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ABSTRACT To investigate the mechanism for the delayed activation by voltage of the predominant mechanosensitive (MS)
channel in Xenopus oocytes, currents were recorded from on-cell and excised patches of membrane with the patch clamp
technique and from intact oocytes with the two-electrode voltage clamp technique. MS channels could be activated by
stretch in inside-out, on-cell, and outside-out patch configurations, using pipettes formed of either borosilicate or soft glass.
In inside-out patches formed with borosilicate glass pipettes, depolarizing voltage steps activated MS channels in a
cooperative manner after delays of seconds. This voltage-dependent activation was not observed for outside-out patches.
Voltage-dependent activation was also not observed when the borosilicate pipettes were either replaced with soft glass
pipettes or coated with soft glass. When depolarizing voltage steps were applied to the whole oocyte with a two-electrode
voltage clamp, currents that could be attributed to MS channels were not observed. Yet the same depolarizing steps activated
MS channels in on-cell patches formed with borosilicate pipettes on the same oocyte. These observations suggest that the
delayed cooperative activation of MS channels by depolarization is not an intrinsic property of the channels, but requires
interaction between the membrane and patch pipette.

INTRODUCTION

Mechanosensitive (MS) channels play a central role in theactivate cooperatively. The similar delay to activation for all
senses of touch, hearing, balance, and proprioception, @84S channels in a patch, despite large variations in the delay
well as being involved in cell volume regulation (for re- to activation among patches, suggests that voltage indirectly
views see Morris, 1990; Sackin, 1995; Hamill and McBride, activates the MS channels via a common factor. Indirect
1996). A number of MS channels are modulated by voltagesffects of voltage on the MS channels may be mediated by
once they are activated by stretch or are activated by voltagstructures associated with the channels, by second messen-
in the absence of stretch. The predominant MS channel igers, or more simply by voltage-induced changes in mem-
Xenopusoocytes is also voltage-sensitive (Methfessel et al. brane tension. Movement of the membrane up and down the
1986; Yang and Sachs, 1990; Hamill and McBride, 1992)pipette in response to large voltage steps has been reported
and recent experiments on this MS channel in exciseqHorber et al., 1995). If these voltage-induced movements
patches of membrane have revealed an unusually sloyesult in changes in membrane tension sufficient to activate
voltage-dependent activation and deactivation (Silberbergjs channels, then such a mechanism could explain the
and Magleby, 1997). Stepping the membrane potential fromypparent cooperative activation of MS channels in inside-
—50 to +50 mV maximally activated the MS channels only gyt patches of membrane.
after delays of typically many seconds and, after the step The purpose of the present study was to investigate
back to—50 mV, the MS channels deactivated over aboutyhether the delayed cooperative activation of MS channels
10 s. Interestingly, if the depolarizing voltage step wasyith depolarization is an intrinsic property of the channels
briefer than the delay to MS channel activation, then upomy whether extrinsic factors, such as membrane tension, are
repolarization the channels transiently activated, giving the,yolved. If the MS channels ienopusoocytes have an
appearance that the MS channels were activated by hypejstrinsic voltage-sensitive gating mechanism, as in classical
polarization. o . voltage-sensitive channels (Papazian and Bezanilla, 1997),
The delay to activation of the channels during the deponen, it might be expected that delayed cooperative activa-
!anzmg step varied substantl_ally from patch to patch, rangdjon of MS channels by voltage would be the same for
ing from <0.1 t0>20 s. Yet in about 70% of patches that j,gjge_out and outside-out patches. This was not the case, as
contained multiple MS channels, the channels appeared tQs|ayeq activation by voltage was not observed in outside-
out patches of membrane. Furthermore, when inside-out
patches were formed either with soft-glass pipettes or with
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are recorded from whole oocytes with the two-electrodgrom the cell surface then formed the outside-out patch, in which the
voItage clamp. The recent observation of Zhang et alextracellular face of the membrane was exposed to the bath solution.
(1998) that flufenamic acid can blodlg, the predominant Experlments Wlth _|n§|de—_out_ patches were performed in either NaCl or
. <Cl solutions with similar findings for each. The pipette (extracellular)
mgmbrane conductance in oocytes (Are”ano et al., 199 olution and the bath (intracellular) solution contained: NaCl (or KCI), 150
Ebihara, 1996), allowed us to perform these whole-celinm; Tes, 5 mM; and EGTA, 2 mM. In some experiments the EGTA was
experiments. Currents that could be attributed to MS chanincreased to 10 mM and BAPTA (10 mM) was also included. For exper-
nels were not observed when depolarizing steps were ar_ijnents with outside-out patches and some inside-out patches the pipette
pIied to the whole oocyte with a two-electrode Voltagesolutlon contained KF in place of NaCl. A_II solutions were adjus_ted to pH
.. . 7.0. Step changes in membrane potential were controlled using pClamp
clamp. Yet, the same depolarlzmg steps activated MS Charb’.o.z software (Axon Instruments Inc., Foster City, CA). Current traces
nels in on-cell patches of membrane on the same oocyte.were initially low-pass filtered at 2 kHz«3dB), using the integral 4-pole
The finding that delayed cooperative activation of MS Bessel filter of the Axopatch 200B patch clamp amplifier (Axon Instru-
channels by Voltage in the absence of stretch was Observé]afnts) and stored .On VCR .tape (Instrutech Corp., Great Neck, NY) for
onIy in patched membranes of a specific configurationi;t)_szz(ﬂ,‘ée”t analysis. Experiments were performed at room temperature,
formed with a parucu!ar typg Of. glass pipette suggests that The patch of membrane could be stretched by applying negative pres-
the delayed cooperative activation of MS channels by voltsure pneumatically to the back of the pipette through a port on the pipette
age is not an intrinsic property of the channels, but requiresolder. It is the membrane tension resulting from the pressure rather than
interactions between the patch of membrane and the patdhe pressure per se that activates MS channels (Gustin et al., 1988; Sokabe
pipette. Patch electrode glass is known to release ions th§} 3! 1991). Step changes in pressure were produced with an electronic
. . . valve system that switched the pipette holder between the pressure reser-
can influence ion channel behavior (Cota and Arms_trongvoir and room air (atmospheric pressure). The electronic valve and con-
1988; Furman and Tanaka, 1988; Zuazaga and Steinackefslier (General Valve Corp., Fairfield, NJ) were controlled by computer.
1990; Copollo et al., 1991). The release of such ions fronPressure changes are expressed in kPa, where 1.8 kP& cm HO. To
the glass does not appear to account for the different resulgstimate the number of MS channels in a patch, the channels were maxi-
with borosilicate and soft glass pipettes, because similaffd!y activated by stretch at'50 mV and then the magnitude of the
. . . . stretch-activated current was divided by the unitary current. Experiments
findings W?re Obta'r_]ed Whe.n high Con(femrat'ons of Cr]e'aT/vere performed on patches of membrane containing from +46 MS
tors were included in the pipette solutions. Thus, the prochannels.
posed membrane-pipette interactions are thought to reflect
direct contact between the patch of membrane and the patch .
pipette. If such contact produces voltage-dependent tensidgecording of current from whole oocytes
in the patch of membrane, then this could produce coopefwhole-cell currents were measured using a conventional double-electrode

