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ABSTRACT Cut-open recordings from Xenopus oocytes expressing either nerve (PN1) or skeletal muscle (SkM1) Na™
channel a subunits revealed slow inactivation onset and recovery kinetics of inward current. In contrast, recordings using the
macropatch configuration resulted in an immediate negative shift in the voltage-dependence of inactivation and activation, as
well as time-dependent shifts in kinetics when compared to cut-open recordings. Specifically, a slow transition from
predominantly slow onset and recovery to exclusively fast onset and fast recovery from inactivation occurred. The shift to fast
inactivation was accelerated by patch excision and by agents that disrupted microtubule formation. Application of positive
pressure to cell-attached macropatch electrodes prevented the shift in kinetics, while negative pressure led to an abrupt shift
to fast inactivation. Simultaneous electrophysiological recording and video imaging of the cell-attached patch membrane
revealed that the pressure-induced shift to fast inactivation coincided with rupture of sites of membrane attachment to
cytoskeleton. These findings raise the possibility that the negative shift in voltage-dependence and the fast kinetics observed
normally for endogenous Na* channels involve mechanical destabilization. Our observation that the 81 subunit causes similar
changes in function of the Na™ channel « subunit suggests that 81 may act through interaction with cytoskeleton.

INTRODUCTION

Voltage-gated N& channels are heteromeric complexesmimic the effects of low molecular weight brain mRNA on
consisting of a large pore-forming subunit and one or Na' channel expression and function (Isom et al., 1992).
more small auxiliary3 subunits (Hartshorne and Catterall, The existence of factors other than auxiligg¢ysubunits
1984). Mammalian brain Nachannels are complexes @f  that can alter inactivation kinetics has been suggested by
(260 kD) and two distinct auxiliary subunits designagd  studies in which N& channela subunits are expressed in
(23 kD) andp2 (21 kD). Skeletal muscle Nachannels are cells lacking endogenous Nechannela and 81 subunits.
heterodimers composed of an subunit and a singlgd ~ Expression of rat cardiac (rH1) and rat brain type IIA in
subunit (38 kD), which is homologous to the brg#i ~ mammalian cell lines results in Nachannels with rapid
subunit (Isom et al., 1994). Expression of rat brain or ratactivation and inactivation characteristic of native neuronal
skeletal muscle N& channela subunits alone irKenopus Na' channels (Scheuer et al., 1990; West et al., 1992; Qu et
oocytes yields N& currents that activate and inactivate in al., 1994). Similar results have been obtained after transient
response to depolarization and are inhibited by TTX (Gol-expression of the rat and human skeletal muscle SkM1 Na
din et al., 1986; Trimmer et al., 1989; Joho et al., 1990).channels in human embryonic kidney (HEK 293) cells
However, as first reported by Auld et al. (1988), Na (Ukomadu et al., 1992; Chahine et al., 1994).

currents resulting from injection af subunit RNA inacti- The mechanisms governing fast and slow inactivation of
vate more slowly than channels present in endogenouda” channels are poorly understood. A growing body of
tissue. Rapid inactivation of Nacurrent is restored whem  evidence supports the hypothesis that fast and slow inacti-
subunits are coexpressed with low molecular weight ravation are structurally distinct processes that are not tightly
brain mRNA, suggesting a possible requirement for auxil-coupled and are not mutually exclusive (Rudy, 1978; Feath-
iary subunits for normal functional expression (Auld et al., erstone et al., 1996; Townsend and Horn, 1997; Vedantham
1988; Krafte et al., 1990). Indeed, coexpression of rat braiiand Cannon, 1998). Single-channel analysis of rat brain
1 subunit RNA with type I1Ax RNA results in accelerated (Moorman et al., 1990) and skeletal muscle (Zhou et al.,
inactivation of N& current, increased peak current ampli- 1991) Na channela subunits, expressed Xenopusoo-
tude, and shifts in the voltage-dependence of inactivation t6ytes, show interconversion between two inactivation

more negative membrane potentials. These changes dnodes. Thus, thex subunit does not have an absolute
requirement for the auxiliary subunits in order to exhibit

normal gating behavior. Consistent with this idea, several
studies have identified conditions under which exogenously
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through cytoskeletal disruption. The functional characteris- Video imaging of the macropatch was performed on a Zeiss Axioscope
tics of the converted subunit are quantitatively similar to the FS-2 using a 63 water-immersion Zeiss physiology objective (n.a. 0.9)

actions of thq@l subunit. suggesting a common mechanism with further magnification provided by a>2 optovar. Differential inter-
» SUgg 9 ‘ference contrast provided a sharp image of the plasma membrane of the

oocyte and the pigmented cytoplasmic inclusions located at the animal
METHODS pole. Video of the entire experimental sequence was performed using a
Sony RGB color video camera (model DXC-960MD). The video images

Sections of ovary were surgically isolated from anesthetketbpusrogs were acquired at rates of either 0.2 Hz or 0.5 Hz'with a Scion Instruments
(Nasco, Fort Atkinson, WI) and were enzymatically treated with 10 mg/m| LG-3 frame-grabber by means of a Power Macintosh G3 computer. The
collagenase (Gibco BRL, Grand Island, NY) for 20 min. After extensive stored yldeo images were processe?d off-llne using National Institutes of
washing the follicle cell layer was mechanically removed from stage Vv-vi Health image software. Electrophysiological recording of the macropatch
oocytes and cells were allowed to recover in a nutrient OR-3 mediunfN@ current in response to a 10 ms depolarization-60 mV was
overnight. The OR-3 medium contained 50% L-15 medium, 4@@m! synchronized to video acquisition. Accordingly, th_e corres'pondmg video
gentamycin, 4 mM glutamine, and 30 mM Na-HEPES (all Gibco BRL, frame and N& current could be matched for analysis. Intrapipette pressure
Grand Island, NY), pH-adjusted to 7.6 with NaOH. The next day, oocytesWas controlled_using_a pneumatic transducer tester DPM-IB (Bio-Tek
were individually injected with 100-140 ng of RNA coding for either INstruments, Winooski, VT).

