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A B S T R A C T

In mammals, apoptosis has been accepted as the type of programmed cell death (PCD) that occurs
in ovarian follicles undergoing atresia. Results of recent studies, however, indicate autophagy
may be an alternative mechanism involved in follicle depletion through independent or tandem
actions with apoptosis. Western blotting and immunofluorescence procedures were used in the
present study to investigate the abundances of LC3B protein in freshly collected granulosa cells
(GCs), cumulus cells (CCs), and oocytes to evaluate whether autophagy is an important process of
antral follicle atresia in sexually mature sows. Furthermore, apoptosis was analyzed using an-
nexin V and TUNEL assays in the same cellular cohorts to evaluate the correlation between the
two processes. Immunostaining results indicate autophagy was induced in the majority of GCs,
CCs, and oocytes from early and advanced stage atretic follicles. The quantitative results of
western blot analysis indicate there is a progressive increase (P < 0.05) in abundance of au-
tophagy-related protein (LC3B-II) in these cells compared with cells in non-atretic follicles.
Furthermore, there is confirmation that apoptosis occurs in the GCs of atretic follicles, thus in-
dicating that in pigs apoptosis and autophagy are processes in GCs that regulate PCD and as a
consequence antral follicle depletion. There was a greater abundance of LC3B-II in CCs and
oocytes of atretic follicles, while apoptosis was not detected. It, therefore, is suggested that in
these cells the two processes function independently, with autophagy having a cytoprotective
rather than PCD mechanism of action.

1. Introduction

The ovary is a dynamic organ that eliminates excessive and defective germ cells to ensure the ovulation of oocytes with the
capacity for fertilization and embryo development. To ensure this aim, more than 99% of follicles in mammalian ovaries undergo
atresia and are selectively eliminated during the reproductive lifespan of mammals (Manabe et al., 2004; Matsuda et al., 2012).
Follicular atresia involves mechanisms of programmed cell death (PCD), with apoptosis being the primary apoptotic regulatory
mechanism (Kaipia and Hsueh, 1997) and GCs being the cells affected to the greatest extent (Regan et al., 2018).

The pattern of apoptosis is different among species. Although apoptosis occurs in GCs during follicular atresia both in rodents and
in pigs (Byskov, 1974; Morita and Tilly, 1999; Manabe et al., 2004; Lin and Rui, 2010; Escobar Sánchez et al., 2012;Meng et al.,
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2018), in pigs apoptosis does not occur in CCs and oocytes at the early stage of atresia, unlike what occurs in rodents (Manabe et al.,
1997).

Interestingly, results of recent studies indicate there is an alternative mechanism of PCD, autophagy, which may be an important
process contributing to ovarian follicle depletion, functioning independently or in tandem with apoptosis in processes of PCD (Ortiz
et al., 2006; Morais et al., 2012; Escobar et al., 2013; Yadav et al., 2018). Autophagy has been determined to be a process involved in
GC death and follicular atresia in humans (Duerrschmidt et al., 2006; Serke et al., 2009; Vilser et al., 2010) and rats (Choi et al., 2010,
2014), while reports are still scarce for other mammalian species (Ryter et al., 2014). In particular, for pigs, the occurrence of
autophagy in GCs has been mainly documented in vitro when there is gonadotropin stimulation or when there are stressed conditions
(Gao et al., 2016; Hale et al., 2017). Kim et al. (2013) compared the in vivo expression of the cloned MAP1LC3A gene in GCs from
normal and miniature pigs; however, there was no indication that the process of atresia was studied, and the investigation was not
performed in CCs or in oocytes.

The main objective of the present study, therefore, was to evaluate, for the first time, the occurrence of autophagy in vivo in GCs of
pigs, as well as in oocytes and the surrounding CCs, during follicular atresia at the antral stage by analyzing the expression and
subcellular distribution of the LC3B protein, which is a reliable and widely used autophagic marker (Klionsky and Schulman, 2014).
We also examined the incidence of apoptosis in the same cell populations and its correlation with autophagy to contribute to the
knowledge of the molecular mechanisms involved in the PCD of GCs in swine.

2. Materials and methods

2.1. Reagents

All reagents were procured from Sigma Aldrich (St. Louis, MO, USA), unless otherwise stated.

