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Abstract. lon channel activity in cell-attached patch re- Introduction

cordings shows channel behavior under more physiologi- . .
cal conditions than whole-cell and excised patch meal" the ceII-attacheq patch (CAP) conflguratlon of the
atch-clamp technique, the electrode is sealed onto a

surements. Yet the analysis of cell-attached patch med?

surements is complicated by the fact that the system s ilPatch 0f membrane that remains part of the intact cell.

defined with respect to the intracellular ion activities and COnsequently, two membranes (the patch membrane anc

: . : the rest of the cell membrane) intervene between the
the electrical potential actually experienced by the mem- ) i
P y &P y patch electrode and the bath electrode. This configura-

brane patch. Therefore, of the several patch-clamp corP Its | licati hat hinder the i
figurations, the information that is obtained from cell- tion results in two complications that hinder the inter-

attached patch measurements is the most ambiguoueretaﬂon of the resultant electrophysiological measure-
The present study aims to achieve a better understandi ents. First, the pipette potentia) is defined W't.h

of cell-attached patch measurements. Here we describe spect to the potential of the reference electro_de in the
method to calculate the intracellular ion concentrationb""rh SO'.”"%”' Therr]efo:je,r:he reS|sbtance of 'the lon c?ahn-
and membrane potential prevailing during cell-attached'® (R) in the patch and the membrane resistance of the

atch recording. The first step is an analysis of the jm-"tact ceII_, or cell_input resistanc&y), are situ_ated in a
P g P y voltage divider (Fig. 1). Consequently, at a givénthe

portance of the input resistance of the intact cell on the | vol g " b b d g
cell-attached patch measurement. The second step, afgtual voltage drop across the membrane patch depend.

actual calculation, is based on comparison of the singlémlthesratIO c&fRohandRc anq lthe ““”.‘ber %f (t))penhchan— h
channel conductance and reversal potential in the cell?€s. Second, the potential experienced by the patc

attached patch and excised patch configurations. Thg'émbrane depends not only b but also on the mem-

method is demonstrated with measurements of mem?'a"€ pot_ential of the intact cel/{), and 'Fhe_l_atter not
brane potential and cytosolic'kconcentrations ivicia pnly remains unknown but can change significantly dur-
g the CAP measurement, due to a net current through

fabaguard cells. The approach described here provides ~. . s
an attractive alternative to the measurement of cytosoli In or ogt of the cell W'th. a change M, the driving
orce for ion movement will change and as a conse-

ion concentrations with fluorescent probes or microelec- ) :
trodes guence the measured single channel conductance in CAF

(Qc,cap Will change as well. The measured reversal po-
) ) tential of the channel in the CAP configuration will also
Key words: Intracellular ion concentration — Mem- pe affected. Both of these problems especially arise in
brane potential — Cell-attached patch — hannel —  relatively small cells, in whictR, may be of the same
Stomata —Vicia faba order of magnitude a&. In addition toR., the cell-
attached membrane patch will have a background leak
(R,) caused by the presence of any other pathways for

* Present addresdnstituto de Biotecnologia, UNAM, Apartado Postal ion flow acros_s t?]e memb;anﬂp Eas a Sl.rp”ar effect on
510-3, Colonia Miraval, Cuernavaca, Morelos, Mexico, 62271 Vi asR.. As '_S the case ORC! the significance ORp
depends on its value relative ®, rather than on its

Correspondence t05.M. Assmann absolute value. The role d®/R. and R/R, in CAP
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comparison of ion channel characteristics obtained from
cell-attached patch, excised patch, and whole-cell mea-
surements.

Material and Methods

PLANT MATERIAL AND PROTOPLASTISOLATION

Plants ofVicia fabawere grown and guard cell protoplasts were iso-
lated as previously described (Miedema & Assmann, 1996). After iso-
lation, the protoplasts were kept on ice and in the dark for two hours in
a solution containing (in m): 450 sorbitol, 0.5 CaGJ 0.5 MgCl, 0.5
ascorbic acid, 0.01 KHPO, and 5 MES, pH 5.5. For the Kuptake
experiments, the procedure was the same but after isolation the cells
were incubated on ice and in the dark in a solution containing 350
sorbitol, 50 KCI, 0.5 CaCl 0.5 MgCl, 0.5 ascorbic acid, 0.01 K}PO,

and 5 MES, pH 5.5. The average diameter of protoplasts used for the
patch clamp experiments was .

