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Two-Microelectrode Voltage Clamp of Xenopus Oocytes: Voltage Errors
and Compensation for Local Current Flow
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ABSTRACT Oocytes from Xenopus laevis are commonly used as an expression system for ion channel proteins. The most
common method for their electrophysiological investigation is the two-microelectrode voltage clamp technique. The quality
of voltage clamp recordings obtained with this technique is poor when membrane currents are large and when rapid charging
of the membrane is desired. Detailed mathematical modeling of the experimental setup shows that the reasons for this weak
performance are the electrical properties of the oocytes and the geometry of the setup. We measured the cytosolic
conductivity to be ~5 times lower than that of the typical bath solution, and the specific membrane capacitance to be ~6
times higher than that of a simple lipid bilayer. The diameter of oocytes is typically ~1 mm, whereas the penetration depth
of the microelectrodes is limited to ~100 uwm. This eccentric current injection, in combination with the large time constants
caused by the low conductivity and the high capacitance, yields large deviations from isopotentiality that decay slowly with
time constants of up to 150 ws. The inhomogeneity of the membrane potential can be greatly reduced by introducing an
additional, extracellular current-passing electrode. The geometrical and electrical parameters of the setup are optimized and
initial experiments show that this method should allow for faster and more uniform control of membrane potential.

INTRODUCTION

After the key observation that foreign RNA injected into currents of 10QuA or more. With currents of this magnitude
Xenopusocytes can be translated into proteins (Gurdon esubstantial voltage errors arise due to potential drop in the
al., 1971) and the first use of oocytes for the expression o$eries resistance in the extracellular solution, which is of the
receptors and ion channels (Gundersen et al., 1983; Miledirder of 100(). These problems have been addressed
et al., 1983), oocytes frodenopus laevihiave become a through the use of high-voltage amplifiers to force large
popular expression system for ion channels, receptors, armirrents through the current-passing microelectrode, and by
transporters. lon channels expressed in oocytes can be elgbe use of electronic compensation for series resistance.
trophysiologically investigated by the voltage clamp tech- This paper considers a third and arguably the most severe
nique (Marmont, 1949; Cole, 1949; Hodgkin et al., 1949).problem in voltage control of oocyte membranes, which
For oocytes the two-microelectrode voltage clamp is thearises from potential differences within the cell interior. The
simplest approach for whole-cell recordings (8her and theory to be shown confirms observations by ourselves and
Parekh, 1995). The principle is depicted in FigA1The  others that recordings of currents larger tha0 uA are
membrane of the oocyte is penetrated by two microeleclikely to be distorted when obtained with the two-micro-
trodes, one for voltage sensing and one for current injectiorelectrode voltage clamp. Besides examining the problem of
The membrane potential as measured by the voltage-sensiteyge steady-state currents, in this paper we also consider the
electrode is compared with a command voltage, and thé&ansient inhomogeneities in membrane potential that occur
difference is brought to zero by a control amplifier. The when the membrane potential is changed rapidly. We dis-
injected current is monitored to provide a measure of thecuss ways to alleviate these problems, including a method to
total membrane current. Two well-known technical difficul- improve voltage clamp performance by using a third micro-
ties in voltage clamping oKenopusoocytes arise because electrode to compensate for local electric fields.

of the large size of these cells. First, the limited current that

can be provided through a microelectrode limits the rate at

which the large membrane capacitance can be charge¢HEORY

thereby limiting the voltage clamp speed. Second, high

levels of ion channel expression can result in membranés first pointed out by Rall (1953), expansions in spherical
harmonics can be used to compute the spatial variation of

membrane potential in spherical cells. Several authors have
computed the membrane potential in the case of a point
Address reprint requests to Dr. Werner Baumgartner, Institute of Anatomysource of membran.e current (Hellerstein, 1968; Eisenberg
University of Wirzburg, Koellikerstrasse 6, D-97070 Wburg, Germany. and Engel, 1970; E|senbgrg and Johnson, 1970; Peskoff et
Tel: +49-931-31-2384; Fax: +49-931-31-2712; E-mail: wemer. al., 1972). Peskoff and Eisenberg (1975) and Peskoff and
baumgartner@mail.uni-wuerzburg.de. Ramirez (1975) have computed the spatial and temporal
© 1999 by the Biophysical Society variation of membrane potential arising from an intracellu-

0006-3495/99/10/1980/12  $2.00 lar point source of current, such as a microelectrode. Here
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A equation (Maxwell, 1891)

p
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VA= - 1)

with V denoting the electric potentigd,the charge density,
and e the dielectric constant. As will be shown later, the
conductivities of the media are of the order of 1 S/m. The
relaxation time for charge concentratiefy (Abraham and
Becker, 1950) is therefore<10 ! s, yielding a quasi-
electrostatic description of the field problem appropriate.
Instead of charge densigywe introduce the current source
densityo by using the relation
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Thus p = 0 except at the electrodes and directly at the
membrane, where the current source densiig nonzero.

