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ABSTRACT

This study investigated the effects of melatonin supplementation on the daily mRNA expression
of Bmp-15, Gdf-9, FSH (Fshr) and LH (Lhr) receptor genes and the effect of gonadotropin
supplementation on protein expression of melatonin-synthetizing enzymes (ASMT and AANAT)
during in vitro maturation (IMV) of rat follicle-enclosed oocytes. We also studied the effects of
pinealectomy on the mRNA expression of Bmp-15, Gdf-9, Fshr and Lhr genes in immature oocytes
and cumulus cells and on the protein expression and immunolocalization of AANAT and ASMT in
immature ovaries. Ovaries were collected from sham-pinealectomized (INTACT) and
pinealectomized (PINX) females during the light and dark phases of the 12h:12h light-dark cycle.
Melatonin increased the Bmp-15 and Gdf-9 mRNA expression in follicle-enclosed oocytes during
dark phase and Lhr mRNA expression during the light phase. The daily mRNA expression of Lhr
was negatively correlated with the daily mRNA expression of Bmp-15 and Gdf-9 in follicle-
enclosed oocytes supplemented with melatonin. There were no phase differences in oocytes
MRNA expression of Bmp-15 and Gdf-9 from PINX females. Pinealectomy did not altered the
MRNA expression of Lhr gene in cumulus cells. There were no phase differences in ASMT and
AANAT expression in ovaries from INTACT and PINX females and their immunolocalization was
seen in most of ovarian cells. AANAT expression in follicle-enclosed oocytes supplemented with
LH from INTACT and PINX females was greater during the dark phase. The results suggest that
melatonin regulates the daily Bmp-15, Gdf-9 and Lhr mRNA expression during the rat follicle
development. There is also an indicative that melatonin plays an important role in the relationship
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between the daily expression of Lhr and the daily expression of Bmp-15 and Gdf-9 in follicle-
enclosed oocytes during oocyte maturation process.

Key Words: gonadotropin receptors, melatonin AANAT, ASMT, oocyte maturation,
transforming growth factor-p.

1. INTRODUCTION

Oocyte maturation involves nuclear and cytoplasmic modifications that make the oocyte
capable of undergoing fertilization and embryo development (1). The in vivo maturation process
requires the pre-ovulatory peak of luteinizing hormone (LH) (LH surge), which activates cumulus
cells expansion of the ovulated cumulus-oocyte complexes - COCs (2, 3). Mural (distant from the
oocyte) and cumulus (near the oocyte) granulosa cells-oocyte interactions support nuclear and
cytoplasmic maturation of oocytes (1, 4, 5) as well as the presence of LH receptors in mural and
cumulus granulosa cells (6). In all stages of folliculogenesis, the development and differentiation
of granulosa cells and their communication with the oocyte depend on several oocyte-derived
growth factors including Bone Morphogenetic Protein 15 (BMP-15) and Growth Differentiation
Factor 9 (GDF-9) belonging to Transforming Growth Factor-p (TGF-B) superfamily (7-9). These
growth factors are responsible for the oocyte-cumulus cell regulatory interaction after LH surge
(7), induction of cumulus cell expansion (10) and they also stimulate the in vitro maturation of
COCs by increasing the nuclear maturation rates (11) or modulating the mRNA expression of
embryo development related-genes in cumulus cells (12). Additionally, these growth factors are
responsible for regulation of mMRNA expression of follicle-stimulating hormone (FSH) (13) and
LH (14) receptors in growing follicles.

Melatonin, a secretory product of the pineal gland (15), plays an important role in ovarian
function, particularly during final step of the follicle development (16-18). During the maturation
process, pineal melatonin and melatonin from the follicular fluid (19, 20), probably secreted by
mammalian oocytes (21, 22) and/or mural and cumulus granulosa cells (23), protect the pre-
ovulatory follicles and the COCs from oxidative stress (17, 19, 22, 24), control the granulosa cell
apoptosis (20, 24) and the transcription of steroid synthesis-related genes including LH receptors
(25). It was also reported that melatonin controls BMP-6 regulation of steroidogenesis in rat
immature growing follicles by altering the expression of FSH receptors (26).

