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Hormonal ovarian superstimulation has contributed to small ruminant reproduction
around the world, impacting genetic improvement and zoosanitary programs, contributing
to the conservation of endangered species, and supporting other related biotechnologies.
Advanced knowledge surrounding the superovulatory treatments in sheep has resulted in
enhanced control of influencing factors and improved the protocols currently used.
However, in spite of minimization of some adverse factors, superovulatory responses in
ewes still remain variable, preventing the more widespread use of superovulation in
commercial embryo transfer programs and reproductive research in this species. Recent
evidence demonstrates that changes in antral follicular populations and blood supply, and
circulating concentrations of certain reproductive hormones determined at the specific
time points just before or during the superovulatory treatment are associated with su-
perovulation success in ewes. This review attempts to compile the data from available
literature to identify ovarian and hormonal determinants of the superovulatory outcome in
ewes, which can be used to substantially improve the existing protocols and to reduce the
extra cost and unnecessary stress imposed on poorly responding animals. An overview of
most commonly used and some recently developed, FSH-based ovarian stimulation pro-
tocols is given at the outset to highlight variation in the frequency and timing of gonad-
otropin injections, estrus synchronization methods, and follicular wave synchronization
and/or ovulation induction techniques during the superovulatory treatments in ewes.

� 2016 Elsevier Inc. All rights reserved.
1. General introduction and overview of
superovulatory protocols

Assisted reproductive technologies (ARTs) are widely
used in agricultural industry to improve livestock genetics
0; fax: 519-767-1450.
ewski).

. All rights reserved.
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and boost reproductive efficiency of individual animals
[1–4]. Nearly all technologies related to embryo production
and manipulation in domestic ruminants have been
developed in sheep and subsequently transferred to other
livestock species [5,6]. In sheep, hormonal ovarian stimu-
lation is mainly used in multiple ovulation and embryo
transfer (MOET) programs [7]. However, considerable var-
iations in superovulatory responses continue to limit the
application of superovulation, especially in commercial
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settings [8,9]. The outcomes of superovulatory treatments
are highly variable as ovarian responses (Fig. 1) and embryo
yields are dependent on several intrinsic and extrinsic
factors including, but not limited to, the breed, age, flock
management, gonadotropin preparations and doses used,
type of insemination, and the interval between successive
treatments [10–12]. The superovulatory outcomes are
strongly influenced by the reproductive status and history
of ewes as well as season and photoperiod/melatonin
secretion [13–18]. All these factors can affect embryo yields
and quality in breeds maintained in temperate climates;
under tropical and subtropical conditions, sheep undergo-
ing ovarian stimulation are somewhat less sensitive to
photoperiodic changes [4]. Although the relationship has
yet to be fully corroborated, insufficient nutrition may also
impinge on embryo output by compromising follicle/
oocyte competence [19], luteal function [20], and/or early
embryonic development [21–23].

Despite an increased control of extrinsic factors influ-
encing the superovulatory outcome, ovarian responses in
hormonally superstimulated sheep remain variable, sug-
gesting that the primary causes of this variability are
relatedmainly to intrinsic factors. One of the main inherent
factors linked to variability in superovulatory yields is ge-
notype. Prolific breeds generally show enhanced super-
ovulatory responses, with greater numbers of transferable
embryos than less prolific genotypes [24,25]. Sheep with a
heterozygous inactivating mutation in the bone
Fig. 1. Pictures of ovaries in superovulated ewes of the Olkuska breed (highly prolifi
Rideau Arcott sheep (moderately prolific strain) at the time of laparotomy after th
corpora lutea (white arrows) in prolific Olkuska ewes due to ovulation of smaller a
poorly responding individuals, whereas (B and D) in well-responding ewes. The ew
the 4-day ovine FSH regimen with declining gonadotropin doses (Olkuska breed)
recovery, unovulated cystic-like follicles could be observed (white arrowheads),
genotypes.
morphogenetic protein 15 (BMP15) gene exhibit signifi-
cantly greater ovulation rates during either a natural
estrous cycle or after the superovulatory treatment [24].
The BMP15 protein is amember of the transforming growth
factor b superfamily. It is a paracrine signaling molecule
involved in oocyte maturation and follicular development
[25]. In more than 75% of ewes actively immunized with a
BMP15-keyhole limpet hemocyanin peptide in an oil-based
adjuvant, given to completely neutralize BMP15 bioactivity,
there was no superovulatory response to exogenous
gonadotropins [26]. Premature luteinization of antral fol-
licles during the hormonal ovarian superstimulation
appeared to be the main reason for this suppression [26].
Moreover, prolific strains of sheep are more likely to be
affected by a possible ovulatory threshold, which has been
proposed to influence fertilization rates in superovulated
sheep; a study conducted in Lacaune ewes reported a sig-
nificant decrease in fertilization and transferable embryo
rates in animals with more than 30 ovulations [10].

