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Apoptosis occurs in granulosa cells but not cumulus cells in the atretic antral follicles in 
pig ovaries 
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Abstract. The porcine antral follicles, 3-6  mm in diameter, were dissected from the ovaries of mature pigs, and 
then granulosa and cumulus cells were isolated from each follicle. In atretic follicles, high activity of neutral 
CaZ+/Mg2§ endonuclease and DNA ladder formation, estimated by electrophoresis, were noted in 
granulosa cells but not in cumulus cells. Extremely low activity of the endonuclease and no DNA ladder formation 
were observed in both types of cells obtained from healthy follicles. Moreover, apoptotic cells were observed 
histochemically among granulosa cells only. A good correlation (r = 0.987) between the endonuclease activity of 
granulosa cells and the progesterone/estradiol ratio of follicular fluid in each follicle was found. These results 
suggest that apoptosis occurs in granulosa cells but not cumulus cells in the atretic antral follicles in pigs. 
Key words. Apoptosis; Ca2+/Mg2+-dependent endonuclease; cumulus cell; granulosa cell; pig. 

Apoptotic cell death of granulosa cells of rabbit 
Graafian follicles with involution or atresia was first 
observed in 1885 by Flemming ~, who called it chroma- 
tolysis. Recent studies of follicular atresia in the pig 
have shown that the degeneration of the atretic follicles 
can be explained in part by apoptotic death of granu- 
losa and theca interna cells ~,3, but degenerative changes 
in cumulus cells during follicular atresia are unknown. 
Cells undergoing apoptosis exhibit a condensed nuclear 
structure, compacted cytoplasmic organelles, decreased 
cell size and DNA fragmentation that may be regulated 
by an endogenous neutral Ca2+/Mg2+-dependent endo- 
nuclease 4. The aim of the present study was to define 
the degenerative changes in cumulus cells and to ob- 
serve changes in the neutral CaZ+/Mg2+-dependent en- 
donuclease activity in granulosa and cumulus cells 
during atresia in porcine antral follicles. In addition, 
steroid hormone concentrations in follicular fluid were 
determined, and in situ analysis of DNA fragmentation 
was performed on histological sections of follicles using 
the DNA 3'-end labelling technique. 

