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Plugs in Nuclear Pores: Transcripts in Early Oocyte
Development Identified With Nanotechniques
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Abstract Throughout oogenesis, huge amounts of RNA are produced that are needed for early development. Early
stages of oocyte development are characterized by high transcriptional activity whereas translation of maternal RNA
dominates late stages. Nuclear pore complexes (NPCs), located in the nuclear envelope (NE), mediate bidirectional
macromolecule exchange between the nuclear and cytosolic compartments including RNA export. Here, we report on
structural correlates of this transport pathway at single NPC level. Using atomic force microscopy (AFM), we imaged the
nucleoplasmic (‘‘inner’’) surface of the NE of Xenopus laevis oocytes in different stages of development. We found that
NPC frequency per nucleus increases with maturation. However, individual NPCs are more active in immature stages. In
early stages, known for high transcriptional activity, we found nearly 10% of NPC central channels plugged with a 400–
800 kDa mass. In contrast, the incidence of plugged NPCs was below 1% in late oocyte stages. On-site RNA digestion led
to a change in plug shape from prominent to flat while plug mass decreased by almost 20%. Quantitative AFM analysis
revealed that RNase exposure reduced total nucleoplasmic NPC mass by about 58 and 25% in early and late stage oocytes,
respectively. We conclude: (i) NPCs of immature oocytes are more active in RNA transport, (ii) Plugs identified at the
nucleoplasmic entrance of NPC central channels represent ribonucleoproteins exiting the nucleus, (iii) RNA is a structural
component of the NPC nanomachine. J. Cell. Biochem. 98: 567–576, 2006. � 2006 Wiley-Liss, Inc.
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The mature anuran oocyte is an enormous cell
with an informational program for embryogen-
esis stored in the cytoplasm. Throughout oogen-
esis, frog oocytes produce huge amounts of RNA,
which remain dormant until fertilization. Dur-
ing the 6–8 months of oogenesis, the developing
oocyte bears transcripts for all the proteins
needed to initiate and maintain metabolism for
further development. Over this time period, the
maturing oocyte builds up a huge store of gene
products such as mRNAs, tRNAs, structural
RNAs, and proteins. Hence, high transcrip-
tional activity is characteristic for early stages
of development, during which all the rRNAs and
tRNAs needed for protein synthesis until the

mid-blastula stage are made and all the mater-
nal mRNAs needed for early development are
transcribed. In contrast, oocytes in late stages
of development are low in transcriptional
activity [Davidson et al., 1964; Golden et al.,
1980; Newport and Kirschner, 1982].

The nuclear envelope (NE), a double lipid
bilayer, separates the sites of transcription and
translation. Nuclear pore complexes (NPCs)
penetrate the NE and functionally connect the
cell nucleus with the cytoplasm. Each NPC is a
huge supramolecular transport machine con-
sisting of hundreds of proteins (called nucleopor-
ins) with an estimated total mass of �125 MDa
[Reichelt et al., 1990]. Its outstanding feature is
a large central channel, variable in width, and
framed by a cytoplasmic and a nucleoplasmic
ring [Hinshaw et al., 1992]. A basket-like
structure, which participates in messenger
ribonucleoprotein (mRNP) export [Kiseleva
et al., 1996], extends from the nucleoplasmic
ring into the nucleoplasm. Export of RNA
takes place through the NPC’s large central
channel [Gorlich and Mattaj, 1996; Nakielny
and Dreyfuss, 1997; Cullen, 2003; Weis, 2003].
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RNA is transported as ribonucleoprotein com-
plexes (RNPs) targeted for transport by nuclear
export signals. RNA export is an active and
energy-dependent process. It is class-specific
[Jarmolowski et al., 1994]and mediatedby signal
and transport proteins [Gerace, 1995; Izaurralde
and Mattaj, 1995]. The process of RNP transloca-
tion has been visualized by electron microscopy
(EM) [Pante et al., 1997; Kiseleva et al., 1998].
During transport, RNPs plug the central chan-
nels of individual NPCs, as shown by a combina-
tion of atomic force microscopy (AFM) and
electrical techniques [Schafer et al., 2002].