Considering the relationship between BMP system and melatonin in the ovary (27) and the
synergistic effect of BMP-15 and GDF-9 (13) in improving in vitro maturation of COCs (7, 11),
the effects of melatonin on expression of Bmp-15, Gdf-9, FSH (fshr) and LH (Lhr) receptor genes
in rat follicle-enclosed oocytes during in vitro maturation should be investigated. Before the in
vitro experiments, we investigated the effect of pinealectomy on the expression of Bmp-15 and
Gdf-9 in immature oocytes and FSH (Fshr) and LH (Lhr) receptor genes in immature cumulus
cells. Moreover, we tested whether the protein expression of the two melatonin synthetic enzymes
(AANAT and ASMT) (28) in the ovary was affected by pinealectomy and then identify their
potential localizations in the ovary from intact and pinealectomized animals with
immunohistochemistry. We also studied the effects of melatonin supplementation on mRNA
expression of Bmp-15, Gdf-9, Fshr and Lhr genes in isolated rat follicle-enclosed oocytes and also
the effect of melatonin supplementation in maturation medium on the possible correlations
between mMRNA expression of gonadotropin receptors and the mRNA expression of Bmp-15 and
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Gdf-9. Subsequently, we investigated whether the ASMT and AANAT expression in rat follicle-
enclosed oocytes are affected by gonadotropins (FSH and/or LH) supplementation since these
hormones promote the in vitro maturation of the oocyte in the intact follicle (29, 30). In all
experiments, the influence of the phases of light-dark cycle was analyzed.

2. MATERIALS AND METHODS
2.1. Animals.

Female Wistar rats (3-month-old) were housed on a 12L.:12D light-dark cycle, in a temperature-
controlled room (23°C * 2°C), with food and water available ad libitum. All the procedures
involving animals were authorized by the Animal Care Committee of Ethics in Animal
Experimentation of the Institute of Biomedical Sciences, University of Sdo Paulo. The approved
protocol number was CEUA 199/116f.

2.2. Hormones and Antibodies.

The equine chorionic gonadotropin (eCG - Folligon® 5000 Ul) and LH (Chorulon 5000 UlI)
were obtained from MSD Saldde Animal Inc., Sdo Paulo, SP, Brazil. FSH (Folltropin) and
melatonin (M5250) from Vetoquinol Inc., Mairipord, SP, Brazil and Sigma-Aldrich, (St. Louis,
MO, USA), respectively. The GnRH analogue (Buserelin Acetate) was obtained from Ourofino
Saude Animal Inc., (Cravinhos, SP, Brazil). Polyclonal rabbit anti-AANAT and anti-ASMT
antibodies were a donation from Dr. D.C. Klein, (NIH, Bethesda, USA). The monoclonal mouse
anti-yTUBULIN antibody (T5326) was obtained from Sigma-Aldrich, and the secondary
antibodies, Alexa Fluor 790 (A11369) and Alexa Fluor 680 (A10038), were obtained from
Invitrogen, (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Hormonal stimulation of the females and collection of ovaries, FOs, oocytes and cumulus
cells.

Forty-eight hours before euthanasia, the females were stimulated with 20 U eCG for induction
of development of a cohort of immature follicles. Ovaries were removed and placed in the
manipulation medium (H-199), composed of Tissue Culture Medium (TCM) 199 with HEPES
(Gibco®/12350-039, Invitrogen), supplemented with 1uL/mL gentamicin (G1272, Sigma-
Aldrich), and 0.1% polyvinyl alcohol (P8136, Sigma-Aldrich). COCs were isolated from the
ovarian follicles by dissection and the oocytes were denuded from cumulus cells by vortexing for
5-8 min. The denuded oocytes were incubated for 5 min in H-199 medium with 0.1% pronase
(P8811, Sigma-Aldrich) for removal of the zona pellucida. After the oocytes (80/sample) and
cumulus cells were collected, the separated samples were put into 800 pL of lysis solution for
RNA isolation and stored at -80 °C and the ovaries were immediately stored at — 80 °C. The FOs
were cultured in appropriate maturation media and then stored at — 80 °C.

