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aBsTRACT  Flow of small ions across the nuclear envelope (NE}) is thought to occur without restriction through large diameter nuclear
pore complexes (NPCs}. However, investigations with electron and fluorescence microscopy, and with patch-clamp and microelectrode
electrophysiology, suggest that in many animal and plant cell types small ions move through a barrier having the signature of large
conductance nuclear ion channels (NICs). As nucleocytoplasmic transport and gene activity are regulated by cytoplasmic signals and
as it has recently been shown by this investigator that cardiac NICs are sensitive to cAMP-dependent processes (1), it was considered
relevant to further investigate the effects of various cytosolic signals on NIC activity. lon species substitution demonstrated that K* is the
major species responsible for NIC currents. The Na-channel blocker tetrodotoxin (TTX, 100 uM) and the Ca-channel blocker diltiazem
(100 M) had no effect, indicating no relation of NICs to Na- or Ca-channels in transit to the cell surface membrane. Zn?* (100 uM)
blocked NIC activity, suggesting a dual role in nucleocytoplasmic transport and gene function. GTP did not produce measurable effect.
However, its nonhydrolyzable analogue GTP-y-S (10 uM) suppressed NIC activity, suggesting a role for GTP hydrolysis in NIC function.
Deoxynucleotides (dNTPs, 200 uM) produced a transient increase in NIC activity, pointing to a modulation of NIC function by nucleic
acid substrates. These results indicate a role for NICs in mediating: (a) control of gene activity by transduction and other cytosolic
signals, and (b) nuclear demands and response to such signals.

INTRODUCTION

The only way matter is thought to pass between the cell
nucleus and the cytoplasm is through the nuclear pores
of the NE (2). So far, little attention has been paid to NE
electrical properties due to the apparent large effective
diameter of NPCs ( ~ 10 nm; 3, 4) which, as a result, are
presumed to offer negligible resistance to the flow of
small physiological ions like K *. However, three lines of
evidence suggest that NPCs are not as wide as the canon
of cell and molecular biology dictates (5, 6). Due to their
importance in establishing the physiological significance
of NICs, and therefore, that of the results presented here,
a brief examination of these experimental observations
is given below.

First, high resolution electron microscopy shows that
NPCs contain a large restrictive central plug (~mega-
daltons; 7-10). In a yet more recent publication, the
architecture of NPCs has been proposed to consist of a
large central pore surrounded by eight smaller, equidis-
tant pores ( 11). Thus, this recent observation opens the
possibility that when the large central pore is plugged
(e.g., when large molecules like RNA are not being trans-
ported) the peripheral, relatively tiny, channels may be-
come the predominant causeways for the movement of
ions across the NE. Furthermore, this massive plug may
also play an important role in NIC gating and/or modu-
lation when it does not completely obstruct the NPC
(i.e., by reducing the effective pore diameter). There-

Symbols used: approximately (=~ ); in the order of (~), i.e., closest
numerical representation in base 10.

Abbreviations used in this paper: ANTP, deoxynucleotide; i, electrical
current-dependent variable; NE, nuclear envelope; NIC, nuclear ion
channel; NPC, nuclear pore complex; 7, time-independent variable;
TEA, tetracthylammonium; TEACI, tetraethylammonium chloride;
TTX, tetrodotoxin,; V, electrical potential or voltage-independent vari-
able; V..., value of V at which i reverses direction.

fore, a structural foundation does exist for correlating
NICs to NPCs.

Second, recent fluorescence microscopy of a variety of
preparations ( 12-17) have confirmed previous cell biol-
ogy findings (e.g., autoradiography) indicating that sev-
eral ionic species are differentially distributed between
nucleus and cytoplasm (18-21, reviewed in reference 3).
This heterogeneous distribution of ions and molecules
between the nucleosol and cytoplasm has been inter-
preted in terms of either a high or a low resistance to the
flow of the particles investigated. For example, the con-
cept that water exists in different states within cellular
compartments, and in particular within the nucleus, has
been used to explain the unequal distribution of ions
coexisting with a highly porous, thus low electrical resis-
tance, NE (18, see reference 3). This idea, like others
emerging from the electronegativity of DNA molecules
(e.g., Donnan effect), will be further explored in the next
paragraph dealing with electrophysiological data. In con-
trast, a restrictive barrier to ion flow (high electrical resis-
tance) at the level of the NE has been proposed on the
basis of high-resolution confocal scanning fluorescence
microscopy (utilizing ratiometric approaches that take
care of probe compartmentalization by intracellular or-
ganelles) (13, 14). Similar divergent lines of interpreta-
tion may be given to the nucleocytoplasmic electrical
potential detected with fluorescent probes (22, 23).
Therefore, evidence other than electrophysiological sug-
gests that the NE may function as a barrier to ion flow.

