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Assisted reproductive techniques, including in vitro development of follicles, 

cryopreservation and in vitro fertilization, are used to preserve female fertility. Ovarian 

tissue cryopreservation is a promising tool for maintaining fertility in women undergoing 

cancer treatment and for gamete rescue in wildlife species. Primordial follicles, the basic 

units of folliculogenesis that represent a female’s reproductive potential, should be the 

priority when preserving fertility. Thus, a thorough understanding of primordial follicle 

activation, the first step of folliculogenesis, is paramount. The aims of this dissertation 

were to advance understanding of primordial follicle activation, examine the effects of 

ovarian tissue cryopreservation on activation, and identify the molecular impact of 

cryopreservation on follicular health and function. In a fetal bovine model, bone 

morphogenetic protein 4 (BMP4) stimulated primordial follicle activation in cultured 

ovarian tissue. Co-culture of ovarian issue with BMP4 and a blocker of KIT suggested 

that BMP4 stimulates activation by regulating the KIT ligand/KIT pathway. Analysis by 

qPCR, however, revealed that BMP4 did not regulate expression of mRNA for KIT 

ligand or KIT. Cryopreservation of fetal bovine ovarian tissue using needle immersion 

vitrification demonstrated that exposure to cryoprotectants and ultra-fast cooling did not 



 

impact primordial follicle activation. Furthermore, though the ovarian tissue sustained 

some damage following exposure to cryoprotectants and vitrification, normal follicular 

morphology was recovered after seven days of culture. The addition of sucrose to the 

cryoprotectants, however, did not improve follicular morphology. The protocol for needle 

immersion vitrification was optimized for peri-pubertal feline ovarian tissue. 

Cryoprotectant exposure temperature affected follicular health and function, with 4ºC 

being preferable to room temperature. However, the damage sustained due to 

vitrification was not repaired during culture, as it was in the fetal bovine tissue. Once 

again, sucrose did not improve follicular health or function. Nascent RNA transcription 

was found to be an early marker of follicular health. These new findings for primordial 

follicle activation and ovarian tissue vitrification can be used to improve assisted 

reproductive techniques, thereby advancing fertility preservation in women and wildlife 

species.
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Introduction 

The mammalian ovary has two key functions: 1) gametogenesis, the 

development, growth and ovulation of fertilizable oocytes, and 2) steroidogenesis, the 

synthesis of hormones necessary for reproductive cyclicity, preparing the reproductive 

tract for fertilization and pregnancy, and sustaining secondary sexual traits. It is a 

heterogeneous organ consisting of gametogenic cells supported by several types of 

somatic cells.  

Folliculogenesis begins with the formation of primordial follicles, consisting of a 

primary oocyte arrested at the diplotene stage of meiosis I and encased in a single layer 

of squamous somatic cells known as granulosa cells (Figure 1.1). These follicles are the 

fundamental units of fertility; they are formed in a finite number in utero (human [1]; cow 

[2]) or shortly after birth (cat [1]; mouse [3]), and represent a female’s reproductive 

potential. These primordial follicles remain quiescent until activation (see Primordial 

Follicle Activation section), at which point the oocyte begins growth and the granulosa 

cells differentiate into cuboidal cells and proliferate, forming primary follicles. Activation 

is irreversible and initiates the continuous development of a follicle. Folliculogenesis 

progresses with further growth of the oocyte, proliferation of the granulosa cells, and 

recruitment of theca cells from the stroma. The next step is the secondary follicle, with 

two or more layers of granulosa cells surrounded by theca cells, followed by antral 

follicles, when a fluid-filled cavity known as an antrum begins to develop. The 

culmination of follicular development is either ovulation or atresia. Though the initial 

follicular pool consists of several thousands to millions of primordial follicles, less than 
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one percent ovulate. This is caused by atresia (controlled apoptosis of follicles) which 

occurs at every step of folliculogenesis, but especially in antral follicles. When the 

follicular pool is depleted, the individual enters reproductive senescence, also known as 

menopause in humans. Therefore, precise regulation of folliculogenesis is necessary to 

avoid early depletion of the follicular reserve which would lead to premature menopause 

and loss of reproductive potential.  

This chapter will focus on reviewing the literature pertinent to primordial follicle 

activation and methods of preserving female fertility with respect to primordial follicles.  

Primordial follicle activation 

Introduction  

Primordial follicle activation is a result of bidirectional communication between 

the oocyte and the granulosa cells within a primordial follicle, as well as between 

follicles of various sizes within an ovary. It is likely that redundant factors converge on 

common intracellular pathways [4]. The intraoocyte portion of the activation pathway 

required to remove the primordial follicle from its quiescent state and resume meiosis 

has been thoroughly investigated (Figure 1.2) and reviewed by [4-6] among others.  

Receptor protein tyrosine kinases (RPTKs) are transmembrane receptors that 

bind ligands on the surface of the oocyte and stimulate several pathways inside the 

oocyte cytoplasm. Upon binding of the ligand, RPTK activates phosphatidylinositide 3-

kinase (PI3K) which in turn phosphorylates phosphatidylinositol-4,5-biphosphate (PIP2) 

into phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 then recruits serine/threonine   
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Figure 1.1 - Schematic representations of folliculogenesis, denoting the growth of the 
oocyte and the differentiation and proliferation of granulosa cells. Adapted from Pangas 
et al. [7]. 
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kinases 3’-phosphinositide-dependent kinase-1 (PDK1) and protein kinase B (AKT), 

allowing PDK1 to phosphorylate AKT, which in turn phosphorylates forkhead box O3a 

(FOXO3A), a transcription factor that promotes cell cycle arrest. Upon phosphorylation, 

FOXO3A is exported from the nucleus to the cytoplasm, thereby removing the oocyte 

from its quiescent state and initiating activation of the primordial follicle. Activation can 

be inhibited by PI3K-antagonist phosphate and tension homolog deleted on 

chromosome ten (PTEN), which dephosphorylates PIP3 back into PIP2 and 

consequently prevents the nuclear export of FOXO3A, maintaining primordial follicles in 

a quiescent state.  

AKT stimulates primordial follicle activation through a secondary pathway by 

phosphorylating and suppressing tuberous sclerosis complex 2 (TSC2). 

Unphosphorylated TSC2 recruits TSC1, and together they act to suppress mammalian 

target of rapacymin (MTOR), which phosphorylates ribosomal protein S6 kinase (S6K). 

S6K in turn activates 40S ribosomal protein RPS6, which is responsible for protein 

translation and cell growth, thence maintaining follicular survival. S6K can also be 

directly phosphorylated by PDK1. The cell cycle is also regulated by another pathway 

downstream of AKT. In its unphosphorylated state, CDK inhibitor CDKN1B is found in 

the nucleus and maintains the oocyte in cell cycle arrest; suppressive phosphorylation 

by AKT triggers its export from the nucleus to the cytoplasm, allowing resumption of 

cellular growth. Though FOXO3A and CDKN1B have similar functions, they act 

independently of each other, as a CDKN1B deficiency in the granulosa cells of  
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Figure 1.2 - Signal transduction pathways involved in primordial follicle activation. 
Adapted from Adhikari et al. [4] and Sobinoff et al. [8]. 
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primordial follicles can be rescued with normal FOXO3A activity and trigger proliferation 

and differentiation [9]. 

Akt also obviates apoptosis by inhibiting glycogen synthesis kinase 3β (GSK3B) 

from phosphorylating cyclin D1. While constant PI3K activation would lead to premature 

depletion of the follicular reserve, a basal level of PI3K activation is required to prevent 

apoptosis of primordial follicles [10]. A delicate balance must therefore be achieved to 

maintain follicular survival without stimulating activation.  

Maintaining follicular quiescence 

While the intraoocyte pathways of primordial follicle activation have been 

relatively well established, the upstream extraoocyte signals are not yet fully 

understood. It has been suggested that not all primordial follicles can proceed with 

folliculogenesis, as they need to acquire the capacity to activate. Immediately after their 

formation around day 90 of gestation, fetal bovine primordial follicles do not respond to 

known activators; only after they have achieved meiotic arrest after 140 days of 

gestation are they capable of activating [11]. Sufficient progression of meiosis is 

therefore required for folliculogenesis to resume.  

It was first hypothesized that the oocytes were activated following the “production 

line” principles, where the first oocytes entering meiotic arrest would be the first to be 

activated [12]. Recent evidence suggests that proximity of a primordial follicle to other 

primordial follicles results in the diffusion of inhibitory signals that maintain quiescence 

[13]; therefore, primordial follicles on the periphery of a group are more likely to be 

activated than those closely surrounded by others. Primordial follicles are also 



 8 

susceptible to the influence of larger follicles within the ovary. Anti-Müllerian hormone 

(AMH) is only expressed in the granulosa cells of activated follicles [14] and is secreted 

by growing follicles to inhibit activation of primordial follicles and reduce the sensitivity of 

developing follicles to FSH during cyclic recruitment (reviewed in [15]). In the absence 

of AMH, ovaries are prematurely depleted of their primordial follicles. Fetal bovine 

cortical pieces placed beneath the chorioallantoic membrane (CAM) of 6-day-old chick 

embryos remained healthy, but did not activate [16] due to high amounts of circulating 

AMH in chick embryos. When the cortical pieces were CAM-grafted into 

gonadectomized chicks, primordial follicles activated [17]. Furthermore, in vitro culture 

of fetal bovine cortical pieces with AMH prevented follicle activation [18]. AMH is in part 

regulated by forkhead box L2 (FOXL2), a transcription factor needed to maintain 

primordial follicles quiescent and for the differentiation of granulosa cells from 

squamous to cuboidal [19]. FOXL2-null mice have depleted primordial follicle pools and 

activated follicles with squamous granulosa cells, along with decreased AMH RNA 

expression. This suggests that the presence of large, developing follicles maintains the 

primordial follicular reserve, while the absence of large follicles due to completed 

folliculogenesis or atresia stimulates the release of primordial follicles from the reserve 

to resume normal folliculogenesis, creating a negative feedback loop that prevents the 

premature depletion of the follicular pool. 
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Activation in vitro 

Though many growth factors and hormones have been found to be involved in 

primordial follicle activation (reviewed in [6,18,20]), this review will focus only on a select 

few.  

In 1996, Eppig and O’Brien [21] developed a two-step protocol in the mouse to 

grow primordial follicles into meiotically and developmentally competent oocytes that 

could be fertilized. Culture of whole ovaries from neonatal mice for 8 days in the 

presence of fetal bovine serum (FBS) resulted in widespread activation of primordial 

follicles. Oocyte-granulosa cell complexes were then isolated from growing follicles and 

cultured for 14 days. A small percentage of the oocytes were capable of in vitro 

maturation and fertilization, which led to the birth of a live pup. The in vitro growth and 

maturation protocol was then further improved, producing 72 live pups [22]. Though this 

technique has the potential for valuable application in fertility preservation of humans 

and animals, it has never been achieved in another species, in part due to our inability 

to perform whole ovary culture in species with larger ovaries. Thus, our lab developed a 

biological model to study in vitro primordial follicle activation and folliculogenesis. 

Wandji et al. [23] found that culturing pieces of ovarian cortex (where primordial follicles 

reside) from third-trimester bovine ovaries in a serum-free system with insulin, 

transferrin and selenium (ITS+) resulted in the activation of primordial follicles within 2 

days. These results were also replicated using cortical tissue from baboons [24]. Insulin 

was later identified as the growth factor responsible for primordial follicle activation, as 

similar culture conditions without insulin (TS+) maintained follicular health, but did not 
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promote the transition from primordial to primary follicles [18]. Insulin has also been 

found to stimulate primordial follicle activation in fetal hamsters [25], neonatal rats [26], 

and goats [27].  

KITLG 

There is strong evidence for the involvement of Kit ligand (KITLG) in primordial 

follicle activation. It is a 4-helix-bundle cytokine which induces dimerization of KIT proto-

oncogene receptor tyrosine kinase (KIT) and binds to the dimer to activate the 

PI3K/PDK1/AKT pathway (reviewed by [28]). It is expressed by the granulosa cells of 

primordial and developing follicles [29,30], and has been shown to stimulate activation 

of primordial follicles in multiple species, including neonatal rats [26,31,32], fetal 

hamsters [33], neonatal sheep [34], and goats [35]. In our own lab, it has been shown to 

promote the transition from primordial to primary follicles in fetal bovine cortical pieces 

[36].  

The use of KIT blocker ACK-2 has been instrumental in exploring the actions of 

KITLG [31] and other growth factors. In addition to directly stimulating activation of 

primordial follicles, KITLG appears to act downstream of or in tandem with several other 

growth factors. Fibroblast growth factor 2 (FGF2) has been found to stimulate primordial 

follicle activation in neonatal rat ovaries [37], but this action was blocked when the 

culture was supplemented with ACK-2 [32]. Furthermore, neonatal rat ovaries cultured 

with KITLG and anti-FGF2 antibody also did not undergo primordial follicle activation, 

indicating that both KITLG and FGF2 must be active to stimulate activation [32]. FGF2 

appears to act upstream of KITLG in the activation pathway, as FGF2 upregulates 
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expression of mRNA for KITLG, but KITLG does not affect expression of mRNA for 

FGF2 [32].  

Additionally, leukemia inhibitory factor (LIF) has been shown to promote 

activation of primordial follicles in neonatal rat ovaries and to upregulate expression of 

mRNA for KITLG in GC [38]. Furthermore, culture of rat ovaries with LIF + insulin 

resulted in higher primordial to primary transition compared to those cultured with insulin 

alone, suggesting an additive effect of LIF and insulin [26]. 

Interestingly, insulin was found to have an additive effect with KITLG in neonatal 

rat ovaries, but not with FGF2 [26]. Furthermore, the action of insulin on primordial 

follicle activation in cattle was partially inhibited by ACK-2, suggesting that insulin may 

act upstream of KITLG [36]. This idea is supported by evidence that insulin promotes 

the phosphorylation of AKT in mice [39], decreases the expression of PTEN mRNA and 

protein, and stimulates the nuclear export of FOXO3A in bovine ovaries [40], all of 

which are the effects of KITLG on the PI3K/PDK1/AKT/FOXO3A pathway.  

BMP4 and BMP7 

The transforming growth factor beta (TFGB) superfamily consists of over 30 

extracellular growth factors that function via autocrine or paracrine signaling. The 

largest subfamily of TGFB consists of bone morphogenetic proteins (BMPs). Though 

first identified as regulators of bone formation, BMPs have been found to be expressed 

in the kidneys, lungs, small intestine, heart, limb buds, teeth, ovaries, pituitary and 

adrenal glands where they regulate cell growth, differentiation and death (reviewed by 

[41-43]). Like most members of the TGFB family, BMPs act through serine-threonine 
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kinase receptors which are divided into type I (ALK1 to -7) and type II (AVCR2A/B, 

BMPR2, TGFBR2); each receptor has an affinity for a BMP ligand, but type I/II 

heterodimers can achieve higher affinity [44]. Binding of the ligand to the type II receptor 

leads to recruitment and transphosphorylation of the type I receptor, which activates the 

SMAD pathway (Figure 1.3). Once phosphorylated, pathway-restricted SMAD (R-

SMADs) -1, -5 and -8/9 interact with common SMAD-4 (Co-SMAD4) to form a complex 

and translocate into the nucleus to bind to target DNA and induce specific gene 

transcription.  

Though TGFBs and BMPs have been implicated in all steps of folliculogenesis 

(reviewed by [7,43,45]), two growth factors are of particular interest for primordial follicle 

activation. BMP4 and BMP7 are often found to be involved in similar pathways and 

processes. Their mRNAs have been localized in theca cells (rats [46-48]; cows [49,50]), 

granulosa cells (sheep [51]), stromal cells (humans [52]) and surface epithelium (rats 

[47]). BMP4 and BMP7 proteins have been found in theca cells (cows [49,50]), oocytes 

(cows [49,50]; human [52]; mouse [53,54]), granulosa cells (human [52]; mouse 

[53,54]), and surface epithelium (mouse [53]). They share the same receptors: BMPR1A 

(ALK-3), BMPR1B (ALK-6) and BMPR2. In fact, as all BMPs can either form 

homodimers or heterodimers, heterodimerization of BMP4/7 appears to be a more 

effective activator of signaling pathways than their respective homodimers [42]. 

Messenger RNA for all three receptors has been localized in the granulosa cells of 

primordial and growing follicles (rat [46-48]; cow [49,50]; pig [55]; human [52]; sheep 

[56]), as well as in the oocyte (rat [47]; pig [55]; cow [50]; human [52], sheep [56]), theca  
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Figure 1.3 - Signal transduction pathways activated by BMP. Adapted from Shimasaki 
et al. [57]. 
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cells (cow [49]; pig [55]), surface epithelium (pig [55]) and stroma (pig [55]). BMP4 

stimulates the traditional SMAD pathway described earlier, as it promotes cellular 

accumulation of phosphorylated SMAD1, but not SMAD2, in bovine antral follicles [49] 

and culture of neonatal mouse ovaries with exogenous BMP4 leads to increased 

phosphorylation of SMAD1, -5 and -8 [54]. 

BMP4 and BMP7 have effects on steroidogenesis, as they inhibit progesterone 

production in granulosa cells (sheep [51,58]; rat [46]; cow [59]) by increasing P450 

aromatase mRNA expression and inhibiting histone acetylation of STAR [48,59], while 

increasing estradiol production (rat [46]). They also increase expression of mRNA for 

FSHR in granulosa cells (mouse [60]; human [61]; chicken [62]) 

BMP4 and BMP7 regulate the formation and the size of the primordial germ cell 

pool [63-65] and promote oogonial stem cell differentiation into oocytes in the mouse 

[66]. BMP7 is involved in the cyclic selection of antral follicles [67] and promotes DNA 

synthesis and granulosa cell proliferation in antral follicles in the rat [48,68], while both 

BMP4 and BMP7 contribute to the vascularization and development of antral follicles by 

inducing VEGF in granulosa cells [69]. BMP4 mRNA expression levels can be used as 

an indicator of fertility, as BMP4 mRNA is upregulated in adult mouse ovaries compared 

to neonatal ovaries, suggesting an increase in expression to facilitate follicle maturation 

[70]. Additionally, antral follicles of high fecundity sheep have higher abundance of 

BMP4 mRNA than in low fecundity sheep [71]. BMP4 and BMP7 both inhibit apoptosis 

of granulosa cells (rat [72]; cow [73]), though through different pathways; BMP4 
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suppresses apoptosis through the PI3K/PDK1/AKT pathway to inhibit the release of 

caspase-activated DNase [73], while BMP7 stimulates the PI3K/PDK/PKC pathway [74]. 

More importantly, both BMP4 and BMP7 have been directly implicated in 

primordial follicle activation. BMP4 was first identified as a stimulator of activation when 

culture of neonatal rat ovaries with BMP4 resulted in more primary follicles and fewer 

primordial follicles [72]. This was confirmed by immunizing mice against BMP4, which 

resulted in decreased proportions of primary follicles and increased proportions of 

primordial follicles [75]. However, despite its structure being highly conserved across 

mammalian species [76], BMP4 does not appear to have the same effect on all species, 

as culture of ovine ovarian tissue with BMP4 did not stimulate activation [56]. The role of 

BMP7 in primordial follicle activation was first discovered when injection of ovaries with 

BMP7 stimulated primordial to primary follicle transition in rats [48] and in mice [60]. 

Culture of caprine ovarian tissue with BMP7 also promoted follicle survival and 

primordial follicle activation [77]. In our lab, experiments on the transition from primary 

follicles to secondary follicles revealed that culture of fetal bovine ovarian tissue in the 

presence of BMP4 + BMP7 for 6 days stimulated the activation of primordial follicles; 

however it is unclear whether BMP4 and BMP7 each promoted activation individually, if 

both were required simultaneously, if they had a synergistic effect on follicle activation, 

or if only one was effective.  

Though BMP4 stimulates primordial follicle activation, it also enhances the 

transcriptional activity of AMH promoter to increase AMH production by granulosa cells 

in sheep [78]. This could be a negative feedback mechanism to ensure that BMP4 
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stimulation does not lead to premature depletion of the follicular pool, as AMH is a 

suppressor of activation. While BMP7 has been found to decrease levels of mRNA for 

KITLG in neonatal mouse ovaries and to have no effect on levels of mRNA for KIT [60], 

other evidence suggests that BMP4 stimulates primordial follicle activation by acting 

upstream of the KITLG/KIT pathway. BMP4 has been found to increase KIT protein and 

mRNA expression in mouse melanoblasts [79], and culture of mouse spermatogonial 

stem cells with BMP4 has resulted in up regulation of KIT mRNA [80]. Also, exogenous 

BMP4 promoted the primordial to primary follicle transition in neonatal mouse ovaries, 

concomitant with an upregulation of phosphorylation of SMAD1/5/8 in oocytes and 

granulosa cells and increased KIT mRNA expression in primordial follicles [54].  

Research needed 

Though the intracellular pathways of primordial follicle activation have been 

explored, much is still unknown about the role of various growth factors in activation, 

both in vivo and in vitro. In particular, it appears that some growth factors act through 

KITLG and KIT to stimulate primordial follicle activation. It would be interesting to 

determine if they are able to initiate activation through other pathways or if 

KITLG/KIT/PI3K is one of a few pathways, or even the only one, needed for initiation of 

follicular growth. As activation is the regulating factor in the delicate balance between 

initiation of follicular growth (activation) and depletion of follicular reserves, a solid 

understanding of the factors and pathways involved in the primordial to primary 

transition is crucial in order to regulate it adequately when performing assisted 

reproductive techniques. The experiments described in Chapter 2 were designed to test 
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hypotheses about the potential role of BMP4 and/or BMP7 in the activation of bovine 

primordial follicles. 

Cryopreservation 

Introduction  

To preserve female fertility, three stages of oogenesis can be targeted for 

cryopreservation: 1) preantral follicles within ovarian tissue, 2) oocytes from large 

follicles or ovulated oocytes, or 3) embryos following IVF. Oocytes are the largest cells 

in the human body; the high water content of their cytoplasm and their low permeability 

due to the protein-rich zona pellucida make freezing difficult [81], as ice crystal 

formation occurs easily and results in shearing damage to the cell membranes and 

organelles. Embryos are more resistant to cryoinjury, in part due to a higher 

permeability to cryoprotectants [82], and embryo freezing is currently the recommended 

method of female fertility preservation. Since the first human pregnancy with a 

cryopreserved embryo in 1983, an estimated half a million babies have been born 

worldwide following intrauterine replacement of frozen-thawed embryos [82]. However, 

oocyte and embryo cryopreservation are not always feasible during gamete rescue. As 

IVF requires mature oocytes, pre-pubertal girls cannot benefit from these techniques. 

