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Polyploid cells in the mouse ovary
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Abstract

Cell ploidy in the ovarian follicle and corpus luteum was investigated by DNA in situ hybridization to a reiterated,
chromosome 3 transgene in mice that were hemizygous for the transgene. This approach was first validated by
analysis of mouse kidney, pancreas and liver control tissues, which contain different frequencies of polyploid
nuclei. Polyploid nuclei (with multiple hybridization signals) were seen in histological sections of both ovarian fol-
licles and corpora lutea. The frequency of polyploid nuclei in follicles showed no consistent relationship with age
(between 6 weeks and 10 months) but polyploid nuclei were significantly more abundant in corpora lutea than fol-
licles (6.3% vs. 2.5%). This implies that production of polyploid cells is more closely associated with differentiation
of ovarian follicles into corpora lutea than with the age of the female. Polyploidy tended to be more frequent in
corpora lutea of mice that had mated even if they did not become pregnant. This study has highlighted the pres-
ence of polyploid cells in the mouse ovarian follicle and corpus luteum and has identified mating as a possible trig-
ger for polyploidy in the corpus luteum. Further work is required to determine the physiological role of polyploid
ovarian cells in reproduction.
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ocytes are all polyploid (Odell et al. 1969) and the placenta

Introduction contains both polyploid and polytene nuclei (Zybina &

Many adult mammalian tissues contain polyploid cells
alongside diploid cells (mixoploidy). Brodsky & Uryvaeva
(1985) reviewed the evidence for cells with polyploid
nuclei in many tissues, including the liver, exorbital
gland (lacrimal gland), urinary bladder, uterine decidua,
cardiac muscle and cerebellar Purkinje cells. Megakary-
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Grishchenko, 1970; Zybina & Zybina, 1996; Klisch et al.
1999). There is also an age-related increase in the fre-
quency of polyploid nuclei in the mouse pancreas
(Webb et al. 1982) and liver (Alfert & Geschwind, 1958;
Inamdar, 1958; Epstein, 1967; Evans, 1976; Brodsky &
Uryvaeva, 1977). Several authors have suggested that
the extent of polyploidy in the liver is a function of liver
growth or differentiation rather than age per se and
that polyploidy may be advantageous in differentiated
tissues that need a high biosynthetic capability
(Epstein, 1967; Wheatley, 1972; Brodsky & Uryvaeva,
1985). However, it is usually difficult to distinguish
between the effects of age and differentiation and it is
not understood what causes polyploid cells to arise.
There is evidence that polyploid cells also occur in
ovarian follicles and corpora lutea. These are transient
structures that undergo growth, differentiation and
degeneration throughout adult life so different stages
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coexist in the same ovary. Oocytes are surrounded by a
single layer of flattened epithelial cells in the fetus to
produce primordial follicles. During follicular growth
the follicle granulosa cells become cuboidal and
increase in number to produce a multilayered follicle.
Fluid accumulates in spaces between the epithelial cells
and later these fluid-filled vesicles coalesce to form an
antral cavity. At this stage, follicle cells are classified as
either mural granulosa cells (which line the inside of
the follicle wall) or cumulus cells (which project into the
antral cavity and surround the oocyte). At ovulation
the oocyte and surrounding cumulus cells are expelled
into the oviduct and the remainder of the follicle col-
lapses and differentiates into the corpus luteum. In
many species the theca cells (which form the follicle
wall) also contribute to the corpus luteum but in the
mouse it seems likely that only the mural granulosa
follicle cells contribute (Tong et al. 1998). The mural
granulosa cells differentiate into larger flattened
granulosa—lutein cells of the corpus luteum, which
synthesize progesterone required to maintain the pre-
gnancy. Most granulosa-lutein cells are terminally
differentiated and cease division (Robker & Richards,
1998) but a subpopulation continues to proliferate dur-
ing the early and mid luteal phases, at least in some
species (Gaytan et al. 1998; Young et al. 2000). The
corpus luteum is maintained throughout pregnancy
but, if pregnancy does not ensue, infiltrating fibroblasts
cause the corpus luteum to regress to scar tissue after
a few days.

