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Abstract 24 

For many decades, the dogma prevailed that female mammals had a finite pool of 25 

oocytes at birth and this was gradually exhausted during a lifetime of reproductive 26 

function. However, in 2004, a new era began in the field of female oogenesis. A 27 

study was published that appeared to detect oocyte-stem cells capable of generating 28 

new eggs within mouse ovaries. This study was highly controversial and the years 29 

since this initial finding have produced extensive research and even more extensive 30 

debate into their possibility. Unequivocal evidence testifying to the existence of 31 

oocyte-stem cells (OSCs) has yet to be produced, meanwhile the spectrum of views 32 

from both sides of the debate are wide-ranging and surprisingly passionate. Although 33 

recent studies have presented some convincing results that germ cells exist and are 34 

capable of creating new oocytes, many questions remain. Are these cells present in 35 

humans? Do they exist in physiological conditions in a dormant state? This 36 

comprehensive review first examines where and how the dogma of a finite pool was 37 

established, how this has been challenged over the years and addresses the most 38 

pertinent questions as to the current status of their existence, their role in female 39 

fertility, and perhaps most importantly, if they do exist, how can we harness these 40 

cells to improve a woman’s oocyte reserve and treat conditions such as premature 41 

ovarian insufficiency (POI: also known as premature ovarian failure, POF). 42 

43 
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Introduction 44 

Male germ line cells are produced continuously throughout adult life (Brinster 2007) 45 

but female oogenesis is less well understood. At birth, 500,000-1,000,000 primordial 46 

follicles are estimated to be present (each containing a primary oocyte). However, 47 

this number declines rapidly with ~25,000 remaining in the ovaries by 38 years of 48 

age, and then decreasing ever more rapidly until ~1000 remain by ~51 years of age 49 

resulting in menopause (Hansen, et al. 2008). With a woman ovulating once a month 50 

from puberty to menopause, less than 500 of these oocytes will ever be ovulated. 51 

However, recent controversy exists regarding the origin of these oocytes - are they 52 

all present at birth as has been thought for years, or does postnatal oogenesis occur 53 

in females as more recently proposed? Data is accumulating to indicate a pool of 54 

stem cells exists within mammalian ovaries and can be manipulated to produce 55 

oocytes in vitro. However, the function of any such stem cells in vivo is not 56 

understood and their natural function, if any, remains elusive. 57 

 58 

The origin of the debate 59 

These primordial germ cells appear under many guises in current research; often 60 

known as germline stem cells (Bukovsky 2011, Bukovsky, et al. 2004, Byskov, et al. 61 

2005, Gosden 2004), ovarian stem cells (Dunlop, et al. 2013, Esmaeilian, et al. 2015, 62 

Virant-Klun, et al. 2008), putative stem cells (Bui, et al. 2014), primordial germ cells 63 

(David 1974) and occasionally known as premeiotic germ cells (Niikura, et al. 2009), 64 

ovarian germ stem cells (Patel, et al. 2013) or oogonial stem cells (Anderson 2013, 65 

Imudia, et al. 2013). For clarity, in this paper they will be referred to as oocyte-stem 66 

cells (OSCs).  67 

Initial studies of OSCs were few and far between, based on different species 68 
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and generated conflicting ideas about their nature. Waldeyer, in 1870, stated that 69 

oocyte production ceases shortly after birth in female mammals, based on various 70 

studies of the ovaries of multiple mammals, including humans, dogs and cats (Table 71 

1). Although widely quoted, the full transcript of this paper is in german, creating the 72 

potential for details to get lost in translation (Waldeyer 1870). This view was 73 

supported by Pearl and Schoppe in 1921 (Table 1) who declared that primary oocyte 74 

supply was not increased during adult life; their conclusions were based on counting 75 

visible oocytes from the ovaries of reproduction age fowl and also results on fowl 76 

from 8 years previously (Pearl and Schoppe 1921). Although interesting, the 77 

physiology of fowl differs substantially from that of mammals. A quote from Pearl and 78 

Schoppe’s 1921 paper states “It has been held as a basic biological doctrine that 79 

during the life of the individual there neither is nor can be any increase in the number 80 

of primary oocytes beyond those originally laid down when the ovary was formed.” 81 

(Pearl and Schoppe 1921). However, their research contradicts their conclusions 82 

since further oocytes could apparently be produced after mechanical damage to the 83 

fowl ovary; however, the potential source of these ‘new’ oocytes is not discussed 84 

within the paper. In 1923, Allen reviewed evidence supporting and opposing oocyte 85 

regeneration in adult rats, and investigated the possibility of oocyte production in 86 

adult mice (Allen 1923). The investigations were based on data from Arai in 1920 87 

(Arai 1920) who studied rats with one ovary removed prior to puberty (semi-spayed); 88 

this provided evidence for equal ovarian function between healthy and semi-spayed 89 

rats, based on the total number of eggs obtaining maturity. They proposed that if no 90 

compensation mechanism were present, the semi-spayed rats would produce half of 91 

the number of mature eggs when compared with non-spayed rats. In order to 92 

research ovarian function further, Allen studied histologically defined mitotic cells 93 
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within the ovarian surface epithelium of mouse ovaries that were either semi-spayed 94 

before puberty, after puberty, or non-spayed. The number of mitotic germ cells 95 

identified in semi-spayed mice correlated with different stages of the oestrous cycle, 96 

indicating a cyclical pattern of cell proliferation (Allen 1923). Allen concluded that the 97 

mitotic cells were markers of postnatal oogenesis. However, these mitotic cells could 98 

represent a compensatory mechanism of increased immature follicle development, 99 

namely the initial development and division of the theca and granulosa cells within 100 

the follicle, following removal of one ovary. Furthermore, this compensation may 101 

occur without any oogenesis. The cyclical pattern of mitotic activity within the ovary, 102 

whatever it represents, was supported by Bullough’s lab in 1942 studying mitotic 103 

activity in the ovarian surface epithelium of the adult mouse throughout the oestrous 104 

cycle (Bullough 1942).  105 

 Despite these diverse findings from various groups over the previous 50 years, 106 

Zuckerman et al. published a paper in 1951 with conclusions that would become 107 

dogma for over 50 years (Zuckerman 1951) (Table 1). A review of the previous 108 

evidence was performed by Zuckerman, which included experiments involving 109 

irradiation of the ovary and the resulting ischaemic degeneration of the ovarian 110 

surface epithelium in rats and monkeys. The conclusion of the review was that neo-111 

oogenesis in mammals did not occur postnatally beyond a few days and did not 112 

occur following irradiation. This paper marked a conclusive rejection of the idea of 113 

postnatal oogenesis that would predominate for over 50 years. The conclusions of 114 

Zuckerman were supported by Peters in 1962 (Table 1), who analysed DNA 115 

synthesis within mouse oocytes (Peters, et al. 1962). Peters et al, investigated DNA 116 

synthesis in oocytes using a radioactive DNA precursor, in the form of tritium-labelled 117 

thymidine, injected at different days of gestation. The results revealed that germ cell 118 
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DNA synthesis became insignificant at embryonic day 18 (E18)(Peters, et al. 1962). 119 

