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Functional interrelation of nuclear actin with transcriptional active chromatin in the interphase nucleus was reliably established
in numerous experiments, but the relationship between actin and transcriptional silent chromatin is still unclear. We examined
localization area of the second meiotic division metaphase plate in ovulated mouse oocytes with the aim to study the possibility of
actin-chromatin colocalization and uncovering the distribution patterns of different functional forms of actin near the metaphase
chromosomes. Confocal microscopy and probes for actin that are distinguished from each other by themechanism of actin binding
(TRITC-phalloidin, fluorescent DNase-I, and antibodies against fragment of C-terminal and fragment of N-terminal domain
of actin) were used for actin visualization. Despite the fact that TRITC-phalloidin could not detect F-actin in the area of metaphase
plate, oocytes staining with antibody against fragment of the actin N-terminal domain demonstrates the presence near the
metaphase chromosomes of some spindle-like structure composed of actin filaments. Among all used probes for actin, only the
antibody against fragment of the C-terminal domain detected accurate actin colocalization with metaphase chromosomes. We
conclude that this antibody labeled noncanonical form of the nuclear actin existing in long-term association with highly condensed
chromatin.

1. Introduction

Actin is an important participant of eukaryotic cell
metabolism. Within the nucleus actin exists in several func-
tional forms—monomeric (G-actin), actin oligomers, and
short filaments [1]. The presence of canonical filamentous
actin (F-actin) in the nucleus under normal conditions has
not been authentically proved.

Results of numerous studies carried out with the use of
various somatic cell types have demonstrated involvement
of nuclear actin to such basic nuclear processes as mRNA
processing, nuclear export, and intranuclear transport [2, 3].
By the present time convincing evidence of actin association
with functionally active chromatin was obtained: actin was
identified as a part of all three RNA polymerases [4] and of
chromatin remodeling complexes [5]. But at the same time
interrelations between actin and transcriptional silent highly
condensed chromatin (or chromosomes) are still unclear.

The functional role of actin in nuclear metabolism during
gametogenesis and in initial stages of embryo development

today is poorly understood. Historically the main part of
data on cellular biology of nuclear actin has been received in
experiments designed with the use of cultured somatic cells
or in situ models, and much less works were performed on
early animal embryos or gametes [6–8].

In this study which is performed on ovulated mouse
oocytes, functional forms of actin which are located in the
area of meiosis II metaphase plate were identified at light
microscopic level and patterns of their distribution were
examined. A special attention has been given to actin-
chromatin colocalization.

2. Materials and Methods

The experiments were carried out on BALB/c mice taken
from the animal nursery (Rappolovo, Russia). Females were
received at 6 weeks of age and were acclimated for 2 weeks.
Mice were housed at a density of 5 per cage in well-
ventilated polycarbonate cages on wood chips, in a constant
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temperature facility and have been provided with filtered
water and laboratory chow.All experiments performed in this
study were conducted in accordance with the National Rules
of the Laboratory Procedure with the Use of Experimental
Animals confirmed by the Ministry of Public Health, Order
755.

Females were induced to ovulate by sequential single
injections of serum (Folligon, Intervet, Holland) and chori-
onic (Chorulon, Intervet, Holland) gonadotropins, 5–10 units
per animal, with 44–48 h interval.The oocytes age was calcu-
lated from the time of chorionic gonadotropin injection. In
18 h after chorionic gonadotropin injection cumulus-oocyte
complexes were isolated from oviducts and were placed into
F10 medium with 25mMHEPES (Sigma, USA). The oocytes
without visible morphological defects were selected and used
in experiments.

For depolymerization of actin filaments, the oocytes after
explantation were placed in 10 𝜇M latrunculin B (Sigma,
USA) in F12 medium and then were incubated during 1 hour
under 5% CO

2
environment at 37∘C.