Materials and methods 

Animals and recovery of follicular granulosa and cumulus 
cells. Ovaries recovered at a local slaughterhouse from 
gilts were rinsed in Ca2+/Mg2+-free Hanks balanced salt 
solution (HBSS)+10 mM EDTA disodium salt 
(modified HBSS) (Gibco BRL, Grand Island, NY), 
while individual preovulatory antral follicles 3-6  mm in 
diameter were dissected free from extraneous tissue. The 
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follicles were punctured over a 1.5-ml centrifuge tube to 
collect follicular fluid. Follicular fluid from each follicle 
was separated from possible cellular material by cen- 
trifugation at 600 x g at 4 ~ for 5 min, and then stored 
at - 8 0  ~ until assay for estradiol and progesterone. 
According to a modification of the method of Guthrie 
et al. 5, granulosa and cumulus cells were isolated from 
each follicle. Briefly, each follicle was placed in modified 
HBSS in a plastic dish and cut into two pieces with 
small scissors. Under a surgical dissecting microscope, 
the oocyte-cumulus cell complex was released into 
modified HBSS by scraping the inner surface of follicles 
with forceps, and then oocytes were removed with a 
Pasteur pipette. Granulosa cells were scraped from the 
follicle wall into modified HBSS. Follicles were 
classified as morphologically atretic or healthy by the 
presence or absence of cellular debris in their isolated 
granulosa cells 6. Granulosa and cumulus cells of each 
follicle were transferred into individual 1.5-ml cen- 
trifuge tubes, suspended in 1 ml of modified HBSS + 6.8 
mM EGTA (Sigma Chemical Co., St. Louis, MO), and 
incubated for 15 min at room temperature (RT). The 
cells were centrifuged at 600 x g for 5 min at RT. The 
supernatant was decanted and the cells were resus- 
pended in 1 ml of modified HBSS. Aliquots of the cells 
were counted using a hemocytometer plate. 
Neutral CaZ+/MgZ+-dependent endonuclease assay and 
DNA analysis. The neutral Ca2+/Mg2+-dependent en- 
donuclease activity was assessed as described by Zelez- 
nik et al. 7. Briefly, nuclear pellets were highly purified 
from isolated granulosa and cumulus cells, and resus- 
pended in either reaction buffer (10 mM Tris-HC1, 25 
mM NaC1 and 0.34 M sucrose, pH 7.0) + 1 mM CaC12 
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or reaction buffer + 1 mM CaCI2 and 5 mM MgC12. 
Incubations were terminated at time 0 by addit ion of  
stop solution (0.15 mM EDTA and 35 mM EGTA),  or 
continued at 37 ~ for 10 min and terminated there- 
after. Low and high molecular weight D N A  fractions 
were separated from each nuclear pellet by centrifuga- 
tion at 9000 • g for 20 min at 4 ~ and D N A  contents 
were determined by fluorescence assay using 4,6-di- 
amidino-2-phenylindole (Sigma) 8. D N A  standards were 
prepared from calf thymus D N A  (Sigma). The percent- 
age of  D N A  degraded in each nuclear incubation was 
calculated as a percentage of  the amount  of  low molec- 
ular weight DNA divided by the total D N A  content 
(low plus high molecular weight DNA).  D N A  samples 
of  the endonuclease assay and cellular total D N A  pre- 
pared as described previously 9 were electrophoresed in 
2% agarose gels with 40 mM Tris-acetate (pH 8.1) 
containing 2 mM EDTA,  18 mM NaCI and 10 gg/ml 
ethidium bromide at 60 V for 90 min. Gels were pho- 
tographed with ultraviolet transillumination. 
RIA of follicular fluid steroid hormones. Concentrations 
of  steroid hormones were determined in aliquots of  
follicular fluid using the procedures described by Guth- 
rie et al. ~o. Briefly, frozen follicular fluid from each folli- 
cle was diluted 100-fold with Medium 199 solution 
(Gibco BRL). Levels of  estradiol-17/~ and progesterone 
in diluted fluid Samples were quantified in duplicate 
without solvent extraction via double ant ibody [t25I] 
ligand RIA kits (BioM~rieux, Marcy-l 'Etolle,  France). 
In situ end labelling of fragmented DNA and histol- 
ogy. Apoptot ic  cells were demonstrated histochemically 
as described by Billig et al. 1 ~. Briefly, paraffin-embedded 
sections of  healthy and atretic follicles mounted on glass 
slides precoated with 3-amino-propyltr iethoxysilane 
(Aldrich Chemical Co., Milwaukee, WI) were de- 
paraffinized in xylene, and rehydrated through a graded 
alcohol series. Tissue sections were incubated with 
proteinase K (10 ~tg/ml) for 10 rain at RT, washed in 
distilled water and then treated with 2% H202 in 
methanol  for 10 rain at RT to block endogenous perox- 
idase. The sections were incubated with terminal de- 
oxynucleotidyl transferase (1 U/gl; TDT, Boehringer 
Mannheim, Indianapolis,  IN) solution containing 45 
gM d d A T P  and 5 laM digoxigenin-l l -2 ' ,3 ' -deoxyuri-  
dine-5'- tr iphosphate (DIG-ddUTP,  Boehringer Mann- 
he• for 1 h at 37 ~ and then immersed in stop 
solution (double-strength salt sodium citrate buffer: 0.3 
M NaCI, 30 mM trisodium citrate, pH 7.0). After wash- 
ing with PBS, the sections were incubated with peroxi- 
dase-labelled anti-digoxigenin ant ibody solution for 30 
rain at RT, and then washed in PBS. The slides were 
incubated in a solution of  3,3'-diaminobenzidine (0.1% 
in 0.05 M Tris-HCl, pH 7.2) and 0.002% H202 for 5 
min at RT. They were then rinsed in distilled water and 
counterstained with 0.2% methyl green solution, dehy- 
drated through a graded ethanol  series, cleaned in 

Table I. CaZ+/Mg2+-dependent endonuclease activities ~ in granu- 
losa and cumulus cells of healthy and atretic follicles of pigs. 