However, this study did not study mice postnatally, which limits conclusions that can 120 

be drawn in relation to neooogenesis post birth.   121 

 This conclusion was widely accepted, however a different picture was found in 122 

ovaries of prosimian primates by Ioannou in 1967 (Ioannou 1967). Ovaries of adult 123 

prosimian primates Perodicticus, Galago and Loris animals were studied and 124 

oogonia undergoing mitosis or meiosis were anaylsed using two methods to identify 125 

oogonia; histological identification of cells in different stages of division, and the 126 

presence of DNA-synthesising germ cells using an autoradiographic technique. Both 127 

techniques demonstrated the presence of oogonia undergoing mitosis (mostly 128 

prophase and interphase), as well as oocytes at successive stages of meiosis up to 129 

diplotene (Ioannou 1967). Baker’s group, also using an autoradiographic method to 130 

identify germinal cells within the ovaries of Loris primates, supported the conclusion 131 

that germinal cells are present and dividing, and therefore that post-natal oogenesis 132 

occurs (David 1974). However, identification of mitotic cells was limited to histological 133 

analysis of haematoxylin stained sections, with no specific staining for oocyte 134 

markers. The dividing cells could therefore be granulosa/theca cells, or other support 135 

cells present within the ovary. 136 

 137 

A New Era 138 

Despite these findings in Loris primates, Zuckerman’s conclusions prevailed and 139 

were essentially unchallenged until 2004, when Tilly’s group published a paper 140 

refuting them entirely (Johnson, et al. 2004). Johnson et al. studied follicle dynamics 141 

within mouse ovaries from embryonic development through to adulthood. Immature 142 

follicles were the focus, and were defined as primordial, primary or preantral 143 
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according to the layers of surrounding cells and morphology. Follicle depletion was 144 

analysed by determining the numbers of immature follicles that were healthy, 145 

degenerating or contained a fragmented oocyte (classified as atretic), and resulted in 146 

data inconsistent with oogenesis terminating shortly after birth (Johnson, et al. 2004). 147 

Tilly’s group also studied oogenesis in post-natal mouse ovaries through a variety of 148 

methods; BrdU and mouse Vasa homolog (MVH; a germ cell marker) detection was 149 

used to identify presumptive oocyte stem cells. Expression of mitotic gene markers 150 

indicated that these cells were dividing. In addition, growth of GFP-labelled OSCs 151 

into follicles when implanted into wild-type mouse ovaries provided evidence for their 152 

potential function in vivo. These results supported the following conclusion: “adult 153 

mouse ovaries contain stem cells capable of generating new eggs that can be 154 

fertilised to produce viable offspring.” (Johnson, et al. 2004). 155 

 The claim of post-natal mammalian oogenesis polarised the scientific 156 

community, with many studies supporting the presence of OSCs (Bukovsky, et al. 157 

2005, Johnson, et al. 2005a, Niikura, et al. 2009, Pacchiarotti, et al. 2010, Parte, et 158 

al. 2011, Virant-Klun, et al. 2008, White, et al. 2012, Zhang, et al. 2011, Zhou, et al. 159 

2014, Zou, et al. 2009), whilst many others believed the data had been 160 

misinterpreted refuting the finding of OSCs (Bristol-Gould, et al. 2006, Byskov, et al. 161 

2011, Kerr, et al. 2012, Lei and Spradling 2013, Liu, et al. 2007, Yuan, et al. 2013, 162 

Zhang, et al. 2012) and required further evidence before believing the existence of 163 

OSCs and the idea that this work could be extended to other mammals, including 164 

humans (Telfer 2004). However, it is questionable whether studies using alternate 165 

species can be used to refute Tilly’s claims in mice. Although the core question about 166 

the existence of these cells remains to many unanswered, even for those who 167 

believe in them, further questions must also be addressed, the most important of 168 
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these being why do women undergo the menopause if these cells exist? Also, if not 169 

contributing to the number of primordial follicles when the population is running low, 170 

what is their function in ovarian biology? The use of OSCs, if functional, could not 171 

only revolutionize reproductive therapies (Dunlop, et al. 2013), but extend to 172 

prevention of post-menopausal health conditions, making the debate surrounding 173 

post-natal oogenesis even more significant.  174 

 175 

Do OSCs exist? 176 

The quest for these elusive OSCs in adult mammals was ignited by Tilly’s work in 177 

2004, and the subject has gained much momentum. The search has been fueled by 178 

the fact that invertebrates undergo postnatal oogenesis (Shim, et al. 2014). The 179 

oogenesis cycle of drosophila melanogaster, for example, is well understood, with 180 

postnatal oogenesis being well characterized (Lin and Spradling 1997). Drosophila 181 

have a dynamic oogenesis process, with a new ovarian follicle being produced every 182 

12 hours. Oocytes are produced continuously from germ cells throughout adulthood, 183 

as and when they are required, with homeostatic regulation based on nutritional and 184 

sperm availability. Oocytes do not stop being produced until the death of the animal, 185 

and thus drosophila do not undergo menopause (Morris and Spradling 2011). 186 

 Postnatal oogenesis occurs in drosophila; however, they have little genetic 187 

similarity to humans. There is also evidence for postnatal oogenesis in prosimian 188 

primates, which are much more closely related to humans, raising the question of 189 

why humans and other mammals would evolve such a comparatively retrogressive 190 

reproductive mechanism. The strategy of producing all oocytes in fetal life, which 191 

requires preserving them for potentially decades (leaving them vulnerable to an 192 

accumulation of genetic damage) is risky, whereas, oocytes generated from stem 193 
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cells would be a more resilient strategy. However, this evolutionary argument that 194 

postnatal oogenesis reduces the risk of cumulative genetic damage to oocytes is not 195 

evidence that there is a need for such cells in human fertility, let alone the existence 196 

of OSCs or any functionality they would provide.  197 

  198 

Does normal reproductive activity require OSCs? 199 

Scientists have attempted to demonstrate a physiological requirement for OSCs with 200 

mathematical models of the mammalian ovary. In 1987, the rate of atresia in the 201 

ovaries of adult mice of the CBA/Ca strain was studied, finding a significant rate of 202 

atresia despite constant follicle numbers. However, the peak of follicle atresia, 203 

studied using differential follicle counts in histologically sectioned ovaries, was 204 

detected at 20 days of age, with a decline in atresia after this period (Faddy, et al. 205 

1987). This peak of atresia at 20 days could indicate an instability in oocyte numbers 206 

in the early post-natal period which may later plateau and stabilise, and thus may not 207 

indicate a continued post-natal oogenesis (Faddy, et al. 1987). This paper was not 208 

given the attention it deserved, and mathematical models of postnatal oogenesis 209 

were largely ignored until 2004. Tilly’s group, who in 2004 controversially described 210 

the existence of OSCs in mammals, used mathematical modeling of immature follicle 211 

numbers as an initial argument for oogenesis in adult mice (Johnson, et al. 2004). 212 

They found significant atresia of immature follicles in the adult mouse ovary, reaching 213 

a peak of 1200 dying follicles on day 42 of life. At such a high rate of atresia, the 214 

follicle reserve would not be expected to last through reproductive lifespan. 215 

Furthermore, when immature follicle numbers were assessed in mature mice, they 216 

were found to be less depleted than expected, with a rise in non-atretic follicles of 217 

