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Abstract:

There is increasing interest in using rabbits for research as a laboratory model as well as
for industrial production of meat, wool and fur. Superovulation in animals is used to
produce a maximum number of transferable embryos per donor, in order to either
support genetic improvement programs, ex situ conservation or to optimize other
biotechnologies. Over time, the use of this biotechnology has shown variable outcomes
as a consequence of several factors, such as the origin of exogenous hormone, posology
and the effect of gonadotropins used simultaneously, the donor and the environment.
The aim of this study was to compare the efficacy of a single injection of corifollitropin
alfa (CTP), alone or supplemented with LH, versus a FSH standard protocol of five
equal doses administered twice daily to superovulate rabbit does (20 per group and 29
control females). We determined: 1) the impact of this stimulation on in vitro
development and mRNA expression at blastocyst stage and 2) in vivo embryo
development and viability rate at birth of transferred embryos. Our outcomes showed
that the ovulation rate was similar among the different ovarian stimulation groups,
reaching more than fourfold the ovulation rate of a control doe. While rates of embryos
developing to the blastocyst stage after 48h of in vitro culture were similar between
groups, the hatched blastocyst rate was higher for superovulated embryos from CTP
group. Moreover, no significant differences among mRNA expression of OCT4, SOX2
and NANOG genes were detected. Nevertheless, embryos from ovarian stimulated does
with CTP+LH showed significantly higher implantation rates and survival at birth
among the different ovarian stimulation groups and similar to those in the control group.
In conclusion, the results of this study suggest that a single injection of long acting
corifollitropin alfa can be effectively used in rabbits to elicit a more than fourfold

increase in ovulation rate compared to control animals. In addition, the LH
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supplementation allows us to obtain similar in vivo embryo development results as in

the control group.

Keywords: superovulation, long acting FSH, LH, gene expression, embryo viability.

1. Introduction

Despite extensive research efforts in the past 60 years, variability in the
superovulation response among individuals is the major problem in all species. Several
factors affect the outcome of ovarian superstimulation, such as gonadotropin
preparation and dosage, the administration mode, donor characteristics, the
environment, etc. Although considerable progress has been made in the study of
folliculogenesis, manipulation of ovarian function, gonadotropin biochemistry and
factors inherent to the donor animal, the application of superovulation remains a

challenge [1-4].

Superovulation protocols in farm animals have usually relied on the use of
gonadotropins extracted from animals (chorionic or pituitary extracts). Specifically, in
rabbits, in order to ensure the maximum number of normal embryos recovered per
donor, both equine chorionic gonadotrophin (eCG) and pituitary derived FSH (ovine
and porcine pituitary extracts) have commonly been used to induce superovulation [5-
10]. It is known that eCG prolongs plasma half-life and can negatively affect embryonic
development [11]. An alternative to pituitary-derived FSH, which has been made
available by biotechnology, is recombinant FSH. The use of this hormone might reduce
the variation of pituitary-derived FSH [12], and when the exogenous recombinant FSH
is from the same species, it may prevent the humoral immune response and transmission

of diseases across species [13]. The use of FSH has advantages over eCG, but due to its
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relatively short elimination half-life and rapid metabolic clearance is a more time-
consuming protocol, requiring two daily injections to maintain the threshold level
during ovarian superstimulation. A long-acting recombinant FSH, corifollitropin alfa,
was approved by the European Medicines Agency in January 2010. This kind of
recombinant FSH comprises an a-subunit which is identical to that of FSH and a hybrid
-subunit which is produced by fusion of the carboxyterminal peptide from the -
subunit of hCG to the B-subunit of FSH [14,15]. This aminoacid-residue of the
carboxyterminal peptide extended the FSH half-life thanks to four additional O-linked
carbohydrate side chains terminating with a sialic acid residue. Corifollitropin alfa
(CTP) has an approximately two-fold longer half-life (65-hours plasma half-life) and an
almost four-fold extended time to peak serum levels [16,17]. Hence, in human a single
injection can replace the pharmacokinetic profile of first seven daily standard
gonadotropin injections and support multi-follicular growth for an entire week [18,19].
Sustained-follicle-stimulating hormones have been used successfully in women

[14,15,20,21] and cattle [13].

On the other hand, results of superovulation treatments vary, and one of the reasons for
this may be the variable LH:FSH ratio. In some clinical studies where endogenous LH
was absent or inactive, recombinant human FSH alone allowed follicle development but
with an inadequate estradiol concentration [22]. Although LH has essential and well-
established roles in ovarian steroid synthesis and ovulation [23-25], the use of LH in
superovulation treatments is controversial and unclear. Low LH levels might intensify
FSH sensitivity in granulosa cells by increasing androgen synthesis during the early
stage of folliculogenesis and this activity is required for normal follicle and oocyte
development [26,27]. Moreover, high LH levels seems to be detrimental for follicular

growth. In rabbits, the effect of LH on superovulation has been studied using purified
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porcine FSH, obtaining highly variable results [7,10]. Our studies with recombinant
human gonadotropins (rhFSH either alone or in combination with rhLH) suggested that
the window of LH effect in rabbits is FSH dose dependent [28]. It seems that the
endogenous LH concentration is enough to duplicate the ovulation rate of does treated
with low FSH doses [29], but it is insufficient to increase follicular recruitment when

higher doses of FSH are used [28].

