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Assessment of Oocyte Quality Following Repeated Gonadotropin Stimulation

in the Mouse’

Catherine M.H. Combelles and David F. Albertini2

Department of Anatomy and Cellular Biology, Tufts University School of Medicine, Boston, Massachusetts 02111

ABSTRACT

The present study assessed the effects of repeated ovarian
stimulation on oocyte quality. Female mice were stimulated with
eCG and hCG at 1-wk intervals for 4 wk. Germinal vesicle (GV)-
stage oocytes were evaluated in relation to size, somatic cell
association, and chromatin organization after each week of
stimulation. In addition, ATP content and expression of meiotic
competence were monitored in GV and in vivo (IVO) or in vitro
(IVM)-matured oocytes. The developmental competence of ovu-
lated oocytes was determined after in vitro fertilization and em-
bryo culture, and reproductive outcome was evaluated after
mating following repeated cycles of stimulation. In GV oocytes,
the degree of somatic cell association, size, and timing of tran-
scriptional repression were altered when comparing repeated
with single cycle(s) of stimulation. Meiotic competence expres-
sion was unaffected for IVO oocytes while IVM oocytes exhib-
ited a progressive decrease in meiotic competence with repeat-
ed stimulation. The ATP content of immature and IVO oocytes
decreased with repeated stimulation. Although after one cycle
of stimulation ATP content was lower in IVM than IVO oocytes,
IVM oocytes exhibited stable levels of ATP across cycles of stim-
ulation. Last, the in vitro developmental competence of IVO oo-
cytes retrieved after repeated stimulation was not significantly
different, and in vivo, similar implantation and resorption rates
were observed following mating of animals subjected to repeat-
ed stimulation. Therefore, despite measurable consequences of
repeated stimulation on specific parameters of follicular oocyte
quality, compensatory mechanisms may exist in vivo to optimize
the developmental competence of ovulated oocytes in the
mouse.

follicle-stimulating hormone, human chorionic gonadotropin,
meiosis, oocyte development, ovulation

INTRODUCTION

Gonadotropin injections have been recognized for many
years as a method to induce development of supernumerary
follicles and multiple ovulations in animal and human sub-
jects [1]. This procedure, known as ovarian stimulation
(09), yields high numbers of oocytes for embryo produc-
tion and/or in vitro reproductive studies. In rodent models,
the classical OS regimen involves an injection of eCG with
predominantly FSH-like activity, followed by hCG, with
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LH activity; eCG induces the development of multiple fol-
licles while hCG results in oocyte maturation and ovulation
[2]. Animal studies comparing natural and stimulated ovar-
ian cycles have revealed detrimental effects of gonadotro-
pin stimulation, possibly due to a loss in the coordination
of folliculogenesis and oogenesis. While adult female ro-
dents induced to ovulate mate and carry embryos to full
term, pregnancy and fetal abnormalities were observed,
which include increased embryonic mortality and fetal re-
tardation [1, 3, 4]. These treatments induce teratogenicity
in mice [5-7]. And in bovine and hamster models, in vitro
developmental competence of embryos is reduced for oo-
cytes from superovulated animals when compared with un-
treated controls [8, 9].

Given widespread concerns and potential abnormalities
in embryo and offspring elicited by OS, it has become im-
perative to determine underlying defects associated with
this procedure. Using mouse models, there is mounting ev-
idence that embryo quality is a direct reflection of oocyte
quality. More recently, nuclear transfer procedures have
demonstrated experimentally the importance of oocyte cy-
toplasm and environment within which the oocyte develops
on the ability to sustain later embryonic development [10,
11]. Moor et a. [12] showed alterations in protein synthesis
profiles following OS, the significance of which is not un-
derstood. Adverse effects of OS on implantation and fetal
development likely also derive from hormonal imbalance
and/or modifications in the uterine environment [13, 14].
Gonadotropin stimulation results in modified steroid pro-
files, altering the microenvironment of the developing fol-
licles and their enclosed oocytes [12, 15]. The nature of the
defects caused by exogenous OS on oocyte quality remains
to be established, in part because good markers of oocyte
developmental competence are till ill defined.

In conclusion, OS enhances oocyte availability but com-
promises oocyte developmental competence. These obser-
vations have encouraged alternative strategies in the treat-
ment of human infertility to optimize oocyte developmental
potential and improve pregnancy rates in assisted repro-
ductive technologies (ARTS) [16, 17]. Furthermore, the in-
fluence of repeated cycles of OSisrelevant to ART because
infertile couples often undergo several sequential in vitro
fertilization-embryo transfer attempts whether or not preg-
nancy is achieved. Infertile women undergoing successive
stimulation cycles in fact show decreased rates of pregnan-
cy [18]. However, two recent retrospective studies by Cal-
igara et a. [19] and Opsahl et al. [20] strongly suggested
that, in egg donors, neither the number of repeated cycles
nor the interval between cycles adversely influenced oocyte
quality, based on fertilization, implantation, and pregnancy
rates. Studies in mice, rabbits, rhesus monkeys, cows, and
domestic cats reported a reduced response to repeated in-
jections of gonadotropins, possibly attributed to an immu-
nologically mediated ovarian refractoriness [21-24]. More
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TABLE 1. Pregnancy outcome following repeated ovarian stimulation.*
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Week 1 Week 2 Week 3 Week 4
E11 Implantation rate 0.78 = 0.052 0.70 = 0.172 0.59 = 0.082 0.55 = 0.062
(16) (13) (12) (11)
Resorption rate 0.15 = 0.042 0.19 = 0.092 0.12 = 0.04° 0.22 = 0.05°
(16) (13) (12) (11)
Number of fetuses/female 13.25 = 1.44 9.40 = 1.942 12.33 £ 2.722 9.83 + 1.252
(16) (13) (12) (11)
Fetal Weight (mg) 33.21 = 0.772 24.05 = 1.90° 26.30 = 0.77° 27.22 = 1.29>
(217) (117) (120) (106)
E18 Number of fetuses/female 11.09 = 1.452 9.70 = 1.302 10.00 * 1.002 10.33 = 0.952
(13) (14) (12) (11)
Fetal Weight (8) 1.182 £ 0.0112 1.311 = 0.013P 1.295 = 0.016P 1.315 = 0.016>
(153) (127) (112) (120)

* Numbers of pregnant females (for implantation/resorption rates and number of fetuses/female) or fetuses (for fetal weight) are shown in parentheses.
Different superscripts denote statistical significance (implantation/resorption rates, Z-test; number of fetuses/female and fetal weights, one-way ANOVA;

P < 0.0005).

recently, Van Blerkom and Davis [25] reported an increased
incidence of spindle defects with repeated rounds of ovar-
ian stimulation in ovulated mouse eggs. Furthermore, given
the possible influence of intra- and extraovarian changes on
aneuploidy in female gametes [26], it is surprising that
more specific oocyte function parameters have not been tar-
geted for study in the context of repeated OS.

