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Over the last several decades, a number of therapies have been
developed that manipulate ovarian follicle growth to improve
oocyte quality and conception rates in cattle. Various strate-
gies have been proposed to improve the responses to repro-
ductive biotechnologies following timed artificial insemination
(TAI), superovulation (SOV) or ovum pickup (OPU) pro-
grammes. During TAI protocols, final follicular growth and
size of the ovulatory follicle are key factors that may
significantly influence oocyte quality, ovulation, the uterine
environment and consequently pregnancy outcomes. Proges-
terone concentrations during SOV protocols influence follic-
ular growth, oocyte quality and embryo quality; therefore,
several adjustments to SOV protocols have been proposed
depending on the animal category and breed. In addition, the
success of in vitro embryo production is directly related to the
number and quality of cumulus oocyte complexes harvested by
OPU. Control of follicle development has a significant impact
on the OPU outcome. This article discusses a number of key
points related to the manipulation of ovarian follicular growth
to maximize oocyte quality and improve conception rates
following TAI and embryo transfer of in vivo- and in vitro-
derived embryos in cattle.

Introduction

The success of several reproductive programmes is
closely related to ovarian follicular development and
oocyte quality. Over the past several decades, several
therapies have been proposed for manipulating ovarian
follicle growth in cattle. These hormonal manipulations
have been successfully used to optimize the reproductive
outcomes following the application of various biotech-
nologies.

Timed artificial insemination (TAI) programmes pro-
vide an organized approach to enhance the use of
artificial insemination (AI) and the progress of genetic
gain and to improve reproductive efficiency in dairy and
beef herds (Pursley et al. 1995; Baruselli et al. 2004).
The success of biotechnologies, such as TAI, is depen-
dent on the evolution of ovarian follicular manipulation
techniques. The final follicular growth and the diameter
of the dominant follicle at TAI are key factors that may
significantly affect oocyte quality, ovulation, the uterine
environment and consequently pregnancy outcomes.

The use of superovulation (SOV) followed by Al is
technique that generates greater numbers of embryos
per donor. These techniques, which are associated with
embryo transfer (ET) to recipients, are powerful tools
that disseminate high genetic quality and improve
reproductive performance mainly in heat-stressed dairy
cattle and repeat breeders (Ambrose et al. 1999; Hansen
et al. 2001; Baruselli et al. 2011).

Ovum pickup (OPU) associated with in vitro embryo
production (IVP) is another interesting technology that
produces embryos from selected donors. This technol-
ogy has the potential to enhance genetic progression
through the female lineage in cattle (Merton et al. 2003;
Pontes et al. 2010). Currently, 36.5% (307 845/843 862)
of embryos produced worldwide are in vitro-derived
embryos (Embryo Transfer Newsletter 2010). The suc-
cess of OPU-IVP is directly related to the oocyte
quantity and quality.

This review discusses a number of key points relating
to the manipulation of ovarian follicular growth to
maximize oocyte quality and improve conception rates
following TAI and ET of in vivo- and in vitro-derived
embryos in cattle. The discussion focuses on (i) the
effects of the final follicular growth and the diameter of
the dominant follicle in protocols for the synchroniza-
tion of ovulation for TAI, (ii) the importance of
progesterone (P4) during the SOV treatment, and the
timing of the induction of ovulation for TAI in SOV
donors and (iii) factors related to donors that influence
the competence of the oocyte to produce embryos in
vitro following OPU programmes; these factors include
breed, stage of ovarian follicular wave at OPU, nutrition
and exposure to heat stress (HS).

Ovarian Follicular Manipulation in TAI
Programmes

A variety of protocols for TAI have been developed to
design specific treatments for various breeds, categories
and types of management. The most common of these
therapies uses GnRH or estradiol plus progester-
one/progestin (P4)-releasing devices and prostaglandin
Fy,.

Beef cattle have a longer post-partum anoestrous
period closely related to the presence of calves and poor
nutrition (Montiel and Ahuja 2005). This condition
limits the effectiveness of traditional TAI protocols
(Baruselli et al. 2004). Post-partum anoestrous cows
exhibit insufficient pulsatile release of LH to support the
final stages of ovarian follicular development and
ovulation. Treatment of cattle with equine chorionic
gonadotrophin (eCG) has been suggested as an effective
tool to increase follicular development and pregnancy
rates in TAI programmes for suckled beef cows that
exhibit a high prevalence of anoestrous or a low body
condition score (Baruselli et al. 2004; Sa Filho et al.
2010a,b; Sales et al. 2011). The efficiency of this
hormone is related to its FSH- and LH-like activities
(Murphy and Martinuk 1991), which stimulate the
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continuation of follicular growth in cows with compro-
mised gonadotrophin secretion.