SkM1 (Trimmer et al., 1989) or human PN1 (Klugbauer et al., 1995, kindly

provided by F. Hoffman)}x subunit. In cases where humga (Makita et

al., 1994, kindly provided by A. George) was tested, the oocytes WeréqESULTS

injected with a mixture of 75 ngx RNA and 25 ngBl RNA, and . .
mjaintained at 18°C in OR-3 medigxm. The methods uigd to synthesize thgoexpressmn of _the B1 _SUbumt alters Na™
RNA were identical to those previously published (Murray et al., 1995). channel a subunit function

Na" current was measured using either standard cut-open oocyte meQ t-open oocvte voltage clamp recordinas were used to
age clamp (Taglialatela et al., 1992) or macropatch techniques (Leonard ut-op yle v g p Ings w u

al., 1986) within 2—5 days after the RNA injection. In both cases the curren€OmMpare the functional properties Nahannela subunits
was generally recorded from the animal side of the oocyte at 21-22°C. Faio e+ 81 channels. The Nacurrent resulting from expres-
micropatch and macropatch recordings, the oocytes’ vitelline membrangijon of either PN1 (Fig. B) or SKkM1 (Fig. 2A) « subunits
was removed manually and the oocyte was repeatedly penetrated with Alone exhibited a slow decay of inward current, reflecting
blunt electrode. This action, combined with the high-potassium bath solu- . s L

tion, nulled the membrane potential. The bath solution contained (in mM):SIOW che}nnel |nact|vat|-op. The majority of SkM1 ar.]d PN1
120 KCH,SO,, 2 MgClL, 1 K-EGTA, and 10 K-HEPES at pH 7.2. & subunit patches exhibited a pure monoexponentlal decay
Micropatch electrodes were pulled to a final outer diameter (0.D9)2%5  of inward current. For SkM1 channels, inactivation oc-
mm using a Flaming/Brown micropipette puller (Model P97, Sutter Instru- curred with an average time constant of£4 ms i = 10)

ment Co., Novato, CA) and lightly fire-polished. Macropatch pipettes at a membrane potential of5 mV. Slightly faster rates of

(borosilicate glass, WPI, Sarasota, FL) were pulled to an O.B-2ff um, . L . .
coated with a 1:3 mixture of Parafilm/mineral oil, and fire-polished to a inactivation were observed for PNL subunits, which av-

final tip diameter of~10—15 um. Pipettes were filled with a soluton €raged 9= 3 ms fi = 9) at 5 mV. Coinjection of the81
containing (in mM): 120 NaCkBQ,, 2 CaCl, and 10 Na-HEPES at pH  subunit RNA with either PN1 (Fig. B) or SkM1 (Fig. 2B)

7.2. Both cell-attached and excised patches formed seals in excesdbf 2 Gy subunit RNA inXenopusoocytes resulted in fast inacti-
upon application of steady, gentle, negative pressuré. darents were vation of Na" current. The time course of current decay was

recorded by means of an Axopatch 200A amplifier (Axon Instruments,monoe onential with a fitted time constant correspondin
Inc., Burlingame, CA) and processed using HEKA Pulse software (In- Xp 1al wi ' : p Ing

strutech, Great Neck, NY). The currents were sampled at 50 kHz and0 1.3 % 0.2 ms (1 = 6) at —5 mV for PN1 and 0.9= 0.1
filtered at 10 kHz before analysis. Capacitive transients were compensates (1 = 11) at—10 mV for SkM1 N& channels.

using a combination of manual compensation on the amplifier and further The effects 0f31 subunits on the voltage-dependence of
processing using either a P/4 or P/10 leak subtraction protocol. activation and inactivation were determined for both PN1

For cut-open oocyte voltage clamp recordings the three-compartment .
chamber provided with the CA-1 voltage clamp (Dagan Corporation,and SkM1 Nd channel types. Comparisons of the current-

Minneapolis, MN) was used. Both top and guard chamber solution conVoltage relations indicated thatl left-shifted the midpoint
tained (in mM): 110 NaCKS0,, 2Ca(CHSQ,),, and 10 Na-HEPES at pH  Of activation by an average of6 mV for PN1 (Fig. 1C)
7.2. The bottom chamber contiguous with the cell interior contained agnd —5 mV for SkM1 (Fig. 2C). Steady-state inactivation
solution composed of (in mM): 120 KGJSQ;, 1 K-EGTA, and 10 K- \y55 determined by use of either a 300-ms (for PN1) or
HEPES at pH 7.2. Agar bridges filled with 120 mM Nag¥D, and L . .
containing a black platinized platinum wire were used to pass current an(?_oo'ms (for Sle) Condlt'omng DUIse to produce Inactiva-
control the chamber potentials. An intracellular micropipette filled with 3 tion followed by a 10-ms test pulse to a voltage correspond-
M KCI (~100 k) measured the membrane potential. Currents wereing to peak inward current. These parameters were selected
acquired using a CA-1 oocyte clamp amplifier (Dagan). Oocytes thathecause they consistently produced a steady-state level of
showed an obvious lack of proper voltage control were discarded. inactivation for each channel isoform. Boltzmann fits to the
Data analysis was performed using HEKA PulseFit software (In- dv- . L lati btained f PNT N
strutech, Great Neck, NY) and IGOR Pro (WaveMetrics, Lake Oswego,Stea y Sta}te .|nact|vat|on. rela Ions_ 0 ame, “?m a
OR). The current-voltage relationships for Neurrents were fitted by the ~ channels indicated no difference in the midpoint foand
Goldman-Hodgkin-Katz equations and the half-activation potential wasa+ 31 channels (Fig. D). Fitting of the SkM1 relations
determined on the basis of the fit. Steady-state inactivation data were fittefhdicated a—6 mV shift in steady-state inactivation for
with a Boltzmann equatioh(V) = amplitude/(1+ exp (— (V — Vyan)/ a+pl channels (Fig. ZD).

