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Abstract 

     In this work we have analyzed the involvement of cell death pathways during the process of 

follicular atresia in the hematophagous insect vector Dipetalogaster maxima. Standardized insect 

rearing conditions were established to induce a gradual follicular degeneration stage by depriving 

females of blood meal during post-vitellogenesis. We first characterized the morpho-histological 5 

and ultrastructural changes of the ovarian tissue at early and late follicular atresia by light and 

transmission electron microscopy. Apoptosis was investigated by DAPI nuclear staining, 

TUNEL labeling and the detection of active caspase-3 by immunofluorescence. Autophagy was 

assessed by the measurement of acid phosphatase activity in ovarian homogenates and monitored 

by the detection of the specific marker of autophagic compartments, LC3. High levels of acid 10 

phosphatase activity were detected at all atretic stages. However, follicular cells of follicles 

undergoing incipient degeneration in early atresia exhibited features of apoptosis such as 

chromatin condensation, DNA fragmentation and the presence of active caspase-3. The 

ultrastructural findings and the increased levels of LC3-II found at late follicular atresia 

supported the relevance of autophagy at this atretic stage, although the extent of autophagosome 15 

formation demonstrated that this cell death pathway also occurred at early atresia. In late atresia, 

follicular cells also displayed more drastic changes compatible with necrosis. Taken together, 

results showed that apoptosis, autophagy and necrosis were operative during follicular atresia in 

D. maxima. Moreover, it was shown that the relevance of these cell death mechanisms correlates 

with the time elapsed since the onset of the degenerative process. 20 

 

Keywords: Dipetalogaster maxima, reproduction, follicular atresia, apoptosis, autophagy, 

necrosis. 
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1. Introduction 

          When insects face unfavorable physiological or environmental conditions, the ovarian 

tissue undergoes changes that lead to the degeneration of some follicles to an atretic stage. 

During this process, termed follicular atresia, oocytes are resorbed (“oosorption”) instead of 

continuing their maturation (Bell and Bhom, 1975). Oosorption is usually triggered by shortage 5 

of food and in most instances, is considered an adaptive mechanism directed to recoup resources 

which in turn, would supply physiological functions to either, increase female lifespan or 

facilitate its future reproductive success (Bell y Bhom, 1975; Moore and Attisano, 2011).   

     In mammals, ovarian cell death plays a critical role for the homeostasis of ovarian function 

since a large majority of follicles are eliminated by the degenerative process of atresia (Tilly, 10 

1996, 2001). Thus, granulose cells undergo apoptosis in atretic follicles earlier than theca cells 

and oocytes. Factors associated with apoptosis expressed by ovarian cells were shown to be 

crucial for the precise coordination of atresia (Matsuda et al., 2012).  

     According to the morphological criteria, cell death is classified in apoptosis, autophagy and 

necrosis (Galluzzi et al., 2007; Kroemer et al., 2009). Apoptosis is an evolutionary conserved 15 

and genetically regulated mechanism whose execution is associated with chromatin 

condensation, DNA fragmentation and the presence of apoptotic bodies (Kerr et al., 1972; 

Taatjes et al., 2008). The effector molecules of the apoptotic machinery are a family of cysteine 

aspartate-specific peptidases termed caspases. After the cells received a pro-apoptotic stimulus, 

caspases are activated to specifically process several substrates implicated in apoptosis (Köhler, 20 

2002; Lavrik et al., 2005). On the other hand, during autophagic cell death, part of the cytoplasm 

is sequestered within double-membrane vacuoles or autophagosomes, and finally digested by 

lysosomal hydrolases (Eskelinen, 2005). Autophagy regulates aging, organelle turnover and 
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mobilization of metabolic resources upon starvation (Klionsky et al., 2008; Backues and 

Klionsky, 2011). Necrosis, the third type of cell death, is usually considered to be uncontrolled 

and it is likely the result of a severe ATP depletion which causes plasma membrane break down 

and inflammation. Necrosis lacks specific biochemical markers but can be detected by electron 

microscopy (Golstein and Kroemer, 2005, 2007; Galluzzi et al., 2007).  5 

     In insects, the biochemical and cellular events involved in follicular atresia have been 

analyzed in few species (Uchida et al., 2004; Clifton and Noriega, 2011; Medeiros et al., 2011). 

Moreover, factors acting in their regulation remain still unclear. In the developing ovaries of the 

mosquito Culex pipiens pallens, follicular atresia is needed to adjust the size of the egg batch to 

available nutrients by the elimination of the follicular epithelial cells via activation of apoptosis 10 

(Uchida et al., 2004). Atretic follicles of Dacus oleae, detected exclusively during mid-

oogenesis, exhibited nurse cells with chromatin condensation, DNA fragmentation and actin 

cytoskeleton disorganization (Nezis et al., 2006). Moreover, during mid and late oogenesis of 

Drosophila virilis and Ceratitis capitata, both apoptosis and autophagy seem to operate in 

concert to achieve the elimination of degenerated nurse cells and abnormal egg chambers 15 

(Velentzas et al., 2007a, b). 

