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Abstract 

Cell death is a process for maintaining
homeostasis in tissues and organs. In the
ovary, apoptotic cell death has been implicated
in follicular atresia; in the elimination of the
follicles that are not ovulated during adult life.
Recent studies indicate that apoptosis and
autophagy are two programmed processes of
cell death. Apoptosis is performed by proteases
called caspases and leads to such morphologi-
cal traits as DNA fragmentation. Autophagy, in
turn, is characterized by the exacerbated for-
mation of autophagosomes; a process in which
the amount of the LC3 and Lamp 1 proteins
increases. In this study, oocytes from all stages
of the estrous cycle of Wistar rats were ana-
lyzed. The apoptosis process was identified by
immunodetecting active Caspase-3 and locat-
ing DNA fragmentation using the TUNEL tech-
nique. Autophagy was evaluated through
immunodetection of the LC3 and Lamp 1 pro-
teins, and by ultrastructural localization of
autophagic vesicle formation. All techniques
were conducted using the same oocytes.
Results show that all phases of the estrous
cycle contain dying oocytes that test positive
simultaneously for apoptosis and autophagy
markers. The highest level of apoptosis was
found during estrus; while the proestrous
stage had the highest level of autophagy. The
diestrous and metestrous phases were charac-
terized by a high frequency of the presence of
markers of apoptosis and autophagy in the
same oocyte. Our results demonstrate that dur-
ing oocyte elimination in adult rats the pro-
teins involved in both processes, apoptosis and
autophagy, are present in the same cell at the
same time.

Introduction

Female mammals are born with a defined
set of oocytes located in the functional struc-
ture of the ovary: that is follicles. The oocytes

that are selected for release constitute less
than 1% of the total; the remainder is removed
via the process of follicular atresia,1,2 which is
an important, selective degenerative process
that takes place in the gonads of mammals
both before and after birth.3

Follicular development is a dynamic process
that involves the growth and development of
follicles in different phases: primordial, pri-
mary, secondary (or pre-antral), and antral fol-
licles. In adult organisms, follicular develop-
ment and granulosa cell differentiation are
regulated by several autocrine or paracrine
factors, such as steroids, gonadal peptides and
growth factors. During the early stages of fol-
licular development, the paracrine factors act
as a mitogen, whereas in later stages they
enhance granulosa cell differentiation and
luteinization in a coordinated manner with
gonadotropin-cAMP-generated signals.4

Follicular atresia occurs following different
patterns depending on the exact follicular
phase: in its early stages (primordial, primary,
small pre-antral), atresia is initiated by oocyte
apoptosis that causes the death of granulosa
cells.3 However, in late pre-antral, antral and
preovulatory follicles, atresia is triggered by
granulosa cell death.5 Follicular atresia is char-
acterized by increased apoptotic cell death.
The morphological and biochemical character-
istics of apoptosis include nuclear and cyto-
plasmic condensation and the break-up of
membrane-bound fragments called apoptotic
bodies.6 Biochemically, cleavage of DNA, cas-
pase-mediated proteolysis of specific intracel-
lular proteins, and the flipping of phos-
phatidylserine from the inner to the outer
leaflet of the plasma membrane, are the hall-
marks of apoptosis. The caspases include both
initiator (-8 and -9) and effector types (-3, -6,
and -7) that, when activated, cleave the
enzymes and proteins that are essential for cell
metabolism.7 Recent reports indicate that in
addition to apoptosis, autophagy also partici-
pates as a programmed cell death process.
Autophagic cell death is characterized by the
presence of double, or multiple, membrane
cytoplasmic vesicles that engulf bulk cytoplasm
and/or cytoplasmic organelles, such as mito-
chondria and the endoplasmic reticulum.
Autophagy begins by enclosing cytoplasmic
constituents in a membrane sac, resulting in
the formation of double membrane structures
called autophagosomes.8 The autophagic vesi-
cles and their contents are then destroyed by
the lysosomal hydrolases in the eukaryotic
cells. 

