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Abstract 
 

In this review, we discuss the utility of the cow 
as an in vivo model to study the regulation of ovarian 
functions in monovular species. It is increasingly 
becoming clear that besides endocrine control, locally 
produced factors play pivotal roles during dominant 
follicle selection, oocyte maturation, ovulation and 
luteolysis. Although in vitro culture systems have been 
used to study these processes, definitive understanding 
the interactions between endocrine and local factors 
requires appropriate in vivo models. Most of the 
experimental approaches to study ovarian functions in 
vivo in large animals are based on the use of 
ultrasonography and considerable progress in this field 
has been made during the last thirty years. It has been 
shown that cows are an excellent model to collect 
samples (e.g., follicular fluid, granulosa cells, oocytes) 
from live animals at specific stages of follicular 
development in order to study mechanisms of 
intrafollicular factors in a physiological endocrine 
environment. In addition to support fundamental 
studies, the cow model has contributed immensely to 
the refinement of assisted reproductive technologies, 
which are now widely used not only in farm animals but 
also in humans.  

 
Keywords: follicle development, ovulation, luteolysis, 
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Introduction 
 

Successful development of a healthy ovarian 
follicle culminating in ovulation and subsequent 
formation of the corpus luteum (CL) is essential for 
fertility. This process involves various types of 
specialized cells within the ovaries, which in response 
to gonadotropin signaling produce steroid hormones and 
other local factors. Granulosa cells have a pivotal role in 
maintaining the communication between the oocyte and 
the somatic cells including the theca layer, which is 
necessary for the successful maturation of the oocyte. 
The importance of local factors in the selection of the 
dominant follicle, ovulation, luteinization and oocyte 
meiotic resumption has long been recognized. Also, 
regression of the CL requires intraluteal factors in 
addition to the action of the endometrial prostaglandin 
F2 alpha (PGF2α). However, detailed characterization 

of factors and pathways involved in granulosa function 
remains a challenge for ovarian biologists. Various 
experimental models have been used to investigate the 
mechanisms regulating ovarian function and fertility, 
but they all have advantages and limitations. 

Our current knowledge about the molecular 
mechanisms coordinating granulosa cell functions is 
mainly based on in vitro cell culture approaches or 
using rodents as in vivo models (Richards, 1975; 
Richards and Hedin, 1988; Matzuk et al., 2002; 
Hunzicker-Dunn and Maizels, 2006; Pépin et al., 2007; 
Binelli and Murphy, 2009; Menon et al., 2013; Sahmi et 
al., 2014). While granulosa cell cultures have been used 
to study the molecular regulatory pathways, there are 
physiological dissimilarities between granulosa cells in 
vivo and in vitro. For example, granulosa cells 
maintained in various culture systems were shown to 
luteinize and fail to maintain estradiol synthesis 
(Channing and Ledwitz-Rigby, 1975; Silva and Price, 
2000). Indeed, with the current culture systems, it is not 
possible to recapitulate in vitro follicular processes such 
as antrum formation and ovulation. In mice, the 
development of antral follicles occurs in a wave-like 
pattern similarly to cattle and humans, but multiple 
follicles (~10) are selected to reach ovulatory size of 
>500 µm in diameter (Jaiswal et al., 2009). The main 
advantage of using the mouse model is its amenability 
for genetic manipulations, including gene targeting in 
the ovary. However, because of their small body and 
ovary sizes, sample size is a limitation for technologies 
like chromatin immunoprecipitation, hormone assays 
and analyses of metabolites. Most importantly, it is 
often questioned whether results obtained in 
polyovulatory species can be translated to monovulatory 
species, e.g., bovine and human.  