     Triatomines are obligatory hematophagous insects with relevance in public health since they 

are vectors of the parasite Trypanosoma cruzi, the etiological agent of Chagas’ disease (Coura 

and Viñas, 2010). In the females of triatomines, atresia is frequently observed during starvation 

or when the size of blood meal failed to promote vitellogenesis. However, it has received little 20 

attention and the few available studies are mainly restricted to Rhodnius prolixus (Wigglesworth, 

1943; Huebner and Anderson, 1972; Stoka et al., 1987). In this species, the histological 

characterization of atretic follicles was recently reported (Medeiros et al., 2011).  
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     The females of the triatomine Dipetalogaster maxima are useful models to study the 

biochemical and cellular events during the processes of vitellogenesis and follicular atresia 

(Aguirre et al., 2008, 2011). Under standardized conditions, the anautogenous female takes a 

large blood meal to elicit vitellogenesis. Because ovarioles are asynchronous to each other, the 

first oviposition period lasts 25-28 days after blood intake. Thereafter, ovaries enter into a post-5 

vitellogenic stage during which, some terminal follicles become atretic and the oocytes are 

resorbed. In opposition to most species previously analyzed, in which the onset of atresia occurs 

very fast, the morphological changes of ovarian tissue during post-vitellogenesis in D. maxima 

are gradual allowing to distinguishing an early and a late stage of follicular atresia (Aguirre et al., 

2011). The follicle degeneration and oocyte resorption may cease if female receives another 10 

blood meal, which in triatomines is necessary at least for the production of a second batch of 

eggs (Stoka et al., 1987). At a biochemical level, follicular atresia was recently characterized 

(Aguirre et al., 2011).  

     In order to improve our understanding of the biology of reproduction of the hematophagous 

vectors of Chagas’ disease, in this work we have analyzed the involvement of cell death 15 

pathways during the process of follicular atresia in D. maxima. We demonstrated for the first 

time that apoptosis, autophagy and necrosis are operative during follicular atresia. Moreover, it 

was shown that the relevance of the different cell death mechanisms correlates with the time 

elapsed since the onset of the degenerative process.  

 20 
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2. Materials and Methods 

2.1 Chemicals 

     4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes, OR, USA), Tissue-Tek embedding 

medium (OCT) (Miles, Elkhart, IN, USA), Fluorsave (Calbiochem, Darmstadt, Germany), DPX 

Mountant for histology (Fluka, BioChemika, Switzerland), enhanced chemiluminiscence (ECL) 5 

detection kit (PerkinElmer, Waltham, MA, USA), cleaved caspase-3 antibody and LC3A/B 

antibody raised in rabbit (Cell Signaling Technology, Danvers, MA, USA), and in situ cell death 

detection Kit-POD (Boehringer Mannheim, Germany) were from indicated commercial sources. 

Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, bovine serum albumin (BSA) 

and all the remaining chemicals were from Sigma-Aldrich (St. Louis, MO, USA).  10 

 

2.2. Insects 

     Insects were taken from a colony of anautogenous D. maxima, which is maintained under 

standardized conditions (28oC, 70% humidity, 8:16 h light:dark photoperiod) and fed every two 

weeks on hen blood (Canavoso and Rubiolo, 1995).  15 

     For the experiments, males and females were separated before feeding at the last nymphal 

instar. Newly-emerged females were segregated individually and placed with two recently fed 

males for a period of 48 h and daily checked for mating by observation of the spermatophore. 

Mated females were maintained in individual containers until they were able to feed a blood 

meal (days 10-12 post-ecdysis) (Aguirre et al., 2008). Under these conditions, females were daily 20 

monitored and both, the beginning and the end of the oviposition period, which was confirmed if 

females did not lay eggs during five consecutive days, were recorded. Females were also 

monitored for at least 32 days after the end of the oviposition (post-vitellogenesis), unless 
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otherwise stated. During post-vitellogenesis females did not receive any further blood meal 

(Aguirre et al., 2011). 

     For the studies, ovaries were sampled from females at representative days of the reproductive 

cycle: (a) pre-vitellogenesis (day 2 post-ecdysis, unfed period); (b) vitellogenesis (days 4-6 post-

blood feeding); (c) post-vitellogenesis (days 10-12 and days 30-32 after the end of oviposition 5 

for early and late atresia, respectively) according to Aguirre et al. (2011). To determine acid 

phosphatase activity, additional time points during post-vitellogenesis (days 6-8 and days 40-45) 

were tested. 

 

2.3. Sampling of ovaries 10 

     Ovaries at different times of the reproductive cycle were carefully dissected out and washed 

three times with phosphate buffer saline (PBS, 6.6 mM Na2HPO4/KH2PO4, 150 mM NaCl, pH 

7.4) and fixed in 4 % paraformaldehyde in PBS. To obtain paraffin sections, fixed ovaries were 

dehydrated, embedded in paraffin and processed for histological studies. Also, fixed ovaries 

were transferred into sucrose/PBS and then, embedded in OCT and frozen in liquid nitrogen 15 

(Fruttero et al., 2009). Thereafter, cryosections (8 µm thick) were obtained with a Leica CM1510 

cryostat (Leica Microsystems, Wetzlar, Germany) and placed onto poly-L-lysine-treated glass 

slides.  

