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ABSTRACT

It was previously shown that fully grown ovarian germinal
vesicle (GV) oocytes of adult mice exhibit several nuclear con-
figurations that differ essentially by the presence or absence of
a ring of condensed chromatin around the nucleolus. These con-
figurations have been termed, respectively, SN (surrounded nu-
cleolus) and NSN (nonsurrounded nucleolus). Work from our
and other laboratories has revealed ultrastructural and function-
al differences between these two configurations. The aims of the
present study were 1) to analyze the equilibrium between the
SN and the NSN population as a function of the age of the mice
and the time after hCG-induced ovulation and 2) to study the
polymerase I (pol 1)- and polymerase Il (pol 11)-dependent tran-
scription in both types of oocytes through the detection of
bromouridine incorporated into nascent RNA. We show 1) that
ovarian GV oocytes exhibiting the SN-type configuration can be
found as soon as 17 days after birth in the C57/CBA mouse
strain and 2) that the SN:NSN ratio of ovarian GV oocytes is
very low just after hCG-induced ovulation and then increases
progressively with the time after ovulation.

Furthermore, we demonstrate that the SN configuration cor-
relates strictly with the arrest of both pol I- and pol Il-dependent
transcription in mice at any age. Finally, we show that ribosomal
genes are located at the outer periphery of the nucleolus in the
NSN configuration and that pol I-dependent perinucleolar tran-
scription sites correspond to specific ultrastructural features of
the nucleolus.

Altogether, these results provide clear-cut criteria delineating
transcriptionally active GV oocytes from those that are inactive,
and confirm that the SN-type configuration is mostly present in
preovulatory oocytes.

INTRODUCTION

Clearly characterizing preovulatory oocytes biochemi-
cally and morphologically, as well as obtaining criteria for
the quality of oocytes—i.e., their capacity to resume and
complete meiosis but also to sustain complete embryonic
development after fertilization—is of prime importance in
mammalian reproduction owing to the increased use of in
vitro maturation/fertilization protocols. Data obtained in
several mammals [1-3] show that the size of follicles and
oocytes represents a primary essential parameter. However,
more subtle biochemical changes are likely to be associated
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with the last step toward ovulation. In the mouse, for ex-
ample, it has previously been shown that fully grown oo-
cytes do not present a homogeneous chromatin pattern [4—
7]. Germinal vesicle (GV)-stage oocytes from large antral
follicles can actually be grouped into two distinct major
classes. In the first class, termed SN (surrounded nucleo-
lus), chromatin is rather condensed and is particularly con-
fined around the ‘nucleolus-like body™ (NLB; this term will
be used [8, 9] instead of ‘nucleolus’ because of the unusual
ultrastructure and function of this nuclear compartment in
fully grown GV oocytes). In the second class, termed NSN
(nonsurrounded nucleolus), chromatin is less condensed
and does not surround the NLB. Intermediate configura-
tions include one with aggregates of condensed chromatin
apposed to the NLB (partly NSN) and one with a partial
perinucleolar chromatin ring (partly SN).

Several observations suggest that the SN configuration
represents a stage of GV oocyte that is more advanced to-
ward ovulation: 1) the fact that only the NSN configuration
isfound in preantral follicles [4, 6] and that the SN config-
uration arises only around the 18th day after birth [5]; 2)
the smaller size of NSN oocytes [5-7]; 3) their lower in
vitro-maturation speed and rate [6]; 4) the more pronounced
M-phase characteristics of SN oocytes in terms of micro-
tubule array and phosphoprotein content [5]; and 5) the
recent finding of their higher rate of development to 4-cells
after in vitro maturation and fertilization [10]. A similar
perinucleolar chromatin ring has been described in other
species, such as the rat [11], pig [12], monkey [13], and
human [14, 15], and, in the latter case, was shown to char-
acterize the preovulatory stage. However, the facts that 1)
NSN oocytes mature in vitro without previous transfor-
mation into the SN configuration [6] and 2) are able to
develop beyond the 2-cell stage, although to alesser extent,
after in vitro maturation and fertilization [10], to some ex-
tent contradict this hypothesis. Moreover, the possibility
that the mouse SN and the human SN-like configurations
could represent a step toward atresia has been envisioned
[7,15], as 66% of the configuration with condensed per-
inucleolar chromatin is atretic in monkeys [13].