Third, patch-clamp measurements in a variety of ani-
mal and plant preparations show that flow of small physi-
ological ions across the NE is highly resistive, in the
order of gigaohms per square micrometer of NE surface
area (1, 24-28). According to these studies, ion flow
across the NE should be accomplished through NICs nec-
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essarily related to the NPCs since electron microscope
observations revealed that several NPCs are contained
under the patch-pipette (24, 25, 27; see recent discussion
in reference 5, last paragraph of page 197 in reference 25,
and evidence of three decades ago in reference 29). NICs
are electrophysiologically (e.g., conductance parame-
ters, open and closed states) and, to certain degree, struc-
turally (e.g., expand over two membranes) similar to
better-known gap junctional channels (30) but seem to
have a much larger conductance than cell surface mem-
brane ion channels (see discussion in references 24 and
25, see also reference 55). As patch-clamp data was ob-
tained from isolated nuclei, it could be argued that the
recorded high electrical resistance of the NE resulted
from technical artifacts imposed by nuclei isolation and
which led to closure of NPCs. That this is not the case
was demonstrated three decades ago by Loewenstein’s
laboratory with microelectrodes inserted in situ in single
nuclei of giant salivary gland cells (31, see also references
32-37). Under these conditions, the in situ NE was
found to have an electrical resistance much higher than
that predicted by tracer (radioactive and fluorescent ) ex-
periments ( 18-21, see reference 3). Furthermore, the in
situ nucleus was shown to have a resting potential nega-
tive with respect to the cytoplasm. Experiments by an-
other laboratory also found similar nuclear resting po-
tential in a different preparation (38). Interestingly,
these classical electrophysiological measurements of
membrane potential and resistance demonstrated that
the NE of oocytes (a preparation favored for electron
microscopy analysis) offers less resistance to ion flow
than the NE of salivary gland cells. However, these lower
values of membrane potential and resistance in oocyte
NEs have been taken to be a result of technical difficul-
ties (i.e.), microelectrode damage of preparation; see, for
example, footnote of page 321 in reference 3). Curi-
ously, the proposed NE damage by the microelectrode
was not used to explain why the resting electrical poten-
tial (recorded with salt-bridges, a must to measure Don-
nan potentials; see reference 39, seldom used in patch-
clamp tests) disappears upon NE puncture (37), indicat-
ing a diffusional and not a Donnan potential. Clearly,
the relatively high density of the nuclear material makes
it difficult to give a simple interpretation of nuclear elec-
trical phenomena in terms of say the Donnan effect (e.g.,
see page 82 in reference 39) or other electrical charge
effects (40). That the NE is capable of transporting large
particles is not at issue here. The NE may transport large
molecules that contain proper “localization™ signals
(peptide sequences recognized by “receptors” at the
NE). This transport is a mediated and/or regulated
transport and requires energy ( ATP hydrolysis, e.g., 41-
45). Thus, classical and current electrophysiological
data obtained in situ and in vitro speaks in favor of the
existence of nuclear membranes (from various cell
types) resistive to ion flow (with exceptions perhaps re-
lated to cell cycle and functional states; see, for example

references 35 and 37). That transport of ions may be
restricted and concomittant to transport of large mole-
cules does not seem to be a exclusive property of the NE,
for the cell surface membrane has similar types of trans-
port systems. The difference is, however, that at the level
of the NE this dual role seems to be played by the macro-
molecular structure of the NPC.

On the basis of the above evidence, one may reach the
following conclusions. First, measurement of NIC elec-
trical conductance provides an estimate of NE (thus
NPC) permeability. Therefore, NIC conductance gives
an index of nucleocytoplasmic transport (e.g., influx of
cytosolic signals for regulatory reactions, and of nucleo-
tides for nucleic acid polymerization) since each time
the NPC gates open, ion flow must occur (unless the
transported macromolecule fit tightly to the opening of
the NPC). And second, NIC function (i.e., conductance
properties such as opening and closing frequency and its
modulation by voltage and chemical environment) is an
important mechanism resulting from the integration of
signals travelling to and from the nucleus (41-45), and
determining the transfer of these signals across the NE.
Indeed, cAMP-dependent protein kinase phosphoryla-
tion, known to increase nucleocytoplasmic transport
and gene activity (42-45), was recently shown to stimu--
late cardiac NIC activity (1).

The present investigations extend previous observa-
tions on the sensitivity of cardiac myocyte NICs to cyto-
solic signals known to play important roles in signal
transduction and gene-related processes (i.e., CAMP-de-
pendent pathways; see reference 1). The cationic, K*-
dependent nature of NICs in cardiac myocytes was dem-
onstrated in inside-out, excised patches, by the reduction
in outward current following replacement of nucleoplas-
mic KCl with tetracthylammonium (TEA) chloride
(TEACI) while maintaining cytoplasmic KCl. That Cl1-
was not involved was demonstrated by the lack of effect
of Cl1~ replacement by aspartate or glutamate. The nu-
clear channels did not relate to conventional Na- or Ca-
channels as 100 uM TTX and diltiazem did not alter
NIC activity. Cardiac myocyte NICs were blocked by
100 uM cytoplasmic Zn?*. The experiments show that
NIC activity is reduced by GTP-dependent process(es),
as shown by the inhibitory effects of the nonhydrolyz-
able GTP analog GTP-v-S (10 uM), and increased by a
mixture of 200 uM dNTPs. Thus, it appears that GTP-
dependent processes play adversary roles to cAMP-de-
pendent processes in regulating NIC activity. Therefore,
assuming that NICs are physically related to NPCs, NICs
may decide what goes in and out of the nucleus—a func-
tion that may be viewed as a mechanism controlling
gene activity.

