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Although the role of oxidative stress in maternal aging and infertility has been suggested, the underlying mechanisms
are not fully understood. The present study is designed to determine the relationship between mitochondrial function
and spindle stability in metaphase II (MII) oocytes under oxidative stress. MII mouse oocytes were treated with H,0O, in
the presence or absence of permeability transition pores (PTPs) blockers cyclosporin A (CsA). In addition, antioxidant
N-acetylcysteine (NAC), F/F, synthase inhibitor oligomycin A, the mitochondria uncoupler carbonyl cyanide 4-trifluoro-
methoxyphenylhydrazone (FCCP) or thapsigargin plus 2.5 mM Ca*" (Th+2.5 mM Ca*") were used in mechanistic stud-
ies. Morphologic analyses of oocyte spindles and chromosomes were performed and mitochondrial membrane potential
(A¥m), cytoplasmic free calcium concentration ([Ca®'],) and cytoplasmic ATP content within oocytes were also assayed.
In a time- and H,0O, dose-dependent manner, disruption of meiotic spindles was found after oocytes were treated with
H,0,, which was prevented by pre-treatment with NAC. Administration of H,O, led to a dissipation of A¥m, an increase
in [Ca®'], and a decrease in cytoplasmic ATP levels. These detrimental responses of oocytes to H,O, treatment could be
blocked by pre-incubation with CsA. Similar to H,0,, both oligomycin A and FCCP dissipated AWm, decreased cytoplas-
mic ATP contents and disassembled MII oocyte spindles, while high [Ca?*], alone had no effects on spindle morphology.
In conclusion, the decrease in mitochondria-derived ATP during oxidative stress may cause a disassembly of mouse MII
oocyte spindles, presumably due to the opening of the mitochondrial PTPs.
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Introduction

It is well known that fertility senescence is concomitant
with oocyte decay, which results in an increase in aneu-
ploidy rate and a decline of pregnancy rate. A number of
studies have suggested that both oocytic and embryonic
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aneuploidies are closely associated with maternal age [1-3],
although the underlying mechanisms responsible for the
age-associated aneuploidies remain to be elucidated.
Normally, mature mammalian oocytes can be temporar-
ily arrested at the metaphase Il (MII) stage of the second
meiotic division where chromosomes are equatorially
localized in the meiotic spindle of oocytes, a dynamic
structure composed of microtubule (MT) bundles that
are polar polymers of a- and B-tubulin heterodimers. The
rate of meiotic division errors increases corresponding to
maternal aging, which leads to non-extrusion of the first
polar body, shrunken size of spindles, irregular distribution
of chromosomes and occurrence of aneuploidies. Recent
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studies indicate that maternal aging is accompanied by the
generation of oxidative stress in oocytes [4-7], suggesting
that oxidation may contribute to the age-related increase
in the rate of meiotic division errors and aneuploidies.
Tarin has proposed a mechanism based on ‘the oxygen
radical-mitochondrial injury hypothesis of aging’ to ex-
plain the effects of aging on mammalian oocytes [7, 8].
This hypothesis has been partially supported by several
studies demonstrating the role of oxidants in regulating
MT polymerization and cytoskeleton re-formation [9]. In
addition, antioxidants can protect meiotic divisions from
disorders that occur either in an oxidative stress situation or
during maternal aging [10-12], further demonstrating that
oxidative stress is involved in fertility senescence.

The involvement of oxidation in the age-related increase
in meiotic division errors and aneuploidies prompts a role
of mitochondria in maternal aging. As a source of reactive
oxygen species (ROS) generated from the ‘leakage’ of
high-energy electrons along the electron transport channels
[13, 14], mitochondria are meanwhile a vulnerable target
of ROS. Attack originated from free oxygen radicals can
damage the mitochondrial DNA of quiescent oocytes and
lead to the loss of their intrinsic mitochondrial function
[15-17]. The mitochondrial function is suggested to play
a major role in controlling fertility aging [18] and the ac-
tivity of mitochondria in both oocytes and pre-implanted
embryos appears to be inversely correlated with maternal
aging and embryo development [19, 20]. For example,
lower AYm in disordered mitochondria leads to abnor-
malities of oocyte meiotic apparatus, resulting in chaotic
mosaicisms of embryos [21]. In addition, the interactions
of mitochondrial DNA, proteins or lipids with ROS cause a
decline of glutathione (GSH)/glutathione disulfide ratio [7],
which may affect the stability of oocyte spindles. Further-
more, the oxidative phosphorylation within mitochondria
provides a major source of ATP needed for mature MII
oocytes that consume high levels of ATP [22]. Sufficient
high-energy substrates are required for several cellular
events during fertilization, including polymerization of
MTs, activation of motor proteins and cell cycle regulation
kinases, segregation of chromosomes and calcium oscilla-
tions [22, 23]. Over-reaction with ROS, however, cannot
generate but consumes ATP, resulting in a decrease in ATP
levels within oocytes and further leading to mitochondrial
dysfunction.

