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ABSTRACT This research has been designed to study the major events of nuclear remodeling
that characterize sheep oocytes during the early stage of folliculogenesis (transition from preantral to
antral stage). In particular, the modifications in large-scale chromatin configuration, the global DNA
methylation, and the process of telomere elongation have been investigated as crucial events of oocyte
nuclear maturity. In addition, the spatio-temporal distribution of the major enzymes involved in DNA
methylation, the DNA methyltransferase 1 (Dnmt1), and in telomere elongation, telomerase catalytic
subunit (TERT), have been described. To these aims, the nuclei of isolated oocytes were investigated
using immunocytochemistry and Q-FISH analyses. In absence of preliminary information, these nu-
clear determinants were compared with those of fully competent germ cells obtained from medium
and preovulatory antral follicles. The nuclei of sheep oocytes acquired a condensed chromatin configu-
ration, stable high levels of global DNA methylation, and a definitive telomere length already in the
majority of late growing stage oocytes (110 lm) derived from early antral follicles. In addition, while
the process of methylation resulted strictly related to oocyte diameter, the telomeric program
appeared to be highly chromatin configuration-dependent. The translocation of Dnmt1 and TERT
from the nucleus to the cytoplasm in the oocytes derived from early antral follicles seems to confirm
the definitive chromatin asset of these germ cells. In conclusion, changes in large-scale chromatin
structure, epigenesis, and telomere size in the sheep are established prior to oocyte acquires the abil-
ity to resume meiosis.Microsc. Res. Tech. 70:733–744, 2007. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

After birth, mammalian ovaries are characterized by
a defined pool of female gametes that dynamically
grow increasing their diameter while the nuclei remain
arrested in the first meiotic prophase. Physiologically,
the oocytes become able to reinitiate the meiotic cell
cycle at the end of this growing phase even if the pro-
cess of meiotic maturation will start when, within pre-
ovulatory follicles, fully grown oocytes receive a positive
stimulus represented by the gonadotropin surge.

Analogously, the fully grown germ cells are the only
limited source of gametes for in vitro maturation and
fertilization techniques even if the larger amount of
oocytes is represented by the meiotic incompetent cells
(Picton et al., 2003).

For this reason, many attempts have been made in
rodents, sheep, bovines, and humans (Bao et al., 2003;
Cecconi et al., 1999; Eppig and O’Brien, 1996; Van den
Hurk et al., 2000; Yamamoto et al., 1999) to develop alter-
native in vitro approaches to use incompetent small oocytes
isolated from primary and secondary follicles of untapped
ovarian sources. The possibility of using the immature pool
of oocytes continues to represent an attractive and crucial
target in reproductive biotechnology for amplifying or con-
serving the genome of high value individuals even if, until
now, the results in this contest are very limited.

Encouraging experiments (Bao et al., 2000, 2003) have
recently been obtained showing that the nuclei isolated

from mouse or bovine growing stage oocytes become
competent to mature when transferred within the cyto-
plasm of fully grown germ cells supporting embryo pro-
cess until term development. A new physiological con-
cept derived from these experiments indicating that the
nuclei of the oocytes reach the competence to sustain
embryo development before the cytoplasm acquires the
molecular machinery to drive maturation.

Nevertheless, to enhance this nuclear transfer proce-
dure and to increase oocyte sources for an in vitro tech-
nique more information are required, in particular, in-
formation about the epigenetic status of the immature
oocyte nucleus. In fact, one of the events that charac-
terize gametogenesis is the epigenetic transformation
of the genome required to regulate the future embry-
onic gene expression. In this contest, DNA methylation
is one of the major epigenetic regulator of this process
that interferes with gene expression and acts during
the oogenesis as an important molecular mark under-
lying the parental-specific expression of genes subject
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to genomic imprinting (Lucifero et al., 2004; Reik and
Walter, 2001a; Surani et al., 1984). Imprinted genes
account for the complementary of both maternal and
paternal genomes in normal development and play an
essential role in regulating embryo growth, placental
function, as well as in neurobehavioral processes
(McGrath and Solter, 1984; Surani et al., 1984).

A number of genes regulated by imprinting contain dif-
ferential methylation regions inherited from germ cells
during gametogenesis (Geuns et al., 2003; Lucifero et al.,
2002) as a consequence of the action of specific enzymes:
the DNAmethyltransferases (Dnmts), a family of de novo,
and maintenance methylating enzymes responsible for
the addition of the methyl group to the five-position of cy-
tosine within CpG dinucleotids. The Dnmt isoforms
involved in DNA methylation in the oocyte have yet to be
identified (Swales and Spears, 2005), even if their role dur-
ing oogenesis remains controversial. Some evidences, in
human andmouse, have demonstrated that a spliced tran-
script of Dnmt1 protein (Dnmt1o) is found in the female
germ cells and embryos (Dean et al., 2005; Mertineit et al.,
1998; Swales and Spears, 2005). However, experiments
performed on deficient mice for Dnmt1, Dnmt1o, and
Dnmt3L display in all animals several loss of allele specific
methylation expression of imprinted genes, implying a
multiple contribution of the different isoforms in the pro-
cess of germ cell methylation establishment and mainte-
nance (Dean et al., 2005; Lucifero et al., 2004).

Recent evidence indicates that maternal methylation
imprint establishment may be related to oocyte diame-
ters as a consequence of the accumulation of these de
novo methylating enzymes during the transition from
primordial to antral follicles (Lucifero et al., 2004).
Imprints seem to proceed in a gene specific manner and
transform the DNA of fully grown oocytes in a highly
methylated structure (Spinaci et al., 2004). Methylation
is both a heritable and reversible epigenetic modification
that is stably propagated after DNA replication and
influences gene expression as does the process of chro-
matin condensation via the binding of several modula-
tory factors (Arney et al., 2001; Kono, 1998; Li, 2002). In
fact, it is important to point out that the majority of
DNA methylation in the genome is not concerned with
genomic imprinting. Heavy methylation of DNA results
in a more condensed structure, which is resistant to
transcription (Swales and Spears, 2005).