Parallel to the structural characterization of preovulatory
GV oocytes, their transcriptional status is still a matter of
debate. Moore et a. [16] reported a complete cessation of
al transcriptional activities in mouse oocytes from large
antral follicles, while others found [3H]uridine incorpora-
tion in mouse GV preovulatory oocytes [9, 17—19] even up
to 2 h before GV breakdown (GVBD) [18, 19]. In other
mammals, such as cattle [3, 20], pigs [12, 21], and sheep
[22], a dramatic decrease in polymerase Il (pol Il1)-depen-
dent heterogenous nuclear RNA (hnRNA) synthesis has
been observed as the antrum grows (for review see [22]).
Continuing RNA synthesis was observed in human GV oo-
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cytes recovered from preovulatory follicles [8, 14] but not
in those from nonovulatory follicles [23], while subsequent
studies showed a direct link between the presence of a char-
acteristic chromatin mass around the NLB (called *‘karyo-
sphere’”) and transcriptional inactivity [15]. Similarly, poly-
merase | (pol |)-dependent [3H]uridine incorporation into
rRNAs was shown to decrease dramatically and to become
essentially restricted to the nucleolar periphery at the end
of the ovarian growth phase, i.e., when the electron-dense
nucleolar area develops [12, 14, 20, 22]. Our previous ul-
trastructural analyses suggested a residual transcriptional
activity of ribosomal genes in NSN-type NLB [6], while
the distribution of the splicing factor SC35 was consistent
with alower hnRNA synthesis activity in the SN-type con-
figuration [24]. Therefore it is still not clear whether com-
plete transcriptional activity cessation characterizes the pre-
ovulatory stage of GV oocytes.

With reference to these studies, we decided to further
analyze 1) the time dependence of the SN:NSN ratio in GV
oocytes from antral follicles in adult mice after hormonal
stimulation of ovulation and 2) the relationship between
chromatin configuration and pol |- and pol Il-dependent
RNA synthesis activity.

MATERIALS AND METHODS
Collection and Culture of Oocytes

Ovarian GV oocyte-cumulus complexes were collected
from juvenile (15 to 21 days old) and adult (28 days to
several weeks old) C57/CBA mice by random puncture of
the ovary, as previously described [25]. Compact complex-
es in which the cumulus cell layer(s) could not be mechan-
ically separated from the oocytes were discarded. The oth-
ers, which represent oocyte-cumulus complexes from antral
follicles, were gently pipetted through a mouth glass pipette
to remove most cumulus cells. Oocytes were then cultured
in modified culture medium M2 (4.15 mM sodium bicar-
bonate, 20.85 mM Hepes, 4 mg/ml BSA) at 37°C according
to standard procedures. The age of the mice was known
with an accuracy of 12 h. Oocytes from adult mice were
al of diameter > 70 pm (i.e., from antral follicles). The
size of oocytes collected from juvenile mice was not
checked.

Stimulation of Ovulation

The distribution of GV oocytes presenting the various
chromatin configurations was analyzed at different times
after ovulation. For that purpose, ovulation was stimulated
in 12-20 mice through an i.p. injection of 5 U hCG (In-
tervet, Angers, France). Several such synchronized mice
were killed at each time point, and oocytes were collected
as described above. For time points between 13 and 24 h
post-hCG injection (time phCG), only mice in which ovu-
lation could be assessed by the presence of ovulated oo-
cytes in the ampullae were included in the study. For other
time points, mice from which too small a number of ovarian
oocytes had been collected were excluded. Three indepen-
dent experiments were done, two with young (28 days old)
and one with older (6 to 8 wk old) mice. At each time
point, the SN:NSN ratio (R) was measured for each mouse,
and the mean and SD values were calculated. As the num-
ber of R values at each time point was very low (1-5), the
significance of the differences from point to point was as-
sessed by the Wilcoxon-Mann-Whitney (WMW) test.

In one experiment, ovarian stimulation was performed
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with an i.p. injection of 5 IU of eCG (Intervet) 24 h after
hCG injection.

Hoechst Labeling for Assessment of the Chromatin
Configuration in Live or Fixed Oocytes

Methods employed were those from Debey et al. [6]. GV
oocytes were labeled by addition of 5 ng/ml (8 nM) of
Hoechst 33342 (Riedel-deHaén, Germany) to the culture
medium starting from the puncture of ovaries. They were
then distributed individually in small droplets of medium
containing the same concentration of Hoechst in Petriperm
dishes (Bachofer GmbH, Reutlingen, Germany) under par-
affin oil (BdH Laboratory Supplies, Poole, England). Ob-
servations were performed with a Zeiss (Carl Zeiss, Thorn-
wood, NY) inverted microscope equipped with an intensi-
fied camera (Lhesa, Cergy Pointoise, France) coupled to an
image digitalization and analysis system (Quantel Micro-
consultants, Montigny le Bretonneux, France). Hoechst
fluorescence was obtained by excitation at 360 nm using a
mercury lamp (50 W) attenuated 100 times with neutral
filters. Duration of the observations did not exceed 5 sec.
These conditions have been shown not to cause major im-
pairment of oocyte viability [6]. Classification of oocytes
was done according to Debey et al. [6] in four groups:
NSN, SN, pNSN (partly NSN, i.e., with 3—4 heterochro-
matin granules apposed to the NLB), and pSN (partly SN,
i.e., with heterochromatin partly wrapped around the NLB).