Additionally, cancer patients may not be able to undergo the hormone-stimulation 

treatment needed for superovulation and IVF; some may not be able to delay their 

treatments long enough for stimulation, while others have hormone-sensitive tumors 

that would be exacerbated by hormone treatments. In this case, only the large follicles 

readily available in the ovary can be used for oocyte cryopreservation or IVF. In the 
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case of animal gamete rescue, seasonal breeders may not be at the appropriate part of 

their breeding cycles to have large follicles available, and superovulation protocols may 

not be available for that species. Additionally, IVF requires suitable sperm for 

fertilization; while this may be an option for women with partners, some patients may 

prefer an alternative option due to age, religion or ethical concerns. Similarly for 

animals, sperm from a genetically compatible male may not be available, especially if 

spermatogenesis in that species is seasonally-regulated.  

Primordial follicles, on the other hand, have low cytoplasmic volumes, low 

metabolic activity and no zona pellucida, making them more resistant to cryoinjury than 

large follicles and oocytes [83]. As primordial follicles are present in the ovarian cortex 

from birth until menopause, they are readily available at any time regardless of 

cyclicality or seasonality. As they require a 3D structure and paracrine input from other 

follicles and somatic cells for proper folliculogenesis [84], cryopreservation of ovarian 

tissue containing primordial follicles allows for resumption of folliculogenesis and 

steroidogenesis after thawing.  

Slow freezing 

The goal of cryopreservation is to suspend all metabolic reactions in the cells 

through decreased temperature, in a reversible manner with no long term effects. 

Cryopreservation of cells was first achieved in 1938 with sperm cells through 

dehydration in a hypertonic solution [85]. Though glycerol was identified as a 

cryoprotectant (CPA) for sperm and erythrocyte freezing a decade later [86], it was 

hypothesized that a smaller molecule such as dimethyl sulphoxide (DMSO) could 
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permeate cellular membranes more easily and improve cryopreservation of cells. This 

was confirmed shortly after [87], and DMSO has been used as a staple of 

cryopreservation ever since.  

Cryopreservation poses a risk to cellular morphology and function through 

thermal, chemical and mechanical damage. The biggest risk is the formation of ice 

crystals which can result in shearing damage to the organelles and membranes; 

furthermore, ice occupies a greater volume than water, which can cause mechanical 

damage to cells. Though dehydration is required to reduce ice crystal formation, the 

increase in salt concentration can interfere with normal metabolic activity prior to 

freezing and after thawing; a correlation between solute concentrations and cryoinjury 

has been seen in cells despite the presence of cryoprotectants [88]. Lastly, CPA can be 

toxic to cells during long exposures or at high concentrations; DMSO for example 

denatures fructose diphosphatase and similar focal enzymes in glyconeogenesis [89].  

Slow freezing is the current standard in cryopreservation. It consists of exposing 

biological materials to low concentrations of CPA, then slowly lowering the temperature 

of the samples at a rate of about 1ºC/min using a programmable freezer. Once the 

samples have reached a temperature between -5ºC and -9ºC, seeding is performed to 

initiate organized formation of extracellular ice crystals, and the samples are cooled 

down to -140ºC. The combination of CPAs and extracellular ice crystals promotes 

cellular dehydration. While this method involves low concentrations of CPAs and 

therefore results in low risks of cytotoxic damage, there is a high chance of intracellular 
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ice formation. Furthermore, this technique is time consuming and requires expensive 

specialized equipment [90].   

Vitrification 

During subzero cooling, a solution will begin to freeze between the melting temperature 

(Tm) and the homogenous nucleation temperature (Th), where complete ice nucleation 

occurs (Figure 1.4). If further cooled, the solution will reach the glass transition 

temperature (Tg) at which point it will vitrify. As the name indicates, the solution become 

a glass-like solid not though ice formation, but through an extreme increase in viscosity 

[89,91]. At this point, translational molecular motions are arrested and metabolic activity 

is suspended. Permeable CPAs act by decreasing both the Tm and Th of the solution 

and increasing its Tg in a dose-dependent manner so that at a certain concentration of 

CPA, the Th is equal to or lower than the Tg, and cooling can result in vitrification 

without any ice formation (Figure 1.4, zone B) [89]. However, the concentration required 

for this event is upwards of 60% w/w, which very few biological systems can endure 

without toxic damage. If CPAs were not toxic, there would be no limit to their 

concentration in vitrification solution, and 100% of cells could be vitrified with no ice 

formation. Since this is not possible, two things need to happen to allow successful 

vitrification of a sample: lessening the toxic effect of CPAs, and increasing the rate of 

cooling to allow the solution to pass from Tm to Tg rapidly enough that ice nucleation 

does not have time to occur between Th and Tg (Figure 1.4, zone A). 

Multiple important factors are involved in successful vitrification, and have been 

reviewed at length [88,90,92,93]. 
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Figure 1.4 - Schematic representation of the effect of cryoprotectant concentrations on 
temperature curves; see text for discussion. Tm = melting temperature; Th = 
homogenous nucleation temperature; Tg = glass transition temperature. Adapted from 
Fahy [89].  

  



 22 

1) Cryoprotectant type 

CPAs can be divided into two categories: permeable and non-permeable. 

Permeable CPAs, including DMSO, glycerol, ethylene glycol (EG), propylene glycol 

(PROH), acetamide and formamide, promote glass formation during vitrification, but 

have a cytotoxic effect in high concentrations. It has been found that combining multiple 

CPAs each at a low concentration will mitigate cytotoxicity while maintaining efficacy; 

furthermore, the permeability of the combined CPAs is greater than that of individual 

CPAs. Although EG is a poor glass former, it rapidly diffuses into cells and has a low 

toxic effect, making it a popular CPA particularly in combination with DMSO, which is an 

effective glass forming agent.  

Because CPA penetrates extra- and intra-cellular spaces more slowly that water, 

an osmotic imbalance is inevitable, particularly during the removal of CPA. It can 

however be mitigated by the presence of non-permeable CPAs, such as serum 

proteins, sugars, and polymers which act as osmotic buffers. They also increase the 

viscosity of the solution and promote glass formation, therefore decreasing the toxic 

effect of the permeable CPA by reducing their necessary concentration.  

2) CPA temperature exposure 

Temperature of exposure affects CPA permeation and toxicity. Lower 

temperature slows down the permeation rate, thereby decreasing its toxic effect; 

however, it can also lead to an increase in the length of time the sample is exposed to 

CPA, which increases the risks of cytotoxicity and osmotic injury. On the other hand, 

higher temperature increases the toxic effect of CPA, but reduces the length of 
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exposure, which may result in less overall damage [88,94]. While different ovarian 

tissue vitrification protocols use different exposure temperatures, there does not appear 

to be a specific trend; more studies are required to optimize this variable.  

3) Stepwise addition of CPAs 

The most common method of exposing ovarian tissue to cryoprotectants is to do 

so in a stepwise manner, with increasing concentrations of permeable and non-

permeable CPAs to decrease osmotic and toxic effects. However, studies comparing 

single-step and stepwise exposure have yielded results that cannot be compared, as 

they used different vitrification solutions for each method [95,96]. A single-step 

exposure protocol would make the vitrification protocol more practical, but its superiority 

over stepwise exposure must first be proven. 

4) Cooling rate 

In order to bypass ice nucleation, vitrification achieves ultra-fast cooling by 

plunging the sample in liquid nitrogen, as it allows the sample to go from supra-zero 

temperatures to -198ºC in a few seconds. However, this cooling rate can be decreased 

when the samples are placed in carriers made of poorly conductive materials, such as 

plastic. The ideal cooling rate is achieved by direct contact with liquid nitrogen; however, 

liquid nitrogen can be a source of microbial contamination which is not acceptable in a 

clinical setting. Though liquid nitrogen sterilization through UV radiation is possible, it is 

still not the preferred method, nor is it always practical. Sterility of the sample can be 

maintained by solid surface vitrification, where the sample is cooled by being placed on 

a sterile metal surface partially submerged in liquid nitrogen; the high conductivity of the 
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metal allows ultra-rapid cooling to occur while preventing contact with potentially 

contaminated liquid nitrogen.  

Because vitrification relies on a rapid rate of cooling, it is best performed in single 

cells, such as oocytes or in a small number of cells, like embryos. In the case of ovarian 

tissue vitrification, it is highly preferable for the tissue to be thin (< 1 mm) and small (~1 

mm3). Large ovarian fragments would require longer equilibration to allow penetration of 

the vitrification solution to the inner parts of the tissue, while the cells on the surface 

would be overexposed to CPA, resulting in cytotoxic injury. Additionally, as tissue has 

low thermal conductivity and heat capacity [88], large tissue samples do not permit the 

cooling rates needed to achieve vitrification. Though vitrification of a large ovarian 

sample can be done by simply dissecting it into multiple small fragments, efficient 

control of CPA exposure can only be achieved with a small number of fragments. Even 

though one cryo-cycle (CPA exposure, cooling, storage) is more quickly performed 

using a vitrification protocol, many cryo-cycles may be required to cryopreserve the 

same amount of tissue as for a slow freezing protocol, thereby reducing its efficiency.  

5) Warming rate 

Just as the sample is cooled very rapidly to avoid the formation of ice crystals 

when it passes through the ice nucleation temperature zone, it needs to be warmed up 

quickly enough to avoid devitrification and ice nucleation. Warming is a serious though 

often neglected aspect of vitrification. It is also a delicate balance, as high temperatures 

are needed to achieve a fast warming rate, but exposing the tissue to temperatures 

much above 37-40ºC in order to rapidly warm the center of the sample can cause 
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damage to the outer cells. The conventional method of warming is by conduction in a 

37ºC water bath; while it may result in rapid and uniform heating in small samples, it is 

unsuitable for large carrier systems and thick samples.  

Taking all these factors into consideration, different carriers have been 

developed for tissue cryopreservation. The standard method consists of placing tissue 

fragments in small cryovials or straws with vitrification solution, and plunging them 

directly into liquid nitrogen [97,98]. However, the plastic used in the cryovials and straws 

is a poor heat conductor which, along with the relatively large volume of vitrification 

solution, may interfere with both the cooling and warming rate. Another similar method 

is the minimum drop size, which, as its name indicates, involves placing the sample in a 

small drop of vitrification solution and dropping it into the liquid nitrogen [99]; because 

the solution and the tissue have different cooling rates, this occasionally results in a 

vapor shell forming around the tissue which unfortunately further slows down the 

cooling rate of the sample. Additionally, the vitrification solution comes into direct 

contact with liquid nitrogen, which as mentioned above may be a source of 

contamination. The solid surface vitrification method allows for the excess vitrification 

solution to be absorbed from the tissue, thereby removing the risk of a vapor shell 

forming, and does not require direct contact with liquid nitrogen [100-102]; however, 

once frozen, the sample typically needs to be transferred to a liquid nitrogen-filled 

cryovial. This has been circumvented in the cryological vitrification method, where the 

tissue is first vitrified inside a liquid nitrogen-cooled metal box and then inserted into a 

sterile straw with built-in sealant before being plunged in liquid nitrogen [103,104]; while 
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this allows for sterile ultra-fast cooling and storage, it involves specialized equipment 

which may not be easily accessible.  

Needle immersion vitrification is a novel technique which has been used with 

success to cryopreserve ovarian tissue in multiple species (mouse [105,106], human 

[105,107], baboon [108], rat [109], sheep [110], Japanese quail [111]). Ovarian tissue is 

threaded onto an acupuncture or insulin (30 G) needle, which promotes ease of 

handling and increases the cooling rate by allowing metal contact through the center of 

the tissue as well direct contact with liquid nitrogen on the surface [108]. When working 

with high concentrations of CPAs, precise timing, temperature and handling are critical 

factors which can require technical expertise and skill. The use of a needle allows for 

multiple pieces to be vitrified at the same time, while ensuring that they are each 

exposed to the CPAs for the same precise amount of time; the needle facilitates the 

transfer of the tissues between different vitrification solutions and into the liquid 

nitrogen, thereby reducing the variation in exposure and the technical difficulty of the 

procedure.  

Post-warming analysis 

Cryopreservation success can only be measured after warming. This can be 

done by histological analysis of gross morphology, electron microscopy of ultrastructure, 

immunohistochemistry of pertinent markers, PCR analysis of mRNA expression, or 

analysis of metabolic activity [112]. Though analysis is often performed immediately 

after warming, in vitro or “in vivo” culture of the ovarian tissue is preferred in order to 



 27 

determine the effects of cryopreservation on cellular health and function over varying 

lengths of time [113,114].  

In vivo culture can be done by xenografting the tissue into nude mice, allografting 

or autotransplation (orthotopic or heterotopic) [112]. Allografting and autotransplantation 

allow the tissue to resume both endocrine and reproductive ovarian functions, which 

can result in spontaneous pregnancy and birth of a live offspring; otherwise, subsequent 

ovarian stimulation, ovum pickup and IVF must be performed. To date, 42 live births 

have resulted from human ovary autotransplantation, 39 from frozen tissue [112] and 3 

from vitrified tissue [115,116]. Survival of an ovarian transplant is greatly dependent on 

the revascularization process, as transplantation typically induces an ischemic phase, 

which is associated with massive follicular loss and a pronounced activation of 

primordial follicles, thus initiating non-reversible folliculogenesis and depleting the 

follicular reserve within the tissue [108,117,118].  

Though in vivo culture of vitrified-warmed tissue allows for proof of concept 

through fertilization and possibly birth of live offspring, the impact of vitrification on 

tissue at a molecular level can only be investigated through in vitro culture and analysis. 

The most common method of determining follicular health is histology of fixed and 

stained tissue, which allows for a visual analysis of follicular stage (primordial, primary, 

secondary, antral), morphology (normal, abnormal) and ultrastructure. Another method 

is a viability assay, with calcein-AM/ethidium homodimer [102,119,120], neutral red 

[121,122] or trypan blue [123,124]. Immunohistochemistry is often used to detect 

apoptosis through terminal deoxynucleotidyltransferase-mediated dUTP nick-end 
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labeling (TUNEL) [125,126] or caspase-3/7 [127,128], proliferation through Ki67 

[108,125] or proliferating cell nuclear antigen [129,130], or DNA damage and repair 

through γH2AX and RAD51 [126,131]. Expression of mRNAs related to follicle growth 

has also been assessed through qPCR [106,132], along with production of steroid 

hormones [133,134].  

Research needed 

While basic research on primordial activation involves the methodical 

examination of every step of a pathway in order to understand the molecular impact of a 

growth factor, applied research on ovarian tissue cryopreservation has a tendency to be 

focused on the end goal (normal follicular morphology, oocyte maturation, fertilization or 

live birth), with little attention paid to the molecular pathways required to get there. 

Cryopreservation studies often consist of two or more different protocols that are 

compared and contrasted. However, many variables often differ between the protocols, 

whether it be slow freezing versus vitrification, varying CPA types and concentrations, 

exposure times, carriers, etc. While one protocol may prove to be more effective than 

the other, it is impossible to differentiate which of the variables allowed for this 

distinction. There is an important need for applied research analyzing only one or two 

variables at a time, with proper controls, in order to make discernible progress in the 

field of ovarian tissue cryopreservation. Furthermore, in order to understand the impact 

of each vitrification factor on folliculogenesis to improve the improve the technique as a 

whole, there needs to be more basic research focusing on the molecular repercussions 

of vitrification and the mechanisms involved to prevent, mitigate or repair the damage 
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caused. Identifying one protocol as being preferable over another does not promote 

advancement of knowledge in the field as much as identifying the molecular impact of 

the superior protocol.  

 Applications 

Human fertility 

Ovarian tissue cryopreservation is becoming a viable option for fertility 

preservation in female cancer patients. Radiation and chemotherapy have gonadotoxic 

effects on the ovaries which lead to irreversible damage to ovarian follicles and oocytes, 

with premature ovarian failure and fertility loss in more than 80% of cases [112]. When 

oocyte and embryo cryopreservation are not indicated, whether because of the age of 

the patient or due to hormone-sensitive tumors, ovarian tissue cryopreservation not only 

provides safekeeping of part of the primordial follicle pool during treatment, but also 

allows for normal folliculogenesis and endocrine function followed by spontaneous 

pregnancy when coupled with autotransplantation. Advancements in ovarian tissue 

culture will also lead to complete in vitro folliculogenesis from primordial follicle to 

mature oocyte suitable for IVF, as  has been achieved in the mouse [21,22]. However, 

ovarian tissue cryopreservation is only recommended when malignant cells are not 

present in the tissue, as it would otherwise present of risk of reintroducing the 

cancerous cells into the patient after treatment. It is also not recommended in women 

nearing menopause, as their primordial follicle reserves are already rather depleted and 

may not have sufficient survival rates for resumption of folliculogenesis. Therefore, 

selection criteria recommend that ovarian tissue autotransplantation be offered to young 
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women, female adolescents and prepubertal girls undergoing gonadotoxic treatments 

only when there are a realistic chance of survival, a risk of over 50% chance of fertility 

loss and no or low risk for reintroduction of malignant cells [112] 

Domestic species 

While food animal species have high numbers of individuals, there is very little 

genetic diversity within the populations. Because of the advancements in breeding 

selection and the pressure to increase food production over the past 200 years, a 

dramatic loss of genetic diversity has occurred, in particular through the extinction of 

many locally-adapted breeds [135]. Service animals need to be castrated early in their 

training to abrogate hormonal effects on behavior and reduce the risks of cancer. 

However, even if the trained dogs prove to be superior service animals, they cannot 

produce offspring with favorable traits [136]. Cryopreserving the ovaries of female 

service animals for cryobanking would allow us to utilize their gametes once their 

genetic potential has been discovered. Ovarian tissue cryopreservation also permits the 

safeguarding of genetically valuable lab animal models, without having to maintain a 

colony.  

Wildlife conservation 

Gamete rescue allows genetically valuable individuals to reach their reproductive 

potential, including animals that have died prematurely, are alive but failed to reproduce 

naturally, or are approaching reproductive senescence [137]. It is also a tool that allows 

us to increase the genetic diversity of a population by allowing fertilization of gametes 

from two individuals that would not otherwise naturally breed. This includes: 1) 
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reproduction of animals housed at different zoos without having to transfer one 

individual, which can be very stressful; 2) reproduction of genetically compatible, but 

socially adverse individuals where natural breeding would result in undue stress and/or 

injury; 3) utilization of gametes from both in situ and ex situ populations without 

removing an individual from its habitat; 4) utilization of cryopreserved gametes from long 

dead individuals, which can re-infuse their genes into the current population, thereby 

increasing its diversity. Ovarian tissue cryopreservation also allows us the flexibility of 

timing. IVF and embryo cryopreservation require compatible and adequate sperm, 

which may not always be available; in that case, the tissue can be stored until such 

sperm is made available. Lastly, ovarian tissue cryopreservation can be used to create 

a genetic repository for numerous species, as a safeguard for the conservation of wild 

species. In 2015, 17 out of 37 species in the Felidae family were categorized as 

vulnerable or endangered by the IUCN Red List [138]. 

Summary and research goals 

As a review of the literature has shown, BMP4 and BMP7 are promising 

candidates for in vitro activation of primordial follicles. The fetal bovine ovarian tissue 

culture system developed by our lab [11,18] is an excellent experimental model for 

primordial follicle activation. As primordial follicles acquire the capacity to activate 

around day 140 of gestation and secondary follicles are first visible around day 210 of 

gestation, fetal ovaries between those time periods have large numbers of primordial 

follicles capable of activating, with few primary follicles and almost no secondary 

follicles [11]. Culturing cortical pieces from those ovaries in the absence of insulin (in 
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TS+ medium) maintains follicular health without stimulating activation; supplementing 

TS+ medium with various growth factors and antibodies allows us to investigate the 

pathways involved in follicle activation. Since culture of fetal bovine ovaries with 

BMP4+BMP7 stimulated activation of primordial follicles, the individual and combined 

effects of these growth factors were investigated and the results are presented in the 

following chapter (Chapter 2). Furthermore, as evidence from the literature suggests 

that BMP4 may stimulate activation by acting upstream of KITLG on the 

PI3K/Akt/Foxo3a pathway, I investigated their interactions through biological and 

molecular assays.  

While many studies have looked at folliculogenesis following ovarian tissue 

cryopreservation, in particular the growth of secondary follicles, none have examined 

the effects of cryopreservation or vitrification on primordial follicle activation. Out of the 

few studies to have quantified survival and normal morphology of primordial and primary 

follicles after warming, only two have discussed the potential implication of vitrification 

on activation [100,139]; both studies were performed on human ovarian tissue and 

reported a transition from primordial to primary follicle pools. Furthermore, Oktem et al. 

have noted that AMH was lower after 3 days of culture post-warming than in fresh 

cultured controls [140]. Together these results suggest that vitrification of ovarian tissue 

may have an effect on the endogenous primordial follicle activation pathways. Using the 

fetal bovine model, I performed a stepwise analysis of CPA exposure and tissue 

vitrification on the capacity of primordial follicles to activate (Chapter 3).  
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The domestic cat is not only a model species for wild felids, but also for human 

physiology. Cat ovaries are readily available from local spay clinics, which eliminates 

the need to establish and maintain a colony, and are collected from a diverse population 

which provides a more realistic model of human reproduction than traditional lab 

species. Because of the high follicular atresia rate found in cats [141], peripubertal cats 

(3 to 6 months of age) have large reserves of primordial and primary follicles and few 

large follicles compared to adults, which maximizes the amount of ovarian cortex devoid 

of large follicles and corpora lutea that can be used for cryopreservation. Furthermore, 

ovarian tissue culture systems have been established for the cat, allowing for primordial 

follicles to be maintained in situ for several days [142,143]. Therefore, the domestic cat 

is an adequate model for studying the effect of ovarian tissue cryopreservation on 

primordial follicle structure and function. In addition to optimizing the protocol for 

vitrification of feline ovarian tissue in a stepwise manner, particular attention was paid to 

the molecular impact of vitrification and the ability of the ovarian tissue to mitigate and 

repair damage (Chapter 4).  
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CHAPTER 2  

BMP4, BUT NOT BMP7, INITIATES GROWTH OF BOVINE PRIMORDIAL 

FOLLICLES IN VITRO VIA THE KIT LIGAND/KIT PATHWAY   
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Abstract 

Primordial follicle activation, though necessary for the regulation of 

folliculogenesis and female fertility, is not fully understood. Several growth factors, 

including bone morphogenetic (BMP) -4 and -7 and KIT ligand (KITLG), have been 

implicated in this process. An experimental system for culturing pieces of ovarian cortex 

from late-term bovine fetuses was used to determine the effects of BMP4 and/or BMP7 

on activation of primordial follicles. BMP4, but not BMP7, at a dose of 20 ng/ml 

stimulated activation after 6 days of culture. The effects of BMP4 were dose-dependent, 

with 5 to 100 ng/ml stimulating activation. Culture of ovarian cortical tissue with BMP4 

and KIT-blocker ACK-2 completely inhibited the effects of BMP4 on activation of 

primordial follicles, suggesting that BMP4 acts upstream of KIT. However, qPCR 

analysis of mRNA from ovarian cortical tissue cultured without or with BMP4 for one or 

two days revealed no differences in steady-state levels of mRNA for KIT or Kit ligand. 