20% between day 4 and day 42 in one specific mouse strain, namely AKR/J. 218 
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However, to try to minimize strain-specific results, changes in follicle numbers from 219 

birth to adulthood were studied in CD1 and C57BL/6 strains of mice, with comparable 220 

follicular dynamics. The difference in expected depletion versus actual was used to 221 

calculate the rate of neo-oogenesis required to maintain folliculogenesis: 77 oocytes 222 

per day (Johnson, et al. 2004). 223 

 Following these unexpected results from Tilly’s group, numerous other studies 224 

confirmed this constancy of follicular numbers in the prime reproductive period in 225 

mice (Kerr, et al. 2012, Kerr, et al. 2006) and humans (Bukovsky, et al. 2004), but 226 

their explanations for it vary based on the level of atresia observed. The primordial 227 

follicle reserve pool in mouse ovaries from birth to 200 days was quantified (Kerr, et 228 

al. 2006). The number of primordial follicles and oocytes did not significantly 229 

decrease between day 7 and day 100, despite migration and expulsion of hundreds 230 

of oocytes being observed, implying that the lack of decline must involve 231 

neoogenesis. Despite this conclusion, Kerr et al and other groups subsequently 232 

produced data that imply that the lack of a decline in follicle numbers within the prime 233 

reproductive period simply represents a low rate of recruitment and atresia that 234 

makes losses statistically insignificant (Kerr, et al. 2012, Lei and Spradling 2013). 235 

These groups have proposed that the high rate of atresia reported in previous studies 236 

is an artifact of harsh fixation procedures and therefore the numbers of follicles 237 

undergoing atresia are overestimated (Byskov, et al. 2005, Kerr, et al. 2012). In 238 

addition, counting approaches vary between laboratories, which may cause technical 239 

differences in follicle numbers without any biological difference. 240 

 An additional complication in data comparison exists between studies because 241 

mouse age and strain affect follicle dynamics (Byskov, et al. 2005). For example, the 242 

CBA/Ca strain reported a significant decline in primordial follicle numbers between 7 243 



 

11 

and 100 days (Faddy, et al. 1987) which differs to the C57BL/6 strain as used by Kerr 244 

et al (Kerr, et al. 2006). However, as mentioned above, Tilly’s group demonstrated 245 

that certain strains of mice have comparable follicle dynamics.  246 

 Interestingly, a recent study has demonstrated that there are two distinct 247 

waves of follicle development in mice, each with a different speed of follicle 248 

development (Zheng, et al. 2013). Tamoxifen-inducible fluorescent proteins were 249 

used to differentially label the first, prepubertal wave of primordial follicles (induced at 250 

embryonic day (ED) 16.5) and adult primordial follicles (induced at post-natal day 5). 251 

Tracking of the labeled follicles as the mice developed indicated that follicles within 252 

the ovarian medulla were active at ED16.5, revealing a ‘first wave’, whereas cortical 253 

follicles were active and labeled when tamoxifen was injected at postnatal day (PD) 254 

5, demonstrating an adult pool. Tracing the activity of each follicle pool through 255 

puberty into sexual maturity, the prepubertal follicle pool was initially dominant within 256 

the ovary for the first 6-7 weeks of life, facilitating the onset of puberty and sexual 257 

maturity. However, the ‘first wave’ follicles had dropped in proportion to ~20% by 258 

PD60, revealing their rapid decline. On the other hand, the adult follicle pool was 259 

slower developing than the prepubertal follicle pool and made up the majority of 260 

follicles from 6-7 weeks of age. The adult follicle pool also exhibited different growth 261 

dynamics, taking 37 days to develop from primordial to antral follicle, compared with 262 

13 days for the ‘first wave’ (Zheng, et al. 2013), however, whether this is this is due to 263 

intrinsic differences or external factors such as the endocrine environment is yet to 264 

be determined. Nevertheless, when attempting to track the developmental dynamics 265 

of primordial follicles in adult mice, two distinct follicle pools with different growth 266 

rates would be a confounding variable for any mathematical calculation of oogenesis.  267 
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 Although models of follicular dynamics based on mouse ovaries provide 268 

evidence supporting the presence of OSCs, studies of human ovarian reserves do 269 

not reach the same conclusions. Wallace and Kelsey generated a model of human 270 

ovarian reserve from conception to menopause based on the histological evidence 271 

available (Wallace and Kelsey 2010). Any mathematical model which permitted an 272 

increase in numbers of non-growing follicles after 18-22 weeks, which would support 273 

the active functionality of OSCs, displayed a markedly inferior fit with the histological 274 

data than models that excluded this possibility. Therefore, this study, based on data 275 

from human ovaries, provides no evidence to support postnatal oogenesis in normal 276 

human physiology; however, it does not rule out a quiescent pool (Wallace and 277 

Kelsey 2010). Difficulties in identifying and thus studying OSCs may account in part 278 

for the different conclusions drawn from different mathematical models of follicular 279 

dynamics. 280 

 281 

Are data describing OSCs comparable between species?  282 

As the breadth of OSC research has increased, many different species have been 283 

studied, but can the results of research from one species be applied to the oogenesis 284 

pattern of another? In addition to interspecies variation, large individual differences in 285 

follicle number creates variations in follicular quantification data in mice, which 286 

presents a confounding variable even for intraspecies research (Kerr, et al. 2006). 287 

 Animal research, with mice being the most widely studied animal in this field, 288 

allows in vivo investigation that can be more invasive enabling more manipulations 289 

than is possible with humans. With the advancement of gene technology, for 290 

example, it has been possible to produce transgenic mice in which specific cell types 291 

are fluorescently labeled at specific time points (Zheng, et al. 2013); this has 292 
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revolutionised the specificity with which oogenesis can be studied and OSCs 293 

identified. However, follicular dynamics vary widely between mice and humans 294 

(White, et al. 2012), which means that data based on mice should be applied to 295 

humans with caution.   296 

 Although mouse studies currently comprise the majority of the research, other 297 

animal species have also been used in the study of oogenesis, but not without 298 

limitations. Experiments on Drosophila and other invertebrates (Shim, et al. 2014), 299 

demonstrate postnatal oogenesis, but these species lack the genetic similarity to 300 

allow direct comparison with mammals. Adult pigs have also been studied in relation 301 

to neo-oogenesis. In one such study, ovarian biopsies were taken and cultured, with 302 

cells within the cultured tissue expressing both stem and germ cell markers, a 303 

common method of OSC identification. These cells were therefore presumed to be 304 

OSCs (Bui, et al. 2014). However, the fact remains that “proof of neo-oogenesis in 305 

other mammals, such as prosimian primates, mice or pigs does not demonstrate the 306 

presence of neo-oogenesis in adult human ovaries” (Telfer 2004).  307 

 Human research has its own limitations. Due to ethical considerations, 308 

analysis of human ovaries is often limited to biopsies taken alongside a medical 309 

complaint, substantially limiting the amount of tissue that is available to be studied. 310 

The use of ovarian biopsies may not lead to the detection of OSCs even if they are 311 

present within the ovary, as the distribution of putative OSCs may not be uniform. 312 

Furthermore, most conditions that permit an ovarian biopsy may alter reproductive 313 

health from its normal physiological state; many of the samples are from anovulatory 314 