ative activation of the MS channels with voltage. oocyte voltage-clamp (OC-725C; Warner Instruments Corp., Hamden,
CT). In some experiments, the vitelline membrane of the oocyte was
removed with fine forceps before the recording. No differences in whole-
cell currents were observed between oocytes with and without the vitelline

METHODS membrane. The microelectrodes for voltage recording and for current
A . ) A passing had tip diameters of 2+3n and were filed wit 3 M KCI. The
Oocyte isolation and single channel recording bath solutions that were used for whole-cell recordings contained NacCl (or

. . . . Cl), 120 mM; Tes, 5 mM; and EGTA, 2 mM, adjusted to pH 7.4. When
The methods used for isolation of oocytes, single-channel recording, an fenamic acid or gadolinium was added. EGTA was omitted from the
data analysis were performed as previously described (Silberberg angu 9 '

. . - ath solution.
Magl| 1997). Briefl Ken | re anesth . . i
Mag Eb}/’ 99 ). Brie Y adu)(e' opus aevifiogs were a est_ etized by For simultaneous whole-cell and cell-attached recordings, the resistive
immersion in a solution containing 1.5 g/l of ethyl m-aminobenzoate

(methanesulphonate salt, Tricaine, Sigma, St. Louis, MO) and Oocytefeedback configuration of the Axopatch 200B amplifier was used in order

were removed as described previously tBaer and Parekh, 1995). Stage fo eliminate Iarge current artifacts that C(_Ju_lq be assomate(_i with the simul-
- " neous recording. Current traces were initially low-pass filtered at 1 kHz,

V-VI oocytes were then enzymatically separated and used within 5 days otfa . : ) .

. . o . using the integral filter of the voltage clamp amplifier and stored on VCR

isolation. The vitelline membrane was removed with forceps from theta e for subsequent analvsis

oocytes just before the experiments. Currents from MS channels were p q ySIS.

recorded using the patch-clamp technique (Hamill et al., 1981). Patch

pipettes were fabricated from borosilicate glass (Corning No. 7740; CIarlhESULTS

Electromedical Instruments, Reading, UK) or from soft glass (Corning No.

8161; Garner Glass Company, Claremont, CA) and were coated Wi”DepoIarization activated MS channels in

Sylgard 184 (Dow Corning). L . -
Three configurations of the patch clamp technique were used in thiénS'de'c‘"'|t patches formed with borosilicate

study: on-cell, inside-out, and outside-out patch recordings. As detailed ilglass pipettes

Hamill et al. (1981), on-cell patches were formed by pressing the tip of a_. 1 t t ds f insid t patch f
heat-polished patch pipette against the membrane of the cell and the Ig. 1 presents currént records from inside-out patches o

applying slight negative pressure-(—1 kPa). Inside-out patches were Membrane excised frodéienopusoocytes with borosilicate
formed by establishing an on-cell patch and then drawing the patch pipettglass pipettes. Fig. A is from a patch containing three MS
away from the cell surface, exposing the cytoplasmic face of the patch tghannels, and Fig. B is from a patch containing-15 MS

the bath solution. (Note that the patch of membrane is drawn into the patcehannds. Channel opening is indicated by downward de-
pipette for both on-cell and inside-out patches, as the patch is initially, . .