For indirect immunofluorescent analysis, A2066 rabbit
polyclonal antibody to the fragment of actin C-terminal
domain (Sigma, USA), dilution 1 : 100, and A2103 rabbit
polyclonal antibody to the fragment of actin N-terminal
domain (Sigma, USA), dilution 1 : 200, were applied. FITC-
conjugated goat antibodies to rabbit immunoglobulins
(Sigma, USA) were used as secondary antibody. Alexa Fluor
488-DNase I (Molecular Probes, USA) which specifically
binds with monomeric actin was applied (9 𝜇g/mL) to deter-
mine G-actin. F-actin was identified with the use of 10 𝜇g/mL
solution of TRITC-phalloidin (Sigma, USA).

To identify actin by indirect immunofluorescence,
oocytes were fixed in 4% paraformaldehyde on PBS for
40–60min at room temperature and then were washed three
times in PBS. Prior to fixation, the attached cumulus cells
were removed gently with short incubation in F10 medium
containing 0.5% hyaluronidase (Sigma, USA). After that
cells were permeabilized with 0.5% Triton X-100 in PBS for
10min, were washed three times in PBS, and were incubated
in 10% fetal calf serum to block unspecific antibody binding.
Then oocytes were incubated with primary antibodies at 4∘C
for not less than 12 h. Oocytes washed in PBS and incubated
with 10% fetal calf serum for 10min were placed in secondary
antibodies for 60min at room temperature. Samples washed
in PBS and stained with 1 𝜇g/mL TO-PRO-3 (Molecular
Probes, USA) for DNA detection were mounted on slides in
VectaShield medium (Vector Laboratories, USA). Prepara-
tions were analyzed under scanning confocal microscope
Leica TSC SL. Oocytes stained only with secondary anti-
bodies served as control.

G-actin was identified by incubation of fixed and perme-
abilized oocytes with Alexa Fluor 488-DNAase-I conjugate
for 1 h at room temperature.Then samples were washed three
times in PBS andmounted on slides for the assay. F-actin was
visualized by TRITC-phalloidin for 1 h at room temperature.
Samples were assayed under confocal microscope Leica TSC
SL.

3. Results and Discussion

For intracellular actin visualization four dyes with four
different ways of actin binding have been chosen. As a
result, oocytes labeling by TRITC-phalloidin and fluorescent
DNase-I uncovers distribution only of canonical forms (F-
actin and G-actin, resp.), and indirect immunofluorescence
with antibodies against fragments of C-terminal and N-
terminal actin domains is capable to demonstrate localization
of all actin structures which contain actin molecules with
opened for antibody binding epitopes at C or N ends. Sub-
sequent comparative analysis of actin distribution patterns
received after oocytes treatment by each marker allows to
establish sites of localization of different functional actin
forms, both canonical and uncommon.

Double staining of oocytes by G-actin marker Alexa
Fluor488-DNAase-I and DNA marker TO-PRO-3 dem-
onstrat-ed the uniform distribution of G-actin around
metaphase chromosomes and the absence of actin-chromo-
somes colocalization (Figure 1(c)). Dispersed actin distribu-
tion near metaphase plate strongly differs from clustered
distribution as a whole in cytoplasm and that makes the
spindle location well appreciable (Figure 1(c)).

Staining of F-actin and chromatin by TRITC-phalloidin
and TO-PRO-3 visualized in the cells typical cortical layer
of microfilaments. Actin filaments were not observed around
metaphase plate (Figure 1(d)), and a small number of F-
actin clusters were present in the cytoplasm. All metaphase
chromosomes labeled by TO-PRO-3 stayed unlabeled by
TRITC-phalloidin, pointing to the absence of colocalization
between F-actin and chromatin (Figure 1(f)).

Antibody to the fragment of N-terminal domain of actin
has recognized cortical F-actin layer and cytoplasmic actin,
but actin fluorescence has not shown any signs of colocaliza-
tion with chromosomes stained by TO-PRO-3 (Figure 1(i)).
At the same time, actin filaments were clearly observed
on both sides of metaphase plate. They formed spindle-
like structure bearing some resemblance to the microtubule
spindle (Figure 1(j)).