(Virant-Klun, et al. 2008) or dysfunctional ovaries which limits understanding of 315 

postnatal oogenesis in normal human ovaries. However, whole ovaries from human 316 

participants of reproductive age undergoing gender reassignment have been studied 317 
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(White, et al. 2012), from which mitotically active germ cells were reported to be 318 

isolated. The use of whole ovaries as opposed to a small biopsy clearly has 319 

advantages, but only a small sample size was used in this study. Both biopsy and 320 

whole ovary sampling show a snapshot of the process of follicle development and 321 

potential oogenesis, which are highly dynamic and likely cyclical; effects of important 322 

factors such as the menstrual cycle cannot be measured, which limits understanding 323 

of the normal function any such cells may play within the complex environment of the 324 

human body. Importantly, the rate of any human neo-oogenesis is not known, and a 325 

small increase in the follicle reserve could be hard to detect with the sample sizes 326 

used. Such an increase could easily be hidden within statistical variance and 327 

assumed not to exist.   328 

 329 

Can we be sure we are identifying OSCs? 330 

  As scientific research has progressed, the protocols with which researchers 331 

are able to identify and study OSCs have been revolutionised. Advances in genetics 332 

have been particularly invaluable in the identification of OSCs, as manipulations of 333 

the genome allow labeling of selected cells, providing the ability to follow specific cell 334 

lineages. Despite these advances in methodology, criticism remains surrounding the 335 

accuracy of these methods in specifically identifying OSCs.  336 

 Early studies investigating ovarian physiology used basic protocols such as 337 

Haematoxylin and Eosin staining (Allen 1923, Arai 1920). These studies made no 338 

attempt to individually or specifically identify OSCs, rendering their subsequent 339 

conclusions open to question. Markers of mitotic activity provide a mechanism of 340 

specifically identifying dividing cells (Crone 1968, David 1974, Ioannou 1967). For 341 

example, colchicine was injected (which arrests dividing cells in metaphase) into 342 
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mice 9.5 hours before tissue collection, allowing for the identification of mitotic cells 343 

(Bullough 1942). Although this method of identifying mitotic cells allowed specific 344 

detection of proliferating cells, the stem cells which produce somatic cells, such as 345 

granulosa and theca cells (Lavranos, et al. 1999), act as a major confounding factor 346 

in any conclusions drawn from such data. 347 

 Proliferating somatic stem cells within the ovary are problematic if using mitotic 348 

markers alone to identify potential OSCs. Thus, a double labeling method using both 349 

germ cell markers and proliferating cell markers (usually BrdU or PCNA) can be used 350 

to avoid this issue and specifically label proliferating germ cells, i.e OSCs. DEAD box 351 

polypeptide 4 (Ddx4), also referred to as Mouse Vasa homolog (MVH) is reported to 352 

be a specific marker for germ cells (Castrillon, et al. 2000). The proteins encoded by 353 

Ddx4 play an important role in germ cell development, although their exact role is 354 

unclear. Tilly’s landmark 2004 study combined both MVH and BrdU labeling to 355 

identify proliferating germ cells within the ovaries of postnatal mice (Johnson, et al. 356 

2004). A different group used the same method in 2011 to identify OSCs collected 357 

from transgenic mice. The isolated cells were subsequently cultured and used to 358 

produce offspring which displayed the same transgenic mutation as the mice they 359 

were collected from (Zhang, et al. 2011). Ddx4 expression has subsequently been 360 

combined with fluorescent reporter activation in mice, stimulating fluorescence only in 361 

cells in which the Ddx4 gene promoter has been activated. These transgenics were 362 

used to identify cells in mouse ovaries which expressed Ddx4 and markers of 363 

primitive germ cells but not of mature oocytes; these actively proliferated in culture, 364 

thus demonstrating three characteristic features of OSCs; germ cell markers, lack of 365 

mature oocyte markers, and proliferative potential (Park and Tilly 2015).  366 
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 The conclusion that OSCs have been identified depends on the ‘belief’ that 367 

Ddx4 proteins are only expressed within germ cells, allowing them to be 368 

differentiated from the somatic cells within the ovary. However, selective expression 369 

of MVH/Ddx4 only in germ line cells has been disputed; low levels of MVH 370 

expression have been found in brain and kidney tissues of mice, which may 371 

demonstrate a more widespread expression than expected (Liu, et al. 2007), 372 

potentially extending to one or more of the somatic cell lineages within the ovary. 373 

Further study of the specificity of Ddx4 expression is therefore required if we are to 374 

fully understand the expression profile of this supposed germ cell marker within the 375 

ovary, and thus its use in OSC identification. In addition, technical questions have 376 

been raised regarding immunohistochemical labeling of MVH; MVH is believed to be 377 

cytoplasmic in germ cells (Toyooka, et al. 2000) and therefore it ‘should not’ be 378 

recognized using a surface label, which is precisely what is widely used. However, 379 

bioinformatics has predicted 2 potential transmembrane regions of the MVH protein 380 

(Zou, et al. 2009), which would therefore be identified using immunohistochemistry, 381 

but this has yet to be confirmed. In fact, a 2016 study refuted the use of Ddx4 as an 382 

identifier of ovarian germ cells. Online transmembrane domain predictors were used 383 

on both the human and mouse Ddx4 protein, finding no evidence of a 384 

transmembrane region of human Ddx4 that could be used to isolate cells. One model 385 

predicted an extracellular domain in mice, but the overall evidence of a 386 

transmembrane Ddx4 region that could be isolated using antibodies was weak 387 

(Zarate-Garcia, et al. 2016). Further investigation found that Ddx4 detection may be 388 

falsely identifying cells that do not express Ddx4 (Zarate-Garcia, et al. 2016). 389 

Interestingly, the same study also generated a total mouse ovarian cell suspension, 390 

from which cell surface Ddx4-positive cells were isolated and seeded for further 391 
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analysis. Immunofluorescence found some development of germ cell markers in 392 

culture, but freshly isolated cells did not demonstrate these markers. Importantly, 393 

after 2-3 months of isolation the cultures decreased their growth rate and died, 394 

indicating a lack of immortality that is at odds with the definition of stem cells of any 395 

kind.  396 

 The identification of early meiosis markers within the ovary is provided as 397 

evidence of postnatal oogenesis, as initiation of meiosis would be required for oocyte 398 

production and follicle formation in adult life and the process of meiosis only occurs 399 

within stem cells. These markers can be combined with BrdU/MVH double detection 400 

to provide further specificity to OSC identification (Bukovsky, et al. 2008, Johnson, et 401 

al. 2004, Liu, et al. 2007, Yuan, et al. 2013). STRA8 is one such marker that 402 

indicates meiotic commitment. It was studied using gene expression profiling in both 403 

freshly isolated and cultured postnatal mouse OSCs (Imudia, et al. 2013). Its 404 

absence in freshly isolated OSCs, but presence in cultured OSCs indicates a change 405 

in cell identity and potentially reflects the commitment to oocyte formation. However, 406 

the fact that this change in cell identity only occurs following culture implies that 407 

OSCs may be an anomaly arising from culture use. The absence of early meiotic 408 

markers in freshly isolated OSCs suggests that they may not undergo meiosis under 409 

native conditions in vivo, instead representing undifferentiated stem cells that are 410 

artificially stimulated to develop into germ cells following unphysiological culture. The 411 