2.4. Culture of ovarian follicle-enclosed oocytes.

For in vitro maturation studies, after three washes in manipulation medium, groups of isolated
ovarian FOs were transferred to 6-well plates (3 mL/well) containing maturation medium (B-119
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medium) composed of TCM 199 medium without HEPES and with sodium bicarbonate
(Gibco®/11150-067, Invitrogen), supplemented with 1 pL/mL gentamicin and 0.1% polyvinyl
alcohol. The cultures were incubated at 37°C under 5% CO- in humidified air for 16 hours. Pools
of 25 to 30 follicles per sample were either put into 800 pL lysis solution for RNA isolation and
stored at - 80°C or subjected to protein extraction procedures and then stored at - 80°C.

2.5. RNA extraction and gRT-PCR.

Total RNA was extracted from the samples using guanidine isothiocyanate based reagent
(TRIzol®, 15596-018, Invitrogen) as instructed by manufacturer. First-strand cDNA was
synthetized from 1ug of total RNA pellet diluted in RNase-free water using reverse transcriptase
(Superscript 111, 18080-044, Invitrogen) and random primers (48190-011, Invitrogen). The
Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR) was performed on
QuantStudio 6 Flex Real-Time PCR equipment (Applied Biosystems, Inc, Foster City, CA, USA)
using the relative analyses (24T method) (31) and reported as arbitrary units. All measures were
performed in duplicate and Rpl37a was used as reference gene (32). The primers used in this study
are listed in Table 1.

Table 1. List of qRT-PCR primers used in the present research.

Genes Accession Number* Primer sequence 5°- 3 Base Pairs (bp)
oo | e | EEI)-ShTAccerccseronicns | o
e | wwsmy | EET)-comcscamiomcionss |y
o | e | EGY) Toconsorsemeriece |
o | weoomo, | L33 Temtoascenccacee |y

F: Forward, R: Reverse, * Accession Number is provided by the National Center for
Biotechnology.

2.6. Protein extraction and western blotting.

For ASMT and AANAT protein expressions, the ovaries, follicle-enclosed oocytes and pineal
glands (used as a positive control) were lysed and homogenized in 0.1 M sodium phosphate buffer
pH 6.8 containing 1% Triton X-100, protease (P8340) and phosphatase (P 5726 and P0044
inhibitors (1:100) were from were from Sigma-Aldrich. The total protein concentration was
measured by using Pierce™ BCA Protein Assay Kit (23225, Thermo Fisher Scientific, Waltham,
MA, USA) and 50 ug (ovaries) or 20 ug (FOs) of total protein samples were diluted in 4X Laemmli
(161-0747) with 10% 2-mercaptoethanol (161-0710) (Bio-Rad Laboratories Inc., Hercules, CA,
USA). After boiling (90°C) for 5 min, the samples were loaded in a 12% TGX™ FastCast™
Acrylamide Kit (#1610175, Bio-Rad Laboratories Inc.) and transferred to nitrocellulose membrane
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using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories Inc.). The membranes were
blocked with Tris-buffered saline (TBS + 5% BSA) for 1 hour and incubated overnight at 4°C with
primary ASMT (1:4000), AANAT (1:1000) and yTUBULIN (1:1000) antibodies and then washed
in Tris-Buffered Saline (TBS) solution; the membranes were then incubated with appropriated
secondary antibodies for 1 hour at room temperature. After successive washing, the membranes
were scanned in Li-COR Odissey system.

2.7. Immunohistochemistry.

The ovary samples were fixed in 4% buffered paraformaldehyde, submitted to in graded series
of ethanol and xylol solutions and embedded in paraffin. Sections (5 um) mounted onto silanized
slides were diaphanized, rehydrated and blocked with 3% BSA in phosphate-buffered saline (PBS).
Then, the slides were washed and incubated overnight with rabbit primary ASMT (1:200) or
AANAT (1:200) antibodies. The immunoreaction points were detected using the chromogen 3,3’-
diaminobenzidine (DAB), using the EXPOSE Mouse and Rabbit Specific HRP/DAB Detection
IHC kit (ab80436, Abcam, Cambridge, UK), following the manufacturer’s recommendations.
Sections without the primary antibody were used as a negative control of the immunoreaction
protocol. Finally, sections were counterstained with hematoxylin, dehydrated with an increasing
series of ethanol, diaphanized in xylene and coverslipped with DPX as the mounting medium
(Millipore Corporate Headquarters, Billerica, MA, USA). The sections were examined with EVOS
microscope (Thermo Fisher Scientific).