The current study was performed to compare the efficacy of a single injection of
corifollitropin alfa (CTP), alone or supplemented with LH, versus a rhFSH standard
protocol of five equal doses administered twice daily to superovulate rabbit does, in
order to improve the female distress by the use of a single dose. We determined: 1) the
impact of this stimulation on in vitro development and mRNA expression at blastocyst
stage and 2) in vivo embryos development and viability rate at birth of transferred

embryos.

2. Materials and Methods

2.1. Animals and ethical statement

The research was carried out at the experimental farm of the Institute of Science and
Animal Technology (ICTA), Polytechnic University of Valencia. All animals were
handled in accordance with the principles of animal care published by Spanish Royal
Decree 53/2013 (BOE 2013). The experiments were approved by the Committee of
Ethics and Animal Welfare Committee of the Polytechnic University of Valencia

(procedure 2015/VSC/PEA/00061).

One hundred thirty-three nulliparous does 18-20 weeks old were used. Does belonged to

a New Zealand White line selected for litter size at weaning [30]. Animals were housed

5
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in flat-deck cages, fed with a standard pellet diet ad libitum and had free access to water.

An alternating cycle of 16 h lights and 8 h of dark was used.

2.2. Hormonal treatment

Ovarian stimulation was induced using Corifollitropin alfa (Elonva, Merck Sharp &
Dohme S.A.; Spain) and recombinant human FSH (Gonal-F 75; Serono Europe Ltd.,
London, United Kingdom) either alone or in combination with recombinant human LH
(Luveris 75; Serono Europe Ltd., London, United Kingdom). In a previous work [29]
using Gonal-F 75 as recombinant FSH, we established that 0.75 pug of FSH/Kg live
weight showed a good superovulatory response. In the present work the FSH dose was
fitted to 3ug according to the weight of females rabbit used (3.9 to 4.2 kg). The dose
used for both recombinant FSH hormones (Elonva and Gonal-F 75) was the same

Rabbit donors, were assigned randomly to five experimental groups (Figure 1):

-Group CTP: 20 rabbit does were subcutaneously treated once with 3 pg of

Corifollitropin alfa.

-Group CTP+LH: 20 rabbit does were subcutaneously treated once with 3 pg of
Corifollitropin alfa and intramuscularly treated with a 10% of recombinant human LH

distributed in five equal doses at 12-hours interval.

-Group FSH: 20 rabbit does were intramuscularly treated with 3 pg of recombinant

human FSH distributed in five equal doses at 12-hours intervals.

-Group FSH+LH: 20 rabbit does were intramuscularly treated with 3 pg of recombinant
human FSH in combination with a 10% of recombinant human LH distributed in five

equal doses at 12-hours intervals.
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-Control group: 26 females were treated intramuscularly with saline solution (0.2 mL) at

the same time as the other groups.

Does were inseminated with 1 mL of pooled sperm from fertile males of the same line
60 h after the first gonadotropin injection, and ovulation was induced with 1 pg
buserelin acetate (Suprefact; Hoechst Marion Roussel, S.A., Madrid, Spain) given

intramuscularly.

2.3. Embryo recovery

Females were euthanized 72 h after artificial insemination with an intravenous injection
of 0.6 g pentobarbital sodium (Dolethal; \etoquinol, Madrid, Spain), and the
reproductive tract was immediately removed. Embryos were recovered by perfusion of
each uterine horn with 10 mL Dulbecco’s phosphate buffered saline (HyClone™ DPBS
liquid Without Calcium, Magnesium, Phenol Red; HyClone Laboratories, Logan, Utah,
USA) containing 0.2% bovine serum albumin (AMRESCO® Albumin Bovine, (BSA);
Solon, USA), 0.133 g/L CaCl2, 0.100 g/L MgClI2 and antibiotics (100 IU/mL Penicillin
and 0.01 mg/mL streptomycin, Sigma-Aldrich Quimica S.A., Spain). The recovered
fluid was collected into sterile Petri dishes for examination under a stereomicroscope.
Embryos were scored by morphologic criteria according to International Embryo
Transfer Society classification (IETS). Briefly, only embryos in morula or early
blastocyst stages with homogenous cellular mass, and spherical mucin coat and zona
pellucida were catalogued as normal (transferable) embryos. The following parameters

were evaluated:

-Ovulation induction rate: proportion of treated does with corpora lutea

-Donor does rate: proportion of donor females with at least one normal embryo

-Ovulation rate: number of corpora lutea
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-Recovery rate: (number of embryos + oocytes recovered/number of corpora lutea) x

100

-Normal embryo development rate: (number of normal embryos/ number of embryos +

oocytes recovered) x 100

2.4. Experiments

2.4.1. Experiment 1: Effects of superstimulation treatment on in vitro development and

MRNA expression at blastocyst stage

2.4.1.1. In vitro culture until blastocyst stage

In vitro culture was performed in 8 batches. Fifty to eighty embryos were cultured in
each batch. Embryos were placed in four-well dishes (a maximum of 10 embryos per
well in 0.5ml of medium). A total of 530 embryos were cultured for 48 h in Tissue
Culture Medium 199 (TCM199) + 10% Fetal Bovine Serum (FBS, Sigma-Aldrich
Quimica S.A., Spain) supplemented with antibiotics (100 IU/mL Penicillin and 0.01
mg/mL streptomycin, Sigma-Aldrich Quimica S.A., Spain) at 38.5 °C, 5% CO2 and
saturated humidity. To evaluate the developmental potential of embryos we considered
expanding (diameter>134mm) and hatching (cell mass extruding through zona
pellucida) blastocysts stages. So the in vitro development ability of embryos was
assessed on the basis of the blastocyst rate (proportion of expanded blastocyst +
hatching blastocyst at 48h of culture from total cultured embryos) and hatched rate
(proportion of embryos with more than 50% of mass cell extruded to zona pellucida at

48h of culture from total cultured embryos).