Stangel et al. (1970) reported the occurrence of poly-
ploid cells in human corpora lutea in late pregnancy,
and Coulson (1979) detected polyploid cells in small
follicles in ovaries of pigs and cows but not in larger
follicles. In the mouse, Telfer and Gosden found no
polyploid nuclei in mural granulosa cells of antral
follicles using microdensitometry (cited in Telfer et al.
1988) but Keighren & West (1993) identified a low
frequency of polyploid cells in ovarian follicles and
corpora lutea by DNA in situ hybridization.

The aim of the present study was to determine
whether the frequency of polyploid cells varied among
stages during the sequential differentiation of pre-
antral follicles to antral follicles, and then to terminally
differentiated corpora lutea. Since this sequence occurs
throughout adulthood it uncouples the effects of age
vs. follicle growth and differentiation, and provides
a unique opportunity to test which has the greater
influence on the frequency of polyploidy. Also, since

both follicles and corpora lutea exist in pregnant and
non-pregnant females we were able to compare the fre-
quency of polyploidy in these two different physiolog-
ical conditions. To detect polyploid nuclei we used DNA
in situ hybridization to a chromosome-specific trans-
gene, which is a sensitive method that allows visual
identification of low levels of polyploid nuclei in histo-
logical sections. The method was validated by deter-
mining the proportion of polyploid nuclei in several
control mouse tissues, for which polyploidy has been
investigated by other methods.

Materials and methods

Mice

The mice were all hemizygous for the transgene
TgN(Hbb-b1)83Clo (here abbreviated to Tg) comprising
approximately 1000 tandemly repeated copies of a
mouse B-globin plasmid inserted near the telomere of
chromosome 3 (Lo, 1986; Lo etal. 1987). Males,
homozygous for the B-globin transgene (Tg*"*), were
crossed to wild-type (C57BL x CBA/Ca)F1 females, with
no transgene (Tg™), to produce hemizygous (Tg*") off-
spring. Unless stated, pregnancies were obtained by
natural matings and were timed from the day of the
vaginal plug which was designated embryonic day 0.5
(E0.5). Those that were superovulated were injected
with 5iu pregnant mares’ serum gonadotrophin
(PMSG) at approximately 12:00 h, followed by 5iu
human chorionic gonadotrophin (hCG) 48 h later.
Mating was confirmed by the presence of a vaginal
plug the following morning and pregnancy was con-
firmed by the presence of implantation sites or the re-
covery of pre-implantation embryos.

Tissue preparation

Mice were killed by cervical dislocation and tissues
immediately dissected and fixed. Most samples were
fixed in acetic ethanol (3 ethanol : 1 acetic acid, v/v)
and either embedded in paraffin wax for histology or
used to prepare cell spreads. For histological sections of
liver, samples were fixed in 4% paraformaldehyde
because, for this tissue, it proved superior to acetic
ethanol fixation for DNA in situ hybridization. Ovaries
were analysed only by histological sections to facilitate
staging the follicles and scoring follicles located deep
within the ovary. For spreads of pancreas, liver and
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kidney, small pieces of tissue were placed in multiwell
plates and the wells were half filled with hypotonic
solution (1 : 3 mixture of 1.93% citrate and 0.56% KCl),
minced with scissors and left for 20-30 min. The hypo-
tonic solution was replaced with freshly prepared acetic
ethanol fixative for 2 h followed by 60% acetic acid
for 5 min. Tissue was disrupted with a Pasteur pipette,
cells spread on a hot microscope slide (from a 50 °C hot
plate), excess acid removed and slides allowed to air
dry. Slides were stored in a cool dry box until needed.

DNA in situ hybridization

The hybridization signal was detected as a brown
spot in the nucleus by diaminobenzidine staining for
a peroxidase-conjugated antibody bound to the
digoxygenin-labelled DNA probe (Keighren & West,
1993). Slides were counter-stained with haematoxylin
and eosin and examined by bright-field microscopy and
the number of hybridization signals was recorded for
each nucleus scored.