Cows and mares have been preferred animals 
to study ovarian physiology in vivo in monovular 
species. Indeed, among other domestic animals, cattle 
and horses are considered more representative models 
for the study of human ovarian functions (Adams et al., 
2012; Ginther, 2012). Using transrectal 
ultrasonography, follicle development can be 
monitored, and follicle deviation and ovulation can be 
accurately determined in both species. More 
importantly, mechanistic studies can be performed in 
vivo through modification of the microenvironment of a 
specific follicle using ultrasound-guided intrafollicular 
injection (IFI), as first described by Kot et al. (1995).
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The main objectives in this review article are 
to: 1) describe advantages and limitations of in vivo 
models to study ovarian function in monovulatory 
species; 2) discuss our experience using cows as the 
animal model for the study of ovarian functions in vivo 
including follicle development, ovulation, oocyte 
maturation, luteogenesis and luteolysis; and 3) integrate 
some of the knowledge obtained from studies on 
monovulatory animal models in vivo, especially from 
Bos taurus beef cows. 

 
Protocols used to study ovarian functions in cows 

 
Induction of a new follicular wave and ovulation 
 

Follicular development is very dynamic, 
especially during gonadotropin dependent phase, 
consisting of growing, static and regression phases. 
Even though follicles appear virtually similar when they 
are in their late growing, static or early regression 
phases, their steroidogenic ability, oocyte quality and 
gene expression are different (Singh et al., 1998; 
Vassena et al., 2003; Evans et al., 2004; Douville and 
Sirard, 2014; Hatzirodos et al., 2014). Therefore, studies 
investigating mechanisms of folliculogenesis need to 
emphasize the exact phase of follicular development at 
the time of sample collection for steady-state molecular 
analyses. The best way to ensure a follicle is healthy is 
by monitoring its growth for multiple days. The 
induction of estrus and ovulation represents the most 
physiological approach to induce the emergence of a 
follicular wave in cattle. Two doses of PGF2α analogue 
given 12 h apart have been used to induce estrus in 
cyclic cows (Bergfelt et al., 1994). After estrus 
detection, ovulation is confirmed by at least two 
consecutive transrectal ultrasound evaluations and the 
emergence of a new follicular wave is monitored. Other 
protocols are also suited for the purpose as described 
below. 

Ultrasound-guided follicular ablation along 
with luteolysis induced by a single dose of PGF2α is 
another way of inducing a new follicular wave. 
Circulating concentrations of FSH increase within 24 h 
after the follicular ablation, leading to emergence of a 
new follicular wave within 2 days (Bergfelt et al., 
1994). However, we have observed that large follicles 
sometimes reappear 24 h after ablation forming follicle 
hematomas, which has also been described by Bergfelt 
et al. (1994). As the impact of these hematomas on 
health and endocrine profile of the follicle in question 
cannot be predicted, it is recommended to remove such 
cows from the experiments. 

Progesterone and estradiol have also been used 
to synchronize follicular waves in cattle since they can 
induce the regression of most antral follicles present in 
the ovary at the time of treatment (Siqueira et al., 2009). 
Intravaginal progesterone devices are inserted along 
with i.m. administration of estradiol benzoate and 
PGF2α. Five to nine days later, the progesterone devices 
are removed and follicular dynamics is followed by 
daily ultrasound examination until the growing follicles 
of the new follicular wave reach the target diameter to 

perform intrafollicular injection or ovariectomy. 
Follicles are monitored at least three times before 
intrafollicular treatment to confirm that only new 
growing follicles and no aged follicles are present in the 
ovaries (Gasperin et al., 2012). Despite less time-
consuming in comparison to estrus detection-based 
protocols, many cows are usually removed from the 
experiment because large follicles fail to regress after 
progesterone exposure. In a recent study, we have 
successfully identified the dominant follicle in 24 out of 
25 synchronized cows by combining the steroid-based 
protocol with aspiration of follicles larger than 8 mm 
(follicles from previous waves) at the expected time of 
follicular emergence (around day 4 after estradiol 
injection and progesterone device insertion; data not 
published).  