2.4.1.2. mRNA expression of the three core pluripotency factors (OCT4, Nanog and

SOX2)



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

On alternate embryo culture batches, developed embryos were used to mMRNA
expression determination. Four independent embryo pools were used for each
experimental group. After embryo culture till blastocyst (48 hours), polyA RNA was
extracted from pools consisting of 13 to 15 embryos of each ovarian stimulation
treatment using the Dynabeads kit (Life Technologies, Carlsbad, CA, USA), following
the manufacturer’s instructions. Then, reverse transcription was carried out using
gScript™cDNA Synthesis kit (Quanta Biosciences, Beverly, MA, USA) following the

manufacturer’s instructions.

RNA expression was assessed using real-time polymerase chain reaction (PCR) assay to
measure OCT4, NANOG and SOX4 mRNA transcript abundance. Real time PCR
reactions were conducted in an Applied Biosystems 7500 system (Applied Biosystems).
Every PCR was performed from 5-uL diluted 1:10 complementary DNA (cDNA)
template, 250-nM of forward and reverse specific primers (Table 1), and 15 uL of
Power SYBR Green PCR Master Mix (Fermentas Gmbh, Madrid, Spain) in a final
volume of 20 pL. The PCR protocol included an initial step of 50 °C (2 minutes),
followed by 95 °C (10 minutes), and 42 cycles of 95 °C (15 seconds) and 60 °C (30
seconds). After quantitative PCR, a melting curve analysis was performed by slowly
increasing the temperature from 65 °C to 95 °C, with continuous recording of changes
in fluorescent emission intensity. The specificity was confirmed by melting curve

analysis.

Relative gene expression was calculated via AACt method adjusted for PCR efficiency,
applying the geometric average of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and the H2A histone family member Z (H2AFZ) housekeeping genes as

normalization factor [28]. The expression of a cDNA pool from various samples was
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used as a calibrator to normalize all samples within one PCR run or between several

runs.

2.4.2. Experiment 2: Effects of superstimulation treatment on implantation rate and

survival rate at birth

2.4.2.1. Embryo transfer

A total of 324 normal embryos were transferred into 27 recipient females. Ovulation
was induced in the receptive females (according to the turgidity and color of the vulva)
with 1 pg of buserelin acetate (Hoechst, Marion Roussel, Madrid, Spain) given
intramuscularly 72 hours before transfer. Synchronous females were anaesthetized by
intramuscular injection of 16 mg of xylazine (Rompun, Bayer AG, Leverkusen,
Germany) following intravenous injection of 16-20 mg ketamine hydrochloride
(Imalgéne, Merial SA, Lyon, France). Oviductal embryo transfer was performed using
the laparoscopic technique described by Besenfelder and Brem [31]. The number of
embryos transferred per recipient does was from 10 to 13. At the end of the transfer,
rabbit does were intramuscular injected with 0.5 mL/doe of enrofloxacin (Baytril 5%,
Bayer, Barcelona, Spain) brought back to the flat deck cages, and fed a standard pellet

diet ad libitum, having free access to water.

2.4.2.2. In vivo embryo development and viability rate at birth

Eleven days after owvulation induction, recipient does were laparoscopized and
implanted embryos per female were recorded [32]. Animals were anesthetized as
described above. Implantation rate was calculated as the successful implantation of the
total transferred embryos per each recipient. Survival rate at birth was calculated as the
proportion of pups born respect to the embryos transferred per each recipient. At birth,

litter size and individual pup weight were recorded.

10
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2.5. Statistical analysis

Embryo donor rate, ovulation rate, number of recovered embryos, recovery and normal
embryo development rate were analyzed by ANOVA using a general linear model
(GLM) procedure, included the ovarian stimulation treatment as a fixed effect. Also,
data of relative mRNA abundance were analyzed by ANOVA using a GLM including as
fixed effect the ovarian stimulation treatment group. NANOG data were normalized by

an Arctangent transformation for its subsequent analysis.

For blastocyst rate, hatched rate, implantation rate and survival rate at birth, a probit
link with binomial error distribution was used, including as fixed effect the treatment.
Finally, pups weight at birth was analyzed by ANOVA using a GLM including as fixed
effect the ovarian stimulation treatment and the covariate litter size at birth. All
statistical analyses were performed with SPSS software (SPSS 16.0 software package;
SPSS Inc., 2002, Chicago, IL, USA). Results were reported as least-square means
(LSM) with standard error of the mean. LSM were separated using Fisher’s protected

least significant difference test, with treatment effect declared significant at P < 0.05.