Fig. 1. Schematic representation of the cell-attached patch configura-

tion, showing that the resistance of the ion channel in the p&glaad PATCH-CLAMP MEASUREMENTS

the resistance of the background leak of the patch membRy)ae

positioned in series with the resistance of the intact cell membRyje ( The pipette solution always contained (imn’5 KCI, 5 K-Gluconate,

Pipette and cell potential are indicated Wy and V;, respectively. In g g CaC}, and 10 Hepes, pH 7 (KOH). The CAP-bath solutions con-

general,§ equalsNR/R;, whereN is the number of channels in the  (ained 1, 5 or 50 KCI, 5 K-Gluconate, 0.5 or 5 Ca@hd 10 Hepes, pH

patch membrane. Note that the seal resistance is not indicated becau;ietKOH). Where appropriate, potentials have been corrected for liquid

it is an irrelevant resistance in the context of this pajseefext). junction potentials. For inside-out patch (IOP) measurements, the bath
solution was exchanged for (innm: 80 K-Gluconate, 2 EGTA with

. Cl, added to give a final free Gaconcentration of 50m, 10 Hepes,
measurements has been the subject of several papeglg 8 (KOH) and different amounts of KCI as indicated. Reversal

(Flschme|ster, Ayer & DeHaan, 1986; LynCh & Barry, potentials were corrected for ion activities and &lded by pH adjust-
1989; Barry & Lynch, 1991; Ravesloot et al., 1994).  ment. Mannitol was added to all solutions to produce a final osmolality
The first step in the interpretation of CAP measure-of 450 mmol kg?, except for the K-uptake experiments: CAP mea-
ments is, thus, an understanding of the roIeRgf One surements on cells which were incubated in the 50 KCI solution
way to achieve this is to StUCgé,capin a patch containing were performed in a bath sp]ution of osmolality 4_115 mmolkde-
more than one channel. As more channels open, a higﬁ"use it proved extremely difficult to obtaaf) seals in the regular 450

. . mmol kg™ solution.
Ro will result in a decrease cgc,cap On the other hand, Measurements were performed using an Axopatch-1B patch-

a Ge,cap that does not change with the number of 0F_’('z'nclamp amplifier and a DigiData 1200 Interface (both from Axon In-
channels, and rectangular shaped current transientguments, Foster City, CA). The sampling rate was 5 kHz and currents
(Barry & Lynch, 1991) indicate thaR, < R, andR, < were filtered at a -3 dB frequency of 1 kHz by the four-pole Bessel
Rp. Given '[hatRO/RC and RO/Rp are small, we provide a filter on the Axopatch-1B. Data analysis was accomplished using
method to calculate the cytosolic ion concentration of the?CLAMP software (version 6.0.3, Axon Instruments). Membrane po-

permeant ion species and from this the membrane potertlgntials and reversal potentials are defined as the potential at the cyto-
solic face of the membrane with respect to the potential at the external

tial as well. The method can be applled to both ammalface of the membrane. Pipettes were pulled from Filamented Patch

and plant cells and is exemplified here by measurementg|amp Glass (Catalog #5968, A-M Systems, Everett, WA). At the start

of the K* selective outward rectifier in the plasma mem- of the experiment, the patch-clamp dish was filled with CAP-bath

brane ofVicia fabaguard cells (Miedema & Assmann, solution and the pipette resistance was between 80#IDGin the 5

1996), enabling calculation of the cytosolic Koncen- ~ mm KCI/ 5 mum K-Gluconate solution). After establishing an on-cell

wation i this cel ype (MacRobbie, 1966), D o e Lo s o i
Wlt.h the exc_eptlon of C"".'C'L.‘”.‘ and pH_prope_s, Fhe performed under rgom Iight)j resultinginalightintensitththe position

use of ion selective probes. in living cells is still in |t_s of the patch clamp dish of <AE m2 sec™.

infancy. The method described here allows calculation

of the intracellular ion concentration for a variety of

ionic species. In addition, the noninvasive nature of theResults

method may be an advantage over, for instance, the use

of ion selective microelectrodes. Another advantage offheoreTIcAL BACKGROUND

our method is that it also provides the membrane poten-

tial of the intact cell. Knowledge of the intracellular First we must address the possible impact of a high cell

ionic conditions and membrane potential allows a validinput resistance on cell-attached recordings. The quan-
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titative analysis given here is based on the framework
outlined by Barry and Lynch (1991). We suffice by giv- S 20 -
ing the equations; readers who are interested in the deriE
vations are referred to Barry and Lynch’s excellent re- ©
view. Where appropriate, the first number between pa-¢
rentheses refers to the corresponding equation in thei@
paper. In contrast to Barry and Lynch'’s paper, our equa-g 0 -4
tions account for the number of open channels in theg
membrane patch, but describe steady-state current level

only. o 104

When considering differences in current levels T T T
rather than absolute current magnitudes, the current -100  -50 0 50 10
through the seal resistance cancels out of the equations V. (mV)
(Barry & Lynch, 1991). For this reason the seal resis- P

tance is absent from the following analysis. Before the
patch pipette is sealed to the membrane, the cell or pro-
toplast will be in a state of zero net current across its cell 1 4
membrane and the membrane potential of the intact cell
(V;) will be given by its resting valu&,. After the es-
tablishment of a cell-attached se¥],is given by:

5=p=0
m o 5=0.1, =0
34 A s=p=0.1

Current (pA)
N

_ Eo+ V(8 +NB) + Ed + ENB
Vi= 1+3+NB

(A21, 1)

-4 T T T 1
-100 -50 0 50 101

whereV,, is the pipette potentiak the diffusion poten-
tial of the channel, the diffusion potential of the back-
ground leak R, the resistance of the channBg), the cell Vp (mV)
input resistanceR, the resistance of the background
leak,d = R/R,, B = R/R.. To account for the number 2.0 ~ C
of open channels in the patcN)( note that with respect
to the original equation A21 in Barry and Lynch (1991)
B has been replaced INB. In extreme case®,, R; and

R, might be all of the same magnitude, implying values
of & and close to unity (Barry & Lynch, 1991). How-
ever, even wherd and 3 are one order of magnitude
lower than unity they will have a profound effect on the
CAP measurement. To demonstrate these effects we ar®-
bitrarily choosed and g to be 0.1. Figure & shows a
simulation ofV; — E,, i.e., the deviation o¥; from E,, as

a function ofV,,. Equation 1 means that even before the
channels of interest ope (= 0), a current througl, N

may already chang¥,. After channel openingR, pro-

vides an additional pathway for ion flow andg may Fig. 2. (A) Simulation of the deviation o¥; from E, (V;-E,) at differ-
change even more. Only in those cases wire< Rp entV, and for different values ob and B (seeEq. 1) B) Simulated

and Ro < RC/N, i.e., whens = B =0, doesVi remain IV-curves_for th_e first open channdli(= 1) in apatch studied in the
CAP configuration, according to Eq. 2 and at different values ahd
unaffected and &k,

. . . B. (C) Simulation of the difference in current level betweénl andN
During a CAP measurement, the difference ingpen channels, calculated avjgof 30 mV. For all calculations ink),

steady-state current leveli(,,) before and after channels (B) and €) the following parameter values were us&d:= -20 mV,
open is given by: E, = -50 mV,E, = 0 mV, g, = 30 pS.

[ ]

eak distance (pA)

o
o

Es-V,+E3—-E(1+3
o~ Vp+Ed “Ed1+?) (A20, 2)

(1+3)(1+3+NB) different values ob andp. As is obvious from theV-
plots in Fig. B, the apparent or measured conductance in

whereg, = 1/R.. Figure B shows a simulation odi,,,  the CAP configurationd; .,) depends on the values of

for the first open channeN = 1) as a function o/, at  § and@. For the first open channel, the relationship be-

At =N g,
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tween the true single channel conductarg:$ &ndg; c,p A
is given by:

0. = (1 + 8)(1 +3+ B)gc,cap (A411 3) o1 2pA

Equation 3 means that whenev&rand B are signifi- I~ BT
cantly greater than zerg ,,is an underestimation of _ ~ —~— —

0. Note that althougté andp affect Ai,,, the relation- ~ ~
ship betweemn\i,,, andV, remains linear. In contrast, the

relationship betweeN andAi,, is linear only as long as

B = 0. Instead of plotting\i,,; vs. N,Fig. 2C shows the ot

difference in current level betwedd andN + 1 open c !

channels, in relation t& andB. Whenevem is signifi- T100ms
cantly greater than 0, the distance between the peaks of
the all-points histogram decreases with In the ex-
ample of Fig. Z (8 = B = 0.1), the distance between
the peaks of the all-points histogram would decrease
from 1.44 pA for the first open channel to 1.01 pA for the
third to 0.75 pA for the fifth open channel. This is an
important observation as it enables us to get an indication
of the significance op (and thus oB, as both depend on
R,). All we have to do is either inspect the all-points
histogram or plotAi,,; as a function ofN and find out
how Ai,.; behaves as more channels open. A second nu-
merical example can further clarify the effect®dandp 15
on Ai,. According to Eq. 2, at a given value ¥f, the
ratio of current levels corresponding to two and one open
channel is given by: 94

(Aign= 21 +3 +P)
(Aiggdn=g  1+3+2B

2pA

o
o

0.98

I
o
1

w
o
1

0.97

N
o
1

0.98

Number of counts (x1000)
)
1

(4) )

Ford = B =0, Aigdn=2/(Algdn=1 = 2. Now suppose 10 20 30 40 50
thatd and are both > 0 and moreover are of the same v, (mV)
magnitude. Then, Eq. 4 means tha af, for instance,
0.14 will already result in ai,o)n— o/ (Aiodn-1 Of 1.8.  Fig. 3. (A) Example of a CAP recording df, ... in Vicia fabaguard
This effect will be reflected in a 20% decrease of thecells, at av, of ~40 mV and an external Kactivity of 11 mv. Closing
distance between the current peaks for one and two Opdﬁ) and opening of one (01) or more channels are indicated to the left
channels in the aII-points histogram. olt tzhoeotraces_. E)I Adl_l—poir;‘ts gistogram basedhon i;gt%dhrecorlqcijnlg time
. 0 sec, including the 5-sec segment show e solid line

