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Abstract. γ-Tubulin, a member of the tubulin superfamily, is a peri-centriolar component which is
considered to be essential for microtubule nucleation.  The dynamics of γ-tubulin during mouse
oocyte meiotic maturation, fertilization, and early cleavage as well as the co-localization of γ-tubulin
and α-tubulin during the formation of the meiotic I spindle were studied by confocal microscopy.  We
found that γ-tubulin was evenly distributed in the germinal vesicle (GV) stage oocyte.  After germinal
vesicle breakdown (GVBD) γ-tubulin dots were localized in both the cytoplasm and the vicinity of the
condensed chromosomes, and aligned at both poles of the meiotic spindle at prometaphase I and
metaphase I.  At anaphase I and telophase I, γ-tubulin was detected between the separating
chromosomes, while it was absent in the midbody.  At the MII stage, γ-tubulin was again accumulated
at the spindle poles.  α-Tubulin had a similar distribution pattern as γ-tubulin in the cytoplasm and
radiated from γ-tubulin foci close to the chromosomes during the meiotic spindle formation.  After
fertilization, γ-tubulin was translocated from spindle poles to the area between separating chromatids
and distributed around the pronuclei.  It aggregated into some dots during the interphase, but was
distributed on the mitotic spindle poles in early embryos.  Our results suggest that γ-tubulin is
essential for microtubule nucleation and spindle formation during mouse oocyte meiosis, fertilization,
and early embryo cleavage.
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lmost all animal cells possess a centrosome, a
structure generally composed of two centrioles

surrounded by pericentriolar material (PCM), from
which an interphase network of microtubules and
the mitotic bipolar spindle are nucleated.  Thus, the
centrosome is considered as the microtubule-
organizing center (MTOC) [1].  However, several
examples of meiotic spindles and early embryonic
mitotic spindles  have been formed without
centrosomes, displaying a barrel shape and a non-
astral spindle.  Even in the absence of centrioles,

aggregates of components recognized by anti-PCM
antibodies are present and electron dense material
can be observed [2, 3].  These are thus commonly
considered as MTOCs.  It has been found that γ-
tubulin, a highly conserved member of the tubulin
superfamily, is localized at MTOCs and has been
shown to be involved in microtubule nucleation [4,
5].Genetic results from fungi and Drosophila
indicate that γ-tubulin is essential and required for
spindle function [6–9].  Furthermore, in vitro
experiments demonstrated unequivocally that γ-
tubulin plays an important part in microtubule
nucleation from centrosomes [10].  Most soluble γ-
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tubulin is in a large complex, the γ-tubulin ring
complex (γ-TuRC), which has been purified from
Xenopus eggs [11].  γ-TuRCs nucleate microtubule
assembly at the minus end of microtubules [11, 12]
and act as a minus end capping protein [13].

Recent evidence suggests that γ-tubulin may
have additional functions beyond microtubule
nucleation.  Studies in S. pombe have shown that γ-
tubulin has a function in altering interphase
microtubule arrays and is also necessary for
anaphase A (chromosome to pole movement) in
mitosi s [14] .   I n Drosophi la  me lan mogast er ,
observations of a mutant γ-tubulin revealed that γ-
t u b u l in  w a s  n o t  a b s o lu te ly  re q u i re d  f or
microtubule nucleation in meiotic cells, but was
important for the organization of microtubules into
functional meiotic spindles [15].  Furthermore,
there are some data indicating that γ-tubulin has
roles in spindle elongation [16, 17], check-point
regulation [14, 18, 19] and microtubule dynamics
[14, 16].

Although numerous studies have revealed the
roles of γ-tubulin in mitotic division, its functions
during meiosis are not fully understood, especially
in mammalian oocytes.  Mammalian oocytes are
ideal models for the study of the meiotic cell cycle,
during which considerable chromosomal and
cytoplasmic changes occur, including chromosome
condensation, GVBD, spindle organization, polar
body emission etc.  In mouse metaphase II-arrested
oocytes, γ-tubulin foci have been found at the
meiotic spindle poles and the cytoplasmic MTOCs
[20, 21].  In pig oocytes, γ-tubulin is localized along
spindle microtubules at metaphase I and until early
anaphase I, when it becomes aggregated around
the spindle poles [22].  These spindle associated
localizations of γ-tubulin reflect its function in
microtubule nucleation.

