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Abstract

Unlocking the developmental potential of oocytes at various stages of folliculogenesis represents a major
challenge in reproductive biology and assisted reproductive technologies. While in vitro maturation (IVM) of fully
grown oocytes is widely applied, the vast majority of oocytes enclosed within early-stage follicles remain
underutilized. This review outlines current advancements in in vitro culture systems designed to support oocyte
growth and differentiation, with particular attention to the contributions of the authors. Key developments,
mainly encompassing the bovine species, include the use of prematuration strategies to enhance the
competence of oocytes retrieved from antral follicles, stepwise in vitro culture protocols for growing oocytes
from early antral follicles, and efforts to establish defined systems for preantral follicle culture. Emerging
insights into chromatin dynamics, cumulus-oocyte communication, and epigenetic regulation are shaping the
design of tailored culture environments. Despite promising progress, significant challenges remain in
replicating the complexity of in vivo folliculogenesis, particularly in non-rodent models. Addressing these
challenges will be critical to expanding the oocyte pool available for reproductive and biotechnological
applications, with broad implications for fertility preservation, livestock breeding, and fundamental research.

Keywords: folliculogenesis, in vitro folliculogenesis, oocyte culture, prematuration (pre-IVM), ovarian
reserve, preantral follicles, early antral follicles.

Introduction

Understanding how to culture oocytes at different stages of their development poses a pressing
challenge in reproductive biology and assisted reproductive technologies. Most oocytes in the ovary
are arrested at Prophase | of meiosis and are enclosed within follicles at various stages of
development, forming a highly heterogeneous population (Luciano et al., 2018; Luciano and Sirard,
2018; Sirard, 2019; Monniaux et al., 2014). However, only a small proportion of these oocytes,
specifically those that have completed their growth phase, can be exploited with current reproductive
technologies, either through in vitro maturation (IVM) or following in vivo maturation (Fair, 2003; Galli
and Lazzari, 2008; Luciano and Sirard, 2018; Mertonetal., 2003). This limitation significantly
constrains the efficiency and scalability of in vitro embryo production systems.

IVM of “fully grown oocytes” (see below) is a well-established and widely used approach,
particularly in farm animals, where immature oocytes are collected from antral follicles and matured
in vitro (Lonergan and Fair, 2016). In contrast, in vivo matured oocytes are more commonly used in
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The challenge of culturing follicles in vitro

humans, typically following hormonal stimulation protocols such as superstimulation followed by
collection before ovulation via Ovum Pick Up (OPU) (Gilchrist and Smitz, 2023; Krisher, 2022) and in
the mouse model, where, depending on the experimental design and the hypothesis tested, mature
oocytes are collected after superovulation from the oviduct (Menezo and Herubel, 2002).
Nevertheless, neither strategy efficiently maximizes the developmental potential of fully grown
oocytes, nor the resources of the ovarian reserve, as only a relatively small pool of oocytes enclosed
in follicles at advanced stages of folliculogenesis are utilized in both scenarios.

Optimizing tailored multi-step culture systems for oocytes during the early stages of
development, particularly those enclosed in primordial follicles, would provide invaluable tools for
fundamental research, especially in non-rodent large animal models, as the bovine species, which
mimics human ovarian physiology more closely (Menezo and Herubel, 2002; Sirard, 2017). Such
systems are essential for advancing our understanding of basic reproductive and developmental
biology. To mention just a few examples, key biological questions, such as the mechanisms of
primordial follicle activation, and the role of microenvironmental factors and the extracellular
matrix in supporting early follicular development, remain largely unexplored due to the lack of
reliable in vitro experimental models (Botigelli et al., 2023; Dey et al., 2024a; Simon et al., 2020).

As already reviewed by Telfer and Andersen (Telfer and Andersen, 2021), this knowledge
could have broad implications in reproductive technologies. Expanding the ability to utilize the
quota of fully grown oocytes that do not progress to the blastocyst stage under standard culture
conditions and exploring the differentiation of early-stage oocytes in vitro, could unlock a
significant reservoir of gametes for applied in vitro technologies. These achievements would be
particularly valuable in contexts where oocytes must be retrieved from isolated organs or
recovered from endangered or sub-fertile individuals, or in research aimed at improving in vivo
protocols by understanding the factors that affect oocyte competence. In this view, Lucy and
Pohler, while addressing the “North American perspectives for cattle production and
reproduction for the next 20 years” (Lucy and Pohler, 2025), have recently included the
“mechanisms to stimulate the development of primordial to primary follicles and sustain
development to the antral follicle stage for the purpose of improving the number of harvestable
oocytes and embryos from individual cattle” among the “researchable topics and new technology
with significant long-terms implications for cattle production and reproduction” (Table 3 in Lucy
and Pohler, 2025). We believe it also applies to other domestic farm animals.

This review explores the advancements achieved in our laboratory, over the past two decades
toward optimizing culture systems designed to enhance the growth and differentiation of bovine
oocytes derived from the ovarian reserve, emphasizing both the biological rationale behind our
approach and the ongoing challenges in replicating folliculogenesis in vitro.

Oogenesis, folliculogenesis, and the ovarian reserve

The prerequisite for reproductive success is the formation of a fertilizable oocyte, arrested
at the metaphase of the second meiotic division (Mll), often referred to as “mature oocyte” or,
as often indicated in rodents and humans, “egg” (Conti and Franciosi, 2018; Duncan et al.,
2020). The oocyte reaches this stage through the complex steps of oogenesis, which occur in
close coordination with the development of the surrounding ovarian follicle, a process termed
folliculogenesis (Hyttel et al., 2010; Leung and Adashi, 2019). These steps include oocyte
activation within the primordial follicle, growth, meiotic resumption, homologous chromosome
segregation, emission of the first polar body, and progression to the Mll stage. Completion of
the second meiotic division and oogenesis occurs only after fertilization in the oviduct,
involving the segregation of sister chromatids, emission of the second polar body, and
formation of the female haploid pronucleus (Hyttel et al., 2010; Leung and Adashi, 2019).

In most mammalian species, the bulk of primary oocytes start the prophase | of meiosis in the
fetal ovary and arrest at the diplotene stage of meiosis |, entering a prolonged resting phase, called
“dictyate stage” (Hyttel et al., 2010; Leung and Adashi, 2019). During this stage, the chromosomes
of the oocytes disperse, becoming indistinct and forming a loose network. Each diplotene-arrested
oocyte becomes enclosed by a single layer of flattened pre-granulosa cells, forming a primordial
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follicle, the basic structural and functional unit of the ovary and the foundation of the ovarian
reserve (Baker and Franchi, 1967; Hyttel et al., 2010; Leung and Adashi, 2019; Monniaux et al., 2014)

The dormant primordial follicles constitute a finite reserve for potential development and
selection for ovulation throughout the reproductive life. Pools of primordial follicles are cyclically
activated to grow, increase in size, and acquire the necessary components for further development
(Hyttel et al., 2010). In their 2014 review article, Monniaux and coauthors defined these two pools of
follicles as “two ovarian reserves”. The former, as the “pre-established” reserve of primordial follicles
formed during fetal or early postnatal life, which serves as the long-term source of developing follicles,
and the latter, as a dynamic reserve of antral follicles, responsive to gonadotropins and serving as the
immediate source for ovulation and assisted reproductive technologies (Monniaux et al., 2014).

While a certain degree of activation and initial development can be observed before puberty,
meiotic resumption and segregation of homologous chromosomes - the process known as oocyte
maturation - occur, cyclically, only after females reach puberty (Hyttel et al., 2010; Leung and
Adashi, 2019). Before being able to resume meiosis the oocytes enclosed in primordial follicles
must be activated from their dormant state, decondense their chromatin, transiently re-activate
transcription, and undergo an intense process of growth and cellular differentiation, until they
reach their maximum size (Fair and Hyttel, 1997; Lodde et al., 2008b), in the so called “fully grown
oocyte”, when transcription is again gradually silenced and the chromatin progressively compact
forming the karyosphere (Bogolyubov, 2018; Luciano and Lodde, 2013; Nikolova et al., 2024).
During the growth period, oocytes acquire key cytoplasmic specializations, such as the ability to
produce the zona pellucida, accumulate cytoplasmic substances, undergo structural changes, and
reorganize the cytoplasmic organelles. In parallel, they also undergo substantial epigenetic
chromatin remodeling (Bonnet-Garnier et al., 2012; Demond et al., 2025; Edwards-Lee et al., 2025;
Fair, 2003; Fairetal., 1997a, b; Fair and Hyttel, 1997; Fenneretal.,, 2025; Hytteletal., 2010;
Kageyama et al., 2007; Leung and Adashi, 2019; Lodde et al., 2008a, 2017). Often, the oocytes
arrested at the Prophase | are referred to as “Germinal Vesicle (GV) stage oocytes”, since the nucleus
(the GV) is visible under the microscope (Hyttel et al., 2010; Leung and Adashi, 2019).

As mentioned, this phase of oocyte development is closely interconnected with the ovarian
follicle development, which in turn supports oocyte growth. The progression from primordial
to primary follicles is characterized by the differentiation of pre-granulosa cells into a single
layer of cuboidal granulosa cells and the initiation of oocyte growth. In secondary follicles,
multiple layers of granulosa cells develop, and the theca cell layer begins to form around the
follicle. As follicles transition to the antral (tertiary) stage, fluid-filled cavities coalesce to form
the antrum, and both the granulosa and theca layers become stratified and functionally
specialized (Hyttel et al., 2010; Leung and Adashi, 2019). The oocyte, still at the GV stage,
continues to grow and accumulate maternal transcripts, proteins, and organelles essential for
early embryonic development. Successively, when follicles develop to the antral stage (from 3
to 8 mm in the bovine species), the selection for dominance takes place and a subset of the
large antral follicles (one in mono ovulatory species such as the bovine and human species)
are selected for becoming dominant with the enclosed oocytes recruited to undergo
maturation and be released into the fallopian tube through ovulation, upon LH surge
(Dieleman et al., 2002).

Although before dominance some oocytes are already competent to develop in vitro into a
blastocyst that can result in viable offspring after embryo transfer, additional and essential
differentiation steps occur in vivo during subsequent follicular growth and dominance until
ovulation. These processes, referred to as prematuration or capacitation, occur when a follicle
is selected for dominance and are completed shortly before the LH surge, which initiates the
final maturation (Dieleman et al., 2002; Hyttel et al., 1997). Coordination between oogenesis
and folliculogenesis is essential: the somatic follicular environment supports oocyte
development, while signals from the oocyte regulate granulosa cell function and follicle fate.
This bidirectional communication ensures that only oocytes within optimally developed
follicles proceed to ovulation and are competent for fertilization (Carabatsos et al., 2000;
Clarke, 2022; Gilchrist et al., 2004; Jaffe and Egbert, 2017; Kidder and Vanderhyden, 2010;
Matzuk et al., 2002). A schematic summary of the different stages during folliculogenesis and
oogenesis is provided in Table 1.
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Table 1. Stages of folliculogenesis and oogenesis.

Follicular Characteristics

Oocyte Stage

Follicular Stage

(Oogenesis)

Additional Notes

Primordial Oocyte with single layer of Primary oocyte Low level transcription; maternal
follicle (PMF) flattened pre-granulosa cells;  arrested at diplotene mRNA and miRNA storage; dispersed
quiescent reserve stage of prophase | mitochondria; forms ovarian reserve
Primary follicle Single Iayer. of cuboidal . Primary oocyte Oocytg begins acpye grc.>vvth;‘
granulosa cells; zona pellucida . RNA/protein synthesis; gap junctions
(PF) begi . (diplotene) .
egins forming with granulosa cells
Well-defined zona; multiple
Seconda granulosa layers; Granulosa cell  Primary oocytein  Cortical granules start forming; zona
follicle (s?; transzonal projections extend diplotene; active pellucida thickens; accumulation of
through the zona; theca interna growth maternal transcripts and organelles
begins to differentiate
Oocyte near final size; competence
Small fluid filled cavities ) - acquisition begins; mitochondria
Early antral - Primary oocyte; still L AN
(tertiary) follicle formation; cumulus and mural in diblotene redistribute; active bidirectional
b granulosa cells differentiate P signaling between cumulus and
oocyte
Active bidirectional signaling between
cumulus and oocyte; cytoplasmic
Middle antral Well-devellop(.ed ..antrum; follicle Primary oocyte; stil maturation advance;; Ilpld .and
. increases in size; theca externa T organelle redistribution;
follicle ) ) in diplotene S L
differentiates Transcriptional silencing and
chromatin remodelling, oocyte
“capacitation”
Preovulato Primary oocyte Nuclear envelope Breakdown occurs;
(Graaﬁan;y Large antrum; LH surge triggers resumes meiosis|> first polar body extruded; further
follicle meiosis resumption Secondary oocyte  cytoplasmic maturation; prepares for
(Metaphase | > MlI) fertilization
Ovulating  Follicle rupture; cumulus-oocyte Secondaryé)pcyt € Colrtlcal g!'anules rrl]lgﬁzte ber(ljea];c h
follicle complex released arrested in oolemma; zona pellucida ready for
Metaphase Il (MIl) block to polyspermy
Post- Cgm'ple.tlon of Triggered by sperm entry; pronuclei
e . — meiosis II; second A
fertilization form; zygote stage

polar body extruded

Due to this complex process, the number of follicles at various developmental stages, each
containing an oocyte at a corresponding stage of differentiation, fluctuates throughout life and
varies according to the phase of the estrous cycle.

Atresia, the physiological process by which follicles that are not destined to ovulate
gradually degenerate and are reabsorbed, affects follicles at all stages, from the primordial to
the preovulatory phase. Since most follicles undergo atresia rather than reaching ovulation,
this process plays a key role in the continuous decline of the ovarian reserve and contributes
to the progressive reduction in the number and quality of available oocytes (Dey and Luciano,
2022; Kaipia and Hsueh, 1997; Marcozzi et al., 2018; Xi et al., 2025). Although an in-depth
description of the complex mechanisms leading to atresia is beyond the scope of this review,
readers are encouraged to consider the early data from the group of Kruip and Dieleman,
which laid the groundwork for extensive research in this field and highlighted the relationship
between the stage of atresia in COCs and their developmental competence (de Loos et al.,
1989, 1991; de Wit et al., 2000; Dieleman et al., 1983, 2002; Hendriksen et al., 2003; Kruip and
Dieleman, 1982, 1985; Wurth and Kruip, 1992).

