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Summary 
 

Follicular atresia is a phenomenon that leads to evacuation of the ovary from the oocytes and the occurrence of menopause. The 

contribution of various types of cell death in atresia at different follicular developmental stages requires extensive investigation. In 

this study, we evaluated 3 types of programmed cell death (PCD), apoptosis, autophagy, and necrosis, in juvenile mouse ovary when 

we can observe all follicular stages as well as atresia. Ovaries from juvenile mice on the 21st post-natal (PN) day were prepared 

histologically for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to evaluate apoptosis and 

immunohistochemistry for beclin-1 to evaluate the autophagy marker. Necrotic cell death was also assessed by penetration of 

propidium iodide (PI). The count and percentage of the labeled follicles at different stages in the ovaries were evaluated and 

compared using the Kruskal-Wallis and Mann-Whitney tests. We detected TUNEL-positive granulosa cells in pre-antral and antral 

follicles but not in the primordial and primary follicles. Somatic cells and oocytes of primordial, primary, pre-antral and antral 

follicles reacted to beclin-1. The percentage of the PI-labeled primordial and primary follicles were significantly higher than the 

beclin-1 positive (P=0.01 and P=0.01). In conclusion, we showed that apoptosis, autophagy, and necrosis play a role in follicular 

atresia and the contributions of each one depends on the follicular stages. It was also demonstrated that necrosis happens particularly 

in the small follicles while in the large one, all three cell death types occurred with an equal ratio. 
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Introduction 
 

Programmed cell death (PCD) plays an important 

role in the development of the fetal ovary and ovarian 

cycles. Nowadays, the cell death and its regulators in the 

ovary have been considered as a critical event (Sun et al., 

2017). Three conventional types of PCD include 

apoptosis, autophagy and necrosis (Kutscher et al., 

2017). The first type of PCD is apoptosis, with 

outstanding features including chromatin condensation 

and nuclear fragmentation without cell membrane and 

organelles disintegration (Saraste et al., 2000). The 

second type of cell death is autophagy, which is 

characterized by the formation of the double membrane 

structures called autophagosomes in the cytosol (Levine 

et al., 2005). Autophagy is generally regarded as a pro-

survival process in the cells exposed to environmental 

stress. However, the long-term activation of this process 

may eventually lead to cell death (Gawriluk et al., 2011). 

The third type of cell death is necrosis. Although 

necrosis was the first term used to describe cell death, its 

role in the physiologic cell death is underestimated 

(Moreno-Gonzalez et al., 2016). The most distinctive 

feature of necrosis includes loss of the plasma membrane 

integrity. Compared to apoptosis as a clean and noiseless 

death without inflammatory responses, necrosis is a dirty 

and noisy cell death (Simon and Ramos, 2006). In recent 

years, molecular control of necrotic cell death has been 

studied and this type of PCD may occur in different 

organisms along with other types of PCD. Necrosis is 

often considered as cell death, which shows neither 

apoptotic nor autophagy characteristics (Ouyang et al., 

2012). 

 Apoptosis plays several roles in ovary development 

including the germ cell death in the fetal period, 

follicular atresia after birth, death of the germinal 

epithelium during ovulation and luteolysis (Pru and 

Tilly, 2001). Although the dominant hypothesis suggests 

that apoptosis is the main type of cell death in the ovary, 

it may not be the only mechanism of follicular depletion. 

Evidence shows that apoptosis is not the only PCD that 

leads to follicular evacuation and the autophagy and 

necrosis may also have roles in such an event (Kutscher 

and Shaham, 2017). 

 Although a high incidence of follicular atresia occurs 

during neonatal to juvenile periods, it is mostly studied 

in the adult ovary (Tingen et al., 2009). Therefore, 

further studies are needed to find the types of cell death 

in the ovary during pre-puberty. Follicular atresia during 

pre-puberty is more complicated than the germ cells 

death in the fetal period because the follicle contains not 

only the germ cells, but also the somatic cells. 

 The ovary is not an inactive member in the juvenile 

mice. It is characterized by growth and development, 
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along with the simultaneous destruction of the oocytes 

and follicles. During the third week post-natal (PN), 

mouse follicular development is in progress; therefore, 

primordial, primary, pre-antral and antral follicles can be 

found simultaneously. However, follicles degenerate 

upon reaching a certain size since the hormones allow 

the follicular development, but they are still unable to 

support the follicles to ovulate. Therefore, a large 

number of degenerated follicles can be found in the 

juvenile mouse ovary (Liew et al., 2017). 