Experiments designed here address the effects of re-
peated cycles of stimulation on ovarian response and 0o-
cyte/embryo quality in the mouse. Oocyte qudlity is as-
sessed using markers of oocyte differentiation, meiotic
competence acquisition/expression, metabolism, develop-
mental competence, and fetal development, covering a
range of intraovarian and postfertilization parameters. Col-
lectively, our work shows that, following repeated OS, 1)
germinal vesicle (GV) size, transcription status, and asso-
ciation of somatic cells with the oocyte differ, 2) meiotic
competence expression is impaired during in vitro and but
not in vivo maturation, 3) metabolism, as indicated by ATP
content, is decreased, and 4) in vitro preimplantation de-
velopment as well as in vivo postimplantation development
are only mildly affected.

MATERIALS AND METHODS

Animals

CF-1 outbred female mice (Harlan-Sprague Dawley, Indianapalis, IN)
between 6 and 10 wk of age were used for all oocyte collection and mating
experiments. Investigations were conducted in accordance with the Guide
for Care and Use of Laboratory Animals (National Academy of Science,
1996). Animals were maintained on a 14L:10D photoperiod under constant
temperature and relative humidity conditions. Food and water were pro-
vided ad libitum. Typically, five females were kept per cage, and a total
of 390 females were used to complete the present studies. In afirst set of
experiments (experiment 1), two replicates (experiments 1.1 and 1.2; 115
females each) were performed, with females stimulated 1-4 times. Results
from experiment 1 are represented in Figures 1—7, with values shown in
Figures 1-6 combined from experiments 1.1 and 1.2 because there was
no evidence for statistical differences between the two replicates. In a
second set of experiments (experiment 2; 160 females), only matings were
carried out, also with females stimulated 1-4 times (see below). Results
from experiment 2 are shown in Table 1. BED2F1 hybrid male mice (Har-
lan-Sprague Dawley) between 8 and 12 wk of age were used for in vitro
fertilization (IVF) and mating. Sexually mature males of proven fertility
were used following successful mating and after abstaining for aminimum
of 7 days and a maximum of 14 days.

Gonadotropin Stimulation

Throughout the present studies (experiments 1 and 2), cycles of OS
were initiated in 6-wk-old females that received 5 IU i.p. injections of
eCG followed 48 h later by 5 U i.p. of hCG. Hormones were prepared

in 0.9% (w/v) sterile NaCl (vehicle) and originated from the same lot
number for the entire study (eCG, lot B41809; hCG, lot B39559; Calbi-
ochem-Novabiochem Corp., La Jolla, CA). Cycles of ovarian stimulation
were performed using a 1-wk interval between each cycle for a total du-
ration of 4 wk. After each weekly cycle of stimulation, groups of females
were used for collection of oocytes and mating experiments.

Collection and Culture of Oocytes

For experiments 1.1 and 1.2 and after each week of stimulation, two
types of oocyte collection were carried out, with either ovarian immature
oocytes obtained after a last single injection of eCG or ovulated mature
eggs retrieved after both eCG and hCG injections.

Ovarian immature oocytes were obtained 44—48 h post-eCG injection
by follicular puncture, and it is likely that oocytes were released from both
preantral and antral follicles. All culture reagents were purchased from
Life Technologies Gibco/BRL (Gaithersburg, MD) unless stated otherwise.
Oocytes were expressed in collection medium, and cumulus-enclosed oo-
cytes were matured in vitro in a humidified atmosphere of 5% CO, at
37°C as previously described [27]. In vitro maturation was terminated after
14 h of culture. In vivo-matured eggs were flushed from oviducts at 13.5—
14 h post-hCG injection. If necessary, cumulus cells were removed with
0.01% hyaluronidase (Sigma Biosciences, St. Louis, MO) for 3-5 min.

After removal of cumulus cells using either hyaluronidase treatment
for ovulated eggs or gentle mechanical stripping for ovarian oocytes and
in vitro-matured eggs (after 14 h of culture), mean diameter measurements
(not including the zona pellucida or perivitelline space) were determined
from the maximum and minimum diameters of each oocyte.

Processing of Oocytes for Fluorescence Microscopy

Oocytes were fixed and processed for microtubules and chromatin or-
ganization as previously described [28]. Microtubules were labeled using
amonoclonal anti-a-tubulin and anti-B-tubulin mixture (1:500; SigmaBio-
sciences) and an affinity-purified fluoresceinated donkey anti-mouse 1gGs
(2:500; Jackson ImmunoResearch Laboratories, West Grove, PA). Chro-
matin was detected with Hoechst 33258 (Polysciences Inc., Warrington,
PA). Processed oocytes were mounted and analyzed by conventional fluo-
rescence as previously described [28].

Measurements of Oocyte ATP Content

The ATP content of oocytes, free of surrounding cumulus cells, was
measured using a commercia assay kit based on the luciferin-luciferase
reaction (Bioluminescent Somatic Cell Assay Kit, FL-ASC; Sigma Bio-
sciences). A slightly modified protocol was used [29-32]. Briefly, oocytes
were placed individually in 200 wl of sterile purified water, rapidly frozen,
and kept at —80°C. Prior to analysis, 100 pl of ice-cold somatic cell ATP-
releasing agent was added to 50 pl of thawed samples. The tubes were
kept for 5 min on ice prior to adding 100 wl of ice-cold ATP assay mix
(diluted 1:25 in assay mix buffer). Tubes were incubated for 5 min in the
dark at room temperature to allow for the initial chemiluminescence flash
period. Bioluminescence of individual samples was measured using a
high-sensitivity luminometer (TD-20/20; Turner Designs, Sunnyvale, CA).
An 11-point standard curve (0, 0.01, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0. 4.0,
and 5.0 pmole of ATP) was included in each assay. Preliminary experi-
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ments revealed minimal inter- and intraassay variability in ATP content
when measuring a maximum of 52 samples at a time (including the stan-
dard curve). Furthermore, in order to measure samples at the same time,
tubes were counted once (C,) and then again in reverse order (C,), and
the geometrical mean of the two counts was obtained with the square root
of C; X C, [30]. The ATP content of individual oocytes was determined
from a formula derived for the standard curve using linear regression anal-
ysis (SPSS 10.0 statistical package; SPSS, Chicago, IL). The values shown
represent adjusted ATP content in 10-23 fmol/wm3 following normalization
against any variations in oocyte volume. Oocyte volumes were obtained
using oocyte diameter measurements and the V = 4/3wr3 formula. For in
vitro-matured (IVM) and in vivo (IVO) samples, only metaphase |1 eggs,
with a polar body apparent under the dissecting microscope, were included
in the ATP analysis.