Modifications in large-scale chromatin condensation
during mammalian oocyte growth provide another im-
portant event that seems to coordinate the control of
global transcription and defines the developmental
potential of a germ cell (De La Fuente et al., 2004). In
fact, chromatin in the oocyte nucleus (the germinal ves-
icle, GV) changes from a diffuse or decondensed config-
uration (nonsurrounded nucleolus, NSN), found pre-
dominantly in growing oocytes, and becomes progres-
sively condensed around the nucleolus (surrounded
nucleolus, SN) upon completion of oocyte growth (De
La Fuente et al., 2004; Debey et al., 1993; Mattson and
Albertini, 1990; Zuccotti et al., 1995). Importantly, the
transition to the condensed configuration is temporally
coordinated with global repression of transcription
(Bouniol-Baly et al., 1999; De La Fuente and Eppig,
2001; De La Fuente et al., 2004).

Another fundamental biochemical prerequisite to
define the developmental potential of a fully grown nu-

cleus is the length of the telomeric structure (Keefe
et al., 2005; Liu et al., 2002). Telomeres are specialized
structures localized at the ends of eukaryotic chromo-
somes and are composed of conserved noncoding sequen-
ces of DNA repeats (TTAGGG)n. These structures pro-
vide protection from enzymatic end-degradation and
maintain chromosome stability during DNA replication.
Recently, it has been reported that telomeres represent
also an important prerequisite for the oocyte to express
its developmental competence; in fact, telomere shorten-
ing in mouse and human oocytes triggers apoptosis in
embryos (Keefe et al., 2005; Liu et al., 2002).

The enzyme involved in telomere rearrangement is
telomerase, a ribonucleoprotein complex with reverse-
transcriptase activity involved in telomere stability. It
contains three major subunits: template RNA (TR),
telomerase associated protein (TPI), and the reverse
transcriptase subunit or telomerase catalytic subunit
(TERT). The TERT component of telomerase is the pri-
mary determinant for enzyme activity and its expres-
sion is correlated to cells with telomere elongation
(Cong et al., 1999; Misiti et al., 2000; Wang et al.,
2000). Recently, TERT component has been related to
the process of telomere rearrangement in pig germ
cells during oogenesis where the presence of the
enzyme within the nucleus has been strictly correlated
to progressive telomere elongation (Russo et al., 2006).

Since the nuclear remodeling is a complicate mecha-
nism that appears in part independent of the cyto-
plasm (Bao et al., 2000,2003), it appears extremely use-
ful to improve the information about the exact timing
and mechanisms involved in this process. In this con-
text, the epigenetic dynamic and the telomeric rear-
rangement appear to be crucial determinants to deduce
the developmental potential of oocytes. These elements
remain still poorly and not systematically studied also
in species, such as the ovine, that are largely used as
animal model to develop knowledge and reproductive
techniques (First, 1990; Peura and Vajta, 2003; Ritchie,
2006). Starting from this consideration, the present
research was designed to characterize during the pro-
cess of sheep oogenesis the female chromatin organiza-
tion, in parallel with the spatio-temporal description of
the major molecular determinants involved in epige-
netic and telomeric program. In particular, the modifica-
tions in large-scale chromatin configuration have been
analyzed in sheep growing oocytes and correlated to the
epigenetic and telomeric configuration of their chroma-
tin. In more detail, the process of epigenetic remodeling
has been evaluated with immunocytochemistry analysis
investigating the degree of global DNA methylation,
while the status of telomere elongation has been
detected with the FISH-processed section technique.
Thus, to comprehend the contribution of the enzymatic
machinery in the processes of nuclear rearrangement,
the subcellular localization of Dnmt1 and TERT, respec-
tively, these processes were evaluated at different
stages of growing oocytes and fully grown oocytes.

MATERIALS ANDMETHODS
Tissue and Oocyte Collection

Ovaries were obtained during the breeding season
from 2–4-year-old sheep of about 50 kg slaughtered at
the local abattoir.
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The ovaries, transported to the laboratory within 30
min, were trimmed of any extra tissue and preantral,
early antral, and antral follicles were mechanically iso-
lated as previously described (Cecconi et al., 1999). All
the procedures were performed in dissection medium
(Dulbecco’s phosphate buffer medium with Ca2+ and
Mg2+ supplemented with 0.4% BSA; Sigma), with the
aid of a stereomicroscope.

After isolation, healthy follicles were chosen on the
basis of their morphology. In particular, under the ster-
eomiscroscope were considered the translucency of the
follicle, the compactness of the follicular layers, the ab-
sence of free particles within antral cavity, and the
presence of blood vessels (Cecconi et al., 1999; Mattioli
et al., 2001).

Single healthy follicle diameters were, then, meas-
ured using an inverted-phase microscope equipped
with an ocular micrometer (403 magnification) and
classified as:

� small, and large preantral follicles (150 6 40 lm and
2506 30 lm, respectively),

� early antral follicles (350 6 50 lm), and
� medium antral follicles (*3 mm).

Each follicle was then carefully opened, and the
released cumulus oocyte complex (COCs) was used in
the following analyses which displayed a compact cu-
mulus and an oocyte with homogeneous cytoplasm.

After removal of the cumulus cells, oocyte diameter
was recorded before digesting the zonae pellucida
according to Gioia et al. (2005). Zona-free oocytes were
fixed in 4% paraformaldehyde/phosphate buffer saline
for 1 h at 48C, and then analyzed for GV chromatin con-
figuration, global DNA methylation or Dnmt1, and
TERT distribution.

To determine telomere size, using the fluorescence in
situ hybridization (FISH) technique, the oocytes were
processed within their follicle structures, according to
Russo et al. (2006), dehydrated through ethanol series,
and then embedded in paraffin wax.