2.2. Ovarian follicle selection and classification

Ovaries from sexually mature Large White sows collected immediately after slaughter were transported to the laboratory and
processed using the previously validated protocols (Mattioli et al., 2003; Gioia et al., 2005). Based on the follicular health status,
follicles were classified into three groups (Fig. 1A) according to previously validated morphological criteria (Meineke et al., 1982; Lin
and Rui, 2010; Wang et al., 2012). Healthy follicles were well-vascularized, translucent, and without any debris floating in the clear
follicular fluid; early atretic follicles (ATR+) appeared quite opalescent, with little vascularization, and some floating debris inside;
advanced atretic follicles (ATR+++) were opaque, with very little or no vascularization, and these follicles had a large amount of
debris floating in the follicular fluid. For the present study, a total of 200 follicles and the cumulus-oocyte complexes/group were
collected to perform the apoptosis and autophagy analyses that are subsequently described in this manuscript.

2.3. GC, CC, and oocytes recovery

After follicle classification, GCs, CCs, and oocytes from each of the three groups were collected and pooled as subsequently
described in this manuscript. An incision was made in each follicle and there was eversion of the follicle using a dissection micro-
scope, and the cumulus-oocyte complex was then isolated and collected. The follicular fluid was aspirated, and the granulosa cell
layer was gently scraped into D-PBS. The GCs collected from both the follicular fluid and follicular wall were pooled and manually
dissociated using a 1-mL syringe with a 23 G needle to achieve cell separation (Kim et al., 2013) and number of cells were then
counted using a haemocytometer to determine the GC density.

Pools of CCs were collected from the same follicles from which GCs were collected by gently pipetting the cumulus-oocyte
complexes in D-PBS and then using the same procedure as previously describe in this manuscript to achieve CC dissociation. The
cumulus-free oocytes were removed and pooled for each group. For each condition (healthy, ATR+, ATR+++), the pools of GCs,
CCs, and oocytes were divided into two aliquots, which were then used to evaluate apoptosis or autophagy (see Supplementary Fig.
I).

2.4. Evaluation of apoptosis

2.4.1. Annexin V-FITC/PI staining to detect early apoptosis in GCs, CCs, and oocytes
An annexin V assay (InVitrogen, Carlsbad, CA, USA) was conducted on fresh GCs, CCs, and oocytes, within 1 h after collection

from healthy or atretic antral follicles, to evaluate early apoptosis (Anchordoquy et al., 2014). Briefly, GC suspensions were filtered
through a 30 μm nylon mesh filter to eliminate any remaining aggregated cells and washed twice in ice-cold PBS by centrifugation at
300× g for 5min at 4 °C. The pellets were re-suspended in 100 μL of annexin V binding buffer solution, processed according to the
double staining procedure proposed by Vermes et al. (1995), and there was immediate analysis using a MoFlo Astrios flow cytometer
(Beckman Coulter, San Jose, CA, USA) equipped with an ion laser with a 488 nm wavelength. For all evaluations, a gate was created
with the side scatter and forward scatter plot so that there was only evaluations of GCs. Events were acquired using FL1 (513/26 nm)
for annexin V and FL3 (620/29 nm) for PI. Annexin V-positive events were considered to be indicative of apoptotic cells, while those
with PI positivity or with annexin V/PI co-positivity were considered to be necrotic cells. With these analyses, which were performed
in triplicate, the flow rate was adjusted to 150–250 events/sec, and acquisition was stopped at 10,000 events.
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The annexin V/PI assay was also used to evaluate early apoptosis in CCs and in cumulus-free oocytes taken from healthy, ATR+,
and ATR+++ follicles. After staining, the exposure of phosphatidylserine on the outer portion of the plasma membrane was
evaluated using confocal microscopy. Three independent analyses were conducted, with at least 200 CCs and 10 oocytes being
analyzed per group.

2.4.2. TUNEL assay in GCs, CCs, and oocytes
Late apoptosis was detected using a TUNEL assay in each group of GCs, CCs, and oocytes using the ApopTag fluorescein in situ

apoptosis detection kit (Millipore, Merck, Darmstadt, Germany) by conducting the previously described procedures of Mohn et al.
(2015). At the end of the protocol, the GCs were analyzed using flow cytometry. For all evaluations, a gate was created with the side
scatter and forward scatter plot to consider only GCs, and a further gate was created for the PI-positive events. Events were acquired
with FL1 (513/26 nm) for TUNEL and FL3 (620/29 nm) for PI, and those with green fluorescence on FL1 were considered to have
DNA fragmentation. The flow rate was adjusted to 150–250 events/sec, and the acquisitions were stopped after 5000 events.

