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Article

Spindle and Chromosomal Alterations
in Metaphase II Oocytes

Rakesh K. Sharma, PhD1, Ali Azeem, BS2, and
Ashok Agarwal, PhD, HCLD1

Abstract
The spindle apparatus is a vital structure and must be structurally intact for proper segregation of the oocyte’s genetic material
during metaphase II. Endometriosis, oxidative stress, and cryopreservation can all adversely affect the structural integrity of the
spindle, potentially resulting in aneuploidy and spontaneous abortion of the embryo. Advances in spindle imagery have made it
possible to visualize the effects of environmental stresses on spindle structure. Deviation from an oocyte’s normal environment
can seriously impair the positioning and integrity of the spindle. Oocytes cryopreservation causes depolymerization and repo-
lymerization of the spindle. Oocytes can also be preserved in an immature state for later in vitro maturation. A comprehensive
understanding of the spindle behavior is paramount for the effective manipulation of oocytes in an assisted reproductive setting.
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Introduction

The oocyte is the female germ cell and contains the maternal

contribution to the genetic information of the offspring. Its

development and maturation begins prenatally, but it is not

until ovulation that an oocyte is deemed mature. The meiotic

spindle is the structure that allows the chromosomes to move

around the cell throughout meiosis.

Oocyte Development

Meiosis

Meiosis is a 2-stage process in which a diploid parent cell gives

way to haploid daughter cells, which occurs only in germ cells.

To begin meiosis I in females, DNA in chromosomes is repli-

cated, and crossing over occurs at homologous chromosomes

during prophase I. In metaphase I, homologous pairs move

together along the metaphase plate by means of the meiotic

spindle, and homologous chromosomes are pulled apart by

shortening of the spindle in the anaphase I. Once separated, the

nuclear membrane reforms and the spindle structure depoly-

merizes in telophase I, leaving a haploid number of chromo-

somes but a diploid number of chromatids and an extruded

polar body containing half the genetic material but very little

of the cytoplasmic contents.

These chromatids separate in meiosis II. The nuclear envelope

breaks down again, and the spindle forms at the centrioles in

prophase II. The chromosomes are aligned between the centrioles

in metaphase II. The chromatids are pulled apart in anaphase II,

and the nuclear envelope reforms as the spindle depolymerizes

in telophase II. A second polar body is also extruded.1

Oogenesis and Follicular Growth

Oogenesis is the process by which a primordial germ cell

matures and specializes into a fully functional egg ready for

ovulation, containing all of the genetic material and cell

machinery to undergo fertilization, blastulation, and ultimately

become a fetus.2 Although there are some mechanistic differ-

ences between oogenesis in different species, many processes

are conserved among mammalian species. This makes the

mouse oocyte a good model for human oocyte behavior.3 Pri-

mordial follicles undergo oocytogenesis and become primary

oocytes around the third trimester. These primary oocytes then

undergo ootidogenesis to form ootids by starting meiosis. This

meiotic division begins before birth but is arrested at prophase I

until puberty, at which point 10 to 20 primary follicles contain-

ing these ootids begin to develop and grow. Ootid-secreted
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factors regulate the initiation of the primordial follicle and reg-

ulate its trophic action as it goes through the preantral and

antral phases.2,4,5 Meiosis I is completed during this time, the

first polar body is extruded, and the ootid becomes a secondary

oocyte. Meiosis is now arrested at the metaphase II phase,

ready for ovulation.6 Only after fertilization does the oocyte

continue with meiosis and extrude the second polar body.

Nuclear and Cytoplasmic Maturation

The nucleus undergoes many modifications that take place fol-

lowing the beginning of meiosis.7 Oocytes arrested at prophase

I of meiosis have a visible nucleus, sometimes referred to as the

germinal vesicle (GV) stage. In prophase I, the nucleus under-

goes germinal vesicle breakdown (GVBD) and the nuclear

envelope dissolves.8 After fertilization, the nucleus is only

considered mature when the germinal vesicle reforms again.