To study ovulation-related events, hormonal 
protocols along with ultrasound monitoring of ovarian 
dynamics are preferred because they allow better 
control of follicle maturation. Intravaginal progesterone 
releasing devices are used to prevent the endogenous 
LH surge, which is otherwise difficult to predict. 
Prostaglandin F2α treatment along with removal of the 
progesterone device ensure that dominant follicles are 
responsive to ovulatory stimulus. An i.m. dose of GnRH 
induces the LH surge 1 to 3 h after treatment (Komar et 
al., 2001), which triggers the complex process of 
follicular rupture, luteinization and oocyte meiotic 
resumption. In this regard, it is important to consider 
that GnRH induces a transitory increase in LH that lasts 
for 6 h whereas after porcine LH (pLH) injection its 
levels remain elevated for about 20 h (Behrouzi et al., 
2016). If the research goal is to assess oocyte meiotic 
resumption, FSH can be used before GnRH or LH 
treatment to increase the number of follicles per cow 
(Barreta et al., 2008; Siqueira et al., 2012).  
 
Intrafollicular injection (IFI) 

 
The IFI procedure was first described by Kot et 

al. (1995), who injected hCG into large follicles of the 
first follicular wave on day 8 of the estrus cycle and 
induced ovulation in 5 out of 5 cows. Our group has 
adapted the intrafollicular injection system, which 
comprises two needles. The external needle (21 g 1½”) 
is attached to a biopsy guide to cross the vaginal wall, 
peritoneum and ovarian stroma. The internal needle (25 
g 3 ½”) is used to penetrate the follicular wall and 
perform the intrafollicular treatment. An ovum pick up 
needle attached to a Hamilton syringe is used to guide 
the internal needle and to inject the appropriate amount 
of the treatment. To perform the injection, the ovary is 
positioned in such a way that the outer needle enters the 
ovarian stroma until its tip becomes visible on the 
ultrasound monitor approximately 2 mm away from the 
wall of the follicle of interest. At this point, the inner 
needle is pushed forward until the needle tip is seen 
inside the follicular antrum. Treatments are injected and 
swirling of the injected fluid indicates that the injection 
has been performed correctly. The volume to be injected 
is usually around 10% of the total follicular fluid 
volume, which can be estimated by a the linear
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regression equation (Ferreira et al., 2007). To confirm 
the success of the procedure, transrectal 
ultrasonography should be performed by about 2 h after 
IFI. Any cow with follicles reduced in diameter by 
greater than 2 mm, a sign of follicular fluid leakage, 
should be removed from the experiment. We have 
obtained 80-100% ovulation rates in control follicles 
(saline-injected), which confirms that this procedure 
does not interfere with the normal ovulation process 
(Ferreira et al., 2007; Haas et al., 2016). 

The main advantage of IFI is the possibility of 
studying mechanisms under physiological endocrine 
environment with cellular interactions among granulosa 
cells, theca cells and the oocyte. Furthermore, oocytes, 
follicular fluid and granulosa cells can be collected from 
individual follicles under epidural anesthesia using an 
adapted ovum pick up system, without the need to 
euthanize animals (Beg et al., 2001; Arashiro et al., 
2013; Sanchez et al., 2014). Based on our experience, 
IFI is an excellent method to manipulate ligand/receptor 
signaling in a follicle of known developmental status 
without interfering with such signals in other follicles or 
tissues. Also, if FSH is used to increase follicular 
numbers as described above, follicles from one ovary 
can be injected with vehicle (control) and follicles from 
the contralateral ovary injected with the treatment 
compound. The main advantage of this protocol is that 
both ovaries remain under the same endocrine 
environment. Interestingly, IFI in cows can be 
considered as an alternative approach to conditional 
gene targeting in mice. Nevertheless, the main 
limitation of IFI is that intrafollicular treatments are 
restricted to pharmacological regulators such as agonists 
and antagonists of ligands or receptor, which can 
modulate the signaling process of interest. Although, IFI 
could be used to inject viral vectors for the delivery of 
small interfering RNAs (siRNA) for specific gene 
targeting, this procedure has not yet been tested. 

