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Abstract. Prevalent nucleocytoplasmic transport theo-
ry views flow of monoatomic ions as completely unre-
stricted, resulting from the presence of large diameter
pore complexes (NPCs) that perforate, but hold togeth-
er, the two separate membranes of the nuclear envelope
(NE). However, three lines of investigations indicate
that, at least in some cell types, monoatomic ion flow
is restricted. (i) Patch clamp reveals quantized, ion
channel-like activity in several NE preparations; activ-
ity thought to result from nuclear ion channels (NICs)
connected to NPCs. (ii) Ratiometric fluorescence mi-
croscopy demonstrates that ions, as well as small mol-
ecules relevant to signal transduction, do distribute as
if there is a NE barrier. (iii) Electron microscopy shows
that NPCs contain material that behaves like a plug.
NICs’ large conductance (up to 1,000 pS) makes them
a major determinant of nuclear ion concentrations
which, in turn, influence nuclear processes. Therefore,
NICs are an important modulating force of gene and
transcriptional activities—two major determinants of
gene expression. As nuclear processes may take from
seconds (e.g., signaling) to minutes (e.g., transcription),
the time the channels dwell in the ion-conducting open
state is relevant to understanding NICs’ role in nuclear
function. Consequently, dwell-times and lifetimes of
open NIC states were studied in 61 patch-clamped adult
mouse cardiac myocyte nuclei. Upon voltage stimula-
tion, NICs opened to main states of large conductance
(281 = 198 pS, range = 120-490 pS, n = 55) and
wide-range mean dwell-times (~100 msec, 1-10 sec,
and min). Closed states (0 pS) also had widely distrib-
uted mean dwell-times (~100 msec, 1-10 sec, and min).
Putative open substates (37 £ 11 pS, range = 25-50,
pS, n = 6) of high bursting frequency (<1 msec) were
observed without intervening main states (=5% of
patches). Fast (~0.1 msec) and slow (~10 msec) state-
transitions were also detected. These observations sug-

gest a role for NICs in mediating cytoplasmic signal
control of cardiomyocyte gene expression.
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Introduction

Nuclear envelope ion channels have been recently iden-
tified in animal and plant cells (Matzke, Weiger &
Matzke, 1990; Mazzanti et al., 1990; Mazzanti, DeFe-
lice & Smith, 1991; Tabares, Mazzanti & Clapham,
1991; Bustamante, 1992, 1993; Matzke et al., 1992; In-
nocenti & Mazzanti, 1993; reviewed in Bustamante,
1994) and support classical observations of high enve-
lope resistance to ion flow (e.g., Loewenstein & Kan-
no, 1962; see Bustamante, 1994). Electron microscopy
suggests that nuclear ion channels (NICs) may derive
from nuclear pore complexes (NPCs) because envelope
patches displaying ion channel activity contain pore
complexes (e.g., Mazzanti et al., 1991; Matzke et al.,
1992). Electron microscopy also demonstrates that NIC
activity is intrinsic to the envelope because ion channel
currents are recorded in preparations lacking endoplas-
mic reticulum and Golgi apparatus (Matzke et al., 1990,
1992). Ratiometric fluorescence microscopy shows un-
equal distribution of ions and small molecules between
the nucleus and cytoplasm (e.g., Williams et al., 1985;
Hernandez-Cruz, Sala & Adams, 1990; Neylon et al.,
1990; Takamatsu & Wier, 1990; Hern4dndez-Cruz, Sala
& Connor, 1991; Przywara et al., 1991; Waybill et al.,
1991) and also shows electrical potential gradients
across the envelope (e.g., Matzke & Matzke, 1986;
Matzke, Matzke & Neuhaus, 1988; see review by
Matzke & Matzke, 1991). This chemical and electrical
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heterogeneity has been interpreted in terms of a resis-
tive nuclear envelope (NE; e.g., Herndndez et al., 1991;
see also Bustamante, 1994). Work with high-resolution
electron microscopy reveals that nuclear pores are not
permanently opened but that they are gated by a large
plug (~MD; e.g., Akey, 1989, 1990, 1991, 1992; Akey
& Goldfarb, 1989; Dingwall, 1990, 1991;
Reichelt et al., 1990; Jarnik & Aebi, 1991; Akey & Ra-
dermacher, 1993). Eight small channels peripheral and
parallel to the large NPC central channel have been
proposed to underly transport of inorganic ions and oth-
er small solutes (Hinshaw, Carragher & Milligan, 1992).
However, this observation could not be confirmed
(Akey & Radermacher, 1993).

The potential relevance of nuclear envelope ion
channels to nuclear function is stressed by these ion
channels having a high gated conductance—which may
reach up to 1,000 pS. Nuclear ion concentration change
resulting from NIC activity is far from negligible and,
thus, it might impact on nuclear processes such as gene
activity and transcription (see Bustamante, 1994).
Therefore, since the characteristic times of nuclear
processes cover a wide range of values (frequently tak-
ing many minutes), it is important to determine whether
nuclear envelope ion channels dwell in the open states
for periods of time that can be related to these pro-
cesses.