Therefore, BMP4 appears to affect KIT activity through a different mechanism. BMP4 

protein and the BMPR2 receptor were immunolocalized to primordial and primary 

follicles in fetal bovine ovaries. In conclusion, BMP4 was an effective stimulator of 

primordial follicle activation in vitro in the fetal bovine model; it appears to act through 

the KIT/KITLG pathway, but the details of its mechanism of action remain to be 

determined.  

Introduction 

Folliculogenesis is an essential component of female reproduction. Primordial 

follicles, consisting of a primary oocyte arrested at the diplotene stage of prophase I 
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surrounded by a single layer of squamous granulosa cells, are formed in the ovaries 

either in utero (human [1]; cows and baboons [2]) or shortly after birth (rodents [3]; cats 

[4]; dogs [5]). After formation, primordial follicles remain in a dormant state for varying 

amounts of time. During the initiation of follicle growth (activation) the granulosa cells 

become cuboidal and initiate mitotic division and the oocyte starts to grow. The follicle is 

then at the primary stage and granulosa cell proliferation and oocyte growth continue. 

However, 99% of follicles will degenerate before ovulation, as atresia can occur at any 

point throughout folliculogenesis. Once the follicular pool declines below a certain 

threshold, the female is considered to be menopausal [6], with premature depletion of 

the primordial follicle pool leading to primary ovary insufficiency and early menopause. 

Because primordial follicles are the precursors of all developing follicles, they represent 

the reproductive potential of a female. Thus, appropriate regulation of primordial follicle 

activation is essential for reproductive success. To date, complete follicular 

development in vitro, from primordial follicles to live young, has been achieved only in 

the mouse [7,8]. Although this technique could have important implications for 

preserving and improving the reproductive potential of genetically valuable individuals, 

the mechanisms regulating primordial follicle activation are less well understood in 

species of practical importance (humans, endangered species, and domestic animals).  

To prevent global activation of primordial follicles and premature depletion of 

finite oocyte reserves, primordial follicles are maintained in a dormant state by 

suppressor factors from the granulosa cells, such as Forkhead box L2 (FOXL2) and 

anti-Müllerian hormone (AMH), and from the oocyte, such as phosphate with tensin 
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homologue (PTEN) and tumor suppressor complex (Tsc) [9]. Quiescence vs. activation 

is believed to depend on the balance of inhibitory vs. stimulatory factors (reviewed in 

[10]). Cattle have been used a model for primordial follicle activation, as fetal ovaries 

after 140 days of gestation have large numbers of primordial follicles capable of 

activation [11]. Wandji et al. [12] first developed a serum-free organ culture system for 

small pieces of ovarian cortex from  fetal bovine ovaries containing (ITS+), which 

promoted a decrease in number of primordial follicles and an increase in number of 

primary follicles. Further experiments showed that insulin in the ITS+ (insulin, transferrin 

and selenium+) in the medium was responsible for the activation [13]. This culture 

system was also used to identify KITLG as an effective stimulator of in vitro activation in 

fetal bovine tissue [14].  

Bone morphogenic proteins (BMP) are one of the largest subgroups of the TGFB 

family [15]. BMP4 and BMP7, two members of this subgroup, are known regulators of 

oogenesis and folliculogenesis, including formation of primordial germ cells [16-18], 

suppression of granulosa cell apoptosis [19,20], and steroidogenesis in granulosa cells 

[21-24]. More importantly, they have both been implicated in primordial follicle 

activation. Lee et al. [24] found that injections of BMP7 into the ovarian bursa of rats 

resulted in decreased numbers of primordial follicles and increased numbers of 

developing follicles consistent with primordial follicle activation. These results were 

corroborated when culture of whole ovaries from neonatal mice in the presence of 

BMP7 resulted in primordial follicle activation [25]. Nilsson and Skinner [26] first found 

that BMP4 promotes the primordial-to-primary follicle transition in cultured neonatal rat 
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ovaries [26]. This was supported by the finding that anti-BMP4 immunization decreased 

proportions of primary follicles and increased proportions of primordial follicles in mice, 

compared to non-immmunized controls [27].  

Although they appear to have similar or redundant functions, BMP4 and BMP7 

appear to utilize different pathways or have different effects. Though they both suppress 

apoptosis in granulosa cells, they do so using different pathways [19,28]. Evidence 

suggests that BMP4 may be involved upstream of the KITLG-KIT pathway of primordial 

follicle activation, as BMP4 upregulates levels of mRNA for KIT in mouse melanoblasts 

[29] and in mouse ovaries [30]. However, BMP7 does not affect levels of mRNA for KIT 

and downregulates levels of mRNA for KITLG in neonatal mouse ovaries [25].  

A study in our lab that was focused on the development of activated follicles 

revealed that the culture of fetal bovine ovarian tissue in the presence of BMP4 + BMP7 

(both at 20 ng/ml) for 6 days stimulated the activation of primordial follicles. It was 

unclear if both BMP4 and BMP7 were capable of stimulating activation individually, if 

both were required simultaneously, if together they had a synergistic or additive effect 

on follicle activation, or if only one was active. The aim of the current study was to 

investigate the effects of BMP4 and BMP7 on primordial follicle activation in cattle and 

the relationship between effective BMPs and the KITLG/KIT pathway.  
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Materials and Methods 

Collection of fetal bovine ovaries 

Bovine female fetuses (primarily Holstein) between 159 and 204 days of 

gestation (gestation = ~279 days in cattle), as estimated by crown-rump length [31], 

were obtained at a local slaughterhouse (Cargill Taylor Beef, Wyalusing, PA). Ovaries 

were dissected out and transported to the laboratory in Leibovitz L-15 medium 

(Invitrogen) supplemented with 1% fetal bovine serum, 50 IU/ml penicillin and 50 µg/ml 

streptomycin sulfate (Gibco) at ambient temperature within 4 h of collection, as 

previously described [11]. 

Ovarian cortical cultures and histological morphometry 

The ovarian cortex was isolated from the medulla using scissors and cut into 1 x 

0.5 x 0.5 mm pieces. The cortical pieces were incubated in 24-well Costar culture plates 

(Corning) on cell culture inserts (2 cortical pieces per well, two wells per time point per 

treatment; Millicell-CM, 0.4 µm pore size; Millipore) with 300 µl of control medium 

consisting of Waymouth’s medium (Invitrogen) supplemented with 25 mg/ml pyruvate 

(Sigma), antibiotics (50 IU penicillin and 50 µg/ml streptomycin sulfate), 6.25 µg/ml 

transferrin (BD Bioscience), 6.25 ng/ml selenous acid, 5.35 µg/ml linoleic acid, and 1.25 

mg/ml BSA (treatments added to the medium are detailed below). Cortical pieces were 

incubated at 38.5ºC in a humidified incubator gassed with 5% CO2 and 95% air. Two 

thirds of the volume of culture medium was exchanged for fresh medium every 2 days 

throughout the study interval. 
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On Day 0 and at the end of the culture period, cortical pieces were fixed in 2.5% 

glutaraldehyde and 2.5% formaldehyde (Tousimis) in 0.075 M cacodylate buffer (pH 

7.4; Electron Microscopy Sciences) for 1 h and rinsed in 0.075 M cacodylate buffer. A 

secondary fix was performed in reduced osmium solution consisting of 0.25% osmium 

tetroxide (Polysciences), 0.1 M cacodylate buffer and 50 mM potassium ferricyanide 

(Mallinckrodt) in Milli-Q water and the cortical pieces were dehydrated through an 

ethanol gradient. The pieces were embedded in LR White plastic (Electron Microscopy 

Sciences) and 2-µm serial sections were cut with a glass knife. Every other set of 10 

consecutive sections was mounted on gelatin-coated slides and stained with toluidine 

blue. Slides were viewed by light microscopy with 20x objective. To avoid counting the 

same follicle twice, only one section per set of ten was used for morphometric analysis 

and only follicles with a visible germinal vesicle were counted. At least 6 sections were 

analyzed per cortical piece. Using previously defined criteria [12], follicles were 

classified as primordial (an oocyte surrounded by one layer of flattened granulosa cells), 

primary (an oocyte surrounded by one layer of cuboidal granulosa cells), or secondary 

(an oocyte surrounded by two or more layers of granulosa cells). Since very few 

secondary follicles were observed, the number of secondary follicles was combined with 

the number of primary follicles and expressed as “growing” or “activated” follicles.  

Experimental designs (Experiments 1-4) 

The aim of Experiment 1 was to determine the effects of exogenous BMP4 

and/or BMP7 on primordial follicle activation. Ovarian cortical pieces were cultured for 6 

days in control medium supplemented with 6.25 µg/ml insulin (BD Bioscience), 100 
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ng/ml recombinant human KITLG (255SC; R&D Systems), 20 ng/ml recombinant 

human BMP4 (314BP; R&D Systems), 20 ng/ml recombinant human BMP7 (354BP; 

R&D Systems), or 20 ng/ml BMP4 + BMP7.  Follicular stages and numbers were 

assessed at day 0 and at the end of the culture period, as described above. Eight 

cortical pieces, two from each of four fetuses (169 to 193 days of gestation) obtained on 

separate occasions, were evaluated per treatment group. 

The goal of Experiment 2 was to determine the doses of BMP4 that stimulate 

follicle activation in vitro by conducting a dose-response study. Cortical pieces were 

cultured for 6 days in control medium supplemented with 6.25 µg/ml insulin, 100 ng/ml 

KITLG, or 0, 5, 20, 50 or 100 ng/ml BMP4. Follicular stages and numbers were 

assessed at day 0 and at the end of the culture period, as described above. Eight 

cortical pieces, two from each of four fetuses obtained on separate occasions (163 to 

204 days of gestation), were evaluated per treatment group. 

In a previous study, the stimulatory effect of KITLG on the activation of bovine 

follicles was blocked by ACK-2, a KIT neutralizing antibody [14]. The goal of Experiment 

3 was to determine if BMP4 acts through the KITLG/KIT pathway. Ovarian cortical 

pieces were cultured for 2 days in control medium supplemented with 0 or 10 µg/ml 

ACK-2 (mouse anti-human KIT antibody; MAB332; R&D Systems), followed by an 

additional 6 days of culture in control medium, 6.25 µg/ml insulin, 100 ng/ml KITLG, or 

50 ng/ml BMP4, with or without 10 µg/ml ACK-2. Ovarian follicular stages and numbers 

were assessed at day 0 and after the 8-day culture period, as described above. Six 
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cortical pieces, two from each of three fetuses obtained on separate occasions (159 to 

182 days of gestation), were evaluated per treatment group.  

Based on the results of the previous experiment, the aim of Experiment 4 was to 

determine if exogenous BMP4 regulates levels of mRNA for KIT and/or KITLG. Cortical 

pieces were cultured for 1 or 2 days in control medium supplemented with 0 or 50 ng/ml 

BMP4. At each time point, the two cortical pieces from each culture were pooled (~1 

mg) and maintained in RNAlater at -20ºC until RNA extraction and RT-qPCR. Six 

cultures (each consisting of two cortical pieces), two from each of 3 fetuses (174 to 208 

days of gestation), were evaluated. 

Reverse transcription qPCR 

Total RNA was extracted with 400 µl of Trizol (Invitrogen) using a tissue 

homogenizer (TissueRuptor, Qiagen) and 100 µl chloroform. The total RNA was then 

purified using an RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions. 

The concentration and purity of the RNA samples were checked using a NanoDrop 

spectrophotometer ND-1000 (Saveen Werner) and the integrity was analyzed by 1% 

agarose gel electrophoresis. Complementary DNA was synthesized from 500 ng total 

RNA using a SuperScript III First Strand Synthesis system (Invitrogen) in a 30-µl 

reaction using 1 µl of 50 µM oligo(dT)20, 1.5 µl of 10 mM dNTP mix, incubated at 70ºC 

for 10 min and then put on ice for 3 min. The enzymatic reaction consisted of 6 µl of 25 

mM MgCl2, 3 µl of 0.1 M DTT, 1 µl RNase OUT and 1 µL SuperScript III RT, incubated 

at 42ºC for 1 h, followed by 30 min at 50ºC. RNA was removed by incubating the cDNA 

samples with 12 µL 0.1 N NaOH and 3 µl 20 mM EDTA for 15 min at 65ºC, followed by 
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12 µl 0.1 N HCl. The cDNA samples were then purified using a MinElute Reaction 

Cleanup kit (Qiagen) according to the manufacturer’s instructions. An RT blank control 

was performed using water instead of RNA and a negative RT control was performed 

using water instead of SuperScript III RT.  

Real-time quantitative polymerase chain reaction (RT-qPCR) was performed 

using 1 µl of cDNA for each 20 µl reaction and 10 µl of SYBR Select Master Mix 

(Applied Biosciences). Primers for KIT, KITLG and polymerase (RNA) II polypeptide A 

(POLR2A) (Table 2.1) were added at a final concentration of 200 µM. Amplification was 

performed on a CFX96 Touch Real-Time PCR Detection System machine with the 

following protocol: 50ºC for 2 min, 95ºC 2 min, 40 cycles of 95ºC for 15 sec and 60ºC for 

1 min, followed by a dissociation curve from 55ºC to 95ºC at 0.5ºC increments. All 

samples were amplified in technical replicates; the mean Cq value was used for further 

calculations. A no template control was performed using water instead of cDNA. 

Relative quantitative gene expression was determined using the comparative Cq 

method [32], with PORL2A as the reference gene, and the control sample (0 ng/ml 

BMP4) as the calibrator sample within each time point. Products were verified by 

dissociation curve, electrophoresis and sequencing. 

Immunohistochemistry (Experiment 5) 

In Experiment 5, BMP4 and its receptor BMPR2 were localized in fetal bovine 

ovaries by immunohistochemisty. Immediately after collection of pairs of ovaries, one 

ovary (n = 2 fetuses; 179 and 182 days of gestation) was fixed in Bouin’s solution, 

dehydrated through an ethanol gradient, and embedded in paraffin. Adjacent sections 
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(5-µm thickness) were mounted on Superfrost Excell slides (Fisherbrand), dewaxed and 

rehydrated. Endogenous peroxidase activity was quenched by incubation for 10 min in 

3% hydrogen peroxide in methanol. Antigen retrieval was performed by microwaving the 

sections for 20 min in 1 mM EDTA (pH 8.0; Invitrogen). After cooling, the sections were 

blocked for 15 min using mouse serum (Histostain-SP kit; Invitrogen). The sections 

were incubated for 2 h at room temperature with either mouse anti-human BMP4 

antibody (MAB757; R&D Systems) or mouse anti-human BMPR2 antibody (sc-5682; 

Santa Cruz Biotechnology), both at 5 µg/ml, diluted in blocking buffer. The Histostain-

SP mouse kit was used with diaminobenzidine substrate, according to the 

manufacturer’s instructions, to visualize the primary antibodies. Sections were 

counterstained with hematoxylin, dehydrated, and mounted under glass coverslips 

using Permount (Fisher). Slides were viewed by light microscopy with a 20x objective. 

Negative controls were performed by replacing the primary antibody with non-immune 

normal goat serum for BMP4 and by pre-incubating the primary antibody with 50 µg/ml 

of the corresponding blocking peptide (sc-5682P; Santa Cruz Biotechnology) in PBS for 

2 h at room temperature for BMPR2. 

Statistical analysis 

The number of growing follicles was divided by the total number of follicles 

evaluated for each section to determine the proportions of growing follicles per 

treatment. The mean total number of follicles per section did not vary among treatment 

groups in any experiment. Sets of data were log transformed if Hartley’s test indicated 

heterogeneity of variance among the means. For Experiments 1-3, data are presented 
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as percent ± SEM of non-transformed data. Statistical differences (P < 0.05) among the 

means by treatment group were evaluated by one-way ANOVA with fetus as a block. 

When a significant P value was obtained with ANOVA, differences among individual 

means were obtained using a Tukey’s test for all pair-wise multiple comparisons. The 

mean fold-differences in levels of mRNA for KIT and KITLG were analyzed by Student’s 

t-tests. Statistical analyses were performed using JMP® (version 10.0, SAS Institute 

INC). Line art was created in GraphPad Prism 6 (GraphPad Software Inc.); halftone art 

was created in Inkscape (version 0.91; www.inkscape.org). 

Results 

Experiment 1.  Exogenous BMP4, but not BMP7, stimulates the activation of bovine 

primordial follicles in vitro  

To determine the individual and combined effects of exogenous BMP4 and 

BMP7 on primordial follicle activation, fetal bovine cortical pieces were cultured in 

control medium supplemented with insulin or KITLG, as positive controls for activation, 

or with BMP4, BMP7, or BMP4 + BMP7. After 6 days of culture, the positive control 

groups had higher percentages of activated follicles compared to the day 0 control 

(insulin: 62.8% ± 3.9; KITLG: 56.8% ± 7.7; day 0: 23.0% ± 2.7; P < 0.05; Fig. 2.1). 

Cortical pieces cultured with BMP4 had more activated follicles relative to the day 0 

control (43.7% ± 4.7; Fig. 2.1; P < 0.05), but fewer than cortical pieces cultured with 

insulin or KITLG (P < 0.05). In contrast, cultures with BMP7 were not different from the 

day 0 control (30.8% ± 2.2; Fig. 2.1; P > 0.05). The percentage of activated follicles in  
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Figure 2.1 - Effects of BMP4 and/or BMP7 (20 ng/ml) on primordial follicle activation in 
fetal bovine cortical pieces cultured for 6 days, compared to insulin (6.25 µg/ml) and 
KITLG (100 ng/ml). Data are mean percentages of total follicles that were activated ± 
SEM (n = 8 cultures, 2 from each of 4 fetuses). Means without common letters differ (P 
< 0.05). 
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cortical pieces cultured in BMP4 + BMP7 was not different from those cultured with 

BMP4 alone or with KITLG (46.7% ± 6.1; Fig. 2.1; P > 0.05), but was higher than with 

BMP7 alone or the day 0 control (Fig. 2.1; P < 0.05). 

Experiment 2. The effect of exogenous BMP4 on primordial follicle activation is dose-

dependent  

Since BMP4 at 20 ng/ml stimulated activation in Experiment 1, cortical pieces 

were cultured with a range of doses of BMP4 in Experiment 2, to determine the dose 

dependency of this effect. Cortical pieces were cultured with control medium 

supplemented with 0, 5, 20, 50 or 100 ng/ml BMP4; insulin and KITLG served again as 

positive controls for activation of primordial follicles. After 6 days of culture, the negative 

control (no additives) was the only treatment group not different from the day 0 control 

(0 ng/ml BMP4: 28.7% ± 1.9; day 0: 23.2% ± 1.9; P > 0.05; Fig. 2.2). As expected, there 

were more activated follicles in the positive control groups compared to both the 

negative control and the day 0 control (insulin: 72.4% ± 3.5; KITLG: 51.4% ± 1.9; Fig. 

2.2; P < 0.05). Following 6 days of culture, a dose-response to BMP4 was observed. 

The percentage of activated follicles in cortical pieces cultured with the lowest 

concentration of BMP4 was not different from the cultured control (5 ng/ml BMP4: 

38.2% ± 2.2; Fig. 2.2; P > 0.05) and was lower than both positive controls (Fig. 2.2; P < 

0.05). The percentage of activated follicles became different from the negative control 

starting with 20 ng/ml of BMP4, the lowest effective dose; 20 ng/ml and higher doses 

(50 and 100 ng/ml) were all maximally effective (20 ng/ml BMP4: 47.1% ± 3.7; 50 ng/ml 

BMP4: 53.6% ± 3.8; 100 ng/ml BMP4: 48.0% ± 3.2; Fig. 2.2; P < 0.05). As in  
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Figure 2.2 - Dose dependent effects of BMP4 on primordial follicle activation in fetal 
bovine cortical pieces cultured for 6 days, compared to insulin (6.25 µg/ml) and KITLG 
(100 ng/ml). Data are mean percentages of total follicles that were activated ± SEM (n = 
8 cultures, 2 from each of 4 fetuses). Means without common letters differ (P < 0.05). 
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Experiment 1, the maximal effect of BMP4 was not different from the effect of KITLG on 

activation (Fig. 2.2; P > 0.05), but was lower than that of the other positive control, 

insulin (Fig. 2.2; P < 0.05). 

Experiment 3.  BMP4 acts through KIT to stimulate primordial follicle activation 

To determine if BMP4 acts through the KITLG/KIT pathway, fetal bovine cortical 

pieces were cultured for 2 days in control medium or with ACK-2 (KIT neutralizing 

antibody), followed by an additional 6 days of culture with control medium, insulin, 

KITLG, or BMP4, with or without ACK-2. At the end of culture, the percentage of 

activated follicles in cortical pieces cultured with control medium, with or without ACK-2, 

did not differ from the day 0 control (control + ACK-2: 33.3% ± 1.72; control: 31.8% ± 

2.9; day 0 control: 34.9% ± 2.2; P > 0.05; Fig. 2.3). As expected, KITLG increased 

follicle activation and ACK-2 completely inhibited KITLG-induced activation (KITLG + 

ACK-2: 26.6% ± 3.1; KITLG: 63.2 ± 3.4; Fig; 2.3; P < 0.05). In contrast, the presence of 

ACK-2 did not affect activation in response to insulin (insulin + ACK-2: 80.5% ± 2.6; 

insulin: 78.4% ± 2.6; Fig. 2.3; P > 0.05). The results with BMP4 were similar to those 

with KITLG. BMP4 stimulated activation, as expected, and its stimulatory effects were 

completely inhibited in the presence of ACK-2 (BMP4 + ACK-2: 29.7% ± 2.1; BMP4: 

65.7 ± 4.1; Fig. 2.3; P < 0.05). When cortical pieces were cultured with KITLG or BMP4 

plus ACK-2, the percentages of activated follicles did not differ from the day 0 control or 

the cultured control (Fig. 2.3; P > 0.05). 
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Figure 2.3 - Effect of the KIT-blocker ACK-2 on primordial follicle activation in fetal 
bovine cortical pieces cultured with 50 µg/ml BMP4, 6.25 µg/ml insulin or 100 ng/ml KIT. 
Data are mean percentages of total follicles that were activated ± SEM (n=6 cultures, 2 
from each of 3 fetuses). Means without common letters differ (P < 0.05). 
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Experiment 4.  BMP4 does not affect levels of mRNA for KIT or KITLG 

To assess if BMP4 stimulates primordial follicle activation by regulating mRNA 

for KIT or KITLG, fetal bovine ovaries were cultured for one or two days with 0 or 50 

ng/ml BMP4. The mean fold-differences in steady-state levels of mRNA for KIT were not 

different when cortical pieces cultured with BMP4 were compared with the cultured 

control after one day (1.045-fold; Fig. 2.4; P > 0.05) or two days (1.23-fold; Fig. 2.4; P > 

0.05). Similarly, the mean fold-differences in levels of mRNA for KITLG in cortical pieces 

cultured with BMP4 compared to controls were not significant (day 1: 0.78-fold; day 2: 

1.30-fold; Fig. 2.4; P > 0.05). There was, however, a large amount of variability among 

biological replicates (Fig. S2.1). 

