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Horse oocytes (n = 37) were recovered in vivo from pre-
ovulatory follicles 30 h after an ovulation-inducing hCG
injection and were examined by fluorescent staining and
confocal microscopy. Percentages of metaphase-1 (MI), meta-
phase-IT (MII) and atypical oocytes were 11%, 78% and 11%
respectively. Microtubules were concentrated in the meiotic
spindle in both MI and MII oocytes. Chromosomes in the
metaphase plate were anchored at the equatorial region of the
spindle. Spindle orientation was perpendicular to the oolema
in all MI oocytes, whereas in MII oocytes, 66% were parallel
and 34% were perpendicular. In MII oocytes, the nuclear
material in the polar body had no specific organization and
was intertwined with microtubules. Discrete foci of microfil-
aments at the sub-cortical region of the ooplasm formed an
F-actin band, as seen in the inner confocal sections. The
percentage area of oocyte image with discrete foci and/or the
thickness of F-actin band was used to indicate microfilament
content. Microfilament content was greater (p < 0.006) in
MII oocytes than in MI oocytes and greater (p < 0.03) in MII
oocytes with a perpendicular spindle than with a parallel
spindle. The perpendicular spindle orientation in MII oocytes
may have represented a later stage of maturation. Atypical
oocytes were based on microtubules that were detached from
the kinetochores and spread in the ooplasm or by microtubules
that accumulated as an amorphous mass near the condensed
chromatin. This is the first description of the nuclear config-
uration, spindle morphology and cytoskeletal organization of
in vivo maturing horse oocytes.

Introduction

Nuclear and cytoplasmic remodelling during meiotic
progression in mammals is essential for oocyte compe-
tence for fertilization and subsequent embryo develop-
ment (Albertini et al. 1993). The nuclear reconfiguration
during oocyte maturation is facilitated by the meiotic
spindle that originated from the polymerization of
tubulins to microtubules (Soifer 1986). Microfilaments
are formed by the polymerization of the globular actin
(G-actin) to filamentous actin (F-actin) and gives
structural strength to the oocyte (Campbell et al.
1999). The oocyte competence achieved by cytoplasmic
maturation involves peripheral movement of the cortical
granules, rearrangement of the mitochondrial popula-
tion and other organelles (Grondahl et al. 1995; Torner
et al. 2007). These changes are facilitated by the
microtubules and microfilaments (Sun and Schatten
2006). The final steps of oocyte maturation involve
spindle rotation, anchoring of spindle to the oolema and
extrusion of the polar body; all these steps are facilitated
by the microfilaments (Maro et al. 1984; Terada et al.
1995; Sun and Schatten 2006).

Slaughterhouse-derived horse oocytes have been used
to describe the chromatin configuration and cumulus
morphology after culturing in vitro (Hinrichs et al. 1993,
2005; Hinrichs and Williams 1997). In other studies,
oocytes that were aspirated from pre-ovulatory follicles
were used for examination of the meiotic spindle
morphology in vitro (Goudet et al. 1997), oocytes
ultrastructure in vivo (Grondahl et al. 1995), or the
initial chromatin configuration and mitochondrial
aggregation after culturing in vitro (Torner et al.
2007). Nuclear configuration and cytoskeletal structure
of in vitro matured horse oocytes have also been
described (Tremoleda et al. 2001). To our knowledge,
the combination of nuclear configuration, spindle mor-
phology and the cytoskeletal organization of in vivo
maturing horse oocytes have not been reported.

Oocyte maturity is often determined by the presence
or absence of the first polar body in the perivitelline
space (Choi et al. 2006; Ginther et al. 2007). Oocytes
categorized as immature because of an absence of the
first polar body most likely are at different meiotic
stages before reaching MII stage. Similarly, the oocytes
categorized as mature by identifying the first polar body
in the perivitalline space might develop changes in
spindle orientation or cytoskeleton network to recon-
figure the chromatin to acquire fertilization competence.
Furthermore, abnormalities in the oocyte may involve
nuclear, meiotic spindle and other cytoplasmic compo-
nents during maturation (Goudet et al. 1997; Delimitr-
eva etal. 2006; Eichenlaub-Ritter etal. 2007).
Stereomicroscopic examination of oocytes is limited in
determining such abnormalities. Use of multiple fluo-
rescent probes and confocal microscopy provides an
effective means of simultaneous visualization of chro-
matin configuration, microtubules and microfilaments
distribution in the oocyte (Tremoleda et al. 2001;
Plancha and Albertini 1994). This experiment was
performed to characterize the meiotic changes with
regard to nuclear configuration, spindle morphology
and cytoskeletal organization of in vivo maturing horse
oocytes.