When observation of live oocytes was not required, col-
lected oocytes were fixed in 2% paraformaldehyde (PFA;
Merck, Rahway, NJ) in PBS for 20 min at room tempera-
ture, rinsed in PBS, and labeled by addition of 2 pg/ml
Hoechst 33342 to the PBS for 20 min. Observations were
performed as described for live oocytes. Statistical signifi-
cance of the differences in percentage of NSN-, pSN-, and
SN-type oocytes was assessed by chi-square analysis.

Oocyte size was measured on digitalized images using
the image analysis system, the significance of the differ-
ences between SN and NSN types being analyzed by the
chi test.

Fluorescent Detection of pol I- and pol lI-Dependent
Transcriptional Activities

Oocytes were collected and handled in M2 containing
100 pg/ml dibutyryl cAMP (dbcAMP; Sigma Chemical
Co., St. Louis, MO) to prevent resumption of meiosis. Tran-
scription was assayed through immunofluorescent detection
of bromouridine (BrU) incorporated into nascent RNAS, ac-
cording to a method previously developed for somatic cells
[26] and adapted to mouse embryos [27]. Bromo-UTP
(BnUTP (Sigma; 100 mM in 2 mM Pipes [pH 7.5] + 140
mM KCI) was introduced through microinjection into the
cytoplasm of oocytes. After a 10- to 30-min culture in
M2+dbcAMPB oocytes were rinsed, fixed in 2% PFA in
PBS for 20 min at room temperature, and permeabilized for
15 min by 0.2% Triton X-100 in PBS before being pro-
cessed for immunodetection of incorporated BrU as de-
scribed below. To detect exclusively pol | transcription
sites, oocytes were first incubated for 1 h in M2+dbcAMP
containing 10 pg/ml a-amanitin (Sigma). They were then
microinjected with BrUTP as above, except that a-amanitin
(50 p.g/ml) was added to the microinjection solution. These
conditions had been previously shown to ensure the proper
inhibition of pol 11 but not pol 1 [27]. Oocytes were then
cultured for 10-30 min in M2+dbcAMP before being
rinsed, fixed, and permeabilized as described above. To in-
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TABLE 1. Repartition of ovarian GV oocytes in juvenile mice as a function of the age of the mice.

Age of mice Total no. NSN+PSN PSN SN

(days) No. of mice oocytes No. % No. % No. %
15 2 59 574 96.6 2b 0.4 0

16 2 41 374 90.0 4b 10.0 0

17 4 139 112¢ 80.6 12¢ 8.6 15f 10.8
18 2 121 744 61.0 27e 22.3 20f 16.6

af Within a column, numbers with the same superscript are not significantly different; numbers with different superscripts are significantly different

(chi-square test, p < 0.005).

hibit both pol | and pol Il activities, actinomycin D (0.5-2
pg/ml [28]) was simply added to the culture medium to-
gether with a-amanitin, and embryos were microinjected
and processed as above.

Immunofluorescent detection of incorporated BrUTP
was performed on fixed specimens as previously described
[27]. Incubation with the primary antibody (a mouse mono-
clonal antibody [IgG] raised against 5-bromo-2’-desoxyu-
ridine (BrdU) and recognizing BrU as well; Caltag Labo-
ratories, Burlingame, CA) diluted 1:500 in PBS + 2% BSA
was performed overnight at 4°C. The secondary antibody
was a fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse 1gG (heavy and light chains, H+L; Jackson
ImmunoResearch, West Grove, PA) diluted 1:400 in PBS
+ 2% BSA. Oocytes were deposited on a slide, mounted
in Citifluor (Citifluor Products, Canterbury, England), cov-
ered with coverdips, and examined with a Zeiss (Carl
Zeiss, Thornwood, NY) inverted microscope after excita-
tion of the FITC at 470 nm. Images were recorded through
a charge-coupled device camera (Photometrics, Tucson,
AZ; type KAF 1400, 12-bit dynamic range), cooled to
10°C, and coupled to the IPLAB Spectrum Imaging soft-
ware (Vysis, France). They were stored in a computer for
further colocalization analysis. Using a filter wheel for the
excitation light and a triple-band dichroic mirror and filter
set for emitted light, images from double fluorescent beads
taken at two different wavelengths differed at most by a
trandlation of 1 pixel.

