2434 Biophysical Journal Volume 79 November 2000 2434-2453

Variable Ratio of Permeability to Gating Charge of rBIIA Sodium
Channels and Sodium Influx in Xenopus Oocytes

Nikolaus G. Greeff and Frank J. P. Kihn
Physiologisches Institut, Universitat Zurich-Irchel, CH-8057 Zurich, Switzerland

ABSTRACT Whole-cell gating current recording from rat brain IIA sodium channels in Xenopus oocytes was achieved using
a high-expression system and a newly developed high-speed two-electrode voltage-clamp. The resulting ionic currents were
increased by an order of magnitude. Surprisingly, the measured corresponding gating currents were ~5-10 times larger than
expected from ionic permeability. This prompted us to minimize uncertainties about clamp asymmetries and to quantify the
ratio of sodium permeability to gating charge, which initially would be expected to be constant for a homogeneous channel
population. The systematic study, however, showed a 10- to 20-fold variation of this ratio in different experiments, and even
in the same cell during an experiment. The ratio of P ,/Q was found to correlate with substantial changes observed for the
sodium reversal potential. The data suggest that a cytoplasmic sodium load in Xenopus oocytes or the energy consumption
required to regulate the increase in cytoplasmic sodium represents a condition where most of the expressed sodium channels
keep their pore closed due to yet unknown mechanisms. In contrast, the movements of the voltage sensors remain
undisturbed, producing gating current with normal properties.

INTRODUCTION

Voltage-gated sodium channels are closely related to thphase was recorded and correlated with the corresponding
other voltage-gated channels that are selective for potassiuty, (Forster and Greeff, 1990; Greeff and Forster, 1991).
or calcium, but they excel in having very rapid activation These studies strongly suggested the necessity of a voltage
and inactivation kinetics to guarantee the fast impulses ofensor for the inactivation process, most likely segment S4
nerve and muscle (Hodgkin and Huxley, 1952; Armstrong,in domain 4 (D4). However, these experiments were limited
1981; Hille, 1992; Marban et al., 1998; Armstrong andto wild-type channels in a native preparation that also con-
Hille, 1998). Their function is most commonly studied from tained voltage-dependent potassium channels, and it was
ionic currents k) either measured on the single channel oralso assumed that all channels would produce ionic and
whole-cell level. An additional and more direct insight into gating current. It was, therefore, an important step to pro-
the gating machinery of voltage-dependent ion channels iseed to heterologous expression systems for designed chan-
obtained from the gating currenky), which was first re- nels and only a few endogenous voltage-gated channels. So
corded from sodium channels in the squid giant axon (Arm4ar, evidence for an involvement or coupling of S4D4 in the
strong and Bezanilla, 1973; Keynes and Rojas, 1974, fomactivation process was demonstrated by ionic current ex-
recent reviews see Sigworth, 1994; Bezanilla and Stefanperiments at mutant channels (e.g., Chahine et al., 1994;
1998).1, is generated by the displacement of charged volt-Chen et al., 1996; Ji et al., 1996; Kontis and Goldin, 1997).
age sensors inside the channel protein, a displacement th@ating current experiments from heterologously expressed
couples changes of the transmembranal electric field to theoltage-gated channels have been exploited in the last years,
movement of gates that in turn control the permeability ofmostly for potassium channels Menopusoocytes (e.g.,
the channel pore. An important finding of the studies byPerozo et al., 1993, 1994; Bezanilla et al., 1994; Aggarwal
Armstrong and Bezanilla (1973, 1977) was that duringand MacKinnon, 1996). For sodium channels, the expres-
inactivation part of the voltage sensors are immobilized angion was assumed to be too small and the sodium channel
that the time course of recovery from fast inactivation andkinetics too fast {5 times faster than in potassium chan-
immobilization is identical. Therefore, gating currents ap-nels) for the measurement bf by conventional two-elec-
peared useful for the study of fast inactivation in sodiumtrode voltage-clamp recording techniques (Ruben et al.,
channels. 1997). Sophisticated methods like the cut-open oocyte (Ste-
In a previous study, using a high-resolution voltage-fani et al., 1994; Stefani and Bezanilla, 1998), which has
clamp at the squid giant axom, during the inactivation recently been used fdf \, studies combined with fluores-
cence (Cha et al., 1999) or the macropatch electrode used
for the analysis of gating current fluctuations (Conti and
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recent study using an optimized two-electrode voltage+estriction analysis and DNA sequencing. Plasmid pBSTA contains a T7
clamp we succeeded in recording sodium charmahdl,\,a RNA polymerase promotor andenopusg-globin 5 and 3 untranslated

. . sequences. Capped, full-length transcripts were generated Sadh
from S4D4 mutated channels hlghly expressed(mnopus linearized plasmid DNA using a T7 RNA in vitro transcription kit (Ambion

oocytes, and could directly demonstrate the prominent ro'%c., Austin, TX). Oocytes (stage V-VI) frodéenopus laevigNASCO, Ft.

of this voltage sensor for inactivation (Ko and Greeff, 1999).  Atkinson, W) were used. One day before injection of cRNA, the oocytes
In the above-mentioned paper and in Greeff et al. (1998}vere defolliculated in a 4 -free solution containing 2 mg/ml collagenase

we already reported an obvious mismatch in the siz|g a$ (Boehringer, Mannheim, Germany), for 1-2 h at 18°C. Oocytes were

- . e ; microinjected with 20—80 ng of cRNA (50 nl) and maintained at1&°C
Compared 10l e With the aim of Clarlfymg the ratio of in modified Barth’s solution (MBS in mM): 88 NaCl, 2.4 NaHGQ KClI,

gating charge versus conductivity we carried out the presenfg, vigsq, 0.41 Cac, 0.33 Ca(NQ),, 10 HEPES-CSOH, pH 7.5,
quantitative study measuring both signals simultaneously aupplemented with 25 U penicillin, 289/ml streptomycin sulfate, and 50
the same oocytes. The straightforward two-electrode voltug/ml gentamycin sulfate.

age-clamp technique (TEVC) allowed us to establish fast

voltage steps at the whole oocyte, adequate for the recording . . .
of 1, (Greeff and Polder, 1998). As detailed now, asymme- lectrophysiological recording
try artifacts of the voltage-clamp were minimized and sep-Two-electrode voltage-clamp recordings were performed 1-15 days after
arated froml, using special pulse protocols. Initially, the cRNA-injection with a TEC-05 (npi-electronics, Tamm, Germany) that had
ratio of the total gating charge to ionic permeability was been modified in collaboration with R. H. Polder from npi-electronics for

- ptimal series resistancRJ compensation and fast charging of the mem-
expected to be constant if all channels would gate an(grane capacitance (Greeff and Polder, 1998). Intracellular electrodes con-

conduct ions. However, large variations of this ratio WerCined an agarose cushion (Schreibmayer et al., 1994), were filled with 3 M
found and always the number of conducting channelkcl, and had resistances between 100 and Z00Macroscopic ionic- and
seemed to be smaller than the number of gating channels. ating-current signals were recorded using a PDP-11/73 (Digital Equip-
the compiled results, we observed a clear correlation with &ent Corp., Maynard, MA) controlled 16-bit A/D and 12-bit D/A interface
change of the sodium equilibrium potential most likely (¢ED: Cambridge, UK). The oocytes were clamped at a holding potential
. . . . f —100 mV for at least 5 min to ensure recovery of slow inactivation
caused by a high sodium influx at the channel density useq e recording started.
These data and specific tests strongly suggest that an in- R, compensation was adjusted for critical settling of the capacitance
crease of internal sodium, or rather the energetic stresgansients within 100-20@s (Greeff et al., 1982). The charging of the
needed to regulate the cytoplasmic concentration of fre@embrane was then speeded up optimally without subsequent ringing,

sodium, causes a decrease in sodium permeability by |Ov\yyh|ch would distort the gatlpg _currents. At the same time a reduction of
voltage errors due to large ionic currents was achieved. In our study the

ering th(:j' open pr_0bab'|'ty Qf a fraCt'F’n _Of _Cha.nnels With i acroscopic ionic currents were large and proneRtoerrors in two
their gating machinery still intact. This finding is of rele- respects, as seen in the Results. First, at all voltages, for the capacitance as
vance for the supposed ratio of gating charge versus ioniwell as for the ionic current, a voltage error occurs, being the product of

current for rat brain IlA sodium channels expressed jnuncompensateR, and current size. Second, in the very nonlinear voltage

Xenopusoocytes, as well as channel modulation Becaus%ange of the sodium activation curve around0 mV, such voltage errors
Yies, ' istort the normal activation more pronouncedly than in the more linear

the total gating current does not seem to be altered, thf"égion above 0 mV. This behavior is especially prominent for membrane
improved TEVC technique opens up new possibilities forregions that are not well space-clamped. In our experiments we improved
studying the gating machinery of wild-type and mutantour technique in this respect. In the early phase the oocytes were pressed
channels. Part of the results of the present study have be@gainst the chamber floor, which could lead to a bottom region of the

published in preliminar abstracts (Greeff et al 1998_membrane with a different series resistance, resulting in space-clamp
y v ‘errors. In the later experiments the cells were slightly lifted, which seemed

Greeff and Kinn, 2000)' to create better space-clamp conditions. Compare the “escaping” sodium
current traces (see Figs. 3 and 5) and the better-recdfdeclrves (see
Fig. 6). A further relevant point was that we—in contrast to the situation