During a CAP measurement not orgxcap b.Ut also represents the fit Ssing the Marguardt—Least Squares protocol in
the measured rever§a| Or, zero current pOth‘@ def pClamp 6.0.3. Bin width= 0.08 pA. The distances (in pA) between
pends orb, WhereVS is defined as the potential at which fitted adjacent peaks are indicated. Note that the peak in the leftmost
Aio; = 0. The relationship betweévg and the true re- position represents the current level before channel opening and indi-

versal potential of the channdty) is given by: cates a seal resistance of approximatelyc8b (C) Relationship be-
tween the current magnitude akfg of the channel shown ind). Note

Vg = E0 + Ep6 - (1 + S)EC (A42, 5) that in order to assign outward current as positive, we plottég -
instead ofV,.

MEASUREMENTS ONVICIA FABA

particular cellR, < R, andR, < R.. For approximately
Figure 3A shows a CAP recording of the'Kselective  half of the over 54Vicia fabaguard cells studied, the
outward rectifier [ o, in the plasma membrane d-  observed decline in distances between the current peak:
cia fabaguard cells. The rectangular shape of the cur-of the all-points histogram for, for instance, the first and
rent transients in Fig.Balready indicates that the values the third open channel was 5-10%. For the other half of
of 8 andp are relatively small. This expectation is con- the cells, the decline fell typically between 10 and 20%
firmed by the equidistant peaks in the all-points histo-and only very rarely as high as 20-30%. One reason that
gram in Fig. B. We conclude that, in the case of this in about half of the cells studied, effects®and on the
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CAP measurement could safely be ignored is the size of A
the guard cells, here typically 1dm. Especially for
cells smaller than 15.m one should expect to see effects |l .
of 8 andB (Barry & Lynch, 1991). Interestingly, occa- zf v
sionally a 5-10% decrease in peak distance was observesl
in IOP recordings as wellnpt show). Whatever the
reason for this, it only strengthens our conclusion that in
half of the Vicia fabaguard cells we studied (those on
which the analysis reported here is basBgjvas small, w |

at least compared 8. andR;, and consequently did not WWW NW
interfere with the CAP measurement. Figui@ Shows °1WWWWWW (U
the current magnitude in relation ¥ and demonstrates ¢ | ————— Wi
the Ohmic behavior ofy ., in the CAP configuration.

Figure 4A shows a recording off . in an inside- 50
out patch (IOP) and the corresponding all-points histo-
gram is shown in Fig. B. IOP measurements can be
considered as a limit case of CAP measurements with
zero cell input resistance. In accordance with this, in
most IOP recordings the distance between the peaks of
the all-points histograms was indeed essentially constant.
One reason to perform the excised patch measurement is
to identify the ion selectivity of the channel. Figur€ 4 4 00 1 2 3 4 5
shows the relationship between the recorded reversal po- pA
tential E,.,) under different K regimes and the Nernst
potential of K" (Ex). As E,,, follows E, closely we con- o4C
clude that in the IOP configuratioly ., is selective for *
K*. (In a previous paper (Miedema & Assmann, 1996)
we erroneously concluded thigt,, , shows some perme-
ability for CI™ as well).

When studied in the IOP configuratioky, ., totally
inactivates at membrane potentials more negative than -60
-20 to =30 mV (Miedema & Assmann, 1996). In the T T T
CAP configuration the channel also inactivated at hyper- 0 200
polarized membrane potentialaof showi). A second Erev (V)

remarkable fea.ture OrK'OUt is the ﬂICkery_ O_pen_ State Fig. 4. (A) Current recording ofy ,,, in the IOP configuration at a
current level (F|gs A and, A). . From th? similarities in membrane potential of 0 mV. Closing)(and opening of one (01) or
voltage sensitivity and flickering kinetics, we conclude more channels are indicated to the left of the tracBy.All-points
that in both configurations one and the same channel hagstogram based on a total recording time of 200 sec, including the
been studied. Consequently, it is assumed that in th&-sec segment shown ik}, The solid line represents the fit using the
CAP configuration, this channel shows & Eelectivity Marquardt-Least Squares protocol in pClamp 6.0.3. Bin wigtl®.08

as well. pA. The distances (in pA) between fitted adjacent peaks are indicated.
(C) Values ofE,, in the IOP configuration under different’egimes

in the bath as a function df.. Each data point (<€) represents the
average of at least six independent measurements. Where no error bar
are indicatedse was smaller than the symbol size.