An extrapolation of the bovine follicle reserve at a given time in a cycling ovary is presented
in an accompanying paper by our group in this same special issue (Figure 2 in Luciano et al.,
2025). According to this estimate, the number of primordial, primary and secondary follicles
(collectively referred to as preantral follicles) ranges between forty and sixty thousand. In
contrast, the number of antral follicles is significantly lower, with early antral follicles (0.5-2 mm
in diameter) enclosing growing oocytes ranges from one to two hundred and fifty, and the
number of middle antral follicles (2-8 mm in diameter) ranges from twenty to thirty (Erickson,
1966; Luciano et al., 2025; Lussier et al., 1987; Modina et al., 2014; Silva-Santos et al., 2011).
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Moreover, published data indicate that the ovarian reserve at puberty in cattle, primarily
represented by primordial follicles, averages around 84,000 in heifers, followed by a marked
decline by the fourth year of life in cows (Dey et al., 2024a; Erickson, 1966; Luciano et al., 2025;
Modina et al., 2014; Monferini et al., 2024; Silva-Santos et al., 2011; Telfer et al., 2023; Wallace
and Kelsey, 2010). However, other factors influence early ovarian aging, as a premature
decrease in the ovarian reserve occurs in both cattle and human individuals (Lin et al., 2025;
Luciano et al., 2013; Modina et al., 2014; Pietroforte et al., 2024)

The multistep approach to in vitro oocyte growth

Starting with the principle that each stage of folliculogenesis has distinct biological requirements,
recent advances have focused on developing multi-step in vitro culture systems (Figure 1) to support
the growth of oocytes from the primordial follicle stage to full maturation (Marcozzi et al., 2018;
Morton et al., 2023; Smitz et al., 2010; Telfer and Andersen, 2021). While IVM is a well-established
technique, its success largely depends on the quality and developmental competence of the oocytes,
which can vary significantly due to their heterogeneity at the time of culture initiation (Luciano and
Sirard, 2018; Sirard, 2019). This notion highlights the need for upstream steps that can support the
controlled and physiologically relevant growth of preantral follicles, especially in non-rodent models.
Ideally, each step should replicate the physiological conditions reached in vivo by healthy follicles
(Morton etal.,, 2023). Clearly, this challenging goal can be achieved only through a deep
understanding of the cellular and molecular determinants of the oocyte faith during the physiological
process of folliculogenesis. Promising results have emerged from stepwise systems that combine
activation, growth, and encapsulated culture of secondary follicles, with limited but encouraging
outcomes such as the retrieval of MIl oocytes and, in rare cases, blastocyst formation (Guo et al., 2024;
McLaughlin et al., 2018). Nonetheless, current protocols remain inefficient, particularly in large animal
models like the bovine, whose ovarian physiology and timeline of folliculogenesis parallel humans

(Fair and Lonergan, 2023; Sirard, 2017).
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Figure 1. The multi-step approach to in vitro folliculogenesis and oocyte growth. The illustration depicts
the sequential steps that should ideally be replicated in vitro to obtain a competent mature oocyte.
Follicles and oocytes isolated from the ovary must undergo in vitro culture for the appropriate duration,
depending on their follicle of origin and differentiation state throughout oogenesis, based on the
principle that each stage of folliculogenesis has distinct biological requirements. The physiological time
course shown is based on (Erickson, 1966; Fair and Lonergan, 2023; Hulshof et al., 1994; Lussier et al.,

1987). Created in BioRender (2025).
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Over the past two decades, we have addressed the challenge of developing culture systems
that support the growth and differentiation of oocytes isolated from follicles at various stages
of folliculogenesis. The obtained advancements include optimizing pre-IVM systems for fully
grown oocytes retrieved from 2-8 mm antral follicles and culturing growing oocytes collected
from 0.5-2 mm early antral follicles. Recently, we also focused on the earlier stages of
development, starting with the characterization of oocytes enclosed in primordial, primary,
and secondary follicles. The primary aim of these recent studies is to gather knowledge that
would facilitate an “informed” setup of tailored culture systems for each class of preantral
follicles in cattle.

Prematuration (pre-IVM) as a strategy to culture oocytes isolated from middle
antral follicles and enhance their competence: rationale and development of a
tailored approach

The variable outcomes of IVM stem partly from its inability to replicate the complexity of
the in vivo follicular environment (De Vosetal, 2021; Fair and Lonergan, 2023;
Hendriksen et al., 2000; Lonergan and Fair, 2016; Luciano et al., 2018). /n vivo, oocytes acquire
meiotic and developmental competence during the final stages of folliculogenesis, influenced
by a specific hormonal milieu, among which, a low, sustained levels of follicle-stimulating
hormone (FSH) plays a pivotal role (Buratinietal., 2022; Conti and Franciosi, 2018;
Dieleman et al., 2002; Hendriksen et al., 2000; Morton et al., 2023). Experimental evidence has
demonstrated that, in vitro, physiological level of FSH supports chromatin remodeling and
maintains communication between oocytes and cumulus cells (CCs) (Franciosi et al., 2009,
2014; Lodde et al., 2013; Luciano et al., 2011; Luvoni et al., 2006), likely promoting, through a
cAMP-mediated process (Guixue et al., 2001; Luciano et al., 1999, 2004), the synchrony of
nuclear and cytoplasmic maturation, both of which are essential for successful fertilization and
embryonic development.

However, meiosis resumes spontaneously when cumulus-oocyte complexes (COCs) are
isolated from middle antral follicles (Pincus and Enzmann, 1935; Jaffe and Egbert, 2017). The
abrupt removal interrupts the final differentiation process, forcing oocytes to proceed through
meiosis regardless of their differentiation stage (Luciano etal., 2018). To address this
limitation, prematuration, or “pre-IVM”, strategies have been developed by several groups
across different species, including humans (Diecietal., 2013; Franciosietal., 2014,
Gilchrist et al., 2024; Hendriksen et al.,, 2000; Lodde et al., 2019; Luciano et al., 2021, 2023;
Richani and Gilchrist, 2022; Smitz et al., 2025; Albuz et al., 2010). Pre-IVM is primarily designed
to support the so-called “capacitation” phase of the oocyte, described by Poul Hyttel in 1997
(Hyttel et al., 1997) and to restore the physiological synchrony between meiotic resumption
and cytoplasmic readiness (Hyttel et al., 1997). Indeed, these protocols aim overall to prolong
meiotic arrest in vitro, typically through cAMP modulation, allowing oocytes additional time to
complete cytoplasmic and molecular maturation.

Building on decades of research into the molecular mechanisms governing meiotic arrest
and resumption (Albertini et al., 2001; Eppig, 2001; Gilchrist, 2011; Gilchrist et al., 2016; Jaffe
and Egbert, 2017; Luciano et al., 2004; Sdnchez and Smitz, 2012; Tsafriri et al., 1996), our group
developed a pre-IVM culture systems in cattle based on two key principles: the necessity of
preserving the natural meiotic arrest, and the importance of accounting for the intrinsic
heterogeneity of oocytes retrieved from antral follicles (Luciano and Sirard, 2018). Our culture
system is designed to maintain high intra-oocyte cAMP levels, preserve gap junction-mediated
communication with CCs, and support orderly chromatin compaction, employing mild FSH
stimulation to sustain intercellular communication without triggering premature meiotic
resumption (Franciosi et al., 2014; Lodde et al., 2013; Luciano et al., 2011; Soares et al., 2017).
This extended pre-IVM window is intended to support critical events such as transcript
accumulation/maturation and organelle reorganization within the oocyte, both of which are
vital for full developmental competence (Luciano et al., 2021).

A pivotal aspect of our approach is recognizing that oocytes within the same follicular
cohort, as assessed by the follicle diameter, are not developmentally equivalent (Dieci et al.,

Anim Reprod. 2025;22(3):e20250090 6/20



The challenge of culturing follicles in vitro

2016). To manage this heterogeneity, we leveraged large-scale chromatin configuration as a
reliable morphological marker of oocyte differentiation. Specifically, we categorized oocytes
into GVO to GV3 stages, reflecting increasing levels of chromatin compaction and, generally,
higher competence (Lodde et al., 2007, 2008b; Luciano and Lodde, 2013). Among these, GV1-
stage oocytes, defined by intermediate chromatin compaction, were identified as the most
responsive to pre-IVM treatment (Dieci et al., 2016).

Experimental data indeed demonstrated that COC classified as class 1, according to
(Blondin and Sirard, 1995), are enriched in GV1 oocytes and significantly benefit from the Pre-
IVM treatment, showing improved developmental potential up to the blastocyst stage. In
contrast, class 2 and 3 COCs, which do not contain GV1 oocytes and are instead enriched in
GV2 and GV3 oocytes, were unresponsive to Pre-IVM and exhibited reduced developmental
outcomes when subjected to prolonged culture (Dieci et al., 2016).

These findings were further supported by transcriptomic profiling of CCs, which revealed
that gene expression patterns are closely linked to the chromatin status of the enclosed oocyte.
CCs associated with GV1 oocytes express transcripts related to survival and competence, while
those surrounding GV3 oocytes exhibit molecular signatures of stress and apoptosis, including
upregulation of caspase activity (Dieci et al., 2016). This molecular evidence reinforces the
importance of accurate oocyte staging and the selective application of pre-IVM. Further
attempts to modulate the pre-IVM system, such as alternative strategies to block meiotic
resumption using Natriuretic Peptide type C (NPPC) and/or adjusting the hormonal
composition of the culture medium, have resulted in improvements of blastocyst quality, but
notin anincrease in blastocyst formation rates (Franciosi et al., 2014; Soares et al., 2017). Since
these treatments were applied to a heterogeneous population of COCs collected from
medium-sized antral follicles, it remains to be determined whether they may be particularly
beneficial for GV1 oocytes. This also raises an unresolved question in reproductive biology:
whether, and to what extent, early signs of atresia, such as those observed in COCs enclosing
a GV3-stage oocyte, can be rescued in vitro.

Our findings were further supported by a subsequent in vivo study, where we demonstrated
that synchronizing oocyte nuclear maturation to enrich the population of GV2-stage oocytes
can significantly enhance the efficiency of in vitro embryo production in Holstein cows. We
obtained a highly homogeneous cohort of oocytes by applying a mild FSH synchronization
protocol combined with follicular aspiration, with 83% at the GV2-stage. This enrichment was
associated with a marked improvement in embryonic development, as evidenced by a
significantly higher blastocyst rate and a tendency toward an increased proportion of embryos
classified as suitable for cryopreservation (Soares et al., 2020). These results underscore the
importance of controlling oocyte nuclear maturity at the time of collection, highlighting the
GV2-stage as a key window of developmental competence. Synchronizing oocytes to this stage
may represent a practical strategy to optimize embryo yield and quality in IVP programs.

In summary, our prematuration approach is grounded in a mechanistic understanding of
oocyte biology and tailored to accommodate the inherent developmental variability of oocytes
aspirated from antral follicles. By identifying and selectively treating oocytes at the GV1 stage,
we enhance the efficiency of assisted reproductive technologies and avoid the pitfalls of
indiscriminate in vitro culture. These insights provide a rationale for personalized pre-IVM
strategies to optimize oocyte developmental competence in vitro.

Development of a culture system for bovine oocytes isolated from early antral
follicles: a stepwise approach guided by oocyte biology

Our group has progressively developed and optimized an in vitro culture (IVCO) system for
bovine oocytes isolated from early antral follicles (EAFs) to recapitulate the in vivo environment
that supports oocyte growth and acquisition of meiotic and developmental competence. The
oocytes enclosed in these follicles remain in their growing phase and are unable to resume
meiosis spontaneously when isolated (Fair, 2003; Fair et al., 1997a, b; Fair and Hyttel, 1997;
Lodde et al., 2007, 2008b). Under fluorescence microscopy, the chromatin of these oocytes
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displays a filamentous pattern enclosed in the GV, a configuration classified as GVO0, showing
low levels of global DNA methylation and histone acetylation compared to fully grown oocytes
with higher degree of chromatin compaction (Lodde etal., 2007, 2008a, 2009, 2017;
Saraiva et al., 2025). Importantly, GVO oocytes are fully coupled with their surrounding CCs
through open gap junctions (Lodde et al., 2007; Luciano and Lodde, 2013), a prerequisite for
establishing a proper in vitro culture to support further differentiation of these growing oocytes
(Luciano et al., 2014; Luciano and Lodde, 2013).

Building on previous evidence correlating cAMP levels with junctional coupling
(Luciano et al., 2004; Modina et al., 2001), our foundational work demonstrated the central role
of cumulus-oocyte communication via gap junctions in orchestrating chromatin remodeling
and transcriptional regulation (Luciano et al., 2011). A 24-hour IVCO protocol utilizing serum-
free TCM-199 medium supplemented with physiological doses of recombinant FSH and
cilostamide (a PDE3 inhibitor that preserves intra-oocyte cAMP) supported the maintenance of
oocyte-cumulus cells coupling, oocyte growth, and the GV0-GV1 chromatin transition,
enhancing meiotic progression and developmental outcomes (Luciano etal., 2011). IVCO
system was later refined, identifying zinc as a key regulator of nuclear and epigenetic
maturation. Zinc sulfate supplementation during IVCO supported oocyte growth, preserved
transcriptional activity during early chromatin remodeling, and modulated global DNA
methylation patterns, highlighting zinc's critical involvement in regulating gene expression and
epigenetic plasticity during the GV transition (Lodde et al., 2020).