As current sources we assume a point source inside the
sphere (the current-passing microelectrode tip) with total
currentg;, and a ring current source (an extracellular elec-
trode) with total currenty,. To simplify the calculation the
Poisson equation is rewritten in spherical coordinate$, (

¢) yielding
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The symmetry of the electrode configuration ensures that
FIGURE 1 The two-microelectrode voltage clamp) (Voltage clamp  tha potentiaV will be independent of the azimuthal anghe

system. A voltage recording electrodg monitors membrane potential; We shall solve this equation with inhomogeneous boundary
this is compared with a command voltage, and the magnified difference is

applied to a current injection electrodsg, A bath electrode; serves as the Condit.ions by superimposing the solution Of' 'the Poisson
return path for the injected current. Dashed lines show the propose@€quation with homogeneous boundary conditions and the
modification: the voltage clamp amplifier drives two current sources. Onesolution of the Laplace equation with inhomogeneous

provides curreng] to the current-injection microelectrode, the other pro- boundary conditions. In our case this Laplace equation is
vides a currenvq to the extracellular compensation electrage (B) The

geometry of the electrostatic description. Spherical coordinates are used, 2 1 oV
with r being the distance from the origin, the angléefined as shown, and —— (V) + 2.<sin 0- ) =0 4)
¢ being the angle about the horizontal axis. Inside the cell, which is a ror resiné a0

sphere of radius, is a point source carrying the total curregtat a .

distancer = ¢, from the center; this represents the current injecting @nd has the solution (Jackson, 1962)

electrode. Outside there is a ring source of curggattr = ¢, with opening

angle 3, representing the compensation electrode. A large, distant bath ®

electrode is assumed, such that the poteMiab 0 asr — . \V = E[A o'+ B - r—(l+1)] - P,(cos6) (5)

1=0

with P, denoting the Legendre polynomial of thié& order
we derive expressions for the potential that are equivalent tPAbramowitz and Stegun, 1972). The coefficieAtsandB,
those of Peskoff and Ramirez (1975) except that we includgre determined from the boundary conditions. To determine
the effects of an additional extracellular electrode. these coefficients inside and outside the sphere we use the
Dirichlet boundary conditions

General electrostatic description inside outside
. N Vr=a,0)=Vi() V(r=a6)=Vy0) (6)
The geometry of the oocyte voltage clamp is depicted in V(r =0, 6) < o V(r = %, 6) = 0

Fig. 1 B, where the spherical cell membrane of radais

separates the intracellular region having conductiwty HereV;(6) andV(6) denote the membrane potential inside
from the extracellular region having conductivity. The  and outside the cell, respectively. These potentials will be
potential in this system is obtained by solving the Poissordetermined below. The condition that the electric potential
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atr = « approaches 0 is actually only an approximation, butwith the condition thatv = 0 atr = a. This obviously
it was shown by Peskoff and Ramirez (1975) that therequiresp; = B,. Furthermore, a¥(r = a) has to be 0 for
solution of the field problem is almost the same as in theall values off), the following equation must hold for evely
case of a point sink for the current in the vicinity of the cell - "
(the bath electrode) under most experimental conditions. G G % a

From the above boundary conditions and Eq. 5 one obtains ¢ dt a c

the solution of the Laplace equation (4) inside the sphere to be
To fulfill this for every index| the following equations have

=0

* to hold:
V= > A-r-P(cos)
=0 Ci a qi Ci
~=— and —~=-—_ (11)
with a G G a
o Now the media inside and outside the cell have the specific
> A-a-P(cosh) = Vi(6) (7)  conductivitiesy; and v,, respectively. Insertion of Eq. 11

1=0 into Eqg. 10 yields the solution for a point source inside a

) . grounded sphere carrying the total currgrib be forr > ¢,
and the solution outside

- 6 <, (1 r
V=S B-r ). p(coso) V= Ay, >aq- [T ) P(cosf)  (12)
-0 Lo
with and for a ring outside carrying the total curregtfor r < c,

> Bira - P(cosh) = V() (8)

1=0

= s L. r'—azHl)-P(cosB)-P(cosG)
47T'Yo = C!+l rI+1 | o, |

The next step is to solve the Poisson equation for a ring (13)
electrode inside or outside a grounded sphere (i.e., homdrhe potential distribution inside the cell is now obtained by
geneous boundary conditions). The ring electrode, withsuperposition of Eqs. 7 and 12 and outside the cell by
angular sizes, reduces to a point current source Wi superimposing Egs. 8 and 13. The current density at the
0. For a circular source around the symmetry axis consistinghterior membrane surface is

of the locus of pointsr( 6, ¢) withr = c,and6 = B, and

carrying the total curreng, the potential in an infinite i{(6) = —7* VV|_a

medium is (Jackson, 1962)

0

q

q & =y X[ ~Ala (14)
W= Gy 21" PCOSP)-P(cOSO)  (9) = Ay
1=0
|
with r_ (r-) denoting the smaller (larger) value gfandr. % (2 + 1) - P(cosB) | - P((cos)