In addition to genetics, the age of animals also affects
the superovulatory outcome in sheep [27], with the
maximal embryo outputs typically occurring at or around
6 years of age [28,29]. Owing to the diminished follicular
sensitivity to gonadotropins, induction of multiple ovula-
tions in prepubertal females is significantly less successful
compared with that in sexually mature donor ewes [30].
However, the genetic predisposition and age are not the
only intrinsic factors that can modify the superovulatory
c genotype) obtained just before laparoscopic embryo flush (A and B) and in
e superovulatory treatment (C and D). Please note a relatively small size of
ntral follicles compared with Rideau Arcott sheep. A and C depict ovaries in
es were age and weight matched, and multiparous animals superovulated in
or the 3-day porcine FSH protocol (Rideau Arcott). At the time of embryo
some of them partially luteinized (black arrowhead), in animals of both
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response. A number of hormonal influences and ovarian
status may both alter the ovarian sensitivity to gonado-
tropic signals, ovulatory responses, and the quality and
numbers of released oocytes and resultant embryos.
Reduced fertilization rates after superovulationmay also be
caused by sperm transport disturbances after natural
mating of donor animals [31]. After copulation in cows,
spermatozoa locate at the uterotubal junctions and the
initial portion of the isthmus establishing a sperm reservoir
[31]. In superovulated animals, however, the sperm reser-
voirs appear to be unilateral or absent, indicating profound
abnormalities in the uterine and/or oviductal sperm
transport [31]. Laparoscopic intrauterine insemination has
been shown to improve fertilization rates in superovulated
ewes [3]. Large-scale MOET programs have achieved
fertilization rates of 91.9% and 86.4% with fresh and frozen
semen, respectively, deposited using laparoscopic tech-
nique [32].

Current superovulatory protocols used in small rumi-
nants (Figs. 2–6; [7,9,33–38]) usually entail treatments
with progesterone or synthetic progestin to synchronize
estrus and ovulations after the superovulatory regimen,
combined with an application of exogenous homospecific
or heterospecific gonadotropins to induce synchronous
growth of multiple antral follicles (started 2–3 days before
the end of progestagen priming), artificial insemination
and/or (hand)mating, and subsequent surgical embryo
collection from the reproductive tract of donor animals.
Both the short- (5–7 days) and long-term (12–14 days)
progesterone treatments can effectively be used during the
superovulatory protocols [37]. It is feasible to produce
multiple embryos using the gonadotropin stimulation
initiated during the normal luteal phase of the estrous
Fig. 2. Simplified superovulatory protocols using ovine FSH originally tested in Co
that were left in place for 14 days. 2Subsequently, ewes were treated with 176 NI
injection in saline 48 hours before sponge withdrawal 3as a single i.m. injection of
equal doses (i.m., dissolved in saline) administered every 12 hours from 24 hours be
estrus detection. 6Embryos were recovered on Day 6 after estrus.
cycle, without the concurrent administration of progestin-
releasing vaginal pessaries; in this approach, gonadotropin
administration usually commences shortly after ovulation
(approximately 3–4 days after the onset estrus) and a
luteolytic dose of a prostaglandin analogue is given just
before the end of the 3- to 4-day superovulatory treatment
[32,39]. Laparoscopic embryo recovery is possible, but
significantly more cumbersome and hence less practical
than laparotomies [35]. Transcervical embryo flushing in
ewes is still at the experimental stage [35].

The first widely used gonadotropin preparation for su-
perovulation in domestic ruminants was pregnant mare
serum gonadotropin (now called eCG [1]). This hormone
has a long half-life of approximately 72 hours in vivo and
therefore is given as a single intramuscular injection 2 to
3 days before progestagen removal [1]. Its prolonged action
is frequently associatedwith overstimulation of the ovaries,
which increases the incidence of unovulated antral follicles
(follicular cysts) and estradiol overproduction [40].
Elevated estrogen concentrations are believed to alter
gamete and early embryo transport through the genital
tract, and thereby decrease the embryo recovery rate
[40,41].

FSH is currently a primary choice for hormonal ovarian
superstimulation. FSH given at frequent, supraphysiological
doses interacts with the somatic and germinal compart-
ments in the ovary to induce and extend the period of
growth and to prevent early atresia of multiple antral fol-
licles [5]. Total exogenous FSH doses of 176 to 256 mg have
been used for superovulation in sheep [33–37]. Peaks of
circulating concentrations of porcine FSH (pFSH) during the
3-day superovulatory regimen in ewes reached 4 to 6 ng/
mL, which is 2 to 3 times higher than mean systemic levels
rriedale ewes [33]. 1Ewes received intravaginal progestagen-soaked sponges
H-FSH-S1 units of oFSH þ500 IU eCG given as a single intramuscular (i.m.)
oFSH in a polyvinylpyrrolidone 24 hours before sponge removal 4or as four
fore to 12 hours after sponge removal. 5Animals were bred naturally after the