Recently, a refined protocol, termed Long IVCO (L-IVCO), that more closely mimics the
physiological environment in which GVO oocytes grow in vivo, significantly advanced the
success of the culture (Barrosetal., 2020; Garcia Barros et al.,, 2023). In this work, we
systematically evaluated the effects of adding to the IVCO medium steroid hormones, such as
estradiol (E2), progesterone (P4), and testosterone (T), at the physiological concentrations
found in the corresponding follicle stage (Aardema et al., 2013; Beg et al., 2002; Castilho et al.,
2019; Dieleman et al., 1983; Endo et al., 2013; Fortune and Hansel, 1985; Henderson et al.,
1982; Kruip and Dieleman, 1985, Makita and Miyano, 2015; Modinaetal, 2007;
Sakaguchi et al., 2019; Tessaro et al., 2011). Furthermore, we extended the culture duration to
5 days, aligning it with the duration of the corresponding step of bovine folliculogenesis
(Erickson, 1966; Fair and Lonergan, 2023; Hulshof etal., 1994; Lussier etal.,, 1987) and
incorporated several optimized components: collagen-coated plates to support COC
morphology differentiation, zinc sulfate to support the transcriptional activity, and
polyvinylpyrrolidone to modify viscosity and promote a 3D-like organization (Alam et al., 2018;
Hirao et al., 2004). The L-IVCO system preserved cumulus-oocyte complex architecture,
supported progressive chromatin maturation up to the GV3 stage, transcriptional silencing,
oocyte growth, and ultimately improved IVM rates, enhancing cumulus expansion and
blastocyst development following IVF (Barros et al., 2020; Garcia Barros et al., 2023).

Importantly, the L-IVCO system has recently been successfully translated in sheep, achieving
essential milestones and demonstrating the feasibility of producing developmentally competent
oocytes from early antral follicles in this species (Ebrahimi et al., 2024a, b, 2025). L-IVCO can support
growth and enable oocyte meiotic maturation, showcasing promising outcomes regarding cumulus
expansion, mitochondrial activity, and reduced oxidative stress. Our group is also focused on
translating the protocol to other farm animals, such as the horse (Unpublished data).

Although the L-IVCO system has significantly enhanced the ability to culture growing
oocytes in vitro, oocyte competence remains suboptimal. Future efforts will concentrate on
integrating dynamic culture systems, real-time monitoring of metabolic and epigenetic
markers, and refining the somatic microenvironment. Nevertheless, this model offers a robust
and manageable system to enlarge the gamete pool and investigate oocyte developmental
biology in physiological as well as environmentally challenged conditions.

A key biological question to be answered to enhance the system is a better understanding of
the mechanisms regulating transcription and maintaining the cross-talk between oocytes and CCs.
This goal is accomplished in vivo through paracrine and gap junction-mediated processes, and its
decoding would allow for the modulation of the media composition to support a more prolonged
culture, extending beyond the current 5 days established in our protocol.
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Approaches to preantral follicle culture

Recapitulating early folliculogenesis outside the ovarian environment must adhere to the
overarching principle of creating a biomimetic system that supports the survival, growth, and
differentiation of individual follicle stages: primordial, primary, and secondary. As outlined in
our recent review paper, tailoring the culture conditions to the unique metabolic, structural,
and signaling needs of each follicle type is critical to this endeavor, requiring precise control
over factors such as oxygen tension, extracellular matrix composition, and growth factor
supplementation (Dey et al., 2024b). This information is challenging to obtain in a system
where follicles are commonly cultured “in situ”, i.e., within small ovarian cortex fragments, due
to difficulties in tracking the fate of individual follicle, and thereby the culture of isolated
follicles would be more informative. Ideally, the culture of isolated follicles would provide more
information. However, a major limitation lies in the intrinsic fragility of primordial follicles once
isolated, as they are highly sensitive to mechanical and enzymatic stress and prone to
programmed cell death outside their native stromal context (Dey et al., 2025). This issue,
complicated by survivorship bias in culture experiments and the lack of standardized follicle
quantification and viability assessment methods, significantly hinders the reproducibility and
translational success of preantral follicle culture systems in large mammals. Due to these
limitations, current literature on in vitro culture of preantral follicles is jeopardized by
significant methodological variability and lack of standardization (Dey etal.,, 2024a, b;
Simon et al., 2020).

Over the past 30 years, in vitro culture of preantral follicles has advanced significantly in the
murine model (Dey et al., 2024b; Simon et al., 2020), beginning with the culture of primordial
follicles to obtain newborns (Eppig and O'Brien, 1996; O'Brien et al., 2003) and utilizing gene
editing to study the mechanisms of folliculogenesis (Li et al., 2010; Nagamatsu et al., 2019;
Shah et al., 2018; Zheng et al., 2023). In contrast, results in higher-mammalian species are
limited and experimental (Frost and Gilchrist, 2024; Telfer and Andersen, 2021). Two of the
most relevant results were obtained in humans, where a few mature oocytes (Mll) have been
derived from primordial follicles (McLaughlin et al., 2018) and a single blastocyst has been
developed from secondary follicle culture (Guo et al., 2024). These sparse findings highlight the
profound interspecies differences, particularly between mice and humans (Campbell et al.,
2003; Ménézo and Hérubel, 2002; Sirard, 2017). Like other higher-order mammals such as
cattle, humans experience a longer duration of folliculogenesis (Denicol, 2024; Dey et al.,
2024b; Monniaux et al., 2014), necessitating a more extended and tightly controlled in vitro
culture system. In mice, the total culture time from ovary culture to the Mll stage was 23 days,
divided into multiple steps, resulting in 59 newborns (O'Brien et al., 2003). For humans,
however, adopting a multistep procedure over 27 days, starting from 160 ovarian cortical
slices, resulted in only 9 oocytes showing abnormal polar bodies (McLaughlin et al., 2018).
Improved outcomes have been reported in a recent study where a protocol was developed for
human follicle culture starting from the secondary stage. By extending the culture period to 4-
6 weeks, this approach yielded 10/71 and 4/70 MIl oocytes when cultured with or without the
addition of neurotrophic factor 4, respectively, and resulted in one blastocyst (Guo et al., 2024).
The culture period in this protocol represents approximately half the physiological duration of
folliculogenesis from the secondary to the mature stage in vivo, estimated at 85 days (Gougeon,
2004), suggesting that optimizing the timing of in vitro culture may enhance the developmental
outcomes. However, extending the culture period must be finely regulated to sustain the
growth and survival of the follicles. Due to its physiological similarities to humans, cattle may
serve as a valuable experimental model for developing in vitro systems for human
folliculogenesis. So far, results in bovine culture of preantral follicles indicate a highly divergent
timeline, ranging from 4 to 32 days of follicle culture starting from the cortical strips (Braw-Tal
and Yossefi, 1997; Derrar et al., 2000; Gigli et al., 2006; Telfer et al., 2000; Wandji et al., 1996) or
the secondary stage (Araujoetal., 2015; Gutierrezetal., 2000; MclLaughlinetal.,, 2010;
Rossetto et al., 2013; Taketsuru et al., 2011). Until now, results have shown reduced viability
and low stage transition of healthy follicles.

We believe that the only way to fulfill in vitro folliculogenesis is through the accurate analysis
of the cellular and molecular characteristics of the follicles at different stages of their
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development. This analysis is crucial for informing the scientific community about the
requirements (biochemical signals, developmental timing, cell-cell communication,
biomechanical cues) of each developmental stage. By studying the mechanisms that guide
follicle growth, we can establish differentiation markers and define the appropriate culture
environment. With this in mind, over the past few years, we have focused our research efforts
on characterizing the population of preantral follicles at different developmental stages
(primordial, primary, and secondary) in the bovine model. We established a high-yield, enzyme-
free mechanical isolation protocol that preserves follicle morphology and viability, enabling the
recovery of hundreds of intact follicles from minimal cortical tissue (Dey etal., 2024a;
Monferini et al., 2024). This method provides a reproducible strategy suitable for fertility
preservation studies. Building on this foundation, we developed a defined, serum-free culture
system tailored to primordial follicle needs, allowing for short-term survival and experimental
manipulation (Dey et al., 2025). Using transcriptomic profiling, we identified ferroptosis as a
primary response mechanism of follicle attrition in vitro. We demonstrated that glycine
supplementation can mitigate oxidative stress and prolong follicle viability (Dey et al., 2025).
Together, these advances provide a robust and scalable platform for mechanistic studies and
the future refinement of long-term culture systems aimed at supporting complete
folliculogenesis from the dormant pool. Studies are in progress to further characterize the
population of primary and secondary follicles in the bovine model. Additional information on
the ongoing studies in our laboratory is presented in the accompanying paper in this special
issue (Luciano et al., 2025).

Conclusions and perspectives

Despite the considerable progress in developing in vitro systems to support oocyte growth
and differentiation in large mammals, current outcomes remain suboptimal and reflect the gaps
in our understanding of the fundamental mechanisms governing folliculogenesis and oogenesis.
A key concept emerging from both our experience and the literature is that each stage of
follicular development has specific physiological requirements, including growth factor milieu,
cell-cell communication dynamics, and metabolic activity, which must be carefully recapitulated
in vitro. Therefore, culture media should be formulated in a stage-specific manner that reflects
the natural ovarian environment with strategies grounded in biological rationale.

This need is particularly evident in the field of antioxidant supplementation, which has, in
some cases, been applied indiscriminately. While oxidative stress is a recognized threat to
oocyte and embryo viability in vitro, recent data highlight that the efficacy of antioxidants is
highly context-dependent and dose-sensitive (Naspinska et al., 2023). Although compounds
like melatonin, cysteamine, and lipoic acid have shown benefits under certain conditions
(Canel et al., 2018; Fabra etal., 2020; Lodde et al., 2021; Rodrigues-Cunha et al., 2016), the
inclusion of non-validated molecules or plant-derived extracts (e.g., carvacrol, eugenol, Aloe
vera) often lacks mechanistic justification (Azevedo et al., 2022; Morais et al., 2023; Silva et al.,
2022). Furthermore, supraphysiological concentrations can lead to “reductive stress,”
disrupting key redox-sensitive pathways and mitochondrial function (Gameiro et al., 2013; Gao
and Wolin, 2008; Giorgio etal., 2007; Hoetal,, 2017, Kannan et al., 2013). This has been
demonstrated with compounds like MitoQ, where high doses impair developmental
competence despite their antioxidant labeling (Marei et al., 2024). A more promising approach
may be to support the oocyte’s intrinsic strategies for regulating ROS, such as modulating
mitochondrial activity to reduce ROS generation at the source, as demonstrated in human and
Xenopus laevis oocytes (Rodriguez-Nuevo et al., 2022). Although this approach remains
technically demanding in large animal models, it offers a conceptually elegant alternative to
the addition of external antioxidants.

Notably, the developmental competence of oocytes appears irreversibly compromised
once early signs of atresia emerge, as evidenced by the marginal gains in blastocyst formation
despite intense research efforts. This observation highlights a critical conceptual shift:
successful in vitro growth must start from oocytes that are not yet committed to atresia. A
central unanswered question is whether atresia is reversible at its earliest stages, and which
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molecular pathways dictate this fate. Addressing these gaps of knowledge, especially in
understanding the early events that govern oocyte-somatic cell communication, transcriptional
control, and survival signaling, will be key to refining culture conditions, extending culture
periods, and ultimately unlocking the full potential of the ovarian reserve.

Acknowledgements

Part of the work summarized in this paper received funding from the European Union's
Horizon 2020 research and innovation programme under the Marie Sktodowska-Curie grant
agreement No. 860960 (“EUROVA”), from Regione Lombardia FEASR - Programma di Sviluppo
Rurale 2014-2020, Sottomisura 10.2 - Operazione 10.2.01 - “Conservazione della biodiversita
animale e vegetale” No. 202102146691 (R-INNOVA), and from the Italian Ministry of University
and Research (MUR), PRIN20209L8BN4 (InfinitEGG), and MUR PRIN20227EB74M (CO-Matrix).
This study was also carried out within the Agritech National Research Center and received
funding from the European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E
RESILIENZA (PNRR) - MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 - D.D. 1032 17/06/2022,
CNO00000022). This manuscript reflects only the authors’ views and opinions; neither the
European Union nor the European Commission can be considered responsible for them.

Data availability statement

No research data was used.

References

Aardema H, Roelen BA, van Tol HT, Oei CH, Gadella BM, Vos PL. Follicular 17beta-estradiol and
progesterone concentrations and degree of cumulus cell expansion as predictors of in vivo-matured
oocyte developmental competence in superstimulated heifers. Theriogenology. 2013;80(6):576-83.
http://doi.org/10.1016/j.theriogenology.2013.05.025. PMid:23831113.

Alam MH, Lee J, Miyano T. Inhibition of PDE3A sustains meiotic arrest and gap junction of bovine
growing oocytes in in vitro growth culture. Theriogenology. 2018;118:110-8.
http://doi.org/10.1016/j.theriogenology.2018.05.028. PMid:29886357.

Albertini DF, Combelles CM, Benecchi E, Carabatsos M. Cellular basis for paracrine regulation of ovarian
follicle development. Reproduction. 2001;121(5):647-53. http://doi.org/10.1530/rep.0.1210647.
PMid:11427152.

Albuz FK, Sasseville M, Lane M, Armstrong DT, Thompson JG, Gilchrist RB. Simulated physiological oocyte
maturation (SPOM): a novel in vitro maturation system that substantially improves embryo yield and
pregnancy outcomes. Hum Reprod. 2010;25(12):2999-3011. http://doi.org/10.1093/humrep/deq246.
PMid:20870682.

Araujo VR, Gastal MO, Wischral A, Figueiredo JR, Gastal EL. Long-term in vitro culture of bovine preantral
follicles: effect of base medium and medium replacement methods. Anim Reprod Sci. 2015;161:23-
31. http://doi.org/10.1016/j.anireprosci.2015.07.006. PMid:26304751.

Azevedo VAN, Barroso PAA, Vasconcelos EM, Costa FC, Assis EIT, Silva BR, Paulino LRM, Silva AWB,
Donato MMA, Peixoto CA, Silva JRV, Souza ALP. Effects of Aloe vera extract on growth, viability,
ultrastructure and expression of mRNA for antioxidant enzymes in bovine secondary follicles
cultured in vitro. Anim Reprod Sci. 2022;247:107078.
http://doi.org/10.1016/j.anireprosci.2022.107078. PMid:36179655.

Baker TG, Franchi LL. The fine structure of chromosomes in bovine primordial oocytes. ] Reprod Fertil.
1967;14(3):511-3. http://doi.org/10.1530/jrf.0.0140511. PMid:6071015.