By using this solution one can obtain the potential distribu-

tion inside or outside a grounded sphere using the method of |
images (Jackson, 1962). For this method an imaginary cur>mifarny,
rent source corresponding to each original source is placed€mPrane obeys
on the opposite side of the boundary, and the value anfi(e) RN
position of the image source are adjusted so that the poten> Yo —a
tial at the boundary is the desired value. For the external .

ring source at radius, and with angular exter, outside _ . . RTT

a grounded sphere of radiasthe appropriate image charge =% 2B (1 +1)-a"? A7y, (15)
is a ring inside the sphere, and vice versa. The solution of

the Poisson equation for these two current sources is ob- gt

tained by superposition using Eq. 9, yielding .

the current density at the external surface of the

1=0

o (2 + 1) - P(cosp,) | - P(cosb)

oS G r The current density insidi d ide h b
V=__. P V4 g —-P y insidig(#) and outsidé(6) have to be
Ay 2| G PCOSB) + G - Pi(COS o) equal, i.e.j.(6) = i,(6) = i(h). Additionally, we will assume

(10)  that the external electrode carries the same current as the
- P,(cos0) intracellular electrode, only scaled by the factomhus we

1=0
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define |

Y . -1 qa G
q:=0 —_E' A4~I'a —m'ﬁ‘(z‘f‘l) 'P|(COSO)
1=0 !
4 :=V-q (16) . .
B:=B The above equation (19) has to be fulfilled at each afgle
: o

and for all indiced. Thus one obtains an infinite system of
The equality ofi,(6) andi,(6) corresponding to Egs. 14 and ordinary differential equations for the coefficierAsas
15 allows us to express the coefficie®sin terms ofA, g,

Al d d
andyv, yielding d—? =F- <F,-A4 +G - d(t] + H- q) (20)
ar Vi q d
B = F1 {— ?' [A -l-adt— m . a,—iz- @ + 1)} with the abbreviations
o] I
vegq at £ la (14 I\
Ay (20 +1)- P.(cosB)} b vo I +1
yiol-d™
:_E.A{.li.azlﬂ_'_ﬁ_ I, q ‘2|+l Fi=— c
Yo | +1 Yo Ay 1 +1
.21 + 1) v-a- (2 + 1)
veqg a?tt 20+ 1 __ G ( .
4y G 14 1PIC0SB) A7) O Ty d 1+ D) dmypecy (1) TNCOSP)
To obtain a full solution for the potential behavior we o G- (2+1)
additionally require boundary conditions relating the poten- ' 4qec-dT?

tials at the membrane surfaces. : .
s a rane surtaces The parameters that are adjustable are the posijorfi the

compensation electrode and the scaling faatdior the

Boundary conditions for fast charging of current it injects. To find “optimal” values for these two
the membrane parameters we must first define an optimality criterion.

In the case of fast charging of the membrane the membrane

conductance is negligible in comparison with the admit-Optimality criterion
tance due to the capacitance. Thus we may assume t
membrane to have infinitely high resistance, and the curren
charges the membrane as an ideal capacitor,

e fastest and most appropriate form of current injection
would be a delta pulse of current. For an ideal, homoge-
neous capacitor this would yield a step change in the po-

db(e)  d(Vi(e) — V() 1 tential. If the voltage clamp system is optimally adjusted for
a at ¢ i(6) (18)  the response to a delta function of current, it is well-adjusted
for any fast current injections. Therefore we calculate the
with ¢ denoting the capacitance per unit area of the memsolution of Eq. 20 for
brane andb(0) denoting the transmembrane potential. This
is equivalent to the sma#l and short-time solutions consid- 9=Q-4® (21)
ered by Peskoff and Eisenberg (1975) and Peskoff angjven an initial membrane potential that is zero. The solu-
Ramirez (1975). Inserting the definitions 6{(0) andV,(6)  tion turns out to be
from Eqgs. 7 and 8 and the equation for the current density

(Eq. 14) into Eq. 18 yields the following differential equation A=Q & (EFRG + EH) + 81 -EG-Q
" with thel-dependent factors as defined above. The interest-
E dA -a - P,(cosh) ing part of the impulse response is only tor 0O, i.e.,
dt
0 A = Q- (EFRG + EH) (22)
Y <dA with the decay constants
+ % leoa m a P|(COSO) .. I
wdq d 2A+1 BF = vl (23)
ANt .q 0+, cra- |1+ 2. ——
dt A7y, 1+ 1 a Pi(cos6) (19) < Yo |+ l)
v dq a 2| (Hellerstein, 1968; Peskoff and Ramirez, 1975). In order to

P|(COSB) P,(cos6) optimize the voltage clamp setup one may decide to mini-

47770 1=0 dt- G RSN mize the deviation of the impulse response from the ideal,
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homogeneous one correspondingAg (the time constant