Electron Microscopy

SN and NSN oocytes, treated with a-amanitin and in-
jected with BrUTP as described above, were cultured for
30 min and then fixed during 1 h at 4°C in 0.1 M SOrensen
buffer (phosphate buffer) containing 2% PFA and 0.2% glu-
taraldehyde (Sigma). They were then washed three times,
10 min each, in 0.075 M Sorensen buffer, pH 7.2. After
blocking of free aldehyde groups in 0.12% glycine in PBS
for 15 min, oocytes were washed three times for 5 min each
in Sorensen buffer and dehydrated in ethanol series. All
these manipulations were done at room temperature. Oo-
cytes were then embedded in LR White (Sigma), and
blocks were polymerized at 58°C. Noninjected a-amanitin-
treated oocytes were used as controls.

Reactions with antibodies were performed on sections
deposited on Formvar (Agar Scientific, Stansted, England)-
covered nickel grids. Grids were first floated on normal
goat serum (Jackson ImmunoResearch; 1:100 in PBS) for
3 min; they were then incubated overnight at 4°C with the
mouse monoclonal anti-BrdU (Caltag Laboratories; 1:20 in
PBS containing 2% BSA and 0.025% Tween 20). After
thorough rinsing in PBS containing 0.025% Tween 20, they
were floated for 3 min in normal goat serum (1:100 in PBS)
and incubated for 1 h at room temperature in a goat anti-
mouse 1gG (H-+L) conjugated with 10-nm gold particles

(Tebu, Le Perray-en-Yvelines, France; 1:10 in PBS). Grids
were then thoroughly washed, first with PBS and then with
water, and contrasted by 15-min passage in saturated water-
uranyl acetate solution. Control reactions were performed
as described above except that the primary antibody was
omitted.

Some SN and NSN oocytes were fixed classically as
previously described [7] for purely ultrastructural analysis.

RESULTS

In Vivo Changes in the SN:NSN Ratio of Ovarian
Oocytes with Age and Hormonal Cycle of the Mice

When analyzing carefully the appearance of the first SN
type in oocytes isolated from ovaries of nonstimulated ju-
venile C57/CBA mice, we found all GV oocytes of NSN
or pNSN configuration before 15 days after birth. Begin-
ning from that age, we could collect some GV oocytes with
a partial rim of condensed chromatin (pSN) around the nu-
cleolus at 15 and 16 days after birth (Table 1). The first
oocytes with a complete rim of perinucleolar chromatin
(SN configuration) were obtained from ovaries at Day 17
after birth (10%, n = 139), and their proportion increased
rapidly between Days 17 and 18 after birth.

We then analyzed in detail the time dependence of the
SN:NSN ratio of large ovarian GV oocytes after hCG-in-
duced ovulation in adult mice. For that purpose, groups of
younger (28 days old, i.e., at the beginning of sexua ma-
turity) or older (6 to 8 wk old) mice were synchronized
through hCG injection. Several mice were then killed at
every time point until 61 h phCG, and the SN:NSN ratio
(R) was calculated for oocytes with a diameter of at least
70 pm. Results reported in Figure 1 and Table 2 show that
at 13 h after hCG injection, the SN-type oocytes population
was very low (R = 0.38) and that it increased progressively
during the subsequent hours, although more slowly between
44 and 60 h phCG. As shown in the figure, R measured
shortly after ovulation was quite similar for all mice. Later
on, R seemed to reach a plateau of around 1 for 6- to 8-
wk-old mice, while apparently continuing to increase up to
approximately 1.6 at 61 h phCG in 28-day-old mice. Note,
however, that the WMW test is not applicable when the
samples contain only two elements each, so that the sig-
nificance of the apparent difference in R values at 60, 61,
and 66 h phCG cannot be assessed. At all time points, the
main diameter of NSN oocytes was 8-10.5% less than the
main diameter of SN oocytes, the difference being always
significant (chi test, p < 0.005; data not shown).

To further confirm that folliculotropic environment con-
tributes to the enhancement of the SN population, we com-
pared the proportion of SN-type oocytes at 48 h phCG in
adult mice stimulated or not with eCG 24 h after hCG in-
duction. We indeed found a significant increase in the pro-
portion of SN-type oocytes (R = 2, n = 98, 2 mice) when
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FIG. 1. Variation of the SN:NSN ratio (R) in ovarian GV oocytes with
time after hCG injection. R value was measured independently for each
mouse killed at the same time. The mean R value and SD at this time are
plotted for 28-day-old and 6- to 8-wk-old mice.

the ovary was subjected to the follicul otropic influence pro-
vided by eCG as compared to that in controls receiving
only hCG (R = 1, n = 115, 3 mice) (chi test, p < 0.005).

