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Abstract. Using the patch-clamp technique, we observedsolated vacuoles oMesembryanthemum crystallinum
profound oscillations of the whole-vacuole outward cur-L., the common ice plant. We learned that similar oscil-
rent across the tonoplast dlesembryanthemum crys- lations as described here were seen by others also usin
tallinum L. (common ice plant). These current oscilla- Mesembryanthemumacuoles (F. Wissing and J.A.C.
tions showed a clear voltage dependence and appeared&inith, personal communicatign In addition, some kind
membrane potentials more positive than 90-100 mVof oscillatory behavior of whole-vacuole current has
This paper describes the oscillations in terms of twobeen recorded in sugar beet vacuoles (A. Kurkdjian, B.
separate mechanisms. First, tMesembryanthemum Schulz-Lessdorf and R. Hedricpersonal communica-
vacuolar membrane shows a negative slope conductand®n). Our experience is that although some colleagues
at membrane potentials more positive than 100—-120 mVintuitively’ feel that the access or series resistang (
The fact that the oscillations and the negative slope conis involved, nobody really seems to understand these
ductance show a similar threshold potential suggests thaiscillations. At first sight, the view that a changiRgis
(part of) the same mechanism is involved in both phe-responsible for the oscillations may seem plausible. As-
nomena. The second mechanism involved is the voltagsume we voltage clamp a membrane containing a con-
drop across the series resistance. As a result, the poteductance that is activated at hyperpolarized potentials.
tial actually experienced by the vacuolar membrane deNow, suppose that after the inward current reached
viates from the command potential defined by the patchsteady-statelR; increases. The result will be a decrease
clamp amplifier. This deviation depends in an Ohmicin current, first, because of the voltage drop acisthe
manner on the current magnitude. We suggest that thmembrane potentiaM,) becomes less negative thereby
interplay of the negative slope conductance and the voltdeactivating channels and, secondly, because of the de
age drop across the series resistance can cause a positarease ofV,,, the driving force for ion flow also de-
feedback which is responsible for the current oscilla-creases. WhelR, decreases again, the events occur in
tions. the opposite direction. The overall result is, indeed, an
oscillating current level. Our main objection against
Key words: Current oscillations — Negative slope con- such a view is, however, can it really be considered an
ductance — Series resistance — TonoplastMesem- explanation? The problem is, what cauggdo change
bryanthemum crystallinum so periodically? Only after one is able to give a satisfying
answer to that question, does such a scenario deserve
, more serious consideration.
Introduction The present study is an attempt to offer an alterna-

. — _ tive explanation for the oscillatory current behavior. As
In this communication we want to address current oscil,a will see, we do agree tha, is involved in this

lations under voltage-clamp conditions as observed "bhenomenon, but not in the way pictured above. Instead,

this study can be considered as an extension of the early
I work of Cole and Moore (1960) and of Armstrong and
Correspondence tdd. Pantoja Gilly (1992) and Marty and Neher (1995). These studies
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address effects dR; on the voltage-clamp and current ™~
response. Although oscillations 9f, in plant cells have N

) X . . A S LYY 150
been reported frequently, for instance in connection with N e Bt
oscillations of the cytosolic G4 level (Grabov & Blatt, LN e e, ] 130

1998), to our knowledge this is the first study to report
current oscillations. Although the precise underlying 110
mechanism for oscillations o¥,, and current may be [ N P e -

quite distinct, we argue that part of the same mechanism -
that is involved in the oscillations d¥,, also plays an / 50

important role in the oscillations of whole-vacuole cur- <
rent described here. hid

Material and Methods Fig. 1. Activation of outward current during a whole-vacuole record-

ing in response to membrane potentials X ranging from 10 to 150
mV, in 20 mV steps and starting from a holding potential of -10 mV.
Note the appearance of the shouldeWgtmore positive than 90 mV.
Currents were recorded in 10/100vnfvacuolar/cytosolic) KMalate