Barros RG, Lodde V, Franciosi F, Luciano AM. In vitro culture strategy for oocytes from early antral follicle
in cattle. ] Vis Exp. 2020;(161). http://doi.org/10.3791/61625-v. PMid:32716390.

Beg MA, Bergfelt DR, Kot K, Ginther OJ. Follicle selection in cattle: dynamics of follicular fluid factors
during development of follicle dominance. Biol Reprod. 2002;66(1):120-6.
http://doi.org/10.1095/biolreprod66.1.120. PMid:11751273.

BioRender [Internet]. 2025 [cited 2025 Jun 24]. Available from: https://biorender.com/jzdrrkr

Anim Reprod. 2025;22(3):220250090 11/20


https://doi.org/10.1016/j.theriogenology.2013.05.025
https://pubmed.ncbi.nlm.nih.gov/23831113
https://doi.org/10.1016/j.theriogenology.2018.05.028
https://pubmed.ncbi.nlm.nih.gov/29886357
https://doi.org/10.1530/rep.0.1210647
https://pubmed.ncbi.nlm.nih.gov/11427152
https://pubmed.ncbi.nlm.nih.gov/11427152
https://doi.org/10.1093/humrep/deq246
https://pubmed.ncbi.nlm.nih.gov/20870682
https://pubmed.ncbi.nlm.nih.gov/20870682
https://doi.org/10.1016/j.anireprosci.2015.07.006
https://pubmed.ncbi.nlm.nih.gov/26304751
https://doi.org/10.1016/j.anireprosci.2022.107078
https://pubmed.ncbi.nlm.nih.gov/36179655
https://doi.org/10.1530/jrf.0.0140511
https://pubmed.ncbi.nlm.nih.gov/6071015
https://doi.org/10.3791/61625-v
https://pubmed.ncbi.nlm.nih.gov/32716390
https://doi.org/10.1095/biolreprod66.1.120
https://pubmed.ncbi.nlm.nih.gov/11751273

The challenge of culturing follicles in vitro

Blondin P, Sirard MA. Oocyte and follicular morphology as determining characteristics for
developmental competence in bovine oocytes. Mol Reprod Dev. 1995;41(1):54-62.
http://doi.org/10.1002/mrd.1080410109. PMid:7619506.

Bogolyubov DS. Karyosphere (Karyosome): a peculiar structure of the oocyte nucleus. Int Rev Cell Mol
Biol. 2018;337:1-48. http://doi.org/10.1016/bs.ircmb.2017.12.001. PMid:29551157.

Bonnet-Garnier A, Feuerstein P, Chebrout M, Fleurot R, Jan HU, Debey P, Beaujean N. Genome
organization and epigenetic marks in mouse germinal vesicle oocytes. Int ] Dev Biol. 2012;56(10-
12):877-87. http://doi.org/10.1387/ijdb.120149ab. PMid:23417410.

Botigelli RC, Guiltinan C, Arcanjo RB, Denicol AC. In vitro gametogenesis from embryonic stem cells in
livestock species: recent advances, opportunities, and challenges to overcome. ] Anim Sci.
2023;101:skad137. http://doi.org/10.1093/jas/skad137. PMid:37140043.

Braw-Tal R, Yossefi S. Studies in vivo and in vitro on the initiation of follicle growth in the bovine ovary. |
Reprod Fertil. 1997;109(1):165-71. http://doi.org/10.1530/jrf.0.1090165. PMid:9068428.

Buratini J, Dellaqua TT, Dal Canto M, La Marca A, Carone D, Mignini Renzini M, Webb R. The putative
roles of FSH and AMH in the regulation of oocyte developmental competence: from fertility
prognosis to mechanisms underlying age-related subfertility. Hum Reprod Update. 2022;28(2):232-
54. http://doi.org/10.1093/humupd/dmab044. PMid:34969065.

Campbell BK, Souza C, Gong J, Webb R, Kendall N, Marsters P, Robinson G, Mitchell A, Telfer EE, Baird DT.
Domestic ruminants as models for the elucidation of the mechanisms controlling ovarian follicle
development in humans. Reprod Suppl. 2003;61:429-43. PMid:14635953.

Canel NG, Suva M, Bevacqua RJ, Arias ME, Felmer R, Salamone DF. Improved embryo development using
high cysteamine concentration during IVM and sperm co-culture with COCs previous to ICSI in
bovine. Theriogenology. 2018;117:26-33. http://doi.org/10.1016/j.theriogenology.2018.05.017.
PMid:29807255.

Carabatsos MJ, Sellitto C, Goodenough DA, Albertini DF. Oocyte-granulosa cell heterologous gap
junctions are required for the coordination of nuclear and cytoplasmic meiotic competence. Dev
Biol. 2000;226(2):167-79. http://doi.org/10.1006/dbio.2000.9863. PMid:11023678.

Castilho ACS, Dalanezi FM, Franchi FF, Price CA, Ferreira JCP, Trevisol E, Buratini J. Expression of
fibroblast growth factor 22 (FGF22) and its receptor, FGFR1B, during development and regression of
bovine corpus luteum. Theriogenology. 2019;125:1-5.
http://doi.org/10.1016/j.theriogenology.2018.09.024. PMid:30366151.

Clarke HJ. Transzonal projections: essential structures mediating intercellular communication in the
mammalian ovarian follicle. Mol Reprod Dev. 2022;89(11):509-25. http://doi.org/10.1002/mrd.23645.
PMid:36112806.

Conti M, Franciosi F. Acquisition of oocyte competence to develop as an embryo: integrated nuclear and
cytoplasmic events. Hum Reprod Update. 2018;24(3):245-66.
http://doi.org/10.1093/humupd/dmx040. PMid:29432538.

de Loos F, van Vliet C, van Maurik P, Kruip TA. Morphology of immature bovine oocytes. Gamete Res.
1989;24(2):197-204. http://doi.org/10.1002/mrd.1120240207. PMid:2793058.

de Loos FA, Bevers MM, Dieleman SJ, Kruip TA. Morphology of preovulatory bovine follicles as related to
oocyte maturation. Theriogenology. 1991;35(3):527-35. http://doi.org/10.1016/0093-691X(91)90449-
N. PMid:16726922.

De Vos M, Grynberg M, Ho TM, Yuan Y, Albertini DF, Gilchrist RB. Perspectives on the development and
future of oocyte IVM in clinical practice. ] Assist Reprod Genet. 2021;38(6):1265-80.
http://doi.org/10.1007/s10815-021-02263-5. PMid:34218388.

de Wit AA, Wurth YA, Kruip TA. Effect of ovarian phase and follicle quality on morphology and
developmental capacity of the bovine cumulus-oocyte complex. J Anim Sci. 2000;78(5):1277-83.
http://doi.org/10.2527/2000.7851277x. PMid:10834583.

Demond H, Khan S, Castillo-Fernandez J, Hanna CW, Kelsey G. Transcriptome and DNA methylation
profiling during the NSN to SN transition in mouse oocytes. BMC Mol Cell Biol. 2025;26(1):2.
http://doi.org/10.1186/512860-024-00527-3. PMid:39754059.

Denicol AC. What we can learn from the bovine embryo and mouse models to enable in vitro
gametogenesis in cattle. Reprod Fertil Dev. 2024;37(1):RD24142. http://doi.org/10.1071/RD24142.

Derrar N, Price CA, Sirard MA. Effect of growth factors and co-culture with ovarian medulla on the
activation of primordial follicles in explants of bovine ovarian cortex. Theriogenology. 2000;54(4):587-
98. http://doi.org/10.1016/50093-691X(00)00374-5. PMid:11071133.

Anim Reprod. 2025;22(3):e20250090 12/20


https://doi.org/10.1002/mrd.1080410109
https://pubmed.ncbi.nlm.nih.gov/7619506
https://doi.org/10.1016/bs.ircmb.2017.12.001
https://pubmed.ncbi.nlm.nih.gov/29551157
https://doi.org/10.1387/ijdb.120149ab
https://pubmed.ncbi.nlm.nih.gov/23417410
https://doi.org/10.1093/jas/skad137
https://pubmed.ncbi.nlm.nih.gov/37140043
https://doi.org/10.1530/jrf.0.1090165
https://pubmed.ncbi.nlm.nih.gov/9068428
https://doi.org/10.1093/humupd/dmab044
https://pubmed.ncbi.nlm.nih.gov/34969065
https://pubmed.ncbi.nlm.nih.gov/14635953
https://doi.org/10.1016/j.theriogenology.2018.05.017
https://pubmed.ncbi.nlm.nih.gov/29807255
https://pubmed.ncbi.nlm.nih.gov/29807255
https://doi.org/10.1006/dbio.2000.9863
https://pubmed.ncbi.nlm.nih.gov/11023678
https://doi.org/10.1016/j.theriogenology.2018.09.024
https://pubmed.ncbi.nlm.nih.gov/30366151
https://doi.org/10.1002/mrd.23645
https://pubmed.ncbi.nlm.nih.gov/36112806
https://pubmed.ncbi.nlm.nih.gov/36112806
https://doi.org/10.1093/humupd/dmx040
https://pubmed.ncbi.nlm.nih.gov/29432538
https://doi.org/10.1002/mrd.1120240207
https://pubmed.ncbi.nlm.nih.gov/2793058
https://doi.org/10.1016/0093-691X(91)90449-N
https://doi.org/10.1016/0093-691X(91)90449-N
https://pubmed.ncbi.nlm.nih.gov/16726922
https://doi.org/10.1007/s10815-021-02263-5
https://pubmed.ncbi.nlm.nih.gov/34218388
https://doi.org/10.2527/2000.7851277x
https://pubmed.ncbi.nlm.nih.gov/10834583
https://doi.org/10.1186/s12860-024-00527-3
https://pubmed.ncbi.nlm.nih.gov/39754059
https://doi.org/10.1071/RD24142
https://doi.org/10.1016/S0093-691X(00)00374-5
https://pubmed.ncbi.nlm.nih.gov/11071133

The challenge of culturing follicles in vitro

Dey P, Luciano AM. A century of programmed cell death in the ovary: a commentary. J Assist Reprod
Genet. 2022;39(1):63-6. http://doi.org/10.1007/s10815-021-02389-6. PMid:34993710.

Dey P, Monferini N, Donadini L, Lodde V, Franciosi F, Luciano AM. Method of isolation and in vitro culture
of primordial follicles in bovine animal model. Methods Mol Biol. 20243;2770:171-82.
http://doi.org/10.1007/978-1-0716-3698-5_13. PMid:38351454.

Dey P, Monferini N, Donadini L, Lodde V, Franciosi F, Luciano AM. A spotlight on factors influencing the in
vitro folliculogenesis of isolated preantral follicles. J Assist Reprod Genet. 2024b;41(12):3287-300.
http://doi.org/10.1007/s10815-024-03277-5. PMid:39373807.

Dey P, Monferini N, Donadini L, Zambelli F, Rabaglino MB, Lodde V, Franciosi F, Luciano AM. Early
signaling pathways during in vitro culture of isolated primordial follicles. Mol Hum Reprod.
2025;31(3):gaaf026. http://doi.org/10.1093/molehr/gaaf026. PMid:40489658.

Dieci C, Lodde V, Franciosi F, Lagutina |, Tessaro |, Modina SC, Albertini DF, Lazzari G, Galli C, Luciano AM.
The effect of cilostamide on gap junction communication dynamics, chromatin remodeling, and
competence acquisition in pig oocytes following parthenogenetic activation and nuclear transfer.
Biol Reprod. 2013;89(3):68. http://doi.org/10.1095/biolreprod.113.110577. PMid:23926281.

Dieci C, Lodde V, Labreque R, Dufort |, Tessaro |, Sirard MA, Luciano AM. Differences in cumulus cell gene
expression indicate the benefit of a pre-maturation step to improve in-vitro bovine embryo
production. Mol Hum Reprod. 2016;22(12):882-97. http://doi.org/10.1093/molehr/gaw055.
PMid:27559149.

Dieleman SJ, Kruip TA, Fontijne P, de Jong WH, van der Weyden GC. Changes in oestradiol, progesterone
and testosterone concentrations in follicular fluid and in the micromorphology of preovulatory
bovine follicles relative to the peak of luteinizing hormone. J Endocrinol. 1983;97(1):31-42, NP.
http://doi.org/10.1677/joe.0.0970031. PMid:6682433.

Dieleman SJ, Hendriksen PJ, Viuff D, Thomsen PD, Hyttel P, Knijn HM, Wrenzycki C, Kruip TA, Niemann H,
Gadella BM, Bevers MM, Vos PL. Effects of in vivo prematuration and in vivo final maturation on
developmental capacity and quality of pre-implantation embryos. Theriogenology. 2002;57(1):5-20.
http://doi.org/10.1016/S0093-691X(01)00655-0. PMid:11775980.

Duncan FE, Schindler K, Schultz RM, Blengini CS, Stein P, Stricker SA, Wessel GM, Williams CJ.
Unscrambling the oocyte and the egg: clarifying terminology of the female gamete in mammals. Mol
Hum Reprod. 2020;26(11):797-800. http://doi.org/10.1093/molehr/gaaa066. PMid:33022047.

Ebrahimi M, Dattena M, Luciano AM, Succu S, Gadau SD, Mara L, Chessa F, Berlinguer F. In vitro culture
of sheep early-antral follicles: milestones, challenges and future perspectives. Theriogenology.
20244a;213:114-23. http://doi.org/10.1016/j.theriogenology.2023.09.025. PMid:37839290.

Ebrahimi M, Dattena M, Mara L, Pasciu V, Sotgiu FD, Chessa F, Luciano AM, Berlinguer F. In vitro
production of meiotically competent oocytes from early antral follicles in sheep. Theriogenology.
2024b;226:253-62. http://doi.org/10.1016/j.theriogenology.2024.06.030. PMid:38950486.

Ebrahimi M, Mara L, Succu S, Gadau SD, Palmerini MG, Chessa F, Dattena M, Sotgiu FD, Pasciu V, Mascitti
IA, Macchiarelli G, Luciano AM, Berlinguer F. The effect of single versus group culture on cumulus-
oocyte complexes from early antral follicles. ] Assist Reprod Genet. 2025;42(3):961-76.
http://doi.org/10.1007/s10815-025-03404-w. PMid:39873925.

