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Inducible nitric oxide synthase (iNOS)-derived NO is a major paracrine mediator and physiological regulator in female 
reproductive processes, such as folliculogenesis, ovulation and implantation. Even though localization of the enzyme was 
described, the function of iNOS and its impact in response to environmental exposures on oocyte maturation remain elusive. 
We therefore employed mice with a targeted deletion in the iNos gene to evaluate the role of iNOS in meiotic chromosome 
segregation in female mice exposed to bisphenol A (BPA). BPA is an industrial chemical released into the environment that 
was detected in human follicular and amniotic fluid. It possesses weak affinity for estrogen receptors and is suspected to 
affect chromosome segregation and induce nondisjunction in mammalian oocytes. We found that there was no significant 
increase in aneuploid metaphase II oocytes of wild type mice (iNos+/+) orally exposed to 100 or 200µg/kg body weight BPA 
for 13 days. However, oocytes of the iNos-knockout mice (iNos-/-) exhibited increased error-prone chromosome segrega-
tion and precocious chromatid separation. Characterization of gene expression revealed that two components of cell cycle 
and spindle regulation were dramatically down regulated at the protein level, the polo-like kinase-1 (PLK1) and the RAN 
GTPase (RAN) in the iNos-/- oocytes. Our results therefore suggest that iNOS has a direct or indirect protective role on faithful 
chromosome segregation during meiosis, possibly by maintaining expression of stable levels of PLK1 and RAN in mammalian 
oocytes. Furthermore, our data suggest that low level BPA exposure may induce chromosomal aberrations in a iNos deficient 
genetic background.

Introduction Nitric oxide (NO) may serve as the second mes-
senger in a number of processes within cells. In mammalian 
tissue, several isoforms of nitric oxide syntase (NOS) have been 
identified, neuronal NOS (nNOS or NOS-1), inducible NOS 
(iNOS or NOS-2), endothelial NOS (eNOS, NOS-3), and mito-
chondrial NOS (mtNOS). Most of the constitutive enzymes are 
calcium-dependent, like the calcium dependent mitochondrial 
NOS (mtNOS) enzyme that has the potential to regulate the 
steady-state concentration of NO at sub-cellular levels, reg-
ulating mitochondrial events such as activation of calcium 
signaling, inhibiting mitochondrial respiration, and probably 
regulating formation of reactive oxygen species 1, 2. iNOS, in 
contrast to nNOS, eNOS and mitNOS, catalyzes the conversion 
of L-arginine to NO in a calcium-independent and non-con-
stitutive manner. It is expressed in a variety of cell types and 
belongs to the immediate early family of genes that are rap-
idly up-regulated in response to multiple inflammatory stimuli 
3. Early studies have focused on the potential toxicity of the 
ensuing high-output NO-synthesis that may be involved in 
eliminating pathogens or tumor cells as well as local destruc-
tion of tissue during chronic inflammation. However, recent 
studies focusing on the protective facets of iNOS-derived NO 
challenged the dogma about NO’s mainly detrimental effects 

4, 5. For instance, the expression of iNos is up-regulated with 
subsequent synthesis of large quantities of NO following in-
jury of the vasculature, which has a powerful vasoprotective 
effect by inhibiting platelet aggregation and leukocyte chem-
otaxis, and promoting endothelial cell survival and growth 6. 
Work with a mouse strain carrying the targeted deletion of 
iNos (iNos-/-) demonstrated the protective effects of iNOS in re-
sponse to stress by exposures and/or mutations, for example, 
protection from ozone-induced lung inflammation and injury 

7. Furthermore, a protective, anti-neoplastic role in early stages 
of intestinal tumorigenesis in the ApcMin+/+ mouse (a model 

of familial adenomatous polyposis) 8 as well as in colitis-in-
duced adenocarcinoma in Il-10-/- mice has been shown 9. The 
multi-faceted effects of iNOS-derived NO suggest that a low 
level of iNOS expression will result in a positive host-defense 
response to challenges, while exaggerated or uncontrolled ex-
pression of iNOS and NO may be rather detrimental.

iNOS-derived NO has long been known to be a major para-
crine mediator and physiological regulatory agent in various 
female reproductive processes, such as folliculogenesis, ovu-
lation, implantation, and pregnancy maintenance 10, 11. Thus, 
NOS activity is necessary at a local level for normal develop-
ment of mouse follicles in vitro 10. iNos -/- mice do not have 
an overt fertility phenotype although iNOS is expressed and 
localized in a maturation-dependent fashion in wild type 
mouse oocytes 12. So far the role of iNOS-derived NO in oo-
cyte maturation is enigmatic. Inhibition of iNOS-derived NO by 
the iNOS-specific inhibitor aminoguanidine (AG) affected the 
phosphorylation of mitogen-activated protein (MAP) kinase in 
isolated oocytes 12. We therefore used Western blotting with 
protein from iNos wild type and iNos-/- mice to assess the in-
fluence of iNOS on the MAP kinase signaling cascade, previ-
ously shown to be essential in mammalian oocyte maturation 
13,14.

One hallmark of meiotic maturation in mammalian oocytes is 
nuclear maturation  resulting in the extrusion of the first polar 
body following chromosome segregation at meiosis I and the 
alignment of the chromosomes on the spindle equator at the 
metaphase of meiosis II. Defects in spindle assembly, chromo-
some alignment (termed congression failure15,16;  or cell cycle 
control 17-18 in oocytes can lead to chromosome segregation 
errors, which have dramatic consequences for developmental 
potential. In humans, it is estimated that on average 15-20% 
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of oocytes have numerical chromosome aberrations (aneu-
ploidy) linked predominantly to segregation errors at meiosis 
I20. Numerical chromosomal aberrations reduce the develop-
mental potential of the embryo and may cause physical and 
mental retardation of affected human individuals, for instance 
such suffering from aneuploidies associated with Down Syn-
drome, Klinefelter’s syndrome or Turner’s syndrome 20 . 