AFM developed almost 20 years ago [Binnig
et al., 1986] is a suitable tool for imaging the NE
surface and studying single NPC conformation
[Stoffler et al., 1999; Wang and Clapham, 1999;
Moore-Nichols et al., 2002; Shahin et al.,
2005a,b]. Virtually all research groups using
the Xenopus laevis nucleus as a model system
for nucleocytoplasmic transport worked with
late stage oocytes. They are large and easy to
handle. Here, we present for the first time
AFM experiments on the much smaller nuclei
of early stage oocytes. Since early stage
nuclei differ from late ones in terms of tran-
scriptional activity and thus RNA export
dynamics, we searched for specific structural
indications at the single NPC level. We found
RNA-related plugs at a 13 times higher fre-
quency in ‘‘immature’’ early stage oocytes than
in ‘‘mature’’ late stage oocytes.

METHODS

Nuclear Envelope Preparation

Female Xenopus laevis were anesthetized in
0.1% ethyl m-aminobenzoate methane sulfo-
nate (Serva, Heidelberg, Germany) and por-
tions of their ovaries removed. Oocytes were
dissected from ovary clusters and stored in
modified Ringer solution (87mM NaCl, 3mM
KCl, 1mM MgCl2, 1.5mM CaCl2, 10mM
HEPES, 100 U/100 mg penicillin/streptomycin,
pH 7.4) before use.

Oocyte development can be classified into six
different stages [Dumont, 1972]. This classifica-
tion is largely based on the size of individual
oocytes, the smallest and ‘‘youngest’’ ones
designated as stage I, and the largest and most
mature ones as stage VI. The peak of RNA
synthesis occurs in stages II and III [Davidson
et al., 1964; Golden et al., 1980]. As oogenesis in
Xenopus laevis is an asynchronous process,

oocytes in all stages of development are present
in the ovaries of adult animals at any time.
For our experiments, we compared oocytes from
stage II (which will later on be referred to as
‘‘early stage’’) with oocytes from stage VI (which
will be referred to as ‘‘late stage’’). Selection of
individual oocytes and allocation to the differ-
ent stages of development was based on distinct
morphological features according to Dumont
[Dumont, 1972]: Stage II oocytes range from
350–450 mm in diameter and are of white
and opaque color. Stage VI oocytes reach a
diameter of more than 1,200 mm. Characteristic
of this final stage of development is the
appearance of a relatively unpigmented equa-
torial band between the animal and vegetal
hemisphere.

For isolation of the nuclei, oocytes were care-
fully selected according to the characteristic
features mentioned above and transferred into
nuclear isolation medium (NIM; 90 mM KCl,
10 mM NaCl, 2 mM MgCl2, 10 mM HEPES,
0.09 mM CaCl2, 1.1 mM EGTA [chelates calcium
to a free Ca2þ concentration of 10�8M], pH 7.3).
Nuclei were then manually isolated by piercing
the oocyte with two pincers. Nuclear swelling,
which occurs instantaneously when nuclei are
transferred to a medium lacking macromole-
cules, can be prevented by adding polyvinylpyr-
rolidone (PVP) to the NIM. This was shown in a
different series of experiments, where nuclei
were isolated in NIM either in presence or in
absence of 1.5% PVP (Mr¼ 40,000; Sigma)
[Danker et al., 2001]. Nuclei were kept in NIM
containing no PVP for 30 min before further
preparation of the NE for AFM experiments in
order to induce nuclear swelling and to unfold
the NE. Then, intact nuclei werepickedup with a
Pasteur pipette and transferred to a glass cover-
slip placed under a stereomicroscope. The chro-
matin was carefully removed using sharp
needles and the NE was spread on Cell-tak1

(BD Biosciences, Bedford, MA) coated glass, with
the cytoplasmic side facing downwards. Finally,
the specimen were rinsed with de-ionized water
and air-dried. All procedures were performed at
room temperature (�238C). NE were in an
inactive state during scanning, that is, NPC
transport was absent due to the experimental
conditions.

Nuclear Surface Area Determination

Diameters of nuclei were measured by using
light microscopy 60 min after isolation in NIM
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containing no PVP. NE surface was calculated
assuming that the nuclei were perfect spheres.