2004 Tilly paper used immunohistochemistry to identify postnatal cells expressing 412 

synaptonemal complex protein 3 (SCP3), Spo11 and Dmc1 in mice (Johnson, et al. 413 

2004), which are all meiotic markers. Interestingly, work from 2007 studied the 414 

presence of SCP3 within human adult ovarian samples and could not locate any 415 

meiocytes (Liu, et al. 2007). However, this study was limited to the ovarian cortex, 416 
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which may not be the location of OSCs. A significant drawback in the use of meiotic 417 

markers is the lack of understanding of potential OSC function. For example, OSCs 418 

may normally lie quiescent, in which case none of the meiotic or mitotic markers 419 

would be expressed, and thus these cells would remain undetectable in situ. 420 

 Cytoplasmic localisation for c-Kit, a stem cell marker which is a key regulator 421 

in germ cell differentiation but also present in somatic stem cells, is commonly used 422 

to provide further identification of potential OSCs in studies of postnatal mouse 423 

ovaries (Liu, et al. 2007, Pacchiarotti, et al. 2010, Parte, et al. 2011, Virant-Klun, et 424 

al. 2008, Wright, et al. 1996). In combination with c-kit localisation, oocyte proteins 425 

such as those from the zona pellucida (ZP) family have been detected to specifically 426 

identify OSCs and differentiate them from the stem cell precursors of theca or 427 

granulosa cells, which would be positive for c-kit detection alone (Bristol-Gould, et al. 428 

2006, Bukovsky, et al. 2008, Bukovsky, et al. 2004, Parte, et al. 2011, Virant-Klun, et 429 

al. 2008, Zhou, et al. 2014, Zou, et al. 2009). However, ZP protein expression has 430 

only been detected in growing oocytes or follicular cells (Lan, et al. 2004, Philpott, et 431 

al. 1987, Sinowatz, et al. 2001), and therefore the use of this as a marker of OSC’s is 432 

dubious. C-kit positive cells have been identified using fluorescence 433 

immunohistochemistry on human ovarian scrapings from anovulatory women (Virant-434 

Klun, et al. 2008). Reverse transcriptase PCR was then used to identify ZP2 435 

expression, which was present in the c-kit positive cells. However, these cells did not 436 

express the meiotic marker SCP3, and thus would not be classified as OSCs in other 437 

studies. Although initial benchmarks have been suggested to identify in vitro derived 438 

germ cells (Handel, et al. 2014), a universally accepted set of protocols to identify 439 

OSCs is not available, and is required to prevent discrepancies between studies that 440 

use different identification criteria for their cells. Until a universally accepted set of 441 
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protocols is developed, cells identified as OSCs will be heterogeneous in nature and 442 

all subsequent testing and conclusions will be confounded by this. 443 

 The ability to specifically express visual markers, such as green fluorescent 444 

protein (GFP), in mouse models has allowed in vivo studies of putative OSCs. 445 

Initially, ovarian fragments from adult mice expressing GFP were grafted into 446 

wildtype ovaries and follicles were identified with either GFP positive oocytes and 447 

wildtype granulosa cells or vice versa, and was hailed as a demonstration of adult 448 

neo-oogenesis (Johnson, et al. 2004). However, the generation of follicles containing 449 

cells from different sources has been suggested to be caused by follicular plasticity 450 

rather than postnatal oogenesis (Albertini 2004, Eppig and Wigglesworth 2000) with 451 

the trauma of ovarian grafting stimulating a breakdown of follicles that reform in a 452 

different way.  453 

 An alternate germ cell marker OCT4 has a characterized expression profile 454 

through the stages of development in male germ line stem cells. GFP expression 455 

was linked to OCT4 expression with the aim of identifying germ line stem cells in 456 

ovaries (Pacchiarotti, et al. 2010). Tracking of OCT4-driven GFP expression within 457 

the postnatal mouse ovary identified germ cells which were successfully cultured in 458 

vitro and induced to form embyroid bodies, demonstrating potential OSCs 459 

(Pacchiarotti, et al. 2010). Tracking the proliferation and differentiation of Ddx4 460 

expressing ovarian cells was carried out in vivo and in vitro (Zhang, et al. 2012). 461 

Transgenic mice contained a Ddx4-Cre transgene that drove Cre recombinase 462 

expression in Ddx4 expressing cells, inducing recombination at a rainbow cassette 463 

region and thus switching GFP expression to red, orange or cyan fluorescent protein 464 

expression. Any cell expressing Ddx4, a marker of germ cells, was labelled with 465 

these coloured fluorescent proteins, whereas cells not expressing Ddx4, somatic 466 
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cells, remain labelled with GFP. Using live cell imaging, no germline cells (as labeled 467 

with red, orange or cyan fluorescence) were found to divide in 72 hours (Zhang, et al. 468 

2012). Subsequent conclusions were drawn questioning the existence of OSCs, but 469 

this study does not rule out the possibility of quiescent OSCs. Furthermore, a 72 hour 470 

study period is not a sufficient length to take cyclical factors such as the menstrual 471 

cycle into account in OSC production. As with much of the research produced which 472 

appears to counter OSC existence, an absence of evidence is taken as evidence of 473 

absence. The lack of dividing OSCs within a study, especially one performed over a 474 

short period, does not provide sufficient evidence to conclude that they do not exist.  475 

 476 

Where should we look for OSCs? 477 

Many locations within the ovary have been proposed as the ovarian source of OSCs, 478 

with the ovarian surface epithelium (OSE) most prevalent. Numerous studies have 479 

located potential OSCs using immunohistochemistry from scrapings of OSE of 480 

human ovaries (Bukovsky, et al. 2005, Parte, et al. 2011, Virant-Klun, et al. 2008, 481 

White, et al. 2012), whereas studies taking ovarian cortex samples from both human 482 

(Liu, et al. 2007) and monkey (Yuan, et al. 2013) have not always identified the 483 

presence of these cells. However, the OSE is a single layer of cuboidal and flattened 484 

cells surrounding the ovary (Tan and Fleming 2004), and is difficult to selectively 485 

scrape; therefore OSE samples are likely to have contamination from lower ovarian 486 

layers. A theory has been presented relating to this potential confound; OSCs may 487 

develop from progenitors in the underlying tunica albuginea via asymmetric division 488 

(Bukovsky, et al. 2004), which is likely to be accidentally included in the majority of 489 

OSE samples. Work from this research group also suggests that epithelial crypts 490 

within ovaries may provide an additional source of OSCs (Bukovsky, et al. 2004). 491 
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However, further research into these areas of the ovary to specifically identify OSCs 492 

is required.  493 

 Another theory surrounding the origin of OSCs is that extraovarian cells might 494 

have a role in oogenesis, with evidence supporting this hypothesis first coming from 495 

Johnson et al. in 2005 (Johnson, et al. 2005a). They demonstrated that the number 496 

of non-follicle enclosed germ cells within the ovary (their classification of OSCs) was 497 

found to drop markedly in mice as they transitioned through puberty (Johnson, et al. 498 