To date, there are no data available regarding the role of 
iNOS in modulation of chromosome segregation although it 
is known that iNOS cell cycle-dependently associates with the 
nucleus and with chromosomes and the spindle in mammalian 
oocytes12, 21. Thus, there is an imminent need to address the 
physiological importance of iNOS and to elucidate the protec-
tive versus the destructive role of iNOS-derived NO under vari-
ous stresses during chromosome segregation in oocytes. In the 
current study, we employed therefore a iNos-/- mouse model 
to evaluate the role of iNOS during meiotic chromosome seg-
regation. First, it was tested whether knockout of iNos affects 
spindle formation and chromosome congression in oocytes. 
Furthermore, the response to an environmental stress, which 
potentially increases oocyte aneuploidy, was analysed by ex-
posing iNOS-proficient and -deficient mice to bisphenol A 
(BPA). 

BPA is a frequently used industrial chemical  with aneu-
ploidy-inducing potential23. BPA is a major component of poly-
carbonate plastics and resins 24,25 and can be released by ex-
posure of plastics to UV light, heating or washing with highly 
acidic or basic detergent, or heat and exposure to microwave. 
Therefore, human exposure can relate to BPA release from 
polycarbonate plastics, lining of cans and lids of glass bottles, 
from baby bottles, dental sealants or even water pipes and 
storage tanks 26. BPA has been detected in human follicular 
fluid and amniotic fluid 27,28. Based on conservative migration 
values, it has recently been estimated that 6 months old in-
fants fed both with formula from polycarbonate bottles and 
with canned foods and beverages may be exposed to up to 
13 mg BPA/kg body weight (bw) daily in their diet whereas 
daily intake in adults can reach levels of 1.5 ug/kg bw per day 

26. Microgram to nanogram amounts of BPA have been de-
tected in canned foods 29. Concentrations of 2.0 ± 0.8 ng/ml 
(or 8.8 nM) and 2.4±0.8 ng/ml (or 10.5 nM) BPA were found 
in serum and follicular fluid in non-pregnant and premeno-
pausal healthy women, and BPA was also detected in urine 

30-32. Although BPA is efficiently glucuronidated and excreted 
in urine in humans, risks by effects of chronic low dose expo-
sure are debated 26. There was been some tentative and un-
confirmed evidence that the exposure to BPA might be asso-
ciated with sub-fertility and recurrent spontaneous abortions 

33,34. BPA might effect folliculogenesis and oogenesis directly 
or indirectly by binding to estrogen or other steroid receptors 
26,28. Since BPA may disrupt the organization of the meiotic 
and mitotic spindle and induce micronuclei in somatic cells, it 
has to be regarded as aneugenic, at least at supra-physiologi-
cal concentrations 35-40. 

Previous studies suggested that inadvertent exposures of mice 
to low concentrations of BPA affected chromosome behavior 
and segregation in oocytes 41. Since our own recent studies 
could not confirm these effects 39,42, we suggested that addi-
tional stressors might act synergistically to BPA to cause oo-
cyte aneuploidy after exposure to BPA.

In search for links between BPA-induced disturbances and 
components in spindle assembly and chromosome congression 
that might be regulated by iNOS, expression of the polo-like 
kinase-1 (PLK1) and RAN GTPase, two enzymes in spindle 
assembly and function 43-46,  was determined in the present 
study.. 

Materials and methods 
Animals
iNOS-deficient mice (B6 129P-Nos2tm1lau, stock no. 002596+) 
were purchased from The Jackson Laboratory (Bar Harbor, 
ME). In the present studies, all of the mice used were from 

littermate mating, and should therefore have similar genetic 
background (strain: 129P2/OlaHsd * C57BL/6). Animals were 
housed in a standard animal facility under controlled tempera-
ture (22～C) and photoperiod (12 h light, 12 h dark) with free 
access to water and mouse chow (Lactamin R70, soy free, 
Lantm?nnen AB, Sweden). All animal experiments were ap-
proved by Local Animal Ethical Committee. 

Oral BPA Administration
BPA (CAS-Nr: 80-05-7, Merck) was dissolved in ethanol at a 
concentration of 2 mg/ml and then diluted with corn oil to 
0.01mg/ml. The final concentration of ethanol in corn oil was 
0.5%. Juvenile females (20- to 22-days-old) of iNos-/- knockout 
mice and the iNOS proficient wild type isogenic animals were 
treated once daily by oral gavages with 100 or 200ug BPA/kg 
bw in a volume of 10 ml/kg bw for 13 days preceding oocyte 
maturation, collection and analysis. 

