
AUTHOR COPY ONLY
R
EPRODUCTIONRESEARCH
Effects of pre-mating nutrition on mRNA levels of
developmentally relevant genes in sheep oocytes and
granulosa cells

Laura F Pisani, Stefania Antonini, Paola Pocar, Stefania Ferrari, Tiziana A L Brevini,
Stewart M Rhind1 and Fulvio Gandolfi

Laboratory of Biomedical Embryology, Department of Animal Science, University of Milan, Via Celoria 10,
20133 Milano, Italy and 1The Macaulay Institute, Craigiebuckler, Aberdeen, AB15 8QH, UK

Correspondence should be addressed to F Gandolfi; Email: fulvio.gandolfi@unimi.it

L F Pisani and S Antonini contributed equally to this work
L F Pisani is now at Livestock Genomics 2, CERSA, Parco Tecnologico Padano, 26900 Lodi, Italy
Abstract

The present study was designed to investigate the relationship between pre-mating nutrition and the relative amounts of a panel of

developmentally relevant genes in ovine oocytes and granulosa cells. Cast age ewes were fed a ration providing 0.5! (0.5 M) or

1.5! (1.5 M) live weight maintenance requirements for 2 weeks before slaughter. The ewes were synchronized and superovulated with

FSH and pregnant mares serum gonadotropin. At slaughter, oocytes and granulosa cells were aspirated from folliclesO2 mm in diameter

and the relative abundance of 8 and 17 transcripts in oocytes and granulosa cells respectively were analyzed by semi-quantitative

RT-PCR. In the oocytes, no differences between groups were observed for five transcripts (GDF9, BMP15, c-kit, glucose transporter 1

(SLC2A1), and hexokinase 1), but a lower amount of glucose transporter 3 (SLC2A3), sodium/glucose cotransporter 1 (SLC5A1), and

NaC/KC ATPase mRNAs was detected in the 0.5 M group. Increased expression of PTGS2, HAS2, and the leptin receptor long form was

observed in granulosa cells from the 0.5 M group. No differences between groups were observed for the other transcripts (early growth

response factor-1, estrogen receptor-a, LH and FSH receptors, gremlin 1, pentraxin 3, KIT ligand, glucose transporters 1, 3, and 8, IGF1,

IGF1 receptor, leptin receptor, and tumor necrosis factor-stimulated gene 6). Expression of leptin and sodium/glucose cotransporter 1

was not detected in both groups. The present data indicate that pre-mating nutrition is associated with alteration in the mRNA content in

oocytes and surrounding follicle cells in ewes, which may account for the reduced reproductive performance typical of ewes that are fed

a restricted ration for a short period of time before mating.
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Introduction

Nutrition has a significant impact on numerous repro-
ductive functions including hormone production, ferti-
lization, and early embryonic development, both in vivo
and in vitro (Boland et al. 2001, Armstrong et al. 2003).
Ovulation and lambing rates in sheep are positively

influenced by both the level of pre-mating food intake
(Gunn et al. 1979) and the separate, but related, factor,
bodyconditionatmating (Gunn&Doney1979).While the
effects of higher levels of body condition have been shown
to be expressed, at least in part, through an increased
population of large, potentially ovulatory, ovarian follicles
around the timeofmating (McNeillyet al. 1987), increased
levels of food intake before mating do not result in
any difference in numbers of large follicles (Rhind &
McNeilly 1998). Thus, the differences in ovulation rate
associated with the level of food intake must be a
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function of changes in ovarian activity and in the final
processes of oocyte maturation.

It has been shown that reduced intake is associated
with a reduced incidence of luteinizing hormone (LH)
pulses during the days before ovulation (Rhind et al. 1985)
and, in recent studies, reduced cleavage rates of oocytes
were observed in ewes fed a low energy (0.5!energy
requirements) diet in comparison with a high energy
(1.5!energy requirements) diet (Papadopoulos et al.
2001, Lozano et al. 2003, Borowczyk et al. 2006). Low
cleavage rate was also observed in overfed (ad libitum
intake) ewes (Lozano et al. 2003, Borowczyk et al. 2006).
Furthermore, Borowczyk et al. (2006) observed that the
number of blastocysts and the rate of blastocyst formation
were lower for underfed ewes compared with control
ewes. Taken together, these data indicate that acute
changes in sheep nutrition (underfeeding or feeding
DOI: 10.1530/REP-07-0394
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Table 1 Effect of dietary intake on number of follicles and their
distribution by diameter.