Although previous studies suggest that oxidation affects
mitochondria function and meiotic spindle integrity, the
linkage between the latter two events is not established.
We hypothesize that responses to ROS may damage mito-
chondria in either quiescent or maturing oocytes and that
dysfunction of mitochondria, a situation in which ATP
output is significantly reduced, interferes with the forma-

tion of meiotic apparatus (e.g., causing the instability of
oocyte spindles) and leads to aneuploidies during mater-
nal aging. In the present study, using H,O, to generate an
oxidative stress condition, we examined the alternations
of mitochondria function in MII mouse oocytes, as mea-
sured by A¥m, cytoplasmic ATP content and [Ca**], and
analyzed the changes of both oocytic spindle and chromo-
some morphology. Our results suggest that the decrease
in mitochondria-derived ATP induced by oxidative stress
via permeability transition pore (PTP) opening causes a
disassembly of mouse MII oocyte spindles, providing ex-
perimental evidence supporting our above hypothesis.

Materials and Methods

Chemicals, reagents and animal models

All chemicals and reagents were purchased from Sigma (St Louis,
MO, USA), unless otherwise specified. To induce superovulation,
six-week-old NIH female mice were injected intraperitoneally with
pregnant mare serum gonadotropin (10 IU per mouse), and 48 h later,
with human chorionic gonadotropin (hCG, 10 IU per mouse). The
animals were killed by cervical dislocation at 12.5-13 h after hCG
injection. The animal care and use protocol was approved by the
institutional committee of Peking University First Hospital.

Oocyte collection and culture

Oocyte-rich cells enclosed in cumulus masses were harvested
from the ampullae with potassium simplex-optimized medium
(KSOM) [24] containing 14 mM of HEPES and 300 IU of hyal-
uronidase. With gentle washes by pipetting, interstitial tissues within
cumulus were removed and cumulus-free oocytes were collected and
cultured in KSOM. Oocytes showing polar bodies were identified as
MII oocytes, under a bright field microscope. The MII oocytes were
further grown in KSOM supplemented with 10% fetal calf serum and
mineral oil at 37 °C in a humidified 5% CO, atmosphere.

Analyses of spindle structure and chromosome configu-
ration

After treatment with various reagents or combinations as detailed
below, MII oocytes were immunocytofluorescently stained to reveal
oocyte spindles using a modified protocol previously described by
Baka et al. [25]. Briefly, oocytes were fixed for 30 min in an MT-
stabilizing buffer containing 2.0% paraformaldehyde, permeabilized
for 60 min in 0.2% Triton X-100 buffer and then stored in phos-
phate-buffered saline (PBS) containing 1 uM of taxol at 4 °C. For
immunostaining, samples were incubated with a blocking solution
composed of 2% bovine serum albumin and 2% normal goat serum
for 10 min and reacted in PBS with a goat anti-mouse a-tubulin
monoclonal antibody (mAb, 1:500 dilution) at 37 °C for 1 h. To
detect binding of the primary mAb, a fluorescein isothiocyanate
(FITC)-conjugated anti-goat immunoglobulin G (1:100 dilution)
was added and then incubated at 37 °C for 30 min. Chromosomes
were further counterstained by propidium iodide (20 pg/ml) for 15
min. After staining, oocytes were mounted onto glass slides, onto
which an anti-fade Vectashield mounting medium (H-1000, Vector
Laboratories Inc., Burlingame, CA, USA) was added. Coverslips
were dropped over the specimens and sealed with clear nail varnish.
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The slides were viewed under a laser-scanning confocal microscope
(LSCM, Olympus Fluoview FV300, Olympus) equipped with argon
and helium—neon lasers (excitation wavelength: 488 and 543 nm,
respectively) and the images were analyzed using the Olympus
FV1000 (Ver 1.3) and Adobe Photoshop 6.0 software.