The DNA fragmentation was also evaluated in oocytes and CCs using a TUNEL assay adapted for these cells. At the end of the
protocol, nuclei were counter-stained with PI (20 μM), and oocytes and cumulus-oocyte complexes were mounted on slides using
ProLong Gold antifade reagent (InVitrogen) and were individually analyzed using a confocal microscopy to evaluate the percentage
of TUNEL-positive cells. Oocytes pre-treated with DNase I served as a positive control for the assay. For each group, three in-
dependent analyses were conducted for GCs, and at least 200 CCs and 10 oocytes were evaluated using these procedures.

Fig. 1. Analysis of early apoptosis in granulosa cells (GCs), cumulus cells (CCs), and oocytes of sows collected from healthy or atretic follicles.
(A) Representative flow cytometry plots of early apoptosis determined using annexin V-FITC/PI staining in GCs collected from healthy, early atretic
(ATR+), and advanced atretic (ATR+++) antral follicles; Early apoptotic (PI-/annexin+) GCs are shown in the lower right quadrant; (B) Graph
illustrating the percentages of apoptotic GCs, CCs, and oocytes detected in the different follicle groups (three independent experiments); Different
superscript letters indicate differences (P < 0.05); (C) Representative confocal microscopy images of CCs and cumulus-free oocytes evaluated using
annexin V/PI staining; Asterisks represent early apoptotic CCs (C2) and oocytes (C4), with plasma membranes having a green color due to phos-
phatidylserine externalization; healthy CCs and oocytes without any fluorescence are shown in C1 and C3, respectively; Scale bars in C1, C3, C4: 50
μm; scale bar in C2: 10 μm
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2.5. Evaluation of autophagy

2.5.1. Western blotting analysis of LC3B abundance in GCs, CCs, and oocytes
For each condition, pools of freshly collected GCs (2× 106 cells/mL) and pools of 100 isolated oocytes and of the corresponding

CCs were used. These cells were collected using procedures previously described in this manuscript, washed twice in D-PBS, and
stored at −20 °C until western blotting analysis. For a positive control (rapamycin-treated cells), a group of cells was treated for 1 h
with 1 μM rapamycin solution (Abcam, Cambridge, UK; ab120224) prior to fixation to chemically induce autophagy.

The cells were analysed to examine the amount of LC3B-I protein converted to LC3B-II, which is an index of autophagic induction.
For the analyses, cells were lysed, the total protein concentration was biochemically determined, and a similar amount of protein was
loaded for SDS-PAGE electrophoresis, followed by transfer to a nitrocellulose membrane, in accordance with the Bio-Rad protocol.
The nitrocellulose membranes were exposed to primary antibodies against LC3B (1:100; Abcam, Cambridge, UK; ab48394) and
GAPDH (diluted 1:1000; Santa Cruz Biotechnology, Santa Cruz, USA; sc-47724). Subsequently, secondary antibodies were blotted for
the detection of corresponding bands by using a ChemiDoc™ Imaging System (Bio-Rad, USA). The quantization of LC3B protein
abundances was performed by normalizing the lipidated isoform of the protein (LC3B-II, the lower band in the western blot) against
GAPDH, and each band was imaged with Image J software (NIH). For each group, the GC analyses were repeated three times,
whereas the analyses for the oocytes and CCs were performed one time, considering that each sample was representative of 100
pooled oocytes or CCs harvested from 100 cumulus-oocyte complexes.

2.5.2. Detection of LC3B protein in GCs, CCs, and oocytes by immunofluorescence
Immunofluorescence analyses were performed on the GCs, CCs, and oocytes and groups to confirm LC3B protein presence and

evaluate subcellular localization. To allow cell adhesion, freshly collected GCs and CCs were re-suspended in culture medium (alpha-
MEM, Gibco, NY, USA, supplemented with 10% fetal calf serum and 1% penicillin/streptomycin solution), seeded at concentration of
5× 104 cells/mL on sterile glass coverslips, and incubated for 12–14 h at 38.5 °C in a humidified atmosphere of 5% CO2 in air. For
positive controls (rapamycin-treated cells), 1 μM rapamycin (Abcam, Cambridge, UK; ab120224) was added to cells and incubated for
1 h to chemically induce autophagy. The cells were subsequently washed in PBS, fixed in 4% paraformaldehyde and processed for
immunofluorescence analyses. Briefly, after permeabilization and blocking in 10% normal goat serum, GCs, CCs, and oocytes were
immunolabelled with rabbit polyclonal primary antibody against LC3B (1:100; Abcam, Cambridge, UK; ab48394), and goat anti-
rabbit secondary antibody conjugated to Alexa Fluor 488 Plus (1:800; Thermo Fisher Scientific, Waltham, MA, USA; A32731); each
incubation was for 1 h at RT. Nuclei were counter-stained with Hoechst 33342 (1 μg/mL). Negative controls omitted the primary
antibody.