2.8. Experiment 1.

This experiment investigated the effects of pinealectomy on the daily distribution of mMRNA
expression of Bmp-15, Gdf-9 genes in oocytes and Fshr and Lhr genes in cumulus cells and ASMT
and AANAT protein expressions in ovaries obtained from intact or pinealectomized females either
during the light (6 h after lights on - ZT6) or the dark (6 h after lights off - ZT18) phase of 12h:12h
light/dark cycle. The option of collecting all the samples only at two zeitgeber times (ZTs) was
based on daily profile of Aanat activity and Asmt and Aanat mMRNA and protein expressions in rat
pineal gland (33) which reflects melatonin synthesis by pineal gland (28).

The animals were intraperitoneally anesthetized with ketamine and xylazine (0.15 mL/100 g
body weight) and submitted to the surgery according to Hoffman and Reiter (34) procedures with
some adaptations (35). Animals were divided in two groups: sham-pinealetomized (INTACT), and
pinealectomized (PINX).

2.9. Experiment 2.

This experiment investigated the effect of addition of melatonin during in vitro oocyte
maturation process on the mRNA expression of Bmp-15, Gdf-9, Fshr and Lhr genes. In this study,
follicle-enclosed oocytes (immature follicles) were submitted to different conditions for 16 h
culture: a) Immature follicles cultured only in B-199 medium without melatonin (Control - C); b)
Immature follicles cultured in B-199 medium with 10 M melatonin (M-3); ¢) Immature follicles
cultured in B-199 medium with 10 M melatonin (M-6); d) Immature follicles cultured in B-199
medium with 10° M melatonin (M-9). Immature follicles were obtained from ovaries of intact
females euthanized either during the light phase (ZT6) or during the dark phase (ZT18).
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2.10. Experiment 3.

This experiment investigated the effect of gonadotrophins during the in vitro oocyte maturation
process on the ASMT and AANAT protein expressions in follicle-enclosed oocytes from ovaries
obtained from euthanized intact or pinealectomized females either during the light (ZT6) or the
dark phase (ZT18) of the 12h:12h light/dark cycle. The immature follicle-enclosed oocytes were
subjected to different culture conditions for 16 hours: a) Immature follicles cultured only in B-199
medium without gonadotrophins (Control - C); b) Immature follicles cultured in B-199 medium
with 10 pg/mL FSH (F); ¢) Immature follicles cultured in B-199 medium with 100 ng/mL LH (L);
d) Immature follicles cultured in B-199 medium with 10 pg/mL FSH and 100 ng/mL LH (FL); e)
Immature follicles cultured in B-199 medium with 1 pg/mL GnRH analogous (G). The option of
using the GnRH analogous was due to its beneficial effect on the in vitro maturation process of rat
follicle-enclosed oocytes (29).

2.11. Statistical analysis.

Data results were plotted as mean + SEM, calculated from at least five to six replications and
analyzed using two-way ANOVA followed by Bonferroni’s post-test. P < 0.05 was considered as
statistical significance. These analyses were carried out using GraphPad Prism (GraphPad
Software version 8.30; San Diego, CA, USA).

3. RESULTS

3.1. Effects of pinealectomy on daily mRNA expression of Bmp-15, Gdf-9, Fshr and Lhr genes
in immature oocytes and cumulus cells and ASMT and AANAT protein expression and their
immunolocalization in ovaries.