Follicle diameter Dietary intake

1.5 Ma 0.5 Ma

2–4 mm 9.3G1.3 9.8G0.9
O4 mm 9.2G0.7 8.2G0.6
Total follicles!ovary 18.5G1.2 18G1.5

Data are expressed as meanGS.E.M.
aM, maintenance energy requirement.
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ad libitum) during pre-mating period also result in reduced
oocyte quality and embryonic development.
The capacity of an oocyte to develop into a normal

embryo is acquired within the ovary during the develop-
mental stages that precede ovulation through a process
referred to as ‘oocyte capacitation’ (Hyttel et al. 1997).
Although the precise mechanisms have not been fully
elucidated, during capacitation, oocytes become
equipped for future embryonic development, storing the
information acquired during their growth and maturation
for use at the appropriate stage of development (Brevini
Gandolfi & Gandolfi 2001).
During the interval between fertilization and so-called

maternal-embryonic transition, when transcriptional
activity is switched on, embryo function is supported
by maternal RNAs and proteins synthesized during
oogenesis. This implies that RNA and protein molecules
can be synthesized as much as several weeks before they
are used. A number of strategies to optimize their storage
in a quiescent form and to allow their use at the
appropriate time during oocyte maturation and early
embryonic development have evolved. In particular, it
has been shown that oocyte quality and, ultimately, its
capacity to lead to sustainable embryonic development
depends on the efficiency of such storage process
(Gandolfi et al. 2005) which, in turn, depends upon an
intimate association between the somatic follicular cells
and the developing germ cells (Downs & Hunzicker-
Dunn 1995). Furthermore, oocyte–granulosa cell com-
munication is bidirectional and essential for both oocyte
and follicular somatic cell function and development
(Eppig et al. 1997).
The aim of this study was to determine whether or not

nutrition affects the amount of mRNA molecules stored
in the ooplasm and the level of gene expression of
granulosa cells. To address this, we determined the
relative abundance of a panel of genes in oocytes and
granulosa cells derived from underfed versus normally
fed ewes. The genes analyzed in the oocytes are
involved in important aspects of maturation, such as
quality (growth differentiation factor 9 (GDF9), bone
morphogenetic protein 15 (BMP15), and c-kit) and
metabolism (glucose transporters 1 and 3 (SLC2A1 and
SLC2A3), sodium/glucose cotransporter 1 (SLC5A1),
NaC/KC ATPase, and hexokinase 1 (HK1)). The genes
selected for the analysis of granulosa cells are related to
the endocrine status (estrogen receptor-a (ESR1) and LH
and follicle-stimulating hormone (FSH) receptors),
cell-specific activity (prostaglandin G/H synthase and
cyclooxygenase (PTGS2), early growth response factor 1
(EGR1), hyaluronic acid synthase 2 (HAS2), gremlin 1
(GREM1), KIT ligand, pentraxin 3 (PTX3), and tumor
necrosis factor-stimulated gene 6 (TNFAIP6)), and
metabolism (insulin-like growth factor-1, IGF1 receptor,
glucose transporters 1, 3, 8 (SLC2A8), SLC5A1, leptin,
and leptin receptors).
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Results

Animal live weights and condition scores

At the time of slaughter, animals of the low intake (L) and
high intake (H) groups had mean (GS.E.M.) live weights of
52.8G1.60 and 56.9G3.25 kg and mean (GS.E.M.)
condition scores of 2.32G0.042 and 2.50G0.060
respectively.
Number of follicles and superovulatory response

The dietary intake, 1.5!maintenance (1.5 M) and 0.5!
maintenance (0.5 M), did not influence either the total
number of follicles or the number of follicles in each
category we considered (2–4 and O4 mm) as sum-
marized in Table 1.
Oocyte mRNA profiles

Transcripts for all of the eight evaluated genes were
detected in oocytes from both 1.5 and 0.5 M animals.
The analysis of the three genes related to oocyte quality
(e.g. GDF9, BMP15, c-kit) showed no statistically
significant differences between groups (Fig. 1).