In contrast to beef cows, giving eCG to dairy cattle
during TAI synchronization protocols has a limited
overall positive effect (Veneranda et al. 2006; Souza
et al. 2009). This difference may be explained by the
observation that the incidence of anoestrous because of
insufficient LH pulses is less of a problem in dairy cows
compared with beef cows (Wiltbank et al. 2002).
Although this is not a herd problem, the inclusion of
eCG treatment in TAI synchronization protocols was
shown to be advantageous only in cows with a low body
condition score at the beginning of the protocol (Souza
et al. 2009), in anoestrous (Garcia-Ispierto et al. 2011)
or in those older than 5 years of age (Bryan et al. 2010).
Thus, the necessity of using eCG may be dependent on
the blood concentration of LH, which can differ among
breeds or can change under different environmental
conditions (even within the same breed).

Previous studies demonstrated that eCG-treated
females exhibit improved final follicular growth, in-
creased diameter of the dominant follicle at TAI and an
increased ovulation rate (Sa Filho et al. 2010a,b; Sales
et al. 2011). Furthermore, treatment with eCG increased
the circulating P4 concentrations in the subsequent
oestrous cycle (Baruselli et al. 2004; Sa Filho et al.
2010b). Increased P4 concentration in eCG-treated cows
may be a result of the increased volume of CL, the
alteration in the cell machinery involved in luteal P4
synthesis (Fatima et al. 2011) or a combination of these
factors. It has been shown that treatment with eCG
increases the expression of P450scc and 3b-HSD (Fati-
ma et al. 2010). In addition, a significant increase in the
expression of StAR in the CL, which is an important
protein for steroid biosynthesis, was reported in eCG-
treated cows (Fatima et al. 2011).

Optimization of follicle size and health has been an
important objective in the current reproductive pro-
grammes, especially in TAI (Wiltbank et al. 2011).
Larger ovulatory follicles exhibited a greater ovulation
rate and resulted in a greater number of pregnancies per
AT (P/A]) in beef cattle (Perry et al. 2007; Sa Filho et al.
2010c). Moreover, the presence of larger follicles on the
day of the TAI in beef cows improved the ovulation
rate, which may have mediated the increased P/Al.
Furthermore, considering only those cows that ovulated
following TAI, the P/Al increased as the ovarian follicle
size increased (Fig. 1, Sa Filho et al. 2010c). Therefore,
in addition to the increased ovulation rate, ovulation of
larger follicles could be responsible for other events,
such as the improvement of endogenous E2 production,
oocyte competence, CL diameter and concentration of
P4 in the subsequent oestrous cycle, which may benefit
the fertility of beef cows following TAI

Nevertheless, when lactating dairy cows or other
females are synchronized with GnRH-based TAI pro-
tocols, there is frequently a point where follicle size
reaches a maximum beyond which fertility declines
(Bleach et al. 2004; Perry et al. 2007). Lactating dairy
cows may present larger than normal follicles, not only
when they are bred after a spontaneous oestrous cycle
(Bleach et al. 2004), but also in particular situations
following traditional GnRH-based TAI synchronization
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Fig. 1. Probability of pregnancy 30-42 days after timed artificial
insemination (TAI) in suckled cows (n = 690) that ovulated following
the TAI protocol, according to the diameter of their largest follicle
(LF) at TAIL Adapted from Sa Filho et al. (2010c)

protocols (i.e. cows that fail to respond to the first
GnRH of the Ovsynch protocol or cows that have their
ovulatory follicle developed under low P4 concentra-
tions) (Cerri et al. 2009, 2011). When the ovulatory
follicle is developed in a low P4 environment, the
diameter of the ovulatory follicle is larger; however,
higher concentrations of PGFM and a tendency towards
a shorter luteal phase during the subsequent oestrous
cycle are observed (Cerri et al. 2011). Furthermore, a
longer period of dominance can lead to an aged oocyte,
resulting in reduced fertility (Revah and Butler 1996;
Cerri et al. 2009; Lonergan 2011).