The molecular mechanisms governing the
performance and regulation of the autophagic
program involve several autophagy-specific
genes (Atg), elements that are highly con-
served among species as distinct as humans
and yeast.9 The microtubule-associated protein

light chain 3 (LC3) is the mammalian homo-
logue of yeast Atg8,10 and is involved in
autophagic vesicle formation. Lysosomes are
acidic vesicles that participate in the break-
down of diverse macromolecules and are also
implicated in the catabolism of cytoplasmic
components through autophagy.11 The most
abundant proteins found in lysosomal mem-
branes are the lysosome-associated membrane
proteins 1 and 2 (Lamp 1 and Lamp 2), which
together constitute almost 50% of all lysosomal
membrane proteins. Under optimal conditions,
cells ensure the turnover of old and damaged
organelles by maintaining a low basal level of
autophagic flow. However, when autophagic
activity increases over the basal level the
process of cellular death begins. 

The expression of several apoptotic proteins
has been identified in the ovary; for instance,
the increased expression of the death factor
Bax, a Bcl-2 family member, in granulosa cells
has been correlated with apoptosis in the
rat.12 In mice oocytes and granulosa cells, cas-
pase-9 is required for apoptosis,13 while cas-
pase 2 is necessary for the apoptosis induced
by anticancer drugs and during development.14

Protease caspase-3 has been identified in
oocytes,15 and it has been suggested that sever-
al caspases are activated in oocytes prior to
cellular budding and fragmentation.16 Also,
apoptosis has long been considered the princi-
pal mechanism for oocyte depletion in both
normal and pathological conditions. As men-
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tioned above, follicular atresia has been attrib-
uted to apoptotic cell death; however, recent
reports have demonstrated that autophagy is
also an important process during oocyte death
in prepubertal mammals. Moreover, cellular
elimination in these animals involves both
types of cell death.17-19 The aim of the present
study is to determinate whether the proteins
involved in apoptotic cell death and autophag-
ic cell death are present in the adult oocytes,
and to evaluate the ultrastructural characteris-
tics of the oocytes during the follicular atresia.
Lamp-1, LC3, active-caspase-3 proteins, and
TUNEL were identified in oocytes using
immunohistochemical techniques. The ultra-
structural features were evaluated by means of
electron microscopy. We found that the pro-
teins involved in autophagic and apoptotic cell
death are present in the same cell at the same
time throughout the estrous cycle.

Materials and Methods

Experimental animals
A total of 60 adult Wistar rats were used in

this study in three different assays. They were
kept under a 12 h light-darkness cycle with
water and food ad libitum. Five regular estrous
cycles were controlled by means of vaginal
smears before sacrifice. All animals were han-
dled in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. 

Ovary tissue processing for optical
microscopy

Ovaries were fixed in 2% paraformaldehyde
in phosphate-buffered saline (PBS) at pH 7.2
for 2 h at room temperature, embedded in
paraffin, and serially sectioned (5 μm). The
sections from each ovary were aligned on glass
microscope slides covered with poli-l-lysine
(Sigma, Toluca, Mexico), and observed under a
Nikon Eclipse E600 Microscope. 96 serial sec-
tions of adult rat ovaries of each phase of the
estrous cycle (diestrous, metestrous, proe-
strous, and estrus) were studied. Images were
recorded with a Nikon Digital Camera
DXM1200F and processed using the Image
Processing and Analysis Java (ImageJ) pro-
gram.20

Ovary tissue processing for elec-
tron microscopy

Ovaries were fixed in 2.5% glutaraldehyde-
4% formaldehyde in phosphate-buffered saline
(PBS) at pH 7.2 for 2 h. After rinsing in the
same buffer, tissues were post-fixed in 1%
osmium tetroxide (OsO4) in a PBS buffer at pH
7.2, for 1 h. Tissues were then dehydrated

using a graded series of ethanol and embedded
in Epon (Embed-812, Electron Microscopy
Science, Hatfield, PA, USA). Semi-thin sec-
tions were stained with toluidine blue.
Selected areas were thin-sectioned, and grids
were counterstained with uranyl acetate and
lead citrate. Sections were examined under a
JEOL 1010 electron microscope operated at 100
KV. Digital images were taken with a
Hamamatsu camera.