3.- Results

3.1. Evaluation of ovarian stimulation treatment on the ovarian response and recovery

rates

The ovarian stimulation treatment did not significantly affect ovulation induction, donor
does or recovery rates (Table 2). All groups subjected to ovarian stimulation treatments
showed a significant increase in ovulation rate related to control group (Table 2). There
was not statistical difference among the ovarian stimulation groups with respect to the

ovulation and recovery rate and 19 ovarian stimulated does (23.7%), failed to produce
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embryos. However, fertilization rate of CTP+LH and FSH groups was lower than
control group (Table 2). Regardless of the ovarian stimulation treatment, all groups
presented a more than threefold increase in transferable embryos per donor over control

group (Table 2).

3.2. Experiment 1: Effects of superstimulation treatment on in vitro development and

MRNA expression at blastocyst stage

In vitro development was significantly affected by superstimulation treatment (Table 3).
Both CTP and FSH resulted in similar rates to blastocyst to those of the control group
(Table 3). However, embryos from ovarian stimulated does with CTP showed higher

hatched rates compared with the other experimental groups (Table 3).

The pattern of mMRNA expression of OCT4, SOX2 and NANOG was not significantly

affected by superstimulation treatment (Figure 2).

3.3. Experiment 2: Effects of superstimulation treatment on implantation rate and

survival rate at birth

The implantation rate and offspring rate at birth were significantly affected by
superstimulation treatment. Embryos from ovarian stimulated does with CTP+LH
showed similar implantation rates and viability rates at birth to those in control
embryos, with both groups presenting higher results than the other experimental groups

(Table 3).

The weight at birth was not significantly affected by the ovarian stimulation treatment
(59.7+1.9, 52.4+2.0, 54.2+2.3, 55.1+2.6 and 53.8t1.7 g for CTP, CTP+LH, FSH,

FSH+LH and Control; respectively).
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4.- Discussion

The domestication and breeding experiments led to the establishment of animals with
new characteristics which do not depend on competition for survival and are less
influenced by environmental factors. This study focused on both the improvement of
stimulation treatment and the evaluation of embryonic viability. In the present work, the
results indicate that superovulation treatment with the long acting FSH alone or in
combination with 10% LH induces a superovulatory response similar to that found
when daily FSH is administered. Rabbit does were effectively stimulated to produce
more than a fourfold increase in ovulation rate over control animals with all the
treatments used. The ovulation rate and number of embryos recovered by donor are
similar to or greater than those in the other works previously published. In rabbit, the
superovulatory response with FSH treatments seems to be better than that obtained with
eCG treatments (ovulation rates from 19 to 56 vs 16 to 40, and normal embryos from 12
to 34 vs 11 to 24, respectively) [6,8-10,28,29,33]. In general, a common method for
induction of superovulation is treatment with a combination of LH and FSH in an
attempt to mimic folliculogenesis. Although low dose LH optimizes folliculogenesis
through the LH receptor expressed in granulosa cells in larger antral follicles, the
addition of high-dose seems to be detrimental for follicular growth [34]. Some authors
have shown beneficial effects of LH on ovarian response, oocyte maturation and
oocyte/embryo quality [26,28,35]. However, nowadays the use of LH in superovulation
treatments is not yet fully understood. In the present study, we evaluated two types of
recombinant human FSH alone or supplemented with LH. In contrast to previous
studies where the FSH supplementation with LH was studied [28], in the current work

the difference in ovarian response observed between treatments with FSH with or
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without LH was not significant, although the LH supplemented groups showed higher
numbers of ovulated follicles per doe. Previous works with recombinant gonadotropins
suggested that the LH window in rabbits seemed to be FSH dose dependent, and the
higher the concentration of FSH used, the more the LH window shifts to higher
concentrations [28,29]. It is necessary to highlight that ovarian stimulation treatments
can also trigger anovulatory processes in some donors, as well as donor ovulation
without normal embryos in other cases. In our study, 19 ovarian stimulated does
(23.7%), failed to produce embryos, the results being similar to those observed by
Mehaisen et al. [9] with eCG and ovine FSH; Salvetti et al. [10] with purified porcine
FSH alone or with LH, and higher than Viudes-de-Castro et al. [29] with recombinant
human FSH alone or in combination with LH. The lack of ovulation also appears in
spontaneous ovulation species treated with gonadotropins [36]. These findings support
that the use of exogenous gonadotropins in superovulation could alter the endogenous
LH release due to an increase of estradiol and progesterone plasmatic concentration [37-
40] and interfere in positive feedback of the estradiol on the LH secretion, blocking the
ovulation process. In addition, Holmes et al. [41] reported that high exogenous
progesterone values markedly reduced the number of ovaries with ovulated follicles
after LH stimulation in rabbits. Similarly, Salvetti et al. [10] observed that the mean of
preovulatory follicles in non-ovulated rabbit does was higher than in ovulated does
(16.4 and 10.2, respectively), suggesting that the follicle development was carried out

by the exogenous gonadotropins but the ovulation mechanism was suppressed.