Among genes related to oocyte metabolism, SLC2A3
and SLC5A1 mRNA levels were found to be lower in
ewes fed 0.5 M compared with those fed 1.5 M
(P%0.05), but only in the oocytes isolated from follicles
with a diameter greater than 4 mm. In addition, a lower
amount of the NaC/KC ATPase transcript was measured
in the 0.5 M group, independently of follicle diameter.
No differences between groups were found for the other
transcripts investigated (SLC2A1, HK1, see Fig. 2).
Granulosa cells mRNA profile

No differences in gene expression were observed in
relation to follicle diameter for any of the genes
analyzed and so data are presented independently of
follicle size.

Analysis of the expression levels of genes related to
follicle endocrine function (ESR1, and FSH and LH
receptors) showed no significant differences between
groups (Fig. 3).
www.reproduction-online.org
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Figure 1 Effect of maternal nutrition on oocyte quality-related gene
expression. Values are meansGS.E.M.

Influence of nutrition on mRNA levels 305
Among genes related to follicle development (HAS2,
EGR1, PTGS2, KIT ligand, GREM1, PTX3, and TNFAIP6)
expression of PTGS2 in the 1.5 M group was virtually
absent, whereas a consistent expression was detected in
the 0.5 M group. Furthermore, an up-regulation of HAS2
mRNAwas found in ewes fedwith 0.5 Mgroup compared
with the 1.5 M one. No differences were observed for any
of the other genes analyzed in this group (Fig. 4).
Among genes related to follicle metabolism, an

up-regulation of transcript for the leptin receptor long
form was observed in the 0.5 M group compared with
the 1.5 M. No significant differences were observed for
the other transcripts analyzed (SLC2A1, SLC2A3,
SLC2A8, IGF1, IGF1 receptor, and leptin receptor;
Fig. 5). Transcripts for SLC5A1 and leptin were not
found in granulosa cells from the two groups.
Figure 2 (A and B) Effect of maternal nutrition on oocyte metabolism-
related gene expression. Values are meansGS.E.M. Different letters
within columns indicate statistical difference (P!0.05).
Immunoblotting analysis of granulosa cells

PTGS2 protein in granulosa cells was detected as a single
strong band of the expected molecular weight only
www.reproduction-online.org Reproduction (2008) 136 303–312
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Figure 3 Effect of maternal nutrition on granulosa cells endocrine-
related genes expression. Values are meansGS.E.M.
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among the constitutive proteins of cells isolated from
ewes fed 0.5 M, whereas no specific signal was visible
in the 1.5 M group (Fig. 6). This reflected exactly the
data obtained analyzing PTGS2 transcript. Unfortu-
nately, it was not possible to perform a similar analysis
on the other genes that showed differences between the
experimental groups either because suitable antibodies
were not commercially available, as in the case of
granulosa cells, or not enough proteins were available,
as in the case of oocytes.
Figure 5 Effect of maternal nutrition on granulosa cells metabolism-
related genes expression. Different letters within columns indicate
statistical difference (P!0.05).
Discussion

Pre-mating levels of food intake can influence the
ovulation rate in sheep without changing the numbers
of large, potentially ovulatory follicles present in the
ovary (Rhind & McNeilly 1998). However, the under-
lying differences in gene expression and physiology that
result in differential rates of follicle maturation and
ovulation during the 48 h before ovulation have not been
Figure 4 Effect of maternal nutrition on granulosa cells quality-related
genes expression. Different letters within columns indicate statistical
difference (P!0.05).

Reproduction (2008) 136 303–312
elucidated. To our knowledge, this is the first study
investigating the association between the pre-mating
nutritional status and the expression level of a panel of
developmentally and metabolically relevant genes in the
Figure 6 Effect of maternal nutrition on the presence of PTGS2 protein
in granulosa cells. (A) Equal amounts of protein were loaded on each
lane and probed with an antibody specific for PTGS2. PTGS2 protein is
detected only in the 0.5 M group confirming the results obtained
analyzing its transcript. (B) Loading control stained with an antibody
specific for b-actin. MW, molecular weight marker.
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oocyte and granulosa cells in ewes. The present data
show that an acute reduction of energy intake during the
pre-mating period is associated with changes in mRNA
levels in both oocyte and surrounding cells.
Analysis of the expression levels of genes related to

