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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 mm. 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 ms. 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
Xenopusoocytes can be translated into proteins (Gurdon et
al., 1971) and the first use of oocytes for the expression of
receptors and ion channels (Gundersen et al., 1983; Miledi
et al., 1983), oocytes fromXenopus laevishave become a
popular expression system for ion channels, receptors, and
transporters. Ion channels expressed in oocytes can be elec-
trophysiologically investigated by the voltage clamp tech-
nique (Marmont, 1949; Cole, 1949; Hodgkin et al., 1949).
For oocytes the two-microelectrode voltage clamp is the
simplest approach for whole-cell recordings (Stu¨hmer and
Parekh, 1995). The principle is depicted in Fig. 1A. The
membrane of the oocyte is penetrated by two microelec-
trodes, one for voltage sensing and one for current injection.
The membrane potential as measured by the voltage-sensing
electrode is compared with a command voltage, and the
difference is brought to zero by a control amplifier. The
injected current is monitored to provide a measure of the
total membrane current. Two well-known technical difficul-
ties in voltage clamping ofXenopusoocytes arise because
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 charged,
thereby limiting the voltage clamp speed. Second, high
levels of ion channel expression can result in membrane

currents of 100mA or more. With currents of this magnitude
substantial voltage errors arise due to potential drop in the
series resistance in the extracellular solution, which is of the
order of 100 V. These problems have been addressed
through the use of high-voltage amplifiers to force large
currents through the current-passing microelectrode, and by
the use of electronic compensation for series resistance.

This paper considers a third and arguably the most severe
problem in voltage control of oocyte membranes, which
arises from potential differences within the cell interior. The
theory to be shown confirms observations by ourselves and
others that recordings of currents larger than;20 mA are
likely to be distorted when obtained with the two-micro-
electrode voltage clamp. Besides examining the problem of
large steady-state currents, in this paper we also consider the
transient inhomogeneities in membrane potential that occur
when the membrane potential is changed rapidly. We dis-
cuss ways to alleviate these problems, including a method to
improve voltage clamp performance by using a third micro-
electrode to compensate for local electric fields.

THEORY

As 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
source of membrane current (Hellerstein, 1968; Eisenberg
and Engel, 1970; Eisenberg and Johnson, 1970; Peskoff et
al., 1972). Peskoff and Eisenberg (1975) and Peskoff and
Ramirez (1975) have computed the spatial and temporal
variation of membrane potential arising from an intracellu-
lar point source of current, such as a microelectrode. Here
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we derive expressions for the potential that are equivalent to
those of Peskoff and Ramirez (1975) except that we include
the effects of an additional extracellular electrode.

General electrostatic description

The geometry of the oocyte voltage clamp is depicted in
Fig. 1 B, where the spherical cell membrane of radiusa
separates the intracellular region having conductivitygi

from the extracellular region having conductivitygo. The
potential in this system is obtained by solving the Poisson

equation (Maxwell, 1891)

¹2V 5 2
r

e
(1)

with V denoting the electric potential,r 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 concentratione/g (Abraham and
Becker, 1950) is therefore,10211 s, yielding a quasi-
electrostatic description of the field problem appropriate.
Instead of charge densityr we introduce the current source
densitys by using the relation
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e
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Thus r 5 0 except at the electrodes and directly at the
membrane, where the current source densitys is nonzero.
As current sources we assume a point source inside the
sphere (the current-passing microelectrode tip) with total
currentqi, and a ring current source (an extracellular elec-
trode) with total currentqo. To simplify the calculation the
Poisson equation is rewritten in spherical coordinates (r, u,
f) yielding
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The symmetry of the electrode configuration ensures that
the potentialV will be independent of the azimuthal anglef.
We shall solve this equation with inhomogeneous boundary
conditions by superimposing the solution of the Poisson
equation with homogeneous boundary conditions and the
solution of the Laplace equation with inhomogeneous
boundary conditions. In our case this Laplace equation is

1

r
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­r2 ~r z V! 1
1

r2sin uSsin u z
­V

­uD 5 0 (4)

and has the solution (Jackson, 1962)

V 5 O
l50

`

@Al z r l 1 Bl z r2(l11)# z Pl~cosu! (5)

with Pl denoting the Legendre polynomial of thelth order
(Abramowitz and Stegun, 1972). The coefficientsAl andBl

are determined from the boundary conditions. To determine
these coefficients inside and outside the sphere we use the
Dirichlet boundary conditions

inside
V~r 5 a, u! 5 Vi~u!