Moreover, to compare the chromatin morphology of
growing oocytes obtained from preantral and early
antral follicles with that of fully grown and highly com-
petent oocytes, preovulatory follicles (>6 mm) were iso-
lated from 30 adult sheep. The animals were synchron-
ized using a validated hormonal protocol (Lucidi et al.,
2001; Willard et al., 2006). In detail, sponges of 30 mg
flugestone acetate (Cronogest, Intervet; day 0) were in-
travaginally inserted for 12 days. One day before
sponge removal, the animals were treated i.m. with
500 IU of equine chorionic gonadotropin (eCG; Folli-
gon, Intervet) to prime follicular growth. The ovaries
were surgically isolated 24 h after sponge removal by
maintaining the animals under anesthesia with ace-
promazine maleate (0.05 mg/kg bodyweight) and pen-
tothal sodium (10 mg/kg bodyweight). All protocols had
prior approval of the Ethical Committee of the Univer-
sity of Teramo. The ovaries were then treated as
described earlier.

Germinal Vesicle Chromatin Configuration

To classify the chromatin configuration, an aliquot of
germ cells isolated from small and large preantral,
early antral, medium, and preovulatory antral follicles

were labeled for 30 min with 1 lM SYBR Green 14/I
(Molecular Probes), one of the most sensitive stains
available for detecting double-stranded DNA. The
oocytes, washed in 0.05% Tween 20/PBS, were placed
on glass slides, squashed with cover-slips, and ana-
lyzed with the laser scanning confocal microscope.

This chromatin configuration analysis was carried
out on at least 40 germ cells of each follicle category,
and on five oocytes isolated from preovulatory follicles.

Immunofluorescence Staining

Indirect immunofluorescence was carried out to eval-
uate and compare the degree of DNA methylation, the
Dnmt1, and TERT subcellular localization in oocytes
isolated from small and large preantral, early antral,
medium, and preovulatory antral follicles.

After oocyte fixation, samples were washed in 0.05%
Tween 20/PBS, and permeabilized with 0.2% Triton
X100/0.05% Tween 20/PBS for 30 min at room tempera-
ture (RT).

The oocytes analyzed for global DNA methylation
were treated in 2 M HCl for 30 min at RT to obtain
DNA denaturation and then neutralized in 100 mM
Tris HCl buffer (pH 8.5) for 10 min before primary anti-
body incubation.

Nonspecific binding was blocked by incubating the
oocytes in normal goat serum (1:20 dilution; Sigma) for
1 h at RT. The primary antibody, a mouse anti-5-meth-
ylcytosine (Eurogentec), was maintained at the appro-
priate dilution (1:500 in PBS containing 1% BSA/0.05%
Tween 20) overnight at 48C. The oocytes, after exten-
sive washing, were incubated with a goat antimouse
Cy3 secondary antibody (1:400 in 0.05% Tween 20/
PBS; Molecular Probes) for 1 h at RT and, finally, coun-
terstained with 1 lM SYBR Green 14/I.

Immunocytochemistry for the DNA methyltransfer-
ase 1 (Dnmt1) was performed using a polyclonal goat
antibody anti-Dnmt1 (Santa Cruz), specific for the C-
terminal catalytic domain, which is highly conserved
within all the Dnmt isoforms identified in female germ
cells (Bestor, 2000). As described earlier, after blocking
nonspecific bindings performed with the normal don-
key serum (1:20 dilution; Sigma), the oocytes were
incubated with the primary antibody diluted in PBS
containing 1% BSA/0.05% Tween 20 (1:200), overnight
at 48C. Then, samples were washed in 0.05% Tween 20/
PBS, exposed to a donkey antigoat Alexa Fluor488 con-
jugated antibody (Molecular Probes), and nuclear coun-
terstaining was carried out with Propidium iodide (PI)
1 mg/mL (PI; Sigma) for 10 min at RT.

The cellular distribution of telomerase catalytic sub-
unit was accomplished with a polyclonal rabbit anti-
body antireverse transcriptase (antihTERT, Calbio-
chem, Cui et al., 2002). After blocking nonspecific bind-
ings with normal goat serum (1:20 dilution; Sigma),
the primary antibody was applied overnight at 48C
(1:250 in PBS containing 1% BSA/0.05% Tween 20). A
goat antirabbit conjugated Cy3 (Molecular Probes) was
used as secondary antibody and chromatin was coun-
terstained with 1 lM SYBR Green 14/I (Molecular
Probes).

In all experiments, nonimmune serum was used in
place of the primary antisera as negative control. All
controls performed were negative.
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Each immunofluorescence analysis was performed
on at least 30 replicates (oocytes/follicular category),
and on 10 oocytes isolated from preovulatory follicles.

Laser Confocal Microscopy and
Quantitative Analysis

Observations were performed with a Bio-Rad laser
scanning confocal microscope (Radiance 2000 IK-2),
equipped with a krypton/argon ion laser. The sample
were analyzed on an inverted microscope (Zeiss Axio-
vert) equipped with a plan-apochromat oil immersion
objective 633 magnification/1.4 numerical aperture
(NA). Immunostained and DNA-labeled oocytes were
observed using the visible lines of excitation of 488 and
568 nm, and a dichroic filter (560LP, Bio-Rad). Digital
optical sections were obtained by scanning the sample
on z-axis at 0.2 lm of thickness throughout the plane of
focus containing the GV equatorial plane (620 lm).
For each experiment, all the categories of oocytes were
compared maintaining similar gain and laser parame-
ters. The z-series were then projected to obtain a three-
dimensional reconstruction and all the images were
exported as eight bit-tagged image file format files.

When the degree of global DNA methylation was
evaluated, according to Gioia et al. (2005), the z-series
obtained were merged to produce a two-dimensional
image showing the staining pattern and the total fluo-
rescence intensity (TFI) emitted by each GV. The
merged images were always corrected for the back-
ground represented by the mean intensity of the cyto-
plasmic area, and nuclear intensities were measured
by manually outlining each GV. Then the TFI emitted
from each GV was measured using the LaserPix soft-
ware (Bio-Rad).