When ovarian stimulation treatments are applied, both in vitro and in vivo viability of
embryos could be compromised. Exogenous gonadotropins can induce changes in
oocyte maturation and metabolism [42] and negative adjustments to fertilization

environments and early embryo development, the latter as a consequence of
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steroidogenic alterations from anaovulatory and hemorrhagic follicles usually associated
with these treatments [8,10,43,44]. Some authors have shown beneficial effects of LH
on ovarian response, oocyte maturation and oocyte/embryo quality in women [26,] and
rabbits [28], althought the use of LH in combination with FSH in ovarian
superstimulation remains controversial. Quality evaluation of oocytes or embryos in
vitro is usually performed by morphologic criteria at the time of recovery, evaluating its
rate of development and/or the expression levels of some genes. The factor octamer-
binding 4 (OCT4), NANOG homeobox (NANOG) and Sex determining region Y-box 2
(SOX2) are three core pluripotency factors with essential roles in early development and
are considered to be key regulators of the pluripotency maintenance system [45], and
changes in their expression might trigger failures in the development and implantation
of the embryos and, consequently, in pregnancy loss. In the present work, in vitro
development is accompanied by a similar gene expression profile among the
experimental groups, with results similar to nontreated females. These results might
suggest no modifications of development patterns or disturbances in the necessary
synchrony between uterine environment and embryos. These results corroborate the
findings of previous works [28] with recombinant FSH, where no changes in the
expression patterns of these genes or in development rates were found in blastocysts
derived from 8-16 cell cultured embryos. In cows, porcine FSH has been reported to
induce changes in the mRNA profile of genes related to embryo development between
in vivo superovulated embryos and control embryos, but no differences compared to in
vitro produced embryos were shown [46]. Furthermore, Chu et al. [47] using ovine FSH
observed that although the number of genes influenced seemed low, the mRNA
expression profile of potential factors of developmental competence in the bovine

oocyte was affected by follicular stimulation.
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On the other hand, the in vivo results showed that implantation and survival rate at birth
were affected by ovarian stimulation treatment. We found that only the CTP with LH
supplementation group reached the implantation rate of the control group and similar
survival rates, suggesting a higher embryo competence to implant than the other
superstimulated groups. The LH supplementation of CTP seems to better mimic the
events occurring in non-stimulated does. Superovulation treatments with FSH or CTP
alone did not affect in vitro embryos development, while absence of LH compromised
the in vivo viability, showing lower implantation and survival rate, in agreement with
the meta-analysis over a population of 6443 women performed by Lehert et al [48], who
found an increase in pregnancy rate with LH supplementation versus FSH alone. These
findings support the results observed in rabbit when FSH preparations from pituitary or
chorionic origin were used. Mehaisen et al. [9] reported that embryos from eCG and
ovine FSH showed similar in vivo survival rates than non-superovulated embryos (44 to
49%), and Salvetti et al.[10] did not observe differences in birth rate among embryos
from porcine FSH with or without LH and non-superovulated groups (49.0, 43.9 and

52.3%, respectively).

The results of the present study suggest that the use of 3 pg/doe CTP in a single
injection is enough to superovulate rabbit does without compromising the quantity and
quality of embryos. At the same time, the implantation and survival of embryos at birth
for CTP supplemented with 10% of LH was similar to that found in control embryos.
Therefore, these results offer the possibility of developing new ovarian stimulation
strategies associating the long-acting CTP regimen with hCG or a recombinant long-
acting LH, reducing the level of distress for the animal and making its application more

practical and efficient.

16



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

Acknowledgements

This research was supported by the projects: Spanish Research project AGL2014-
53405-C2-1-P Comision Interministerial de Ciencia y Tecnologia (CICYT) and
Generalitat Valenciana research program (Prometeo Il 2014/036). English text version

revised by N. Macowan English Language Service.

References

[1] Driancourt MA. 2001. Regulation of ovarian follicular dynamics in farm animals.

Implications for manipulation of reproduction. Theriogenology 2001;55(6):1211-1239.

[2] Hunter MG, Robinson RS, Mann GE, Webb R. 2004.Endocrine and paracrine
control of follicular development and ovulation rate in farm species. Anim Reprod Sci

2004,82-83:461-477.

[3] Palmer SS, McKenna S, Arkinstall S. 2005. Discovery of new molecules for future

treatment of infertility. Reprod Biomed Online 2005;10( 3):45-54.

[4] Bonnet A, Dalbiés-Tran R, Sirard MA. Opportunities and challenges in applying
genomics to the study of oogenesis and folliculogenesis in farm animals. Reproduction

2008;135:119-128.

[5] Kanayama K, Sankai T, Nariai K, Endo T, Sakuma Y. Simplification of
superovulation induction by using polyvinylpyrrolidone as a solvent for FSH in rabbits.

J Vet Med Sci. 1994;56(3):599-600.

[6] Kauffman RD, Schmidt PM, Rall WF, Hoeg. JM. Superovulation of rabbits with
FSH alters in vivo development of vitrified morulae. Theriogenology 1998,50:1081-

1092.

17



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

[7] Hashimoto S, Kuramochi T, Aoyagi K, Takahashi R, Ueda M, Hirao M, Kamei M,
Kitada K, Hirasawa K. Refined Porcine Follicle Stimulating Hormone Promotes the
Responsiveness of Rabbits to Multiple-Ovulation Treatment. Exp Anim

2004:53(4):395-397.

[8] Mehaisen GMK, Vicente JS, Lavara R, Viudes de Castro MP. Effect of eCG dose
and ovulation induction treatments on embryorecovery and in vitro development post-

vitrification in two selected lines of rabbit does. Anim Reprod Sci 2005;90:148-75.