Volume 77 October 1999

The injected currengy = O for all timest > 0. Thus it

E,F, = 0 forl = 0). Thus we minimize the integral over time follows from Eq. 17 that
and the cell surface of the squared deviation of the mem- 5
brane potential from the homogeneous (steplike) potential (A-d —B-a*D)?=A2. g2 [1 + R ] (28)

change

j f f (@ — D)%dA dt (24)

Here ® denotes the homogeneous (uniform) part of th

transmembrane potential, i.e.,

P (25)

Using the representation with Legendre polynomials and the

fact that the surface element is
dA = 2ma’-sin6 do

we obtain

J'jJ(CD—(TD)ZdAdt: Zwaz'f fsine
t A 0 0

. [E(A. -a —B-a ). H(cos())] de dt

=1

(26)

It can be shown that the Legendre polynomials have the nic

property that

J sin0-P(cos0) - P(cos®)do =0 for | #k

0

Thus we may rewrite Eq. 26 in

2mal - J f sin6- >(A-a — B-a )2 P(cosh)de dt

o Yo =1

=1

= 271-a2. Jm . E|:(A| . al — BI . a’(Hl))Z
0

J sing- Pf(cos@)d()]dt (27)
0

c o 2
= 2. . g _R.g ()2, T
27 J >(A-d —B-a ) o 1dt

0 1-1

The last step uses

ing- P2 -_c
Jsme Pf(cos6)do A1

0

leading to

J [ [0~ #rona

<) o I
= 2, . .ql — o (+1N2,
2ma J (A-d —B-a ) o 1dt (29)

o I=1
= _27Ta2’ 2(E|F|G| + H|)2

I=1
i | V2 E &
e e
v I+ F 2+1

An expression for the cost functiddF to be minimized is
therefore

*® 2 2|

N 2, v, I VB _a
CF: E(E,F|G|+H|) (H% i+1) Fa+1
(30)

%s the above series converges rather quickly, it is sufficient
for the optimization to sum-40 terms, rendering standard
numerical optimization algorithms applicable. Closer anal-
ysis of the cost function reveals that it is scaled by the
specific capacitance of the membrane, but change®ave

no influence on the optimum values wfandc,,

Stationary solution of the field problem

In the case that the conductivity of the membrane is high,
the constant holding current required to clamp the voltage
will cause non-negligible nonuniformities in the transmem-
brane potential. To calculate the potential in the stationary
case, one has to solve

1(6) = ¥m* ®(6) =1(6) — vm* (Vi(6) — Vo(6)) =0 (31)

with ®(0) denoting the transmembrane potential (i.e.,
d(0) = V,(6) — V,(0) and y,, denoting the specific con-
ductivity of the membrane. Using the variables introduced
above, this equation can be rewritten as

< L9 ¢
v+ 2 |A-l-a 1_4777-'F'(2'+1) - P(cos6)

1=0 !

~ Ym* 2[A-d — Bra "™]-P(cosh) =0 (32)

1=0
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leading to A
2V pp
q o ~
A =477'y-' v+ I (33) !
SN L . RAN
. [ a ' <1+% |+1)]

where

Ym

d [y-@2+1 vi 2+1
a LT

Yo Ym c I+1

- P/(cosp)

Using these values fok one may calculat8, from Eq. 17
and obtain the stationary membrane potential as

®(6) = D[Aa — Ba "V]P|(cos6) (34)
=0 B
As will be shown below, a setup optimized using the above 90 »
cost functionCF (Eq. 30) yields excellent results even for a 80 r\'\'
stationary holding current in the case of high expression S
level. Thus an additional optimality criterion that would E 70+
have to include the membrane conductivity is not necessary. » 0
" 60 -

50
MATERIALS AND METHODS : .

40 - H“‘“‘“-‘"."'"“'
Numerical computations 20 1
Numerical calculations were carried out using MATLAB 4.2c1 (Math 0,}11 01,1 ; 1‘0 ?:30 1800
Works, Natick, MA) on a 486 computer, or MATLAB 5.1 on a Power
Macintosh computer. Summation of spherical harmonics was carried out to frequency {(kHz)

40 terms except in the case of the potential plots in Figs. 7 and 8, where 100

terms were summed with a cosine taper applied to the last 50 terms. FIGURE 2 Measurement of the cytosolic conductivity. The chamigr (
was filled to a height of 12 mm with ND96 solution or a suspension of cells
in ND96. A sinusoidal voltage (2 V peak-to-peak) was applied through a

Oocyte preparation series resistand® = 10 k() and its frequency was varied from 100 Hz to
2 MHz as the voltage drop’s over the chamber was measured. For the

Oocytes were removed from adult femadenopus laevisrogs anesthe-  oocyte suspension this yielded the frequency-voltage relatioB)inThe

tized with 0.2% tricaine (Sigma Chemical Co., St. Louis, MO), and smooth curve is a fit according to Eq. 35.

defolliculated with 2 mg/ml collagenase (Type 1A; Sigma Chemical Co.)