formed in the same manner). Outside-out patches were formed by rupturingecuons at=50 mvV ,and by UDward deflecnqns a0 mV
(with pressure) the membrane patch underlying the patch pipette in thélU€ to the symmetrical 150-mM NaCl solutions. Typical of
on-cell configuration and then withdrawing the patch pipette. MembraneMS channels (Methfessel et al., 1986; Morris, 1990; Sackin,
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A + 50 mV channels appeared to activate in a cooperative manner in
—S0mV_ [ L -50mV_ response to depolarizing voltage steps. This cooperative

4kPa activation is clearly seen for the patch containing more than
kP m% 15 channels (Fig. B), where most of the channels activated
W within 0.6 s after a delay of 14 s. The similar delay to

activation for the MS channels in a patch, despite large

variations in the delay to activation among patches, raises

the possibility that activation of MS channels by voltage is

controlled by a factor common to all the MS channels in the

patch. The aim of the present study is to determine whether
_,10 oA - the unusual delayed voltage dependence of the MS channels
5s

-3 kPa

in Xenopusoocytes is an intrinsic property of the channels
or whether an extrinsic factor, such as membrane tension,
might be involved.

FIGURE 1 Depolarizing voltage steps activate MS channels after a

delay of seconds in inside-out patches formed with borosilicate glasiyI . . .
pipettes. Current records from excised inside-out membrane patches wi S channels are not activated by depolarization

three MS channelsy) and with>15 MS channelsg). In this and related  in outside-out patches

figures, channel opening is indicated by downward current deflections zj . L
negative potentials and upward current deflections at positive potential .f the delayed cooperative activation of MS channels by

Stretching the membrane by applying negative pressure to the patch pipetoltage were an intrinsic property of the channels, then
at—50 mV (-4 kPa inA and —3 kPa inB, indicated by solid bar) rapidly ~ depolarization might be expected to activate MS channels in
activated the MS channels. In the absence of stretch, the membrangtside-out patches as well. This was not the case. Depo-

potential was stepped from50 to+50 mV for 20 s, and then stepped back larization did not activate MS channels in 17 of 17 outside-
to the holding potential. Depolarization activated with pronounced delays

the MS channels in the patch in an apparent cooperative manner, and Rt patches containing MS channels. In the example shown
channels deactivated slowly when the depolarization was removed. Syninl Fig. 2, depolarizing the membrane fronb0 to +50 mV
metrical 150-mM NaCl solutions are described in the Methods section. Thdor 40 s did not activate MS channels in the outside-out
leak currents resulting from step changes in voltage were not subtracteﬂatch (Fig. 2A). Yet 2-3 MS channels could be activated by
from the current records. : - - :

applying negative pressure to the patch pipette eithei5&

or +50 mV (Fig. 2,B andC, respectively). Another exam-

ple of the inability to activate MS channels by depolariza-
1995; McBride and Hamill, 1993), stretching the membranetion in outside-out patches will be presented in Figh t
patch by applying suction to the patch pipette (Sokabe et althe next section.
1991) at the holding potential of =50 mV rapidly activated Activation of MS channels by pressure in outside-out
the MS channels and the termination of stretch resulted ipatches typically required more pressure (6—10 kPa) than
rapid deactivation (left traces in Fig. A andB). was needed to activate MS channels in inside-out patches

MS channels can also be activated in the absence of

stretch by applying prolonged depolarizing voltage steps
(Silberberg and Magleby, 1997). This is shown in the right

traces in Fig. 1, where stepping the membrane potential * 50 mv )
from —50 to + 50 mV activated the MS channels to high Z0mvr |-S0mY
levels of activity after delays of seconds. Upon repolariza- A -
tion, the channels then deactivated slowly over several et .
seconds. The channels activated by depolarization were
previously shown to be MS channels based on single chan- g -10kPa
nel conductance, ionic selectivity, and on the maximal num- ---1“4 e
ber of channels per patch that could be activated by voltage |5 oA
or stretch (Silberberg and Magleby, 1997).
The delayed activation of MS channels by depolarization -10 kPa 10s
in the absence of stretch was consistently seen in inside-out
patches formed with either small tipgs(L wm) or large tip ¢ . S ok —

(1-3 um) borosilicate glass pipettea & 42, examples in
Figs. 1, 4, and %A and in Silberberg and Magleby, 1997). FIGURE 2 Depolarization-induced MS channel activation is not ob-
The delay to half-maximal activation of the channels fol- served in outside-out patche#) (Current record from an excised outside-

Iowing depolarization to-50 mV varied substantially from out membrane patch with three MS channels. From a holding potential of
—50 mV the patch was depolarized 60 mV for 40 s. No MS channel

patch to patch. In 18 experiments analyzed in detall, th(:r;\ctivity was observed at either50 or +50 mV. The MS channels in the

qel?-y ranged from<0.1 FO. 25.8 s. Nevertheless, in MOSt patch could be activated by negative pressure applied eithe5@mV 8)
inside-out patches containing two or more MS channels, ther at +50 mV (C). The records are from the same membrane patch.
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A +50 mv not all) inside-out patches, and depolarization maximally
- 50 mVj |- 50 mv activated the MS channels in all of the inside-out patches
-10 kPa L (examples in Fig. 1A and B, for the presence of basal
e DU t.f——-- activity and in Fig. 4A for the absence of basal activity). If
w _Js pA basal activity of MS channels gives a measure of the resting
5s tension in the membrane patch (i.e., the tension in the lipid

