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Abstract. Although nuclear pore complexes (NPC)
are considered to be key structures in gene expres-
sion, little is known about their regulatory control. In
order to explore the regulatory mechanism of passive
transport of small macromolecules we examined the
influence of different factors on the diffusional path-
way of NPCs in isolated Xenopus laevis oocyte nuclei.
Diffusion of fluorescence-labeled 10-kD dextran was
measured across the nuclear envelope with confocal
fluorescence microscopy. Surprisingly, the filling state
of the perinuclear Ca®" store had no influence on
passive transport of 10-kD dextran. Furthermore,
nuclear envelope permeability was independent of
cytoplasmic pH (pH range 8.3-6.3). In contrast, nu-
clear swelling, induced by omission of the endog-
enous cytosolic macromolecules, clearly increased
nuclear permeability. An antibody against the gly-
coprotein gp62, located at the central channel en-
trance, reduced macromolecule diffusion. In addition,
nuclei from transcriptionally active, early develop-
mental stages (stage II) were less permeable
compared to transcriptionally inactive, late-develop-
mental-stage (stage VI) nuclei. In stage II nuclei,
atomic force microscopy disclosed NPC central
channels with plugs that most likely were ribonu-
cleoproteins exiting the nucleus. In conclusion,
the difference between macromolecule permeability
and previous measurements of electrical resistance
strongly indicates separate routes for macromolecules
and ions across the nuclear envelope.
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Introduction

Active and passive transport of various cargo in-
cluding inorganic ions into and out of the cell nucleus
are mediated by nuclear pore complexes (NPCs),
supramolecular structures that span the nuclear en-
velope (NE). As a transport machinery the NPC
plays a crucial role in the regulation of gene expres-
sion. Structural and functional data indicate the ex-
istence of eight small peripheral channels that
penetrate individual NPCs around the large central
channel (Aebi et al., 1992; Hinshaw et al., 1992;
Mazzanti et al., 2001; Shahin et al., 2001).

Electrophysiological methods, such as micro-
electrode techniques (Loewenstein & Kanno, 1963),
the patch-clamp technique (Mazzanti et al., 1990;
Bustamante et al., 1995a) and the nuclear hourglass
technique (Danker et al., 1999) addressed passive ion
transport of the NE. Since the NE is assumed to be a
smart barrier that adjusts its permeability to the
metabolic demands of the cell (Mazzanti, Busta-
manta & Oberleithner, 2001) it seems crucial to un-
derstand the regulatory mechanisms of passive
macromolecule transport. Functional data should
allow conclusions on the conformational state of the
NPCs and thus fuse functional and structural data on
NPCs into a more universal model.

Superfusion of isolated nuclei with fluorescence-
labeled dextran of defined size and application of
confocal fluorescence microscopy allow measure-
ments of the passive NE permeability with reasonable
precision. We used 10-kD dextran, which is too large
to penetrate the small peripheral channels but freely
diffuses through open NPC central channels. This
technique was used to identify factors that could
modify the NPC permeability for small macro-
molecules.

Since both calcium and ATP affect ion perme-
ability (Mazzanti, Innocenti & Rigatelli, 1994; Shahin
et al., 2001) and NPC conformation (Perez-Terzic
et al., 1996; Rakowska et al., 1998), we examined the
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influence of cisternal calcium on the NPC permea-
bility for small macromolecules. We also explored the
influence of pH changes on NE macromolecule-per-
meability since pH effects of the NE have been re-
ported (Danker & Oberleithner, 2000; Oberleithner
et al., 2000a). Nuclear swelling induced by changing
osmolarity was already used to elucidate aspects
about NE ion-permeability (Innocenti & Mazzanti,
1993). Therefore, we measured passive NE macro-
molecule-permeability in volume-expanded nuclei.

