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of functional lampbrush chromosomes, the nucleoplasmic area, 
occupied by chromosomes, grows in proportion to the increas-
ing nuclear size, and reaches a maximum. When RNA synthesis 
on the lateral loops of lampbrush chromosomes ceases and biva-
lents progressively condense, the nucleoplasmic zone occupied by 
chromosomes gradually decreases (Fig. 5B and F). Condensed 
chromosomes approach each other to form a karyosphere and 
are finally found in a very limited nuclear space (Fig. 5C and 
G). Uniform distribution of actin complexes revealed by phal-
loidin was observed in the nucleoplasm of nuclei obtained from 
the germinal discs of untreated yellow yolk oocytes. Unstained 
spherical areas seen in confocal optical slices corresponded to 
condensed post-lampbrush chromosomes (Fig. 6 and compare 
with 1D’). Nuclei isolated from large growth stage oocytes were 
more elastic than the nuclei from germinal discs, the latter being 
easily deformed during isolation. Nucleoplasmic fibers were not 
detected in the nuclei isolated from large growth-stage oocytes or 
in nuclei isolated from rapid growth-stage oocytes.

Considering the strong similarities in processes of naturally 
occurring karyosphere formation and experimentally induced 

entangled bivalents found near the nuclear envelope or at the 
nuclear periphery (Fig. 3C”’ and Movie S4). Separate bivalents 
were not observed in such intact oocyte nuclei. In some nuclei iso-
lated from the chicken oocytes within 1 h after injection, we also 
observed a spherical volume of congressed nucleoplasm, which 
appeared to be denser than the surrounding nucleoplasm. The 
general absence of polymerised actin in a contracted nucleoplasm 
of GVs isolated from CD-microinjected avian oocytes was con-
firmed by phalloidin staining (Fig. 4C and F). However, phalloi-
din-positive actin clusters were rarely found in the isolated avian 
GVs (Fig. 4F). Thus, inhibition of transcription at lampbrush 
chromosomes, their condensation, and gathering induced by CD 
argue for the importance of the ongoing process of nuclear actin 
polymerisation in both avian and amphibian growing oocytes.

Changes in genome architecture during karyosphere for-
mation. Substantial changes in the distribution of intranuclear 
structures within GVs naturally occur during oocyte matura-
tion accompanied by yolk accumulation (Fig. 5). In chicken and 
quail oocytes, transcriptionally active lampbrush chromosomes 
occupy a large part of the nucleus (Fig. 5A and E). At the stage 

Figure 4. Distribution of actin in amphibian and avian oocyte nuclei after exposure to cytochalasin D (CD). Single confocal slices through control (A 
and D) and CD-treated (B and E) Xenopus oocytes stained with phalloidin-TRITC (A and B) or antibody against actin (D and E). Note disappearance of 
homogeneous nucleoplasmic staining in the nucleus of CD-treated oocyte (B), indicating almost total absence of actin polymers, and a few brightly 
stained aggregations of polymerised actin (B-arrow) in the nucleoplasm. Nuclear actin recognized by C4 antibody is still abundant in the oocyte nucle-
us after exposure to CD (E). Note the presence of actin in vacuoles of fused nucleoli within Xenopus germinal vesicles (E arrowheads). Single confocal 
sections at the level of entangled chromosomes through chicken germinal vesicles after exposure to CD (C and F). Isolated chicken germinal vesicles 
are stained with phalloidin-TRITC and counterstained with DAPI. Polymeric actin is either completely absent in isolated nucleus (C) or is confined to a 
small volume of nucleoplasm within the germinal vesicle (F). Scale bars 100 μm.
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polymeric actin detected in oocyte nuclei of the species under 
investigation is represented predominantly by short actin poly-
mers (oligomers), since we did not detect long actin filaments in 
the intact GVs. Oligomeric actin species in avian and amphibian 
GVs have the potential to polymerise further, and associate with 
each other in certain experimental conditions. We found that 

gathering of nuclear structures inside the intact oocyte 
nucleus, we propose that dynamic changes in supramo-
lecular organization of nuclear actin may drive directed 
transportation of chromosomes and nuclear bodies during 
oocyte growth.