oocyte quality, such as GDF9 (a gene that promotes the
progression of folliculogenesis and oocyte development
and maturation), BMP15 (which is involved in oocyte
and granulosa cell development), and c-kit (which acts
in combination with its ligand to determine the growth of
the follicle and the oocyte) showed no differences
between groups, independently of follicle diameter. By
contrast, differences in pre-mating nutritional planes
influenced the expression level of some genes related to
the metabolic activity of the oocyte. Specifically, our
data indicate a statistical down-regulation of SLC2A3,
SLC5A1, and NaC/KC ATPase mRNAs in ewes fed with
0.5!live weight maintenance requirements.
SLC2A3 is one of the passive transporters expressed in

pre-implantation embryos and it is involved in glucose
uptake (Pantaleon et al. 1997, Augustin et al. 2001).
Glucose is the main energy substrate for nuclear
maturation in cattle, mice, and pigs (Downs et al.
1998, Downs & Utecht 1999, Hashimoto et al. 2000,
Wongsrikeao et al. 2007) and a deficiency can
compromise the ability of the oocyte to reach the second
metaphase and to extrude the first polar body (Dominko
& First 1997). The down-regulation of SLC2A3 observed
in the present study is in accordance with the reduced
level of glucose transporters reported in low quality
sheep oocytes (Leoni et al. 2007). In addition, low
numbers of glucose transporters have been shown to be
associated with low rates of blastocyst production in
bovines (Oropeza et al. 2004) and have been postulated
to affect embryo compaction and blastulation
(Thompson 2000, Block et al. 2007). It is also noteworthy
that, in contrast to what has been observed in mice and
in humans, where the expression of this glucose
transporter begins only at the activation of the embryo
genome (Dan-Goor et al. 1997, Pantaleon et al. 1997), in
cattle (Augustin et al. 2001) and the present study,
SLC2A3 is already expressed in immature oocytes. This
suggests that SLC2A3 has an important role in early
glucose metabolism in these species.
NaC/KC ATPase is involved in the regulation of cell

volume and the transport of glucides and amino acids
into cells. Reduced production of NaC/KC ATPase could
impact adversely on oocyte and embryo metabolism.
Our study demonstrates that an acute reduction in food
intake induces a down-regulation of NaC/KC ATPase
transcript in oocytes; this could account for a reduced
level of developmental competence. In fact, this enzyme
has been reported to be more abundant in oocytes
selected for in vitromaturation compared with discarded
ones (De Sousa et al. 1998), and it is also known that
antisense oligonucleotide specific for the NaC/KC

ATPase inhibits blastocysts formation in cattle (Watson
www.reproduction-online.org
et al. 1999). In addition, levels of NaC/KC ATPase
transcript in low competence sheep oocytes are lower
than that in high competence ones (Leoni et al. 2007).

The detection, in the 0.5 M group ewes, of lower
levels of mRNAs coding for three out of five genes
related to oocyte metabolic function suggests that
under-nutrition alters oocyte metabolism. It is possible
that such changes in transcript levels at this early stage of
development could contribute not only to short-term
effects on reproductive function but also to long-term
reductions in adult reproductive performance (Gunn
et al. 1995, Rhind et al. 1998).

In the present study, the expression level of genes
related to granulosa cell endocrine functionality (FSH
and LH receptors, and estrogen receptor-a) was not
affected by the energy intake levels. This is partially in
contrast to the findings of Lozano et al. (2003) who
observed that a hypocaloric diet did not affect pituitary
FSH levels, but could reduce LH levels. However, this
discrepancy could be attributable to the superovulation
treatment used in our experiments. Since exogenous
gonadotropins cause an increased expression of FSH and
LH receptors (LaPolt et al. 1990, 1992), it is possible that
superovulation overrode any underlying differences in
hormone receptor gene expression induced by the
dietary intake. The possibility of effects on oocyte quality
of administration of exogenous hormones has been
postulated, frequently, but at present it remains con-
jecture. Although changes in the methylation status of
several imprinted genes have been reported in oocytes
from stimulated cycles in both the mouse and the human
in the latter, the effects of superovulation could not be
distinguished from those of donor age and fertility (Sato
et al. 2007), indicating that additional, unquantified
effects may be involved. While the biological signi-
ficance of these findings remains unclear, it is possible
that the endocrine milieu around the time of conception
may affect the outcome of pregnancy (Sinclair 2008).
However, within our experimental design, ovarian
stimulation was essential in order to obtain enough
biological material without incurring the high costs
associated with using very large numbers of individual
animals. Two genes involved in follicle growth and
cumulus expansion, PTGS2 and HAS2, showed a
significant increase in transcript levels in the 0.5 M
group, relative to the 1.5 M group animals. This suggests
that the effect of nutrition on these genes is specific since
all the other genes involved in follicular development
were not influenced by the diet. Moreover, we could
confirm that changes of PTGS2 mRNA levels were
reflected in the parallel changes of its protein.