Experiment 5.  Localization of BMP4 and its receptor BMPR2 

Immunohistochemistry was performed on sections from whole fetal bovine 

ovaries to localize BMP4 and BMPR2 in relation to ovarian structures. BMP4 was 

localized to the oocyte nucleus and granulosa cells of primordial and primary follicles in 

fetal bovine ovaries (Fig. 2.5A). It was also found in the stroma and the ovarian surface 

epithelial cells. The receptor BMPR2 was localized to the oocyte cytoplasm of both 

primordial and primary follicles (Fig. 2.5C). No specific staining was observed in the 

negative controls (BMP4, Fig. 2.5B; BMPR2, Fig. 2.5D). 
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Figure 2.4 - Effect of BMP4 (50 ng/ml) on steady-state levels of mRNA for KIT and 
KITLG in ovarian cortical pieces cultured for one or two days. Levels of KIT and KITLG 
mRNA were normalized to POLR2A and expressed as mean fold-differences. No 
significant differences were found (P > 0.05; n = 6 cultures, 2 from each of 3 fetuses). 
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Figure 2.5 - Immunohistochemical staining of sections from fetal bovine ovaries (179 
and 182 days of gestation) for BMP4 and BMPR2. A) positive staining for BMP4 in 
primordial follicles (oocyte nucleus: black asterisk; granulosa cell: black arrowhead), 
primary follicles (oocytes nucleus: white asterisk; granulosa cell: white arrowhead), 
surface epithelium (blue arrow) and stromal cells (blue arrowhead); B) negative control 
for BMP4 using non-immune serum instead of primary antibody; C) positive staining for 
BMPR2 in oocyte cytoplasm of primordial follicles (black arrow) and primary follicles 
(inset; white arrow); D) negative control for BMPR2 using primary antibody pre-
incubated with blocking peptides. Scale bars = 50 µm. Photomicrographs are 
representative of 3 sections of an ovary from each of 2 fetuses. 
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Discussion 

Primordial follicle activation is a poorly understood but crucial aspect of 

folliculogenesis, as dysregulation of the pace at which follicles exit the primordial pool 

can result in primary ovarian insufficiency and early menopause. In the current study 

BMP4, but not BMP7 at a similar concentration, stimulated follicle activation in ovarian 

cortical pieces in vitro.  In addition, blocking the receptor for KITLG, KIT, completely 

abrogated the effect of BMP4 on activation, suggesting that BMP4 acts upstream of the 

KITLG-KIT pathway. However, BMP4 did not affect steady-state level of mRNA for 

KITLG or KIT. This provides new insight into the regulation of follicle activation in cattle. 

We found that culture of ovarian cortical pieces with 20 ng/ml of BMP4, in the 

presence or absence of BMP7, resulted in significantly higher proportions of activated 

follicles compared to the day 0 control. We further demonstrated that exogenous BMP4  

stimulated primordial follicle activation in in a dose-dependent manner, with effective 

doses at 20, 50, and 100 ng/ml. These findings are consistent with those for rats [26] 

and mice [30], where culture of whole ovaries with 100 ng/ml of BMP4 increased the 

number of primary follicles and decreased primordial follicles, indicative of primordial 

follicle activation. This effect does not appear to be universal among mammals, as 

culture of ovarian cortical pieces from sheep with up to 100 ng/ml of exogenous BMP4 

had no effect on the numbers of primordial or primary follicles [34]. Though BMP4 is 

highly conserved within mammalian species [35], our study provides further evidence 

that the actions of BMP4 may be species-specific.  
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Whereas a dose of 20 ng/ml of BMP4 had a distinct and positive effect on 

activation, the same dose of BMP7 did not result in significantly different proportions of 

activated follicles compared to the day 0 control. It could be that a higher concentration 

of exogenous BMP7 is required to achieve the same effect on primordial follicle 

activation as BMP4. This would be consistent with the increased proportions of primary 

follicles found in whole neonatal mouse ovaries cultured with 100 ng/ml of BMP7, but 

not with 10 ng/ml [25]. Conversely, this could be another example of species differences 

in the effects of BMPs, as culture of cortical tissue from adult goat ovaries in the 

presence of 1 to 100 ng/ml exogenous BMP7 did not cause primordial follicle activation 

[36]. In the current study, culture of cortical pieces with BMP4 alone did not result in 

higher proportions of activated follicles compared to those cultured with BMP7 alone, 

whereas pieces cultured with both BMP4 and BMP7 did have higher proportions 

compared to BMP7 alone. This suggests the possibility of a small additive effect, which 

could be tested by performing a dose-response study with BMP7, with and without 

BMP4.  

BMPs bind to a heterodimer serine/threonine kinase receptor, consisting of a 

type I and a type II receptor. Although there are seven mammalian type I and five 

mammalian type II receptors, each BMP ligand has a particular affinity to a select few of 

each type. The ligand first binds to type I, which recruits type II to form a high-affinity 

complex. Upon binding to the BMP, type II transphosphorylates type I, which in turn 

phosphorylates receptor SMAD (R-SMAD) 1, 5 and 8. The phosphorylated R-SMADs 

interact with co-SMAD4, and the complex translocates to the nucleus to regulate the 
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expression of target genes [37]. The current study provides evidence that BMP4 

stimulates activation of bovine primordial follicles by acting through the KIT pathway. 

The proportion of primary follicles in ovarian cortical pieces cultured in the presence of 

exogenous BMP4 and the KIT-blocker ACK-2 was decreased compared to cultures with 

BMP4 alone and was similar to the Day 0 and cultured controls, indicating that BMP4 

acts through the KIT pathway in primordial follicle activation. However, qPCR data 

showed that culture of cortical tissue with BMP4 for one or two days did not increase 

levels of mRNA for KIT or KITLG. While BMP4 does not appear to act on the KITLG/KIT 

pathway by up-regulating mRNA expression of those two proteins, it may regulate 

translation of mRNA or binding of KITLG to KIT. It is also possible that BMP4 regulates 

gene expression of factors upstream of KILTG or downstream of KIT in the 

PI3K/PDK1/FOXO3A pathway of primordial follicle activation [38]. Chromatin 

immunoprecipitation could be performed to identify the gene loci to which the SMAD 

complex binds in response to BMP4; this could potentially provide information regarding 

both the mode of action of BMP4 in primordial follicles and its effect on the KITLG/KIT 

pathway. Conversely, KITLG can be present in a soluble or membrane-bound form, with 

bovine granulosa cells known to express mostly soluble KITLG [33]. It is therefore 

possible that BMP4 up-regulates the expression of mRNA for membrane-bound KITLG 

in a biologically relevant manner that was not detected by our qPCR, as higher 

expression of mRNA for soluble KITLG would have masked any variation for the 

membrane-bound form. Furthermore, high variability found among biological replicates 

is likely responsible for the lack of significant fold-differences; this could be due to the 
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heterogeneous nature of the ovarian cortex, with varying numbers of primordial and 

primary follicles. Another explanation could be that the times of culture evaluated are 

not appropriate for detecting changes in level of mRNA levels. While our qPCR results 

corroborate the findings of Nilsson et al. who found that treating neonatal rat ovaries 

with BMP4 caused no changes in KITLG mRNA expression [26], our finding that ACK-2 

abrogated the action of BMP4 is consistent with studies showing that BMP4 up-

regulates expression of KIT mRNA in various cells types in the mouse (primordial 

follicles [30]; spermatogonial stem cells [39]; melanoblasts [29]). Interestingly, culturing 

fetal bovine cortical pieces cultured with insulin and ACK-2 did not decrease the 

primordial to primary transition, suggesting that insulin stimulates primordial follicle 

activation using a different pathway than KITLG and BMP4. Further studies are required 

to identify the pathway(s) connecting BMP4 to KIT with respect to primordial follicle 

activation.  

Immunohistochemical analysis of fetal bovine ovaries localized BMP4 protein to 

the oocyte nucleus and granulosa cells of primordial and primary follicles; the receptor 

BMPR2 was localized to the oocyte cytoplasm of primordial and primary follicles. These 

results are consistent with results of studies in other species and with various age 

groups (cows [40,41]; human [42]; mouse [30,43]; pig [44]). BMPR2 was found in the 

oocyte cytoplasm and nucleus, as well as the granulosa cells, of fetal pigs [44]. In adult 

bovine ovaries, it was localized to the granulosa cells and oocyte cytoplasm of 

primordial and primary follicles [41]. BMP4 and BMPR2 were both found in the oocyte 

cytoplasm and nucleus and in granulosa cells of human fetal and adult primordial 
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follicles [42]. BMP4 was found in the granulosa cells and oocyte nucleus of primordial 

follicles in mice, from neonatal to adult [30]. In adult sheep, BMPR2 was present in the 

oocyte cytoplasm of primordial follicles [34]. These variations in which follicular 

compartments stained positive may be due to the different specificities of the antibodies 

used in the IHCs.    

In summary, exogenous BMP4 had a positive effect on primordial follicle 

activation in ovarian cortical pieces from fetal bovine ovaries. Our results also suggest 

that BMP4 promotes activation through the KIT pathway, but not through regulation of 

steady-state levels of KIT or KITLG mRNA. BMP7 did not stimulate activation in the 

current study, but additional experiments are needed to determine if BMP7 stimulates 

primordial follicle activation in cattle at different doses or under different conditions. 

These results can be used to develop protocols for in vitro activation of primordial 

follicles in cultured cortical pieces, which in turn can be used in artificial reproductive 

techniques for in vitro folliculogenesis and oocyte maturation.  
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CHAPTER 3  

DAMAGE TO FETAL BOVINE OVARIAN TISSUE CAUSED BY CRYOPROTECTANT 

EXPOSURE AND VITRIFICATION IS MITIGATED DURING TISSUE CULTURE * 

 

  

                                            
* Mouttham L, Fortune JE, and Comizzoli P. Damage to fetal bovine ovarian tissue 
caused by cryoprotectant exposure and vitrification is mitigated during tissue culture. J 
Assist Reprod Genet (2015) 32:1239-1250. 
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Abstract 

Purpose: To characterize the impact of exposure to cryoprotectants followed by 

vitrification on primordial follicle survival and activation using a fetal bovine model.  

Methods: In the first study, fetal bovine cortical pieces were exposed to 

cryoprotectants with or without sucrose and cultured up to 7 days in the presence or 

absence of insulin. In the second study, cortical pieces were exposed to cryoprotectants 

with or without sucrose, vitrified, and cultured up to 7 days after warming in the 

presence or absence of insulin. Viability and morphology of follicles, as well as 

proliferation and/or DNA repair in ovarian tissue were analyzed.  

Results: When compared to non-exposed controls, normal follicular morphology 

was affected in groups exposed to cryoprotectants only immediately post-exposure and 

after 1 day of culture, but improved by Day 3 and did not significantly differ by Day 7. 

Similarly, normal follicular morphology was compromised in vitrified groups after 

warming and on Day 1 compared to controls, but improved by Days 3 and 7. 

Proliferation and/or DNA repair in ovarian tissue was not affected by vitrification in this 

model. Cryoprotectant exposure and vitrification of ovarian tissue did not impair the 

activation of primordial follicles in response to insulin, although activation was delayed 

relative to non-exposed controls. Interestingly, sucrose had no noticeable protective 

effect.  

Conclusion: Vitrified fetal bovine ovarian tissue has the intrinsic capacity to 

mitigate the immediate damage to primordial follicles’ morphology and retains the 
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capacity to activate. These findings provide a basis for a successful cryopreservation 

protocol for ovarian cortical tissue in other species including humans. 

Introduction 

Cryopreservation of gonadal tissues allows the safeguarding and restoration of 

female fertility in multiple contexts. This technique is used predominantly in women to 

obviate ovarian failure due to cancer therapy [1]. Ovarian tissue cryopreservation also 

offers an attractive alternative to human patients who cannot delay their treatment to 

allow oocytes to be harvested following hormonal stimulation [2] and to pre-pubertal 

girls who are unsuitable candidates for hormonal therapies [3]. In addition, freezing 

gonadal tissues is used to preserve the genetic potential of biomedical models, livestock 

species, companion animals, and endangered wildlife species [4], including gonadal 

rescue after premature death [5].   

Notably, primordial follicles are present in ovaries until reproductive senescence, 

regardless of reproductive maturity or seasonality. They remain dormant until they 

receive signals for primordial follicle activation, when they resume folliculogenesis and 

progress to the primary stage. Interestingly, primordial follicles are more resistant to 

cryoinjury due to their small size and cytoplasmic volume, and their lack of a zona 

pellucida [6]. Therefore, the goal of ovarian tissue cryopreservation is to maintain a 

viable pool of primordial follicles that can resume normal folliculogenesis after thawing. 

Importantly, an optimal freezing protocol should neither impede primordial follicle 

activation nor stimulate it, as this would lead to premature follicle depletion.    
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For this purpose, ovarian tissue has already been successfully preserved using 

conventional slow-freezing protocols [2], resulting in the birth of children following 

autotransplantation of thawed tissue [7]. However, extra- and intracellular ice 

crystallization can occur, leading to tissue damage by alteration of the chemical 

environment, mechanical constraints and shearing of the cells [8]. This can be avoided 

by using vitrification, or ultra-rapid freezing, a technique that relies on exposure to very 

high concentrations of cryoprotectants (CPAs) followed by immersion of the sample 

directly into the liquid nitrogen to form a glass-like solid [8,9]. However, vitrified tissues 

remain susceptible to deleterious effects of high concentrations of CPAs, which can 

include cell toxicity and osmotic shock [10], as well as partial cryoinjury. It is critical to 

(1) better characterize the damage caused by the exposure to high concentrations of 

CPA and by the ultra-fast cooling and warming and (2) mitigate the detrimental effects. 

Specifically, the addition of a non-permeable sugar, such as sucrose, to the vitrification 

solution can mitigate osmotic shock, protect membranes, and improve the glass-forming 

capabilities of permeable CPAs (e.g. ethylene glycol, dimethylsulfoxide, glycerol) [11]. 

Furthermore, the assessment of damage caused by vitrification should be investigated 

over time after warming, either in a culture system [12,13] or following tissue grafting 

[14], rather than immediately after warming as the effect of CPA exposure and 

vitrification on cell metabolism and function may not be detectable yet, and may be 

mitigated over time.  

The objectives of this study were to investigate the potential benefits of adding 

sucrose to the vitrification solution to mitigate damage to early pre-antral follicles in the 
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ovarian cortex, and to examine the effects of CPA exposure and vitrification on 

primordial follicle activation. Besides the positive effect of the sucrose addition, we also 

hypothesized that cellular damage could be repaired in an appropriate culture system. 

Experiments were performed with ovarian cortical pieces from fetal calves in the early 

third trimester of pregnancy. In cattle, follicle formation begins at the end of the first 

trimester; primary (activated) follicles appear during the second trimester and secondary 

follicles during the third trimester [15]. Thus, the cortex of fetal bovine ovaries has a 

large population of primordial follicles and provides an ideal model of follicle activation.   

Materials and Methods 

All reagents were purchased from Sigma-Aldrich unless otherwise specified. 

Collection of bovine fetal ovarian cortical tissue 

Bovine female fetuses were obtained during the early third trimester (182 to 199 

days of gestation, as estimated by crown-rump length [16]) at a local abattoir (Cargill 

Regional Beef, Wyalusing, PA). Ovaries were collected and transported back to the 

laboratory within 4 h in Leibovitz L-15 medium (Invitrogen) supplemented with 1% fetal 

bovine serum (FBS; Gibco), 50 IU/ml penicillin and 50 µg/ml streptomycin sulfate 

(Gibco) at ambient temperature, as previously described [17]. The ovarian cortex, the 

outer part of the ovary where primordial follicles reside, was separated from the inner 

medulla and dissected into 1 x 1.5 x 0.5 mm3 pieces.  
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Ovarian cortical cultures 

Cortical pieces were placed on uncoated culture well inserts (two pieces per well, 

two wells per time point per treatment; Millicell-CM, 0.4-µm pore size; Millipore) in the 

wells of 24-well Costar culture plates (Corning) with 300 µl culture medium consisting of 

Waymouth’s medium MB 752/1 (Invitrogen) supplemented with 25 mg/l pyruvic acid, 

antibiotics (50 IU/ml penicillin, 50 µg/ml streptomycin sulfate), 6.25 µg/ml transferrin (BD 

Biosciences), 6.25 ng/ml selenous acid, 1.25 mg/ml BSA, and 5.35 µg/ml linoleic acid, 

in the absence (control medium) or presence of 6.25 µg/ml insulin (for this medium, the 

last 5 ingredients were added in the form of ITS+ Premix, BD Biosciences). Previous 

experiments showed that the control medium maintains bovine fetal ovarian cortex in a 

healthy condition, without promoting activation of primordial follicles, whereas the 

addition of insulin activates a subset of primordial follicles [15].  

Cortical pieces were cultured at 38.5ºC in a humidified incubator gassed with 5% 

CO2 and 95% air for 1, 3, or 7 days. Two thirds of the volume of culture medium was 

exchanged for fresh medium every 2 days throughout the study interval. Following 

culture, one piece from each well per treatment group was fixed for histological analysis, 

and the other piece was used to assay viability, for a total of two replicates per fetus. 

Assessment of follicle morphology  

Cortical pieces were fixed in Bouin’s solution, dehydrated, embedded in paraffin, 

and sectioned at a thickness of 5 µm. A minimum of 5 non-consecutive sections were 

taken from the middle of each piece at 15 µm intervals to avoid double counting of 

follicles, and were stained with hematoxylin-eosin for morphological analysis. Follicles 
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were classified as primordial (an oocyte surrounded by one layer of flattened 

pregranulosa cells; Figure 3.1A) or activated (an oocyte surrounded by one or more 

layers of cuboidal granulosa cells; Figure 3.1B), as previously described [18]. Follicles 

were further classified as morphologically “normal” (nuclei of oocyte and surrounding 

granulosa cells were structurally intact; Figure 3.1A and B) or “abnormal” (the oocyte 

and/or granulosa cells contained a pyknotic, fragmented or shrunken nucleus, or 

cytoplasmic vacuoles; Figure 3.1C). Only follicles containing oocytes with a visible 

nucleus were included to avoid double counting. The number of normal or activated 

follicles was divided by the total number of follicles evaluated for each section to 

determine the proportions of normal and activated follicles per treatment. 

Assessment of follicle viability 

Follicle viability was determined using a cytoviability assay (LiveDead 

Viability/Cytotoxicity kit, Life Technologies). Cortical pieces were incubated in PBS with 

2 µl/ml calcein AM and 5 µl/ml ethidium homodimer for 20-30 min at 38.5ºC, gently 

teased using 22 G needles, and visualized under fluorescence at 518 nm and 593 nm. 

Follicles were considered viable when the oocyte and surrounding granulosa cells 

fluoresced green, and were considered dead when the oocyte and/or at least 50% of 

the surrounding granulosa cells fluoresced red. The number of viable follicles was 

divided by the total number of follicles evaluated for each cortical piece to determine the 

proportion of live follicles per treatment. 
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Figure 3.1 - Sections of bovine fetal ovarian cortex (182-199 days of gestation) stained 
with hematoxylin and eosin. A) normal primordial follicles (arrows); B) normal primary 
follicles (arrows); C) abnormal follicles (arrows and inset). Scale bar = 50 µm. 
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Proliferation/DNA Repair assay 

Another 5 non-consecutive sections per cortical piece were used for the 

detection of proliferating cell nuclear antigen (PCNA), which enables DNA polymerase ε 

to bind to DNA during DNA synthesis and can therefore be used as a marker for 

proliferation and DNA repair [19]. A PCNA immunohistochemistry kit (PCNA Staining 

Kit, Life Technologies) was used following the manufacturer’s instructions. Briefly, the 

sections were dewaxed and rehydrated; endogenous peroxidase activity was blocked 

with 3% hydrogen peroxide and non-specific staining was blocked with serum. The 

sections were incubated with the primary antibody for 2 h at room temperature in a 

humid container and then with a horseradish peroxidase-conjugated secondary 

antibody, which was visualized with 3,3’ diaminobenzidine. Sections were 

counterstained with hematoxylin. For the negative controls, the primary antibody was 

omitted. The sections were observed by light microscopy. Follicles were classified as 

follows: negative, no nuclear staining in the granulosa cells; positive, nuclear staining in 

at least one granulosa cell. Stromal cells were considered PCNA-positive when nuclear 

staining was present. The number of PCNA-positive follicles was divided by the total 

number evaluated for each section to determine the proportions per treatment. The 

proportions of PCNA-positive stromal cells were estimated in each histological section 

by dividing the number of PCNA-positive cells by the total number of stromal cells. 

Experimental design 

Study 1 examined the effects of a stepwise increase in CPA concentration, as 

well as the presence or absence of sucrose in the vitrification solution, on the health and 



 86 

function of early pre-antral follicles. The composition of each solution is described in 

Table 3.1. For each fetus (n = 3), the dissected cortical pieces were randomly assigned 

to one of four treatment groups, with 28 cortical pieces per group: 1) no exposure to 

cryoprotectants (control); 2) exposure to equilibration solution alone (ES) for 10 min on 

ice, followed by an ES wash gradient; 3) exposure to ES for 10 min on ice, followed by 

exposure to vitrification solution  (VS) for 2 min on ice, followed by a VS wash gradient; 

4) exposure to ES for 10 min on ice, followed by exposure to vitrification solution + 0.5M 

sucrose (VS+Suc) for 2 min on ice, followed by a VS+Suc wash gradient (Figure 3.2a).  

Following exposure to cryoprotectants, two cortical pieces from each treatment 

group were fixed immediately for histological analysis, and two pieces were assayed for 

viability (Day 0). The remaining 24 pieces per treatment group were cultured for 1, 3, or 

7 days; half of the pieces in each treatment group were cultured in medium 

supplemented with insulin to stimulate primordial follicle activation and the other half in 

medium without insulin as a control. 

In Study 2, vitrification by needle immersion of fetal bovine ovarian tissue in VS 

with or without sucrose was performed to compare the efficacy of the permeable and 

non-permeable CPAs to prevent cryoinjury and osmotic shock. The vitrification protocol 

was adapted from Wang et al. [14]. For each fetus (n = 4), the dissected cortical pieces 

were threaded on to 30 G needles (up to 5 pieces per needle), and were randomly 

assigned to one of three treatment groups, with 28 cortical pieces per group: 1) no 

exposure to cryoprotectant or vitrification (control); 2) exposure to ES and VS as 

described above (VT); 3) exposure to ES and VS+Suc as described above (VT+Suc).  
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Table 3.1: Composition of equilibration solution (ES), vitrification solution (VS) and 

vitrification solution with sucrose (VS+Suc), and their corresponding wash gradients.  