The patch-clamp study presented here addressed
this subject by focusing on the open, conducting dwell-
times for NICs from adult mouse cardiac myocytes
(Bustamante, 1992, 1993). These differentiated, com-
mitted muscle cells have been the subject of investiga-
tion by this investigator for over a decade (e.g., Busta-
mante, Watanabe & McDonald, 1981, 1982; Busta-
mante et al., 1982; Bustamante & McDonald, 1983).
Therefore, techniques for the preparation of these
myocytes ensure the normal structure and function of
the preparation. As one of the interests of this author
is to understand the mechanisms underlying develop-
ment of cardiac hypertrophy (e.g., Bustamante,
Ruknudin & Sachs, 1991; Ruknudin, Saks & Busta-
mante, 1993) and the expression and metabolism of
cardiac peptides (Boer et al., 1991), the study of adult
cardiac myocyte NICs was deemed a pivotal experi-
mental approach to this task (Bustamante, 1992).

The results confirmed the quantized, discrete nature
of cardiac myocyte NIC open states (Bustamante, 1992,
1993), resembling that of (double-membrane) gap junc-
tional channels (e.g., Loewenstein, Kanno & Socolar,
1978; Loewenstein, 1981; Neyton & Trautmann, 1985;
Burt & Spray, 1988; Veenstra, 1990; Manivannan et al.,
1992). The studies also showed that NIC dwell-times
cover a wide range of values, suggesting a large inter-
action with and/or potential role in nuclear processes.
As NIC activity (recorded as ion currents) may reflect
the magnitude of nucleocytoplasmic exchange of ri-
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bonucleoproteins, etc., the experimental results de-
scribed here may help understand transduction signal
control of gene activity, in particular, and of nuclear
processes, in general (e.g., Karin, 1991; Bacuerle &
Liihrmann, 1991; Davis, 1992; Hanover, 1992). Con-
sequently, these investigations may serve to establish a
guideline to link surface membrane signaling (e.g.,
stretch, see Bustamante et al., 1991; Ruknudin et al.,
1993) to activation of myocyte growth and hypertrophy
and with cardiac peptide processing and secretion fol-
lowing mechanical load (e.g., Boer et al., 1992).

Materials and Methods

Nuclei isolation, solutions and patch, voltage clamp were described
elsewhere (Bustamante, 1992, 1993). Sixteen male Swiss-Webster
mice (20-22 g) were used. All experiments were conducted in nu-
cleus-attached patches (i.e., the pipette tip was tightly sealed against
the other surface of the NE). Nuclei were bathed in saline consist-
ing of (mM): 150 KCl, 5 Hepes, 2.5 KOH (pH = 7.3-7.4). Patch
pipettes were filled with this solution. Room temperature was cho-
sen since physiological temperatures were considered a disadvan-
tage to the analysis of channel conductance states. Under these con-
ditions, the resting potential was negligible (Bustamante, 1992).
Therefore, the actual potential across the nuclear envelope (V) was as-
sumed to equal the potential applied to the Ag/AgCl electrode inside
the patch-clamp pipette (the other Ag/AgCl electrode connected to the
bath and set as reference, i.e., 0 mV). Sign convention for electrical
currents is positive for outward currents and negative for inward cur-
rents. From previous studies, under control conditions the charge car-
rier for ion currents is K* (Bustamante, 1992, 1993). Therefore, out-
ward currents represent outflow of K™ from the nucleus (opposite for
inward ion currents). Furthermore, it was previously shown that un-
der these experimental conditions, the reversal potential for NIC cur-
rents (V) is close to 0 mV, (Bustamante, 1992, 1993). Therefore,
positive envelope potentials (negative pipette potentials) induced pos-
itive currents and vice versa.

Identity of main states and substates was strengthened by the fol-
lowing criteria (e.g., Hamill & Sakmann, 1981; Fox, 1987). (i) Tran-
sitions between main state and substate had to be observed, provid-
ed enough recording time was given to capture low probability states.
(ii) Main states and substates had to share their ionic selectivity and
pharmacological responses.

Each experiment lasted between 0.5 and 1 hr. Signals were fil-
tered at 1 kHz (8-pole Bessel) prior to digitization. Data analysis was
carried out with both commercial and custom, mixed-language com-
puter software in an Intel-80386-based microcomputer (Bustamante,
1992, 1993). Where applicable, values are expressed as mean = SD.
An experiment was defined as the set of tests and results from a sin-
gle NE patch. A total of 61 patches were studied.