MATERIALS AND METHODS

Nuclei isolation

A simple technique requiring about 20 min processing, was developed
following principles described elsewhere (1). Briefly, twelve male
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Swiss-Webster mice (20-22 g, Charles River Labs./Bausch & Lomb
Inc., Montréal, Québec) were utilized according to the Animal Care
guidelines. The hearts were extracted, placed rapidly in a solution
(mM: 150 NaCl, 2 MgCl,, 5 Hepes and 2.5 KOH, room temperature:
22-24°C), and then cleaned of blood by 3-min retrograde perfusion as
reported previously (46). A mixture of collagenase XI (500 U/ml,
Sigma Chemical Co., St. Louis, MO) and protease XIV (1 U/ml,
Sigma) was added to the perfusing solution for 1 min in order to digest
the intercellular matrix (47). The digestive enzymes were cleaned off
the heart by further 3-min perfusion with the enzyme-free solution
supplemented with protease inhibitor (1,000 U/ml, Sigma). A cell
suspension was prepared by cutting the softened ventricles and pro-
moting cell disaggregation by 1-min magnetic stirring (46). The cell
suspension was passed through a 100 um nylon gauze as reported (48).
A myocyte pellet was prepared by Percoll ™ gradient (Pharmacia Fine
Chemicals, Uppsala, Sweden). An initial suspension of ~ 103 cells/ ml
was centrifuged for 5 min at 34 g (room temperature). The pellet was
washed twice in ice-cold solution (mM: 135 KCl, 2 MgCl,, 5 EGTA, §
Hepes and 17.5 KOH) and then placed in a 7-ml Dounce manual
tissue grinder (Wheaton-33™ low extractable borosilicate glass;
Wheaton, Millville, NJ) containing the ice-cold solution. After 3 min
equilibration, pellet grinding proceeded with the loose-fitting pestle in
4-8 strokes. Nuclei isolation was monitored by a high-resolution light
microscope (49). Myocyte homogenates containing the isolated nuclei
were kept in the high-K, EGTA solution at 2-4°C for up to 4 h. The
nuclei readily attached to the glass bottom of the 1-ml experimental
chamber (46) and could be cleaned from debris by chamber perfusion.

Fluorescence microscopy

Nuclei were identified by their conspicuous morphology under light
microscopy and their fluorescence at 520 nm excitation wavelength
after 1 min treatment with 1 pg/ml of the DNA marker ethidium
bromide (Sigma). Fluorescence microscopy was possible with a cus-
tom microscope (49) equipped with a 200 W stabilized arc lamp sys-
tem (Photomax ™, Oriel Corp., Stratford, CT ) and with excitation and
emission filters of 520 and 590 nm, respectively (Omega Optical Inc.,
Brattleboro, VT). Ethidium bromide-treated nuclei were not utilized
in patch-clamp experiments.

Solutions

Salt solutions were prepared with AnalaR-grade reagents (BDH Chemi-
cals Inc., Toronto, Ontario) and with Type I reagent grade water
(=18.2 MQ - cm) obtained ‘on demand’ from a water purification sys-
tem (Milli-QUF-PLUS and 0.22 ugm Millistak-GS filter, Millipore
Corp., Bedford, MA). Solutions had a pH of 7.2-7.4 and a pO, > 150
mmHg. The solutions were freshly prepared in Teflon™ ware (Nal-
gene, Nalge Co., Rochester, NY ) to minimize contamination. Pipettes
were filled with freshly prepared solutions via Teflon™ syringes (Chro-
matographic Specialties Inc., Brockville, Ontario) and filters (Nalgene)
to prevent contamination (e.g., 50). A lowering of pH with overnight
storage of solutions in syringes, was detected and, therefore, avoided
through the usage of fresh solutions. The control solution was a high-K -
MgATP solution consisting of (mM): 150 KCl, 4 MgATP, 5 Hepes, 2.5
KOH. Hepes, TTX, MgATP, GTP-y-S and deoxynucleotides (dNTPs:
dATP, dCTP, dGTP, dTTP and dUTP) were purchased from Sigma.
Solution exchange in the experimental chamber was estimated visually
with dyes and electrically via measurements of electrode polarization.
Complete exchange was achieved within 5 s. This time was taken into
account when assessing the effects of different maneuvers on NIC activ-
ity. Temperature of solutions in the chamber was 36 + 1 °C (PE-2 water
bath, Haake, Mess-Technik GmbH & Co., Karlsruhe, Germany; cus-
tomized to eliminate electromagnetic interference ). Chamber tempera-
ture was monitored with a thermistor ('YSI 44004; Yellow Springs In-
strument Co., Yellow Springs, OH) connected to a data acquisition
system (51).