V~r 5 0, u! , `

outside
V~r 5 a, u! 5 Vo~u!

V~r 5 `, u! 5 0
(6)

HereVi(u) andVo(u) denote the membrane potential inside
and outside the cell, respectively. These potentials will be
determined below. The condition that the electric potential

FIGURE 1 The two-microelectrode voltage clamp. (A) Voltage clamp
system. A voltage recording electrodeeV monitors membrane potential;
this is compared with a command voltage, and the magnified difference is
applied to a current injection electrode,eI. A bath electrodeeB serves as the
return path for the injected current. Dashed lines show the proposed
modification: the voltage clamp amplifier drives two current sources. One
provides currentq to the current-injection microelectrode, the other pro-
vides a currentvq to the extracellular compensation electrodeeC. (B) The
geometry of the electrostatic description. Spherical coordinates are used,
with r being the distance from the origin, the angleu defined as shown, and
f being the angle about the horizontal axis. Inside the cell, which is a
sphere of radiusa, is a point source carrying the total currentqi at a
distancer 5 ci from the center; this represents the current injecting
electrode. Outside there is a ring source of currentqo at r 5 co with opening
angle bo representing the compensation electrode. A large, distant bath
electrode is assumed, such that the potentialV3 0 asr 3 `.
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at r 5 ` approaches 0 is actually only an approximation, but
it was shown by Peskoff and Ramirez (1975) that the
solution of the field problem is almost the same as in the
case of a point sink for the current in the vicinity of the cell
(the bath electrode) under most experimental conditions.
From the above boundary conditions and Eq. 5 one obtains
the solution of the Laplace equation (4) inside the sphere to be

V 5 O
l50

`

Al z r l z Pl~cosu!

with

O
l50

`

Al z al z Pl~cosu! 5 Vi~u! (7)

and the solution outside

V 5 O
l50

`

Bl z r2(l11) z Pl~cosu!

with

O
l50

`

Bl z a2(l11) z Pl~cosu! 5 Vo~u! (8)

The next step is to solve the Poisson equation for a ring
electrode inside or outside a grounded sphere (i.e., homo-
geneous boundary conditions). The ring electrode, with
angular sizeb, reduces to a point current source whenb 5
0. For a circular source around the symmetry axis consisting
of the locus of points (r, u, f) with r 5 ce andu 5 b, and
carrying the total currentq, the potential in an infinite
medium is (Jackson, 1962)

Vinf 5
q

4pg
z O

l50

` r,
l

r.
l11 z Pl~cosb! z Pl~cosu! (9)

with r, (r.) denoting the smaller (larger) value ofce andr.
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-
rent source corresponding to each original source is placed
on the opposite side of the boundary, and the value and
position of the image source are adjusted so that the poten-
tial at the boundary is the desired value. For the external
ring source at radiusco and with angular extentbo outside
a grounded sphere of radiusa, the appropriate image charge
is a ring inside the sphere, and vice versa. The solution of
the Poisson equation for these two current sources is ob-
tained by superposition using Eq. 9, yielding
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with the condition thatV 5 0 at r 5 a. This obviously
requiresbi 5 bo. Furthermore, asV(r 5 a) has to be 0 for
all values ofu, the following equation must hold for everyl:

qi
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z
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z
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To fulfill this for every indexl the following equations have
to hold:
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a
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a
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Now the media inside and outside the cell have the specific
conductivitiesgi and go, respectively. Insertion of Eq. 11
into Eq. 10 yields the solution for a point source inside a
grounded sphere carrying the total currentqi to be forr . ci,

V 5
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4pgi
z O
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a2l11D z Pl~cosu! (12)

and for a ring outside carrying the total currentqo for r , co
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z O
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ci
l11 z Sr l 2

a2l11
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The potential distribution inside the cell is now obtained by
superposition of Eqs. 7 and 12 and outside the cell by
superimposing Eqs. 8 and 13. The current density at the
interior membrane surface is

i i~u! 5 2gi z ¹Vur3a1

5 gi z O
l50

` F2Al z l z al21 1
qi

4pgi
(14)

z
ci

l
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Similarly, the current density at the external surface of the
membrane obeys

io~u! 5 2go z ¹Vur3a2

5 go z O
l50

` FBl z ~l 1 1! z a2(l12) 2
qo

4pgo
(15)

z
al21

co
z ~2l 1 1! z Pl~cosbo!G z Pl~cosu!