ABBREVIATIONS AND SYMBOLS

i, electrical current-variable; NE, nuclear envelope; NIC, nuclear ion
channel; NPC, nuclear pore complex; P, probability density func-
tion—variable; ¢, time—variable; T, time constant—parameter or vari-
able; 7, dwell-time—parameter or variable; V, voltage—variable;
Ve reversal potential-—value of V at which i reverses direction; ==,

approximately equal; ~, in the order of, closest numerical represen-
tation in base 10; 3-D, three-dimensional.
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Results

Figure 1 illustrates changes induced in NIC current
(i(1)) by a 65 sec voltage, V, pulse from 0 to +20 mV
(top panel). The outward current signal was digitized
at 100 psec intervals. Time-expanded records of se-
lected sections of the trace are shown below the top
record on the left colomn. Plots of probability density
function (P) vs. i are shown at the right of each ex-
panded current record, i vs. time, t. P was obtained from
the normalized current histograms (counts vs. current,
0.2 pA binwidth). From the P-i plots, one can appre-
ciate the relative proportion of time the channel popu-
lation spent in a particular conductance level or state.
The expanded records on the left (bottom four) show
brief sojourns to less than full (main) current transitions.
As nuclear envelope potential, V, remained constant
throughout the voltage pulse, these sojourns represent
conductance state changes qualifying as subconduc-
tance levels.

Figure 1 shows that following application of a volt-
age pulse, the probability density function for current
values, P(i), shifted with time (i.e., P = P(j,1)) toward
lower (quantized) levels of current. To illustrate this
time-dependent change, a three-dimensional perspective
of P(i,z) surface was prepared for the time span of ~120
sec (118.784 sec) as shown in Fig. 2 (time span deter-
mined by the file size limitations of the computer sys-
tem hardware and software, see Bustamante, 1992,
1993). Consecutive cumulative amplitude histograms
were obtained from the records at 4.096 sec intervals.
Each histogram covered the same amount of time (i.e.,
4.096 sec) and was exclusive of the other histograms.
Since small current jumps were masked during this
computational process (i.e., their contribution would
be negligible to the cumulative histograms), the signal
could be filtered without detriment of essential fea-
tures. Thus, a 50 Hz-filter (digital Gauss algorithm of
pCLAMP) was used to improve display of 3-D surfaces
and to reduce the spurious 60 Hz line interference (for
this particular experiment) whose main contribution
was to broaden the peaks of the histograms. The bin-
width in the histograms was set to 0.5 pA to reduce the
number of operations during plotting (needed within the
microcomputer environment used here). Figure 2 shows
that the behavior of the ion channel population changed
from an initial synchronous opening to a less ordinat-
ed, more purely random (binomial), mode of operation.
A total of 51 patches responded within a millisecond to
voltage pulse stimulation, the rest took seconds to acti-
vate. In all the 61 patches, the initial synchrony disap-
peared in time, as if the energy gained with the voltage
pulse dissipated or as if channels inactivated (e.g., Bus-
tamante, 1992). Putative states and substates were K+
selective and were blocked by 100 mM Zn2* and La3™*
(Bustamante, 1993).
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Figure 3 gives a portion of the experimental results
and analysis obtained from a patch that displayed both
fast and slow state transitions. The left-hand panels in
Fig. 3 show current records, i(?); their respective current
probability density function, P(i), are shown on the
right. The current records correspond to the events that
followed the initial 15 sec of the voltage pulse from V
= 0to +20 mV. Data for the initial 15 sec of the re-
sponse were excluded from the analysis because it
showed an activating behavior with a time constant of
about 4 sec. (As mentioned, slow activation was seen
in 16% of the 61 patches studied). The top ten current
records are consecutive from top to bottom (total ob-
servation time of 40.96 sec). The records were digitized
at 2 msec sampling intervals. During analysis, the da-
ta points were filtered at 25 Hz (Gauss algorithm) to re-
duce contribution of background noise to the histograms
(compare, for example, with the increased standard de-
viation in the penultimate signal from top and its cor-
responding normalized histogram on its right). The
two records at the bottom were sampled at 100 psec and
were not filtered during processing (i.e., bandwidth =
0-1 kHz, 8-pole Bessel, see Materials and Methods).
These signals are important because they exemplify
two major characteristics of channel state-transitions.
First, NICs dwell in their main states for times in the or-
der of 0.1-10 sec (Fig. 3, top ten records); however,
short-lived sojourns are possible (Fig. 3, last record).
Second, although transition times are well within a mil-
lisecond, some state-transitions (to and from the open
state) seemed to require several milliseconds (Fig. 3,
penultimate record from top). The plots of P vs. i were
prepared by calculating the normalized histogram of
the corresponding data record at the left with a binwidth
of 0.2 pA. Thus, 2,048 and 500 data points were uti-
lized to make, respectively, the top eleven and last P-i
plots. These plots are given in a logarithmic scale to en-
hance the peaks at lower probability values. The last
two records at the bottom demonstrate the relevance of
frequency bandwidth to identifying channel states from
histograms (e.g., time-resolution limitations may be
countered by reducing the time window for fast re-
sponses as shown in the last record).

As for the experiment illustrated by Fig. 2, cumu-
lative current histograms were computed for the top
ten records, and the resulting probability density func-
tion, P(i,f), was plotted as a function of time as shown
in the 3-D surfaces of Fig. 4. Putative main states and
substates can be appreciated in the two projection views
of the P(i,7) surface in Fig. 4. Similar to the features re-
vealed by Fig. 2, the initial peaks of P, occurring at
higher current values (equivalent to higher number of
open channels), moved with time toward a region of
lower current values (less number of channels open).