slope)) and midpoint of inactivation determined from this relationship. The Fast inactivation of inward current could also be experi
decay of Nd currents and time course of recovery from inactivation were : ivall Inw u u Xperi

fitted by either single or summed exponential functions. Cumulative datan"ent_a"y_ induced by “super-injection” of RNA. Pure _SlOW
are presented as the means and standard deviations (me&p3. inactivation of both PN1 and SkM1 Nachannek subunits
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FIGURE 1 Effects of coexpression of th#d subunit and cell-attached macropatch recording on RISibunit function. ) Cut-open voltage clamp
recordings of N& currents fromXenopusocytes expressing subunit alone andB) expressing botlx and 81 subunits. In both oocytes the voltage was
stepped from a holding potential 6100 mV in increments of 5 mV, starting from30 mV for A and —40 mV for B. (C) Normalized current-voltage
relationship of PN1 Na channels formed by the subunit alonedpen squares, == 9 oocytes) and by and 81 subunits ¢losed squares, & 7). (D)
Steady-state inactivation of Nachannels formed from the subunit alonedpen squares, & 6) and bya andp1 subunits ¢losed squares, & 9). Oocytes

were held at-100 mV and depolarized, every 10 s, with a 300-ms conditioning pulse to produce inactivation. The peak current amplitude measured during
a test pulse to 0 mV was normalized to the maximum current amplitude and is plotted as a function of the conditioning pulse potential. Both data sets were
fit using the Boltzmann function yielding the indicat¥g,, values. E) Cell-attached macropatch recordings from the oocyte expressing the: Biunit

alone immediately following seal formation. The membrane potential was stepped-ftd® mV to potentials between50 mV and—10 mV in 10-mV
increments at 3-s intervalgz) Cell-attached macropatch recordings from the same oocyte 15 min after formation of the seal. The membrane potential was
stepped from—140 mV to potentials between50 mV and—10 mV in 10-mV increments at 3-s intervals.
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FIGURE 2 Effects of coexpression of t§gd subunit on SkMXx subunit function. &) Cut-open voltage clamp recordings of Neurrents fromXenopus

oocytes expressing the subunit alone andB) expressing botlx and 81 subunits. In both oocytes the voltage was stepped from a holding potential of
—140 mV in increments of 5 mV, starting from30 mV for A and —40 mV for B. (C) Normalized current-voltage relationship of PN1 Nehannels

formed by thea subunit alonedpen squares, & 10 oocytes) and by and 81 subunits ¢losed squares, & 11). (D) Steady-state inactivation of Na

channels formed from the subunit alonedpen squares, &= 10) and bya and 1 subunits €losed squares, & 11). Oocytes were held at140 mV

and depolarized, every 10 s, with an 800-ms conditioning pulse to produce inactivation. The peak current amplitude measured during a te§ pulse to
mV was normalized to the maximum current amplitude and was plotted as a function of the conditioning pulse potential. Both data sets were fit using the
Boltzmann function yielding the indicated,, values.

was faithfully observed under conditions whereidi00 ng  that the fast and slow components of inactivation had sim-
of a subunit RNA was injected into the oocyte. By contrast,ilar voltage-dependence. The possibility that the fast inac-
injection of ~1.5 ug of a subunit RNA encoding either tivation represented a loss of voltage control due to the large
channel type resulted in currents that decayed with a biphasize of the current (20-50A) was ruled out by reducing
sic time course. In the case of SkMd subunits the fast external sodium concentration. Reduction of ‘Neurrent
component of inactivation accounted for over half of thedid not affect the biexponential decay of inward current.
total inward current (data not shown) and had an average
time constant of 0.5- 0.2 ms @ = 5) at —10 mV. The .

) . T . Macropatch recording alters voltage-dependence
residual slowly inactivating inward current decayed with the L . -

. . and kinetics of « subunit function
typical slow time constants observed for pure slow currents.
Neither the voltage-dependence of inactivation nor activain the cut-open mode of voltage clamp the ‘Naurrent
tion was shifted as a result of the fast inactivation, indicatingassociated with thex subunit was stable over time>@0
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min) without any noticeable change in amplitude or kineticsdence of fast inactivation time constants for cut-open
(n = 30) (Fig. 3 A). However, formation of large cell- «-+B1, macropatchx+B1, and macropatch Na* current
attached patches using the macropatch configuration (pafter the time-dependent shift to fast inactivation. No sig-
pette tip O.D.~15 um) consistently resulted in a gradual nificant differences were measured for macropaichBl

and permanent transition to fast inactivation over the coursgersus macropatch currents after transition to pure fast
of minutes 6 = 40). Immediately after formation of the inactivation (Fig. 4F). Thus, 1 subunits have no additive
macropatch (Figs. E and 3B) the time course of inacti- effect on speeding inactivation beyond that observed for the
vation of Na current was indistinguishable from that ob- o subunit alone. Further comparisons to cut-open record-
tained using the cut-open recordings from the same oocytmgs were complicated by the macropatch-induced change
(Figs. 1A and 3A). However, over time, a fast component in the voltage-dependence. However, it appears that differ-
of inactivation appeared that resulted in an overall decagnces in the time constants of fast inactivation exist between
that was described by a biexponential function (Fig$ 1 cut-opena+B1 and macropatch Na* current (Fig. 4F).

and 3 C). This transition was not accompanied by anyIn particular, the inactivation time constants for cut-open
substantial change in peak inward current (Fig8 3ndC). a+B1 current are larger at all potentials tested. Due to the
Furthermore, measurement of the amplitudes of fast andifferences in voltage-dependence it is not possible to pre-
slow inactivating components indicated a slow transition tocisely compare time constants at negative potentials: the
pure fast inactivation with no change in overall currentrange over which inactivation kinetics are highly voltage-
amplitude (Fig. 3F). In a few experiments the macropatch dependent. However, comparisons at positive potentials re-
was intentionally excised from the oocyte by drawing theveal a small difference. An explanation for these differences
patch pipette far away from the cell. In all of these cases thenay reside in the effects of macropatch formation on ac-
transition to fast inactivation was accelerated. celeration of activation kinetics, a point which will be