Fig. 3. A schematic of the superovulatory protocol including a suppression and resynchronization of follicle wave emergence with a medroxyprogesterone
acetate (MAP)/estradiol 17b (E2-17b) pretreatment of anestrous ewes [9,34]. 1350 mg of E2-17b in 1 mL of sesame oil i.m.; 2,3(1 � 2.5 mL of Folltropin-V [porcine
FSH] þ 500 IU eCG) þ 5 � 1.25 mL of Folltropin-V intramuscularly (i.m.); 4Cystorelin (50 mg i.m.); 5a luteolytic dose of a PgF2a analogue (Lutalyse, 10 mg i.m.) given
only to animals in which the difference between the number of corpora lutea and collected embryos exceeded three (in two of four ewes not receiving Lutalyse,
healthy twins were born approximately 5 months later, unpublished observation).
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of endogenous FSH observed during that period [34].
Pharmacologic doses of FSH are superior to eCG in terms of
ovulation and fertilization rates as well as the number and
quality of transferable embryos produced [1]. Commer-
cially available ovine FSH (oFSH) or pFSH extracts have a
relatively short half-life and are, therefore, administered as
six or eight injections at w12-h intervals, beginning 2 to
3 days before progestagen removal [1]. Decreasing doses of
FSH are frequently used as they more closely mimic the
Fig. 4. Schematic representation of the “Day 0 superovulatory protocol” for sheep
follicular wave emergence after ovulation. Pretreatment was performed to synchron
after vaginal progesterone device withdrawal [35]. 1�3Synchronization of ovulation
of the estrous cycle (Day 0 of the protocol). 4Six declining intramuscular (i.m.) doses
ensure a homogeneous pool of small, gonadotropin-responsive follicles, which enha
follicles. 5,6In addition, the rate of fertilization failure has been reduced by using G
endocrine changes in pituitary secretion during the follic-
ular phase of nonstimulated estrous cycles, and tend to
increase mean ovulation rates and numbers of recovered
viable embryos [42]. During the mid 1980s, pFSH prepa-
rations had a highly variable LH content, with a higher LH
concentration hindering ovarian responses, fertilization
rates, and embryo quality in ruminant species [43,44].
Since the early 2000s, purified oFSH and pFSH have been
available, although a minimal LH content in these
and goats, with the gonadotropic superstimulation initiated at the time of
ize ovulation and wave emergence; FSH administration began 72 to 84 hours
was performed to begin superstimulation at or around emergence of Wave 1
of porcine or ovine FSH were given. The primary purpose of this protocol is to
nces the superovulatory response and reduces the incidence of anovulatory
nRH in conjunction with intrauterine artificial insemination.



Fig. 5. 1Ewes were subjected to a short- (Days 0–6, 7 days) or a long-term (Days 0–12; 13 days), progesterone-based protocol (controlled internal drug release
[CIDR]) to synchronize estrus and ovulations after superovulatory regimen. 2Animals received two injections of 37.5 mg of D-cloprostenol intramuscularly (i.m.;
prostaglandin F2a analogue) on Day 0 and at CIDR removal. 3The superovulatory regimen consisted of eight i.m. injections of Folltropin-V administrated twice
daily (40, 40, 30, 30, 20, 20, 10, and 10 mg). 4A single i.m. dose of 300 IU of eCG was given at the time of CIDR withdrawal. 5Subsequently, ewes were bred by a
fertile ram(s) and embryos were recovered surgically 7 days later [37]. pFSH, porcine FSH.
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preparations remains necessary for optimal ovulatory re-
sponses [42]. Interestingly, a study of hormonal potency of
commercial pFSH preparations using both FSH immuno-
assays and bioassays revealed that various products and
batches differed in their FSH bioactivity but not the
Fig. 6. The “supplementary LH” superovulation protocol [36]. 1On Day 0, a controlle
new one 7 days later, at which time 37.5 mg of D-cloprostenol i.m. (prostaglandin F2a
total of 256 mg in declining doses) consisting of eight consecutive injections given 1
eCG and 37.5 mg of D-cloprostenol administered. 4On Day 15, or 24 hours after CID
Animal Health, Belleville, ON, Canada). 5Artificial inseminations (AIs) were perfor
assessed by laparoscopy immediately before each AI and 5 days later (Day 21). 6Em
immunoactive FSH levels [45]. This lack of correlation be-
tween bioactivity and immunoactivity of commercial FSH
products led the authors to suggest that varying FSH
bioactivity might be a cause of the variability observed
during superovulatory treatments [45]. However, in a more
d internal drug release [CIDR] device was inserted, and it was replaced with a
analogue) was administered. 2On Day 12, a superovulatory pFSH treatment (a
2 hours apart commenced. 3On Day 14, the CIDR was removed, and 200 IU of
R removal, the ewes were treated with 7.5 mg of pLH (Lutropin-V, Bioniche
med 42 and 48 hours after CIDR withdrawal. The ovarian structures were
bryos were collected surgically. pFSH, porcine FSH.
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recent ovine study [9], separate vials and batches of pFSH
preparations were pooled to prepare sufficient quantities of
the gonadotropin to treat all animals (to avoid the potential
effects of variability in drug biopotency); this did not pre-
vent significant individual variations in the ovulation rate
and embryo yields suggesting that possible differences in
FSH bioactivity of commercial products are hardly the sole
reason for unpredictable superovulatory responses in ewes.
After superovulatory FSH treatments, the preovulatory LH
surge may be synchronized by the administration of
exogenous GnRH, given 32 to 36 hours after thewithdrawal
of the progestagen/progesterone source, inducing ovula-
tions 20 to 28 hours later [7,46].

Recent investigations into ovarian and hormonal pre-
dictors of superovulatory yields in ewes offer a few
potential advantages to MOET programs. This review at-
tempts to highlight these advancements in ovine super-
ovulation and identify specific parameters that can be used
to reduce variability among superovulated ewes. Knowl-
edge surrounding the predictors and determinants of su-
perovulation in sheep will help establish the selection
criteria for suitable donors and will also serve to reduce
unnecessary economic cost and animal stress endured in
the treatment of poorly responding females undergoing
hormonal ovarian superstimulation. Better understanding
and subsequent control of these indicators may aid in the
development of an optimal superovulatory protocol(s) that
would ultimately produce consistent results in various in-
dividuals, breeds, and ruminant species.