Three patches (out of the 61) displayed low-am-
plitude bursting activity. This activity was not accom-
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Fig. 1. Top: High-resolution, patch-clamp record of current signal response to a 65 sec envelope voltage pulse from 0 to +20 mV. The signal
was digitized at 100 psec intervals. Bottom-left: Time-expanded records of selected sections of signal at the top. Horizontal, time axis labels
give the times corresponding to the record shown on top panel. Bottom-right: Plots of probability density function, P, vs. current, i, for the cor-
responding expanded current records on the left. P was obtained from the normalized current histograms (0.2 pA binwidth). A 60 Hz line in-
terference contaminated the signals during this experiment but did not prevent analysis of essential features of the phenomenon studies.

panied by the typical, relatively large amplitude, step- putative subconductance state (despite the standard de-
wise activity shown so far (i.e., characteristic of non- finition, e.g., Fox, 1987). Figure 5 illustrates one of
bursting states and/or substates) and was taken to these experiments. The top panel of Fig. 5 shows an 8
represent jumps from the closed state to an unfavored, sec segment of a current record obtained at V = +20
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Fig. 2. Three-dimensional plot of the current probability density
function P(i) vs. time (P = P(i,1)) for the experiment illustrated in Fig.
1. Values of P(i,¢) were cumulative in time (time span of =120 sec).
These values were obtained at 4.096 sec intervals from normalized,
cumulative current histograms (counts vs. i, binwidth of 0.5 pA). Dur-
ing this computational process, small current jumps were masked and,
therefore, filtering of the signal at 50 Hz did not affect the major fea-
tures of the P(i,t) surface but, instead, improved its appearance.

mV and digitized at 250 psec. This particular segment
of the record was chosen to give equal weight to both
the closed and open states (i.e., 50% of the time the
channel was in each state). To demonstrate the limita-
tions of time resolution for analyzing these events, nor-
malized current histograms (P vs. i, 0.2 pA binwidth)
were calculated and plotted below the current record
(top plot for all points, middle for the first 3.5 sec and
the bottom for the last 3.5 sec). During the closed state
the current was 12.4 = (.7 pA (calculated for the first
3.5 sec of the record). The current was 13.9 *= 1.2 pA
during the open state (last 3.5 sec). Further analysis of
this bursting channel activity was not conducted due to
the proximity of the current levels for the close and open
channel states. The phenomenon was taken as illus-
trating the fine workings of NIC function. That is, it is
possible that normal NIC function was impaired and, as
a result, this type of activity was unmasked.
Conductance states are usually deduced from ex-
ponential fits of closed and open dwell-times. Each
component of the exponential fit is taken as being in-
dicative of a singular state (e.g., Sakmann & Neher,
1983). Figure 6 depicts closed (shut) and open dwell-
time histograms (top and bottom, respectively) for the
experiment illustrated in Fig. 5. Event lists were pre-
pared for the shut and open dwell-times with, respec-
tively, 4.2 msec and 500 psec binwidths (to accommo-
date the dwell-time range). A logarithmic scale was se-
lected for the vertical axis to show the low probability
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readings of relatively long dwell-times (count of I, top
histogram). The baseline of 1 was subtracted in the cal-
culation of the time constant for the shut state as it was
thought to represent a different kinetic rate intractable
due to the apparent reduced observation time which led
to a constant value (equivalent to an infinite time con-
stant). It may appear that the fits (superimposed, smooth
unbroken lines) are not too tight, particularly for the shut
dwell-times within the first 200 msec. However, this ap-
parent misfit is due to the logarithmic scale (better look-
ing fits yielded higher errors). Indeed, the percentage
error (100 X sp/mean) for the time constant of the
closed state (1 ) was only 7% (100 X 0.7/10). The
percentage error for the open lines, with a time constant
(Topen) of 351 psec, was 0.9% (100 X 3/351). Mean
dwell-times for the shut and open states (T,  and T, Open)
were, respectively, 21.8 msec and 671 usec. These
represent the inverse of the sum of transition rates lead-
ing away from the state (e.g., Sakmann & Neher, 1983).
The 7 and T calculated for the three patches where
bursting activity was observed were: T, = 23.1 = 12.9
msec, T = 371 * usec, Ty = 32.3 = 16.7 msec and
TOpen =435 = 172 psec. These wide ranges of T and
T parallel the wide range of values observed for single
nuclear channel conductance (between 100 and 500 pS,
see Bustamante, 1992).

