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Distinct lon Channel Classes Are Expressed on the Outer Nuclear
Envelope of T- and B-Lymphocyte Cell Lines
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ABSTRACT The outer nuclear membrane, endoplasmic reticulum, and mitochondrial membrane ion channels are poorly
understood, although they are important in the control of compartmental calcium levels, cell division, and apoptosis. Few
direct recordings of these ion channels have been made because of the difficulty of accessing these intracellular membranes.
Using patch-clamp techniques on isolated nuclei, we measured distinct ion channel classes on the outer nuclear envelope
of T-cell (human Jurkat) and BFL5 cell (murine promyelocyte) lines. We first imaged the nuclear envelopes of both Jurkat and
FL5 cells with atomic force microscopy to determine the density of pore proteins. The nuclear pore complex was intact at
roughly similar densities in both cell types. In patch-clamp recordings of Jurkat nuclear membranes, Cl channels (105 = 5 pS)
predominated and inactivated with negative pipette potentials. Nucleotides transiently inhibited the anion channel. In
contrast, FL5 nuclear channels were cation selective (62 + 2 pS), were inactivated with positive membrane potentials, and
were insensitive to GTPyS applied to the bath. We hypothesize that T- and B-cell nuclear membrane channels are distinct,

and that this is perhaps related to their unique roles in the immune system.

INTRODUCTION

The nuclear envelope functionally separates nucleoplasmic
from cytoplasmic compartments. Communication between
these two compartments is mediated through the nuclear
pore complex, a macromolecular structure spanning the
inner and outer leaflets of the nuclear envelope and com-
prising 100-200 different polypeptides (Gorlich, 1988;
Weis, 1998). Bidirectional active transport of larger macro-
molecules (>60 kDa) and nucleic acids through the nuclear
pore complex requires directionally specified localization
sequences (nuclear or cytoplasmic) and is catalyzed by
nuclear importer and exporter GTPases. Smaller macromol-
ecules and ions, on the other hand, are thought to freely
diffuse through the nuclear pore complex, as evidenced by
the fact that Ca®" increments initiated in the cytosol rapidly
diffuse into the nuclear compartment (Stehno-Bittel et al.,
1995b; Lipp et al., 1997; Perez-Terzic et al., 1997).

The area between the inner and outer nuclear envelope
defines the perinuclear space (or cisternae), which in com-
bination with the lumen of the endoplasmic reticulum, cre-
ates a continuous, interconnected network that serves as a
reservoir for intracellular calcium (reviewed by Petersen et
al., 1998; Clapham, 1995). The outer nuclear envelope can
be envisioned as an extension of the endoplasmic reticular
membrane. Both the outer nuclear and endoplasmic reticu-
lum membranes possess Ca>* ATPases (SERCA pumps)
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and InsP; receptors that regulate cisternal Ca®" concentra-
tions (Lanini et al., 1992; Humbert et al., 1996; Stehno-
Bittel et al., 1995a). In contrast, the inner nuclear envelope’s
protein composition is distinct from that of the outer enve-
lope (Gilchrist and Pierce, 1993; Humbert et al., 1996).

Although the nuclear envelope and endoplasmic reticu-
lum have been shown to be functionally interconnected
(Subramanian and Meyer, 1997), they may also act like
independent Ca”* release sites (reviewed by Petersen et al.,
1998). For example, Ca>™ is selectively mobilized into the
nucleoplasmic compartment as the result of the opening of
InsP5-gated channels on the inner nuclear envelope (Gerasi-
menko et al., 1995; Hennager et al., 1995). Furthermore, the
biosynthetic machinery for the production of InsP; is found
within the nucleus (reviewed by Divecha et al., 1993).
Cyclic ADP-ribose (ryanodine)-sensitive Ca®"-release
channels may similarly mediate nuclear-specific Ca*" sig-
nals (Gerasimenko et al., 1995; Guihard et al., 1997). Li-
gand-gated Ca®" release channels are therefore a common
feature of the nuclear envelope and endoplasmic reticulum
(see also Stehno-Bittel et al., 1995a,b).

It is increasingly evident that other classes of ion chan-
nels also perform unknown functions in these intracellular
compartments (Al-Awqati, 1995). For example, some mem-
bers of the ubiquitous double-barreled chloride channel
family, or CICs, are thought to function intracellularly.
CIC-6 colocalizes with the SERCA 2b pump of the endo-
plasmic reticulum, where it is proposed to dissipate the
electrical gradient created by the movement of Ca®* into the
lumen of the endoplasmic reticulum (Brandt and Jentsch,
1995; cf. Buyse et al., 1997, 1998). Chloride influx via
CIC-6 would thereby balance the excess positive charge
from the loading of Ca®" into the endoplasmic reticulum.
This notion is further supported by the finding that the anion
channel blockers, NPPB and R(+)-IAA-94, preclude Ca*"
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uptake into the sarcoplasmic reticulum of gastric smooth
muscle (Pollock et al., 1998). These same channel blockers
also inhibit chloride channel activity from brain endoplas-
mic reticulum in artificial bilayers (Clark et al., 1997).
Finally, the existence of CIC channels on the endoplasmic
reticulum has been functionally demonstrated in artificial
bilayers (Morier and Sauve, 1994). Taken together, these
studies suggest that luminal Ca*" loading is dependent on
the activity of intracellular CIC channels. The fact that
depletion of the perinuclear calcium stores halts diffusion of
molecules smaller than than ~60 kDa through the nuclear
pore complex may also implicate intracellular CIC channels
in nuclear trafficking (reviewed by Perez-Terzic et al.,
1997).