Each spindle was examined at intervals of 1 um, and projections of
varying thicknesses were obtained by compiling multiple consecutive
images after computerized processing. Only those spindles which
that lay in a horizontal plane were evaluated for oocyte spindle length
(pole-to-pole distance) and width. Dispersed chromosome distribu-
tions were defined as one or more individual chromosomes and were
separated from the chromosomal plate by a distance greater than or
equal to chromosomal length [10].

Measurement of AYm

To monitor AWm changes, MII oocytes were incubated in culture
medium at 37 °C for 15 min with 0.5 pM tetramethylrhodamine
methyl ester (TMRM, Molecule Probes, Eugene, OR, USA), a
membrane-permeable cationic fluorophore that accumulates electro-
phoretically into mitochondria in response to their negative potential.
After two washes with KSOM, cells were incubated at 37 °C before
mounting onto the microscope stage for further treatment as described
below. Samples were analyzed using an LSCM equipped with he-
lium—neon lasers (excitation wavelength: 543 nm) in a time-lapse
mode. Single scans through the mid-level of oocytes were imaged
and saved for further measurement of fluorescence intensity. Laser
power and photo-multiplier settings were kept constant for the entire
experiment.

Measurement of cytoplasmic ATP contents

ATP contents in the cytoplasm were measured by an ATP assay
kit (Bioluminescent Somatic Cell Assay Kit, St Louis, MO, USA)
following the protocol described by Van Blerkom ez al. [20]. Briefly,
50 oocytes per group were stored at —80 °C in 200 pl of ultra-purified
water. For ATP measurement, 50 pl of thawed sample solution was
added to 100 pl of ice-cold cell ATP-releasing reagent for 5 min on
ice prior to adding 100 pl of ice-cold ATP assay mix (1:25 diluted in
assay mix buffer). The reaction mixture was then incubated for 5 min
in the dark at room temperature to allow an initial chemiluminescence
flash period. Bioluminescence of each sample was measured using
a high-sensitivity luminometer (TurnerBiosystems Luminometer
Model TD-20/20, TurnerBiosystems, Sunnyvale, CA, USA). Sample
ATP contents were calculated using a standard curve generated from
11 ATP gradient concentrations ranging from 5 fmol to 5 pmol.
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Measurement of cytosolic free Ca’* concentration

The concentrations of cytosolic free Ca®" were measured by
using Fluo-3 AM as an indicator. In brief, oocytes were incubated
in H-KSOM supplemented with 10% fetal calf serum and 5 uM
Fluo-3AM at 37 °C for 15 min. After washing, oocytes were seeded
in Petri dishes with a glass bottom, at 37 °C. Depending on experi-
ment purposes, different reagents were added to elicit or inhibit Ca**
signals and cells were observed under an SLCM. Fluorochromes
were excited with an argon laser (excitation wavelength: 488 nm)
and emission signals were captured via an FITC filter. Cells were
scanned at a 15-min interval under a time-lapse mode and imaged at
mid-level sections. The relative fluorescence intensity, which reflects
the concentration of free Ca®" in oocyte cytosolic, was generated on
the basis of the formula (F-F,.;,)/(Fna-Fmin), Where F, ., represents
the maximum fluorescence intensity obtained when oocytes were
stimulated by 1 uM A23187 and F,;, indicates the minimum fluo-
rescence intensity obtained from the A23187-treated oocytes in the
presence of 3 mM of EGTA.

Statistical analysis

One- and two-way analysis of variance was applied for com-
parisons of means. Chi-square test was applied for comparisons
of frequencies. The level of significance was set at p<0.01, unless
otherwise indicated.

Results

H,0,-induced disruption of MII oocyte spindle and its
suppression by cyclosporin A (CsA) or N-acetylcysteine
(NAC)

To examine changes in spindle morphology and chromo-
some alignment under oxidative stress conditions, oocytes
were treated with H,O, at various concentrations in the
presence or absence of CsA or NAC and then analyzed
under a confocal microscope after fluorescent staining.
CsA, which is a specific inhibitor of cyclophilin D, a ma-
trix-localized protein of the mitochondrial permeability
pore complex, can prevent PTPs opening. NAC, which is
a known antioxidant, can scavenge ROS effectively.