METHODS assumed in the methodical study by Baumgartner et al. (1999)—placed the
current electrode tip deep into the cell to achieve a more homogeneous
Preparation of high-expression RNA spatial charging of the membrane. As we could check on the recorded

capacitance transient, an eccentric position of the electrode showed up as
The gene of wild-type rat brain lIA sodium chanrebubunit (rBIIA) used a slow tail that could not be compensated critically, an observation known
in this study was originally derived from cDNA plasmid pVA2580 (Auld to us from squid axon experiments. For the calculationRofand its
et al., 1988) and transferred into high-expression vector pBSTA (bothuncompensated part, dummy studies were performed. Reliably, we could
plasmids kindly provided by Dr. A. Goldin, Irvine, CA; see also Shih et al., estimate the uncompensated part from the speed of the critically compen-
1998). This was performed by subcloning tBal fragment of pVA2580 sated transient. In contrast to the situation in the cell, this could be
containing the open reading frame andutranslated sequences of the confirmed in the dummy by comparing the voltage levels due to DC-
sodium channel gene into tiBglll site of vector pBSTA. For this purpose, current at the point of current injection and between the series resistance
both Sal- and Bglll-generated single-stranded ends were partially filled and the membrane resistance in parallel to the capacitance. Corresponding
with DNA polymerase | (Klenow fragment) in separate reactions. Thesecalculations for the experimentally observed ionic currents will be given in
reactions filled the first two bases of thé &ohesive overhangs left by the Results. In order to know the clamping speed, we routinely stored the
digestion bySal and Bglll, respectively, yielding fragments that were no capacitance transients.
longer self-complementary, but fully compatible with each other for liga- No analogous subtraction was used because the 16-bit ADC had a
tion. The correct orientation of the subcloned insert was verified bysufficiently fine resolution for digital subtraction of the large linear tran-
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sient and leak currents by scaled averages from pulses bel®® mV figure of 12 mM for [Na'];, we calculated the single channel permeability
(for basic protocols see Bekkers et al., 1984). Reduction of the remaining,, by solving Eq. 2 and obtaine®},, equal to 5.8 10~ ° pl/s. This figure
asymmetry was achieved by finding a compromise between clampings also the figure for the more familiar conductance: i/(V — Ena)
speed and asymmetry, i.e., low-pass-filtering the command signal at 5 kHequal to 11 pS will be used for the estimate of the number of conducting
(8-pole Bessel filter, Frequency Devices, Haverhill, MA, U.S.A.). Re- channels in the Discussion.

corded signals were low-pass filtered at 5 kHz (8-pole Bessel filter, It will be further useful to consider the first derivativé@/dV of Eq. 2
Frequency Devices) and sampled at 10 or 20 kHz. Data analysis wat obtain the permeability from the conductance aroligd, which is
performed on the PDP-11/73; permeability calculations were done inmeasured reliably also at high channel expression, because dQutite
MathCad (MathSoft, Inc., Cambridge, MA). The experiments were carriedionic currents remain small and are only subject to linkaerrors (dis-
out in MBS solution at different bath temperatures (8=18.°C) and in cussed in the Results). From Eg. 2 follows by differentiation:

some cases a fraction of Nawvas replaced by an equimolar amount of

choline, as indicated in the experiments. For the recording of gating dina
currents, either 2uM tetrodotoxin (TTX; RBI Research Biochemicals av (V) = PyarK-F-[Na]e- (TL+ T2+ T3) (3a)
International, Natick, MA, U.S.A.) was added or recordings were per-
formed at the sodium reversal potential as described in the text. where

g EnaK _ g-VK
Permeability calculations Tl=—"0 vk (3b)
During the course of the experiments for this study the problem arose that
sodium ionic currents obtained under different conditions, such as varying K-V-e v
external and internal sodium concentrations, had to be compared. Further- T2= 1—e VK (3¢)
more, for an estimate of the number of conducting channels the published
figures for single channel currents had to be used that had been obtained at K-V [e—K-(v+ENa) _ e—2~v-K]
conditions favorable for single channel recording, i.e., in a voltage region T3 = VKT (3d)
of —60 to —10 mV. In order to avoid the above-mentioned distortions due [1 —€ ]

to R errors in the nonlinear voltage region, we adopted the method of . ) . o
obtaining the conductance around the sodium reversal potéqialFor The reIeyance of these computations is _shown graphlca‘IIy in Fig. 1 based
the comparison of such different experimental data we transformed th@n the single channel data from above: single channel cuigggof 0.9 pA
current and conductane®,,, to permeabilityP,,. This, as discussed later at V= *_30 m\/ at room temperature, cell-attached rgcordlng from an
on, despite not being the perfect method, is a very good method for aRCYte With sodium concentrations [NR of 96 mM (Goldin, 1991), and
estimate of the amount of open channels independent of both the sodiuf tYPical [Na']; of 12 mM. ) o
concentration and the voltage range of the test-pulse. The cord conductandg/(V — Ey.) would givey = 11 pS (straight line
According to the Goldman-Hodgkin-Katz-theory, the curréqy that s(c, —30)). The ionic current through an open channel accordlr_]g to Eq. 2
flows through open channels with a giveé®,, depends on the pulse depends on voltage and the asymmetrical sodium concentrations. There-

potentialV and the sodium concentrations on either side of the membrane©'®: the slope conductancé(d)/dV varies, which is visible in Fig. 1A

[Na*], and [Na'],, as follows (see, e.g., Hille, 1992, Eq. 13.5): andB. Around the equilibrium potentidt,, of +51 mV the slope KV)/dV
equals 6.55 pS (tangents(,), in 1 A; level in 1B), while it would be~16
|Na(\/) pS at—30 mV, which is between 22 pS at very negative and 2.8 at very

positive voltages (current determined by either external or internal con-
[Na'], — [Naf]e- exp(—z-V-K) centration only). The slope conductandédy at Ey, (the observed,.,)

=Py ZV-K-F- 1- VK was experimentally obtained, and from its value together With E,, one
exp( 4 ) obtains the figure foPy, using Eq. 3, which simplifies becausé andT3
become zero:
@
* . . . . dl eENa’K — l
where K equals F/(R*T) with their usual meanings, anslthe valence. In — | . (4)
our experiments the internal sodium concentration was unknown, but was Na Tl dv - Ena® K2+ F+[Nal,

derived from the experimentally observed reversal potential assumed to
correspond to the sodium equilibrium potenti&,, using the Nernst  The permeability, does not depend on the sodium concentrations of the
equation. Substituting [Nd; = [Na"]J/expEya * K) and settingz = 1 in solutions adjacent to the conducting channels, but indicates how much
Eq. 1 one obtains: volume is cleared per time, while the current and the conductance also
depend on the ion content of this volume. Therefore, experimental data

g . . . . + . . . . . ! .
Ina(V) = Pas VK- F-[Na'] obtained with varying external or internal concentrations can directly be
exp(—Eya K) — exp(—V:K)

compared VidPy ..
1—exp(—V-K)

) To test the usefulness &, it will be necessary to fit an equation to
Ina VersusV when a whole family of sodium currents for different voltages
is obtained. Simply fitting a Boltzmann curve @&, versusV would not

Often the ionic currents are expressed as current per area of membrane, ditdwell, and especially would not account for different ionic concentra-

then the permeability has the dimension of distance per time. In outions. Therefore, we decided to combine the conversion of current to

approach we preferred to compare the absolute currents of whole oocytggermeability and the Boltzmann relation. For this purpose Eq. 2, which
with currents through single channels and expressed the permeability breflects the change of the current at different voltages and sodium concen-
the volume that is cleared per time. A typical figure for the single channeltrations for a constant permeabiliBy, corresponding to a constant num-
current from cell attached recordings at an oocyte in ND96 bath containinder of open channels, is now multiplied with the Boltzmann term raised to

96 mM sodium is reported to be 0.9 pA & = —30 mV at room the third power. In that way, the voltage-dependence of open probability is

temperature (same sodium channel clone rBIIA as in our study; Goldinjncorporated similar to the Hodgkin and Huxley formalism (Hodgkin and

1991). Assuming a typicdt,, of +51 mV corresponding to a reasonable Huxley, 1952), but for the peak sodium currents uncorrected for inactiva-
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FIGURE 1 Single channel conductarigg (A) and its derivative ii,,/dV (B) versus pulse potential as calculated from Egs. 2 and 3 assuming a constant
permeability for the channel of 5:807° pl/s and asymmetrical, typical [Nd/[Na*]; of 96/12 mM corresponding tB,, of +51 mV. The different figures
for the cord conductance s(€,30), the slope conductance at various voltages, and especilly) st E,, are discussed in the text.

tion, as it is often used: ionic current () and gating currentl§) of all channels in
Pu-V-K-F-[Na] the cell membrand,,, shows an activation and an inacti-
Na e : : . . :
Ina(V) = A+ exi(V — VA vapon phasel, occurs mainly during the activation phase
(Fig. 2 C). Each channel produces a constant amount of
exp(—Eya+ K) — exp(—V - K) gating ch.argg per channacﬁ = (o +. O, + ... Q) the size
. 1—exd—z-V-K) (5)  of which is still a point at issue, estimations ranging from 4
to 6 (Hille, 1992; Sigg and Bezanilla, 1997) to 12 e
whereV' is the half-activation voltage andl the slope factor. (Hirschberg et al., 1995). A mean value of 8 will be
assumed in the Discussion. A further phenomenon specific
for sodium channels is gating charge immobilization. In a

RESULTS two-pulse protocol with a short interpulse interval at hold-
Expected size and identification of sodium ing potential, the second pulse will elicit no transiég;,
channel gating current: increase of but still a fraction of gating current{ ) that is assumed to
channel expression occur from channels switching quickly between inactivated

. . . states (Armstrong and Bezanilla, 1977; Bekkers et al., 1990)
The known properties of ionic- and gating-current from .
ol with respect to molecular structure, only part of the

sodium channels of squid and other preparations are use . L

: : : . Voltage sensors, are able to return while the pore is still
here for a first estimate of the expected size of the gatln%Iosed by the inactivation h-gate. Part of the structure re-
current (g) (Fig. 2). During activation, charged voltage '

-~ .~ sponsible for inactivation and immobilization is most likely
sensors (S4 segments) move along the electric field in thﬁ1e cytoplasmic loop connecting domains D3 and D4
channel protein and, by coupling to a gating structure

. i (Vassilev et al., 1988; Shumer et al., 1989; Patton et al.,
control the opening of the pore (Stmer et al., 1989; Yang 1992). Recent work suggests that the S4 voltage sensors in
and Horn, 1995; Yang et al., 1996). The individual S4 ' 99 g