TUNEL procedure
Evaluation of DNA fragmentation was per-

formed with an Apoptag Red In Situ Apoptosis
Detection Kit (Millipore Corp., Billerica, MA,
USA). Sections were treated with proteinase K
for 15 min at room temperature, and then

labeled with biotin-dUTP by incubation with a
reaction buffer containing terminal deoxinu-
cleotidyl transferase enzyme for 1 h at 37°C.
Biotinylated nucleotides were detected with a
streptavidin-FITC conjugate. Tissues were
counterstained with DAPI (Sigma) to evaluate
DNA distribution. Slides were covered with a
mounting media for fluorescence microscopy
(Vectashield Mounting Medium). 

Immunolocalizations 
Paraffin-embedded samples were used to

localize the active caspase 3, Lamp-1 and LC3
proteins using polyclonal antibodies [Sigma,
Abcam (Cambridge, UK), Affinity Bioreagents
(Golden, CO, USA), respectively]. Antigen
unmasking was performed by microwaving tis-
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Figure 1. Morphological characteristics of rat ovaries: a) metestrous; b) diestrous; c) proe-
strous; and, d) estrus. The ovaries presented different morphological patterns; in the
ovaries in metestrous the corpora lutea was more evident than in the other phases of the
cycle (arrowheads), Atretic follicles with different degrees of degeneration were observed
(arrows) in all phases of the cycle. Under high magnifications (a1, a2, b1, b2, c1, c2, d1,
and d2), all follicles are in different stages of the process of atresia and show altered
oocytes with irregular shapes and cytoplasmic regions with clear vesicles (crossed arrows).
The oocyte in c1 is segmented in two nucleated pseudo-blastomers with large nucleoli. o,
oocyte; gc, granulosa cells. Scale bars: a, b, c, and d, 200 microns; all others 50 μm. 
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sue sections in citrate-buffer 0.1 M, pH 6
(BioGenex, Fremont, CA, USA) in a Panasonic
oven for 3 min at 1300 W, and 6 min at 780 W.
After cooling, tissue sections were washed in
phosphate-buffered saline (PBS) and then
incubated with primary antibody anti-active
caspase-3 (1:200 in PBS dilution), anti-Lamp1
(1:100 in PBS dilution), or anti-LC3 (1:200 in
PBS dilution) for 18 h at 4°C. The negative
controls were carried out omitting the primary
antibodies. After washing, slides were incubat-
ed with an anti-rabbit immunoglobulin cou-
pled to Alexa fluor 488 (Invitrogen) for 1 h in
darkness at room temperature. After that, the
preparations were washed and counterstained
with DAPI (Sigma) to evaluate DNA distribu-
tion. Slides were covered with mounting media
for fluorescence microscopy (Vectashield
Mounting Medium).

Western blot analysis
In order to evaluate the specificity of the

antibodies Western blotting analyses were car-
ried out. Adult rat ovaries were sectioned and
placed during 15 min in lysis buffer (50 mM
Tris-Cl, pH 7.5; 150 mM NaCl, 0.1% SDS, 1 mM
PMSF, 0.5% sodium deoxycholate, and 1%
Nonidet P-40) supplemented with protease
inhibitor cocktail complete (Roche,
Mannheim, Germany). The total proteins were
measured by Bradford Assay; 50 µg total pro-
teins were loaded on a 12% SDS-PAGE gel.
Proteins were transferred to polyvinylidene
fluoride (PVDF) membranes, which were incu-
bated 1 h at room temperature in blocking
buffer. Then the membranes were incubated
with anti-active caspase 3, anti-Lamp-1, and
anti-LC3 antibodies (Sigma, Abcam and
Affinity Bioreagents, respectively) in a dilution
1:500. The proteins were successively tagged
by incubation with peroxidase-conjugated sec-
ondary antibody (Jackson, Newmarket, UK)
1:10,000 in blocking buffer during 1 h at room
temperature. Using Horse Radish Peroxidase
(HRP) as substrate (Immobilon Western,
Millipore Co, USA), the specific labeling was
detected by chemiluminesce. The film
Hyperfilm Amersham Biosciences was
expossed to the membranes in order to detect
the chemiluminesce.