Correlation between Chromatin Configuration and
Transcriptional Activity in Oocytes of Adult and Juvenile
Mice

In the search for functional differences between the SN
and NSN configurations, we decided to analyze their en-
dogenous pol |- and pol I1-dependent RNA synthesis activ-
ity through the immunofluorescent detection of BrU incor-
porated into nascent RNA. GV oocytes isolated from adults
(4-9 wk) were classified, either before microinjection (live
oocytes) or after immunolabeling (fixed oocytes), in
NSN+pNSN and SN+pSN, respectively. After a 10- to 30-
min culture following BrUTP microinjection, 94% (n =
117) of NSN+pNSN oocytes showed an intense nuclear
fluorescent signal (Fig. 2, A and B; Table 3), while 97% (n
= 125) of the SN+pSN oocytes showed no detectable in-
corporation of BrU, indicating that they were transcription-
aly inactive (Fig. 2, C and D, Table 3). In NSN- or pNSN-
type oocytes, the fluorescent BrU labeling extended all over
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FIG. 2. Detection of transcription in a pNSN (A, B) and an SN (C, D)
GV oocyte. A, C) Hoechst staining; B, D) immunofluorescent detection of
BrU incorporated into nascent RNA after microinjection of BrUTP and
incubation for 15-30 min. The gain of the camera and acquisition time
were identical in B and D, allowing a direct comparison between the two
images. Oocytes are somewhat squashed between slide and coverslip, so
that the NLB is easily distinguishable and the nucleus slightly larger than
when oocytes are observed in toto. Note the total absence of transcription
in the NLB interior. Bar = 5 pm.

the nucleoplasm, outside the NLB (Fig. 2B). The labeling
was not uniform and was mainly located in regions of low
or very low Hoechst staining, i.e., decondensed chromatin.
Small elongated threads could often be seen arranged along
the same line. Increase of the gain of the camera made
visible a very faint Hoechst staining behind these threads
(Fig. 3, A and B). In contrast, highly fluorescent hetero-
chromatin spots were never stained (Fig. 3, A and B).
The first GV oocytes with the pSN configuration were
observed at 15 days, and the first SN oocytes at 17 days
after hirth, i.e., before sexual maturity. We therefore ques-
tioned whether the correlation between chromatin config-
uration and transcriptional activity holds also at that age.

TABLE 2. Evolution of the R value (SN:NSN) in 28-day-old and 6- to 8-week-old mice.

Age of mice Hours phCG No. of mice Total no. oocytes Mean R values (£ SD)
13-13.25 3 130 0.38 £ 0.27°
18-18.5 4 172 0.53 = 0.212
23.5-24.25 5 191 0.92 = 0.31°
28 Days 36.5-37 2 98 0.88 = 0.16°
42-42.5 3 88 1.43 = 0.46¢
46 1 24 1.2 (n.d)*
61 2 90 1.7 = 0.56¢
18-18.5 4 118 0.6 £ 0.22
42-42.5 3 102 1.36 = 0.48¢
48 2 118 0.96 = 0.14¢
60 2 76 1.15 = 0.2¢
6-8 Weeks 66 2 109 0.92 = 0.56¢

*n.d., Not determined.

a-¢ R values with the same superscript letter are not significantly different according to the WMW test; R values with
different superscript letters are significantly different (WMW test, a between 0.036 and 0.071).
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TABLE 3. Pol Il- and pol I-dependent transcriptional activity in GV oocytes of adult and juvenile mice expressed as the percentage of oocytes incor-
porating BrUTP in the absence (pol I+pol II) or presence (pol 1) of a-amanitin.*

NSN-+pNSN SN+pSN
Age of mice —a-amanitin +a-amanitin —a-amanitin +a-amanitin
4-9 Weeks 94% (110/117)2 97% (58/60)2 3% (4/125)P 0% (0/48)
15 Days 82% (28/34)2 (=) (=) (=)
17 Days 100% (20/20) (-) 5% (1/21)P (=)
18 Days - 83% (34/41)2 (=) 12.5% (2/16)°
25 Days 100% (16/16) 100% (5/5) 0% (0/11) 0% (0/5)

* Within parentheses, the denominator is the number of oocytes examined.

2 Not significantly different from 100% (chi test).
b Not significantly different from 0% (chi test).

Indeed, when analyzing RNA synthesis in oocytes of ju-
venile mice through the incorporation of BrU, we found
results identical to those in oocytes of adult mice: all oo-
cytes from 15-day-old mice were of the NSN type and 82%
of them were transcriptionally active (n = 34; Table 3).
The same was true for NSN oocytes of 17- to 25-day-old
mice, while most of the SN oocytes andlyzed at Day 17
(95%, n = 21) and 25 (100%, n = 11) failed to show any
incorporation of BrU into RNA (Table 3).