Dwell-time histograms for the typical channel be-
havior of stepwise current jumps (55 out of 61 channels)
were difficult to construct since all patches contained
more than one functional channel. Only two patches
contained two channels and the rest contained from 3 to
18 operational channels (calculated by counting the
maximum number of discrete and similar current
jumps). This observation is in agreement with the high
density of nuclear pores per envelope unit area (see
Mazzanti et al., 1991; Bustamante, 1994). Therefore,
the analysis of dwell-times was limited to these two ex-
periments and, thus, the results must be taken only as
indicative of the order of magnitude of the values cal-
culated. Figure 7 illustrates the dwell-time histograms
for the closed state (top panel), and for the two open
state levels (openl and open2) presumed to result from
two active channels (second and third panels from top).
The binwidth in the dwell-time histograms was set to 2
msec due to the large spread of time values. The hori-
zontal scale is logarithmic to cover the wide span of val-
ues observed. The normalized current histogram (P vs.
i, binwidth of 0.5 pA) is given on the bottom panel to
demonstrate the presence of the three major current lev-
els (i.e., the three histogram peaks). The calculated
values for the time constants, T, of the exponential fits
(insets in each histogram) show the large errors (SD) that
resulted. Superimposed on the histogram bars are the
smooth continuous lines corresponding to the fits. On
the assumption that the lower peak of the current his-
togram in Fig. 7 corresponds to the closed state, then
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Fig. 4. Plot of cumulative current probability density function vs.
time, P(i,f), drawn from the top ten records of Fig. 3. The top and bot-
tom panels represent two different views of the same P(i,7) surface.
Similar to the features seen in Fig. 2, the initial peaks of P at higher
current values (i.e., higher number of open channels) are seen to
move with time toward a region of lower (less channels open).

one may conclude that the patch contained only two
functional channels. If one then assumes that the chan-
nels are identical and independent of each other, then
one could make the approximation that there is a con-
tribution of 50% from each of these channels to the mea-
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Fig. 5. Low-amplitude, high-bursting frequency nuclear channel ac-
tivity at +20 mV of nuclear envelope potential. The points in the top
current record were obtained with a 250 jisec sampling interval. Nor-
malized current probability histograms (P vs. i, 0.2 pA binwidth) are
given below the top current record. The top histogram was calculat-
ed with all the current record points (ALL). The middle histogram was
calculated with the first 3.5 sec of the record which comprised only
the closed-state values (SHUT). The bottom histogram was prepared
with the last 3.5 sec of the record, thus containing only the sampled
burst (OPEN).

sured open dwell-times for level 1 (openl). Likewise,
the time spent in the closed level must have been un-
derestimated by half due to the sojourns by the two
channels. Thus, T, and Topent CAN be approximated, re-
spectively, as twice and half the values obtained (i.e.,
about 160 and 40 msec each). The mean shut and open
dwell-times calculated from the histograms were T,
= 161.1 msec, Tt = 564.7 msec and T o = 61.4
msec. In the other two-channel patch analyzed, the

values calculated for T, and Topen1 WETE 120 + 54 msec

-

Fig. 3. Part of a current response to a +20 mV voltage pulse delivered from a basal level of 0 mV. Lef: Current records, i(f). Right: Noncu-
mulative probability density functions, P(i), corresponding to the current records on the left (0.2 pA binwidth). A logarithmic scale was used
to enhance the events that took place at lower probabilities. The initial 15 sec section following the voltage pulse was excluded from the analy-
sis because it showed an activating behavior (time constant of about 4 sec). Top ten, current records are consecutive from top to bottom. The
records were obtained with a 2 msec sampling interval and were filtered during analysis at 25 Hz (Gauss algorithm) to reduce contribution of
background noise to the P (i) plots. The two records at the bottom were obtained with a 100 pusec sampling interval, no further filtering was
applied during analysis (i.e., signal bandwidth = 1 kHz, corresponding to the 8-pole Bessel filtering of raw signals, see Materials and Meth-

ods).



84

1000

Topat= 10.0 0.7 ms

100 A

Counts/4.2 ms
o
1

.. T 11

o] 400 800 1200 1600

m1ODD - \\\ T - 351+3

S 100 - S~ T R

S ~

0

~ 10 o ~

2

g 1

3

© o1 J\
[ T 1
0 2 4

t(ms)

Fig. 6. Shut (closed) and open dwell-time histograms (top and bot-
tom, respectively) for the low-amplitude, high-frequency activity of
the experiment illustrated in Fig. 5. The continuous lines superim-
posed on the histograms were drawn according to the mono-expo-
nential parameters calculated from a nonlinear regression fit (val-
ues given in each plot). The baseline of 1 for the shut dwell-time his-
togram was taken to represent a long-lasting closed state unresolved
within the observation time scale.

and 142 = 37 msec, respectively. T = and Tp

shat openl’
T, .., were about 193, 480 and 45 msec, respectively.

T(l)fgltop two dwell-time histograms of Fig. 7 show a one-
count component that suggests a very slow process
which could not be resolved within the observation time
because it seems to have time constants much larger
than 10 sec. As mentioned above, there were not
enough data to make a statistically significant estimate.
However, the analysis helped in estimating the order of
magnitude of the parameters characterizing the process,
thus allowing prediction of potential correlations to nu-
clear processes.