The current density insidei i(u) and outsideio(u) have to be
equal, i.e.,i i(u) 5 io(u) 5 i(u). Additionally, we will assume
that the external electrode carries the same current as the
intracellular electrode, only scaled by the factorv. Thus we
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define

q ;5 qi

qo ;5 v z q

b ;5 bo

(16)

The equality ofi i(u) andio(u) corresponding to Eqs. 14 and
15 allows us to express the coefficientsBl in terms ofAl, q,
andv, yielding
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To obtain a full solution for the potential behavior we
additionally require boundary conditions relating the poten-
tials at the membrane surfaces.

Boundary conditions for fast charging of
the membrane

In the case of fast charging of the membrane the membrane
conductance is negligible in comparison with the admit-
tance due to the capacitance. Thus we may assume the
membrane to have infinitely high resistance, and the current
charges the membrane as an ideal capacitor,

dF~u!

dt
5

d~Vi~u! 2 Vo~u!!

dt
5

1

c
z i~u! (18)

with c denoting the capacitance per unit area of the mem-
brane andF(u) denoting the transmembrane potential. This
is equivalent to the smalle and short-time solutions consid-
ered by Peskoff and Eisenberg (1975) and Peskoff and
Ramirez (1975). Inserting the definitions ofVi(u) andVo(u)
from Eqs. 7 and 8 and the equation for the current density
(Eq. 14) into Eq. 18 yields the following differential equation
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The above equation (19) has to be fulfilled at each angleu
and for all indicesl. Thus one obtains an infinite system of
ordinary differential equations for the coefficientsAl as

dAl
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5 El z SFl z Al 1 Gl z

dq

dt
1 Hl z qD (20)

with the abbreviations
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The parameters that are adjustable are the positionco of the
compensation electrode and the scaling factorv for the
current it injects. To find “optimal” values for these two
parameters we must first define an optimality criterion.

Optimality criterion

The 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-
tential. If the voltage clamp system is optimally adjusted for
the response to a delta function of current, it is well-adjusted
for any fast current injections. Therefore we calculate the
solution of Eq. 20 for

q 5 Q z d~t! (21)

given an initial membrane potential that is zero. The solu-
tion turns out to be

Al 5 Q z eElFlzt z ~ElFlGl 1 ElHl! 1 d~t! z ElGl z Q

with the l-dependent factors as defined above. The interest-
ing part of the impulse response is only fort . 0, i.e.,

Al 5 Q z eElFlzt z ~ElFlGl 1 ElHl! (22)

with the decay constants

ElFl 5 2
gi z l

c z a z S1 1
gi

go
z

l

l 1 1D
(23)

(Hellerstein, 1968; Peskoff and Ramirez, 1975). In order to
optimize the voltage clamp setup one may decide to mini-
mize the deviation of the impulse response from the ideal,
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homogeneous one corresponding toA0 (the time constant
ElFl 5 0 for l 5 0). Thus we minimize the integral over time
and the cell surface of the squared deviation of the mem-
brane potential from the homogeneous (steplike) potential
change

E
t

EE
A

~F 2 F# !2dA dt (24)

Here F# denotes the homogeneous (uniform) part of the
transmembrane potential, i.e.,

F# 5
Q

4p z c z a2 (25)

Using the representation with Legendre polynomials and the
fact that the surface element is

dA5 2pa2 z sin u du

we obtain
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It can be shown that the Legendre polynomials have the nice
property that

E
0
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Thus we may rewrite Eq. 26 in
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The last step uses

E
0

p

sin u z Pl
2~cosu!du 5

2

2l 1 1

The injected currentq 5 0 for all times t . 0. Thus it
follows from Eq. 17 that

~Al z al 2 Bl z a2(l11)!2 5 Al
2 z a2l z F1 1

gi

go
z

l

l 1 1G
2

(28)

leading to
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An expression for the cost functionCF to be minimized is
therefore
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As 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 changes inc have
no influence on the optimum values ofv andca.

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

i~u! 2 gm z F~u! 5 i~u! 2 gm z ~Vi~u! 2 Vo~u!! 5 0 (31)

with F(u) denoting the transmembrane potential (i.e.,
F(u) 5 Vi(u) 2 Vo(u)) and gm denoting the specific con-
ductivity of the membrane. Using the variables introduced
above, this equation can be rewritten as

gi z O
l50

` FAl z l z al21 2
q

4pgi
z

ci
l

al12 z ~2l 1 1!G z Pl~cosu!