Oocyte Collection for Chromosome Analysis
To obtain ovulated MII oocytes, females at day 11 of oral 
BPA administration were injected with 5IU of pregnant mare 
serum gonadotropin (PMS, Sigma-Aldrich) in the evening fol-
lowed 42-44 h later by an injection of 5IU human chorionic 
gonodotropin (HCG, Sigma-Aldrich). Ovulated oocytes were 
collected from the oviducts in the following morning, 15h 
after the HCG injection. The cumulus-oocyte complexes from 
mice in the same experimental group were pooled. Cumu-
lus was removed by brief treatment with hyaluronidase (Sig-
ma-Aldrich, 400-1000 units/mg) and numbers of oocytes were 
counted after spreading. Later, numbers of oocytes obtained 
on average from each animal were calculated from total num-
ber of oocytes obtained per group divided by the number of 
females. Therefore the number of oocytes per female in Table 
1 has not been determined by counting the actual number of 
ovulated oocytes in each group, precluding statistical analysis, 
but still reflects average yield of analyzable MII oocytes ob-
tained from individual females. Oocytes selected for Western 
blotting or immunofluorescence were in vitro matured over-
night (see below).

Cytogenetic Analysis
Chromosome preparations of metaphase II (MII) arrested oo-
cytes were made using a modification of the Tarkowski tech-
nique47. Briefly, oocytes were hypotonized in 0.3% sodium 
citrate, moved to a small drop of acidified water on a micro-
scope slide, and fixed in situ with several drops of 3:1 fixative 
(methanol: glacial acetic acid). The slides with oocytes were 
denatured for 15 min with 0.2N HCl at room temperature, 
rinsed in distilled water and treated with preheated (37～C) 
1% Ba (OH)2 for 7 min followed by a brief wash with dis-
tilled water. After that, the slides were stained with 40 ng/ml 
DAPI (Sigma-Aldrich) for 10 min, rinsed in phosphate-buffered 
saline (PBS), and then mounted with Prolong Anti-Fade (Mo-
lecular Probes) mounting medium. Chromosomes were fluo-
rescent C-banded to enable an objective distinction between 
complete dyads and those chromosomes separated into two 
monads or oocytes containing single monads. 

MII oocytes were classified as normal (euploid) if they con-
tained 20 MII chromosomes (also termed dyads) or an equiva-
lent number of MII chromosomes and chromatids (also termed 
monads; e.g. 19 dyads and 2 monads)48,49. The classes of ab-
normalities involving oocytes containing extra single chroma-
tids and hyperploidy (n > 20) were recorded, as well as the 
hypoploid oocytes containing≥ 18 and <20 MII chromosomes 
or the respective number of MII chromosomes and chromatids 
(e.g. 18 MII chromosomes and 1 chromatid). Hyperploidy rate 
was determined from all oocytes containing ≥ 20 MII chromo-
somes. Predivision (precocious chromatid separation prior to 
anaphase II) was assessed as presence of chromatids (oocytes 
with single or pairs of chromatids) in all analyzed MII oocytes 
including hyperploids, hypoploids and euploids49,50.

Oocyte Collection, Culture, and Fixation for Analysis of chro-
mosome alignment For analyses of chromosome behavior 
and meiotic spindle formation at MII, females were injected 
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with 5?IU of pregnant mare serum (PMS) 42-44 h at day 11 
of oral BPA administration before oocyte collection on the 
evening of day 13. Ovaries were removed from these females 
and placed in M2 medium (Sigma-Aldrich) containing 6 mg/
ml BSA. Antral follicles were punctured with 26 gauge needles 
to obtain maturation competent oocytes at the germinal ves-
icle (GV) stage. GV-stage oocytes were cultured overnight for 
16 h in M16 medium (Sigma-Aldrich) containing 6 mg/ml BSA 
at 37～C in 5% CO2 in air. Oocytes exhibiting a polar body 
the following morning (day 14) were embedded in a fibrin 
clot (bovine fibrinogen type IV, Calbiochem; bovine thrombin, 
Sigma-Aldrich) attached to a microscope slide as previously 
described (5130) and immediately fixed for 30 min at 37～C 
in a microtubule-stabilizing buffer containing 2% formalde-
hyde, 0.1% Triton-X 100, 1µM taxol, 10 U/ml aprotinin, 0.1 M 
PIPES, 5 mM MgCl2 and 2.5 mM EGTA and 50% deuterium 
oxide. Following fixation, oocytes were washed for 15 min in 
0.1% normal goat serum (NGS; Gibco BRL)/phosphate buff-
ered saline (PBS), blocked for at least 1 h at 37～C in PBS wash 
solution containing 10% NGS, 0.02% sodium azide and 0.1% 
Triton X-100, and stored at 4～C until processing. 

Immunofluorescence Staining
Oocytes were incubated with primary and secondary anti-
bodies for 1 h per antibody at 37～C followed by 1 h wash-
es at 37～C in a PBS-blocking solution containing 10% NGS, 
0.02% sodium azide and 0.1% Triton X-100 between incu-
bation steps. For labeling of microtubules and centrosomes, 
the oocytes were incubated in a 1:1 mixture of anti- α +β 
tubulin mouse monoclonal antibodies (1:100 dilution) (Sig-
ma-Aldrich) and a 1:100 dilution of monoclonal mouse an-
ti-γ-tubulin (Santa Cruz Biotechnology), followed by a 1:1200 
dilution of an affinity-purified Cy3-conjugated donkey an-
ti-mouse IgG (Jackson ImmunoResearch Laboratories). Lo-
calisation of Polo-like kinase 1 (PLK1) was visualised using a 
monoclonal mouse anti-Plk antibody (1:100 dilution) (Zymed 
Laboratories Inc.) and Cy3-conjugated donkey anti-mouse 
antibody (1:1200 dilution). Chromatin was stained with DAPI 
for 2 minutes. Oocytes were then washed briefly in PBST (PBS 
with Triton X-100) and then mounted on slides with Prolong 
Anti-Fade (Molecular Probes) mounting medium. Slides were 
viewed by Leica DMRA2 and DMRXA microscopes and 63x 
objectives with epifluorescence. Images were captured with 
Hamamatsu digital charge-coupled device camera C4742-95 
and OpenlabTM software version 3.1.51.  