Edwards-Lee CA, Jarred EG, Western PS. Coordinated regulation of chromatin modifiers reflects
organised epigenetic programming in mouse oocytes. Epigenetics Chromatin. 2025;18(1):19.
http://doi.org/10.1186/s13072-025-00583-9. PMid:40186324.

Endo M, Kawahara-Miki R, Cao F, Kimura K, Kuwayama T, Monji Y, lwata H. Estradiol supports in vitro
development of bovine early antral follicles. Reproduction. 2013;145(1):85-96.
http://doi.org/10.1530/REP-12-0319. PMid:23129663.

Eppig JJ, O'Brien MJ. Development in vitro of mouse oocytes from primordial follicles. Biol Reprod.
1996;54(1):197-207. http://doi.org/10.1095/biolreprod54.1.197. PMid:8838017.

Eppig J). Oocyte control of ovarian follicular development and function in mammals. Reproduction.
2001;122(6):829-38. http://doi.org/10.1530/rep.0.1220829. PMid:11732978.

Erickson BH. Development and senescence of the postnatal bovine ovary. ] Anim Sci. 1966;25(3):800-5.
http://doi.org/10.2527/jas1966.253800x. PMid:6007918.

Fabra MC, Izquierdo |, Anchordoquy JM, Anchordoquy JP, Carranza-Martin AC, Nikoloff N, Furnus CC.
Effect of alpha-lipoic acid during preimplantation development of cattle embryos when there were
different in vitro culture conditions. Anim Reprod Sci. 2020;221:106550.
http://doi.org/10.1016/j.anireprosci.2020.106550. PMid:32861112.

Anim Reprod. 2025;22(3):e20250090 13/20


https://doi.org/10.1007/s10815-021-02389-6
https://pubmed.ncbi.nlm.nih.gov/34993710
https://doi.org/10.1007/978-1-0716-3698-5_13
https://pubmed.ncbi.nlm.nih.gov/38351454
https://doi.org/10.1007/s10815-024-03277-5
https://pubmed.ncbi.nlm.nih.gov/39373807
https://doi.org/10.1093/molehr/gaaf026
https://pubmed.ncbi.nlm.nih.gov/40489658
https://doi.org/10.1095/biolreprod.113.110577
https://pubmed.ncbi.nlm.nih.gov/23926281
https://doi.org/10.1093/molehr/gaw055
https://pubmed.ncbi.nlm.nih.gov/27559149
https://pubmed.ncbi.nlm.nih.gov/27559149
https://doi.org/10.1677/joe.0.0970031
https://pubmed.ncbi.nlm.nih.gov/6682433
https://doi.org/10.1016/S0093-691X(01)00655-0
https://pubmed.ncbi.nlm.nih.gov/11775980
https://doi.org/10.1093/molehr/gaaa066
https://pubmed.ncbi.nlm.nih.gov/33022047
https://doi.org/10.1016/j.theriogenology.2023.09.025
https://pubmed.ncbi.nlm.nih.gov/37839290
https://doi.org/10.1016/j.theriogenology.2024.06.030
https://pubmed.ncbi.nlm.nih.gov/38950486
https://doi.org/10.1007/s10815-025-03404-w
https://pubmed.ncbi.nlm.nih.gov/39873925
https://doi.org/10.1186/s13072-025-00583-9
https://pubmed.ncbi.nlm.nih.gov/40186324
https://doi.org/10.1530/REP-12-0319
https://pubmed.ncbi.nlm.nih.gov/23129663
https://doi.org/10.1095/biolreprod54.1.197
https://pubmed.ncbi.nlm.nih.gov/8838017
https://doi.org/10.1530/rep.0.1220829
https://pubmed.ncbi.nlm.nih.gov/11732978
https://doi.org/10.2527/jas1966.253800x
https://pubmed.ncbi.nlm.nih.gov/6007918
https://doi.org/10.1016/j.anireprosci.2020.106550
https://pubmed.ncbi.nlm.nih.gov/32861112

The challenge of culturing follicles in vitro

Fair T, Hulshof SC, Hyttel P, Greve T, Boland M. Nucleus ultrastructure and transcriptional activity of
bovine oocytes in preantral and early antral follicles. Mol Reprod Dev. 1997a;46(2):208-15.
http://doi.org/10.1002/(SICI)1098-2795(199702)46:2<208::AID-MRD11>3.0.CO;2-X. PMid:9021752.

Fair T, Hulshof SC, Hyttel P, Greve T, Boland M. Oocyte ultrastructure in bovine primordial to early
tertiary follicles. Anat Embryol. 1997b;195(4):327-36. http://doi.org/10.1007/s004290050052.
PMid:9108198.

Fair T, Hyttel P. Oocyte growth in cattle-ultrastructure, transcription and developmental competence. In:
Motta PM, editor. Microscopy of reproduction and development: a dynamic approach. Rome:
Antonio Delfino; 1997. p. 109-18.

Fair T. Follicular oocyte growth and acquisition of developmental competence. Anim Reprod Sci.
2003;78(3-4):203-16. http://doi.org/10.1016/50378-4320(03)00091-5. PMid:12818645.

Fair T, Lonergan P. The oocyte: the key player in the success of assisted reproduction technologies.
Reprod Fertil Dev. 2023;36(2):133-48. http://doi.org/10.1071/RD23164. PMid:38064189.

Fenner M, Benc M, Bartkova AR, Pihl M, Chebrout M, Letheule M, Strejcek F, Hyttel P, Laurincik J, Freude
K, Bonnet-Garnier A. 3D-organization and spatial localization of chromatin and epigenetic marks
linked to nucleolar activity in porcine oocytes. Biol Reprod. 2025;i0af098.
http://doi.org/10.1093/biolre/ioaf098. PMid:40318218.

Fortune JE, Hansel W. Concentrations of steroids and gonadotropins in follicular fluid from normal
heifers and heifers primed for superovulation. Biol Reprod. 1985;32(5):1069-79.
http://doi.org/10.1095/biolreprod32.5.1069. PMid:3926013.

Franciosi FM, Lodde V, Modina S, Tessaro |, Luciano AM. Role of intercellular coupling on chromatin
changes transcriptional activity and meiotic competence acquisition during bovine oocyte growth in
vitro. Biol Reprod. 2009;81(Suppl 1):282. http://doi.org/10.1093/biolreprod/81.51.282.

Franciosi F, Coticchio G, Lodde V, Tessaro |, Modina SC, Fadini R, Dal Canto M, Renzini MM, Albertini DF,
Luciano AM. Natriuretic peptide precursor C delays meiotic resumption and sustains gap junction-
mediated communication in bovine cumulus-enclosed oocytes. Biol Reprod. 2014;91(3):61.
http://doi.org/10.1095/biolreprod.114.118869. PMid:25078681.

Frost ER, Gilchrist RB. Making human eggs in a dish: are we close? Trends Biotechnol. 2024;42(2):168-78.
http://doi.org/10.1016/j.tibtech.2023.07.007. PMid:37625913.

Galli C, Lazzari G. The manipulation of gametes and embryos in farm animals. Reprod Domest Anim.
2008;43(Suppl 2):1-7. http://doi.org/10.1111/].1439-0531.2008.01136.x. PMid:18638099.

Gameiro PA, Laviolette LA, Kelleher JK, lliopoulos O, Stephanopoulos G. Cofactor balance by
nicotinamide nucleotide transhydrogenase (NNT) coordinates reductive carboxylation and glucose
catabolism in the tricarboxylic acid (TCA) cycle. ] Biol Chem. 2013;288(18):12967-77.
http://doi.org/10.1074/jbc.M112.396796. PMid:23504317.

Gao Q, Wolin MS. Effects of hypoxia on relationships between cytosolic and mitochondrial NAD(P)H
redox and superoxide generation in coronary arterial smooth muscle. Am ] Physiol Heart Circ
Physiol. 2008;295(3):H978-89. http://doi.org/10.1152/ajpheart.00316.2008. PMid:18567707.

Garcia Barros R, Lodde V, Franciosi F, Luciano AM. A refined culture system of oocytes from early antral
follicles promotes oocyte maturation and embryo development in cattle. Reproduction.
2023;165(2):221-33. http://doi.org/10.1530/REP-22-0277. PMid:36473031.

Gigli |, Byrd DD, Fortune JE. Effects of oxygen tension and supplements to the culture medium on
activation and development of bovine follicles in vitro. Theriogenology. 2006;66(2):344-53.
http://doi.org/10.1016/j.theriogenology.2005.11.021. PMid:16442155.

Gilchrist RB, Ritter L], Armstrong DT. Oocyte-somatic cell interactions during follicle development in
mammals. Anim Reprod Sci. 2004;82-83:431-46. http://doi.org/10.1016/j.anireprosci.2004.05.017.
PMid:15271471.

Gilchrist RB. Recent insights into oocyte-follicle cell interactions provide opportunities for the
development of new approaches to in vitro maturation. Reprod Fertil Dev. 2011;23(1):23-31.
http://doi.org/10.1071/RD10225. PMid:21366977.

Gilchrist RB, Luciano AM, Richani D, Zeng HT, Wang X, Vos MD, Sugimura S, Smitz J, Richard FJ, Thompson
JG. Oocyte maturation and quality: role of cyclic nucleotides. Reproduction. 2016;152(5):R143-57.
http://doi.org/10.1530/REP-15-0606. PMid:27422885.

Gilchrist RB, Smitz J. Oocyte in vitro maturation: physiological basis and application to clinical practice.
Fertil Steril. 2023;119(4):524-39. http://doi.org/10.1016/j.fertnstert.2023.02.010. PMid:36804961.

Anim Reprod. 2025;22(3):e20250090 14/20


https://doi.org/10.1002/(SICI)1098-2795(199702)46:2%3c208::AID-MRD11%3e3.0.CO;2-X
https://pubmed.ncbi.nlm.nih.gov/9021752
https://doi.org/10.1007/s004290050052
https://pubmed.ncbi.nlm.nih.gov/9108198
https://pubmed.ncbi.nlm.nih.gov/9108198
https://doi.org/10.1016/S0378-4320(03)00091-5
https://pubmed.ncbi.nlm.nih.gov/12818645
https://doi.org/10.1071/RD23164
https://pubmed.ncbi.nlm.nih.gov/38064189
https://doi.org/10.1093/biolre/ioaf098
https://pubmed.ncbi.nlm.nih.gov/40318218
https://doi.org/10.1095/biolreprod32.5.1069
https://pubmed.ncbi.nlm.nih.gov/3926013
https://doi.org/10.1093/biolreprod/81.s1.282
https://doi.org/10.1095/biolreprod.114.118869
https://pubmed.ncbi.nlm.nih.gov/25078681
https://doi.org/10.1016/j.tibtech.2023.07.007
https://pubmed.ncbi.nlm.nih.gov/37625913
https://doi.org/10.1111/j.1439-0531.2008.01136.x
https://pubmed.ncbi.nlm.nih.gov/18638099
https://doi.org/10.1074/jbc.M112.396796
https://pubmed.ncbi.nlm.nih.gov/23504317
https://doi.org/10.1152/ajpheart.00316.2008
https://pubmed.ncbi.nlm.nih.gov/18567707
https://doi.org/10.1530/REP-22-0277
https://pubmed.ncbi.nlm.nih.gov/36473031
https://doi.org/10.1016/j.theriogenology.2005.11.021
https://pubmed.ncbi.nlm.nih.gov/16442155
https://doi.org/10.1016/j.anireprosci.2004.05.017
https://pubmed.ncbi.nlm.nih.gov/15271471
https://pubmed.ncbi.nlm.nih.gov/15271471
https://doi.org/10.1071/RD10225
https://pubmed.ncbi.nlm.nih.gov/21366977
https://doi.org/10.1530/REP-15-0606
https://pubmed.ncbi.nlm.nih.gov/27422885
https://doi.org/10.1016/j.fertnstert.2023.02.010
https://pubmed.ncbi.nlm.nih.gov/36804961

The challenge of culturing follicles in vitro

Gilchrist RB, Ho TM, De Vos M, Sanchez F, Romero S, Ledger WL, Anckaert E, Vuong LN, Smitz . A fresh
start for IVM: capacitating the oocyte for development using pre-IVM. Hum Reprod Update.
2024;30(1):3-25. http://doi.org/10.1093/humupd/dmad023. PMid:37639630.

Giorgio M, Trinei M, Migliaccio E, Pelicci PG. Hydrogen peroxide: a metabolic by-product or a common
mediator of ageing signals? Nat Rev Mol Cell Biol. 2007;8(9):722-8. http://doi.org/10.1038/nrm2240.
PMid:17700625.

Gougeon A. Dynamics of human follicular growth: morphologic, dynamic, and functional aspects. In:
Leung PCK, Adashi EY, editors. The ovary. London: Academic Press; 2004. p. 25-43.
http://doi.org/10.1016/B978-012444562-8/50003-3.

Guixue Z, Luciano AM, Coenen K, Gandolfi F, Sirard MA. The influence of cCAMP before or during bovine
oocyte maturation on embryonic developmental competence. Theriogenology. 2001;55(8):1733-43.
http://doi.org/10.1016/S0093-691X(01)00516-7. PMid:11393223.

GuoY, Jial, Zeng H, Sun P, Su W, Li T, Liang X, Fang C. Neurotrophin-4 promotes in vitro development
and maturation of human secondary follicles yielding metaphase Il oocytes and successful blastocyst
formation. Hum Reprod Open. 2024;2024(1):hoae005. http://doi.org/10.1093/hropen/hoae005.
PMid:38371224.

Gutierrez CG, Ralph JH, Telfer EE, Wilmut |, Webb R. Growth and antrum formation of bovine preantral
follicles in long-term culture in vitro. Biol Reprod. 2000;62(5):1322-8.
http://doi.org/10.1095/biolreprod62.5.1322. PMid:10775183.

Henderson KM, McNeilly AS, Swanston |IA. Gonadotrophin and steroid concentrations in bovine follicular
fluid and their relationship to follicle size. ] Reprod Fertil. 1982;65(2):467-73.
http://doi.org/10.1530/jrf.0.0650467. PMid:7097651.