Patch-clamp

Standard patch-clamp techniques (52) were utilized throughout the
investigations. Five mm-shank pipettes were made in a two-stage puller
(PB-7 Narishige Co., Tokyo) from hard borosilicate glass (7052; Corn-
ing Glass Co., Corning, NY;; capillaries of 0.5 mm-wall thickness, pre-
pared by Garner Glass Co., Claremont, CA). Pipettes were heat-pol-
ished to an external diameter of 1-1.6 um (0.2 um resolution, see
reference 49). The pipettes were electrically connected to the input
headstage of a patch-clamp instrument (EPC-7, List Medical, Darm-
stadt/Eberstadt, Germany) and had a resistance of 4-6 MQ. Mechani-
cal stability was maximized by separating the pipette holder (EPC-7
accessory) from the input connector of the headstage and by firmly
attaching it to the micromanipulator system. The micromanipulation
system consisted of a piezo-electric translator block (0-100 um per
0-1,000 volts: P-280.3-Physik Instrumente Gmbh & Co., Waldbronn,
Germany) attached to a standard micromanipulator (Ernst Leitz
Wetzlar Gmbh, Wetzlar, Germany). Experimental chamber and mi-
cromanipulators were mounted on a large microscope stage (49). The
arrangement rested on a vibration-isolation table ( Vibraplane 1201;
Kinetic Systems, Inc., Roslindale, MA). Electrode polarization was
compensated for and accepted as stable if the drift in polarization was
less than 1 mV in 15 min (aided with overnight equilibration of the
system with control solution and salt bridges made of Ag/AgCl half-
cells: RC-2, World Precision Instruments, Inc., New Haven, CT, see
reference 46 ). NE currents and potentials were measured, respectively,
under the voltage- and zero-current clamp modes of the EPC-7 (see
reference 1). Analogue signals were filtered at 1 kHz and amplified
(CyberAmp Programmable Signal Conditioner equipped with an 8-
pole Bessel filter, Axon Instruments, Foster City, CA) prior to digitiza-
tion and storage by a fast data acquisition system (51). The signals
were monitored on the screen of a standard oscilloscope (2225; Tek-
tronix, Beaverton, OR) and stored on magnetic video tape (VR-10;
Instrutech Corp., Elmont, NY)) for off-line analysis. NIC activity was
analyzed with custom (51) and commercial software (pClamp, Axon).
The records shown in the figures were filtered at 100 Hz (pClamp).
Filtering at this low frequency did not hide the essential properties of
NIC conductance states and NIC reaction to the tests investigated in
this study. Each experiment lasted between 0.5 and 1 h.

RESULTS

Morphological properties of isolated
nuclei

Cardiac myocyte nuclei were readily identified by their
ellipsoidal shape, morphological features such as nu-
cleoli, their dimensions (see references 1, 48, 54), and
their fluorescence when treated with ethidium bromide.
Fig. 1 shows light microscope photographs aimed at il-
lustrating the major characteristics of in situ and in vitro
nuclei. Fig. 1 a gives a microphotograph of a piece of
tissue after 2 strokes of the pestle in the tissue homoge-
nizer. Only a few nuclei are obvious to the trained eye.
Fig. 1 b illustrates the sample treated with ethidium bro-
mide and under fluorescence microscopy. Under these
conditions, not only nuclei are clearly seen by the un-
trained eye, but also their three-dimensional arrange-
ment and individual perspectives. Fig. 1 ¢ depicts iso-
lated ventricular myocytes under conventional, dark-
field illumination. Myocyte morphology is consistent
with the general features of cardiac myocytes (46, 48).
Fig. 1 d shows two isolated nuclei under fluorescence
microscopy. In a previous study by this investigator (1)
it was found that the major and minor geometrical axes
of the nuclei were (mean + SD): 13.6 + 3.0 um and
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FIGURE 1

Morphological properties of cardiac myocyte nuclei as revealed by conventional light microscopy. (4) Photograph of a piece of

ventricular tissue following 2 strokes of the pestle in the tissue homogenizer. No nuclei-associated feature is detected. ( B) Photograph of the same
sample treated with ethidium bromide and under conditions set for fluorescence microscopy. Not only nuclei are seen but also their three-dimen-
sional arrangement and individual perspectives. (C) Isolated ventricular myocytes under conventional dark-field illumination show standard
rod-shape features and striations. ( D) Photograph of two isolated nuclei under fluorescence microscopy display typical ellipsoidal shape.

5.2 £ 1.1 um, respectively (n = 15). The nuclei used here
fall within these geometrical limits. NIC activity was ob-
served in nuclei stored overnight at room temperature
and in the myocyte homogenate. Data from these exper-
iments are not included here but mentioned only to dem-
onstrate the robustness of the preparation.

Cardiac myocyte NICs are cationic,
with K* the major electrical charge
carrier

Twenty experiments (one per patch) were conducted in
excised, inside-out patches with the aim of identifying
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the ionic nature of the electrical charge carrier (four ex-
periments for each TEAC], NH,Cl, CsCl, K-aspartate,
and K-glutamate). The high-K-MgATP solution was
used as control for both the bath and pipette (see Mate-
rials and Methods). Only ions in the bath solutions were
changed while maintaining MgATP. These experiments
were carried out in inside-out patches to facilitate “bi-
1onic conditions” under which only one major electrical
charge carrier exist at each side of the membrane (see
reference 55). The rationale behind this type of test has
been discussed elsewhere (55) and is justified by the re-
sults obtained from this experimental series. Briefly, by
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replacing only one ionic species at one side of the mem-
brane one is able to determine its contribution to the net
ion flow. Hence, if replacement of a particular ionic spe-
cies does not affect the net current flow, that species is
not involved. A shift in the reversal potential (V.,, value
at which the net current reverses its sign, or direction,
with changes in transmembrane potential, thus indicat-
ing ionic equilibrium) provides a means of estimating
the permeability ratio among the two ionic species tested
(say X* and Y *) according to the equation below (55):