Atomic Force Microscopy (AFM)

The application of AFM on Xenopus laevis
oocyte nuclei has been described in detail
previously [Rakowska et al., 1998]. In short,
we used a BioScopeTM (NanoScope III, Digital
Instruments, Santa Barbara, CA) equipped
with an inverted optical microscope (Axiovert
135, Zeiss, Jena, Germany). The nucleoplasmic
(‘‘inner’’) NE surface was scanned with conven-
tional V-shaped 200-mm long silicon nitride
cantilevers with spring constants of 0.06 N/m
and pyramidal tips with an estimated tip
diameter of 10 nm (Digital Instruments). Ima-
ges were recorded with 512 lines per screen
applying the contact mode with a scan rate of
2–10 Hz at constant force (height mode). The
forces applied during the scanning procedure
were minimized by retracting the AFM-tip until
it lost contact with the sample surface and re-
engaging the tip at a set point (i.e., force value)
minimally above the lift-off value. Scanning at
such low forces left no visible marks on the NE
surface. NE surface topography was analyzed
by using appropriate software supplied by the
manufacturer (Digital Instruments).

On-Site RNA Digestion

RNase A is an enzyme that catalyses depoly-
merization of single-stranded RNA. To examine
the effect of RNase A on pores and plugs in a
paired experimental approach, samples were
first scanned before RNase A treatment and
then brought into NIM plus 0.02 mg RNase A
per ml for 2 h (ribonuclease A from bovine
pancreas; 70 Kunitz U/mg lyophilic [Serva,
Heidelberg, Germany]). For control experi-
ments, samples were incubated in NIM for 2 h.
After incubation, samples were washed in de-
ionized water and air-dried before further AFM
scanning. Identical NE areas could be scanned
before and after treatment. Thus, individual
pores could be compared before and after RNase
treatment (Fig. 1).

Analysis of Plug Size

The plug size was measured in profile sections
of the AFM images using the BioScopeTM

analysis software. For calculation of the plug
volume (mass), the plugs were treated as perfect
half-ellipsoids. In each case, the two largest
diameters standing perpendicularly to each

other were determined. Plug height was calcu-
lated as the vertical difference between the rim
of the NPC and the top of the plug. AFM
generally overestimates the diameter of biolo-
gical samples due to the geometry of the tip,
which induces broadening effects in the image.
As a consequence, plug volume is rather over-
estimated in this study. From the respective
molecular plug volumes (Vp, in nm3), molecular
masses (M0, in kDa) were calculated according
to the equation [Schneider et al., 1998]:
M0¼ (Vp �N0)/(V1þdV2). Here, M0 is the mole-
cular mass, N0 is Avogadro’s number, and V1

and V2 are the partial specific volumes of the
plug (0.74 cm3/g and 1 cm3/g water, respec-
tively). d is the extent of plug hydration (0.4 mol
H2O/mol plug). In these calculations, the plug is
treated as a pure protein, which is a simplifica-
tion since the plug is a ribonucleoprotein. Using
this calculation, 1 nm3 of plug volume matches a
plug mass of about 0.6 kDa. Comparison of plug
volume (mass) before and after exposure to
RNase A can be used to quantify the effect of
RNase A on individual plugs.

Analysis of Nucleoplasmic NPC Volume

Volume of the NPC portion extending towards
the nucleoplasm was analyzedusing the ‘‘bearing
analysis’’ tool of the manufacturer’s software
(Digital Instruments). This tool allows determin-
ing the number of voxels of a given area scanned
by AFM. In our experiments, only the nucleo-
plasmic NPC ring structure is accessible to the
AFM scanning tip and thus taken for volume
analysis (termed ‘‘nucleoplasmic NPC volume’’).
Experiments were performed in paired manner
(i.e., identical NPCs studied before and after
application of RNase A), so that volumes
(masses) of individual nucleoplasmic NPC ring
structures could be directly compared.

Statistics

Data are shown as mean value� standard
error of the mean (SEM). In all experiments
where n is not declared differently, it refers to
the number of individual oocyte nuclei studied.
Usually, two areas of 16 mm2 per nucleus were
used for analysis of NPC density and percentage
of plugged NPCs. Significance of differences was
evaluated by paired and unpaired Student’s
t-test or Mann–Whitney rank sum test, as
appropriate. Significantly different is denoted
by P¼ 0.05 or less and is indicated by an
asterisk (*) in the graphs.
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RESULTS