Discussion

Actin participates in a variety of nuclear processes. 
Nevertheless, its amount in the interphase nucleus of 
somatic cells required for regular functioning of the genome 
is relatively low. However, in oocytes of certain animals 
such as Xenopus, actin accumulates in the nucleoplasm in 
high amounts due to inactivation of the actin-exporting 
process.19 We have demonstrated that actin is accumulated 
in transcriptionally active giant nuclei of avian oocytes 
similar to that in Xenopus oocytes. The mechanism of 
actin accumulation in avian GVs has remained unexplored 
likely being the same as in amphibian oocyte nuclei. The 
enrichment of actin within the nucleus (up to 2 mg/mL) 
and its ability to bind phalloidin could be considered to be 
a distinguishing feature of avian and amphibian growing oocytes 
and oocytes of other animals with the hypertranscriptional type 
of oogenesis.38

We demonstrated the presence of two major forms of actin 
within avian oocyte nucleus, which is similar to results previ-
ously reported for amphibian GVs. It should be emphasized that 

Figure 5. Consequent stages of chromosome condensation in avian oocytes during the period of large growth. Maximum projections of chicken 
(A–C) and quail (E–G) nuclei isolated from oocytes and stained with Sytox Green. Three representative germinal vesicles with different degree of 
chromosome condensation are shown for each species. Partially decondensed and transcriptionally active meiotic bivalents exhibiting lampbrush ap-
pearance are seen to occupy the large part of the nucleus (A and E). Gradual inactivation of transcription at later stages of oocyte growth is accompa-
nied by chromosome condensation and transportation to a smaller volume of the nucleoplasm (B and F). Highly condensed chromosomes, located in 
a limited nuclear space, form a karyosphere (C and G). Scale bars 100 μm. Curves represent the changes in the diameter of nuclear volume, occupied 
by chromosomes (gray curves), and the diameter of the nucleus (black curves) for chicken (D) and quail (H) oocytes during large growth stages. Nuclei 
shown on (A–C) and (E–G) are indicated by vertical dotted lines.

Figure 6. Detection of polymerized actin in quail oocyte nucleus at the 
postlampbrush stage. Single confocal section through isolated quail germi-
nal vesicle stained with phalloidin-TRITC (A) at the level of karyosphere-like 
structure (arrow) and corresponding transmitted light image (B). Polymeric 
actin detected by phalloidin-TRITC distributes uniformly throughout the nu-
cleoplasm excluding volumes occupied by condensed spherical chromosomes 
(insert). Scale bar 50 μm.
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complex and dense meshwork of actin-containing fibers protrud-
ing from nuclear pores to the nuclear interior was revealed by 
scanning electron microscopy of nuclear content, obtained from 
isolated Xenopus GVs.39 Recently, by using new strategies for the 
direct visualization of F-actin, the Gurdon group obtained addi-
tional evidences in favor of the existence of an F-actin meshwork 
inside the Xenopus oocyte nucleus.40 However, taking into con-
sideration other observations, some precautions should be con-
sidered when interpreting the data on the amount of filamentous 
actin and the existence of a fibrillar nucleoskeleton within the 
GV in vivo.

A second hypothesis generally states that in amphibian 
oocytes actin does not form a rigid nucleoskeletal meshwork 
and that the abundance of nuclear actin leads to the formation 
of a stable actin meshwork during manipulation of oocytes and 
isolated GVs. F-actin filaments were shown to be a structural 
component of the solidifying nuclear gel formed in amphib-
ian GVs after exposure to saline.15,41 Furthermore, Gounon 
and Karsenti16 have demonstrated that the nuclear content of 
GVs isolated from newt (Pleurodeles waltl) oocytes, and its fila-
mentous fraction, in particular, could be reversibly changed by 
varying the concentration of divalent cations in the isolation 