100 ms

N
o
1

0.87( 10.88
30

20 0.89

Number of counts (x1000)

-20 4

Ex (mV)

40 4

CALCULATION OF THE CyTosoLIC |oN ACTIVITY

The starting point for the calculation of the cytosolié K

concentration is a mathematical expression that describ H?(Ct'v'“e? in the batth. As is S]EJVI?;]JS frgm F|g§ﬂhe t
current flow through the channel in relation to voltage equation cannot account for the observed currents

and to ion activities at both sides of the membrane duringjsor thi.s pgrtic_ular channel type. An altemnative current
the IOP recording. The equation most commonly used i quation is given by Offner (1991):

the Goldman-Hodgkin-Katz (GHK) current equation. | =g (E-E,) (6)
However, from 36lV-curves obtained fronVicia faba

guard cells that we tried to fit to the GHK equation, only whereg, is given by:

13 could be fitted adequately by this equation. A typical S S >

example is shown in Fig.A& This figure shows three +

IV-plots obtained from one and the same IOP at differente = PSKS(S +Ke S +Ke (7)
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[ ) Fig. 6. The dependence @f, on the K activity at the cytosolic face of
the membrane measured in the IOP configuration. Thedtivity in
-100 -80 20 40 the pipette was always 11nm The solid line represents the fit of the
L | 1 ] data points to Eq. 7, resulting inkg, of 20 + 2.8 nm and aP of 1.2
V, (mV) + 0.11 pS/nm. Each data point is the averagesgr of at least six
- -5 P independent measurements. The fit was employed with weight factors
1.0 inversely proportional t&e By interpolation, conductances of 20 and
® 25 pS indicate cytosolic Kactivities of 17 and 40 m, respectively
- -1.5 (seetext). K* activities given include the contribution of'Krom KOH
L 50 for pH adjustment.

Fig. 5. (A) IV-plots obtained from IOP recordings of a single excised

patch at different K activities in the bath. The solid line represents the . . .
fit of the data to the GHK equationB| The same data as il{butnow €Nt magnitudes agcordmg to EQS. 6 and 7 with e
described with Egs. 6 and 7 while using the valueskgfand P,  and K values obtained from Fig. 6. We conclude that

obtained from Fig. 6. Offner’s equation describes our data much better than the
GHK equation.

Once we have the data to construct the plot in Fig. 6,
and whereP, is a permeability coefficienK the affinity ~ the intracellular ion activity can be obtained by simple
of the channel binding site for its substrate, &hdndS,  interpolation. Such an interpolation is valid because we
the internal and external ion activity, respectively. How- previously ruled out effects oR, on g .., Conse-
ever, a direct fit of the data to Egs. 6 and 7 proved to bequently, differences betweeg, and g, .., can only be
extremely sensitive to the given starting value®génd  ascribed to differences in ionic activities during the mea-
Ks Therefore we followed a different strategy and cal- surements. The only restriction is that bathandg, ¢,
culatedPg andKg of I . from Fig. 6, which shows the must show Ohmic behavios¢eFigs. 3 and 5). This is
empirical dependence af, on the K activity on the an essential condition because as lony;ds unknown,
cytosolic side of the membrane. A fit of the data in Fig. comparison ofj; andg. .., at exactly the same potential
6 to Eq. 7 resulted in 8, 0f 1.2 £ 0.11 pS/m and aK,  remains impossible. In the CAP configuration and at an
of 20 + 2.8 mu. Note that the fit in Fig. 6 does not extracellular (pipette) Kactivity of 11 mv we measured
intercept the abscissa at zero pS. This is a consequenedy. .,,(+sE) of 20 £ 0.7 pS§ = 30). Interpolation (Fig.
of Eq. 7 and means that at zero cytosolit (§ = 0)g.  6), gives an intracellular Kactivity (Kgey) of 17 mw.
is exclusively carried by inward current. Although the Collection of the data for Fig. 6 is rather time con-
channel may not mediate inward current under in vivosuming. Therefore, it is important to note that once the
conditions, inward currents through these channels argalue ofK of a particular channel is known there is an
clearly evident in tail current recordings (e.g., Miedemaalternative, faster way to calculate the intracellular ion
& Assmann, 1996). FigureBbshows the same data as activity. As is obvious from Egs. 6 and 7, when using
Fig. 5A, but now the solid lines represent calculated cur-the ratio of two conductances and assuming Ehas the
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same under the two conditionB, cancels out of the
equation. Suppose we already knéy then it would
suffice to determine the single-channel conductance an
reversal potential o ., first in the CAP configuration

and secondly in the IOP configuration, preferably on the

same membrane patch. Then, the ratigoin the CAP
configuration @ .,p and in the I0P configuration

(9c.iop) is given by:

gc,cap: (Kcell(Kp + Ks) + Kp(KceII + Ks))(Kb,iop + Ks)(Kp + Ks)
gc,iop (Kb,iop(Kp + Ks) + Kp(Kb,iop + Ks))(KceII + Ks)(Kp + Ks)

®)

whereK,, is the pipette K concentration (which is the

same for a CAP and an IOP measurement on the same

membrane patch) anld, ,, the bath K concentration
during the I0P recording. It is impossible to express
Keen €Xxplicitly in terms of known parameters and there-
fore we used an iterative calculation in PASCAL to solve
Eq. 8 forK . Theg, i, at a K" activity in the bath of,
for instance, 86 m, was observed to be 28 + 0.6 pS
(n = 11). And when using the above-mentioned
0c,capOf 20 pS and of 20 mv, we calculate a cytosolic
K™ activity of 18 mv, indeed almost identical to the 17
mm obtained by interpolation from Fig. 6.