; 1 and D2 are free to move during inactivation, while those
movements are assumed to occur between energetical : I
. ) in D3 and D4 are immobilized (Cha et al., 1999) and our
favorable states (Fig. B). According to the present under- o
. wn results suggest that it is S4D4 that controls the move-
standing a channel has to go through a number of close

i . “ment of the loop (Greeff and Forster, 1991 Huand
states (G, C;, Cs), separated by charge-producing transi Greeff, 1999).

tions before the channel pore is open for sodium ions to pass Starting the experiments in search of gating currents,

(state_ .O In state d|agrar_n_ of Fig. ). Voltage—de_pendent initially a rough comparison of peak amplitudes of the
transitions produce specific amounts of charge displacement

. macroscopic currents to be expected friinchannels with

(9o_g), around 1 electron charge e that cause single . . o :
. L . single channel currerif,, was made. The ionic current is

channel gating current shotg {n Fig. 2C) which, however, expressed as
are far too small to be detected individually. In the open P
state, a single channel ionic curreig of ~1 pA flows Inapeac= N inga® p°+ F? (6)
(equivalent to~5000 sodium ions/ms), until the inactiva-
tion gate closes the channel. The sum of these stochastamd p° is the probability of a channel to be open at peak
single channel signals is measured as the total macroscopime; p° is ~0.5 for voltages of 0 mV and above as deter-
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FIGURE 2 Schematic working model illustrating the essential features of sodium channel ionic and gating cér@&nrtssg-section of the-subunit

of the sodium channel protein, with its four domains D I-D IV (D | is omitted to lay open the pore); each domain has 6 putative membrane-spanning
segments S1-S6 (not detailed). The S4 segments of D I-D IlI control the m-gates (shown for D Il), whereas segment S4 of D IV is coupled to the h-gate.
The molecular mechanisms of this coupling are treated elsewhéren(idnd Greeff, 1999). The highly specific, external sodium channel blocker
tetrodotoxin (TTX) is depicted in its assumed functional position. The outward movement of the S4 voltage sensors caused by depolarizatied is indica
by arrows. B) State diagram assuming 6 closed statest¢GC;) with quantal displacement charges of activatiggtp gs), the open state (O), and several
inactivated states (I}, quantal displacement charge O to@) Signals during a test pulse that activates and inactivates the sodium channels, a short gap
at holding potential, and a second pulse occurring when the channels are still inactivated. AbbreWgtmramand voltage pulse¥;, holding potential;

Oo-s Tn quantal gating charges of the S4 voltage sensors that cause the single channel gating currégtdiets (he movements of the voltage sensors

for the activation and inactivation gates, respectivéfymacroscopic gating current of the total number of channg|s;nonimmobilized fraction of;

inae Single channel sodium ionic curreri,,, macroscopic sodium ionic currenty, , remaining, noninactivating fraction of sodium current after
inactivating prepulse.

mined directly by the method of nonstationary fluctuation0.5, we calculate from Ecp a total channel numbéX of
analysis at the node of Ranvier (Sigworth, 1980), in squidll X 10° per oocyte. Assuming all these channels to be
(Bekkers et al., 1986), and neuroblastoma cells (Bulatko antllly functional (F* = 1), t, = 1 ms (for the applied
Greeff, 1995)F*equals 1 if all channels that produce gating test-voltage) an&q = 8 e,, one would expect from Eq. 8
current are a homogenous population with the same normain| ;e,0f ~0.03,uA which gives a ratio foly, peakl g peak
probability p°. This is assumed at first, but if some channelsof ~160:1. This fits with other estimations around 100:1 for
keep their pore closed for some reason or bypass the openammalian sodium channels expressed@mopusocytes
state,F* will be between 0 and 1; this would correspond, (unpublished, from personal discussions). Such a small gat-
e.g., to modulated channels (Bulatko and Greeff, 1995) or ting current would be hardly detected in the baseline noise of
channels with their pores closed by TTX. The gating chargea two-electrode voltage-clamp. Therefore, our primary aim

of N channels, each contributintyg, equals: was to increase the density of channels by applying a high-
~N-S 7 expression vector designed f§enopusoocytes that had al-
Q= q @) ready been successfully used for potassium channels (Perozo et

|g occurs mosﬂy during the t|n1% to peak ofl Nar We found al., 1993), the cRNA contains Code-flanklﬁmlobln, a 3-end
that |, was of nearly triangular shape, especially whenPOly-A tail and 8-end cap. With this technique we could

filtered, and then the following approximation for its peak is INCreaseya peaxby a factor~10 with maximal amplitudes of
useful: between—50 and—150 nA (typical recordings Fig. 3), and

we expected fof e 0.3—0.9uA.
I _NEC]'Z (8) g,peal
g,peak — ti
p
Very fast clamp and short asymmetry:

Injection of large amounts (30—80 ng) of cRNA from d,mexpectedly large putative gating current

conventional vectors yielded an average maximal inwar
currently, peakdt voltages~—10 mV of ~—5 pA (unpub-  Because sodium gating currents were expected to be very
lished data). Takingy, as 0.9 pA (Goldin, 1991) anp® as  fast, we initially tried to speed up the clamp as fast as
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possible and would even accept some asymmetry artifacislentified even in the nonexpanded traces of FigA.3it

due to some nonlinearity in recording and subtraction of theshowed typical gating current properties: always flowing
capacitance transients. It was possible to speed up the chargdtward in contrast to the ionic current and occurringih

ing of the whole oocyte membrane to a settling time of thems before the peak of the ionic current. The size of several
capacitance transient in60 us (Fig. 3); this, however, wA, however, was unexpectedly large, being nearly of equal
caused transients with amplitudes of 500—-600A. These amplitude as the ionic currents, so we had serious doubts
fast and large transients obtained for the forward pulseabout its origin.

were not subtracted well using subtraction pulses between These experiments also demonstrated the performance of
—100 and—150 mV. The resulting asymmetry artifacts our TEVC with respect to speed and linearity. It is possible
gave erratic zigzag lines of10-20uA (Fig. 3 D). This  to charge the large membrane capacitance of 200—280 nF
contamination might obscure the gating current with respecwithin <100us. The integrated transients represent the time
to amplitude, but since it lasts only 6Qs it could be course of the voltage at the very membrane as it is charged
blanked, still leaving time to display the slower gating to the command voltage (Fig. @). From their 10-90%
current (demonstrated in Fig. B and E; expanded time rise-time of 23us the time constant is calculated as 23/
base). As a result, the putative gating current can be clearl®.3 = 10 us (Horowitz and Hill, 1980). This allows us to

2 pA/div VP -50, -40,.......... +30 mV A

Im

1.0 ms/div

il 1 1 1 1 1 1 1 1

80 pA/div [ B
- I
FIGURE 3 Recordings with a voltage-clamp tuned for n
speed and criticalR, compensation.A) Testpulses from - 0.2 ms/div
—50to+30 mV in steps of 10 mV; pulses for subtraction B
of linear components were betweerl00 and—150 mV; 1 ! 1 ! ) 1 1 L 1
note the escaping trace at40 mV. B-E) signals of
—30, 0, +30 mV on expanded timescale; the vertical20 mV/div [ c
dotted lines indicate the settling time of the membrane B
voltage. B) Capacitance transients ) and C) their -
integral, which reflects the time course of charging the _flc B
cell membrane\(,,) to the command voltageDj Signal ___>vm B
traces of membrane curreht = Iy, + I + contami- N
nation show the zigzag due to non-ideal subtraction of - 0.2 ms/div
the capacitance transients of forward test pulse and linear Er L , . \ \ , . |
subtraction pulse. The zigzag is followed by putative
outward gating currents and ionic sodium currents, which A/di
change polarity wherV, crosses the sodium reversal 2 pA/div [ W\\;
potential. E) Same a® but data points during nonlinear B
subtraction of transients were blanked. Experiment . \\
T18M.I; temperature 8°C. lm
| /\ﬂ_dw—
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obtain an estimate of the remaining series resistance, whidfie ON-transient (Fig. 4), but asymmetries lasting slightly
was not compensated Bs, = 7/C,, = 10 us/0.25uF equal  longer than the transient and in the direction péould also

to 40Q). As detailed above, this method to estimRtevas  be seen (Fig. 8). Analog subtraction of the transient before
verified on a dummy and should also be representative fodigitization did not improve the transient cancellation and
thely, traces. However, the observed escaping traced®t  was not necessary, because our 16-bit ADC had enough
mV would then only suffer from a voltage error of 8A resolution to avoid digitization noise in the records. We
times 40(), equal to 0.32 mV, which would not explain this regarded this amount of clamp asymmetry as acceptable in
distortion. At this early stage of the experiments we wereview of the large gating current, but carried out further test
not so conscious about electrode positioning and contagirotocols to distinguish real gating current from the over-
area of the oocyte with the bottom of the chamber. We nowapping asymmetry in channel-expressing cells.

assume that the charging of the membrane was not perfectly The strongest proof for the identification of the sodium
homogeneous with respect to space-clamp, which allowgating current was obtained by checking for the typical
small membrane areas to produce uncontrolled ionic-currergartial immobilization of sodium gating charge as detailed
(see Methods for improvement). More important was aschematically above (Fig. 2 with references). As the exper-
reduction of the artifact due to nonlinear subtraction of theiment in Fig. 4, C—F shows, a test pulse te20 mV did
huge transients. From studies on dummy membranes welicit a large ionic current with a clear activation and inac-
noticed that this asymmetry occurred mainly during the fastivation phase. The same pulse applied after an inactivating
changes (large time derivative) in the capacitance transienprepulse to+20 mV for 20 ms elicits no or few ionic
Therefore, our next strategy was to slow the clamp such thaturrents (depending on the duration of recovery during the
it still would be adequate for gating-current recording.  gap at holding potential) and only reopens a variable
amount of noninactivating sodium channels (Fig.C}.
Gating currents were recorded after the addition QN