Intracellular ion channels have been recorded in artificial
lipid bilayers fused with membrane vesicles derived from
nuclear envelopes (cationic and anionic; Rousseau et al.,
1996) and the endoplasmic reticulum (anionic; Clark et al.,
1997; Eliassi et al., 1997). They have been directly demon-
strated in single-channel recordings from intact nuclei
(Mazzanti et al., 1990, 1998). Valenzuela et al. (1997)
recently cloned an anion channel homolog from nuclear
membranes (p64). In addition to its nuclear localization, p64
appears on the plasma membrane when overexpressed in
CHO-K1 cells and has a single-channel conductance of 22
pS. Other p64 homologs have also been cloned from brain
endoplasmic reticulum (43 pS; Duncan et al., 1997) as well
as kidney microsomes (42 pS; Landry et al., 1993; Edwards
et al., 1998).

In this report we functionally characterize the ion chan-
nels expressed on the nuclear envelope of hematopoietic
cell lines. Surprisingly, the nuclear envelopes of Jurkat (T
lymphocytes) and FL5 (pro B lymphocytes) cell lines ex-
press distinct classes of ion channels. Jurkat nuclei express
anion channels with single-channel conductances of ~80
pS, while FL5 cells primarily express a cation-selective
channel of ~50 pS. A preliminary version of this work
appeared as an abstract (Franco-Obregon and Clapham,
1998).

EXPERIMENTAL PROCEDURES
Cell culture

Jurkat and FL5 cells were obtained from Dr. Craig B. Thompson (Howard
Hughes Medical Institute, University of Chicago). Jurkats were grown in
RPMI 1640 (Gibco BRL) supplemented with 10% fetal calf serum and 10
mM HEPES (Gibco BRL). FL5 cells were grown in basic Jurkat medium
that had been further supplemented with B-mercaptoethanol (2 wl/500 ml)
and 10% WEHI1-3B supernatant. Supernatant was harvested from
WEHI1-3B cells that had been grown in FL5 medium. Aliquots of
WEHI-3B supernatant (50 ml) were kept at —20°C until use. Intact nuclei
were isolated after swelling and homogenized in hypotonic medium. Ap-
proximately 1 X 10° cells/ml were centrifuged at 400 X g for 5 min, and
the resulting pellet was resuspended in hypotonic medium (55 mmol/kg)
composed of (in mM) 10 KCI, 1.5 MgCl,, 10 HEPES free acid, and 0.5
D,L-dithiothreitol (pH 7.9). Cells were then incubated on ice for 10 min,
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followed by centrifugation at 400 X g for 3 min. The cell pellet was
resuspended in 5-7 ml of ice-cold hypotonic medium and homogenized
with 10 strokes of a large clearance pestle in a Dounce homogenizer. The
cell homogenate was then spun at 400 X g for 3 min, and the supernatant
containing extranuclear material was discarded. The nuclear pellet was
washed twice (spun at 400 X g for 1 min) and resuspended in storage
medium consisting of (in mM) 140 KCI, 2 MgCl,, 0.1 CaCl,, 5 glucose, 1.1
EGTA, and 10 HEPES free acid (pH 7.3) in preparation for single-channel
recording. The nuclei were stored at 4°C until use.

Electrophysiology

Single-channel recordings were made on isolated nuclei, using an Axo-
patch 200B integrating patch-clamp amplifier (Axon Instruments). Data
were filtered at 5 kHz and stored on videotape. For off-line analysis,
current records were digitized through a DigiData 1200 A-D converter,
using pClamp6 software (Axon Instruments), and stored on disk. Patch
recording electrodes were filled with a solution consisting of (in mM) 150
KCl, 5 MgCl,, 10 HEPES free acid (pH 7.4). The bathing solutions
consisted of either (in mM) 150 K-aspartate or 150 K-gluconate in addition
to 5 MgCl,, 5 EGTA, and 10 HEPES free acid (pH 7.4). The osmolarity of
all recording solutions was adjusted to within 290-305 mmol/kg before
use. The bath was perfused by gravity, and complete exchange of the bath
volume (200 wl) required ~10 s. Continual perfusion of the bath or
changing the bath composition had no effect on the liquid junction poten-
tial. After fire polishing, patch electrodes had a resistance of 3.5 = 0.5 M)
(£ SD, n = 68). All recordings were conducted at room temperature (22 *
2°C). An agar bridge was utilized as a ground electrode. Changing the bath
composition did not result in changes in liquid junction potential. Inward
(negative) currents are depicted as downward current deflections resulting
from the flow of anions out of the recording pipette or cations flowing into
the recording pipette (see Fig. 1).

Atomic force microscopy

Atomic force microscopy was performed on intact nuclei prepared in the
same manner as for electrophysiology, with the exception that after ho-
mogenization the nuclei were resuspended in normal nuclear storage me-
dium containing fixatives (4% formaldehyde and 1% glutaraldehyde). One
hour after fixation the nuclei were transferred to poly-L-lysine-coated
coverslips (5%; Sigma) and allowed to adhere at room temperature. The
nuclei were then rinsed twice with double-distilled water and allowed to
dry. The nuclei surface was imaged using a BioScope (NanoScope Illa;
Digital Instruments, Santa Barbara, CA) mounted on an inverted optical
microscope with standard single-beam silicon cantilevers of length 125 um
(spring constant 0.06 N/m). Cantilever tips had an estimated diameter of
~5-10 wm. Surface images of nuclei were obtained in tapping mode in air
with a typical scan rate of 1 Hz.