v o RT | Px[X Lo
e F PYly+]n\wleoplasm

>

where R, T, and F have their universal meanings and
[X* leytosor AN [Y * Jnycieopiasm are the respective concen-
trations for X* and Y * at the outer (cytosolic- pipette
solution ) and inner ( nucleoplasmic- bath solution ) sides
of the membrane under study (i.e., the NE). Py and Py,
are the corresponding permeabilities for X* and Y *.
Fig. 2 illustrates one of such experiments in which the
bath KC1 was replaced with an equimolar amount of
TEACI. The current signals (i(z)) shown at the left col-
umn of Fig. 2 were elicited every 60 s with 10-s voltage
ramps from +40 to —40 mYV of transmembrane poten-
tial. During the 50 s between voltage ramps, the patch
was held at 0 mV. Note that in inside-out excised patches
the transmembrane potential is negative to the electrical
potential applied to the pipette electrode. Also note that
the i(¢) signals elicited with voltage ramps are equivalent
to i vs. V plots (given the proper time-to-voltage trans-
formation). Therefore, changes in the slope of these sig-
nals give an indication of how much the membrane con-
ductance (an index of permeability) has changed. That
is, slope increases reflect conductance increases and vice
versa. Positive i(¢) signals represent outward movement
(from nucleosol to cytoplasm) of positive charges (e.g.,
K*) or inward movement (from cytosol to nucleosol ) of
negative charges (e.g., C17). Note that in these experi-
ments where inside-out excised patches were used, both
types of charge movements are caused by negative pi-
pette potentials. The opposite applies to negative signals.
The horizontal dotted line drawn at the i(¢) = 0 pA level
corresponds to the value of i(¢) when no voltage was
applied to the NE. Under control conditions (equal con-
centrations of the electrical charge carrier since same so-
lution was used in bath and pipette) i(¢) reversed sign
when the ramp potential reversed sign (i.e., V., =0 mV,
see reference 1). The plots on the right column of Fig. 2
were obtained after dividing the current signals, i(¢), by
the corresponding, programmed voltage waveform
(V(t), the negative of the pipette potential in excised
patches). Note that this mathematical transformation
(i.e., i(t)/V(¢) frequently led to a large artifact near null
potentials as a result of the division by minute numbers.
(Manipulations during the mathematical analysis of re-
cent experiments have shown that this artifact may be

removed by forcing a small baseline value of a few mV
on the voltage signals. Thus, it is likely that these errors
emerge from minute potentials at the output of the digi-
tal-to-analogue converter utilized to generate the volt-
age-clamping waveform.) Therefore, the i(z) vs. V plots
on the right of Fig. 2 give the direct values of membrane
conductance as a function of applied voltage. Membrane
patches containing multiple ion channels (but not
enough as to obscure occasional single-channel features)
will display both microscopic (single-channel ) and mac-
roscopic ( multi-channel, but not necessarily average ) be-
havior. Hence, from these multi-channel experiments it
was possible to determine whether ion movement was
impaired by the ionic species replacement. Under con-
trol conditions, five top-left records, a linear, and other-
wise featureless activity was observed. However, upon
iso-osmolar (isotonic) replacement of K* by TEA™ in
the bath, five lower-left records, inward rectification de-
veloped. That is, it became harder for TEA* to move
outwardly across the membrane. This change was con-
comittant to a shift in the reversal potential, V., of
+51 = 8 mV (mean + SD, n = 4) from the control value
of 0 mV. This phenomenon can be taken to mean that
the permeability ratio for K* over TEA* ~7.4, as per
above equation for bi-ionic conditions. The TEA-in-
duced effects were reversible upon return to control con-
ditions (not shown). Note that the usage of a few rec-
ords, rather than one, to represent control and test con-
ditions is preferable due to the stochastic nature of the
NIC activity studied (53). In eight experiments, replace-
ment of bath KCI with CsCl or NH,Cl did not produce a
measurable change in either V., or NIC opening charac-
teristics (not shown). Eight additional experiments in
which bath chloride ions were replaced with aspartate or
glutamate ions showed that chloride ions did not contrib-
ute to the net current flow (not shown). Taken together,
these results strongly indicate that although NICs are not
very selective among several cations (e.g., K*, Cs*, and
NH,*), under normal conditions K* (and not C1~) ions
are the major electrical charge carriers for NIC currents.

Cardiac myocyte NICs are insensitive
to the channel blockers tetrodotoxin
and diltiazem

It has been proposed that, upon their synthesis, ion
channels-in-transit may move through cytosolic organ-
elles (56). Therefore, experiments were carried out with
attached and inside-out, excised patches in the presence
and absence of the Na-channel blocker TTX (four ex-
periments) and the Ca-channel blocker diltiazem (four
experiments) at either side of the NE (note that since the
NE consists of two membranes, it was deemed necessary
to test both sides for potential binding sites, see reference
55). Fig. 3 depicts the results of one of these experiments
which demonstrates the apparent lack of change in NIC
activity when 100 uM TTX was added to the control,
high-K-MgATP solution in the bath. In these experi-
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ments, voltage ramps were applied in a manner similar
to that explained in the previous paragraph (describing
tests for the determination of the major electrical charge

FIGURE 2 Cationic nature of car-
diac myocyte NICs. (Left) Current
signals i(¢) recorded while applying
10-s voltage ramps from +40 to —40
mV at 60 s intervals. The pipette po-
tential was set to 0 mV during the
period between consecutive voltage
ramps. Positive signals represent
movement of positive charges from
nucleosol to cytosol or opposite
movement of negative charges. The
converse applies to negative signals.
The horizontal dotted line drawn at
i((t) = 0 pA shows the level of
current when no potential (V') was
applied to the patch. (Right) Plots of
computed patch conductance (i/V')
versus V. The small errors around V
= 0 mV caused artifactual deviations
in the calculated conductance as a re-
sult of the division of current records
by very small numbers (i.e., this type
of computation put a more stringent
constraint in the measurement
errors). Experiment carried out in an
excised, inside-out patch at 35°C
with high-K-MgATP solution. Bath
KCl (150 mM) was replaced with
TEACI (150 mM).

carrier). Direct assessment of TTX action on NIC con-
ductance can be accomplished from the computed con-
ductance (i/V') versus potential plots on the right. No
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effects (shift in reversal potential or changes in average
slope or single-channel conductance) were seen when
the pipette was filled with control solution and backfilled
(for a detailed description of the backfilling method, see
reference 57) with TTX (two of the four patches) or
when the nuclei were pretreated with the toxin (two ad-
ditional patches). It should be noted that with the back-
filling method there is no possibility of returning back to
the control solution (i.e., washout of test substance is
impossible). The results from similar tests with 100 uM
diltiazem were also negative (not shown).