After oocytes labeling with antibody to the fragment
of C-terminal domain, cortical layer of F-actin was not
observed, and it was possible to see numerous actin clusters
diffusely distributed in the cytoplasm with the bright fluores-
cence of antibody-reacted actin in the metaphase plate area
(Figure 2(a)). Double staining of actin and DNA shows
an accurate colocalization of actin with metaphase chro-
mosomes (Figure 2(c)). The study of destructed metaphase
plates in squashed oocytes discovered incompleteness of this
colocalization, as fluorescence of actin was not detected in
centromere regions of chromosomes (Figure 2(f)).

Latrunculin B was initially identified as an inhibitor of
actin polymerization [9]. Effect of this drug is based on
sequestration of monomeric actin in 1 : 1 molar complex.
Binding latrunculin B to G-actin prevents participation of
monomers in actin polymerization and as a result one can
observe disruption of F-actin cytoskeleton in the cell. After
1 h incubation with 10 𝜇M latrunculin B oocytes stained
by TRITC-phalloidin and antibody to N-terminal domain
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Figure 1: Actin distribution in the area of meiosis II metaphase plate. (a–c) Monomeric actin distribution in oocytes stained with Alexa
Fluor 488-DNase-I for G-actin and TO-PRO-3 for DNA; (a) actin fluorescence after Alexa Fluor 488-DNase-I labeling; (b) DNA staining
by TO-PRO-3; (c) merged image, arrow—metaphase plate, bar −20𝜇m. (d–f) Double staining for F-actin with TRITC-phalloidin and for
DNA with TO-PRO-3; (d) actin stained with TRITC-phalloidin; (e) chromosomes stained with DNA probe TO-PRO-3; (f) merged image,
bar −8𝜇m. (g–i) Double staining for actin by antibody against fragment of N-terminal domain of actin and for DNA by TO-PRO-3; (g)
fluorescence of antibody-labeled actin; (h) DNA staining by TO-PRO-3; (i) merged image, bar–24 𝜇m. (j-k) Antibody against fragment of N-
terminal domain of actin recognizes microfilaments near metaphase plate; (j) fluorescent staining with antibody, arrows—actin filaments; (k)
double staining for actin by antibody and for DNA by TO-PRO-3, arrow—metaphase plate, bar −8𝜇m. (m-n) After latrunculin B treatment
antibody against N-terminus cannot detect actin filaments near chromosomes; (m) fluorescent staining with antibody; (n) double staining
for actin by antibody and for DNA by TO-PRO-3, bar −10𝜇m. (l and o) Disruption of cortical microfilament layer in oocytes after latrunculin
B treatment; (l) F-actin stained with TRITC- phalloidin, bar −24 𝜇m; (o) actin fluorescence after labeling by antibody against fragment of
N-terminal domain, bar −24 𝜇m.
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Figure 2: Colocalization of actin, labeled by antibody against fragment of C-terminal domain with metaphase chromosomes. (a–c)
Colocalization of intactmetaphase plate with actin; (a) fluorescent staining with antibody; (b) DNA staining by TO-PRO-3; (c)merged image,
bar−20𝜇m. (d–f) Colocalization of single chromosomes in destructedmetaphase plate of squashed oocytes with actin: (d) actin staining with
antibody; (e) DNA staining by TO-PRO-3; (f)merged image; arrow—centromere regionwhere colocalization is absent, bar −8𝜇m. (g–i) After
latrunculin B treatment, the colocalization of actinwith chromosomeswas preserved; (g) fluorescent stainingwith antibody; (h)DNA staining
by TO-PRO-3; (i) merged image, bar −10𝜇m.

demonstrated a strong disassembly of the cortical micro-
filament layer (Figures 1(l) and 1(o)). Actin filaments that
surround metaphase plate in intact oocytes (Figure 1(j))
were not observed in the cells exposed to latrunculin B
(Figure 1(m)), and fluorescence of antibody in the cytoplasm
around chromosomes was less bright than in untreated
embryos (Figure 1(m)). In the same time, there were no
changes in the distribution of actin detected by antibody

to C-terminal domain in the oocytes after latrunculin B
treatment, and actin-chromatin colocalization was preserved
(Figure 2(i)).