In Vitro Fertilization and Embryo Culture

In vitro fertilization followed by embryo culture was performed as
previously described [33, 34] using in vivo-ovulated eggs from females
stimulated once (control) or repeatedly (treatment) with eCG and hCG (see
Gonadotropin Simulation section above). Treatment and control groups
were paired and cultured under identical conditions to limit interassay
variability and possible differences on a given day.

All culture media were prepared fresh using frozen reagents (Sigma
Biosciences) kept at —80°C for up to 3 mo. Drops of media overlaid with
embryo-tested washed mineral oil (Sigma Biosciences) were set up the
day before and allowed to equilibrate overnight in a humidified atmo-
sphere of 5% CO, at 37°C.

For sperm preparation, caudae epididymes were obtained from
B6D2F1 males and placed in a 200-p.l drop of modified Tyrode medium
under oil. The epididymal contents were gently released using watchmak-
er's forceps and alowed to swim out for 10 min prior to discarding the
epididymes. Subsequently, a 100-p.l volume of this preparation was diluted
1:4 in modified Tyrode medium under oil for capacitation. Sperm were
capacitated for atotal of 90 min at 37°C in 5% CO,. Sperm concentrations
were determined using a hemocytometer.

Oviducts were collected 13.5 h post-hCG injection into Hepes-free
PBS supplemented with 100 1U/ml penicillin and 100 pwg/ml streptomycin.
A single oviduct was placed directly through the oil surrounding the 200-
wl fertilization drop of modified potassium simplex optimization medium
(KSOM) [34]; intact cumulus masses were then released from the oviduct
and gently transferred into the fertilization drop with a minimum amount
of PBS and debris transferred. Capacitated sperm were gently added to
the fertilization drop at a final motile concentration of 800000 sperm/ml.

Four hours after insemination, fertilized zygotes were washed several
times through 50-pl drops of KSOM [33]. Between 8 and 12 zygotes were
placed in 50-pl drops of KSOM under oil and cultured in a humidified
atmosphere of 5% CO, at 37°C. Fertilization was assessed by the presence
of two pronuclei 6 h after fertilization and confirmed by development to
the two-cell stage 40 h post-hCG. Evaluation of embryonic development
(cleavage, compacted morulae, blastocysts, hatching/hatched blastocysts)
was continued at 72, 96, 120, and 144 h post-hCG, at which time cultures
were terminated.

Differential Staining of Blastocyst Nuclei

At Day 6 of culture (or 144 h post-hCG), differential counts of inner
cell mass and trophectoderm cells were determined on in in vitro-produced
blastocysts using a modification of Handyside and Hunter [35] and Pa-
paioannou and Ebert [36] and as previously described [33, 34]. After re-
moval of the zona pellucida using acid Tyrode, blastocysts were washed
in Hepes-buffered KSOM (KSOM-H) supplemented with 10% fetal calf
serum (FCS) for 15 min at room temperature. Blastocysts were placed
then into KSOM-H containing 10% rabbit anti-mouse red blood cell an-
tibody (Research Diagnostics Inc., Flanders, NJ) for 30 min on a shaker.
Following three washes in KSOM-H supplemented with 10% FCS, blas-
tocysts were placed into a complement-stain solution containing 10% guin-
ea pig complement serum (Sigma Biosciences), 1 pg/ml propidium iodide
(PI; Sigma Biosciences), and 1 pg/ml Hoechst 33258 (Polysciences Inc.).
Samples were incubated in the dark for 30 min on a shaker. Labeled
embryos were then fixed in 2% formalin in KSOM-H with Pl and Hoechst
33258 for 30 min in the dark. Blastocysts were stored in KSOM-H with
Pl and Hoechst 33258 at 4°C for 48 h until mounting. Inner cell mass
nuclei, labeled with Hoechst 33258, appeared blue, and trophectoderm
nuclei, labeled with Pl and Hoechst 33258, fluoresced pink. For each blas-
tocyst, nuclei were counted differentially twice and a mean value for the
two counts was used in the final analysis.

Assessment of Implantation and Postimplantation
Development

For examination of fetal development (experiment 2), mice were sub-
jected to 1-4 cycles of gonadotropin stimulation (see Gonadotropin Stim-
ulation above). Injections were scheduled in reverse order so that all mat-
ing and pregnancies occurred on age-matched females at 1-day intervals
in order to keep conditions constant. Control mice that received a single
cycle of eCG and hCG were also mated alongside mice that were repeat-
edly stimulated. After hCG injection, two females from a given stimulation
or control group were placed overnight with one male of proven fertility
(see above). The presence of a vagina plug the following morning was
considered a successful mating; this was designated as Day 0 of gestation
(EO).

Pregnant mice were sacrificed at E11 (midgestation) or E18 (full term
= E19/20) and the uterine contents examined. The number of live fetuses,
stillborns, and early and late resorptionsin each uterine horn was recorded.
Each fetus was examined for gross morphological abnormalities and
weighed following drying and removal of chorion and amnion. Ovaries
were removed and the number of corpora lutea was counted under the
dissecting microscope.

To address the possible adverse effects of handling and multiple injec-
tions on the stress level and endocrine profile of mice, an additional group
was included. This control group was comprised of females that received
three cycles of weekly i.p. injections of saline alone followed by a single
cycle of eCG and hCG on the fourth week prior to mating. Reproductive
outcome was analyzed as described above, and results were compared with
simultaneous groups of mice that received either four cycles of weekly
eCG and hCG or a single cycle of eCG and hCG.