in amphibian and avian GVs, the actin-stabilizing drug phalloi-
din initiates the formation of thick cables that form a branched 
3D-meshwork, which stained positive with phalloidin-TRITC. 
In contrast, oocyte treatment with the actin-depolymerising 
drug CD led to the disappearance of detectable F-actin within 
the nucleus. Taken together, these data indicate that within the 
giant oocyte nucleus of frogs and birds, actin molecules are in a 
dynamic equilibrium between monomeric and polymeric forms 
(Fig. 7). Moreover, these results imply that the process of actin 
polymers formation and disassembly in avian and amphibian 
GVs is highly dynamic.

Currently, there are two central hypothesis concerning actin 
supramolecular organization in amphibian transcriptionally 
active oocyte nucleus. One hypothesis considers actin to be 
involved in the formation of a rigid nucleoskeletal meshwork 
needed for mechanical support of the giant GV structure. This 
hypothesis is based on investigations of the F-actin form and 
fibrillar ‘nucleoskeleton’ structures within the amphibian oocyte 
nucleus. For example, the nuclear meshwork of thick actin fila-
ments was revealed by confocal laser scanning microscopy of 
sections through frozen Xenopus oocytes stained with anti-actin 
antibodies and fluorescently labeled phalloidin.19 In addition, the 

Figure 7. The scheme of changes in nuclear architecture occurring in avian and amphibian oocytes (upper row) under experimental stabilization 
of actin filaments or inhibition of actin polymerisation (middle and bottom rows). In growing avian and amphibian oocytes, transcriptionally active 
lampbrush chromosomes and nuclear bodies are radially distributed throughout the nuclear space (central column). According to the described re-
sults, in the nucleoplasm of these germinal vesicles, actin exists in monomeric and olygomeric forms. High dynamics of actin polymer turnover in the 
nucleoplasm limits the length of actin polymers and their ability to form filaments. The inhibition of actin depolymerisation by phalloidin (Ph) results 
in the artificial formation of the branched meshwork of F-actin cables within the oocyte nucleus (right column). The inhibition of actin polymerisation 
in the oocyte nucleus by Cytochalasin D (CD) leads to the irreversible collapse of nuclear structures, chromosome condensation and their gathering in 
a limited nuclear space to a karyosphere-like structure (left column). Similar changes in spatial genome architecture were induced by another actin-
depolymerising drug latrunculin A that sequesters G-actin monomers.
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chromosome transportation were reported for starfish oocytes, 
in which chromosome congression began a few minutes after 
nuclear envelope breakdown and was proposed to be driven 
by cytoplasmic actin and microtubules.48 However, avian and 
amphibian oocytes differ from starfish oocytes in terms of karyo-
sphere formation that occurs prior to nuclear envelope break-
down. Moreover, our results on phalloidin staining of isolated 
avian GVs at the karyosphere stage argue against the presence 
of any F-actin cables in the nucleoplasm or adjacent to karyo-
spheres. We found that in intact GVs, the actin network can be 
induced by inhibition of actin depolymerisation even in small, 
and middle-sized oocytes, in which chromosomes and nuclear 
bodies are distributed throughout the nuclear volume, and do not 
change their position after phalloidin treatment (Fig. 7). Thus, 
the appearance of an actin filament meshwork does not correlate 
with karyosphere formation.

