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Each nuclear pore is responsible for both nuclear im-
port and export with a finite capacity for bidirectional
transport across the nuclear envelope. It remains poorly
understood how the nuclear transport pathway re-
sponds to increased demands for nucleocytoplasmic
communication. A case in point is cellular hypertrophy
in which increased amounts of genetic material need to
be transported from the nucleus to the cytosol. Here, we
report an adaptive down-regulation of nuclear import
supporting such an increased demand for nuclear ex-
port. The induction of cardiac cell hypertrophy by phen-
ylephrine or angiotensin II inhibited the nuclear trans-
location of H1 histones. The removal of hypertrophic
stimuli reversed the hypertrophic phenotype and re-
stored nuclear import. Moreover, the inhibition of nu-
clear export by leptomycin B rescued import. Hyper-
trophic reprogramming increased the intracellular
GTP/GDP ratio and promoted the nuclear redistribution
of the GTP-binding transport factor Ran, favoring ex-
port over import. Further, in hypertrophy, the reduced
creatine kinase and adenylate kinase activities limited
energy delivery to the nuclear pore. The reduction of
activities was associated with the closure of the cyto-
plasmic phase of the nuclear pore preventing import at
the translocation step. Thus, to overcome the limited
capacity for nucleocytoplasmic transport, cells requir-
ing increased nuclear export regulate the nuclear trans-
port pathway by undergoing a metabolic and structural
restriction of nuclear import.

Hypertrophy is a fundamental adaptive process that enables
heart muscle to accommodate demands for increased workload
or to compensate for the loss of cardiac cells (1-3). Hypertro-
phied cardiomyocytes display a distinct pattern of gene expres-
sion, increased content of contractile proteins, and augmented
myofibrillogenesis (1-8). Such critical processes in hypertro-
phy depend on molecules that have to be carried into or out of
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the nucleus (9, 10). In particular, the amount of mRNAs that
need to be transported from the nucleus to the cytosol and
transcribed into proteins dramatically increases (1-3, 11-13).
Considering the limited total capacity for nuclear transport
(14-17), it remains unknown how the nuclear transport path-
way operates to support increased demands for nucleocytoplas-
mic communication.

The nuclear envelope, which separates the nuclear content
from the cytoplasm, mediates the transport required for the
regulation of gene expression and processing of genetic infor-
mation (14-16). Although several steps in the process are rec-
ognized including targeting and movement to the nuclear sur-
face, it is translocation through the nuclear envelope that
ultimately secures the transfer of molecules (17-23). Translo-
cation occurs through nuclear pore complexes, which span the
nuclear envelope and gate bidirectional nucleocytoplasmic ex-
change (24-26). In response to changes in cellular bioenerget-
ics or ion homeostasis, nuclear pores adopt distinct conforma-
tions regulating nuclear import (24-29). Transport can be
activated and inactivated during the cell cycle (30), indicating
that traffic through the nuclear pores is a dynamic process
determined by the functional and metabolic state of a cell.

We report a down-regulated nuclear import in hypertrophy,
which is restored by the removal of the hypertrophic signal or
blockade of nuclear export. Thus, cardiac cells suppress nuclear
import under conditions of increased demand for nucleocyto-
plasmic communication to secure the availability of the nuclear
transport pathways required for the generation of the hyper-
trophic phenotype.

EXPERIMENTAL PROCEDURES

Hypertrophy—Hearts were removed from 1-2-day-old rats, and car-
diomyocytes were isolated and cultured (29). Hypertrophy was induced
with phenylephrine (100 uM), an a-adrenoreceptor agonist (in the pres-
ence of 10 uM propranolol, a B-adrenoreceptor antagonist), or with
angiotensin II (100 nMm). Myocyte size and sarcomeric «a-actin content
were used as markers of hypertrophy (4). Size was quantified by meas-
uring the cell surface area with laser confocal microscopy (LSM 410
Carl Zeiss) and a X 40 (1.3 NA) objective. The expression of a-actin was
determined by phalloidin staining that recognizes sarcomeric actin. To
this end, cells fixed with 3% paraformaldehyde were incubated (20 min)
with 20 nM phalloidin tagged with fluorescein, washed in 3% Tween in
phosphate-buffered saline, and imaged by laser confocal microscopy
using a X 63 (1.4 NA) objective. The light source was an argon/krypton
laser tuned at 488 nm, and emission light was collected using a 510-
nm-long pass dichroic beam splitter and a 515-nm-long pass emission
filter. Two-dimensional confocal images were acquired by scanning
512 X 512 pixels per image and processed on a Silicon Graphics Iris
Computer with ANALYZE software (Mayo Foundation).