	 Solution 
 ES VS VS+Suc 

Compositin 7.5% EG 15 % EG 15 % EG 
 7.5 % DMSO 15% DMSO 15% DMSO 
 20 % FBS 20 % FBS 20 % FBS 
   0.5M sucrose 

Wash gradient 50% ES 5 min 50% VS 5 min 50% VS+Suc 5 min 
 25% ES 5 min 25% VS 5 min 25% VS+Suc 5 min 

  0% ES 5 min x 3 0% VS 5 min x 3 0% VS+Suc 5 min x 3 
 

All solutions are shown as v/v% in PBS. EG = ethylene glycol (Gibco); DMSO = 
dimethyl sulfoxide (Gibco); FBS = fetal bovine serum. 
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Figure 3.2: Experimental design for A) Study 1 - Cryoprotectant toxicity; and B) Study 2 
- Cryoprotectant efficacy. ES: equilibration solution; VS: vitrification solution; VT: 
vitrification. 
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Following exposure to VS, excess solution was absorbed with a Kimwipe, and the 

needle was plunged into liquid nitrogen. Samples were transferred to a pre-cooled 

cryovial containing liquid nitrogen and were stored in liquid nitrogen for 24 h (Figure 

3.2b). 

Warming was performed by removing the needles from the cryovials in liquid 

nitrogen and transferring them quickly to the appropriate wash gradient at 37ºC. The 

cortical pieces were cultured and analyzed as described above. 

Statistical analysis 

Data are presented as means ± standard error of the mean (SEM). The 

experimental designs were replicated with cortical pieces from 3 (Study 1) or 4 (Study 2) 

fetuses, obtained on different days. Treatments were applied in duplicate within each 

fetus. The proportions of follicles in each treatment group were assessed by an ANOVA 

using a mixed random effect model (with treatment and fetus as two fixed effects, and 

cortical pieces as a random effect), followed by a Tukey’s all-comparison test. 

Differences were considered significant at P < 0.05 (JMP ver. 10.0, SAS Institute Inc.). 

Line art was created in GraphPad Prism 6 (GraphPad Software Inc.); halftone art was 

created in Inkscape (version 0.91; www.inkscape.org). 
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Results 

Influence of exposure to cryoprotectants with or without sucrose on the morphology, 

viability and activation of primordial follicles. 

Immediately following exposure to CPAs and washing on Day 0, the percentage 

of morphologically normal follicles was significantly lower in all treatment groups 

compared to non-exposed tissues (P < 0.05; Table 3.2). The decrease was still 

significant after 1 and 3 days of culture (P < 0.05; Table 3.2); however, the proportions 

of morphologically normal follicles increased within each treatment group on Day 3 

compared to Day 1 (P < 0.05; Table 3.2). On Day 7, the percentages of morphologically 

normal follicles were not significantly different between ES+VS, ES+VS+Suc and the 

control group (P > 0.05; Table 3.2). The percentage of normal follicles was slightly lower 

in ES compared to controls (P < 0.05; Table 3.2), but not significantly different from 

ES+VS or ES+VS+Suc (P > 0.05). Normal follicle morphology did not vary among time 

points for the non-exposed controls (P > 0.05; Table 3.2). 

Interestingly, the percentage of viable follicles as determined by calcein AM and 

ethidium homodimer staining (Fig. 3.3) did not vary between treatment groups at any 

time point (P > 0.05; Table 3.2). While viability started to decrease by Day 3 in the non- 

exposed and ES treatment groups compared to earlier time points (P < 0.05; Table 3.2), 

it did not decline until Day 7 in the ES+VS treatment group (P < 0.05; Table 3.2), and 

did not vary among time points in the ES+VS+Suc treatment group (P > 0.05; Table 

3.2). 
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Table 3.2: Effects of exposure to equilibration (ES) and vitrification (VS) solutions, with 
or without sucrose (suc), on follicle morphology and viability in fetal bovine ovarian 
tissue after 0, 1, 3, and 7 days of culture.  

Morphology Normal Follicles (%) 
Treatment Day 0 Day 1 Day 3 Day 7 
control 94.7 ± 0.7 A a 94.2 ± 0.9 A a 91.6 ± 1.4 A a 90.8 ± 2.1 A a 
ES 47.2 ± 9.1 A b 48.6 ± 8.6 A b 67.4 ± 3.5 B b 78.2 ± 4.1 B b 
ES+VS 40.0 ± 5.6 A b 47.8 ± 7.5 A b 75.9 ± 2.7 B b 82.2 ± 3.1 B a,b 
ES+VS+suc 51.7 ± 5.2 A,B b 51.9 ± 8.3 A b 71.4 ± 3.7 B,C b 85.6 ± 3.0 C a,b 
         
Viability Live Follicles (%) 
Treatment Day 0 Day 1 Day 3 Day 7 
control 96.0 ± 0.7 A a 92.9 ± 1.5 A a 85.8 ± 1.2 B a 81.5 ± 2.2 B a 
ES 97.1 ± 2.9 A a 93.2 ± 0.7 A,B a 87.8 ± 1.2 B,C a 85.5 ± 1.4 C a 
ES+VS 95.1 ± 0.7 A a 92.8 ± 1.3 A a 89.1 ± 1.9 A,B a 80.0 ± 3.3 B a 
ES+VS+suc 94.1 ± 0.9 A a 92.5 ± 1.7 A a 88.6 ± 1.4 A a 87.0 ± 1.9 A a 

 

Data are means ± SEM (n = 6 cultures, 2 from each of 3 fetal ovaries). A total of 16,393 
follicles was observed for morphology (range: 576 to 1611 per treatment group per day); 
10,029 follicles were observed for viability (range: 174 to 1113 per treatment group per 

day). 
A,B,C

 Means with no common letters within treatment groups across time points 

significantly differ (P < 0.05).
 a,b

 Means with no common letters among treatment groups 
within a time point significantly differ (P < 0.05). 
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Figure 3.3: Pieces of bovine fetal ovarian cortex (182-199 days of gestation) assessed 
for viability. A) Viable follicles appear green (Calcein AM), B) Dead follicles stain red 
(ethidium homodimer). Scale bar = 50 µm. 
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In the absence of insulin in the culture medium, the proportion of activated 

follicles did not vary among treatment groups at any time during culture (P > 0.05; 

Figure 3.4), although the ES+VS group had a lower percentage of activated follicles 

than controls on Day 0 (P < 0.05; Figure 3.4). In the presence of insulin, the proportion 

of activated follicles was higher starting on Day 3 and through to Day 7 in all exposed 

treatment groups compared to Day 0 and Day 1 (P < 0.05; Figure 3.4). The percentages 

of activated follicles did not differ among groups cultured with insulin regardless of 

presence or absence of sucrose in the vitrification solution (P > 0.05; Figure 3.4), except 

on Day 1 when the non-exposed control group had a higher percentage (P < 0.05). Only 

the non-exposed control group cultured with insulin had an increased percentage of 

activated follicles at Day 1 compared to Day 0 (P < 0.05). By Day 3, all treatment groups 

cultured with insulin had significantly higher percentages of activated follicles compared 

to those cultured without insulin regardless of exposure (P < 0.05; Figure 3.4). 

The mean total number of follicles per section did not vary between treatment 

groups for all biometrics (P > 0.05; data not shown). 

   Influence of vitrification with or without sucrose on the morphology, viability, 

proliferation/DNA repair and activation of primordial follicles.  

Immediately following warming on Day 0, the percentage of morphologically 

normal follicles was significantly lower (P < 0.05; Table 3.3) in both treatment groups 

compared to fresh tissue. After 1 day of culture, only the VT group was significantly 

different from the control (P < 0.05; Table 3.3). After 3 and 7 days of culture, there were 
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Figure 3.4: Effects of exposure to equilibration (ES) and vitrification (VS) solutions, with 
or without sucrose (suc), on primordial follicle activation in fetal bovine ovarian tissue 
after 0, 1, 3, and 7 days of culture in the presence or absence of insulin. Data are 
means ± SEM (n = 6 cultures, 2 from each of 3 fetal ovaries). Means without common 
letters among treatment groups within a time point significantly differ (P < 0.05). 
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no significant differences in the proportions of morphologically normal follicles between 

the treatment groups and control, regardless of presence or absence of sucrose in the 

vitrification solution (P > 0.05; Table 3.3). There were no significant differences in the 

percentages of morphologically normal follicles among time points within each treatment 

group (P > 0.05; Table 3.3).  

A slightly lower proportion of viable follicles was observed on Day 1 for both 

vitrification groups and on Day 3 for the VT+suc group compared to non-vitrified controls 

(P < 0.05; Table 3.3). On Day 7, there was no significant difference in viability among 

treatment groups (P > 0.05; Table 3.3). For both the non-vitrified controls and the VT 

group, the percentage of viable follicles was significantly lower at Day 7 compared to all 

other days, whereas it was lower by Day 3 for VT+suc (P < 0.05; Table 3.3). 

The effect of vitrification on primordial follicle activation was similar to that of 

cryoprotectant exposure alone. In the absence of insulin, the proportion of activated 

follicles did not vary either among treatment groups or among time points within a 

treatment group (P > 0.05; Figure 3.5). Starting on Day 3, all treatment groups cultured 

with insulin had significantly higher percentages of activated follicles compared to those 

cultured without insulin, regardless of vitrification or presence of sucrose (P < 0.05; 

Figure 3.5). Percent of activated follicles was greater in the non-vitrified control group 

compared to the vitrified treatment groups on Day 1 (P < 0.05; Figure 3.5), but was not 

significantly different on Days 3 and 7 (P > 0.05; Figure 3.5). The non-vitrified control 

group cultured with insulin was the only one to have an increased percentage of 

activated follicles at Day 1 compared to Day 0 (P < 0.05). 
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Table 3.3: Table 3 Effects of vitrification (VT), with or without sucrose (suc), on follicle 
morphology and viability in fetal bovine ovarian tissue after 0, 1, 3, and 7 days of culture 

Morphology Normal Follicles (%) 
Treatment Day 0 Day 1 Day 3 Day 7 
control 95.3 ± 1.1 A a 93.0 ± 2.1 A a 91.7 ± 2.8 A a 88.4 ± 3.9 A a 
ES 79.0 ± 3.4 A b 76.8 ± 8.1 A b 84.3 ± 4.8 A a 84.9 ± 4.7 A a 
ES+VS 74.2 ± 5.5 A b 81.8 ± 6.4 A a,b 90.0 ± 2.3 A a 85.2 ± 6.5 A a 
         
Viability Live Follicles (%) 
Treatment Day 0 Day 1 Day 3 Day 7 
control 93.9 ± 1.3 A a 94.0 ± 0.9 A a 89.6 ± 1.8 A a 64.8 ± 4.9 B a 
ES 90.4 ± 1.9 A a 89.5 ± 1.2 A b 80.9 ± 4.1 A a,b 56.5 ± 6.5 B a 
ES+VS 92.0 ± 1.3 A a 87.1 ± 1.5 A,B b 78.4 ± 2.8 B b 56.1 ± 4.9 C a 

 

Data are means ± SEM (n = 8 cultures, 2 from each of 4 fetal ovaries). A total of 20,804 
follicles was observed for morphology (range: 954 to 1611 follicles per treatment group 
per day); 10,389 follicles were observed for viability (range: 459 to 1351 follicles per 
treatment group per day). A,B,C Means with no common letters within treatment groups 
across time points significantly differ (P < 0.05). a,b Means with no common letters 
among treatment groups within a time point significantly differ (P < 0.05). 
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Figure 3.5: Effects of vitrification (VT), with or without sucrose, on primordial follicle 
activation in fetal bovine ovarian tissue after 0, 1, 3, and 7 days of culture in the 
presence or absence of insulin. Data are means ± SEM (n = 8 cultures, 2 from each of 4 
fetal ovaries). Means without common letters among treatment groups within a time 
point significantly differ (P < 0.05) 
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PCNA staining was localized to the granulosa cell nuclei, the oocyte nuclei and 

the stromal nuclei in all treatment groups (Figure 3.6). Similar proportions of PCNA-

positive stromal cells (ranging from 15 to 20% of the total stromal cell population) were 

found among treatment groups within each time points (Figure 3.6). The proportion of 

PCNA-positive follicles did not vary among treatment groups after warming (Day 0) or 

on Day 1 regardless of presence or absence of insulin in the culture medium (P > 0.05; 

Figure 3.7). On Day 3, the vitrified treatment groups had a significantly higher 

percentage of PCNA-positive follicles when cultured with insulin compared to cortical 

pieces cultured without insulin (P < 0.05; Figure 3.7). While the proportion of PCNA-

positive follicles in the non-vitrified control group cultured with insulin was not 

significantly different from the VT+suc group cultured with insulin or all three treatment 

groups cultured without insulin (P > 0.05; Figure 3.7), it was significantly lower than the 

VT group cultured with insulin (P < 0.05; Figure 3.7). On Day 7, all treatment groups 

cultured with insulin had a significantly higher percentage of PCNA-positive follicles 

compared to treatment groups cultured without insulin (P < 0.05; Figure 3.7); the VT and 

VT+suc treatment groups were not significantly different from the non-vitrified control (P 

> 0.05; Figure 3.7). 

The mean total number of follicles per section did not vary among treatment 

groups for all biometrics (P ≥ 0.05; data not shown).   
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Figure 3.6: PCNA staining of cortical pieces from non-vitrified controls (A-C) and the VT 
+ Suc group (D-F), before culture (day 0, A, D) and after 7 days of culture in the 
absence (B, E) and presence of insulin (C, F). Black arrows show PCNA-positive 
granulosa cells, and black arrow heads show PCNA-positive stromal cells. Scale bar = 
50 µm. 
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Figure 3.7: Effects of vitrification (VT), with or without sucrose, on percentage of follicles 
with PCNA-positive granulosa cells in fetal bovine ovarian tissue after 0, 1, 3, and 7 
days of culture in the presence or absence of insulin. Data are means ± SEM (n = 8 
cultures, 2 from each of 4 fetal ovaries). Means without common letters among 
treatment groups within a time point significantly differ (P < 0.05). 
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Discussion 

In this work, fetal bovine ovarian tissue was successfully cryopreserved using 

needle immersed vitrification, and while exposure to CPAs caused morphological 

damage to the follicles, the damage was mitigated by maintaining the tissue in an 

appropriate culture system for 7 days. The capacity of primordial follicles to activate was 

not altered either by exposure to CPAs or by vitrification. However, we found no 

evidence to suggest that the addition of sucrose to the vitrification solution improved the 

vitrification of early follicle stages in fetal bovine ovarian tissue with respect to CPA 

toxicity or cryoinjury.  

Conventional freezing of ovarian tissue can result in extra- and intracellular ice 

formation, which causes shearing damage to the cell structures and organelles. 

Vitrification bypasses the danger of ice crystal formation by forming a glassy solid, due 

to the extreme viscosity of the sample [9]. This high rate of viscosity can be achieved by 

ultra-fast cooling and increasing the concentration of cryoprotectants. However, high 

concentrations of CPA have cytotoxic effects on tissue [20], although adding low 

concentrations of a combination of cryoprotectants has been effective at reducing the 

total toxicity of cryoprotectant exposure [21]. In this study, exposure to CPAs did not 

affect the morphology of early pre-antral follicles in a dose-dependent manner, as there 

were no differences in the percentage of morphologically normal follicles at any time 

point among the exposed treatment groups. Exposure to the equilibration solution, 

which had half the CPA concentration of the vitrification solution, caused as much 

morphological damage immediately after washing and one day of culture as exposure to 



 102 

the vitrification solution, with and without sucrose. For all three exposed treatment 

groups, normal follicular morphology began to recover by Day 3 of culture, and was 

similar to the unexposed controls by Day 7.  

As each research group uses ovarian tissue from different species, and varying 

types and concentrations of cryoprotectants, it is difficult to compare results among 

studies. Furthermore, the few which have investigated the effects of cryoprotectant 

exposure alone on follicular health, without subsequent vitrification, have looked at the 

follicular health and morphology either immediately after exposure to CPAs [22], or after 

a short incubation period (15 min [23]; 2 h [24,25]). Because cryopreservation acts by 

suspending cellular metabolism, the tissue must be cultured long enough for the effects 

of CPA exposure on cell metabolism and function to be evident. By measuring the 

biometrics of ovarian tissue exposed to CPAs or vitrification after a few days of culture, 

rather than immediately after washing, our study provides novel evidence on the 

tissue’s capability to withstand and mitigate damage induced by the CPAs and ultra-

rapid cooling. This highlights the importance of allowing adequate recovery of the 

ovarian tissue in a culture system when optimizing vitrification protocols.   

Successful cryopreservation of fetal bovine ovarian tissue was achieved using 

needle immersed vitrification. This novel technique, first developed by Wang et al. in 

2008 [14] and successfully used for cryopreservation of ovarian tissue from many 

species (mouse [26]; human [27-29]; baboon [30]; Japanese quail [31]),  increases the 

cooling rate within the tissue [30]. In the current study, the morphology of early pre-

antral follicles in vitrified ovarian tissue was not significantly different from the non-
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vitrified controls after three days of culture, regardless of the presence or absence of 

sucrose in the vitrification solution. The viability of early pre-antral follicles did not 

decrease until after 3 days of culture in ovarian tissue exposed to CPAs, and was never 

significantly different from non-exposed controls. In contrast, viability was lower in 

vitrified ovarian tissue cultured for one day compared to non-vitrified controls, which 

indicates that ultra-rapid cooling, rather than exposure to CPAs, affects the viability of 

follicles in fetal bovine ovarian tissue. This suggests that early pre-antral follicles in fetal 

bovine ovarian tissue are susceptible to morphological damage from exposure to CPA 

and vitrification, but are able to mitigate this damage when cultured in an appropriate 

environment for at least three days. Follicular morphology of ovarian tissue immediately 

after warming was better compared to the CPA exposure trial, which may be due to the 

fact that using an insulin needle as a carrier improved ease of handling and allowed for 

quicker transfer of the ovarian pieces from one solution to the next and decreased 

trauma compared to forceps. Though adult bovine ovarian tissue has been used to 

study CPA exposure and vitrification, this is the first study to use fetal bovine ovarian 

tissue. Successful vitrification of adult bovine ovarian tissue was first performed by 

Kagawa et al. [32] using the Cryotop method, followed by autotransplantation. The 

duration of exposure to CPAs was then found to have an effect on adult bovine tissue, 

with shorter exposure times resulting in decreased toxicity, but longer exposure times 

improving vitrification of the tissue [33]. 

The present study was the first to objectively investigate the effect of CPA 

exposure and vitrification on primordial follicle activation. Primordial follicles comprise a 
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finite pool and represent the reproductive potential of a female. If ovarian tissue 

cryopreservation and grafting are to be a viable solution for gamete rescue, it is 

necessary for the follicle reserve to remain dormant and activate only at progressive 

intervals. If vitrification causes spontaneous and ubiquitous activation of primordial 

follicles, this will deplete the follicle reserve at a faster rate than desirable. It is therefore 

necessary to determine whether vitrification has an effect on the endogenous pathways 

of primordial follicle activation. Due to the wide variety of protocols for ovarian tissue 

vitrification, conflicting results have been reported on the efficacy of vitrification for the 

cryopreservation of both dormant and growing follicles [34]. It is also important to 

recognize that many studies report the effects of vitrification shortly, if not immediately, 

after thawing the cryopreserved tissue. While there is overwhelming evidence that 

grafting ovarian tissue following warming leads to activation of the primordial follicle 

reserve due to ischemia-reperfusion [30,35,36], there is contradictory evidence as to 

whether cryoprotectant exposure and/or vitrification of ovarian tissue induces activation 

of primordial follicles. One study found that the type of cryoprotectant used affects the 

results, with propanediol increasing the activation rate following grafting more than with 

DMSO [37]. Oktem et al. [38] have found decreased concentrations of anti-Mϋllerian 

hormone, known to maintain primordial follicles quiescent, in vitrified ovaries compared 

to fresh controls following a 3-day culture, as well as a lower primordial follicle count. 

Others have found no differences in the proportions of primordial follicles in vitrified and 

control ovarian tissue cultured for 5 days in two different media [12]. While some studies 

have suggested that the method of cryopreservation affects the primordial follicle 
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reserve, results are inconsistent. Huang et al. [39] found no differences in primordial 

follicle proportions between slow-freezing and solid surface vitrification protocols, while 

Amorim et al. [40] found higher proportions of primordial follicles in vitrified groups 

compared to slow-freezing groups after xenografting.  

Primordial follicles first appear in the fetal bovine ovary around 90 days of 

gestation, but only acquire the capacity to activate around 140 days of gestation, when 

they have achieved meiotic arrest [18], as demonstrated by a decrease in the proportion 

of primordial follicles and an increase in the proportion of primary follicles in ovarian 

tissue cultured in the presence of insulin [15]. In this study, primordial follicles within 

fetal bovine tissue exposed to EG and DMSO as permeable CPAs and sucrose as a 

non-permeable CPA retained the capacity to activate in the presence of insulin; 

correspondingly, primordial follicles cultured without insulin remained dormant. Similar 

results were found for vitrified tissue. Primordial follicles within ovarian tissue cultured in 

the presence of insulin were able to activate to a similar extent as fresh tissue, though 

activation may have been delayed as it was first noticeable at 3 days of culture for 

exposed and vitrified ovarian tissue compared to 1 day for non-exposed tissue. This 

demonstrates that vitrification neither impedes nor causes spontaneous activation of 

primordial follicles, and vitrified ovarian tissue can be used as an adequate source of 

primordial follicles that can resume normal folliculogenesis. This also provides evidence 

that the loss of primordial follicles and increase in growing follicles found in warmed and 

xenografted tissue is more likely caused by ischemia-reperfusion rather than by 

vitrification of the tissue.  
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Vitrification of fetal bovine ovarian tissue did not affect proliferation and DNA 

repair as detected by PCNA immunohistochemistry. Similar proportions of follicles with 

PCNA-positive granulosa cells were found in the fresh controls and vitrified groups 

throughout the study, which would suggest that exposure to CPAs and vitrification does 

not impede the proliferation of granulosa cells and stromal cells. In addition to being a 

marker for proliferation and DNA repair [19], PCNA can be used as an indicator of 

primordial follicle activation. While PCNA is absent from quiescent primordial follicles, it 

is expressed in the proliferating granulosa cells of activated primary follicles in rats [41], 

cattle [17], and baboons [42]. It can also be found in the oocytes of primary follicles 

[17,43], as PCNA is a binding platform for replicative DNA polymerase involved in 

chromatin dynamics during transcription and cell cycle regulation [44]. The increase in 

the percentage of follicles with PCNA-positive granulosa cells in both the control and 

vitrified ovarian tissue at Day 7 in tissue cultured in the presence of insulin compared to 

those cultured without insulin is consistent with the activation of primordial follicles in 

response to insulin. The increased proportion of PCNA-positive follicles in the vitrified 

groups at Day 3 compared to non-vitrified controls could be due to DNA damage repair 

occurring during culture in an appropriate environment; this would be consistent with our 

findings that follicular morphology of vitrified tissue improves after three days of culture. 