P bilayer and/or in associated structures such as the cytoskel-
-7 kPa eton), then perhaps some basal membrane tension is needed

B MWWMMMMWWM for the delayed cooperative activation of MS channels by
voltage.

o To test this possibility, depolarizing voltage steps were
-6kPa applied to outside-out patches in which basal membrane

tension was induced by applying continuous negative pres-
YT sure to the patch pipette. Sufficient negative pressure was

applied to induce a basal MS channel open probabifity,

C - in the range of 0.007-0.14 at50 mV. The number of MS
channels in each of the outside-out patches was estimated
-6 kPa

b rpnrm# W A + 50 mvV

—15pA _-S0mv | -S0mV_

>s 4 kP

- a
N

FIGURE 3 Continuous membrane tension does not enable delayed co-

operative activation of MS channels by depolarization in outside-out

patches. A-C) Current records from an excised outside-out membrane

patch. Stretching the membrane by applyin@O kPa to the patch pipette

at —50 mV rapidly activated 6—7 MS channelg, (left trace. In the _1kPa
absence of stretch, no MS channel activity was observed at eith@ror
+50 mV (A, right trace). (B) With continuous stretch sufficient to induce B o
a low level of basal MS channel activity, depolarizationtt60 mV did not

maximally activate the MS channels cooperatively after a delay. The

stretch was induced by applying negative pressure to the pipEité1$
channel activity was not observed at eitheb0 or +50 mV when the

continuous stretch was remove®)(The effects of continuous stretch on -1 kPa
the outside-out patch presented in Fig. 2. Stretch induced a low level of MS

channel activity but did not maximally activate the MS channels cooper- pj

atively after a delay. Stretch was applied at the times indicated by thick mmwer

lines above the current traces.

(0.5-5 kPa). This difference may be due to differences in C
the areas and geometry of the patches and the indirect |20 A
relationship between applied pressure and the resulting 3 P
stretch of the membrane patch (Sokabe and Sachs, 1990;
Sokabe et al., 1991; Sukharev et al., 1997) or to differences i hes formed with borosil | _
in membrane-cytoskeleton interactions (Sokabe et al., 109T/CURE 4 In inside-out patches formed with borosilicate glass pipettes
. . . . cbntinuous membrane tension shortens the delay to cooperative activation
H.am'” and MCB”de’_ 1997) tha_'t may be associated W'th theof the MS channels by depolarization. Current records from an excised
different configurations of inside-out and outside-outinside-out membrane patch formed with a borosilicate glass pipéie. (
patches. Stretching the membrane by applyirgt kPa to the patch pipette at50
mV rapidly activated>20 MS channelsA; left trace. In the absence of
stretch, stepping the membrane potential freB0 to +50 mV maximally
Adding basal membrane tension to outside-out activated the MS channels in the patch with a pronounced delay in an
patches cannot induce delayed cooperative apparently cooperative manner. The channels deactivated slowly when the

tivati f MS ch Is by d larizati depolarization was removedB) The delay to MS channel activation by
activation o channels by aepolarization depolarization was greatly reduced in the presence of continuous stretch

In all outside-out patches examined there was no basé}rduced by applying negative pressure to the patch pipette. Slow deacti-

. . . vation was still observed in the presence of stret€).The long delay to
activity of MS channels at the holding potential 660 mV MS channel activation was restored when the continuous stretch was