At the end of the protocol, the coverslips containing the adherent cells and the oocytes were mounted on glass slides using
ProLong antifade reagent (Thermo Fischer Scientific) and observed using a Nikon laser scanning confocal microscope. In im-
munostaining, dot- and ring-shaped LC3 signals are considered representative of LC3-II protein that is on the autophagosome
membrane. This fluorescence pattern in cells, therefore, indicates activated autophagy processes are occurring and is commonly
described as “punctate fluorescence”, as it refers to the presence of fluorescent “puncta” or dots (Serke et al., 2009; Choi et al., 2010;
Lee et al., 2017). Thus, the percentage of autophagic cells was calculated based on the cells having this fluorescence pattern (LC3-II-
positive cells/total cells). For each group, three independent analyses were conducted, and at least 200 cells and 10 oocytes were
examined each time.

2.6. Confocal microscopy analysis

The acquisition of fluorescence images was performed using a 60 X oil-immersion objective utilizing a laser scanning confocal
microscope (Nikon A1r, Nikon Instruments, Amsterdam, the Netherlands). A 488-nm line excitation of an air-cooled 100mW argon
laser (Spectra Physics) was used; the emitted fluorescence was detected through the combination of the appropriate AG2 filter set
with a high pass at 561 nm. Images were captured using the program NIS ELEMENTS 4.40 (Nikon Instruments, Amsterdam, the
Netherlands) in sections of 1024 pixels. Scale bars to indicate magnification are provided in the figures of this manuscript.

2.7. Statistical analysis

The percentages of LC3B-II-positive, annexin V-positive and TUNEL-positive cells were reported as the mean ± standard de-
viation (SD) of at least three independent experiments. The D'Agostino-Pearson omnibus test was performed as a normality test. The
data were considered normal, so the statistical analysis was performed using an one-way analysis of variance (ANOVA). Levene’s test
was used for assessing homogeneity of variance. Differences with P < 0.05 were considered to be statistically significant.

3. Results

3.1. Annexin V-FITC/PI assay in GCs, CCs, and oocytes

The data for incidence of early apoptosis in GCs recovered from healthy and atretic follicles are depicted in the cytofluorimetric
analysis plot (Fig. 1A). During the process of follicular atresia there is a progressive increase in the number of early apoptotic cells
(PI-/annexin V+, lower right quadrant). In particular, the percentages changed (P < 0.05) from 3.2 ± 2.5% in the healthy group to
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26.5 ± 5.1% and 51.4 ± 1.6% in the ATR+ and ATR+++groups, respectively (Fig. 1B).
Interestingly, the results from the confocal microscopy analyses conducted on CCs and oocytes indicated there were differences

compared with the GCs. Here, the annexin V-positive cells (Fig. 1 C2 and C4) were detected as a very small percentage in both cell
types, regardless of whether these cells were derived from healthy or atretic follicles (apoptotic CC: healthy 9.1 ± 2.4%;
ATR+12.2 ± 3.8%; ATR+++10.0 ± 2.0%; apoptotic oocytes: healthy 4.1 ± 1.5%; ATR+3.1 ± 1.0%; ATR+++5.0 ±
2.1%. P > 0.05) (Fig. 1B).

3.2. TUNEL assay in healthy and atretic GCs, CCs, and oocytes

The results from flow-cytometric analysis of GCs from healthy and atretic follicles indicated there was a greater amount of DNA
fragmentation (TUNEL-positive cells) for both the ATR+ (46.4 ± 1.3%) and ATR+++(49.8 ± 5.7%) groups compared with the
healthy group (9.4 ± 4.3%, P < 0.01; Supplementary Fig. 2 A and C).