On the basis of their identical reversal potentials
(V,., = 0 mV), all conductance states reflected similar
selectivity. This is best illustrated by the current re-
sponses to voltage ramps as shown in Fig. 8. The left
panel in Fig. 8 shows five current records (i vs. 1) se-
lected from an ensemble of 30, elicited by 10 sec ramps
separated by 20 sec intervals. The voltage range cov-
ered by the ramps was =40 mV. The signals were fil-
tered at 100 Hz and digitized at 5 msec intervals. The
voltage dependence of channel conductance is shown
with the patch conductance vs. voltage plots (i/V vs. V)
on the right of Fig. 8. These plots were obtained after
dividing the current signal at the left by the delivered
voltage. Artifacts around V = 0 mV are apparent.
These were due to small errors magnified during divi-
sion by very small numbers (i.e., when i # 0 pA and V
=~ 0 mV). As shown previously (e.g., Bustamante,
1992), NIC conductance is linear. Calculated conduc-
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Fig. 7. Histograms of dwell-time and current (top three and bottom
panels, respectively) for typical nuclear channel behavior in a two-
channel patch. Logarithmic scales were used in horizontal axes to cov-
er the range of measurements. Top panel corresponds to the closed
state. Below the top panel are the histograms for the two putative open
states, openl and open2, presumed to result from two active channels.
Binwidth in dwell-time histograms was 2 msec. The normalized cur-
rent histogram, P vs. i (0.5 pA binwidth) is given on the bottom pan-
el to demonstrate the three major current levels (from left to right:
closed, openl and open2). Calculated time constants, T, of the expo-
nential fits are shown in the histogram insets. The continuous lines
superimposed on the dwell-time histograms were drawn according to
the parameter found with the curve-fitting procedures.
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Fig. 8. Left: Current responses, i(f), to =40 mV, 10 sec voltage ramps separated by 20 sec intervals. The records were selected from an en-
semble of 30 signals. The signals were filtered at 100 Hz and digitized at 5 msec intervals. Right: Plots of patch conductance, i/V, vs. envelope
patch voltage, V, were computed from the current records shown on the left by dividing their values by the corresponding voltage-ramp volt-
age. At V = 0 mV, artifacts resulted due to the several-fold amplifications produced by division of small numbers by much smaller numbers

(see Bustamante, 1994).

tance values for main states and substates (obtained
from voltage ramp and voltage pulse protocols) ranged,
respectively, between 120 and 490 pS (281 * 198, pS,
n = 55) and 25 and 50 pS (37 = 11 pS, n = 6).

Finally, it was only after long periods of observa-
tion (—~1-10 min) that apparently inactive patches
demonstrated activity of the type discussed above (n =
8). That is, it took several minutes to decide that a patch
actually had the capability of excitation or that the mea-
sured baseline current detected was not an electrode-po-
larization artifact. This phenomenon was taken to in-
dicate that several unknown forces influence NIC ac-
tivity and that these forces determine that NICs dwell
in either open or closed states for very long periods of
time (~1-10 min).

Discussion

The results from patches containing several channels
can be interpreted within the framework of the binomi-
al distribution (see Bustamante, 1992, and references
therein):

N!
P(m) = m!(N — m)!pm(l _p)N_m 0

where N is the total number of channels, m is the num-
ber of channels open, p is the probability of opening for
a single channel, and P is the probability of finding m
channels open (equivalent to the above definition).
Bearing in mind that the binomial model assumes iden-
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Fig. 9. Time course of simulated binomial distributions probability
function, P, for a population of four channels whose single-channel
probability of being open, p, decays exponentially from an initial val-
ue of 0.9 to a final value of 0.5 with a time constant of about 59.4
sec (half the observation time of Fig. 2). A Gaussian distribution with
a standard deviation of 0.2 units was applied to each calculated prob-
ability to better simulate the experimental data.

tical and independent functional units (see Bustamante,
1992), one can make the following interpretation. Pri-
or to stimulation (e.g., t < 0 sec in Figs. 1 and 2), the
system is in equilibrium at V = 0 mV (i.e., sufficient
time elapsed to allow system equilibration). Since un-
der control conditions no electrochemical gradient ex-
ists (equal to V — V__, with V=V __ = 0 mV) to dri-
ve the electrical charge carriers (K™ ions) across open
channels, it is difficult to ascertain whether at this null
electrochemical gradient there are channels opening
and closing (this, however, does not preclude our dis-
cussion). Upon transition from V=0mV to V # 0 mV
(e.g., V= +20 mV at ¢ = 0 sec in Figs. 1 and 2), there
is a net force driving the ions through NIC openings.
That the current histograms are not symmetrical (but
thrown toward higher values of current) shortly after the
stimulus is an indication that the probability of single
channel opening, p, is modified (toward higher values).
As time passes, the system adapts to the new condition
and it is able to reach a new equilibrium state, where the
probability of opening for each channel, p, equals that
of closing (1-p, i.e., 0.5). Figure 9 illustrates the time
course of predicted binomial distributions for a popu-
lation of four independent channels (i.e., N = 4) whose
variable p changes exponentially in time, ¢, according
to the following phenomenological formula (solution to
a simple, homogeneous, differential equation describing
a two-state system):