 
Examples of the utility of the cow in the study of 

ovarian functions 
 

Over the past ten years, our research group has 
conducted various studies investigating ovarian 
functions in vivo using cows as the animal model for 
monovulatory species. Follicular development in cattle 
occurs in waves and only one follicle is selected, 
whereas subordinate follicles undergo atresia, similar to 
what is observed in humans (Baerwald et al., 2003). To 
characterize the molecular mechanisms of dominant 
follicle selection and atresia of subordinate follicles, we 
have used ovariectomy by colpotomy at specific stages 
of the follicular wave (Drost et al., 1992). The same 
approach was previously used by Evans and Fortune 
(1997). Granulosa cells, theca cells and follicular fluid 
of the two largest follicles were used for 
characterization of molecular pathways. Moreover, 
intrafollicular injection of ligands into the largest or the 
second largest follicle followed by transrectal 
ultrasonography or ovariectomy at specific time-points 
after treatment has been performed to investigate the 
role of local factors on follicular development and 

atresia (Ferreira et al., 2011a; Gasperin et al., 2012; 
Barreta et al., 2015). As an alternative to ovariectomy, 
ultrasound-guided follicular aspiration may be used to 
recover follicular fluid and granulosa cells from 
individual follicles (Sanchez et al., 2014). This 
technique has the advantage of allowing the reutilization 
of the cows in additional studies or their return to the 
farm breeding/production program. 
 
Follicular deviation 
 

Ovulation is followed by a dramatic decrease 
in estradiol concentrations and an increase in FSH, 
inducing the emergence of the first follicular wave in 
about 24 h after follicle rupture. The day of follicular 
wave emergence (usually on day 1 of the cycle) is 
designated as day 0 of the wave and is retrospectively 
identified as the last day on which the dominant follicle 
was 4 to 5 mm in diameter (Evans and Fortune, 1997). 
Ovaries are then examined by daily transrectal 
ultrasonography and all follicles larger than 5 mm are 
drawn using 3 to 5 virtual slices of the ovary (Jaiswal et 
al., 2004). Cows are randomly assigned to be 
ovariectomized at days 2, 3 or 4 of the follicular wave 
when the sizes of the largest and second largest follicle 
are similar (day 2 of the wave), slightly different (day 3) 
or markedly different (day 4; Fig. 1A). This follicular 
deviation model is suitable for investigating roles of 
ligands and receptors before, at the expected time, and 
after follicular deviation. Daily ultrasound monitoring 
of follicular growth allows the precise identification of 
healthy and atretic follicles to be sampled for molecular 
phenotyping. Furthermore, markers of follicular 
dominance such as estradiol concentration in the 
follicular fluid and transcript levels of LHCGR and 
CYP19A1 in granulosa cells are used to confirm the 
follicular status (Evans and Fortune, 1997; Evans et al., 
2004; Mihm et al., 2006; Gasperin et al., 2014). It has 
been reported that by day 6 (considering day 1 as the 
day when two or more follicles greater than 4 mm in 
diameter were observed), under high progesterone 
levels, the dominant follicle shows early signs of atresia 
such as decreased estradiol concentrations, and 
increased percentage of apoptotic cells (Valdez et al., 
2005). 

 
Follicular codominance 
 

Another useful approach to study the 
mechanisms involved in follicular dominance is by 
inducing two follicles to become codominants. For this, 
animals are treated with 2 mg of FSH i.m. every 12 for 
48 h when follicles of the first wave are 6 mm in 
diameter, which allows the development of codominant 
follicles (Rivera and Fortune, 2001). Working with beef 
cows, we have observed that codominant follicles can 
be induced with slightly higher doses of FSH (four 
doses 12 h apart: 30, 30, 20 and 20 mg), whereas control 
animals receive saline at the same time-points. Blood 
samples can be collected at the same time of the 
treatments and ovaries collection. The two largest 
follicles can be collected at specific time-points, such as
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12 h after the last dose of FSH or saline (day 4; Fig. 1B; 
Ilha et al., 2015). Using this model, it is possible to 
study the molecular signals induced by FSH treatment 

in follicular cells, compare dominant, codominant and 
subordinated follicles, as well as compare the levels of 
proteins diluted in the follicular fluid and plasma. 