 

2.4. Conventional light and transmission electron microscopy 20 

     In order to study the morphological changes in the ovary during early and late follicular 

atresia, ovaries were dissected out and fixed as described previously in 2.3. For light microscopy, 

tissue sections were stained with hematoxylin-eosin (H&E) and examined with a Zeiss 
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microscope (Aguirre et al., 2008). For ultrastructural analysis, ovaries were fixed for 4 h at 4 oC 

(2.5 % glutaraldehyde, 2 % paraformaldehyde, 0.1 M sodium cacodylate, pH 7.2) and then post-

fixed with 1 % osmium tetroxide in cacodylate buffer at 4 oC. Samples were dehydrated, 

embedded onto an Araldite resine to obtain semi-thin sections which were stained with toluidine 

blue. Ultra-thin sections (80 nm) were counterstained with a saturaded solution of uranyl acetate 5 

and 1 % lead citrate and viewed with a Leo 906e Transmission Electron Microscope. 

  

2.5. DAPI nuclear staining 

     Nuclear morphology was studied by DAPI staining. Ovaries at early and late follicular atresia 

stages were isolated and cryostat tissue sections were obtained as described in 2.3. For DAPI 10 

staining slides were incubated with 300 nM DAPI in PBS in a humid chamber at 37 oC for        

40 min in the dark (Li et al., 2000). After three washes with PBS, slides were rinsed with PBS, 

air-dried, mounted in Fluorsave and observed with an Eclipse TE2000-U microscope (Nikon, 

Tokyo, Japan), equipped with appropriate filters (excitation 435–480 nm/emission 340–380 nm). 

Images were captured with a Nikon Digital Sight DS-U1 camera and processed with ACT-2U 15 

version 1.51.116.256 software. 

 

2.6. TUNEL labeling of fragmented DNA 

     The TUNEL (terminal transferase-mediated dUTP nick-end labeling) assay was performed 

for detection of fragmented DNA (Gavrieli et al., 1992). Briefly, ovaries at vitellogenesis, early 20 

and late follicular atresia stages were isolated and processed as described in 2.3. Deparaffinized 

tissue sections were rehydrated, blocked for endogen peroxidase activity and then treated with 

proteinase K for permeabilization. After the washes with PBS, the TUNEL assay was run using 
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an apoptosis detection kit which contained an anti-dUTP antibody labeled with peroxidase 

(POD) according to manufacturer’s instructions.  

 

2.7. Detection of active caspase-3 by immunofluorescence 

     Cryostat sections of ovaries in vitellogenesis and at early and late follicular atresia stages 5 

were obtained as described in 2.3 and placed onto glass slides. For immunofluorescence assays, 

the slides were blocked with 1 % BSA, 0.1 % Triton X-100, 5 % fetal bovine serum (FBS) in 

PBS and then incubated overnight at 4 oC with an anti-cleaved caspase-3 antibody (1:800). 

Slides were washed with PBS and then incubated with Alexa Fluor 568-conjugated goat anti-

rabbit IgG (1:500) for 1 h, at 37 oC in the dark. The two antibodies were diluted in PBS 10 

containing 1 % BSA. Nuclei were stained with 300 nM DAPI as stated in 2.5. After that, the 

slides were rinsed in distilled water, air-dried, mounted in Fluorsave and observed with an 

Olympus FV1000 laser scanning confocal microscope (Olympus, Tokyo, Japan) equipped with 

405 nm and 543 nm lasers. Images were acquired and processed with FluoView FV1000 version 

1.7.1.0 software.  15 

 

2.8. Acid phosphatase assay  

     The activity of acid phosphatase, an enzyme associated to autophagic degradation of tissues, 

was assayed by measuring the hydrolysis of p-nitrophenyl phosphate (pNPP) (Oliveira et al., 

2006). Briefly, ovaries sampled at different stages of the reproductive cycle of D. maxima were 20 

homogenized in 20 mM sodium acetate buffer pH 4.0, containing 10 mM dithiotreitol (DTT),   

10 mM Na2EDTA, 2 mM phenylmethyl-sulfonyl fluoride (PMSF), 0.01 mM pepstatin and        

50 µM soybean trypsin inhibitor (SBTI). After centrifugation (14,000 xg, 5 min, 4 oC), 
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supernatants were collected and immediately assayed for acid phosphatase activity, before 

protein determination. The enzymatic activity was measured by incubating 30 µg of protein 

homogenates in a reaction medium containing 5 mM pNPP, 10 mM DTT, 10 mM Na2EDTA in 

20 mM sodium acetate buffer, pH 4.0 at 37 oC. The reactions proceeded for 30 min and were 

stopped by the addition of 4 N NaOH. The amount of p-nitrophenol (pNP) released was 5 

registered at 405 nm and calculated on the basis of a standard curve. Specific activity was 

expressed as nmol pNP/mg protein homogenate/min. Controls without ovary homogenates were 

used as blanks.  

 

2.9. Detection of LC3 as a marker of autophagy 10 

     In order to assess the involvement of autophagy during follicular atresia of D. maxima, we 

analyzed by immunofluorescence the presence of microtubule-associated protein 1 light chain 3 

(LC3), a marker of autophagy (Kabeya et al., 2000). In addition, the conversion of LC3-I to 

LC3-II form was determined by western blot assays.  