in OR-2 solution, which contains (in mM): 82.5 NaCl, 2 KCI, 1 MgCind

5 HEPES; pH 7.5 adjusted with NaOH. Oocytes were stored at room

temperature in ND96 containing (in mM) 96 NaCl, 2 KCI, 1.8 CaCl, 1 trodes via a series resistor R of 1Qland the frequency was varied from

MgCl,, and 5 HEPES; pH 7.5 was adjusted with NaOH. For storage of100 Hz to 2 MHz. The frequency dependence of the measured voltage

oocytes the solution was supplemented with 100 U/ml penicillin and 100follows to be

rg/ml streptomycin. All measurements were performed on healthy stage

V-VI oocytes in ND96. |Z|
V) = 55V 35
Determination of oocyte parameters with Z denoting the total impedance of the cell suspension.

The specific conductivity of the oocytes’ cytosol was measured by methods

similar to those of Cole (1928). A chamber as depicted in Fig ®as Microelectrode measurements

assembled to measure the frequency-dependent impedance of a cell sus-

pension. Chlorided silver plates were mounted at opposite walls of a plastitVe modified a commercially available two-electrode voltage clamp am-
cuvette with base dimensions of 20 10 mm. These electrodes were plifier (OC-725A; Warner Instruments, Hamden, CT). The variable-gain
covered with filter paper to prevent physical contact with the oocytes. Theamplifier output was connected to a home-made head stage consisting of
voltage drop across the cell suspension was measured with two chloridetvo voltage-to-current converters. One of these voltage-to-current convert-
silver wires mounted directly at the surface of the covered plate electrode®rs was connected to the current-injecting electrode and the second to the
Oocytes suspended in fresh ND96 solution were introduced into the chancompensation electrode. Voltage-sensing and current-injecting microelec-
ber to 12 mm height, and maintained in suspension by agitation. Atrodes were pulled from borosilicate glass (Kimax, Corning) and filled with
sinusoidal voltage/, = 2 V peak-to-peak was applied to the plate elec- 3 M KCI resulting in a final resistance of1 M(). The pipettes for the
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compensation electrode were pulled as the other two electrodes, but thaDptimal setup

the tip was broken and fire-polished before filling w3 M KCI, yielding

a resistance of-50 k(2. To avoid problems in long-lasting experiments The large potential errors shown below can be reduced by
caused by KCl leakage out of the compensation electrode either continuou@ducing the membrane current; for example, a reduction by
extracellular perfusion or an agarose cushion (Schreibmayer et al., 1994) i factor of 10 results in membrane potential errors that are
the compensation pipette should be used. However, for the short-duratiogma”er by slightly more than a factor of 10. AIternativer,
experiments reported here we did not take these precautions. . . .

All electrodes were coated with Polystyrene Q-Dope (GC Electronics)one _expec;s 'Fhat b_y approprlgte electrode conf|gurat|ons the
to reduce capacitive coupling. Furthermore, the distance of the retractegPatial variations in electric field could be reduced. A so-
Q-Dope from the tip was measured in a calibrated microscope allowing folution is to place the current-passing electrode close to the
an optical determination of penetration depth and the distance of theenter of the oocyte. Indeed, better performance is observed
compensation electrode from the cell membrane. in the two-microelectrode voltage clamp when the tip of the

A “delta function” of current was programmed as a 28-pulse, ¢ rent-passing microelectrode is driven to the center of the

delivered from the Pulse program (HEKA Electronik, Lambrecht, Ger- . L
many) through an ITC-16 interface (InstruTech) directly to the (:urrent-to-_ooCyte (S' H. Heinemann, personal Commumcatlon)’ result

voltage converters. After recording the averaged response from the volﬂ_-ng ir_] spherically symmetric Curren_t flow. As th? electrode
age-sensing microelectrode, that microelectrode was withdrawn to justS driven closer to the center, the inhomogeneity becomes
outside the membrane surface and a second set of responses was averaggdch smaller. However, because driving a glass microelec-
to estimate the artifact due to capacitive coupling and series resistance. Thgode deep into the cell causes a large leak conductance, we
difference be_tween the two average responses was taken to be the megpught other modifications to the basic voltage clamp setup
brane potential response to the injected current. to improve the electric field distribution. One thought was to
place the external bath electrode close to the oocyte, but as
far as possible from the current-passing electrode. Although
RESULTS this causes an increase in field strength at the opposite pole
of the oocyte and is therefore a change in the right direction,
it does not solve the main problem of the very strong
To apply the theory derived above we first determined theconcentration of field close to the current-passing electrode.
values of the cytosolic conductivity, the bath conductivity ~ The best solution we found was to introduce an additional
Yo, and the specific membrane capaditgf representative “compensating” electrode, which is placed outside the
oocytes. The cytosolic conductivity was determined using?OCYte in the vicinity of the current-passing microelectrode.
the chamber depicted in Fig.2 Initially the chamber was W€ derived the theory for a general ring-shaped electrode,
filled with pure ND96 and no frequency dependence wadut (_)btaln the optimum p(_arformance when the electr_ode is
observed of the voltage drop over the baa)(which was & Point source of current, i.¢3, = 0. However, a small ring
19 mV. Erom this the resistance of the bath was compute&OU|d be a desirable configuration for technical simplicity
according to Eq. 35 to be 96), yielding the specific (for example, a plated pipette or a concentric electrode) and