 The age of menopause depends on the rate of 

follicular atresia which leads to ovarian depletion from 

the oocytes. Changing lifestyle and marriage at old ages 

lead to the necessity to prolong the fertility period and 

delay the onset of menopause (Hart, 2016; de Kat and 

Broekmans, 2018). Involvement of different cell deaths 

in follicular atresia can help us to create new ways in the 

control of ovarian cell death and delay menopause. Due 

to limited information on the contribution of different 

death types in the atresia of different follicular stages, we 

intended to evaluate three main types of cell death in the 

mouse ovary, as an important animal model, not only 

when all types of follicles are present in the ovary but 

also when cell death is profuse. 

 

Materials and Methods 
 

Animals 
 In this project, we used the right ovaries of 20 mice. 

All animals were kept and handled according to the 

guidelines approved by the Ethics Committee of Shiraz 

University of Medical Sciences )ethical code: 

IR.SUMS.REC.1394.S592(. Animals were kept in the 

standard conditions (22 ± 1°C and a 12:12 light/dark 

cycle) with free access to food and water. 

 

Tissue collection 
 The mice were euthanized by cervical dislocation. 

Ovaries from 21 days PN Balb/c mice were fixed in 10% 

buffered formalin. Five ovaries from 5 different animals 

were dehydrated in gradually increasing ethanol, cleared 

in xylene, and embedded in paraffin wax. The samples 

were sectioned at 5 µm thickness. The deparaffinized 

sections were stained with hematoxylin and eosin. 

 

Terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) procedure 
 Apoptosis in ovaries was identified by TACS TdT 

DAB Kit (R&D, USA, and Catalog #4810-30-K). 

Paraffin-embedded sections form 5 ovaries were 

rehydrated and exposed to proteinase K for 30 min at 

37°C; then, the endogenous peroxidase was blocked by 

incubation with quenching solution for 5 min at room 

temperature. The paraffin sections were incubated with 

labeling reaction mixture (Tdt dNTP mix and Tdt 

Enzyme) for 60 min at 37°C. Then, the samples were 

immersed in streptavidin-HRP solution for 10 min at 

37°C. Thereafter, the sections were incubated in 

Diaminobenzidine for 7 min at room temperature. The 

samples were counterstained with methyl green. 

Propidium iodide staining 
 Propidium iodide (PI) is a routine red fluorescent 

molecule that is used to evaluate the integrity of the cell 

membrane. Thus, this molecule can only penetrate to the 

cells with damaged cell membranes including necrotic 

cells. To keep the ovaries alive at the time of staining, 

the samples (n=5) were kept in Dulbecco Minimum 

Essential Medium (DMEM, Gibco, 11995) containing 

1.5 µM/ml PI (Sigma, USA, P4170) and incubated at 

37°C and 5% CO2 for 30 min in darkness. After the PI 

penetration, the culture medium was removed and the 

samples were washed in DMEM three times. The 

specimens were placed on a glass slide, mounted with 

mineral oil, and examined by fluorescent microscope. 

Due to the thickness of the specimens, immediately after 

taking photography, ovaries were embedded in OCT, 

sectioned at 5 µm thickness with cryomicrotome (Leica, 

USA, CM 1950) and stained with Hoechst (Sigma 

Aldrich, Germany, 33342) as a counterstain, the sections 

were again examined by fluorescent microscope. 

 
Beclin-1 immunolocalization 
 Beclin-1 is a multifunctional protein that plays a key 

role in the autophagy. Five fresh ovaries from juvenile 

mice were embedded in OCT, sectioned at 5 µm 

thickness using cryomicrotome (Leica, USA, CM1950) 

and stored at -20°C until used for immunohistochemistry 

evaluation. The tissue sections were thawed for 1 h at 

room temperature; then, they were fixed with acetone for 

15 min. Non-specific binding sites were blocked by 

phosphate buffer saline that contained 1% bovine serum 

albumin and 1% goat serum for 1h at room temperature. 