2 gm z O
l50

`

@Al z al 2 Bl z a2(l11)# z Pl~cosu! 5 0 (32)
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leading to
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Using these values forAl one may calculateBl from Eq. 17
and obtain the stationary membrane potential as

F~u! 5 O
l50

`

@Ala
l 2 Bla

2(l11)#Pl~cosu! (34)

As will be shown below, a setup optimized using the above
cost functionCF (Eq. 30) yields excellent results even for a
stationary holding current in the case of high expression
level. Thus an additional optimality criterion that would
have to include the membrane conductivity is not necessary.

MATERIALS AND METHODS

Numerical computations

Numerical calculations were carried out using MATLAB 4.2c1 (Math
Works, Natick, MA) on a 486 computer, or MATLAB 5.1 on a Power
Macintosh computer. Summation of spherical harmonics was carried out to
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.

Oocyte preparation

Oocytes were removed from adult femaleXenopus laevisfrogs anesthe-
tized with 0.2% tricaine (Sigma Chemical Co., St. Louis, MO), and
defolliculated with 2 mg/ml collagenase (Type 1A; Sigma Chemical Co.)
in OR-2 solution, which contains (in mM): 82.5 NaCl, 2 KCl, 1 MgCl2, and
5 HEPES; pH 7.5 adjusted with NaOH. Oocytes were stored at room
temperature in ND96 containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl, 1
MgCl2, and 5 HEPES; pH 7.5 was adjusted with NaOH. For storage of
oocytes the solution was supplemented with 100 U/ml penicillin and 100
mg/ml streptomycin. All measurements were performed on healthy stage
V–VI oocytes in ND96.

Determination of oocyte parameters

The specific conductivity of the oocytes’ cytosol was measured by methods
similar to those of Cole (1928). A chamber as depicted in Fig. 2A was
assembled to measure the frequency-dependent impedance of a cell sus-
pension. Chlorided silver plates were mounted at opposite walls of a plastic
cuvette with base dimensions of 103 10 mm. These electrodes were
covered with filter paper to prevent physical contact with the oocytes. The
voltage drop across the cell suspension was measured with two chlorided
silver wires mounted directly at the surface of the covered plate electrodes.
Oocytes suspended in fresh ND96 solution were introduced into the cham-
ber to 12 mm height, and maintained in suspension by agitation. A
sinusoidal voltageV0 5 2 V peak-to-peak was applied to the plate elec-

trodes via a series resistor R of 10 kV and the frequency was varied from
100 Hz to 2 MHz. The frequency dependence of the measured voltageVs

follows to be

Vs~f! 5
uZu

uZ 1 RuV0 (35)

with Z denoting the total impedance of the cell suspension.

Microelectrode measurements

We modified a commercially available two-electrode voltage clamp am-
plifier (OC-725A; Warner Instruments, Hamden, CT). The variable-gain
amplifier output was connected to a home-made head stage consisting of
two voltage-to-current converters. One of these voltage-to-current convert-
ers was connected to the current-injecting electrode and the second to the
compensation electrode. Voltage-sensing and current-injecting microelec-
trodes were pulled from borosilicate glass (Kimax, Corning) and filled with
3 M KCl resulting in a final resistance of;1 MV. The pipettes for the

FIGURE 2 Measurement of the cytosolic conductivity. The chamber (A)
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
series resistanceR 5 10 kV and its frequency was varied from 100 Hz to
2 MHz as the voltage dropVS over the chamber was measured. For the
oocyte suspension this yielded the frequency-voltage relation in (B). The
smooth curve is a fit according to Eq. 35.
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compensation electrode were pulled as the other two electrodes, but then
the tip was broken and fire-polished before filling with 3 M KCl, yielding
a resistance of;50 kV. To avoid problems in long-lasting experiments
caused by KCl leakage out of the compensation electrode either continuous
extracellular perfusion or an agarose cushion (Schreibmayer et al., 1994) in
the compensation pipette should be used. However, for the short-duration
experiments reported here we did not take these precautions.

All electrodes were coated with Polystyrene Q-Dope (GC Electronics)
to reduce capacitive coupling. Furthermore, the distance of the retracted
Q-Dope from the tip was measured in a calibrated microscope allowing for
an optical determination of penetration depth and the distance of the
compensation electrode from the cell membrane.