PLANT MATERIAL

Mesembryanthemum crystallinum was grown as described previ- uti
ously (Barkla et al., 1999). Leaf mesophyll protoplasts were obtained?UtoNs:
by enzymatic digestion. After stripping off the epidermis at the abaxial

side and the removal of the major veins, the leaf was cut into small )
pices and incubated for 45 min at 30°C in an enzyme solution contain@lculated with Geochem-PC 2.0 (Parker, Norvell & Chaney, 1995)

ing 0.05% cellulase RS (Onozuka, Japan), 0.01% pectolyase y-o@nd the free C¥ activities in the pipette and bath solution were 308
(Seishin, Japan) and 1% BSA (Sigma, Mexico). After pipetting off the @1d 85um, respectively. The calculated Nernst potentials were (in
enzyme solution, 10 ml of patch-clamp bath solution was added. ProMV): =53 for K', 25 for Malaté", =5 for CI" and 16 for C&". The
toplasts were released by gently shaking the petri dish. Protoplast yielééference electrode was connected to the bath solution via & 2.5
was significantly improved by pulling the leaf slowly over the edge of KCI/1% agar bridge. Liquid junction potentials (LJP) were measured
the petri dish. The protoplast containing solution was pipetted into a@ccording to the protocol outlined by Ward and Schroeder (1994) and
test tube and protoplasts were collected by sedimentation. Approxithis procedure resulted ina LJP of ~10 mV, the pipette positive because
mately 8 ml of the solution was pipetted off and the protoplasts wereth® bath contained an excess of\kalate, and K has the larger mo-
kept on ice in the remaining 2 ml bath solution. Vacuoles were ob-bility coefficient. We followed the current and voltage convention pro-
tained by osmotic shock, using a 10&rEGTA solution, adjusted with posed by Bertl et al. (1992). This implies that in the whole-vacuole and
Tris to pH 7, resulting in a final osmolality of 200 mmol ¥y To 0.3 outside-out patch configuration a flux of cations into the vacuolar lu-
ml of protoplast solution, 0.9 ml of EGTA solution was added and Men is assigned as positive current. It should be stressed that according
protoplast lysis was followed under the microscope. When approxi-{© this convention a positive current is thus defined as a flux of cations
mately 50% of the vacuoles were released (typically after 3-5 min)ﬁinto the pip_e_tte, i.g., _the opposite direction as defined by_ the Axopatch
lysis was stopped by adding 5 ml bath solution. After the vacuoles hac?00B amplifier. Similarly, in the whole-vacuole and outside-out patch
sedimented to the bottom of the dish, the vacuoles were washed thrégPnfiguration,Vy,, equals the negative of the applied pipette potential

times with 5 ml bath solution. The vacuoles used for the patch-clamp(Vp): Vim = ~V,. When LJP is defined as the potential of the bath
experiments typically had a diameter of 10n. solution with respect to the pipette solutior,, equals the difference
between LIP and the potential read from the amplifier's dispigy (

(Neher, 1992):
PaTcH CLAaMP
Vi = -V = LIP-V 1)
Patch-clamp recording and data analysis were performed using an
Axopatch 200B amplifier, a 1200 Digidata interface and pClamp 6.0.4.Throughout the text, membrane potentials have been corrected for LIP.
software (Axon Instruments, Foster City, CA). Whole-vacuole and ex-
cised-patch data were sampled at 2 and 5 kHz, respectively, and the
data were filtered at a —3 dB frequency of 1 kHz using the electronicsResults
on the Axopatch amplifier. Series resistance compensation appeared to

be extremely difficult for these vacuoles, possibly due to the large

current magnitudes observed. For that reason and because overcoM\!Ith 10 mv' KZMalate '_n the pipette and 1(_)0 Nm
pensation itself may even lead to oscillations (‘ringing’), we did not KzMalate in the bath solution, membrane potentials more