Sections were incubated overnight at 4°C with anti 

beclin-1 primary antibody (Abcam, USA, ab62557) at a 

dilution 1:50. Negative control sections were prepared in 

parallel by replacing the primary antibody with dilution 

medium. After washing, the sections were incubated with 

an anti-donkey antibody coupled to Alexa fluor 488 

(Abcam, USA, ab150105) as the secondary antibody at 

the dilution 1:500 for 1 h at room temperature and 

darkness. Then, the samples were washed and 

counterstained with Hoechst (Sigma Aldrich, Germany, 

33342). 

 
Morphometric evaluation 
 Five ovaries from 5 different mice were evaluated for 

each test. The percentages of the follicles labeled with 

TUNEL, beclin-1, and PI were estimated by 3 randomly 

selected sections from the mouse ovaries and the labeled 

follicles were counted in 10 fields of each section and the 

percentage of the labeled follicles was estimated in 

different follicular stages. 

 
Statistical analysis 
 The mean values of the percentages of TUNEL, 

Beclin-1 and PI-positive follicles were analyzed by 

Kruskal-Wallis test and Mann-Whitney, with a 

significance level of P<0.05. SPSS version 16 was used 

for statistical analyses. 
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Results 
 

Morphological features 
 The morphology of the mouse ovary at 21 days after 

birth is shown in Fig. 1; the small, medium and large 

follicles were simultaneously observed. Small follicles, 

such as primordial and primary follicles, appear below 

the surface epithelium. The primordial follicles were 

characterized by an oocyte surrounded by squamous pre-

granulosa cells; primary follicles were identified with a 

layer of cuboidal granulosa cells and pre-antral follicles 

characterized with two (as medium follicle) and more 

layers of granulosa cells (as large follicle). Antral 

follicles are characterized by the presence of the antral 

cavity between the granulosa cells (as large follicle). In 

medium and large follicles, the granulosa and theca 

layers were completely recognizable (Fig. 1). 

 

Apoptosis detection 
 The results of the TUNEL procedure in juvenile mice 

ovary are shown in Fig. 2. TUNEL-positive granulosa 

cells were detected in the pre-antral and antral follicles. 

In the antral follicles, the apoptotic cells were present 

near the antral cavity. Theca cells were TUNEL-negative 

(Fig. 2). Apoptosis was not detected in the primordial 

and primary follicles (Fig. 3A). Some TUNEL-positive 

cells were also present in the surface epithelium (Fig. 

3B). 

 

Beclin-1 expression 
 In the immature mice ovary, beclin-1 

immunostaining was shown in both oocyte and somatic 

cells of the primordial and primary follicles (Figs. 4A-

B). Autophagic vacuoles were observed as green spots 

throughout the cytoplasm. Although beciln 1 is mainly 

localized in the cytoplasm, some cells including the 

oocytes and somatic cells exhibited nuclear expression. 

This finding is probably due to the diffusion of antigen 

during fixation or the presence of nuclear proteins. Theca 

cells in pre-antral and antral follicles showed 

recognizable amounts of beciln 1 (Figs. 5A, C). The 

granulosa   and   oocytes   of   such   follicles   were  also  

 

 
 

Fig. 1: The sections of the juvenile mice ovaries stained with 

haematoxylin and eosin. (A) The follicles are observed in 

different developmental stages, (B) Follicles in late stage of 

atresia are located at the adjacent antral follicle (yellow 

arrows), and (C) Antral follicle in early stage of atresia (yellow 

arrows) 

positive, but with less intensity (Fig. 5B). 

 

 
 

Fig. 2: Apoptosis is detected in the ovaries. TUNNEL-positive 

(brown) granulosa cells (arrows) were detected in the antral and 

pre-antral follicles 

 

 
 

Fig. 3: The sections of the juvenile mice ovaries stained by 

TUNEL reaction and counterstained methyl green. (A) 

TUNNEL-negative primordial (yellow arrow) and primary 

follicles (white arrow) were detected, and (B) TUNNEL-

positive cells (arrows) can be also found in the ovarian surface 

epithelium 

 

 
 