Nuclear maturation is accompanied by cytoplasmic matura-

tion. Proteins, nutrients, messenger RNA (mRNA), and enzymes

necessary for future cell division and development are stockpiled

to ensure that the oocyte is capable of undergoing fertilization

and ultimately resulting in pregnancy.9 During the growth of the

oocyte in the follicle, proteins such as maturation-promoting

factor are involved in the regulation of meiotic progression and

cell cycle control.9,10

Spindle Structure and Function

The spindle is the structure that moves, aligns, and segregates

the chromosomes during meiosis.11 There are over 100 proteins

associated with the spindle apparatus and its movement,12 but

its main structural component is a dimer consisting of a- and

b-tubulin subunits. The cytoskeleton also relies on a microfila-

ment meshwork, consisting of actin surrounding the cell mem-

brane. The structural and orientation-related modifications that

take place during meiosis depend on the close interaction of

microfilaments and microtubules as the spindle elongates,

shortens, and even disappears at some stages.8 Microtubules

are nucleated at the centromeres, commonly referred to as

the microtubule-organizing center, where 2 centromeres are

closely associated and oriented orthogonal to each other.13

The spindle apparatus is not present during the GV stage,

and the centrosomal material is located close to the cortex of

the cell. During GVBD, the centrosomes also disintegrate, and

the centrosomal material forms multiple foci around the cyto-

sol, closely associated with the condensing chromatin. Micro-

tubules are observed to nucleate at these centrosomal masses

and start to form in pro-metaphase. At metaphase II, the centro-

somes are reformed, and the spindle apparatus is fully formed.

Visualizing the Spindle

Because of its reproductive potential and its use as a marker of

oocyte quality, many technological advances have made visua-

lization of the spindle possible. Two of these methods are

confocal microscopy and polarized light microscopy.

Proper Appearance of the Spindle in Metaphase II

Ideally, the spindle apparatus of an oocyte should be compact.

When viewed as a whole, a characteristic barrel shape is seen,

with each individual spindle nucleating near the centromeres

and attaching to a chromatid. The chromatids should be lined

up in a straight line—the ‘‘metaphase plate.’’ The spindle appa-

ratus should be made up of discrete spindles, with nothing visi-

ble between them. The spindle structure can be classified as

abnormal if it is dispersed, not barrel shaped, or absent. The

chromosomal alignment can be considered abnormal if chro-

matids are observed away from the metaphase plate. One

method of further quantifying spindle and chromosomal

abnormalities can be seen in Figure 1.14

Confocal Microscopy

Confocal microscopy can be used to optically section a sample,

digitally combine the information, and produce 3-dimensional

imagery of a fluorescently labeled structure.15 Very detailed

and well-resolved micrographs can be produced this way. The

downside to this, however, is that the sample must be preserved

in fixative—an oocyte imaged using confocal microscopy can-

not be fertilized or used for any other purpose. Before and after

recordings cannot be taken of the same sample in an experi-

ment, as well. To counter this, experiments have been designed

by subjecting oocytes to experimental conditions and recording

the rate of alterations in the control and the experimental

groups.14,16-18 Although these studies have provided valuable

information about factors affecting spindle structure, con-

focal microscopy is of limited value to in vitro fertilization

(IVF) centers because the oocyte must be stained, fixed, and

nonviable19

Polarized Light Microscopy

Polarized light microscopy can be used to observe the inner

architecture of a cell noninvasively.20 Light is restricted to a

single plane of vibration and passed through an object. Using

the principle of birefringence, the plane of rotation of the light

is rotated when it interacts with a chiral molecule or another

birefringent object; the light is twisted out of this plane of

vibration. The light reaches an analyzer, and the measure of

this rotation is used to produce an image of the subcellular

environment. Although polarized light microscopy is useful

as a noninvasive method of cellular visualization, limitations

in sensitivity to spindle morphology have only recently been

resolved.19

These technological advances came in the form of the LC-

PolScope, produced by Cambridge Research & Instrumenta-

tion, Inc.20 The PolScope augments polarized light microscopy

by incorporating liquid crystal variable retarders and advanced

digital imaging processing tools. With PolScope, it is possible

to verify the presence of a meiotic spindle before use for in

vitro fertilization—an important marker of oocyte quality

for IVF and intracytoplasmic sperm injection.19 Due to its

2 Reproductive Sciences 00(0)

 at OhioLink on August 8, 2013rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


noninvasive nature, PolScope allows researchers to see the

before and after appearance of an oocyte and thus provides

more latitude in performing experiments, as well.18,21

Factors Affecting Spindle Structure

Many factors can affect the integrity of the spindle structure.

Some of these include oxidative stress, maternal aging, in vitro

maturation, endometriosis, infection, cryopreservation, cryo-

protectants, and in vitro maturation.