PTGS2 is an inducible enzyme essential for follicle
prostaglandin production, which is expressed according
to a precise time scale during follicular development. In
physiological conditions, PTGS2 is expressed by second-
ary and pre-antral follicles, but it is absent in primary and
antral follicles (Tokuyama et al. 2003). Diet restriction
Reproduction (2008) 136 303–312
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causes a reduction in availability of lipids (Ye et al. 2005)
for prostaglandins synthesis and so the maintenance of
PTGS2 expression in antral follicles isolated from sheep
subjected to diet restriction may represent a compens-
atory mechanism for suboptimal amounts of intracellular
lipids. At present, it is unclear how diet regulates PTGS2
expression since the expression levels of EGR1 and
TNFAIP6 were unaffected even if both genes can
up-regulate PTGS2 expression (Richards 2005, Sayasith
et al. 2006). HAS2 is normally expressed in the early
follicle stages and expression decreases thereafter,
followed by a rapid increase some hours before ovulation
(Fulop et al. 1997, Salustri et al. 2004). It regulates the
formation of a composite extracellular matrix by the
cumulus–oocyte complex (Chen et al. 1990, Camaioni
et al. 1993), a process critical to ovulation and cumulus
expansion. The higher level ofHAS2 transcriptsmeasured
in the 0.5 M group suggests an anomaly in extracellular
matrix deposition, possibly owing to an alteration in the
timing of follicular gene expression, which may impair
the dynamics of oocyte maturation and the subsequent
ovulation process.
Both the leptin receptor and its long formwere detected

in the granulosa cells of all follicles but only the latter
showed a significant up-regulation in the 0.5 M group.
Leptin is a protein hormone synthesized by the adipose
tissue and transported to the ovaries where it regulates
glucose uptake and induces LH secretion, thereby linking
nutritional state and reproductive function (Bucholtz et
al. 1996, Nagatani et al. 1996). In the present study, no
leptin expression was observed in any of the groups
analyzed, a finding in broad agreement with the study of
Munoz-Gutierrez et al. (2005) who described a weak
expression of leptin only in a small proportion of antral
follicles in the sheep, confirming that leptin is mainly
produced by adipose tissue and delivered to the ovary
through the blood stream.
The level of leptin expression in the hypothalamus

increases in well-fed ewes (Dyer et al. 1997), and a high
concentration of circulating leptin causes a reduction in
the expression of its receptors (Ohtani et al. 2001). On
the other hand, nutritional restrictions reduce the blood
levels of leptin, which induces an increase of appetite
and stimulates the search of food (Chilliard et al. 2005).
Taken together, these data suggest that the increase in
receptor expression in the underfed ewes may reflect a
decrease in circulating leptin with possible conse-
quences for follicle maturation and ovulation. In fact,
the leptin/leptin receptor complex represents the main
connection between nutrition and hormonal secretion
by the hypothalamus–hypophysis–gonad axis (Elmquist
et al. 1998, Sawchenko 1998), since a reduction in leptin
secretion causes a reduction in LH and a consequent
delay in estrus cycle (Stanley et al. 2000). Furthermore,
the leptin receptor long form is specifically involved
in this process, influencing GNRH secretion and the
Reproduction (2008) 136 303–312
following LH outflow (Barb et al. 2005, Kaminski
et al. 2006).

In conclusion, our results show that short-term food
restriction alters the levels of a few specific transcripts in
both oocyte and granulosa cells. Our data indicate that
genes involved in oocyte metabolic activity are affected,
specifically, and that this phenomenon is accompanied
by the deregulation of the correct dynamic of gene
expression in granulosa cells. The present study
describes the effect of total dietary intake but the future
investigations that address specific dietary components
should provide further insight into the underlying
mechanisms associated with changes in reproductive
performance in ewes.
Materials and Methods

Animals and treatments

The study was conducted using 16 cast age ewes of proven
fertility. They were allocated randomly to two groups with
initial mean (GS.E.M.) live weights of 56.1G1.89 kg (low
intake, nZ10) and 56.0G2.80 kg (high intake, nZ6) and mean
body condition scores (Russel et al. 1969) of 2.37G0.034 and
2.33G0.064 respectively, at the start of the study. During the
2-week period before slaughter, low intake animals were fed
pelleted rations (Ewe pellets; Harbro Ltd, Turriff, UK) and
chopped straw at rates that provided 0.5!live weight
maintenance requirements (0.5 M) and high intake animals
were offered the same feeds in amounts that provided 1.5!live
weight maintenance requirements (1.5 M), a level of intake
consistent with normal, pre-mating levels of nutrition.