[9] Mehaisen GMK, Viudes de Castro MP, Vicente JS, Lavara R. In vitro and in vivo
viability of vitrified and non-vitrified embryos derived from eCG and FSH treatment in

rabbit does. Theriogenology 2006;65:1279-91.

[10] Salvetti P, Theau-Clément M, Beckers JF, Hurtaud J, Guérin P, Neto V, Falieres J,
Joly T. Effect of the luteinizing hormone on embryo production in superovulated rabbit

does. Theriogenology 2007;67:1185-93.

[11] Taneja M, Pareek PK, Jatkar PR. Superovulation and embryo recovery in rabbits
(Oryctolagus cuniculus) using different doses of pregnant mare serum gonadotrophin

(PMSG). Indian J Exp Biol. 1990;28(11):1031-33.

[12] Hesser M, Morris J, Gibbons J. Advances in Recombinant Gonadotropin

Production for Use in Bovine Superovulation. Reprod Dom Anim 2011;46(5):933-42.

[13] Carvalho PD, Hackbart KS, Bender RW, Baez GM, Dresch AR, Guenther JN,
Souza AH, Fricke PM. Use of a single injection of long-acting recombinant bovine FSH
to superovulate Holstein heifers: A preliminary study. Theriogenology 2014;82(3):481-

89.

18



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

[14] Fares FA, Suganuma N, Nishimori K, LaPolt PS, Hsueh AJ, Boime I. Design of a
long-acting follitropin agonist by fusing the C-terminal sequence of the chorionic
gonadotropin beta subunit to the follitropin beta subunit. Proc. Natl. Acad. Sci.

1992;89:4304-08.

[15] Fauser, BCJM , Mannaerts BMJL, Devroey P, Leader A, Boime I, Baird DT. 2009.
Advances in recombinant DNA technology: Corifollitropin alfa, a hybrid molecule with
sustained follicle-stimulating activity and reduced injection frequency. Hum Reprod

Update 2009;15(3):309-21.

[16] Duijkers, 1JM, Klipping C, Boerrigter PJ, Machielsen CSM, de Bie JJ, Voortman G.
Single dose pharmacokinetics and effects on follicular growth and serum hormones of a
long-acting recombinant FSH preparation (FSH-CTP) in healthy pituitary-suppressed

females. Hum Reprod 2002;17(8):1987-93.

[17] Devroey P, Fauser BC, Platteau P, Beckers NG, Dhont M, Mannaerts BM.
Induction of multiple follicular development by a single dose of long-acting
recombinant follicle-Stimulating hormone (FSH-CTP, corifollitropin alfa) for controlled
ovarian stimulation before in vitro fertilization. J Clin Endocrinol Metab. 2004;89:2062-

70.

[18] Balen AH, Mulders AG, Fauser BC, Schoot BC, Renier MA, Devroey P, Struijs MJ,
Mannaerts BM. Pharmacodynamics of a Single Low Dose of Long-Acting Recombinant
Follicle-Stimulating Hormone (FSH-Carboxy Terminal Peptide, Corifollitropin Alfa) in
Women with World Health Organization Group Il Anovulatory Infertility. J Clin

Endocrinol Metab 2004;89(12):6297-6304.

[19] Devroey P, Boostanfar R, Koper NP, Mannaerts BM, ljzerman-Boon PC, Fauser

BC. A double-blind, non-inferiority RCT comparing corifollitropin alfa and

19



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

recombinant FSH during the first seven days of ovarian stimulation using a GnRH

antagonist protocol. Hum Reprod. 2009;24(12):3063-72.

[20] Leader A, Devroey P, Witjes H, Gordon K. Corifollitropin alfa or rFSH treatment
flexibility options for controlled ovarian stimulation: a post hocanalysis of the Engage

trial. Reprod Biol Endocrinol 2013;11:52.

[21] Boostanfar R, Shapiro B, Levy M, Rosenwaks Z, Witjes H, Stegmann BJ, Elbers J,
Gordon K, Mannaerts B. Large, comparative, randomized double-blind trial confirming
noninferiority of pregnancy rates for corifollitropin alfa compared with recombinant
follicle-stimulating hormone in a gonadotropin-releasing hormone antagonist controlled
ovarian stimulation protocol in older patients undergoing in vitro fertilization. Fertility

and Sterility 2015;104(1):94-103.

[22] Lévy, D.P., Navarro JM, Schattman GL, Davis OK, Rosenwaks Z. The role of LH
in ovarian stimulation: exogenous LH: let’s design the future. Hum Reprod

2000,15(11):2258-65.

[23] Chappel SC, Howles C. Reevaluation of the roles of luteinizing hormone and

follicle-stimulating hormone in the ovulatory process. Hum Reprod 1991;6(9):1206-12.

[24] Wallach EE, Shoham Z, Schachter M, Loumaye E, Weissman A, MacNamee M,
Insler V. The luteinizing hormone surge--the final stage in ovulation induction: modern

aspects of ovulation triggering. Fertil Steril 1995;64(2):237-51.

[25] Sen A, Caiazza F. Oocyte Maturation: A story of arrest and release. Front Biosci

2013;5:451-77.

[26] Ruvolo G, Bosco L, Pane A, Morici G, Cittadini E, Roccheri MC. Lower apoptosis

rate in human cumulus cells after administration of recombinant luteinizing hormone to

20



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

women undergoing ovarian stimulation for in vitro fertilization procedures. Fertil Steril

2007;87(3):542-46.