Oxidative Stress

In a normal cell environment, pro- and antioxidants are carefully

kept in a balance to ensure physiologic functioning. Reactive

oxygen species (ROS), such as the superoxide anion (O2
�),

hydroxyl radical (OH�), hydrogen peroxide, hydrochloride

radical (OHCl�), and peroxyl radical (ROO�), comprise a

majority of the oxidants found in a cell environment. When ROS

are produced in excess, this balance is upset and oxidative stress

results. This is not to say that ROS are inherently dangerous;

physiological levels of ROS play a regulatory role through var-

ious signaling pathways in folliculogenesis, oocyte maturation,

luteolysis, implantation, embryogenesis, and pregnancy.22,23

The OS is associated with many pathological outcomes; how-

ever, polycystic ovarian syndrome, endometriosis, spontaneous

abortions, preeclampsia, preterm labor, and intrauterine growth

retardation are all associated with elevated ROS levels.22,24-27

Effects of Oxidative Stress on Spindle Structure

Exposure to elevated oxidant levels has been shown to

cause alterations in cellular and microtubule arrangement

in human cortical neurons,28 intestinal epithelial cells,29

and ocular cells,30 among others. The effect of oxidative

stress on the microtubule morphology has been extensively

studied in oocytes, as well.31-33 In one study, H2O2 was

observed to have a dose- and time-dependent effect on

morphological spindle abnormalities in denuded mouse

oocytes cultured in vitro. Supplementation with vitamin

C was also shown to have a protective effect on spindle

morphology and chromosomal arrangement, thus implying

a connection between oxidative stress and spindle structure

(Figure 2).34 Exposure to superoxide and hypochlorous

acid has been observed to adversely affect spindle mor-

phology, as well.35

In addition to altering the morphological appearance of

the spindle, oxidative stress has also been shown to interfere

with cell cycle checkpoints. Cells with inhibited internal

antioxidant systems (to induce oxidative stress) and micro-

tubule toxins (to simulate a lack of spindle competence)

were observed to have cyclin levels characteristic of ana-

phase. This implies that oxidative stress can cause cells to

bypass the spindle assembly checkpoint, thus proposing a

method by which cells can progress in the cell cycle without

an intact genome.36

In Vitro Factors Affecting Spindle Growth

The oocyte is a very fragile cell. Its environment must be

kept within very small tolerances, else the spindle can depo-

lymerize and other cell components can stop functioning.

Thus, special considerations must be taken when this cellu-

lar environment is altered in vitro, whether intentionally or

incidentally.

Figure 1. Diagram exhibiting algorithm for rating alterations to spindle structure and chromosomal arrangement. As spindle structure and
chromosomal arrangement deviates from normal appearance, the score increases. Chromosomes are red and the spindle structure is green.
Adapted from Choi et al.34
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Cryopreservation

Cryopreservation is a rapidly growing option for people look-

ing to preserve fertility. By freezing oocytes for future fertiliza-

tion, a woman can bear children even after chemotherapy,

menopause as well as store eggs extracted for an IVF cycle.

The biggest problem encountered with this technique is the

formation of ice crystals that can have damaging effects on cel-

lular components. Two main techniques are commonly being

used to accomplish this—the traditional, slow-cooling method

and vitrification, a newer technique involving rapid cooling

of the oocyte with liquid nitrogen to cause the frozen cytosol

to enter a glass-like state without forming damaging ice

crystals.16

Figure 2. Confocal images of oocyte spindle structure after staining with anti-a-tubulin monoclonal antibody and fluorescein isothiocynate for
microtubules (green) and chromosomes alignment with propidium iodide (red). A and B, Normal spindle configuration with chromosome align-
ment on a compact metaphase plate at the equator. B, Three-dimensional view of the normal spindle showing distinct barrel shape with chro-
mosomes aligned in the center. C-E, Effects of increasing H2O2 concentrations: 12.5, 25, and 50 mmol/L. (F-I) Varying exposure time: 15, 30, 45,
and 60 minutes with 25 mmol/L H2O2. Bar ¼ 20 mm; B ¼ zoom 2�. G-H, zoom 1.5�. Adapted from Choi et al.34
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The low temperatures associated with cryopreservation tech-

niques can cause the spindle to completely disintegrate. Even 10

minutes of exposure to 4�C has been shown to cause the com-

plete disappearance of the spindle immediately after cooling.37

An absence of spindle upon visual inspection was also observed

immediately after thawing when oocytes were frozen by either

method.17,38,39 Despite this depolymerization, the chromosomes

stay aligned at the metaphase plate, and the spindle has been

observed to reform after thawing and incubating at normal tem-

peratures.40,41 There is no consensus on the time needed for spin-

dle reformation, however, with recommendations ranging from

use of the oocyte 1 hour postthaw42 to some groups recommend-

ing 3 to 5 hours postthaw for optimal spindle reformation.17,37,41

Cryopreservation of an oocyte with the slow-cooling proto-

col involves the use of cryoprotectants to dehydrate the cell and

protect against the formation of ice crystals inside the oocyte.