2005a). The authors therefore looked for an alternative source of OSCs for postnatal 499 

oogenesis, and studied the potential role of bone marrow stem cells in the generation 500 

of oocytes. Immunofluorescent detection of MVH demonstrated the presence of 501 

germline markers in bone marrow cells, and further support came from the indication 502 

that oogenesis with GFP-positive oocytes could be stimulated in sterilized or 503 

genetically infertile wildtype mice following GFP-labelled bone marrow 504 

transplantation. However, these results were rapidly disputed, with suggestions that 505 

migrating cells or GFP leakage could be responsible for the results presented (Telfer, 506 

et al. 2005) and no further work has been presented from the Tilly group relating to 507 

this hypothesis. 508 

 In addition, a study was published in 2006 exploring and refuting the proposal 509 

of extraovarian OSCs. Parabiotic mice were created in order to study any 510 

contribution of haematopoietic stem cells to the oocyte pool. A GFP transgenic 511 

mouse was surgically joined to a non-transgenic mouse, producing a common, 512 

anastamosed vasculature. After 6 months of parabiosis, GFP labeled circulatory cells 513 

were detected within the ovary of the non-transgenic mouse and had associated with 514 

ovulating oocytes, but they did not develop any germ cell characteristics, instead 515 

demonstrated committed leukocyte characteristics. This led the authors to conclude 516 
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that there is no evidence that circulating cells contribute to ovulated oocytes (Eggan, 517 

et al. 2006). These criticisms do not, however, rule out the possibility that bone 518 

marrow cells indirectly support oocyte production, for example via more differentiated 519 

stromal cells (Johnson, et al. 2005b). A monthly infusion of EGFP-labelled bone 520 

marrow cells from a young adult female mouse prevented normal reproductive failure 521 

of the ovaries of ageing female mice, without any offspring being EGFP positive 522 

(Selesniemi, et al. 2009). This suggests a supportive role for bone marrow stem cells 523 

in the ovarian environment, without their direct development into oocytes. More 524 

research into this area, however, is needed before any concrete conclusions can be 525 

drawn. The question of OSC location may remain elusive until more is understood 526 

about the role that OSCs play under physiological conditions.  527 

 There is also the question of what role, if any, “normal” initial gametogenesis 528 

and follicle nest formation plays in OSC development. The process of germ cell nest 529 

formation and eventual breakdown to produce primordial follicles is highly conserved 530 

amongst different species (Pepling 2012), but in the context of OSC, this aspect 531 

appears to be completely surplus to their development. 532 

 533 

Do quiescent OSCs exist? 534 

While the physiological function of OSCs remains poorly understood, the study of 535 

these cells will remain limited and questions surrounding identification methods will 536 

remain unanswered. Studies, including the 2004 research conducted by Tilly’s group, 537 

have used mathematical, histological and ovary transplant methods to conclude that 538 

OSCs are actively dividing and undergoing meiosis in normal ovulating ovaries to 539 

maintain follicle numbers (Bukovsky, et al. 2005, Johnson, et al. 2004, Niikura, et al. 540 

2009, Parte, et al. 2011, White, et al. 2012, Zhang, et al. 2011, Zhou, et al. 2014, 541 
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Zou, et al. 2009). However, other studies, that have not found actively dividing germ 542 

cells, suggest a quiescent population of cells (Kerr, et al. 2012, Kerr, et al. 2006, Lei 543 

and Spradling 2013, Liu, et al. 2007, Yuan, et al. 2013, Zhang, et al. 2012). These 544 

quiescent cells may react only in response to specific alterations in signalling, for 545 

example in response to massive follicular depletion or when isolated in culture; 546 

alternatively, they may provide “helper follicles” that are never ovulated but support 547 

the surviving follicles.  548 

 To test for a quiescent OSC population, 2 different in vivo methods have been 549 

applied; ovarian sterilisation with subsequent transplantation of labelled OSCs, or 550 

selective destruction of primordial follicles or oocytes. The latter method involves 551 

chemical destruction using doxorubicin (Johnson, et al. 2004, Kerr, et al. 2012) or 552 

trichostatin A (Kerr, et al. 2012), or whole body ɣ-irradiation (Kerr, et al. 2012). The 553 

theory behind follicle destruction was that it would stimulate any normally quiescent 554 

OSCs into activity following depletion of the follicle pool. However, the results from 555 

this experimental technique have come under severe scrutiny; results vary wildly in 556 

terms of primordial follicle numbers post treatment, and there is no evidence that 557 

these treatments do not damage OSCs (Johnson, et al. 2004, Kerr, et al. 2012). In 558 

2014, selective ablation of oocytes was used to provide evidence that no postnatal 559 

oogenesis occurs following oocyte destruction in transgenic mice (Zhang, et al. 560 

2014). The expression of growth differentiation factor 9 (GDF9) is specific to growing 561 

oocytes and not putative OSCs, and thus the generation of a model using the GDF9 562 

promoter to stimulate expression of the diptheria toxin receptor (DTR) (GDF9-563 

Cre;iDTR mice) enables complete ablation of growing follicles without damage to 564 

potential OSCs. No oocytes were detected in the ovaries of these mice at 2, 6 or 12 565 

months post ablation, which does not support the hypothesis of a quiescent OSC 566 
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population that is activated upon oocyte depletion (Zhang, et al. 2014). However, 567 

there is no evidence that oocyte depletion would be the trigger to activate quiescent 568 

OSC cells; many other signals including hormonal changes could induce activation of 569 

this cell population.  570 

 The transplantation of isolated, cultured and GFP labelled OSCs into sterilised 571 

mice has provided some very convincing results for the existence of adult OSC and 572 

their function in restoring fertility. Histological ovary analyses and mating studies 573 

were performed to determine the outcome of the transplanted OSCs and their ability 574 

to restore fertility. Transplanted GFP-OSCs have not only gone on to develop into 575 

oocytes and form follicles, but have also been successfully fertilized to form 576 

transgenic offspring, as assessed by expression of GFP (Zhang, et al. 2011, Zhou, et 577 

al. 2014). This method would provide the most convincing evidence yet for a 578 

population of OSCs that can develop into oocytes and produce offspring, however, 579 

the effects that culture and genetic manipulation can have on differentiation and 580 

cellular dynamics (Imudia, et al. 2013) may reduce the validity of these results.  581 

 Also, there are questions surrounding the application of these cells to native 582 

animals and humans due to these extensive genetic changes and use of in vitro 583 

culture media. In vivo study of OSCs within normally functioning ovaries is necessary 584 

to understand their presence and function, quiescent or otherwise.  585 

 586 

What are the effects of external factors on OSCs? 587 

Many OSC studies require the cells to be separated from the animal and extensively 588 

manipulated. Despite the many advantages that these methods can offer, they 589 

overlook the importance of the ovarian and systemic environment on OSC 590 

development and differentiation.  591 
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 The menstrual cycle is a potential confounding variable that is often 592 

overlooked when OSC function is investigated, but analysis of both human and 593 

monkey ovarian samples at each stage of the menstrual cycle demonstrated that 594 