In contrast, the results of the TUNEL assay performed on CCs and oocytes indicated that, with the exception of positive control
(DNase-treated oocytes), which had a nuclear green fluorescence, almost none of the CCs and oocytes had DNA fragmentation and
were thus TUNEL-negative (see supplementary Fig. 2B), regardless of whether these cells were derived from healthy or atretic
follicles (apoptotic CCs: healthy 10.7 ± 2.5%, ATR+16.8 ± 4.0%, ATR+++12.3 ± 3.7%; apoptotic oocytes: healthy
2.0 ± 1.5%, ATR+1.5 ± 1.7%, ATR+++2.5 ± 2.3%; P > 0.05) (Supplementary Fig. II).

3.3. Western blotting analysis of LC3B protein abundance in GCs, CCs, and oocytes

The abundances of LC3B-II were examined using western blotting in healthy GCs and in both of the different type of atretic GCs. As
depicted in Fig. 2, there were two bands on the blots, at approximately 19 and 17 kDa, corresponding to the cytosolic and lipidated
isoforms of LC3B, respectively, which are typically detected when autophagy is activated in cells. This finding confirmed that the primary
antibody to LC3B used in this research was valid for use in assessments of pig cells, and it also indicated that the normalized abundances of
LC3B-II were greater in the ATR+and ATR+++groups (1.39 and 1.63-fold, respectively), compared to the healthy group (P < 0.05)
(Fig. 2A). This indicates that autophagy was progressively activated in GCs during follicular atresia at the antral follicle stage.

Concerning the abundance of LC3B-II in CCs, the results were similar to those for GCs. There was detection of increased values of
LC3B-II/GAPDH in both the ATR+and ATR+++ CC groups (2.08 and 2.50-fold, respectively) compared to healthy CCs (Fig. 2B).
Furthermore, there was a greater abundance of the autophagic marker in ATR+++ oocytes as compared with healthy oocytes (2.83-
fold greater) (Fig. 2C).

Fig. 2. Western blot analyses of LC3B protein abundance in granulosa cells (GCs), cumulus cells (CCs), and oocytes of sows collected from healthy
and atretic antral follicles. Representative immunoblots (up): analyses were conducted with an anti-LC3B antibody and two forms were detected,
LC3-I (cytosolic) and LC3-II (autophagosome-membrane bound), as two bands at 19 and 17 kDa (arrows); GAPDH protein was used as a loading
control; Densitometric quantifications of LC3B protein abundance (down): the graphs depict the fold increase as compared with the abundance of
LC3B-II/GAPDH; In GCs (A), analyses were performed in triplicate; Analyses of oocytes and CCs were performed one time, considering that each
sample was representative of 100 pooled oocytes or CCs collected from 100 cumulus-oocyte complexes.
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3.4. Detection of LC3B protein by immunofluorescence

The LC3B protein was present in all GC groups with the exception of the negative control. When there was consideration of only
the cells having the punctate pattern of fluorescence, the percentages of LC3B-II-positive cells changed depending on whether these
were from healthy or atretic follicles, as depicted in Fig. 3. In fact, the majority of atretic GCs, both at early and late stages of atresia,
were positive (73.0 ± 13.6% and 83.6 ± 6.2%, respectively), and there was a similar situation in rapamycin-treated GCs, where
autophagy was chemically-induced (positive control, 78.4 ± 11.9%). In contrast, the percentage of cells having punctate fluores-
cence was lower in healthy GCs (37.7 ± 7.0%) (P < 0.05) compared with all other groups, and most of these cells had a diffused
fluorescence pattern (Fig. 3C).

There were similar results from the immunofluorescence analysis conducted with CCs (Fig. 4), with all cells containing the LC3B
protein, and the majority of CCs having a punctate fluorescence in the atretic groups, as well as in the positive control. In particular,
the percentage of LC3B-II-positive cells was greater in the ATR+ (68.8 ± 6.0%) and ATR+++ (67.9 ± 8.7%) groups, as well as
in the rapamycin-treated group (84.0 ± 3.1%) compared to healthy CCs (37.6 ± 12.5%) (P < 0.05).

Furthermore, there was a distinct punctate pattern of fluorescence detected in oocytes (Fig. 5), with a markedly greater per-
centage of positive cells in the rapamycin-treated (65.4 ± 7.4%) and atretic groups (ATR+60.9 ± 5.9%, ATR+++58.8 ±
7.3%) compared with healthy cells (25.2 ± 3.3%) (P < 0.05).