Materials and Methods

Source of oocytes

The oocytes (n = 37) were obtained from pony mares
by transvaginal follicle aspiration during a previous
study (Ginther et al. 2007). Animals were handled in

accordance with the United States Department of
Agriculture Guide for Care and Use of Agricultural
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Animals in Agricultural Research and Teaching. Infor-
mation on the mares, including feeding and experimen-
tal conditions, has been reported (Ginther et al. 2007).
Briefly, mares with a growing 28 mm follicle 15 days
after ovulation were scanned daily by B-mode ultraso-
nography until a >32 mm follicle was detected. Each
mare with a 232 mm follicle was given an injection of
2500 I.U. of hCG and oocyte recovery was attempted
30 h later. Following aspiration of follicular fluid, the
follicle was lavaged with 180 ml of PBS (pH 7.4, 37°C).
The lavaging fluid was searched under stereomicroscope
in a warm room and the oocyte was identified within
5 min after completing the recovery procedure.

Oocyte processing and staining

Unless otherwise stated, all chemicals, reagents, buffers,
serum and monoclonal antibodies were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). After the
oocyte recovery procedure, the cumulus oocyte complex
(COC) was separated from the granulosa cells and
washed twice in PBS that contained 0.1% BSA. The
cumulus cells were removed by treating the COC in a
25 wl drop of hyaluronidase (0.05% in PBS + 0.1%
BSA) for 1 min and pipetting several times. The
immunocytochemical labelling was done as described
(Albertini and Clark 1981; Ju et al. 2003) with some
modifications as given below. Each oocyte was pro-
cessed separately to maintain the identity of the oocyte.
The denuded oocyte was fixed in 150 pl of microtubule
stabilizing buffer (0.5 m PIPES, 25 mM magnesium
chloride, 0.01% aprotinin, 1 mMm dithiothreitol, 50%
deuterium oxide, 1 mm taxol, 0.1% triton-X and 2%
formaline), incubated for 1 h at 38°C and stored at 4°C
until immunofluorescent staining.

The fixed oocytes were washed and incubated for 2 h
at 38°C in the blocking solution (2% goat serum, 2%
BSA, 0.2% non-fat dry milk, 0.1 m glycine, 0.01%
triton-X and 0.02% sodium azide in PBS). The oocytes
were incubated with primary antibody against microtu-
bules [dilution 1 :200, monoclonal mouse anti-o-
(Sigma catalogue # T5168) and anti-f-tubulins (Sigma
catalogue # T5293)] for 4 h at 38°C. Next, the oocytes
were incubated with secondary antibody conjugated
with fluorescein isothiocyanate [FITC; dilution 1 : 200;
goat anti-mouse antibody (catalogue # 55514), Cappel®,
West Chester, PA, USA] for 1.5 h in the dark at 38°C to
visualize microtubules. To visualize the microfilaments,
the oocytes were incubated in phalloidin conjugated
with tetramethylerhodamine isothiocyanate [TRITC;
dilution 1 : 500; Rhodamin Phalloidin (catalogue #
R415), Molecular Probes, Eugene, OR, USA] for
30 min in the dark at 38°C. To visualize chromatin,
the oocytes were stained with Hoechst 33342 [10 pg/ml
in PBS (catalogue #H1399), Molecular Probes, Eugene,
OR, USA] for 15 min in the dark at 38°C. Each step of
immunolabelling of the oocyte was followed by washing
for 1 h in blocking solution.

Confocal microscopy and image analysis

After staining, the oocytes were mounted individually
on a glass slide. To avoid excessive pressure, the cover

slip was supported by droplets of paraffin—vaseline
mixture placed on each of the four corners. The space
between the slide and cover slip was filled with mounting
media (2.5% DABCO in glycerol) and sealed with clear
fingernail polish. The oocytes were examined using an
inverted fluorescence microscope (Zeiss, Axiovert 200M,
Carl Zeiss Microimaging Inc., Thornwood, NY, USA)
that was equipped with an electron multiplying coupled
charged device (EMCCD) camera and spinning Nipkow
disc (Andor Technology Plc, Belfast, UK). Individual
oocytes were scanned using a sequential scanning mode.
Three filter sets with an excitation filter of 360 + 20,
490 £+ 10 and 555 £ 14 nm and an emission filter of
457 + 25, 617 £ 36 and 685 £ 20 nm were engaged
simultaneously to excite the Hoechst 33342, FITC and
TRITC for visualization of the chromatin, microtubules
and microfilaments, respectively. A complete z-stack of
20 optical sections, each section with an image resolu-
tion of 512 x 512 pixels, was acquired from individual
oocytes and recorded in a computer hard disc. The
microscope adjustment and the camera settings were
kept constant for all oocyte evaluations.