In several experiments, we found a small percentage of
NSN- or pNSN-type oocytes showing no fluorescent signal.
These could have originated from failures of microinjection
or from physiological defects of the oocytes. Alternatively,
they could represent oocytes that were poorly classified or
were just at the limit between activity and inactivity. This
holds aso for the small percentage of SN- or pSN-type
oocytes showing a fluorescent signal.

Transcription of Ribosomal Genes in GV Oocytes

We then addressed the question of the activity and nu-
clear location of ribosoma genes in fully grown mouse
oocytes. To specifically target rRNA synthesis, we used a-
amanitin at a concentration (10 wg/ml) known to inhibit pol

FIG. 3. Expanded image of part of the nucleus of an NSN-type GV oo-
cyte. A) Hoechst staining; B) immunofluorescent detection of BrU incor-
porated into nascent RNA. Note that transcription sites extend in areas
only faintly labeled with Hoechst (arrows), while highly condensed chro-
matin is not labeled (arrowhead). Note also the threadlike organization
of transcription foci. Bar = 5 um.

I1-dependent transcription without effect on pol | activity.
Under these conditions, the nucleoplasmic transcription sig-
nal of NSN- and pNSN-type oocytes was almost compl ete-
ly abolished, except for 8-10 large labeled foci, al located
at the outline of the NLB (Fig. 4, A and B). These foci
were often ring-shaped and were occasionally prolonged by
threads extending to the nucleoplasm. When present (pNSN
configuration), perinucleolar condensed heterochromatin
foci were not labeled but were next to a transcription site.
When two NLBs were present, labeling was observed at
the surface of both of them (not shown). Labeling of NSN-
and pNSN-type oocytes was completely abolished by ac-
tinomycin D addition (0.5-2 p.g/ml) to the culture medium
before BrUTP microinjection (not shown) and therefore
represents pol I-dependent transcription. No labeling was
detected in a-amanitin-treated SN and pSN oocytes (Table
3). In some oocytes, individual transcription foci could ac-
tually be decomposed as a necklace of smaller intense spots
(Fig. 5, A and B) very similar to what has been previously
observed in somatic cells [28, 29]. These results clearly
show that 1) pol | is active in NSN- and pNSN-type oocytes
and 2) ribosomal genes are clustered at the NLB periphery
in these oocytes, where they seem to adopt the extended
configuration aready observed for active ribosomal genes
in somatic cells.

As the switch from transcriptional activity to inactivity
occurs at some point between NSN and SN configuration,
we decided to analyze in more detail the question of what
chromatin configuration it corresponds to. For that purpose,
we carefully separated, in one experiment with an 18-day-
old mouse, NSN from pNSN and SN from pSN oocytes,

FIG. 4. Transcription of ribosomal genes in an NSN-type oocyte treated
by a-amanitin as described in Materials and Methods. A) Hoechst stain-
ing; B) immunofluorescent detection of BrU incorporated into nascent
RNA, restricted to perinucleolar area. Four discrete foci are visible, with
a thread extending into the nucleoplasm (arrowhead). Highly condensed
perinucleolar chromatin granules are not labeled but are surrounded by
the transcription foci (arrow). Bar = 5 pm.
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respectively. We found activity in 83% of the NSN (n =
21) and 83% of the pNSN (n = 18) oocytes, while 80% of
pSN (n = 12) and 100% of SN (n = 4) oocytes were
inactive. Therefore the transition from transcriptional activ-
ity to inactivity seems to occur shortly after the beginning
of chromatin wrapping around the NLB.

To analyze whether the discrete pol | transcription sites
were associated with special ultrastructural features, we de-
cided to analyze them at the electron microscopy level. For
that purpose, some oocytes among those that had been mi-
croinjected with BrUTP in the presence of a-amanitin were
not processed for immunofluorescence but instead for im-
munogold detection of incorporated BrU, as indicated in
Materials and Methods. Several electron microscopy im-
ages of nuclei showed a few discrete clusters (usually not
more than three per section) of grains at the outer periphery
of NLBs (Fig. 6A). These clusters were located in loose
and irregular areas of the nucleolar surface, often associated
with protrusions of the nucleolar materia (Fig. 6A). In
some cases, grains were found surrounding small round
dense bodies outside the NLBs (Fig. 6B). Vacuoles were
not labeled. Microinjected SN oocytes and nonmicroinject-
ed NSN oocytes used as controls showed no labeling (not
shown).