A “delta function” of current was programmed as a 20-ms pulse,
delivered from the Pulse program (HEKA Electronik, Lambrecht, Ger-
many) through an ITC-16 interface (InstruTech) directly to the current-to-
voltage converters. After recording the averaged response from the volt-
age-sensing microelectrode, that microelectrode was withdrawn to just
outside the membrane surface and a second set of responses was averaged
to estimate the artifact due to capacitive coupling and series resistance. The
difference between the two average responses was taken to be the mem-
brane potential response to the injected current.

RESULTS

Passive properties of oocytes

To apply the theory derived above we first determined the
values of the cytosolic conductivitygi, the bath conductivity
go, and the specific membrane capacityc of representative
oocytes. The cytosolic conductivity was determined using
the chamber depicted in Fig. 2A. Initially the chamber was
filled with pure ND96 and no frequency dependence was
observed of the voltage drop over the bath (VS) which was
19 mV. From this the resistance of the bath was computed
according to Eq. 35 to be 96V, yielding the specific
conductivity go 5 1.2 S/m. The experiment was then re-
peated with the suspension of oocytes in ND96. The mea-
sured relationship between frequency andVS is shown in
Fig. 2 B. At low frequencies the oocytes are essentially
insulating spheres, due to the low membrane conductance.
Given a volume fractionp of oocytes, the complex specific
impedance of the cell suspension is given by

z5 go

~1 2 p!go 1 ~2 1 p!@gi
21 1 ~j2pfca!21#

~1 1 2p!go 1 2~1 2 p!@gi
21 1 ~j2pfca!21#

(36)

(Cole, 1928). With the oocyte radius;0.55 mm, nonlinear
least-square fitting of this equation to the data in Fig. 2B
yielded the volume fractionp 5 0.79 6 0.04, cytosolic
conductivitygi 5 0.246 0.03 S/m, and membrane capac-
itancec 5 45.66 5 mF/m2. This last value is in excellent
agreement with the value obtained from single cell charge-
voltage curves (c 5 47.2 mF/m2). The cytosolic conductiv-
ity is therefore a factor of 5 smaller than that of the bath
solution. The membrane capacitance is 6.5 times larger than
expected for a lipid bilayer (7 mF/m2), reflecting the highly
folded oocyte membrane that is seen to contain many mi-
crovilli (Soreq and Seidman, 1992).

Optimal setup

The large potential errors shown below can be reduced by
reducing the membrane current; for example, a reduction by
a factor of 10 results in membrane potential errors that are
smaller by slightly more than a factor of 10. Alternatively,
one expects that by appropriate electrode configurations the
spatial variations in electric field could be reduced. A so-
lution is to place the current-passing electrode close to the
center of the oocyte. Indeed, better performance is observed
in the two-microelectrode voltage clamp when the tip of the
current-passing microelectrode is driven to the center of the
oocyte (S. H. Heinemann, personal communication), result-
ing in spherically symmetric current flow. As the electrode
is driven closer to the center, the inhomogeneity becomes
much smaller. However, because driving a glass microelec-
trode deep into the cell causes a large leak conductance, we
sought other modifications to the basic voltage clamp setup
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
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
concentration of field close to the current-passing electrode.

The best solution we found was to introduce an additional
“compensating” electrode, which is placed outside the
oocyte in the vicinity of the current-passing microelectrode.
We derived the theory for a general ring-shaped electrode,
but obtain the optimum performance when the electrode is
a point source of current, i.e.,b 5 0. However, a small ring
could be a desirable configuration for technical simplicity
(for example, a plated pipette or a concentric electrode) and
yields only slightly worse results (data not shown).

The correct compensation depends strongly on the posi-
tion co and the amplification factorv of current passed
through this electrode. Fig. 3 shows the dependence of the
logarithm of the optimization functionCF according to Eq.
30 on these variables, assuming a penetration depth of 100
mm, a diameter of 1.3 mm, and using the parameters of the

FIGURE 3 The dependence of the logarithm of the cost function CF on
the position (co) of the compensation electrode and the compensation factor
v. A minimum occurs atco ' 0.825 mm andv ' 12. The oocyte radius was
assumed to bea 5 0.65 mm and the microelectrode penetration depth was
100 mm.
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oocyte as described above. An optimum occurs atco '
0.825 mm andv ' 12. It can be seen that there is a relatively
long valley in the function log(CF), implying that the choice
of one parameter, sayco, is not critical provided that the
other parameter is adjusted correspondingly. This is useful
becausev can be easily adjusted by a potentiometer, while
changingco requires mechanical modification of the system.
The optimum values ofco and v depend on the particular
penetration depth, as shown in Table 1. Although the opti-
mization is carried out for fast charging of the membrane,
the performance of the setup is very good for steady-state
currents as well, as will be shown below.