Distribution of PLK1 was analysed in MII oocytes with aligned 
chromosomes displaying two spindle poles with the longitudi-
nal axis of the spindle in the plane of view in one image. 

Immunoblotting for Quantities of p-ERK1/2, PLK1 and RAN in 
the Oocytes Proteins from 50 or 100 oocytes/sample were col-
lected in SDS sample buffer and heated to 100 ˜C for 4 min. 
After cooling on ice and centrifuging at 12 000 g for 3 min, 
samples were frozen at –20 °C until use. The total proteins 
were separated by SDS-PAGE with a 4% stacking gel and a 
10% separating gel for 30 min at 90 V and 2.5 h at 120 V 
respectively, and then electrophoretically transferred onto ni-
trocellulose membrane for 2.5 h at 200 mA, at 4 ～C. Then 
the membrane was blocked overnight at 4 ～C in TBST buffer 
(20 mM Tris, 137 mM NaCl, 0.1% Tween 20, pH 7.4) contain-
ing 5% low-fat milk. After that, the membrane was incubat-
ed with mouse anti-phosphoERK-p42/44 mAb (1:100 in TBST) 
(Santa Cruz Biotechnology), or mouse anti-PLK1 antibody 
(1:300 in TBST) (Zymed Laboratories Inc.), or goat anti-RAN 
antibody (1:100 in TBST) (Santa Cruz Biotechnology) overnight 
at 4～C. To detect ERK1/2 and PLK1, the washed membranes 
were incubated with HRP-conjugated rabbit anti-mouse IgG 
(1:3000 in TBST) for 1 h at room temperature. For RAN, the 
membrane was treated with HRP-conjugated rabbit anti-goat 
IgG (1:2000 in TBST) for 1 h at 37～C. Finally, the membranes 
were washed three times in TBST and then the specific pro-
teins were visualized using chemiluminescence detection sys-
tem. The blot membranes were later stripped with stripping 
buffer (50 mM Tris–HCl pH 6.8, 100 mM ß-mercaptoethanol, 
1% SDS) and re-probed with anti-GAPDH (Ambion) as a load-

ing control. Immunoblot density was determined by Image 
Quant 5.2 software. 

Statistical Analysis of Data
All data on aneuploidy of MII oocytes was evaluated by ～2 
analysis. The distributions of dots of PLK1 protein were ana-
lyzed by Student t-test. Difference at p < 0.05 was considered 
significant.

Results
Ovulation of oocytes in untreated and BPA treated iNos +/+ and 
iNos -/- mice Disruption of iNos had no effect on ovulation in 
several strains of mice 52,53. In accordance, MII oocytes (Table 
1) were obtained from the groups of superovulated iNos +/+ 
and iNos -/- mice in all experimental groups of this study. In 
spite of the predicted essential role of iNOS in mouse oocyte 
maturation, similar numbers of MII oocytes were obtained 
from untreated wild type and iNOS deficient mice (Table 1) 
suggesting some functional redundancy and compensation for 
failure to induce NO by the iNOS pathway within the ovary. 
While sub-chronic oral BPA did not affect average numbers of 
oocytes obtained in any treated group of the iNos +/+ mice, a 
lower number of oocytes/female were obtained from the iNos 

-/- mice treated with 200 mg BPA/kg bw on 13 subsequent 
days followed by in vivo maturation to MII overnight and in 
vivo ovulation before oocyte retrieval on day 14 (Table 1).

Chromosomal constitution of oocytes of BPA-exposed iNos 
+/+ and iNos-/-  mice When the juvenile female mice (20- to 
22-day-old) of the iNOS expressing strain were exposed to 
solvent or 100 or 200 µg BPA/kg bw by daily oral doses for 
13 days, respectively, (Table 2) pooled data for chromosomal 
constitution of oocytes revealed that hyperploidy did not in-
crease significantly in the exposed MII oocytes of iNos +/+ mice 
(from zero to 0.6% and 0.8%, respectively; Table 2). There 
was a small although not a significant rise in the number of 
oocytes showing dyads together with single chromatids or 
pairs of chromatids (precocious chromatid segregation, termed 
predivision) (Figures 1 B and C) in the oocytes of controls ver-
sus BPA exposed wild type mice from 0.7 to 1.9 and 2.1%, 
respectively. The significant difference in oocytes with euploid 
chromosome numbers (20 MII or 19 MII plus 2 chromatids) 
(Figures 1A and B) between wild type control and 200 µg/kg 
bw BPA group (98.5 versus 92.6%; P < 0.001; Table 2) ap-
pears mainly related to increases in the numbers of hypoploid 
oocytes in the treated group (from 1.5% to 7.0%, respective-
ly) and may therefore mainly relate to spreading artifacts. In 
contrast to the iNos+/+ groups, hyperploidy rate (oocytes with 
> 20 metaphase II chromosomes) increased much more in 
the oocytes of the iNos -/- mice of the 100 µg/ml BPA group 
compared to the control from 0.2% to 2.5% (P < 0.01), and 
was also elevated to 2.3% (P < 0.05) in the 200µg/kg bw BPA 
group (Table 2). Hypoploidy (only counting oocytes with 18 
and 19 MII chromosomes without or with single chromatids) 
was not increased in the 100µg/kg bw BPA group compared 
to the iNOS deficient control but significantly increased from 
8.4% to 23.3% in the control versus the 200µg/kg bw group 
although many of these oocytes might represent spreading ar-
tifacts (P < 0.001). Unlike in the iNOS proficient mice, hyper-
ploidy increased significantly from 0.2% in the control to 2.5 
and 2.3% in the oocytes of the Nos2 -/- mice after exposure 
to100 and 200 ?g BPA/kg bw for 13 days (P< 0.01 an 0.05, 
respectively; Table 2). The predivision rate also increased signif-
icantly from 1.7% in the control to 4.4% in the 100 ?g BPA/
kg bw group and to 6.2% in the 200 µg BPA/kg bw group 
of oocytes from the iNos-/- mice (P < 0.05). Hyperploidy and 
predivision rate increased therefore for both types of chromo-
somal aberrations, hyperploidy and predivison,  in the treated 
groups of the iNOS deficient compared to the iNOS proficient 
control (P < 0.01 or 0.001, respectively, Table 2) suggesting 
that the loss of iNOS activity and BPA exposure synergistically 
increased susceptibility to meiotic disturbances. 