Opvarian Follicular Manipulation in SOV
Programmes

Embryo transfer techniques are used worldwide; how-
ever, the variability in the response to the SOV
treatments is an important limitation. An improved
understanding of ovarian function has provided possi-
bilities for a greater control of follicular development
and ovulation in superovulated donor.

Controlling LH pulsatility and ovarian follicular
development by P4 can influence oocyte quality (Loner-
gan 2011). During the SOV protocol, low circulating
concentrations of P4 may interfere with follicular
growth, oocyte and embryo quality (Chagas e Silva
et al. 2002). In two recent studies, cyclic Holstein dairy
cows (Rivera et al. 2011) and cyclic Nelore beef cows
(Nasser et al. 2011) were superstimulated during the first
follicular wave, and embryo quality was compromised
when exogenous P4 was not provided during FSH
treatments. In each experiment, embryo production and
quality improved when P4 was provided by the insertion
of one (Nasser et al. 2011) or two (Rivera et al. 2011)
intravaginal P4 devices. In another study, a positive
effect on the number of freezable embryos was observed
when a second norgestomet implant was added to the
TAI protocol in Holstein cows (Martins et al. 2012).
Therefore, higher P4 concentrations during the SOV
protocol may be necessary to regulate LH pulsatility,
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which avoids the occurrence of premature nuclear
maturation, and may be responsible for the improved
ova/embryo quality observed following SOV protocols,
especially in lactating Holstein cows.

Another important factor is the timing of ovulation
induction after SOV in cattle (Baruselli et al. 2006; Bo6
et al. 2006). Interestingly, the SOV response and embryo
production in lactating Holstein cows are higher when
the ovulatory stimulus (GnRH or pLH) is administrated
24 h, as opposed to 12 h, after the last FSH treatment
(Martins et al. 2012). In contrast, in Nelore (Bos indicus)
donors, delaying the time of the pLH treatment to 24 h
after the removal of P4 device adversely affected
ova/embryo quality (Baruselli et al. 2006, 2011). Differ-
ences between B. indicus beef donors and Bos taurus
dairy donors may be attributable to differences in the
developmental stage of the follicle at the time that
ovulation was induced (Baruselli et al. 2006; Bo et al.
20006). Therefore, delaying the LH to 24 h after the last
FSH treatment is necessary to achieve more ovulatory-
sized follicles in lactating Holstein cows, which should
result in more synchronous ovulations and more trans-
ferable embryos.

Opvarian Follicular Manipulation in OPU-IVP
Programmes

Influence of breed on the efficiency of OPU programmes

Breed can have a significant influence on the efficiency of
commercial OPU/IVP programmes in cattle. However,
the effect of different breeds on OPU/IVP programmes
has not been elucidated fully. Lopes et al. (20006)
reported that OPU in Holstein cows produces better-
quality oocytes than Danish Red and White cows. Ratto
et al. (2011), working with lactating cows under tropical
pasture conditions, observed that Aberdeen Angus cows
produced higher number of oocytes that exhibited
greater in vitro competence than Holstein cows.

Improved IVP results have also been reported when
B. indicus breeds are used instead of B. taurus breeds.
The increased number of antral follicles found in
B. indicus cattle (Carvalho et al. 2008) strongly corre-
lates with an increased number of oocytes suitable for
IVP (Pontes et al. 2010). Recent studies with B. taurus
and B. indicus cattle maintained under controlled nutri-
tional and environmental conditions were designed to
more fully understand the particularities that may
influence the outcomes of OPU-IVP programmes (Gim-
enes 2010; Sales 2011). Compared with B. taurus cattle,
B. indicus cattle exhibit increased total numbers of
oocytes, increased oocyte viability, increased blastocyst
rate and a reduced rate of nuclear fragmentation in IVP
blastocyst cells (Tables 1 and 2).