Fluorescence In Situ Hybridisation

Five-micron thick sections, obtained from paraffin
embedded ovarian cortical pieces or isolated medium
and preovulatory antral follicles were processed for
FISH. Cross sections were deparaffinized by incubation
for 10 min in xylene, washed for 10 min in 100% etha-
nol, and then air-dried. Slides were then placed in 2 3
SSC at 458C for 5 min., and subsequently treated with
proteinase K (250 lg/mL; Sigma) in 2 3 SSC at 458C
for 10 min. Slides were thoroughly rinsed with PBS,
followed by dehydration in ethanol series (70, 95, and
100% at 2 min each), and air dried. Sections were dena-
tured with 70% formamide (Carlo Erba) in 2 3 SSC,
pH 7.0 at 75.58C for 5 min, followed immediately by
dehydration in ice-cold ethanol (70, 95, and 100% at 2
min each), and allowed to air dry. A denatured all-
human telomeric DNA probe was added to the slide
(Qbiogene-Resnova) since eukaryotic chromosomes,
as well as the sheep (de la Sena et al., 1995), con-
tain conserved noncoding sequences of DNA repeats
(TTAGGG)n. Then, glass cover-slips were applied and
sealed with rubber cement (Qbiogene-Resnova). After
incubation overnight at 378C in a humidified chamber,
the slides were washed for 10 min in 50% formamide
(Carlo Erba) in 2 3 SSC at 378C followed by washes at
RT in 2 3 SSC. The hybridized signals were detected
by using a commercial kit [fluorescein isothiocyanate
(FITC) avidin detection kit; Oncor] according to the
manufacturer’s instructions. PI/antifade 0.6 lg/mL
(Qbiogene-Resnova) was used for chromatin counter-

staining. All slides were analyzed using an Axioskop 2
Plus incident-light fluorescence microscope (Zeiss)
equipped with a PL-Neofluorar 3 100 oil immersion
objective (NA 1.30) and a 3 10 ocular to provide images
with a spatial resolution of 0.25 lm, a HBO 100 Wmer-
cury lamp, a FITC/PI filter (excitation: 450–490; bar-
rier: LP 520; no. 09, Zeiss), and a PI filter (excitation:
BP 546; barrier: LP 590; no. 15, Zeiss). The microscope
was also provided with a cooled color CCD camera (Axi-
ovision Cam, Zeiss) with a resolution of 1300 3 1030
pixels, configured for fluorescence microscopy, and
interfaced to a computer workstation, provided with an
interactive and automatic image analyzer (Axiovision,
Zeiss).

Q-FISH Analysis

Digital image analysis of telomere length was per-
formed according to Miracco et al. (2002). For quantita-
tive purposes, digital images were consecutively cap-
tured from sections immediately after hybridization
with the fluoresceinated probes and counterstained
with PI. Counterstain was used to scan the image and
the FITC/PI filter was set to confirm the simultaneous
presence of probe signals (green) and PI (red). At the
beginning of an imaging session, optimum exposure
times were determined and held constant thereafter.
The oocyte nuclei (GV) were acquired by setting the lu-
minous-field diaphragm on the whole area of the GV.
This procedure was performed to exclude from the ac-
quisition the fluorescent signals of granulosa cells. In
all cases, it was confirmed that the telomeric signals
were within the linear response range of the CCD cam-
era, according to Meeker et al. (2002), using standard
fluorescent microbeads (InSpeck microspheres; Molec-
ular Probes). Image acquisition was performed with a
dedicated software (Axiovision, Zeiss). After the acqui-
sition of the digitized image, it was stored in a 1300 3
1030 pixels file. The images were imported in the 24-
bit uncompressed TIF format, and then processed with
the image analyzer, using the dedicated computer pro-
gram (KS300 computed image analysis system, Zeiss).
For the oocyte analysis, at least two cross sections,
which included the nuclei of the oocytes, were consid-
ered for each germ cell. In more detail, 18 oocytes of
small, and 20 of large preantral follicles, 23 oocytes of
early antral follicles, 24 medium, and 10 preovulatory
antral follicle oocytes were analyzed.

Quantification of the digitized fluorescent telomere
signals was accomplished by using a semiautomated
algorithm written with the image analysis software
package KS300 (Zeiss). The computer program gener-
ates one image, showing the nuclei, which are stained
red with PI, and the telomeres, which are assumed to
hybridize quantitatively to the FITC fluorescent probe,
and appear as bright green spots. After densitometric
calibration of the background, the algorithm performs
(i) segmentation of telomeres; (ii) measurements of
their areas, lengths, and mean densitometric value;
(iii) counts of number of telomeres per nuclear section.
Briefly, after acquisition of the image, a geometric cali-
bration is performed. A densitometric calibration fol-
lows, which relates the image to a 0–256 gray scale.
Only the objects on the same planar focus are then cho-
sen for the analysis. Parameters to be measured are
then selected; these include number of telomeres,
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mean densitometric value, area, and feret maximum,
which corresponds to the value of the major diagonal
connecting the two farthest points at the periphery of
the object. Further background correction is then per-
formed through Lowpass and Shadcorr filters. Segmen-
tation of telomere spots is then improved; for each pixel,
the average intensity value of neighboring pixels is sub-
tracted from its intensity, resulting in a telomere pixel if
the image of its edge is above a threshold level; other-
wise, it is considered as a background or boundary pixel.
Measures can be evaluated on the images of nuclei and
telomeres by placing an electronic grid on them. Results
are then recorded for statistical evaluation.

Statistical Analysis

All the data obtained from oocyte analyses at the dif-
ferent follicular stages were tested for normal distribu-
tion, and then compared using ANOVA (Microcal Ori-
gin 6.0). The data were expressed as mean 6 standard
deviation (SD). Statistical analyses were carried out on
transformed data by logarithmic function; P < 0.05
was considered as significant and P < 0.01 were consid-
ered highly significant.