conductivity y, = 1.2 S/m. The experiment was then re- yields only slightly worse _results (data not shown). .
peated with the suspension of oocytes in ND96. The mea- The correct compel_”n_san(_)n depends strongly on the posi-
sured relationship between frequency angdis shown in tion ¢ anq the amphﬂcgtlon factow of current passed
Fig. 2 B. At low frequencies the oocytes are essentiallythmu.gh this electro_de_. F'g‘ 3 ShOYVS the depe_ndence of the
insulating spheres, due to the low membrane conductancmgamhm of the optimization functio@F according to Eq.

Gi | fracti f tes. th | ii 30 on these variables, assuming a penetration depth of 100
~2IVen a volume Iractioip of oocyles, the complex specilic um, a diameter of 1.3 mm, and using the parameters of the
impedance of the cell suspension is given by

Passive properties of oocytes

yey, APt @ty + (2riea ) 1
Y1+ 200y, + 21— p)ly, * + (2mfca) ] 0.95 / // )
(Cole, 1928). With the oocyte radius0.55 mm, nonlinear € 09 /
least-square fitting of this equation to the data in FigB 2 %0'85 / //// )
yielded the volume fractiop = 0.79 = 0.04, cytosolic ° o8 L
conductivityy; = 0.24 = 0.03 S/m, and membrane capac- 075 / / /(/
itancec = 45.6 + 5 mF/nt. This last value is in excellent ' / / L / i

agreement with the value obtained from single cell charge- 0.7o 5 10 15 20
voltage curvesd = 47.2 mF/n%). The cytosolic conductiv- v

ity is therefore a factor of 5 smaller than that of the bath

solution. The membrane Capacitance is 6.5 times Iarger thaflGURE 3 The dependence of the logarithm of the cost function CF on

RN . . the position €,) of the compensation electrode and the compensation factor
expected for a lipid bilayer (7 mFﬁ)] reflecting the highly v. A minimum occurs at, ~ 0.825 mm and ~ 12. The oocyte radius was

fOlde_d. oocyte membr"f‘ne that is seen to contain many Migssymed to ba = 0.65 mm and the microelectrode penetration depth was
crovilli (Soreq and Seidman, 1992). 100 pm.
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TABLE 1 The optimal distance of the compensation electrode from the membrane 6, = ¢, — a (in um) and the optimal gain v
are shown in dependence on the radius of the oocyte a and on the penetration depth 6, = a — ¢;

85 (um)V
a (mm) 6 = 50 um 100 um 150 um 200 um 250 um

0.25 90.3/14.5 243.9/24.7 532.0/42.1 1361.2/89.7 —/0
0.30 85.5/13.1 220.4/20.9 433.2/32.0 840.1/51.9 2026.8/108.3
0.35 81.9/12.1 205.6/18.5 382.9/26.6 665.6/38.8 941.2/61.5
0.40 79.1/11.3 195.0/16.8 352.0/23.3 577.6/32.0 941.2/45.4
0.45 76.8/10.8 187.0/15.5 330.6/20.9 524.1/27.7 804.6/37.1
0.50 75.0/10.3 180.7/14.5 314.9/19.2 487.8/24.8 722.0/132.0
0.55 73.4/9.9 175.4/13.7 302.6/17.9 461.2/22.6 666.3/28.5
0.60 72.2/19.6 170.9/13.1 292.6/16.8 440.9/20.9 626.0/25.9
0.65 71.2/9.4 167.1/12.4 284.3/15.9 424.6/19.6 595.3/23.8
0.70 70.3/9.2 163.7/12.1 277.2/15.2 411.1/18.5 571.0/22.3

The ratio of the bath conductivity and the cytosolic conductivity is assumed to be 5.

oocyte as described above. An optimum occurgats (spherically symmetric) change in membrane potential,
0.825 mm and =~ 12. It can be seen that there is a relatively which does not decay with time. For our standard oocyte
long valley in the function lodgF), implying that the choice  parameters thé = 1 term (corresponding to the spatial
of one parameter, sag,, is not critical provided that the component of the form cog)) has a time constant = 150
other parameter is adjusted correspondingly. This is useful
becauser can be easily adjusted by a potentiometer, while
changingc, requires mechanical modification of the system.
The optimum values of, andv depend on the particular

penetration depth, as shown in Table 1. Although the opti- 2 1000
mization is carried out for fast charging of the membrane, ?-jf 500
the performance of the setup is very good for steady-state E, 0
currents as well, as will be shown below. g 1