Hendriksen PJ, Vos PL, Steenweg WN, Bevers MM, Dieleman SJ. Bovine follicular development and its
effect on the in vitro competence of oocytes. Theriogenology. 2000;53(1):11-20.
http://doi.org/10.1016/50093-691X(99)00236-8. PMid:10735058.

Hendriksen PJ, Gadella BM, Vos PL, Mullaart E, Kruip TA, Dieleman S). Follicular dynamics around the
recruitment of the first follicular wave in the cow. Biol Reprod. 2003;69(6):2036-44.
http://doi.org/10.1095/biolreprod.103.019828. PMid:12930722.

Hirao Y, Itoh T, Shimizu M, Iga K, Aoyagi K, Kobayashi M, Kacchi M, Hoshi H, Takenouchi N. In vitro
growth and development of bovine oocyte-granulosa cell complexes on the flat substratum: effects
of high polyvinylpyrrolidone concentration in culture medium. Biol Reprod. 2004;70(1):83-91.
http://doi.org/10.1095/biolreprod.103.021238. PMid:12954724.

Ho HY, Lin YT, Lin G, Wu PR, Cheng ML. Nicotinamide nucleotide transhydrogenase (NNT) deficiency
dysregulates mitochondrial retrograde signaling and impedes proliferation. Redox Biol. 2017;12:916-
28. http://doi.org/10.1016/j.redox.2017.04.035. PMid:28478381.

Hulshof SC, Figueiredo JR, Beckers JF, Bevers MM, van den Hurk R. Isolation and characterization of
preantral follicles from foetal bovine ovaries. Vet Q. 1994;16(2):78-80.
http://doi.org/10.1080/01652176.1994.9694423. PMid:7985360.

Hyttel P, Fair T, Callesen H, Greve T. Oocyte growth, capacitation and final maturation in cattle.
Theriogenology. 1997;47(1):23-32. http://doi.org/10.1016/S0093-691X(96)00336-6.

Hyttel P, Sinowatz F, Vejlsted M, Betteridge K. Essentials of domestic animal embryology. 1st ed.
Edinburgh: Saunders; 2010.

Jaffe LA, Egbert JR. Regulation of mammalian oocyte meiosis by intercellular communication within the
ovarian follicle. Annu Rev Physiol. 2017;79(1):237-60. http://doi.org/10.1146/annurev-physiol-022516-
034102. PMid:27860834.

Kageyama S, Liu H, Kaneko N, Ooga M, Nagata M, Aoki F. Alterations in epigenetic modifications during
oocyte growth in mice. Reproduction. 2007;133(1):85-94. http://doi.org/10.1530/REP-06-0025.
PMid:17244735.

Kaipia A, Hsueh AJ. Regulation of ovarian follicle atresia. Annu Rev Physiol. 1997;59(1):349-63.
http://doi.org/10.1146/annurev.physiol.59.1.349. PMid:9074768.

Kannan S, Muthusamy VR, Whitehead KJ, Wang L, Gomes AV, Litwin SE, Kensler TW, Abel ED, Hoidal JR,
Rajasekaran NS. Nrf2 deficiency prevents reductive stress-induced hypertrophic cardiomyopathy.
Cardiovasc Res. 2013;100(1):63-73. http://doi.org/10.1093/cvr/cvt150. PMid:23761402.

Kidder GM, Vanderhyden BC. Bidirectional communication between oocytes and follicle cells: ensuring
oocyte developmental competence. Can ] Physiol Pharmacol. 2010;88(4):399-413.
http://doi.org/10.1139/Y10-009. PMid:20555408.

Anim Reprod. 2025;22(3):220250090 15/20


https://doi.org/10.1093/humupd/dmad023
https://pubmed.ncbi.nlm.nih.gov/37639630
https://doi.org/10.1038/nrm2240
https://pubmed.ncbi.nlm.nih.gov/17700625
https://pubmed.ncbi.nlm.nih.gov/17700625
https://doi.org/10.1016/B978-012444562-8/50003-3
https://doi.org/10.1016/S0093-691X(01)00516-7
https://pubmed.ncbi.nlm.nih.gov/11393223
https://doi.org/10.1093/hropen/hoae005
https://pubmed.ncbi.nlm.nih.gov/38371224
https://pubmed.ncbi.nlm.nih.gov/38371224
https://doi.org/10.1095/biolreprod62.5.1322
https://pubmed.ncbi.nlm.nih.gov/10775183
https://doi.org/10.1530/jrf.0.0650467
https://pubmed.ncbi.nlm.nih.gov/7097651
https://doi.org/10.1016/S0093-691X(99)00236-8
https://pubmed.ncbi.nlm.nih.gov/10735058
https://doi.org/10.1095/biolreprod.103.019828
https://pubmed.ncbi.nlm.nih.gov/12930722
https://doi.org/10.1095/biolreprod.103.021238
https://pubmed.ncbi.nlm.nih.gov/12954724
https://doi.org/10.1016/j.redox.2017.04.035
https://pubmed.ncbi.nlm.nih.gov/28478381
https://doi.org/10.1080/01652176.1994.9694423
https://pubmed.ncbi.nlm.nih.gov/7985360
https://doi.org/10.1016/S0093-691X(96)00336-6
https://doi.org/10.1146/annurev-physiol-022516-034102
https://doi.org/10.1146/annurev-physiol-022516-034102
https://pubmed.ncbi.nlm.nih.gov/27860834
https://doi.org/10.1530/REP-06-0025
https://pubmed.ncbi.nlm.nih.gov/17244735
https://pubmed.ncbi.nlm.nih.gov/17244735
https://doi.org/10.1146/annurev.physiol.59.1.349
https://pubmed.ncbi.nlm.nih.gov/9074768
https://doi.org/10.1093/cvr/cvt150
https://pubmed.ncbi.nlm.nih.gov/23761402
https://doi.org/10.1139/Y10-009
https://pubmed.ncbi.nlm.nih.gov/20555408

The challenge of culturing follicles in vitro

Krisher RL. Present state and future outlook for the application of in vitro oocyte maturation in human
infertility treatment. Biol Reprod. 2022;106(2):235-42. http://doi.org/10.1093/biolre/ioac010.
PMid:35094067.

Kruip TA, Dieleman SJ. Macroscopic classification of bovine follicles and its validation by
micromorphological and steroid biochemical procedures. Reprod Nutr Dev. 1982;22(3):465-73.
http://doi.org/10.1051/rnd:19820403. PMid:6891491.

Kruip TA, Dieleman SJ. Steroid hormone concentrations in the fluid of bovine follicles relative to size,
quality and stage of the oestrus cycle. Theriogenology. 1985;24(4):395-408.
http://doi.org/10.1016/0093-691X(85)90046-9. PMid:16726094.

Leung PCK, Adashi EY. The ovary. 3rd ed. London: Academic Press; 2019.

LiJ, Kawamura K, Cheng Y, Liu S, Klein C, Liu S, Duan EK, Hsueh AJ. Activation of dormant ovarian follicles
to generate mature eggs. Proc Natl Acad Sci USA. 2010;107(22):10280-4.
http://doi.org/10.1073/pnas.1001198107. PMid:20479243.

Lin S, Chen S, Zhang Q. Factors influencing premature ovarian insufficiency: a systematic review and
meta-analysis. ] Obstet Gynaecol. 2025;45(1):2469331.
http://doi.org/10.1080/01443615.2025.2469331. PMid:40013478.

Lodde V, Modina S, Galbusera C, Franciosi F, Luciano AM. Large-scale chromatin remodeling in germinal
vesicle bovine oocytes: interplay with gap junction functionality and developmental competence. Mol
Reprod Dev. 2007;74(6):740-9. http://doi.org/10.1002/mrd.20639. PMid:17075796.

Lodde V, Modina S, Franciosi F, Tessaro |, Luciano AM. Large-scale chromatin remodeling and DNA
methylation in immature bovine oocyte during the later phase of growth and differentiation. Folia
Histochem Cytobiol. 2008a;46(Suppl. 2):S117.

Lodde V, Modina S, Maddox-Hyttel P, Franciosi F, Lauria A, Luciano AM. Oocyte morphology and
transcriptional silencing in relation to chromatin remodeling during the final phases of bovine oocyte
growth. Mol Reprod Dev. 2008b;75(5):915-24. http://doi.org/10.1002/mrd.20824. PMid:17948251.

Lodde V, Modina SC, Franciosi F, Zuccari E, Tessaro |, Luciano AM. Localization of DNA
methyltransferase-1 during oocyte differentiation, in vitro maturation and early embryonic
development in cow. Eur ] Histochem. 2009;53(4):e24. http://doi.org/10.4081/ejh.2009.e24.
PMid:22073356.

Lodde V, Franciosi F, Tessaro |, Modina SC, Luciano AM. Role of gap junction-mediated communications
in regulating large-scale chromatin configuration remodeling and embryonic developmental
competence acquisition in fully grown bovine oocyte. | Assist Reprod Genet. 2013;30(9):1219-26.
http://doi.org/10.1007/s10815-013-0061-7. PMid:23881161.

Lodde V, Luciano AM, Franciosi F, Labrecque R, Sirard MA. Accumulation of chromatin remodelling
enzyme and histone transcripts in bovine oocytes. Results Probl Cell Differ. 2017;63:223-55.
http://doi.org/10.1007/978-3-319-60855-6_11. PMid:28779321.

Lodde V, Colleoni S, Tessaro |, Corbani D, Lazzari G, Luciano AM, Galli C, Franciosi F. A prematuration
approach to equine IVM: considering cumulus morphology, seasonality, follicle of origin, gap junction
coupling and large-scale chromatin configuration in the germinal vesicle. Reprod Fertil Dev.
2019;31(12):1793-804. http://doi.org/10.1071/RD19230. PMid:31630726.

Lodde V, Garcia Barros R, Dall'Acqua PC, Dieci C, Robert C, Bastien A, Sirard MA, Franciosi F, Luciano AM.
Zinc supports transcription and improves meiotic competence of growing bovine oocytes.
Reproduction. 2020;159(6):679-91. http://doi.org/10.1530/REP-19-0398. PMid:32191913.

Lodde V, Luciano AM, Musmeci G, Miclea |, Tessaro |, Aru M, Albertini DF, Franciosi F. A nuclear and
cytoplasmic characterization of bovine oocytes reveals that cysteamine partially rescues the embryo
development in a model of low ovarian reserve. Animals. 2021;11(7):1936.
http://doi.org/10.3390/ani11071936. PMid:34209664.

Lonergan P, Fair T. Maturation of oocytes in vitro. Annu Rev Anim Biosci. 2016;4(1):255-68.
http://doi.org/10.1146/annurev-animal-022114-110822. PMid:26566159.

Luciano AM, Pocar P, Milanesi E, Modina S, Rieger D, Lauria A, Gandolfi F. Effect of different levels of
intracellular cAMP on the in vitro maturation of cattle oocytes and their subsequent development
following in vitro fertilization. Mol Reprod Dev. 1999;54(1):86-91. http://doi.org/10.1002/(SICI)1098-
2795(199909)54:1<86::AID-MRD13>3.0.CO;2-C. PMid:10423303.

Anim Reprod. 2025;22(3):e20250090 16/20


https://doi.org/10.1093/biolre/ioac010
https://pubmed.ncbi.nlm.nih.gov/35094067
https://pubmed.ncbi.nlm.nih.gov/35094067
https://doi.org/10.1051/rnd:19820403
https://pubmed.ncbi.nlm.nih.gov/6891491
https://doi.org/10.1016/0093-691X(85)90046-9
https://pubmed.ncbi.nlm.nih.gov/16726094
https://doi.org/10.1073/pnas.1001198107
https://pubmed.ncbi.nlm.nih.gov/20479243
https://doi.org/10.1080/01443615.2025.2469331
https://pubmed.ncbi.nlm.nih.gov/40013478
https://doi.org/10.1002/mrd.20639
https://pubmed.ncbi.nlm.nih.gov/17075796
https://doi.org/10.1002/mrd.20824
https://pubmed.ncbi.nlm.nih.gov/17948251
https://doi.org/10.4081/ejh.2009.e24
https://pubmed.ncbi.nlm.nih.gov/22073356
https://pubmed.ncbi.nlm.nih.gov/22073356
https://doi.org/10.1007/s10815-013-0061-7
https://pubmed.ncbi.nlm.nih.gov/23881161
https://doi.org/10.1007/978-3-319-60855-6_11
https://pubmed.ncbi.nlm.nih.gov/28779321
https://doi.org/10.1071/RD19230
https://pubmed.ncbi.nlm.nih.gov/31630726
https://doi.org/10.1530/REP-19-0398
https://pubmed.ncbi.nlm.nih.gov/32191913
https://doi.org/10.3390/ani11071936
https://pubmed.ncbi.nlm.nih.gov/34209664
https://doi.org/10.1146/annurev-animal-022114-110822
https://pubmed.ncbi.nlm.nih.gov/26566159
https://doi.org/10.1002/(SICI)1098-2795(199909)54:1%3c86::AID-MRD13%3e3.0.CO;2-C
https://doi.org/10.1002/(SICI)1098-2795(199909)54:1%3c86::AID-MRD13%3e3.0.CO;2-C
https://pubmed.ncbi.nlm.nih.gov/10423303

The challenge of culturing follicles in vitro

Luciano AM, Modina S, Vassena R, Milanesi E, Lauria A, Gandolfi F. Role of intracellular cyclic adenosine
3',5-monophosphate concentration and oocyte-cumulus cells communications on the acquisition of
the developmental competence during in vitro maturation of bovine oocyte. Biol Reprod.
2004;70(2):465-72. http://doi.org/10.1095/biolreprod.103.020644. PMid:14568913.

Luciano AM, Franciosi F, Modina SC, Lodde V. Gap junction-mediated communications regulate
chromatin remodeling during bovine oocyte growth and differentiation through camp-dependent
mechanism(s). Biol Reprod. 2011;85(6):1252-9. http://doi.org/10.1095/biolreprod.111.092858.
PMid:21816847.

Luciano AM, Lodde V. Changes of large-scale chromatin configuration during mammalian oocyte
differentiation. In: Coticchio G, Albertini DF, De Santis L, editors. Oogenesis. London: Springer; 2013.
p. 93-108. http://doi.org/10.1007/978-0-85729-826-3_7.