The macropatch recordings also revealed differences idiscussed in a later section.
voltage-dependence compared to recordings obtained using Similar actions of1 and macropatch formation od
the cut-open voltage clamp technique. Large negative shiftsubunit function are reflected in the recovery rates for fast
in the current-voltage relations (Fig.[3) and steady-state and slow inactivating components of inward current. Re-
inactivation (Fig. &) were observed immediately after seal covery rates from inactivation were determined using
formation. A smaller left shift in voltage-dependence of 800-ms inactivating prepulses t610 mV, followed by a
both activation and inactivation occured during the subsetest pulse at prescribed recovery intervals (Fig)Overall
quent 15 min of recording. This difference in voltage- results from five oocytes expressing SkMlsubunits in-
dependence was not due to errors in estimating the actudicated that Na current recovery follows a biexponential
membrane potential for macropatch recording because thitme course at-140 mV. Moreover, the two time-depen-
oocyte membrane was pierced by a blunt electrode in thdent components of recovery correspond to fast and slow
presence of 120 mM KCEEO; to fully eliminate the resting  inactivating components of inward current, respectively.
potential. The midpoint of activation for cut-open record- This is reflected in the measurements of the individual
ings averaged—-21.4 = 3.6 mV (h = 9) compared to contribution of fast and slowly decaying inward currents to
—44.7+ 3.3 mV (h = 9) for macropatch recordings (Fig. 3 the overall inward current at each interval. For interpulse
D). This represented a 23 mV difference in the voltage-intervals<<10 ms the inactivation of pulse 2 inward current
dependence of activation. The midpoint of steady-state inwas purely fast, with a time constant corresponding to 0.7
activation for cut-open recordings averaged7.3 = 2.1  ms (Fig. 5A). This fast inactivation contrasted with the
mV (n = 9) compared t0-92.9 + 7.3 mV (h = 9) for  observed decay of pulse 1 current which, in all trials,
macropatch recordings (Fig.B. This represented a 46 mV exhibited >90% slow inactivation. At longer interpulse
difference in the voltage-dependence of inactivation. intervals the recovered current exhibited mixed slow and
fast inactivation with progressively greater contribution by
slow inactivation with increased recovery interval. By the
time that the interval reached 0.5 s the current was predom-
inantly slowly inactivating, as demonstrated by the pulse 2
current trajectory (Fig. 3.

The time constants for recovery of fast inactivating com-
The effect of macropatch recording on Nahannel inac- ponents of the SkMIx subunit measured by the cut-open
tivation kinetics (Figs. 3B and C; 4 C) appears to be recording technique (Fig. B) were compared to those
qualitatively similar to the effects mediated Il subunit measured for fast inactivating currents seen in the presence
coexpression (Fig. 4). Unlike the time-dependent transitiorof B1 subunit (Fig. 3D) and after macropatch conversion of
to fast inactivation kinetics byx subunits alone, macro- « subunit (Fig. 5C). Comparisons of the recovery curves
patches from oocytes expressing baethand g1 subunits  for cut-open recordings of SkM&+ 1 currents to those
exhibited fast inactivation from the onset of seal formation.obtained after macropatch-induced conversion of SkiM1
Quantitative differences of these two mediators of fast in-subunit showed similar fast time constants for recovery.
activation were examined by measuring the voltage-depenfhese data support the idea that g#iesubunit acts to speed

Comparison of g1 subunit effects on channel
function to the macropatch-induced
changes in function
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FIGURE 3 Effect of cell-attached macropatch recording on the functional properties of the &kMiunit. ) Cut-open voltage clamp recordings of

Na* currents fromXenopusoocytes expressing subunit alone. The membrane potential was stepped frd40 mV to potentials between35 mV and

=5 mV in 5-mV increments at 3-s interval8)(Cell-attached macropatch recordings from the same oocyte showvimmediately after seal formation.

The membrane potential was stepped frerh40 mV to potentials between60 mV and—20 mV in 5-mV increments at 3-s interval<)(Cell-attached
macropatch recordings from the same oocyte 15 min after formation of the seal. The membrane potential was stepfetDfroxhto potentials between

—70 mV and—20 mV in 5-mV increments at 3-s interval®) Current-voltage relationships for peak Naurrents recorded by cut-open voltage clamp
(open squaréscell-attached macropatch configuration immediately after seal formatiosgd circley and 15 min subsequent to seal formatiopgn

circles). (E) Steady-state inactivation curves for Naurrent recorded by cut-open voltage claropén squares cell-attached macropatch configuration
immediately after seal formatiorlpsed circlesand 15 min subsequent to seal formatiopén circley. Oocyte was held at 140 mV and depolarized,

every 5 s, with an 800-ms conditioning pulse to produce inactivation. The peak current amplitude measured during a test pulse to the potemtidihgprresp

to peak inward current i was normalized to the maximum current amplitude and is plotted as a function of the conditioning pulse potential. Both data
sets were fit using Boltzmann function yielding the indicatgg values. F) Time-dependent changes in the relative proportions of staperf symbo)s

and fast ¢losed symbo)sinactivating Nd current during macropatch recording. Naurrents were evoked by voltage step-t@0 mV from a holding
potential of —140 mV. The decay of inward current was fitted with a double exponential function and corresponding peak amplitudes of fast and slow
components were estimated on the basis of the fitted curves.



Shcherbatko et al. Sodium Channel Regulation 1951

A M cut-open (SkM1 o+f1) D

<
.
eV, =427 +2.5mV
- oV,, =-44.7 +3.3mV
1 T T 1T 1 T T 1
-80 -60 -40 20 0 20 40 60 80
mV
B E
0 mv,, =534 +1.4mV
-100 -
-200 —
<
o
-300 —
-400 — ,
oV, =893 +5.1mV [N
o ]
-500 — oV,, =92.9 +7.3mV ~1788Asge T
| — 1 T | T |
0 -140 -120 -100 -80 -60 -40 -20 ©
mV
C F
0.0 H . - m 3.0 -
-0.5 2.5
-1.0 50+ e
fast
< 15 2154 | '
2.0

2.5
0.5

-3.0

mV

FIGURE 4 Comparisons g8l subunit and macropatch-induced conversion ofdraibunit function. &) Cut-open voltage clamp recordings of Na
currents fromXenopusocytes expressing SkMid and 81 subunits. The membrane potential was stepped frd®0 mV to potentials between40 mV

and —10 mV in 5-mV increments at 3-s interval$)(Cell-attached macropatch recordings from an oocyte expressing akitid f1 subunits. The
membrane potential was stepped fronl40 mV to potentials between70 mV and—20 mV in 5-mV increments at 3-s interval<C)( Cell-attached
macropatch recordings from the SkMlsubunit after completion of the time-dependent conversion to fast inactivation 15 min after formation of the seal.
The membrane potential was stepped frort40 mV to potentials between65 mV and—20 mV in 5-mV increments at 3-s interval®) Current-voltage
relationships comparing cut-open recordingoof 81 subunits €losed squaresh = 11) to cell-attached macropatch recordingaof 81 subunits ¢losed