Confocal microscopy

Confocal microscopy was performed with a laser scanning microscope
(LSM 410; Carl Zeiss). In preparation for confocal imaging, FL5 nuclei
were prepared in the same manner as for electrophysiology, with the
exception that after dissociation they were placed in a bathing solution
consisting of (in mM) 140 KCl, 10 HEPES, and 5 MgCl,. Nuclear
envelopes were loaded with 10 uM Oregon Green 488 BAPTA-5N (Mo-
lecular Probes, Eugene, OR), a low-affinity Ca?* indicator, for 30 min at
37°C. Oregon Green 488 BAPTA-5N is reported to have a K, for Ca>*
binding of ~20 uM in the absence of Mg?* (Molecular Probes Handbook,
6th edition). The solution was adjusted to pH 7.2. The nuclei were excited
with the 488-nm line of a krypton/argon laser, and emission was collected
at 523 nm.

Biophysical Journal 79(1) 202-214
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FIGURE 1 Schematic representation of the recording configuration with

150 mM KCl in the electrode and 150 mM K-aspartate in the bath (also
referred to in the text as “extranuclear”). The smaller (open) and larger
(shaded) circles represent chloride and aspartate anions, respectively. The
cationic counterion (K ™) is not shown in the figure for clarity. The nuclear
pore complex (NPC) spans the entire perinuclear space. The Jurkat anion
channel is depicted as the shaded multimeric complex spanning only the
outer nuclear envelope. The perinuclear space (nuclear cisterna) is pre-
sumed to be completely dialyzed via the bath. The flow of C1™ out of the
patch electrode (arrow) is seen as an inward current (downward openings),
as shown in the current records at the bottom of the figure. The opposite
would be true for cations: the flow of K* into the electrode would also be
perceived as an inward current. In this respect a negative patch pipette
potential would induce inward currents by both anions and cations. The
drawing shows one anion channel and one nuclear pore (not drawn to
scale).

RESULTS

Atomic force microscopic images of isolated
nuclei from Jurkat and FL5 cells

The aim of this study was to examine ion channel activity
originating from the nuclear envelope of distinct hemato-
poietic cell types. To reduce the possibility that our record-
ings were made from remnants of the endoplasmic reticu-
lum rather than the nuclear envelope, it was necessary to
visualize the surface features of dissociated nuclei. Fig. 2
shows surface images of dissociated nuclei from Jurkat
(left) and FLS (right) cells. Fig. 2, A and C—F, were obtained
with the atomic force microscope and confirmed the integ-
rity of the outer nuclear envelope, as evidenced by the
presence of the nuclear pore complex. Since Fig. 2 4 rep-
resents an area of nuclear envelope roughly equivalent to
that contained within a typical patch electrode (2—4-um
diameter), more than 50 nuclear pores should have been
present within each on-nucleus patch recording. The densi-
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ties of nuclear pores for Jurkat and FL5 nuclei were 14 *
10/um? (= SD; n = 16) and 40 + 19/um? (= SD; n = 13),
respectively. Our results agree reasonably well with previ-
ous estimates of nuclear pore density (3.3/wm?, Mazzanti et
al., 1990; 20-30/um?, Mazzanti et al., 1994; 1-50/um?,
Perez-Terzic et al., 1997; 13/;Lm2, Tonini et al., 1999;
~46/um?, Wang and Clapham, 1999). Despite this fact, we
rarely saw channel openings representing a conductance
greater than 1 nS, a size previously estimated to pass
through the open nuclear pore (Mazzanti et al., 1990). We
conclude that the nuclear pores were not conducting under
our recording conditions (see Discussion).

On occasion, the presence of attached endoplasmic retic-
ular membrane could be observed on the outer periphery of
isolated nuclei (see also Danker et al., 1997). Fig. 2 Bis a
confocal microscope image of a dissociated nucleus dem-
onstrating remnants of the endoplasmic reticulum still at-
tached to the nuclear envelope. Although it is possible, it is
unlikely that the channel activity we measured arose from
the endoplasmic reticulum. Endoplasmic reticulum mem-
branes were too disrupted and rare to account for the high
success rate (60-90%) in gigaseal formation of the on-
nucleus recordings. The ion channel activity described in
this report most likely originated from the nuclear envelope.

One key assumption in our studies and others is that the
bath solution had free access to the intranuclear space. This
assumption was verified, inasmuch as the intranuclear space
was readily filled with Oregon Green after bath perfusion.
The tight clustering of the conductance and reversal poten-
tial values, indicating negligible voltage offsets, can again
be taken as evidence for the low resistance access to the
intracisternal compartment via the bath. Finally, channel
measurements were not influenced by patch excision from
the nuclear envelope, indicating that the ion concentrations
in the bath and cisternal solutions were the same.

Anion selectivity of nuclear channels in
Jurkat nuclei

Previous accounts of ion channel activity from the outer
nuclear envelope have described both cation- and anion-
permeable channels (for reviews see Stehno-Bittel et al.,
1996; Mazzanti, 1998). We therefore established recording
conditions that would unequivocally identify the cation or
anion selectivity of channel types while permitting the re-
cording of both channel types. Under our standard recording
conditions consisting of 150 mM K-aspartate in the bath and
150 mM KCI in the electrode, the reversal potentials for
chloride and potassium were widely separated (~ +70 mV
and 0 mV, respectively). Representative examples of cur-
rent traces obtained from Jurkat nuclei are shown in Fig. 3
in the presence of a symmetrical chloride gradient (Fig. 3 A)
and under our standard conditions (Fig. 3 B). With 150 mM
KCl in the recording electrode and bath (symmetrical chlo-
ride; Fig. 3 A), both inward (—60 mV) and outward (+60
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FIGURE 2 Surface images of iso-
lated nuclei from Jurkat (4, C, and E)
and FLS5 (B, D, and F) cells. (4, C-E)
Atomic force microscope images of
dissociated nuclei displayed at differ-
ent magnifications. The scale bar in F
represents 1 um for 4, 350 nm and
400 nm for C and D, respectively, and
167 and 137 nm for E and F, respec-
tively. (B) Unfixed dissociated FLS5
nucleus loaded with Oregon Green
488 BAPTA-5N in 2 mM Ca®* ex-
ternal solution and imaged by confo-
cal microscopy. Note the presence of
an intact perinuclear space and rem-
nants of the endoplasmic reticulum
membrane attached to the nuclear en-
velope. The scale bar in F represents
6 um for B.

