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Analysis of atresia in equine follicles using histology, fresh
granulosa cell morphology and detection of DNA fragmentation
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Follicular atresia has been examined previously by various
biochemical and histological methods. The aim of this
study was to compare, for the first time, detection of
granulosa cell apoptosis by biochemical DNA analysis
and microscopic examination of fresh granulosa cell
morphology with the established method of detecting
atresia by histology in equine follicles. DNA extracted
from granulosa cells was examined by staining with
ethidium bromide and end-labelling with [32P]dideoxy-ATP,
which labels the free 3′-end of DNA fragments. In 25 of
26 follicles (96%) there was agreement between end-
labelling and staining of DNA with ethidium bromide
(P < 0.001). Granulosa cell apoptosis was distinguished
more easily in the end-labelled samples than by staining
with ethidium bromide. Histological atresia and apoptosis
as detected by biochemical DNA analysis were significantly

correlated (P < 0.02) with 20 of 22 follicles (91%) receiv-
ing corresponding classifications with the two methods.
No follicles with granulosa cell apoptosis as detected by
biochemical DNA analysis were histologically viable, but
some of the histologically early atretic follicles did not
display DNA laddering. Stereomicroscopic evaluation of
morphology of the fresh granulosa cells was significantly
correlated (P < 0.001) with the histological findings, with
29 of 33 follicles (88%) receiving corresponding clas-
sifications. There was a potential error in determining
follicle health by biochemical DNA analysis only, as both
histologically early and late atretic follicles in some cases
did not show DNA laddering. Thus, if relying solely
on biochemical detection of apoptosis, severely atretic
follicles could wrongly be classified as healthy follicles.

Introduction

In mares, only one or two follicles ovulate at each oestrus.
There are approximately 35 000 primordial follicles in
the equine ovary (Driancourt et al., 1982), and as
only 0.7–1.3% of the primordial follicles ovulate in the
lifetime of a mare, the remaining 99% of the follicles
become atretic and are eliminated from the ovary.
Therefore, the equine ovary will always contain a mixture
of healthy, growing follicles along with many regressing
follicles. Information about the health status of follicles
is valuable when studying a multitude of physiological
processes in the follicle such as hormone production by
granulosa cells, growth and selection of follicles, and
maturation of the oocyte. Follicles have been classified
as healthy or atretic in mares on the basis of hormone
content of follicular fluid (Kenney et al., 1979) and con-
centrations of different insulin-like growth factor binding
proteins (Gerard and Monget, 1998), as well as by
histological evaluation (Driancourt, 1979; Kenney et al.,
1979). Apoptosis has been reported in granulosa cells
of equine follicles (Pedersen et al., 2000). None of the
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published studies on the histology of equine follicles has
described apoptotic features in granulosa cells.

Apoptosis is a form of physiological cell death and
appears to require gene expression (Schwartz and
Osborne, 1993; Schwartzman and Cidlowski, 1993).
Physiological cell death occurs in tissues, such as ovarian
follicles, that undergo rapid physical changes. Apoptosis
can be detected by staining DNA with ethidium bromide;
end-labelling with [32P]dideoxy-ATP, which labels the
free 3′-end of DNA fragments, followed by radiography
(Tilly and Hsueh, 1993); or end-labelling of DNA frag-
ments in individual cells in situ (Ansari et al., 1993),
enabling histological detection, as well as a degree of
quantitative determination of apoptosis.

The aims of this study were to compare histology of
the follicle wall, as a previously established method
for detecting atresia, with: (1) DNA analysis as examined
by staining with ethidium bromide or by end-labelling;
and (2) morphology of freshly isolated granulosa cells.

Materials and Methods

Ovaries were obtained from horses and ponies
after slaughter or after ovariectomy performed under
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appropriate sedation and analgesia using the method de-
scribed by Colbern and Reagan (1987). All experimental
animal procedures were carried out under the Animal
(Scientific Procedures) Act, 1986. The animals weighed
between 198–600 kg and were aged from 2 to >20 years.
Samples from slaughtered animals were collected at an
abattoir.