The influence of ovarian follicular manipulation on the
efficiency of OPU-IVP programmes

The stage of the oestrous cycle at the time of the OPU
session influences the recovery rate, oocyte quality and
IVP (Merton et al. 2003; Vassena et al. 2003; Hendrik-
sen et al. 2004). However, because of conflicting results,
the ideal follicular phase to maximize performance of

Table 1. Effect of donor (heifer) genetic group [Bos indicus (Nelore)
and Bos taurus (Holstein)] on oocyte recovery rate and oocyte
competence to develop into blastocysts in vitro. Adapted from
Gimenes (2010)

Genetic group

Nelore (n = 9) Holstein (n = 9)

No. of replicates 6 6
Oocyte recovery and quality

Visualized follicles 41.0 = 2.17 2.1 + 137

Total oocytes 37.1 + 2.6 154 + 12"

Recovery rate (%) 90.5" 69.7"

Oocytes submitted to IVC 256 + 1.8 9.1 + 0.9
Developmental competence

Cleaved structures 211 + 1.6 52+ 057

Cleavage rate (%) 82.4" 57.1"

Blastocysts 7 days after IVF 73 £ 09" 1.1 + 02"

Blastocyst rate (%) 28.5" 1217

*™p < 0.05.

Table 2. Effect of donor (non-lactating cows) genetic group [Bos
indicus (Gir) and Bos taurus (Holstein)] on oocyte recovery rate and
quality. Adapted from Sales (2011)

Genetic group

Gir (n = 14) Holstein (n = 14)
No. of replicates 8 8
Visualized follicles 255 £ 1.2 238 + 1.1
Total oocytes 234 + 16" 149 + 0.9

Recovery rate (%) 91.2 (2604/2856)" 61.1 (1633/2673)"

Oocyte quality

Grade 1 53 + 0.5 1.6 + 0.2
Grade 2 9.8 + 0.7 52 + 04"
Grade 3 4.8 + 0.5 43 + 04
Grade 4 0.9 + 0.2 1.0 + 0.2
Apoptosis by 16.6" (21/117) 40.6"" (34/82)

TUNEL (%)

“™p < 0.05.

OPU remains unclear. Greater recovery rates when the
OPU was performed close to the follicular wave
emergence have been reported (Machatkova et al.
2004), and others described greater in vitro competence
when the oocytes were obtained during the early
dominance phase (Merton et al. 2003; Vassena et al.
2003; Hendriksen et al. 2004). Recently, a study was
conducted comparing the day of aspiration relative to
the time of the synchronized follicular wave emergence
(1, 3 or 5 days after the expected wave emergence) in
Holstein and Nelore heifers. The day of OPU relative to
the follicular wave emergence did not have an effect on
the number of follicles, viable oocytes recovered and
blastocyst production, regardless of the breed (Gimenes
2010).

Reis et al. (2010) evaluated the effect of synchronizing
follicular wave emergence in OPU programmes. Nelore
and Brangus cows were assigned to be aspirated on a
random day of the oestrous cycle or 5 days after the
P4 + E2 treatment (i.e. 1 day after the expected follic-
ular wave emergence). Only in Brangus donors, the
synchronization of the ovarian follicular wave emer-
gence improved the number of oocytes harvested
(12.5 £ 0.6 vs 8.9 £ 1.3) and the blastocyst rate (56.2
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vs 27.7%), indicating a possible beneficial effect of
synchronization of wave emergence for OPU in this
breed.

Another strategy to improve the efficiency of OPU is
ovarian stimulation using gonadotrophins. Higher num-
bers of oocytes were retrieved by OPU in stimulated
B. taurus cattle compared with non-stimulated cattle
(Blondin et al. 2002). However, the beneficial effect of
ovarian stimulation has not been confirmed in B. indicus
females (Monteiro et al. 2009; Reis et al. 2010).

Recently, a series of experiments conducted in
Argentina (Rodriguez et al. 2010) using Brangus and
Angus donors evaluated the effect of different treat-
ments for follicle wave synchronization and superstimu-
lation on the number of oocytes and their competence to
develop into blastocysts in vitro. Collectively, these
experiments determined that IVP improved when the
OPU was performed after synchronizing the follicular
wave emergence (using either P4 + E2 treatment or
follicular ablation). Additionally, increased IVP was
achieved when FSH was used in four equal twice-daily
doses beginning at the time of follicular wave emer-
gence. In this case, OPU was performed 24 h after the
last FSH treatment.