4. Discussion

In mammalian ovaries, a balance between cell proliferation and cell death is maintained in healthy follicles, and any imbalance of
the two processes can lead to atresia of the follicle. Although follicular atresia affects all stages of folliculogenesis, in sows the greatest
incidence of follicular degeneration occurs during the antral stage (Clark et al., 1982; Morbeck et al., 1992), involving the extensive
death of GCs (Morita and Tilly, 1999; Escobar Sánchez et al., 2012; Spanel-Borowski, 2012). It is accepted that both apoptosis and
autophagy, two types of PCD, can have a role in follicular atresia, but the connection between the two processes remains to be
elucidated. Species-specific differences exist, and the available data are incomplete and sometimes conflicting (Eisenberg-Lerner
et al., 2009; Yadav et al., 2018). Furthermore, in CCs and oocytes of pigs, the process of autophagy has never been evaluated in vivo in
relation to atresia during the antral stage of follicular development.

Results with western blotting in the present study indicate the LC3B protein is present in porcine GCs, and that the abundance of
its autophagosome-associated form is greater in GCs of atretic follicles compared to healthy follicles. These results are consistent with
those in previous studies in rodents (Choi et al., 2010) and humans (Duerrschmidt et al., 2006; Serke et al., 2009; Vilser et al., 2010).
Furthermore, in the present study the increase of LC3B-II abundance in atretic GCs is progressive during the process of atresia.

The relatively greater abundance of LC3B-II in atretic GCs in the present study was confirmed by results with immunofluorescence
analyses. Although moderate to intensive immunostaining of LC3B protein was detected in both healthy and atretic GCs, when the
LC3B-II form of the protein was evaluated, there was a different incidence of positive cells amongst the experimental groups.
Additionally, consistent with results from the western blotting analysis in the present study, the percentage of cells having a punctate
pattern of fluorescence (indicative of induced autophagy) increased progressively from the early to the advanced stage of atresia.

Thus, the results of the present study indicate, for the first time, that in sow ovaries the induction of autophagy in GCs is
correlated to the antral follicle selection that takes place during pre-ovulatory maturation. The results of the same analyses conducted
on CCs indicated there was a similar occurrence to that of GCs regarding the induction of autophagy. Importantly, results from both
analyses indicate, for the first time, the relatively greater abundance of LC3B-II in early and advanced atretic CCs, which progres-
sively increased compared to healthy cells. Furthermore, there was a greater abundance of LC3B-II protein in advanced atretic
oocytes, indicating that during follicle degeneration, autophagy is activated in gametes as well.

The combined results from evaluation of CCs and oocytes of sows also highlights the presence of species-specific differences
because in rats, induced autophagy has been documented in GCs but not in CCs and oocytes during antral follicle atresia (Choi et al.,
2010; Meng et al., 2018). This finding may not be surprising considering there is a difference between rodents and pigs when the site
of apoptosis is evaluated. As previously reported by Manabe et al. (1997, 2004) and confirmed by the present research, in pigs, the
GCs represent almost the exclusive target of apoptosis during the process of follicular atresia at the antral stage, unlike in rodents
where apoptosis occurs in GCs as well as in CCs and oocytes. In the present study, results from the annexin V and TUNEL analyses
indicate there are very few apoptotic gametes and surrounding cells collected from early and advanced atretic follicles, whereas
apoptosis was detected in a large percentage of atretic GCs. Even at the early stage of atresia, there was a markedly greater percentage
of GCs with membrane changes (annexin V-positive cells) compared to healthy cells. When the process of atresia is in an advanced
stage, approximately half of the cell population has both PS externalization and DNA fragmentation simultaneously, thus, indicating

Fig. 3. Immunofluorescence analysis of LC3B protein in granulosa cells (GCs) of healthy and atretic follicles of sows.
Representative confocal microscopy images of GCs of sows immunostained with primary LC3B antibody, secondary Alexa Fluor Plus 488 antibody
(green fluorescence), and counterstained with Hoechst 33342 (blue fluorescence); All groups had the LC3B protein, but a different abundance of
LC3B-II-positive cells (undergoing induced autophagy) was detected; Most early (D) and advanced (E) atretic cells, as well as rapamycin-treated cells
(positive control, B), had the typical punctate fluorescence pattern that is associated with LC3B-II protein in the autophagosome membrane; In
contrast, most healthy GCs (C) had a diffused fluorescence, without fluorescent puncta; (A) Negative control without primary antibody; scale bars:
10 μm
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that early and late processes of apoptosis are activated in parallel in GCs of pigs during antral follicle atresia.
To our knowledge, the present research documents, for the first time, the site of autophagy and the relationship between au-