In order toobtainenoughmaterial toperform the studywith the
available number of animals, it was necessary to superovulate
them. The estrous cycles of all ewes were synchronized, to
control the time of ovulation, by the insertion of intravaginal
pessaries containing 30 mg progestagen (Intervet, Cambridge,
UK) for14daysbefore slaughter.During thedaysbefore slaughter,
the following protocol was applied: day 3, Ovagen (oFSH,
Synergy Products, Melksham, UK), i.m. 1.05 mg at 0800 hC
1.05 mg at 2000 h; day 2, Ovagen, 1.05 mg at 0800 hC1.05 mg
at 2000 h; day 1, Ovagen, 1.05 mg at 0800 hC1.05 mgOvagen
C400 i.u. pregnant mares serum gonadotropin (PMSG; 2 ml,
Intervet) i.m. at 2000 h; and day 0 remove sponge.
Ovary handling and oocyte and granulosa cell recovery

Reproductive tracts were collected at slaughter and stored in
PBS atw37 8C during transport to the laboratory. Ovaries were
removed andwashed once with PBS. The number and diameter
of visible follicles were determined. The follicles were
individually punctured and follicular fluid was released in a
Petri dish. Cumulus oocyte complexes (COCs) were isolated
and divided into two groups split according to follicle diameter
(2–4 or O4 mm). Under a stereomicroscope, COCs were
recovered from each dish and transferred to a Petri dish
containing washing mediums TCM 199. For every COC,
oocytes were denuded with 2.9% citric acid and collected in
two pools from each sheep, based on follicle diameter. The
www.reproduction-online.org
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oocytes were washed in washing medium TCM 199 and stored
in RNAlater, RNA Stabilization Reagent (Qiagen SpA) until use.
Granulosa cells obtained at oocyte retrieval were collected by

centrifugation and stored in RNAlater as above.
RNA isolation

Oocytes of each follicle category of each sheep were pooled for
poly(A)CRNA extraction using the Dynabeads mRNA DIRECT
Micro-kit (Invitrogen S.r.l) according to the manufacturer’s
instructions. Briefly, pools were lysed for 10 min at room

temperature in 200 ml lysis buffer (100 mmol Tris–HCl (pH 8.0),
500 mmol LiCl, 10 mmol EDTA, 1% (w/v) SDS, and 5 mmol
dithiothreitol). After lysis, 10 ml pre-washed Dynabeads

oligo(dT)25 were pipetted into the tube and binding of
poly(A)CRNAs to oligo(dT) was allowed for 5 min at room
temperature. The beads were then separated with a magnetic
separator,washed twicewith30 mlwashingbuffer (10 mmolTris–

HCl (pH 8.0), 0.15 mmol LiCl, 1 mmol EDTA, and 0.1% (w/v)
SDS) and thricewith30 ml washing buffer (10 mmolTris–HCl (pH
8.0), 0.15 mmol LiCl, and 1 mmol EDTA). Poly(A)CRNAs were
then eluted from the beads by incubation in 11 ml DEPC-treated

sterile water at 65 8C for 2 min. Aliquots were immediately used
for RT. Prior to RNA isolation, 1 ml exogenous mRNA of rabbit
globin (6.25 pg/ml) RNA was added to each oocyte sample as a

standard for semi-quantitative analysis of gene expression.
Total RNA was extracted from granulosa cells using TRIzol

(Invitrogen) according to the manufacturer’s instructions. RNA
was dissolved in 20 ml DEPC–H2O, and the concentration
Table 2 Primer pairs used for PCR amplifications of cDNA.