NE Surface Area in Early and Late
Stage Oocyte Nuclei

As soon as the nucleus is transferred from its
natural environment, the cytosol, into NIM
lacking colloid-osmotic (oncotic) pressure, salt
and water move into the nucleoplasm. As the
nucleus swells, the NE, usually folded in situ
[Kemp, 1956], unfolds. As previously shown,
40 kDa PVP can be used to compensate for the
lack of macromolecules in the NIM and to
prevent nuclear swelling [Danker et al., 2001].
Figure 2 summarizes the differences in nuclear
diameters at distinct stages of oocyte develop-
ment in presence and absence of 1.5% PVP in
NIM. In presence of PVP, nuclei maintain their
original shape and volume. When stage II nuclei
are transferred to NIM containing no PVP,
the diameter of early stage oocyte nuclei
increases by 7� 2.9% (n¼ 5). In stage VI
oocytes, the increase of nuclear diameter in

absence of macromolecules is much more pro-
minent. Here, the nuclear diameter increases
by 60� 5.8% (n¼ 9). Consequently, a careful
distinction must be made between the ‘‘appar-
ent’’ (folded) NE surface area and the ‘‘true’’
(unfolded) NE surface area, which is derived
from the diameter of the swollen nucleus in
absence of PVP. The ‘‘true’’ NE surface area is
0.28� 0.029 mm2 (n¼ 5) in early stage nuclei
and 1.99� 0.125 mm2 (n¼ 9) in late develop-
mental stages. Taken together, the NE surface
is more than seven times larger in late stage
oocyte nuclei than in early stage oocyte nuclei.
These large differences between ‘‘apparent’’
(folded) and ‘‘true’’ (unfolded) NE surface area
must be taken into account when total numbers
of NPCs per nucleus are calculated.

NPC Density in Early and Late
Stage Oocyte Nuclei

Figure 3 shows the nucleoplasmic NE surface
of early and late stage oocytes as seen by AFM.

Fig. 1. On-site RNA digestion procedure. The nucleoplasmic side of a NE is scanned by AFM before and 2 h
after incubation in RNase A or solvent (control). Only the nucleoplasmic ring-like structure (schematic in
center) of the NPC accessible to the AFM tip on the nucleoplasmic side of the NE is used for volume analysis
(zoom box¼ 200 nm).
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In early stages II, NPC density (31.6�
1.67 NPCs/mm2; n¼ 34, number of NE areas
studied) is significantly higher as compared to
late stages VI (23.4� 1.07 NPCs/mm2; n¼ 29;
P< 0.001).

The total number of NPCs per oocyte nucleus
can be calculated from the given data of NE
surface area and NPC density. In early stage
oocytes, the total number of NPCs per nucleus is
8.8� 0.24 � 106 compared to 46.8� 0.88 � 106

NPCs present in late stage nuclei (Fig. 4). Thus,
the total number of NPCs per oocyte in late
stages of development is more than five times
higher as compared to early stages.

NPC Plugs

A certain percentage of NPCs contains large
masses occluding their central channels. We
call such macromolecules located in the NPC
centers, ‘‘plugs.’’ Plugs probably represent ribo-
nucleoproteins (RNPs) exported by the NPCs
[Schafer et al., 2002; Oberleithner et al., 2003].
The percentage of plugged NPCs is 9.2� 1.73%
(n¼ 18, number of NE areas studied) in early
stage oocyte nuclei and only 0.7� 0.43% (n¼ 7)
in late stages. Hence, transcriptionally active
oocytes display a more than 13 times higher
percentage of plugged NPCs than do transcrip-
tionally less active oocytes. In other words, in
early stage oocytes 807,858� 13,138 NPCs per
nucleus are plugged compared to 60,847� 2,900

plugged NPCs per nucleus in late developmen-
tal stages. Although the total number of NPCs
per nucleus is lower in early than in late oocyte
stages, the number of plugged NPCs in early
stages of development significantly exceeds the
one found in late stages (P< 0.001) as displayed
in Figure 4A,B.

Since plugs in the NPC central channels most
likely represent ribonucleoproteins exported by
the NPCs, a change in shape upon exposure to
RNase A was postulated. As displayed in two
representative examples in Figure 5, plug shape
changes upon exposure to RNase A. Plug height
decreases while plugs broaden. From the three-
dimensional images, we calculated plug volume
(mass) before and after incubation in RNase A
solution. Volume analysis of nine plugs before
and after incubation in RNase A solution indi-
cates a significant decrease in plug volume
(mass) to 82.3� 4.98% of the original size
(P¼ 0.03).