 
 

 
 
Figure 1. Schematic representation of in vivo experimental models of follicular deviation and codominance in cattle. 
A) Follicular deviation model: follicular fluid, granulosa and theca cells are collected by ovariectomy on days 2 
(before), 3 (at the expected moment) or 4 (after deviation) of follicular wave to recover the two largest follicles. B) 
Follicular codominance model: granulosa cells are collected by ovariectomy 12 h after four doses of FSH (30, 30, 20 
and 20 mg, 12 h apart) or saline administered (i.m.) twice a day starting on day 2 after ovulation. PGF2α: 
prostaglandin F2α; FSH: follicle-stimulating hormone; US: ultrasound. Tubes represent blood sampling time-points. 
 
 
Follicular development and atresia 
 

The intrafollicular injection approach has been 
used to study the function of local growth factors during 
follicular deviation. Based on our experience, follicles 
beyond 5 mm can be injected and monitored. Using this 
technique, it has been possible to explore the 
mechanisms involved in follicle development and 
atresia. For instance, the intrafollicular injection of 
insulin-like growth factor 1 (IGF-1) in the second 
largest follicles (when the largest follicle reached 8.5 
mm) increased estradiol secretion (Ginther et al., 2004), 
proving that IGF-1 is a pivotal factor for follicle 
development. Using a similar approach, our group 
demonstrated that second largest follicles treated with 
angiotensin II (Ang II) or Ang II type 2 receptor 
(AGTR2) agonist continued to grow at a rate similar to 
the dominant follicle for 24 h, suggesting that Ang II 
stimulates follicle development (Ferreira et al., 2011a). 
The fact that local factors are able to change the fate of 
subordinate follicles during follicle deviation 
demonstrates the suitability of this experimental 
paradigm in the characterization of novel regulatory 
factors and their molecular mechanisms. 

Likewise, IFI in healthy growing follicles can 
be used to study ligands, receptors and intracellular 
pathways crucial to follicle development, 
steroidogenesis and cells differentiation (Fig. 2A). 
Treatments have also been performed in the future 
dominant follicle during deviation (Ferreira et al., 
2011a; Gasperin et al., 2012) or in differentiated 

dominant follicles (Lv et al., 2009; Haas et al., 2016). 
Ultrasound monitoring and ovariectomy allow for 
exploring the effect of treatment on follicular 
development, steroidogenesis and gene expression. We 
injected fulvestrant, an antagonist of estradiol receptors, 
or vehicle in the future dominant follicle and collected 
treated follicles 12 h later to study some genes regulated 
by estradiol in granulosa cells (Ferreira et al., 2011b; 
Rovani et al., 2014).  

Recently, our group adopted the simultaneous 
extraction of RNA, DNA and protein from the same 
sample using commercial kits (Gasperin et al., 2015; 
Ilha et al., 2015; Rosa et al., 2016). This approach 
allows the evaluation of candidate genes and proteins 
at both transcriptional and translational levels in the 
same samples (Fig. 2B). Furthermore, post-
translational modifications can be assessed, allowing 
identification of phosphorylated forms, precursors and 
mature forms of cleaved proteins. Based on our 
experience, from a single 6 mm follicle it is possible to 
obtain enough RNA to evaluate hundreds of genes, and 
protein to run three to five immunoblots (loading ~25 
µg of protein from each sample). Using this approach, 
we observed that the signal transducer and activator of 
transcription 3 (STAT3) is only activated 
(phosphorylated) in day 4 subordinate (atretic) follicles 
concomitantly to the appearance of cleaved caspase 3 
(Gasperin et al., 2015). However, STAT3 was not 
activated in FSH-stimulated co-dominant follicles (Ilha 
et al., 2015), which suggests a potential role in 
granulosa cells death. 
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Figure 2. Schematic representation of in vivo intrafollicular treatment and collection of follicle samples. A) 
Intrafollicular treatment: a new follicular wave is induced and when the largest follicle reaches 7–8 mm, the 
treatment is intrafollicularly injected into this largest follicle. Follicular dynamics is performed by ultrasound or 
follicular cells and follicular fluid are retrieved by follicular aspiration or after ovariectomy. B) Samples collection: 
collection of oocytes, follicular fluid, granulosa and theca cells to simultaneously extract RNA, DNA and protein 
from the same follicle. Follicular fluid and blood samples are destined to hormone/proteins measurements. PGF2α: 
prostaglandin F2α; US: ultrasound; IFI: intrafollicular injection. 
 