[27] Durnerin CI, Erb K, Fleming R, Hillier H, Hillier SG, Howles CM, Hugues JN,
Lass A, Lyall H, Rasmussen P, Thong J, Traynor I, Westergaard L, Yates R. Effects of
recombinant LH treatment on folliculogenesis and responsiveness to FSH stimulation.

Hum Reprod 2008;23(2):421-26.

[28] Viudes de Castro MP, Pomares A, Saenz de Juano i Ribes MD, Marco-Jiménez F,
Vicente JS. Effect of luteinizing hormone on rabbit ovarian superstimulation and

embryo developmental potential. Theriogenology 2015;84(3):446-51.

[29] Viudes de Castro MP, Cortell C, Mocé E, Marco-Jiménez F, Joly T, Vicente JS.
Effect of recombinant gonadotropins on embryo quality in superovulated rabbit does

and immune response after repeated treatments. Theriogenology 2009;72(5):655-62.

[30] Estany J, Camacho J, Baselga M, Blasco A. Selection response of growth rate in

rabbits for meat production. Genet Sel Evol 1992;24:527-37 .

[31] Besenfelder U, Brem G. Laparoscopic embryo transfer in rabbits. J Reprod Fertil

1993;99:53-56.

[32] Santacreu MA, Viudes de Castro MP, Blasco A. Evaluation par coelioscopie des
corps jaunes et des embryons. Influence sur la taille de la portée chez la lapine. Reprod

Nutr Dev 1990;30: 583-588.

[33] Cheng H, Dooley MP, Hopkins SM, Anderson LL, Yibchok-anun S, Hsu WH.
Development of rabbit embryos during a 96-h period of in vitro culture after
Superovulatory treatment under conditions of elevated ambient temperature. Anim

Reprod Sci 1999;56(3-4):279-90.

21



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

ol7

518

519

520

521

522

[34] Hillier SG. Current concepts of the roles of follicle stimulating hormone and

luteinizing hormone in folliculogenesis. Hum Reprod. 1994; 9(2):188-91.

[35] Sirard MA, Richard F, Blondin P, Robert C. Contribution of the oocyte to embryo

quality. Theriogenology 2006;65(1):126-36.

[36] Herrler A, Elsaesser F, Parvizi N, Niemann H. Superovulation of dairy cows with
purified FSH supplemented with defined amounts of LH. Theriogenology

1991;35(3):633-43.

[37] Laborde NP, Wolfsen AR, Odell WD. Short Loop Feedback System for the Control

of Follicle-Stimulating Hormone in the Rabbit. Endocrinology 1981;108(1):72-75.

[38] Callesen, H.; Greve, T.; Hyttel, P. Preovulatory endocrinology and oocyte

maturation in superovulated cattle. Theriogenology 1986;25(1):71-83.

[39] Ben Jebara MK, Carriere PD, Price CA. Decreased pulsatile LH secretion in heifers

superovulated with eCG or FSH. Theriogenology 1994;42(4):685-94.

[40] Gosselin N, Price CA, Roy R, Carriere PD. Decreased LH pulsatility during
initiation of gonadotropin superovulation treatment in the cow: Evidence for negative
feedback other than estradiol and progesterone. Theriogenology 2000, 54(4), pp.507-

521.

[41] Holmes PV, Sogn J, Schillinger E, Janson PO. Effects of high and low preovulatory
concentrations of progesterone on ovulation from the isolated perfused rabbit ovary. J

Reprod Fertil 1985;75(2):393-99.

[42] Ramalho-Santos J, Varum S, Amaral S, Mota PC, Sousa AP, Amaral A.
Mitochondrial functionality in reproduction: from gonads and gametes to embryos and

embryonic stem cells. Hum Reprod Update 2009;15(5):553-572.

22



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

[43] Guthrie HD, Pursel VG, Wall RJ. Porcine follicle-stimulating hormone treatment
of gilts during an altrenogest-synchronized follicular phase: Effects on follicle growth,

hormone secretion, ovulation, and fertilization. J Anim Sci 1997;75(12):3246-54.

[44] Cocero, M.J. Alabart JL, Hammami S, Marti JI, Lahoz B, Sanchez P, Echegoyen E,
Beckers JF, Folch J. The efficiency of in vitro ovine embryo production using an
undefined or a defined maturation medium is determined by the source of the oocyte.

Reprod Dom Anim 2011, 46(3):463-70.

[45] Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP, Guenther MG,
Kumar RM, Murray HL, Jenner RG, et al. Core transcriptional regulatory circuitry in

human embryonic stem cells. Cell. 2005;122:947-56.

[46] Mundim TCD, Ramos AF, Sartori R, Dode MAN, Melo EO, Gomes LFS, Rumpf
R, Franco MM. Changes in gene expression profiles of bovine embryos produced in
vitro, by natural ovulation, or hormonal superstimulation. Genetics and Molecular

Research 2009;8(4):1398-1407.

[47] Chu, T., Dufort, 1. & Sirard, M.A., 2012. Effect of ovarian stimulation on oocyte

gene expression in cattle. Theriogenology 2012;77(9):1928-38.