In the present study, we aimed to reveal the
dynamics of γ-tubulin during mouse oocyte meiotic
maturat ion,  fert i lization and early embryo
development and to investigate the interaction
between γ-tubulin and α-tubulin during meiosis I
spindle formation.  For this purpose, we used
immunofluorescent confocal  analy sis  with
antibodies against α-tubulin and γ-tubulin.

Materials and Methods

Chemicals
All the chemicals used in this experiment were

purchased from Sigma Chemical Company (St.
Louis, MO) except for those specifically noted.

Oocyte collection and culture 
Female Kunming mice at 4–6 weeks age were

injected with 10 IU pregnant mare’s  serum
gonadotropin (PMSG).  Approximately 48 h later,
GV-stage oocytes were collected from the ovaries
by puncturing antral follicles with a needle (27
gauge).  Cumulus-free and GV-intact oocytes were
cultured in M2 (Sigma, St. Louis, MO) medium at
37 C in a humidified atmosphere of 5% CO2.

Cumulus cell-enclosed, metaphase II-arrested
eggs were obtained from mice of the same strain.
After intraperitoneal injections of 10 IU PMSG and
hCG 48 h apart, animals were sacrificed by cervical
dislocation 16 h after hCG injection.  The cumulus
cell masses surrounding the eggs were removed by
brief exposure to 300 IU/ml hyaluronidase in M2
medium.

In vivo and in vitro fertilization
In vivo fertilized zygotes were collected 16 h post-

hCG from the oviduct ampullae of superovulated
females that had been mated with the same strain
of males.  After removing cumulus cells with 300
IU/ml hyaluronidase in M2 medium, zygotes were
cultured in M16 (Sigma) medium.  Two-cell
embryos were f lushed from the oviducts of
copulated mice 44–46 h after hCG injection.
Zygotes and embryos were cultured in M16
medium at 37 C in a humidified atmosphere of 5%
CO2.  Embryos at different stages of mitosis were
collected for confocal microscopy.

On the day of MII stage oocyte collection, male
mice were also sacrificed by cervical dislocation.
The cauda epididymides were dissected away and
minced slightly into pre-warmed M16  medium at
37 C for sperm capacitation.  Oocytes were
inseminated in a 50 µl drop of M16 medium with
capacitated spermatozoa (1 × 106 cells/ml).  The
emission of the second polar  body and the
formation of the pronuclei were observed with an
inverted microscope.

Confocal microscopy 
After removal of zona pellucida (ZP) in acidified
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Tyrode's solution (pH 2.5), oocytes or embryos
were fixed in 4% paraformaldehyde in PBS for 30
min and then incubated in incubation buffer (0.5%
TritonX-100 in 20 mM Hepes, pH 7.4, 3 mM MgCl2,
50 mM NaCl, 300 mM sucrose, 0.02% NaN3) for 30
min.  After placing in methanol for 5 min at –20 C,
th e  e g g s  o r  e mb ry os  we re  w ash e d in  P BS
containing 0.1% Tween 20 and 0.01% Triton X-100
three times and then blocked in 1 mg/ml bovine
serum albumin (BSA) in PBS for 1 h.  The oocytes or
embryos were incubated with 1:400 rabbit anti-γ-
tubulin antibody (Sigma T3559) for 1 h before three
washes, 5 min each, and then incubated with 1:100
FITC-conjugated goat anti-rabbit IgG for 1 h.  After
another three washes, the oocytes or embryos were
stained with 10 mg/ml propidium iodide (PI) for
10 min.  Finally, the eggs or embryos were mounted
on glass slides and examined using a TCS-4D laser
scanning confocal microscope (Leica Microsystems,
Bensheim, Germany).