mV) currents were clearly resolved. Replacing bath chloride
with aspartate greatly reduced or abolished the outward
currents (Fig. 3 B). Fig. 3, C and D, shows the single-
channel current-voltage relationships obtained from two
recordings in the presence of symmetrical KCl and after
replacing KCl in the bath with either K-aspartate (Fig. 3 C)
or K-gluconate (Fig. 3 D). In the presence of symmetrical
KClI, the current-voltage relationships for both recordings
inwardly rectified and single-channel currents reversed at 0
mV (empty circles). Replacing bath chloride with either
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aspartate or gluconate precluded the outward currents and
shifted the reversal potentials positively by 22 = 0.7 mV (=
SEM; n = 5; filled circles). Furthermore, the rectification of
the current-voltage relationship persisted in the presence of
symmetrical KCl, indicating that it is an inherent property of
the channel and not the result of unidirectional anion flux.
For these recordings, the inward single-channel slope con-
ductances in the presence of symmetrical KCl were 108 pS
(Fig. 3 C) and 101 pS (Fig. 3 D) between —60 mV and —80
mV. Channel conductances were smaller when aspartate or

Biophysical Journal 79(1) 202-214
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FIGURE 3 Chloride channel activity recorded from
the surface of Jurkat nuclei. (4 and B) Single-channel
currents obtained at the indicated patch potentials in
the presence of symmetrical KCI (4) or with extranu-
clear K-aspartate (B). The dashed lines indicate the 0
current level. Chloride conduction is apparent from
the appearance of outward currents in the presence of
symmetrical KCI. The mean inward slope conduc-
tance for such channels with extranuclear K-aspartate

was 82 = 3 pS (= SEM; 7 = 9). (C and D) Single- 10 pA
channel current-voltage relationships obtained with
150 mM KCl in the recording pipette and 150 mM of 10 seconds

either KCI (O, C (108 pS) and D (101 pS)), K-
aspartate (@, C (85 pS)), or K-gluconate (@, D (74
pS)) in the bath. Inward slope conductances were
calculated between the pipette potentials of —40 and
—80 mV. Subsequently excising the patch from the
nuclear surface did not alter single-channel conduc- C
tance or reversal potentials. In this and subsequent
figures KCL,;, and KCl,,, refer to the presence of 150
mM KCl in the recording pipette or the extranuclear
bath, respectively (see Experimental Procedures).
Likewise, KAsp and KGluc refer to the 150 mM
K-aspartate and 150 K-gluconate bathing solutions,
respectively. Traces were filtered at 500 Hz and sam-
pled at 2 kHz.

gluconate replaced chloride in the bath (85 pS (Fig. 3 C) and
74 pS (Fig. 3 D), respectively). Channel conductance fully
reverted when the bath was reperfused with 150 mM chlo-
ride (data not shown). The mean slope conductance for
several recordings with K-aspartate in the bath and KCl in
the electrode was 82 = 3 pS (= SEM; n = 9). Such
channels were observed in 13 of 15 on-nucleus patches from
recordings of Jurkat nuclei. Other anion channel classes
were observed in the remaining recordings. Finally, channel
activity was completely abolished in the presence of sym-
metrical K-aspartate, demonstrating the absence of a cation
conductance. In summary, the channels recorded from Jur-
kat nuclei were anion selective and were active under native
conditions.
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Anion channel open probability was typically high in
Jurkat nuclear recordings. Although channel openings over-
lapped too often to easily assess channel kinetics, the mean
open time at —100 mV was ~50 ms. Lowering the pH of
the pipette solution to from 7.4 to 4.0 greatly reduced
channel activity, which suggests that channel gating is al-
tered by protonation of the channel. On occasions when
channel activity was sufficiently low we could detect dou-
ble-barreled gating, as previously described for other CIC
channels (e.g., Miller and White, 1984). Fig. 4 shows open-
ing transitions from intermediate to double-conductance
levels. As is characteristic of double-barreled gating, we
never detected more than two subconductance levels, and
the intermediate conductance level was exactly half that of
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FIGURE 4 Double-barreled gating of Jurkat anion channel. Examples of
current records displayed double-barrel openings indicated by the arrows.
The pipette potential was —60 mV. The current records were filtered at 1
kHz and sampled at 5 kHz. The conductance of the first level was 94 pS
with K-aspartate in the bath.

the fully open channel. Similar, anion-selective, double-
conductance openings have previously been demonstrated
in vesicles derived from the outer nuclear envelope (Rous-
seau et al., 1996) and endoplasmic reticulum vesicles incor-
porated into planar lipid bilayers (Morier and Sauve, 1994).