To study in more detail the apparent specific ultrastruc-
ture of the pol | transcription sites, and to ascertain that
loosening of the nucleolar surface and protrusions did not
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FIG. 5. Ribosomal gene transcription
sites in NSN-type GV oocytes can be de-
composed into discrete transcription units.
A) Hoechst staining; B, C) nucleolar tran-
scription sites after a short incorporation
time (15 min) observed in two different
optical planes. Note that each transcrip-
tion site can be decomposed into a neck-
lace of smaller discrete spots, likely to
represent individual transcription units (ar-
rows). Bar = 5 pm.

result from the a-amanitin treatment, nonmicroinjected and
nontreated oocytes were classically fixed with osmium te-
troxide and embedded in Epon (Electron Microscopy Sci-
ences, Ft. Washington, PA) for paralel ultrastructural ob-
servation. Despite differences in fixation and embedding
procedures, irregularities of the nucleolar surface were in-
deed observed on some sections of NSN-type oocytes (Fig.
6, C and D), but never in the case of SN-type oocytes (not
shown). These irregularities appeared as protrusions of fi-
brillo-granular material. Comparison of these preparations
with specimens processed for immunogold suggests that
these peripheral accumulations of fibrillo-granular material
do correspond to the pol | transcription sites characterized
by accumulation of gold particles.

DISCUSSION

The present work provides new results concerning func-
tional differences associated with the various chromatin
configurations found in mouse GV ovarian oocytes of ju-
venile and adult mice.

We demonstrate a clear-cut correlation between chro-
matin configuration and transcriptional activity: whatever
the age of the mice and the oocyte size, SN- and pSN-type
oocytes are silent in relation to pol |- and pol Il-dependent
transcription, while NSN-type oocytes are actively tran-
scribing. More precisely, the transcriptional activity seems

FIG. 6. Ultrastructural localization of sites
of rRNA synthesis in NSN-type oocytes. A,
B) a-Amanitin-treated oocytes microinjected
with BrUTP and processed for ultrastructur-
al immunodetection of incorporated BrU as
described in Materials and Methods. Note
the loose structure of the sites of gold parti-
cle accumulation (arrowheads). In B, gold
particles surround a structure detached
from the bulk of the NLB. C, D) Non-a-am-
anitin-treated and nonmicroinjected NSN
oocytes processed for classical electron mi-
croscopy. Despite differences in the fixation
and processing of the material, the fibrillo-
granular protrusions emanating from the
NLB are very comparable to those associat-
ed with the transcription sites (arrowheads).
Bars = 0.2 pm.

¥20¢2 IMdy gz uo 1senb Aq G1801/2/085/€/09/8101e/poldal|olq/wod dno-ojwepeoe//:sdiy wolj papeojumoq



586 BOUNIOL-BALY ET AL.

to drop to zero as soon as condensed chromatin begins to
wrap around the NLB.

Our results seem then to reconcile several previous stud-
ies. Recent studies show a lack of expression of endoge-
nous genes [30] or exogenous DNA templates [31, 32] in
the largest oocytes, while older results based on [3H]uridine
incorporation were quite contradictory [9, 16-19]. We fedl
these discrepancies to be due to the size-based classification
of oocytes (or follicles), which we show here is not ade-
quate for discriminating active from inactive oocytes. In-
deed, NSN oocytes are on average smaller than SN oocytes,
but the difference, although significant, is small ([6] and
the present study). Therefore discrimination on the criterion
of size alone may lead to a mixed NSN/SN population and
then to opposite conclusions, depending on the selection
conditions. In addition, in cases in which the expression of
endogenous or reporter genes has been analyzed [30-32],
factors other than transcriptional competence, such as the
functionality of the translation machinery or the availability
of specific transcription factors, could have interfered with
the expression, which is not the case here.

The fact that higher chromatin condensation level and
transcriptional inactivity are always associated in SN-type
mouse oocytes, irrespective of age of the mice, as well as
in human oocytes [15], suggests a biochemical link between
these two factors. A likely candidate could be the M phase-
specific p34cdc2 kinase, as 1) SN-type GV oocytes present
some M-phase characteristics, particularly in terms of mi-
crotubule assembly [5]; 2) the acquisition of competence
(i.e., the ability of GV oocytes to resume meiotic matura-
tion up to metaphase 1I, which is higher for SN- than for
NSN-type oocytes [5, 6]) is correlated with an increase in
p34cdc2 kinase [33, 34] and its activator cdc25 [35], with
no substantial changes in the quantity or phosphorylation
pattern of mitogen-activated protein kinase [36]; and 3) the
involvement of p34cdc2 kinase in the mitotic repression of
pol I1-dependent transcription was recently shown in vitro
[37].