Ovary processing

The ovaries were placed in M199 with Hank’s salts
and 25 mmol Hepes l−1 (Gibco BRL, Life Technologies
Ltd, Paisley) at 30–37◦C until processing. A 5 mm ×
5 mm section of the follicular wall was dissected out and
fixed in 10 % buffered formalin for 24 h for subsequent
histological evaluation. The inner wall of the follicle was
scraped with a bone curette to release the granulosa cells.
The granulosa cells were flushed off with M199 with
Hank’s salts and evaluated using a stereomicroscope.
After evaluation the granulosa cells were pelleted by
centrifugation at 2000 g for 30 s at room temperature
(18–20◦C), snap frozen and stored at –70◦C until DNA
extraction. The method of granulosa cell DNA extraction
has been described by Pedersen et al. (2000).

DNA analysis by ethidium bromide staining
of extracted DNA

In samples with 6 �g or more DNA, the DNA fractions
were separated by agarose gel electrophoresis, using
6–10 �g DNA from one follicle per lane in a 1.5%
agarose gel. The DNA was stained with ethidium bromide
incorporated in the gel (1 mg ml−1) and visualized with
ultraviolet light using a transilluminator connected to
an image analysis system (IS 500 Gel Documentation
System, Alpha Innotech Ltd, Cannock).

DNA analysis by 3′-end labelling of extracted DNA

The DNA in samples with 2–5 �g DNA was 3′-
end labelled as described by Pedersen et al. (2000).
Briefly, 2 �g DNA was labelled at the 3′-end with 2 �l
[32P]dideoxy-ATP (50 �Ci) (Amersham Life Science Ltd,
Little Chalfont). The end-labelled DNA fragments were
separated by agarose gel electrophoresis and the gel was
exposed to Kodak X-ray film.

Apoptotic and non-apoptotic DNA controls

DNA from freshly isolated murine thymocytes was
used on each gel as a negative (non-apoptotic) control
and DNA from murine thymocytes was incubated for
24 h with dexamethasone (100 �g dexamethasone ml−1

culture medium; Sigma-Aldrich Co., Poole) used as a
positive (apoptotic) control (Wyllie, 1980; Cohen and
Duke, 1984).

Apop 0

Apop 1

Apop 2

Fig. 1. Apoptosis grades in DNA from equine follicles after
electrophoresis on a gel containing ethidium bromide. Apop 0:
no DNA laddering; Apop 1: smearing of DNA but with underlying
DNA laddering; Apop 2: distinct DNA laddering.

DNA analysis grading system

Follicles were classified as containing apoptotic gran-
ulosa cells when the characteristic laddering of inter-
nucleosomal DNA fragments was detected (Wyllie,
1980). Follicles with no detectable laddering were
classified as having non-apoptotic granulosa cells (Apop
0). Follicles with smearing of DNA in the lane but
with underlying laddering were classified as having
apoptotic granulosa cells (Apop 1). Follicles with distinct
laddering were classified as distinctly apoptotic (Apop
2) (Fig. 1). The non-apoptotic control mouse thymocytes
were graded as Apop 0. The apoptotic control mouse
thymocytes were graded as Apop 2.

Morphology of freshly retrieved granulosa cells

The granulosa cells were released from the follicle
with a bone curette. The cells were then gently flushed
into a Petri dish and kept in M199 with Hank’s salts
for no longer than 5 min whilst the sheets of granulosa
cells were evaluated using a stereomicroscope (×10–
40 magnification) before snap freezing. Follicles with
many granulosa cells in tight connection with each
other, in large light brown sheets, were classified
as containing compact granulosa cells. Follicles with
granulosa cells other than compact, such as mucified,
expanded granulosa cells or granulosa cells within
a gelatinous substance, were classified as containing
expanded granulosa cells.

Histological detection of atresia

Samples of follicular wall were fixed in buffered
formalin for 24 h and stored in 70% alcohol until
they were processed. The samples were dehydrated in
alcohol and then cedar wood oil, transferred to toluene
and finally embedded in paraffin wax. Consecutive
sections (5–7 �m) were cut using a microtome, mounted
on gelatine-coated slides and dried overnight in an
oven before staining. The sections were stained with
Harris haematoxylin and washed with Scott’s tap water
substitute. Counterstaining was performed with Putt’s



Apoptosis in equine follicles 419
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Fig. 2. Apoptotic cells in equine follicle wall stained with haematoxylin and eosin. (a) Granulosa cells with crescent-shaped
chromatin in the nucleus (black arrowhead) and fragmentation of the nucleus (white arrowhead). (b) Theca cell with fragmentation
of the nucleus (black arrowhead). Scale bars represent 10 �m.

eosin. The samples were washed in water, dehydrated,
cleared and mounted in DPX mountant (BDH, Poole).