TTX to the bath with test pulses ranging fromB80 mV to
+80 mV in steps of 20 mV, first in the absence of an
To decide whether the observed asymmetrical charge disnactivating prepulse (Fig. £). The same pulses applied
placement had its origin in clamp artifacts or actually re-after an inactivating prepulse demonstrated a reduction of
flects charge movement in sodium channels, we reduced thiiée ON-gating currents by50% (Fig. 4E). Typically, this
clamp asymmetries by compromising on the speed andonimmobilized gating current, , displays a faster time
applied special protocols for the separation of the twocourse compared to the totgl. The clamp asymmetry of
possible sources for asymmetry current. Improvements oreveraluA was relatively large in this particular experiment
the technical side were as follows: 1) slowing the commandalso chosen to better demonstrate the procedure) and it
pulse from the D/A converter by feeding it through an clearly did not change when a prepulse was applied (com-
8-pole Bessel low-pass filter set at 5 or 3 kHz; 2) checkingpare Fig. 4D andE). This is expected for a clamp asym-
all gain stages in the voltage-clamp to avoid any saturatiometry, as can also be seen for the control cell in Fi. 4

of an amplifier with respect to gain and slew rate; 3) usingThe immobilization of our gating current signal in contrast
low-resistance electrodes of 100-200).kThese means to clamp asymmetry is evident after subtraction of the traces
resulted in a capacitance transient of a much smaller amwithout and with a prepulse (Fig. B).

plitude and roughly triangular shape, as seen in noninjected We were then in a position to embark on a detailed
control oocytes (Fig. 4A and B). The 10-90% rise-time quantitative comparison of sodium channel gating- and ion-
was ~180 us, corresponding to a time constant of 180/ic-current and to check whether their ratio would be a
2.3 = 80 ps when the command pulse was rounded at Sonstant. For this purpose we systematically measiyed
kHz, and the resulting signal filtered again at 5 kHz forandl,, from the same oocytes. Fig./Ashows a family of
reduction of noise before A/D conversion. In an analogy toionic and gating currents for a series of test-pulses ranging
the above calculation, a remainifRyof some 30Q) would ~ from —40 to +60 mV in steps of 10 mV obtained under
be obtained. This, however, is an upper limit as checked ooptimized conditions at 8°C, where the fast sodium channel
a dummy because the rounding of the command pulse anclrrents are slow compared to the capacitance transient.
low-pass filtering of the recorded transient mask the effecDespite more cautiouR, treatment and electrode position-
tive R, compensation. Escaping ionic current traces stilling, for the large ionic currents of some 30A proper
were sometimes observed for large currents g40in Fig. control of space-clamping was still a problem, as the escap-
5 A), but often with well-placed electrodes th®&/ curves ing trace at—40 mV shows. However, as can be clearly
were only a little distorted (compare Fig. 6). The nonlinear-seen, the ionic current changes its polarity from inward to
ity in the subtraction of the capacitance transient was greatlputward when crossing the equilibrium potential for sodium
reduced. A full transient of 20QA amplitude resulted inan at ~+23 mV, in this case. In contrast, the gating current
asymmetry of<1 pA of various shape. Typically, we that precedes the ionic current is always flowing along the
obtained a fast downward spike during the rising phase opolarity of the test-pulse. We took advantage of this by

Slightly slower and improved voltage-clamp with
little asymmetry confirms large gating current
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FIGURE 4 Sodium ionic and gating currents versus clamp-asymmetries with and without inactivating prepulse from noninjected corfxd)catid (
cRNA-injected cells C—F). (A) Difference of capacitance transients for test pulses of 13 ms duratied@mV up to+40 mV in steps of 10 mV from
a holding potential \{;,) of —100 mV; subtraction pulse betweeril20 mV and—150 mV with its transientl() shown scaled to the-40 mV testpulse:
full transient of 150uA, corresponding difference 0.88A, duration as full transient, equal in ON and OFB) (Another example with an outward
asymmetry that in addition lasts longer than the full transient, amplitudes 196 apéltde asymmetry is shown for the same test pulse with and without
inactivating prepulse @) Recordings of, in MBS solution with and without inactivating prepulse-t®0 mV for 20 ms; interval of 2 ms at,,; test pulse
to —20 mV for 13 ms. D) Gating current with medium-sized contamination as in control cel,sécorded in MBS containing 2M TTX; no inactivating
prepulse; series of test pulses fron80 mV to +80 mV in steps of 20 mV, pulse duration 13 mg) Same a®D but with 20 ms inactivating prepulse
to 0 mV; interval atV,, 1 ms; 1 o of inactivating prepulse included in time windowF)(Difference resulting from digital subtraction of recordingsin
from those inD; |, capacitance transient for pulse+®0 mV. Timescale: 4 ms bar as khfor all panels except foB 1 ms. Recordings taken at a holding
potentialV,, of —100 mV; temperature 8°C.

stepping in small increments across the reversal potentiabnic current and thus avoil, errors. The partial reduction
(Fig. 5 B). Then, the ionic currents are small despite theby TTX, however, is not well defined due to use-dependent
large number of activated channels and only subject tdlock (Patton and Goldin, 1991; Conti et al., 1996). Fur-
linear R, errors in this part of thé/V-curve, and at exactly thermore, the simultaneous recordind @f andl ; ensured
Ena NO net ionic current flows, leaving an almost pure that no channel loss could occur while waiting for the TTX
gating-current signal. From these recordings we obtained db block. To demonstrate the absence of sodium ionic con-
the same time the total gating currdgt and the sodium tamination we did control experiments where we compared
conductancelq/dV at E,. Initially, we considered apply- the gating current &, , before applying TTX and quickly
ing partial TTX block of the sodium channels to reduce theafter adding it to the bath (see Fig. 2)inse).
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FIGURE 5 Estimation of gating charge and sodium conductance around the sodium reversal potential for high sodium channel exgression. (
Simultaneous recording of ionic and gating currents without TTX for test pulsestofto +60 mV in steps of 10 mVY,, — 100 mV. B) Recordings

as inAbut 2 mV steps fromt+14 to +22 mV, expanded time scal€C) Trace atEy, of 16 mV displays gating current and its integral gives the total gating
chargeQ,. Capacitance transieh reflects speed of voltage-clamp. The trace at 16 mV subtracted from the other traces leaves the pure sodium currents
aroundE,, (see text). D) Peak sodium currents @& plotted against pulse potential; the slogg fV gives a conductancg,, of 0.91 mS. Cell No.

P27S10; temperature 8°C.

For the analysis of ionic conductance, the gating currentWe soon noticed that this reversal potential decreased from
trace is subtracted from the family of traces arolfg to  initial values~+40 to +50 mV down to+15 mV, espe-
obtain practically pure ionic currents, since the gating cur-cially when the experiment lasted up to an hour or more. For
rent hardly changes in contrast to the ionic current over thisnstance, the two runs displayed in Fig. &,and B were
small voltage range (Fig. 6). The comparison in Fig. &  from the same cell and separated by 17 min, wiklg
of the time courses of the capacitance transigdtl, and  changed from+23 to +16 mV. It could even happen that
Ina Shows that the clamp is fast enough to record the gatingfter one determination d,, it would decrease by a few
current, which in turn has practically come to zero at the peaknillivolts while running an experiment of some 3-5 min.
time of the sodium current, as expected. Theversus voltage  This was manifested by an increasing outward ionic current
plot in Fig. 5D shows that in this experiment the conductancethat contaminated the initially pure gating current. The most
di\/dV at Ey, was 0.91 mS. It may be noted here that thelikely explanation was a sodium influx either caused Qy
measured reversal potential is not subjed®errors, because through activated channels or, alternatively, by a small but
no current is flowing but the conductancigddV of 0.91 mS  continuous leak at the holding potential with its large driv-
corresponds to a resistance of 1.0,kand here arR; of  ing force. Below, experimental evidence in support of the
200-300() has some effect. This will be discussed below, adatter hypothesis is given. Thus, to obtain the amount of
well as the question whethé&,, representdy, (I/V curves  conducting channels we were faced with the problem that
Fig. 6 and compiled data of Table 1 in the Discussion). the cytoplasmic sodium concentration [Na and hence its
driving force, would continuously change in one experiment
and within the pool of experiments. We, therefore, also used
low extracellular sodium concentrations by partial replace-
ment of sodium by the nonpermeating cation choline. In
During the course of the experiments where we recorded thaddition, we did not use the sodium conductance for an esti-
gating current ak,, we repeatedly had to determiig,,. mate of the number of open channels, but the sodium perme-

Quantitative comparison of sodium permeability
and gating charge
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) 201 0.47, and 0.98 mS, and fé%, 10.0, 8.5, and 8.2 nl/s (note
Ina (WA) > the steeper slope of the data points versus fitted curve). A
] / correction for an uncompensated restRafof 200 Q) (the
i Ry linear distortion as discussed above) would chaGgg to
-60 -40 < 20 4 60 0.424, 0.518, and 1.22 mS, aRy_, to 10.9, 9.3, and 10.2
1 V.. (mV) nl/s. In conclusionPy, aroundE,, appears to be a rather
204 o " good estimate for the number of open channels in varying
sodium concentrations, arig, errors appear to lead to an
underestimation oy, by ~8% for G, in the range of 0.5
o 11 Na mS and by~25% in the range of 1 mS.
-40 3 o 20 Na The next step was to measurg and Gy, and check
& 90 Na whether the ratio oPy/Q in different cells and conditions

was constant. For this purpose, we performed experiments
FIGURE 6 Peak sodium currents versus voltage in three different exteras demonstrated in Fig. By,, Gy, at En, and [Na'], were
nal sodium concentrations fitted by permeability rather than conductance,ged as input for Eq. 4 in order to calculate the maximal