Influence of donor nutrition on the efficiency of OPU-IVP
programmes

The nutritional and metabolic state can interfere with
follicular growth patterns, secretion of reproductive
hormones and oocyte quality in cattle (Adamiak et al.
2004, 2005; Leroy et al. 2008a,b; Santos et al. 2008;
Sales 2011). The period of negative energy balance
(NEB) is commonly associated with reduced fertility in
cows (Lucy 2003; Santos et al. 2008). Studies have
demonstrated that a potential cause of lower fertility is
the adverse effect of NEB on the oocyte quality
(Kendrick et al. 1999; Leroy et al. 2008a,b).
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Fig. 3. Relative abundance of gene transcripts (real-time PCR) related
to cellular stress (PRDX1, HSP70.1) and cellular metabolism
(GLUTI, IGFIR and IGF2R) in oocytes of non-lactating cows fed
diets to meet 100% (reference) or 170% of energy of maintenance
(oocytes harvested 114 days after the beginning of diet). Adapted from
Sales (2011)
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In commercial OPU-IVP programmes, the use of non-
lactating cows or cows late in lactation as donors is
usually encouraged to avoid the negative effects of NEB
on oocyte quality. However, when these animals are
overfed (excessive energy intake), in vitro developmental
competence of oocytes can be compromised, especially
in overconditioned (high body condition score) females
(Adamiak et al. 2005). The mechanisms that mediate
these negative effects on oocyte competence could be
due to endocrine and metabolic alterations, such as
hyperinsulinaemia, peripheral resistance to insulin and
increased glucose and IGF-I, which may interfere with
glucose transport in the embryo cells and increase the
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and insulin (b) in non-lactating cows fed diets to meet 100 or 170% of
energy of maintenance. Adapted from Sales (2011)
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Torres-Junior et al. (2008)
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occurrence of apoptosis (Adamiak et al. 2005; Leroy
et al. 2008a; Santos et al. 2008).

Recently, the potential adverse effects of high energy
intake on metabolic profiles and oocyte quality in non-
lactating Gir (B. indicus) cows submitted to successive
OPU sessions were the subject of a PhD thesis (Univer-
sity of Sao Paulo; Sales 2011). The cows were subjected
to nine successive OPU procedures 14 days apart (the
cows were fed an adaptation maintenance (M) diet for
the first 20 days, followed by 100 days on 100% M or
170% M diets). The negative effect of high levels of
energy intake was cumulative, and the cows fed the
170% M diet exhibited a decreased blastocyst rate
60 days after the commencement of the high-energy
diet. Glucose concentrations in the plasma and follicular
fluid (Fig. 2a) as well as serum insulin concentrations
(Fig. 2b) were higher in cows fed the 170% M diet.
Furthermore, at the conclusion of the experimental
period, the cows fed the high-energy diet exhibited a
greater insulin peak with similar glucose clearance rates
following glucose infusion (glucose tolerance test) than
cows fed the control diet. This result suggests increased
peripheral insulin resistance in the cows receiving the
high-energy diet. Finally, oocytes harvested 114 days
after the commencement of the high-energy diet intake
demonstrated lower transcript levels for GLUT 1, IGF
IR, IGF 2R and HSP70.1 genes (Fig. 3).

Effects of HS on the efficiency of OPU-IVP programmes

The reproductive performance of bovine females can be
severely compromised by HS (Hansen et al. 2001).
Oocytes harvested from cows during the summer exhibit
a decreased ability to develop into the blastocyst stage
after in vitro fertilization when compared with oocytes
harvested during the winter (Rocha et al. 1998; Al-
Katanani et al. 2002; Ferreira et al. 2011a).

Torres-Junior et al. (2008) designed an experiment
using B. indicus dairy cows (Gir) to determine the
immediate and delayed effects of HS on follicular
dynamics, oocyte competence and hormonal profiles.
In this study, HS cows were placed in an environmental
chamber at 38.8°C and 80% relative humidity (RH)
during the day and at 30.8°C and 80% RH during the
night for 28 days. Compared with the thermoneutral
control cows, HS increased the occurrence of ovarian
follicular codominance and reduced P4 concentrations.
Although HS had no significant effect on cleavage rate,
blastocyst development was reduced.

Another seasonal study demonstrated that two or
three oestrous cycles are required (after the end of HS)
to restore the follicular pool and oocyte quality once the
pool of ovarian oocytes is damaged by summer HS
(Roth et al. 2001). However, the study described above
(Torres-Junior et al. 2008) demonstrated a carry-over
effect of HS on blastocyst production that was main-
tained up to 105 days after the HS ended (Fig. 4).