Individual NPCs consist of more than 100 nu-
cleoporins. Due to its location, one of the nucleo-
porins, namely the glycoprotein gp62, is of special
interest when exploring passive macromolecule
transport. The glycoprotein gp62 is part of the so-
called gp62 complex located near the central NPC
channel (Guan et al., 1995). Although the role of the
gp62 complex for active transport has already been
elucidated (Finlay et al., 1991; Hu et al., 1996), little is
known about its influence on passive transport. The
influence of antibodies directed against nucleoporins
on NE ion permeability is still controversial (Busta-
mante, Hanover & Liepins, 1995b; Danker et al.,
1999). We used gp62 antibodies to occlude NPC
central channels and thus to affect passive macro-
molecule transport. Finally, structural and functional
data indicate transient NPC channel plugging during
macromolecule translocation (Oberleithner et al.,
2000b; Oberleithner et al., 2001; Schafer et al., 2002).
Thus, to explore the possible influence of NPC
channel plugging caused by ribonucleoprotein export
as reported previously (Schafer et al., 2002), we per-
formed experiments in transcriptionally active (stage
II) and transcriptionally inactive (stage VI) Xenopus
laevis oocytes.

Materials and Methods

PrEPARATION OF CELL NUCLEI

Female Xenopus laevis were anaesthetized with 0.1% tricane-
methane sulfonate and their ovaries were removed. Oocytes were
dissected from ovary clusters and stored in modified Ringer solu-
tion (in mm: 87 NaCl, 3 KCl, 1 MgCl,, 1.5 CaCl,, 10 HEPES, 100
U/100 pg penicillin/streptomycin, pH 7.4) before use. The nuclear
isolation medium (NIM) was composed of (in mm): 90 KCI, 26
NaCl, 2 MgCl,, 1.1 EGTA, 10 HEPES. We applied an ATP-re-
generating system (3 mm ATP, 3 mwm creatine phosphokinase, 10
mM phosphocreatine), free Ca>* (107%-107° M, ambient between
pH 6.3-8.3 and 1.5% polyvinylpyrrolidone(PVP; M, = 40,000), as
appropriate.

Ca’" STORE DEPLETION
Nuclear Ca®" stores were depleted by incubating isolated nuclei in
NIM either containing 50 pm of the membrane-permeable Ca’"
chelator BAPTA-AM (BAPTA-AM/DMSO-stock solution: 50
mm) or 1 pm of the Ca®"-channel activator IP; (inositol-1,4,5-
trisposphate), or by removing ambient Ca®>" and/or ATP.
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CHANGES IN pH

To test nuclei under three different pH values we titrated the NIM
with KOH to a pH of 7.3, 6.3 or 8.3. The first experimental series
was performed with an NIM containing a Ca®>" concentration of
1077 M and 3 mm ATP (filled Ca®>" store). Ca®"-store depletion
was induced by removal of ATP and reduction of free Ca”" to
1078 m.

NUCLEAR SWELLING

PVP is needed to compensate for the lack of macromolecules in the
NIM to mimick the intact cytosol (Danker et al., 2001). Basically,
we used 1.5% PVP, a concentration that prevents nuclear swelling,
which instantaneously occurs during isolation in pure electrolyte
solution. We compared the passive macromolecule permeability of
nuclei tested in absence and in presence of PVP. For direct com-
parison of the results (= PVP) we considered the 4.1-times larger
volume of the cell nuclei exposed to PVP-free NIM.

APPLICATION OF gp62 ANTIBODY

The polyclonal antibody directed against nucleoporin gp62 was a
kind gift of G. Krohne (Biocentre, University of Wiirzburg, Ger-
many). It is specific to X. laevis gp62 (Cordes, Waizenegger &
Krohne, 1991). Nuclei were incubated for 1 h in NIM containing
the antibody (1:250 dilution of the serum).

STAGE-II AND STAGE-VI OOCYTES

The oocyte development is classified in to six different stages
(Dumont, 1972). Oocyte size dramatically increases from early to
late stages in oocyte development. A comparison of the initial slope
of nuclei from different stages and thus different sizes is only
meaningful when surface/volume ratios are taken into considera-
tion. While the surface of a sphere increases with the square of its
radius (47r?), the volume increases with its cube radius (4/3nr’).
Furthermore, NIM used for this experimental series contained a
Ca®" concentration of 10~ M and no ATP. To compare the per-
meability of nuclei from different developmental stages, we chose a
PVP concentration of 0.5% because handling, measurement and
analysis of slightly volume-expanded nuclei of small size are more
easily performed.

PRINCIPLE OF THE MEASUREMENT

Macromolecule permeability of cell nuclei was measured with flu-
orescence-labeled dextran of defined size using confocal fluores-
cence microscopy. The light source of the confocal laser-scanning
microscope (CLSM Fluoview, Olympus) was an argon/crypton ion
laser (Omnichrome®), which generates three excitation wave-
lengths, 488, 568 and 647 nm.