107
80
d
S
E
o
o
>
[ ]
-80 T T T T
0 10 20 30 40 50

Bath K* (mM)

Fig. 7. Values ofV3 at different K" activities in the bath. Prior to the
recordings, the cells were incubated in a low (<&)* solution. The
K™ activity in the pipette was always 11MmThe solid line represents
calculatedE, based on the Kactivity in the pipette and the bath. The
dashed lines marlg, + 10 mV. Numbers represent the number of

Prior to the patch-clamp experiments, the cells werendependent experiments for each conditiohativities given include
kept on ice in a standard solution containing less than Fhe contribution of K from KOH for pH adjustment.

mm K*. This may partly explain the low calculatéd,,
(17 mm). One way to test the sensitivity of the method
would be to loadVicia faba guard cells with K and
study the effect oy, .o, To induce K-uptake, we in-

indicating that these cells indeed occupied the K-state.
Based on Fig. 7, at a bath™Kactivity of 11 nmm, the

cubated the cells for at least two hours in a solutionaverage/gfor cells in the K-state was €g) 5+ 1.2 mV

containing 50 mu KCI but recordedg, ., andvg in a
solution containing 11 m K*. Under these conditions,
we indeed observed an increasegin.,, from 20 pS to
25+ 1.4 pS § = 5). Again using Fig. 6, interpolation
then yields &, of 40 mv, indicating that the incuba-
tion in 50 mv KCI had indeed influenced the cytosolic
K* concentration.

CALCULATION OF THE MEMBRANE POTENTIAL

The next step is to calculatg, which, in the special case
of 8 = B =0, equals, (Eq. 1). Then, according to Eq.
5, Ey is given by the sum ovg andE.
Eo = Vg +E )
Figure 7 shows/y at different K" activities in the bath.
The solid line represents the theoretical value\/@ﬂ‘or
cells that occupy the “K-state” (Vogelzang & Prins,
1994), in whichV; is dominated by a K conductance.
For these cellsvg is independent oK., and is solely
defined by the pipette and bath solutions:

Vg = (RTF)IN(Kpai{Kpipetrd- The dotted lines in Fig. 7
mark the area ok, + 10 mV. Figure 7 shows that for
the majority of cells (33 out of 54)\/3 was close tde,

(n = 12).

The value ofE, in the CAP configuration can be
obtained by making use of the fact that the channel
shows a K selectivity. Consequently, once we have cal-
culatedK, E. is simply given by the Nernst potential
of K* (Ey):

_RT K
“F K

p

Ec,cap: EK (10)

cell

resulting in ank; of =11 mV and in ang, of -6 mV.
Occasionally, howeveh(g was about 50 mV more nega-
tive thanE,, most likely reflecting activity of the out-
wardly directed, plasma membrane boun@ATPase in
these cells (Shimazaki, lino & Zeiger, 1986).

After incubation in the 50 m KCI solution,vg was
1+0.9mV ( = 5) andK ., was 40 nu, resulting in an
E, of -32 mV. The value of/) of 1 mV is close to the
average\/g of 5 mV measured under standard conditions
at a bath K of 11 mm and for cells in the K-statesée
Fig. 7). This result is exactly as predicted for cells in the
K-state and demonstrates the fact that under those con:
ditionsvg is indeed independent &, (Vogelzang &
Prins, 1994).
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Discussion showed (Miedema & Assmann, 1996) that,, is af-
fected by the cytosolic pH (pH An increase of pH
from 7 to 8 caused an 1.2-fold increasejn Recordings

on one and the same membrane patch revealed that th
channel activity in CAP was most like the observed
The technique described here can be used for plant anghannel activity during the IOP measurement at a bath
animal cells and for plant vacuoles. Its application maypH of 8. This observation suggests that under the given
be most biologically relevant for cells that face bulk flow ¢onditions, the pHof guard cell protoplasts is closer to
of ions across their cell membrane as part of volumeg than to 7. Measurements on intadicia faba guard
regulation, for instance epithelial cells in the kidney andcg|is indeed indicate a somewhat alkaline, pH 7.7

the intestine and, in general, dividing cells (JemSCh_&(Blatt&Armstrong, 1993). Therefore, we compared the
Ginther, 1997). Among plant cells, the guard cell is cAp measurements with IOP recordings obtained at a
probably the best example. We illustrated the method)aih pH of 8. This may be an unusual case, since chan-
with recordings from inside-out patches but outside-out,q, regulation is more commonly achieved by regulation
patches can be used as well. of the open probabilityR,) rather than at the level af,..