Chromosome alignment in oocytes of BPA-exposed iNos +/+and 
iNos-/- mice Immunostaining with antibodies against alpha, 
beta and gamma-tubulin revealed that BPA exposure increased 
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significantly the number of oocytes with defects in the align-
ment of chromosomes on the meiosis II spindle (congression 
failure; Figure 1E-G) in the oocytes of the iNos -/- mice (BPA-ex-
posed iNos -/- vs. iNos -/- control: P <0.01; BPA-exposed iNos 

-/- vs. BPA-exposed iNos +/+: P <0.01; Table 3). Therefore, low 
dose BPA alone did not appear to interfere significantly with 
chromosome congression in healthy, young oocytes with an 
iNos proficient genetic background. However, the knockout 
of iNos apparently sensitizes oocytes to MII congression failure 
upon BPA exposure. 

Influence of BPA on PLK1 distribution around condensed chro-
mosomes of Nos2-/-oocytes. 

MAP kinase phosphorylation, and PLK1 and RAN GTPase pro-
tein expression in iNos-/- and iNos+/+ oocytes

p-ERK1/2 expression in iNos-/- oocytes was indistinguishable 
from that of the iNos+/+ oocytes (Fig. 2, A and B), unlike ex-
pected from the previous in vitro studies with inhibitors 12. 
However, it has to be noted that the previous studies com-
pared MAP kinase phosphorylation in control MII oocytes with 
that in blocked germinal vesicle (GV) stage oocytes produced 
by the treatment of the oocytes with an iNOS inhibitor. In con-
trast, presently protein phosphorylation was analyzed in oo-
cytes of iNos+/+ as well iNos-/- mice that had both matured to 
the MII stage.

Mouse PLK1 associates with spindle poles and chromosomes, 
which appears critical for chromosome segregation54-56. Ac-
cordingly, we detected PLK1 at these two sites in metaphase 
II oocytes (Fig. 3). However, iImmunoblotting for quantities of 
PLK1 in the present study demonstrated a clear reduction in 
PLK1 protein expression in iNos-/- oocytes compared to wild 
type controls (Fig. 2, A and B)(p<0.01). Since PLK1 phos-
phorylates RAN and RAN is also essential for bipolar spin-
dle assembly46. we studied also RAN expression and noticed 
a down-regulation of RAN in oocytes of the iNOS deficient 
oocytes compared to the wild type controls (Fig. 4, A and B)
(p<0.01).

Discussion
Ovulation in oocytes of wild type and iNos-/- knockout mice 
exposed to BPA Inhibition of NO synthesis has been shown 
to affect ovulation in mouse and rat 48. In the eNos knockout 
mouse dysfunction in cyclicity, ovulation rate, ovarian mor-
phology, and steroidogenesis has been detected supporting 
the concept that eNOS derived NO plays critical roles in ovu-
lation and follicular development57. However, there was only 
a slight delay in E2 peak at proestrous and no obvious fertility 
phenotype in the iNOS deficient B6 129P-Nos2tm1lau knock-
out mice (http:://jaxmice.jaxorg). In accordance, numbers of 
MII oocytes obtained from untreated wild type and iNOS de-
ficient mice in this study were similar. However, the reduced 
number of oocytes/ female obtained from the iNos -/- mice 
treated with 200 mg BPA/kg bw suggests that iNOS has a role 
in protecting females from adverse effects of BPA on follicle 
development, oocyte maturation or ovulation.

iNOS deficiency, reduced expression of PLK1, and induction of 
chromosome predivision, and aneuploidy. Recent research has 
profoundly advanced our understanding of how faithful chro-
mosome segregation is ensured by the protein cohesin com-
plex holding sister chromatids together until anaphase 58,59. 
In meiosis, sister chromatid cohesion is released in two steps. 
Cohesion between the sister chromatid arms of each chromo-
some is lost during anaphase I of meiosis to permit chiasma 
resolution and homologous chromosome segregation, while 
centromere cohesion must persist until anaphase II when the 
sister chromatids finally separate. PLK1 and the activity of 
phosphatases like PP2A are key regulators in the sequential re-
lease of sister chromatid cohesion at anaphase of mitosis and 
meiosis, as well as of other processes at mitotic and meiotic 
divisions 60-62. PLK1 has been implicated in chromatid arm sep-
aration in somatic cells by phosphorylating one of the cohesin 
proteins, SA2, which in turn causes dissociation of the cohesin 

complex from chromosome arms in late prometaphase of mi-
tosis, independent of proteolysis 58,59. In meiosis, separation of 
arms of sister chromatids at first anaphase involves phospho-
rylation of the meiotic SCC1/REC8 cohesin protein by PLK1 
targeting phosphorylated REC8 protein for proteolysis by sep-
arase on chromatid arms during anaphase I61. Second meiotic 
anaphase involves SCC1/REC8 phosphorylation and proteoly-
sis of cohesin at centromeres to induce loss of attachment of 
sister chromatids. Accordingly, PLK1 localises to centromeres 
in mitosis as well as in metaphase II oocytes 54,55. The present 
study confirms this distribution and shows a speckled fluores-
cence by Plk-1 antibody at the MTOCs at spindle poles and 
around chromosomes at meiosis II. 