Microinjections—Control or hypertrophied cardiomyocytes were
transferred to prewarmed Dulbecco’s modified Eagle’s medium with
0.5% bovine serum albumin, 10 mm HEPES (pH 7.5), and 20 mMm
2,3-butanedione monoxime (Sigma). Microinjections into the cytosol
were carried out with a nanometer-precision microinjector unit (Eppen-
dorf 5242) coupled to a micromanipulator (Eppendorf 5171) mounted on
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a fluorescence microscope (Carl Zeiss Axiovert 100) (29, 31). Pipettes
were filled with injection buffer (150 mm KCI, 1 mm PIPES,! 0.1 mm
EDTA, 0.025 mMm EGTA, pH 7.2) containing fluorescein-coupled his-
tones H1 (0.07 mg/ml) or fluorescein-coupled dextrans (5 mm).

Nuclear Transport—Cardiomyocytes were superfused with 116 mm
NaCl, 4 mm KCl, 2 mm MgCl,, 2 mm NaH,PO,, 4 mm NaHCOj, 21 mMm
HEPES, and 1 mm CaCl,, (pH 7.4, 37 °C). Nuclear transport was meas-
ured using X 40 (1.3 NA) or X 63 (1.4 NA) objectives on a laser confocal
imaging system (LSM 410). The thickness of the optical sections of
imaged cells was set at 1-2 um to discriminate fluorescence emitted
from nuclear versus nonnuclear regions. Fluorescent probes were ex-
cited (at 488 nm) using an argon/krypton visible laser (Omnichrome),
and emission spectra were collected using a 510-nm-long pass dichroic
beam splitter and a 515-nm-long pass emission filter. Confocal images
were acquired by scanning a field at 16 s/frame. Fluorescence intensity
in the nucleus versus the cytosol was determined with ANALYZE on a
Silicon Graphics Iris computer. Nuclear accumulation was expressed as
the ratio of nuclear over cytosolic fluorescence (27, 29).

Ran Immunofluorescence—To localize the monomeric GTPase Ran,
cardiomyocytes were fixed, permeabilized, and labeled with an anti-
Ran monoclonal antibody (32). Optical z-sections of cells (0.2 um) were
acquired with a 1300 YHS CCD camera (Princeton Instruments) using
an objective mounted on a piezoelectric controller driven by the Meta-
morph software (Universal Imaging) (33). Images were processed by the
Imaris software (Bitplane) using the isosurface module (for three-di-
mensional reconstruction) following digital deconvolution (Huygens,
Scientific Volume Imaging) (33).

Nucleotides—To determine nucleotide levels, perchloric acid car-
diomyocyte extracts were prepared (34). Cells, washed with ice-cold
phosphate-buffered saline and immersed into liquid nitrogen, were
layered with 0.6 M HCIO, and 1 mM EDTA and then centrifuged (12,000
rpm, 4 °C) (Hermline Z230 MA microcentrifuge, Labnet). The superna-
tant was neutralized with 2 M K,HCO,, and the precipitate was re-
moved by centrifugation. ATP was measured in the supernatant by
using a coupled enzyme assay in 25 mM Tris-HCI buffer (pH 7.5), 2 mm
MgCl,, 2 mM glucose, 1 mMm dithiothreitol, 50 um NADP™*, 20 um diade-
nosine pentaphosphate, 4 units/ml of hexokinase, and 2 units/ml of
glucose-6-phosphate dehydrogenase. NADPH levels, reflecting ATP
concentration, were measured using a fluorometer with a minicell kit
(Turner TD-700). ATP, GTP, and GDP were also determined by HPLC
(System Gold, Beckman) using a QHR5/5 column (Amersham Pharma-
cia Biotech). Nucleotides were eluted with a linear gradient of trieth-
ylammonium bicarbonate buffer.