When analyzing the nuclear distribution of pol I1-depen-
dent transcription sites in NSN oocytes, we found them
clearly associated with the more decondensed chromatin.
The threadlike appearance of the fluorescent signal suggests
that nascent RNA forms branched chains extending later-
aly from decondensed chromatin fibers (or loops), which
can be visualized only after the sensitivity of the camerais
increased. It can be noted that the fluorescent images of
transcription sites are very similar to those of ribonucleo-
protein fibrils obtained by electron microscopy on chro-
matin spreads [38].

As far as pol |-dependent transcription is concerned, the
present results are consistent with our previous ultrastruc-
tural finding of vacuoles inside the NLBs of NSN oocytes
[6] and of granular material at their periphery [25], which
suggested some residual activity. In SN oocytes, these vac-
uoles and granules are not found. Actually, we show here
that newly synthesized rRNA is located within this peri-
nucleolar granular material, which seems progressively ex-
truded as the compact fibrillar component occupies most of
the nucleolar central part [25]. In porcine oocytes, it was
not possible to conclude a complete cessation of pol I-de-
pendent activity in fully compact NLBs, as [3H]uridine in-
corporation was observed after long exposure to the pre-
cursor, which is postulated to come from newly synthesized
MRNA migrating into the compact nucleolus [20—-22]. That
we are dealing with newly synthesized rRNA transcriptsis
shown by the facts that 1) the incorporation is very brief

(less that 30 min) and 2) labeling is completely abolished
by actinomycin D.

The accumulation of the new rRNA transcripts at the
NLB(s) periphery of NSN GV oocytes is a strong indica-
tion of the perinucleolar location of rDNA genes within the
perinucleolar fibrillo-granular component. This agrees with
older cytochemical analyses suggesting the presence of ba-
sic and possibly acidic proteins [22, 39, 40], but not of
DNA, within the compact mass of mouse and rat NLBs.
Also, our previous experiments on NSN-type oocytes of
younger mice (10 to 15 days old), in which BrUTP was
introduced through permeabilization [28], already suggest-
ed a perinucleolar location of active rDNA genes.

The number of pol | transcription domains (8-10) fits
well with the accepted number of 5 mouse chromosomes
bearing rDNA [41, 42]. Asin 3 of them rDNA is paracen-
tromeric [41, 42], the heavily stained chromatin granules
close to pol | transcription domains may represent centro-
meric heterochromatin. The necklace of smaller spots ob-
served within individual transcription sites is likely to rep-
resent individual transcription units [43], showing that even
in that context of rather condensed prophasic chromatin,
ribosomal genes can adopt the extended configuration typ-
ical of a-amanitin-treated interphasic somatic cells [44]. In
any case, the present results suggest that ribosomal genes
remain apposed to the NLB as perinucleolar chromatin pro-
gressively wraps around it up to the final SN configuration.
Experiments are now under way to analyze more carefully
the dynamics of rDNA genes and ribosomal components
during oocyte growth and the NSN-to-SN transition, as well
as the biochemical factors involved in these dynamics.

Our finding of the first SN configurations in 17-day-old
mice correlates well with previous results [5, 7] and con-
firms that both NSN and SN organizations can coexist when
antrum development is initiated. We confirm also that the
folliculotropic environment, either naturally occurring dur-
ing antrum growth or artificially provided by hormona
stimulation of young and adult mice, contributes to turning
the NSN organization into SN. The time-dependent varia-
tion of R that we observe after hCG-induced ovulation sug-
gests similar hormonal cycle-dependent variations—ovula-
tion preferentially canceling SN oocytes, which would then
be progressively restored. However, obviously not all SN
oocytes are ovulated. As transcriptionally silent SN oocytes
are found as soon as 17 days after birth, the SN population
of a given adult mouse includes oocytes that have been
stopped in transcription since different time points and may
therefore have different RNA (and/or protein) composition.
This could provide the biochemical basis for the hetero-
geneity in the SN capacity to be ovulated and, as elegantly
shown recently, to sustain embryonic development [10].
Alternatively, a prolonged blockade of transcription may
also be deleterious and lead to atresia.

In conclusion, the demonstration of differential tran-
scriptional activity in NSN versus SN oocytes reconciles
previous contradictory results and may represent the bio-
chemical basis of their differential developmental capaci-
ties. More analyses are now needed for an understanding
of the mechanism of transcriptional arrest and the way in
which it is linked to a preovulatory stage in fully grown
oocytes. We believe that similar differences could exist
among large GV oocytes of other mammalian species and
that this diversity could be the basis for different capacities
for development after in vitro maturation/in vitro fertiliza-
tion.
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