Recordings for testpulses of50 to +60 mV in steps of 10 mVW, =100 permeabilityPy,. The resulting figures from three batches
mV, critical R, compensation, and subtraction of linear components applie

as described. External solution was changed by perfusion and contained ﬂf inje.CtEd Oocytes_e}re given in Table 1, tpgether with the
sequence 11 mM, 20 mM, and 90 mM [Nia made from MBS solution ~ €xperimental conditions and cell properties. At 90 mM

and choline replacing sodium. The fitted Eq. 5 gave the following external sodium, the equilibrium potent&|, dropped sub-
parameters for these three [Ng respectively:Ey, equals+4.0, +15.1,  stantially to different levels during the experiments and, as
f‘”d+46'2 my from which, using the Nemst equation, [Nawas calcu- o0 1ated from the Nemnst equation, [Naincreased to
ated as 9.4, 11.0, and 15 mM; maximal sodium permealfljty equals .
9.1, 8.6, and 6.6< 10°° I/s: V' equals—27.2,—28.1, and—27.2 mv; the ~ values of 15 up to 41 mM. In contrast, low external sodium
slope A equals 11.7, 10.3, and 7.4 mV. Experiment Q19J; temperaturecOncentration leads to a more stable intracellular sodium
15°C. concentration at a reduced level (see Table 1).
The ratio of P/Q,, which we initially expected to be
constant, clearly varied substantially by more than a factor
ability, which should depend less on the concentration obf 4 within a single batch of oocytes. We noticed that this
sodium on either side of the membrane (see Methods). ratio became smaller whe#f, dropped and the calculated
Fig. 6 shows a validity test for the use Bf,, as a figure  [Na']; increased. This is better seen in the graphical repre-
proportional to the number of activated channels at varyingsentation of the tabulated figures fey/Q, and [Na']; (Fig.
sodium concentrations. The thrgg, versusV curves were 7 A; batch 1 in Table 1). The data follow a hyperbolic
obtained for pulses betweend40 and+60 mV in steps of relation that becomes linear in the log-log plot (FigBy.
10 mV in three different bath solutions to change [jlain ~ The increase of [Na]; could also be reversed when after an
a rapid sequence from 11 mM to 20, and finally 90, mM.incubation in 73 mM external sodium concentration this
Thel/V curves, and especially,, changed from+4.0 and  was lowered to 20 mM (experiments P27S10 and P27S11 in
+15.1 to +46.2 mV. Assuming the sodium channels to Table 1 and asterisks in Fig. 7). The experimentally induced
conduct only N& ions, [Na']; was calculated from the reduction of [Na]; from 39 back to 14 mM occurred within
Nernst equation as 9.4, 11, and 15 mM, respectively. Should time of ~20 min and was accompanied by a nearly
the sub-Nernstian lovE,, of +4 mV or +15.1 mV be threefold increase of th@,/Q, ratio, pretty close to the
explained by a partial selectivity for choline, its relative overall trend of the data from the whole batch.
permeability P,/Py, would have to be 0.08 or 0.18, re-  From these observations we suspected that oocytes with
spectively, which appears unrealistically high. The internalsuch a high expression of sodium channels (as derived from
K™ also cannot explain the changes of [Ja but might 1y) would leak some sodium ions into the cell along the
shift the absolute values slightly by an almost constantoncentration gradient. This might occur either continu-
amount. The data were fitted by Eq. 5, which combines ausly, through a few open channels but a large driving force
Boltzmann equation for voltage dependence of gating withat the holding potential of- 100 mV or, in addition, due to
Pyaand should be independent of [Nig,.. Indeed, maximal the inflow during the pulses. This would force the cell to
Pna IS rather constant, being 9.1, 8.6, and @0 °I/sin  actively pump sodium ions out for its homeostasis, which
sequential order. The midpoint of activatiod’ (in Eq. 5)  represents an energetic stress for the cell. As a result, the
being—27.2,—28.1, and—27.2 mV, as well as the indica- permeability of some channels would be down-modulated
tor of the voltage dependence, the slopesf 11.7, 10.3, by an as yet unknown mechanism, whereas the gating
and 7.4 mV do not vary much. They most probably indicatecharge of these channels remained undisturbed. Therefore,
some distortion byr; errors in the linear and more so in the we hypothesized that a similar sodium load also stresses the
nonlinear voltage ranges. Taking onlydV from the pair of  cells during the days of incubation, because at the typical
data points across eaé.,, one would obtain foG,0.39, resting potential of-15 to —30 mV it is rather likely that a
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TABLE 1 Sodium channel conductance, permeability, and gating charge at sodium reversal potential; estimated number of
channels per whole Xenopus oocyte

C:m T [Na+]e ENa [Na+]i d|/dV PNa Qt PNJQt Ni,o Ng Ni,o/Ng Qn/Qt

Expt. (dpi) (nF) (°C) (mM)  (mV) (mM) (mS) (nl/s)y (nC) (-st-CchH (x1) (x10P) (%) (%)

Batch 1
P21S03 (4) 248 9 90 25 33 0.32 159 3.40 0.47 27 2656 1.0 21*
P21S04 (4) 248 9 90 20 41 0.39 1.73 3.30 0.52 30 2656 11 33*
P22S06 (5) 256 10 90 40 18 1.10 7.82 4.20 1.86 135 3281 4.1 39
P23S03 (6) 216 8 90 36 21 0.56 3.61 1.60 2.25 63 1250 5.0 50
P25S02 (8) 260 8 90 43 16 1.16 8.90 7.30 1.22 153 5703 2.7 47
P25S06 (8) 260 8 90 34 22 1.12 6.87 5.20 1.32 118 4063 2.9 44
P27503 270 8 20 8 15 0.54 8.26 3.70 2.23 143 2891 4.9 41
(10)
P27S04 270 8 20 6 16 0.49 7.19 3.40 2.12 124 2656 4.7 38
(10)
P27S10 270 8 73 16 39 0.91 453 7.00 0.65 78 5469 1.4 54
(10)
pP27S11 287 8 20 9 14 0.59 9.22 5.30 1.74 159 4141 3.8 26*
(10
pP27S12 287 8 20 8 15 0.64 9.79 4.90 2.00 169 3828 4.4 24*
(10)

Batch 2
P22004 244 15 90 15 50 0.57 229 158 1.45 39 1234 3.2 38*
®)
P29010 274 15 90 20 41 1.50 6.71 5.10 1.32 116 3984 2.9 49*
(15)
P29013 249 15 90 15 50 2.00 8.03 455 1.77 139 3555 3.9 ND
(15)
PO1NO4 183 15 90 40 19 0.62 441 158 2.79 76 1234 6.2 65*
(18)

Batch 3
P0O8D04 284 15 10 4 9 0.19 547 210 2.61 94 1641 5.7 52*
(6)
PO8D16 226 15 10 9 7 0.63 20.08 1.77 11.34 346 1383 25.0 ND
(6)
P0O9D0O1 252 15 10 0 10 0.18 480 2.16 2.22 83 1688 4.9 42*
@)
P0O9D14 285 15 10 10 7 0.52 16.92 5.07 3.34 292 3961 7.4 53*
7
PO9D16 285 15 10 10 7 0.92 29.93 5.69 5.26 516 4445 11.6 T
0

Mear! 258 0.57 8.41 3.95 2.42 145 3086 5.3 44
SD 27 1.78 1388 14
(SD) 0.45 6.83 2.36 118 5.2

(dpi) Days after cRNA injection.

*Recovery time 1 ms, else 2 ms.

"Mean of all figures of a column (also for &),/Q,; 1 and 2 ms recovery). Standard deviations SD and (SD): the latter contains data from ionic currents
and varies more than SD. Dimension of permeabHitin I(iter)/s(econd)N; , = Py./(5.8%10 7 I/s); (single channel permeability).

fraction of channels stays open and the electrochemicanhdicated a clear dependence on the influx of sodium or its
driving force for sodium leads to a persistent sodium influx.cytoplasmic accumulation.

Consequently, to reduce the cytoplasmic sodium load, we

added 2uM TTX to the incubation solution. For the voltage-
clamp experiment, the cells were washed and transferred in
MBS without TTX and with 90 or 10 mM sodium. This
resulted in an increase of the permeability/gating-charge rati
which, however, still was dependent on the internal sodiunThe above-calculated free cytoplasmic sodium concentra-
concentration (Table 1, Fig.B: batches 2 and 3). For the pool tion from E,, indicates a substantial increase of [Na

of our data, theéP/Q; varied by a factor of 10—20, which is during the experiment. As suggested, this might be due to
much larger than simple experimental variation and, therefordeak at holding potential oi, during the pulses. We have

tI(:preriments to compare sodium influx and
(i)ncrease of cytoplasmic sodium
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FIGURE 7 Graphical presentation of the varying ratio of sodium permeability and gating charge versus the corresponding internal sodiumargncentrati
from data in Table 1.4) Batch 1, no TTX during time of sodium channel expression. Asterisks mark two experiments at the same cell withat8awM (

1) and 20 mM éarrow 2) [Na*], in the bath. The fitted hyperbola is of the fortn= A/X + B. (B) Log-log plot of the same data of batch 1 in the linear

plot (filled symboly and additionally the data from batches 2 and 3 in Tablegel symbojs Inset indicates [N&],, in the bath and whether @M TTX

was added during expression. Lines were fitted by eye.