Statistical analysis
Fluorescent immunodetections of Lamp1

and LC3 proteins were carried out using the
ImageJ program. The fuorescent signal incor-
porated in the cytoplasm of the cells was eval-
uated by the pixel intensity in 650 images
obtained from 60 rats. The background of the
slide was evaluated with ImageJ program tools.
There was no discrimination between follicu-
lar phases: i.e., all oocytes were considered in
this evaluation. They were divided into two

groups according to the type of follicle: atretic
or healthy. A Student t-test was used to assess
the statistical significance of the differences
(P<0.05).

Results

Morphological analysis
Sections from the ovaries of rats during the

metestrous, diestrous, proestrous, and estrus
phases were analyzed to evaluate the morpho-
logical characteristics of their follicles. Follicle
types in the process of atresia were observed
in each ovary. The atretic follicles were classi-
fied according to the following morphological
characteristics: altered shape of the follicle,
granulosa cells detached from the oocyte,
apoptotic signs in the granulosa cells, altered
shape of the oocyte, and altered cytoplasmic
organelles in the oocyte.

Follicles from all four phases of the cycle
showed atretic traits, including an altered
oocyte. The oocytes showed noticeably clear
cytoplasmic vesicles and signs of degradation
(Figure 1 a,b; high magnification). The cyto-
plasm of some oocytes is segmented, and some
segments have fragments of highly compacted
nuclei. The junctions between granulosa cells
become scarce or were eliminated (Figure 1
c,d). 

Evaluation of autophagy and apop-
tosis 

The apoptotic process was studied using the
TUNEL assay to detect DNA fragmentation,
and active caspase-3 immunodetection. The

autophagic process was identified by quantita-
tive immunolabeling of LC3 and Lamp1, and
measuring the fluorescence intensity. The lev-
els of labeling in the cytoplasmic space of
Lamp1 and LC3 were significantly different
between the cells that were positive and nega-
tive, respectively, for the autophagic cell death
markers (Figure 2). 

To discriminate between the basal
autophagic process and autophagic cell death,
fluorescence intensity was measured. We ana-
lyzed the fluoresce intensity of altered oocytes
morphologically considered as autophagic and
non-autophagic. A marked increased in the
expression of Lamp1 and LC3 was found in the
oocytes dying by a predominantly autophagic
process in contrast to those which are under-
going a non-autophagic death process.
Statistical significance was determinate by
means of Student t-test. The fluorescence
intensity of the altered oocytes is significantly
higher than that of the unaltered ones
(P<0.05; Figure 3 a,b). The oocytes in the four
phases of the estrous cycle analyzed showed
different labeling patterns, including cells pos-
itive for the autophagic markers, Lamp1 and
LC3 (Figure 4), and others positive  for the
apoptotic markers, active caspase-3 and
TUNEL (Figure 5). However, a significant
number of oocytes were positive for the mark-
ers of autophagy and apoptosis; i.e., Lamp1,
LC3, active caspase-3, and the TUNEL tech-
nique (Figure 6). Indeed, over 40% of cells
exhibited simultaneous markers of apoptotic
and autophagic cell death in all phases of the
estrous cycle (Figure 7).  Signs of both apopto-
sis and autophagy were present at the same
time in the same cells in all phases of the
estrous cycle. The highest frequency of this
labeling pattern was found in the diestrous and
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Figure 2. Immunodetection of the pro-autophagic proteins LC3 and Lamp1 in atretic
oocytes in early antral (a), antral follicles (b and c), and secondary (d). The phase contrast
shows the general morphology of the follicles. The green fluoresce indicate the both pro-
teins Lamp1 and LC3 immunodetection. Some granulosa cells (gc) are positive for Lamp1
and LC3. The chromatin of the cells is labeled in blue by DAPI staining method. The dot-
ted circles indicate the approximate shape of the oocyte. Arrowheads point to the oocytes
with low labeling intensity; arrows indicate highly labeled oocytes in the process of cell
death. o, oocyte; gc, granulosa cells; ac, antral cavity. Scale bars 20: μm.
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metestrous stages, while the lowest was found
during estrus. 