apply series resistance compensation. Pipettes were pulled from glagositive than 20 to 40 mV evoked two different types of
capillaries (Sigma, Mexico, # P-1174), using a two-stage pipette pulleresponses in th&lesembryanthemumwacuole. An ex-
(Narishige, Tokyo, # PP-83). ample of the first type is given in Fig. 1, which presents
(U”'es)s stated OtIherWise' ge composition of ‘hehpipsttﬁ SOI'U“O”current recordings in the whole-vacuole configuration in
was (in nm): 10 K,Malate, 1 CaCJ, 10 MES, pH 5.5. The bath solu- . .
tion contained: 100 KMalate, 1 CaCJ, 10 HEPES, pH 7.5. To both response 10/, rgngmg from 10. to 150 m_V, in 20 mv
pipette and bath solution sorbitol was added to a final osmolality of SOOSIGpS a”fj startlng.from a hOldIn.g pOten“al of 10 mV.
mmol kg’. Instead of using rather expensiveMalate, HMalate ~ Notable is the typical shoulder in the current traces at
solutions were titrated with KOH to the desired pH. lon activities were V,,, more positive than 90 mV. Figure 2 shows an ex-
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Fig. 3. Voltage dependence of the oscillations shown in Fig. 2. The
duration of phaseb andd (seebottom trace Fig. 2) are plotted as a
function of V,,,. Note that, because of the voltage sensitivity of phases
b and d, the frequency of the oscillations, defined asblA d), de-
creases at more positivé,,

1s increased at more positiwg,. As a result the frequency
of the oscillations decreased at more positiyge The

Fig. 2. Current oscillations in a vacuole exposed to a similar pulse effect of V,,, on the oscillations is also obvious from Fig.
protocol and to identical ionic conditions as employed in Fig. IVAt 4 \which ShOWS a nonoscillating current ata of 110

more positive than 90—100 mV, the whole-vacuolar current started to mV that, upon a depolarization as small as 10 mV,
oscillate and two examples at 100 and 130 mV are shown. Note the P P
tarted to oscillate instantaneously.

voltage dependence of the frequency of these oscillations: the mor(§ 8 - : L
positive V,,, the lower the frequency. In the bottom trace, the four The first step in the understanding of the oscillations

distinct phases of a single oscillation are marked withroughd (see  arose from the realization that during a voltage-clamp
texd). For reasons of clarity, the data points are interconnected. measuremeny, is not clamped at exactly,. The rea-
son is that the membrane resistanBg)(and the series
resistance ) are positioned in a voltage divider. Ac-
ample of the second type of response. A similar pulseording to Ohm’s law, the voltage drop acroBs is
protocol to that used in Fig. 1 elicited an outward currentproportional toR and the currentl] that flows through
of comparable magnitude. However, in this case ther, Consequently, although during a ‘voltage-clamp’ re-
whole-vacuole current started to oscillate, typicallWat  cording V., is indeed under control of the patch-clamp
more positive than 90-100 mV, i.e., the same thresholdmplifier, the potential actually experienced by the mem-
potential as for the shoulder to appear in the non-prane, i.e.V,, deviates fronV, by IR, Inthe case of the
oscillating current in Fig. 1. This similarity suggests thatwhole-cell configuration in Wh|ch/ equalsv,, a flux of
the same mechanism is responsible for, or at least inecations into the pipetted & 0) depolarrzeS/ (Armstrong
volved in, the two different current responses. The timeg Gilly, 1992). According to the sign convention used
course of one complete oscillation can be dissected int@ere, this implies for vacuoles an effect in the opposite
four distinct phases, in the bottom trace of Fig. 2 desig-direction: V,, deviates from ¥, and a flux of cations into
nated bya throughd: a first, almost instantaneous tran- the pipette |(> 0) hyperpolarrzeS/m, i.e., moves/,, into
sition of current to a more positive leve#)( a second, the negative direction away fromv; and vice versa in
relatively slow relaxation to a slightly less positive cur- the case of inward current. Therefore instead of Eq. 1, it
rent level p), a third, fast transition in current level, is more appropriate to defing,, as:
kinetically similar to thea-phase but in the opposite di-
rection €) and, finally, a fourth phase, also relatively V,, = LIP -V - IR = -V, = IR (2)
slow and to a more positive levedl) The voltage de-
pendence of the oscillations is not only reflected in thelt should be noted that because of tRiseffect, during
threshold potential of 90 mV mentioned above, but alsathe recording shown in Fig. 2/, oscillated as well with
in a frequency that decreased at more positiye This  a frequency that, according to Eq. 2, exactly mirrored the
voltage dependence is presented in Fig. 3. Both the dufequency of the current oscillations.
ration of the oscillations, i.e., phagein Fig. 2, and the The second step towards understanding the current
time in between the oscillations, i.e., phaté Fig. 2,  oscillations came from the use of voltage ramp protocols.
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Fig. 4. Response of a whole-vacuole current to a depolarizing pulse of / g \