Cardiac myocyte NICs are blocked
by Zn?*

Since many nuclear components contain putative zinc-
finger motifs (58) and Zn?*-dependent reactants (59—
60), four tests were conducted with voltage ramps (see
paragraph on tests for determination of major electrical
charge carrier) in attached and excised patches with 100
uM Zn?* for the purpose of relating the effects of this
important ion species to NIC activity. As Fig. 4 shows,
NIC activity in a nucleus-attached patch was completely
suppressed (i.e., reduction in the slope of i(¢) signals
during the voltage ramps) when Zn?* was added to the
perfusate, an effect that was obviously indirect and me-
diated through intranuclear pathways. Zn2?* also
blocked NICs when the pipette filled with control solu-
tion was backfilled with Zn?* (two tests). Changes in
reversal potential, V,.,, were undetectable. Thus, Zn?*
effects on NIC activity seem to be both direct and indi-
rect. Similarly, Cd?*, Co?*, and La** were tested in six
additional patches (two patches for each substance) and
found to be blockers of NIC activity at similar concen-
trations (not shown ), indicating that Zn?* is not a useful
marker or ligand for NICs.

Cardiac myocyte NICs are depressed
by GTP-v-S

GTP hydrolysis has been shown to affect nucleocyto-
plasmic transport (61). Therefore, four tests with 10 uM
of the non-hydrolyzable GTP analogue GTP-v-S were
conducted to test this possibility. The tests were con-
ducted with voltage ramps in a manner similar to that
described for Figs. 2—4. Fig. 5 illustrates the depressing
effect of GTP-v-S on NE conducting properties in a nu-
cleus-attached patch. As the effects were observed in nu-
cleus-attached patches, it becomes evident that intranu-
clear molecules mediated the phenomenon. In two ex-
periments with GTP-y-S-backfilled pipettes, similar
negative regulation of NIC activity occurred, indicating
a less convoluted pathway for the action of this sub-
stance on NIC opening. That is, there must exist GTP-
binding sites susceptible to hydrolysis at the membrane
side facing the cytosol and, in addition, a site facing the
nucleosol or within the nuclear material. However, the
results were inconclusive when the GTP analog was di-

rectly applied to the nucleoplasmic side of excised, in-
side-out patches (two tests stimulated and two depressed
NIC activity). This may be taken as an indication that
other components needed for the effects of GTP-y-S
were not always present in the tests. GTP did not have a
measurable effect in either excised or attached patches
(not shown). Therefore, these results suggest an impor-
tant role for GTP hydrolysis in NIC function.

Cardiac myocyte NICs are stimulated
by deoxynucleotides

Six tests with 200 uM dNTPs demonstrated that an in-
crease in cytosolic ANTPs may trigger NIC activity. Fig.
6 shows the results of one of these experiments in a nu-
cleus-attached patch. Voltage protocols were as in Figs.
2-5. The records shown for control and test-dNTPs con-
ditions were consecutive as the nature of NIC activation
was transient. It is not clear whether the phenomenon is
use-dependent (i.e., if it was dependent on the rate at
which the pulses were delivered) for this possibility was
not tested. In other words, the observation of a transient
increase in NIC activity may indicate a repriming inter-
val (e.g., for an enzyme pool) being needed before NIC
opening through dANTPs stimulation. No measurable ef-
fects were observed in three excised patches when the
control solution in the bath was replaced by the same
containing dNTPs or when the recording patch-pipette
was backfilled with the dNTPs (three patches). This sug-
gests that the transient NIC stimulation by dNTPs oc-
curs only through indirect, nuclear-delimited, pathways.

DISCUSSION

Morphological properties of cardiac
myocyte nuclei

Cardiac myocyte nuclei were isolated within 20 min by
utilizing a method that shortcuts standard cell and molec-
ular biology procedures. The principle behind the
method was to reduce potential deleterious effects on
nuclear integrity, with special attention paid to the NE
and the NPCs. Hypotonic and/or detergent treatment-
common to standard cell and molecular biology isola-
tion methods- were avoided since such treatments have
been correlated to removal of the large central plug from
the NPCs (9). The fact that the isolated nuclei remained
functional for more than 24 h when stored overnight in
the cell homogenate, and at room temperature, shows
not only the robustness of the preparation but also the
important role of cytoplasmic factors in NE, NPC and
NIC integrity (62, 63). This resilience of the isolated
nuclei may be exploited in future investigations and is
especially relevant if lower storage temperatures can be
employed. As shown in Fig. 1, the nuclear morphology is
quite agreeable with the light microscopy observations
made routinely by this (1, 48) and other laboratories
(54). The large size of cardiac myocyte nuclei should
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FIGURE 6 Stimulation of cardiac
myocyte NIC activity by 200 uM
cytosolic ANTPs. ( Left) Consecu-
tive current signals i(z) recorded
while applying 10-s voltage ramps
from +40 to —40 mV at 60 s inter-
vals. The pipette voltage was set to
0 mV between the ramps. (Right)
i/V versus V plots. Experiment
carried out with a nucleus-attached
patch at 35°C with the high-K-
MgATP solution in bath and pi-
pette. The control solution in the
experimental chamber was re-
placed by the same containing
dNTPs.
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make them a suitable preparation for future studies. As
pointed out previously (1), isolated nuclei appear at
times with endoplasmic reticulum remains. The nuclei
selected for the present studies were devoid of such re-
mains. The fact that the isolated nuclei attached firmly
to the glass bottom of the experimental chamber, aided
in washing away homogenate debris from the nuclei.