Strikingly, GVs with intact nuclear envelope membranes 
from earlier avian and amphibian oocytes containing elongated 
transcriptionally active chromosomes may be directed to rapid 
chromosome condensation and movement by just cytochala-
sin or latrunculin treatment (Fig. 7). Even the smallest avian 
microchromosomes (3 μm in diameter after condensation) can 
be transported to karyosphere-like structures during actin depo-
lymerisation. Contraction of a specific nuclear sol-gel consist-
ing of actin oligomers and/or short actin polymers, rather than 
contraction of the actin meshwork, is a more likely mechanism 
for chromosomes and nuclear body transportation in avian 
and amphibian growing oocytes. This mechanism differs from 
that recently suggested for starfish oocytes, namely, the homo-
geneously contracting meshwork model.48 Although depoly-
merisation is also compulsory for contraction of nuclear content 
in the model suggested for avian and amphibian oocytes, this 
model does not include the requirement for homogeneous actin 
meshwork formation. We suggest that a nuclear sol consisting 
of monomeric and oligomeric actin is required for homogeneous 
radial distribution of chromosomes and other nuclear structures 
inside the oocyte during the high transcriptional activity stage. 
Our data confirm one of the hypotheses suggested by Scheer et 
al.6 who stated that within the amphibian GV ‘nuclear actin in 
such high concentrations contributes to the formation of a col-
loidal protein milieu in the nucleoplasm, which is essential for 
the transcriptional process and the three-dimensional organi-
zation of the chromosome loops’. We also suggest that during 
karyosphere formation, the actin sol, together with all suspended 
nuclear structures, is contracted; this process can be simulated by 
actin depolymerising drugs (Fig. 7).

We consider “switching” of the actin polymerisation state 
and/or its dynamics as a possible mechanism for the movement of 
intranuclear structures, including chromosomes within the avian 
and amphibian GVs during oocyte growth (Fig. 7). Inhibition of 
actin polymerisation and a shift in the equilibrium of actin forms 
toward monomeric actin could itself drive the fusion of intra-
nuclear structures, resulting in compaction of the nuclear con-
tents to a lower volume. Our results highlight the special role of 
nuclear actin in the maintenance and transformation of genome 
architecture in growing oocytes with large nuclei.

medium.16 Importantly, freshly isolated newt GVs lacked fila-
mentous structures. The depletion of Ca2+ in the isolation 
medium promoted the formation of filaments, while incubation 
of isolated nuclei with phalloidin resulted in the formation of 
thick cables consisting of filament bundles.16 It was also dem-
onstrated that the actin meshwork formed upon drug-induced 
inactivation of transcription on lampbrush chromosomes of 
Pleurodeles.6 Thus, it cannot be ruled out that at least some of 
the filaments seen in the preparations of oocyte nucleus material 
arises from rapid polymerisation of nuclear actin, resembling 
the gelation of the nuclear content of GVs isolated in buffer. In 
Xenopus, the formation of nuclear gel occurs in several seconds 
when the nucleus is isolated from oocytes in saline.42 However, 
isolation in mineral oil results in a more ‘fluid’ GV, which can 
be easily deformed.43 Thus, it is unlikely that the polymerised 
fraction of nuclear actin forms a rigid meshwork in the Xenopus 
oocyte nucleus.42 Our results provide evidence in favor of the 
second hypothesis demonstrating that, in the nuclei of birds 
and frogs, polymerised actin in growing oocytes is represented 
mainly by short polymeric forms, but not by a rigid meshwork 
of F-actin cables.

In the oocyte nucleus, actin polymers can be recruited to pro-
cesses other than mechanical support of GV shape. Our experi-
ments demonstrated that in oocytes of frogs and birds, nuclear 
actin is involved in establishing and maintaining the spatial 
arrangement of the intranuclear structures. After treatment of 
amphibian and avian growing oocytes with actin-depolymerising 
agents, the loss of normal nuclear architecture correlated with 
the disappearance of the nuclear fraction of actin recognized by 
tagged phalloidin (Fig. 7). As the most prominent effect of CD 
on actin is inhibition of its polymerisation,44 we concluded that 
interference with this process is the main cause of distortions in 
the 3D architecture of the intranuclear structures. Moreover, 
the effect of LA, that binds to monomeric G-actin,45 on oocyte 
genome architecture was similar to that of CD. Previously, LA 
treatment was shown to disrupt the cytoplasm and nucleoplasm 
of Xenopus oocytes but no data on changes in spatial organiza-
tion of intranuclear structures was presented.46

One common principle of altered distribution of nuclear bod-
ies within the GVs of birds and Xenopus induced by inhibition 
of actin polymerisation were aggregations and fusions of nuclear 
structures that were accompanied by the loss of their activity. 
This phenomenon, especially in its final stages, was reminiscent 
of the process of karyosphere formation, which takes place in the 
late prophase I of oogenesis. Spatial proximity of chromosomes 
in the voluminous nucleus established at late prophase is sup-
posed to be inevitable for meiotic progression.47 However, the 
molecular mechanisms responsible for bringing chromosomes 
together in a large nucleus, such as avian or amphibian GVs, are 
still unknown.