Enzyme Activities—Cells were extracted with 150 mm NaCl, 60 mm
Tris-HCI (pH 7.5), 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10
png/ml leupeptin, 1 pg/ml aprotinin, and 0.2% Triton X-100 and were
then centrifuged (10,000 X g, 4 °C). Creatine kinase activity was meas-
ured with a Beckman DU 7400 spectrophotometer in 100 mwm Tris
acetate (pH 7.5), 20 mM glucose, 2 mM EDTA, 10 mm MgCl,, 2 mMm
dithiothreitol, 2 mmM NADP*, 2 mm ADP, 5 mM AMP, 20 mM creatine
phosphate, 20 uMm diadenosine pentaphosphate, 4.5 units/ml hexoki-
nase, and 2 units/ml glucose-6-phosphate dehydrogenase (35). Adeny-
late kinase was measured in 100 mM potassium acetate, 20 mm HEPES
(pH 7.5), 20 mM glucose, 4 mm MgCl,, 2 mM NADP*, 1 mm EDTA, 1 mMm
dithiothreitol, 2 mMm ADP, 4.5 units/ml hexokinase, and 2 units/ml
glucose-6-phosphate dehydrogenase (35).

Electron Microscopy—Cardiac nuclei were imaged with transmitted
and field-emission scanning electron microscopy (FESEM). Cardiomyo-
cytes were fixed in 0.1 M phosphate-buffered saline containing 1%
glutaraldehyde and 4% formaldehyde (pH 7.2). For transmitted scan-
ning electron microscopy, cells were postfixed in phosphate-buffered 1%
0Os0,, stained en bloc with 2% uranyl acetate, dehydrated in ethanol
and propylene oxide, and embedded in low viscosity epoxy resin. Thin
(90-nm) sections were cut on an ultramicrotome (Reichert Ultracut E),
placed on 200-um mesh copper grids, and stained with lead citrate.
Micrographs were taken on a JEOL 1200 EXII electron microscope
operating at 60 kV. For FESEM, cardiomyocytes were stripped of sar-
colemma by using a hypotonic solution followed by a 5-min treatment
with 1% Triton X-100 (29). Sarcolemma-stripped cardiomyocytes were
fixed in situ with 1% glutaraldehyde and 4% formaldehyde in phos-
phate-buffered saline (pH 7.2). The specimen was rinsed in 0.1 M phos-
phate buffer (pH 7.2), and the buffer was supplemented with 1% os-

! The abbreviations used are: PIPES, 1,4-piperazinediethanesulfonic
acid; HPLC, high pressure liquid chromatography; fl-H1, fluorescein-
tagged histone 1; FESEM, field-emission scanning electron microscopy;
AFM, atomic force microscopy.
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Fic. 1. Down-regulated nuclear import in hypertrophy. Upper
row, laser confocal microscopy of neonatal cardiomyocytes at 0, 12, and
48 h following the addition of phenylephrine (100 uMm), a hypertrophic
stimulator. Actin was labeled with fluorescein-tagged phalloidin. Mid-
dle and lower rows, fl-H1 or 10-kDa dextrans (fI-10 kDa) were micro-
injected into the cytosol of control (0 h) or hypertrophied (12 or 48 h
after the addition of 100 uM phenylephrine) cardiomyocytes. Although
readily imported in control cardiomyocytes, H1 histones were excluded
from the nucleus of hypertrophied cardiomyocytes (middle row). The
passive nuclear diffusion of dextrans was maintained up to 48 h in
hypertrophy (lower row). Horizontal bars, 10 pm. Vertical bars, fluo-
rescence scale.

mium. Cells, which were dehydrated with ethanol and dried in a critical
point dryer, were coated with platinum using an Ion Tech indirect argon
ion voltage of 9.5 kV and 4.2 mA and then examined at accelerating
voltages (1.0, 2.4, 3.5, and 5.0 kV) on a JEOL JSM 6400 field-emission
scanning microscope.

Atomic Force Microscopy—Contact-mode atomic force microscopy
(AFM) was performed in air with silicon nitride NP-S tips (spring
constant, 0.58 newtons/m) using a Digital Instruments Multimode AFM
with a Nanoscope III controller (29). The nuclear envelope of sarcolem-
ma-stripped and fixed cardiomyocytes was scanned with an E-type
(15 X 15 pm maximum area) scanner. Images were collected by raster
scanning at 512 pixels/line with linear scanning frequencies ranging
from 5 to 15 Hz to build 512 X 512 pixel images. AFM images were
analyzed using Nanoscope IIIa software, and three-dimensional images
were generated from topographical height information. Open and closed
states of individual nuclear pore complexes were determined from 3 X
3 um scans.