In addition, the present report reveals for the first time that 
PLK1 is substantially downregulated at the protein level in the 
oocytes of iNos -/- mice. While it might be expected that this 
could cause delay and inhibition of chromatid segregation, 
all of the oocytes of the iNos-/- group exhibit increased rates 
of precocious chromatid separation (predivision) compared to 
the iNOS proficient oocytes. Still, this did not inevitably result 
in error prone meiotic division or meiotic arrest since there 
was no elevated hyperploidy in the untreated oocytes of the 
iNos-/- oocytes, consistent with the absence of a fertility phe-
notype in the knockout females. In fact, PLK1 was still found 
at spindle poles and chromosomes in the oocytes of the iN-
OS-knockout mice. However, the significant rise in predivision 
rate between control and BPA-exposed groups argues that the 
deficiency in iNOS, and, as a consequence, also deficiencies 
of other gene products like that of PLK1 was involved in the 
precocious chromatid segregation in oocytes when there was 
a sub-chronic exposure to low concentrations of BPA in vivo. 
Presence of chromatids at meiosis II can be a result of a pre-
cocious separation of sister chromatids and premature resolu-
tion of chiasmata at meiosis I associated with segregation of 
one or both sister chromatids to one spindle pole. It can also 
result from precocious loss of centromeric sister chromatid co-
hesion prior to anaphase II during the constitutive metaphase 
II arrest 48,49. Both events may relate to the downregulation of 
PLK1 in the iNos-/- oocytes. This could increase the susceptibil-
ity to subtle disturbances by BPA, which appear inefficient to 
affect the ‘healthy’ wild type oocytes. Predivision predisposes 
to errors in chromosome segregation at anaphase I or II, and 
to oocyte aneuploidy. In accordance, hyperploidy as well as 
hypoploidy rate were higher in all iNOS deficient metaphase 
II oocytes compared to the iNOS expressing wild type oocytes 
although differences did not reach statistical significance in 
each experimental group. In addition, it must be noted that 
fewer oocytes were obtained from the high dose BPA group 
of the iNOS-deficient mice suggesting that there might have 
been more severe disturbances, which induced irreversible 
meiotic arrest and reduced ovulation in this group. Further 
studies have to confirm this notion. From the present study 
it appears that iNOS deficiency per se appears to only slight-
ly compromise control of chromosome behavior at meiosis in 
healthy young oocytes but exerts a more prominent effect in 
conjunction with an exposure to chemicals like BPA. 

Reduced RAN in Nos2 -/- oocytes and failure in chromosome 
congression Hanisch et al. 62 demonstrated that displacement 
of endogenous PLK1 in HeLa S3 cells resulted in congression 
failure of chromosomes. PLK1 creates the tension-sensing 3F3/2 
phosphoepitope and modulates the association of proteins of 
the spindle assembly checkpoint (SAC) with kinetochores63. The 
SAC is a feedback mechanism and safeguards against errors in 
chromosome segregation. It halts cells in prometaphase when 
chromosomes are unattached or not under tension from spindle 
fibres.  A number of PLK1 substrates like PICH (PLK1-interacting 
checkpoint “helicase”) have been identified, a member of the 
SNF2 ATPase family, which monitors tension developing between 
sister kinetochores and thus helps to control the SAC 64. Loss of 
cell cycle and checkpoint control might contribute to the ob-
served sensitivity of oocytes to BPA .

Another target for PLK1 is the small GTP/GDP-binding protein 
RAN, a regulator of bipolar spindle assembly that is phospho-
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rylated by PLK1 on serine-135 during mitosis and meiosis46. 
The present observation of congression failure support the 
role of RAN in control of chromosome behavior suggesting 
that problems in spindle and chromosome organization by 
reduced RAN in the iNos-/- oocytes may contribute to the in-
creased sensitivity to disturbances by BPA exposure and thus 
predisposes to errors in chromosome segregation. Confocal la-
ser scanning microscopy showed that RAN was concentrated 
at the MII spindle microtubules in mouse oocytes 65. Manipu-
lating levels of RAN in mouse oocytes did not inhibit assembly 
of a bipolar meiosis I spindle, and chromosomes still segregat-
ed normally. However, formation of the meiosis II spindle was 
highly aberrant with multiple ectopic asters of microtubules, 
and unaligned chromosomes66. In accordance, we found al-
tered distribution of PLK1 around condensed chromosomes 
and increased congression failure in iNOS deficient oocytes, 
consistent with the notion that Reduced PLK1 and RAN may 
therefore contribute to sensitizes mouse oocytes to BPA-in-
duced aberrations in spindle and chromosome behavior.