     For the immnoflourescence assays, ovaries during pre-vitellogenesis, vitellogenesis and at 15 

early and late follicular atresia stages were dissected out and cryostat tissue sections were 

obtained as described previously in 2.3. The slides were blocked as stated in 2.7, washed with 

PBS and then incubated with an anti-LC3 antibody (1:400), overnight at 4 oC. Slides were 

washed three times with PBS and then incubated with the Alexa Fluor 568-conjugated goat anti-

rabbit IgG (1:500) for 1 h at 37 oC. Both, the first and the second antibodies were diluted in PBS 20 

containing 1 % BSA. Finally, the slides were rinsed with distilled water, air-dried, mounted in 

Fluorsave and observed with an Olympus FV1000 laser scanning confocal microscope 
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(Olympus, Tokyo, Japan) equipped with a 548 nm laser. Images were acquired and processed 

with FluoView FV1000 version 1.7.1.0 software. 

     To carry out the western blot analysis, ovaries from D. maxima were homogenized with ice-

cold lysis buffer solution (60 mM Tris-HCl, 25 % glycerol, 2 % sodium docecyl sulfate (SDS), 

14.4 mM 2-mercaptoethanol, 0.1 % bromophenol blue, pH 6.8). After three cycles of sonication 5 

(15 sec each one), the homogenates were boiled for 5 min and then centrifuged for 10 min at 

10,000 xg. Equal volumes of each supernatant fraction were separated by SDS-PAGE (13 %) 

and then transferred onto a nitrocellulose membrane for 1h. Western blot was performed 

according to Towbin et al. (1979). Blocking steps were carried out with TBS-5 % non-fat milk 

(TBS: 10 mM Tris-HCl, 150 mM NaCl). Primary and secondary antibodies were diluted in TBS-10 

0.1 % Tween 20 containing 5 % BSA and used in the incubations as following: anti-LC3 

antibody (1:1000, overnight, at 4 °C with gentle shaking) and HRP-conjugated goat anti-rabbit 

IgG (1:2000, for 1 h and at room temperature). The immunoreactive bands were detected by 

ECL. 

 15 

2.10. Statistical analysis 

    Morphometric measurements of ovarioles and follicles were individually performed using six 

females for each stage of the reproductive cycle. For enzymatic assays, four to six independent 

experiments were carried out, including at each point the ovaries from two females. The data 

were registered by duplicate. Graphs and statistical tests were performed using GraphPad Prism 20 

and GraphPad Instat 3.0 computer programs. Results were expressed as mean ± SEM. Analysis 

of the multiple intergroup differences was conducted by one way ANOVA. As post-test, the 
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Student-Newman-Keuls multiple comparisons test was used. Differences were considered 

significant at P value < 0.05.  
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3. Results 

3.1. Morphological, histological and ultrastructural features of follicular atresia 

     In D. maxima, ovarioles in early atresia showed an average length of about 2.82 mm. They 

maintained some degree of asynchronous development as revealed by the presence of terminal 

follicles of variable length (from 0.6 to 0.9 mm) (Fig. 1). One of the main features of this stage 5 

was the presence of developed terminal follicles coexisting with follicles undergoing incipient 

degeneration as well as with resorbed oocytes. The latter ones were evidenced as yellow-

pigmented bodies (Fig. 2A).  

     Histological examination of the follicles undergoing incipient degeneration revealed the 

progressive loss of the normal pattern of the follicular epithelium (Fig. 2B). Groups of follicle 10 

cells appeared as rounded shrunken masses, showing intense eosinophilia of the cytoplasm and 

dense purple chromatin condensation. Instead, other follicle cells contained euchromatic nuclei 

(Fig. 2B). The condensation of chromatin was also visible in nuclei stained with DAPI (Fig. 2C). 

The pattern of condensation observed in nuclei with both stainings suggests that in early atresia, 

follicular cells are undergoing apoptosis (Fig. 2B-C). Alterations in the morphology of the 15 

follicular epithelium, which included vacuolization of the cytoplasm and chromatin 

condensation, were observed in semi-thin sections of follicles undergoing incipient degeneration 

stained with toluidine blue (Fig. 2D). Examination of follicular cells in early atresia by 

transmission electron microscopy (TEM) revealed morphological features typical of apoptosis, 

such as early nuclear chromatin condensation into dense masses at the nuclear periphery (Fig. 20 

2E). In addition, apoptotic bodies inside adjacent cells were observed (Fig. 2F). Altogether, these 

results suggest the participation of apoptosis in early atresia. 
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     On the contrary, in ovarioles at late follicular atresia stage the asynchronous development is 

lost, they became noticeably smaller (about 2.36 mm) and all of them showed resorbed oocytes, 

as an expression of a generalized process of degeneration (Fig. 1). At this stage no follicles 

undergoing incipient degeneration were observed (Fig. 3A). The small terminal follicles lost the 

typical columnar arrangement of the follicular epithelium and no evidence of chromatin 5 

condensation was observed (Fig. 3B-C). TEM observations of the follicular cells revealed the 

presence of large vacuoles containing remnants of organelles (cisternae of the endoplasmic 

reticulum and mitochondria) as well as multilamellar bodies in the vicinity of these vacuoles 

(Fig. 3D). Also, the follicular epithelium showed extended areas of lysed cytoplasm (result not 

shown). Altogether, these findings were indicative of an autophagic process. However, in late 10 

atresia, cells also displayed more drastic changes including dilations of nuclear membrane, 

mitochondria lacking cristae and signs of necrosis such as electron lucent vacuoles (Fig. 3E-F).  