circles n = 9), and toa subunit ppen circles, n= 10) sodium currentK) Steady-state inactivation curves for cut-open recording-o81 subunits ¢losed
squaresn = 11), cell-attached macropatch recordingxaf 81 subunits ¢losed circlesn = 8), anda subunit ppen circles, n= 9) sodium current. Oocytes

were held at-140 mV and depolarized, every 5 s, with an 800-ms conditioning pulse to produce inactivation. The peak current amplitude measured during
a test pulse to the potential corresponding to peak inward currdbtvilas normalized to the maximum current amplitude and was plotted as a function
of the conditioning pulse potential. Both data sets were fit using the Boltzmann function yielding the indicatealues. F) The declining phase of the
inward Na" current was fit with a single exponential function and corresponding me&D] values of time constants were plotted as a function of
membrane potential for oocytes expressingBl (cut-openclosed squares, & 11), a+B1 (macropatchglosed circlesn = 9) anda (macropatchppen
circles, n= 10).



1952 Biophysical Journal Volume 77 October 1999

A cut-open, (SkM1 o)

pulse1 ,, pulse2 pulse 1 , , pulse2 pulse 1 , , bulse?2

1.0 cut-open (SkM1 @)

0.5 T=655+175 ps

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1.0

0.5

3.5

1.0 A cut-open (SkM1 o4B1)

0.5 T=632 +158 us

0.0

T > I ! | T I ! 1 ! | T I ! 1
0.0 0.5 1.0 15 2.0 25 3.0 3.5
ms

FIGURE 5 Time course of recovery from inactivation revealed interconversion between fast and slow inactivation A ddese(sets of paired traces

of SKM1 o subunit N& current are shown with interpulse intervals corresponding to 0.003, 0.03, and 0.495 s. Both pulse 1 and 2 currents were elicited
by 800-ms-long depolarizations from140 mV to—10 mV, with 10-s recovery times between paired pulses (note that the traces shown were truncated).
Pulse 2 current decay required fitting by the sum of two exponential curves with fast and slow time constants except for the briefest interpigse interv
The amplitudes of fastc{osed circley and slow pen circle} components of pulse 2 current decay, estimated by the amplitudes predicted by each
exponential component, are shown as a function of interpulse interval. Small diamonds represent the sum of fast and slow componentB)cfluecay. (
recovery time course for the fast component of current decay shofwimexpanded time scala & 5). The points were fit by a single exponential curve
yielding a fast recovery time constant of 635175 us compared to the slow time constant of 94.@8.3 ms inA. (C) The corresponding recovery time

course for the fast component of decay obtained by macropatch recording of the &Skitiunit 6 = 4). (D) The recovery time course for the fast
component of decay obtained by cut-open recording of the SkMB1 subunit 6 = 4).
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inactivation in a manner similar to macropatch effects ontest depolarizations to activate maximal Neurrent were
the o subunit. synchronized at 5-s intervals. We found that the initial

In contrast to the findings on inactivation kinetics, the contact with the oocyte membrane dictated the amount of
effects of macropatch formation on the voltage-dependencmembrane that entered the electrode upon formation of a
of activation and steady-state inactivation were differentgigaohm seal. When the electrode was pressed firmly
from those mediated by th&l subunit. Coexpression of the against the oocyte membrane, application of negative pres-
B1 subunit resulted in a small negative shift in the voltage-sure resulted in the entry of a small dome of membrane. By
dependence of activation and inactivation measured usingontrast, when the macropatch electrode was allowed to
cut-open recordings (Figs. 1 and 2). The small shift by thdightly touch the oocyte membrane before application of
B1 subunit contrasts with the large negative shift that acnhegative pressure, a considerable amount of membrane en-
companies the macropatch formation (Fig. 4). This largeered the tip during application of negative pressure (Fig. 7).
shift in voltage-dependence of activation and steady-stat&he latter method had the advantage that a large amount of
inactivation was not prevented Il coexpression (Fig. 4, pigmented cytoplasmic inclusions accompanied the mem-
D andE). Comparisons of macropatch recordingsxaf1l  brane in the patch. As the membrane was slowly drawn in
current toa current revealed no significant difference. the electrode, these pigmented inclusions appeared to be
drawn along by virtue of an apparent mechanical attachment
to the membrane.

In a series of experiments (= 5 cell attached patches)
we controlled the pressure in the pipette interior to acceler-
ate or prevent the growth of membrane area in the electrode
A role of cytosolic factors in promoting a conversion to fast (Fig. 8). Application of positive pressure (4—5 mmHg)
inactivation was indicated by our finding that the transition prevented the increase in membrane area as well as conver-
to fast gating was accelerated after patch excision. The idesion to fast inactivation. Alternatively, application of nega-
that cytoskeleton might be involved was suggested by outive pressure facilitated the rate of conversion to fast inac-
finding that the conversion to fast gating was dependent otivation. We took advantage of the observation that the rate
the size of the electrode tip. Micropatch recordings (elec-of conversion could be accelerated by negative pressure to
trode O.D.~2-5 um) showed little transition to fast inac- examine for morphological changes that might accompany
tivation over the time period that macropatch recordingsconversion. The negative pressure was adjusted to speed
exhibit conversion (Fig. 6A and B). These micropatch conversion, and we observed a sudden change in morphol-
recordings also failed to exhibit the negative shift in acti-ogy that accompanied the abrupt conversion to fast inacti-
vation (Fig. 6C) and steady-state inactivation (Figb§that  vation (Fig. 7). The pigmented inclusions, which were
accompanies the formation of macropatches. The microdrawn toward the membrane as though attached, collapsed
patch recordings were similar to those obtained from cutback into an amorphous ball at some critical degree of
open oocyte recordings in terms of both kinetics and volt-membrane stretch. The video frame showing this dissocia-
age-dependence. Further similarities were also reflected ition was precisely correlated with the abrupt change from
the somewhat slower activation kinetic when compared talow to fast inactivation. Also, associated with the collapse
macropatch recordings. Both micropatch (Fig.Bp and  in granule projections was a further increase in the swelling
cut-open oocyte (Fig. B) recorded current activated slower of the membrane in the pipette. Subsequent application of
than macropatch inward current (FigsC4nd 6A). Itisnot  positive pressure to reduce the membrane area did not alter
likely that these differences reflect inadequate voltage conthe inactivation or cause it to revert to slow inactivation.
trol because the differences can be observed for two differHowever, after the abrupt conversion to fast inactivation, a
ent variations of cell-attached recording methods. Theresmall non-inactivating component of inward current was
fore, the faster rise of inward current observed withobserved. Release of negative pressure resulted in an im-
macropatch recording is likely to reflect accelerated activamediate disappearance of this current (Figoattom righ)
tion, similar to the effects on inactivation. This macropatch-and reapplication of negative pressure resulted in reappear-
dependent speeding of activation kinetics may be, in partance. This inward current was likely due to the activation of
responsible for the somewhat slower apparent inactivatiostretch-activated ion channels that were associated with the
rate measured far+ 31 channels (Fig. ). Thus, the more expansion of the membrane. These findings were reliably
synchronized activation could provide for less overlap ofreproduced on eight separate membrane patches, supporting
activation and inactivation. the assertion that the detachment was causal to the change in