[48] Lehert P, Kolibianakis EM, Venetis CA, Schertz J, Saunders H, Arriagada P, Copt
S, Tarlatzis B. Recombinant human follicle-stimulating hormone (r-hFSH) plus
recombinant luteinizing hormone versus r-hFSH alone for ovarian stimulation during
assisted reproductive technology: systematic review and meta-analysis.. 2014 Reprod

Biol Endocrinol 2014;12:17.

23



544 Tablel. List of primers used for quantitative real-time polymerase chain reaction.

Gene symbol  Forward primer Reverse primer Fragment (bp)
OCT4 CGAGTGAGAGGCAACTTGG CGGTTACAGAACCACACACG 125
NANOG CCAGGTGCCTCTTACAGACA TCACTACTCTGGGACTGGGA 104
SOX4 AGCATGATGCAGGAGCAG GGAGTGGGAGGAAGAGGT 270
HOAFZ AGAGCCGGCTGCCAGTTCC  CAGTCGCGCCCACACGTCC 85
GAPDH GCCGCTTCTTCTCGTGCAG ATGGATCATTGATGGCGACAACAT 144

545  Abbreviations: OCT4: transcription factor octamer-binding 4; NANOG: NANOG homeobox; SOX2: sex-determining

546  region Y-box 2; H2AFZ: H2A histone family member Z; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Table 2. Effect of ovarian stimulation treatments on recovery variables (least square mean + standard error).

Normal embryo

Ovulation Donor does ~ Ovulation Recovery development  Transferable

Groups N induction rate rate rate rate (%) rate(%) embryos/Doe
CTP 20 0.80 +0.09 0.75+0.10 529+46* 81.0%6.0 91.3+5.8% 3791472
CTP+LH 20 0.90 + 0.07 0.85+0.08 59.8+4.4* 821+57 84.5+ 5.5 37.2+45%
FSH 20 0.85+0.08 0.70£0.10 47.8+45* 71.3+538 77.8+5.8P 27.7+£4.6%
FSH+LH 20 0.85+0.08 0.75+£0.10 55.7+45* 646+5.8 93.0 + 6.0% 35.7+4.6%
Control 26 1.00 £ 0.00 0.96+0.38 124+36° 80.1+47 99.7 + 4.6° 9.6 +3.7°

CTP: Corifollitropin o ; CTP+LH: Corifollitropin alfa with a 10% of recombinant human LH; FSH: recombinant
human FSH; FSH+LH: recombinant human FSH plus recombinant human LH; Control group: saline solution; N:
number of does; Ovulation induction rate: proportion of treated does with corpora lutea; Donor does rate: proportion
of donor females with at least one normal embryo; Ovulation rate: number of corpora lutea; Recovery rate: (number
of embryos + oocytes recovered/corpora lutea) x 100; Normal embryo development rate: (number of normal
embryos/ number of embryos + oocytes recovered) x 100; **Values in the same column with different superscripts
are statistically different (P<0.05).
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Table 3: Effect of ovarian stimulation treatments on in vitro and in vivo development (least square mean + standard

error).
In vitro In vivo
Groups N  Blastocyst rate Hatched rate TE (RD) Implantation rate  Survival rate at birth

CTP 102 0.98 £ 0.01? 0.75 + 0.04° 70 (6) 0.63 + 0.06° 0.53 + 0.06%°
CTP+LH 89  0.90+0.03° 0.58 + 0.05* 77 (6) 0.86 + 0.04° 0.66 + 0.05%
FSH 107 0.99 £ 0.09? 0.62 £ 0.05¢ 60 (5) 0.60 £ 0.06* 0.43 £ 0.06°
FSH+LH 130  0.89 +0.03° 0.51 + 0.04%¢ 60 (5) 0.63 + 0.06% 0.45 + 0.06°
Control 102 0.98 £ 0.01° 0.47 +0.05° 57 (5) 0.81 +0.05° 0.75 £ 0.06*

CTP: Corifollitropin o ; CTP+LH: Corifollitropin alfa plus recombinant human LH; FSH: recombinant human FSH;
FSH+LH: recombinant human FSH plus recombinant human LH; Control group: saline solution; N: number of
cultured embryos; TE: number of transferred embryos; RD: number of recipient does; Implantation rate: implanted
embryos/total transferred embryos. Survival rate at birth: proportion of pups born respect to the transferred embryos;
abc\alues in the same column with different superscripts are statistically different (P<0.05).
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562  Figure 1. Experimental design.

0Oh 12h 24h 36h 48h 60h | 70-72h post Al )
Artificial Embryeo
Groups oamtY oamlUozmt U oamiUozmil) Insemination callection
Control Saline Saline Saline Saline  Saline T
CTP+LH CTP+LH  LH LH LH LH E i
¢ !
FSH+LH FSH+LH FSH+LH FSH+LH FSH+LH FSH+LH f |
FSH FSH FSH FSH FSH FSH U
1st day l 2nd day [ 3rd day 4th day 5th day 6th day [ 7th day | mRNA
0.2mL E
Culture
CTP
cTP
48h
N vy
~
_—m
Hormone administration

d — = =

- /S

563

27



564  Figure 2. Analysis of mRNA transcription levels (mean+SEM) for OCT4, SOX2 and
565 NANOG in blastocysts/hatched blastocysts after in vitro culture for 48 hours. Values

566  from real-time PCR were normalized to geometric average of H2ZAFZ and GAPDH.
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