 

3.2. Cell death during early follicular atresia in D. maxima: apoptosis 

     During early atresia, the detection of in situ apoptosis in ovarian tissue sections showed that 15 

the majority of TUNEL-positive signals were confined to follicular cells of follicles undergoing 

incipient degeneration (Fig. 4A). No positive signal for TUNEL was detected either in 

vitellogenic follicles (Fig. 4B) or in the small terminal follicles at late atresia stage (results not 

shown).   

     Since activated caspases mediate many of the typical changes in apoptotic cells, we 20 

performed immunofluorescense assays to detect the presence of active caspase-3, the main 

executioner caspase, during the process of follicular atresia. As shown in Fig. 5A, at early atresia 

stage, an intense fluorescent signal for active caspase-3 was found in the follicular epithelium of 
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those follicles undergoing incipient degeneration. Moreover, such follicular cells evidenced a 

chromatin condensation pattern when nuclei were stained with DAPI (Fig. 5B-C). On the 

contrary, no active caspase-3 was detected either at late follicular atresia stage or at 

vitellogenesis (results not shown). Altogether, these results indicate that the pathway through 

which apoptotic mechanisms operate is mediated by active caspases. 5 

 

3.3. Cell death during late follicular atresia in D. maxima: autophagy 

     Ultrastructural studies performed in females at late atresia stage demonstrated the presence of 

autophagosomes as well as morphological changes compatible with an active autophagic process 

(Fig. 3D). Since acid phosphatase is a lysosomal hydrolase associated with autophagy, we 10 

measured the activity of this enzyme in ovarian tissues sampled throughout the reproductive 

cycle of D. maxima (Fig. 6). Although in all atretic samples the activity of acid phosphatase was 

significantly higher than those registered at pre-vitellogenesis and vitellogenesis, the highest 

activity level was detected at days 10-12 post-vitellogenesis. It is noteworthy that in an advanced 

degeneration stage (days 40-45 post-vitellogenesis), the activity of acid phosphatase was 15 

significantly lower than that observed at the early atretic stage. As shown in Fig. 6, homogenates 

at pre-vitellogenic and vitellogenic stages displayed comparably lower levels of the enzyme 

activity. Taken together, these results suggested that the process of follicular atresia in D. 

maxima is encompassed by an important autophagic activity.  

     To demonstrate that autophagy is activated during atresia, we investigated this cell death 20 

mechanism by the detection of a specific marker, LC3. Since the conversion of LC3-I (cytosolic 

form, 18 kDa) to LC3-II (membrane-bound autophagosome, 16 kDa) closely correlates with the 

extent of autophagosome formation; we first analyzed the levels of LC3-II during follicular 
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atresia by western blot. Although ovarian homogenates at early and late atresia stages showed an 

important increase of the immunoreactive band of LC3-II, when compared to those found at pre-

vitellogenesis and vitellogenesis (Fig. 7A), such LC3-II formation was more remarkable in 

samples in late atresia. 

     On the other hand, we also tested the presence of LC3 by immunofluorescence on 5 

cryosections of ovarian tissues. In agreement with the western blot assays, at early stage of 

atresia only follicular cells of follicles undergoing incipient degeneration displayed a punctate 

fluorescent pattern. Such pattern represents the membrane-bound form of LC3 or LC3-II, a fact 

which is consistent with autophagy. Moreover, this pattern of LC3 immunoreactivity was absent 

in follicles displaying some degree of development (Fig. 7B). Remarkably, at late atresia stage, 10 

an increase in punctate signal of LC3-II was expanded to most of the follicular cells, indicating 

the abundance of autophagosomes (Fig. 7C). Overall, these results reinforced the involvement of 

autophagy as a relevant cell death mechanism during the advanced atresia. 

     When autophagy was assessed at pre-vitellogenesis, the follicular cells displayed a weak and 

dispersed LC3-I-like immunoreactivity, while no immunopositive signal for LC3-II was 15 

detected. However, a scarce immunolabeling pattern of LC3-II was observed in vitellogenic 

follicles (Fig. 7D-E). Taken together, these results indicate that at pre-vitellogenesis and 

vitellogenesis, autophagy has not been significantly induced.  
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4. Discussion 

     In mammals, follicular atresia is a complex physiological process in which biochemical and 

cellular events converge to eliminate follicles instead of promoting their maturation (Tilly, 1996, 

2001; Matsuda et al., 2012). In insects, it is known that in Drosophila melanogaster and other 

higher dipterans, nurse and follicle cells undergo programmed cell death during the 5 

developmental stages of oogenesis (Nezis et al., 2000, 2002, 2005). On the contrary, the 

occurrence of cell death during the progress of follicular atresia has been explored in few species 

(Uchida et al., 2004; Clifton and Noriega, 2011; Medeiros et al., 2011).    