Statistics—Results are expressed as mean * S.E. Statistical analysis
was carried out by the Student’s ¢ test. The significant difference was
accepted at the p < 0.05 level.

RESULTS

Down-regulated Nuclear Import in Hypertrophy—Neonatal
cardiomyocytes treated with growth factors such as «;-adreno-
receptor agonists are an established cell system of hypertrophy
(9, 12). Within 12 h of phenylephrine treatment (100 um),
cardiomyocytes nearly doubled in size from 655 + 49 um? (n =
40) to 1158 = 91 um2 (n = 21) and markedly increased their
content of actin filaments organized in contractile myofibrils
(Fig. 1). Cardiomyocytes further enlarged to 1580 + 143 um?
(n = 32) and 1950 *+ 177 um? (n = 28) at 24 and 48 h following
phenylephrine treatment.

Histones, major constituents of eukaryotic chromatin, are
imported into nuclei by active transport (36—-38). When micro-
injected into the cytosol of control cardiomyocytes, fluorescein-
tagged histone 1 (fl-H1) were readily transported into the nu-
cleus, resulting in pronounced nuclear fluorescence (Fig. 1).
However, early in hypertrophy, the active import of fl-H1 was
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down-regulated with the nuclear/cytoplasmic ratio, an index of
nuclear transport (27, 29, 39), decreasing by 74% from 3.18 =+
0.23 (n = 54) to0 0.82 += 0.12 (n = 7) within 12 h following the
addition of phenylephrine (p < 0.05) (Fig. 1). With prolonged
hypertrophy (48 h), the import of fl-H1 remained at reduced
levels with the nuclear/cytoplasmic ratio of 0.74 = 0.20 (n = 59)
(Fig. 1).

To determine whether the down-regulated transport of fl-H1
was attributable to hypertrophy rather than to a nonhypertro-
phy-related effect of phenylephrine, we evaluated nuclear
transport in cells in which hypertrophy was induced through
another receptor system. Angiotensin II (100 nm), which acts
via angiotensin receptors (12), also induced hypertrophy, and
the cell surface increased from 933 = 57 meQ (n =81)to 2176 =
288 um? (n = 24 at 48 h of treatment). In angiotensin II-treated
cells, the nuclear import of fl-H1 was also rapidly reduced
within 12 h, and the nuclear/cytoplasmic ratio decreased by
57% (from 3.35 = 0.23,n = 47 t0 1.43 + 0.34,n = 12; p < 0.05).

Like phenylephrine and angiotensin II, the purinergic ago-
nist ATP activates the phosphoinositide pathway without, how-
ever, inducing hypertrophy (40). Inositol trisphosphate, a prod-
uct of this pathway, releases Ca%" from the nuclear cisterna
and can inhibit nuclear import (27, 39, 41). To exclude the
possibility that impaired transport in hypertrophied cells was
attributable to the inositol trisphosphate-induced decrease in
cisternal Ca®?*, we examined cells treated with ATP (50 um,
48 h). ATP did not increase the cell size or actin content (40),
but it activated phosphoinositide turnover (42). The cell surface
was 582 + 36 um? (n = 81) and 618 * 43 um? (n = 62) in
untreated and ATP-treated cells, respectively (p > 0.05). In
ATP-treated cells, even following prolonged exposure (48 h) to
the purinergic agonist, fl-H1 was readily imported in the nu-
cleus. The nuclear/cytoplasmic ratio for fl-H1 was 3.35 = 0.23
(n = 47) and 3.12 = 0.33 (n = 6) in controls and ATP-treated
cells (p > 0.05), respectively. Thus, the down-regulation of
active nuclear import is concomitant with the development of
cell hypertrophy.