SCP3 was only readily detectable in the early luteal phase of the menstrual cycle, 595 

indicating that expression of meiotic markers may be dependent on the menstrual 596 

cycle (Bukovsky, et al. 2008). Numerous samples from the tunica albuginea, ovarian 597 

surface epithelium and oocytes within primordial follicles from both human and 598 

monkey ovaries were assessed. Although the majority of samples were taken in the 599 

early luteal phase, with very few samples from other phases of the menstrual cycle, it 600 

still represents an interesting finding. OSC function may be influenced by the 601 

menstrual cycle, and this should be considered both in future studies and when 602 

interpreting past results. To control for this, the menstrual cycle phase should be 603 

noted for samples collected, and any manipulation compared with controls from the 604 

same phase of the cycle. The importance of menstrual cycle phase on stem cells 605 

was indicated in a 2012 study into the influence of follicle stimulating hormone (FSH) 606 

on oogenesis in mice. The levels of FSH vary in a cyclical manner according to the 607 

oestrous cycle, and the research demonstrated that gonadotropin treatment, 608 

mimicking the action of FSH, increased pluripotent stem cell activity in isolated 609 

ovaries, leading to increased meiosis and primordial follicle numbers (Bhartiya, et al. 610 

2012). However, the young age of the mice (1 month old, prepubertal) limits 611 

generalisation of these results. Following on from this initial research, the same 612 

laboratory identified the presence of FSH receptor 3 (FSHR3) on sheep very small 613 

embryonic like stem cells (VSELs) and revealed the receptor’s function in stimulating 614 

FSH-driven development and differentiation of these cells into OSCs (Patel, et al. 615 
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2013). However, extrapolating data to humans in relation to the complex action of 616 

FSH is confounded by differences in interspecies reproductive physiology.   617 

 In vitro studies have carried out extensive manipulation of OSCs, but the 618 

interpretation of these results must take into account the influence of any culture 619 

media. OSCs are assumed to be stem cells, and thus any alteration in signalling is 620 

bound to affect their subsequent development and differentiation. Although much 621 

research has gone into making culture media as physiologically similar to the normal 622 

ovarian milieu as possible, there remain divergences which could confound any 623 

results following OSC culture (Telfer and Zelinski 2013). Media can contain 624 

unphysiological compounds such as phenol red and antibiotics. The effects of a 625 

combination of streptomycin and penicillin on culture and differentiation of murine 626 

embryonic stem cells into type II pneumocytes resulted in a 40% reduction in the 627 

growth rate of differentiating embryoid bodies (Cohen, et al. 2006). This clear effect 628 

of antibiotics on cell culture needs to be considered when culturing putative OSCs. 629 

Culture conditions for oocytes and OSCs can also fail to replicate the cyclical nature 630 

of systemic factors such as FSH and the other hormones that exist in situ; for 631 

example, estradiol, anti-mullerian hormone and the inhibins. These factors have a 632 

huge influence on the functioning of ovarian cells, and although their changing levels 633 

should ideally be accurately mimicked to follow physiological conditions, it is not 634 

possible to accurately replicate the in vivo environment in its entirety.  635 

 The dramatic effect of signals within culture media has been demonstrated 636 

with oestrogenic stimuli. Potential OSCs from adult human ovaries were cultured in 637 

the presence or absence of phenol red (a pro-oestrogenic stimulus). The presence of 638 

phenol red led to the generation of oocytes, as determined by immunohistochemical 639 

detection of zona pellucida protein and phase contrast microscopy, and the absence 640 
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of it resulted in the generation of granulosa, epithelial and mesenchymal cells, 641 

identified morphologically (Bukovsky, et al. 2005). The label of “oocyte-like stem 642 

cells” may therefore be a misnomer; they may be bipotent progenitors for both 643 

granulosa cells and oocytes that develop differentially according to the signals 644 

received.  645 

 The majority of studies use feeder cells, which are typically inactivated 646 

fibroblasts, to initially culture OSCs (Virant-Klun, et al. 2008, Zhang, et al. 2012, 647 

Zhang, et al. 2011, Zhou, et al. 2014, Zou, et al. 2009). No information is provided 648 

about potential interactions between the cultured cells and the feeder cells, or factors 649 

released by the feeder cells. For example, normal fibroblasts are known to produce 650 

aromatase (Berkovitz, et al. 1984), which, if produced by the feeder cells, could 651 

interact with OSCs or oocytes within the culture medium and create a confounding 652 

variable. 653 

 The importance of the cellular environment within the ovary is often 654 

overlooked in relation to OSC culture. Granulosa and thecal cells interact with 655 

oocytes, and would be likely to also interact with OSCs, to induce follicle formation, 656 

and also play key roles within the follicle itself. Metabolic cooperation has been 657 

discovered between granulosa cells and oocytes via gap junctions. This cooperation 658 

is crucial to normal oocyte development. Immunofluorescent labeling with phallodin 659 

identified transzonal projections (TZP) that project from granulosa cells through the 660 

zona pellucida to form adherens junctions and gap junctions with the oocyte surface 661 

in cow oocytes (Li and Albertini 2013). Further study of these junctions has indicated 662 

their importance in oocyte development; selective deletion of a gene that encodes an 663 

oocyte gap junction protein in mice, the Gja4 gene, arrests follicular development 664 

(Simon, et al. 1997). Any similar interaction between granulosa or thecal cells and 665 
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potential OSCs could be integral in differentiation into oocytes and initial follicle 666 

formation.  667 

 Although the importance of hormonal signalling and cellular interaction with 668 

potential OSCs and follicular development has been demonstrated, the exact role of 669 

these external factors is unclear and is often not accounted for in OSC research. 670 

Studies to increase this understanding are likely to be invaluable in future OSC 671 

research and may even hold the key to definitive identification of these cells. OSCs 672 

may be present in ovaries as undifferentiated cells and many lines of research 673 

present data in favour of the presence of a stem cell capable of developing into a 674 

functioning oocyte. However, the unphysiological media used in vitro could direct the 675 

development of cultured cells artificially, while in vivo, the environment may play a 676 

different role all-together, or no role at all. Tracking of OSCs in vivo would not only 677 

demonstrate their existence, but any function that they play within the adult mammal. 678 

 679 

Why do women go through the menopause? 680 

Irrespective of the research previously discussed, declining ovarian function remains 681 

a life-changing factor for every woman. Irrespective of OSC presence or function, 682 

women still go through the menopause and are affected in many ways; a complete 683 

loss of fertility and health problems associated with the menopause are common. 684 