RESULTS
Oocyte Diameters and Chromatin

Configurations

The mean diameter recorded in the oocytes isolated
from small and large preantral follicles was 80 6 5 and
90 6 5 lm, respectively. Early antral follicles contained
still growing oocytes with a diameter of 110 6 10 lm,
while a mean value of 120 6 5 lm was recorded in fully
grown germ cells obtained either from medium or pre-
ovulatory antral follicles.

GV chromatin configurations were revealed in sheep
oocytes with SYBR Green 14/I staining and classified
on the basis of the degree of condensation and distribu-
tion into three major categories: diffuse chromatin in
the whole nuclear area (NSN), condensed chromatin
surrounding the nucleolus (SN), and condensed chro-
matin near the nucleolus and the nuclear envelope
(SNE).

The totality of the oocytes isolated from preantral fol-
licles displayed a high dispersed chromatin in the nu-
cleoplasm with a typical NSN configuration indepen-
dently of the follicle diameter (Figs. 1A and 1B).

The SN pattern began to emerge in the 67% of germ
cells isolated from early antral follicles while the remain-
ing 33% maintained the NSN configuration (Fig. 1; C ¼
NSN and D ¼ SN), independently of their oocyte diame-
ter (Fig. 2). In medium and preovulatory antral follicles,
the germ cells displayed a high condensed chromatin
that was distributed around the nucleolus and close to
the nuclear envelope (SNE pattern; Fig. 1E).

Global DNA Methylation

The epigenetic remodeling has been evaluated study-
ing the global DNA methylation using the 5-methylcy-
tosine antibody and quantifying the TFI in the differ-
ent categories of GVs.

The level of global methylation increased over the
period of growth in relation to the process of follicle
development. In fact, the absence of immunopositivity
for the 5-methylcytosine antibody characterized the

oocytes of small preantral follicles (Figs. 1F and 1K),
while a faint degree of methylation started to appear in
germ cells isolated from large preantral follicles (Figs.
1G and 1L).

The degree of DNA methylation increased in the
oocytes isolated from early antral follicles, independ-
ently of the chromatin configuration recorded (Figs.
1H, 1I, 1M, and 1N). In addition, high levels of DNA
methylation were observed in fully grown oocytes of
medium (data not shown) and preovulatory antral
follicles (Figs. 1J and 1O).

As shown in Figure 2, the quantitative analysis of
the TFI emitted revealed that the degree of global DNA
methylation was strictly dependent on oocyte diameter
(R2 ¼ 0.993, obtained with the sigmoidal fitting of data;
P < 0.01). In particular, the oocytes obtained from
small preantral follicles (*80 lm) showed nondetect-
able values of TFI. The global DNA methylation pro-
gressively increased passing from the *90 lm germ
cells isolated from large preantral follicles up to the
*110 lm oocytes obtained from early antral follicles.
Moreover, in the oocytes derived from early antral fol-
licles the TFI value resulted independent of the chro-
matin configuration recorded (P > 0.05). TFI values
remained stable in oocytes collected from medium and
preovulatory antral follicles with a diameter of *120
lm, as shown in Figure 2, indicating that the process
of global DNA methylation is defined after antrum
differentiation.

DNA Methyltranferase 1 (Dnmt1)
Expression Pattern

The intracellular distribution of Dnmt1, a DNA
methyltransferase involved in the maternal DNA
methylation and maintenance, resulted strictly de-
pendent on either the follicular stage considered or the
oocyte diameter reached.

In fact, all growing oocytes isolated from small and
large preantral follicles displayed a nuclear and cyto-
plasmic Dnmt1 localization (Fig. 3A). By contrast, the
majority of germ cells isolated from early antral fol-
licles (56%), independently of their chromatin configu-
ration, showed the enzyme out of the nucleus in the
cytoplasm (Fig. 3B). The cytoplasmatic distribution
became prevalent in fully grown oocytes isolated from
medium and preovulatory antral follicles where the
enzyme was localized in the subcortical and the perinu-
clear region (Fig. 3C).

In Situ Analysis of Telomere Length (Q-FISH)
in the Germinal Compartment

To study the relative size of single telomeres, FISH
was performed on all the categories of germ cells con-
sidered.

In all the oocytes analyzed, telomeres were distrib-
uted in correspondence to the chromatin counter-
stained with PI (Fig. 4). The size of each hybridized
telomere spot appeared to be independent of its dis-
tance by the nuclear periphery, indicating that individ-
ual differences in telomere-signal intensity within
nuclei were not caused by local variations in probe
access into the cell.

The oocytes of preantral follicles, independently of
their stage (small or large), possessed a GV of about
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Fig. 1. Digital images of sheep GVs showing different chromatin
configurations (left images), global DNA methylation patterns
(middle images), and merged images (right images). Chromatin coun-
terstaining was performed with SYBR Green 14/I (green), which
detects double-stranded DNA, while global DNA methylation was
analyzed with a 5-methylcytosine antibody (red). A: This picture
shows a typical GV example of a germ cell obtained from a small pre-
antral follicle with diffuse chromatin (NSN) that did not display any
immunostaining for 5-methylcytosine (F, K). B: A GV example of an
oocyte obtained from a large preantral follicle where the NSN chro-

matin started to display immunopositivity for 5-methylcytosine (G,
L). The merged image on the right reveals that global DNA methyla-
tion staining resides exclusively with the SYBR Green 14/I staining.
C and D: Two examples of oocytes obtained from early antral follicles
with either a NSN chromatin or a SN configuration, respectively. In
both categories of oocytes the 5-methylcytosine immunopositivity
indicates the high degree of global DNA methylation (NSN ¼ H and
M, SN ¼ I and N). E: GV of a fully grown oocyte isolated from a preo-
vulatory follicle where the chromatin assumes the SNE pattern with
a clear immunopositivity for 5-methylcytosine (J, O). Bar ¼ 10 lm.