As shown in Figure 1 and Table 1, in a both time- and
H,0, dose-dependent manner, exposure of MII oocytes to
H,0, resulted in a decrease in the size of cellular spindles,

Table 1 Effects of H,0, on length and width of MII spindles and on percentage of abnormally dispersed chromosomes in mouse oocytes

Treatment with H,O, No. of oocytes Spindle length (um)” Spindle width (um)” Dispersed chromosomes
0 uM (control) h 27 26.6+1.3% 15.6+0.5° 3.7 (1)

S50uM 1h 27 15.4+1.7° 10.6+1.0° 11 (3)°

100 uM 1 h 27 9.9+1.5¢ 4.2+0.8° 14.8 (4)*

100 uyM 1.5 h 27 0.0° 0.0° 41 (11)°

Values with different superscript letters within the same column differ significantly (»<0.01).

"Values are means+SD.
Pooled data from three replicates.
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Figure 1 Morphology of spindles and chromosomes within mouse MII oocytes observed by a confocal laser scanning microscope.
Images were captured by an LSCM after samples were fluorescently stained. In control oocytes, cultured in KSOM medium, spindles
demonstrated a barrel-like shape and chromosomes aligned regularly (A). After treatment with 50 pM H,O, for 1 h, spindles appeared
to be shrunk (B and C). A completely disorganized spindle with dispersed chromosomes was observed in the presence of 100 pM
H,0, for 1.5 h (D). The oocyte recovered for 1 h after treatment with 1.5 h H,0, (100 pM) showed abnormal spindle shape and mis-
alignment of chromosomes (E). However, spindle shrinkage induced by treating cells with H,O, for 1 h could be partially inhibited
when cells were pre-incubated with 10 uM CsA (F). A more pronounced phenomenon, of which normal barrel shapes of spindles
remained in NAC-treated oocytes, was observed even though cells were exposed to 100 uM H,0, (G). In addition, oligomycin A (2.5
uM) (H) totally disrupted spindles while high [Ca®'], induced by Th+2.5 mM Ca*" had no significant effect on the shape of oocyte
spindles (I). The oocyte recovered for 1 h after treatment with 1 h H,O, (1 mM) showed disrupted spindle (J). Oocytes treated with
5 uM H,0, for 2 h showed no significant alteration in the size of spindle (K).

including both spindle length (pole-to-pole distance) and
width, and disruption of the alignment of meiotic oocyte
chromosomes. The spindles displayed a characteristic bar-
rel-like shape and regular chromosomes were observed in
the control MII oocytes incubated in H,O,-free KSOM
(Figure 1A). In contrast, the spindles of oocytes treated
with 50 uM H,0, for 1 h exhibited significant decreases in
both length and width (Table 1; Figure 1A and 1B). More
remarkable changes in spindles were found in oocytes
treated with 100 uM H,0, for 1 h (Figure 1C). However,
those spindles still kept their barrel-like shapes and the
corresponding chromosomes localized properly at the mid-

plane of spindles. After oocytes were exposed to 100 uM
H,0, for 1.5 h, however, the morphological shape of their
spindles was totally disrupted and the rate of abnormally
dispersed chromosomes was significantly increased (Figure
1D, Table 1). Interestingly, the disrupted spindles, which
were induced by incubation with 100 uM H,0, for 1.5 h,
were restored by 81% (n=37) with dispersed chromosomes
(90%) at 1 h after removal of H,O, from the culture me-
dium (Figure 1E). Furthermore, few disrupted spindles
(19%, n=21) could be recovered when cells were treated
with 1 mM H,O, for 1 h (Figure 1J). No apparent spindle
disruptions were detected in MII oocytes (n=20) after a 2-h

Cell Research | www.cell-research.com



exposure to 5 uM H,0, (Figure 1K).

To further explore the mechanisms involved in spindle
disruption after H,O, challenge, CsA or NAC was adminis-
trated before oocytes were exposed to H,0,. Oocytes were
stimulated with 100 uM H,0, following pre-incubation of
cells with 10 uM CsA for 20 min. Pre-incubation of cells
with CsA partially reversed the lesion of meiotic spindles
induced by H,O, (Figures 1F and 2). As expected, meiotic
spindles totally avoided being impaired when oocytes were
pre-incubated with 10 pg/ml NAC for 30 min and then co-
treated with 100 uM H,0, (Figures 1G and 2), comparing
with the control group.