LH signaling in the periovulatory period 
 

Fully differentiated dominant follicles can be 
used to study LH targets in granulosa and theca cells in 
vivo. Large amount of follicular fluid samples can also 
be recovered to characterize secreted factors during 
ovulation. A traditional model consists of inducing a 
new follicular wave to obtain preovulatory follicles 
larger than 12 mm. GnRH analogues (e.g., 100 μg of 
gonadorelin acetate) are administered to induce the LH 
surge and follicles are obtained between 0 to 24 h after 
GnRH treatment (Fig. 3A). An acute decrease in 
granulosa cells estradiol synthesis is observed 3 h post-
GnRH, thus estradiol concentrations in follicular fluid 
can be measured to confirm the treatment efficacy.  

At specific time-points after GnRH treatment, 
the ovary bearing the preovulatory follicle is collected by 
colpotomy, transported to the lab and the follicle is 
identified and dissected from the ovary. After that, it is 
possible to separate follicular fluid, oocyte, granulosa and 
theca cells to perform the in vitro studies. A piece of the 
follicular wall can be fixed for histological evaluation of 
ovulation-related changes in the extracellular matrix and 
granulosa/theca cells organization. Furthermore, changes 
in follicular environment associated to oocyte 
capacitation, resumption of meiosis and luteinization can 
be investigated. Another possibility is to collect 
preovulatory follicles through ovariectomy and perform 
in vitro studies (Komar et al., 2001). This model is an 
alternative to intrafollicular injection and allows 
submitting follicular cells to several treatments in vitro, 
despite losing the endocrine environment. 

 
Inhibition of LH-induced signaling 
 

During ovulation, the IFI technique has been 
used to test the effect of antagonists of locally produced 
factors on ovulation. The intrafollicular treatment is 
followed by ultrasound evaluations to confirm ovulation 
or aspiration of follicular fluid to evaluate local secreted 

factors (Peters et al., 2004). Samples may also be used 
to study molecular events in granulosa and theca cells.  

Using this model, it was demonstrated that 
prostanoids are crucial during the ovulatory process, 
since intrafollicular injection of inhibitors of their 
synthesis inhibited ovulation and downregulated genes 
involved in extracellular matrix remodeling (Peters et 
al., 2004; Li et al., 2009). In addition, angiotensin II 
was shown to be essential during the early stage of 
ovulation in cattle, since intrafollicular injection of 
antagonist (saralasin) of the receptors AGTR1 and 
AGTR2 abrogated ovulation when performed before 
estrus onset or until 6 h after GnRH injection (Ferreira 
et al., 2007). In the same study, it was demonstrated that 
Ang II action during ovulation is mediated by the 
AGTR2 receptor. 

 
Ovulation-related events 
 

Three different approaches have been used by 
our group and others to study ovulation-related events in 
cattle. First, since the dominant follicles in Bos taurus 
taurus cows become LH responsive when they reach 12 
mm in diameter (Sartori et al., 2001), cows can be 
treated with GnRH when the dominant follicle of the 
synchronized follicular wave reaches this size and then 
collected at specific time-points after treatment (Santos 
et al., 2011; Rosa et al., 2016). For instance, using dairy 
cows as an in vivo model, it was recently demonstrated 
that GnRH- and LH-induced ovulations are different in 
many aspects, especially regarding regulation of 
transforming growth factors β (TGFβ) members 
(Behrouzi et al., 2016). Follicles from LH-treated cows 
had increased BMP15, GDF9 and TGFβ1 mature 
proteins and LHCGR, PTGS2 and PGR mRNA 
expression compared to GnRH-treated cows.  