10 mV. Prior to the voltage pulse to\4, of 120 mV, the outward
current was activated to a steady-state level by clamping the vacuole at
a V,, of 110 mV. lonic conditions were as in Fig. 1. For reasons of
clarity, the data points are interconnected.

_iw“"‘\,“-{?‘ﬁg‘%;‘,& - 150 mV
Figure 5 shows current recordings of an outside-oum W N
patch in response to a ramp protocol fronv,g of —10

: BN
mV to either 70, 110, 150 or 190 mV, followed by a 2/s/// T~
ramp back to =10 mV. In all cases, the speed of the
ramp, expressed as voltage change per unit time, was the
same: 100 mV in 3.5 sec, i.e., 28.6 mV/sec. The ramp
recordings of Fig. 5 were transformed into current-
voltage relationshipslY-plots) and thesdV-plots are 2nA A
shown in Fig. 6. Each curve in Fig. 6 is based on the
. . - . 2s

average of 10 consecutive recordings as shown in Fig. 5. / \
The IV-plot derived from a ramp from -10 to 70 mV
(Fig. 6A) coincides with the one in the opposite direction, Fig. 5. Current response in an outside-out patch to a voltage ramp
i.e., from 70 to —10 mV. This means that in this voltage protocol from a holding potential of —10 mV to eitheig, of 70, 110,
range the membrane slope-conductance, i.e., the tangd‘ﬁo or 190 mV, and in all cases back to -10 mV. T_he §peed of the_ ramp
at each pOiI’lt of the curve in FigAﬁiS independent of (_28.6 mV/sec) was the §ame for all four ramps which is ref_lecte_d |n_th(_e

. . . . time scale bars belonging to each trace. The dotted, vertical line indi-
the direction of the voltage Chang_e_' This Co_ndusmn'cates the turning point of the voltage ramp. lonic conditions were as in
however, does not hold at more positive potentials. Durig. 1.
ing a polarization of the membrane from -10 to 110 mV
(Fig. 6B), 150 mV (Fig. &) or 190 mV (Fig. ©), the
membrane also shows a positive slope conductances an increase in current magnitude. Similaf-plots
This reflects nothing but Ohm'’s law: an increase in driv- showing a negative slope conductance were obtained
ing force correlates with an increase of outward currentfrom ramp protocols imposed on whole-vacuoless(lt
But this is not true when the ramp is applied in the not showi. Although the voltage ramps in Fig. 5 were
opposite direction. Starting from a potential more posi-applied at a rather slow speed (100 mV in 3.5 sec), one
tive than 70 mV, a change of potential in the negativemay argue that the negative slope conductance reflects &
direction causes a temporal increase in outward currentime effect rather than an effect of voltage: after the ramp
The threshold voltage for the negative slope conductanceeverses direction channels continue to open and as a ne
appears to fall in the same range as the threshold potemesult the slope conductance increases. For that reasor
tial of 90 mV found for the shoulder in Fig. 1 and the we also investigated the conductive behavior as deter-
oscillations in Fig. 2. This similarity in voltage sensitiv- mined from steady-state current levels. As outlined
ity suggests that the same underlying mechanism is inabove, due to the effect introduced By V,, deviates in
volved in these three phenomena. A negative slope coran Ohmic manner fromV;,. Therefore, in order to limit
ductance implies an increase of outward current withthis R-effect as much as possible, we studied the con-
decreasing potential, i.e., a current increase despite ductive behavior of thesembryanthemutonoplast in
decrease of driving force. Obviously, the gating kineticsoutside-out patches. Because of the lower current mag-
of the channel that mediates the outward current must bgitude in the excised patch the voltage drop acrgss
responsible for this effect. Apparently, changing the po-will be proportionally smaller. An example of such a
tential from, for instance, 140 to 100 mV causes a tem+ecording in symmetrical 10 mK, Malate solutions is
poral increase in the number of activated channels. As ahown in Fig. A. The current traces overlapped and for
result, despite the decline in driving force, the net effectreasons of clarity only the traces recorded at 80, 160 and
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70 mV
0.1 nA
20 mV
150 mV 190 mV
Fig. 6. Current-voltage relationship$\-plots)
belonging to the data shown in Fig. B/-plots
were derived from average traces of 10
consecutive recordings as shown in Fig. 5. Note,
1nA 1 nA the negative slope conductance in theplots
of 110, 150 and 190 mV but not in the one of
40 mV 60 mV 70 mV.