When eggs were double labeled for α-tubulin
and γ-tubulin, they were incubated with 1:100
TRITC-conjugated goat anti-rabbit IgG for 1 h after
incubation in rabbit anti-γ-tubulin antibody and
three washes as described above.  After another
three washes the eggs were incubated with 1:200
FITC-conjugated anti-α-tubulin antibody (Sigma
F2168) for 1 h.  Finally, after three washes, the eggs
were mounted on glass slides and examined.

The spindle organization was determined by
incubating the eggs in 1:50 diluted FITC-anti-α-
tubulin for 1 h after fixation and permeablization as
described above.

Experimental design
Experiment 1.  The localization of γ-tubulin

during the meiotic maturation,  in vitro fertilization
and early embryo cleavage was studied.  Eggs at
different stages were fixed for confocal microscopy.

Ex p e r im e n t  2 .   T o  in ve s t i g a t e  t h e
interrelationship between  meios is  sp indle
formation and γ-tubulin localization, oocytes at
different stages of spindle formation were collected
for double-staining confocal microscopy.

Results

Subcellular localization of γ-tubulin during oocyte 
maturation 

During oocyte maturation, the localization of γ-

tubulin was  examined using anti-γ - tubulin
antibody (Fig. 1 and Fig. 2).  In fully-grown GV
stage oocytes, γ-tubulin was diffusely localized in
both the cytoplasm and the germinal vesicle (Fig.
1A).  After GVBD, when chromatin assembles to
form chromosome clusters, some distinct γ-tubulin
f o c i  w e re  d e t e c t e d  in  t h e  v i c i n i t y  o f  t h e
chromosomes as well as in the cytoplasm (Fig. 1B).
In prometaphase I ,  γ - tubulin became more
aggregated on or close to the chromosomes and
fewer cytoplasmic γ-tubulin foci were observed
(Fig. 1C).  Before the condensed chromosomes
organized at the equatorial plate, the γ-tubulin foci
moved away and aligned at both poles of the
metaphase I spindle (Fig. 1 D and E).  When the
chromosomes aligned on the metaphase plate, γ-
tubulin was detected as two dots associated with
the spindle poles (Fig. 1F).  During the formation of
the meiosis I spindle, γ-tubulin was also present as
some asters in the cytoplasm in addition to its
spindle-associated localization (Fig. 1 D, E and F).
In anaphase I and telophase I,  following the
separation of chromosomes, γ-tubulin changed
from a highly aggregated form to an amorphous
form and progressively localized between the
separating chromosomes, but was completely
excluded from the midbody (Fig. 1 G, H and I).  At
the MII stage, γ-tubulin again accumulated at the
sp in dle  po le s  be fore  th e  f orma t io n of  th e
metaphase II plate, becaming two spots when the
chromosomes aligned at the equator completely
(Fig. 1 J and K).  An MII oocyte without primary
antibody treatment was used as a negative control
for γ-tubulin staining (Fig. 1L).

Subcellular localization of γ-tubulin during 
fertilization and early embryo cleavage 

In our experiment, the oocytes extruded their
second polar body 2 h after insemination, and
completed pronuclear formation 6–8 h after
insemination.  As shown in Fig. 2, the chromatids
separated and moved to the spindle poles after
sperm penetration.  During this process, the
localization of γ-tubulin was similar to that in
meiosis I, changing from aggregated dots to an
amorphous form and progressively localizing to
the area between the separated chromatids (Fig. 2
A, B and C).  With the completion of meiosis II and
the formation of the male and female pronulei,
slight γ-tubulin dots were observed around the
female pronuclei (Fig. 2D).  When the pronuclei



MENG et al.100

enlarged and became opposed to each other, many
γ-tubulin dots were distributed on the pronuclei or
in the vicinity of the pronuclei (Fig. 2E).  At the
metaphase of the first mitosis, γ-tubulin was again
detected on the spindle poles (Fig. 2F).  By the
completion of the first cell cycle, two blastomeres
h ad formed and both  of  the m en tered  th e
interphase.  At this time, γ-tubulin dots were
distributed around the nucleus (Fig. 2G).  At the
three and four cell stages, faint γ-tubulin foci were

observed in the cytoplasm or in the vicinity of the
interphase nucleus (Fig. 2H).