Delayed Inhibition of Nuclear Passive Diffusion in Hypertro-
phy—Small molecular weight molecules such as dextrans com-
monly lack a nuclear localization signal and passively diffuse
into the nucleus (39). When microinjected into the cytosol,
fluorescein-conjugated 10-kDa dextrans diffused readily into
the nucleus of control cells (Fig. 1). With the development
of hypertrophy, passive diffusion appeared unaltered with
nuclear/cytoplasmic ratios at 1.66 = 0.12 (n = 12; 12 h) and
1.78 = 0.08 (n = 17; 24 h), values not significantly different
from the control ratio of 1.58 + 0.18 (n = 4; p > 0.05) (Fig. 1).
The passive diffusion of 10-kDa dextrans decreased only in the
advanced stages of hypertrophy. In fact, 48 h was required
after the initiation of hypertrophy for a significant reduction in
the nucleocytoplasmic ratio (0.65 = 0.04; n = 5) (Fig. 1). Even
smaller molecules such as 3-kDa dextrans demonstrate unreg-
ulated diffusion across the nuclear membrane (27, 29) regard-
less of the hypertrophic state. The nuclear/cytoplasmic ratio for
3-kDa dextrans was 1.92 * 0.10 (n = 16) in control and 1.99 =
0.10 (n = 14) following 48 h of phenylephrine treatment
(» > 0.05).

Removal of the Hypertrophic Signal Restores Nuclear Im-
port—With the removal of the «;-adrenoreceptor agonist, cells
progressively returned to their original sizes. At 48 and 72 h
after the withdrawal of phenylephrine, the cell surface was
910 = 103 um? (n = 11) and 750 *+ 40 um? (n = 77), respec-
tively, values close to those obtained prior to hypertrophy (Fig.
2). With the reversal of the hypertrophic phenotype, active
nuclear import was partially restored with a nuclear/cytoplas-
mic ratio of 1.94 * 0.21 (n = 11). This represents an increase of
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Fic. 2. Time-course of inhibition and restoration of nuclear
import. Upper panel, cell enlargement in the presence of phenyleph-
rine (100 puM) and the restoration of original cell size following the
removal of the hypertrophic stimulus. Each symbol represents a mean
value obtained from 40 to 77 cardiomyocytes. Lower panel, nuclear/
cytoplasmic (N/C) ratio of histone H1 (filled diamonds, continuous line)
and 10-kDa dextrans (open squares, dotted line) in the presence of
phenylephrine or after its removal. Each symbol represents a mean
value obtained from 4 to 17 cardiomyocytes.

61% of the control, compared with ~25% of the control at 12
and 48 h of hypertrophy (Fig. 2). With the removal of the
hypertrophic stimulus, passive nuclear diffusion promptly re-
turned to prehypertrophy values with a nuclear/cytoplasmic
ratio of 2.08 = 0.10 (n = 9) within 48 h of phenylephrine
withdrawal (Fig. 2). Thus, the increase in cell size and the
down-regulation of nuclear import are reversed on the removal
of the hypertrophic signal.

Hypertrophy Favors Export through Redistribution of Nu-
clear Transport Factors—With hypertrophy, a more dense ac-
tin network may have impeded transfer to the nuclear surface,
thereby precluding nuclear import. Cytochalasin B (20 um), a
disrupter of the cytoskeleton (43), reduced the organized actin
networks but did not improve nuclear import in hypertrophied
cells (data not shown). Rather, in hypertrophy an increased
amount of mRNA needs to be transported from the nucleus into
the cytosol (1-3, 9, 11). Optimal nuclear export requires a high
cellular GTP/GDP ratio along with the nuclear availability of
the GTP-binding protein Ran (20, 21, 32). Here, the GTP/GDP
ratio increased from 2.7 in normal cardiomyocytes to 3.6 in
hypertrophied cardiomyocytes (Fig. 3a). Moreover, Ran immu-
nofluorescence, although diffusely distributed throughout the
control cardiomyocytes, was primarily confined to the nucleus
of hypertrophied cells (Fig. 3, a—c). Thus, cellular hypertrophy
promotes the rearrangement of nuclear transport factors that
favor export over import.