15–20 lm, showed a mean telomere number/section of
40.62 6 3.10 and the following FISH values: telomere
area (TEA) of 0.076 6 0.045, a feret maximum
(TEFmax) of 0.379 6 0.124, and a mean densitometric
value (MEAND) of 83.209 6 27.168 (Fig. 5). Telomeric
signals increased in germ cells of early antral follicles
where similar mean telomere number/section was
recorded within their GVs of *20–25 lm in diameter
(41.57 6 4.63; P > 0.05). Although, only early antral
oocytes with a SN configuration showed significantly
bigger telomeres than those recorded in the oocytes
enclosed in preantral follicles (SN oocytes: TEA 0.105
6 0.079, P < 0.01; TEFmax 0.430 6 0.175, P < 0.01;
MEAND 110.911 6 29.173, P < 0.01; Fig. 5). Instead,
the oocytes with a NSN configuration, in terms of telo-
mere size, were similar to the category of preantral

follicle germ cells (TEA 0.071 6 0.058, TEFmax 0.360
6 0.147, MEAND 82.9796 18.331, P > 0.05; Fig. 5).

Oocytes derived from both categories of antral fol-
licles showed similar telomere number and length val-
ues recorded in the SN oocytes isolated from early
antral follicles. In detail, mean telomere number/sec-
tion recorded within their GVs of *25 lm in diameter
was 41.5 6 4.63 in medium antral follicles, and 40.9 6
3.26 in preovulatory follicles (P > 0.05), while their
telomere length values were TEA 0.104 6 0.059;
TEFmax 0.425 6 0.154; MEAND 105.417 6 22.293 for
medium antral follicles, and TEA 0.106 6 0.062;
TEFmax 0.450 6 0.151; MEAND 107.355 6 20.299 for
preovulatory follicles (P > 0.05; Fig. 5).

TERT Expression Pattern

The telomerase catalytic subunit (TERT) was
expressed in sheep oocytes, independently of the devel-
opmental stages considered, but its oocyte distribution
was strictly dependent on follicle/oocyte growth.

The oocyte of small and large preantral follicles
showed immunopositivity for TERT in the GV (Fig.
6A). By contrast, in early antral follicles, the oocytes
started to localize TERT both in the nucleus and in the
cytoplasm (71%, Fig. 6B). The remaining early antral
oocytes displayed the protein localized within the nu-
cleoplasm associated with a NSN chromatin configura-
tion. Finally, in the germ cells of both categories of
antral follicles TERT protein was exclusively ooplas-
matic with, also in this case, a typical subcortical and
perinuclear distribution (Fig. 6C).

DISCUSSION

Modifications in large-scale chromatin structure and
DNA remodeling occur during specific phases of oocyte
growth probably to organize the genome to attend
embryo/fetal development (Arney et al., 2001; Kono,
1998; Zuccotti et al., 2005). Several evidences have
demonstrated that chromatin organization (De La
Fuente et al., 2004; Debey et al., 1993; Mattson and

Fig. 2. Fitting of TFI values of global DNA methylation fluores-
cence with oocyte diameters recorded in germ cells obtained from
small and large preantral, NSN and SN early antral, medium and
preovulatory antral follicles (R2 ¼ 0.993, P < 0.01). The distribution
curve revealed that global DNA methylation progressively increased
from oocytes with a diameter of *90 lm up to *110 lm. The values
of TFI did not change when the oocyte reached the fully grown stage
(*120 lm in diameter).

Fig. 3. Digital images showing Dnmt1 distribution during sheep
oogenesis. Dnmt1 is visualized with Alexa Fluor488 secondary anti-
body (green), while DNA is counterstained with PI (red). A: An exam-
ple of a growing oocyte obtained from a large preantral follicle which
stained for Dnmt1 both in the nucleus and in the cytoplasm. The chro-
matin has a typical NSN configuration. B: Oocyte collected from an

early antral follicle which displayed a cytoplasmic Dnmt1 staining
that maintained a NSN chromatin configuration. C: An example of an
oocyte obtained from a medium antral follicle where a clear subcorti-
cal and perinuclear ooplasmatic localization of the enzyme is
recorded. The GV that did not show any positivity for the Dnmt1 anti-
body displayed a SNE chromatin configuration. Bar ¼ 25 lm.
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Albertini, 1990; Zuccotti et al., 1995), epigenetic status
(Dean et al., 2005; Reik et al., 2001b; Swales and
Spears, 2005), and telomeric size (Keefe et al., 2005,
2006; Liu et al., 2002) are crucial determinants to
define the developmental competence of an oocyte even
if information on the exact timing of these processes
during oogenesis remains largely unknown.

Therefore, the molecular characterization of the
oocyte chromatin may represent an important tool to
predict the competence of a female germ cell as well as
to identify the causes of the developmental anomalies
revealed during the application of several assisted
reproductive technologies that, as a consequence of an
altered expression of imprinted genes, have been
related to diseases during the postnatal life as the
large offspring syndrome in sheep and cow (Lazzari
et al., 2002; Young et al., 2001).

Starting from this consideration and in the ab-
sence of any preliminary information, this study has
been addressed to compare the nucleus of sheep
growing oocytes with that of fully competent grown
oocytes collected from preovulatory follicles to
determine at which follicular stage or oocyte diame-
ter the germ cell acquires a mature chromatin orga-
nization.

This research demonstrates that the majority of the
germ cells of 110 lm displayed a definitive degree of
chromatin condensation, global DNA methylation, and
telomere elongation in advance with respect to the ac-
quisition of a biochemical machinery able to drive the
resumption of meiosis. In fact, only sheep oocytes
derived from antral follicles of *2 mm in diameter of
adult ovaries can progress in meiosis in high percent-
age and 70% of total oocytes reach metaphase II (Ledda
et al., 1999; Moor and Tounson, 1997).

For these nuclear parameters, a whole remodeling
seems to be coincident with the process of follicle
antrum differentiation. In fact, during the transition
from preantral to early antral follicles, the GVassumes
a nuclear organization similar to that of the fully
grown oocytes isolated from preovulatory follicles.