pt)=p_+ (p,—p)e " (a)
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where p_ is the final steady-state value attained by p
(i.e., 0.5), p, is the initial (+ = 0 sec) value reached by
p upon stimulation (assumed here to be a maximum of
0.9), and ¢ is the time constant (assumed to be half the
observation time of Fig. 2 or 59.392 sec). A Gaussian
distribution with standard deviation of 0.2 channel units
(to simulate the actual histograms prepared from the cur-
rent recordings) was applied to each value of P(m) cal-
culated from the binomial distribution. From Fig. 9 one
may conclude that a process more complex than as-
sumed in this simulation must have taken place in re-
ality. The exponential decay model of p was based on
the previous finding that nuclear ion channels may dis-
play exponential inactivation (Bustamante, 1992). Oth-
er approaches may be used in describing the observa-
tions illustrated by Figs. 1 and 2. For example, one
could have combined two sets of channels: inactivating
and noninactivating (e.g., Bustamante, 1992). Regard-
less of the model used to describe or predict the time-
dependent change in P, one may conclude from the ex-
perimental results alone that voltage pulses evoked syn-
chronized NIC openings and that a few seconds after,
the channels became less synchronous in their operation
(as expected from a truly random process left to equi-
librate—i.e., the initially reduced entropy, increased as
time progressed). This operation may be relevant to nu-
cleocytoplasmic transport in that it may represent a
feedback mechanism by which the channel population
is alerted of sudden changes in the environment but ac-
commodates with time. That is, initially, all channels
are put to work; in the end, only half of them do the
work per unit time.

Implicit in their definition is that main states are fa-
vored by their higher probability of occupancy. The re-
sults presented in this paper demonstrate that a kinetic
diagram of NIC function must consist of at least three
closed states and two open states. The dwell-times for
the closed states were in the order of tens of millisec-
onds (e.g., Fig. 6, putative substate), hundreds of mil-
liseconds (e.g., Fig. 7) and more than 10 sec (e.g., Fig.
7). Submillisecond open dwell-times were observed for
a putative substate (e.g., Fig. 6) while open dwell-times
of tens of milliseconds were also observed (e.g., Fig. 7).
Eight patches showed that NICs could dwell for many
minutes in either the closed or open states. These ex-
tremely long open and closed dwell-times (~min) add
at least two more states although other models may be
considered (e.g., modulatory levers correlated to phos-
phorylation, see Bustamante, 1992). Previous investi-
gations with channel blockers and ion substitution have
helped uncover these extremely long dwell-times (Bus-
tamante, 1994). For example, apparently inactive NICs
(i.e., constant current) may be demonstrated to be ful-
ly active (open) by K" substitution (e.g., tetraeth-
ylammonium), after which manipulation,. transitions to
closed states are detected. Therefore, a third open state
must be included in the NIC functional diagram.

Direct inspection of the current records revealed
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open states of low amplitude and high frequency (e.g.,
record in Fig. 5). As the chance of observing these low-
amplitude events by themselves (i.e., independently of
the most common main states) was relatively low (3 out
of 61 patches or about 5%), it may be concluded that
these are a manifestation of open states of low proba-
bility and candidates for the denomination of substates
(although according to Fox, 1987, their independent
operation may invalidate this classification).

The ideas presented here are based on the fact that
nuclear pore complexes, NPCs, are the likely physical
substrate for NICs (e.g., Mazzanti et al., 1990, 1991;
Bustamante, 1992; Matzke et al., 1992) and on current
concepts of NPC structure with a centrally located plug
connected to eight radial spokes; a plug that gates
“open” and “closed” the NPCs (e.g., Akey, 1989, 1990,
1991, 1992; Akey & Goldfarb, 1989; Dingwall, 1990,
1991; Reichelt et al., 1990; Jarnik & Aebi, 1991; Hin-
shaw et al., 1992; Akey & Radermacher, 1993). An in-
teresting observation made during the present experi-
ments was that of slow transitions times (>>msec), a phe-
nomenon shared with gap junctional channels (e.g.,
Neyton & Trautmann, 1985). Since no plug has been
detected for gap junctional channels, it is hard to put for-
ward the attractive argument that the slow NIC transi-
tion times are correlated to hypothetical sluggish dis-
placements of the large mass and dimension of the cen-
tral NPC plug (12.0 = 1.1 MD, Reichelt et al., 1990).
Other structural features of NPCs may be exploited to
explain NIC activity observed in the current studies.
Possible candidates are the radial spokes of the NPCs.
However, spoke mass was found to be even higher than
that of the central plug (51.7 = 5.3 MD, Reichelt et al.,
1990). Therefore, other mechanisms may be acting in
the two types of channels or if they were the same then
there seems to be no role for a megaplug. The eight
small channels peripheral and parallel to the large cen-
tral channel of the NPC (Hinshaw et al., 1992) could not
be confirmed in a recent study (Akey & Radermacher,
1993). Furthermore, atomic force microscopy of puta-
tively intact nuclear envelopes of Xenopus laevis
oocytes failed to show the large central channel of the
NPCs (Panté, Goldie & Aebi, 1993), an indication that
much work remains to be done before a clear picture of
the living NPC is attained. Further discussion of this
topic 1s outside the scope of this paper.