H,Oinduced mitochondrial dysfunction (collapse of A¥Ym,
increase of Ca’* release, and decrease of ATP production)
suppressed by CsA

To further investigate the influence of oxidants on mi-
tochondrial function, mitochondrial membrane potential
(A¥m), [Ca®], and ATP content were assayed after oocytes
were treated with H,O, in the presence or absence of CsA.
The AYm was dynamically measured at various times with
a 15-min interval in terms of the relative intensity of the
fluorescence indicator, TMRM, after oocytes were stimu-
lated with 50 uM or 100 pM H,0O, following pre-incubation
with 10 pM CsA for 20 min. As shown in Figure 3A(b)
and 3B, H,0, depressed the fluorescence signals emitted
from TMRM in a both time- and H,0, dose-dependent
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Figure 2 Both CsA and NAC prevent H,0,-induced spindle shrink-
age. H,0, exposure leads to a decrease in spindle length and width
that was partially prevented by CsA and totally prevented by NAC.
Con, control oocytes cultured in KSOM; H, oocytes treated with
100 uM H,0, for 1 h; HC, oocytes pre-incubated with 10 uM CsA for
20 min prior to 1-h H,0, (100 uM) treatment; HN, oocytes pre-incu-
bated with 10 pg/ml NAC prior to 1-h H,0, (100 uM) treatment. Data
were presented as means=SD. Different superscripts for bars within
the same category indicate a significant difference (p<0.01).
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manner, indicating that oocyte AWm depolarized progres-
sively following exposure to H,O,. Pre-incubation with
CsA could effectively prevent A¥Ym loss induced by H,O,
(Figure 3B). The validity of TMRM, which was used as
a fluorescence indicator of AWm, was verified by using
a mitochondria uncoupler, carbonyl cyanide 4-trifluoro-
methoxyphenylhydrazone (FCCP, 2 uM), which could
rapidly disrupt mitochondria and totally eliminate TMRM
signals as expected [Figure 3A(c) and 3B]. To determine
the changes in oocyte [Ca*'], oocytes underwent a pro-
cess similar to that in the experiments for detecting A¥m.
As shown in Figure 4, the addition of H,O, into KSOM
gradually increased oocyte [Ca®'].. In addition, the eleva-
tion of [Ca*"], was H,0, dose-dependent. CsA, a specific
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Figure 3 Effects of H,0, on MII oocyte A¥Y'm. Mitochondria mem-
brane potential (A%¥Wm) of MII oocytes were indicated by changes of
TMRM fluorescence intensity, which was measured by an LSMC as
detailed in Materials and Methods. (A)Representative images of MII
oocytes cultured in KSOM as control (a), treated with 50 uM of H,0,
for 1 h (b) or FCCP (2 uM) for 30 min (c). Quantitative analysis of
TMRM fluorescence intensity was performed by an LSCM under a
time-lapse mode and data were shown in (B). (a) Oocytes cultured
in KSOM as control; (b) treated with 50 uM H,0,; (c) treated with
100 uM H,0,; (d) oocytes pre-incubated with 10 pM CsA for 20
min prior to H,0, (100 uM); (e) treated with 2 uM FCCP. Data of
TMRM fluorescence intensity (arbitrary units) for each time point
were obtained from 4 to 7 oocytes.

845



@ Mechanism studies in mouse MIl oocyte spindles impaired by oxidative stress

846

40+ —&-a
—-©—-p
< 304 —A—C
= —»%—d
‘©
O 20+
o
=
kS
¢ 10
0 L] L v ¥ L ¥ LJ L]
0 15 30 45 60 75 90 105 12

Time (min)

Figure 4 Effects of H,0, on relative [Ca*'], in oocytes. Relative
[Ca*"], was calculated by the formula (F-F,,;,))/(F yux-Fomin)» in which
F represents fluorescence intensity (as detailed in the Materials and
Methods). (a) Oocytes cultured in KSOM as control; (b) treated with
50 uM H,0,; (¢) treated with 100 uM H,0O,; (d) oocytes pre-incubated
with 10 uM CsA for 20 min prior to H,O, (100 pM). The data for each
group at each time point were obtained from 4 to 7 replicates.

PTP inhibitor, significantly suppressed the calcium signals
elicited by H,0,, although it could not restore [Ca*], to the
control level at the end of our experiment.