and also no delayed activation by depolarization (Figs. Zemoved. Stretch was applied at the times indicated by thick lines above the
and 3A). In contrast, basal activity was evident in most (butcurrent traces.
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by applying— 10 kPa to the patch pipette a50 mV. Inthe induce delayed activation in outside-out patches suggests
example shown in Fig. &, 6—7 MS channels were acti- that outside-out patches are incapable of delayed activation.
vated by the pressure step but not by a depolarizing voltage The above results, that MS channels in outside-out
step to+50 mV. patches were not activated by depolarization in either the
Fig. 3B shows that when membrane tension was induceghresence or absence of basal tension, whereas MS channels
by applying continuous negative pressure, as indicated bin inside-out patches were, suggests either that the forma-
the basal activity of MS channels, stepping the membrangon of the outside-out patch configuration damaged the
potential to+50 mV did not activate the MS channels in the voltage dependence of the MS channels or that the cooper-
patch cooperatively to high levels of activity after a delay.ative delayed activation of MS channels is not an intrinsic
Instead, a low level of MS channel activity was evident bothproperty of the channels. The following section examines
at —50 mV and throughout the depolarizing voltage stepthese possibilities.
(compare the two examples in Fig.B3to those in Fig. 1).
When the continuous negative pressure was removed, no
basal MS _channel act|V|ty was obs_erved, and there was StIk.L,urrents that could be attributed to MS channels
no activation by depolarization (Fig. G). . .
A lack of delayed cooperative activation of MS channels™ ore not o_bserved in recordings from whole
by depolarization in outside-out patches was observed ig ocytes W'th. the two-electrode voltage
’ . . ) ! . clamp technique
nine of nine experiments in which sufficient membrane
tension was applied to induce basal MS channel activity. Inf cooperative delayed activation by depolarization is an
two of these experiments, MS channel activity appeared tintrinsic property of MS channels, then voltage steps ap-
increase somewhat during the depolarizing voltage stepglied to whole oocytes with the two-electrode voltage clamp
An example of a record from one of these experiments igechnique might be expected to activate MS channels. Gad-
presented in Fig. . Nevertheless, in these two experi- olinium (G&*), which is known to block currents through
ments the apparent increase in activity was slight compareMS channels in oocytes (Yang and Sachs, 1989), was used
to the maximal activation that occurred when depolarizingto examine whether MS channels in whole oocytes could be
voltage steps were applied to inside-out patches, and actactivated by depolarization. In order to look for currents
vation was not cooperative (compare to Fig. 1). from MS channels, it was necessary first to bldgkthe
predominant membrane conductance in oocytes (Arellano et
al., 1995; Ebihara, 1996). Flufenamic acid could be used to
block I, (Zhang et al., 1998) if it did not also block MS
channels. Fig. 5A shows that flufenamic acid did not
interfere with the activation of MS channels, as MS chan-
nels in an inside-out patch were readily activated by depo-
The previous section explored whether delayed activation ofarizing steps with 30QuM of flufenamic acid both in the
MS channels by depolarization might be related to basabath and in the pipette. A similar delayed activation of MS
membrane tension. Adding basal membrane tension to outhannels in inside-out patches in the presence of 150—-300
side-out patches did not enable such delayed activationuM flufenamic acid was observed in 10 of 10 additional
suggesting either that basal tension was not related to dgatches.
layed activation or that the outside-out patches were inca- Fig. 5 B presents whole-cell currents recorded from a
pable of delayed activation. To differentiate between thessvhole oocyte with the two-electrode voltage clamp. In
possibilities, the effects of basal membrane tension on thextracellular solutions containing no divalent cations, a
depolarization-induced delay to activation of MS channelsvoltage step from-50 to +50 mV rapidly activated a large
in inside-out patches was examined. Results are shown icurrent that slowly deactivated upon repolarization (control
Fig. 4. trace). Consistent with the findings of Zhang et al. (1998),
In the absence of applied stretch, depolarizing the memflufenamic acid blocked thid. current (flufenamic acid
brane from—50 to +50 mV, maximally activated the MS trace). If depolarization activated MS channels in the whole
channels in the inside-out patch in a cooperative manneoocyte after a delay of 0.1-20 s, as seen in inside-out
after a delay of 11 s (Fig. A). When sufficient membrane patches, then the depolarizing voltage step+60 mV
tension was then applied to raise the average lRsalf  should have activated a slowly developing current. Clearly,
each channel t0-0.01, the delay to activation of the MS such a current was not present in the whole oocyte fter
channels was greatly reduced+@ s (Fig. 4B). Removing  was blocked (flufenamic acid trace). Furthermore, there was
the induced membrane tension restored the longer delay two evidence of a slowly deactivating (tail) current.
cooperative activation by depolarization (FigC3 In five Further indication that depolarization did not activate
of five experiments with inside-out patches of membranewhole-cell currents through MS channels came from the
applying negative pressure sufficient to increase the level obbservation that the whole-cell currents measured in flufe-
basal activity shortened the delay to activation. Thus, thexamic acid were not reduced when Gdreplaced the
observation in the previous section that basal tension did ndtufenamic acid (Fig. B, gadolinium trace). Because &d

Adding basal membrane tension to inside-out
patches shortened the delay to cooperative
activation of MS channels by depolarization
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blocks bothl . (Zhang et al., 1998) and MS channels (Yang A +50 mvV

and Sachs, 1989), whereas flufenamic acid blocks tnly =50mV [ L-50mV
any whole-cell currents through MS channels should have

been evident as a decrease in current amplitude ifi"Gd N

when compared to currents in flufenamic acid. Such a ~ _|10pA WM
decrease was not seen (gadolinium trace). In a total of 35 of 5s

35 oocytes from eight different frogs, there was no evidence
for activation of whole-cell currents from MS channels by
voltage steps te-50 mV, even for depolarizing steps lasting
as long as 100 s.

Thus, the findings that depolarization does not activate F
Control

+ 50 mV
- 50 mV] | -50 mV

MS channels in whole oocytes lends further support to the __15pA
suggestion that delayed cooperative activation of MS chan- 5s

nels by depolarization is not an intrinsic property of MS L//,_,

channels. Flufenamic acid

Depolarization of whole oocytes with the two- Gadolinium
electrode voltage clamp activated MS channels
in on-cell patches but not MS channels in the

unpatched membrane
Wash
It is unlikely that a soluble component within the oocytes

inhibited the MS channels in the whole-oocyte recordings,

because aC“Vat_'On of MS channels by _dep0|a“2|ng Voltag@IGURE 5 Currents from MS channels are not observed in recordings
steps has previously been observed in on-oocyte patch@sm whole oocytes.A) current record from an excised inside-out mem-
(Silberberg and Magleby, 1997). Therefore, the ability ofbrane patch formed with a borosilicate glass pipette. Flufenamic acid (300