Fig. 4: Immunohistochemistry for beclin-1 shows that 

autophagy has happened in the primordial and primary 

follicles. The nuclei are stained with Hoechst. (A) A primary 

follicle (arrow) with beclin-1 expression in the oocyte and 

somatic cells, (B) A primordial follicle (arrow) is reacted to 

beclin-1 for both oocyte and squamous somatic cells 
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Fig. 5: Immunohistochemistry for beclin-1. (A) Lower 

magnification of the mouse ovary shows that beclin-1-positive 

cells are prominent in the theca layer of the pre-antral and 

antral follicles, (B) Higher magnification of the oocyte of antral 

follicle shows that the oopelasm and granulosa cells labeled for 

beclin-1 (yellow and white arrows, respectively), and (C) The 

theca cells with high intensity for beclin-1 (arrow) can also be 

detected 

 

 
 

Fig. 6: Whole-mount staining of the ovary reveals areas of 

propidium iodide (PI) absorption in the cortical and medullary 

regions. (A) Necrosis has happened mainly in the medullary 

region. M: Medulla, and C: Cortex. The arrow shows follicle in 

cortical region, (B) Somatic cells (arrow) of primary follicles 

are stained with PI, and (C) Somatic cells in the primordial 

follicles (arrow) also show necrosis 

 
Necrosis 
 Necrotic cells with ruptured cell membrane were 

detected in the juvenile mouse ovary, as shown by PI 

absorption. Whole organ evaluation of the ovaries 

showed that necrotic cell death presented in both cortical 

and medullary regions with higher frequency in the 

medulla. In the primordial and primary follicles, necrotic 

cell death was seen in the follicular cells, while the

oocytes of these follicles were negative (Fig. 6). 

 In ovarian sections, necrosis appeared only in the 

somatic cells in pre-antral and antral follicles. The oocyte 

did not absorb PI while both granulosa and theca cells 

absorbed the dye with higher intensity in theca cells (Fig. 

7). 

 

 
 

Fig. 7: Sections of the ovary pre-exposed to propidium iodide 

(PI) are counterstained with Hoechst. Necrosis is shown in the 

theca and granulosa cells in large follicles 

 

The contribution of cell death types in each 

follicle stage 
 The mean value of the percentage of primordial (6.36 

± 0.10%) and primary (3.10 ± 0.01%) follicles labeled 

with PI was significantly higher compared with those 

labeled with Beclin-1 in the matched stages (2.26 ± 

0.10% and 2.12 ± 0.02%, respectively) (both P=0.01, 

Table 1). The percentages of PI, beclin-1 and TUNEL-

labeled follicles in pre-antral and antral stages were the 

same (Table 1). 

 

Discussion 
 

 During development, the ovary undergoes a variety 

of permanent changes such as follicular growth and 

death. Follicular atresia is usually described as a 

reduction in the number of follicles regardless of the cell 

death mechanisms. The contribution of each type of cell 

death in depletion of follicular reserve is unclear. 

Evaluation of three conventional cell deaths that play 

roles in homeostasis can be useful in identifying the 

involved mechanisms in depletion of follicular reserve. 

The innovation of this work is evaluation of three types 

of cell death in all stages of fulliculogenesis. Especially 

in relation to necrosis, we suggested a new and simple 

method for evaluating the areas of necrosis in the 

immature mouse ovary. The role of necrosis in the 

mammalian ovary hemostasis requires extensive 

examination. 

 The data from the current study showed that

 
Table 1: Mean value of the percentage of the follicles labeled with TUNNEL, beclin-1, and propidium iodide (PI) in the juvenile 

mouse ovaries 

Stages of follicles 

TUNNEL-positive 

Follicles (mean%±SE) 

(total number: labeled follicles) 

Beclin-1-labeled 

Follicles (mean%±SE) 

(total number: labeled follicles) 

PI-labeled 

follicles (mean%±SE) 

(total number: labeled follicles) 

Primordial             0 (330:0)           2.26 ± 0.10* (296: 7)            6.36 ± 0.10 (304:19) 

Primary             0 (215:0)           2.12 ± 0.02* (180:4)            3.10 ± 0.01 (202:7) 

Pre-antral             1.50 ± 0.13 (180:3)           1.84 ± 0.21 (168:3)            1.76 ± 0.06 (131:2) 