As a marker for proliferation, DNA repair and primordial follicle activation, PCNA could 

be considered a global indicator of tissue health; it may therefore be used for a 

preliminary assessment of successful vitrification of ovarian tissue. More specific assay 
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such as Ki67 and RAD51 should be used for adequate quantification of cell proliferation 

and DNA repair, respectively.  

Throughout this study, we found no significant differences in the evaluated 

biometrics related to increased concentration of CPA or the addition of sucrose to the 

vitrification solution. Sucrose is traditionally added to the vitrification solution as a non-

permeable sugar which reduces osmotic shock and improves the glass-forming 

properties of permeable CPAs [11]. Moniruzzaman et al. [22] found that the addition of 

sucrose to the vitrification solution increased abnormalities of the oocyte nucleus and 

cytoplasm in a dose-dependent manner in neonatal pigs, and Amorim et al. [25] 

reported that using trehalose instead of sucrose improved follicle morphology in women. 

Bao et al. [45] found that adult bovine ovarian tissue vitrified using a sucrose-containing 

vitrification solution and the Cryotop method had a higher percentage of morphologically 

abnormal primordial follicles, compared to tissue vitrified using sucrose-free solutions, 

suggesting that the presence of sucrose increased osmotic injury. Additionally, higher 

concentrations of sucrose (0.5 M) led to follicular degeneration while lower 

concentrations (0.25 M) improved follicular morphology in caprine ovarian tissue [46]. 

The interactions between sucrose and permeable CPAs may also play a role, as the 

addition of sucrose to EG and DMSO in the vitrification solution resulted in better 

follicular morphology in prepubertal rats, compared to other vitrification solutions without 

sucrose or with different CPAs [47]. The results from the present study are consistent 

with reports for adult bovine ovaries [33] that the presence or absence of sucrose in the 

vitrification solution does not affect follicular morphology. It therefore appears that the 



 108 

role sucrose plays in the vitrification of ovarian tissue is dependent on concentration, 

permeable CPAs, tissue species and age.   

Our success in vitrifying fetal bovine ovarian tissue may be attributed to different 

factors. First, the fibrous content is lower in fetal ovaries than in adult ovaries [48], which 

could improve the tissue’s permeability to CPAs and allow non-permeable sucrose to 

effectively reduce osmotic shock. Second, fetal bovine ovaries between 140 and 210 

days of gestation consist of many primordial follicles and some growing follicles. 

Evidence from previous studies on ovarian cortex vitrification suggests that primordial 

follicles are more resistant to vitrification damage than growing follicles, as they are 

smaller and have lower metabolic rates and no zona pellucida [39,49]. This would 

contribute towards increasing the permeability to CPAs compared to larger follicles, and 

possibly diminish the toxic effect on the oocyte. It is also possible that fetal bovine 

ovaries are capable of mitigating the formation of free radicals, which can occur from 

exposure to CPAs [50]. 

In conclusion, we found that fetal bovine ovarian tissue had the intrinsic capacity 

to mitigate the immediate impact of cryopreservation on the morphology, viability and 

functionality of primordial follicles. Furthermore, these characteristics were not affected 

by the presence or absence of sucrose in the vitrification solution, and neither exposure 

to CPAs nor vitrification of ovarian tissue affected the capacity of primordial follicles to 

activate. This procedure can therefore be used as a baseline for developing gamete 

rescue protocols for endangered species and women undergoing fertility preservation.  
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CHAPTER 4  

SURVIVAL AND PRESERVATION OF PREANTRAL FOLLICLES FOLLOWING 

VITRIFICATION AND CULTURE OF OVARIAN TISSUE IN THE DOMESTIC CAT 
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Abstract 

Purpose: The objective of this study was to characterize the effects of exposure 

temperature and sucrose supplementation of cryoprotectants (CPA) prior to vitrification 

on the health and function of preantral follicles in feline ovarian tissue.  

Methods: Ovarian cortical pieces from peri-pubertal cats were exposed to CPA 

with or without sucrose, either at 4ºC or room temperature (RT), followed by needle 

immersion vitrification. Following warming, the cortical pieces were cultured for up to 7 

days. Histological analysis was performed to determine normal morphology; viability 

was assessed by calcein-AM/ethidium homodimer assay and global nascent RNA 

transcription was analyzed using an EU Click-it kit.  

Results: Throughout the culture period, follicular morphology and global RNA 

transcription were improved by exposure to CPA at 4ºC compared to RT. Viability, 

however, was not affected by CPA exposure temperature. The addition or omission of 

sucrose in the CPA solution did not have any effect on morphology, viability or RNA 

transcription. Exposure to CPA before vitrification was beneficial to follicular 

morphology, viability, and RNA synthesis, compared to controls vitrified without prior 

exposure to CPA, but it did not improve them to the level of non-vitrified controls.  

Conclusion: We successfully vitrified peri-pubertal feline ovarian tissue, with 

respect to morphology, viability and RNA synthesis. While sucrose did not have an 

effect on follicular morphology or viability, exposure to CPA at 4ºC was more effective 

than RT. This was the first study to examine the short- to mid-term effects of culture on 
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vitrified-warmed feline ovarian tissue, and to use global RNA synthesis as an indicator 

of follicular health.  

Introduction 

Ovarian tissue cryopreservation is an essential part of gamete rescue which 

focuses on preserving the pool of small preantral follicles, in particular primordial 

follicles, within the cortex of the ovary. While oocyte cryopreservation or in vitro 

fertilization (IVF) requires an oocyte from a large follicle, which may not be available due 

to age or timing during the estrus cycle, primordial follicles are present from before birth 

in some species (human [1]; cow [2]) or shortly after birth in others (cat [1]; mouse [3]) 

until reproductive senescence. Furthermore, primordial follicles are less susceptible to 

cryoinjury than large follicles due to their low cytoplasmic volume, decreased metabolic 

activity and lack of a zona pellucida [4]. Ovarian tissue cryopreservation can therefore 

be performed immediately on any female individual, regardless of age or reproductive 

status, and without the need for hormone stimulation. This makes it an attractive 

alternative to oocyte or embryo cryopreservation for cancer patients who are 

prepubertal, have hormone-sensitive tumors that would be exacerbated by 

gonadotropin-stimulation, or have aggressive tumors where treatment cannot be 

delayed for oocyte retrieval. This technique can also be used in genetically valuable 

animals, either domestic or wild species, who died prior to reaching their reproductive 

potential. 
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The domestic cat is not only a model species for wild felids, but also for human 

physiology. Cat ovaries are readily available from local spay clinics, which eliminates 

the need to establish and maintain a colony, and are collected from a diverse 

population, which provides a more realistic model of human reproduction than traditional 

lab species. Because of the high follicular atresia rate found in cats [5], peripubertal cats 

(3 to 6 months of age) have larger reserves of primordial and primary follicles and fewer 

large follicles compared to adults, which maximizes the amount of ovarian cortex devoid 

of large follicles and corpora lutea that can used for cryopreservation. Furthermore, 

ovarian tissue culture systems have been established for the cat, allowing  primordial 

follicles to be maintained in situ for several days [6,7]. Therefore, the domestic cat is an 

adequate model for studying the effect of ovarian tissue cryopreservation on primordial 

follicle structure and function.  

Vitrification is an accepted method of ovarian tissue cryopreservation, as it has 

resulted in the live birth of human babies [8,9]. It is also becoming the preferred method 

of cryopreservation, as many studies have found vitrification to result in comparable or 

improved ovarian function compared to slow freezing [10-17]. While many protocols for 

ovarian tissue vitrification have been developed using different carrier systems, such as 

cryovial vitrification [18,19], solid surface vitrification [20-22], minimum drop size [23,24], 

and the cryological vitrification method [25,26], needle immersion vitrification is proving 

to be a promising method of ovarian tissue vitrification [15,17,27,28] by promoting ease 

of handling, uniform exposure to cryoprotectants (CPA) and increased cooling rate [29]. 
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However, there have been few studies on cryopreservation of female gametes in 

the cat. Slow freezing of ovarian tissue has been done with some success, and seems 

to be the currently preferred method of cryopreservation [30,31]. Vitrification, however, 

is a more practical method for gamete rescue of wild felids in situ, as it is quick and 

involves little specialized equipment. Two groups have successfully vitrified cumulus-

oocyte complexes and investigated their ability to resume meiosis [32,33]. In two 

studies early preantral follicles were vitrified within ovarian tissue with varying degrees 

of success [31,34]. However neither study examined follicular structure or health 

following any amount of time in culture to determine the ovarian tissue’s ability to 

mitigate cryodamage; follicular morphology and viability were only examined 

immediately after warming. 

Several assays are traditionally used to assess the health and function of follicles 

following ovarian tissue cryopreservation. The most common method of determining 

follicular health is histology of fixed and stained tissue, which allows for a visual analysis 

of follicular stage (primordial, primary, secondary, antral), morphology (normal, 

abnormal) and ultrastructure. Another method is a viability assay, using calcein-

AM/ethidium homodimer [22,35,36], neutral red [31,37] or trypan blue [38,39]. 

Immunohistochemistry is often used to detect apoptosis through terminal 

deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) [40,41] or 

caspase-3/7 [15,42], proliferation through staining for Ki67 [29,40] or proliferating cell 

nuclear antigen [43,44], DNA damage and repair through γH2AX and RAD51 [41,45]. 

Expression of mRNAs related to follicle growth has also been assessed through qPCR 
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[17,27] and the production of steroid hormones determined by immunoassay [46,47]. 

While these assays suitably describe the follicular health and function of follicles 

following vitrification, there is one aspect of cellular function that has been neglected. 

The effects of vitrification are not always detectable immediately after warming, and the 

impact of cryoprotectant (CPA) exposure and ultra-fast cooling on both follicular 

structure and function can only be fully examined after the tissue has had time to 

acclimate [48]. As such, short- to long-term culture of ovarian tissue following 

vitrification is recommended to adequately analyze the effects of CPA exposure and 

ultra-fast cooling [49]. While decline in follicular morphology and viability, along with any 

increase in apoptotic markers may take a few hours or day to be detectible, normal 

cellular function is dependent on RNA transcription, which can be a sensitive indicator 

of health when other assays may not be adequate [50]. Decreased RNA transcription 

negatively impacts cellular function, even if DNA integrity is still maintained. Proliferation 

markers such as PCNA or Ki67 identify cells at a specific stage of the cell cycle and 

may not be detectable in oocytes from primordial follicles which are arrested at meiosis I 

[51,52], while RNA transcription can occur at any stage, including in primordial follicles 

[53]. Therefore decreased RNA transcription activity could be a precursor of cellular 

damage identified prior to other markers for cellular health and function. While reverse 

transcription PCR allows for the quantification of mRNA expression of specific genes, 

nascent RNA transcription provides information regarding global cellular health. In fact, 

EU Click-it technology allows for rapid and efficient assessment and localization of 
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global RNA transcription [50], and may be a useful tool for early detection of cellular 

damage following ovarian tissue cryopreservation.  

Our group has demonstrated that despite the initial damage caused by exposure 

to CPA and ultra-fast cooling by needle immersion vitrification, fetal bovine tissue was 

able to recover normal morphology, viability and function equal to fresh tissue over 7 

days in vitro [44]. In order to use this technique on a more applied animal model, a 

series of pilot studies were performed to optimize needle immersion vitrification in feline 

ovarian tissue. Two variables were found to have an effect on follicular morphology: 

sucrose content and CPA exposure temperature (Appendix B). Sucrose is a non-

permeable CPA used to increase the glass forming capabilities of permeable CPAs 

(such as dimethyl sulfoxide and ethylene glycol), while reducing osmotic shock and their 

toxic effect [54]. Because the effect of sucrose may be species-, age-, and tissue-

specific [44], as well as dependent on the composition of the vitrification solution, it is 

important to take it into consideration during optimization of a vitrification protocol. 

Tissue with a lower CPA permeation rate will require longer exposure times for the CPA 

to reach the inner cells, thereby increasing exposure and cytotoxic effects on the outer 

cells. As temperature of exposure affects CPA permeation rate, it will have an impact on 

follicular health. While various vitrification protocols expose ovarian tissue to CPAs 

either at room temperature (RT) or at 4ºC and opinions vary as to whether higher or 

lower temperatures better protect that tissue from toxic damage [55,56], no studies have 

been performed to examine the effect of exposure temperature on ovarian tissue 

cryopreservation.  
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The aim of this study, therefore, was to examine the effects of sucrose and CPA 

exposure temperature during vitrification on primordial follicle morphology and health, 

using peri-pubertal feline ovarian tissue. Furthermore, we aimed to use nascent RNA 

synthesis as an indicator for follicular health, in addition to traditional morphological 

analysis and viability assays.  

Materials and Methods 

All chemicals and reagents were purchased from Sigma Chemical Company, 

unless otherwise stated. 

Collection of ovarian tissues 

Ovaries were obtained from peri-pubertal (3 to 6 months) domestic cats after 

routine ovariohysterectomy conducted at local veterinary clinics and transported to the 

laboratory within 6 h of excision in holding medium consisting of Eagle MEM with 

Hank’s balanced salt (MEM-Hank; Gibco Laboratories), supplemented with 100 IU/ml 

penicillin, 100 µg/ml streptomycin, 10 mM HEPES and 0.1% bovine serum albumin 

(BSA) at 4ºC. The cortex was isolated from the medulla using spring-bow scissors, and 

further dissected into 1 x 1 x 0.2 mm3 pieces in holding medium using a scalpel. 

Vitrification and warming 

Vitrification was performed using a needle immersion vitrification protocol 

adapted from Wang et al. [57]. The cortical pieces were threaded onto a 30 G needle (6 

pieces per needle; BD PrecisionGlide needle, Fisher Scientific), taking care to leave 
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space between each piece. The needles were transferred to an equilibration solution 

(ES) consisting of 7.5% ethylene glycol (EG), 7.5% dimethyl sulfoxide (DMSO) and 20% 

fetal bovine serum (FBS; Irvine Scientific) in MEM-Hank for 10 min either at room 

temperature (RT) or at 4ºC as described in the experimental design below, then 

transferred to a vitrification solution (15% EG, 15% DMSO, 20% FBS in MEM-Hank; 

VS) with 0 M or 0.5 M sucrose for 10 min, either at RT or at 4ºC. The needles were 

removed from the vitrification solution, excess solution was quickly absorbed using a 

Kimwipe, and the needles were plunged into liquid nitrogen. Samples were transferred 

to a pre-cooled cryovial containing liquid nitrogen and were stored in liquid nitrogen for 

48 h.  

Warming was performed by removing the needles from the cryovials in liquid 

nitrogen and quickly transferring them to the wash gradient (MEM-Hank with 20% FBS 

supplemented with 1 M, 0.5 M, 0.25 M and 0 M sucrose) for 5 min at each step at 37ºC. 

The cortical pieces were then removed from the needles and maintained in holding 

medium until the next step (culture, fixation, etc.).  

Culture of cortical pieces 

Cortical pieces were cultured according to Fujihara et al. [6]. Briefly, 1.5% (w/v) 

agarose gel was cut into 1 x 1 x 1 cm3 inserts and pre-conditioned in culture medium 

consisting of Eagle MEM with Earle’s balanced salts supplemented with 2 mM L-

glutamine, 100 UI/ml penicillin, 100 µg/ml streptomycin, 50 µM ascorbic acid, 10 µg/ml 

insulin, 5.5 µg/ml transferrin, 6.7 ng/ml selenium (the last three as ITS+; Gibco 
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Laboratories), 0.3% poly(vinyl) alcohol and 10 µg/ml porcine follicle stimulating hormone 

(Folltropin-V; Bioniche Animal Health). The cortical pieces were cultured on the agarose 

gel inserts (4 pieces/insert) in 4-well culture dishes (Thermo Scientific) with 400 µl of 

culture medium at 38.5ºC in 5% CO2 in air; half the volume of the culture medium was 

exchanged every 2 days throughout the study interval. 

Assessment of follicle morphology 

Morphology was assessed at each time point in two cortical pieces per treatment 

group per replicate. The cortical pieces were fixed in Bouin’s solution overnight at 4ºC, 

rinsed and dehydrated through a series of ethanol dilutions, embedded in paraffin, and 

sectioned at a thickness of 5 µm. A minimum of five non-consecutive sections were 

taken from the middle of each piece at 15 µm intervals to avoid double counting follicles 

and were stained with hematoxylin-eosin for morphological analysis. Follicles were 

classified as primordial (an oocyte with one layer of flattened granulosa cells), primary 

(an oocyte with a single layer of cuboidal granulosa cells), or secondary (an oocyte with 

two or more layers of cuboidal granulosa cells). As few secondary follicles were found, 

the number of secondary follicles was combined with the number of primary follicles and 

expressed as “activated” follicles. Follicles were further classified as normal (regular in 

shape with evenly distributed granulosa cells and a complete basal lamina) or as 

damaged (granulosa cell disruption, detachment of basement membrane, pyknotic 

nuclei and/or oocyte vacuoles) [6]. The number of normal follicles was divided by the 
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total number of follicles evaluated for each section to determine the proportion of normal 

follicles per treatment.  

Assessment of follicle viability 

Follicle viability was determined at each time point using a cytoviability assay 

(LiveDead Viability/Cytoviability kit, Life Technologies). Two cortical pieces per 

treatment group per replicate were first lightly digested by incubation in Dulbecco’s PBS 

(DPBS) with 0.08 mg/ml Liberase DH (Roche Life Scientific) and 5% FBS at 38.5ºC for 

30 min, pipetting thoroughly every 10 min to disrupt the tissue. The digestion was 

stopped by addition of an equal volume of 10% FBS in cold DPBS, and the softened 

cortical pieces were transferred to 2 µl/ml calcein AM and 5 µl/ml ethidium homodimer-1 

in DPBS and incubated at 38.5ºC for 30 min. The cortical pieces were transferred to a 

microscope slide, and a cover slip was gently pressed down on the tissue to obtain a 

squash preparation, which was visualized under fluorescence at 518 nm and 593 nm. 

Follicles were considered viable when the oocyte and surrounding granulosa cells 

fluoresced green, and were considered dead when the oocyte and/or at least 50% of 

the surrounding granulosa cells fluoresced red. The number of viable follicles was 

divided by the total number of follicles evaluated for each cortical piece to determine the 

proportion of live follicles per treatment.  

Assessment of nascent RNA synthesis 

In previous pilot studies, we observed a decrease in total RNA concentration 

following culture of vitrified-warmed ovarian tissue (Appendix C). Therefore, we decided 



 

 

124 

to investigate the effect of vitrification on global RNA transcription as a marker for tissue 

and follicular health. Nascent RNA synthesis was assessed at each time point in two 

cortical pieces per treatment group per replicate. The cortical pieces were cultured 

without gel inserts for 6 h in 400 µl of 1 mM 5-ethynyl uridine (EU; Click-iT RNA Imaging 

kit, Invitrogen) in culture media at 38.5ºC to allow incorporation of the alkyne-containing 

nucleotide into nascent RNA. After culture, the cortical pieces were fixed overnight in 

4% paraformaldehyde at 4ºC, rinsed and dehydrated through a series of ethanol 

dilutions, embedded in paraffin, and sectioned at a thickness of 5 µm. Four sections 

were taken from the middle of each piece. EU incorporation was detected using a 

protocol adapted from Jao et al. [50]. After paraffin removal and rehydration, the 

sections were washed in 3% BSA/PBS for 2 x 3 min, permeabilized in 0.5% Triton X-

100/PBS for 30 min, washed in 3% BSA/PBS for 2 x 3 min, exposed to the reaction 

cocktail (reaction buffer, CuSO4, Alexa Fluor 594 and buffer additive as per 

manufacturer’s protocol) for 30 min, and washed in rinse buffer for 2 x 5 min. After a 

wash in PBS for 3 min, 15 µl of Vectashield Hardset mounting medium with DAPI 

(Vector Laboratories) was added to each slide for DNA counterstaining and cover 

slipping. Slides were incubated at RT for 1 h in the dark and then kept at 4ºC for later 

visualization of the fluorescence at 615 nM and 460 nM for Alexa Fluor 594 and DAPI 

respectively. Follicles in six randomized fields (220 x 293 µm) per cortical piece were 

analyzed and were considered positive for EU staining if the oocyte nucleus and/or at 

least one granulosa cell were stained with Alexa Fluor 594. The number of follicles 

positive for EU was divided by the total number of follicles evaluated for each section to 
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determine the proportion of follicles with nascent RNA synthesis for each cortical piece. 

A negative control was performed by staining ovarian sections that had not been 

incubated with 1 mM EU. 

Experimental design 

In order to examine the effects of sucrose and cryoprotectant exposure 

temperature, cortical pieces from each pair of ovary were randomly assigned to one of 

six treatment groups: (1) no exposure to cryoprotectants or liquid nitrogen (non-vitrified 

control); (2) no exposure to cryoprotectants, but vitrified and warmed (vitrified control); 

(3) exposure to ES and VS with 0 M sucrose at RT, followed by vitrification and warming 

(RT); (4) exposure to ES and VS with 0.5 M sucrose at RT, followed by vitrification and 

warming (RT + Suc); (5) exposure to ES and VS with 0 M sucrose at 4ºC, followed by 

vitrification and warming (4ºC); (6) exposure to ES and VS with 0.5 M sucrose 4ºC, 

followed by vitrification and warming (4ºC + Suc). 

For Study 1, follicle viability and morphology were assessed after 0, 1 and 7 days 

of culture, with day 0 being immediately after dissection of the ovaries for the fresh 

control and after warming for all vitrified treatment groups; each pair of ovaries (n = 5 

pairs) was dissected into 72 cortical pieces, with four pieces per treatment group per 

time point. For Study 2, nascent RNA synthesis was assessed after 0, 1 and 2 days of 

culture; each pair of ovaries (n = 3 pairs) was dissected into 36 cortical pieces, with 2 

pieces per treatment group per time point.  
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Statistical analysis 

The experimental designs were replicated with cortical pieces from 5 (Study 1) or 

3 (Study 2) individuals, obtained on different days; treatments were applied in duplicate 

within each individual. As inter- and intra-animal variability made it difficult to distinguish 

significant differences in mean percentages by one-way ANOVA, data from all 

replicates were pooled to determine the overall percentage of normal, viable and EU-

positive follicles of each treatment group at each time point, and analyzed using a chi-

square test. Figures showing mean percentages analyzed by one-way ANOVA, 

followed by Tukey’s multiple comparisons tests, are presented in Appendix A (Figs. A2-

4). The main effects of the treatment groups and time points on morphology, viability 

and RNA transcription were assessed by two-way ANOVA of the mean percentages of 

normal, viable and EU-positive follicles, respectively, followed by Tukey’s multiple 

comparisons tests. The effects of exposure temperature and sucrose content were 

examined by two-way ANOVA, followed by Sidak’s multiple comparisons test. 