Co-localization of α- and γ-tubulin during the 
formation of meiosis I spindle

γ-Tubulin was distributed evenly in GV intact
mouse oocytes (Fig. 1A).  α-Tubulin condensation
was detected at the periphery of the GV (Fig. 3A).
Shortly after GVBD, diffusely distributed γ-tubulin
assembled in an area that might have been the

Fig. 1. Immunofluorescent localization of γ-tubulin during meiotic maturation of mouse oocytes. Green, γ-tubulin; red,
chromatin. γ-Tubulin was distributed evenly in the GV oocyte (A). When GVBD occurred, γ-tubulin concentrated into
some dots, and localized both in the cytoplasm and in the vicinity of the chromosomes (B). γ-Tubulin dots become more
aggregated around the condensed chromosomes (C). γ-Tubulin began to migrate to the spindle poles (D). Then, γ-tubulin
concentrated on the two poles of the spindle before the chromosomes arranged in the middle of the spindle (E). At
metaphase I, γ-tubulin accumulated as two dots at the spindle poles (F). At the early anaphase I, when the chromosomes
begin to separate, γ-tubulin became less accumulated at the spindle poles (G). Following the separation of the
chromosomes, γ-tubulin was localized along the whole spindle (H). At telophase I, γ-tubulin was localized between the
separated chromosomes (I). At early metaphase II, γ-tubulin re-aggregated and began to migrate to the meiosis II spindle
poles (J). γ-Tubulin was localized at the poles of the spindle as well as in the cytoplasm in the MII oocyte (K). An MII
oocyte was used as a negative control for the γ-tubulin staining, in which no first antibody was used but the fluorescent
second antibody was used as in the experimental group (L). Original magnification × 630 (the same as in Figs. 2 and 3).
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location of the condensed chromosomes (according
to the localization of γ-tubulin and the chromatin as
shown in Fig. 1) and many short microtubules (α-
tubulin) grew from the γ-tubulin foci.  Despite the
chromosome-associated localization, α-tubulin and
γ-tubulin dots were also detected in the cytoplasm
and these two tubulins were highly identical in the

localization (Fig. 3B).  Then γ-tubulin became more
aggregated and the microtubules grew longer,
radiating from the γ-tubulin centers.  At this stage,
less tubulin foci were observed in the cytoplasm
(Fig. 3C).  When the γ-tubulin moved away and
aligned at the meiosis spindle poles, the randomly
arrayed microtubules were in the process of

Fig. 2. Localization of γ-tubulin after fertilization and in early embryos. γ-Tubulin became less aggregated shortly after
insemination (A). When the chromosomes separated, γ-tubulin was detected along the whole meiosis II spindle (B).
During the extrusion of the second polar body and the formation of the pronuclei γ-tubulin was localized to the area
between the separated chromatid, absent in midbody (C and D). Many γ-tubulin dots were detected around the
adjacent pronuclei (E). γ-Tubulin aggregated near the spindle poles during the first mitosis (F). γ-Tubulin
accumulated around the nucleus at the interphase of two, three and four cell stage embryos (G, H, I).
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becoming two polarized arrays (Fig. 3 D, E, F, and
G).  At the MI stage, the microtubules were
organized into a fusi-form metaphase spindle and
γ-tubulin was localized at the poles (Fig. 3 H and I).

Discussion

In all eukaryotic cells, there is strong evidence
showing that microtubule nucleation is mediated
by the γ-tubulin complex.  In the present study, in
addition to providing evidence of its function in
microtubule nucleation, we also found that γ-
tubulin may play a role  in  meiot ic  spindle
formation in mouse oocytes.