Sections of follicular wall were evaluated with a light
microscope at ×20, ×40 and ×100 (oil immersion).
One hundred cells were counted in each of ten sections
per follicle. The percentage of apoptotic nuclei was
calculated. Atresia in the follicle wall was evaluated
as described by Kenney et al. (1979), but with the
modification that fragmented nuclei were classed as
apoptotic (Fig. 2): Atresia 0: viable follicles with no signs
of atresia; Atresia 1: pyknotic and apoptotic granulosa
cells were present but there was no reduction in
granulosa cell layer thickness or change in the theca
cell layer; Atresia 2: both granulosa and theca cell layers
contained pyknotic and apoptotic cells, and there was a
hyaline membrane between the granulosa and the theca
cell layers (only a mono- or bilayer of granulosa cells
remained); and Atresia 3: a few pyknotic and apoptotic
granulosa cells or fibroblast-like cells were present along
with a thick hyaline membrane.

Statistical analysis

Fisher’s exact probability test was used to establish the
association between DNA end-labelling versus staining
with ethidium bromide, ethidium bromide staining of
DNA versus histology, and histology versus fresh granu-
losa cell morphology. The data were analysed using
a 2 × 2 test. The null hypothesis was that the distribution
of the data was random. If the P value was equal to
or less than 0.05, the null hypothesis was rejected and
an association between the methods was present. A chi-
squared test was applied when testing for an association
between staining of DNA with ethidium bromide and
fresh granulosa cell morphology. The null hypothesis was
that the data were randomly distributed.

(a)

(b)

(c)

(d)

Fig. 3. Equine DNA analysis by staining DNA with ethidium
bromide and 3′-end labelling of DNA. (a) DNA stained with
ethidium bromide with no apoptotic laddering. (b) 3′-end labelled
DNA from the same follicle as in (a). (c) DNA stained with ethidium
bromide with apoptotic laddering. (d) 3′-end labelled DNA from
the same follicle as in (c).

Results

Experiment 1: comparison of DNA 3’-end labelling
and staining with ethidium bromide

It was hypothesized that in samples in which little
DNA was extracted, 3′-end labelling would be necessary,
as this technique requires less DNA than staining with
ethidium bromide. Follicles were subjected to 3′-end
labelling as well as staining with ethidium bromide
to establish the congruity between the two methods
(Fig. 3). Two �g DNA was used for 3′-end labelling, and
10 �g DNA was used for staining with ethidium bro-
mide. In 25 of 26 follicles (96%) there was agreement
between the end-labelling and staining with ethidium
bromide (P < 0.001). Sixteen follicles were classified as
having non-apoptotic granulosa cells and nine contained
apoptotic granulosa cells with both methods. One follicle
was classified as having apoptotic granulosa cells after



420 H. G. Pedersen et al.

(a) (b)

(c) (d)

(e)

Fig. 4. Sections of equine follicle wall and corresponding ethidium bromide agarose gels for detection of apoptosis of the same
follicles. (a), (b), (c), (d) and (e) show examples of sections of follicles of different health status stained with haematoxylin and eosin,
and insets of DNA stained with ethidium bromide extracted from the corresponding follicles. (a) Atresia 0: non-atretic follicle with
mitotic cells (arrows); inset, Apop 0: no DNA laddering. (b) Atresia 1: early atretic follicle with apoptotic granulosa cell (arrow);
inset, Apop 1: DNA laddering. (c) Atresia 2: atretic follicle with pyknotic nuclei (arrowhead); inset, Apop 2: distinct DNA laddering.
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Table 1. Histological evaluation of atresia versus presence of
apoptosis as detected by DNA laddering in equine follicles

Atresia stage (histology) n Follicles with DNA laddering (%)

0 12 0a

1 3 66.7b

2 2 100b

3 5 80b

a,b: P < 0.02.
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Fig. 5. Morphology of freshly isolated equine granulosa cells
in relation to histological evaluation of sectioned follicular wall
stained with haematoxylin and eosin. �: Compact granulosa cells,
�: expanded granulosa cells. Letters denote significant difference:
a–c (P = 0.02), a–d (P < 0.001) and b–d (P = 0.03). No significant
differences were found for a–b, b–c and c–d. The reason for the
lack of significance between b–c is the small number of follicles in
Atresia 2. Numbers of follicles in each group: Atresia 0 (n = 17),
Atresia 1 (n = 5), Atresia 2 (n = 2) and Atresia 3 (n = 9).

end-labelling, whereas the ethidium bromide technique
did not detect apoptosis in this follicle. In three of nine
(33%) follicles with apoptotic granulosa cells, the end-
labelling showed more distinct evidence of apoptosis
than did the staining with ethidium bromide.

