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Abstract. Nonexcitable cells do not express voltage- voltage-dependent transitions. Possible mechanisms un:
activated N& channels. Instead, selective Niaflux is  derlying this voltage dependency are discussed.
accomplished through GTP-activated ‘Nzhannels, the

best characterized of which are found in renal epitheliakey words: Sodium current — Voltage-dependent —
We have described recently a GTP-dependerit ds-  Conductance

rent in rat basophilic leukemia (RBL) cells that differs

from previous reported Nachannels in several ways )

including selectivity, pharmacology and mechanism of/ntroduction

activation. In this report, we have investigated the bio- . ) ) o

physical properties of the RBL cell N@urrent using the Although C& is the main cation used in intracellular
whole cell patch-clamp technique. Following activation Signaling, changes in the cytoplasmic free"M@ancen-

by 250-500um GTPyS, hyperpolarizing steps to a fixed Fra_t|on can regulate several cellular processes. I_ncrease:
potential (~100 mV) from a holding potential of 0 mv N intracellular .Né levels have been |mpI.|cated in cell
evoked transient inward Naurrents that declined dur- Volume regulation (Kaplan, Mount & Delpire, 1996) and
ing the pulse. If the holding potential was made moremodulatlpn of e>§C|tab|I|ty through changes in activities
positive (range 0 to +100 mV), then the amplitude of thePoth of ion carriers (NH(_:§+ exchange and N&™
transient inward current evoked by the hyperpolarizationATPases, Hancox & Levi, 1995) as well as channels
increased steeply, demonstrating that the conductance &¢-9-. Nd-activated K channels in heart, Kameyama, et
the channels was voltage-dependent. Using a paireﬁ'-v 1984). Activation of cel[—surface mitogen receptors in
pulse protocol (500 msec pulses to —100 mV from alymphocytes or vasopressin receptors in flbrobl_asts have
holding potential of 0 mV), it was found that the peak been found to ele\_/ate intracellular Naonce_ntrapon by
amplitude of the current during the second pulse becam@Vofold (Harootunian et al., 1989), and this might con-
larger as the interpulse potential became more positivelibute to the overall response. In platelets, changes in
In addition, increasing the time at which the cells werelintracellular Né. have been reported to_alter the affinity
held at positive potentials also resulted in larger currents?f o.-adrenergic receptor for adrenaline (Motulsky &
indicating a time-dependent conductance change. withnsel, 1983). e
symmetrical N4 solutions, outward currents were re- ~ Because cells do not appear to store” Mathin in-
corded at positive potentials and these demonstrated botfacellular compartments, the major mechanism for
a time- and voltage-dependent increase in conductanc€Y0king an increase in intracellular Neoncentration is
The results show that a nonvoltage activated daannel ~ Via Na" influx into the cell. In excitable cells, this is

in an electrically nonexcitable cell undergoes prominen@ccomplished largely through Naelective voltage-
gated channels (Hille, 1992), although nonselective

channels with a finite permeability to Naan provide an
alternative entry pathway. The latter include bottfCa
activated nonselective channels as well as ligand-gated
ones (Hille, 1992). In nonexcitable cells, voltage-gated
AbbreviationsGTPyS, guanosine's3-O-(thio)triphosphate; RBL, Rat Na' channels are rather rare and nonselective pathways
Basophilic Leukemia are more prevalent. In the specialized transporting renal
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epithelia, a variety of N&aselective voltage-independent on a 9500 PowerMac. Cells were held at 0 mV between pulses. Al
channels have been described (Garty & Benos, 198gurrents were leak subtracted by averaging the first two to four ramps/
Palmer 1992) Similar Nachannels have been found in steps after breaking in and then subtracting this from all subsequent

. races. Several parameters (capacitance, series resistance, holding cu
macrophages (Negulyaev & Vedernikova, 1994) an(ient) were displayed simultaneously on a second monitor at a slower

A431 carcinoma cells (Negulyaev, Vedemikpva & rate (2 Hz) using the X-Chart display (HEKA Electronics). Data are
Mozhayeva, 1994). These channels are not activated byresented as mean sem, and statistical evaluation was carried out

changes in the membrane potenial, but instead seem i@ing Students’ unpairegitest.
require GTP analogues like G¥B. The channels are
largely voltage-independent, in that changing the mem-
brane potential does not alter the conductance other thaResults
through the electrical driving force.