Cardiac myocyte NICs are cationic
with K* the major electrical charge
carrier

That under normal physiological conditions K™ is the
major electrical charge carrier through cardiac myocyte
NICs was revealed by the tests in which cationic and
anionic species substitution took place. These tests were
conducted in excised, inside-out patches since under
these conditions there is a good control of the solutions
bathing both sides of the patch, thus allowing the direct
assessment of permeability ratios from the shifts in re-
versal potential, V,.,. The apparently passive, linear (as a
function of voltage) and otherwise featureless NE con-
ductance (e.g., control panel in Fig. 2) was revealed to
result from the opening of several NICs when K* was
replaced by a relatively impermeant cation such as
TEA* (e.g., TEA panel in Fig. 2). TEA ™ (in the form of
TEACI) was selected as the best example because pH
and tonicity were not altered by this replacement in the
ion species (as it occurred with other large cations). Inter-
estingly, the experiments with Cs* and NH} consistently
yielded no measurable shift in V., and no change in NIC
conductance, suggesting that NICs are geometrically
large enough to allow passage ions as large as NH} and/
or have a selectivity filter that does not distinguish be-
tween K*, Cs* and NH7 (i.e., large effective NIC radius,
see reference 55). These results are in sharp contrast
with the decrease of NIC conductance and activity upon
exposure to Na™* recently reported (1). Furthermore, the
tests in which Cl~ was replaced with aspartate and gluta-
mate anions demonstrated a negligible contribution of
Cl~ to the normal activity of cardiac myocyte NICs
under the present experimental model. It is not clear
whether the ionic species tested have any effect on ge-
netic processes and, as a result, whether genetic activity
would have a feedback action on NIC function, due to
the relatively short duration of the experiments (i.e.,
from the genetic point of view). The results indicate,
therefore, that cardiac myocyte NICs could be classified
within the large family of K-channels. Whether these
channels relate to other known cardiac channels is dis-
cussed below.

Cardiac myocyte NICs are insensitive
to the channel blockers tetrodotoxin
and diltiazem

The tests with TTX and diltiazem were conducted to
make certain that Na- and Ca-channels, in transit to the

cell surface membrane, were not included in this prepara-
tion (see reference 56). As the experimental results
showed (e.g., Fig. 3), cardiac myocyte NICs were insen-
sitive to these channel blockers. Therefore, one could
generalize that it seems unlikely that the NE was contam-
inated with ion channels in transit. Previous experi-
ments by this investigator (1) and those presented here
demonstrate that, under putative normal physiological
conditions, NICs should favor the conduction of K*
over that of any other physiological cation (including
Na*, see reference 1). As several K-channels are known
to exist in cardiac myocytes, tests with K-channel
blockers were deferred for future experiments. However,
it is worth mentioning that the properties of cardiac
myocyte NICs are somewhat different from those of sev-
eral known cardiac sarcolemmal K-channels (55). For
example, since NICs are functional in the presence of
ATP it is unlikely that they are related to K-ATP chan-
nels since the latter are inhibited in the presence of ATP.
Further, these K *-conducting NICs were not affected by
the presence ( 1) or absence of Ca?* (5 mM EGTA; Bus-
tamante, unpublished data), consequently, they do not
seem connected to Ca2*-activated K-channels. The lack
of effect on NICs caused by K* replacement with Cs*
and NH**, as well as the inability of TEA * to block these
channels, suggests little relation with the delayed rectify-
ing K-channel. Chloride NICs have been identified in rat
hepatocyte nuclei on the basis of their response to Cl-
channel blockers (28). In the present studies, NICs did
not respond to Cl-replacement as discussed in the pre-
vious paragraph. Therefore, it was concluded that Cl-
played no role as charge carriers in cardiac NICs and that
this lack of effect of anion species substitution precluded
any rationale to justify tests with Cl-channel blockers.