Experiment 2: biochemical DNA analysis in relation
to histology of the follicular wall

Follicular wall sections and fresh granulosa cells were
collected from the same follicles to compare biochemical
DNA analysis with histological findings. Histological
atresia and apoptosis as detected by DNA laddering
were significantly correlated (P < 0.02), with 20 of
22 follicles processed (91%) receiving corresponding
classifications in the two methods (Table 1 and Fig. 4).
Four other follicles were originally included in the
experiment, but they were classed as Atresia 3 and were

(d) Atresia 3: late atretic follicle with an apoptotic cell (arrow); inset, Apop 2: distinct DNA laddering. (e) Atresia 3: late atretic follicle with
fibroblast-like cells (arrowhead); inset, Apop 0: no DNA laddering. Scale bars represent (a,c,e) 25 �m and (b,d) 10 �m.
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Fig. 6. Relationship between granulosa cell apoptosis as detected
by DNA laddering and granulosa cell morphology of freshly
isolated cells in mares. �: compact granulosa cells, �: expanded
granulosa cells. Letters a and b denote significant difference (P <

0.01). Number of follicles in each group: Apop 0 (n = 207), Apop
1 (n = 101) and Apop 2 (n = 43).

so degenerated that they contained too few granulosa
cells to yield enough DNA for biochemical analysis.
Histological examination revealed that these follicles
contained more than 95% fibroblast-like cells. In Atresia
3, four of the five follicles showed apoptosis as detected
by DNA laddering. These four follicles had 58–75%
apoptotic granulosa cells by histological evaluation. The
remaining follicle was classified as non-apoptotic after
DNA analysis. Histological examination revealed that
this follicle contained 100% fibroblast-like cells rather
than granulosa cells.

Experiment 3: morphology of freshly retrieved granulosa
cells in relation to histology of the follicular wall

Follicular wall and fresh granulosa cells were col-
lected from the same follicles to compare histology of
the follicular wall with morphology of fresh granulosa
cells evaluated by stereomicroscopy immediately after
recovery. A total of 33 follicles was evaluated. The
stereomicroscopic evaluation of the fresh granulosa cells
was significantly correlated (P = 0.03) with the histolo-
gical findings (Fig. 5). Only three of 19 (16%) follicles
with compact granulosa cells were histologically atretic
follicles. In follicles with expanded granulosa cells, only
one of 13 (8%) follicles was not histologically atretic.

Experiment 4: morphology of freshly retrieved granulosa
cells in relation to biochemical DNA analysis

The correlation between the morphology of freshly
isolated granulosa cells and biochemical DNA analysis
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was examined. In total, 351 follicles were examined for
granulosa cell morphology and apoptosis as detected
by DNA laddering (Fig. 6). There was no significant
difference in distribution of compact granulosa cells and
expanded granulosa cells between Apop 0 and Apop 1,
but there was a significant difference between Apop 0
or 1 and Apop 2 (P < 0.01). Five of six follicles with
very few granulosa cells as seen by stereomicroscopy of
fresh granulosa cells were classified as having non-
apoptotic granulosa cells as detected by staining with
ethidium bromide.

Discussion

The present study has shown that evaluation of follicle
health by detection of apoptosis by DNA laddering is
well correlated with histology of the follicle wall apart
from cases of severe atresia of the follicles, thus creating
a potential error in classifying atretic follicles as healthy
if not using other parameters of follicle health.

In the majority of cases, the two biochemical methods
of 3′-end labelling and staining with ethidium bromide
correlated well in classification of follicles as containing
apoptotic or non-apoptotic granulosa cells. There was
a tendency to distinguish the apoptosis more easily in
the 3′-end labelled samples. End-labelling specifically
visualizes the 3′-ends of broken DNA strands, which
makes the method more sensitive for detection of
apoptosis than staining with ethidium bromide, which
stains DNA in general. In agreement with the present
study, Jolly et al. (1994) reported that the 3′-end labelling
method in bovine follicles detects apoptosis in some
samples classified as non-apoptotic after staining with
ethidium bromide.