     In D. maxima, deprivation of blood meal during post-vitellogenesis led to the degeneration of 

some follicles to an atretic stage (Aguirre et al., 2011). In this work, we found that apoptosis was 10 

a relevant cell death mechanism operating at early stages of this degenerative process, which in 

turn was confined to those follicles undergoing incipient degeneration (Fig. 3-4). Caspases play a 

major role in the initiation and execution phases of apoptosis. Once activated, these enzymes 

mediate many of the typical biochemical and morphological changes in apoptotic cells. Caspase-

3, the main executioner caspase, has been shown to be essential for DNA fragmentation as well 15 

as for chromatin condensation. Hence, the detection of active caspase-3 can be used as a 

biochemical marker for apoptosis (Köhler et al., 2002). Our results demonstrated that at the early 

atretic stage, the pathway through which apoptotic mechanisms operate was mediated by 

caspases, since immunofluorescence assays revealed the presence of active caspase-3 (Fig. 5). 

Similarly, during mid-oogenesis of D. virilis, spontaneously degenerated egg chambers exhibited 20 

apoptotic nurse cells with high levels of caspase activity (Velentzas et al., 2007a). Moreover, 

during stages 8 to 9 of Bombix mori late vitellogenesis, the nurse cell nuclei showed highly 

condensed chromatin, fragmented DNA and the occurrence of activated caspases (Mpakou et al., 
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2006). In D. melanogaster, the atretic egg chambers found during mid-oogenesis contained 

degenerated nurse cells exhibiting morphological signs of apoptosis and the presence of activated 

casapase-3 (Nezis et al., 2009). It has been proposed that in degenerating follicles of C. p. 

pallens, activation of a cascade of caspases in surviving epithelial cells initiates their own death 

by apoptosis (Uchida et al., 2004). The hormonal basis of apoptosis during follicular atresia is 5 

not completely understood. In D. melanogaster, it seems that 20-hydroxyecdysone and juvenile 

hormone (JH) induce and suppress apoptosis of nurse cells at mid-oogenesis, respectively (Soller 

et al., 1999; Terashima et al., 2005). Recently, it was also proposed that JH plays a primary role 

on reproductive trade-offs in Aedes aegypti during the pre-vitellogenic resting stage by 

preventing apoptosis and follicle resorption in a nutrition-dependent manner (Clifton and 10 

Noriega, 2011). Although in triatomines vitellogenesis is under JH regulation (Wang and Davey, 

1993; Davey, 2007), the role of this hormone on apoptosis during early follicular atresia in D. 

maxima is unknown.  

     During metamorphosis, some tissues or organs that not longer persist through the life of the 

insect are subjected to large cellular degeneration (Lockshin et al., 1981; Joza et al., 2001). There 15 

are evidences linking cell loss during larval-pupal metamorphosis with both, activation of 

lysosomal marker enzymes and autophagy (Goncu and Parlak, 2008; Malagoli et al., 2010). 

Localization of acid phosphatase by histochemstry and cytochemistry has been useful in 

monitoring cellular lysis and cell death in the midgut of developing Apis mellifera larvae 

(Gregorc and Bowen, 1997). During the last stage of larval development of Manduca sexta, fat 20 

body cells are subjected to extensive autophagy (Müller et al., 2004). More recently, it was 

shown that in the silkworm B. mori, the degradation process in the anterior silk glands during 

prepupal period was accompanied by increased levels of acid phosphatase, and by the 
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appearance of autophagic vacuoles just before the larval-pupal ecdysis (Goncu and Parlak, 

2008). In D. maxima, follicular atresia also coursed with high levels of acid phosphatase activity 

(Fig. 6). However, such increases in ovarian homogenates peaked at early stages of follicle 

degeneration, thus preceding the distinct morphological features of autophagy clearly observed at 

late follicular atresia. During the regression of the larval salivary glands of D. melanogaster, acid 5 

phosphatase activity increased before pupation, and this biochemical pattern correlated with the 

discrete histochemical localization of the enzyme in intact cells. Later on, sustained acid 

phosphatase activation was associated with extensive cellular degeneration (Jones and Bowen, 

1993). Thus, it is likely that in D. maxima, the high levels of acid phosphatase activity at the 

initial stages of atresia may be an early signal for autophagy, thus preceding the appearance of 10 

ultrastructural signs of cell lysis.  

     Autophagy is a conserved response to starvation in all eukaryotes, responsible for the bulk 

degradation of intracellular material in order to re-route the resulting macromolecules (Kabeya et 

al., 2004; Backues and Klionsky, 2011). However, autophagy also occurs constitutively at low 

levels even under nutrient-rich conditions (Mizushima and Klionsky, 2007). At molecular level, 15 

many components of the machinery involved in autophagy have been characterized and among 

them, LC3 is used to specifically mark autophagic compartments (Kabeya et al., 2000; 

Eskelinen, 2005). Although in D. maxima basal levels of autophagy were observed during 

vitellogenesis (Fig. 7E), both, the conversion of LC3-I to LC3-II and the punctate fluorescent 

pattern of LC3-II demonstrated the activation of autophagic cell death throughout the stage of 20 

follicular atresia. Moreover, we found that the extent of such activation was more relevant at late 

atresia, as indicated by the increasing amounts of LC3-II detected by western-blot and 

immunofluorescence assays (Fig. 7B-C). Since in D. maxima no signs of apoptosis were detected 
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at late follicular atresia stage, probably because the apoptotic program is close to be completed, 

and the fact that autophagy is enhanced by nutrient deprivation (Kourtis and Tavernarakis, 

2009), it is likely that intensification of autophagy at late atresia may function more efficiently 

for removing follicular cell remnants. During late oogenesis in D. virilis, Velentzas et al. (2007a) 

also proposed that autophagy contributed to the rapid and efficient clearance of the nurse cell 5 

corpses from the adjacent follicular epithelium.  