The underlying principle of exploring passive transport of
macromolecules is that a change in NPC regulatory factors is fol-
lowed by a change in the passive diffusion rate of fluorescence-
labeled dextran. Comparison of diffusion rates under different ex-
perimental conditions allows conclusions about NPC permeability.

During the measurement the nucleus was placed in a super-
fusion chamber (volume: 100 pl), which, in combination with a
perfusor, allows permanent superfusion and fast changes in per-
fusion solutions. To prevent the nucleus from moving, it was kept
in place by using Cell-tak®.

Dextran molecules can move freely between cytoplasm and
nucleus up to a size of ~20-40 kD (Peters, 1986). Therefore, we
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Fig. 1. Representative experiment of an
individual nucleus. The graph represents
the time course of an experiment. The
fluorescence ratio (internal/external) is
given on the y-axis. Images show the nu-
cleus exposed to 10-kD Ca-Green-dextran
and, subsequently, to 64-kD TRITC-dex-
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tran. 64-kD dextran was used to test for
overall NE integrity.

time (min)

used 10-kD dextran (highly permeable) to test for the NPC diffu-
sional pathway and 64-kD dextran (virtually impermeable) to
check for overall integrity of the nucleus. The ‘small dextrans’ (10
kD) were labeled with either FITC (fluoresceine isothiocyanate;
Sigma) or with Calcium Green (Molecular Probes). The results
obtained with these two differently labeled dextrans are not directly
comparable because they require different laser adjustments and
differ in sensitivity. The ‘control dextrans’ (64 kD) were marked
with TRITC (tetramethylrhodamine isothiocyanate). Dependent
upon the fluorescent dye, we used excitation wavelengths of 488 nm
(FITC, Calcium Green) or 568 nm (TRITC). This strategy allowed
us to test the integrity of each nucleus after a successful measure-
ment with 10-kD dextran. The concentration of fluorescence-
labeled dextran in the superfusion was 0.01 mm.

A representative experiment is shown in Fig. 1. The measure-
ment starts with 10-kD dextran. After the start of perfusion, the
nucleus is scanned 12 times every 90 seconds. Subsequently, the
membrane integrity of the nucleus is tested by using the 64-kD
dextran. To evaluate the fluorescence quantitatively, we determined
nuclear and bath fluorescence intensity of each scanned image.
Each fluorescence-intensity value of the nucleus was related to bath
fluorescence intensity at the same time. The initial slope was de-
rived from the straight line set through the first three test points.
The initial slope directly correlates with macromolecule NE per-
meability.

ATtomic Force Microscory

Preparation of the NE for AFM was performed in NIM containing
no PVP. Individual intact nuclei were transferred to a glass
coverslip placed under a stereo microscope. The chromatin was
carefully removed using sharp needles and the NE was spread on
Cell-tak®-coated glass, with the nucleoplasmic side facing upward.
Finally, the preparation was washed with deionized water and
dried. No fixatives were used.

Application of AFM to nuclear envelopes has been described in
detail previously (Danker, T. et al. 1997). We used a BioScope™
(with a NanoScope Illa controller; Digital Instruments, Santa
Barbara, CA). We used standard V-shaped 200 pum long silicium
nitride cantilevers with spring constants of 0.06 N/m (VEECO,
Mannheim, Germany). The images were recorded with 512 lines
per screen at constant force (height mode) in contact mode with a
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scan rate of 3 to 10 Hz and analyzed with software supplied by the
manufacturer (Digital Instruments).

STATISTICS

Data are shown as mean values £ sEm (n = number of nuclei).
Significance of differences was tested by paired and unpaired Stu-
dent’s r-test, as appropriate. An asterisk indicates a significant
difference of p < 0.05 or less.