We next determined the effect of H,O, on ATP produc-
tion. As shown in Figure 5, ATP content was significantly
lower in oocytes treated with H,O, for 1 h than that in
controls. Pre-treatment with CsA maintained cellular ATP
concentrations at the control level. Furthermore, both FCCP
(a mitochondrial uncoupler (2 uM)) and oligomycin (an
FO/F1 synthase inhibitor (2.5 uM)) could dramatically
reduce ATP level in MII oocytes (Figure 5). These results
raise the possibility that ATP content rather than [Ca*],
may have a crucial role in H,0,-induced disruption of
spindle structure.

Disruption of meiotic spindle correlates with changes of
ATP content but not [Ca’'],

Since exposure of oocytes to H,0, increased intracel-
lular Ca*" signals while impairing the integrity of cellular
spindles, we next investigated whether intracellular Ca**
levels affect oocytic spindle structure.

We emptied the calcium stores within oocytes by us-
ing thapsigargin (Th) (10 uM), an inhibitor against the
endoplasmic reticulum Ca*" ATPase (SERCA), which
activates Ca”" influx through the store-operated Ca*" en-
try, and then incubated cells in KSOM containing 2.5 mM
Ca* for 1 h to introduce a high level of cytoplasmic free
calcium (Figure 6). High [Ca®‘], established by the addi-
tion of extraneous Ca’" had no effect on either ATP level
(Figure 5) or meiotic spindle structure (n=12; Figure 11I).
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Figure 5 Effects of H,0,, FCCP, oligmycin A, CsA and high [Ca®'],
on ATP levels in oocytes. Oocytes were treated with different re-
agents as indicated in the graph and ATP levels were detected by a
special assay kit as described in Materials and Methods. (a) Oocyte
incubated in KSOM as control; (b) treated with 2 pM FCCP for 20
min; (c) treated with 2.5 uM oligmycin A for 20 min; (d) treated with
50 uM H,0, for 1 h; (e) treated with 100 uM H,O, for 1 h; (f) pre-
incubated with 10 pM CsA for 20 min prior to 1-h H,O, (100 pM)
treatment; (g) incubated in KSOM with high calcium (2.5 mM) and
10 uM Th+2.5 mM Ca for 1 h. Data were presented as means+SD.
In comparison to the control, a significant difference of ATP level
was indicated by asterisks: *p<0.01.
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Figure 6 Effects of FCCP, oligmycin A and Th+2.5 mM Ca*" on
relative [Ca®"], in oocytes. Oocytes were treated with different
reagents listed in the graph and relative [Ca®*"], was worked out
according to changes of fluorescence intensity of the Ca*" indica-
tor, Fluo-3AM as described in Materials and Methods. (a) Oocyte
incubated in KSOM as control; (b) treated with 2 uM FCCP for 20
min; (c) treated with 2.5 uM oligmycin A for 20 min; (d) incubated
in KSOM with high calcium (2.5 mM) and 10 pM Th (Th+2.5 mM
Ca) for 20 min. Data were presented as means+SD. In comparison
to the control, a significant difference of [Ca*], level was indicated
by asterisks: *p<0.01.

Cell Research | www.cell-research.com



FCCP, a mitochondria uncoupler, also induced a high con-
centration of intracellular Ca®* (Figure 6), but significantly
reduced the cytoplasmic ATP contents (Figure 5). All the
spindles were totally disrupted (n=12) (figure not shown).
In addition, exposure of oocytes to oligomycin A (2.5 uM)
for 20 min did not affect [Ca®"],. However, oligomycin A
dramatically suppressed cytoplasmic ATP level (Figure 5)
and completely damaged the integrity of oocytic spindles
(n=12, Figure 1H). The effects of oligomycin and FCCP on
spindle structure were reversible after withdrawal of those
inhibitors (data not shown).