Inhibition of Nuclear Export Restores Import—The Strepto-
myces metabolite leptomycin B is a potent inhibitor of nuclear
export through binding to exportin, the export shuttle protein
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Fic. 3. Nuclear export favored over import in hypertrophy. a,
increased GTP/GDP ratio and nuclear trapping of Ran in hypertrophied
cardiomyocytes. Values are expressed as percent over control. nRan,
nuclear Ran; cRan, cytosolic Ran. b, a topographic section of Ran im-
munofluorescence in control (—Phe) and hypertrophied (+Phe) cardio-
myocytes shows the dramatic nuclear accumulation of Ran in hypertro-
phy. N, nuclear region; bar, 10 pm. ¢, three-dimensional reconstruction
of the nucleus and surrounding region labeled with an anti-Ran anti-
body demonstrating a diffuse versus nuclear-limited pattern of Ran
distribution in control (—Phe) and hypertrophied (+Phe) cells, respec-
tively. Bar, 5 um. d, the nuclear export inhibitor leptomycin B restores
nuclear import in hypertrophied cells. H1 was microinjected into the
cytosol of hypertrophied cardiomyocytes untreated (left) or treated
(right) with the nuclear export inhibitor leptomycin B (10 nm, 4 h).
Hypertrophy was induced by phenylephrine (100 uM, 48 h). The laser
scanning confocal images indicate the exclusion of H1 from the nucleus
of hypertrophied cardiomyocytes without, and partial restoration of
nuclear import with, leptomycin. Horizontal bars, 15 um; vertical bar,
relative fluorescence scale.

(44). The treatment of hypertrophied cardiomyocytes with 10
nM leptomycin B, a concentration that blocks nuclear export
(44—-46), restored the nuclear import of fl-H1 in the majority of
cells (Fig. 3d). The nuclear import of fl-H1 in hypertrophied
cells was 0.29 = 0.08 (n = 9) but increased 7-fold to 2.23 + 0.50
(n = 11; p < 0.05) after leptomycin treatment. Thus, down-
regulated nuclear import in hypertrophy can be rescued by an
inhibitor of nuclear export.

Reduced Nucleotide Levels and Phosphotransfer Activities in
Hypertrophy Further Impede Nuclear Import—ATP and GTP
provide energy for nuclear transport or regulate the assembly
and disassembly of transport complexes (15, 16, 47). The de-
pletion of energy stores inhibits nuclear import (29). Here, in
hypertrophied cells, ATP was reduced from 23 = 2 to 19 = 1
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Fic. 4. Change in nucleotide levels, creatine kinase, and ad-
enylate kinase activities in hypertrophy. In control and hypertro-
phied cardiomyocytes, ATP and GTP were measured using fluorometry
and HPLC, whereas the activities of adenylate kinase (AK) and creatine
kinase (CK) were measured by coupled enzyme assays. Values obtained
in hypertrophy are expressed as the percent of control. Hypertrophy
was induced by phenylephrine (100 uM, 48 h). Data were collected from
8 to 10 coverslips containing 500,000 to 1,000,000 cardiomyocytes ob-
tained from separate cell isolations.

nmol'mg protein ! (p < 0.05) (Fig. 4). The reduction was ac-
companied by lower intracellular GTP levels, which dropped
from 3.1 = 0.2 to 2.1 = 0.1 nmol'mg protein ! in control and
hypertrophied cells, respectively (p < 0.01) (Fig. 4). Creatine
kinase and adenylate kinase facilitate the delivery of high
energy phosphoryls to cellular ATP/GTP utilization sites (34,
48). In hypertrophied cardiomyocytes, the activities of both
enzymes decreased. Adenylate kinase activity dropped from
565 + 23 to 242 = 7 nmol'min~ !mg protein ! (n = 6, p < 0.001)
(Fig. 4). Creatine kinase activity was also reduced, dropping
from 191 * 16 to 66 = 4 nmol'-min~ *mg protein ! (n = 6, p <
0.001) (Fig. 4). Thus, hypertrophied cells have altered nucleo-
tide levels and reduced the activities of the enzymes responsi-
ble for the delivery of nucleotides to nuclear pores.

Closure of Nuclear Pores in Hypertrophy—Changes in cellu-
lar energetics can induce structural changes in cardiac nuclear
pores (29). Thin electron microscopy sections of cardiomyocytes
showed that nuclear pores were present at a similar density in
control and hypertrophied cells with no detectable size differ-
ence (Fig. 5a). At this resolution, the diameter of the opening of
nuclear pores was 51.0 = 1.5 nm (n = 30) and 50.8 = 1.2 nm
(n = 62) for control and hypertrophied cells, respectively. Fol-
lowing the peeling of the sarcolemma to expose the nucleus
(Fig. 5b), the nuclear envelope was scanned by atomic force
microscopy. High resolution imaging of the cytoplasmic surface
of individual nuclear pore complexes showed the characteristic
toroid shape structure comprising a deep central pore sur-
rounded by a ring-like distribution of peaks (Fig. 5¢, left). In
hypertrophy, the central pore appeared plugged (Fig. 5c¢, right).
In fact, in control cells the majority of nuclear pore complexes
displayed an open configuration of the central pore (66% of 131
nuclear pore complexes analyzed). In hypertrophied cells, how-
ever, a significantly lower percentage of nuclear pore com-
plexes were open (36% of 182 nuclear pore complexes ana-
lyzed). Thus, although the overall structure of nuclear pore
complexes is maintained, in hypertrophy the percentage of
open pores available for nuclear import are reduced.