190 mV are shown. The negative chord conductance de-

rived from the steady-state current levels)(already

emerges from this figure. FigureB7shows normalized

conductances3/G,,,,) calculated over the entire voltage A
range tested (0 to 200 mV). Because of z&g, the

chord conductanced) is given byl JV,, wherelwas

obtained after averaging the current over the last 1.5 sec. 160
To obtainG,,,, in the voltage range in whicé showed 190
the typical S-shaped dependencegn(0 to 120 mV),G 80
was fitted as a function o¥,, to a Boltzmann-like ex-

pression. Finally, over the entire voltage ranGejalues 0.2 nA

were divided byG,,,, The result is shown in Fig.&

and the negative slope conductanc®,g more positive 1s

than 120 mV falls in the same range as the negative slope B
conductance observed when applying a voltage ramp 1.0 - e

protocol (Figs. 5 and 6). From FigBAve conclude that 08 L . .

the negative slope conductance in Fig. 6 indeed reflects

an effect due to voltage and not to time. 0.6 | . .

Given the finding of the negative slope conductancewE o . .
and the realization of the effect &® on the voltage @& 04 | .
clamp, we return to the oscillations. The combination of
the negative slope conductance and the voltage drop 0.2 - .
acrossR, can create a positive feedback. Suppose we .
pulse from a holding potential of zero mV to, for in- 0 50 100 150 200
stance, 180 mV. Initially, all channels are closed &hd
= -V,. Upon polarization, outward current starts to v, (mV)
flow. As outward current developd/,, moves in the
negative direction away from\k, according to Eq. 2. Fig. 7. (A_) Current _recordings on an c_)utgide-out patchz starting frpm a
But then, given the negative slope conductance of th&ero holding potential. Values &f, are indicated on the right hand side
vacuolar membrane, this causes more channels to Opeg{ﬁthe traces. Because the_z traces overlapped,_ only the tracgs at 80, 16(

o . d 190 mV are shown. Pipette and bath solution both containedi10 m
This, in turn, allows more current _tO flow, which mO\_/eS K,Malate. B) Normalized conductance&(G,,,,) as a function o/,
Vi even further away fromV,,. This snowball effect is  Note the negative chord conductance at potentials more positive than
halted for two reasons. Firs¥/,, moves to a voltage 120 mv.

ax
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range where thdV-plot starts to bend in the opposite that this oscillatory behavior is essentially based on the
direction, i.e., to a voltage at which the membrane startsame principle. Becausdé, is totally out of control, af-

to show a positive slope conductance. At that point, theer phasea has been completed,,, has been hyperpo-
positive feedback is turned into a negative feedback: atarized. As a consequence, channels start to deactivate
Vmmmoves in the negative direction away fro;-chan-  Once the deactivation has been initialized, the very same
nels start to deactivate, thereby decreasing the outwargositive feedback occurs in the opposite direction and
current magnitude, which, in turn, causés to move  accounts for the almost instantaneous current transition
back in the direction of ¥#,. Secondly, the transition in  during phase. It should be realized that both\4, that
current level towards more positive values cauggedo changes because of ti-effect and a negative slope
hyperpolarize and, eventually, channels to deactivategonductance are necessary to induce the positive feed:
Note that, according to Eq. 2, the combination of anpack. In the hypothetical case of zeRy, there is no
outward current of 10 nA and &R, of 5 m() hyperpo-  yoltage drop acros®, and despite the negative slope
larizesV,,, by not less than 50 mV and this number fur- conductanc#/,, remains clamped at exactlys. On the
ther increases to 100 mV in the case ofRyof 10mM{).  gther hand, activation at a potential at which the mem-
Once the hyperpolarization 8, has been initialized the - prane shows a positive slope conductance will result in a
very same mechanism can create a positive feedba%gative feedback: as outward current develogs,