Nucleoplasmic NPC Volume

We observed that not only plugs located in the
NPC central channels shrink upon exposure to
RNase A but also the total nucleoplasmic NPC
ring structure (Fig. 6). RNase A treatment
induces significant reductions in nucleoplasmic
NPC volume from initial (100%¼ control)
values to 42.5� 5.19% in early stage and to
74.7� 4.15% in late stage oocytes. In contrast,

Fig. 2. Nuclear diameters at different stages of oocyte development in presence and absence of
polyvinylpyrrolidone (PVP) in nuclear isolation medium. In presence of PVP nuclei maintain their original
volume whereas a substantial volume increase is observed in absence of PVP. Displayed nuclei are matched
pairs (i.e., one and the same nuclei before and after swelling).
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NPCs exposed to medium lacking RNase A
for 2 h (control) rather increase in size. Taken
together, the nucleoplasmic NPC ring structure
shrinks in response to RNase A treatment
significantly more in early than in late stage
oocytes.

DISCUSSION

NEs of different stages of oocyte development
have not yet been investigated with AFM. This
seemed desirable since an individual oocyte
undergoes a dramatic change in structure and
function when it develops from the early

immature stage to the late mature stage. Such
macroscopic changes should by reflected at
single NPC level.

Quantitative Aspects of Nuclear Pore
Density in Early and Late Stages

In the present study, we found a nuclear pore
density of 31.6� 1.67 NPCs/mm2 in early stages
and of 23.4� 1.07 NPCs/mm2 in late stages. In
contrast, investigations carried out in the 1970s
with negative staining methods and EM led to
substantially higher values for NPC density,
namely 63.0� 4.4 NPCs/mm2 for early stage
oocytes and 47.0� 3.3 NPCs/mm2 for late stage

Fig. 3. AFM images of the NE nucleoplasmic surface in early (A) and late (B) stages of oocyte development
(scale bar¼ 250 nm). In early stages II, some NPCs are plugged and NPC density is higher than in late
stages VI.
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oocytes [Scheer, 1973]. This apparent discre-
pancy is most likely due to technical reasons
[Speth and Wunderlich, 1970]. In fact, the
fragments used for the EM studies may not be
representative for the whole NE. Negative
staining leads to the selection of those NE
fragments that have the highest pore frequency
because during NE isolation and grid attach-
ment the fragments with the highest pore
frequency tend to stick together [Maul, 1977].
AFM preparations use native NEs and thus
avoid this problem. Selection of flat membrane
areas used for the AFM assessment of NPC
density is virtually random.

‘‘True’’ Nuclear Surface Is Important to
Quantify Pores per Nucleus

Calculation of total number of NPCs per cell
nucleus is based on nuclear pore density and
nuclear surface area. Considering the relatively
small difference in NPC density (factor of 1.4,
early/late stages) compared to the massive
difference in NE surface area (factor of 7.2,
early/late stages), it is evident that the nuclear
surface area is the major variable during oocyte

development. In this context, it is of paramount
importance to calculate total NPC number per
nucleus on the basis of ‘‘true’’ NE surface area
gained from volume-expanded nuclei. We cal-
culated a total NPC number of 8.8� 0.02 � 106

per nucleus for early oocyte stages and of
46.8� 0.88 � 106 per nucleus for late oocyte
stages. On the basis of EM investigations, the
total number of pores per nucleus was calcu-
lated to be 14.4 � 106 for early stages and
37.7 � 106 for late stages of development [Scheer,
1973]. We think that the present AFM data are
more close to reality because EM staining
causes overestimations of NPC density (see
paragraph above) while lack of swelling (see
above) underestimates the true nuclear surface
area. This could explain the high values in early
stage and the low values in late stage oocyte
nuclei of the EM studies.

High NPC numbers do not necessarily indi-
cate substantial nucleocytoplasmic RNA trans-
port. In fact, late stage oocytes have
considerably more nuclear pores as early stage
oocytes due to the much larger surface area of
the former. In contrast, NPCs of early stage

Fig. 4. Comparison of the total number of NPCs and the number of plugged NPCs per nucleus in early (stage
II) and late developmental stages (stage VI). Asterisks (*) indicate a statistically significant difference between
early and late stage (P<0.001).
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Fig. 5. AFM plug analysis before and after 2 h after incubation with RNase A. Two typical examples of
individual plugs before and after exposure to RNase A are given (matched pairs). A decrease in plug height
and an increase in plug width can be observed (scale bar¼50 nm).