performed the following checks on this: 1) comparison ofA[ion])/min in the accessible space would be 0.77 mM/I/min.
the integrated leak during the experiment with the calcu-This was then directly compared with the change of [Na
lated change of [N&];; 2) use the inactivation deficient as obtained from the data in Fig.@ i.e., 0.26 mM/l/min.
mutant IFM/QQQ and application of repeated long pulses tdrhe results of similar experiments with a smaller and a
produce a substantial influx by pulses; 3) comparison olarger leak are shown in Fig. B. In experiment 3 (Fig. 8,
agarose-cushion electrodes and open-tip ones filled witld andE) Gy, was also determined several times during the
NaCl for their leak into the center region of the oocyte andmarked increase of internal sodium &g, calculatedGy,
check the resulting changes H,,. For all these calcula- showed a slight decrease and the plofgg showed a clear
tions it was important to know the freely accessible space innverse relationship similar to the pool of experiments in
an oocyte. According to the in-depth studies on amphibianTable 1. This will be further treated in the Discussion.
oocytes by Horowitz (e.g., Horowitz and Paine, 1979)'Na  The change of internal free sodium due to influx was
distributes quickly into the sucrose-accessible space. Thiaglways found to be-~2—4 times larger than that obtained
cytoplasmic space represent80% of the cell water, while from the change irE,,. The following explanations were
the vesicular structures, most prominently the yolk vesiclesmainly considered. 1) The seemingly too large leak influx
may actively accumulate sodium (Dick and Fry, 1975). Formay not consist only of Na or 2) distribute into a larger
the oocytes used in our experiments of 1.3 mm diameter anfieely accessible space than assumed, or 3) some of the
a calculated volume of 1.15l we assume an average water increased sodium is pumped actively back into the bath or
content of 75% and obtain 0.28 for the freely accessible into the intracellular vesicles. The active pumping appears
space. Fig. 8A shows for a typical experiment the leak- to be the most likely mechanism. The percentage of freely
currentl-hold atV,, of —100 mV during the whole experi- accessible space is rather well documented and shows only
ment. Assuming this current to be all Nanflux into the little variation. As a further check to let Naspecifically
freely accessible space, the resulting change of [N&  enter the cell, we used the noninactivating mutant IFM/
calculated. The filled circles in Fig. 8were measured over QQQ at high expression. While the nornigl, of wild-type

the time where als&,, (E..,) was determined and used to at a relatively low stimulus rate during an experiment had a
estimate [Nd], by the Nernst equation (Fig. & and C). negligible influx, with this mutant 200-ms-long pulses at a
Between the two open circles marked by 1 and 2 asteriskg$requency of 1/s for 1000 sweeps were applied. In this way
TTX was applied to the bath. In this experiment most of thewe obtained a substantial influx from well-defined current
leak was blocked, suggesting that indeed the leak would bplateaus of exactly measurable size (4-+4) for 200 ms
carried by Nd ions through sodium channels. (At present, followed by a duty cycle of 800 ms, which allowed for
we cannot be conclusive about the TTX-sensitive part of thaliffusion. In several experiments we found the change of
leak because we normally extended the experiments untjNa*]; due to influx to be again 2—4 times larger, i.e., 1.5-3
the leak was too high for reasonable clamping.) Then, thenM/lI/min versus 0.4—0.8 mM/l/min as obtained from the
mean leak integrated over this period was Qu@2and the  change inE,,. It thus appears very likely that the Na
resulting change in [N&];, or as indicated in Fig. ®, influx provokes a pump activity of-1-2 mM/l/min with a
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FIGURE 8 Comparison of leak current at holding potential and free internal sodiuifi;[Ns calculated from the observed reversal potefgjig) for

three experiments done in constant [Nlaof 90 mM. (A) Experiment 1 with typical leak or holding current of medium sikzédld) atV,, of —100 mV,
typically increasing during the experiment. It could be almost totally blocked by TTX at the end in this experiment (TTX given between the ciretes mark
by * and:=x). The filled circles correspond to the time whEp, was also measured as given B) or the calculation of [N&]; using the Nernst equation

(©). (D) From the mean-hold, 0.32uA for experiment 1, distributing into a free accessible space of 126 the oocyte (see text), the expected change

of ion-concentration per minute is indicated and compared to the observed change in freafNabtained from the data @ Similarly obtained data

are shown for 2 other experiments with either a small and constant lea®.&fuA (experiment 2) or a rather large leak (experiment B).Kor experiment

3 the changing figures fd?,, aroundE,,, were determined and displayed versus the cytoplasmic fre€][Mda calculated at the indicated times from the
interpolatedE, .

stoichiometric consumption of 1:3 of 1-2 mM ATP/min in Properties of the unexpectedly large

order to keep the internal sodium at low levels. In furthergating current

experiments usim 3 M NaCl-filled coarse tip electrodes o _

with or without an agarose cushion we could demonstrat&Ur results indicated the presence of a large proportion of
that without agarose a fast leakage of sodium in the centrihannels with a very low open probability that produced
region leads to changes &,, that indicated a change of gating current. Therefore, we had to consider and to exclude
[Na*]; under the membrane by 3—4 mM/I/min. While theseWhether 1) the gating current would be changed to an
experiments demonstrate the fast diffusion within the cellabnormal gating current, or 2) that most of the channels
they did not allow us to control and quantify the influx and Would remain in normal inactivated states, not producing
concentration as well as in the voltage-controlled QQQionic current but still gating current by the nonimmobilized
mutants. In these latter experiments we could further obparts of the voltage sensors. To check on this, we performed
serve during the quantified Nainflux and decrease d&,,,  double-pulse experiments in order to compare the recovery
that the conductancel/dV at E,., became smaller, which of ionic- and gating-currents and the size of immobilization.
will be treated further in the Discussion when estimating theAs known from other preparations and shown schematically
number of open channels from eith8f, or Py in Fig. 2, the gating current of the inactivated and immobi-
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lized channels represents 40-50% of the total gating currersieem to grow faster initially because during the shortest gap
produced by recovered channels, has faster kinetics, and reven the fast equilibration between the inactivated states
slow rising phase. We checked for this by applying optimalcould not finish and, consequentll, ., is small. The full
recording conditions, small asymmetry, and a low tempergating-current of immobilized channels can be seen after 2
ature of 8°C to slow the fast gating-current in relation to thems recovery (3rd trace) and clearly shows a steeper and
speed of the clamp (given by the capacitance transient). Thehorter time course than that of fully recovered channels
recording was done in quick succession for the gatingwvith a prominentrising phase. This corresponds very well to
current atEy, and the ionic current at a potentiall0-30  the results of similar experiments where high-resolution
mV below E,, to get sodium currents of a size not subjectgating-currents were recorded in the squid giant axon
to R, errors. It has to be recalled that the recovery time(Greeff et al., 1982).

course is determined by the potential during the interpulse For further analysis of the recovery experiments we com-
interval (=100 mV) and not by the potential of the test pared the time course of recovery f, peacand the inte-
pulse. Fig. 9A andB show the superimposed traceslQf  grated gating chargeQ,. In Fig. 9 C these data are shown
andl of the test pulse for a series of recovery periods of 60jndividually versus the recovery time, while Fig.[® dis-
1,2,3,5 ...upto 60 mafter the same inactivating plays the same data as a phase pld@gtersusly, peax AS
prepulse. For the shortest intervals there is still the gatingean be seen in the phase plot, after the shortest recovery
current from those channels switching between inactivatiomaps of 1 and 2 ms, both quantities recover in parallel, as
states. Frequently, there is some ionic-current when not alhdicated by the straight line. This corresponds to similar
channels are inactivated that shows up as a noninactivatingne constants of 11.4 and 12.8 ms fQy and Iy, peax
plateau of ionic current. With increasing recovery more andespectively. In this particular experiment the percentage of
more channels produce ionic-current, which activates andonimmobilized gating current),) from inactivated chan-
inactivates in the normal way. The correspondiggraces  nels being 4.6 nC after 3 ms or 4.0 nC extrapolated back to
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0.5 ms

=)

7.5

L

o o Qg recovery
O linear region

od
o
I

Normalized currents
Gating charge (nC)
[¢)]
[=)

g
w
1

o Qg
° INa

o
o

T T T T T 1 0'0 T T T 1
10 20 30 40 50 60 0 10 20 30 40

[=]

Recovery time (ms) Sodium current (mA)

FIGURE 9 Comparison of recovery of sodium ionic- and gating-current from inactivation or immobilization, respeciyBlyS(ngle cell experiment;

no TTX had been used and the recordings were done within a few minutes: gating curiggi®fit-42 mV first B); and 12 min later at a test potential

of +10 mV the ionic currentsA). Otherwise identical protocols: inactivating prepulsett#0 mV for 20 ms,V,, and recovery at-100 mV, recovery gaps
were (in ms) 60, 1, 2, 3, 5, 8, 15, 20, 40, and 60; linear subtraction pulses betwi@#hand—130 mV. Critical R, compensation; duration of the
capacitance transient (not shown) gives the speed of the clamp and is reflected in the fadyrisaioh is followed by a genuine slow riseCX Recovery

of peak sodium current () and integrated gating current®4), normalized to maximal values; single-exponential fits to the plotted data (except 1 and
2 ms points, compar® and text) gaver.of 12.8 and 11.4 ms fdg,, andQ, respectively.D) Isochronic plot ofQ, versus, for all data points¢ircles),

3 to 60 ms recovery data points are close to linearsfifugre$. Experiment P25S2; MBS-solution; temperature 8°C.
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zero recovery time is 57 or 66%, respectively, in compari-saturate above 0 mV, as the examples for cells matured in
son to the fully recovered gating-current. In order to checKTTX-free and TTX-containing incubating solutions show
on this more thoroughly we calculated this ratio for the (Fig. 10B).
experiments from Table 1. The average ratio@JQ; is
44 += 14% (SD,n = 18) which agrees well with the
above-quoted figures from other preparations (Armstron
and Bezanilla, 1977; Greeff et al., 1982). Note that in batcﬁDISCUSSION
1 at 8°C, 1 ms recovery gave a percentage of 21 to 33% his paper has a methodological aspect because it shows the
(*Q,/Q, marked in Table 1) which supports the finding of constraints and delivers protocols for the recording and
Fig. 9D, namely that at this temperature ev@pdoes not identification of sodium channel-gating currents with a fast
fully recover; in batches 2 and 3 at 15°C a 1-ms recovery iswo-electrode voltage-clamp from whokenopusoocytes.
sufficiently long. The important conclusion is that we cer- However, we describe a hitherto unknown down-regulation
tainly do not see a variation iQ,/Q, corresponding to the 5- of the sodium channel permeability that was detected by
to 20-fold variation in theP,/Q, ratio. This suggests that correlation of gating- and ionic-currents at single oocytes.
the unusually large gating currents behave normally withThe TEVC technique is a relatively easy and fast method for
respect to immobilization and recovery, as will be treatedscreening and functional studies of mutant channels. We
further in the Discussion. now have shown that it also allows the recording of well-
Furthermore, we tested the time coursd pét different  resolved gating currents at an adequate resolution. This
voltages for its characteristics and the integrated charge fdechnique had already been profitably used to study sodium
saturation at higher voltages to exclude any nonsubtractechannels with respect to inactivation and charge immobili-
linear contamination. Fig. 18 displays a family of gating zation using mutations in S4D4 (IKn and Greeff, 1999). In
currents for pulses of 60 to +80 mV in steps of 10 mV at comparison to the cut-open oocyte method (Stefani et al.,
high time resolution. The traces show the typical properties994; Stefani and Bezanilla, 1998) the two-electrode prep-
known from squid axon gating currents: a fast rise limitedaration, although easier to handle, does not allow changing
by the charging time of the membrane capacitance, which ithe cytoplasmic solution. Concerning the clamp speed, the
followed by a genuine, typical slower rise time that becomesut-open method may at present be the slightly faster clamp
faster at higher voltages (compare with Fig. 9 in Greeff etbecause we had to compromise somewhat to achieve a more
al., 1982). At 15°C a concentration of @M TTX did not  linear clamp, and so avoid asymmetries that would distort
fully block the ionic current, causing some ionic contami- the gating current. As Fig. 3 shows, however, a comparable
nation visible in the baseline deviations. This contaminatiorspeed can also be achieved, but we will then have to
distorts somewhat the integration gf for obtaining Q,, improve further on the linearity of the clamp system. An-
especially betweer-30 to 0 mV where the ionic currents other successful method for recording sodiugis the
also are largest. Without this contamination @&/ curves  macropatch method, especially for gating-current noise