Injection of agonists or antagonists into single 
pre-ovulatory follicles followed by GnRH treatment 
allows investigation of LH-induced factors involved in 
the ovulatory cascade (Ferreira et al., 2007; Rosa et al., 
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2016). Superovulation followed by multiple 
intrafollicular injections and ovariectomy enables 
examination of factors involved in meiotic resumption 
after GnRH challenge (Barreta et al., 2008).  
 
Oocyte and meiotic resumption 
 

Studying oocyte maturation in monovular 
species requires a large number of animals. As an 
alternative, conventional superovulation protocols can be 
used to increase the number of growing follicles. For this, 
the number of follicles is determined by transrectal 
ultrasonography on the day before intrafollicular injection 
(day 9 of the progesterone treatment). To facilitate the 
intrafollicular injection procedure and eliminate follicles 
non-responsive to LH (Sartori et al., 2001), all follicles 
with diameter between 5 to 11 mm are aspirated using a 
vacuum pump, leaving no more than the three largest 
follicles in each ovary (Siqueira et al., 2012). On the 
afternoon of the day of intrafollicular injection (day 10), 
the intravaginal progesterone device is removed, each 
ovary is examined by transrectal ultrasonography, and all 
follicles >12 mm in diameter are subjected to 
intrafollicular injections (Barreta et al., 2008). To confirm 
the success of the procedure, cows are evaluated 2 h after 
intrafollicular injection and follicles that have a reduction 
in diameter greater than 2 mm, suggesting follicular fluid 
leakage, are removed from the experiments. Using this 
model, our group demonstrated that progesterone 
mediates the resumption of meiotic progression induced 
by the LH surge in cattle (Siqueira et al., 2012). 

Approximately 90% of oocytes recovered from 
saline injected follicles were at germinal vesicle 
breakdown (GVB) or metaphase I (MI) stages at 12 h 
after GnRH injection (Barreta et al., 2008; Siqueira et 
al., 2012). This confirmed that intrafollicular injection 
did not affect meiotic resumption. Therefore, IFI is a 
useful tool to study bovine oocyte nuclear maturation. 
However, the cost of superovulation protocols and the 
fact that some cows do not respond to the protocol must 
be taken into account when performing oocyte 
maturation experiments in vivo. One possibility to 
increase the number of oocytes per cow would be the 
intrafollicular injections of multiple oocytes as 
performed in mares by Goudet et al. (1997). In that 
study, in vivo oocyte maturation rates after injecting 3 to 
9 cumulus oocyte complexes (COCs) into preovulatory 
(30-36 mm) follicles were similar to in vitro maturation. 
Recently, we and others (Kassens et al., 2015; Spricigo 
et al., 2016) have tested the feasibility of injecting 
COCs into dominant follicles and confirmed that this 
technology can also be applied in cattle. This model in 
cattle still needs further validation to ensure that one 
preovulatory follicle is able to maintain injected-oocytes 
viability. Recovery rates and embryo development rates 
need to be improved to allow the adoption of 
intrafollicular oocyte transfer (IFOT) under field 
conditions (Spricigo et al., 2016). 

 
Luteogenesis and luteolysis 
 

Cows are also an excellent animal model to 
investigate CL development and regression in vivo. The 

CL forms from the remnant of an ovulated follicle after 
LH surge. The steroidogenic pathway is dramatically 
upregulated, and the progesterone becomes the main 
steroid produced by luteinized granulosa (large 
steroidogenic cells) and theca cells (small steroidogenic 
cells) after ovulation (Donaldson and Hansel, 1965). The 
CL becomes responsive to PGF2α at about day 5 after 
ovulation and at day 10 this temporary gland shows full 
activity and produces large amounts of progesterone. 
Luteolysis occurs at days 16-17 of bovine estrous cycle 
and is classified as functional luteolysis (reduction of 
steroidogenesis), and morphological luteolysis (CL tissue 
degradation; Davis and Rueda, 2002).  