To evaluate the specificity of the three anti-
bodies used, active caspase-3, Lamp1, and LC3,
Western Blot analyses of the total proteins of
the adult rat ovary were performed. The results
indicate that the antibodies recognize the cor-
responding proteins. The anti-active caspase-3
recognizes a ≈20kDa protein corresponding to
the p20 subunit of the active caspase-3. The
anti-LC3 recognizes the two isoforms of this
protein: LC3-I (18kDa protein) and LC3-II (16
kDa protein). The anti-Lamp1 recognizes a
≈120 kDa protein (Figure 8a). The negative
controls of the antibodies used in the present
study were performed by omitting the primary
antibody (Figure 8b). The phase contrast
images show altered oocytes in follicles in dif-
ferent phase of development; the absence of
mark is evident in the images of the corre-
sponding field (Figure 8b). 

Ultrastructural features
Electron microscopic analysis showed differ-

ences between normal and altered oocytes.
Normal oocytes maintained a close relation with
the somatic cells, their cytoplasm was homoge-
neous, contained small quantities of autophagic
vesicles, and the chromatin was sparsely distrib-
uted in the nucleoplasm. In the altered oocytes,
however, the relation with the granulosa cells
was progressively lost and the chromatin began
to condense. In all follicular phases some of the
oocytes in the process of autophagic cell death
showed abundant autophagic vesicles (Figure
9). The autophagic cell death could be observed
in all stages of development of the follicles until
selectable ones. One of the characteristics
observed in the oocytes dying in different phas-
es of the estrous cycle was cellular segmenta-
tion, which is a feature typical of apoptosis
(Figure 10a). It is interesting to note that some
of the cellular segments had diverse cytoplasmic
content that include the nucleus or fragments of
nucleus that often contained a highly-compacted
nucleolus. Another ultrastructural characteristic
of the oocytes during the process of autophagic
cell death was the presence of a high number of
vacuoles with, or without organelles (Figure
10b). An interesting ultrastructural characteris-
tic of the autophagic process in adult oocytes
was the presence of marked cellular membrane
reorganization. The cytoplasm has numerous
dispersed autophagic vesicles that are easily
observable under high magnification (Figure 11
a,b,c). Many of these autophagic vesicles con-
tain cytoplasmic structures in different phases
of degradation, including some membrane
debris. It is important to note that these charac-
teristics were present in oocytes obtained from
rats in the four phases of the estrous cycle
(Figure 12). 

Discussion

Follicular atresia is an important event,
whose principal functions consist in maintain-
ing homeostasis in the ovary and contributing
to the ovulation of functional, healthy oocytes.
Adult rats ovulate every four days, thus allow-

ing the presence of several atretic follicles in
each ovary throughout the estrous cycle. These
features make the rat ovary an interesting
model for study.

Several reports on mammals indicate that
apoptosis is the typical process of cell death in
the atretic follicles.12 Follicular atresia has
been described mainly in granulosa cells using
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Figure 3. Quantification of the fluorescence intensity of Lamp1 (a) and LC3 (b). There is
a significant difference in the intensity of the immunodetection of these two proteins
between autophagic and non-autophagic cells. Error bars represent standard error and the
asterisk indicate the significant differences obtained by a Student t-test (P<0.05).

Figure 4. Atretic secondary follicles with an altered oocyte. The phase contrast image
allows identification of regions with clear vesicles in the cytoplasm of the oocytes (arrow
heads) and the altered shape of the follicle. The cytoplasm of the oocyte is intensively pos-
itive to Lamp1 and LC3 immunodetection (green fluorescence); indicating the autophag-
ic process. The chromatin of the granulosa cells is labeled in blue using the DAPI stain-
ing method. Some of these cells are positively labeled by anti-Lamp1 or LC3 antibodies.
The seriate sections, which do not pass through the nucleus, show the distribution of LC3
and Lamp1. The dotted circles indicate the approximate shape of the oocyte. o, oocyte; gc,
granulosa cells. Scale bars: 20 μm. 
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various procedures for evaluations at the
molecular level.21-23 Those studies propose that
apoptosis is an important component of the
development and functioning of the ovary. In
our study, we report some morphological char-
acteristics of atretic follicles as detached gran-
ulosa cells, and alterations in the shape of
oocytes. Moreover, the dying oocytes did not
show the classical apoptotic features.
Apoptosis is characterized by the activity of
proteases called caspases. The major down-
stream effector of cell death is caspase-3,
which in turn activates endogenous endonu-
cleases responsible for DNA fragmentation.24