         At present, the interplay among cell death mechanisms offers different scenarios, 

particularly for apoptosis and autophagy (Eisenberg-Lerner et al., 2009; Kourtis and 

Tavernarakis, 2009). As proposed for mammals, in some insect species both mechanisms are not 

mutually exclusive pathways, and they can act synergistically in order to achieve a more efficient 10 

cellular removal (Velentzas et al., 2007a,b; Eisenberg-Lerner et al., 2009). On the other hand, 

Nezis et al. (2009) demonstrated that autophagy can act upstream of apoptosis during early 

oogenesis of D. melanogaster. Whereas apoptosis has been reported as the major cell death 

mechanism occurring in ovaries in response to different types of stress such as parasite infection 

(Hopwood et al., 2001), mating delay, alone or in combination with starvation (Moore and 15 

Sharma, 2005; Barret et al., 2008), in R. prolixus both, apoptosis and autophagy were operative 

when atresia was induced by a fungal infection (Medeiros et al., 2011). On the contrary, in D. 

maxima we showed that apoptosis, autophagy and necrosis operated during follicular atresia 

induced by blood meal deprivation during post-vitellogenesis. Moreover, it was shown that these 

cell death mechanisms correlated with the progression of the degenerative process, thus, 20 

apoptosis played a major role during early atresia, and autophagy and necrosis seemed to be 

more relevant at late stages of the process. Although it is complex to determine the nature of the 

cross-talk among these cell death mechanisms in D. maxima, it is possible that at early atresia, 
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the simultaneous occurrence of apoptosis and autophagy would allow a selective cell removal, 

with no severe consequences to most of the ovarian tissue. In the context of the physiology of D. 

maxima, this process would facilitate another oviposition cycle if females accessed to a blood 

source. In this vector, as in all triatomines, at least for a second batch of eggs, the blood meal is 

needed to resume vitellogenesis (Stoka et al., 1987). In fact, under standardized conditions, the 5 

females of D. maxima can take a second blood meal between 5-7 days after the oviposition 

period has ceased to successfully resume vitellogenesis (Aguirre et al., 2011). At late atresia, 

however, even if the nutritional condition is reverted, the pronounced morphological changes 

promoted by autophagy and necrosis may render the ovaries less competent to accomplish a new 

oviposition cycle, prioritizing the utilization of resources to increase female lifespan. Further 10 

studies directed to evaluate the signaling pathways of apoptosis and autophagy will contribute to 

determine the interplay of such cell death mechanisms during the process of follicular atresia.  
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7. Figure captions 

 

Fig. 1: Length of ovarioles and terminal follicles throughout the reproductive cycle of D. 

maxima. Sizes were registered before the fixation of the tissues and the results are expressed as 

mean ± SEM (n=6). (a) P<0.001 vs. pre-vitellogenesis, early and late atresia; (b) P<0.01 vs. 5 

early and late atresia; (c) P<0.001 vs. early and late atresia. [#] During pre-vitellogenic stage, it 

was not possible to distinguish a terminal follicle from the ovariole. 

 

Fig. 2: Morphological changes in the ovaries of D. maxima at early follicular atresia stage (days 

10-12 post-vitellogenesis). (A) Stereo-microscope micrograph of the ovarioles maintaining some 10 

degree of asynchronous development. Arrows indicate the presence of follicles undergoing 

incipient degeneration. Arrowheads show resorbed oocytes. (B) H&E staining of an ovarian 

follicle undergoing incipient degeneration. Image shows at higher magnification the area of the 

box indicated in the insert. Note the chromatin condensation of some nuclei (arrows) while other 

follicular cells show euchromatic nuclei (arrowheads). (C) DAPI staining showing nuclei of 15 

some follicular cells with chromatin condensation (arrows) coexisting with others lacking a 

chromatin condensation pattern. (D) Semi-thin section of ovarian tissue showing the loss of the 

regular array of the follicular epithelium. Follicular cells exhibit cytoplasm vacuolization 

(arrows) and nuclei show chromatin condensation (arrowhead). (E) Transmission electron 

micrograph (TEM) of the follicular epithelium showing a nucleus with condensed chromatin 20 

(arrow) next to another one with a normal distribution of the chromatin. (F) TEM micrograph of 

follicular cells showing apoptotic bodies (arrows) as well as a large vacuole with electron-dense 
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materials (open arrow). Fd, follicle undergoing incipient degeneration; Oo, oocyte; RO, resorbed 

oocyte; FE, follicular epithelium; N, nucleus. Bars: (A) = 400 µm, (B-D) = 10µm, (E-F) = 5 µm. 