The data presented here were obtained from nuclei
bathed in nominally saline solutions. Under these con-
ditions, it would seem unlikely that macromolecular
exchange across the envelope would have taken place
(e.g., Bustamante, 1994). Therefore, one may reach the
conclusion that the data presented here have little sig-
nificance to macromolecular transport (e.g., proteins)
because it is known that cytosolic factors must be pres-
ent for transport of large molecules (reviewed in Bus-
tamante, 1994). That this is not the case for the pres-
ent experiments is supported by recent experiments by
this investigator demonstrating that adult cardiac
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myocyte NICs cannot open under pure saline condi-
tions (see Fig. 1 in Bustamante, 1994). Therefore, as
originally discussed (Bustamante, 1992), one must con-
clude that since the isolated nuclei used in these exper-
iments were not separated from cell debris but kept in
the cell lysate, bath perfusion did not effect sufficient
washout of these important cytosolic substrates (due to
the relatively large size of the bath used in these ex-
periments— =1 ml compared to =~0.1 ml of the bath
used in recent experiments). Furthermore, one may ex-
trapolate that NIC inactivation may reflect an interme-
diate state resulting from limited and less than optimal
supply of cytosolic factors. Thus, the one or more in-
activation time constants describing the kinetics of the
transient should reflect the stability of the system, with
the final state attained upon excitation being the stable
state. The kinetic parameters of the process are proba-
bly determined by the cytosolic factors known to affect
nucleocytoplasmic transport. Ligands to the nuclear
pore, such as nuclear localization signals or their cy-
tosolic receptors (see Bustamante, 1994), may play a
major role in determining the presence and/or magnitude
of NIC inactivation.

Consequently, with cautious optimism one may say
that the observations presented here are relevant to
macromolecular transport should NICs be proven to be
NPCs or parts thereof. Substance for this statement
comes from recent data demonstrating, for the first time,
that protein transport is depressed by GTPYS, a nonhy-
drolyzable analogue to GTP (Marshallsay & Lithrmann,
1993; Melchior et al., 1993; Moore & Blobel, 1993), an
effect previously demonstrated for cardiac NICs (Bus-
tamante, 1994).

Following the rationale presented for putative pro-
tein-conducting channels of the endoplasmic reticulum
(Simon & Blobel, 1991, 1992} one must conclude that
NIC currents must represent ion transport through open
NPCs that do not conduct macromolecules, for other-
wise the pores would have been plugged. That is, un-
der this paradigm only NIC closed states should repre-
sent macromolecular translocation (provided that the
cytosolic requirements are present), an idea that, with-
out being antagonic, would be the converse of the theo-
ry for ion conduction through ion channels.

The field of nuclear envelope ion channels is hard-
ly explored and, knowing the complexity of nuclear
function, it should not be surprising to find out in future
investigations, that NIC activity is influenced (directly
or indirectly) by many factors involved in macromole-
cular transport (e.g., “cytosolic factors”), nuclear func-
tion (e.g., protein kinases and phosphatases, ribonu-
cleotides, and nucleic acid polymerases), etc. Demon-
stration of the merit of nuclear electrophysiology in
evaluating various aspects of nuclear function, inclusive
of nucleocytoplasmic transport, remains a challenging
topic of investigation (see Bustamante, 1994). Until the
identity of NICs with NPCs is demonstrated, it seems
appropriate (in practice and theory) to keep the elec-
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trophysiological concept apart from the structural one.
As previously discussed (Bustamante, 1992, 19934,b),
NPC antibodies should prove essential in resolving NIC
identity to NPCs.

Finally, the current studies were carried out with
nuclei from adult cardiac myocytes. Reasons for the
choice of a preparation of committed, differentiated
cells were given in the introduction. Studies of nuclear
pore structure and of nucleo-cytoplasmic transport of
macromolecules have been carried out in gamete or
cultured cells (e.g., respectively: Akey & Radermacher,
1993; and Adam, Sterne-Marr & Gerace, 1991qa,b). It
is now clear that cell type is an important determinant
of the requirements for transport of large and small
proteins (e.g., Marshallsay & Lithrmann, 1993). There-
fore, complete interpretation of the data presented here
with data collected from nonelectrophysiological stud-
ies of macromolecular transport, and vice versa, may not
be warranted. Each data set may intercept or partially
superimpose each other.

This work is supported by the American Heart Association, Maryland
Affiliate. The author extends his gratitude to Dr. Louis J. DeFelice
for his frank, critical review of the original manuscript.
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