Statistical Analysis

Data are presented as mean values, and variation is indicated with the
SEM (errors bars on graphs). The data were analyzed using SPSS 10.0
Statistics Package for Social Sciences (SPSS). Comparison of proportions
for independent samples was done with a two-tailed Z-test. Effects of
oocyte category and weeks of stimulation on the diameters and ATP con-
tent of oocytes were evaluated using a nonparametric Kruskal-Wallis test
followed by Mann-Whitney tests for two independent samples. Numbers
of oocytes and blastocyst cell counts were analyzed using one-way AN-
OVA followed by least significant difference (LSD) and Tukey post hoc
tests. When in disagreement, results using the more stringent Tukey post
hoc were reported unless noted otherwise. Assumptions that the popula-
tions were normal (Shapiro-Wilk and Kolmogorov-Smirnov tests for nor-
mality) and population variances were all equa (Levene test) were
checked prior to performing ANOVA. Furthermore, if homogeneity of
variances could not be assumed, a Tamhane post hoc was used. Differ-
ences were considered significant at P < 0.05.

Distributions of total, inner cell mass, and trophectoderm cell numbers
are compared using notched box and whisker plots (Slide Write Plus for
Windows, Version 5.01; Advanced Graphics Software Inc., Encinitas,
CA). Notched box plots display order statistics (5th, 25th, 50th or median,
75th, and 95th percentiles), and the notches on the box plots are the me-
dian confidence limits. Two medians are considered significantly different
at the 0.05 level if their confidence limits do not overlap.

RESULTS

Female Mice Continue to Respond to OS Following
Repeated Cycles

In the present study, the ovulatory responsivity of fe-
males to eCG and hCG, as evidenced by the presence of
cumulus masses in the oviducts 14 h post-hCG, remained
constant for Weeks 1, 2, and 3 of stimulation (87.5%—
93.1%); in contrast, by Week 4 of stimulation, a significant
decline in the number of females responding to eCG and
hCG was observed (62.5%; Z-test, P < 0.05). Among fe-
males that responded to superovulation treatment with eCG
and hCG, the mean number of ovulated eggs remained un-
changed after 1-3 weekly repeated cycles of stimulation
(from 13.5 to 17.5 eggs/female); however, following the
fourth cycle of eCG and hCG, fewer eggs were retrieved
per female (11.7 = 1.6 eggs/female; ANOVA, LSD post-
hoc, P = 0.039). Numbers reported here included all eggs
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FIG. 1. Proportions of C*, C*/~, and C~ ovarian oocytes out of the total

number of oocytes retrieved per animal by follicle puncture are shown
after each week of stimulation (Weeks 1-4). Statistical differences be-
tween mean * SEM percentages, as indicated with different letters, were
obtained within each oocyte category (C*, C*/~, or C-) across weeks of
stimulation (Z-test, P < 0.005).

except morphologically abnormal ones showing signs of
degeneration, lysis, or fragmentation; no significant differ-
ence was observed in the proportion of abnormal eggs
across weeks of stimulation (0.0%-5.6%, Weeks 1-4). Af-
ter exogenous OS with eCG for follicular priming, the
mean number of ovarian oocytes did not appear to change
after each cycle of gonadotropin stimulation (42.7-50.7 oo-
cytes/female; ANOVA, Tukey post hoc, P > 0.05). There-
fore, under the present conditions, the majority of females
continue to respond to repeated OS.

Ovarian Oocytes Vary in Degree of Somatic Cell
Association and Size Following Repeated OS

The influence of gonadotropins on somatic cell adhesion
to the oocyte was suggested by work in our laboratory [37].
To test the hypothesis that repeated OS modifies adhesion
between somatic cells and the oocyte, ovarian GV-stage
oocytes were categorized and quantified according to their
degree of association with surrounding somatic cells. Oo-
cytes with several layers of intact cumulus cells were re-
ferred to as C* oocytes, while oocytes with few or no at-
tached cumulus cells were classified as C*- and C- oo-
cytes, respectively. The mean percentage of oocytesin each
category (C*, C*/~, C-) out of the total number of oocytes
retrieved per female is shown in Figure 1 following each
cycle of stimulation (1346 oocytes, Week 1; 828 oocytes,
Week 2; 1108 oocytes, Week 3; 884 oocytes, Week 4). At
Week 1, the mgjority of oocytes belonged to the C* or C-
categories with similar proportions of each; fewer C*/~ oo-
cytes were observed. Following a second cycle of ovarian
stimulation, a significantly lower percentage of C*+ oocytes
were obtained and a significantly greater percentage of C-
oocytes. This trend with a greater proportion of C- at the
expense of the C*+ category of oocytes was consistent for
Weeks 3 and 4 of stimulation. Regardless of the stimulation
paradigm, the proportion of C*- oocytes remained un-
changed. By comparison, in unprimed adult cycling fe-
males, C*, C*/~, and C~ oocytes occurred in the following
frequencies: 21.4 = 1.9, 243 = 2.3, and 54.3 = 1.8 %
(639 oocytes; data not shown). Therefore, repeated OS
causes a shift in the proportions of oocytes from having
more adherent somatic cells (C+) to no somatic cells (C).

815

90
B weox 1
7777 week2
85
Week 3
Week 4
» a -3 a: ¢ ac
O " b.d
¥ b Pt 4
E- = b b’f 489,04 27 4 T
5 5 B 7 g
% I c: . /
£ ;
-] ! |
o 65 :,
50 ; ¥
. CH- c IVM Vo
FIG. 2. Diameters of C*, C*/~, and C~ oocytes and IVM and IVO eggs

after repeated stimulation. Mean = SEM measurements (wm) are shown.
Different letters represent statistical differences that were obtained across
oocyte categories and weeks of stimulation using nonparametric Kruskal-
Wallis and Mann-Whitney tests (P < 0.05).