Our results suggest that in avian and amphibian oocytes 
chromosome gathering during karyosphere formation could 
involve an intranuclear actin depolymerisation step. In avian 
and amphibian maturing oocytes, we observed karyospheres at 
the nuclear periphery, which suggests asymmetrical transport 
of chromosomes in the earlier stages. Similar characteristics of 
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GV by means of confocal microscopy, isolated nucleus was placed 
in a chamber filled with “5:1+phosphates” medium, containing 
0.07 μM NA-specific dye SYTOX Green (Molecular Probes). 
Chamber for microscopy was made of a plastic square with a hole 
stuck to the cover glass of 24 x 50 x 0.16–0.19 mm (Deckgläser, 
Menzel-glaser) by paraffin with vaseline (1:1).

For detection of polymerized actin, avian germinal vesicles, 
isolated from oocytes of 1–20 mm in diameter (large growth and 
rapid growth stages) were fixed in 2% PFA during 30 min at RT 
immediately after isolation, than washed in PBS and stained with 
10 μM phalloidin-TRITC (Sigma) during 15 min at RT. Then 
nuclei were transferred into the chamber, containing DAPI on 1x 
PBS for DNA counterstaining and covered with coverglass. After 
mounting, nuclei were immediately examined by confocal laser 
scanning microscopy.

Total staining of oocytes. For staining procedures, individual 
CD-treated or untreated oocytes of 200–600 μm for frogs and 
100–300 μm for birds were fixed in 2% PFA on PBS during 2 
h. Before fixation, avian oocytes were pretreated with 1 mg/ml 
collagenase (Sigma) on PBS during 30 min and rinsed in PBS. 
To reveal F-actin, fixed oocytes were incubated overnight in PBS 
containing 1 μg/ml phalloidin-TRITC (Sigma). For immuno-
fluorescent staining, fixed oocytes were permeabilized in 0.1% 
Triton in PBS and incubated with 1% blocking agent (Roche) 
in PBS during one hour at RT followed by overnight incuba-
tion with primary antibody at 4°C. For detection of actin, mono-
clonal antibody C4,53 diluted to 1:300 (Abcam) was used. After 
incubation with primary antibody oocytes were washed in several 
changes of PBS during 15 min at RT and then treated overnight 
by secondary antibodies at 4°C. Goat anti-mouse Alexa-488-
coupled antibody (Molecular Probes) diluted to 1:500 was used 
to reveal C4 antibody. Oocytes were counterstained with DAPI 
on PBS at 4°C for not less than 24 h. After several washes in PBS 
whole oocytes were transferred onto cover glass in the mounting 
medium containing 65% glycerine, 0.023 g/ml antifade DABCO 
(Merk) and 1.6 μg/ml DAPI.

Confocal laser scanning microscopy and image processing. 
Specimens were examined using confocal laser scanning system 
Leica TCS SP5 (Leica-microsystems) with inverted fluorescent 
microscope. Diode 405 nm, argon 488 nm and helium-neon 543 
nm laser lines were used for fluorochrome excitation. Sequential 
scan was always applied for double-stained objects to ensure 
proper channel separation. Apochromatic objectives with magni-
fication of 20x and 40x were used for image acquisition. Optimal 
voxel parameters were obtained by choosing Z-step size and scan-
ning format matching objective characteristics. Confocal stacks 
of optical slices acquired in the format of 1,024 x 1,024 or 512 
x 512 pixels and transmitted light images were captured by LAS 
AF Software (Leica-microsystems). Image maximum projection 
views, 3D-reconstructions and videos were obtained by applying 
appropriate options in LAS AF Software. Digital images were 
cropped, measured and overall enhanced if necessary using LAS 
AF, ImageJ and Adobe Photoshop software.
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Materials and Methods