2. Hormonal indicators and determinants of
superovulatory outcomes in ewes

Circulating hormones measured just before and during
superovulation in sheep can potentially provide an indi-
cation of the anticipated superovulatory response.
Numerous studies have examined hormone concentrations
at the outset and during the superovulatory protocol in an
attempt to identify the most responsive females. Below is a
summary of the major findings.

2.1. Inhibin A and estrogens

The success of a superovulatory program primarily
depends on the presence of a large pool of gonadotropin-
responsive ovarian antral follicles at the start of the treat-
ment. Growth of these follicles is regulated by numerous
factors [47,48]. In the follicular phase before ovulation,
healthy (nonatretic) ovarian antral follicles secrete inhibin
A, which promotes granulosa and theca cell differentiation
and steroidogenic activity [49]. In small ruminants, inhibin
A is highly associated with estrogen secretion by large
antral follicles [50]. Therefore, inhibin A and follicular
estradiol have both been proposed as potential hormonal
predictors of the superovulatory outcome in sheep and
goats [51,52]. A strong positive correlation exists between
plasma inhibin concentrations during superovulation and
the number of corpora lutea and the total number of
recovered (viable and degenerated) embryos in ewes
superovulated during the breeding season [51]. Inhibin A is
thought to play a role in oocyte development [48,52–54],
hence its secretion may be indicative of the antral follicle
population capable of releasing oocytes with high devel-
opmental competence [51]. In contrast to the positive as-
sociation between inhibin A secretion and the
superovulatory outcome in cycling sheep and goats,
Bartlewski et al. [8] and Fuerst et al. [55] reported that
elevated serum estrogen concentrations at the beginning of
superovulatory treatment were negatively correlated with
the number of transferrable quality embryos and overall
embryo viability in anestrous ewes. This may be due to
increased recruitment and ovulation of large numbers of
immature antral follicles containing nonviable oocytes [55]
or direct detrimental effects of elevated estrogen levels on
growth and maturation of follicles and/or oocytes [8,56] in
seasonally anovular ewes. Regardless of these opposing
findings in cycling and anestrous ewes, it seems that
inhibin A and follicular estrogens are good candidate in-
dicators of the superovulatory responses in ruminants.

2.2. Luteinizing hormone

Reported viable embryo production after superovula-
tion varies greatly in sheep [1,3,7,11]. The ovarian and
endocrine changes that occur after superovulatory treat-
ments potentiate a decrease in the number and quality of
retrieved embryos, which may be attributed to abnormal-
ities in follicular developmental and fertilization processes
[56–58]. Improved purification of FSH preparations has
provided an initial step in minimizing undesirable super-
ovulatory side effects by reducing LH content of both go-
nadotropins and the resulting prematurely ovulated or
anovular and/or luteinized follicles [11]. In spite of these
improvements, variability in the preovulatory mode of LH
secretion and its impact on the ovulation rate and oocyte
competence in superovulated sheep persists.

The LH surge triggers morphologic and endocrine
changes in the developing follicle and oocyte [3]. In the
24 hours after an LH discharge, the oocyte undergoes final
maturation to achieve full “fertilizability.” In superovulated
animals, greater variation in the rate of oocyte maturation
has been observed, frequently resulting in the retrieval of
unfertilized oocytes [3]. Timing of the LH surge appears to
be affected by season, with an earlier onset of the LH
discharge observed in ewes superovulated in the breeding
season as compared to those in seasonal anestrus [16].
Variation in LH timing may also be a result of supra-
physiological levels of exogenous FSH; studies in non-
superovulated sheep receiving progestagen to synchronize
estrus and ovulations showed a lower variation in the time
of onset of the preovulatory LH surge in comparison to
superovulated sheep [56–61]. It has also been suggested
that supraphysiological doses of FSH may somehow inter-
fere with the delicate LH-driven processes required for
normal oocyte maturation, specifically the preovulatory
follicular steroidogenesis, the necessary sequence of cyto-
plasmic changes and/or alterations in oocyte protein syn-
thesis [36,57]. However, optimal levels of FSH exposure
may have a positive influence on oocyte quality because
in vitro–fertilized oocytes collected from FSH-stimulated
ewes have been observed to possess a greater cleavage
rate than those from nonstimulated animals [62].
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The out-of-sync patterns of the preovulatory LH surge
have dissimilar effects on superovulatory yields. A signifi-
cant delay or truncation in the preovulatory LH surge may
negatively affect the ovulatory response by stunting the
terminal maturation of ovulatory follicles or preventing
ovulation from occurring [63,64]. A lack of LH surge syn-
chrony may then extend onto the interval between ovula-
tion and fertilization, thus influencing normal progression
of the ensuing time-sensitive embryo development stages
[61]. Surges triggered earlier and lasting longer are related
to a higher number of degenerated embryos and a lower
embryo viability rate, whereas shorter surges initiated later
are associated with improved fertilization and embryo
viability rates [61]. A later LH surge is believed to allow for
prolonged follicular maturation, essential for achieving full
developmental competence of oocytes [65]; this timing
effect is further supported by studies reporting increases in
both the number of ovulations and viable embryos after a
delay in follicular exposure to LH after superovulation [66].
Therefore, it is logical to assume that manipulations of
timing and duration of the preovulatory LH surge might
affect transferrable embryo yields in superovulated ewes.