A B

1.2 Qq (normalized)

I 1 1 i 1
-40 -30 20 -10 0 10 20 30 40
Pulse potential (mV)

FIGURE 10 Voltage-dependence of the time course of sodium channel-gating current at high temporal resol@dicamde showing saturation at
high depolarization. A) Gating currents for test pulses of60 up to +60 mV in steps of 10 mV. Fast rise followed by slow rising phasset:
superimposedi,; traces obtained at40 mV (=Ey,) in TTX and without TTX (no nety, at Ey,). (B) Gating charge from integrated traces for pulses
over the range of-40 to +60 mV from two oocytes; one had been incubated in MBS solution without Till¥d circles) during expression and TTX
only for the experiment, the other one with @V TTX added throughoutdpen circle$; linear subtraction pulses betweenl20 and—150 mV.
Experiments PO1N3 and S6A10,12; temperature 15°C.
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analysis where the number of channels should not be todhese results confirmed further that we in fact were record-
large (Conti and Stumer, 1989). ing sodium channel-gating currents and that the oocytes
Already in our first estimations the gating charge ap-possess the capacity of producing that many channels.
peared to be up to 20 times larger than expected from the Next we attempt to estimate the number of channels first
sodium ionic currents, which prompted us to examine infrom the gating current because this requires fewer assump-
detail both the conducting and gating properties of thetions, i.e., only a figure for2q, the total gating charge
sodium channels and to search for possible conditions redisplaced in a single activated channel assumed to he 8 e
sponsible for the observed mismatch. Before trying to esti{see above, Eq. 2). The numbers of gating chanhgls
mate absolute channel numbers, the amount of gatingbtained in this way are given in Table 1 and range between
charge per oocyte is initially considered and compared with..3 and 5.7x 10° channels per oocyte, with an average of
that from potassium channels expressed in oocytes of the.1 + 1.4 X 10° channels. This number corresponds to an
same batchShakerpotassium channel cDNA cloned into amount of~1 ng channel protein per oocyte, which is well
the same high-expression vector as the sodium channel (@ithin the capability of stage VKenopusoocytes for syn-
gift from Dr. Ligia Toro) was mutated to obtain the non- thesizing membrane proteins (Richter and Smith, 1981;
conducting channels as elsewhere used to study potassiuBalili et al., 1988). A further interesting quantity is the
channel gating currents (mutation W434F; Perozo et al.channel density per membrane area. The oocyte membrane
1993). In Fig. 11, a comparison of whole-cell recordingsis ~5 times larger than the surface of a simple sphere of 1.3
obtained with our optimized TEVC is shown from oocytes mm diameter due to the extensive microvillous structure. A
injected with cRNA either coding for wild-type rBIIA so- good estimate may be taken from the membrane capacitance
dium channels or W434F potassium channels. Recordingsf ~250 nF/oocyte in our case, which indicates an area of
for a family of step depolarizations were taken at different0.25 cnf of a standard lipid bilayer with JuF/cn?. This
temperatures (7.5, 15, and 22.5°C). The gating-currentgives for 4 x 10° channels a density of 160 channels per
from both channel types are faster at higher temperature, gsm? effective membrane, a figure which is rather close to
expected, and both depend in a similar manner on voltagel80 (Bekkers et al., 1986) or 330 sodium channelsypef
In contrast, the capacitance transients and the small asynj€onti et al., 1975) found in native excitable membrane of
metries are practically unchanged at different temperaturesquid giant axons.

A Sodium gating current B Potassium gating current

7.5°C 7.5°C

FIGURE 11 Comparison of sodium
(rBIIA) wild-type channel and potassium
channel ShakerW434F) gating currents
recorded with fast TEVC at different tem-
peratures, as indicatedd)(Sodium-gating
currents for test pulses 660 to+60 mV 15°C 15°C
in steps of 10 mV; capacitance transients
indicate identical clamp speed at the dif-
ferent temperatures. Note that in MBS the

. < i

blocking effect of 2uM TTX is much 20 20
better at 7.5 than at 22.5°@)(Potassium
gating currents in MBS at similar clamp
speed and temperatures as usedAin
testpulses-60 to +60 mV in steps of 20 -8 -15
mV. The km_etlcs of the potassium chan- 8 22.5°C 15 22.5°C
nels are~5 times slower than those of the
sodium channels. Experiments PFKNaG,
P13N6-9.

ESCE ERCE
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When attempting to estimate the channel number from Despite many critical comments on the applicability of
the ionic currents, there are several factors and assumptioly,, as an estimate proportional to the number of open
to be considered. A first crude estimate may be obtained bghannels independent of voltage and ion concentrations, it
simply dividing a peak sodium current 6f50 uA by a  appears to us still the most reliable method. Under Fig. 6 we
single channel current of 0.9 pA (Goldin, 1991), both ob-have discussed the experimental evidence for changes in
tained in~90 mM external sodium and in a similar voltage external sodium. With respect to the internal sodium con-
region of —30 to —10 mV; this would give 56x 10° open  centration and its effect on conductance, we could rather
channels at peak time. However, a macroscopic ionic cureonvincingly show that the estimation of changes in {lNa
rent of that size may be distorted By errors, as discussed can be well estimated fronk,,, although the absolute
in the Results. This was minimized in our case by obtainingigures might have a shift due to a partial selectivity of Na
the conductancelV around the reversal potential. Divid- channels for K. This is also supported by the results of an
ing the mean figure of 0.56 mS (Table 1) by a typical singleoften-quoted study on the node of Ranvier that critically
channel conductance of 11 pS #6enopuocytes (Auld et examines the applicability of the independence principle
al., 1988) one arrives at a similar figure of 4810° open  and the GHK equation (Fig. 5 in Hille, 1975). The change
channels at peak time which, however, will be revised (se®f external sodium to 232, 116, and 58 mM resulte&,g,
below). It assumes a normal concentration of cytoplasmiwalues of 55.4, 39, and 22.6 mV, and we would calculate for
Mg?* (whole-cell conditions for our experiments as well as[Na*]; figures of 23.7, 24.8, and 25.6 mM, which as would
for the quoted single channel figure from Auld et al., 1988be expected for this preparation, are rather constant. The
or from Goldin, 1991) while at zero Mg the conductance absolute figures may not be correct due to a nonperfect
is ~15 pS (Pusch et al., 1989). In our study we had to deaselectivity of the channels for sodium, but the change in free
with different sodium concentrations and nonsymmetricalNa* in which we are interested would thus be well detected.
distributions on the internal and external side of the memThe quoted study arrives at a relative permeability for
brane and, therefore, we preferred to use the permeability &/Py, of 0.08 such that, e.g., 100 mM [K; would appear
obtained by Eq. 4. By dividing the maximal permeability as 8 mM N&. In another study on rat skeletal muscle
Pna Obtained ak,, by the single channel permeability we sodium channels expressed Xenopusoocytes a lower
obtained for the number of channels that are open at pedfigure for P/Py, of ~0.02 was found (Chiamvimonvat et
time (N;,) a mean of 145+ 118 X 10° (Table 1). This al., 1996). In our experiments [H, is constant; therefore,
figure is about three times larger than the current- or conin order to account for the observed changegig, [K '];
ductance-based estimates above. Here, one has to recall theduld have to change by an amount of 12-50 times more
conductance depends on the ionic concentration and th#an our calculated changes for sodium, which seems very
permeability is meant to account for it. It is interesting to unrealistic. The quoted study of Chiamvimonvat et al.
separate the figures of Table 1 for each external sodiuni1996) and a study by Pusch (1990) on rat brain 1l sodium
concentration of 90, 20, and 10 mM. For each the mBgn  channels show the applicability of the GHK-equation for
obtained is (in mS) 0.94, 0.57, and 0.49, respectively; like-asymmetrical sodium concentrations. Especially in the latter
wise, Py, is (in nl/s) 5.2, 8.6, and 15.4 whil®, is rather  paper it is clearly shown that iV checked by tail-currents
constant with figures of (in nC) 3.8, 4.3, and 3.6. Lookingis reduced acrosk,, for 30//125 mM Na, but does not
now again at the number of open channels obtained fronshange if [N&]; is also 125 mM and is fitted well by the
Gy OF Py for [Na™], of 90 mM one obtains from perme- GHK-equation in 0 M§™. In conclusion, there is much
ability 90 x 10° channels (meam,, in Table 1 for 90 evidence that the single channel conductant&{§l should
[Na*].) and from the mean conductance of 0.94 mS dividedncrease if either the external or the internal sodium con-
by 11 pS a figure of 86< 10° channels. Thus, both methods centration is higher, which is accounted for by usig,
now come to similar results. This should be so by definition, Therefore, if we find at increasing levels of internal Na
if the correct single channel slope conductance at the actuabnstant or even decreasingdy/ (see also Results under
E,., and ionic concentrations is taken. For the 90 mM casé-ig. 8 E) the most likely interpretation is a decrease in the
and a meark,, of 29 mV the slope conductance Bf,, = number of conducting channels.
obtained by Eqg. 4 (Fig. 1) would be 10.8 pS for the known Whatever method is used to estimaig,, it is definitely
single channel properties, i.e., close to the 11 pS assumed much lower than the numbe, obtained from the gating
the first estimate above. Thus, at the higher [Naand  charge. This may be expressed as an overall open probabil-
lower E., the slope conductance increases in comparison tay N; ,/N, of 1-5% at elevated internal sodium and 5-25%
Fig. 1 and equals the generally assumed value for the cordt low internal sodium (Table 1). Here, we propose to take
conductance. The conclusion is that the factor three obinto account that normal sodium channels have an open
tained above for the total means comes from the divergencegrobability p° of ~0.5 at peak time and at higher potentials
of Gy, and Py, at lower sodium concentrations on both (see Eqg. 6 and its discussion and quoted references). Ac-
sides of the membrane, but always assuming 11 pS for theordingly, we separate the overall open probability into the
single channel conductance. product of p° equal to 0.5 (channels with normal open
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probability) multiplied withF?, the variable factor between  As shown, our findings depend on the relevant figure for
0 and 1 indicating the fraction of normal channels. TR&n the total gating charge per single channgdj (n our nota-
varies from 0.02 to 0.1 or 0.1 to 0.5 for different internal tion or Aq in Sigg and Bezanilla, 1997) but vice-versa also
sodium concentrations, respectively, and would give théhave some impact on estimations of it. This quantity is of
fraction of all channels that contribute to the ionic currentrelevance for the modeling of channel function (Almers,
with normal p°® of 0.5. This interpretation appears reason-1978; Sigworth, 1995; Hirschberg et al., 1995; Sigg and
able because the ratio of conducting channels to gatingezanilla, 1997; comment by Horn, 1996). We do not
channels obviously varies with changed cytoplasmic sointend an in-depth discussion &g here, but would like to
dium concentrations as if being modulated in some waypoint out that if we would divide the total gating charQe
Thus, we suggest that the very small ionic conductance iRy the number of conducting channéls,, we would arrive
relation to the gating current is not due to a reduced singlét far too large figures fokq since—as shown in this
channel current amplitude but rather to a variably reducedtudy—the gating current from the “silent” channels would
open probability, which again may be split into a small €roneously be included. This may in some way be com-
fractionF2 of normally conducting and gating channels, andPared to the term “peripheral” charge suggested by Sigg and
a fraction (1— F?) with a very low or even zero probability Bezanilla (1997) who show in their theoretical study the
of opening the pore, but still normal gating current. In otherconstraints for estimatinyq by methods like the “limiting
words, there may be a fraction of channels that are silent!OP€” or ‘Q/N " procedures. In our study we were forced to