Whether C*, Ct/-, and C- categories reflect growth
states of oocytes was next evaluated by determining oocyte
diameters (Fig. 2). Following a single injection of eCG
(Week 1), C* oocytes were significantly larger in size (n =
45) than C*~ (n = 55) and C~ (n = 55) oocytes. Further-
more, C*/~ oocytes were themselves significantly greater in
diameter than C- oocytes (Mann-Whitney, P < 0.0005).
Similar relationships in diameters between C+, C*/-, and
C- oocytes were observed in Weeks 2—4 of stimulation,
with one exception at Week 4, for which C+ oocytes were
equivalent in size to C*/~ oocytes. When oocyte diameters
were compared within each oocyte category across weeks
of stimulation, we found that 1) diameters of C* oocytes
were unchanged regardless of the weeks of stimulation, 2)
C*~ oocyte diameters were significantly increased at
Weeks 2 and 4 when compared with oocytes from Week 1,
and 3) C- oocyte diameters were significantly greater at
Weeks 2, 3, and 4 when compared with Week 1 (Mann-
Whitney, P < 0.05). Therefore, C-, C+/-, and C* categories
reflect sequential developmental transitions during oocyte
growth. Furthermore, while oocytes with no adherent cu-
mulus cells arise in greater proportion following repeated
OS, these oocytes are larger in diameter, suggesting their
advanced state of oocyte development and prompting anal-
ysis of GV chromatin patterns to monitor transcriptional
status.

Following Repeated OS, Oocytes Prematurely Undergo
Transcriptional Repression

The transition from NSN (nonsurrounded nucleolus,
transcriptionally active) to SN (suurounded nucleolus, tran-
scriptionally inactive) GV chromatin patterns has been re-
lated to progressive stages of oocyte and follicular growth
and coincides with the time of antrum formation [38-41].
To analyze whether repeated OS affects oocyte transcrip-
tional profiles, the proportion of NSN and SN oocytes were
reported for each category of oocytes (C+, C*/-, and C")
across weeks of stimulation (Fig. 3). At each cycle of stim-
ulation, the majority of C* oocytes exhibited the SN type
of chromatin organization; furthermore, a significant in-
crease in the proportion of SN chromatin oocytes was ob-
served in C+ oocytes by the fourth cycle of stimulation (Z-

¥20¢ I4dy 60 UO 1senb Aq 29t£892/2 1 8/£/89/8101E/poidal|olq/woo dno-ojwepeoe//:sdiy wolj papeojumoq



816 COMBELLES AND ALBERTINI

A 120 ¢ B 2
1o a ac a be 10 a b,c
100 | 100 - .|
90 I a0 [
-
80 | 80 r_____{
% 70 | | g % |
8 60} g 80 |
3 50 | { 5 50| |
* a0 | ¥
30 } | | %0 | ‘
20 t | | 20 | i
10k | (@2 | (53) 8) | (69) 10 “n | (52

Week 1 Week 2 Week 3 Week 4

- - — c 120 — — e ——
b e | ol —° b b b
. g0
‘—1 | ~ 80 |
' | e 70t
B BERE | N
|| | | 3 50} | |
| L] ° } B
f | 30} | | |
i | ‘ | 20 | | | | | | :
@ | [e | | o[ 60| [e] [gon| |05
Week 3 Week 4 Week 1 Week2 Week3 Week4

FIG. 3. Stacked bar graphs showing germinal vesicle chromatin patterns following repeated ovarian stimulation for C* (A), C*'~ (B), and C~ (C) oocytes.
Gray and white coloration represent oocytes with SN and NSN types of chromatin, respectively. Values represent mean percent of oocytes, and number
of oocytes analyzed are shown in parentheses at the bottom of each bar. Within A, B, and C, bars that do not share a superscript are different (Z-test,

P < 0.05).

test, P < 0.05). At Week 1, relatively equal proportions of
NSN and SN chromatin patterns were observed for C+/-
oocytes; however, following repeated ovarian stimulation,
the proportion of SN oocytes significantly increased. Last,
while C- oocytes mainly possessed NSN chromatin at
Week 1, SN chromatin became the prominent pattern at
Weeks 2, 3, and 4 of stimulation. In summary, C*+ oocytes
mostly possess SN chromatin regardless of the stimulation
regimen, while C*/~ and C- oocytes show a shift toward
SN chromatin following repeated OS, indicative of preco-
cious transcriptional repression.

Repeated OS Compromises In Vitro but Not In Vivo
Meiotic Competence

Because the onset of transcriptional repression coincides
with meiotic competence acquisition [42], we tested the
ability of oocytes to initiate and complete maturation to
metaphase |1 under both in vitro and in vivo conditions. No
difference in oocyte diameters was apparent between IVM
(C+ at the start of culture) and 1VO oocytes across weeks
of stimulation (Fig. 2; Mann-Whitney, P < 0.05). Matu-
ration to metaphase |1 was evaluated from analysis of chro-
matin patterns and spindle organization by immunofluores-
cence. Control mice that received a single cycle of gonad-
otropin stimulation were analyzed at the same time as re-
peatedly stimulated mice (data not shown). Comparison of
several independent control groups, equivalent to Week 1
of stimulation, failed to reveal any significant differences
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FIG. 4. Meiotic competence expression in vitro (IVM) and in vivo (IVO)
following repeated stimulation. Mean percent of oocytes reaching meta-
phase I, as evidenced by immunostaining for chromatin and microtu-
bules, are shown after each week of stimulation. For IVM and IVO groups,
statistical differences are shown with different letters across weeks of stim-
ulation (Z-test, P < 0.05).

in the incidence of maturation. Therefore, statistical tests
were performed against Week 1 of stimulation for the re-
mainder of the analysis. Figure 4 shows the percentage of
oocytes that were arrested at metaphase |1 after 14 h of
IVM or 14 h post-hCG injection IVO after each cycle of
stimulation. For IVM, the majority of oocytes from Weeks
1 and 2 were arrested at metaphase Il (n = 157, Week 1;
n = 132, Week 2); at Weeks 3 and 4, a significant decrease
in the proportion of oocytes arrested at metaphase 1l was
observed (n = 130, Week 3; n = 111, Week 4; Z-test, P
< 0.05). In the case of VO, the percentage of oocytes in
metaphase 1l was only reduced at Week 3 of stimulation
when compared with all other groups except at Week 2 (n
= 102, Week 1; n = 96, Week 2; n = 95, Week 3; n =
87, Week 4). Nonetheless, the maturation incidence re-
mained elevated for VO oocytes at Week 3 of stimulation
(83.0%). Thus, following repeated OS, a progressive de-
crease in meiotic competence expression was apparent after
IVM and not 1VO.