Granulosa cells Cumulus cells 

Healthy follicles 1.6 • 0.5 1.1 • 0.6 
Atretic follicles 44.4 • 13.0 b 1.5 _+ 0.4 

~Ca2+/Mg2+-dependent endonuclease activities are represented as 
percentages of DNA degraded during incubation. Each value is 
the mean of 20 follicles and expressed as mean +_SD. 
bp < 0.001 vs healthy follicles. 

Table 2. Follicular fluid progesterone and estradiol concentra- 
tions, and progesterone/estradiol ratios in healthy and atretic 
follicles of pigs% 

Progesterone Estradiol Progesterone/ 
(ng/ml) (ng/ml) estradiol 

ratio 

Healthy follicles 126.5 • 7.1 19.2 • 1.9 6.6 + 0.7 
Atretic follicles 284.44-30.4 u 2.5• u 117.6• b 

~Each value is the mean of 20 follicles and expressed as mean 
• 
bp <0.00l VS healthy follicles. 

xylene and mounted. The following positive and nega- 
tive controls  were included in each experimental run: as 
negative controls, the sections were incubated with the 
omission of  either T D T  or DIG-ddUTP.  As a positive 
control, tissue sections were treated with DNase I (1 
gg/ml; Boehringer Mannheim) for 10 min at RT before 
exposure to TDT, and paraffin sections prepared from 
young adul t  rat testis were used as physiological posi- 
tive controls% Adjoining sections from each specimen 
were stained with hematoxylin and eosin for morpho-  
logical analysis. 
Statistical analysis. Analysis of  variance was carried 
out with the StatView IV program using a Macintosh 
computer.  Differences with a probabil i ty of  p < 0.05 
were considered significant. 

1 2 3  4 5 6 7 8 9  
.~,,.,"19.33 kbp 

7.74 
6.22 

1.88 

Figure 1. Electrophoretic analysis of DNA fragments in granu- 
losa and cumulus cells obtained from atretic follicles. Total DNA 
prepared from cumulus and granulosa cells (lanes 1 and 3, 
respectively), low molecular weight DNA samples of the endonu- 
clease assay prepared from cumulus (lanes 5 and 7) and granulosa 
(lanes 6 and 8) cells in each follicle, and size markers (lane 4 and 
9) are shown. DNA fragmentation was observed only in granulosa 
cells, and not in cumulus cells. 
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Figure 2. Corrchuions between the progesterone/estradiol ratio o[" follicular fluid and the neutral Ca 2 '/Mg2'-dependent endonuclease 
activily of granulosa (a) and cumulus cells (h). A good correlation (r-0.987) between the progesterone/estradiol ratio and the 
cndonuclease activity was found only in granulosa cells. 

Results and discussion 

In atretic follicles, high activity of  neutral Ca2~/Mg 2+- 
dependent endonuclease (in the presence of  1 mM Ca 2+ 
and 5 mM Mg e+) was noted only in granulosa cells and 
not in cumulus cells (p < 0.001) (table I). Low activities 
( < 1.6%) of the endonuclease were noted in both granu- 
losa and cumulus cells prepared from healthy follicles. 
Extremely low activities ( <  1.0%) of Ca2+-dependent 
endonuclease (in the presence of I mM Ca 2+) were 
demonstrated in all cases. As shown in figure I, total 
DNA prepared from granulosa cells of  atretic tbllicles 
displayed a ladder pattern (hallmark of  apoptosis) on 
gel electrophoresis, but DNA prepared from cumulus 
cells of the same atretic follicles displayed no such 
pattern. In addition, using the endonuclease assay, 
DNA ladder formation was observed in the low molec- 
ular weight DNA fraction prepared from granulosa 
cells only, but not from cumulus cells. The most widely 
used marker for apoptosis has been the unique feature 
of  internucleosomal cleavage of  cellular DNA, cata- 
lyzed by Ca2 ~/Mg2+-dependent endonuclease activity-<< 
This enzyme attacks linker DNA located between the 
nucleosomal units spaced every 185 bp along the DNA 
molecule, resulting in a characteristic ladder of  DNA 
fragments. Recent studies have shown that apoptotic 
fragmentation of  DNA occurs in granulosa cells of  
atretic but not of healthy porcine follicles 2-3. In atretic 
rat follicles, neutral Ca'-~/Mg2<dependent endonucle- 
ase activity increases in granulosa cells 7. However, no 
detailed information concerning of  the demise of  cumu- 
lus cells has yet been reported. The present results 
indicate that no apoptotic cell death occurs in cumulus 
cells during follicular atresia in pigs. 