The biochemical features of apoptosis, includ-
ing caspase activation, must be taken into
account in any assessment of this process. The
oocytes analyzed herein were positive for
active caspase-3 and the TUNEL technique,
two important markers for defining apoptosis.
We found that the number of oocytes positive
for apoptosis markers varied during the
estrous cycle, with the highest number of
dying oocytes that were positive for apoptosis
markers being found during the estrus phase.
The estrous cycle depends on the hormonal
levels that exist in the ovary. In the estrus
phase, FSH decreases, causing a reduction of
the activity of FSH-dependent aromatase that
limits the availability of estrogens and thus
leads to a decrease in the proliferation of gran-
ulosa cells, and an increase in the amount of
androgens, provoking irreversible follicular
atresia.25 We found that in the proestrous
stage, when estrogen levels are high26 the
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Figure 5. Antral atretic follicles with an altered oocyte. Phase contrast evidences several
alterations, such as the irregular shape and condensed chromatin in the nucleus of the
oocyte (arrow). The oocyte is simultaneously positive for active caspase-3 immunodetec-
tion (green cytoplasm fluorescence) and the TUNEL technique (red nuclear fluorescence).
The chromatin of the oocyte and the granulosa cells is shown by the blue fluorescence of
the DAPI staining method. Some of granulosa cells are positive for active caspase-3 or
TUNEL technique. Seriate section corresponding to active caspase-3 does not pass
through the nucleus. o, oocyte; zp, zona pellucida; gc, granulosa cells; ac, antral cavity. The
dotted line indicates the altered shape of the oocyte. Scale bars: 20 μm. 

Figure 6. Atretic follicles with oocytes that are simultaneously positive for the pro-apoptotic
and pro-autophagic markers. a) secondary follicle; b) antral follicle. In this oocyte, the four
markers for the two different types of cell death are present: TUNEL (red fluorescence) and
active caspase-3 (green fluorescence), which are markers of apoptosis; LC3 and Lamp1 (green
fluorescence), which indicate autophagy. Phase contrast images show the morphology of the
altered oocytes, and the presence of clear vesicles in different regions of the cytoplasm. DAPI
(blue fluorescence) shows the distribution of the chromatin. The abundant labeling of the
proteins identifying autophagic cell death is evident, as are the markers of apoptosis: active
caspase-3 and TUNEL. Arrows indicate the nuclei, which are positive to the DNA fragmen-
tation identified by TUNEL positive. Some granulosa cells are positively labeled by active cas-
pase-3, Lamp1, LC3 antibodies or TUNEL technique. The dotted circle indicates the approx-
imate shape of the oocyte. o, oocyte; gc, granulosa cells. Scale bars 20: μm. 

Figure 7. Percentage of oocytes positive for
the different markers of apoptosis and
autophagy. Combined apoptosis and
autophagy is present simultaneously in more
than 40% of the oocyte population in all
phases. Oocytes undergoing only one
process of cell death, apoptosis or
autophagy, are present in all phases. Estrus is
characterized by the lowest percentage of
autophagy and the highest level of apoptosis.
Error bars represent standard error. (*) indi-
cate the significant difference between the
apoptosis level in the estrus phase and the
others. (**) indicate the significant differ-
ence of autophagy level in the estrus phase
and the others. The significant difference
was obtained by a Student t-test (P<0.05).
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number of oocytes in apoptosis is lower than in
the metestrous and estrus phases. Recent evi-
dences indicate an increased presence of the
progesterone receptor membrane component1
(PGRMC1) protein during the proliferative
phase of the estrous cycle.27 This receptor has
been associated to proliferation events in nor-
mal28 and cancer cells.29 Our results coincide
with the anti- and pro-proliferative cellular
activity promoted via the varying hormones
levels through the estrous cycle.26

In addition to apoptosis, autophagy has also
been described as a programmed type 2 cell
death process; one in which caspases do not
participate. The hallmark of autophagy is the
high number of autophagic vesicles.
Autophagy is a process through which cyto-
plasmic components, including macromole-
cules and organelles, are degraded by lyso-
somes.30,31 As a physiological process,
autophagy differs from autophagic cell death
in the levels of intracellular degradation.
Autophagic cell death involves higher lysoso-
mal activity and an increased presence of pro-
teins associated with autophagic vesicle for-
mation. In mammals, lysosomes are the major
digestive component and are responsible for
breaking down foreign materials internalized
by endocytosis and for destroying intracellular
material delivered to lysosomes during
autophagocytosis.32