Discussion

Oocytes at the MII stage have an obvious advantage for
studying spindle biological behavior since all bivalents of
spindles in arrested MII oocytes usually precisely position
at the equatorial plane. Studies have suggested that oocytic
spindles at the MII stage are more sensitive to oxidants or
spindle-specific positions than those at other stages [26, 27].
In the present study, we employed mouse MII oocytes as
a model to investigate the effects of oxidants on spindles.
Our data support the notion that oxidative stress induces
mitochondrial dysfunction and spindle disruption in MII
mouse oocytes. We found that as an oxidant, H,O, exerted
a detrimental effect on oocytic spindles in a time- and H,O,
dose-dependent manner, which is consistent with the results
obtained by using other forms of ROS such as diamide and
tertiary butyl hydroperoxide [27, 28]. The major damage to
spindles following exposure of oocytes to H,O, was shown
by the changes in the pole-to-pole distance and the equato-
rial width of spindles and the integrity of spindles. These
data endorse Tarin’s oxidative stress hypothesis regarding
the potential effects of age-associated oxidative stress on
mammalian oocytes [7].

Interestingly, the changes in the size of oocytic meiotic
spindles under oxidative stress seem to be more sensitive
than that in their shape. Following challenge with a lower
dose of H,0, (50 uM), both spindles and chromosomes
maintain their normal shape and regular alignment, while
their size was distinctly decreased. However, the structure
of spindles was totally disrupted with an increasing rate
of dispersed chromosomes, after the oocytes were treated
with 100 uM H,O, for 1.5 h. At this level of oxidative
treatment, those alterations are still reversible. In contrast,
the damage to the integrity of spindles and alignment of
chromosomes was irreversible after cells were incubated
with a more intensive concentration of H,O, (1 mM). It is
generally believed that normally spindles link to chromo-
somes via kinetochores and any force derived from spindle
shrinkage can be passed forward to chromosomes and may
lead to their re-arrangement. As shown in the present study,
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the alteration of spindle size did not affect chromosomes
on their alignment and dispersed chromosomes appeared
only if the integrity of spindles had completely been bro-
ken down after exposure to high levels of H,O,. These
data provided further evidence supporting the fact that
aggregation or dispersal of chromosomes is determined
by integrity of spindles.

To further investigate the mechanism by which oxida-
tive stress affects meiotic spindle structure, we pre-treated
oocytes with CsA and found that CsA could partially but
effectively reverse the detrimental effects of H,O, on
spindles. It is well known that CsA can prevent PTP open-
ing. For this reason, CsA is widely employed in studies
concerning AWm dissipation and cell apoptosis which
occurred in somatic cells [29, 30]. With respect to the
relationship between CsA and spindles, currently there
are few studies to address the question of whether CsA
can exert any effect on spindle structure and function.
Based on our present data, we believe that it is by block-
ing PTPs within oocyte mitochondria that CsA produces
a protective effect against spindle impairment induced by
H,0,, since in our parallel experiments, pre-incubation of
cells with CsA before H,0, challenge could prevent A¥Ym
loss, ATP reduction and [Ca®'], increase, results similar
to those obtained in studies using CsA as a PTP inhibitor
[29, 30]. The data from the present study further reinforce
the fact that normal mitochondria function is essential to
maintaining the integrity of the MT network and meiotic
apparatus including spindles [23, 31]. As a source of ROS,
mitochondria is meanwhile a well-known vulnerable target
of ROS and its responses to oxidative stress have been in-
vestigated in various fields, especially in studying oocytes
and embryos during apoptosis, fertility and development
[32-34], supporting the theory that free oxygen radicals
induce aging [35-37]. Our present results demonstrate that
dysfunction of oocytic mitochondria, which is directly
caused by oxidants via opening mitochondrial PTPs, may
further impair the ability of oocytes to form normal meiotic
apparatuses. To a certain extent, these results may explain
why embryo mosaicism and retardance occur in embryo
development during fertility aging, although this was not
tested in the present study.