The reproductive efficiency of repeat-breeder (RB)
cows appears to also be affected by HS. Recently, an
experiment was performed during the winter and summer
to assess the physiological responses and the oocyte
quality of RB Holstein cows (compared to Holstein
heifers and high-producing cows in peak lactation (PL))

© 2012 Blackwell Verlag GmbH

(Ferreira et al. 2011a). During OPU, heifers and cows
provided similar numbers of recovered and viable oocytes
during the winter. Nonetheless, during the summer,
oocyte numbers decreased (p < 0.0001) in cows. How-
ever, when blastocyst rates were evaluated, an interaction
between the groups and the season (p < 0.0001) was
observed (Fig. 5), indicating that unlike the rate of
cleavage, the effect of season was dependent on the group.
Regardless of season, the blastocyst rates in RB cows were
lower (p < 0.0001) than in the heifers. In the summer, the
RB blastocyst rate dropped (p < 0.002) in comparison
with the winter and was approximately twofold lower
compared with the PL cows and threefold lower com-
pared with the heifers (p < 0.001). In agreement with the
blastocyst rate, the RB blastocyst quality was compro-
mised in comparison with H and PL during the summer
(p = 0.01) but not during the winter (p = 0.3), as
indicated by the percentage of TUNEL-positive cells
(Fig. 5).

The relative number of copies of mitochondrial
DNA (mtDNA) was reduced for the RB cows during
the summer (Fig. 5), suggesting a disruption of the
oocyte quality (Ferreira et al. 2011b). In addition, the
expression of nuclear genes (PPARG, NRF1, POLG,
POLG2 and TFAM) related to mtDNA transcription
and replication was greater in RB cows during the
summer compared to non-RB cows and heifers, sug-
gesting the activation of compensatory mechanisms in
response to mitochondrial dysfunction (reduced num-
ber of copies of mtDNA) aiming to improve the
generation of energy (ATP) required during early
embryonic development.

Two retrospective studies using a large number of
Holstein donors in Brazil confirmed that HS has
deleterious effects on embryo production in vivo (Vieira
et al. 2011) and in vitro (Pontes et al. 2012) (Fig. 6).
During the period of follicular growth, HS may com-
promise the oocyte either because of a direct effect of the
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Fig. 6. Embryo production of Holstein cattle (cows and heifers)
subjected to superovulation (in vivo production; n = 1948) or
OPU/IVP (in vitro production; n = 1869; donors selected by high
ovarian follicular population, > 20 follicles per donor) during the hot
(spring/summer) or cool (autumn/winter) season, per procedure (SOV
or OPU/IVP). ***¥Within a procedure, bars without a common
letter differed (p < 0.001). Numbers in boxes indicate the number of
procedures (SOV or OPU/IVP). Adapted from Vieira et al. (2011) and
Pontes et al. (2012)
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elevated temperature on the gamete or because of
changes in follicular function that damage the oocyte
quality; however, the exact mechanisms by which the
oocyte is compromised remain unknown.

The use of ET is considered a potential strategy for
minimizing the negative effects of HS on bovine repro-
duction (reviewed by Baruselli et al. 2011). Indeed,
several studies have shown that cows under HS exhib-
ited more successful reproductive outcomes following
ET compared with AI (Ambrose et al. 1999; Al-Kata-
nani et al. 2002). Collectively, these results provide
strong evidence that the major negative effect of HS on
reproduction may be related to its deleterious effect on
the oocyte quality, decreasing fertilization rates and
first-week pregnancy losses.

Conclusion

Potential improvements in fertility after TAI in cattle
caused by manipulation of follicle development have

generally been associated with enhanced follicle devel-
opment, increased diameter of the ovulatory follicle and
improved oocyte quality. The progesterone concentra-
tion during the SOV protocol influences the follicular
growth and the quality of the oocyte and embryo. In
addition, the success of in vitro embryo production is
directly related to the number and quality of the cumulus
oocyte complex harvested by OPU. Ovarian follicular
manipulation influences the efficiency of OPU-IVP
programmes. However, factors related to breed,
category, nutrition and HS should be considered.
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