DISCUSSION

Processes involving cellular restructuring, such as hypertro-
phy, require de novo protein synthesis that depends upon the
export of genetic material from the nucleus. It is yet unknown
how cells support increased demands for nucleocytoplasmic
communication because nuclear export and import compete for
the same transport pathway through the nuclear pore. The
present study establishes that hypertrophied cardiac cells di-
rect traffic across the nuclear envelope through an adaptive
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Fic. 5. Plugging of nuclear pores in hypertrophy. a, transmitted
electron micrographs of the nuclear envelope separating the cytosol (Cy)
from the nucleus (Nu) in control (left) and hypertrophied (right) car-
diomyocytes. Arrows indicate individual nuclear pores with no signifi-
cant difference in diameter observed in both conditions. Horizontal
bars, 100 nm. In the micrograph, on the right, note the continuity of the
nuclear cisterna with the lumen of the sarcoplasmic reticulum (ER). b,
field-emission scanning electron microscopy of a sarcolemma-stripped
cardiomyocyte. The nucleus, supported by the cytoskeletal scaffold, is
exposed for further imaging by atomic force microscopy. Horizontal bar,
10 wm. ¢, atomic force microscopy of individual nuclear pore complexes
from a control (left) and hypertrophied (right) cardiomyocyte. The open
pore is characteristic of the majority of nuclear pore complexes in
control, whereas a closed pore is characteristic of the majority of nuclear
pore complexes in hypertrophy.

restriction of nuclear import. This is accomplished by remod-
eling nuclear pores and cellular energetics along with a redis-
tribution of nuclear transport factors favoring nuclear export
over import. Thus, this study uncovers a homeostatic mecha-
nism by which cardiac cells suppress normal nuclear import
activity to permit the gene export required in the development
of cellular hypertrophy (Fig. 6).

The mechanism was demonstrated using two distinct hyper-
trophic stimuli, phenylephrine and angiotensin II, which pro-
duce myocardial hypertrophy through the activation of differ-
ent receptors (12, 49). Previously, the inhibition of nuclear
import was observed in cardiomyocytes depleted of cellular
Ca2* (29). Although in hypertrophy, the genes coding Ca®*
regulatory proteins can be down-regulated (1-3, 9, 13), it is
unlikely that the down-regulation of nuclear import was attrib-
utable to disrupted Ca?" homeostasis. Intracellular Ca?* did
not differ between control and agonist-treated cells (49), and
the purinergic agonist ATP, which shares with phenylephrine
and angiotensin II the ability to activate Ca%*-mobilizing phos-
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Fic. 6. Transport regulation in hypertrophy. Under control con-
ditions (left), nuclear export and import share the same transport path-
way through the nuclear pore. Under hypertrophy (right), enhanced
export is favored over import because of the structural restriction (i.e.
plugging of the cytosolic surface of the nuclear pore), impaired energy
delivery to the pore (i.e. reduced phosphotransfer catalytic activity and
nucleotide levels), and redistribution of nuclear transport factors (i.e.
GTP/GDP ratio and Ran).

phoinositides without producing hypertrophy (12, 40, 42), how-
ever, did not decrease transport. Moreover, removal of the
hypertrophy-inducing agent restored import, indicating the re-
versibility of the process. Thus, down-regulated nuclear trans-
port appears associated with the hypertrophic process itself.