Time-dependent errors in membrane potential

Peskoff and Ramirez (1975) have shown that a step-func- 3400
tion of injected current produces a short-term relaxation of B 200
membrane potential in a spherical cell that is much faster g

than the membrane time constant. We consider the case of & ?

current injection that is a delta function of time, because
when a voltage clamp system is commanded to produce a
step change in membrane potential, a brief pulse of current
is injected through the current-passing microelectrode. As
shown in Fig. 4, a delta function of current injected into a
cell the size of an oocyte results in large transient errors in
membrane potential that decay with time. For a current
pulse that produces a 100-mV step, an error of nearly 700 0
mV is observed in the vicinity of the current-injecting y (mm) x (mm)
electrode 5Qus after the current pulse, and errors of 20 mV o _ .
- FIGURE 4 Redistribution of membrane potential after an injected cur-

persist after 400’“5 . . rent pulse using a single current-passing microelectrédi@id with the

The potential distribution can be expressed as a series igygition of the compensation electrod).( The potential distribution
which the spatial component of each term is a sphericaihside and outside an oocyte after a pulse of injected current was computed
harmonic and the temporal dependence is a decaying expeccording to Egs. 17, 22, and 34. The oocyte is assumed to be a sphere of
nential of time (Eq. 22)_ For thkh term the time constant radius 0.65 mm centered on the origin. The current source is located at

is seen from Eq. 23 to be approximatel 0.55 mm and = 0, i.e., 100um from the membrane inside the oocyte.
a. Pp y The potential distribution is showriap to bottom 50, 100, and 40Qus

after a short pulse of current that charges the mean membrane potential to
ca ) o :
T~ — 100 mV. In the uncompensated case the maximum deviation from isopo-
vil tentiality 100 us after the pulse is-300 mV, whereas the compensation
. - . reduces this maximum deviation te17 mV. Even after 400us the
wherec is the specific membrane capacitance artide cell  maximum potential deviation is stif-10 mV if the conventional setup is

radius. The term withl = 0 corresponds to the mean used, whereas the compensation reduces this errefltmV.

potential (mV)
o O
o O

o]
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FIGURE 5 The time course of decay of the =1
coefficientsA, - a and B - a~'"! that determine 00 100 200 300 400 -1 000 100 200 300 400
the membrane potential (Eq. 34) after a delta time (us) time (us)

pulse of current that charges the mean mem-
brane potential to 100 mV. The time courses of
the coefficients are shown without compensa-
tion (A and C) and with compensationB(and
D).

Bl*ar(--1) (mV)

0 NS
0 100 200 300 400 0 100 200 300 400
time (us) time (us)

us. This time constant places a fundamental limit on the With no compensationv(= 0) the time course of mem-
speed of membrane potential settling, a limit which can bebrane potential shows a gradual rise when recorded=at
avoided only if the amplitude of this term is small. FigA5  180°, but an overshoot is seen in the recording at 30°.
shows the amplitudes of the first 20 terms as a function ofThe effect of increasingis to counteract this behavior, with
time in the case of the standard voltage clamp system. Thihe desired step function best approximated by the curve
| = 1 term has a large amplitude, initially twice that of the with v = 10, similar to the expected optimum value. The
desired membrane potential change, such that the settlingcordings of membrane potential are well-matched by the
of the membrane potential will take several hundreds otheoretical time courses, which were computed with no free
microseconds. parameters.

With optimum adjustment of the compensating electrode
the amplitudes of all terms are decreased by more than an
order of magnitude, as can be seen in Fi§; an exception
is the desired = 0 term, which is unchanged. This means
that considerably faster settling of the membrane potential i8vhen oocytes are expressing high densities of channel
obtained with the compensating electrode. proteins it is not uncommon to record membrane currents of

As an experimental test of the theory we measured thd00uA or more. The steady-state potential, computed using
voltage response of an uninjected oocyte to a shori@0- the coefficients given in Eq. 33, is shown in Fig. 7 for the
pulse of current applied in the presence of a compensatingase of 10QuA of injected current in a cell with the large
electrode (Fig. 6). The membrane potential was measured atembrane conductance of 1 mS. In the uncompensated case
the angles = 180° and 30° as the compensation faator (Fig. 7A) the large potential near the site of current injection
was varied from zero to 20. The artifacts due to capacitiveesults in a local membrane potential 600 mV greater than
coupling between the electrodes and series resistance in ttlee average value. The very large local potential explains a
bath were mostly removed by subtracting the voltage recommon experimental observation, that passing large cur-
sponse recorded after withdrawal of the voltage-sensingents into oocytes results in membrane damage. Use of a
electrode from the oocyte. compensation electrode (FigBJ produces an extracellular