This begs the question: if it is assumed that OSCs exist, why do women go through 685 

the menopause? Many theories have been put forward to explain the menopause 686 

assuming the presence of OSCs. 687 

 One theory is that OSCs are quiescent and never become activated in normal 688 

life; in which case, why are they there? Another is that the OSCs gradually lose their 689 

function, follicles can no longer be replenished and thus the menopause occurs. 690 
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Although stem cells are usually known for continuous replication, a study on the male 691 

equivalent of OSCs (type A spermatogonia) has questioned this for germ line stem 692 

cells. The testes of aged mice were studied, and by 2 years of age, 75% of testes 693 

were atrophied, with a dramatic decline in the number, activity and quality of germ 694 

line stem cells (Zhang, et al. 2006). This process of declining activity may occur in 695 

potential OSCs, which are likened morphologically to type A spermatogonia (Zou, et 696 

al. 2009); this would explain cessation of ovulation. Stem cell function has been 697 

shown to decline with age, associated closely with changes in cellular physiology, 698 

gene expression and environment (Signer 2013). Decline in stem cell function could 699 

impact not only OSCs but also granulosa/theca stem cells, which play a crucial role 700 

in follicle development.   701 

 A third theory is that the OSCs are still able to differentiate into functioning 702 

oocytes, but granulosa or thecal cell numbers are limited, and this is what stops 703 

follicular development and initiates menopause by causing a deterioration of the 704 

somatic microenvironment (Tilly and Telfer 2009). Metabolic cooperation between 705 

granulosa cells and oocytes plays a crucial role in follicle formation, and disruption of 706 

this process could provide an explanation for the menopause. It has been observed 707 

that the numbers of oocyte-like cells are present in excess of the supporting 708 

granulosa cells in sections of adult human ovaries (Bukovsky, et al. 2004). This 709 

imbalance may prevent an adequate number of TZPs forming, thus arresting 710 

follicular development and preventing oocyte development, but further study is crucial 711 

to indicate whether this mismatch is a limiting factor in follicular development. Both 712 

granulosa and theca cell dynamics and development are relatively understudied, and 713 

future experiments on these cells could shed important light on the menopause.  714 
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 A fourth theory suggests that an age-related change in local and systemic 715 

signals could explain declining ovarian function without ruling out the presence of 716 

OSCs. A change in growth factor or hormonal signals could stop OSC development 717 

and cause depletion of the follicle pool. The addition of GFP-expressing OSCs from 718 

oocyte deplete aged mice ovaries into the ovarian bursal sacs of young recipient 719 

mice caused their differentiation into oocytes (Niikura, et al. 2009). This indicates an 720 

age-related change in environment that could negatively affect OSC development 721 

and differentiation. If hormonal signals play a role, comparison of normal post-722 

menopausal and ovaries subjected to hormone replacement therapy would be 723 

interesting, though availability of tissue is very limited. Follicular dynamics have been 724 

linked to the immune system and bone marrow, with immunohistochemical studies 725 

linking differentiation of the OSE with macrophage and Thy-1 glycoprotein levels, an 726 

immune system morphoregulatory molecule (Bukovský, et al. 1995). The immune 727 

system is known to decline in an age-related manner, and further research into the 728 

connection between the immune system and ovarian dynamics could indicate a 729 

reason for ovarian decline, potentially by reduced development of the OSE.  730 

 731 

How could we use OSCs therapeutically? 732 

If these cells are definitively identified and their functions confirmed, their 733 

manipulation could present a major breakthrough in fertility treatments and post-734 

menopausal health, for example for women suffering from primary ovarian 735 

insufficiency (POI) or, as previously known, premature ovarian failure (POF) (Dunlop, 736 

et al. 2013). As data is accumulating to support the presence of a cell capable of 737 

developing functional oocytes in vitro, defining the function of such cells in vivo is 738 

crucial. Introducing or activating OSCs within the ovary could restore the function of 739 
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the ovary, reducing the number of women suffering from post-menopausal health 740 

conditions. From a fertility perspective, OSCs removed from women about to 741 

undergo ovotoxic procedures could be isolated and cryopreserved and then be 742 

injected back into the ovary post-procedure. Cryopreservation of presumed OSCs 743 

has been demonstrated not to affect their proliferative or differentiation capacity (Zou, 744 

et al. 2009), and thus could provide many women with the ability to produce their own 745 

egg, with a view to carrying their own child after ovotoxic treatments. Further detail 746 

on the potential for fertility preservation is described in recent reviews (Bukovsky 747 

2015, Dunlop, et al. 2013). However, care must be taken if treatment for infertility 748 

involving OSC cryopreservation and re-implantation were to be extended to age-749 

related ovarian decline, as the oocytes produced from OSCs from older women may 750 

be genetically damaged, increasing the risk of complications. 751 

  The American company OvaScience (http://www.ovascience.com/treatments) 752 

have translated the potential of postnatal oogenesis into preclinical trials, which claim 753 

to grow “egg precursor” cells in vitro and replace them back into the same ovary. 754 

Although an exciting transition from theory into practical application, these treatments 755 

have remained preclinical for several years, indicating that much more needs to be 756 

understood before fertility treatments employing OSCs can be fruitful, if ever. 757 

 The ovarian environment must also be considered in relation to fertility 758 

restoration. A pilot study presented at the 2013 annual meeting of the European 759 

Society of Human Reproduction and Embryology (ESHRE) described potential OSCs 760 

isolated and propagated from normal women and women with Turner’s syndrome 761 

(TS) ovaries (Anderson 2013). The propagated cells were GFP labeled and injected 762 

into both normal and TS human ovarian tissue in vitro. In the normal ovarian tissue, 763 

both the TS or normal OSCs generated follicles containing GFP positive “oocytes”, 764 
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however, in the TS ovarian tissue, neither the normal or TS OSCs formed follicles 765 

indicating that viable OSCs require a viable environment to develop. Further study of 766 

the wider ovarian environment, including somatic cells as well as signalling, must be 767 

conducted to provide context for OSC development.  768 

 Most interestingly, a recent study by Telfer’s group has revealed that a specific 769 

regime of chemotherapy actually seems to stimulate the numbers of primordial germ 770 

cells in female human ovaries (McLaughlin, et al. 2017). They observed that a regime 771 

of ABVD (adriamycin, bleomycin, vinblastine and dacarbazine) administered to 772 

patients with Hodgin lymphoma (HL) led to an increase in mean follicular density 773 

compared to samples from patients treated with an alternate regime for HL (OEPA-774 

COPDAC: combined vincristine, etoposide, prednisone, doxorubicin (OEPA) and 775 

cyclophosphamide, vincristine, prednisone, dacarbazine (COPDAC)) and untreated 776 

controls. However, despite the presence of more follicles in the ovaries treated with 777 

ABVD, the proportion of follicles that developed to the secondary stage was lower 778 

than the control samples (McLaughlin, et al. 2017) indicating that there is still much to 779 

learn about these cells and their potential to become developmentally competent 780 

oocytes.  781 

 However – is the subject of OSCs already old news when we consider 782 

therapeutic treatments? A 2016 study used adult mouse fibroblasts to generate 783 

induced pluripotent stem cells (iPSCs) which were directed in vitro to reconstitute 784 

oogenesis (Hikabe, et al. 2016). The oocytes were matured and fertilized, ultimately 785 

producing mouse pups without any apparent abnormalities. This technology 786 

bypasses the ovary and potential OSCs entirely, and raises the question of whether 787 

OSCs would be used (if isolated), or whether iPSCs could be manipulated for the 788 

same potential benefits.  789 
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 790 

Conclusion 791 

The field of postnatal oogenesis is controversial and highly polarised, many scientists 792 

believe it to be the next big breakthrough in reproductive biology, others believe in 793 

the existence of OSCs but are sceptical about their role in functional oocyte 794 

development and others believe that OSCs do not exist and that ‘belief’ in their 795 

existence arises from misinterpretation of ambiguous results or culture. Compelling 796 

evidence for postnatal neo-oogenesis exists, however, as always, further research is 797 

needed focusing on the interactions between OSCs and the wider ovarian 798 

environment. This will provide the greater understanding and context needed to 799 

definitively prove the existence, function and potential usefulness of these elusive 800 

cells.  801 
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