ATP Content of Oocytes Varies with Developmental
Stages of the Oocyte and Repeated OS

The progressive impairment in in vitro meiotic compe-
tence expression together with the shift to C- oocytes sug-
gests that repeated OS may alter metabolism of the oocyte.
Therefore, ATP content of individual oocytes was measured
across weeks of stimulation (Weeks 1-4) and for each oo-
cyte category (C+, C*/-, C, IVM, IVO). Figure 5 shows
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FIG. 5. ATP content of individual C*, C*~, and C~ oocytes and IVM
and IVO eggs. Mean = SEM values (103 fmol ATP/um?) are shown. Sta-
tistical analysis was performed for both oocyte category and week of stim-
ulation (Mann-Whitney, P < 0.05), and different letters indicate statistical
significance.
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mean = SEM values for two independent experimental rep-
licates, and a total of 1040 oocytes with 60 individual C*
oocytes, IVM, and IVO eggs and 40 C+/~ and C- oocytes
were analyzed at each week of stimulation. Mann-Whitney
tests on the raw data were done to anayze differences in
the two factors analyzed here, i.e., oocyte category and
week of stimulation. However, following a logarithmic
transformation of the data to reach normality, a two-way
ANOVA revealed an interaction between the two factors
(P < 0.0005). Therefore, relationships between ATP con-
tent and oocyte category appeared to be different with
weeks of stimulation, and conversely, oocyte category
ought to be considered when analyzing ATP content and
week of stimulation.

When comparing ATP content across categories of oo-
cytes at Week 1 of stimulation, changesin ATP values were
apparent (Mann-Whitney, P < 0.05). C* oocytes exhibited
significantly higher ATP content than C*/~ and C~ oocytes.
No difference was observed between C+/- and C- oocytes.
C+ oocytes that were IVM possessed similar ATP levels to
C+ oocytes at the start of culture, and it is noted that C*
and IVM oocytes originated from the same cohort. In con-
trast, IVO eggs exhibited the highest ATP content when
compared with other oocyte categories. Similarly, for
Weeks 2—4 of stimulation, C* oocytes showed consistently
higher ATP levels than C*/~ and C- oocytes, with one ex-
ception at Week 3, when C- oocytes had similar ATP levels
to C+ oocytes. Thus, oocytes in different developmental
states exhibit variations in ATP content, with C* oocytes
possessing the greatest ATP content among immature oo-
cytes and ATP content significantly increasing after 1VO.

In addition, ATP levels were compared within each oo-
cyte category across weeks of stimulation. C+ oocytes
showed reduced ATP content with repeated cycles of stim-
ulation (Weeks 2—4) when compared with C* oocytes col-
lected following a single cycle (Week 1; Mann-Whitney, P
< 0.05). Likewise, ATP levels decreased in C*/~ oocytes
with repeated ovarian stimulation. In C- oocytes, a decrease
in ATP levels was apparent only at Week 4 of stimulation.
All IVM eggs exhibited similar levels of ATP regardless of
the stimulation paradigm. Last, ATP content was signifi-
cantly reduced in IVO eggs from Weeks 2, 3, and 4 when
compared with 1VO eggs from Week 1. Therefore, repeated
OS resulted in reduced ATP content in C+, C*/~, and C-
oocytes and in IVO eggs.

Repeated OS Results in Slight Impairment
in Preimplantation Development In Vitro

Given the reduction in ATP content of VO eggs follow-
ing repeated OS, we next determined the developmental
competence of 1VO eggs using IVF and embryo culture.
The mean frequencies of fertilization and development to
cleavage, compacted morula, blastocyst, or hatching stages
are reported in Figure 6 for two independent experimental
replicates (experiments 1.1 and 1.2). Comparisons were al-
ways made between paired control (single eCG + hCG)

<
l

FIG. 6. In vitro fertilization and development of in vivo-ovulated eggs
following repeated ovarian stimulation. Bar graphs show mean percent of
eggs or embryos that fertilized, developed to cleavage, compacted mor-
ulae, blastocyst, and hatching stages after each week of stimulation. White
and gray bars represent embryos derived after a single or repeated cycle(s)
of stimulation, respectively. Numbers of cells analyzed for each group are
shown in parentheses, and * denotes statistical significance (Z-test, P <
0.05).
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FIG. 7. Notched box and whisker plots showing the distribution of total cell (Total), inner cell mass (ICM), and trophectoderm cell (TE) numbers in
blastocysts produced in vitro following repeated cycles of stimulation. A) Total cell counts for experiment 1.1. B-D) Total, ICM, and TE counts after
each cycle of stimulation (B, Week 2; C, Week 3; D, Week 4) for experiment 1.2. White and gray boxes represent blastocysts derived after a single or
repeated cycle(s) of stimulation, respectively. Numbers of blastocysts analyzed for each group are shown in parentheses.

and treatment (repeated eCG + hCG) groups. No differ-
ences were apparent in the proportions of embryos that de-
veloped to the blastocyst stage by Day 6 (Z-test, P < 0.05).
The rate of hatching, as evidenced by blastocysts that at
least started to hatch, was reduced significantly at Weeks 3
and 4 when compared with respective control groups.

To evaluate in vitro-produced blastocysts, total inner cell
mass (ICM) and trophectoderm (TE) cells were counted
using differential nuclel staining after each week of stim-
ulation (Fig. 7; experiments 1.1 and 1.2). In experiment 1.1,
data from al control groups were pooled because total cell
counts were similar (one-way ANOVA, P = 0.377). Tota
cell counts were decreased at Weeks 3 and 4 when com-
pared with control values (Fig. 7A). At Week 3, ICM
counts were comparable with control groups, while the
number of TE cells was decreased (one-way ANOVA, P <
0.05). At Week 4, both ICM and TE cell counts were re-
duced, while the ICM/TE ratio remained unchanged (ICM/
TE ratio: Week 4, 0.21 + 0.02; control, 0.24 = 0.02). Be-
cause of significant interassay variation in cell counts for
experiment 1.2 (one-way ANOVA, P < 0.0005), blasto-
cysts derived from a single cycle of stimulation (control)
were compared with blastocysts derived from repeated cy-
cles of stimulation (Weeks 2—4; Fig. 7, B-D). Cell counts
remained similar for Weeks 2 and 3 when compared with
control values, while lower total cell counts were observed
at Week 4 of stimulation. At Week 4, the number of both
ICM and TE cells was reduced, a decrease not observed
for any other paired control/repeated stimulation groups.
There were no changesin ICM/TE ratios regardless of stim-
ulation paradigm (Weeks 2—4, 0.15-0.17; control, 0.16—
0.19). Thus, 1IVO eggs derived from repeated OS display

similar in vitro developmental competence to 1IVO eggs
from a single cycle of OS, with the exception of hatching
and total/ICM/trophectoderm cell counts, which were al
reduced in in vitro-produced blastocysts after the fourth cy-
cle of OS.