depolarizing voItage steps to activate MS channels in in-“M) was present in both the bath and pipette solutions. Depolarization
side-out and on-cell patches but not in whole-cell recordin activated the MS channels in the patch with a pronounced delay in an
P g%pparently cooperative manner, and the channels then deactivated slowly

suggests that activation of MS channels by depolarizatiofynen the depolarization was removes) Current records from a whole
may require membrane-pipette interactions. If this is thebocyte measured with a two-electrode voltage clamp. For each of the four
case, then it might be expected that the same depolarizinigpces, the current was stepped from a holding potentialasf to +50 mv
voItage steps that failed to active MS channels in voItagefor 30 s and then stepped back. In 120-mM KCI'sqution (see _Mgthods)
- . arge membrane currents were record€drftrol) which were then inhib-
clamped oocytes would activate MS channels in on-cellieS by flufenamic acid (30QuM). With G (100 uM) in the bath
patches on the same oocyte. Indeed, this was found to be thgution in place of flufenamic acid, there was no further inhibition of the
case. Fig. 6 presents two examples of simultaneous whol@vhole-oocyte current. The effects of flufenamic acid andGeould then
cell and on-cell patch recordings in the presence of flufe-be washed off\Wasf.
namic acid. In both oocytes, voltage steps fref0 to +50
mV did not activate slow currents in the whole oocyte, (top
current traces in Fig. 6A and B). Yet MS channels did
activate within 10 s in the on-cell patches (bottom two
traces in Fig. 6A andB). Similar results were observed in
11 of 11 experiments of this type.

The predicted magnitude of the whole-oocyte MS currentOne difference between the recordings from whole oocytes,
was estimated in order to asses whether the MS channelhere MS channels were not activated by depolarization,
currents were perhaps too small to detect. Assumind@  and the recordings from both on-cell patches and inside-out
MS channels per oocyte (Methfessel et al., 1986), a unitarpatches, where MS channels were activated by depolariza-
single-channel current of 1.5 pA (the approximate unitarytion, was the association of the patch of membrane with the
current for MS channels at50 mV in the on-cell patches), patch pipette in the on-cell and inside-out recordings. Per-
and aPo close to 1.0 at the end of a depolarizing step, therhaps the activation of MS channels by depolarizing voltage
a whole-cell current of about 4—pA should have been steps requires some form of membrane-pipette interaction
recorded if depolarization activated the MS channels in thexclusive to both inside-out and on-cell patches. If this were
whole oocyte. Figs. 5 and 6 clearly show that the observethe case, then changing the properties of the patch pipettes
whole-cell currents after blockink, were ~10 to 500-fold  might alter the delayed activation of the MS channels.
less than the magnitude expected if MS channels had been To examine this possibility, currents were recorded from
activated. Furthermore, there was no evidence of a slowlynside-out patches formed using pipettes constructed of soft
activating current, however small, as would be expected foglass (Corning No. 8161). In contrast to the findings in Figs.
delayed activation of MS channels. 1 and 4, where depolarization led to delayed cooperative

Activation of MS channels by depolarization was
dependent on the type of glass used for the
patch pipette
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FIGURE 6 Depolarizing voltage steps applied to the whole oocyte activated MS channels in on-cell paicBéswuitaneous whole-oocyte current

records measured with the two-electrode voltage clamp technigperrent tracg¢ and on-cell current records measured with the patch clamp technique
(bottom two traceks (B) Same protocol as iA, but on a different oocyte. From a holding potentiakB0 mV the whole oocytes were depolarized#60

mV for 10 s with the two-electrode voltage clamp. Depolarizing steps of the whole oocyte with the two-electrode voltage clamp activated MS channels
in the on-cell patches without activating currents from MS channels in the unpatched membrane of the whole oocyte. The channels in the on-cell patches
could also be activated by pressubmitom tracesindicated by thick lines above the current traces).