Gene Forward 5 0–3 0 Reverse 5 0–3 0

Globin GCAGCCACGGTGGCGAGTAT GTGGGCAGGAG
b-actin CCAAGGCCAACCGTGAGAAG CCATCTCCTGCTT
BMP15 TCTATTGCCCACCTGCCTGAG TGAAGCTGATGG
GDF9 TAGTCAGCTGAAGTGGGACA AGCCATCAGGCT
c-kit AGGCATATCCCAAACCTGAACACC CAACAGGAACAG
SLC2A1 TCGTCGTCGGCATCCTCATC TCCACCACAAACA
SLC2A3 AGGAGGAGGAGAAGGCAAAGG AAGGCCACAAAG
SLC2A8 ATGGCTGCCATGCAGTTC TTTGGTCTCAGG
SLC5A1 TCGCAGGACGGTTGTTCATG CGCTCCTCTTTGC
NaC/KCATPase ACCTGTTGGGCATCCGAGAGA AGGGGAAGGCA
HK1 TGCGGCTCTCTGATGAAACT TCCAGGGCGATG
KIT ligand CGTGTGACTGATGATGTGAAAG GCTACTGCTGTC
PTGS2 AGGTGTATGTATGAGTGTAGGA GTGCTGGGCAAA
HAS2 TTTACAATACTCCTGGGTGGTG ACAATGCCGTAC
GREM1 AAGGCCCAGCACAATGACTC AACGACACTGCT
PTX3 GAGAACTCCGAGTGGACAAGC CTGCACAGATGG
IGF1 CCTCGCATCTCTTCTATCTGGC CACTCCCTCTGC
IGF1R AGCGCCTCTAACTTTGTCTTTG CCCATTCCCAGAG
Leptin GAACTGTTCCTGGGCACAAG TTTCAAGGTCCG
Leptin R AGGTGAGGTGCAAGAGATTGGA CGGGGTTTGGTT
Leptin R long
form

TCCAAACCCCAAGAACTGTTCC TCCTGCTCTCATC

FSHR AATGTCCTGGCCTTTGTGGTC GGTCTGGGCTTG
LHCGR GGGAATGGGTGTAGTGTTGCTG GCAGCTGAGATG
ESR1 CCATGGAGCATCCAGGGAAG AGAGGCACCACG
EGR1 CCGACTATCTGTTTCCACAAC TGAGCTCATCTG
TNFAIP6 TACAAGCAGCTAGAGGCAGCC CTTCAAGGTCATG

www.reproduction-online.org
and purity were judged by measuring the absorbance at
260 nm and calculating the ratio of absorbance at 260–280 nm
using a u.v. spectrophotometer (SmartSpec 3000, Bio-Rad
Laboratories S.r.l).
RT

RNA from each oocytes pool and granulosa cells replicate (1 mg
total RNA) were reverse transcribed into cDNA in a total
volume of 20 ml reaction mixture containing 8.5 ml sterile
water, 1 ml of 10 mM dNTP mix, and 1 ml oligo(dT)12–18
(500 ng/ml). RNA was denatured at 65 8C for 5 min, and then
4 ml of 5! first-strand buffer (250 mM Tris–HCl (pH 8.3),
375 mM KCl, and 15 mMMgCl2), 1.5 ml of 50 mMMgCl2, 2 ml
of 0.1 M dithiothreitol, and 1 ml of RNaseOUT recombinant
RNase inhibitor (Invitrogen, S.r.l, 40 U/ml) were added. RTwas
performed with 200 U Superscript II reverse transcriptase
(Invitrogen, S.r.l) for 1 h at 42 8C. Enzymes were inactivated
at 70 8C for 15 min.
Semi-quantitative PCR

An aliquot of each RT product was subjected to gene-specific
PCR (PCR, Table 2) in an automated thermal cycler (iCycler,
Bio-Rad Laboratories S.r.l). PCR was performed with cDNA
equivalents corresponding to 0.25 oocyte or 100 ng total RNA
for granulosa cells. The reaction mix consisted of 0.8 ml of
50 mM MgCl2, 0.3 ml Taq DNA polymerase (5 U/ml), 2 ml of
10! PCR buffer (200 mM Tris–HCl (pH 8.4), 500 mM KCl),
Annealing
temperature

(8C)

PCR
cycles
no.

Product
length
(bp)

GenBank
accession no.