Results

No INFLUENCE oF Ca?™ AnD ATP onN
MACROMOLECULE NE PERMEABILITY

To test the influence of the filling state of the peri-
nuclear Ca®" store on NE permeability we applied
conditions in which the Ca®" store was assumed to
be empty. We compared the results of these meas-
urements with the corresponding controls. Inde-
pendently of the methods used to deplete the Ca®*
store (see Methods section), we could not measure a
difference in 10-kD FITC-dextran permeability
compared to controls. A typical experimental series is
shown in Fig. 2. It is obvious that the initial slope did
not significantly vary whether Ca®* and ATP were
present or absent. In the presence of Ca?>" and ATP
the initial slope was 0.024 = 0.0018 (mean =+ sEwm;
n = 13). Omission of Ca’" and ATP displayed an
initial slope of 0.027 + 0.0015 (mean =+ SEM; n = 7).
There is no significant difference of the mean values.

No INFLUENCE oF CyTosoLic pH oN
MACROMOLECULE NE PERMEABILITY

To explore the influence of pH changes on the NE
permeability, we tested nuclei under three different
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Fig. 2. The 10-kD FITC-dextran permeability of
oocyte nuclei shown as initial slope of fluores-
cence-ratio increase in presence and absence of
Ca?* and ATP. Models above the columns show
profiles through individual NPCs perpendicular to
the NE, indicating the experimental condition.
Cisternal Ca®* stores are assumed to be empty in
experiments where ambient Ca®* and ATP were
absent (n.s. = no significant difference).

Fig. 3. 10-kD Ca-Green-dextran permea-
bility of oocyte nuclei shown as initial
slopes at different ambient pH.
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pH values (7.3, 6.3 and 8.3). The results in Fig. 3 do
not exhibit a significant difference between the three
experimental groups. At physiological pH of 7.3 the
permeability shown as initial slope was 0.053 +
0.0049 (mean =+ sem; n = 12). The initial slope
measured at pH of 6.3 was 0.050 + 0.0050 (mean =+
SEM; n = 13). Under the third condition, at pH of 8.3,
oocyte nuclei exhibited an initial slope of 0.058 =+
0.0040 (mean + sem; n = 13). There is no significant
difference of the mean values.

DEPENDENCE OF MACROMOLECULE NE PERMEABILITY
ON NUCLEAR VOLUME

After correction for surface/volume ratio (see
Methods section) the initial slope of 12 nuclei tested

in absence of PVP (volume-expanded state) was
0.028 £ 0.0027 (mean *+ Sem; n = 12), as seen in
Fig. 4. Initial slopes of ten nuclei measured in the
presence of PVP were 0.007 + 0.00045 (mean =+
seM; n = 10). Nuclei displayed a 4 times higher
permeability for 10-kD FITC-dextran in the vol-
ume-expanded state compared to the permeability
measured in the volume-contracted state (p <
0.001).

DEPENDENCE OF MACROMOLECULE NE PERMEABILITY
ON CENTRAL CHANNEL PASSAGE

Figure 5 shows the initial slope of 8 nuclei incubated
with the nucleoporin gp62 antibody as compared to
14 nuclei that had no exposure to the antibody. After
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Fig. 4. 10-kD FITC-dextran permeability shown
as initial slope in volume-expanded (PVP absent)
and volume-contracted (1.5% PVP present) oo-
cyte nuclei (*indicates p < 0.01).
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Fig. 5. 10-kD Ca-Green-dextran permeability shown as initial slope without (control) and with (gp62) antibody incubation. The NPC
schematics above each column illustrate the experimental conditions (*indicates p < 0.05).

antibody treatment the initial slope for 10-kD Ca-
Green-dextran with a value of 0.039 + 0.0047
(mean = SeM; n = &) was significantly lower (p <
0.05) than that of the control nuclei with an initial
slope of 0.056 £+ 0.005 (mean =+ sem; n = 14).

DEPENDENCE OF MACROMOLECULE NE PERMEABILITY
ON DEVELOPMENTAL STAGES

In Fig. 6, results are shown after correction for dif-
ferent surface/volume ratios (see Methods) of stage-
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shown as initial slope observed in stage-VI (late
stage) and stage-1II (early stage) Xenopus laevis
oocytes (*indicates p < 0.05).
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IT and stage-VI oocyte nuclei. The initial slope for
stage-VI nuclei was 0.054 + 0.0035 (mean + SEM; n
= 26). The initial slope derived from stage-II nuclei
was significantly lower, with a value of 0.036 =+
0.0036 (mean + seM; n = §; p < 0.01). Thus, oocyte
nuclei from early developmental stages are less
permeable to 10-kD dextran than nuclei from stage-
VI oocytes.