However, the renal epithelial-type Nahannel is  \/o, tace-DePeENDENCE OFNa® CURRENT
not the only one found in nonexcitable cells. Recently,
we have characterized a Naelective channel in rat ba- pja|ysis of individual RBL cells with the nonhydrolzy-
sophilic leukemia (RBL) cells, which differs in its ionic gp1e TP analogue, GHS, activates a Naselec-
selectivity, pharmacology and mechanism of activationjye current (Parekh, 1996). This current will hence-
from the Nd-selective channels described so far in othero i pe referred to as the GTP-Induced *N@urrent
nonexcitable cells (Parekh, 1996). Althpug_h the RBL(|GINa) - 1o ;e CAN be conveniently followed by applying
cell Na" current required GT#S for activation in patch- voltage ramps (—100 to +100 mV in 50 msec) every 2 sec
clamp experiments and could not be activated simply brom 3 holding potential of 0 mV, as described in Parekh
depolarizing the membrane potential, the current der1996). Following the onset of whole-cell recording, a
clined rapidly during hyperpolarizing pulses despite thejytency of between 60-600 sec precedes the activation of
large sustained _electr@cal grad_ient for Nentry. In this lamna (Parekh, 1996). The current then develops slowly,
paper, we have investigated this voltage-dependence fupaquiring several tens of seconds to reach a steady level
ther. We find that the conductance of the*N:h:annels IS A typical example of this behavior is shown in Fighil
strongly voltage-dependent. Depolarizations can subghere the inward current (normalized to cell capaci-
stantially increase the conductance whereas hyperpolafance) has been measured from the voltage ramps at -8
izations reduce it. The voltage-dependent conductancgy,y and is plotted as a function of time after breaking
change is also time-dependent. Our results demonstrajfig the cell. One striking property dfs,y, is that the
that a r)on-voltage-activated current in_an electrically,rrent exhibits a marked decline in amplitude during
nonexcitable cell can undergo prominent voltage-siep changes in the membrane voltage. From the holding
dependent transitions in conductance. potential of 0 mV, 1-sec hyperpolarizations to voltages
<-40 mV result in a steep mono-exponential decline of
the current, whereas weaker hyperpolarizations or depo-
larizations do not evoke such responses (Parekh, 199€
and Fig. Aii). The following experiments were aimed at
examining this voltage-dependent behaviout gf, in

Materials and Methods

Rat basophilic leukemia cells (RBL-2H3) cells were kindly supplied by
Michael Pilot, Max Planck Institute for Biophysical Chemistry, Goet- .
tingen, Germany and were cultured essentially as previously describef10r€ detail.
(Parekh, 1996). Patch-clamp experiments were conducted in the tight-

seal whole-cell configuration at room temperature (18-25°C) as pre-
viously described (Hamill et al., 1981). Patch pipettes were pulled fromDEPOLAHZA-'—K)'\‘S INCREASE CONDUCTANCE

borosilicate glass (Hilgenberg), sylgard coated and fire-polished. Pi-

pettes had d.c. resistances of 2.5#& when filled with standard In Fig. 1B, cells were held initially at 0 mV and then
internal solution that contained (inw: cesium glutamate 145, NaCI 8, clamped at potentials between —20 and +100 mV for 500
MgCl, 1, MgATP 1, InsB 0.03, EGTA 10, HEPES 10, G¥8 0.3,pH  mgec (conditioning pulses). The voltage was then

7.2 with CSOH. A correction of +10 mV was applied for the subsequentgianneq 1o ~100 mV (test pulse) for 100 msec before
liquid junction potential. Extracellular solution contained (inv)n