Since normal mitochondria function is required for
the formation of oocytic spindles, we next examined the
pathways through which oxidant-induced mitochondrial
dysfunction mediates spindle impairment. Metabolic in-
hibitors such as FCCP and oligmycin A, and Th+2.5 mM
Ca®*" were used to introduce a condition with a low ATP
level and/or a high [Ca?'],, situations that are frequently
seen with H,O,-induced mitochondrial dysfunction. Similar
to those in H,0O,-stimulated oocytes, high Ca*" signals were
also captured after cells were incubated with Th+2.5 mM
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Ca’". However, Th+2.5 mM Ca*" alone did not significantly
alter the ATP level and the spindle structure within oocytes.
This result seems to be inconsistent with other reports that,
both in vitro [38,39] and in vivo [40], an increase of [Ca*'],
would prevent polymerization of dimeric tubulins and cause
rapid depolymerization of pre-formed MTs. One potential
explanation for this controversy is that the cytosolic Ca**
signals (10”7 M) elicited by either H,O, or Th+2.5 mM Ca**
are relatively weak, compared to the levels that can mediate
MT depolymerization [32]. [Ca®"], required for depolymer-
izing MTs is indeed quite variable. As observed by other
groups, MT depolymerization occurs if [Ca®'], ranges from
10°to 10° M [1, 3, 6, 41, 42], a dose level that could not
be reached by using either H,0, or Th+2.5 mM Ca*" as
stimuli. Furthermore, response of MTs to Ca** seems to be
cell type dependent. For instance, tubulin within Ehrlich
ascites tumor cells has virtually no sensitivity to Ca*" at
all [43]. An alternative explanation is that oocytic spindles
have an ability to resist Ca*" signals sparked by either H,0,
or Th+2.5 mM Ca’'. As we know, either formation or dis-
organization of spindles is dependent on the cooperation of
motor proteins, capping proteins, MT-associated proteins
and microtubulin. In the early 1990s, Gorbsky et al.[44]
found that MTs in the metaphase-arrested mouse oocytes
could turn over rapidly, suggesting that spindles are highly
dynamic. The contribution of Ca*>* to MT depolymerization
in an oxidative stress situation could be diluted due to the
rapid turnover of M Ts in the MII spindles, even though Ca**
plays a critical role in the formation of normal spindles in
MI oocytes [41].

As mentioned above, a significant decrease in cytoplas-
mic ATP content was observed in H,0,-challenged MII
oocytes accompanying the enhancement of [Ca*"],. This
observation raised the question of whether energy deficit
contributed to spindle disruption during oxidative stress.
To address this question, we employed the mitochondrial
uncoupler FCCP and the FO/F1 synthase inhibitor oligomy-
cin A to interfere with oocytic mitochondria function and
found that both these inhibitors could result not only in a
dissipation of AWm but also a decrease of ATP level and an
impairment of spindle structure; all these were consistent
with the other results from H,O,-stimulated oocytes. Our
present data demonstrated that ATP molecules within the
resting MII oocytes were at a high turnover rate. Gene-
ration of mitochondria-derived ATP and consumption of
local ATP must be elaborately balanced for cell survival
[22, 23]. Therefore, an appropriate A¥m is essential as it
drives ATP synthesis and maintains oxidative phosphoryla-
tion [18]. Dissipation of A¥m induced by either H,O, or
FCCP could disturb mitochondrial ATP synthesis and lead
to an overall decrease of ATP contents within oocytes. In
addition, both H,0, and FCCP could elicit significant Ca**

signals, but oligmycin A could not, although all of them led
to a decrease of ATP level and an impairment of spindle
structure, further suggesting that Ca** is not a key factor
in H,0,-induced spindle damage.

However, several studies suggested that deprivation of
intracellular ATP by metabolic inhibitors appears not to
influence cytoplasmic MT networks [7, 42]. In addition,
depletion of intracellular ATP reduces the rate of MT dis-
assembly, whereas addition of ATP increases it [45]. The
difference between their data and ours may be attributed to
the differences in cell types and cell cycles. Oocyte, as the
largest cell in the body, needs sufficient ATP to support the
transcription and translation processes during their growth
and preparation for both nuclear and cytoplasmic matura-
tion [22, 31]. Spindle formation and chromosome behavior
depend on the expression and activity of motor proteins
[46, 47]. On average, conventional kinesic hydrolyses
consume 125 ATPs per MT-binding event and therefore
require sufficient local supplies of high-energy substrates.
Therefore, we speculate that ATP, as the essential energy
source for motor proteins, is one of the determinants for the
formation of spindles. Further studies are needed to provide
experimental evidence to support this notion.

In conclusion, the results from the present study indicate
that mitochondria function is important for maintaining
the integrity of spindles within MII oocytes, although we
could not exclude the role of other oxidative targets such as
tubulin [9] and GSH [28] in oxidant-induced spindle disrup-
tion. Owing to the high energy requirement in mouse MII
oocytes, impairment of mitochondria function and decrease
in mitochondria-derived ATP through PTP opening induced
by oxidative stress can cause spindle disassembly. As ma-
ternal aging is associated with increased oxidative stress in
human eggs [7], our results also provide a promising vista
to explore the mechanisms of fertility aging.
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