The current-injecting electrode was inserted into the oopotential gradient that mirrors the intracellular gradient,
cyte at a small angle of~15° to the membrane normal, largely canceling the inhomogeneity of membrane potential.
while the compensation electrode was positioned radiallyThe effect on local membrane potential can be seen more
outside the cell. This arrangement minimized the possiblelearly in Fig. 8A, where membrane potential is plotted as
“shadow effect” on the electric field due to the current- a function of the angl®. At an injected current of 100A
injecting electrode pipette. We ignored this effect in ourthe local membrane potential near the current-injection site
calculations but expect it to be small because of the small6 = 0) is 750 mV; at the opposite pole of the cell it is 50
solid angle subtended by the microelectrodes. mV; the mean potential (obtained as the 0 term in the

Steady-state voltage clamp
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FIGURE 6 Theoretical and experimentally observed time course of the
membrane potential of an oocyte. A 26 pulse of current was injected 06+
through a microelectrode driven 0.1 mm into an oocyte of diameter 1.36
mm. The membrane potential measured at 180° (A) and 6 = 30° (B) 0.4}
was recorded. The compensation electrode was positiongdad.8 mm
and the gairv was adjusted to 0, 5, 10, and 20. The smooth curves are the 0.2+

predicted membrane potential from Egs. 17, 22, and 34, corresponding to
the experimental situation.

y-position (mm)
=)

expansion of the membrane potential) is 100 mV in this 04
case. The effect of the compensation electrode (Fig) i8

0.6
to reduce the maximum deviation in membrane potential by
a factor of 20. 08 480
With the standard geometry assumed here and under the | ' ‘
conditions of optimal compensation, the compensation elec- -1 0.5 0 05 1
trode carries a curremt = 12 times larger than the current x-position (mm)

actually injected into the cell by the current-passing micro-

electrode. Why is such a large current necessary? The IargféGURE 7 Steady-state potential distribution due to current injection.
sopotential contours (labeled in units of mV) are shown inside and outside

value ofv can be understood in part from the large ratio, @, spherical cell of radius 0.65 mm when a current of 109is injected
factor of 5, between the cytoplasmic and external conducfrom a point source located at a degt= 0.1 mm beneath the membrane.
tivities. A current at least five times as Iarge is required toThe total membrane conductance is taken to be 1 mS; the cytoplasmic

- p . onductivity y; = 0.25 S/m and bath conductivity, = 1.25 S/m. A)
pr(_)duc_e the same field strength in the external SOIUtIO_n al‘éotential in the standard configuratiorB) (potential distribution in the
exists in the cytoplasm due to the current-passing miCropresence of the compensation electrode, with an extracellular compensa-

electrode. tion electrode located at radieg = 0.825 mm and driven with a current
The extra current through the Compensat|ng electrodé = 12 times Iarger than the lqu current injected intracellularly. The

. . . . . ontour intervals in4) are 5 mV (up to 25 mV), 25 mV (up to 500 mV),
!ncreasgs the pote_ntlal dl’F)p in the bath solution, in eﬁecg\nd 100 mV (up to 1500 mV). InB) the contour intervals are 50 mV (up
increasing the series resistance between the extracellulgygog mv) and 100 mv (up to 2000 mv).

membrane surface and the bath electrode. Assuming a large

bath electrode at = =, evaluation of thé = 0 term of the  Gjven the oocyte parameters used here this resistance is 120

extracellular potential yields the effective series resistance) in the absence of compensation; with compensation it is
1220Q). Thus, electronic compensation B will be re-

1 <1 v) quired in a practical voltage clamp system employing the

R= 4mry,\a t C, (37) compensation electrode.
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large area of permeabilized membrane. The result is that the

800
A radius ¢; of current injection is small, resulting in small
600 values of all coefficients with> 0 for both the steady-state
E a and the transient deviations in membrane potential.
B 400 In seeking to improve the two-microelectrode voltage
3 clamp, we considered various electrode configurations and
8200 b found that an extracellularly placed “point source” of in-
jected current is the best configuration for an electrode that
0 ¢ compensates for errors from the eccentrically injected cur-
0 50 100 150 rent. This extracellular electrode makes for more uniform
angle & (deg) current flow and can reduce the size of transient errors by an
B 120 order of magnitude. The optimal placement of this electrode
depends on the depth of penetration of the intracellular
1o Q current-injecting electrode; however, this placement is rel-
5100 b atively noncritical when the magnitude of injected current
© c can be adjusted for optimum voltage uniformity. In practice
S g0t this adjustment can be made to minimize the slow relax-
g ations in current clamp responses or in the capacitive cur-
80 rent in voltage clamp recordings.
700 50 100 150
angle 6 (deg) We thank V. Pantani for construction of the modified voltage clamp
amplifier.

FIGURE 8 Transmembrane potential as a function of the afgiithout This work was supported by National Institutes of Health Grant NS21501,

(A) and with @) compensation. The curves are calculated for membrang. aystrian Research Funds (Project S6609), and the Deutsche For-
conductivities of 1 mSg), 0.1 mS b), and 0.01 mSd) and a current that schungsgemeinschaft (SFB 176).

displaces the mean membrane potentiat-ttO0 mV.
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