In order to quantify the frequency of polyploid
nuclei, all the nuclei in one field of view (x63 objective)
were scored according to the number of hybridization
signals, using a 10 x 10 index square eyepiece graticule
(Graticules Ltd, Tonbridge, Kent, UK). Nuclei were only
classified as having two hybridization signals if the
signals were of similar size (not significantly smaller
than those in nuclei with a single signal) and clearly
separated by a space so they were not touching.
Two hybridization signals very close together were class-
ified as a single split signal (split spot) and may repre-
sent chromosomes in G2 of the cell cycle. The numbers
of hybridization signals were scored as 0, 1, 2 or > 2.
Transgenic mice were hemizygous (one copy of the
reiterated transgene per diploid genome), so diploid
nuclei were identified as those with 1 hybridization
signal and polyploid nuclei had > 1 signal. Apart from
the liver, few nuclei had > 2 signals so the results are
presented as percentage of nuclei with > 1 signal. Since
all nuclei should have at least one chromosome with
the target B-globin transgenic marker (positive nuclei),
the percentage of nuclei with no signal represents
the percentage of false negatives (e.g. sections that
did not include the part of the nucleus with the target
sequence). The percentage of putatively polyploid
nuclei was estimated as the percentage of positive
nuclei that had more than one signal. To ensure ana-
lysis of sections near the middle of the follicle, they
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were only analysed and classified if part of the oocyte
was present. Mural granulosa cells and cumulus cells
(where present) were scored but theca cells were
excluded. Ovarian follicles were classified according
to the number of layers of granulosa cells (Mandl &
Zuckerman, 1951).

Statistical analysis

Mann-Whitney U-tests were performed on an Apple
Macintosh computer using the statistical package
‘StatView 5.0’ (SAS Institute Inc.).

Results

Identification of polyploid nuclei in control tissues by
DNA in situ hybridization

All nuclei were hemizygous for the target DNA
sequences (B-globin transgene), so the diploid genome
is represented by a single hybridization signal (brown
spot in the nucleus). Nuclei with multiple hybridization
signals were classified as putative polyploid nuclei. To
validate the use of in situ hybridization on histological
sections to identify polyploid nuclei, the technique was
first tested on mouse kidney (which served as a nega-
tive tissue control), and on pancreas and liver (which
served as positive tissue controls). Cell spreads and 7-
um histological sections were prepared from mice at
three ages and coded prior to analysis. In addition,
tissue sections and spreads were prepared from
non-transgenic (C57BL x CBA)F1 mice (negative control
mice). In situ hybridization was less efficient for the
liver, and two samples were excluded from the analysis
because too few nuclei had a hybridization signal.
However, in most experimental samples, 80-90% of
nuclei had at least one hybridization signal and tissues
from non-transgenic negative control mice showed
negligible levels of false positive hybridizations.
Putatively polyploid nuclei with multiple hybridiza-
tion signals are illustrated in Fig. 1 and the frequencies
of polyploid nuclei in the kidney, liver and pancreas are
shown in Fig. 2. Few (< 1%) kidney nuclei had multiple
hybridization signals in either the histological sections
or the cell spreads but, as expected, these occurred at
much higher levels in liver sections and spreads. An
intermediate frequency was found in both the pan-
creas spreads and sections. In histological sections these
putatively polyploid nuclei were seen among both the
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Fig. 1 Nuclei with two hybridization signals (some are arrowed) in (a) a section of ovarian follicle, (b) a section of ovarian corpus

luteum, (c) a cell spread from pancreas of 60-day-old mouse and (d) a section of pancreas of 60-day-old mouse showing an islet
of Langerhans (small, paler stained cells). Some positive nuclei appear negative in the photographs because the hybridization

signals are out of the plane of focus. Scale bar = 20 um.

endocrine cells of the islet of Langerhans and the non-
islet, exocrine cells (Fig. 1d). The overall percentages of
nuclei with multiple hybridization signals was similar
for cell spreads and tissue sections (Fig. 2a,b).
Mann-Whitney U-tests, on pooled results for differ-
ent ages and sexes, showed that the percentage of

nuclei with multiple hybridization signals was signifi-
cantly higher in the pancreas cell spreads than the
kidney spreads (P = 0.0003), and for histological sections
it was significantly higher in both the pancreas non-islet
cells (P <0.0001) and pancreas islet cells (P =0.0002)
than kidney sections. Analysis of the pancreas showed
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Fig. 2 Histograms showing the percentages of putatively
polyploid nuclei (with multiple hybridization signals) in
kidney, pancreas and liver from mice (males and females
pooled) at different ages in (a) histological sections and (b) cell
spreads. Pancreases were analysed from six mice at each age
and kidneys were analysed from three mice at each age. Livers
were analysed from three mice at each age, except that only
two samples were analysed at 10 days by histological sections
and at 30 days by cell spreads.