NaCl 145, KCl 2.8, CaGl10, MgCl, 2, CsCl 10, glucose 10, HEPES returning back to 0 mV. This prptocol is depicted in the
10, pH 7.2 (NaOH). CsCl was present to block the activity of the UPP€r panel of Fig. B. The middle panel shows the
inwardly rectifying potassium channel. High resolution current record- Small background currents that were generated using this
ings were acquired by a computer-based patch-clamp amplifier systerpulse sequence shortly after the onset of whole-cell re-
(EPC-9, HEKA Electronics, Germany). Capacitative currents were Ca”'COI’ding (40_70 sec), Whel'?;wa had not activated. The
celled before each voltage ramp using the automatic compensation qbwer panel of Fig. B depicts the currents evoked by the

the EPC-9. Series resistance was between 5 andL8Currents were .
filtered using an 8-pole Bessel filter at 2.5 kHz and digitized at 100 same protocol aftefgy, had developed. As the condi-

wsec. The Nacurrent was measured using either voltage ramps (—100“0”'”9 pUIse becomes more pqsmve, Iarger Instanta-
to +100 mV in 50 msec) or voltage steps (pulses to -80 mV for 200N€0US currents are recorded during the test pulses. The

msec) applied every 2 secs using PULSE software (HEKA Electronicsiraces marked —20 and +100 mV in Fid3 tefer to the
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Fig. 1. Voltage-dependent gating &f, .. (Ai) Development ofl 5, during whole-cell recording. The cells were clamped at 0 /. was
monitored by voltage ramps (=100 to +100 mV in 50 msec). The current was measured at —8@iijr&/ Igrge hyperpolarizing step from 0 to
-100 mV resulted in decay of the current whereas a smaller pulse to —20 mV diBpatc(easing the size of depolarizing pulses (conditioning
pulses in text) increased the instantaneous peak current on pulsing to =100 mV. The upper current recordings are the background currents ol
using the voltage protocol (top panel) shortly after break-in. At this tigg,, had not developed. The bottom panel shows the currents using the
same voltage protocol aftég . had activated. The background traces have been subtracted. Dotted line represents zero current@gvié In (
data from 10 cells have been pooled together. Along the ordinate is plotted % peak current during the =100 mV step. The current obtained on pi
to =100 mV when the conditioning pulse was 0 mV is taken as 100%. The abscissa is the conditioning pulse voltage i.e., the voltage at whic
cell was held before stepping to =100 mV.

respective conditioning pulses. The test pulse was thensec) to track the development b&f,\, The holding
same (=100 mV) for both cases. The conditioning pulsepotential was then changed to different voltages (range
to +100 mV increased the peak amplitude of the test-100 to +100 mV in 20-mV increments) and the cells
pulse by more than threefold compared with the condi-were held at each voltage for 10 sec. No ramps were
tioning pulse to —20 mV. Pooled data from 10 cells aregiven during this time. Thereafter, the potential was re-
summarized in Fig. @. Increasingly positive condition- turned to 0 mV and the fast ramps were then resumed.
ing pulses generate monotonically larggh,,, measured The effects of changing the holding potential on these
during the test pulses. Because the electrical drivingsubsequent ramp currents are shown in Fig. 2 for two
force for Nd ions through GINa channels during the test different voltages (-100 and +100 mV). For the positive
pulse is always the same irrespective of the conditionindholding potential (Fig. A(i)), the first ramp current after
pulse (Vh-g, i.e., —100 =70 mV), the larger currents holding at +100 mV for 10 sec was increased, and then
during the test pulses reflect an increased whole celthe currents declined quickly to reach a level similar to
GINa conductance that arises during the conditioningthat at a holding potential of 0 mV. This was achieved by
pulse. Conditioning pulses that depolarize the membran#he third or fourth ramp (i.e., 6-8 sec). For the hyperpo-
potential increase Naconductance whereas hyperpolar- larizing holding potential on the other hand (Fig\(R)),
izing pulses reduce it. the first ramp current was reduced but then subsequent
The voltage-dependent changes in whole cell GINacurrents grew such that after around 8 seconds the ramg
conductance were examined further using voltage rampgurrents were similar to the preceding ones obtained
In these experiments, cells were first held at 0 mV andfrom a holding potential of 0 mV. The graph of FigB2
fast voltage ramps were applied (—100 to +100 mV in 50depicts the size of the first ramp current (measured at
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Fig. 2. Voltage-dependent changes in conductance
of Igna USINg ramps. Following the development

of Igna (tracked by applying the voltage ramps),
cells were clamped at different potentials for 10
sec before the ramps were resumed. Following the
termination of the 10 sec pulse, the cells were
returned to 0 mV for 20 msec before the ramps