tophagy and apoptosis during the physiological process of atresia in antral follicles of sow ovaries, highlighting the differences
between pigs and rodents.There may be various reasons for these inconsistencies in the follicular atresia process among species.
Follicular atresia is strictly dependent on local ovarian factors (Tsafriri and Braw, 1984), and apoptosis and autophagy that occurs in
follicular cells, as well as in the part of the follicle where there is induction of these processes, may vary depending on the stage of
follicular development and the stage of sexual immaturity or maturity. These factors influence the capacity for studying the in-
volvement of these PCD mechanisms (Manabe et al., 2004). Differently from Choi et al. (2014), who used immature rats to analyse
LC3 abundance in the GCs of healthy or atretic antral follicles, sow ovaries were used in the present study, which have a complete
estrous cycle rather than the truncated reproductive cycle that prevails in rats. Furthermore, with sow ovaries it is easier to precisely
surgically manipulate and isolate each component of the follicle using a surgical microscope so that there can be an accurate study of
various follicular components.

Regarding the differing involvement of autophagy in CCs and oocytes of pigs and rats, it could be hypothesized that there is a
species-specific function for this process. There have been a number of reports indicating autophagy and apoptosis can have opposing
functions by either synergistic (Kabeya et al., 2000, 2004; Choi et al., 2010) or antagonistic actions to prevent apoptotic cell death
(Xue et al., 2001; Kanzawa et al., 2003). In fact, autophagy is known to be activated in cells as a survival mechanism when there are
specific adverse conditions, such as starvation (Ferraro and Cecconi, 2017; Huang et al., 2015). There is a similar occurrence in large
pig follicles during atresia due to a marked reduction of vascularization (Cran et al., 1983; Greenwald and Terranova, 1988; Martelli
et al., 2006). The consequent GC death may deprive the CCs and oocyte of nutrients and regulatory molecules, and this constituent
milieu within the follicle may lead to induction of autophagy in these cells as a cytoprotective mechanism. This hypothesis is
consistent with the absence of apoptosis in the majority of CCs and oocytes at the time of autophagy. A pro-survival function during
autophagy in the cumulus-oocyte complex could be important in a species such as the pig that is characterized by a long-lasting
folliculogenesis process compared to rodents, allowing the supply of the necessary trophic and regulatory molecules that could
preserve the viability and function of CC for a longer period of time and, consequently, preserve the oocyte. It is well known that
coupling between the CCs and the gametes is important throughout folliculogenesis and oocyte maturation and that during the period
before ovulation, the pig oocyte undergoes dramatic changes (Eppig, 1985; Kidder and Mhawi, 2002). During this time, therefore, a
function of the autophagy process in the cytosolic growth and maturation of the oocyte can be inferred by the degradation and
recycling of gap junctions or imported substances via gap junctions, as occurs in other cell types (Carette et al., 2015; Sun et al.,
2015). Further studies are necessary to investigate this hypothesis.

5. Conclusions

In pig ovaries, there is a greater LC3B-II abundance in GCs, CCs, and oocytes of antral follicles destined to degenerate, indicating
induced autophagy in all of these cell types. Species-specific differences exist regarding the association between autophagy and
apoptosis during antral follicle maturation in vivo. In particular, in pigs (as in rodents), the induced autophagy in GCs could have a
cooperative function with apoptosis in directing the follicle towards atresia. Only in CCs and oocytes of pigs does the induction of
autophagy have an opposing function to apoptosis, functioning as a cytoprotective mechanism to maintain the viability and function
of the gamete and the coupled cells for a longer period of time.
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Fig. 4. Immunofluorescence analysis of LC3B protein in cumulus cells (CCs) of healthy and atretic follicles of sows.
Representative confocal microscopy images of CCs of sows immunostained with primary LC3B antibody, secondary Alexa Fluor 488 Plus antibody
(green fluorescence), and counterstained with Hoechst 33342 (blue fluorescence); Autophagic cells with green fluorescence puncta were evident in
the majority of both atretic groups (D, early atretic; E, advanced atretic) and in the positive control (B, rapamycin-treated cells); In contrast, most
healthy cells (C) had a diffuse fluorescence without a punctate pattern; no fluorescence signal was detected in the negative control (A) where
primary antibody was omitted; scale bars: 10 μm
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