Antral             3.13 ± 0.04 (150:5)           3.81 ± 0.21 (157:6)            3.53 ± 0.14 (169:6) 
* Significant differences with the PI-labeled follicles (P<0.05) 
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apoptosis occurs predominantly in the granulosa cells of 

pre-antral and antral follicles, but not in the oocyte. This 

result confirmed the previous study that revealed the 

occurrence of apoptosis in the granulosa cells of the 

mouse ovary (Zucker and Jeffay, 2006). TUNEL-

positive granulosa cells are localized in clusters near the 

cavity of the antrum; this is in agreement with the study 

done by Amsterdam et al. (2003). Probably similar to the 

thymocytes, the granulosa cells also showed the train for 

apoptosis undergoing physical and chemical signals from 

the environment (Zucker and Jeffay, 2006). We also 

observed TUNEL-positive cells in the surface 

epithelium, which is in agreement with Murdoch et al.’s 

results (2000). It is believed that follicular atresia is 

fundamentally mediated by apoptosis in the granulosa 

cells (YU et al., 2004). Apoptotic death has been 

detected in in-vitro oocyte maturation in rats and it was 

suggested that the different oocyte death types happen in 

vitro versus in vivo (Tiwari et al., 2015). In fact, 

apoptosis may not be the dominant type of cell death in 

vivo; therefore, the role of apoptosis in the follicular 

atresia should be reconsidered (Jenkins et al., 2013). We 

found necrosis and autophagy, but not apoptosis, in theca 

cell of the preantral and antral follicles. Along with our 

data, a report showed that apoptosis is not seen in the 

theca layer at the early and mid-stage of the porcine 

follicular atresia (Manabe et al., 2004). Evaluation of 

gene expression profile in the theca cells of bovine 

atretic follicles determined stopping the cell cycle marker 

expression; in contrast, in the granulosa cells, the 

apoptotic genes were up-regulated (Hatzirodos et al., 

2014a). 

 Necrotic death is characterized by inflammatory 

response. Inflammation plays a role in the repair of the 

tissues and destruction of the pathogens. Investigation of 

gene expression profile in the granulosa cells of the 

bovine antral follicles during atresia showed that not 

only is cell death involved in atresia, but also an active 

cellular infiltration similar to the wound healing occurs 

(Hatzirodos et al., 2014b). These findings may support 

our observation that necrotic death occurs in both 

granulosa and theca cells of the atretic follicles. 

 Gaytan et al. (2008) reported that in adult human, 

beclin-1 expression is limited to theca cell, while the 

granulosa cells were negative. In contrast, we found that 

both granulosa and oocyte expressed beclin-1. Along 

with our result, the other studies reported other 

autophagic markers such as acid phosphatase or Lamp 1, 

as lysosomal membrane protein in the oocytes of 

immature rats (Escobar et al., 2008; Omari et al., 2015). 

This contradictory result is probably due to the 

differences in the species or the age as the follicular 

atresia is age dependent. 

 Our results indicated that apoptosis was not involved 

in the cell death of the primordial and primary follicles, 

while the autophagy happened in both granulosa and 

oocyte of these follicles. Necrosis was also observed in 

the somatic cells of these follicles. Thousands of 

primordial follicles disappeared in the pre-pubertal 

mouse ovary. In mice, the number of primordial follicles 

decreases from 10000 on day 6 to 3000 on day 45 PN 

(Tingen et al., 2009). During this period, the 

morphological and biochemical markers of apoptosis 

were not observed in the primordial follicles (Tingen et 

al., 2009). This may be due to the limitation of apoptotic 

evaluation techniques or the participation of other types 

of cell death (Tingen et al., 2009). The electron 

microscopic study revealed granulosa cells with necrosis 

and autophagy phenotypes in quail atretic antral follicles 

(D’Herde et al., 1996); our histochemical observations in 

mice were also in agreement with the previous study on 

quail. 

 In conclusion, our results indicated that three types of 

PCD participated in follicular atresia in the juvenile 

mouse ovary. Although somatic cells showed all kinds of 

cell death, in the oocyte, only autophagic marker was 

expressed. In primordial and primary follicles, necrosis 

had a significantly greater contribution in atresia than 

autophagy, while apoptosis was not involved. Our study 

revealed that in the pre-antral and antral follicular atresia, 

all three types of cell death had an equal contribution. 

We recommend flow cytometry and electron microscopy 

method as a gold standard to confirm the types of cell 

death in the ovary. 
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