Evaluation of freshly retrieved granulosa cells is a
quick method for obtaining an indication of the health
status of a follicle. The stereomicroscopic evaluation
of the fresh granulosa cells was significantly correlated
with the histological findings. The best correlation was in
cases of non-atretic follicles and severely atretic follicles.
Morphology of fresh granulosa cells was relatively in-
sensitive compared with histology when detecting early
atresia. A characteristic of cells undergoing apoptosis
is that junctions with neighbouring cells are disrupted
(Duvall and Wyllie, 1986). Therefore, the finding that
almost all follicles with any degree of granulosa cell
expansion were histologically atretic indicated that when
the granulosa cells were no longer in close contact with
each other in large sheets, the follicle of origin had started
to undergo atresia.

The stereomicroscopic evaluation of fresh granulosa
cells was also significantly correlated with results ob-
tained by biochemical DNA analysis. The presence of
predominantly expanded granulosa cells in the group of
follicles with Apop 2 indicated that severe apoptosis was
reflected morphologically in the granulosa cells.

Detection of apoptosis by biochemical DNA analysis
was significantly correlated with classification of atresia
by histology in the present study. Similarly, a study
in cattle demonstrated that with increasing degrees of
histological atresia, the proportion of apoptotic cells as
detected by flow cytometry increases (Blondin et al.,
1996). In a study in ewes, the same granulosa cells
were stained initially with haematoxylin and eosin,
washed, and then stained by TdT-mediated dUTP nick-
end labelling, which stains fragmented DNA in cells.
The results showed that the morphology of the granulosa
cells classified as apoptotic in haematoxylin and eosin
sections contained fragmented DNA and were indeed
apoptotic ( Jolly et al., 1997).

The present study determined that examining follicles
by biochemical DNA analysis only may be misleading
as early and late atresia, as detected by histology, was
not always detected by biochemical DNA analysis.
No follicles with granulosa cell apoptosis, as detected
by DNA laddering, were non-atretic by histological
examination, but some of the early atretic follicles
as determined by histology did not show apoptotic
laddering, indicating that biochemical DNA analysis is
less sensitive. Perhaps at this stage there are too few
apoptotic cells to be detected by DNA analysis. In the
present study, histological evidence of apoptosis with
more than 14% apoptotic granulosa cells corresponded
well to the presence of DNA laddering. In a study of
apoptosis in pig follicles, the follicles were biochemically
atretic when more than 10% apoptotic cells were present
(Guthrie et al., 1994). Another explanation for not
detecting biochemical apoptosis in early atretic follicles
in the present study may be that the DNA was only in the
process of being degraded, although in rat follicles, DNA
fragmentation is thought to occur before histological
changes are detected (Nahum et al., 1996). A study on
atresia in bovine follicles indicates that granulosa cells
may also die by pathways other than apoptosis as DNA
fragmentation is not necessarily present during atresia
(Van Wezel et al., 1999).

An important finding of the present study is that
follicles with very few freshly isolated granulosa cells dis-
played no apoptosis as detected by DNA laddering. This
is in agreement with the histological findings in which
the granulosa cells of severely atretic follicles (Atresia
3) had almost disappeared and therefore did not show
any DNA laddering. These findings indicate that follicles
classified by biochemical DNA analysis as containing
non-apoptotic granulosa cells were a mixed population
of truly healthy follicles and highly atretic follicles.
Whilst there are several possible explanations for the
observed result, the most likely is that the cells from
which DNA was extracted were not granulosa cells
as these had perished, but rather fibroblast-like cells.
Thus, there is a potential error in classifying follicles
only by biochemical DNA analysis, as some advanced
atretic follicles could be classified wrongly as healthy,
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thereby giving misleading experimental results. It is
necessary to evaluate follicles with no biochemical
apoptosis by parameters other than DNA fragmentation,
such as histological evaluation or fresh granulosa cell
morphology, to avoid this potential mistake.

In conclusion, this study has demonstrated that
detection of apoptosis by biochemical DNA analysis
and description of fresh granulosa cell morphology
are generally in good agreement with the established
method of histological detection of follicular health, but
that the tested biochemical and cytological methods
have limitations compared with histology. The more
parameters that are used in conjunction with each other,
the more accurate is the interpretation of the state of the
follicle, particularly with regards to early and late atretic
follicles.

The authors wish to thank J. Binnie for excellent technical
assistance with the histology sections. H. G. Pedersen was in receipt
of the James Tindall Faculty Scholarship, University of Edinburgh,
UK.
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