Fertilization failure after superovulation may in fact be
reduced by improving the synchrony between ovulation
and insemination procedures [33]. Ovulation is commonly
synchronized with the administration of GnRH, but the use
of GnRH for this purpose has been somewhat controversial.
Contradicting reports of an increased embryo yield after a
dose of GnRH [67], and the potential for a second LH surge
associatedwith decreased embryo production [1] are found
in the literature. A recent study reported a significant
improvement in fertilization rate (84%–93%) and number of
transferable embryos collected per donor (approximately
six–eight) in ewes receiving GnRH approximately 24 hours
after controlled internal drug releasewithdrawal compared
with donor animals not receiving GnRH [68]. Supplemental
pLH (7.5 mg/ewe intramuscularly) given concurrently with
the last pFSH dose to Santa Inês ewes increased the pro-
portion of donors with�11 ovulations and ovulating before
42 hours after the controlled internal drug release removal,
but the embryo production in LH-treated animals did not
differ from that in their counterparts that did not receive
Lutropin injections [36].

2.3. Progestin priming and luteal progesterone secretion

Exogenous progestins may alter the patterns of antral
follicular growth [68,69] and luteal status at the time of
progestagen/natural progesterone administration modifies
their effects [12]. Insertion of the progestagen source at
various stages of the estrous cycles in ewes would result in
exposure to varying levels of gestagens depending on the
presence or absence of progesterone-releasing CL. The
growth rate and lifespan of large antral follicles is short-
ened when progestagen is administered in the presence of
a functional CL and is lengthened if the treatment com-
mences in the absence of luteal structures [70–72].
Gonzalez-Bulnes et al. [12] have shown that a longer (12- to
14-day) synchronization treatment with two consecutive
progestagen sponges improves the superovulatory
response; however, differences between ewes still exist
depending on the phase of the cycle in which the proges-
tagen source is first inserted.

Varying durations of progesterone before treatment (5–
14 days) did not significantly affect the proportion of
responding animals, the mean number of CL, or the mean
number of recovered and transferable embryos per donor
in ewes under subtropical [37] and tropical [68] conditions.
To the best of our knowledge, no attempt has been made to
date to compare the outcomes of the short- and long-term
synchronization protocols in cycling and seasonally anes-
trous ewes in temperate climates characterized by a more
pronounced annual reproductive seasonality.

After the superovulatory treatment with pFSH, serum
progesterone concentrations are not directly related to the
number of luteal structures present [55]. There were no
correlations between serum progesterone concentration
and ovulatory responses in anestrous ewes superovulated
in a multiple-dose pFSH regimen [55]. This is also in
agreement with an earlier study by Grazul-Bilska et al. [73]
in which serum progesterone levels on Day 5 after estrus
did not vary significantly between superovulated and nor-
mally cyclingWestern range-type ewes; a lack of difference
was due mainly to highly variable progesterone concen-
trations in superovulated animals. Hence, serum proges-
terone levels appear to be a poor predictor of the number of
ovulations and/or luteinized unovulated follicles. Supra-
physiological progesterone concentrations before embryo
recovery do not seem to be related to the numbers of
resultant embryos nor do they affect embryo quality in
ewes [55].

2.4. Endogenous and exogenous FSH concentrations

Bartlewski et al. [9] examined the relevance of circu-
lating FSH concentrations to superovulatory performance,
which revealed that changes in endogenous FSH concen-
trations during superovulation might contribute to the
variability in superovulatory responses in ewes (Fig. 7).
Intriguing observations and subsequent correlations with
superovulatory outcome were made during the progesta-
gen priming and superovulatory treatments in anestrous
ewes. A single injection of E2-17b on Day 6 of the 14-day
progestagen pretreatment (Veramix; medroxyprogester-
one acetate, 60 mg) resulted in truncation of periodic peaks
in mean FSH concentrations, which prevented the entry of
ovarian antral follicles into follicular waves for 4 to 5 days.
Interestingly, the reduction in FSH secretion after an E2-17b
injection was not observed to affect the number of small
and medium-sized ovarian follicles in ewes; the latter is in
accordance with a study conducted in cycling ewes treated
with a subcutaneous implant releasing supraphysiological
concentrations of E2-17b between Days 4 and 14 after
ovulation [74]. On the basis of these findings, it appears that
periodic increases in endogenous FSH concentrations that
stimulate follicle wave emergence are not essential for
maintaining the pool of small antral follicles (2–3 mm in
size) or their growth to 4 mm (medium-sized follicles) in
cyclic and seasonally anovular ewes.

A partial suppression of oFSH release by E2-17b in
anestrous ewes did extend into a period of ovarian stimu-
lation with pFSH (i.e., 6–9 days after E2-17b injection [9]).
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cate the times of Folltropin-V injections (B and C) [9,34]. A single i.m. in-
jection of 500 IU of eCG was given concurrently with the first pFSH dose
(Time 0 hours, large syringe). Asterisks indicate significant difference be-
tween groups.
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During that period, serum oFSH concentrations appeared to
be an important indicator of the superovulatory outcome.
The circulating levels of endogenous FSH at the beginning
(8 and 16 hours) and toward the end (56 and 64 hours after
the first Folltropin-V injection) of the 3-day superovulatory
treatment were positively correlated with the ovulation
rate and the total number of recovered embryos [9]. In
addition, the embryo viability rate (i.e., percentage of viable
embryos) was strongly and positively correlated to serum
oFSH concentrations at Time 0 hours and inversely related
to the number of degenerating embryos. Finally, oFSH
concentrations were positively correlated to numbers of
degenerated embryos at Time 48 hours [9]. There were no
correlations between the superovulatory responses
analyzed and serum concentrations of pFSH throughout the
period of ovarian stimulation [9]. Since a reduction in
serum oFSH was associated with significantly less variable
ovulatory responses and embryo yields, it was concluded
that intrinsic variation in oFSH levels could cause variable
superovulatory responses in anestrous ewes [9]. Therefore,
it is attractive to speculate that suppression of endogenous
FSH production might result in more uniform and pre-
dictable outcomes of superovulatory treatments in do-
mestic animals. The specific causative mechanisms of
correlations among endogenous FSH concentrations and
superovulatory responses observed in anestrous ewes
remain to be elucidated.