that the in situ hybridization method is capable of
identifying relatively low levels of polyploid nuclei.
Figure 2(a) shows the expected age-related increase
in frequency of polyploid nuclei in liver and pancreas
sections.

Polyploidy in ovarian follicles and corpora lutea

Putative polyploid nuclei were found in 5-um sections
of ovarian follicles and corpora lutea (Fig. 1a,b) and
almost all of these were putative tetraploid nuclei (two
hybridization signals). For the ovarian follicles, there was
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no consistent trend in the frequency of polyploid nuclei
with age for 17 non-pregnant mice between 6 weeks
and 10 months (Fig. 3a). For these non-pregnant mice
the smallest follicle classes (stages 2-4) had the highest
proportion of polyploid nuclei (14/324 and 19/361,
respectively; Fig. 3b) but this trend was not seen in the
six pregnant mice analysed. When the follicles were
grouped as pre-antral (stages 2-5) vs. antral (stages 6a
and 6b) there was no significant difference in the
frequency of polyploid nuclei for either pregnant or
non-pregnant mice (Fig. 3c).

For comparison with the results for the follicles,
polyploidy was analysed in corpora lutea from five
groups of mice (three females in each group), including
pregnant and non-pregnant females (Fig. 3¢). The per-
centage of polyploid nuclei was calculated separately
for each follicle and corpus luteum to enable calculation
of standard errors for each group and statistical com-
parison between groups by Mann-Whitney U-tests.
Figure 3(c) shows that the overall percentage of put-
atively polyploid nuclei was higher in corpora lutea
(6.32 £ 0.35%) than in ovarian follicles (2.45 + 0.23%)
and that this difference was statistically significant
(P < 0.0001).

It was notable that the frequency of polyploid nuclei
in the corpora lutea was lower in females that were
not housed with males (3.9%) than in all three groups
of pregnant females (range 5.8-7.3%). This difference
was significant for the pregnant females examined
at E0.5 (P=0.030) and E7.5 (P =0.0066), but not for
those at E3.5 (P =0.079). The frequency of polyploid
corpora lutea cells in females that were not housed
with males was also significantly lower than in females
that mated with males (vaginal plug present) but from
which no embryos were recovered at E3.5 (3.9% vs.
7.5%; P=0.0071).

Influence of mating on the frequency of polyploidy in
the corpus luteum

The results shown in Fig. 3(c) indicate that the differen-
tiation of the follicle to a corpus luteum after ovulation
is accompanied by an increase in the frequency of poly-
ploid nuclei. The results also raise the possibility that
this increase depends on mating (or housing overnight
with a male) rather than pregnancy itself. To distin-
guish between these effects, the frequency of poly-
ploid nuclei in three groups of
superovulated females, two of which were housed

was analysed
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Fig. 3 Histogram showing the mean percentages of putatively
polyploid nuclei (with multiple hybridization signals) in mouse
ovaries. (a) Ovarian follicles from non-pregnant females of
different ages (the number of nuclei with hybridization
signals analysed are shown above the bars). (b) Ovarian
follicles at different stages (stages 6a and 6b are antral
follicles; others are pre-antral follicles). A total of 8920 nuclei
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Fig. 4 Histogram showingthe mean percentages of putatively
polyploid nuclei (with multiple hybridization signals) in mouse
corpora lutea in three groups of superovulated females. The
mean and standard error are shown for percentages
calculated separately for each corpus luteum. Females in the
‘no male’ group were not housed with males. Females in the
‘no plug’ group were housed overnight with vasectomized
males but did not have vaginal plugs the following morning
so there was no evidence of mating. Females in the ‘'mated’
group were housed overnight with vasectomized males and
had vaginal plugs the next morning (evidence of mating).