Considering the Bmp-15 and Gdf-9, Fshr and Lhr mRNA expressions in immature oocytes and
cumulus cells from INTACT and PINX rats (Figure 1), the light-dark distribution of Bmp-15
(Figure 1A) and Gdf-9 (Figure 1B) mRNA expressions in immature oocytes was abolished by
pinealectomy. There were no light-dark phase differences in oocytes of PINX animals whereas in
INTACT animals the Bmp-15 and Gdf-9 mRNA expressions were greater during the dark phase.
On the other hand, absence of pineal melatonin did not alter the daily distribution of Fshr (Figure
1C) and Lhr (Figure 1D) mRNA expressions in immature cumulus cells. In both INTACT and
PINX females the mRNA expression of Lhr in cumulus cells was greater during the dark phase
and no phase differences were observed on Fshr mRNA expression.

The melatonin synthetizing enzyme (ASMT and AANAT) proteins were expressed in ovaries
of both INTACT and PINX rats and no light-dark phase differences were detected either in
INTACT or PINX rats (Figure 2). The immunohistochemistry analyses of ASMT (Figure 3) and
AANAT (Figure 4) in immature ovaries from INTACT (Figures 3A and 4A) and PINX animals
(Figures 3B and 4B) revealed an immunoreaction for ASMT and AANAT in primary (preantral),
secondary and tertiary (antral) follicles and corpus lutea. The immunostaining of ASMT was
weakly observed in most follicular cells and in the medullar region (Figure 3: A2, A4, A5, B2, B4,
B4 and B5). The immunoreaction of AANAT was detected in follicular cells (mainly in theca cells)
and corpus luteum but, a strong AANAT immunostaining was observed in oocytes (Figure 4: A2,
A4, B2 and B4).
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Fig.1. Effects of pinealectomy on daily mRNA expression of Bmp-15 (A), Gdf-9, Fshr and Lhr
genes in immature oocytes (A and B) and cumulus cells (C and D).

INTACT: sham-pinealectomized rats (50 females:25/phase); PINX: pinealectomized rats (50
females:25/phase). Each sample (5 replications/group) represents a pool of 80 COCs from five
females. Data are expressed as mean £ SEM. Light phase (ZT6: 6 h.after lights on) and Dark
phase (ZT18: 6. h after lights off). *P<0.05; **P<0.01 vs each other. Reference gene: Rpl37a.
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Fig. 2. Effects of pinealectomy on daily ASMT (A and B) and AANAT (C and D) protein
expression in ovaries from INTACT (A and C) — PINX (B and D) rats.

INTACT: sham-pinealectomized rats (6 females/phase); PINX: pinealectomized rats (6
females/phase). Data are expressed as mean + SEM. Light phase (ZT6 6 h. after six hours after
lights on) or dark phase (ZT18: 6 h. after lights off). Positive control: pineal gland.
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Fig. 3. Immunohistochemical staining of ASMT in ovaries from — INTACT (A) and PINX (B)
rats during Light Phase (LP) and Dark Phase (DP) of the light-dark cycle.

Negative controls: A1, A3, B1 and B3. The yellow-brown color indicates the immunoreactivity
of ASMT: A2, A4, A5, B2, B4 and B5 (Medulla Region - MR). The sections were visualized in
EVOS microscope at X 10 (A1, A4, B4, B5 and B6) and X 20 (A2, A3, A5, A6, B1, B2 and B3). PF
= Primary Follicle; SF = Secondary Follicle; AF =Antral Follicle or Tertiary Follicle; IAF =
Initial Antral Follicle; CL = Corpus Luteum AN = Antrum. Inside the follicles: TC = Theca Cells;
GC = Granulosa Cells.
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Fig. 4. Immunohistochemical staining of AANAT in immature ovaries from INTACT (A)
and PINX (B) rats during Light (LP) and Dark Phase (DP).

Al, A3, B1, B3: negative controls. A2, A4, B2, B4: AANAT positive staining (yellow-brown
color) visualized under EVOS microscope at X 10 (A1, A3, A4, B3, B4) and X 20 (A2, B1, B2). SF
= Secondary Follicle; AF =Antral Follicle or Tertiary Follicle; IAF = Initial Antral Follicle; CL
= Corpus Luteum; AN = Antrum, OT = Oocyte; TC = Theca Cells; GC = Granulosa Cells.