Another intriguing observation in that study was a
transient reduction in endogenous FSH concentrations
after the withdrawal of progestagen sponges (Fig. 7; [9]).
Moreover, serum levels of pFSH failed to increase 8 hours
after a Folltropin-V injection given at the time of proges-
tagen sponge removal (Time 48 hours), as they did in
response to previous and subsequent gonadotropin in-
jections (Fig. 7). This is most likely due to alterations in
intermediate FSH metabolism induced by a rapid change in
steroidmilieu [75,76]. Lower serum levels of P4 or synthetic
progestin tend to increase the less acidic isoforms of FSH in
circulation causing FSH to be cleared from the blood at a
faster rate [77]. More importantly, however, this decline in
circulating FSH concentrations may impede the terminal
growth and maturation of preovulatory, gonadotropin-
dependent follicles. On the other hand, high circulating
concentrations of oFSH observed at the time of sponge
withdrawal appear to have a negative impact on resultant
embryo quality [9]. Moreover, acidic FSH isoforms are
better facilitators of ovarian follicular development, ste-
roidogenic activity, and oocyte maturation than the less
acidic mix [78]. Future studies are required to corroborate
the effects of manipulating the endogenous FSH levels and
the influence of different FSH isoforms on the efficiency of
superovulatory protocols in sheep.

2.5. Anti-Müllerian hormone

A few studies have eluded to the role of anti-Müllerian
hormone (AMH; a.k.a. Müllerian inhibiting factor) as a
predictor of the ovarian stimulation outcome in humans
[79,80], cattle [81,82], and goats [83]. AMH is a glycoprotein
belonging to the transforming growth factor family [81]. It
is solely secreted by follicular granulosa cells [84,85] and
hence has been used as an endocrine marker of ovarian
follicular reserve in several mammalian species. AMH
concentrations are also a reliable indicator of the number of
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small gonadotropin-responsive antral follicles [82]. A
strong positive correlation exists between systemic AMH
concentrations at the start of the superovulatory protocol
and the numbers of transferrable embryos per donor cow
[82] and goat [83]. In addition, AMH levels were found to be
highly variable between individual cows while showing
very low variability within each animal [81]. The work of
Rico et al. [81] has shown that because of its relatively low
within-animal variability, AMH concentrations can be used
as a marker for selecting donor cows even several months
before their entry into a superovulatory program.

Up until recently, there have been no studies on the
relationship of serum AMH concentrations and ovarian
responses to gonadotropic stimulation in ewes. Lahoz et al.
[86] measured AMH concentrations in prepubertal and
sexually mature Rasa Aragonesa ewes that were carrying or
not carrying the prolific FecX(R) allele. In addition, their
aim was to establish whether or not AMH concentrations
determined during a laparoscopic ovum pick-up program
could be predictive of the number of ovarian follicles
(�3mm) and recovered oocytes. Similar to cattle, therewas
a large variability between individuals of the same age and
between animals of various ages in terms of circulating
AMH concentrations. There was no correlation between
AMH concentrations before puberty and during adulthood,
probably reflecting individual variations in follicular pop-
ulations and growth dynamics. The presence of the FecX(R)
allele did not affect plasma AMH levels. In adult ewes, the
AMH concentrations at the beginning of the FSH treatment
were strongly and positively correlated with the number of
aspirated follicles at laparoscopic ovum pick-up in all ani-
mals under study, and it was possible to accurately deter-
mine AMH cutoff points for both genotypes to accurately
identify high-responding ewes. This is the first report of the
relationship between peripheral AMH concentrations and
the ovarian response to FSH stimulation in ewes. Such an
indicator can potentially be used to improve the efficacy of
MOET programs in sheep by selecting the most valuable
donor animals. These results, however, must be viewed
with caution. The most recent study looking at the re-
lationships among plasma AMH levels, ovum pick-up, and
ensuing embryo production outcomes in Holstein-Friesian
heifers has revealed that quantitative correlations be-
tween AMH and outcomes of an OPU-IVF program are too
low to use AMH as a precise predictive parameter for OPU
procedure [87], although the consistency of AMH mea-
surements for predicting superovulatory success in cows is
very high.