To examine for morphological changes that might ac-inactivation kinetics.
company macropatch-induced, time-dependent changes in Based on the observation that functional conversion was
kinetics we utilized high-power differential interference associated with disruption of cytoskeletal links to the mem-
contrast microscopy to examine the membrane within thdrane, we tested for a role of actin or microtubules in
macropatch pipette (Fig. 7). Simultaneous electrophysiologmediating the response. Inhibition of actin polymerization
ical recordings monitored the change in kinetics of"Na by treatment with 1QuM cytochalasin D 1§ = 3) (Cooper,
current after formation of the seal. The video capture andl987) or intracellularly injected 2mg/oocyte at 5 U/mg

Mechanical destabilization mediates the
time-dependent shift to fast inactivation
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FIGURE 6 Effects of membrane patch size and microtubule disrupter, nocodazol, on time-dependent conversion to fast inactivatich) mode. (
Macropatch recordings of Nacurrents from oocytes expressing the SkM&ubunit after a 15 min time-dependent conversion to fast inactivation. The
membrane potential was stepped frem40 mV to potentials betweer70 mV and—25 mV in 5-mV increments at 3-s interval8)(Micropatch (tip

0.D. < 5 um) SkM1 « subunit current recorded 15 min after seal formation. The membrane potential was steppedl#@mV to potentials between

—45 mV and 0 mV in 5-mV increments at 3-s interval€) (Current-voltage relationships comparing cell-attached macropafobn(circley and
micropatch ¢losed circleyrecorded N& current. D) Steady-state inactivation curves for cell-attached macropafoén(circle and micropatchdlosed
circles) recorded N& current. Oocytes were held at140 mV and depolarized, every 5 s, with an 800-ms conditioning pulse to produce inactivation. The
peak current amplitude measured during a test pulse to the potential corresponding to peak inward cOnead imormalized to the maximum current
amplitude, and is plotted as a function of the conditioning pulse potential. Both data sets were fit using the Boltzmann function yielding gBpglicat
values. E) Representative macropatch recordings of SkiMbubunit current immediately after seal formation and after an abrupt transition from
predominantly slow to pure fast inactivation in oocytes after a 30-min treatment witMLOocodazol at 4°C and an additidrg&ah atroom temperature.

The membrane potential was held-at40 mV and stepped to potentials betweef0 mV and—20 mV. (F) Comparisons of the time course of transition

to fast inactivation for macropatclogen circle, micropatch €losed circley and nocodazol-treated macropatdpén squargssodium current. The
amplitudes of fast and slow inactivating components were determined by the same approach described in Fig. 3.
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FIGURE 7 Collapse of membrane-attached cytoskeleton coincides with sudden transition to fast inactivation. Video sequence of macropatch membrane
acquired at 5-s intervalggp to botton), showed time-dependent changes in membrane morphology in response to changes in intraelectrode pressure
(electrode tip 1.D. 1Qum). The first video framet@p leff corresponds to atmospheric pressure shortly after seal formation. During the subsequent video
frames the pressure was decreased-® mmHg and the membrane was drawn into the electrode. Depolarizations—id@ mV to —10 mV were
synchronized to the video capture. The associated SkMdbunit current exhibited slow inactivation during the first five video frames. Transition to fast
inactivation occurred abruptly between the middle right and bottom right frames. The bottom right frame shows two traces; the top trace shows current
recorded in the presence of negative pressure and the bottom trace follows release of pressure. During maintained negative pressure atetretch activa
current was observed, which disappeared immediately upon release of the negative pressure. This stretch-activated current could be reactivated up
reapplication of negative pressure.

gelsolin = 3) (Kwiatkowski, 1999) resulted in a flatten- record N& current. Specifically, macropatch recordingoof

ing of the oocyte. However, recordings of Naurrent  subunit N& current, in the absence of expressed auxiliary
revealed no associated effects on channel kinetics or volisubunits, reveals large shifts in voltage-dependence and
age-dependence. Intracellular injection of &0 10 mM  greatly accelerated inactivation (Fleig et al., 1994; Chen and
phalloidin (» = 3), an F-actin stabilizer (Cooper, 1987) also Cannon, 1995) when compared to recordings made by ei-
showed no effect on Nachannel function. In contrast, ther conventional microelectrode or cut-open oocyte meth-
treatment with 10uM nocodazol ¢ = 3), an inhibitor of 45 As discussed below, the regulation of function by
microtubule polymerization (Hoebeke et al., 1976), affectedecording configuration likely involves intermolecular in-
the rate of conversion to fast inactivation. Instead of thegr4ctions between the subunit and cytoskeletal elements.
gradual slow transition to fast inactivation, nocodazoI—The cytosolic regulation of subunit function is reminis-

treated oocytes showed a complete and abrupt transitiogem of regulation by th@1 subunit, suggesting the use of
soon after formation of the macropatch (Fig.BBandF). a common pathway ’

Nocodazol had no effects on inactivation or voltage-depen- The first functional consequence of the macropatch re-

dence measured by cut-open recordings< 6). Several cording mode was a large negative shift in voltage-depen
other widely used agents that interfere with microtubule 9 9 9 g P

formation, such as colcemide, colchicine, vincristine, anodence of activation and inactivation Of_ thesubunit N
vinblastine. were without effect current compared to cut-open recordings. Both PN1 and