3.2. Effects of melatonin supplementation in maturation medium on mRNA expression of
Bmp-15, Gdf-9, Fshr and Lhr genes in FOs.

The results showed that the addition of melatonin to the maturation culture medium altered the
Bmp-15, Gdf-9 and Lhr mRNA expressions in FOs according to the phase of the light-dark cycle
(Figure 5). Melatonin increased the Bmp-15 (Figure 5A) and Gdf-9 (Figure 5B) gene expressions
during the dark phase and the Lhr gene expression during the light phase (Figure 5D). The Fshr
expression was not affected by melatonin to the cultures (Figure 5C).
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Fig. 5. Effects of melatonin supplementation in maturation medium (B-199) on mRNA
expression of Bmp-15 (A), Gdf-9 (B), Fshr (C) and Lhr (D) genes in rat FOs.

FOs were collected in different phases: Light (ZT6: 6 h after lights on) and Dark Phase (ZT18:
6 h after lights off) and cultured in B-199 medium without (C) or with 103 M (M-3), 10° M (M-
6) and 10° M (M-9) melatonin for 16 h. Data are expressed as mean + SEM. Each sample (5
replications) represents a pool of 30 FOs from 5 females. Reference gene: Rpl37a. **P<0.01;
***P<(.001 vs each other.

Correlation analysis (Table 2) showed a negative correlation between the daily mRNA
expression of Lhr and the daily mRNA expression of Bmp-15 or Gdf-9 in FOs when melatonin
was added to maturation medium. The daily Fshr mRNA expression in FOs supplemented with
melatonin was not correlated with daily mRNA expression of Bmp-15 or Gdf-9.

Table 2. Correlation of MRNA expression both Bmp-15 and Gdf-9 between Fshr or Lhr in
FO cultured without (C) or with 102 M (M-3), 108 M (M-6) and 10-° M (M-9) melatonin
for 16 hours during the light and dark phases (* P<0.05; ** P<0.01 vs control).

Correlations Bmp-15 (¥) Gaf-9 (¥)
Pearson r P values Pearson r P values
Fshr (X)
C 0.188 0.628 -0.215 0.5785
M3 0.088 0.821 -0.046 0.906
M6 0.323 0.395 0.377 0.317
M9 -0.042 0.912 -0.389 0.300
Lhr (X)
C 0.042 0.907 -0.237 0.509
M3 -0.745 0.013* -0.796 0.005**
M6 -0.867 0.001** -0.775 0.008**
M9 -0.697 0.036* -0.719 0.044*
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3.3. Effects of gonadotropin supplementation in maturation medium on protein expression
of ASMT and AANAT in FOs from immature ovaries of INTACT and PINX animals.

Gonadotropin supplementation had no significant effect on ASMT expression in FOs from
INTACT (Figure 6A) or PINX (Figure 6B) animals according to the light/dark cycle. Although
there are no differences in most of gonadotropin treatments in the expression of AANAT (Figure
7), the addition of LH to the in vitro maturation medium significantly altered AANAT expression
in FOs according the phase of the light-dark cycle. AANAT expression in FOs from intact (Figure
7A) and pinealectomized (Figure 7B) females was greater during the dark phase.
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Fig. 6. Effects of gonadotropin supplementation in maturation medium (B-199) on protein
expression of ASMT in FOs from— INTACT (A) and PINX (B) rats.

Follicles were collected in different phases of light-dark cycle: Light Phase (LP) and Dark
Phase (DP) and cultured in B-199 medium only (C) or B-199 medium with 10 pg/mL FSH (F), or
with 100 ng/mL LH (L), or with 10 pg/mL FSH and 100 ng/mL LH (FL) or with 1 pg/mL GnRH
(G) for 16 hours. Each sample (5 replications) represents a pool of 30 FOs from 5 females (50
INTACT females and 50 PINX females). Data are expressed as mean = SEM).
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Fig. 7. Effects of gonadotropin supplementation in maturation medium (B-199) on protein
expression of AANAT in FOs from — INTACT (A) and PINX (B) rats.