Time-dependent errors in membrane potential

Peskoff and Ramirez (1975) have shown that a step-func-
tion of injected current produces a short-term relaxation of
membrane potential in a spherical cell that is much faster
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
mV is observed in the vicinity of the current-injecting
electrode 50ms after the current pulse, and errors of 20 mV
persist after 400ms.

The potential distribution can be expressed as a series in
which the spatial component of each term is a spherical
harmonic and the temporal dependence is a decaying expo-
nential of time (Eq. 22). For thelth term the time constant
is seen from Eq. 23 to be approximately

tl <
ca

gil

wherec is the specific membrane capacitance anda the cell
radius. The term withl 5 0 corresponds to the mean

(spherically symmetric) change in membrane potential,
which does not decay with time. For our standard oocyte
parameters thel 5 1 term (corresponding to the spatial
component of the form cos(u)) has a time constantt1 5 150

TABLE 1 The optimal distance of the compensation electrode from the membrane do 5 co 2 a (in mm) and the optimal gain v
are shown in dependence on the radius of the oocyte a and on the penetration depth di 5 a 2 ci

a (mm)

do (mm)/v

di 5 50 mm 100mm 150mm 200mm 250mm

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 75.0/10.3 180.7/14.5 314.9/19.2 487.8/24.8 722.0/32.0
0.55 73.4/9.9 175.4/13.7 302.6/17.9 461.2/22.6 666.3/28.5
0.60 72.2/9.6 170.9/13.1 292.6/16.8 440.9/20.9 626.0/25.9
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.

FIGURE 4 Redistribution of membrane potential after an injected cur-
rent pulse using a single current-passing microelectrode (A) and with the
addition of the compensation electrode (B). The potential distribution
inside and outside an oocyte after a pulse of injected current was computed
according to Eqs. 17, 22, and 34. The oocyte is assumed to be a sphere of
radius 0.65 mm centered on the origin. The current source is located atr 5
0.55 mm andu 5 0, i.e., 100mm from the membrane inside the oocyte.
The potential distribution is shown (top to bottom) 50, 100, and 400ms
after a short pulse of current that charges the mean membrane potential to
100 mV. In the uncompensated case the maximum deviation from isopo-
tentiality 100ms after the pulse is;300 mV, whereas the compensation
reduces this maximum deviation to;17 mV. Even after 400ms the
maximum potential deviation is still;10 mV if the conventional setup is
used, whereas the compensation reduces this error to;1 mV.

Baumgartner et al. Oocyte Voltage Clamp 1987



ms. This time constant places a fundamental limit on the
speed of membrane potential settling, a limit which can be
avoided only if the amplitude of this term is small. Fig. 5A
shows the amplitudes of the first 20 terms as a function of
time in the case of the standard voltage clamp system. The
l 5 1 term has a large amplitude, initially twice that of the
desired membrane potential change, such that the settling
of the membrane potential will take several hundreds of
microseconds.

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 Fig. 5B; an exception
is the desiredl 5 0 term, which is unchanged. This means
that considerably faster settling of the membrane potential is
obtained with the compensating electrode.

As an experimental test of the theory we measured the
voltage response of an uninjected oocyte to a short (20-ms)
pulse of current applied in the presence of a compensating
electrode (Fig. 6). The membrane potential was measured at
the anglesu 5 180° and 30° as the compensation factorv
was varied from zero to 20. The artifacts due to capacitive
coupling between the electrodes and series resistance in the
bath were mostly removed by subtracting the voltage re-
sponse recorded after withdrawal of the voltage-sensing
electrode from the oocyte.

The current-injecting electrode was inserted into the oo-
cyte at a small angle of;15° to the membrane normal,
while the compensation electrode was positioned radially
outside the cell. This arrangement minimized the possible
“shadow effect” on the electric field due to the current-
injecting electrode pipette. We ignored this effect in our
calculations but expect it to be small because of the small
solid angle subtended by the microelectrodes.