Comparable Implantation Rates, Resorption Rates,
and Fetal Counts Are Observed but Fetal Weights Vary
Following Repeated OS

Given detectable aterations in oocyte differentiation
state, oocyte ATP content, and in vitro developmental com-
petence (notably reduced number of blastocyst cells) fol-
lowing repeated OS, we next asked whether repeated OS
alters postimplantation development in vivo (experiment 2).
Table 1 summarizes reproductive outcome at E11 and E18
after mating at each week of stimulation. Pregnancy rates,
as assessed by the number of females that became pregnant
following mating, did not change with repeated OS (Week
1, 72.5%; Week 2, 67.5%; Week 3, 60.0%; Week 4, 55.0%;
40 mice per week). Similarly, the mean number of corpora
lutea (CL) per female was comparable across weeks of
stimulation. Furthermore, a similar proportion of CL re-
sulted in implantation at E11 (implantation rate). Resorp-
tion rates, defined as number of resorptions (early and late)
over total number of implantation sites, were similar across
weeks of stimulation (E11, Table 1; E18, data not shown).
At E11, fetal weights (excluding the placenta) were lower
following repeated OS, with weight differences of 6-9 mg
on average, corresponding to a 18.0-27.6% decrease be-
tween repeated and single OS. It is noted that, at E11 and
E18, similar numbers of viable fetuses were observed at
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Weeks 1-4, with a mean of 9.3-13.3 fetuses per female.
At E18 and by Week 2 of OS, fetal weights were elevated
significantly, an increase that persisted through Week 4
(10.6% increase in weight relative to Week 1 of stimula-
tion). In comparing fetal weights, the effect of litter size on
any weight difference was also considered; however, no
significant difference in the overal decrease (at E11) and
increase (at E18) in fetal weight between single and re-
peated OS was observed for any of the litter size subgroups.
Sex ratios of male to female at E18 remained constant re-
gardless of the stimulation regimen (0.57:0.43; n = 502).
There were no gross morphological aberrations observed
across groups of offspring. Last, no difference in any of the
parameters measured above was apparent between control
females that received a single cycle of eCG + hCG, pre-
ceded or not by three cycles of saline + saline injections.
In conclusion, fetal weights were reduced at midgestation
(E11) and increased near term (E18) when comparing re-
peated with single OS. However, repeated OS did not result
in changes in either implantation/resorption rates or fetal
counts when compared with a single cycle of OS.

DISCUSSION

This study, to our knowledge, is the first to assess the
overal effects of repeated OS on oocyte quality using in-
traovarian, embryonic, and pregnancy criteria. Our main
findings are that repeated OS leads to 1) modifications in
associated somatic cells, size, and transcriptional status of
GV-stage oocytes; 2) reductions in in vitro meiotic com-
petence, with no changes in in vivo maturation; 3) signifi-
cant variations in oocyte ATP content according to oocyte
types and stimulation cycles; 4) in vitro preimplantation
embryonic development only compromised at the level of
hatching at Weeks 3 and 4 of stimulation and total/inner
cell mass/trophectoderm cell counts at Week 4 of stimula-
tion; and 5) comparable implantation/resorption rates and
fetal counts, although E11 and E18 fetal weights were mod-
ified by Week 2 of OS. Collectively, these observations
suggest that, in a mouse model, while repeated OS has spe-
cific effects on follicular oocyte quality, following ovula-
tion in vivo, oocytes can be rescued from consequences of
repeated OS.

Despite widespread utility, OS has been associated with
a number of detrimental reproductive effects, including de-
creased fertilization and rates of embryonic development,
increased chromosomal abnormalities, delayed and im-
paired implantation, and retarded fetal growth [1, 3, 57,
13, 43]. Why OS compromises gametic and embryonic de-
velopment remains poorly understood. Blondin et al. [8]
proposed that, induced by OS, accelerated follicular growth
would yield oocytes with decreased developmental com-
petence, possibly because of incomplete oogenesis. Few
studies have rigorously assessed oocyte quality following
OS. The present studies materially extend previous efforts
to determine the effects of repeated OS on oocyte quality.
First, we defined three types of oocytes (C*, C*/~, and C")
that differed in their association with somatic cells within
the total population of ovarian oocytes. When comparing
unprimed and primed adult females, the proportion of C+
oocytes increased following eCG stimulation, while fewer
C- oocytes were observed. In addition, C* oocytes were
larger in diameter than C*/~ and C~ oocytes (Fig. 2). Given
that eCG is known to promote follicle development, we
conclude that C-, C*/~, and C* oocytes represent progres-
sive stages of oocyte growth during folliculogenesis, with
the latter category achieving maximum size expected. Oo-
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cytes with a fully formed cumulus (C*) represent full-
grown oocytes derived from Graafian follicles, while C*/~
and C- oocytes with fewer and no associated cells are
growing oocytes at transition stages around the time of an-
trum formation and from preantral follicles, respectively,
consistent with previous work on GV configuration [38]
and studies on prepubertal mice (Combelles and Albertini,
unpublished observations). Furthermore, we show that so-
matic cell-oocyte interactions are influenced by repeated
OS because a greater proportion of C- oocytes result from
repeated OS (Fig. 1). Interestingly, the fact that C- oocytes
achieve larger diameters with repeated OS (Fig. 2) suggests
that, with repeated cycles of OS, either folliculogenesis and
oogenesis are discoordinated and/or cumulus cells exhibit
diminished affinity for the oocyte. These observations re-
semble the oocyte phenotype described in the GDF-9
(growth differentiation factor-9) knockout mouse. In the ab-
sence of GDF-9, oocyte growth is misregulated, giving rise
to large-diameter oocytes and precocious transcriptional re-
pression within follicles arrested at the primary stage [44,
45]. 1t seems plausible then that decreased adhesion aters
somatic cell-oocyte interactions, enhancing the rate of oo-
cyte growth following repeated OS. Whether such loss of
coordination results in other aterations in oocyte quality
was also evaluated.