Follicles were collected in different phases of light-dark cycle: Light Phase (LP) and Dark
Phase (DP) and cultured in B-199 medium only (C) or with 10 pg/mL FSH (F), or with 100 ng/mL
LH (L), or with 10 pg/mL FSH and 100 ng/mL LH (FL) or with 1 pg/mL GnRH (G) for 16 hours.
Each sample (5 replications) represents a pool of 30 FOs from 5 females (50 INTACT females and
50 PINX females). Data are expressed as mean = SEM. *P<0.05.

4. DISCUSSION

The present study investigated the effects of melatonin supplementation during in vitro
maturation of rat FOs on the mRNA expression of Bmp-15, Gdf-9, Fshr and Lhr genes and tested
whether these effects would be altered by the photoperiodic changes. Since pineal gland is
considered as a master-regulator of light/dark cycle, the effects of pineal gland on the mRNA
expressions of Bmp-15, Gdf-9 in immature oocytes, Fshr and Lhr in immature cumulus cells and
the protein expressions of AANAT and ASMT in ovary were also investigated, respectively.
Moreover, the effects of gonadotropin supplementation during in vitro maturation of FOs on
protein expression of AANAT and ASMT in intact and pinealectomized females were also studied.
The addition of melatonin to the FOs maturation medium increased the mRNA expression of Bmp-
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15 and Gdf-9 genes only during the dark phase of the light-dark cycle. These results indicate a
daily mRNA expression of Bmp-15 and Gdf-9 genes are under the control of circulating pineal-
derived melatonin. This was confirmed using immature COCs from pinealectomized animals.
Pinealectomy abolished this phase different expression of Bmp-15 and Gdf-9 and it suggested their
daily expression rhythm throughout follicular development. The immunostaining of BMP-15 and
GDF9 in human oocyte and granulosa cells increase with follicular growth (36) and their presence
is important for the heathy mature oocytes (36-39). In fact, studies focusing on mRNA (37-38) and
protein (36, 39) expressions of BMP-15 and GDF9 in growing follicles of women with polycystic
ovary syndrome (PCOS) have identified an abnormal pattern of their expression which probably
influences the nuclear (37) and cytoplasmic (40) maturation of cumulus- oocyte complexes. The
reduced expression of these genes in oocytes from PCOS patients could be also associated to
impaired developmental competence of the oocyte (41) subjected to in vitro fertilization in assisted
reproductive technologies (ART) (42). Melatonin improves the nuclear and cytoplasmic
maturation in COCs from PCOS mouse model (43) and in oocytes from PCOS patients (44).

Herein, the mRNA expression of Fshr in FOs was not altered by melatonin supplementation
during either light or dark phase, but melatonin supplementation increased the Lhr mRNA
expression during the light phase. The results suggest that melatonin participates in the regulation
of LH by modulating the Lhr mRNA expression in granulosa cells during the maturation process.
Studies with large mammalian ovaries have demonstrated that melatonin added to the culture
medium increases the Lhr mRNA expression in buffalo granulosa cells (45) and the upregulation
of Lhr mRNA expression in bovine granulosa cells is correlated with final stage of the follicle
development (6), when the oocyte maturation is stimulated by the LH surge (46, 47). In rat, the
timing of the proestrus LH surge, which coincides with the LH receptor mRNA levels (48), is
controlled by pineal melatonin (49, 50). We also observed that the daily mRNA expression of Lhr
was negatively correlated with the daily mRNA expression of Bmp-15 and Gdf-9 in FOs
supplemented with melatonin, suggesting interactions among melatonin, genes mentioned above
and LH receptor during maturation process. These interactions have also occurred in rat
preovulatory follicles (8, 14) with an unknown physiological mechanism.