For qualitative evaluation of the oocytes, z-stack
images were analysed by ANDOR 1Q imaging software
(version 1.2.0, Andor Technology Plc, Belfast, UK).
Meiotic spindle quality and the spindle orientation were
determined by assessing the reconstructed images. For
quantification of the microfilaments, z-stack images of
individual oocytes were analysed by IMAGE 1 (version
1.32C, National Institute of Health, USA) (Rasband
20006). Briefly, an image slice from each z-stack was
selected that focused the outermost surface of the
oolema (plasma membrane) and depicted clear and
distinct fluorescent signals emitting from the microfila-
ments (Fig. 1a). The 8-bit images were processed to
sharpen the fluorescent signals emitted from the TRITC
labelled microfilaments. A circular gate circumscribing
the ooplasm of the oocyte defined the region of interest
(ROI; Fig. 1b). The ROI was converted to a binary
image and the percentage area of ROI with grey spots
was measured to represent the content of microfilaments
in the oocyte (Fig. 1c). An image slice of the equatorial
section of the oocytes was selected from the z-stack
images and the thickness of F-actin band of the oocyte
was measured from the 12, 3, 6 and 9 o’clock positions
by placing a straight line across the width of the band.
The mean value of four measurements of each oocyte
was used in statistical analysis.

The oocytes were grouped into metaphase-I (MI, no
polar body), metaphase-II (MII, polar body) and
atypical. The atypical grouping was based on microtu-
bules that were detached from the kinetochores giving
the appearance of a disorganized spindle or an accu-
mulation of an amorphous microtubular mass near the
condensed chromatin. Comparisons were made among
the three groups.

Statistical analysis

The data were analysed in sAs statistical software
(version 9.1.3, SAS Institute Inc., Cary, NC, USA).
The microfilament content indicated by percentage arca
of oocyte image with discrete foci and the thickness of
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Fig. 1. Images taken during processing of an oocyte for the quantification of microfilaments. (a) Original image showing discrete foci (white
spots) of the fluorescent signals emitted from the microfilaments. (b) Processed image depicting the enhanced fluorescent signals of
microfilaments; the white circle circumscribing the ooplasm is the region of interest (ROI). (c) Binary image of the ROI; the percentage area in the

ROI with grey spots was used to express the content of microfilaments

F-actin band of the oocyte groups (M1, MII and atypical)
were analysed by general linear model (GLM) procedure
for a group effect and the group means were compared
with an LSD test. Frequency data for spindle orientation
were analysed by chi-square test of independence. A
probability of p < 0.05 indicated that a difference was
significant. Frequency and discrete data are presented as
percentage and mean + SEM values, respectively.

Results
Nuclear and meiotic spindle configuration

The percentage of MI, MII and atypical oocytes was
11%, 78% and 11% respectively. The MI oocytes were
characterized by the meiotic spindle and a metaphase
plate (Fig. 2a). The meiotic spindle was barrel-shaped
with two poles. The chromosomes were aligned on the
metaphase plate and were anchored by microtubules at
the equatorial region of the spindle. The spindle position
of the oocyte was close to the oolema. In all MI oocytes,
the meiotic spindles were positioned perpendicular to
the oolema.

The MII oocytes were characterized by the presence
of nuclear material on the meiotic spindle and the first
polar body in the perivitelline space (Fig. 2b). The
organization of the meiotic spindle and chromosomes
was similar to that observed in the MI oocytes. In MII
oocytes, spindle orientation was parallel and perpendic-
ular in 66% and 34% of oocytes, respectively. The
frequency of perpendicular spindle orientation in MII
oocytes (Fig. 2¢) was lower than in MI oocytes
(Table 1). The microtubules in the polar body of the
MII oocytes were intertwined with the chromatin and
had no specific organization. The chromatin materials in
the polar body were usually separated into clusters
without any specific shape or organization (Fig. 2d).

Two of the four atypical oocytes had disorganized
microtubule arrangement in the MI spindle (Fig. 2e).
The disorganized microtubules appeared to be detached
from the kinetochores and therefore the microtubules
emanated from the spindle poles and spread into the
ooplasm. The other two atypical oocytes had an

accumulation of an amorphous microtubular mass near
the condensed chromatin (Fig. 2f).