3. Ovarian factors affecting superovulation

3.1. Number of small antral follicles at superovulatory outset

It is evident from ultrasonographic and endoscopic
ovarian visualization that the ovulatory response to ovarian
stimulation and the total number of transferable embryos
is affected by the number of small (2–3 mm) and large
antral follicles (�6 mm) present on the ovary at the
beginning of the superovulatory treatment [1]. The number
of small antral follicles (2–3 mm in diameter) at the first
oFSH/pFSH injection is representative, in most instances, of
the follicular population potentially responsive to FSH and
capable of growing to ostensibly ovulatory sizes. Brebion
and Cognie [88] reported a positive correlation between
the number of small ovarian follicles detected at the
beginning of the superovulatory treatment, and the
ovulation rate and viable embryo yield in sheep. However,
this association is primarily dependent on the responsive-
ness of these follicles to exogenous gonadotropins. In a
study by Bartlewski et al. [8], the numbers of small antral
follicles at the beginning of the superovulatory treatment
were not correlated with superovulatory responses, but the
numbers of medium-sized (4 mm in diameter) antral fol-
licles detected 12 hours after the first pFSH injection were
correlated with the numbers of luteal structures and viable
embryos after superovulation of anestrous ewes. Because
the number of gonadotropin-responsive follicles in anes-
trous ewes, as indicated by the number of follicles attaining
4 mm in size after the first superovulatory pFSH dose, was
less than the total number of small antral follicles detected
at the beginning of the treatment, it is evident that in spite
of the acquisition of gonadotropin receptors [44,89], only a
proportion of small antral follicles might use exogenous
FSH for further growth culminating in ovulation. Whether
or not this phenomenon is confined to or just more pro-
nounced in seasonally anestrous than in cycling ewes re-
mains to be elucidated.

Gonzalez-Bulnes et al. [88] have found out that the
number of antral follicles 2 to 3 mm in size at the first FSH
dose was positively correlated with the number of follicles
�4 mm at the time of progestin sponge withdrawal in
superovulated Manchega ewes. A greater number of folli-
cles �4 mm in size on the day of sponge removal was
associated with an earlier onset of estrus and LH surge and
a higher ovulation rate. However, the rate of embryo re-
covery was significantly decreased in ewes with earlier
preovulatory LH peaks. Therefore, low embryo recovery
rates may potentially nullify the greater number of ovula-
tions in ewes with high numbers of small antral follicles
present at the beginning of hormonal stimulation. More
studies are needed to clarify these relationships in ewes.

3.2. Follicular dominance and codominance

According to several authors, large ovarian follicles exert
a dominant effect in sheep [50,56,90]. The secretion of
estradiol and inhibin A by large follicles provides negative
feedback signals, reducing FSH availability and suppressing
the growth of subordinate gonadotropin-dependent folli-
cles [50]. Some studies suggest that several molecules
modulate the theca and granulosa cell responses to low
concentrations of circulating FSH [90–92]; however, evi-
dence from sheep studies suggests that large follicles can
be rescued from regression by shifting their dependence
from FSH to LH [47], which is accomplished by the acqui-
sition of LH receptors on granulosa cells. During the
extended periods of low LH, such as anestrus or the middle
portion of the luteal phase, follicular dominance in ewes is
weakened or absent [93].

A number of studies support the notion that follicular
dominance has a detrimental effect on the superovulatory
outcome in sheep. Several reports have shown an increase
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in the number of ovulations and embryo viability rates
when superovulation is initiated in the absence of large
(�6 mm) ovarian follicles [3,12,94–96]. A potential
codominant effect of the 2 largest follicles (F1 and F2) has
also been suggested as the physiological status of F1 and F2
at the outset of superovulatory treatment in cycling Man-
chega ewes (nonprolific, Mediterranean dairy breed) can
affect ovulation rate and embryo recovery [97]. The pres-
ence of growing F1 follicles is negatively correlated with
embryo yields and viability and regressing F2 follicles are
associated with increased ovulatory responses and embryo
recovery rates [97].

Despite such findings in cycling sheep, other studies
have shown that during the nonbreeding season, large
follicles are unable to establish inhibitory effects over
smaller follicles [8,55,94]. An investigation into the size and
physiological status of the two largest follicles (F1 and F2)
detected at the onset of the FSH treatment in anestrous
ewes showed no difference in superovulatory outcomes
regardless of the size or developmental status of these
follicles [8,55,94]. In a recent study conducted in cycling
sheep, ovarian follicular data collected daily by transrectal
ultrasonography showed no effect of the largest (domi-
nant) or two largest (codominant) follicles on the growth of
smaller follicles or the superovulatory outcome in Rideau
Arcott � Polled Dorset ewes (moderately prolific breed;
Bartlewski et al., unpublished). Data obtained in those
studies report the absence of follicular dominance or
codominance in both seasonally anestrous and cyclic ewes.
Thus, the existence of follicular dominance and its possible
inhibitory effects on FSH-triggered follicular emergence in
sheep remains controversial owing to the inconsistencies
found in the available literature [98–100].

3.3. Corpus luteum

Another ovarian structure of significance to sheep su-
perovulation is the CL. The presence or absence of luteal
glands at the beginning of FSH treatment has been
observed to affect the number and quality of embryos ob-
tained from superovulated ewes [101]. Specifically, the
presence of a CL at the first FSH dose during the breeding
season has been shown to increase the final number of
transferable embryos by decreasing their degeneration
rates [101]. The lower embryonic degeneration rates are
attributed to the local effects of progesterone on reducing
follicular atresia and enhancing oocyte nuclear maturation
[102,103]. Whether or not synthetic progestins and exog-
enous progesterone can mimic these effects of luteal pro-
gesterone in ewes differing in age and reproductive state
(e.g., seasonal anestrus, breeding season, and transitional
periods) remains unknown.