Our results also suggest that the Lhr mRNA expression in immature cumulus cells is also
regulated by melatonin, showing a similar expression phase pattern as observed in mature FOs.
However, the daily Lhr mRNA expression pattern in immature cumulus cells was not altered by
pinealectomy, suggesting a putative participation of ovarian melatonin synthesis in growing
follicles. In fact, extrapineal melatonin synthesis has been described in literature (51, 52) and the
mitochondria seem to be the potential source of melatonin synthesis in peripheral tissues (53). It
has been also shown that melatonin is synthetized from serotonin in rat oocytes where AANAT
protein is predominantly expressed (21). When we analyzed the immunolocalization of melatonin-
synthetizing enzymes, both ASMT and AANAT proteins were localized in oocytes and granulosa
cells of the antral follicles and also corpus luteum in ovaries from intact and pinealectomized
females confirming the potential of the ovary to synthesize melatonin, but more research is
necessary to confirm this hypothesis. The significant phase differences of Lhr mRNA expression
in immature cumulus cells from pinealectomized females observed in this study could be
consequence of the pinealectomy or melatonin treatment on the modulation of LH blood levels
(54, 55), which is a reflection of Lhr mRNA expression in rat granulosa cells during the follicle
development (48). Additionally, pinealectomy changes the serum estradiol and progesterone levels
and ovarian progesterone receptors during estrus stage (56) that could alter the temporal pattern of
regulation of estrous cycle (54, 56) by suprachiasmatic nuclei (57).
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To detect potential phase differences regarding to the mRNA expression of Bmp-15, Gdf-9 and
Lhr in COCs and FOs the samples were collected both light and dark phases which likely reflects
a daily profile of their expression associated with pineal melatonin. The time of sample selection
was based on the results of daily mRNA and protein expressions of AANAT (analyzing eight time
points) in rat pineal gland with the nocturnal peak expression at ZT18 and diminished expression
during the light phase (33). In the same study, it was also observed that the nocturnal increase of
ASMT expression is not obvious and no significant difference with its expression during the light
phase (33). The results are compatible with those reported by Simonneaux and Ribelayga (28) in
pineal gland and by Coelho et al. (35) in testes, respectively. Our findings show no phase
differences in protein expression of two melatonin synthetic enzymes in ovaries of both intact and
pinealectomized females suggesting that, in this case, the analysis of only two time points was not
enough to show the effect of pinealectomy on the daily protein expression of these enzymes. On
the other hand, our previous work analyzing four time points documented that the daily mRNA
expression of Aanat and Asmt genes in immature COCs (58) is driven by pineal melatonin.

Considering the effects of gonadotropin supplementation during in vitro maturation on the
protein expression of ASMT and AANAT in FOs, the results showed that LH significantly increased
the AANAT expression during the dark phase in FOs from both intact and pinealectomized females
suggesting the role of LH in the modulation of AANAT expression during maturation process. It
has been demonstrated that, under in vivo conditions, the mMRNA expression of this melatonin-
synthetic enzyme in mice cumulus cells increases after hCG (equivalent LH) injection (59).

We hypothesize that melatonin modulates the mRNA expression of Lhr gene in granulosa cells
of preovulatory follicle during the light-dark transition (timing of the proestrus LH surge and
maturation process) (57) and then, during the dark phase, the LH surge stimulates the AANAT
expression to promote melatonin synthesis in the preovulatory follicle. This hypothesis requires
more data to support. Nevertheless, it was reported that melatonin from follicular fluid was
synthesized by the ovary under the influence of LH since melatonin levels in the mouse ovaries
significantly increased after hCG injection but not altered simultaneously the serum melatonin
levels (59). It seems that ovarian melatonin synthesis would explain the reduced fertility observed
in pinealectomized female rats (60, 61) which show some physiological alterations during the
follicular development such as an increase of the number of atretic follicles (18), abnormal
steroidogenic gene expression (62), and alteration of the LH surge timing (50).

The current findings demonstrate that melatonin act in the regulation of mRNA expression of
Bmp-15, Gdf-9 and Lhr genes during maturation process. Finally, the present research also shows
that melatonin has the potential to enhance the competence of the oocyte to develop into embryo
after fertilization by modulating the mRNA expression of these genes, under in vitro maturation
conditions. Moreover, these results emphasize the importance of the clinical application of
melatonin in ART programs which should be given to infertile women to improve oocyte
maturation and fertilization rates (63) or should be used as supplementation to in vitro maturation
medium (44) to improve the implantation rates in PCOS patients.
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