Fig. 6. Nucleoplasmic NPC volume change upon treatment
with RNase A in early and late stages of development. Mean
data� SEM are given; n¼ 15 (number of individual NPCs
studied). A significant decrease in nucleoplasmic NPC volume
in response to RNase A incubation is observed in both early
(P<0.001) and late (P<0.001) stages of oocyte development.

The asterisk (*) indicates a significant difference (P<0.001) in
volume change between early and late developmental stages.
Controls show a significant increase in nucleoplasmic NPC
volume upon incubation in NIM in early (P¼0.05) and late
(P<0.001) developmental stages but no significant difference
between different stages.
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oocytes are more active indicated by a 13 times
higher number of plugged NPCs, a correlate for
transcriptional activity (see below).

Nucleoplasmic Plugs in Pores

Plugs are large masses (400–800 kDa) that
completely occupy the nucleoplasmic channel
entrance. They are easily detectable by AFM.
However, as the NPC central channel is approxi-
mately 50 nm in length and only a few nm wide in
its middle, it is not completely accessible to the
AFM scanning tip. As a consequence, plugs
concealed in the depth of the NPC cannot be
detected by the AFM tip. Thus, plug frequency in
both early and late stages of development is
rather underestimated.

There identity of plugs is still under discus-
sion [Akey, 1990; Jarnik and Aebi, 1991;
Schwartz, 2005]. Plugs are sometimes consid-
ered as preparation artifacts caused by, for
example, the nuclear basket collapsing into the
NPC lumen during fixation. Since we work with
native Nes, this view can be ruled out. In
addition, it is unlikely that such artifacts would
occur 13 times more frequently in early stages
than in late ones. Furthermore, there is evi-
dence that a centrally located plug is an
intrinsic part of the NPC transport machine.
Finally, the plug could be a cargo molecule
(complex) caught in transit through the NPC.

Plugs Are RNPs Identified by On-Site
RNase Digestion

In a previous study, it was shown that a single
injection of aXenopus laevis oocyte with a steroid
hormone provokes plug formation 20 min later
[Schafer et al., 2002]. Plug appearance is paral-
leled by a sharp increase in electrical NE
resistance. Since the transcription inhibitor
actinomycin D or RNase A incubation eliminated
the resistance increase, the conclusion was made
that RNP export through the NPC could be the
underlying mechanism [Schafer et al., 2002;
Oberleithner et al., 2003]. The present article
supports this view. Plugs change in shape and
decrease in molecular mass by about 18% upon a
2-h treatment with RNase A. This suggests that
plugs consist, at least partially, of RNA. The
major portion of the plug most likely consists of
proteins. Obviously, plugs are the morphological
correlate of RNPs.

As elegantly shown by high-resolution scan-
ning, EM RNPs first bind to the NPC basket

before translocation occurs [Kiseleva et al.,
1998]. In the preparation, we use the baskets
that have been most likely removed by the
isolation procedure. Therefore, we detect plugs
only when already tightly anchored inside the
dilated central channel. A large number of
proteins with specific functions participates in
RNA export. Receptor and adaptor proteins are
loaded cotranscriptionally to nascent RNAs to
form large RNP complexes [Stutz and Izaur-
ralde, 2003]. The RNP complex is first oriented
in a specific manner at the pore entrance
followed by RNA unpacking and translocation
[Mehlin et al., 1992]. Since the resolution of our
AFM images is limited so that we cannot
distinguish individual proteins of the NPC
machine, we measured the total volume (mass)
of the NPC ring structure that protudes
from the nucleoplasmic surface. We assumed
that even in absence of a visible plug, RNA could
be ‘‘hidden’’ inside the ring-like structure.
With on-site RNase treatment, we could per-
form paired experiments and quantify the NPC
mass before and after exposure. The results
indicate that RNA is present in the NPC
machinery. Consistent with plug frequency,
RNA is more abundant in NPCs of early
stage oocytes.

In summary, the data indicate that the plugs
located in the NPC central channel are a visible
morphological correlate for the transcriptional
activity of the cell. In early stage oocytes,
plugged NPCs are frequently found, while in
late stages of oocyte development, plugging is
rare unless induced exogenously by the applica-
tion of hormones [Schafer et al., 2002]. On-site
digestion studies indicate that RNA is a struc-
tural component of NPCs.
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