with respect to ionic conductance but not with respect td?S€ high expression of channels and are not able to decide

gating current. We further conclude that the calculationhether our conclusions also apply for channels at the lower

from the gating current counts more or perhaps all of thegxpression levels used in other studies. However, our find-

channels in the membrane, while the calculation from thd"9S May be taken. Into account n studies whaig is i
derived as the quotient of total gating charge (necessarily

ionic current certainly underestimates the number of ex- btained f hiah . " divided by th
pressed channels, especially under raised internal sodjurff>tin€d from nign-expression oocy es) divided by the

To us it appears plausible that the pores of the modulate,?uTger ofaclzondli)(;t!gg_gr;anneelf aZOb.tr?mid' e'%'t'ofrgr': f:]u;
sodium channels are blocked while the gating machmeryL.Jal N analysis ot 1onic currents. Again we wan P
L o Size that a constant ratio of charge over conductance as
remains intact, because the voltage sensors are distributedin ) -
. . ound, e.g., in the study of Schoppa et al. (1992) for K

the channel protein and will hardly be stopped altogether, ) :
: : channels suggests fully functional channels in contrast to
There is an early study on calcium channels that we know t?h bl S
. . the variable ratio in our study.

be structurally closely related to sodium channels, which

. : . o In conclusion, we found in whole oocyte experiments
also demonstrates a varying ratio of gating- to lonic-current, iy high expression of sodium channels a low and variable
under modulation by @-subunit (Neely et al., 1993). Re-

L : ercentage of ion-conducting channels compared to gating-
cent studies in transfected cells show for calcium channel g 9 P 9 g

hat theB1A-subunit i h . b urrent-producing channels. The ratio showed a clear in-
that t_ eB1A-subunit mgreasest € 1atio Gfnax 10 Qmax by verse correlation to the internal sodium concentration or,
favoring channel opening (Kamp et al., 1996; Jones et al

; rather, the influx of sodium ions. With respect to the un-
1998). Another study on the same preparation demonstrat%%rlymg cause for the low sodium permeability or probably

the usefulness of correlating gating- and ionic-currents fOfa g fraction of silent sodium channels we speculate as
the study of calcium channel inactivation (Jones et al.¢o|iows. The sodium load represents an energetic stress if
1999). The main issue of our study is not so much thene cell tries to actively pump out the surplus of sodium. The
absolute ratio oN;/Ng, but the nearly 20-fold change of this 53¢t that the influx either due to leak or pulstgl, would
ratio. The absolute ratio would change by a constant factogayse more change of cytoplasmic free sodium than actually
for all data if for2q not 8 but 12 g would be assumed (as opserved strongly suggests an enforced activity of Na/K-
reported consistently for Kchannels and also proposed for oTp-ase for sodium homeostasis consuming, therety,
Na™ channels, see above). Thef, would grow from the  mm/i/min ATP. One could well imagine that this modulates
maximal figure of 0.5 to 0.75. Taking further into account directly or indirectly the conductivity of the sodium chan-
the linearR; error aroundg,, as discussed in Fig. &y,  nels. Interestingly, for the structurally different amiloride-
andPy, would have to be increased. For the largest figuresensitive sodium channel ENaC expresseXémopusoo-

in Table 1 in batch 3 the correction would change the raticcytes, a down-regulation of its conductance for *Nis

by 10-25% depending 08y, and for that experimert®  convincingly shown to depend on [N or Na' influx
might reach unity; but the majority of the tabulated values(see, e.g., Garty and Palmer, 1997; Kellenberger et al.,
still remains far below. The hyperbolic dependence on1998). This down-regulation seems not to be mediated by
[Na*]; in Fig. 7 would remain because the large figures incytosolic C&*, but there is evidence for an involvement of
Table 1 forPy/Q; would be increased more than the small G-proteins (Komwatana et al., 1996). Besides a short-term
ones. The correction has not been applied because the exawn-regulation there is also a long-term effect in that
R, figures are not known for each experiment. incubation of cRNA-injected oocytes in low Nasolutions
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allows a higher expression of ENaC at the cell surfaceArmstrong, C. M., and F. Bezanilla. 1977. Inactivation of the sodium
while sodium influx reduces it. We also had evidence for a channel. Il. Gating current experimenfs.Gen. Physiol70:567-590.

_ ; _Armstrong, C. M., and B. Hille. 1998. Voltage-gated ion channels and
long-term effect for the rBIIA channels. Assuming a con electrical excitability.Neuron. 20:371-380.

tinuous stress of the oocytes during the time of incubatior)\uld’ V. 1. A L Goldin, D. S. Krafte, J. Marshall, J. M. Dunn, W. A.
and channel expression using the high-expression vectors,catterall, H. A. Lester, N. Davidson, and R. J. Dunn. 1988. A rat brain Na
we tried to protect the cells during incubation by adding 2 channel alpha subunit with novel gating propertidsuron.1:449—461.

I-’«M TTX to the incubation bath during the 2—15 days of Bangalore, R., G. Mehrke, K. Gingrich, F. Hofmann, and R. S. Kass. 1996.

h | . inthe i bator. O | iod Influence of L-type Ca channel alpha 2/delta-subunit on ionic and gating
channel expression In the incubator. Vver a long perod, We ¢ rent in transiently transfected HEK 293 cellen. J. Physiol. Heart

consistently made the observation that the oocytes becamecirc. Physiol.270:H1521-H1528.
more stable in TTX incubation and seemed to express &aumgartner, W., L. Islas, and F. J. Sigworth. 1999. Two-microelectrode
higher number of channels more quickly. We did not study voltage clamp oXenopuocytes: voltage errors and compensation for

. . . . . L local current flow.Biophys. J.77:1980-1991.
this in detail, but found further evidence in this direction in Bekkers, J. M., I. C. Forster, and N. G. Greeff. 1990. Gating current

ongoing .StUdies on mutated channels liiand Greeﬁ, in associated with inactivated states of the squid axon sodium channel.
preparation; Kn and Greeff, 2000). The TTX-resistant Proc. Natl. Acad. Sci. USA7:8311-8315.
mutant D384N, which has only a negligible conductance forBekkers, J. M., N. G. Greeff, and R. D. Keynes. 1986. The conductance

sodium (Pusch et al., 1991) gave comparably large gating ?”gh?/;r;sliti'l_g;ds)og;‘;ﬂgﬂ'gng'S inthe cut-open squid giant axon.

qurrents. In .ContraSt’ Channe_ls with hand|capped InaCtlvaBekkers, J. M., N. G. Greeff, R. D. Keynes, and B. Neumcke. 1984. The
tion and being leaky for sodium, such as the mutants of effect of local anaesthetics on the components of the asymmetry current
rBIIA IFM/QQQ or the Paramyotonia congenitaquivalent in the squid giant axon]. Physiol. (Lond.)352:653-668.

R1626C, gave much less gating current and only relativelyezanilla, F., E. Perozo, and E. Stefani. 1994. GatingSbakerK™

L . channels. Il. The components of gating currents and a model of channel
small ionic currents. The oocytes expressing these mutants . ation Biophys. J66:1011-1021.

aIso. showed more ppsitive resting potentia_JSLQ t0.+20 Bezanilla, F., and E. Stefani. 1998. Gating curreiMthods Enzymol.
mV instead of the typicat-20 to —40 mV), which indicated 293:331-352.

an influence of open sodium channels at rest. All theseBulatko, A. K., and N. G. Greeff. 1995. Functional availability of sodium
observations support the interpretation that a continuous channels modulated by cytosolic free ?Cain cultured mammalian
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