Voltage-sensitive gating of the Jurkat nuclear
chloride channel

During the course of our experiments we noticed that the
open probability of the Jurkat anion channel decreased as
the pipette potential was made more negative (hyperpolar-
ized). Fig. 5 4 shows that after a 20-mV hyperpolarizing
shift in pipette potential, the channel remained open for a
few milliseconds, then inactivated. This is evidenced by an
initial increase in single-channel amplitude (dotted lines)
preceding channel closing. It is also evident that overall
channel inactivation was greatest at strongly negative volt-
ages. Fig. 5 B shows channel open probability (NPo) as a
function of pipette potential, showing that channel closing is
most marked below —80 mV. This effect of voltage is also
apparent from monitoring of the voltage at which the chan-
nel first becomes inactivated. In the recording shown in Fig.
5 C, the pipette potential was first held at 0 mV and then
jumped to voltages between —40 mV and —100 mV. In
response to voltage steps to —40 mV or —60 mV, channel
activity persisted for many minutes without closing. In
contrast, a voltage jump to —80 mV resulted in channel
activity that rapidly inactivated after ~20 s; at —100 mV
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the channel closed within 5 s. The effect of membrane
potential was independent of the sequence in which the
voltage pulses were given and was highly reproducible
during a given recording. In symmetrical KCl (see Fig. 3 4),
the channel open probability was largely invariant between
+20 mV and +100 mV (data not shown).

Second-messenger modulation of a Jurkat
nuclear chloride channel

The Jurkat anion channels could be consistently inhibited by
nucleotides. Fig. 6 4 shows a nucleus-attached recording
where the simultaneous activities of four channels could be
observed under resting conditions. Channel activity was
inhibited within 2 min of the addition of GTPyS (20 uM,;
arrow) to the bath and was most pronounced within 3 min.
However, the effect was only transient, as baseline activity
returned to normal ~5 min after the addition of GTPvS.
Fig. 6 B shows cumulative channel open probability (NPo)
as a function of time for the recording interval shown in Fig.
6 A. Channel activity decreased from that of four simulta-
neously open channels to that of two channels or less. This
effect is more clearly shown by utilizing amplitude histo-
grams derived from periods before (Fig. 6 C, top), during
(Fig. 6 C, middle), and after (Fig. 6 C, bottom) the effect of
GTP~S. A transient effect of GTP+yS was also observed in
two other experiments with similar results (data not shown).
These experiments suggest that the activity of the Jurkat
chloride channel is modulated by G-protein-dependent
mechanisms.

Nuclear anion channel activity on nuclear membranes
(Tabares et al., 1991) and in bilayers (Rousseau et al., 1996)
is inhibited by ATP. Characteristic features of the inhibition
by ATP included concomitant reductions in single-channel
amplitude and channel open probability. These features are
also apparent in our nuclear recordings after the addition of
ATP to the bath (n = 3). Fig. 6 D shows amplitude histo-
grams generated before and after the addition of 2 mM ATP
to the bath. Whereas the inhibition of channel activity with
GTP~S required ~2 min to develop, the inhibition of chan-
nel activity with ATP was immediate. This could be inter-
preted to mean that ATP acts extranuclearly, while GTPyS
may need to enter the perinuclear space to exert its effect.
The transient nature of the effects of GTPyS and ATP may
also reflect enzymatic activity present in the intact nuclei,
because both agents persisted in the bath for the duration of
the experiment (cf. Tabares et al., 1991; Rousseau et al.,
1996). But dibutyryl-cAMP (50 uM) had no effect on
channel activity when added to the bath for a duration of 8
min (data not shown).

Cation-selective channel expression in FL5 nuclei

We also examined ion channel activity of intact nuclei of
FL5 cells. In contrast to the Jurkat T-cell line, the FL5

Biophysical Journal 79(1) 202-214
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FIGURE 5 Voltage-sensitive gating of the Jurkat anion channel. (4) Channel closing in response to 20-mV hyperpolarization of the patch potential at
the indicated patch potential. The solid and dotted lines indicate the 0 and open channel current levels, respectively. The horizontal arrows depict a ramp
change in holding potential. The arrowheads indicate double-barreled openings. Current records were filtered at 50 Hz and sampled at 200 Hz. Current
records were filtered more heavily to resolve channel transitions. (B) Channel open probability (NP,) as a function of pipette potential. The data represent
the mean of 5-s intervals for a 40-s recording duration at each potential. The relatively small standard deviations (= SD) indicate that channel activity was
largely invariant during the interval measured. (C) Time to channel closing as a function of pipette potential. The pipette was held at 0 mV for ~1 min
and next stepped to the indicated pipette potentials. This recording also shows the expression of a smaller conductance channel frequently observed at
strongly negative pipette potentials. The solid lines indicate the 0 current level. Current records were filtered at 200 Hz and sampled at 1 kHz.

B-cell nuclei exhibited primarily cation-selective channels.
With 150 K-aspartate in the bath and 150 KCI in the
recording pipette, clear outward currents were observed
over a broad range of positive pipette potentials beginning
near 0 mV (Fig. 7 A4). This contrasts sharply with the
situation in Jurkat nuclei, where no outward currents were
recorded with K-aspartate in the bath. The cumulative cur-
rent-voltage relationship for several FL5 recordings is
shown in Fig. 7 B. The mean outward slope conductance for
these channels was 52 = 2 pS (* SEM, n = 16), measured
between +40 and +80 mV. The single-channel current
reversed at 0 mV, suggesting cation (K ™) permeability. The
cation permeability of these channels was further demon-
strated by replacing extranuclear aspartate with equimolar
(150 mM) chloride and showing that the reversal potential
of the channel was not altered (Fig. 7 C; compare with Fig.
3, C and D). On the other hand, replacing the electrode
solution with 100 mM CaCl, revealed no clear outward
currents over a broad range of positive pipette potentials
(data not shown). This might be taken to indicate an absence
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of divalent permeability or that the single-channel conduc-
tance was outside of detection. Such cation channels were in
apparent in 20 of 22 on-nucleus patches from FL5 nuclei.