A methodology to obtain CL samples was 
proposed by Shirasuna et al. (2012). After observing the 
estrus, the ovulation is confirmed by ultrasound 
inspection two days later. One day before ovariectomy, 
cows are monitored by ultrasound to confirm the 
presence of a CL. The ovaries are collected at day 5 
(growing CL) and between days 10 and 12 (full 
steroidogenic CL) of estrous cycle.  

A well-established in vivo model of luteolysis 
involves administration of PGF2α and collection of 
samples at specific time-points post injection to 
characterize local factors and signaling pathways 
involved in steroidogenesis, cell proliferation and cell 
death (Juengel et al., 1993; Shirasuna et al., 2012). 
Histological analyses and progesterone profiles from 
treated animals can confirm the expected phase of CL 
and the success of PGF2α treatment. Cows on day 10 of 
the estrus cycle are treated with a luteolytic dose of 
PGF2α and the ovariectomies are performed during 
functional luteolysis (0, 2 and 12 h after treatment) and 
morphological luteolysis (24 and 48 h after treatment). 
The CLs are dissected with the aid of forceps and blades, 
and samples are obtained for mRNA, protein and 
histological analysis. Additionally, serum progesterone 
concentration is evaluated in each animal before and after 
treatments to confirm the luteolysis model (Fig. 3B). 

The main advantage of the CL development 
and lysis model is the possibility of taking the samples 
at the exact expected time of CL development or after 
PGF2α treatment in a physiological environment. 
Additionally, compared to the aforementioned models, 
larger amount of sample can be collected, allowing 
simultaneous mRNA, protein and histological studies. 
In contrast to experiments involving follicles, it is not 
possible to collect CL samples without performing the 
ovariectomy. On the other hand, the amount of tissue 
collected from each animal allows many different 
approaches to investigate local factors during luteolysis. 

The collection of PGF-treated CLs does not 
allow evaluating the direct effect of a specific factor. 
The technique of implantation of microdialysis (MDS) 
system into the CL (Blair et al., 1997; Ohtani et al., 
1998) or intraluteal injection (Shirasuna et al., 2006) 
could be adopted to release treatments directly into the 
CL. However, the surgery is extremely invasive and 
usually the experiments require a great number of 
animals in the case of the MDS system fails. An 
alternative is to perform biopsies in the same animal at 
multiple time-points, but it requires specific tools and a 
very well trained professional (Atli et al., 2012). 
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Figure 3. Schematic representation of in vivo experimental models of ovulation and for the study of corpus luteum. A) 
Ovulation model: a new follicular wave is induced to obtain preovulatory follicles larger than 12 mm. GnRH analogues 
are i.m. administered and follicles are obtained between 0 to 24 h after treatment. B) Corpus luteum model: blood 
samples and CLs are collected from separate groups of cows before and 2, 12, 24, and 48 h after PGF treatment on day 
10 of the estrous cycle. PGF2α: prostaglandin F2α; FSH: follicle-stimulating hormone; US: ultrasound; IFI: 
intrafollicular injection; P4: progesterone; E2: estradiol. Tubes represent blood sampling time-points. 
 

Conclusions 
 

Cows are a valuable animal model to study 
ovarian functions of monovulatory species in vivo under 
physiological endocrine environment and intact 
follicular cell communication through autocrine and 
paracrine signaling. Several in vivo experimental 
techniques are now available, and some are well-
established and have been used to study the regulation 
of gene expression and intracellular signaling during 
follicle deviation, dominance and ovulation. Using these 
recently developed techniques, including follicular 
aspiration, daily follicular fluid collection and CL 
biopsies, it is now possible to perform repeated sample 
collections from the ovaries of live animals without the 
need of ovariectomize or euthanize valuable cows used 
in research. However, conduction of functional studies 
in live cows is still restricted to intrafollicular injection 
of receptors agonists or antagonists. A method that 
allows for specific gene manipulations in vivo during 
follicular development of monovulatory species remains 
to be established and validated.  
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