The subcellular localization of γ-tubulin has been
investigated in oocytes of insects, amphibian and
mammals.  However, the dynamics of γ-tubulin
during the spindle formation have exhibited some
differences among different animals.  In Xenopus
o o c y t e s ,  γ - t u b u l in  w a s  b o u n d  t o  s p i n d le
microtubules during the formation of the spindle,
and it was only after full elongation of the meiotic
spindle that γ-tubulin became heavily concentrated
at the spindle poles [23].  But in Drosophila oocytes,
a surprising feature was that γ-tubulin was not
detected at the poles of the meiotic I spindle [24].
Our results show that in mouse oocytes γ-tubulin
dots are localized in the vicinity of the condensed
chromosomes after GVBD and align at both poles
of the meiotic spindle.  In contrast, pig oocytes did
not show γ-tubulin dots but amorphous γ-tubulin
staining surrounding the chromatin clusters in late
diakinesis after GVBD was observed.  It was
detected along spindle microtubules at metaphase
I, and it became aggregated around the spindle
poles until early anaphase I [22].  Recently, γ-
tubulin was detected in the MII spindle and in the
cortex of bovine oocytes [25].  These differences
suggest that γ-tubulin may play roles other than
microtubule nucleation and may also reflect
different mechanisms of spindle formation among
different animal oocytes.

Our results show that γ - tubulin is evenly
distributed in GV intact mouse oocytes.  This
localization is different from previous reports [26,
27].   These disagreements may be due to the
different treatments of the oocytes adopted by
different authors.  Mouse oocytes begin to mature
immediately after being released from the follicular
e n vi ro n m e n t .   C a la r c o  [ 2 6 ]  u s e d

isobutylmethylxanthine (IBMX) to block the
initiation of maturation and examined the true
time-zero sample.  She found two γ-tubulin foci
near the periphery of the oocyte, which moved
ra p idly  aw a y  f ro m  th e  co r te x  a lo n g  w i th
fragmentation into smaller units when oocytes
were placed in IBMX-free medium [26].  This
suggests that γ-tubulin responds to the signal of the
initiation of the meiotic maturation and moves
quickly from the cortex of the oocytes to the
germinal vesicle to allow the formation of the
meiotic spindle.

T h e  p re se n c e  o f  c y t o p la s m i c  M T O Cs ,
independent of the meiotic spindle, is a peculiarity
of the mouse oocyte.  In our experiments, γ-tubulin
spots were observed in the cytoplasm during the
process of meiotic spindle formation.  Just before or
shortly after GVBD, γ-tubulin changed rapidly
fr om  a n  e ve n ly  d i s tr ib u te d  f orm  to  s om e
aggregated dots.  Then with the accumulation of γ-
tubulin around the chromatin clusters, fewer
cytoplasm γ-tubulin dots were detected.  Along
with the aggregation of γ-tubulin, α-tubulin grew
and then formed microtubule asters around γ-
tubulin dots.  These results suggest that the origin
of meiotic spindle poles in the mouse oocyte is
associated with MTOCs near the condensed
chromosomes and that spindle  γ -tubulin is
recruited from the cytoplasm during the process of
spindle assembly.  It was interesting that α-tubulin
foci were highly co-localized with γ-tubulin foci in
the cytoplasm shortly after GVBD.  The consistent
co-localization of α-and γ-tubulin indicates that
microtubules are nucleated from the γ-tubulin foci.
Wh e n  t h e  γ - tu b u l in  d o ts  g o t  c lo se  t o  th e
chromosomes, the microtubules had radiated from
the γ-tubulin centers.  We can infer from this
phenomenon that microtubule nucleation could
happen without chromosome regulation, while the
spindle organization is probably dependent on the
regulation of the chromosomes.  This is consistent
with previous conclusions regarding mitotic cells
and pig oocytes [28, 29].