The ranges of  concentrations for estradiol (1.7 to 23 
ng/ml), and progesterone (115 to 335 ng/ml) in follicu- 
lar fluid correspond well with previously reported val- 
ues ~3~4 (table 2). Follicular fluid progesterone con- 
centration was 2.25-fold higher (p <0.001) in atretic 
follicles than in healthy follicles. In contrast, estradiol 
concentration was lower in atretic than in healthy folli- 
cles (p < 0.001). Sex steroids are important for intrao- 
varian regulation of  follicle growth and atresia, and the 
profile of  sex steroid production differs between healthy 
and atretic follicles m' ~< 15 In pigs, estradiol production 
by atretic follicles is decreased, but production of 
progesterone is increased "L Estrogen is essential for 
follicle growth and differentiation, and the absolute 
number of  atretic follicles decreases after estrogen treat- 
ment'". The progesterone/estradiol ratio of  follicular 
fluid in each follicle provides an index of  follicular 
growth or atresia"< A good correlation ( r=0 .987 ,  
n =40 ,  p <0.001) between neutral Ca2~/Mg2"-depen - 
dent endonuclease activity of  granulosa cells and the 
progesterone/estradiol ratio of  follicular fluid was found 
in each follicle (fig. 2a). However, there was no correla- 
tion between the endonuclease activity of  cumulus cells 
and the progesterone/estradiol ratio of follicular fluid 
(fig. 2b). These findings are highly suggestive of  a lack 
of apoptosis in cumulus cells obtained from porcine 
atretic follicles. 
In the early stage of  atresia the oocyte-cumulus cell 
complex is preserved (fig. 3a), but scattered granulosa 
cells with condensed nuclei and DNA fragmentation 
were observed on the inner side of  the granulosa cell 
layer by conventional histology (fig. 3b) and by in situ 
DNA 3'-end labelling (fig. 3c). In the late stage of  atresia, 
the oocyte-cumulus cell complex is suspended in follicu- 
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Figure 3. Porcine antral follicle sections stained for in situ detection of apoptosis by the histochemical DNA T-end-labelling technique 
(a, x 100; c, x 200; and d, x 50) and stained with hematoxylin and eosin (b, x 200). In the early stage of  follicular atresia, DNA 
fragmentation in nuclei (arrows in a and c) was demonstrated in granulosa cells (G) scattered on the inner surface of the follicular wall, 
but not in cumulus cells (C) or theca interna cells (T). Scattered granulosa cells (G) with condensed nuclei (arrow) were observed on 
the inner side of  the follicle (b). In the late stage of atresia, most granulosa cells (G) suspended in the follicular fluid were positive for 
genomic DNA fragmentation (d), but cumulus cells were negative (inset, x 100). 
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lar fluid. No apoptot ic  cumulus  cells were observed by 
in situ labelling, and most  granulosa  cells with apopto-  
sis were isolated and  suspended in follicular fluid (fig. 
3d). F r o m  these and  our  previous ~7 results obta ined 
using the histochemical D N A  3'-end labelling tech- 
nique which allows the identification of apoptosis  in 
situ on a cell-by-cell basis with preservat ion of  follicu- 
lar architecture ~, granulosa  cells scattered on the inner  
surface of  the follicular wall appear  to be the first to 
undergo apoptosis.  In an advanced stage of  follicular 
atresia, de tachment  and  degenerat ion of the granulosa  
cell layer and  f ragmenta t ion  of  basal  l amina  ~7 will 
occur. Remarkably ,  no chromat in  degradat ion  or 
apoptosis  occurs in cumulus  cells dur ing  porcine follic- 
ular  atresia. 
In  conclusion,  the biochemical  and histochemical re- 
suits of  the present  s tudy demonst ra te  that apoptosis  
occurs in granulosa  cells bu t  no t  in cumulus  cells dur-  
ing ovar ian  follicular atresia in pigs. 
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