Voltage-sensitive gating of FL5 cation channel

The voltage dependence of the FL5 nuclear cation channel
was opposite that observed for the Jurkat nuclear chloride
channel. Channel activity was highest near 0 mV and de-
creased at more positive pipette potentials (see Fig. 7, top
traces). Fig. 8 A shows representative current records,
where it is apparent that channel activity was greater at +20
mV relative to +100 mV. Histograms of channel open times
generated from recordings made at +20 mV and +100 mV
are shown in Fig. 8 B. The histograms of channel open times
were best fit by a sum of two exponentials. The faster
component of the distribution typically had a time constant
of ~1 ms, regardless of pipette potential (data not shown).
Because this rapid component of open times was voltage
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FIGURE 6 Transient inhibition of
the anion channel in Jurkat nuclei by B
GTPvS and ATP. (4) An on-nucleus

patch containing about four channels 4
before and after the addition of 20 uM
GTPvS (arrow). (B) Modifications in
the channel open probability before
and after the addition of GTPvS to the
bath on a time base corresponding to 0
that in 4. (C) Amplitude histograms

compiled from 2 min of recording at

the indicated times after the addition

GTPyS

NP, 2

of GTP+S. Dashed lines represent the C 20
0 current level. Records were filtered
at 20 Hz and sampled at 100 Hz. (D) 10
Amplitude histograms compiled from
2 min of recording before and after the m;‘ 0 20
addition of 2 mM ATP at the indicated = 20
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insensitive it was not examined further. The mean time
constant of the slower component of the open time histo-
gram increased from 2 ms at +20 mV to 6.6 ms at +100
mV. The cumulative histogram of mean channel open times
is shown in Fig. 8 C; it shows that channel open times
declined from ~6 ms at +100 mV to ~2 ms at +20 mV
(filled circles). The empty circles correspond to the record-
ing depicted in Fig. 7 A and show that channel open prob-
ability similarly decreases monotonically as the pipette po-
tential is made more negative.

Anion-selective channel expression in FL5 nuclei

Anion channel activity like that characteristic of Jurkat
nuclear recordings was sometimes observed in FL5 nuclear
patches. Fig. 9 shows multichannel current-voltage relation-
ships generated in response to voltage ramps from —140
mV to +140 mV. Fig. 9 A4 is the current response from an
on-nucleus patch from a Jurkat cell to a ramp of voltage. For
comparison, a similar voltage protocol was applied to a
nuclear patch recording containing an anion channel from
the surface of an FL5 nucleus (Fig. 9 B). The I/V relation-
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ship reveals features consistent with the chloride currents
recorded from Jurkat nuclei, such as inward rectification
and a positive reversal potential. Fig. 9 C shows the current
response to a voltage ramp applied to another FL5 nuclear
patch containing a cation channel. Cation selectivity in Fig.
9 C is indicated by the appearance of prominent outward
currents at positive pipette potentials and current reversal at
0 mV. The “flickery” openings characteristic of the FL5
cation channels were also clearly observed. Cation channels
like those observed in FL5 nuclei were never observed in
recordings from Jurkat nuclei.

Larger conductance nuclear channels

We occasionally observed larger conductance, voltage-in-
sensitive channel openings (data not shown). These chan-
nels had multiple conducting states of 50, 350, and 500 pS
and were seemingly nonselective. The appearance of the
large-conductance channels was not influenced by excising
the patch from the nuclear surface and was equally infre-
quent in both cell types (~5% of all recordings). Based on
physical dimensions, the conductance of the fully open
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FIGURE 7 Cation selectivity of nuclear channels
derived form FLS5 cells. (4) Single-channel current
traces at the indicated patch potential with K-aspartate
(150 mM) in the bath and KClI in the electrode (150
mM). The solid lines represent the 0 current level. (B)
Mean current-voltage relationship for channel cur-
rents recorded from FLS nuclei. Each symbol repre-
sents the mean of 10—14 measurements. The mean
outward slope conductance for such channels was
52 =2 pS (n = 16, = SEM) calculated between +40
and +80 mV. (C) Replacing 150 mM K-aspartate in
the bath with 150 mM KCl did not alter the single-
channel amplitude. Open circles represent current am-
plitudes made in the presence of symmetrical KCl.
The single-channel slope conductance in extranuclear
KCl and K-aspartate was 48 and 42 pS, respectively.
The solid lines indicate the 0 current level. The cur-
rent records were sampled at 1 kHz and filtered at
200 Hz.
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nuclear pore has been estimated to be ~1 nS (Mazzanti et
al., 1990), and some have proposed that the nuclear pore
opens in conductance increments of 300 pS, consistent with
these large openings (Tonini et al., 1999). However, the
proposed large conductance and apparent abundance of
nuclear pores make it unlikely that they correspond to the
frequently observed ion-selective channels measured in
patch clamp here (see Fig. 2). Furthermore, despite the fact
that nuclear pores were consistently observed at roughly
similar densities in both Jurkat and FL5 nuclei by atomic
force microscopy, nuclear channel activity differed dramat-
ically between the two cell lines. Again this suggests that
the channels are not nuclear pores, but rather are ion chan-
nels like those common in the plasma membrane. We pro-
pose that the nuclear pores were mainly nonconducting
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under our recording conditions, perhaps because of our
Ca”"-free solutions or the washout of cytosolic mediators
(cf. Perez-Terzic et al., 1997).