activation of MS channels in patches formed with borosili-when pipettes were fabricated with soft glass led to the loss
cate glass pipettes, MS channels could not be activated hgf delayed voltage activation of MS channels, we coated
depolarization in patches formed with soft glass pipettedorosilicate patch pipettes of standard geometry with soft
(Fig. 7 A, right trace). The lack of voltage activation with glass. The heat filament of a microforge was first coated
soft glass pipettes was not due to the absence of functionalith soft glass, then the tip of a borosilicate pipette was
MS channels, as application of negative pressure coulg@laced 20—-3Qum from the filament, and the filament was
activate MS channels in the patch (FigA/left trace). In 18 heated for~0.5 s. Because soft glass has a substantially
of 18 inside-out patches formed with soft glass pipettes thaliower melting temperature than borosilicate glass (Rae and
contained MS channels, as verified by pressure activatiorl,evis, 1992), evaporated molecules of soft glass formed a
depolarization did not activate the MS channels present ifine coat of soft glass over the tip of the borosilicate pipette.
the patch. The lack of depolarization-induced activation ofAt 600X magnification, the tip geometry of borosilicate
MS channels when patches were formed of soft glass wagipettes was little affected by the coating. However, if the
unlikely to arise from the possible effects of divalent or filament was heated for longer than 1 s, then the coating of
multivalent cations released by the soft glass (Cota andoft glass could clearly be seen on the tip of the borosilicate
Armstrong, 1988; Furman and Tanaka, 1988; Zuazaga anglass pipette.
Steinacker, 1990; Copollo et al., 1991), since the solutions In 19 of 19 experiments in which borosilicate glass pi-
contained EGTA (2-10 mM, and in some experiments alsgettes coated with soft glass were used to form inside-out
10 mM BAPTA), which would chelate these cations. patches, the MS channels in the patch could be activated by
Fig. 1 showed that delayed cooperative activation of MSpressure (Fig. 7C, left trace), but not by depolarizing
channels was present in inside-out patches formed witholtage steps (Fig. T, right trace). In>70% of patches
either small-tip or large-tip borosilicate glass pipettes, sugformed with either soft glass pipettes or with borosilicate
gesting that the delayed cooperative activation of MS changlass pipettes coated with soft glass, there was no basal
nels by depolarization does not require a specific pipettactivity of the MS channels at-50 mV. Furthermore,
geometry. However, the geometry of soft glass pipettes isoating borosilicate pipettes with soft glass also prevented
very different than the geometry of borosilicate glass pi-activity of MS channels at hyperpolarized potentials in
pettes (Sakmann and Neher, 1995). Hence, to investiga&xcised inside-out patches. For example, MS channels that
whether differences in the pipette geometry that occurredlisplayed basal activity at-20 to —60 mV typically re-
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A +50 mV experiments with borosilicate glass pipettes coated with soft
-50mV[ 1- 50 mV |
“1kPa — giass. , . . . .
— S L —— The observation that either replacing or coating borosili-
_J 10 pA cate pipettes with soft glass prevented the delayed cooper-
5s ative activation of MS channels by depolarization lends

further support to the suggestion that interactions between
the membrane patch and the glass of the pipette are required

- 1kPa for the delayed cooperative activation of MS channels by
B M voltage.
DISCUSSION
C + 50 mV In inside-out patches of membrane frodenopusoocytes
- 50 mV 1-50 mV
— formed with borosilicate glass pipettes, depolarizing voltage
-5kPa steps lead to a delayed cooperative activation of MS chan-
‘ nels in the patch (Silberberg and Magleby, 1997). The delay
_|10 pA to activation is unusually slow (typically, several seconds),
5s and deactivation after the depolarizing step also occurs over

many seconds. The delayed cooperative activation followed
- 1kPa by maintained channel activity is specific for steps to pos-

itive rather than to negative potentials (Silberberg and
M Magleby, 1997). In the present study we found that this
delayed cooperative activation of MS channels by depolar-

ization specifically required inside-out and on-cell patches
FIGURE 7 Depolarization-induced MS channel activation is not ob-formed with borosilicate g|ass pipettesl De|ayed coopera-
served with soft-glass pipettes. Current records from an excised inside-OL“ve activation of MS channels was not seen in outside-out

membrane patch formed with a soft-glass patch pipéttandB) or with tch in the intact b f whol t
a borosilicate patch pipettes coated with soft gl&ar{dD). Stretching the paiches, In theé Intact membrane of wholé oocytes, or, sur-

membrane at-50 mV rapidly activated 7—8 MS channelsAnand 9-10  Prisingly, when the borosilicate glass pipettes were replaced
MS channels irC. In the absence of stretch, no MS channel activity was or coated with soft glass.
observed at either 50 or +50 mV (A andC, right trace$. (B andD) With Our observations thai) delayed voltage activation of
coqti_nuous stretch sufficient_to induce a low Ievel_ (_)f basal MS channelMS channels was seen only for the inside-out and on-cell
activity, voltage steps had little effect on the activity of MS channels. . . L.
Stretch was applied at the times indicated by thick lines above the currenrt)atCh configurations, bf delf’a‘.yed voltage aCtIV.atlon was
traces. dependent on the composition of the glass in the patch
pipette, and &) delayed voltage activation was not seen in
membrane outside of the patch pipette collectively suggest
that the delayed activation by depolarization requires some
mained active during prolonged 50 s steps to hyperpolarizeghym of interaction or contact between the patch of mem-
potentials of—60 to —90 mV (3 of 3 patches). When the prane (and/or associated structures) and the patch pipette.
borosilicate pipettes were coated with soft glass, the activity How might membrane-pipette interactions lead to de-
at the holding potentials and during the hyperpolarizingjayed activation of MS channels by voltage? It has been
steps was no longer present (3 of 3 patches). Soft glasghown that coupling of the lipid bilayer to the adjacent glass
pipettes may thus provide a means to reduce the basgf a borosilicate pipette supports tensions on the order of
activity of MS channels in patches of membrane used t® 5-4.0 dyn/cm (Opsahl and Webb, 1994; Akinlaja and
study other channels. If basal activity reflects resting tensiorsachs, 1998). Perhaps voltage changes the adhesion of the
of the membrane, then the observation of decreased basglembrane to the borosilicate glass at the site of seal for-
activity with soft glass raises the possibility that a delayedmation or where the patch of membrane contacts the patch
activation was not seen with soft glass because the restingipette, resulting in membrane stretch. Alternatively, volt-
tension of the membrane was too low. However, this did nokge-induced flexing of the membrane patch arising from the
appear to be the case. Increasing the basal level of mengonverse flexoelectric effect (Petrov et al., 1993; Todorov et
brane tension with negative pressure for inside-out patchesl., 1994; Mosbacher et al., 1998) might possibly lead to
formed with either soft glass pipettes (Fig.Bj or with  changes in membrane tension, provided that the membrane
borosilicate glass pipettes coated with soft glass (FiD),7 remains tightly adhered to the pipette. Such voltage-induced
did not lead to delayed cooperative activation or high levelshanges in patch tension might be expected to be different
of MS channel activity by depolarizing steps. Results sim-for inside-out and outside-out patches where the membrane
ilar to those shown in Fig. B andD, were observed in 14 configurations are opposite, for patch pipettes of different
of 14 experiments with soft glass pipettes and in 10 of 10glass composition which may have different adhesive prop-

