a tumor suppressor by causing growth
arrest or apoptosis in response to a variety of cellular
stresses [41]. The TP53 protein interacts with at least 6
members of the BCL2 family, whose gene is alterna-
tively processed to yield both negative (“long” isoform,
death suppressor, BCLXL) and positive (“short” iso-
form, death inducer, BCLXS) regulators of the cell
death pathway, by inhibiting the anti-apoptotic BCLXL
member and activating the pro-apoptotic BAX [42].
Interestingly, in the present study, the steady-state lev-
els for the TP53 pro-apoptotic and BAX gene transcripts
were comparable in both day 4 and day 9 CL, whereas
those for the anti-apoptotic BCL2L1 gene showed a
different trend and were higher in day 4 than in day 9
CL. Thus, the BAX/BCL2L1 mRNA ratio, an index
used for discerning the susceptibility of a cell system to
apoptotic signals, was lower in day 4 than in day 9 CL.
However, when the expression of proteins was evalu-
ated by WB, the level of TP53 was very low at both
luteal stages, whereas the abundance of BAX was
higher in day 4 than in day 9 CL and that for BCL2L1
was undetectable in both young and mature CL.

Independently of luteal stage, using anti-BAX anti-
body, we consistently observed an immunoblot doublet
both before and after PGF2� treatment. Similar findings
have been reported in rabbits [43] and in rats [44]. Using
the IHC technique, positive reaction for TP53 and BAX,
although at different levels of intensity, was found in
luteal cells of CL obtained from both early and mid-luteal
phases before PGF2� administration. By contrast, immu-
nohistochemical staining for BCL2L1 was absent in CL
and, within the ovary, was observed only in the oocytes of
primary follicles, suggesting that this member of the
BCL2 family controls its survival from apoptotic stimuli.

Our data confirm that TP53 and BAX proteins are
constitutively expressed in rabbit CL at different stages
of development, similarly to what has been found in CL
of other species [45–47]. Although the role of TP53,
BAX, and BCL2L1 in regulating the luteolytic cascade
is still controversial, these findings suggest that day 4
and day 9 CL are both intrinsically susceptible to the
apoptotic process. It remains to be explained what fac-
tors, either directly or indirectly, cause this imbalance
between pro- and anti-apoptotic gene and protein ex-
pressions on CL at different stages of development.
However, the finding that placental-derived factors pro-
moted luteal cell survival in pregnant rabbits [20] in-
directly suggests that endocrine-mediated mechanisms

Fig. 8. Total NOS activity in rabbit corpora lutea explanted just
before and at different time intervals after PGF2� injection on day 4
or day 9 of pseudopregnancy. For each luteal stage, the values
combine the results from 3 different rabbits for each time point.
Within each luteal stage, different letters above bars indicate a sig-
nificantly different value (P � 0.01).
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may regulate the expression of these genes. In addition,
progesterone is also known to exert a protective action
on luteal cell survival and to oppose functional regres-
sion of CL [48]. Therefore, intraluteal factors acting
locally, in a paracrine and/or autocrine way, may also
be involved in modulating the expression of pro- and
anti-apoptotic genes. Intriguingly, however, BCL2L1
was not expressed at the protein level in CL of pseu-
dopregnant rabbits, suggesting that species-related dif-
ferences may exist. In fact, although the BCL2L1 gene
is not required for CL establishment and maintenance,

BCL2L1 protein was identified in granulosa and luteal
cells of the mouse ovary [49].

On day 4 of pseudopregnancy, in PGF2�-uncompe-
tent CL, TP53 transcript declined following adminis-
tration of a luteolytic dose of the synthetic prostaglan-
din, whereas BAX and BCL2L1 mRNAs remained
almost unaffected and their ratio consistently low.
However, the abundance of TP53 protein markedly
increased, whereas that of BAX decreased within 1.5 h
after PGF2� challenge. A similar trend was maintained
during the next several h, although at different levels.