The microtubule-associated protein 1 light
chain 3 (LC3), a homologue to yeast Atg8, is
often used as an autophagosome marker.33

Considering that the intensity of autophagic
activity levels differ in normal physiological
processes and cell death processes, the quan-
tification of the abundance of proteins that
indicate the presence of lysosomes and
autophagosomes, as Lamp1 and LC3, respec-
tively, allowed us to characterize the events of
cellular elimination. We found in normal
oocytes low levels of these proteins evidencing
basal autophagy. On the other hand, the atret-
ic oocytes high levels of Lamp1 and LC3. Thus,
we were able to identify the oocytes with high
levels of LC3 and Lamp1 as cells in process of
autophagic cell death. 

We found that oocytes from adult ovaries
present signs of both apoptotic and autophagic
cell death, and that more than 40% of the
oocytes that died in the estrous phase showed
biochemical and morphological characteristics
of both apoptosis and autophagy in the same
cells. This means that these oocytes die
through a process that involves a new form of
cellular elimination. 

We found that the markers of autophagic
cell death, the LC3 and Lamp1 proteins, regu-
late germ line cell death during follicular atre-
sia in adult rats; and that these proteins,
together with the apoptotic activity of caspase-
3, ultimately bring about DNA fragmentation.
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Figure 8. a) Western Blot analyses of the three different primary antibodies used in the pres-
ent study. The image shows the different bands corresponding to: active caspase-3 (≈20 kDa),
LC3-I and LC3-II (18 and 15 kDa respectively), and Lamp1 (≈ 120 kDa); b) atretic follicles
of adult rat. The phase contrast shows the morphological characteristics of the follicle, the
oocytes have an altered shape, the granulosa cells are detached of their neighbors and of the
oocyte. The down panel is showing the absence of fluorescence in the tissue incubated with-
out the primary antibody. o, oocyte; gc, granulosa cells; ac, antral cavity. Scale bars: 20 μm.

Figure 9. Electron microscopic images of primordial follicles of adult rats: a) normal
oocyte, the cytoplasm is homogeneous, the shape is maintained, and the chromatin is dis-
tributed throughout the nucleus; b) oocyte in the process of dying with numerous
autophagic vesicles in the cytoplasm and more compact chromatin than normal ones. The
altered characteristics are observable in all the follicular development phases. n, nucleus;
c, cytoplasm. Scale bars: 2 μm. 
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The frequency of the simultaneous presence of
the four markers in the same oocyte was high-
er than the frequency of the presence of only
one marker of apoptosis or autophagy in an
individual oocyte during the process of cell
death. It is important to mention that the dif-
ferent patterns of cell death found in the
oocytes were present in any stage of follicle
development, because the evaluations of
processes were carried out independently of
the follicular phase.

The ultrastructural characterization of atre-
sia in the adult rat allowed the identification of
a correlation between morphological alter-
ations and biochemical characteristics. The
high frequency of the presence of LC3 and
Lamp1 in the atretic oocytes coincides with an
elevated number of small autophagic vesicles
with cytoplasmic content and in diverse
degrees of degradation. It is interesting to note
that at low magnification the autophagosomes
are not easily observed, but that at higher mag-
nifications we were able to identify numerous
autophagic vesicles distributed in the cyto-
plasm of the oocytes. The different morpholog-
ical changes observed under light and electron
microscopy in the atretic oocytes coincide with
the presence of proteins that participate in
apoptotic and autophagic cell death. These
alterations are present in any phase of the fol-
licular cycle since primordial, until pre-ovula-
tory follicles. 