We analyzed the NSN to SN transition in nuclear mor-
phology that coincides with meiotic competence acquisition
and transcriptional repression during oocyte growth [40,
42]. This transition occurs around the time of antrum for-
mation and is promoted by exogenous gonadotropin stim-
ulation [38, 39]. Work by De La Fuente and Eppig [41]
and Carabatsos et al. [46] further suggested the involvement
of gap junctions and somatic cells in controlling oocyte
transcriptional status. The observation that repeated OS
leads to an increased incidence of oocytes devoid of so-
matic cells (C-), in conjunction with transcriptional repres-
sion (NSN to SN shift; Fig. 3), is again consistent with the
idea that compromised somatic cell input influences key
aspects of oogenesis. Two additional criteria we evaluated
were consistently influenced by repeated OS.

Meiotic competence is the ability of an oocyte to resume
meiosis, and upon repeated OS, deficiencies were apparent
for IVM because a progressive reduction in the incidence
of oocytes progressing to metaphase 11 was observed (Fig.
4). This was accompanied by an increase in oocytes that
failed to form normal spindles during meiosis 1 (data not
shown), again illustrating a loss in meiotic competence in
vitro with repeated OS. This contrasts with our data on
IVM because no differences in either maturation frequency
or spindle/centrosome organization were apparent across
weeks of stimulation following hCG-induced ovulation
(data not shown) and differs from previous observations of
spindle defects and detached chromosomes in ovulated oo-
cytes using a similar stimulation paradigm [25]. Whether
repeated OS influences ploidy in IVO and/or IVM eggs
remains an interesting area of study, but our findings do
reinforce the idea that differences exist between IVO and
IVM conditions and encourage caution in using VM,
which may augment potential risk factors or deficiencies
associated with oocytes of lower quality following repeated
OS. Whether the follicular environment for IVM corrects
intrafollicular defects remains an interesting question.

Finally, to support energy-consuming cellular processes
during oocyte maturation and early cleavage divisions, oo-
cytes rely predominantly on ATP reserves gained during
oogenesis, and our work demonstrates that mouse oocytes
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vary significantly in ATP content depending on their mei-
otic stage and on stimulation protocol used. After normal-
izing for variations in oocyte volume, ATP content was
lowest in C- oocytes, highest in C+ oocytes, and interme-
diate in C*- oocytes (Fig. 5). Variations in ATP content
were reported previously in bovine oocytes by Stojkovic et
a. [32], in which different grades of cumulus morphology
correlated with ATP content. However, no previous reports
have examined oocyte ATP content in relation to somatic
cell association in the mouse. The exact source of oocyte
ATP remains poorly understood but may derive from me-
tabolism of pyruvate or other substrates by the oocyte itself
or from oxidative phosphorylation in surrounding cumulus
cells [47, 48]. Our data show that increased ATP is present
in oocytes during progressive stages of oocyte growth (C*
versus C*~ and C-). When C* oocytes were matured to
metaphase |1 in vitro, ATP content did not change and IVO
eggs displayed significantly higher ATP when compared
with all other oocyte types (Fig. 5). To our knowledge, this
is the first comparison of ATP content in IVM, IVO, and
GV-stage mammalian oocytes, and the differences reported
here between IVM and 1O eggs after a single cycle of OS
may be due to lower metabolic activity of cumulus cells
and/or oocytes after removal from the follicular milieu and/
or the specific IVM conditions utilized here. Whether ex-
ogenous gonadotropin stimulation influences oocyte metab-
olism and ATP content was also addressed. A reduction in
ATP content was observed for al oocyte categories with
the exception of IVM eggs after repeated OS. This suggests
that metabolic cooperativity between cumulus cells and oo-
cyte may be compromised with repeated cycles of OS and
contribute to the diminished levels of ATP measured in the
oocyte presently. Thus, again these data are consistent with
the proposed effect of repeated OS on somatic cell adhesion
to the oocyte (see above).

Metabolic impairment in the embryo has been shown to
lead to preimplantation failure in several mammalian spe-
cies, and oocyte ATP content may determine the develop-
mental potential of embryos [29, 31, 32, 49-51]. Our ex-
perimental design allowed us to test the developmental
competence of oocytes derived from repeated OS, working
on the assumption that deficits in oocyte ATP might impair
later development. To this end, it was somewhat surprising
that, regardless of the stimulation cycles, 1IVO eggs gave
rise to blastocysts at high rates, and only modest effects
were noted in resulting blastocysts (Fig. 6). These effects
included decreased blastocyst hatching by Weeks 3 and 4
of OS at Day 6 of culture. The physiological significance
of hatching deficiencies in vitro remains unknown, but in
addition, it was found that blastocyst cell numbers (both
ICM and trophectoderm) were reduced by Week 4 of stim-
ulation (Fig. 7). Papaioannou and Ebert [52] and Tsunoda
and McLaren [53] showed that blastocysts with different
cell numbers may implant at similar rates but develop into
normal fetuses at divergent rates. To better discern whether
postimplantation development was compromised, we next
tested the developmental competence of oocytes in vivo
following repeated OS. While repeated OS did not result
in altered pre- and postimplantation embryonic develop-
ment, it seems to contribute to variations in fetal weights
(Table 1). Thus, the physiological significance of possible
relationships between ATR hatching, and weight differenc-
es remains to be established and prompts further experi-
ments to better discern the origins (ovarian, embryonic, or
uterine) of detrimental consequences of repeated OS.

In conclusion, these studies show significant effects of

repeated OS on oocyte quality parameters that, based on in
vitro preimplantation and in vivo postimplantation devel-
opment outcome, may not be of particularly useful prog-
nostic value. Our work suggests that either mechanisms
compensating for variations in oocyte quality exist in mice
or that better markers are required to evaluate oocyte qual-
ity. Equally germane is the question of whether comparable
findings apply to human and other monovular species with
single dominant follicle selection. These studies reinforce
directly the idea that repeated OS does affect the coordi-
nation of oogenesis with folliculogenesis and in particular
suggests that direct contact interactions may be compro-
mised.
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