Microfilament distribution

Discrete foci of microfilaments that appeared as white
spots at the subcortical region of the ooplasm were
observed in all oocytes (Fig. 2g). Microfilaments at the
subcortical region of the ooplasm were concentrated to
form an F-actin band (Fig. 2h) that was observed in the
inner sections of z-stack images. There was a group
effect in microfilament contents (Table 1) as indicated
by the area (%) of oocyte image with discrete foci
(p < 0.006) and by F-actin band thickness of the oocyte
(p < 0.001). Within the MII oocytes, the contents of
microfilaments as percentage area with discrete foci were
higher (p < 0.03) in oocytes with a perpendicular
spindle (n = 10; 59.2 + 3.3%) than in oocytes with a
parallel spindle (n = 13; 50.9 £ 2.5%). A microfila-
ment-rich brighter region on the actin band, the actin
cap, was observed close to the meiotic spindle (Fig. 2i).
The F-actin band was poorly delineated and the
perivitelline space was absent in two of four atypical
oocytes that had an amorphous microtubular mass near
the condensed chromatin.

Discussion

There was considerable variability in the maturation
stages of the oocytes at the time of recovery, but the
majority (78%) had reached the MII stage. The reasons
for the variability in maturation stages of oocytes may
have represented, at least in part, differential response of
the 232 mm follicles to hCG treatment (Ginther et al.
2007). The extent of in vitro maturation of the horse
oocyte in previous studies has been inconsistent varying
from 20% to 85% (Galli et al. 2007). In this study, 11%
of oocytes that were arrested at the MI stage could have
been cultured for a short duration for maturation
progression, but the potential for the success of matu-
ration progression of the atypical (11%) oocytes is
doubtful. It is likely that the oocytes arrested at MI
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Fig. 2. Confocal microscopic images of in vivo maturing horse oocytes. Blue, green, and red in the color images depict the chromosomes (ch) or
condensed chromatin (cc), microtubules (mt), and microfilaments (mf), respectively. Unless otherwise stated, the original magnification was
x1000. (a) An MI oocyte showing the chromosomes (ch) on the equatorial region of the meiotic spindle (sp) consisting of microtubules (mt). The
spindle is oriented perpendicular to the oolema or plasma membrane at the outer margin of the actin band (ab) formed by microfilaments (mf).
(b) An MII oocyte with a parallel-positioned meiotic spindle (sp) and the first polar body (pb). (c) An MII oocyte with a perpendicular positioned
meiotic spindle (sp); the polar body is not seen in this plane of the image. (d) An MII oocyte with nuclear material in the polar body (pb)
intertwined with the microtubules. (¢) An atypical oocyte representing a disorganized MI meiotic spindle; microtubules detached from the
kinetochores are emanating from the spindle poles and spread in the ooplasm. (f) Atypical oocyte representing an accumulation of an amorphous
microtubular mass (mt) at the upper margin of the condensed chromatin (cc); an inconspicuous line of F-actin band (ab) and absence of
perivitalline space is evident. (g) Discrete foci of microfilaments (red fluorescent signals) on the surface of an oocyte (x630). (h) An MI oocyte with
F-actin band (ab, opposed arrows) surrounding the ooplasm (x630). (i) An MII oocyte with a polar body (pb) and a microfilament-rich area
(actin cap; ac) close to a cross section of the meiotic spindle (sp)

stage 30 h after an hCG injection could be different than
the oocytes that reached MI stage at earlier hours.
However, in the present experimental design, it was not
possible to ascertain this difference.

Meiotic spindles participate in nuclear remodel-
ling and segregation of the chromosomes (Campbell
et al. 1999). Thus, spindle morphology, position and

orientation may be critical to the completion of meiosis.
In mouse MII oocytes, the meiotic spindle is anchored
parallel to the oolema by microfilaments; after sperm
penetration, the spindle rotates 90° driven by the
microfilaments to a position perpendicular to the
oolema (Maro et al. 1984). Perpendicular orientation
of the spindle is thought to facilitate the emission of the
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Table 1. Characteristics of oocytes

in different meiotic stages at 30 h ~ Characteristics

MI oocytes (n = 4)

MII oocytes (n = 29) Atypical oocytes (n = 4)

after hCG treatment of mares
Percentage of oocytes

Spindle orientation
Parallel (%)
Perpendicular (%)
Microfilament contents*
Discrete foci (% area)t
F-actin band thickness (pum)