The levels of autophagy detected through
the estrous cycle change according to the vari-
ations in estrogen levels, as shown by the find-
ing that the proestrous is the phase with the
highest estrogen level,26 and coincides with
the highest number of oocytes that were posi-
tive for autophagic cell death. Lee et al.34

showed that estrogen supplementation in dor-
mant blastocysts activates autophagy. In their
model, autophagy is a mechanism used for the
prolonged survival of dormant blastocysts,
while in our study during follicular atresia in
adult rats the increased estrogen allowed a
greater autophagy which led oocytes into the
autophagic cell death process. It is interesting
to note the different roles of the autophagy
under various stimuli, because it can function
as a survival mechanism,34 but under a contin-
uous estrogen stimulus the oocytes are led to
the cell death via an autophagic process. In
this work we found that numerous cells in
autophagic cell death also show markers of
apoptotic cell death.

In adult mammals, the development and sur-
vival of follicles relies on autocrine and
paracrine signals involving growth factors of
granulosa cells, theca cells, interstitial cells
and oocytes.35-37 In this work, we show that
elimination of the oocytes is caused not only by
pro-apoptotic proteins but also by pro-
autophagic ones, and that the features of the
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Figure 10. Ultrastructural features of atretic oocytes in antral follicles: a) a highly altered
oocyte in the apoptotic process; the oocyte is fragmented (arrows) one of the cellular frag-
ments has a substantially altered nucleus (N) with a highly compacted nucleolus (arrow-
head). The zona pellucida (ZP) is completely detached from the oocyte; b) oocyte in the
autophagic process of cell death, evidenced by numerous autophagic vesicles in different
degrees of degradation. Uranyl acetate and lead citrate. Scale bars: a, 10 microns; b, 5 μm. 

Figure 11. Ultrastructural features of an oocyte in the autophagic cell death process. The
relationship between the granulosa cells and the oocyte are highly altered; there are no
cytoplasmic prolongations of the granulosa or microvillus of the oocyte. The zona pellu-
cida (ZP) surrounds a highly altered oocyte with numerous dense structures. The dotted
squares have been enlarged in micrographs a, b and c. High magnification pictures of
autophagic vesicles in different degrees of degradation of their content. Arrows point to
clear autophagic vesicles containing highly degraded material; arrowheads point to
autophagic vesicles containing debris in an intermediate degree of degradation. The
autophagic vesicles with recently sequestered material are indicated by dotted arrows.
Scale bars: low magnification 10 microns; a, b, and c, 500 nm. 
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process of oocyte death change in different
stages of the estrous cycle. The high levels of
estrogens that stimulate cell proliferation
coincide with low levels of cell death detected
in the proestrous phase. Cells under the influ-
ence of cell-proliferation-inhibiting hormones
are eliminated massively through the partici-
pation of the proteins involved in apoptosis
and autophagy. In vitro studies have demon-
strated that LC3 and Atg7 associated with
autophagy, are activated by hormonal
changes.34

The development of the oocyte is a critical
aspect of follicular development because in
normal follicles there is a bidirectional com-
munication of cytoplasmic signals between the
oocyte and the granulosa cells that involves an
interchange of nutrients, second messengers
and other signals that coordinate the metabo-
lisms of both cell types.38 These findings evi-
dence the importance of studying the events
leading to oocyte death. Various studies on cell
death indicate that features of apoptosis and

autophagy can be found simultaneously in the
same cells stimulated in vitro to express the
proteins of only one of these processes of cell
death.39 In the present work, we studied
ovaries of normal rats in which cell death is a
normal event during follicular atresia, and
showed that different mechanisms of cell
death may be present simultaneously in the
same oocyte and together could make up a
more efficient system of cell elimination.
These results indicate that the pro-autophagic
and pro-apoptotic proteins control the elimina-
tion of altered oocytes, and that the linking of
these machineries to pathways of cell death
directs the spatio-temporal activation of oocyte
cell death in adulthood. 

Our observations contribute to a better
understanding of the massive elimination of
cells during follicular atresia and may open
new lines of research leading to the develop-
ment of new procedures to attack malignant
cells that do not respond to pro-apoptotic stim-
uli by stimulating autophagic cell death. 

Understanding of the routes of cell death
and, moreover, knowledge of the processes of
oocyte death, are important for treating certain
pathologies, since in many cases diseased cells
are not responsive to the induction of apopto-
sis, making it necessary to induce alternative
signaling pathways, or to employ combined
strategies. The knowledge that the cells have
the machinery necessary to undergo both of
cell death routes opens the possibility to stim-
ulate cellular elimination by activating several
metabolic pathways. 
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