PLuG FORMATION IN EARLY AND LATE
DEVELOPMENTAL STAGES

Figure 7 shows AFM images of NPCs obtained in
early- and late-stage oocytes. While most of the
NPCs appeared unplugged in the late stage, central
channel plugging was clearly visible in early-stage
oocytes. Profiles taken in individual NPCs showed
plugs that occupy the central channels. Table 1
quantifies these observations. However, it should be
mentioned that plugs are detectable only if they are
located close to the NPC surface (here: nucleoplas-
mic surface). It is likely that plugs occur deeply inside
the central channel, thus being undetectable for the
AFM scanning tip.

Discussion

The fluorescence technique used in the present study
has sufficient sensitivity and temporal resolution to
measure diffusion rates in individual cell nuclei. The
in-vitro system allows the examination of macro-
molecule NE permeability under controlled condi-
tions. Control of overall nuclear integrity with 64-kD
TRITC-dextran lowered the experimental scatter
because damaged nuclei could be identified and ex-
cluded from analysis.

Ca®>" DOEs NOT REGULATE THE PASSIVE
MACROMOLECULE TRANSPORT

The role of the filling state of the Ca®" store con-
cerning transport through NPCs is still unclear. There
is evidence that passive transport is regulated by the
filling state of the Ca®>" store (Stehno-Bittel, Perez-
Terzic & Clapham, 1995). Furthermore, the state of
the Ca””" store is believed to influence NPC confor-
mation (Perez-Terzic et al., 1996). Active transport of
proteins and diffusion of small macromolecules was
shown to decrease following the depletion of the Ca*"
store (Greber & Gerace, 1995; Perez-Terzic et al.,
1999). The present data do not agree with previous
measurements. This discrepancy could originate in
different experimental approaches: While some re-
searchers used living cells, we chose the isolated nuclei
preparation. While we measured initial slopes, other
researchers derived NE permeability from long-term
incubations (Greber & Gerace, 1995). While we pre-
vented nuclear swelling by adding PVP, other re-
searchers measured NE permeability under volume-
expanded conditions (Stehno-Bittel et al., 1995). This
is also reflected by the use of nuclear ghosts, which
presumably lack structural integrity. It is possible that
a mechanically stressed cell nucleus could respond
differently to Ca®"* depletion. Although there are re-
ports in favor of our present study (Kasper et al.,
1999), this issue is not yet resolved.

Interesting perspectives are provided by elec-
trophysiological measurements. While NE macro-
molecule-permeability is not influenced by Ca®”-
store depletion (this study) passive NE ion-permea-
bility, measured with electrophysiological tech-
niques, is Ca’"- and ATP-sensitive (Shahin et al.,
2001). This strongly indicates a separate route for
the passive transport of macromolecules and inor-
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Fig. 7. Nuclear pore complexes of X. laevis oocyte nuclei imaged from the nucleoplasmic side with AFM. Incidence of plugged pores at the
early stage of development is much higher (/eff) compared to plugging at the late stage of development. Top views and profile analysis of
individual NPCs are shown in detail in the respective lower parts of the figure.

ganic ions, as previously suggested (Mazzanti et al.,
2001).

10-kD MACROMOLECULE TRANSPORT IS INSENSITIVE
1o CyTosoLic pH

Cytoplasmic pH is usually well controlled within the
range of pH 7.1 to pH 7.5. Little is known about pH
in the perinuclear compartment, its regulation and its
physiological role. Studies in intact cells show no
changes of the NE macromolecule-permeability after
acidification (Nitschke et al., 1996). The present ex-
periments confirm this view. However, there is again
a difference between ion and macromolecule perme-
ability.

While passive transport of macromolecules is
not influenced by pH changes, electrical NE con-
ductance as well as NPC conformation strongly
depend upon ambient pH (Danker & Oberleithner,
2000; Oberleithner et al., 2000a). This again indi-
cates the existence of two separate transport
routes.

VOLUME-EXPANDED NUCLEI ARE MORE PERMEABLE
TO 10-kD DEXTRAN

Nuclear swelling is known to cause changes in NE
ionic permeability (Innocenti & Mazzanti, 1993). It is

obvious that volume-expanded nuclei are more per-
meable for both inorganic ions and macromolecules.
This could be due to mechanical stress of the NE,
although overall NE integrity remains intact. How-
ever, there is certainly mechanical stress upon the
nuclear lamina and the individual NPCs, which could
cause an increase in NE permeability. In addition, the
chromatin appears detached from the NE as viewed
in the light microscope, indicating that nuclear vol-
ume expansion, due to the lack of cytosolic marco-
molecules (or PVP), structurally changes the nuclear
compartment.