11 78 11
0% (0/4)* 65.5 (19/29)° —

100% (4/4) 34.5 (10/29)° —

47.0 = 1.6%° 56.0 + 2.0° 26.8 + 2.0°

0.48 + 0.06* 0.55 + 0.01° 0.39 + 0.09°

MI, metaphase I; MII, metaphase II. Within a row, values with different superscripts differ (p < 0.02).
+Only 23 oocyte images of MII oocytes were available for the microfilament evaluation.
*Percentage of the oocyte area with fluorescent signals emitted from microfilaments as indicated by grey spots after

processing of oocyte image.

polar body from the action of microfilaments. In other
mammals, the spindle is oriented perpendicularly in the
MII oocytes (Sun and Schatten 2006). However, all of
the MI oocytes but only 10 of 29 MII oocytes in this
in vivo study had perpendicular spindles. The role of
spindle orientation in horse oocytes has not been studied
by either in vitro or in vivo systems.

In this study, the microfilament content of the oocytes
was considered as an indicator of the cytoplasmic
maturation of the oocytes. Rotation of spindle at the
final stage of meiotic changes and sperm incorporation
at fertilization are facilitated by the microfilaments
(Maro et al. 1984; Le Guen et al. 1989; Sun and
Schatten 2006). The greater thickness of the F-actin
band in MII vs MI oocytes, in this study, represents
greater microfilament content in the MII oocytes,
indicating that the microfilaments are involved in
cytoplasmic maturation. Greater microfilament content
in the MII oocytes with perpendicular spindles than in
the oocytes with parallel spindles suggests that the
perpendicular spindles represent a later stage of oocyte
maturity. That is, the parallel spindles had not yet
rotated to the perpendicular form that precedes extru-
sion of the second polar body. Although not previously
reported for equine oocytes, these considerations have
been noted for other species (Maro et al. 1986; Gard
et al. 1995; Zhong et al. 2005).

Two of the four atypical oocytes represented detach-
ment of microtubules from the kinetochores in the
spindle. Goudet et al. (1997) reported similar disar-
rangement in the meiotic spindle of equine oocytes and
proposed that such disarrangement could be a normal
transitional step in microtubule dynamics during mei-
otic progression. However, similar abnormal spindle
arrangements were also reported in aged or heat
exposed human (Almeida and Bolton 1995), mouse
(Sun et al. 2004), pig (Liu et al. 2003) and -cattle
(Ju et al. 2005) oocytes that were matured in vitro. The
abnormalities/disorganizations of the microtubules in
the meiotic spindle of the oocytes in this study may have
had an abnormal or detrimental microtubule organiza-
tion. The two other atypical oocytes represented an
accumulation of an amorphous microtubular mass at
the margin of the condensed chromatin. A compact
nucleus, absence of perivitaline space and presence of a
very thin line of F-actin band in these oocytes suggest
that they might have been at GV stage (Tremoleda et al.
2001). However, such accumulation of microtubule was
not reported in slaughterhouse-derived horse oocytes
until the germinal vesicle breakdown stage after 12 h of

culture (Tremoleda et al. 2001). Microtubule aggrega-
tion at the GV stage has been reported in human (Kim
et al. 1998), rabbit (Ju et al. 2002) and mouse oocytes
(Mattson and Albertini 1990) but in the pig oocytes such
accumulation of microtubules was not detected (Brevini
et al. 2007). Microtubules are highly temperature sensi-
tive and depolymerization may occur because of tem-
perature fluctuation during oocyte handling. Although,
in this study, precaution was taken to minimize
temperature variations, inadvertent fluctuations could
have occurred. However, it was not possible to deter-
mine if these findings resulted from temperature related
to depolymerization of spindle forming microtubules or
represented a microtubule organizing centre. It is
notable that the increasing follicle diameter, color
Doppler signals of blood flow, B-mode ultrasonographic
morphology and lower percentage of apoptotic granu-
losa cells in these follicles, as reported previously
(Ginther et al. 2007), indicated that the oocytes of this
study were not derived from degenerated follicles.

In this study, 11% of the recovered oocytes that were
grouped as atypical had apparent abnormalities. Nor-
mality of the recovered oocytes (89%; MI and MII) of
this study is similar to a reported 91% fertilization rate
of ovulated oocytes that were obtained from the
oviducts (Peyrot et al. 1987). Thus, 11% of oocytes
classified as atypical may correspond to the reported
rate of unfertilization. It has been suggested that
fertilization and subsequent embryo development are
adversely affected because of spindle abnormalities in
the oocyte (Ju et al. 2005). In conclusion, this study
provided a basis for the understanding of the nuclear
and cytoskeletal organization of in vivo maturing horse
oocytes and demonstrated the distribution of the
microtubules and microfilaments in normal and in
apparently abnormal oocytes.
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