overnight with sterile, vasectomized males and killed
the following afternoon (28 h after hCG). In each
group approximately 3000 nuclei were scored from 11
to 12 corpora lutea from 4-6 mice. The three groups
comprised six females not paired with vasectomized
males, four females that were housed overnight with
vasectomized males but failed to produce a vaginal
plug, so may not have mated, and four females that
were housed overnight with vasectomized males and
produced a vaginal plug as evidence of mating. Figure 4
shows that the frequency of polyploidy was lower in

with hybridization signals were analysed from non-pregnant
mice (ranging from 125 for stage 5 follicles to 5917 for stage
6a); 6236 positive nuclei were scored from non-pregnant mice
(ranging from 299 for stages 2 and 3 to 2896 for stage 6a).
(c) Ovarian follicles and corpora lutea from pregnant and
non-pregnant mice. (The mean and standard error are shown
for percentages calculated separately for each follicle or
corpus luteum and the numbers of follicles and corpora lutea
analysed are shown above the bars.) Abbreviations: Non-preg,
non-pregnant; PreA, pre-antral follicles; A, antral follicles;
NM, female not housed with male; 0.5, 3.5 and 7.5 indicate
number of days post-coitum. No embryos were found in
three mice, 3 days after finding vaginal plugs (3.5 non-
pregnant group).
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the group of superovulated females that had not been
housed with males (5.6%) than the two groups of females
that had been housed overnight with vasectomized males
(7.9% and 8.1%, respectively). Although these differences
did not reach statistical significance (P=0.065 and
P =0.083, respectively, by Mann-Whitney U-tests), the
trends were consistent with the earlier evidence that
mating (or the presence of a male) increases the fre-
quency of polyploidy in the corpus lutea even without
pregnancy. Moreover, the frequency of polyploidy
seen in the females housed with, or mated by, vasect-
omized males (Fig. 4) was comparable to that in the
pregnant females shown in Fig. 3(c) (5.8-7.3%).

Discussion

The occurrence of hemizygous Tg*~ nuclei with multi-
ple hybridization signals is most simply interpreted
as polyploidy, particularly in tissues where polyploidy
has been inferred by other methods. Since we used
in situ hybridization to a transgene on chromosome 3,
we could not formally distinguish polyploid nuclei
from nuclei made polysomic for chromosome 3 (e.g.
by somatic non-disjunction) or diploid nuclei made
homozygous for the transgene by somatic recombina-
tion. However, such events are likely to be rare and
sporadic (Grineberg, 1966; Fisher et al. 1986; Panthier
& Condamine, 1991). Two signals could also occur in G2
stage interphase nuclei if the signals from sister chro-
matids became separated after DNA replication, but
our scoring criteria for multiple hybridization signals
were chosen to ensure that hybridization sites on sister
chromatids were scored as split signals (split spots)
rather than two separate hybridization signals (Mas-
umoto et al. 1989; Hopman et al. 1990; Lawrence et al.
1990). Possible technical artefacts that could affect the
frequency of multiple hybridization signals include
undetected overlapping nuclei in histological sections
and differences in survival of small and large nuclei
during the preparation of cell spreads. The overall sim-
ilarity between the results for the histological sections
and cell spreads for the pancreas, liver and kidney sug-
gest that such technical artefacts, which are specific to
one method of preparation, do not significantly distort
the analysis. We therefore conclude that technical arte-
facts are negligible and most nuclei with multiple
hybridization signals were polyploid.

The results for the control tissues agree with previous
findings obtained by other methods in showing a
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higher frequency of polyploid nuclei in the liver
(Epstein, 1967; Brodsky & Uryvaeva, 1977, 1985) than in
the pancreas (Larsen & Nielsen, 1978; Webb et al. 1982;
Ornitz et al. 1987; Levine et al. 1991). They also showed
the expected age-related increases in polyploidy in
both organs. This indicated that the DNA in situ hybrid-
ization method was suitable for the analysis of poly-
ploidy in histological sections of the mouse ovary. This
method provides obvious visual cues for the identifica-
tion of polyploid nuclei and is useful for detecting low
frequencies of polyploid nuclei in specific regions of a
complex tissue or organ.