SkM1 « subunits showed a 23-mV shift in the midpoint of

peak activation and an even larger shift of 46 mV for
DISCUSSION steady-state inactivation, confirming previous macropatch
Our findings point to a dependence of voltage-activatedstudies on expressedsubunit channels iXenopusocytes
Na" channel function on the type of methodology used to(Fleig et al., 1994). This shift was fully established at the
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FIGURE 8 Pressure applied to the recording pipette interior regulates the rate of conversion to fast inactivation. Sample tracea etiBkMINa
currents evoked by voltage stepstd0 mV from a—100 mV holding potential and recorded by means of the cell-attached macropatch configuration. The
decay phase of inward current was fit with a double exponential function, and corresponding amplitudesopiefasir¢le$ and slow fpen squares
components were plotted as function of tirmei¢dle pané)l. The intrapipette pressure was regulated throughout the recording as depicted in the top panel.
When the pressure was ramped fram® mmHg to—5 mmHg an irreversible transition to fast inactivation was observed.

earliest measurable time following seal formation, thus setraises the possibility that whole-cell patch clamp recording
ting it apart from the time-dependent shift in kinetics. Sim-methods led to shifts in voltage-dependence similar to those
ilar effects of patch formation on voltage-dependence oimediated by patch formation, possibly through the same
endogenous Nacurrent have been reported for chromaffin mechanism.

cells (Fenwick et al., 1982) and cardiac cells (Cachelin et The second functional alteration that accompanied mac-
al., 1983; Kunze et al., 1985; Kimitsuki et al., 1990). In anropatch recordings was a time-dependent acceleration in
elegant study that combined two-microelectrode and cellinactivation kinetics, also confirming previous studies on
attached patch recordings of the same cell, a left shift irexpressed Nachannels (Fleig et al., 1994; Chen and Can-
inactivation and activation was observed only for the patchnon, 1995). At the moment of seal formation and soon
current (Fahlke and Rudel, 1992). The lack of shift inthereafter, the N& current inactivated over tens of milli-
microelectrode recorded current demonstrated that theseconds. Typically, over time, the kinetics changed from
gigaseal formation results in a local alteration in the func-slow inactivation, to mixed slow and fast inactivation, even-
tioning of the N& channel. Interestingly, similar negative tually displaying pure fast inactivation. This time-dependent
shifts have been associated commonly with ruptured wholeehange was observed for both neuronal (PN1) and skeletal
cell patch clamp recordings from native sodium currentsmuscle (SkM1) Na channel isoforms (Figs. E andF; 3,
(Fernandez et al., 1984; Wendt et al., 1992). Should sucB andC). As with the shift in voltage-dependence, the effect
negatively shifted voltage-dependence exist for endogenousf gigaseal formation on Nacurrent kinetics was local, as
Na" current in mature neurons, the channels would beshown for studies on both native (Kunze et al., 1985;
largely inactivated at resting membrane potential. ThisKimitsuki et al., 1990) and expressed Naurrent (Fahlke
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and Rudel, 1992; Chen and Cannon, 1995). Single channehanges in membrane tension (Opsahl and Webb, 1994;
studies of rapidly and slowly inactivating components un-Lundbak et al., 1996) or membrane thickness (Haydon and
derlying macroscopic current have suggested that the SkMKimura, 1981; Hendry et al., 1985) have been shown to alter
a subunit has intrinsic bimodal gating kinetics (Moorman etthe voltage-dependence and/or inactivation kinetics of Na
al., 1990; Zhou et al., 1991). The conversion was proposedhannels. While it is clear that a critical level of stretch
to result from a time-dependent shift from a predominantlytriggers the conversion, two observations support the idea
slow modal inactivation to a principally fast modal inacti- that membrane tension per se is not the direct mediator of
vation (Zhou et al., 1991). This idea is compatible with ouraltered kinetics. First, after conversion by stretch, further
findings for both PN1 and SkM1 Nachannels. First, our distortions of the membrane elicited through application of
results show that during the transition to fast inactivation thenegative or positive pressure had little or no effect on
decay of inward current was well-described by two individ- kinetics. In fact, the membrane could be reduced to its
ual components bearing fixed fast and slow decay rategriginal area by means of positive pressure with no alter-
consistent with two modes. Second, we observed no changsion in inactivation kinetics, showing the stretch per se has
in peak current amplitude during the transition to fast inacno effect. Second, reversible shifts to fast inactivation could
tivation; only the ratio of the fast and slow componentsbe observed after repetitive depolarization using cut-open
changed. Finally, cut-open recordings indicated that slowlyrecording techniques: conditions that do not involve stretch.
inactivating Na current could be transiently and reversibly It is also unlikely that the cytoplasmic attachments that
converted to fast inactivating current during repetitive de-were observed to break upon negative pressure were the
polarizations of the oocyte. This latter observation is bestirect mediators of functional conversion to fast inactiva-
explained by differences in the rates of recovery fromtion, because patch excision did not lead to an abrupt change
inactivation for fast and slow inactivating modes. It is in kinetics. Instead, we propose that the additional mem-
unlikely that the shift in voltage-dependence was causal torane stretch, which occurred as a direct result of breaking
or required for the eventual changes in inactivation kineticsthese connections, altered a physical relationship between
Cut-open recordings from oocytes injected with largethe a subunit and an associated structural protein(s). One
amounts of SkM1 or PN1 RNA show substantial amounts ofite of interaction on the: subunit might govern the inac-
fast inactivation in the absence of a negative shift in volt-tivation kinetics while a second, weaker interaction might
age-dependence of activation and inactivation. Addition-affect the voltage-dependence. A “tethered” gating model
ally, as mentioned above, upon repetitive stimulation, thgHamill and McBride, 1997) postulated elastic coupling
slowly inactivating N& current converted to purely fast between cytoskeleton and gating structures on the channel,
inactivating N& current (Krafte et al., 1990; Zhou et al., an idea that accounts for the key features associated with
1991; Fig. 5) without a negative shift in voltage-dependencemacropatch conversion of the subunit. Ordinarily, such
The changes in voltage-dependence and inactivation kielastic interactions would provide for reversible transitions
netics may be the result of mechanical deformation assocbetween slow and fast inactivation, like those observed
ated with macropatch recording. For example, if small-during recovery of sodium current from the inactivated
diameter patch electrodes, instead of macropatch electrodestate. However, the dissolution of such elements following
were used to record Nacurrent, the time-dependent shift to extreme stretch, as shown for macropatches (this article and
fast inactivation was slowed and the negative shift in volt-Hamill and McBride, 1997) could result in irreversible
age-dependence was prevented. This reflects differences aonversion in both voltage-dependence and inactivation ki-
the deformation of the membrane required to establish aetics. The model would also potentially explain the obser-
gigaohm glass tissue seal. Direct evidence for the idea thafation that injection of large amounts of RNA encoding the
deformation of a macropatch membrane leads to fast inaax subunit led to significant amounts of fast inactivation
tivation was provided by simultaneous imaging of patch(data not shown; Krafte et al., 1990; Zhou et al., 1991). In
membrane and electrophysiological recording of Nair-  such oocytes the cytoskeletal proteins may be limiting and
rent. Upon application of negative pressure to the patctioo few in number to provide for association with all of the
membrane we observed an abrupt conversion from slow te subunits.
fast inactivation at the exact moment of disruption of some Potential cytoskeletal candidates underlying the func-
type of attachment between the cell interior and the memtional conversion continue to emerge from molecular stud-
brane. An expansion of the patch membrane within thees of thea subunit and auxiliary proteins. Actin (Fukuda et
electrode followed the rupturing of the attachments. Whileal., 1981), syntrophin (Gee et al., 1998), and ankyrin (Srini-
substantial alterations in membrane morphology are knowrasan et al., 1988; Kordeli et al., 1990) have been shown to
to occur during patch formation (Milton and Caldwell, associate with the Nachannela subunit. In our studies,
1990; Sokabe and Sachs, 1990), our results provide the firslisruption of actin had no effect on SkM1 Nachannel
direct evidence showing that disruption of cytoskeletal/function. Functional studies have shown a dependence of
membrane attachments mediates functional conversion afquid axon N& channel kinetics on microtubules (Matsu-
an ion channel. The question arises as to whether the comoto et al., 1984a, b). We observed an effect of nocodazol,
version to fast inactivation is due to cytoskeletal disruptionan inhibitor of microtubule polymerization, on inactivation
or to the resultant stretching of the membrane. For exampleinetics. Moreover, patches from nocodazol-treated oocytes
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exhibited an abrupt shift in inactivation kinetics rather thanChahine, M., P. B. Bennett, A. L. George, Jr., and R. Horn. 1994.
the slow transition norma”y observed. We suspect that this Functional expression and properties of the human skeletal muscle