(W)
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erties with the membrane, and for whole-cell versus patclactivation of the channels by changing the attraction of
recordings, where the membrane being recorded from isnembrane to pipette over time.
either outside or inside the patch pipette. Borosilicate glass and soft glass differ in chemical com-
Although it is known that changes in voltage can lead toposition and in electrical properties such as the dielectric
movement of cell membranes in patch pipettesrijéo et  constant and the surface charge density (Corey and Stevens,
al., 1995), it is not yet clear whether such voltage-inducedl983; Rae and Levis, 1992). Possibly these differences give
movements would produce sufficient mechanical force toise to the membrane-pipette interactions that allow the
activate MS channels. In addition, it is unclear whether suctvoltage-dependent activation of MS channels in patches
mechanisms could account for the long delay to activatiorformed with borosilicate glass pipettes and not with soft
as well as the complex interactions between the inhibitiorflass pipettes.
and activation of MS channels induced by both voltage and The results presented in this study are not sufficient to
stretch, as detailed previously (Silberberg and Maglebydetermine whether the proposed voltage-induced tension
1997). activates the MS channels directly through their mechano-
Nevertheless, support for the notion that voltage actsensitivity (the simplest hypothesis) or whether the voltage-
through changes in membrane tension is the observatiofiduced tension acts to facilitate or enable voltage activation
that delayed activation of MS channels by depolarization i©of the channels. In e.lthe_r case, the delayed activation of MS
typically cooperative, with all channels in the patch activat-channels by depolarization does not appear to have the same
ing over a brief period of time following a long delay type of intrinsic voItqge—sensnwe gating mechanism as volt-
(Silberberg and Magleby, 1997; see Figs. 1 and\4 age-dependent sodium and potassium channels (see Papa-

Voltage-induced changes in membrane tension would proZi@" and Bezanilla, 1997 for a review of such voltage-
vide a means to synchronize the activity of MS channels, agependlent gatln%), sm(cje vcl)ltage .ac.t(;vatmn ofdthe MSI’I
individual channels in the same patch could all sense th§"aNN€ls was observed only in inside-out and on-ce
same membrane tension, giving an apparent cooperati\féatCheS ll‘ormed.wnh borosilicate glass pipettes and was not
activation. If depolarization-induced interactions betweenpresent in outside-out patches, patches formed with soft

the patched membrane and the patch pipette give rise togoiass pipettes, or in membrane outside of patch pipettes.

change in membrane tension that activates the MS channel In the present study, we ShOV.V that cgrrents attributable to
. .__.._MS channels could not be activated in whole oocytes by

then the delay to MS channel activation upon depolarization .

. . L . _voltage alone. MS channels in whole oocytes are also not

may reflect the time required to generate sufficient tension

to activate the channels. Depolarization-induced membran‘ﬁiaivaﬂad by volume changes, as discussed in"®
- DEP §ackin (1997), and block of MS channel activity does not

iie?fltcr)ln tnti']gh(tj allso tpmv'g\? :t:inne\fvplan datlorn forctihii (t)r? ser:/a- revent the processes of oocyte maturation, fertilization, or
on that the defay 1o activation was decrease € pre adpole development (Wilkinson et al., 1998). Thus, the

ence of_ basal membrang tension imposed by negative pre hysiological role of MS channels ienopusoocytes re-
sure (Fig. 4). The negative pressure may remove any sla ains to be determined

from the membrane patch and add to the tension so that

activation would occur more readily. If voltage-induced MS

channel activity is a measure of the tension in the patch ofupported in part by grant 93—00061 from the US-Israel Binational Sci-
membrane. then the slow deactivation of the MS channelgnce Foundation and by The Zlotowski Center for Neuroscience (to

o . S. D. S.) and grant AR 32805 from the National Institutes of Health and a
upon reDOIarlzatlon may reflect the time course of relax grant from the Muscular Dystrophy Association (to K. L. M.). Z. G. is a

ation of the tension. . ) ) recipient of a Folks Foundation graduate fellowship.
The nature of the proposed membrane-pipette interaction

that could give rise to the delay in MS channel activation by
depolarization is unclear. Voltage might be expected ttREFERENCES
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