Differences were considered significant at P < 0.05 (GraphPad Prism 6; GraphPad 

Software Inc.). Line art was created in Graph Pad Prism 6; halftone art was created in 

Inkscape (version 0.91; www.inkscape.org).  
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Results 

Effects of cryopreservation on follicular morphology 

A total of 19,824 follicles was evaluated for follicular morphology after 

hematoxylin and eosin staining; representative sections are shown in Fig. 4.1. After 

warming (Day 0), the cortical pieces exposed to CPA with sucrose at 4ºC had the 

highest percentage of morphologically normal follicles (67.5%), which was not different 

from the non-vitrified control (66.8%; Fig. 4.2A; P < 0.05). Exposure to CPA without 

sucrose at 4ºC or with sucrose at RT resulted in lower percentages of normal follicles 

compared to the non- vitrified control (4ºC: 59.1%; RT + Suc: 52.4%; Fig. 4.2A; P < 

0.05). Interestingly, the exposure to CPA without sucrose at RT led to percentages 

similar to vitrification without CPA exposure (RT: 39.8%; vitrified control: 40.0%; Fig. 

4.2A; P > 0.05). On Day 1 of culture, all cortical pieces exposed to CPA had lower 

percentages of morphologically normal follicles compared to the non-vitrified control 

(non-vitrified control: 70.4%; RT: 9.4%; RT + Suc: 8.2%; 4ºC: 30.1%; 4ºC + Suc: 30.6%; 

Fig. 4.2B; P < 0.05), though those exposed at 4ºC regardless of sucrose 

supplementation had better morphology compared to those exposed at RT (Fig. 4.2B; P 

< 0.05) or the vitrified control (15.2%; Fig. 4.2B; P < 0.05). A similar pattern was found 

after 7 days of culture, when all CPA-exposed cortical pieces had lower percentages of 

normal morphology compared to the non-vitrified control (non-vitrified control: 72.8%; 

RT: 1.6%; RT + Suc: 2.0%; 4ºC: 13.9%; 4ºC + Suc: 8.4%; Fig. 4.2C; P < 0.05). 

Exposure to CPA at 4ºC without sucrose resulted in better follicular morphology  
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Figure 4.1 - Sections of feline ovarian cortex stained with hematoxylin and eosin from 
non-vitrified controls (A-C) and CPA exposed and vitrified (D-G) tissue on day 0 (A,D), 
day 1 (B,E) and day 7 (C,F,G) of culture. Arrows show normal follicles; arrowheads 
show abnormal follicles. Scale bar = 50 µm. 
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compared to exposure at 4ºC with sucrose (Fig. 4.2C; P < 0.05) and to RT regardless of 

sucrose supplementation (Fig. 4.2C; P < 0.05). The morphology of cortical pieces 

exposed at RT without sucrose was not different from the vitrified controls (0.5%; Fig. 

4.2C; P > 0.05).  

For all cortical pieces exposed to CPA, the percentage of normal follicles 

decreased between Day 0 and Day 1 of culture (Table 4.1; P < 0.05), but did not 

decrease further by Day 7 (Table 4.1; P > 0.05). For the vitrified control, the percentage 

of normal follicles did not change between Day 0 and Day 1, or between Day 1 and 7 

(Table 4.1; P > 0.05). The main effect of the treatment groups showed that cortical 

pieces exposed at 4ºC had overall higher percentages of normal follicles than the 

vitrified control (Table 4.2; P < 0.001), while those exposed at RT were not different 

(Table 4.2; P > 0.05). However, vitrified cortical pieces had overall decreased 

percentages of normal follicles compared to the non-vitrified control (Table 4.2; P < 

0.0001). While exposure temperature had a significant effect on follicular morphology 

(Table 4.3; P < 0.01), sucrose content did not (Table 4.3; P > 0.05). 

Effects of cryopreservation on follicular viability 

A total of 19,996 follicles was used to evaluate viability by calcein AM and 

ethidium homodimer staining (Fig. 4.3). Following warming on Day 0, the percentages 

of viable follicles for all cortical pieces exposed to CPAs were lower than for the non-

vitrified control (non-vitrified control: 89.6%; RT: 79.9%; RT + Suc: 81.9%; 4ºC: 84.6%; 

4ºC + Suc: 81.0%; Fig. 4.4A; P < 0.05), but were also higher than for the vitrified control 

(63.0%; Fig. 4.4A; P < 0.05). The viability of follicles from cortical pieces exposed to  
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Table 4.1 - Adjusted p-values of Tukey’s pair-wise comparisons following two-away 
ANOVA analyzing mean percentages of morphologically normal follicles (morphology), 
live follicles (viability), and EU-positive follicles (RNA transcription). Comparisons are 
among time points within each treatment group. NVC = non-vitrified control; VC = 
vitrified control. 

  Adjusted p-values 

Treatment Pair-wise 
comparisons Morphology Viability RNA 

Transcription 

NVC 
D.0 vs. D.1 0.9994 0.8994 0.9129 
D.0 vs. D.7 0.9147 0.0660 0.9114 
D.1 vs. D.7 0.9292 0.1467 > 0.9999 

VC 
D.0 vs. D.1 0.6064 0.1990 > 0.9999 
D.0 vs. D.7 0.0338 < 0.0001 0.9974 
D.1 vs. D.7 0.2492 < 0.0001 0.9961 

RT 
D.0 vs. D.1 0.0205 0.1006 0.7566 
D.0 vs. D.7 0.0010 0.0043 0.4850 
D.1 vs. D.7 0.6110 0.4052 0.8455 

RT + Suc 
D.0 vs. D.1 < 0.0001 0.0985 0.9799 
D.0 vs. D.7 < 0.0001 < 0.0001 0.3267 
D.1 vs. D.7 0.9083 0.0013 0.2461 

4ºC 
D.0 vs. D.1 0.0006 0.0637 0.6930 
D.0 vs. D.7 < 0.0001 < 0.0001 0.2526 
D.1 vs. D.7 0.6517 0.0030 0.6263 

4ºC + Suc 
D.0 vs. D.1 0.0017 0.8620 0.0746 
D.0 vs. D.7 < 0.0001 < 0.0001 0.1437 
D.1 vs. D.7 0.1645 < 0.0001 0.9929 
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Table 4.2 - Adjusted p-values of Tukey’s pair-wise comparisons following a two-away 
ANOVA analyzing overall effect of treatment group on mean percentage of 
morphologically normal follicles (morphology), live follicles (viability), and EU-positive 
follicles (RNA transcription), regardless of time point. NVC = non-vitrified control; VC = 
vitrified control. 

 Adjusted p-values 
Pair-wise 

comparisons Morphology Viability RNA 
Transcription 

NVC vs. VC < 0.0001 < 0.0001 < 0.0001 
NVC vs. RT < 0.0001 0.025 < 0.0001 
NVC vs. RT + Suc < 0.0001 0.0024 < 0.0001 
NVC vs. 4ºC < 0.0001 0.0121 0.0007 
NVC vs. 4ºC + Suc < 0.0001 0.0307 0.0002 
VC vs. RT 0.949 < 0.0001 0.4689 
VC vs. RT + Suc 0.2273 0.0002 0.0867 
VC vs. 4ºC < 0.0001 < 0.0001 0.0005 
VC vs. 4ºC + Suc 0.0006 < 0.0001 0.0009 
RT vs. RT + Suc 0.7663 0.9205 0.9160 
RT vs. 4ºC 0.0012 0.9989 0.0622 
RT vs. 4ºC + Suc 0.0129 > 0.9999 0.1120 
RT + Suc vs. 4ºC 0.0688 0.9915 0.4706 
RT + Suc vs. 4ºC + Suc 0.3008 0.9317 0.6431 
4ºC vs. 4ºC + Suc 0.9889 0.9991 0.9996 
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Table 4.3 - Summary of two-way ANOVAs for mean percentages of morphologically 
normal follicles (morphology), live follicles (viability), and EU-positive follicles (RNA 
transcription). A) Effects of culture time points, treatment groups, and their interaction 
on the total variation; B) effects of sucrose content, exposure temperature, and their 
interaction on the total variation. 

  Morphology Viability RNA Transcription 
 Source of 

Variation 

% of 
total 

variation 
P value % of total 

variation P value 
% of 
total 

variation 
P value 

A) Interaction 6.15 0.0018 5.425 0.0975 3.514 0.8397 
 Treatment 40.28 < 0.0001 30.34 < 0.0001 58.45 < 0.0001 
 Time point 18.33 < 0.0001 43.91 < 0.0001 4.504 0.035 

B) Interaction 0.8209 0.3547 0.6627 0.6629 1.223 0.4298 
 Sucrose 0.1069 0.7379 0.1348 0.8439 0.3558 0.6695 
 Exposure Temp 8.039 0.0045 0.1262 0.8489 13.49 0.0112 
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Figure 4.3 - Feline preantral follicles assessed for viability. A) Viable follicles appear 
green (calcein AM); B) Dead follicles stain red (ethidium homodimer). Scale bar = 50 
µm. 
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CPA without sucrose at 4ºC was not different from those exposed to CPA with sucrose 

at RT (P > 0.05), but was higher than cortical pieces exposed without sucrose at RT or 

with sucrose at 4ºC (Fig. 4.4A; P < 0.05). After one day of culture, all cortical pieces 

exposed to CPA still had lower follicular viability than the non-vitrified control (non-

vitrified control: 84.7%; RT: 73.2%; RT + Suc: 67.5%; 4ºC: 68.0%; 4ºC + Suc: 77.0%; 

Fig. 4.4B; P < 0.05) but higher than the vitrified control (52.7%; Fig. 4.4B; P < 0.05). 

However, the cortical pieces exposed to CPA with sucrose at RT and without sucrose at 

4ºC had lower percentages of viable follicles than those exposed without sucrose at RT 

and with sucrose at 4ºC (Fig. 4.4B; P > 0.05). A nearly similar trend was found after 7 

days of culture (non-vitrified control: 69.7%; vitrified control: 18.5%; RT: 57.1%; RT + 

Suc: 35.4%: 4ºC: 41.9%; 4ºC + Suc: 40.5%). Viability of cortical pieces exposed to CPA 

without sucrose at RT was higher than for any other vitrified cortical pieces (Fig. 4.4C; P 

< 0.05), though viability of cortical pieces exposed to CPA with sucrose at 4ºC was not 

different from either those exposed without sucrose at 4ºC or with sucrose at RT (Fig. 

4.4C; P > 0.05).  

For all exposed and/or vitrified treatments, follicular viability did not decrease 

between Day 0 and Day 1 of culture (Table 4.1; P > 0.05), but viability did decrease 

between Day 1 and Day 7 (Table 4.1; P < 0.01) for all vitrification treatments except 

those exposed to CPA without sucrose at RT (Table 4.1; P > 0.05).  Overall, exposure 

to CPA prior to vitrification led to decreased viability of follicles compared to the non-

vitrified controls (Table 4.2; P < 0.05), but increased viability compared to the vitrified 
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controls (Table 4.2; P < 0.01). Neither exposure temperature nor sucrose concentration 

had a consistent effect on follicular viability (Table 4.3; P > 0.05).  

Effects of cryopreservation on nascent RNA synthesis 

A total of 5,909 follicles was evaluated for nascent RNA synthesis by 5-ethynyl 

uridine (EU) incorporation and detection (Fig. 4.5). Immediately after warming, there 

was no difference in nascent RNA synthesis between cortical pieces exposed to CPA at 

RT (RT: 26.3%; RT + Suc: 31.4; Fig. 4.6A; P > 0.05) or between those exposed at 4ºC 

(4ºC: 49.4%; 4ºC + Suc: 50.9%; Fig. 4.6A; P > 0.05), though the percentage of EU- 

positive follicles for all cortical pieces exposed to CPAs was lower than the non-vitrified 

control (79.9%; Fig. 4.6A; P < 0.05) and higher than the vitrified control (0.9%; Fig. 4.6A; 

P < 0.05). Following one day of culture, the cortical pieces exposed to CPA without 

sucrose at 4ºC had the highest percentage of EU-positive follicles of all exposed cortical 

pieces (RT: 13.6%; RT + Suc: 24.1%; 4ºC: 35.0%; 4ºC + Suc: 20.9%; Fig. 4.6B; P < 

0.05), though it was still much lower than the non-vitrified control (72.8%; Fig. 4.6B; P < 

0.05). All cortical pieces exposed to CPA had more RNA synthesis than the vitrified 

control (2.2%; Fig. 4.6B; P < 0.05). After two days of culture, a fairly similar pattern was 

found (non-vitrified control: 76.2%; vitrified control: 0.0%; RT: 11.1%; RT + Suc: 23.8%; 

4ºC: 23.8%; 4ºC + Suc: 46.6%; Fig. 4.6C; P < 0.05), but the cortical pieces exposed to 

CPA with sucrose at 4ºC that had the highest percentage of EU-positive follicles of all 

exposed cortical pieces. (Fig. 4.6C; P < 0.05) 

While time in culture had an overall effect on nascent RNA synthesis (Table 4.3; 

P < 0.05), there were no significant decreases in percentage of EU-positive follicles  
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Figure 4.5 - Sections of non-vitrified controls and CPA-exposed and vitrified feline 
ovarian cortex cultured with EU for 6 h, visualized with Alex Fluor 594 and 
counterstained with DAPI, after 0 and 2 days of culture to determine the presence of 
nascent mRNA. Asterisks show EU-positive oocyte nuclei, arrows show EU-positive 
granulosa cells, and arrowheads show EU-positive stromal cells. Scale bar = 50 µm. 
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across time points within each treatment group (Table 4.1; P > 0.05). All vitrified cortical 

pieces had an overall lower percentages of EU-positive follicles than the non-vitrified 

control (Table 4.2; P < 0.001). The cortical pieces exposed to CPA at 4ºC, with or 

without sucrose, had higher percentages of EU-positive follicles compared to the 

vitrified controls (Table 4.2; P < 0.001). Overall, exposure temperature had a significant 

effect on nascent RNA synthesis (Table 4.3; P < 0.05), while the presence of sucrose 

did not (Table 4.3; P > 0.05). 

Discussion 

Since vitrification is becoming the preferred method of ovarian tissue 

cryopreservation, it is important to understand the impact of CPA composition and 

exposure time on cellular structure and function in order to mitigate or prevent follicular 

damage and improve gamete rescue techniques. Using the domestic cat as a model, 

we found that the presence of sucrose in the vitrification solution had no effect on 

follicular morphology, viability or RNA synthesis, but exposing feline ovarian tissue to 

CPA at 4ºC vs. RT improved morphology, viability and RNA synthesis. This study is the 

first to look at the effects of short- to mid-term culture on vitrified-warmed ovarian tissue 

in the cat. It is also the first to examine the effects of CPA exposure temperature during 

gamete cryopreservation and to use nascent RNA synthesis as a marker for global 

tissue and follicular health following gamete cryopreservation.  

Because of high variability among replicates due to animal variation, chi square 

analysis of the effects of treatment groups on each biometric was performed instead of 

a more conservative ANOVA. The purpose of this analysis was to highlight the trends 
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that were observed with ANOVA but were not significant (see Figs. A2-4). More 

biological replicates will be added to this study in order to overcome the effect of animal 

variation, and the appropriate statistical analyses will be performed.  

In the current study, feline cortical pieces exposed to CPA at 4ºC had better 

morphology that those exposed at RT or those without exposure to CPA. This is 

consistent with Fahy’s theory that exposing tissue to CPA at a lower temperature 

decreases the toxic effect compared to exposure to a higher temperature for the same 

amount of time [55]. Additionally, successful vitrification of ovarian tissue has been 

achieved following CPA exposure at 4ºC in humans [12,20], sheep [58], macaques [11], 

mice [59], baboons [60], and cows [44], or with a combination of exposure at RT and 

4ºC, with the steps containing the higher concentrations of CPA being performed at 4ºC 

[23]. This is the first study in any species to investigate the effects of CPA exposure 

temperature on follicular morphology and health following ovarian tissue vitrification. In 

the cow, isolated secondary follicles were exposed to CPA for either 1 or 30 min at RT, 

or 30 min at 4ºC [61]; exposure to 4ºC resulted in fewer abnormal follicles compared to 

those exposed for 30 min at RT (80% and 100% respectively). Prolonged exposure to 

cytotoxic CPA was likely the cause of such high rates of abnormal morphology. These 

results are consistent with our findings that exposure to CPA at 4ºC improved 

morphology of early preantral follicles in the cat.  

In the current study, follicular morphology in all cortical pieces exposed to CPA 

deteriorated between Day 0 and Day 1, but not between Day 1 and Day 7. In contrast, 

follicular morphology of cortical pieces not exposed to CPA prior to vitrification was 
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severely degraded immediately after warming (Day 0), but did not further decrease over 

the first 24 h in culture. This suggests that the majority of the damage induced by 

exposure to cryoprotectants (cytotoxicity and osmotic shock) occurred within the first 24 

h of culture after warming [48], whereas the cryoinjury caused by ultra-fast freezing was 

observed immediately after warming and did not progress further after one day of 

culture [56].  

While cortical pieces exposed to CPA at RT had poorer follicular morphology 

compared to the fresh control immediately after warming, all CPA-exposed cortical 

pieces had a similar small decrease in follicular viability compared to the fresh control. 

This confirms that exposure to CPA does contribute toward maintaining feline follicular 

viability [62], even if exposure temperature affects follicular morphology. Furthermore, 

follicular viability did not decrease between Day 0 and Day 1 for any vitrified cortical 

piece, suggesting that damage sustained from exposure to CPA and vitrification can be 

delayed for at least 24 h, which is consistent with previous studies [49]. 

Using the incorporation of EU as a marker for nascent RNA synthesis, we 

determined that CPA exposure before vitrification was critical to global health in 

preantral follicles. Vitrification without any CPA exposure resulted in very few EU-

positive follicles immediately after warming and after one day of culture, and none after 

2 days of culture. In contrast, all cortical pieces exposed to CPA prior to vitrification 

maintained some RNA synthesis after 2 days of culture, indicating that CPA exposure 

contributes to the survival and normal function of preantral follicles. As EU can be 

incorporated into RNA transcripts by RNA polymerases I, II and III [50], successful 
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visualization of EU staining in ovarian follicles indicates that RNA polymerase activity is 

still present, whereas a lack of EU incorporation could suggest that polymerase activity 

has been impaired. The negligible proportions of EU-positive follicles in the vitrified 

controls compared to treatment groups exposed to CPA might suggest that CPA 

exposure helps to maintain RNA polymerase activity, though further studies are needed 

to confirm this. As RNA transcription is the precursor of protein synthesis, it is essential 

for normal cellular function; the current study provides evidence that global RNA 

transcription can be used as an early marker for follicle health following vitrification. It is 

also interesting that RNA synthesis reflected the effects of CPA exposure and 

vitrification on follicular morphology, as similar trends were found for both biometrics. 

Though it was not part of this study, analysis of EU-positive stromal cells would also 

allow for quantification of somatic tissue health, which is important in assuring normal 

folliculogenesis following warming [63]. 

In control tissue, fairly normal morphology, viability and function of preantral 

follicles was maintained for up to 7 days in culture. In almost all cases, vitrification led to 

a decrease in these variables immediately following warming and throughout the culture 

period. This suggests two types of cryoinjury: an immediate effect, likely caused by 

osmotic shock despite the gradual increase in CPA concentration and the presence of 

sucrose [56]; and a short- to mid-term effect, likely caused by the cytotoxic effect of EG 

and DMSO [48]. It is also possible that vitrified feline ovarian tissue requires different 

culture conditions from non-vitrified tissue, as demonstrated in the cow [64]. Together 

these results suggest that exposure to CPA regardless of temperature improves 
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follicular health for at least 48 h in culture. Additionally, exposure to CPA at 4ºC 

improves morphology and RNA synthesis relative to RT.  

This is the first study to examine morphology and health of vitrified warmed 

ovarian tissue in the cat following culture, making it difficult to compare our findings to 

other studies of vitrified feline ovarian tissue. In the current study, normal morphology 

immediately after warming ranged from 32% in tissue exposed to CPA without sucrose 

at RT to 53% in tissue exposed at 4ºC (both with and without sucrose). Tanpradit et al. 

found that exposure of feline ovarian tissue to a similar equilibration solution for 10 min 

at RT followed by a similar vitrification solution with 0.5 M sucrose for 30 min at 4ºC 

resulted in approximately 30% normal follicles after warming [31]. The difference in 

follicular morphology between these two studies suggests that exposure to vitrification 

solution for 30 min is detrimental to follicular health. Using slow freezing, the same 

group was able to achieve 47% normal morphology in feline ovarian tissue immediately 

after warming [31]; our results suggest that vitrification can achieve similar if not 

superior recovery of normal follicles compared with slow freezing. Brito et al. found that 

feline ovarian tissue exposure to 40% EG and 1 M sucrose in RPMI resulted in normal 

follicular morphology ranging from 40 to 80% following warming [34]. They argue that 

the presence of phenol red in the vitrification solution, a component of the Eagle MEM 

with Hank’s salts used in the current study, has a negative impact on follicular 

morphology. This effect was only found in the presence of high concentrations of EG 

(20% and 40%), whereas our current study used 15% EG; it is possible that the phenol 

red content in the vitrification solution of this current study did not impact follicular 
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morphology. Furthermore, they only looked at the effects of phenol red immediately 

after warming, and not at the ability of the ovarian tissue to recover from the damage. 

The current study was also the first to investigate the effect of sucrose in the vitrification 

solution on feline ovarian tissue. As was found in fetal bovine tissue [21,44], the 

presence or absence of sucrose did not impact follicular morphology or health; it was 

even found to have deleterious effects in pigs [65], goats [38] and cows [61].  

In conclusion, we were able to successfully vitrify peri-pubertal feline ovarian 

tissue. We determined that CPA exposure temperature has an effect on follicular 

morphology, viability and RNA synthesis, with 4ºC being the recommended 

temperature, while sucrose does not affect follicular health. Though the ovarian tissue 

vitrification and culture protocols can still be improved to achieve better morphology and 

increased viability of follicles after 7 days of culture, this study has provided the basis for 

studying the molecular pathways involved with DNA damage and repair. Furthermore, 

this protocol can be used as a starting point for developing ovarian tissue vitrification in 

wild felid species.  
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GENERAL DISCUSSION AND SUMMARY  
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The goal of this dissertation was to advance our understanding of folliculogenesis 

in order to improve fertility preservation in women and gamete rescue of wild species. 

This was done by investigating primordial follicle activation in vitro and optimizing 

ovarian tissue vitrification protocols to preserve follicular reserves. Using a fetal bovine 

model, I aimed to examine the effects of BMP4 on follicular activation and the 

KITLG/KIT pathway. I then used the same model to assess the impact of ovarian tissue 

cryopreservation on both follicular health and the capacity of primordial follicles to 

activate. Lastly, I endeavored to optimize a protocol of ovarian tissue vitrification in the 

domestic cat as a model for wild felid species and examine some of the molecular 

effects of vitrification on follicular health and function. This chapter will provide a 

summary for the pertinent findings, and will suggest possible future directions. 