The calculation oK., andV; is most reliable when e effect of external Kon Iy . in Vicia fabaguard
the channel studied is highly selective for one ion SpecieSq|is can serve as a typical éxample. While the activa-

and the cell size is relatively large and by implicatiRn tion potential ofl o, shifts with E, the single channel

< R;andR, < R,. Then, effects ob andp can simply conductance remains unaffected (Blatt & Gradmann,

be ignored. In the CAP configuration, the time con:stanti997 and references therein). Provided one is able to

of single channel current decay after a current transien bserve multiple channels during a CAP recording, a
depends on the relative values of b&hand the intact .
tchange inP, does not affect our method.

cell capacitance. Therefore, a first look at the curren It miaht be obvious that the method fails whenever
traces can already reveal a coarse indication of the sig- 9 . ;
. shows an unstable, drifing behavior. In general, mem-

nificance ofR,. Small values oR, will result in rectan- : . e )
gular shaped current pulses (e.g., Figs.@d 4). In brane potentials dominated by diffusion potentials are

contrast, high values @&, may result in decaying current more stab!e than membrane p_otenuals dominated by
pulses (Barry & Lynch, 1991; Ravesloot et al., 1994). elgctrogenlc transporters. In tr_us respect, the method
Obviously, one should be careful that during the might be more applicable to animal than plant systems,
CAP measurement the pipette is indeed attached to th@S the latter are more often hyperpolarized and (partly)
cell and that the patch has not excised. In the case dfefined by the plasma membrane bound-ATPase.
I« ou:in Vicia fabaguard cells, confusion about the actual Y& observed such a drifting (data not showpafter the
configuration was hardly possible as the channel consisdddition to the guard cell protoplasts of fusicoccin, a
tently inactivated after excision, possibly due to the ex-compound known to stimulate the proton pump (Marre

posure of the channel tonCa* concentrations in the 1979). o _
bath. Another limitation of the method arises from the fact

It should be stressed that the method relies on twdhat for some channels the concentration dependence o
presumptions. First, it is almost trivial to mention that 9c may deviate significantly from the simple saturation
one and the same channel should be studied in the CApUrve shown in Fig. 6. For instance, for multi-ion pores,
and excised patch configuration. AQr.,in Vicia faba 9. may actually decrease at higher substrate concentra-
guard cells the evidence was twofold. First, the similartion (Hille, 1992). Then, an interpolation as shown in
voltage dependence and, second, the typical flickeringfig. 6 results in two possible solutions.
noisy open state current level observed in both configu- We concluded that our data are much better de-
rations (Figs. B and 4A). Obviously, the likelihood that scribed by Egs. 6 and 7 (Fig.Bp than by the GHK
the same channel is studied increases significantly wheaquation (Fig. ). However, the opposite will be true
both measurements are performed on one and the sanfier other types of channels. The use of the GHK equa-
membrane patch. tion has the advantage that the method does not rely on

Second, a difference in channel conductance bethe knowledge oK. andP,, because the GHK equation
tween the CAP and the I0OP recording must not be ex<ontains only one parametdl,, which, when using cur-
plicable by a regulatory effect of, for instance, a cytoso-rent or conductance ratios, cancels out of the equation
lic component that is present only during the CAP mea-seeAppendix). This significantly simplifies the proce-
surement. In this respect, knowledge of the physiologydure, and is even more relevant when considering that, at
of the particular cell may be helpful. One may chooseleast for our data, the variation in the final calculated
those experimental conditions which have a predictablesalue ofK.., was mainly determined by variation in the
effect on, for instance, cytosolic €aand pH. We can values ofK andP as obtained from Fig. 6, rather than
address this point with an example. We previouslyin the variation ing ¢,

VALIDITY OF THE METHOD
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CyTosoLic K™ AND MEMBRANE POTENTIAL IN et al., 1988)) can indeed induce a significant rise in cy-
ViciA FABA GUARD CELLS tosolic K" concentrations.
In general, impalement of plant cells with potential
or ion selective electrodes is often inconclusive because
From impalement studies on intact celigicia faba  of confusion regarding the exact location of the electrode
guard cells can be divided into two subpopulationstip in the cytosol or in the vacuole. The use of ion
(Thiel, MacRobbie & Blatt, 1994). One group of cells is selective fluorescent probes such as potassium or sodiun
characterized by a membrane potential that shows a neaginding benzofuran isophtalate (PBFI and SBFI) is com-
Nernstian behavior with extracellular™K(“K-state”). plicated because these probes show a pH-and-ionic
The membrane potential of cells of the second group isstrength-dependent affinity for both'and N& (Haugh-
more negative thag,, indicating aV, dominated by the land, 1996). The method outlined in this paper over-
H*-ATPase. Figure 7 supports this categorization ofcomes these problems and is noninvasive, providing an
guard cells into “K-state” and “pump-state” cells. Re- attractive alternative approach for the measurement of
cently, Roelfsema and Prins (1997) arrived at the samétracellular ion activities and membrane potential in
categorization from double—barreled voltage clamp meaboth plant and animal cells.
surements on guard cells Arabidopsisepidermal peels.
Guard cells regulate stomatal aperture and guard CeU\Ie thank the scientists who commented on the manuscript, particularly