Deficiency in iNOS and aneugenic activity of low dose BPA 
The notion of a possible negative impact of low chronic BPA 
exposure on meiotic maturation, chromosome congression, 
and faithful chromosome distribution in oocytes was initial-
ly proposed by Hunt and co-workers 41. A repeat study with 
sub-chronic exposure to BPA of prepubertal mice for 7 days 
followed by in vitro oocyte maturation (20-100 µg/kg bw/day), 
did not confirm that low BPA induced aneuploidy or substan-
tial congression failure in mouse oocytes, when healthy ani-
mals were fed on a low phytohormone diet 39. There was also 
no significant BPA-induction of meiotic aneuploidy in mouse 
oocytes and 1-cell zygotes of sexually mature mice exposed 
chronically for 7 weeks through drinking water to low BPA, or 
sub-chronically or acute to BPA 42. 

In accordance with these reports there was also no significant 
increase in hyperploidy rate and predivision in the oocytes of 
the healthy young iNOS proficient mice in the current study, 
when females fed on a soy-free diet were exposed to low 
sub-chronic BPA. In contrast, significant rises in spindle aber-
rations at meiosis I of in vitro maturing oocytes were noticed 
when mouse oocytes were exposed to high doses of BPA dur-
ing in vitro maturation with and without cumulus38-40. Chro-
mosome congression failure, and substantial meiotic delay 
or meiotic arrest 38-40 indicate that the SAC was presumably 
effective in blocking meiosis under these conditions and re-
leasing only those oocytes to enter anaphase I that had well 
aligned and/or attached chromosomes and therefore were ca-
pable to separate chromosomes normally. In accordance, we 
argued that the congression failure observed at metaphase 
II in in vitro and in vivo exposed mouse oocytes 40 might not 
cause aneuploidy if the SAC was functional, explaining the 
failure to find aneuploid 1-cell zygotes from fertilized chron-
ically in vivo BPA exposed oocytes40,42. Taken together, these 
observations and the current data suggest that healthy, young 
prepubertal and adult mice and high quality young oocytes 
may be capable to deal with a subtle disturbance by low BPA, 
either by rapidly metabolising/excreting the chemical in vivo, 
and/or by prolonging the SAC to protect from segregation 
errors. However, disturbances in oocytes leading to permis-
sive checkpoint control, for instance, when there is reduced 
expression of spindle and cell cycle regulatory molecules as 
in aged oocytes67-69 or in oocytes matured under sub-optimal 
conditions 49,70 may increase sensitivity to meiotic errors and 
nondisjunction. It has been repeatedly stated that more than 
one disturbance (more than one “hit”) may be responsible for 
increased aneuploidy in mammalian oocytes71. Such a situa-
tion may arise constitutively in aged mammalian oocytes due 
to alterations in gene expression compromising the SAC and 
spindle function 16-18,69,72, especially in presence of susceptible 
chromosomes like those with no or single distal chiasmata. 
Multiple hit mechanisms could also be at the basis of the high 
incidence of chromosomal aberrations in the BPA-exposed 
iNos -/- mice. 

Molecular bases of protective effect by iNOS-derived NO

When NO produced by iNOS at oogenesis is not available for 
modulating response to stress by directly or indirectly con-
trolling gene expression in oocytes, the deficiency in PLK1 and 
RAN proteins may influence stringency of checkpoint sens-
ing and control. Likewise, iNOS deficiency may also have an 
influence on metabolism, clearance/excretion or bioactivation 
of BPA and on health of mice and oocytes. BPA is effectively 
glucuronidated by hepatocytes in rodents in wild type animals 
expressing iNOS73. iNOS-deficient mice exhibited increased 
hepatotoxicity after subacute fumonisin B exposure compared 
to their wild type counterparts74. Liver regeneration was low-
er in iNOS-/- compared to that in the iNOS+/+ mice. Deficien-
cies in iNOS could affect bioavailability such that higher BPA 
might reach follicles and oocytes. Combined genomic and 
non-genomic activities of BPA might then induce sub-optimal 
conditions at folliculogenesis and oocyte growth that indirectly 
affect the quality of the oocyte. This might decrease gene ex-
pression and compromise the capacity of oocytes to deal with 
chromosome congression failure, for instance by subtle inter-
ference with microtubule polymerisation and organization of 
spindle poles 23,38,39,75, repression of signalling by estrogen re-
ceptor beta and other steroid receptors76 or by reduced stress 
responses involving NO signalling pathways. There is evidence 
for an NO-mediated anti-apoptotic pathway in ovarian follicle 
atresia since iNOS induced NO inhibited Fas/FasL system-in-
duced apoptosis in rat granulosa cells by suppressing activa-
tion of the caspases 77. Increased apoptosis of BPA-exposed 
iNos-/- granulosa cells could possibly affect follicle quality and 
alter gene expression in oocytes. Interestingly, addition of NO 
donor S-nitroso acetyl penicillamine (SNAP) protected mouse 
oocytes from age-related changes in microtubule dynamics, 
cortical granule exocytosis and zona pellucida hardening78, 
and appeared to improve the integrity of the spindle appara-
tus. It appears now that effects of NO on abundance of pro-
teins like PLK1 and RAN could be involved and induction of 
iNOS and NO could have a protective effect in cases of ad-
verse exposures as well as aging processes affecting oocytes. 
A growing body of evidence demonstrates that PLK1 is a key 
regulator during meiotic chromosome segregation55,56. PLK1 
substrates include early mitotic inhibitor-like 2 inhibitor (EMI2) 
that is involved in metaphase II arrest in mammalian oocytes 
and inhibits anaphase II progression until fertilization 45. PLK1 
is also essential for regulating microtubule assembly  and spin-
dle organization, partially through its phosphorylation of RAN 
GTPase (RAN) 46.