Luciano AM, Franciosi F, Lodde V, Tessaro |, Corbani D, Modina SC, Peluso JJ. Oocytes isolated from dairy
cows with reduced ovarian reserve have a high frequency of aneuploidy and alterations in the
localization of progesterone receptor membrane component 1 and aurora kinase B. Biol Reprod.
2013;88(3):58. http://doi.org/10.1095/biolreprod.112.106856. PMid:23325810.

Luciano AM, Franciosi F, Dieci C, Lodde V. Changes in large-scale chromatin structure and function
during oogenesis: a journey in company with follicular cells. Anim Reprod Sci. 2014;149(1-2):3-10.
http://doi.org/10.1016/j.anireprosci.2014.06.026. PMid:25028181.

Luciano AM, Sirard MA. Successful in vitro maturation of oocytes: a matter of follicular differentiation.
Biol Reprod. 2018;98(2):162-9. http://doi.org/10.1093/biolre/iox149. PMid:29165545.

Luciano AM, Franciosi F, Barros RG, Dieci C, Lodde V. The variable success of in vitro maturation: can we
do better? Anim Reprod. 2018;15(Suppl 1):727-36. http://doi.org/10.21451/1984-3143-AR2018-0021.
PMid:36249849.

Luciano AM, Barros RG, Soares ACS, Buratini ], Lodde V, Franciosi F. Recreating the follicular
environment: a customized approach for in vitro culture of bovine oocytes based on the origin and
differentiation state. Methods Mol Biol. 2021;2273:1-15. http://doi.org/10.1007/978-1-0716-1246-0_1.
PMid:33604842.

Luciano AM, Franciosi F, Dey P, Ladron De Guevara M, Monferini N, Bonumallu SKN, Musmeci G, Fagali
Franchi F, Garcia Barros R, Colombo M, Lodde V. Progress toward species-tailored prematuration
approaches in carnivores. Theriogenology. 2023;196:202-13.
http://doi.org/10.1016/j.theriogenology.2022.11.016. PMid:36423514.

Luciano AM, Monferini N, Donadini L, Dey P, Franchi FF, Lodde V, Franciosi F. Advances in ovarian follicle
culture systems: exploring the interplay between cells, matrix, and ovarian architecture. Anim
Reprod. 2025;22(3):e20250066. http://doi.org/10.1590/10.1590/1984-3143-AR2025-0066.

Lucy MC, Pohler KG. North American perspectives for cattle production and reproduction for the next 20
years. Theriogenology. 2025;232:109-16. http://doi.org/10.1016/j.theriogenology.2024.11.006.
PMid:39536622.

Lussier JG, Matton P, Dufour JJ. Growth rates of follicles in the ovary of the cow. ] Reprod Fertil.
1987;81(2):301-7. http://doi.org/10.1530/jrf.0.0810301. PMid:3430454.

Luvoni GC, Chigioni S, Perego L, Lodde V, Modina S, Luciano AM. Effect of gonadotropins during in vitro
maturation of feline oocytes on oocyte-cumulus cells functional coupling and intracellular
concentration of glutathione. Anim Reprod Sci. 2006;96(1-2):66-78.
http://doi.org/10.1016/j.anireprosci.2005.11.009. PMid:16386859.

Makita M, Miyano T. Androgens promote the acquisition of maturation competence in bovine oocytes. |
Reprod Dev. 2015;61(3):211-7. http://doi.org/10.1262/jrd.2014-161. PMid:25754240.

Marcozzi S, Rossi V, Salustri A, De Felici M, Klinger FG. Programmed cell death in the human ovary.
Minerva Ginecol. 2018;70(5):549-60. http://doi.org/10.23736/50026-4784.18.04274-0.
PMid:29999289.

Marei WFA, Mohey-Elsaeed O, Pintelon I, Leroy J. Risks of using mitoquinone during in vitro maturation
and its potential protective effects against lipotoxicity-induced oocyte mitochondrial stress. ] Assist
Reprod Genet. 2024;41(2):371-83. http://doi.org/10.1007/510815-023-02994-7. PMid:38146030.

Matzuk MM, Burns KH, Viveiros MM, Eppig JJ. Intercellular communication in the mammalian ovary:
oocytes carry the conversation. Science. 2002;296(5576):2178-80.
http://doi.org/10.1126/science.1071965. PMid:12077402.

Anim Reprod. 2025;22(3):220250090 17/20


https://doi.org/10.1095/biolreprod.103.020644
https://pubmed.ncbi.nlm.nih.gov/14568913
https://doi.org/10.1095/biolreprod.111.092858
https://pubmed.ncbi.nlm.nih.gov/21816847
https://pubmed.ncbi.nlm.nih.gov/21816847
https://doi.org/10.1007/978-0-85729-826-3_7
https://doi.org/10.1095/biolreprod.112.106856
https://pubmed.ncbi.nlm.nih.gov/23325810
https://doi.org/10.1016/j.anireprosci.2014.06.026
https://pubmed.ncbi.nlm.nih.gov/25028181
https://doi.org/10.1093/biolre/iox149
https://pubmed.ncbi.nlm.nih.gov/29165545
https://doi.org/10.21451/1984-3143-AR2018-0021
https://pubmed.ncbi.nlm.nih.gov/36249849
https://pubmed.ncbi.nlm.nih.gov/36249849
https://doi.org/10.1007/978-1-0716-1246-0_1
https://pubmed.ncbi.nlm.nih.gov/33604842
https://pubmed.ncbi.nlm.nih.gov/33604842
https://doi.org/10.1016/j.theriogenology.2022.11.016
https://pubmed.ncbi.nlm.nih.gov/36423514
http://doi.org/10.1590/10.1590/1984-3143-AR2025-0066
https://doi.org/10.1016/j.theriogenology.2024.11.006
https://pubmed.ncbi.nlm.nih.gov/39536622
https://pubmed.ncbi.nlm.nih.gov/39536622
https://doi.org/10.1530/jrf.0.0810301
https://pubmed.ncbi.nlm.nih.gov/3430454
https://doi.org/10.1016/j.anireprosci.2005.11.009
https://pubmed.ncbi.nlm.nih.gov/16386859
https://doi.org/10.1262/jrd.2014-161
https://pubmed.ncbi.nlm.nih.gov/25754240
https://doi.org/10.23736/S0026-4784.18.04274-0
https://pubmed.ncbi.nlm.nih.gov/29999289
https://pubmed.ncbi.nlm.nih.gov/29999289
https://doi.org/10.1007/s10815-023-02994-7
https://pubmed.ncbi.nlm.nih.gov/38146030
https://doi.org/10.1126/science.1071965
https://pubmed.ncbi.nlm.nih.gov/12077402

The challenge of culturing follicles in vitro

McLaughlin M, Albertini DF, Wallace WHB, Anderson RA, Telfer EE. Metaphase Il oocytes from human
unilaminar follicles grown in a multi-step culture system. Mol Hum Reprod. 2018;24(3):135-42.
http://doi.org/10.1093/molehr/gay002. PMid:29390119.

McLaughlin M, Bromfield JJ, Albertini DF, Telfer EE. Activin promotes follicular integrity and oogenesis in
cultured pre-antral bovine follicles. Mol Hum Reprod. 2010;16(9):644-53.
http://doi.org/10.1093/molehr/gaq021. PMid:20203128.

Ménézo Y], Hérubel F. Mouse and bovine models for human IVF. Reprod Biomed Online. 2002;4(2):170-5.
http://doi.org/10.1016/51472-6483(10)61936-0. PMid:12470581.

Merton JS, de Roos AP, Mullaart E, de Ruigh L, Kaal L, Vos PL, Dieleman S). Factors affecting oocyte
quality and quantity in commercial application of embryo technologies in the cattle breeding
industry. Theriogenology. 2003;59(2):651-74. http://doi.org/10.1016/50093-691X(02)01246-3.
PMid:12499010.

Modina S, Luciano AM, Vassena R, Baraldi-Scesi L, Lauria A, Gandolfi F. Oocyte developmental
competence after in vitro maturation depends on the persistence of cumulus-oocyte comunications
which are linked to the intracellular concentration of cAMP. Ital ] Anat Embryol. 2001;106(2, Suppl
2):241-8. PMid:11732583.

Modina S, Borromeo V, Luciano AM, Lodde V, Franciosi F, Secchi C. Relationship between growth
hormone concentrations in bovine oocytes and follicular fluid and oocyte developmental
competence. Eur | Histochem. 2007;51(3):173-80. http://doi.org/10.4081/1139. PMid:17921112.

Modina SC, Tessaro |, Lodde V, Franciosi F, Corbani D, Luciano AM. Reductions in the number of mid-
sized antral follicles are associated with markers of premature ovarian senescence in dairy cows.
Reprod Fertil Dev. 2014;26(2):235-44. http://doi.org/10.1071/RD12295. PMid:23327793.

Monferini N, Dey P, Donadini L, Katsakoglou N, Franciosi F, Lodde V, Luciano AM. Age-dependent high-
yield isolation of primordial, primary, and early secondary follicles from the bovine ovarian cortex.
Reproduction. 2024;167(6). http://doi.org/10.1530/REP-24-0060. PMid:38579797.

Monniaux D, Clement F, Dalbies-Tran R, Estienne A, Fabre S, Mansanet C, Monget P. The ovarian reserve
of primordial follicles and the dynamic reserve of antral growing follicles: what is the link? Biol
Reprod. 2014;90(4):85. http://doi.org/10.1095/biolreprod.113.117077. PMid:24599291.

Morais ANP, Lima LF, Silva AFB, Lienou LL, Ferreira ACA, Watanabe YF, Joaquim DC, Alves BG, Pereira AF,
Alves DR, Oliveira AC, Morais SM, Magalhdes-Padilha DM, Figueiredo JR, Gastal EL. Effect of carvacrol
antioxidant capacity on oocyte maturation and embryo production in cattle. Zygote. 2023;31(2):173-
9. http://doi.org/10.1017/S0967199422000673. PMid:36804925.

Morton AJ, Candelaria JI, McDonnell SP, Zgodzay DP, Denicol AC. Review: Roles of follicle-stimulating
hormone in preantral folliculogenesis of domestic animals: what can we learn from model species
and where do we go from here? Animal. 2023;17(Suppl 1):100743.
http://doi.org/10.1016/j.animal.2023.100743. PMid:37567683.

Nagamatsu G, Shimamoto S, Hamazaki N, Nishimura Y, Hayashi K. Mechanical stress accompanied with
nuclear rotation is involved in the dormant state of mouse oocytes. Sci Adv. 2019;5(6):eaav9960.
http://doi.org/10.1126/sciadv.aav9960. PMid:31249869.

Naspinska R, Moreira da Silva MH, Moreira da Silva F. Current advances in bovine in vitro maturation
and embryo production using different antioxidants: a review. ] Dev Biol. 2023;11(3):36.
http://doi.org/10.3390/jdb11030036. PMid:37754838.

Nikolova V, Markova M, Zhivkova R, Chakarova |, Hadzhinesheva V, Delimitreva S. How the oocyte
nucleolus is turned into a karyosphere: the role of heterochromatin and structural proteins. ] Dev
Biol. 2024;12(4):28. http://doi.org/10.3390/jdb12040028. PMid:39449320.

O'Brien MJ, Pendola JK, Eppig JJ. A revised protocol for in vitro development of mouse oocytes from
primordial follicles dramatically improves their developmental competence. Biol Reprod.
2003;68(5):1682-6. http://doi.org/10.1095/biolreprod.102.013029. PMid:12606400.

Pietroforte S, Dey P, Ibanez E, Luciano AM, Lodde V, Franciosi F, Popovic M, Vassena R, Zambelli F.
Meiotic maturation failure in primary ovarian insufficiency: insights from a bovine model. J Assist
Reprod Genet. 2024;41(8):2011-20. http://doi.org/10.1007/510815-024-03160-3. PMid:38951359.

Pincus G, Enzmann EV. The comparative behavior of mammalian eggs in vivo and in vitro: |. The
activation of ovarian eggs. ] Exp Med. 1935;62(5):665-75. http://doi.org/10.1084/jem.62.5.665.
PMid:19870440.

Anim Reprod. 2025;22(3):e20250090 18/20


https://doi.org/10.1093/molehr/gay002
https://pubmed.ncbi.nlm.nih.gov/29390119
https://doi.org/10.1093/molehr/gaq021
https://pubmed.ncbi.nlm.nih.gov/20203128
https://doi.org/10.1016/S1472-6483(10)61936-0
https://pubmed.ncbi.nlm.nih.gov/12470581
https://doi.org/10.1016/S0093-691X(02)01246-3
https://pubmed.ncbi.nlm.nih.gov/12499010
https://pubmed.ncbi.nlm.nih.gov/12499010
https://pubmed.ncbi.nlm.nih.gov/11732583
http://doi.org/10.4081/1139
https://pubmed.ncbi.nlm.nih.gov/17921112
https://doi.org/10.1071/RD12295
https://pubmed.ncbi.nlm.nih.gov/23327793
https://doi.org/10.1530/REP-24-0060
https://pubmed.ncbi.nlm.nih.gov/38579797
https://doi.org/10.1095/biolreprod.113.117077
https://pubmed.ncbi.nlm.nih.gov/24599291
https://doi.org/10.1017/S0967199422000673
https://pubmed.ncbi.nlm.nih.gov/36804925
https://doi.org/10.1016/j.animal.2023.100743
https://pubmed.ncbi.nlm.nih.gov/37567683
https://doi.org/10.1126/sciadv.aav9960
https://pubmed.ncbi.nlm.nih.gov/31249869
https://doi.org/10.3390/jdb11030036
https://pubmed.ncbi.nlm.nih.gov/37754838
https://doi.org/10.3390/jdb12040028
https://pubmed.ncbi.nlm.nih.gov/39449320
https://doi.org/10.1095/biolreprod.102.013029
https://pubmed.ncbi.nlm.nih.gov/12606400
https://doi.org/10.1007/s10815-024-03160-3
https://pubmed.ncbi.nlm.nih.gov/38951359
https://doi.org/10.1084/jem.62.5.665
https://pubmed.ncbi.nlm.nih.gov/19870440
https://pubmed.ncbi.nlm.nih.gov/19870440

The challenge of culturing follicles in vitro

Richani D, Gilchrist RB. Approaches to oocyte meiotic arrest in vitro and impact on oocyte developmental
competence. Biol Reprod. 2022;106(2):243-52. http://doi.org/10.1093/biolre/ioab176.
PMid:34534265.