The crowding of the cytosol with an excess of newly synthe-
sized actin filaments did not explain down-regulated nuclear
transport in hypertrophied cells because the disruption of the
actin cytoskeleton did not rescue nuclear import. Rather than a
nonselective down-regulation of global nuclear transport, the
hypertrophic signal primarily controlled the dynamics of active
nuclear import. Indeed, hypertrophy was associated with the
immediate loss of nuclear import of the 21-kDa histone H1, a
chromatin protein imported into nuclei by active transport (37,
38), with no effect (or only late effects) on the passive diffusion
of smaller molecules. In fact, even with advanced hypertrophy
(24 h) no disruption in the nuclear translocation of dextrans
was observed, suggesting that alterations in passive diffusion,
in contrast to reduced active import, are not critical in the
generation of the hypertrophic phenotype. Rather, a late reduc-
tion in the passive transport of 10-kDa dextrans (48 h) may be
an epiphenomenon of advanced hypertrophy contributing to
the maintenance of the phenotype.

What differentiates active import from passive diffusion is
the requirement for a number of transport factors (14-18).
Although ATP may serve as an energy source, GTP and GDP
act as co-factors supporting the activity of guanine nucleotide-
binding proteins, such as Ran, necessary for active nuclear
transport (21, 32, 47, 50). The asymmetry in the Ran-GTP/Ran-
GDP distribution determines the direction of nucleocytoplas-
mic transport. Ran-GDP on the cytoplasmic side of the nuclear
envelope plus a source of ATP/GTP appears necessary for im-
port, whereas Ran-GTP inside the nucleus is essential for nu-
clear export (47). In fact, the direction of transport through the
nuclear pore can be inverted by high concentrations of cyto-
plasmic Ran-GTP (51). Thus, the observed increase in the GTP/
GDP ratio, along with a redistribution of Ran into the nucleus,
would favor nuclear export over import in hypertrophied
cardiomyocytes.

In cells depleted of energy, molecules that are actively trans-
ported accumulate on the cytosolic surface of the nuclear mem-
brane (29), indicating that targeting and docking to the nuclear
pore may be energy-independent, whereas actual translocation
requires an energy source (52). Nuclear transport is consis-
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tently observed in the presence of ATP/GTP-regenerating sys-
tems (53) such as creatine kinase, which can support energy-
dependent processes even at low nucleotide levels. In
accordance with a disruption in the myocardial metabolism of
purine and pyrimidine nucleotides reported in ventricular hy-
pertrophy (54), we find that high energy-containing nucleotides
and the activities of key phosphotransfer enzymes (33, 34, 55,
56) are reduced in hypertrophied cells. A compromised delivery
of energy-rich phosphoryls, in conjunction with altered nucle-
otide levels, would also contribute to down-regulated nuclear
import.

A decrease in the percentage of open nuclear pores on the
cytosolic side may further limit available gateways for nuclear
import in hypertrophy. The closing of the cytosolic mouth of
nuclear pores has been associated with impaired import in
cardiomyocytes (29). It has been suggested that nuclear export
shares with nuclear import the same routes, namely the cen-
tral channel of nuclear pore complexes (17). The net direction of
transport would depend on the relative rates of export and
import (17, 21). Evidence for the asymmetric closure of the
nuclear and cytoplasmic faces of nuclear pores has been re-
cently demonstrated (24). Therefore, the closing of the cytosolic
side of nuclear pores, although leaving the nuclear side of the
pore open, would favor nuclear export over import (Fig. 6).

Leptomycin B inhibits nuclear export upstream of the trans-
location through the nuclear pore complex by binding to the
nuclear export mediator exportin and preventing the binding of
other proteins for export (44—46, 57). The inhibition of nuclear
export in hypertrophied cardiac cells using leptomycin B re-
stored nuclear import. Thus, reversible down-regulated nu-
clear import may be a required adaptation as a necessity for
increased nuclear export in hypertrophy. By down-regulating
nuclear import, a hypertrophied cell would free routes for un-
obstructed export, securing the massive and fast exit of mRNA
out of the nucleus to ribosomes for de novo protein synthesis.

Hypertrophied cells undergo profound phenotypic changes
requiring the increased processing and delivery of genetic in-
formation across the nuclear membrane. This study provides
the first evidence that hypertrophied cardiac cells support the
demand for increased nucleocytoplasmic communication
through an adaptive down-regulation of nuclear import com-
pensating for the limited total nuclear transport capacity. The
closure of the nuclear pore complex restricted import at the
translocation step, whereas altered bioenergetics and nuclear
factor redistribution favored export over import. Such cellular
remodeling could guide traffic of genetic materials and other
macromolecules across the nuclear envelope and thereby di-
rectly contribute to the development of the hypertrophic cellu-
lar phenotype.
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