DISCUSSION
Comparison with other studies

The main finding of this study is that the ion channels on the
outer nuclear envelopes of B- and T-cell lines are distinctly
different. In T-cell nuclei, the channels are primarily anion
selective, while in B cells they are cation selective. Al-
though the functional significance of this finding is cur-
rently not understood and may be the result of the transfor-
mation process or clonal selection of the cell lines, it is
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FIGURE 8 Voltage-dependent gat-
ing of nuclear FL5 cation channels.
(4) Representative current records at
the indicated patch potentials.
Records were sampled at 2 kHz and
filtered at 500 Hz. Dashed lines rep-
resent the 0 current level. (B) Histo-
grams of channel open times at the
indicated patch potentials. Histo-
grams were generated from current
records sampled at 5 kHz and filtered
at 1 kHz. (C) Mean channel open
time as a function of patch potential
(filled circles). Each point represents
the average of four to six measure-
ments (£ SD). The empty circles
correspond to the recording shown in
Fig. 7 4 and show that channel open
probability likewise decreases at pos-
itive pipette potentials. Mean channel
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nevertheless intriguing to speculate on the biological impli-
cations of ion channel diversity in the nuclear envelope.
This is especially true if we assume that such channels
contribute to the sequestration of cytosolic calcium in cel-
lular organelles. For example, nuclear channel diversity
may be manifested as differences in sensitivity of gene
expression to nucleo/cytoplasmic calcium signaling. In this
respect, cytosolic calcium increments of different ampli-
tudes and durations have been shown to differentially mod-
ulate gene transcription in Jurkat cells (Dolmetsch et al.,
1997). Furthermore, some aspects of apoptosis are thought
to be either assisted or averted by the expression of anionic
(BAX) or cationic (Bcl-2, Bel-xl) ion channels of the BCI-2
superfamily, respectively, on the nuclear envelope, endo-
plasmic reticulum, or mitochondrial membrane (Schendel et
al., 1998). These are known sites of calcium sequestration
for the cell. In light of these findings it is important to note
that Bcl-2 overexpression alters intracellular calcium han-
dling in lymphoma cells (He et al., 1997). Finally, we have
preliminary data showing that overexpression of Bel-xl
apparently attenuates nuclear channel activity in Jurkats but
not FL5s. However, whether this is a pleiotropic effect of
averted programmed cell death or is actually due to ion
incorporation into the nuclear envelope is unresolved.
Several classes of nuclear ion channels have been de-
scribed in distinct cell types and species (reviewed by
Stehno-Bittel et al., 1996). Anionic channels of 150 and 58
pS (hepatocytes; Tabares et al., 1991) and 150 pS (cardiac
myocytes; Rousseau et al., 1996) have been measured.
Cationic channels have also been reported with conduc-
tances of 166 pS (neurons; Draguhn et al., 1997), 180 pS
(cardiac myocytes; Rousseau et al., 1996), 200 pS (pancre-
atic acinar cells; Maruyama et al., 1995), 200 pS (mamma-
lian pronuclei; Mazzanti et al., 1990), 106—532 pS (cardiac

80

patch potential (mV)

100 0"
120

dwell time (ms)

myocytes; Bustamante, 1992) and 800 pS (erythrocytes;
Matzke et al., 1990). Large-conductance nuclear channels of
unresolved selectivity have also been reported (e.g., 50—
1000 pS, Xenopus oocytes, Mazzanti et al., 1994; and 200-
1700 pS, hepatocytes, Assandri and Mazzanti, 1997). De-
spite the fact that a wide diversity of nuclear ion channels
has been described in the literature, their function, as yet,
remains largely speculative.

Heterogeneous ion channel expression has also been re-
ported between the inner and outer nuclear envelopes
(Rousseau et al., 1996). Rousseau et al. found that large-
conductance chloride channels (150 pS; 50/250 mM KCI
trans/cis in bilayers) were more common on the outer
nuclear envelope than on the inner nuclear envelope. The
voltage dependence and appearance of multiple conducting
states for these channels were similar to those of the Jurkat
nuclear chloride channels reported here. Moreover, the den-
sity of the 150-pS chloride channel in bilayers was calcu-
lated to be ~10/um?, roughly the same as the density we
observed in Jurkat nuclear recordings. These authors ob-
served cation-selective channels on the outer nuclear enve-
lope but not on the inner envelope. However, these channels
were unlike the cation channels we observed on FL5 nuclei,
with the bilayer channels having a much larger single-
channel conductance (~180 pS) and distinct gating kinetics.
Interestingly, the differences in the voltage dependence of
the 150-pS chloride and 180-pS cation channels observed in
bilayers were paralleled by the 80-pS chloride and 50-pS
cationic nuclear channels described in this report.

Jurkat nuclear anion channels

The elevated channel activity of the Jurkat anion channels
complicated the analysis of their gating. Typically more
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FIGURE 9 Macroscopic currents elicited with voltage ramps. Voltage
ramps from —140 mV to +140 mV were applied to nuclei-attached
patches for a duration of 4 s. (4) Voltage ramp applied to a Jurkat nucleus
demonstrating characteristic, inwardly rectifying, anion channel activity.
(B and C) Voltage ramps applied to FL5 nuclear patches demonstrating
anion-selective (B) and cation-selective (C) conductances. The current
records were sampled at 5 kHz and filtered at 1 kHz. The recording
conditions are given in the figure.

than six conductance levels were observed per nuclear
patch, making it difficult to fully discern the double-bar-
reled gating characteristics of the channels. Therefore, the
conductance measurements presented in Fig. 3 most likely
correspond to the opening of only a single protopore of the
homodimeric channel and underestimate the conductance of
the fully open channel by half. Elevated “resting” open
probability could result from peculiarities of our recording
conditions, for example, the absence of perinuclear Ca®* or
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other modulatory second messengers lost during nuclear
isolation.