The interaction of γ-tubulin with the formation of
meiosis I spindle was clearly observed when the
mouse oocytes were double-labeled for γ-tubulin
and  α-tubulin.  In our culture system, γ-tubulin
spots were detected migrating to the spindle poles
4 h after GVBD and aligning at both poles of the
m e io s i s  I  s p i n d le  b e f o r e  t h e  c o n d e n s e d
chromosomes organized at the equatorial plate.
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Correspondingly, the microtubules that grew from
γ-tubulin changed from a randomly arrayed
emanation to a fusi-like form.  At metaphase I
stage, the microtubules constituted the meiosis I

spindle and on its two poles, two localized, highly
aggregated γ-tubulin dots.  Recently, evidence that
γ- tubulin h as  a  function in mitotic  spindle
organization has been reported [15, 30].  The kinesis

Fig. 3. Co-localization of α-tubulin and γ-tubulin during the formation of the meiosis I spindle. Green, α-tubulin; red,
chromatin (A) or γ-tubulin (B-I); yellow, overlapping of green and red. α-Tubulin was localized around the germinal
vesicle (A). Overlapping α-tubulin and γ-tubulin dots were detected in the cytoplasm and around the area of the
nucleus . Some short microtubules (α-tubulin) radiated from the chromosome associated γ-tubulins (B). γ-Tubulin
became more accumulated and many microtubules grew from the γ-Tubulin foci (C). γ-Tubulin began to move to the
meiotic poles (D). γ-Tubulin concentrated on the two poles of the spindle and microtubules arranged progressively
into a fusi-form spindle (E, F, and G). γ-Tubulin was localized at the meiosis I spindle poles (H). An MII oocyte was
used as a negative control for the α-tubulin and γ-tubulin double staining, in which no γ-tubulin first antibody was
used but the fluorescent second antibody and FITC-conjugated anti-α-tubulin IgG were used as in the experimental
group (I). 
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of γ-tubulin during meiosis I spindle formation
suggests its roles in this process in mouse oocytes.
Paluh et al. [14] suggested that γ-tubulin may play a
role in anaphase in S. pombe.  However, the role of
γ-tubulin in anaphase in mammalian oocytes is not
known.  Its spindle-associated localization may
reflect its function in microtubule movements.

At an early stage of fertilization, no γ-tubulin foci
were observed around the sperm chromatin or
early male pronucleus, which is consistent with a
previous conclusion that the centrosome is
maternally inherited in the mouse.  γ-tubulin foci in
the egg cytoplasm and spin dle  poles  were
transformed to amorphous γ-tubulin between the
separating chromatids, and cytoplasmic γ-tubulin
foci disappeared.  When the pronuclei became
enlarged and got close to each other, many γ-
tubulin dots in the vicinity of the pronuclei were
observed.  The accumulation of γ-tubulin around
the pronuclei may be responsible for extensive
microtubule assembly in this region.  In the pig
zygote, male and female pronuclei were included
in separate domains of microtubules [31].  In bovine
oocytes, maternal γ-tubulin is recruited by a sperm
component to reconstitute the zygotic centrosome
[25].  The same conclusion was drawn from an in
vitro experiment [32].  Although the mechanism of
recruitment of γ-tubulin to the sperm component is
currently unclear, it appears to be true that a model
of blended zygotic centrosome composed of

maternal constituents is introduced to a paternal
template after insemination[32].

Gueth-Hallonet et al. [20] found no cytoplasmic
staining of γ-tubulin in the interphase of the mouse
blastomeres as a result of dispersing of γ-tubulin in
the cytoplasm.  In our experiment, γ-tubulin dots
were obviously observed close to the pronuclei and
the nucleus in the interphase of the 1–4 cell mouse
embryos.  This inconsistency may be due to the
different antibodies used by different authors or
due to the difference of the immunofluorescence
analysis.  The aggregation of γ-tubulin in the
cytoplasm in the interphase allows mitotic spindle
formation during rapid early cleavage.  Taken
together, the subcellular localization of γ-tubulin
suggests that this protein plays an important role in
microtubule nucleation and meiotic or mitotic
spindle formation in mouse oocytes, fertilized eggs,
and early embryos.
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