There is variation among the different protocols used, but gen-

erally a combination of an alcohol and a sugar in a nonaqueous

solvent (usually 1, 2-propanediol and sucrose with dimethyl-

sulphoxide) are used as cryoprotectants. The alcohol actually

permeates the cell to prevent the formation of ice crystals, and

the sugar provides the osmotic stress to draw water out of the

cell. The oocytes are then cooled at a rate of 0.5�C to 3�C for

the cell to slowly equilibrate.37,43 Studies show that supple-

mentation of medium with choline is associated with a higher

rate of spindle reformation.16,21 The cryoprotectants used in the

slow-cooling protocol have been shown to help retain the spin-

dle structure during the cooling phase, as well.44

Vitrification is a method where oocytes are rapidly cooled to

temperatures of around �173�C in order to allow oocytes to

freeze without forming ice crystals. It is imperative that the

oocyte is brought to these low temperatures quickly, and cool-

ing rates of �2500�C/min have been estimated.45,46 Such high

cooling rates and low temperatures are only achievable with a

maximization of the surface area–volume ratio of the liquid to

be frozen and a high rate of heat transfer. Many methods have

been developed to create these conditions including open-

pulled straws47-49 and closed-pulled straws (CPS).45,50 One

tool for vitrification that has also been very successful is the

Cryotop. By ultimately placing the oocyte on a thin film, the

Cryotop straw dramatically increases the oocyte cooling rate

to�23 000�C/min.49,51,52 Similar to the slow-cooling protocol,

cryoprotectants are heavily used in vitrification to lower the

chance of damage done by the formation of ice crystals, but

these cryoprotectants can have toxic effects on the oocyte if

present for long periods of time.43,53

Studies have compared slow freezing of oocytes to vitrifica-

tion and examined morphological appearance, meiotic spindle,

and oocyte configuration. A number of authors have shown that

vitrification is simple and more effective than slow freezing

and offers better survival rates.54-58 Vitrification minimizes

damage associated with the formation of ice crystals, chilling

injuries, and osmotic shock58 and improves oocyte survival and

pregnancy rates.58-64 Vitrification maintains the morphology of

spindle apparatus.58 DNA integrity was comparable after slow

freezing and vitrification and may also be responsible for

improved survival rates of oocytes seen after vitrification.58

Incidence of aneuploidy was similar in both the meth-

ods.58,60,65 After 1 hour of incubation, majority of the vitrified

oocytes maintained normal meiotic spindles and chromosome

configuration compared to the slow freezing group.60

In Vitro Maturation

Cryoprotectants and the freezing/thawing process itself can be

very dangerous to a meiotic spindle. One strategy to prevent this

damage is to freeze oocytes in an immature stage, then allow

them to mature and form the spindle structure after they thaw.66

Although the removal of immature oocytes sometimes has a

lower yield of viable embryos, it can be advantageous for

patients with polycystic ovarian syndrome (PCOS) and PCO-

like conditions, who are more susceptible to ovarian hyperstimu-

lation syndrome (OHSS).67 The removal of immature oocytes

involves less hormonal stimulation and thus decreases the risk

of OHSS compared to the than in traditional IVF cycles.68

In Vivo Factors Affecting Spindle Growth

Even without outside manipulation, not all oocytes are equal.

Maternal age and the internal environment of the mother can

have drastic effects on spindle structure.

Maternal Age

In women after the age of 30, the number of oocytes removed

in an IVF cycle, blastocyst formation rate, and blastocyst

expansion rates all decreased.69 Looking specifically at the

spindle, 79% of the oocytes from older women had chromoso-

mal and spindle abnormalities, compared to only 17% of

oocytes taken from younger women.70 One proposed explana-

tion for this dropoff in oocyte competency is the alteration of

regulatory mechanisms, perhaps by oxidative stress. One study

showed that the degradation of maternal mRNA increased dra-

matically in older mice, which may contribute to this decline.