Cardiac myocyte NICs are blocked
by Zn?*

It is known that Zn?* is an important ion for the struc-
ture and function of genes (58, 60), RNA polymerases
and transcription factors (59), etc. Consequently, the
effect of Zn?* on NIC activity was tested. The finding
that 100 uM Zn?* blocks or negatively modulates NIC
activity (i.e., reduction of the slope of i(¢) signals elicited
with voltage ramps, see Fig. 4) may be of relevance al-
though it is difficult to ascertain at this moment a precise
mechanism or purpose for the modulation of NICs by
this cationic species. The effect was observed in nucleus-
attached patches when the control bath perfusate was
changed with the same solution but containing Zn?* as
well as when the pipette was backfilled. The high seal
resistance, imperative of patch-clamp experiments (in-
cluding the present ones), insures that there is virtually
no mixing of bath and pipette solutions (52, 53). There-
fore, the effects observed upon switching bath solutions
(while having no change in the pipette solution) must
have been indirect and mediated through the nuclear
compartment. Likewise, the effects observed when the
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pipette was backfilled with the test substance must have
been a result of the actions of the test substance on the
surface area covered by the pipette alone (i.e., no intranu-
clear mediation). The fact that Cd?*, Co?* and La%*
also blocked NIC activity suggest that Zn2* is not a good
marker for cardiac myocyte NICs. Taken together the
results from the tests with ionic species substitution, and
from those utilizing organic and inorganic Na-, Ca- and
K-channel blockers ( present and previous paragraphs) it
would seem that NICs are a distinct class of K-channels
intrinsic to the nuclear membrane and part of the NPC.
Future work with cell and molecular biology techniques
should clarify this point (e.g., by usage of antibodies spe-
cific to NPC components).

Cardiac myocyte NICs are depressed
by GTP-vy-S

An interesting finding was that of NIC depression by
GTP-v-S (see Fig. 5) and not GTP. This result indicates
that when bound to a particular molecule site in the NE
(likely to be a candidate GTP-binding protein ), hydroly-
sis of GTP follows. However, should the GTP hydrolysis
be impaired or negatively modified, then, NICs would
tend to remain in the closed, nonconducting state. How
this experimental observation relates to the GTP-y-S-
induced inhibition of vesicle fusion during NE assembly
(61) is not clear but the present experiments provide a
basis to speculate that GTP hydrolysis is involved in NIC
function. The GTP-mediated closure of NICs may be a
mechanism involved in cell transformation (see refer-
ence 64 and references therein). The fact that experi-
ments where GTP-v-S was applied directly to the intra-
nuclear side of the patch (i.e., inside-out, excised
patches, with the GTP analogue applied to the bath solu-
tion ) did not yield conclusive results ( two tests gave posi-
tive and two gave negative results) suggests not only
more experiments are needed but also that components
yet to be determined may mediate the action of this sub-
stance. Clearly, since effects were recorded in nucleus-at-
tached patches, intranuclear mechanisms mediate the
action of GTP-y-S. Depression of NIC activity was also
observed when GTP-+-S backfilled a pipette filled with
control solution. This shows that GTP may also act di-
rectly from the cytosolic side of the NE.

Cardiac myocyte NICs are stimulated
by deoxynucleotides

dNTPs are the raw material required for the synthesis of
deoxyribonucleic acids (4). Therefore, cytosolic ANTPs
must reach DNA templates by crossing the NPCs (4),
which are assumed here to be the physical substrate of
NICs (see also references 1, 24, 25). The experimental
results presented here (e.g., Fig. 6) demonstrate that al-
though dNTPs (in a MgATP-containing solution) may
be sufficient to trigger NIC openings, other nuclear sub-
strates such as kinases or polymerases may be required

for sustained NIC activity; otherwise, the stimulation is
only transient, short-lived. The effects of ANTPs on NIC
activity, however, may have been a result of mere alloste-
ric interactions (e.g., 65). Although experiments re-
cently carried out by this investigator (Bustamante, un-
published data) with AMPP(NH)P-Mg2?* replacing
MgATP (to minimize phosphoryl donation by ATP) did
not substantiate such possibility, a full screening of the
allosteric effects of ANTPs is required to make a qualified
exclusion of this mechanism. As ANTPs were only effec-
tive when acting through intranuclear-delimited path-
ways, this may indicate that dNTPs trigger some sort of
reaction in the intranuclear space (perhaps a genetic one
such as activation of transcription) which, in turn,
transfer the request for NIC opening from the nucleo-
plasmic side of the NE. This rather complex reaction
falls within the variability of conductance states seen for
cardiac myocyte NICs (1).

Potential role of NICs in mediating
transfer of matter and information to
and from the genetic machinery

The present work shows for the first time the modulation
of cardiac myocyte NICs by GTP-associated processes,
dNTPs, and Zn?*. The fact that NPCs are thought to be
solely responsible for nucleocytoplasmic transport (5, 6,
20, 41, 43), along with the current and previous observa-
tions on NIC activity ( 1, 24-28), suggests a physical cor-
relate between NPCs and NICs. This is reinforced by the
demonstration with electron microscopy that NE
patches contain several NPCs (25, 27). The rather com-
plex structure of the NPCs (7-11) as well as their asso-
ciated environment (4-6, 41-45) is suggestive of 2 multi-
lateral control of NIC activity: both from within and
from without the nucleus. As nucleocytoplasmic ion dis-
tributions seem to be important in the control of nuclear
processes (e.g., transcription and other DNA-related ac-
tivities, see references in 3, pages 319-320), NICs should
play a major role in the determination of normal and
pathological states of cell structure (e.g., growth and hy-
pertrophy) and function (e.g., normal and impaired se-
cretion). The potential significance of NIC studies (i.e.,
present studies and references 1, 24-28) stresses the im-
portance of elucidating the molecular identify of these
ion channels. Most important seems to be the clarifica-
tion of the apparent conflict of these studies with those
suggesting unrestricted flow of ions across the NE (3).
For this purpose, the use of antibodies ( to specific mole-
cules of NPCs) in patch-clamp experiments would seem
the next logical step.
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