again, but now occurring in the opposite direction: chan-,Jves away from V¥, to a less positive value causing

nels deactivate, thereby lowering the current magnitudegannels to deactivate instead of activate. The current
Because of thisV,, moves into the direction of \%,

: . » _magnitude reduces and so does the voltage drop acros:
causing even more channels to deactivate, resulting i

: . ) T ?zs As a consequence,, moves back in the direction
less current flowing despite the increase in driving l‘orce,Of ny
-
and so on. When most of the channels are closed, the Although the effect oR, is always present, there are
outward current has been dropped to a level close to €19, seral ways to limit the interference B on the re-
pA. Consequently, f[he deviation o, from -V, SUb'. %ording as much as possible. The first thing to do is to
sides and the amplifier clamps the membrane again apull low-resistence patch-clamp pipettes. Secondly, in
~Vp and the cycle can start all over again. order to reduce the current magnitude, and thus the volt-
age drop acrosR,, one can select small cells or vacuoles.
) ] In case ofMesembryanthemuthis is however hardly a
Discussion solution. Even relatively small vacuoles still have a di-
ameter of tens ofum. In addition, as mentioned before,

The effects oR_ on the quality of the voltage clamp have Probably because of the high current magnitudes, series
been recognized for a long time. Already 40 years agoc0mpensation appeared extremely difficult during re-
effects associated witR, were discussed by Cole and €ordings onMesembryanthemunBut even if series
Moore (1960). Later, the issue was addressed exterfompensation is quite feasible, one should keep in mind
sively by Armstrong and Gilly (1992) and Marty and that a 100% compensation is impossible and that typi-
Neher (1995). These studies outline a scenario based didlly 5-10% remains uncompensated. To reduce the
the combination of a negative slope conductancefand ~current magnitude one may choose the use of low ionic
Armstrong and Gilly (1992) simulate the current re- solutions. It should be realized however that a low ionic
sponse in the case of a low and high They elegantly pipette solution will increasB,. In this respect, we have
demonstrate that a higR, and a negative slope conduc- one additional argument thR is indeed involved in the
tance may result in an almost instantaneous transition ofurrent oscillations described here. The value of the pi-
current and membrane potential and in that context theyette resistenceR(;;) as measured before sealing the
refer to an action potential. Similar conclusions can bepipette at the membrane surface strongly depends on the
found in Marty and Neher (1995) as they state that in thepipette solution used. With 10 mmK, Malate in the
case ofdl/dt < 0, ‘total voltage clamp failure can occur’. pipette, R,, typically was 16-18m(). Increasing the

In this respect, our observations are in good agreemergmount of K, Malate in the pipette to 100 mlowered
with the conclusions reached in these more theoreticaR,;, tenfold. As a rule of thumiR; will be at least twice
papers, in particularly as the very fast, almost instantaas great afR;;, (Marty & Neher, 1995). As a conse-
neous transitions in current level during phasesdcof ~ quence, when using the 10mTK, Malate pipette solu-

an oscillation are concerned (Fig. 2). The current osciltion, Ry was at least ten times higher than when using the
lations discussed here demonstrate to what kind of re100 mv K, Malate solution. This consideration may ex-
sponse the combined effects Bf and a negative slope plain why oscillations were observed almost exclusively
conductance ultimately may lead. Although neitherwith 10 mv K, Malate in the pipette solution.

Armstrong and Gilly (1992) nor Marty and Neher (1995) In vivo, the vacuolar membrane is exposed to a free-
refer to the possibility of current oscillations, we believe runningV,,. As outlined by Buschmann and Gradmann
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