Rodrigues-Cunha MC, Mesquita LG, Bressan F, Collado MD, Balieiro JC, Schwarz KR, Castro FC, Watanabe
OY, Watanabe YF, Alencar Coelho L, Leal CL. Effects of melatonin during IVM in defined medium on
oocyte mejosis, oxidative stress, and subsequent embryo development. Theriogenology.
2016;86(7):1685-94. http://doi.org/10.1016/j.theriogenology.2016.05.026. PMid:27471183.

Rodriguez-Nuevo A, Torres-Sanchez A, Duran JM, De Guirior C, Martinez-Zamora MA, Boke E. Oocytes
maintain ROS-free mitochondrial metabolism by suppressing complex I. Nature. 2022;607(7920):756-
61. http://doi.org/10.1038/s41586-022-04979-5. PMid:35859172.

Rossetto R, Saraiva MV, Santos RR, Silva CM, Faustino LR, Chaves RN, Brito IR, Rodrigues GQ, Lima IM,
Donato MA, Peixoto CA, Figueiredo JR. Effect of medium composition on the in vitro culture of bovine
pre-antral follicles: morphology and viability do not guarantee functionality. Zygote. 2013;21(2):125-
8. http://doi.org/10.1017/50967199412000044. PMid:22717039.

Sakaguchi K, Yanagawa Y, Yoshioka K, Suda T, Katagiri S, Nagano M. Relationships between the antral
follicle count, steroidogenesis, and secretion of follicle-stimulating hormone and anti-Mullerian
hormone during follicular growth in cattle. Reprod Biol Endocrinol. 2019;17(1):88.
http://doi.org/10.1186/s12958-019-0534-3. PMid:31690325.

Sanchez F, Smitz J. Molecular control of oogenesis. Biochim Biophys Acta. 2012;1822(12):1896-912.
http://doi.org/10.1016/j.bbadis.2012.05.013. PMid:22634430.

Saraiva H, Sangalli JR, Alves L, Silveira JC, Meirelles FV, Perecin F. Meiotic arrest, resumption and TZP
retraction in bovine COCs undergoing pre-IVM: lessons from a refined GV stage classification.
Reproduction. 2025;169(5). http://doi.org/10.1530/REP-23-0235. PMid:40152672.

Shah JS, Sabouni R, Cayton Vaught KC, Owen CM, Albertini DF, Segars JH. Biomechanics and mechanical
signaling in the ovary: a systematic review. ] Assist Reprod Genet. 2018;35(7):1135-48.
http://doi.org/10.1007/s10815-018-1180-y. PMid:29691711.

Silva AFB, Lima LF, Morais ANP, Lienou LL, Watanabe YF, Joaquim DC, Morais SM, Alves DR, Pereira AF,
Santos AC, Alves BG, Padilha DMM, Gastal EL, Figueiredo JR. Oocyte in vitro maturation with eugenol
improves the medium antioxidant capacity and total cell number per blastocyst. Theriogenology.
2022;192:109-15. http://doi.org/10.1016/j.theriogenology.2022.08.024. PMid:36113319.

Silva-Santos KC, Santos GM, Siloto LS, Hertel MF, Andrade ER, Rubin MI, Sturion L, Melo-Sterza FA,
Seneda MM. Estimate of the population of preantral follicles in the ovaries of Bos taurus indicus and
Bos taurus taurus cattle. Theriogenology. 2011;76(6):1051-7.
http://doi.org/10.1016/j.theriogenology.2011.05.008. PMid:21722949.

Simon LE, Kumar TR, Duncan FE. In vitro ovarian follicle growth: a comprehensive analysis of key
protocol variablesdagger. Biol Reprod. 2020;103(3):455-70. http://doi.org/10.1093/biolre/ioaa073.
PMid:32406908.

Sirard MA. The ovarian follicle of cows as a model for human. In: Constantinescu G, Schatten H, editors.
Animal models and human reproduction. Hoboken: Wiley; 2017.
http://doi.org/10.1002/9781118881286.ché.

Sirard MA. Folliculogenesis and acquisition of oocyte competence in cows. Anim Reprod. 2019;16(3):449-
54. http://doi.org/10.21451/1984-3143-AR2019-0038. PMid:32435288.

Smitz J, Dolmans MM, Donnez J, Fortune JE, Hovatta O, Jewgenow K, Picton HM, Plancha C, Shea LD,
Stouffer RL, Telfer EE, Woodruff TK, Zelinski MB. Current achievements and future research
directions in ovarian tissue culture, in vitro follicle development and transplantation: implications for
fertility preservation. Hum Reprod Update. 2010;16(4):395-414.
http://doi.org/10.1093/humupd/dmp056. PMid:20124287.

Smitz ], Sanchez F, Romero S, Van Ranst H, Anckaert E, Gilchrist RB, Ho TM, Vuong LN, Morimoto Y.
Human oocyte capacitation culture: essential step toward hormone-free assisted reproductive
technology. Reprod Med Biol. 2025;24(1):e12640. http://doi.org/10.1002/rmb2.12640.
PMid:40078334.

Soares ACS, Lodde V, Barros RG, Price CA, Luciano AM, Buratini J. Steroid hormones interact with
natriuretic peptide C to delay nuclear maturation, to maintain oocyte-cumulus communication and
to improve the quality of in vitro-produced embryos in cattle. Reprod Fertil Dev. 2017;29(11):2217-24.
http://doi.org/10.1071/RD16320. PMid:28356185.

Anim Reprod. 2025;22(3):e20250090 19/20


https://doi.org/10.1093/biolre/ioab176
https://pubmed.ncbi.nlm.nih.gov/34534265
https://pubmed.ncbi.nlm.nih.gov/34534265
https://doi.org/10.1016/j.theriogenology.2016.05.026
https://pubmed.ncbi.nlm.nih.gov/27471183
https://doi.org/10.1038/s41586-022-04979-5
https://pubmed.ncbi.nlm.nih.gov/35859172
https://doi.org/10.1017/S0967199412000044
https://pubmed.ncbi.nlm.nih.gov/22717039
https://doi.org/10.1186/s12958-019-0534-3
https://pubmed.ncbi.nlm.nih.gov/31690325
https://doi.org/10.1016/j.bbadis.2012.05.013
https://pubmed.ncbi.nlm.nih.gov/22634430
https://doi.org/10.1530/REP-23-0235
https://pubmed.ncbi.nlm.nih.gov/40152672
https://doi.org/10.1007/s10815-018-1180-y
https://pubmed.ncbi.nlm.nih.gov/29691711
https://doi.org/10.1016/j.theriogenology.2022.08.024
https://pubmed.ncbi.nlm.nih.gov/36113319
https://doi.org/10.1016/j.theriogenology.2011.05.008
https://pubmed.ncbi.nlm.nih.gov/21722949
https://doi.org/10.1093/biolre/ioaa073
https://pubmed.ncbi.nlm.nih.gov/32406908
https://pubmed.ncbi.nlm.nih.gov/32406908
https://doi.org/10.1002/9781118881286.ch6
https://doi.org/10.21451/1984-3143-AR2019-0038
https://pubmed.ncbi.nlm.nih.gov/32435288
https://doi.org/10.1093/humupd/dmp056
https://pubmed.ncbi.nlm.nih.gov/20124287
https://doi.org/10.1002/rmb2.12640
https://pubmed.ncbi.nlm.nih.gov/40078334
https://pubmed.ncbi.nlm.nih.gov/40078334
https://doi.org/10.1071/RD16320
https://pubmed.ncbi.nlm.nih.gov/28356185

The challenge of culturing follicles in vitro

Soares ACS, Sakoda JN, Gama IL, Bayeux BM, Lodde V, Luciano AM, Buratini J. Characterization and
control of oocyte large-scale chromatin configuration in different cattle breeds. Theriogenology.
2020;141:146-52. http://doi.org/10.1016/j.theriogenology.2019.09.020. PMid:31541784.

Taketsuru H, Takajo A, Bao RM, Hamawaki A, Yoshikawa M, Miyano T. Bovine oocytes in secondary
follicles grow in medium containing bovine plasma after vitrification. ] Reprod Dev. 2011;57(1):99-
106. http://doi.org/10.1262/jrd.10-047H. PMid:20962458.

Telfer EE, Binnie JP, McCaffery FH, Campbell BK. In vitro development of oocytes from porcine and
bovine primary follicles. Mol Cell Endocrinol. 2000;163(1-2):117-23. http://doi.org/10.1016/S0303-
7207(00)00216-1. PMid:10963883.

Telfer EE, Andersen CY. In vitro growth and maturation of primordial follicles and immature oocytes.
Fertil Steril. 2021;115(5):1116-25. http://doi.org/10.1016/j.fertnstert.2021.03.004. PMid:33823993.

Telfer EE, Grosbois J, Odey YL, Rosario R, Anderson RA. Making a good egg: human oocyte health, aging,
and in vitro development. Physiol Rev. 2023;103(4):2623-77.
http://doi.org/10.1152/physrev.00032.2022. PMid:37171807.

Tessaro |, Luciano AM, Franciosi F, Lodde V, Corbani D, Modina SC. The endothelial nitric oxide
synthase/nitric oxide system is involved in the defective quality of bovine oocytes from low mid-
antral follicle count ovaries. ] Anim Sci. 2011;89(8):2389-96. http://doi.org/10.2527/jas.2010-3714.
PMid:21421835.

Tsafriri A, Chun SY, Zhang R, Hsueh A}, Conti M. Oocyte maturation involves compartmentalization and
opposing changes of CAMP levels in follicular somatic and germ cells: studies using selective
phosphodiesterase inhibitors. Dev Biol. 1996;178(2):393-402. http://doi.org/10.1006/dbio.1996.0226.
PMid:8812137.

Wallace WH, Kelsey TW. Human ovarian reserve from conception to the menopause. PLoS One.
2010;5(1):e8772. http://doi.org/10.1371/journal.pone.0008772. PMid:20111701.

Wandji SA, Srsen V, Voss AK, Eppig JJ, Fortune JE. Initiation in vitro of growth of bovine primordial follicles.
Biol Reprod. 1996;55(5):942-8. http://doi.org/10.1095/biolreprod55.5.942. PMid:8902203.

Wurth YA, Kruip TA, editors. Bovine embryo production in vitro after selection of the follicles and
oocytes. In: Proceedings of the 12th International Congress on Animal Reproduction; 1992; The
Hauge, The Netherlands. The Hague: ICAR; 1992.

Xi H, Chen X, Wang X, Jiang F, Niu D. Role of programmed cell death in mammalian ovarian follicular
atresia. | Steroid Biochem Mol Biol. 2025;247:106667. http://doi.org/10.1016/j.jsbmb.2024.106667.
PMid:39725276.

Zheng W, Zhang T, Zhao T, Zhu Z, Qin S, Yan H, He M, Zhou B, Xia G, Zhang H, Wang C. cAMP controls the
balance between dormancy and activation of primordial follicles in mouse ovaries. PNAS Nexus.
2023;2(3):pgad055. http://doi.org/10.1093/pnasnexus/pgad055. PMid:36938502.

Author contributions

VL: Conceptualization, Writing - original draft, Writing - review & editing; NM: Writing - original draft, Writing - review & editing; MP: Writing - original draft,
Writing - review & editing; PD: Writing - review & editing; LD: Writing - review & editing; FFF: Writing - review & editing; FF: Conceptualization, Writing -
review & editing; AML: Conceptualization, Writing - original draft, Writing - review & editing. All authors reviewed and approved the final version of the
manuscript and agreed to be accountable for all aspects of the work.

Anim Reprod. 2025;22(3):e20250090 20/20


https://doi.org/10.1016/j.theriogenology.2019.09.020
https://pubmed.ncbi.nlm.nih.gov/31541784
https://doi.org/10.1262/jrd.10-047H
https://pubmed.ncbi.nlm.nih.gov/20962458
https://doi.org/10.1016/S0303-7207(00)00216-1
https://doi.org/10.1016/S0303-7207(00)00216-1
https://pubmed.ncbi.nlm.nih.gov/10963883
https://doi.org/10.1016/j.fertnstert.2021.03.004
https://pubmed.ncbi.nlm.nih.gov/33823993
https://doi.org/10.1152/physrev.00032.2022
https://pubmed.ncbi.nlm.nih.gov/37171807
https://doi.org/10.2527/jas.2010-3714
https://pubmed.ncbi.nlm.nih.gov/21421835
https://pubmed.ncbi.nlm.nih.gov/21421835
https://doi.org/10.1006/dbio.1996.0226
https://pubmed.ncbi.nlm.nih.gov/8812137
https://pubmed.ncbi.nlm.nih.gov/8812137
https://doi.org/10.1371/journal.pone.0008772
https://pubmed.ncbi.nlm.nih.gov/20111701
https://doi.org/10.1095/biolreprod55.5.942
https://pubmed.ncbi.nlm.nih.gov/8902203
https://doi.org/10.1016/j.jsbmb.2024.106667
https://pubmed.ncbi.nlm.nih.gov/39725276
https://pubmed.ncbi.nlm.nih.gov/39725276
https://doi.org/10.1093/pnasnexus/pgad055
https://pubmed.ncbi.nlm.nih.gov/36938502


<<

  /ASCII85EncodePages false

  /AllowPSXObjects false

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorConversionStrategy /UseDeviceIndependentColor

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 355

  /ColorSettingsFile ()

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages false

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV <>

    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

  >>

  /DetectBlends true

  /DetectCurves 0

  /DoThumbnails false

  /DownsampleColorImages true

  /DownsampleGrayImages true

  /DownsampleMonoImages true

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 355

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 2400

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /ClipComplexRegions true

        /ConvertStrokesToOutlines false

        /ConvertTextToOutlines false

        /GradientResolution 300

        /LineArtTextResolution 1200

        /PresetName ([High Resolution])

        /PresetSelector /HighResolution

        /RasterVectorBalance 1

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXRegistryName (http://www.color.org)

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