BMP4 and primordial follicle activation in cattle 

In Chapter 2, BMP4 was shown to stimulate primordial follicle activation in the 

fetal bovine model. Though a low concentration of BMP4 induced activation in vitro, an 

equal dose of BMP7 did not. A higher concentration of BMP7 may be required to 

stimulate activation; more studies are needed to determine its minimum effective dose, 

if there is one. It would also be interesting to determine if BMP4 and BMP7 have an 

additive or synergistic effect when combined during culture, as BMP4/BMP7 

heterodimers have been shown to be better activators of their pathways than their 

respective homodimers [1]. This could be tested by performing a dose-response study 

with increasing concentrations of both BMP4 and BMP7. 
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While I demonstrated that BMP4 has an effect on the KITLG/KIT pathway, the 

mechanisms involved were not identified. The effects of BMP4 on activation were 

abrogated by ACK-2, a KIT blocker, though tissue culture with BMP4 for one or two 

days did not affect KIT or KITLG mRNA levels. There are a couple of possible 

explanations for this disparity. One is that BMP4 does not regulate mRNA expression, 

but rather modulates translation of mRNA; this hypothesis could be tested by analyzing 

protein expression by Western blots. Another explanation is that the primers used in the 

qPCR assay were designed to recognize mRNA for both the soluble and the 

membrane-bound forms of KITLG [2], while bovine granulosa cells are known to 

secreted mostly the soluble form [2]. It is therefore possible that the membrane-bound 

form of KITLG is responsible for the stimulation of the KIT/PI3K/Foxo3a pathway, but 

that the current qPCR parameters were not sensitive enough to detect a significant 

change in expression of its mRNA, in the presence of unchanging levels of mRNA for 

the soluble form. To test this hypothesis, a qPCR could be performed using primers 

specific to the membrane-bound form of mRNA for KITLG, excluding its soluble form; 

corresponding Western blots would also provide additional evidence.  

BMP4 acts by stimulating the R-SMAD1/5/8 pathway, resulting in the binding of 

the SMAD complex to target DNA; KITLG/KIT binding stimulates the PI3K/Akt/Foxo3a 

pathway, which results in nuclear export of Foxo3a and resumption of the cell cycle. If 

BMP4 does act upstream of the KITLG/KIT pathway, this could also be tested by 

blocking the action of SMAD cascade through dephosphorylation of R-SMAD1/5/8. 

Knockdown of R-SMAD1/5/8 has been achieved using siRNA [3]; however this 
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technique is not yet available for primordial follicles. Dorsomorphin blocks the action of 

BMP type I receptors ALK2, ALK3 and ALK6 and thereby blocks BMP-mediated 

phosphorylation of SMAD1/5/8 [4]. If culture of fetal bovine ovarian tissue in the 

presence of BMP4 and dorsomorphin leads to decreased mRNA or protein levels of KIT 

or KITLG, this would provide further evidence that BMP4 acts upstream of KITLG/KIT. It 

would also be interesting to perform chromatin immunoprecipitation (ChIP) using the R-

SMAD1/5/8 and Co-SMAD 4 complex to identify the target DNA to which it binds in 

response to BPM4; this would provide information on the factors connecting the 

BMP/SMAD cascade to the KIT/PI3K pathway.   

In conclusion, while we have provided additional evidence in this dissertation of 

BMP4’s interaction with the KITLG/KIT pathway, much research is needed for better 

understanding of the connection between the two. Furthermore, studies should be 

performed to determine if the pathways we have examined in vitro also apply to in vivo 

systems.  

Ovarian tissue cryopreservation and primordial follicle activation in cattle 

The experiments in Chapter 3 were the first to examine the effects of CPA 

exposure and vitrification on primordial follicle activation. Using the fetal bovine model, I 

found that primordial follicles from CPA-exposed and vitrified ovarian tissue maintain the 

ability to respond to insulin and activate following seven days of culture. Furthermore, 

primordial follicles in ovarian tissue cultured without insulin following exposure to CPA 

and vitrification did not activate, as expected. This demonstrated that our protocol of 

ovarian tissue cryopreservation did not impact, positively or negatively, primordial follicle 
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activation. Furthermore, I found that the damage sustained by fetal bovine ovarian 

tissue during CPA exposure and vitrification can be mitigated by appropriate culture 

conditions. This is an exciting and novel finding, and it would be interesting to determine 

if primordial follicles from vitrified-warmed tissue can still activate in response to BMP4 

and KITLG, as confirmation of our findings with insulin. Similarly, an investigation of the 

PI3K/Akt/Foxo3a pathway would provide much information regarding the effects of 

vitrification on survival and cell cycle resumption. This could be done by Western blots 

of key components of the pathway in their phosphorylated and unphosphorylated states 

in response to culture with KITLG.  

The definitive proof that our protocol of needle immersion vitrification does not 

have a long-term impact on primordial follicle health and function would be to perform a 

complete in vitro oogenesis cycle, resulting in mature oocytes, fertilization and live birth 

of offspring. While this technique has only been achieved in the mouse using fresh 

tissue [5,6], Wang et al. demonstrated that mature oocytes could be recovered from 

mouse ovarian tissue following needle immersion vitrification and allografting and 

fertilized to produce 2-cell embryos [7]. It would therefore be possible to combine both 

techniques and perform in vitro folliculogenesis using primordial follicles from vitrified-

warmed ovarian tissue. Though this would be limited to the mouse at the moment, 

advancements in culture techniques should one day soon permit this in other species, 

including the fetal bovine model.  
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Molecular impact of vitrification on feline ovarian tissue 

In Chapter 4, I demonstrated that feline intraovarian preantral follicles were able 

to survive ovarian tissue cryopreservation. Furthermore, I provided evidence that EU 

incorporation and visualization could be used as a marker for follicular health and 

function through assessment of nascent RNA transcription. This was the first study to 

systematically examine the effect of CPA exposure temperature on follicular health; we 

determined that exposure at 4ºC was preferable to RT, as it resulted in higher 

percentages of morphologically normal and EU-positive follicles. While CPA exposure of 

ovarian tissue prior to vitrification had been performed at 4ºC in other species (humans 

[8,9], sheep [10], macaques [11], mice [12], baboons [13]), it had never been examined 

as a controlled variable. This is an example of the lack of consistent and stepwise 

analysis of variables common in studies on cryopreservation, as discussed in Chapter 

1. Though not perfect, we hope that the pilot studies outlined in Appendix B will provide 

guidelines for evaluating vitrification variables; we also believe that the findings of such 

pilot studies should be made available, as they provide much valid and necessary 

information regarding optimization of cryopreservation protocols.  

In addition to being the first study to examine the effects of CPA exposure 

temperature in any species, Chapter 4 was also the first to use nascent RNA 

transcription as a marker for follicular health and function following gamete 

cryopreservation. This assay allows us to visualize and quantify the effects of CPA 

exposure and vitrification on vital metabolic pathways immediately after warming and 

early during the culture period. It would be very interesting to perform this assay in 

vitrified fetal bovine ovarian tissue, as follicular morphology was poorer immediately 
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after warming but recovered over time in culture. We would hypothesize that while 

bovine follicular morphology was transiently affected by CPA exposure and warming, 

RNA synthesis was not gravely impacted, or at least not to the same extent as in the 

cat.  

Though our original plans of investigating DNA damage and repair mechanisms 

following vitrification of feline ovarian tissue were impeded by decreased RNA synthesis 

and total RNA concentrations (Appendix C), the planned assays could be performed in 

vitrified fetal bovine tissue, as it mitigated cytotoxic and osmotic damage better than in 

the cat. These assays include RT-qPCR analysis of mRNA expression for ABL1 and 

RAD51, markers for DNA damage and repair respectively [14], and quantitative DNA 

laddering though qPCR [15].  

While peri-pubertal feline ovarian tissue partially sustained follicular health and 

function following vitrification and culture, it did not mitigate and repair the damage as 

fetal bovine ovarian tissue could. Though this could be due to species-specific effects of 

CPA exposure and vitrification, it could also be due to age, with younger ovaries being 

more resilient and capable of mitigating damage caused by CPA toxicity and osmotic 

shock. Fetal bovine ovaries have a lower fibrin content that adult bovine ovaries [16], 

which could improve their permeability to CPA. It is also possible that fetal bovine 

ovaries are capable of preventing or mitigating the formation of free radicals that can 

occur in response to CPA [17]. Furthermore, feline oocytes have a high lipid droplet 

content [18], which in turn can affect CPA permeation into the oocyte. This could explain 

why fetal bovine follicles were more resilient to cryoinjury than the feline follicles.  
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It is also important to note that little is known about the effects of 

cryopreservation on genomic imprints and epigenetic modification in follicles and 

oocytes [19]. Previous somatic epigenetic modifications are erased at the beginning of 

oogenesis and maternal DNA methylations are acquired in primary to antral stage 

follicles. Therefore, oocytes from primordial follicles should not be affected, but the 

supporting somatic cells (granulosa, theca and stroma) may be susceptible to errors in 

genomic imprinting. Additionally, maternal DNA methylation and other epigenetic 

modifications could be affected in primary follicles subjected to vitrification. As ovarian 

tissue vitrification becomes an important part of fertility preservation and gamete rescue, 

the epigenetic effects of CPA exposure and ultra-fast cooling need to be thoroughly 

investigated.  

Conclusions 

In this dissertation, I have successfully accomplished the goals I set out to 

achieve. I presented evidence for an effect of BMP4 on primordial follicle activation in 

the fetal bovine model and provided evidence of its action on the KITLG/KIT pathway. I 

determined that exposure to CPA and vitrification did not impact the ability of bovine 

primordial follicles to activate. Lastly, I performed a novel molecular analysis of the 

effects of CPA exposure and vitrification on follicular health in feline ovarian tissue in 

vitro. In addition, I identified key factors of vitrification and developed a successful 

protocol for the vitrification of fetal bovine and peri-pubertal feline ovarian tissue. While 

these protocols can still be improved, they provide the basis for the development of 
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cryopreservation protocols for fertility preservation in women and gamete rescue in 

wildlife conservation. 
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APPENDIX A 

Supplementary figures 

 

 

 

 

Figure A.1 - Effect of fetal bovine cortical pieces cultured for one or two days with BMP4 
(50 ng/ml) on mRNA levels for KIT and KITLG, from six biological replicates. KIT and 
KITLG mRNA levels were normalized to POLR2A. Data are fold–difference ± SD
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APPENDIX B 

Optimizing follicular integrity in feline ovarian tissue during vitrification 

Introduction 

Ovarian tissue cryopreservation followed by tissue culture is a promising 

approach to preserving the fertility of biomedical models and endangered species. 

Successful preservation of primordial follicle integrity and function was achieved 

recently in our laboratory in fetal bovine tissues (Chapter 3). The objective of the 

present study was to explore a similar approach in post-natal ovarian tissue of domestic 

cats – a key model species for wild felids. A series of pilot studies was conducted to 

identify and optimize appropriate variables of vitrification in a stepwise manner. 

Materials and Methods 

Ovaries were collected from 11 peri-pubertal cats (3 to 6 months of age) at local 

spay clinics. Ovarian cortical pieces were obtained by isolating the cortex and dissecting 

it into 1 x 1 x 0.2 mm3 pieces. The cortical pieces then were threaded onto 30 G 

needles (8 pieces per needle, one needle per treatment group per animal replicate), 

exposed to CPA (see below), plunged directly into liquid nitrogen and stored for ≥24 h in 

liquid nitrogen. At warming, the needles were transferred quickly through a sucrose 

gradient (1 M, 0.5 M, 0.25 M and 0 M) at 37ºC. The cortical pieces then were cultured in 

our standard laboratory conditions (described in Chapter 4) for 0, 1 or 7 days to 

determine the ability of the tissue to recover from cryoinjury. For each treatment group 
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and at each time point, two cortical pieces underwent histological preparations for 

hematoxylin and eosin staining to determine the mean percentage of normal follicles (as 

described in Chapter 4). Each treatment group had 2 to 6 animals with 2 technical 

replicates each; data are means ± SEM and were analyzed by ANOVA followed by 

Tukey’s multiple comparisons test. Differences were considered significant at P < 0.05.  

Experimental Design 

Cortical pieces were prepared for vitrification by exposure to an equilibration 

solution (ES; 7.5% dimethyl sulfoxide (DMSO) + 7.5% ethylene glycol (EG) + 20% fetal 

bovine serum (FBS)) followed by a vitrification solution (VS; 15% DMSO + 15% EG + 

20% FBS). The variables investigated through these experiments included exposure 

time to ES (10 min or 25 min) and VS (2 min or 10 min), the sucrose content of VS (0 or 

0.5 M), the exposure temperature (room temperature (RT) or 4ºC), and the base 

medium for ES, VS and warming solutions (Dulbecco’s PBS or Eagle MEM with Hank’s 

salts). For each trial, fresh tissue that had not been exposed to CPA or vitrified was 

used as a control. The treatment groups are summarized in Table B.1. 
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Results and Discussion 

For all trials, the fresh controls maintained a constant percentage of 

morphologically normal follicles (P ≥ 0.05) throughout the culture period (Day 0: 62.5% 

± 4.0; Day 1: 48.2% ± 5.7; Day 7: 53.8% ± 7.3). Results are summarized in Fig. B.1. 

For the first trial, cortical pieces were exposed to ES for 10 min followed by 

exposure to VS with 0 or 0.5 M sucrose for 2 or 10 min, using DPBS as the base 

medium. Those exposed to VS with sucrose for 10 min had the highest percentage (P < 

0.05) of normal follicles throughout the culture period (Day 0: 43.4% ± 6.0; Day 1: 

12.1% ± 5.1; Day 7: 19.5% ± 0.0), while those exposed to VS without sucrose for 10 

min had the lowest (Day 0: 9.8% ± 6.9; Day 1: 0.2% ± 0.2; Day 7: 1.0% ± 0.4). Exposure 

of cortical pieces to VS with sucrose for 2 min resulted in percentages of 

morphologically normal follicles (Day 0: 35.5% ± 3.6; Day 1: 11.9% ± 3.6; Day 7: 5.6% ± 

1.0) similar to those exposed to VS with sucrose for 10 min (P > 0.05) and those 

exposed to VS without sucrose for 2 min (Day 0: 22.7% ± 4.0; Day 1: 4.0% ± 1.7; Day 7: 

4.4% ± 3.6; P > 0.05). 

As exposure to VS for 10 min with sucrose yielded the best results, the next 

experiment exposed cortical pieces to ES for 25 min, followed by 10 min in VS with 

sucrose. While the percentage of normal follicles on Day 0 did not differ from those 

exposed to ES for 10 min in the previous trial (33.8% ± 6.6%; P > 0.05), the morphology 

rapidly degraded over the culture period (Day 1: 0.7% ± 0.5; Day 7: 0.0% ± 0.0; P < 

0.05). In fact, it was the least successful protocol of the experiment. This suggests 
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prolonged exposure to CPAs, even at lower concentrations of ES, is detrimental to 

follicular health.  

Next we hypothesized that substituting Eagle MEM with Hank’s salts for DPBS 

as the base medium for the ES, VS and wash solution might improve follicular 

morphology, as Eagle MEM contains amino acids and buffering agents that maintain 

constant pH in ambient air. Considering that cortical pieces spend a non-negligible 

amount of time between dissection and culture during the vitrification and warming 

process, the use of a more stable and nutritious base medium could help improve 

follicular health. Additionally, we became concerned that our previous method of 

warming the tissue, transferring the needles to approximately 20 ml of warming solution 

in a culture dish on a slide warmer set to 37ºC, may not be conducive to uniform and 

rapid warming of the tissue. Therefore, we decided to try a new system, where large 

glass beakers containing 40 ml of warming solution would be placed in a deep water 

bath set to 37ºC. In theory, this would allow for the warming solution to be maintained at 

the right temperature more evenly, thereby improving tissue warming. Using Eagle 

MEM as the base medium, cortical pieces were exposed to ES for 10 min followed by 

VS with or without sucrose for 10 min. Morphology was improved compared to the 

similar treatments using DPBS in the first trial without sucrose (Day 0: 32.7% ± 4.1; Day 

1: 21.6% ± 5.6; Day 7: 3.7% ± 1.1; P < 0.05), and consistent with those with sucrose 

(Day 0: 49.0% ± 4.9; Day: 22.9% ± 4.5; Day 7: 22.2% ± 8.1%; P > 0.05). 

As the use of Eagle MEM and a water bath system improved follicular 

morphology, we next investigated the effect of exposure temperature. A review of the 
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literature indicated that exposing ovarian tissue to CPA at 4ºC instead of RT may be 

beneficial to follicular health. Therefore, we exposed cortical pieces to ES for 10 min 

and VS with or without sucrose for 10 min either at RT or at 4ºC. As the previous trial 

consisted of the same treatment groups as half of this trial (exposure at RT), the results 

for those treatment groups were merged together for analysis. Decreasing the exposure 

temperature from RT to 4ºC improved follicular morphology for tissue exposed to VS 

with sucrose for 10 min (Day 0: 58.2% ± 11.1; Day 1: 37.8% ± 4.7; Day 7: 1.6% ± 0.8), 

but exposure to VS without sucrose for 10 min at 4ºC resulted in the best overall 

follicular morphology (Day 0: 51.4% ± 9.4; Day 1: 31.8% ± 5.9; Day 7: 24.2% ± 11.7). 

This last treatment group was the only one to have percentages of normal follicles not 

significantly different from the fresh control at all time points (P ≥ 0.05). 

In conclusion the vitrification protocol for feline ovarian tissue that resulted in the 

best follicular morphology included exposed to ES and VS for 10 min each at 4ºC, using 

MEM as the base medium; the effect of sucrose content of VS is still unclear. This 

protocol provides a solid foundation on which to optimize ovarian tissue 

cryopreservation in the domestic cat and to investigate the molecular effects of 

vitrification.  
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APPENDIX C 

The effect of vitrification on ovarian tissue RNA and DNA concentrations 

Introduction 

Following the pilot studies outlined in Appendix B, we aimed to examine the 

effects of CPA sucrose content and exposure temperature on ovarian tissue vitrification 

with respect to DNA damage and repair mechanisms. In addition to analyzing follicular 

morphology and viability following culture, as described in Chapter 4, our goal was to 

quantify DNA damage and repair through two assays. The first assay was RT-qPCR for 

mRNA expression of ABL1 and RAD51, markers for DNA damage and repair 

respectively; ABL1 binds to DNA at the site of double strand breaks, while RAD51 is 

activated by ABL1 and is part of the repair mechanism [1]. The second assay is a new 

method of assessing quantitative DNA laddering, developed by Deagle et al. [2], which 

uses qPCR to analyze DNA degradation based on proportions of various product sizes.  

Materials and methods 

Feline ovarian tissue was dissected, exposed to cryoprotectants, and vitrified as 

described in Chapter 4, resulting in five treatment groups: cortical pieces not exposed to 

CPA or vitrified (Control); cortical pieces exposed to VS without sucrose at RT (RT); 

cortical pieces exposed to VS with sucrose at RT (RT + Suc); cortical pieces exposed to 

VS without sucrose at 4ºC (4ºC); and cortical pieces exposed to VS with sucrose at 4ºC 
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(4ºC + Suc). Instead of fixing tissue for histological analysis or subjecting it to a calcein-

AM assay for viability determination, two pieces of tissue from each treatment group 

were pooled in RNAlater until processing.  

DNA and RNA extraction were performed simultaneously using an All Prep 

DNA/RNA Mini Kit (Qiagen). Tissue was homogenized using a rotor-stator 

(TissueRuptor, Qiagen), and the DNA and RNA phases were separated and purified 

according to the manufacturer’s instructions. DNA and RNA quantity and purity were 

determined by Nanodrop. Each treatment group had a sample size n = 2; data are 

mean ± SD and were analyzed by ANOVA followed by Tukey’s multi comparison test. 

Differences were considered significant at P < 0.05.  

Results and Discussion 

Before we could proceed with reverse transcription and RT-qPCR in order to 

measure levels of mRNA for ABL1 and RAD51, a problem became apparent following 

RNA extraction and purification. For the first two biological replicates processed, RNA 

concentrations appeared to decrease dramatically in vitrified cortical pieces compared 

to the control following 1 and 7 days of cultures. After statistical analysis, we found that 

the difference was indeed significant both at Day 1 (Fig. C.1; P < 0.05) and Day 7 (Fig. 

C.1; P < 0.05). RNA concentration did not vary between treatment groups on Day 0 

however (Fig. C.1; P > 0.05).  
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We also observed a corresponding change in DNA concentration. Though DNA 

concentration did not vary among treatment groups on Day 0 or Day 1 (Fig. C.2; P > 

0.05), all vitrified cortical pieces had lower concentrations of DNA compared to the 

control on Day 7 (Fig. C.2; P < 0.05).  

Together these suggest that the damage caused by CPA exposure and 

vitrification potentially affected RNA and/or DNA integrity, as well as RNA transcription. 

Because of the low concentrations of RNA and DNA, we were not able to perform the 

RT-PCR and qPCR analyses as planned. Instead, we decided to investigate nascent 

RNA synthesis following a shorter culture period to determine if vitrification affected 

RNA transcription mechanisms. The assay and its results are discussed in Chapter 4.  

Immediately following warming, nascent RNA synthesis in vitrified cortical pieces 

was significantly lower than for the fresh controls (Fig. 4.6); however, RNA 

concentrations did not differ (Fig. C.1). This suggests that vitrification did not affect the 

RNA present at the time of vitrification and warming, but did affect the pathways 

involved in RNA transcription. The decreases in RNA concentrations in vitrified cortical 

pieces compared to controls after one day of culture would then be a result of reduced 

nascent RNA synthesis seen on Day 0 and Day 1. As RNA transcription is impeded, it 

would affect all metabolic pathways, including DNA synthesis and repair; this would 

then explain the decrease in DNA concentration seen in vitrified tissue after seven days 

of culture (Fig. C.2).  

 



  

    

 

Fi
gu

re
 C

.2
 - 

Ef
fe

ct
 o

f s
uc

ro
se

 c
on

te
nt

 a
nd

 C
PA

 e
xp

os
ur

e 
te

m
pe

ra
tu

re
 o

n 
D

N
A 

co
nc

en
tra

tio
n 

in
 v

itr
ifi

ed
-w

ar
m

ed
 fe

lin
e 

ov
ar

ia
n 

tis
su

e 
im

m
ed

ia
te

ly
 a

fte
r w

ar
m

in
g 

an
d 

af
te

r o
ne

 o
r s

ev
en

 d
ay

s 
of

 c
ul

tu
re

. D
at

a 
ar

e 
m

ea
ns

 ±
 S

D
 (n

 =
 2

). 
M

ea
ns

 

w
ith

ou
t c

om
m

on
 le

tte
rs

 w
ith

in
 e

ac
h 

tim
e 

po
in

t d
iff

er
 (P

 <
 0

.0
5)

. 

180 



 

 181 

Though we were not able to do a molecular analysis of DNA damage and repair, 

we provided evidence that ovarian vitrification affects RNA and DNA concentrations, 

which could be both the cause and the result of defective metabolic pathways.  
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