were started. IrA(i), the cell was clamped at +100

mV for 10 sec. Trace (i) represents the average of

5 ramp currents taken immediately prior to

B clamping the cell at +100 mV. Trace (ii) is the

first ramp taken after holding at +100 mV, and

traces (iii) and (iv) were taken 2 and 4 sec after

trace (i). InA (ii), the same cell was clamped at

-100 mV instead. IrB, the current measured at

—-80 mV in the first ramp after the cell was

3 clamped at different potentials (normalized to the

3 current from the ramps taken from the holding
potential of 0 mV) is plotted against the clamp
potential. Each point is the mean of at least 4

| cells.
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—-80 mV) following a 10-sec voltage clamp at the differ- occurred after more than 1 sec. At +40 mV, recovery
ent holding potentials from 4 cells. Depolarization abovetime was 306 msec and at +80 mV it was 184 msec. At
0 mV increase the amplitude of the subsequent voltagpositive potentials)gn, dramatically increased in am-
ramp-evoked current whereas hyperpolarizations replitude as the interpulse potential time was increased. In
duced it, consistent with the notion of voltage-dependenfact, the peak currents on stepping to —100 mV the sec-
changes in sodium channel conductance. ond time after an interpulse of 40 msec or more could be
severalfold larger than the peak currents obtained from
pulsing to =100 mV for the first pulse. In FigB3the
time at whichl g\, had recovered to its initial amplitude
(i.e., the peak amplitude reached during the first hyper-
To examine the time course of the voltage-dependenpolarizing step from a holding potential of 0 mV) is
increase in whole cell Nachannel conductance, cells plotted against interpulse potential. Each point is the
were held at 0 mV and then the potential was stepped tonean of between 3 and 7 cells and demonstrates tha
-100 mV for 200 msec. The cells were then held at arecovery is substantially faster at more positive poten-
series of different interpulse potentials (20-100 mV) fortials.

varying times (20, 40, 80, 160, 320, 640, 1280 msec)

before being clamped again at 100 mV. Figu® 3 o 1aGE- AND TIME-DEPENDENT OUTWARD

shows the time-dependent recovery of the" danduc-  Na* Currents

tance at three different voltages: 0, +40 and +80 mV. For

clarity, the currents evoked after step pulses to —~100 m\Because the Naconductance increases during depolar-
after 20 msec have been omitted. At 0 mV, full recoveryizing potentials, one might expect that the outward Na

TiME-DEPENDENT CONDUCTANCE INCREASE
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B Fig. 4. Slow secondary outward currents in symmetrical Nalutions.
__J 50 pA With equal concentrations of Nan the patch pipette and bath solu-
tions, a slowly developing secondary current is seen at positive poten-

g < 200 msec tials. Note thal gy, still declines at —100 mV. No inward currents are

ué 10004 seen on pulsing back to 0 mV because this is now the reversal potential

\é 800 for 15 na With symmetric N& solutions.
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2 200 ¥ currents were observed positive to 0 mV. Pulses to posi-

§ T T : . r 3 tive potentials now generated a biphasic current. In ad-
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dition to an instantaneous increase in outward current, a
second phase was revealed which grew slowly with time.
Fig. 3._ Voltage- and time-dependent recovery lgfy.. The h_olding ﬁé:azrgemv\é:;ﬁrcs)ﬁﬁgg?gt ;%@%zgfsniivfg ;T/a(l::'iguz;t
potential was stepped from 0 to =100 mV for 200 msec (first pulse). s
The cell was then clamped at one potential (interpulse potential) for
different times, and then the holding potential was switched to -100 )
mV again. The time increased in an exponential manner (20, 40, soDiscussion
160, 320, 640, 1280 msec). The interpulse potentials were between 0
and +100 mV. The recovery di, was both voltage- and time- p|ike their counterparts in excitable cells, Nselective
Idepe”de”tB plots the time at whichig, had fully recovered to the oo hels in nonexcitable cells are not thought to exhibit
evel observed during the first hyperpolarizing pulse to -100 mV . .
against the interpulse potential. The curve could be fitted with a singleany direct voltage-depepdgnt behavior. Membrane volt-
mono-exponential function. age affects the current indirectly, only through changes
in the electrical driving force. For the Nahannels of
renal epithelia, human A-431 cells and rat macrophages,
currents grow with time during pulses to positive poten-channel activity was largely independent of membrane
tials. Our previous experiments did not reveal such bepotential (range -100/-60 to +30 mV) even when
havior (Parekh, 1996). However, in those experimentspatches were held at negative voltages over a time course
Cs" was the main intracellular cation in the patch pipetteof seconds (Negulyaev, Vedernikova & Mozhayeva,
so that the N&reversal potentialH,, was +70 mV. 1994; Negulyaev & Vedernikova, 1994; Palmer &
Voltage pulses to positive potentials would therefore notFrindt, 1988). Only in one study on renal epithelial'Na
be expected to generate much outwhtgl, because of channels has voltage been shown to affect transitions
the small electrical driving force. One possible way tobetween open and closed states, but this effect was
measure outward currents through GINa channels woulthought to be modest at best (Hamilton & Eaton, 1985).
be to use symmetric Nasolutions. Under these condi- This is all in marked contrast to the GTP-induced
tions, Ey, Would be close to 0 mV and so large positive Na*™-selective current we now describe in RBL cells. We
pulses should generate prominent outward currents thatave found that this Naconductance is strongly voltage-
grow with time. In Fig. 4,lgn. Was recorded with 145 dependent. Depolarizations substantially increase the
mmM Na“ glutamate (instead of Cgylutamate) in the pi- conductance in both a voltage- and time-dependent man-