 

Fig. 3: Morphological changes in the ovaries of D. maxima at late follicular atresia stage (days 

30-32 post-vitellogenesis). (A) Stereo-microscope micrograph showing ovarioles lacking of 5 

asynchronism. Small terminal follicles (arrows) and resorbed oocytes (arrowheads) are shown in 

the image. (B) H&E staining of an ovarian tissue section showing the unorganized follicular 

epithelium surrounding a small terminal oocyte. (C) DAPI staining of the follicular epithelium 

surrounding a terminal oocyte without any sign of chromatin condensation. Insert is the 

corresponding DIC image of (C) at lower magnification. (D-F) Transmission electron 10 

micrographs of follicular cells. Note the presence of a large vacuole containing remnants of 

organelles and a multilamellar body, evidenced as whorls of concentric membrane (D). The 

bilayered nuclear membrane shows dilation (arrow) and mitochondria lack cristae (E). Follicular 

epithelium also displayed signs of necrosis such as electron lucent vacuoles (arrows) (F). FE, 

follicular epithelium; RO, resorbed oocyte; Tf, terminal follicle; Oo, oocyte; Va, vacuole; ER, 15 

endoplasmic reticulum; M, mitochondria; MLB, multilamellar body; N, nucleus. Bars: (A) = 

400µm, (B) = 20µm, (C) = 10µm, (D) = 2µm, (E) =1µm, (F) = 5µm. 

 

Fig. 4: Micrographs of TUNEL labeling performed in ovarian tissue sections of D. maxima. (A) 

At early atresia stage, the TUNEL-positive labeling (arrows) was found in some follicular cells 20 

of the follicle undergoing incipient degeneration. (B) At vitellogenic stage, no TUNEL-positive 

signal was detected in the follicular epithelium. The squared areas in the inserts indicate at lower 
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magnification the tissue sections shown in (A) and (B). Fd, follicle undergoing incipient 

degeneration; Oo, oocyte; FE, follicular epithelium. Bars: 10 µm. 

 

Fig. 5: Detection of active caspase-3 in ovarian tissue of D. maxima at early follicular atresia 

stage. Tissue sections were stained with anti-cleaved caspase-3 antibody (red) and counterstained 5 

with DAPI (blue). (A) Laser scanning confocal micrographs showing an intense fluorescent 

signal in the epithelium of follicles undergoing incipient degeneration (arrows). (B) DAPI 

staining showing follicular cells with condensed chromatin (arrowheads). (C) Merged images of 

(A) and (B) showing that the follicular cells positive for cleaved caspase-3 also exhibited 

chromatin condensation when stained with DAPI (asterisk). Bars: 10 µm. 10 

 

Fig. 6: Acid phosphatase activity in ovarian tissue homogenates throughout the reproductive 

cycle of D. maxima. The specific activity was determined by the hydrolysis of the substrate p-

nitrophenyl phosphate (pNPP) to p-nitrophenol (pNP), in a reaction mixture containing 30 µg of 

protein homogenates as stated in Materials and Methods. Specific activity is expressed as nmol 15 

of pNP/mg protein homogenate/min. Results are expressed as mean ± SEM (n=4). (a) P< 0.01 

vs. pre-vitellogenesis, vitellogenesis and days 40-45 post-vitellogenesis; (b) P< 0.001 vs. pre-

vitellogenesis, vitellogenesis and days 40-45 post-vitellogenesis; (c) P< 0.05 vs. days 6-8 and 

30-32 post-vitellogenesis; (d) P< 0.01 vs. pre-vitellogenesis and vitellogenesis; (e) P< 0.05 vs. 

pre-vitellogenesis, vitellogenesis and days 6-8 post-vitellogenesis.  20 

 



  

36 

 

Fig. 7: Assessment of autophagy throughout the reproductive cycle of D. maxima using the 

specific marker LC3. (A) The extent of autophagosome formation was evaluated by the 

conversion of LC3-I (cytosolic form) to LC3-II (membrane-bound autophagosome). Western 

blot was performed employing homogenates of ovaries sampled in pre-vitellogenesis, 

vitellogenesis and at early and late atresia stages. Top panel: the arrows indicate LC3-I and LC3-5 

II. The bottom panel shows the protein loading control stained with Ponceau S. (B-E) 

Monitoring of autophagy by indirect immunofluorescence. Ovaries from females sampled 

throughout the reproductive cycle were incubated with an anti-LC3 antibody and processed as 

stated in Material and Methods. Cryostat sections were analyzed by scanning laser confocal 

microscopy. (B-C) At early and late atresia stages, respectively, follicular cells exhibited an 10 

intense punctate fluorescence pattern that corresponds to the membrane-bound form of LC3 

(LC3-II). (D-E) No punctate immunopositive signal of LC3-II was detected during pre-

vitellogenesis (D), although it was rather faintly in vitellogenesis (E). Inserts correspond to DIC 

images at lower magnifications. Fd, follicle undergoing incipient degeneration; FE, follicular 

epithelium; Oo, oocyte. Bars: 10 µm.  15 
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Highlights 

 

• In early atresia, follicular cells predominantly exhibited features of apoptosis. 

• High levels of acid phosphatase activity were detected in all atretic stages.  

• The relevance of autophagy at late atresia was supported by cellular findings and changes 5 

on its marker.  

• In late follicular atresia, cells also displayed changes compatible with necrosis.  
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