Ovulatory responses in superovulated ewes can be
relatively easily assessed using laparoscopy or transrectal
ovarian ultrasonography [8,64,73]. Although considered a
fairly simple surgical technique, laparoscopy is neverthe-
less invasive and causes undue stress to donor ewes. It is
also time consuming and requires specialized equipment
and trained personnel to perform the procedure [32]. Un-
less it is coupled with the intrauterine artificial insemina-
tion [37], repeated use of this method in superovulated
sheep is generally not recommended as it remains a
concern for animal welfare. Because of its versatility and
noninvasive character, ultrasound imaging is a method of
choice for monitoring ovarian status after superovulatory
treatments in ewes. Although the accurate enumeration of
preovulatory follicles and CL may be difficult with ultra-
sonography (high numbers of antral follicles and CL de-
creases the accuracy of detecting individual ovarian
structures), it helps identify poorly responding ewes and
nonresponders.

4. Ovarian blood flow

Increased ovarian activity requires and stimulates
greater blood flow. An increase in uterine and ovarian
blood flow volume (BFV) is observed during ovarian stim-
ulation in dairy cows [104,105]. Although BFV increased
concurrently with follicular and luteal development,
neither of the above studies managed to establish a rela-
tionship between blood flow and superovulatory outcomes
in cattle. Alternatively, Witt et al. [106] monitored ovarian
BFV and linked it to the effectiveness of the ovarian
response to superovulation in horses. That study reported a
correlation between the uterine artery pulsatility index and
the number of recovered embryos in mares. No similar
published reports are presently available for sheep, and it
may be a useful area to explore in future studies.

In a recent study using color Doppler ovarian ultraso-
nography in superovulated ewes (Fig. 8), there was a pos-
itive correlation between the quantitative estimates of
follicular blood flow on the final day of the 4-day super-
ovulatory FSH treatment (declining doses) and the number
of unfertilized eggs [37]. Although that study did not pre-
sent a large number of significant correlations, it none-
theless provides a commercially practical tool for
predicting superovulatory outcomes in ewes and evidence
for the existence of antral follicular blood flow threshold
that may impinge negatively on oocyte competence when
surpassed during hormonal ovarian superstimulation. The
sheep with the blood flow indices close to 20% (percentage
of follicular blood flow area relative to the entire cross-
sectional area of the ovary) had ostensibly more unfertil-
ized eggs compared with all other animals studied.

5. Summary and conclusions

The difficulty incurred to date in the attempt to develop
a standardized superovulatory protocol to be used in MOET
programs in sheep demonstrates that many intrinsic and
extrinsic factors interact in an integrative manner during
hormonal ovarian superstimulation. Modifications to the
technical aspects, such as the synchronization and/or in-
duction of ovulations, have significantly improved this
technology in small ruminants. However, hormonal ovarian
simulation invariably continues to result in profound
ovarian and endocrine changes. Alterations in normal
follicular development and secretory function affect oocyte
maturation, ovulation, sperm transport and fertilization,
and early embryonic development. Such disturbances
decrease the number and viability of retrieved embryos
and/or account for the highly variable responses observed



Fig. 8. Color Doppler sonograms of ovine ovaries obtained during the superovulatory porcine FSH (pFSH) treatment of anestrous Santa Inês ewes and classified
arbitrarily as exhibiting nondetectable or small (A and B), moderate (C), or intense (D) blood flow [36]. White arrowheads delineate ovarian boundaries.
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in ewes following superovulation. Increased knowledge of
ovarian physiology, in particular of antral follicular dy-
namics and their relationships with superovulatory
outcome, has already provided a valuable indication of the
anticipated response in donor animals. However, the
continued lack of consistency in superovulatory yields
suggests that perhaps it is time to broaden our focus
beyond the aforementioned modifications of ovarian
stimulation protocols and evaluation of gonadal status.

Several physical and physiological criteria can be
assessed to aid in predicting the superovulatory outcome in
sheep. Those include the measurement of serum concen-
trations of ovarian and pituitary hormones (inhibin A, es-
trogen, AMH, endogenous FSH and/or LH), determination
of the presence and numbers of ovarian structures (antral
follicles and CL), and monitoring ovarian follicular blood
flow. The characterization of hormonal profiles in ewes
during superovulation has the potential to identify addi-
tional endocrine indicators of superovulatory outcome that
will establish reliable criteria for the selection of well-
responding donors. The subsequent control of these
endocrine predictors promises to aid in the development of
an optimal superovulatory treatment that produces
optimal and predictable results. For example, the novel
discovery of the link between reduced endogenous FSH
concentrations during the gonadotropic stimulation and
improved, less variable superovulatory outcome in anoes-
trous ewes is an intriguing relationship worthy of further
investigation. Together, the measurement and control of
circulating concentrations of endogenous and exogenous
hormones may advance the efficacy of superovulatory
protocols and related ARTs for use in multiple animal
species. It is possible, however, that specific hormonal and
ovarian indicators will have to be determined for different
superovulatory protocols and breeds of sheep (i.e., animals
varying in prolificacy), for ewes of different ages and
reproductive history (i.e., maiden ewes vs. multiparous
dams), for various geographic regions and seasons, and
perhaps even for different kinds of progestins used in
estrus synchronization regimens. Finally, color Doppler
sonography has the makings of a useful practical method
and research tool for detecting the hemodynamic markers
of antral follicular health and oocyte quality in individual
superovulated animals.
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