Our observations of intact and latrunculin B-treated
oocytes reliably demonstrated the presence of actin filaments
close tometaphase plate ofmeiosis II and actin colocalization
with metaphase chromosomes in mouse oocytes. Sensitivity
of the filaments in spindle-like structure near chromosomes
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to the latrunculin B influence confirms their F-actin origin,
but theymay stay invisible for TRITC-phalloidin due to actin
binding proteins connected with the microfilaments near
phalloidin-binding sites.

As has been reported in several publications, actin poly-
merization is required during meiosis I for spindle assembly
and motility [10–12]. We assume that in our study the anti-
body to N-terminal domain of actin has allowed demonstrat-
ing localization pattern of the microfilaments which provide
meiosis II spindle migration and anchoring. In contrast to
many mammalian species, mouse oocytes do not contain
centrosomes and astral microtubules [13, 14] and spindle
moving or stabile positioning require participation of actin
microfilaments which directly interact with chromosomes
[15, 16]. Earlier spindle-like F-actin structure was described
in anaphase I mouse oocytes [12], and nowwe observed actin
filaments at metaphase II.

Confirmation of the tight association between actin and
chromosomeswas received from the study of isolated somatic
human metaphase chromosomes [17]. Proteome analysis
has demonstrated high affinity of actin for chromosomes,
and immunostaining with monoclonal antibody to 𝛽-actin
has discovered actin colocalization with chromosomes and
visualized peripheral and speckled pattern of actin localiza-
tion on chromosomes. On the basis of accumulated data,
the assumption of close mutual relations of actin with the
condensed chromosomes and participation of named protein
in maintenance of chromosomal structural organization has
been come out.

In our experiments, actin-chromatin colocalization was
observed when actin was detected by antibody to the C-
terminal domain, and this result is well correlated with the
quoted above results of immunofluorescent analysis [17].

Demonstrated preservation of actin-chromatin colocal-
ization after latrunculin-induced F-actin depolymerization
may be interpreted as evidence of the structural connection
between actin and condensed chromatin.

At the same time it is still unclear which functional form
of actin is colocalized with chromosomes if fluorescentmark-
ers to G- and F-actin do not show any signs of this. Earlier,
studying actin localization in interphase nuclei of two-cell
mouse embryos, we have found out that after embryos treat-
ment by antibody to the C-terminal domain, nuclear labeling
was much brighter than cytoplasm fluorescence, and this
signaled about predominant nuclear localization of antibody-
detected actin [18]. Previously several authors described
antibodies predominantly recognizing nuclear actin [19, 20],
and we suppose that antibody to the C-terminal domain
belongs to this type of antibodies.

Working with two-cell embryos we applied double stain-
ing: antibody to the C-terminal domain was used together
with TRITC-phalloidin, or, as another variant, with Alexa
Fluor 488-DNase I [18, 21]. Results of these experiments
demonstrated the visible discrepancy between the pattern
of intranuclear actin fluorescence after staining by antibody
and the distribution patterns of G-actin or F-actin ([21] and
unpublished data), so we can assume that antibody to C-
terminal domain is incapable for detecting monomeric and
filamentous actin in mouse embryos.

In the nuclei of two-cell embryos, the actin detected by
antibody to the C-terminal domain was observed mainly in
the locations of highly condensed chromatin, in particular
around nuclear precursor bodies, and it must be noted that
during metaphase of the second embryo division antibody-
detected actin was colocalized with chromosomes [21] in
the same manner that we demonstrated here for meiosis II
metaphase.

On the basis of the results received on oocytes and previ-
ously on embryos, we can come out with such assumption:
some polymeric forms of nuclear actin exist in close and
long-term association with condensed chromatin, and this
association remains during cell division. This subpopulation
of nuclear actin, possibly, may play a role in maintaining the
structural organization of chromatin and in the process of
chromatin condensation, as it was supposed earlier [22, 23].
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