Currently, it is not possible to distinguish between the differ-
ent direct or indirect effects of iNOS derived NO on the BPA 
response and further studies are required. In any case, here-
in we report for the first time that iNOS deficiency presents a 
genetically predisposing lesion and confounding factor, which 
increases susceptibility of mice to BPA exposure and elevates 
aneuploidy and predivision in oocytes in comparison to the 
iNOS proficient wild type controls. This is, to our knowledge, 
the first demonstration that iNOS deficiency has adverse in-
fluences on fertility by predisposing to errors in chromosome 
segregation by BPA, and possibly, also other chemicals which 
possess only limited aneugenic potential in a iNOS proficient 
genetic background. Further risk assessments for BPA expo-
sures of the human population should therefore consider 
possible influences of the genetic background on the sus-
ceptibility and dose-response, apart from receptor-mediated 
mechanisms79, in particular with regard to fertility and health 
of offspring.

Figure Legends
Figure 1. Chromosomal analysis on metaphase II (MII) oocytes 
from BPA-exposed iNos-/- females. 

(A-C) Air-dried chromosome preparations from BPA-exposed 
iNos-/- females. (A) Euploid MII oocyte with 20 chromosomes. 
(B) MII oocyte with predivision with 19 chromosomes plus 
two prematurely separated sister chromatids (arrows). (C) Hy-
perploid oocyte with 20 chromosomes plus one prematurely 
separated sister chromatid (arrow). (D-G) Configurations of 
MII oocytes immunostained with antibodies against α +β +γ 
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-tublin (red) and counterstained with DAPI to visualize the 
chromosome (blue). (D) Normal MII configuration. (E-G) Con-
gression failure. Bars, 5 µm.

Figure 2. Immunoblotting for quantities of p-ERK1/2.
(A) Western blot result. (B) Relative p-ERK1/2 expression quan-
tity was determined by densitometric scans. The total amount 
of GAPDH present in the lower set of lanes was used to 
standardize the amount of p-ERK1/2 present in the upper set 
of lanes. The same treatment was applied to Figure 3and 4. 
The relative p-ERK1/2 intensity in iNos-/- oocytes was not signif-
icantly different from that in iNos+/+ oocytes(P>0.05). (n = 3).

Figure 3.Immunoblotting for Quantities of Plk1.
(A) Western blot result. (B) Relative Plk1 intensity decreased in 
iNos-/- oocytes, compared to iNos+/+ oocytes(P < 0.01).(n = 3).

Figure 4. Immunoblotting for Quantities of  Ran.. 
 (A) Western blot result. (B) Relative Plk1 intensity decreased in 
iNos-/- oocytes, compared to iNos+/+ oocytes(P < 0.01).(n = 3).  

Table 1: Number of mice, swollen oviducts and oocytes col-
lected from wild type (iNos +/+) and I NOS knockout (iNos -/-) 
mice exposed to solvent (Solvent Control; corn oil with 0.5% 
ethanol) or to 100 or by daily oral gavage on 13 days.

Number 
of Mice

Number of Oocytes
(Oocytes/Mouse)

Nos2 +/+ Solvent Control 52 707
(13.6)

100mgBPA /kg bw 83 917
(11.0)

200 mg BPA/kg 
bw 49 724

(14.8)

Nos2 -/- Solvent Control 64 971
(15.2)

100mg BPA/kg bw 43 554
(12.9)

200mg BPA/kg bw 56 446a

(8.0)

 
aχ2-Test: Significantly different from iNos-/- control (P < 0.01), 
and iNos +/+ 200 mg BPA /kg bw (P < 0.01).

Table 2: Chromosomal constitution of metaphase II oocytes of 
wild type (Nos2 +/+) and iNOS knockout (Nos2 -/-) mice exposed 
to solvent (Solvent Control; corn oil with 0.5% ethanol) or to 
100 or 200 mg BPA/kg bw by daily oral gavage on 13 days 
followed by in vivo maturation overnight and ovulation on day 
14. 

* Oocytes with 18 to 21 metaphase II chromosomes or the re-
spective number of chromatids (Chr.). ** Total of all including 
hyperploids and hypoploids with chromatids. *** Total of all 
with ≥ 20 metaphase II chromosomes or the respective num-
ber of chromatids.

c2-Test -Square: 
Significant difference between oocytes of Nos2 +/+ and Nos2 

-/- of same treatment group;  aP < 0.05; bP < 0.001;

Significant difference between control and treatment group of 
same genetic background; cP < 0.05; dP < 0.01;  eP < 0.001;

Significant difference between treated Nos2 -/- and Nos2 +/+ 
control; f P < 0.05; gP < 0.01; hP < 0.001.

Table 3: Congression failure of chromosomes in metaphase II 
oocytes of wild type (Nos2 +/+) and iNOS knockout (Nos2 -/-) 
mice exposed to solvent (Solvent Control; corn oil with 0.5% 
ethanol) or to 100 mg BPA /kg bw by daily oral gavage on 13 
days.

Number of 
Oocytes

Oocytes with 
Congression 
Failure
(%)

Nos2 +/+

Solvent 
Control 539 36

(5.2)
100mg BPA /
kg bw 627 57

(9.1)

Nos2 -/-
Solvent 
Control 358 28

(7.8)
100mg BPA/
kg bw 636 96a

(15.1)
aχ2-Test: Significantly different from iNos-/- control (P < 0.01), 
and iNos +/+ 100 mg BPA /kg bw (P < 0.01).

Figure 1.

 
Figure 2.
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