In particular, the analysis of the GV showed a progres-
sive organization of large-scale chromatin configuration
during sheep oocyte growth. In fact, a diffuse chromatin
throughout the nucleus (NSN pattern) characterized all
immature oocytes isolated from sheep preantral follicles
independently of their diameter, according to that
observed in other species such as mouse, pig, goat, and

Fig. 4. Examples of digital images of GV telomeres analyzed in
oocytes enclosed within preantral, early antral, and antral follicles
using the Q-FISH technique. In these paraffin-embedded tissue sec-
tions, telomeres are visualized as bright green spots (FITC) while
DNA is counterstained in red with PI. In addition, the GVs were
acquired by closing the luminous-field diaphragm until the entire
nuclei was visible in the field of view. In all the digital images telo-
meres (arrows) are distributed in correspondence to the chromatin.
Examples of (A) nucleus located within an oocyte derived from a large
preantral follicle showing a NSN chromatin configuration and the rel-
ative telomeres, (B) GVs of early antral follicle oocytes with a NSN, or
(C) with a SN configuration. In the images it can be qualitatively
appreciated the higher fluorescence signal emitted from the telomeres
of the GV with the SN chromatin configuration in comparison to those
recorded within the NSN one, (D) Nucleus of a fully grown oocyte
derived from a medium antral follicle. In this microphotograph, telo-
meres can be appreciated close to the chromatin condensed around
the nucleolus and the nuclear membrane. Scale bars ¼ 5 lm.
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bovine (Sun et al., 2004; Zuccotti et al., 1995; bovine: Liu
et al., 2006; goat: Sui et al., 2005; mouse: Mattson and
Albertini, 1990; pig: Guthrie and Garret, 2000).

Analogously, to the mice model, the NSN seems to be
an immature chromatin configuration that the oocytes
loose when they gain the full meiotic competence
(Zuccotti et al., 1995).

In fact, along with the growing phase, a condensed
chromatin surrounding the nucleolus (SN pattern)
started to appear and characterized sheep oocytes of
110 6 10 lm isolated from early antral stage follicles.
However, differently to the mouse, the SN configura-
tion did not represent the more advanced configura-
tion toward ovulation, since medium and preovulatory
antral follicles developed a new pattern of GV organi-
zation where the condensed chromatin appeared local-
ized partly around the nucleolus and partly close to
the nuclear envelope (SNE pattern). Recently, similar
observations were reported from Liu et al. (2006) in
bovine fully grown oocytes before GVBD suggesting
that the ruminants have more in common with each
other than with different mammalian species (mouse,
pig).

Many reports linked a highly condensed chromatin
to an inactive transcriptional form of chromatin that
precedes the meiotic competence (De La Fuente, 2006;
Liu et al., 2006; Zuccotti et al., 2005). A growing body
of evidence indicates that the chromatin structure to-
gether with DNA methylation mutually reinforce the
transcriptionally repressive states of DNA (Fuks et al.,
2003; Tamaru and Selker, 2001).

In this contest, over the period of growth, the global
degree of DNA methylation in the oocyte progressively
increases as both the appropriate maternal pattern is
laid down and nonimprinted sequences become methyl-
ated. The process of DNA methylation on single female
germ cells has not been examined yet, but information
on the timing of the process, at least for a number of
imprinted sex-specific genes, are available in the
mouse (Allegrucci et al., 2005) where the methylation
marks have been described during postnatal life on a
population of germ cells of known developmental stage
(Dean et al., 2005; Lucifero et al., 2004).

In this research, analyzing directly single germ cells,
it was possible to follow the global DNA methylation
over the period of germ cell growth and to correlate the
epigenetic status with the processes of follicle and
oocyte development.

In the sheep, an intense process of global DNA methy-
lation involved physiologically the germinal cells of
large preantral follicles that stabilize in the oocytes iso-
lated from tertiary antral follicles, independently of the
stage of development. Surprisingly, both chromatin con-
figurations (NSN and SN) visualized in the oocytes
obtained from early antral follicles showed similar TFI
values of 5-methylcytosine antibody suggesting that the
degree of global DNA methylation is not temporally
related to the condensation of chromatin configuration.
Instead, the major epigenetic regulatory process seems
to be influenced by the oocyte diameter. In fact, the
germ cells that reached a diameter of at least 110 lm
displayed a high and stable degree of global DNA meth-
ylation expressed as TFI for the 5-methylcytosine anti-
body. It must be stressed that when the oocyte reached
a definitive global DNA methylation, this biochemical
modification of the DNA in the oocyte is maintained
until fertilization, differently from other epigenetic
processes that continue to operate during the matura-

Fig. 5. Telomere area (TEA), feret maximum (TEFmax), and mean
densitometric value (MEAND) examined in the GVs of large preantral,
NSN and SN early antral, medium and preovulatory antral follicles. The
horizontal lines in the box plots express the 5th, 25th, 50th, 75th, and
95th percentile of the distribution. The box stretches from the 25th to the
75th percentile, and therefore contains the middle half of the scores in
the distribution. The median is shown as a line across the box, mean-
while the mean value as a black square within the box. The data of TEA,
TEFmax, and MEAND that resulted highly significantly different (P <
0.01) after statistical analysis were indicated by the superscript a.
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tion window as the acetylase/deacetylase balance that is
strictly cell-cycle dependent (Spinaci et al., 2004).

Several studies suggest a mutual interrelatedness of
the different isoforms of Dnmts to create and maintain
distinctive patterns and levels of DNA methylation
that define specific genomic regions (Dean et al., 2005;
Lucifero et al., 2004).