Fig. 9. Simplified model showing the intracellular signaling luteolytic pathways activated by PGF2� in a rabbit luteal cell at day 9 of
pseudopregnancy. 3�-HSD: 3�-hydroxysteroid dehydrogenase; 20�-HSD: 20�-hydroxysteroid dehydrogenase; AA: arachidonic acid; BCL2L1:
B-cell CLL/lymphoma 2 (BCL2) -like 1 (BCL2L1); BAX: BCL2-associated X protein, COX2: cyclooxygenase 2; DAG: diacylglycerol; ESR1:
estrogen receptor, subtype-1; IL1B: interleukin-1beta; IP3: inositol triphosphate; FP: PGF2� receptor; NO: nitric oxide; NOS: nitric oxide
synthase; P450scc: cytochrome P450 side-chain cleavege; PGE2, prostaglandin E2; PGE2-9-K: PGE2-9-ketoreductase; PGES: prostaglandin E2

synthase; PGF2�: prostaglandin F2�; PGFS: prostaglandin F2� synthase; PGH2, prostaglandin H2; PKC: protein kinase C; PLC: phospholipase C;
StAR: steroidogenic acute regulatory protein: TP53: tumor protein p53. PGE2-9-K and 20�-HSD are joined as they represent a single enzyme with
2 different activities. In this working model, enzymes are in italics.
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Interestingly, BCL2L1, which was undetectable prior
to treatment, was expressed 6 h after PGF2� adminis-
tration. Positive bands for BCL2L1 were also clearly
observed 12 and 24 h later, which correlated with the
resistance of early luteal phase CL to the luteolytic
action of PGF2�. By contrast, in PGF2�-competent CL
at day 9 of pseudopregnancy, the TP53 gene was ini-
tially up-regulated within 3 h after PGF2� administra-
tion, but then returned to pretreatment values during the
course of functional luteolysis. BAX mRNA was mark-
edly down-regulated 6 h after PGF2� administration,
and a similar finding was observed for BCL2L1. As a
consequence, the ratio of relative levels of mRNA en-
coding BAX and BCL2L1, fairly constant during
PGF2�-induced luteolysis, increased 24 h after treat-
ment. By contrast, neither BCL2L1 nor TP53 mRNA
levels changed in functional versus regressed bovine
CL [45]. Similarly, these 2 gene apoptotic markers
remained unaffected in rat CL during spontaneous re-
gression [50].

In the present study, both TP53 and BAX proteins
increased in mid-luteal stage CL following PGF2� chal-
lenge, although at different time intervals and with
different rates, but the protein product of TP53 became
undetectable 24 h after treatment. By contrast, no signal
for BCL2L1 was appreciable by WB analysis through-
out PGF2�-induced luteolysis and by IHC at the time
points investigated. Western blot analysis revealed a
gradual reduction in TP53 protein in the rat CL during
luteal regression [50]. The apoptosis-regulating protein
BAX was expressed constantly in the human CL
throughout the luteal phase [51]. Injection of PGF2�

triggered an increased ratio of BAX to BCL2 in CL of
bison cows as early as 4 h post-treatment that remained
elevated until 18 h [46]. The lack of temporal and
quantitative coincidence between transcript and protein
expressions observed in our study either before or after
PGF2� treatment provides unequivocal proof that dy-
namic and complex post-transcriptional processes reg-
ulate luteal apoptotic pathways. Part of the explanation,
however, may reside in the continuous remodeling that
characterizes CL development in the rabbit involving
both luteal and nonluteal cells [52].

Our findings clearly suggest that the apoptotic sys-
tem controlled by these genes is actively involved in an
opposite way, either inhibited or enhanced depending
on luteal stage. Taken together, these contrasting find-
ings suggest that the mechanism leading to apoptosis in
the mammalian CL may differ among species. How-
ever, as a note of caution, it should be borne in mind

that spontaneous and PGF2�-induced luteal regression
are not fully superimposable processes.

In conclusion, through the dynamic changes of key
genes that encode proteins directly involved in the
control of the apoptotic mechanism, we have demon-
strated for the first time in rabbits that during PGF2�-
evoked luteolysis in CL that have acquired a luteolytic
capacity, the concurrent up-regulation of luteal IL1B
and TP53 gene transcripts and NOS activity precedes
the down-regulation of ESR1 and BCL2L1 genes (Fig.
9). The regression effect on CL after PGF2� treatment
appears to be a result of distinct processes that involve
the steroidogenic pathway, as shown by ESR1 down-
regulation, as well as apoptotic signaling, as shown by
the dynamic changes of TP53 and BCL2L1 proteins
and gene transcripts. Given that NO is involved in
immune response, cell differentiation, and apoptosis,
the distinct phases of activation/modulation of the sin-
gle genes involved in the apoptotic process are consis-
tent with the regulatory role of ROS owing to the action
of the PGF2�.
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