Analysis of histological sections of mouse ovaries
demonstrated that polyploid nuclei exist in mouse
ovarian follicles and corpora lutea. There was no
increase in frequency of polyploid follicle cells with age
and no significant difference between pre-antral and
antral follicles. However, there was some suggestion
that, in non-pregnant mice, the frequency of polyploid
nuclei was highest in the smallest classes of pre-antral
follicles. This was not seen in the pregnant mice but is
consistent with observations on pig and cow follicles
(Coulson, 1979). One possibility is that it could reflect
initial accumulation of polyploid cells that are diluted
out during the later phase of rapid follicular growth.
Corpora lutea generally had a significantly higher fre-
quency of polyploid nuclei than follicles, which sug-
gests that the increased frequency is more likely to be
related to differentiation of follicle cells into luteal
cells than to age or follicle growth.

The frequency of polyploid nuclei in corpora lutea
was higher in pregnant females than females that had
not been with males. This elevated frequency occurred
in pregnant females as early as E0.5 and was also seen
in non-pregnant females that had mated to vasect-
omized males or to fertile males but failed to become
pregnant (no embryos found). Overall, these results
suggest that mating is more likely than pregnancy to
be the main stimulus responsible for the increase in
polyploidy in corpora lutea. It is known that functional
changes are induced in the mouse corpus luteum by
vaginal stimulation at mating but that these changes
do not necessarily require the production of a vaginal
plug (McGill etal. 1968; McGill & Coughlin, 1970;
McGill, 1970). This raises the possibility that an increase
in the frequency of polyploid cells accompanies the
changes induced in the mouse corpus luteum by the
stimulus of mating. Although polyploid cells also exist
in human corpora lutea, their frequency does not
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increase until later in pregnancy (Stangel et al. 1970).
In the human, a subpopulation of proliferating granu-
losa-lutein cells persists into the mid-luteal phase
(Gaytan et al. 1998) but comparable studies have not
been reported for the mouse. Further work on the
mouse corpus luteum is needed to clarify the relation-
ship between mating and the frequency of polyploidy,
and the relationship between cell proliferation and
polyploidy.

Polyploid cells accumulate in several adult mouse
tissues including the liver, pancreas and corpus luteum
but the reason for this remains unclear (also see Martin
et al. 2002). This contrasts with the situation in mix-
oploid pre-implantation embryos, where both natur-
ally occurring and experimentally induced tetraploid
cells are depleted between the early and late blastocyst
stages (Everett & West, 1998; Viuff et al. 2002). If poly-
ploid cells in early embryos are at a proliferative or
selective disadvantage and are not replenished they
would become diluted or lost. Any proliferative dis-
advantage of polyploid cells would be less marked in
adult tissues that have completed their growth phase
and so have a lower mitotic index. The accumulation of
polyploid cells in some adult tissues suggests multiple
diploid-to-polyploid conversions occur and this may
reflect an association of terminal differentiation
with acytokinetic mitosis in some cells (Epstein, 1967;
Brodsky & Uryvaeva, 1977, 1985; Klisch et al. 1999). Pos-
sible beneficial properties of polyploidy include protec-
tion against accumulation of recessive mutations or
enhanced biosynthetic capability. Polyploid cells often
occur in tissues with specialized biosynthetic secretary
or storage functions (Brodsky & Uryvaeva, 1977, 1985;
Webb et al. 1982), as is the case with the liver, pancreas
and corpus luteum. However, the frequency of poly-
ploidy in the liver varies widely among different mam-
malian species (Brodsky & Uryvaeva, 1985) which makes
it difficult to generalize about possible functional
advantages of polyploidy.

This study has demonstrated the occurrence of poly-
ploid cells in the mouse ovarian follicle and corpus
luteum and highlighted their accumulation in the
mouse corpus luteum after it is formed from the antral
follicle. Here, differentiation is not age-dependent and
our results imply that the accumulation of polyploid
cells is more clearly associated with differentiation of
the corpora luteum than age. Our results also suggest
that mating may trigger the accumulation of polyploid
cells in the corpus luteum. Further studies will be

required to investigate the trigger mechanism and
identify whether polyploid cells have a physiological
role in the ovarian follicle or corpus luteum.
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