ANTIBODY AGAINST NUCLEOPORIN gp62 INTERFERES
WITH MACROMOLECULE MOVEMENT

Macromolecule diffusion is basically influenced by
the size of the diffusing particle and the size of the
diffusion pore. The gp62 antibody binds to the inside
of the NPC central channel and thus physically in-
hibits passive diffusion.

Although gp62 is essential for active (Finlay et al.,
1991; Hu et al., 1996) and passive transport of mac-
romolecules, it is notable that the same antibody did
not affect passive transport of ions (Danker et al.,
1999). Again, this is strong evidence that macro-
molecule and ion pathways represent separate routes.
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Table 1. NPC-data in early stage-II and late stage-VI Xenopus laevis oocytes obtained with atomic force microscopy

Parameter Stage 11 Stage VI

Data n Data n
Number of NPCs/nucleus 10,064,000 + 29,000 8 52,147,800 + 125,000 18
Number of NPCs/um? of nuclear envelope 36.2 £ 0.9 8 26.1 £1.6 18
Number of plugged NPCs/nucleus 825,000 469,000
Number of plugged NPCs/total number of NPCs (%) 82 + 1.6 12 09 £ 1.6* 5

Mean values = sem. NPCs = nuclear pore complexes; total NPCs = total number of NPCs per respective area, n» = number of nuclei. A
total area per nucleus of about 500 um? was analyzed. Asterisk indicates significantly different from the corresponding mean value of stage-
II oocytes (p < 0.02). Plugged NPCs/nucleus are estimates taken from atomic force microscopy images.

NE MACROMOLECULE TRANSPORT IN OOCYTE
DEVELOPMENT

Nuclei of early developmental stages are significantly
less permeable for macromolecules compared to
nuclei of late stages. An answer can be derived from
AFM structural analysis (Table 1). Obviously, the NE
macromolecule-permeability cannot be directly relat-
ed to the number of pores per area. If it is assumed
that NE macromolecule-permeability of stage-VI
nuclei equals 100%, then a reduced permeability of
48% for stage-II nuclei is calculated, taking into
consideration differences in nuclear size and NPC
number. Thus, structural and functional changes of
NPCs themselves must be assumed to explain the shift
in permeability. Transcription activity is high in early-
stage oocytes and low in late-stage oocytes (Dumont,
1972; Golden, Schafer & Rosbash, 1980). In early
stages of development, huge amounts of ribonucleo-
proteins (RNPs) are actively transported from the
nucleus into the cytoplasm. AFM is able to disclose
RNPs in transit through individual NPCs (Schafer et
al., 2002). Ribonucleoproteins form large plugs that
obviously reduce the passive transport of macro-
molecules. Indeed, the number of plugged pores is
much higher in early than in late stages of oocyte
development. It is 8.2% in stage-1I and only 0.9% in
stage-VI oocyte nuclei. It is important to note that the
number of plugged pores is probably underestimated
due to technical reasons. AFM detects plugs only if
they are located close to the NPC surface. However,
the length of the NPC central channel is about 70 nm
(Gerace & Burke, 1988; Pante & Aebi, 1993) and thus
can hide several RNPs in a row. This view agrees
with electrophysiological measurements. Ion flux is
reduced during translocation of transcription factors
(Bustamante et al., 1995a), macromolecules (Busta-
mante et al., 1995b) and RNPs (Schafer et al., 2002).
The fact that ion flux through NPCs is reduced when
RNPs are transported does not contradict the model
of two separate pathways, one for the macromolecule
and another for ions. As obvious from AFM studies,
RNP transport through NPCs dramatically dilates the
NPC ring-structure (Schafer et al., 2002). Thus, the

small peripheral channels located in the ring are likely
to be squeezed. This could explain the reduction of
ion flow through NPCs when large macromolecules
enter or exit the nucleus.

In conclusion, the data confirm the model that
the NPC central channel transports the macromole-
cules, while peripheral channels transport the inor-
ganic ions.
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