Analysis of these differentially expressed transcripts revealed

that the spindle assembly checkpoint is weakened as maternal

age increases, and this can contribute to a higher prevalence of

spindle abnormalities, chromosomal derangement, and aneu-

ploidy.71 In fact, immature oocytes taken from older patients

and allowed to mature in vitro showed similar increases in the

presence of nondisjunction errors and chromosomal derange-

ment, implying that regulatory mechanisms are affected, as

opposed to only damage to the spindle structure itself.72 This

degradation may be fueled by increased exposure to oxidative

stress in oocytes as maternal age increases.73 In mice, the

effects of maternal age on the prevalence of aneuploidy were

prevented when placed on a 40% calorie restriction diet.74 In

a recent study, long-term oral administration of resveratrol

(30 mg/L; providing 7.0 mg/kg/d) for 6 or 12 months protected

against the reduction in fertility with reproductive aging in

mice and improved (P < .05) the number and quality of
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oocytes, as evidenced by spindle morphology and chromosome

alignment.75

Endometriosis

Endometriosis is a disease where endometrial cells are found

outside the uterus, leading to pain, infertility, and irregular

bleeding. Endometriosis affects up to 50% of women at repro-

ductive age and is very common in women with infertility.22

Endometriosis can cause oxidative stress in the peritoneal envi-

ronment, which can be harmful to the spindle apparatus.23 No

difference in spindle abnormalities was found between imma-

ture oocytes taken from patients with endometriosis and normal

women when they were matured in vitro.76 When oocytes were

cultured in peritoneal fluid from patients with endometriosis,

however, oocytes had a higher chance of having abnor-

mal spindle and chromosomal arrangement.77 Furthermore,

when endometriotic peritoneal fluid was supplemented with

L-carnitine, a powerful antioxidant, less damage was done to

the cytoskeleton.32

Another way in which endometriosis can affect the spindle

apparatus is through increased levels of cytokines and other

inflammatory response molecules. Interleukin (IL)-1, IL-6, and

tumor necrosis factor-a (TNF-a) are all cytokines that are

found at higher concentrations in peritoneal fluid of patients

with endometriosis.78 Mouse oocytes exposed to increasing

concentrations of IL-6 had a dose-dependent increase in spin-

dle alterations and chromosomal disarray.14 The TNF-a was

also observed to increase the incidence of spindle alterations

in a time- and dose- dependent manner.34 What more, the pres-

ence of TNF-a also increased the effects of oxidative stress on

spindle and chromosomal alterations.34 The pathophysiology

of spindle degradation in patients with endometriosis involves

both oxidative stress and cytokine concentrations, but the exact

mechanistic pathway is still not known.

Conclusion and Future Considerations

The primary purpose of the meiotic spindle is the segregation

of chromosomes in meiosis, and thus the most common effect

of spindle alterations is nondisjunction, resulting in aneuploidy.

Although there are mechanisms in place to correct the damage

done to the spindle, sometimes this cellular machinery is dam-

aged, resulting in abnormal spindle functioning. In experi-

ments, the extent and prevalence of spindle alterations can be

observed using confocal microscopy. Confocal microscopy

requires the sample to be fixed and stained, however, so it is not

an option for oocytes intended for use in IVF. The PolScope

overcomes this limitation by using birefringence and polarized

light to make visualization of the spindle in real-time possible

and thus making it possible to evaluate the appearance of the

spindle in real time.

The meiotic spindle is a delicate structure with many

regulatory pathways to ensure that it is intact and functional

before proceeding with development and differentiation.

Oxidative stress can also directly damage the spindle structure.

Furthermore, as maternal age increases, the spindle is exposed

to environmental stresses for longer time, resulting in a higher

chance of spindle abnormalities. Endometriosis is a condition

that can adversely affect the spindle structure. Endometriosis

increases the concentrations of cytokines in a womans’ perito-

neal cavity, which have been shown to increase the prevalence

of spindle alterations. Endometriosis patients also have a

higher degree of oxidative stress, another factor associated with

an altered spindle structure.

To avoid damage to the spindle, oocyte cryopreservation

techniques have emerged for mature oocytes. Traditional cryo-

preservation involves cooling the oocyte over the course of a

few hours, whereas vitrification involves freezing the oocyte

nearly instantly to prevent the formation of damaging ice crys-

tals. When thawing the oocyte in either case, the spindle depo-

lymerizes nearly immediately at low temperatures, but it

repolymerizes in a few hours. Cryoprotectants are used to pre-

vent the formation of ice crystals, but they can be toxic to the cell

as well. Mature oocytes are cryopreserved after the stimulation

of the ovaries. In women with PCOS and PCO-like symptoms,

however, this induction protocol puts them at a higher chance

of OHSS. To avoid this, immature oocytes can be aspirated from

a patient, cryopreserved, and then can be matured in vitro.

Although this has a lower success rate than cryopreservation

of mature oocytes, in vitro maturation can give patients prone

to OHSS an option to preserve their oocytes.
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