flect indirect role of microtubul h teri sodium channelPflugers Arch.427:136-142.
refiects an indirect role or microtubules, such as counterin hen, C., and S. C. Cannon. 1995. Modulation of idaannel inactivation

membrane stretch, because nocodazol affected only the rateny the g, subunit: a deletion analysi®flugers Arch 431:186-195.
of macropatch-induced transition and exerted no effect omooper, J. A. 1987. Effects of cytochalasin and phalloidin on adtigell
cut-open recordings of Nacurrent inactivation. Biol. 105:1473-1478.

The macropatch-induced fast inactivation for the sodiunfahlke, Ch., and R. Rudel. 1992. Giga-seal formation alters properties of

. sodium channels of human myobolRflugers Arch.420:248-254.
a subunit alone represents a marked departure from th,g _ .
. . . eatherstone, D. E., J. E. Richmond, and P. C. Ruben. 1996. Interaction
characteristically slow inactivation observed for cut-open petween fast and slow inactivation in Skm1 sodium chanBetshys. J.

recordings ofa subunits. However, a striking similarity — 71:3098-3109.
exists between the fast inactivation observed for these corienwick, E. M., A. Marty, and E. Neher. 1982. Sodium and calcium
verteda subunits and for+B1 channels recorded by the channels in bovine chromaffin celld. Physiol. (Lond.)331:599—-635.

: - ernandez, J. M., A. P. Fox, and S. Krasne. 1984. Membrane patches and
cut-open technlque. Both channel types recovered qUICkly whole-cell membranes: a comparison of electrical properties in rat clonal

from inactivation and good agreement was found for the pituitary (GH,) cells.J. Physiol. (Lond.)356:565-585.

time constants of recovery. Apparent small differences irFieig, A., P. C. Ruben, and M. D. Rayner. 1994. Kinetic mode switch of rat
kinetics were reflected in somewhat slower activation and brain IIA Na channels inXenopusoocytes excised macropatches.
. .o Pflugers Arch.427:399-405.

inactivation of a+B1 channels compared to macropatch-

d buni Rath h . | dif Fukuda, J., M. Kameyama, and K. Yamaguchi. 1981. Breakdown of
converteda subunits. Rather than representing actual dif- cytoskeletal filaments selectively reduces Na and Ca spikes in cultured

ferences in inactivation rates, it is likely that the faster decay mammal neuronesvature.294:82—85.
was a direct consequence of faster and more synchrono@®e, S. H., R. Madhavan, S. R. Levinson, J. H. Caldwell, R. Sealock, and

activation for the macropatch-convertedsubunit Addi- S. C. Froehner. 1998. Interaction of muscle and brain sodium channels
) with multiple members of the syntrophin family of dystrophin-

tional evidence for similarities between macropatch gid associated proteind. Neurosci.18:128—137.
effects ona subunits was reflected in the absence of addi-oidin, A. L., T. Snutch, H. Lubbert, A. Dowsett, J. Marshall, V. Auld, W.
tive effects on the inactivation by thg1l subunit after Downey, L. C. Fritz, H. A. Lester, R. Dunn, W. A. Catterall, and N.

macropatch conversion of the subunit. The observed  Davidson. 1986. Messenger RNA coding for only theubunit of the rat
brain Na channel is sufficient for expression of functional channels in

similarities between macropatch effects afti subunit- Xenopusoocytes Proc. Natl. Acad. Sci. USA83:7503—7507.

induced changes are important for two reasons. First, thgamill, 0. P., and D. W. McBride, Jr. 1997. Induced membrane hypo/
functional conversion of the subunit seen in macropatch  hyper-mechanosensitivity: a limitation of patch-clamp recordawgpu.
recordings may help explain previously observed fast inac- ReV: Physiol59:621-631.
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