Interpulse potential (mV)
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ner, whereas hyperpolarizations reduce it. This is parthis is due to the marked voltage-dependent decrease ir
ticularly striking for two reasons. First, the Naurrent  whole cell GINa conductance. Because the holding po-
does not activate in the absence of GTP analogues. Déential of most patch clamp experiments in nonexcitable
polarizations fail to elicit any Nacurrent, demonstrating cells is in the range of —-80 to -60 mV, GINa channels
that it is not a pure voltage-operated Nehannel. Sec- would support very little N& current and therefore
ond, the current develops at a fixed voltage (e.g., —30vould be hard to detect at these potentials. It is conceiv-
mV) without any need to depolarize the membrane po-able thatl gy, is not restricted to RBL cells, but may be
tential. more widely distributed. Future experiments on other
Three main mechanisms may be proposed to accell-types employing different holding potentials are re-
count for this behavior of GINa channels. One possibilityquited to address this.
is that the channels are voltage-gated* Naannels in What physiological role might; ., fulfill? We have
that depolarization increases open probability whereaf€€n unable to activate the current through receptor
hyperpolarization reduces it, but the channels cannogtimulation (Parekh, 1996). Furthermore, as nonexcitable
conduct N4 ions unless some signal induced by GEP ~ Cells tend not to express voltage-activated channels, it is
is bound to the channel. Depolarization would result ininclear why a Nachannel should be expressed other

an open but nonconducting state, which is alleviated byfhan in Nd-transporting cells, since the depolarization
GTRS. itself would not activate any other channels. It is striking

however thatl g, IS very large (several hundred pA).
The single-channel conductance appears low (Parekh,
1996), which would indicate several hundred functional

Another possibility is that the channel has no intrin-
sic voltage sensitivity, but instead the binding and un-

binding of the activating signal is voltage—dependent.copies of the channel within the plasma membrane. It

The final activating molecule is unlikely to be G8 seems unlikely that cells, even transformed ones, would
ftself, but rather a product of a pathway activated by themake such Iarye amount’s of protein without a role,in cell
GTP analogue (Parekh, 1996). Depolarization would in'function 9 P
crease binding of the signal whereas hyperpolarization ‘
would promote dissociation. Such voltage-dependent _ _ _
binding and unbinding would be similar to the regulation :_ltha”kTPFIOfeSfSOF Alison t': Brat“r:”g and fos-t Liﬁ_”ardo k':'e”" and
_ : . : . ez lerlau 1or comments on the manuscript. IS WOrk was sup-
of N-type calcium channels by G proteins in r‘)e“ph(:"ralported by the Wellcome Trust. A.B.P. is the Sir E.P. Abraham Research
neuro_ns (Bean, _1989)' . Fellow at Keble College, Oxford.
Finally, a third explanation for the voltage-depen-
dent behavior is that the underlying mechanism is similar
to that seen in HERG channels (Smith, Baukrowitz & References
Yellen, 1996; Spector et al., 1996). HERG channels are
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