Experimental objects. Oocytes of clawed frog (Xenopus lae-
vis), domestic chicken (Gallus gallus domesticus), Japanese quail 
(Coturnix coturnix japonica) and chaffinch (Fringilla coelebs) 
were used in this study. All manipulations with animals were 
performed in accordance with the “Guide for the Care and Use 
of Laboratory Animals”.49 Prior to ovary isolation, frogs were 
anaesthetized with MS222 1.5 g/l (Sigma). A small part of ovary 
surgically removed from the frog was incubated at 18°C in OR2 
medium (82.5 mM NaCl, 2.5 mM KCl, 1.0 mM CaCl

2
, 1.0 

mMMgCl
2
, 1.0 mM Na

2
HPO

4
, 5.0 mM HEPES) according 

to the standard procedures for not more than 60 h.50 Ovaries, 
obtained from chicken, quail or chaffinch were placed into a 
small weighing bottle with a piece of filter paper, moistened with 
“5:1+phosphates” medium (83.0 μM KCl, 17.0 μM NaCl, 6.5 
μM Na

2
HPO

4
, 3.5 μM KH

2
PO

4
, 1 μM MgCl

2
, 1 μM dithioth-

reitol), and were kept at 4°C (http://projects.exeter.ac.uk/lamp-
brush/protocols.htm).51 As for birds, only freshly isolated oocytes 
or oocytes after several hours after dissection were used.

Phalloidin treatment. To stabilize actin polymers inside the 
nucleus, amphibian and avian unfixed oocytes were incubated in 
OR2 or “5:1+phosphates” medium containing 1 μM phalloidin-
TRITC. Amphibian oocytes were kept in the medium for 10 h 
at 18°C and avian oocytes were incubated no longer than 1 h at 
10°C. After a short wash in phalloidin-free incubation medium 
at room temperature (RT) oocytes were mounted as described 
below and examined by confocal laser scanning microscopy.

Some freshly isolated avian GVs were also exposed to phal-
loidin treatment. GVs were transferred to the “5:1+phosphates” 
medium containing 1 μM phalloidin-TRITC and maintained 
there for about 1 h at RT. Than nuclei were carefully removed 
from the medium containing phalloidin-TRITC and placed into 
a chamber for confocal microscopy, that was preliminary filled 
with fresh “5:1+phosphates” medium.

Cytochalasin D and latrunclulin A treatment and microinjec-
tions into oocytes. In the used experimental system, amphibian 
oocytes (stage 1–6) were incubated in cytochalasin D-containing 
or latrunculin A-containing OR2 medium at 18°C. Cytochalasin 
D (CD, Sigma) was diluted to a final concentration of 1–4 μM 
while latrunculin A (LA, Sigma) was diluted to a final concentra-
tion 0.5 μg/ml. Incubation timing varied from 2 to 12 h. Due 
to short lifespan of isolated avian oocytes and weak penetration 
of CD, chicken and quail oocytes (1–1.5 mm in diameter, large 
growth stage) were microinjected with 27.6 nl of 10 μM CD and 
maintained at 10°C during 1 h. After incubation, oocytes were 
either fixed or used for nucleus isolation.

Nuclei isolation and staining. Amphibian and avian GVs were 
isolated according to the standard procedures in the “5:1+phos-
phates” medium from oocytes of 0.7–1.5 mm in diameter.51,52 
Small hole in oocyte envelopes and cell membrane was made by 
thin tungsten needles in the case of avian oocytes and by fine 
jewelry forceps in the case of amphibian ones. Squeezed nuclei 
were carefully cleaned out of yolk granules and ooplasm. During 
all manipulations oocytes and nuclei were inspected under ste-
reomicroscope Leica MZ16. To investigate the content of intact 
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