swelling and shrinking is accomplished by the uptake Orpys. F. Ganez-Lagunes and O. Pantoja. This research was supported
release of cations and anions, notably KI” and malate by NSF grant MCB-9316319 to S.M. Assmann.
(Assmann, 1993). Consequently, the concentrations of
these ions in guard cells may vary considerably, depend-
ing on the physiological status of the cell. This may beReferences
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Roelfsema, M.R.G., Prins, H.B.A. 1997. lon channels in guard cells ofduring two measurements on an excised patch, Eq. 12 is simplified to

Arabidopsis thaliangL.) Heynh.Planta 202:18-27 Eq. 13 geeEq. 14-3 in Hille, 1992):
Schwartz, A., llan, N., Grantz, D.A. 1988. Calcium effects on stomatal | )
movements irCommelina communis. Plant Physiol 87:583-587 | _ S~ Syexp-zv')

. . ; . . = (13)
Shimazaki, K-1., lino, M., Zeiger, E. 1986. Blue light-dependent proton |~ § — Sexp(-zyV)

extrusion by guard cell protoplasts dicia faba. Nature319:324— ) o .
326 In the case wherg, andg, .., Show ohmic behavior, instead of using

Thiel, G., MacRobbie, E.A.C., Blatt, M.R. 1992. Membrane transport current magnitudes we can introdugin Eq. 13 by calculating from

in stomatal guard cells: the importance of voltage controMem- Eq. 6. | ide btained f
brane Biol. 126:1—18 As an example, suppose we considérdUrrents obtained from

Vogelzang, S.A., Prins, H.B.A. 1994. Patch-clamp analysis of the dom—CAP and IOP recordings. Then, according to Eq. 12 the ratig, af

inant plasma membrane"Khannel in root cell protoplasts Bfan- the CAP and the IOP configuratio{cadgc iop) €quals:
tago medial. Its significance for the P and K-stat&. Membrane
Biol. 141:113-122

A
5C (14)

gc,cap_

Ye,iop

where

Appendix

_ (Kcell - erXD(‘V))cap
Because the behavior of many channel types will be best fitted by theA_ Eeap 1-eXp(—V)cap
GHK equation rather than by Offner’'s equation, in this section we (Ky, — K exp-v));
outline our method with the use of the GHK equation. We will dem- B = EiopW (16)
onstrate the calculation by using current or conductance ratios rather op
than using an interpolation as shown in Fig. 6. We will only discuss theC _(E-Ediop a7
special case in which = 8 = 0. Under the constraint of independent (E - Ecdeap
ion movement, the GHK equation provides a quantitative description of ) o ) )
the relationship between the ionic currehy,(the electrical potential ~ WhereKj, is the K" concentration in the bath during the 1OP recording

across the membranE)and the internal and external ion activiti€s, ~ andKj is the K’ concentration in the pipette.
andsS,, respectively: In the CAP configuration, the actual potential across the mem-

brane patchE,) is given by:

(15

-2
Is= Péiw 1) Eap=Vi-E-V (A6, 18)
RT 1-exp-zyv)

Given thatd = B =0, V, equalsk, (Eq. 1) andE, equalsk, - \/g (Eq.
wherez is the valence of the ion species andqualsFE/RTwhereR, 5). ConsequentlyE.,, equalsVy - V.. ReplacingE, c,,in Eq. 17 with
T andF have their usual meaning. As is true for Eq. 7, the application Eq. 10 and using;,, = -V, finally results in an expression witk;,
of Eq. 11 requires the knowledge of the absolute valué,oHowever, as the only unknown parameter. This expression can be solvéd fpr
when comparing the ratio of currents/() as measured under two iteratively in the manner explained before.
different ionic conditions while assuming thBf remains unaffected, Whether Offner’s equation or the GHK equation is used, a pre-
P, cancels out of the equation: requisite for the calculation of the intracellular ion concentration as
shown in this paper is that the particular conductance shows ohmic
behavior. It should be stressed that the GHK equation predicts rather
nonlinear behavior, especially in the case of a significant ion gradient
across the membrane. This implies a limitation for the use of our
Note that in the case where the electrical potential across the membrartechnique if channel behavior, particularly under asymmetrical ionic
is identical under the two different conditiong & E’), for example conditions, is best described by the GHK equation.

I" _E'(S — Syexp(-zv"))(1 — exp-zyv)) w2)
|7 E(S - Sexp—zv)(1 - exp(-zv"))