As regards the mammalian oocyte, the Dnmt
involved in the epigenetic process during the growing
phase has to be identified yet (Swales and Spears,
2005). The Dnmt1, and in particular, a spliced tran-
script of Dnmt1 protein (Dnmt1o) is actively tran-
scribed and translated during oocyte growth and matu-
ration or in preimplantation embryos (Dean et al.,
2005; Mertineit et al., 1998; Swales and Spears, 2005).
Moreover, Dnmt1 has been shown to be associated with
a wide variety of chromatin modifying activities,
including histone methyltranferases, methyl CpG
binding proteins, and heterochromatin binding protein
HP1 (Hermann et al., 2004). Collectively, these associa-
tions share in common the properties of transcriptional
repressors leading to the understanding that Dnmt1
and, hence, DNA methylation stably reinforces chro-
matin silencing (Bird, 2002), and contributes to the
preservation of the correct organization of large hetero-
chromatic regions (Espada et al., 2004). In this
research, the localization of Dnmt1 in sheep oocytes
during the oogenesis in the postnatal life has been
described. In summary, Dnmt1 is operative in germ
cells of preantral follicles where a clear nuclear distri-
bution of the enzyme has been recorded. By contrast,
the Dnmt1 in early antral follicle oocytes started to
translocate from the nucleus to the ooplasm assuming
in germ cells of medium and preovulatory antral fol-
licles a typical subcortical and perinuclear distribution.

The morphological evidence that Dnmt1 is exported
from the nucleus to the cytoplasm in late growing
oocytes involves, as a functional consequence, the inac-
tivity of the enzyme and may indirectly confirm the
end of the DNA methylating process.

The Dnmt1 cytoplasmic translocation has been pre-
viously described in the mouse growing germ cells

(Mertineit et al., 1998), although this event occurred
earlier, probably due to the faster oogenesis in this ani-
mal model in comparison with farm animals. Moreover,
it must be pointed out that the Dnmt1 distribution pat-
tern appears to be temporally associated with the pro-
cess of global DNA methylation, but neither Dnmt1
ooplasmic translocation or the high degree of DNA
methylation correspond to the acquisition of a con-
densed chromatin.

Another crucial requisite that defines the develop-
mental potential of mouse and human fully grown
oocytes is the length of telomeres (Keefe et al., 2005,
2006; Liu et al., 2002). This research, with the aid of
the Q-FISH technique which permits the assessment of
telomere size on tissue sections from standard formalin
fixed paraffin-embedded samples (Meeker et al., 2002;
Miracco et al., 2002; Russo et al., 2006; Tanemura
et al., 2005), highlights that telomeres are actively
rearranged during sheep oocyte growth. In particular,
telomere elongation proceeds in germ cells from prean-
tral to early antral follicles and stabilizes after antrum
differentiation. Interestingly, telomere elongation was
observed in the oocytes isolated from the follicular
stage in which TERT was exactly localized in the ger-
minal vesicle. Although, it is important to notice that
telomere elongation in early antral follicle oocytes is
strictly chromatin configuration dependent. In fact, the
same telomere length values were recorded in NSN
oocytes enclosed both in preantral and early antral fol-
licles. Instead, where the active chromatin remodeling
is concluded, TERTexpression stops in the nucleus and
starts to be localized in the ooplasm, and significantly
longer and stable telomeres characterize the SN grow-
ing oocytes from early antral and the SNE fully grown
germ cells derived from antral follicles. In these germ
cells, a clear nonfunctional cytosolic TERT distribution
was always recorded. The telomere elongation demon-
strated during the transition from preantral to early
antral follicles seems to be an important process in the
female germ cells since telomere length might serve in
the zygote after fertilization as a zero-time length
mark for the subsequent embryo cell divisions. In fact,

Fig. 6. Microphotographs showing immunocytochemistry analysis
for the telomerase catalytic subunit (TERT) in preantral, early antral,
and antral follicle oocytes. In these images TERT is visualized with
an antirabbit secondary antibody conjugated Cy3 (red), while DNA is
counterstained in green with SYBR Green 14/I. A: An example of a
large preantral follicle oocyte which localizes TERT in the nucleus.

B: Oocyte derived from an early antral follicle which reveals TERT
distributed either in the nucleus, where is evident a SN chromatin
configuration, or in the ooplasm. C: An example of an oocyte of a preo-
vulatory antral follicle, which shows a clear subcortical and perinu-
clear cytoplasmatic TERT distribution. Scale bar ¼ 25 lm.
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it has been demonstrated that fertilized eggs from late
generations of telomerase-null (TR�/�) mice exhibited
a high incidence of apoptosis, as evidenced by both
cytofragmentation and nuclear DNA fragmentation
(Liu et al., 2002). More recently, Keefe et al. (2005)
demonstrated that telomere length predicts cytoplas-
mic fragmentation in embryos from women undergoing
IVF for treatment of infertility, in fact telomere short-
ening in human oocytes triggers apoptosis in embryos.
Since it has been demonstrated that telomere length
predicts cytoplasmic fragmentation in embryos, a
detailed understanding of the telomere-elongation pro-
gram could be important for studying oocyte quality
providing a useful predictor of outcome after IVF treat-
ment. Furthermore, the location of TERT in the sub-
cortical and perinuclear region of germ cells from me-
dium and preovulatory antral follicles, such as Dnmt1,
reproduces the behavior of other different maternal
stock of quiescent proteins that will help the oocyte af-
ter fertilization until the activation of the embryonic
genome.

In conclusion, in sheep germ cells, a definitive nuclear
configuration in terms of chromatin condensation, global
DNA methylation, and telomere elongation is acquired
already in late growing stage oocytes (110 lm) when the
follicle showed a differentiated antrum. This study car-
ried out analytically on single germ cells demonstrated
that the changes in large-scale chromatin structure pre-
cedes the development to the full size and, for this rea-
son, occurs in advance with respect to the acquisition of
the ability of the oocyte to resume meiosis.

This evidence strengthens the idea that growing
oocytes can represent an early source of maternal ge-
nome by adopting a nuclear transfer approach, as dem-
onstrated earlier empirically in the mouse and bovine
(Bao et al., 2000, 2003). In addition, the kinetic defini-
tion of the nuclear events during oogenesis opens the
possibility to adopt new chromatin marks to evaluate
germ cells used or obtained by using different in vitro
assisted technologies as in vitro folliculogenesis, in
vitro oocyte maturation, and fertilization.
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