CTTGAAAT 60 35 259 V00875
CGAAGTCC 57 26 350 U39357
CGGTAAACC 59 30 322 AY885263
CGATGGCC 55 30 400 DQ304681
AACACCTCTGCT 60 32 351 D45168
GCGAAACG 60 32 496 U89029
ACCAGGTG 58 33 478 NM001009770
GACACAG 56 34 702 AF495799
TGTTACGC 58 33 439 X82411
CAGAACCACCA 60 35 335 NM012504
AAATCTCC 57 31 166 AF542053
ATTCCTAAGG 53 34 507 Z50743
GAATGCAA 54 32 483 U68486

AGTCCCTAG 54 32 274 DY517053
TCACACGC 59 33 421 AY942576
GTCCATGTTC 58 32 442 EE829599
TTGTGTTCTTC 56 30 351 NM001009774
AGAGAGG 56 30 297 AY162434

GAGTTGTC 55 36 215 AF102856
GCATTCAAG 55 33 286 NM001009763
CTCACAGGTTA 55 35 315 AB199589

CACTTCATAG 57 30 348 L07302
GCAAAGAAAG 57 32 473 L36329
TTCTTGCAC 60 28 423 AY033393

AGCGAGAG 58.5 30 309 AY924307
ACATTTCCTG 58 26 483 AY919871
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1 ml of 10 mM dNTPs, 1 ml (25 pmol) of each sequence-specific
primer, and sterile water up to 20 ml.
For each set of primers, the optimal cycle number at which

the transcript was amplified exponentially was established
running a linear cycle series, and the number of PCR cycles was
kept within this range (Table 2).
An aliquot of each cDNA sample was amplified by PCR with

rabbit globin and b-actin gene-specific primers, for oocytes and
granulosa cells respectively.
RT-PCR products were subjected to electrophoresis on a 2%

agarose gel in 1! TAE buffer (40 mM Tris–acetate and 1 mM
EDTA) containing 0.5 mg/ml ethidium bromide. After electro-
phoresis at 80 V for 45 min, the fragments were visualized on a
312 nm u.v. transilluminator. The image of each gel was
recorded using a Kodak digital camera (DC290, Sigma–
Aldrich). The intensity of each band was assessed by
densitometric analysis performed with the Labimage software
(Kapelan GmbH, Halle, Germany).
The quantification procedure based on direct digitalization of

the PCR product after separation on agarose gel provides a well-
established and sensitivemethod to detect even small differences
in amounts of mRNA from different biological samples (Grover
et al. 2001, Ringhoffer et al. 2001). The relative amount of the
mRNA of interest was calculated by dividing the intensity of the
band for each gene of interest by the intensity of the globin and
b-actin band for oocyte and granulosa cells respectively, as
described previously (Wrenzycki et al. 2002, Brevini et al. 2004).
To account for gel to gel variations, each band was

normalized against the 350 bp band of a 50 bp ladder marker
(Invitrogen cat n. 10416-014, Stenman et al. 1999).
Protein extraction, gel electrophoresis, Western
blotting, and immunostaining

Cells were homogenized, lysed, and constitutive proteins were
extracted. Protein concentrationwas assessed by theCoomassie
Blu-GDye-bindingmethods (Read&Northcote 1981). Aliquots
of 100 mg were prepared and resuspended in sample buffer
consisting of 10% (w/v) glycerol, 2.3%(w/v) SDS, and 6.25 M
Tris–HCl (pH 6.8) and electrophoresed on a 10% SDS-
polyacrylamide slab gel (Laemmli 1970). Proteins were then
transferred onto nitrocellulose filters according to (Towbin et al.
1979), using 0.5 A/cm2. Equal sample loading and transfer
efficiency were confirmed by staining of the membrane with
Ponceau Red. The membrane was probed with a specific rabbit
polyclonal antibody (diluted in the ratio of 1:500) raised against
PTGS2 (ab15839; Abcam, Cambridge, UK) and with a MAB
specific for b-actin (Sigma, A5441) as a loading control. The
specific IgG biotin conjugates (Calbiochem, San Diego, CA,
USA) were used as secondary antibodies, and the presence of
immunoreactivity for the molecules of interest was visualized
using Auroprobe BL plus streptavidin/Silver enhancement
Reagent IntenSE BL (Amersham, GE Health Care).
Statistical analysis

Statistical analysis was performed using the unpaired t-test or
the Mann–Whitney rank sum test, as appropriate, using the
Sigma Stat statistical package (Systat Software Inc., San Jose,
Reproduction (2008) 136 303–312
CA, USA). Data are presented as mean percentages (GS.E.M.) of
a minimum of three independent animals. In all cases,
differences of P%0.05 were considered significant.
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