The single-channel conductance at negative pipette po-
tentials is smaller in the presence of extranuclear (outside
the pipette) K-aspartate. Under such conditions the electro-
chemical driving force on chloride is actually larger and
channel currents should have increased in accordance. The
simplest explanation for this is that extranuclear aspartate
(or gluconate) may be either blocking (or permeating at a
very low rate) the channel from the inside. Aspartate and
gluconate seem to be equally impermeable. Although quan-
titative arguments comparing reversal potentials cannot be
made because of the strong rectification of the current-
voltage relationship, this result also agrees with the fact that
the apparent reversal potential in the presence of aspartate
(or gluconate; ~ +20 mV) is less positive than expected if
the channel where permeable solely to chloride (~ +70
mV).

Inward rectification also appears to be an inherent prop-
erty of the anion channel because it persists in excised
patches in the presence of symmetrical chloride, largely
independent of the chloride gradient. With respect to the
cytoplasm, an inwardly rectifying anion current on the nu-
clear envelope compares to an outwardly rectifying anion
current on the plasma membrane. Interestingly, CIC-5 gives
rise to a plasma membrane current that is both outwardly
rectifying and inhibited by low pH (Friedrich et al., 1999).
In addition, expression of CIC-6 in Xenopus oocytes gives
rise to membrane currents that are outwardly rectifying as
well as slowly inactivated by membrane potentials greater
than +60 mV (< —60 mV in our recording system; also see
our Fig. 5; Buyse et al., 1997). Finally, rat brain endothelial
cells express an endogenous chloride current that is out-
wardly rectifying, inactivated by membrane voltages greater
than +80 mV, and inhibited by extracellular ATP (10 mM;
von Weikersthal et al., 1999). The endothelial cell current
was activated by hypotonic cell swelling and was proposed
to arise from the expression of CIC-3 on the cell surface,
although CIC-2 and CIC-5 were also present in those cells.
The striking similarities in gating kinetics, voltage depen-
dency, and pharmacology observed between members of
the CIC superfamily and the anion channels described here
support our conclusion that we are in fact monitoring the
activity of an intracellular CIC homolog on the nuclear
envelope.

Intracellular CIC homologs

Several CIC homologs have been proposed to function
intracellularly. GEF1 is a yeast respiratory mutant deficient
in nonfermentable substrate utilization (Greene et al., 1993).
The GEF1 gene has been cloned and shown to encode a
novel member of the CIC chloride channel superfamily. It is
thought that the GEFI channel, by maintaining electroneu-
trality, permits the loading of Cu?*, a necessary cofactor in
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yeast respiration, into post-Golgi respiratory vesicles (Gaxi-
ola et al., 1998). Mutations in intracellular CIC homologs
have also been implicated in human genetic disorders.
Dent’s disease, an X-linked human disorder characterized
by low-molecular-weight proteinuria, hypercalciuria, and
kidney stones (Wrong et al., 1994), results from a defect in
the CIC-5 gene (Lloyd et al., 1996). Recently, Gunther et al.
(1998) have shown that CIC-5 colocalizes with the proton
ATPase of endocytotic vesicles, where it is thought to
provide an electrical shunt permitting vesicle acidification.
A defect in endosome-mediated uptake could account for
the low-molecular-weight proteinuria characteristic of
Dent’s disease.

CIC-2 is associated with intracellular zymogen granules
of pancreatic acinar cells (Carew and Thorn, 1996). These
channels may appear transiently on the cell membrane after
exocytosis because membrane chloride currents can be re-
corded from these cells. It has been proposed that CIC-2
chloride fluxes mediate vesicle swelling before fusion.
Therefore, four members of the CIC family (GEF1, CIC-6,
CIC-5, and CIC-2) may function intracellularly. Although
reverse transcriptase-polymerase chain reaction has demon-
strated the existence of CIC-6 splice variants in Jurkat
nuclei (data not shown; see also Eggermont et al., 1997), the
molecular identity of the CIC homolog on T-cell nuclear
membrane is unknown.

Nuclear cation channels in FL5 cells

Overall channel activity was less in FL5 nuclei compared to
Jurkat nuclei. On average there were 2 = 0.5 (= SD; n =
18) channels per on-nucleus patch from recording on FL5
nuclei. In addition, whereas Jurkat nuclei exhibited only
anion channels, both anion and cation channels were ob-
served on FL5 nuclei. As a result the “inward” currents in
the negative voltage range were often contaminated with
other channel types in FL5 nuclei, including the inward
rectifying chloride channel. Finally, assuming that the pe-
rinuclear stores were depleted in the absence of extranuclear
Ca’* (5 mM EGTA in the bath), these channels are not the
Ca**-activated potassium channels previously described in
heart sarcoplasmic reticulum (Uehara et al., 1994), tracheal
endoplasmic reticulum and secretory vesicles (Nguyen et
al., 1998), or the pancreatic acinar nuclear envelope (Ma-
ruyama et al., 1995). Unlike the anion channels observed in
Jurkat nuclei, GTPyS did not influence the activity of the
cation channels. Therefore, the channels are probably not
the G-protein-regulated potassium channels previously de-
scribed in chromaffin granule membranes (cf. Arispe et al.,
1995).

Our results demonstrate that the nuclear envelope of T-
and B-cell cell lines expresses different ion channel classes
with differing selectivities, voltage-sensitive gating mecha-
nisms, and pharmacological sensitivities. In the future it
would be important to determine if these differences also
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extend to nontransformed lymphocytes. Nonetheless, these
differences in channel characteristics may reflect currently
unknown functions of the nuclear envelope.

We thank Aron Shapiro for excellent technical assistance in the preparation
of nuclei preparations. We also acknowledge Dr. Michael N. Badminton,
who conducted the confocal microscopic experiment depicted in Fig. 2.
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