With no compensation (v 5 0) the time course of mem-
brane potential shows a gradual rise when recorded atu 5
180°, but an overshoot is seen in the recording atu 5 30°.
The effect of increasingv is to counteract this behavior, with
the desired step function best approximated by the curve
with v 5 10, similar to the expected optimum value. The
recordings of membrane potential are well-matched by the
theoretical time courses, which were computed with no free
parameters.

Steady-state voltage clamp

When oocytes are expressing high densities of channel
proteins it is not uncommon to record membrane currents of
100mA or more. The steady-state potential, computed using
the coefficients given in Eq. 33, is shown in Fig. 7 for the
case of 100mA of injected current in a cell with the large
membrane conductance of 1 mS. In the uncompensated case
(Fig. 7A) the large potential near the site of current injection
results in a local membrane potential 600 mV greater than
the average value. The very large local potential explains a
common experimental observation, that passing large cur-
rents into oocytes results in membrane damage. Use of a
compensation electrode (Fig. 7B) produces an extracellular
potential gradient that mirrors the intracellular gradient,
largely canceling the inhomogeneity of membrane potential.
The effect on local membrane potential can be seen more
clearly in Fig. 8A, where membrane potential is plotted as
a function of the angleu. At an injected current of 100mA
the local membrane potential near the current-injection site
(u 5 0) is 750 mV; at the opposite pole of the cell it is 50
mV; the mean potential (obtained as thel 5 0 term in the

FIGURE 5 The time course of decay of the
coefficientsAl z al andBl z a2l21 that determine
the membrane potential (Eq. 34) after a delta
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 compensation (B and
D).
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expansion of the membrane potential) is 100 mV in this
case. The effect of the compensation electrode (Fig. 8B) is
to reduce the maximum deviation in membrane potential by
a factor of 20.

With the standard geometry assumed here and under the
conditions of optimal compensation, the compensation elec-
trode carries a currentv 5 12 times larger than the current
actually injected into the cell by the current-passing micro-
electrode. Why is such a large current necessary? The large
value ofv can be understood in part from the large ratio, a
factor of 5, between the cytoplasmic and external conduc-
tivities. A current at least five times as large is required to
produce the same field strength in the external solution as
exists in the cytoplasm due to the current-passing micro-
electrode.

The extra current through the compensating electrode
increases the potential drop in the bath solution, in effect
increasing the series resistance between the extracellular
membrane surface and the bath electrode. Assuming a large
bath electrode atr 5 `, evaluation of thel 5 0 term of the
extracellular potential yields the effective series resistance

Rs 5
1

4pgo
S1a 1

v

co
D (37)

Given the oocyte parameters used here this resistance is 120
V in the absence of compensation; with compensation it is
1220 V. Thus, electronic compensation forRs will be re-
quired in a practical voltage clamp system employing the
compensation electrode.

FIGURE 6 Theoretical and experimentally observed time course of the
membrane potential of an oocyte. A 20-ms pulse of current was injected
through a microelectrode driven 0.1 mm into an oocyte of diameter 1.36
mm. The membrane potential measured atu 5 180° (A) andu 5 30° (B)
was recorded. The compensation electrode was positioned atco ' 0.8 mm
and the gainv was adjusted to 0, 5, 10, and 20. The smooth curves are the
predicted membrane potential from Eqs. 17, 22, and 34, corresponding to
the experimental situation.

FIGURE 7 Steady-state potential distribution due to current injection.
Isopotential contours (labeled in units of mV) are shown inside and outside
a spherical cell of radius 0.65 mm when a current of 100mA is injected
from a point source located at a depthd 5 0.1 mm beneath the membrane.
The total membrane conductance is taken to be 1 mS; the cytoplasmic
conductivity gi 5 0.25 S/m and bath conductivitygo 5 1.25 S/m. (A)
Potential in the standard configuration; (B) potential distribution in the
presence of the compensation electrode, with an extracellular compensa-
tion electrode located at radiusco 5 0.825 mm and driven with a current
v 5 12 times larger than the 100mA current injected intracellularly. The
contour intervals in (A) are 5 mV (up to 25 mV), 25 mV (up to 500 mV),
and 100 mV (up to 1500 mV). In (B) the contour intervals are 50 mV (up
to 800 mV) and 100 mV (up to 2000 mV).
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DISCUSSION

It has been known for many years that the injection of
current from an eccentrically placed microelectrode can
result in inhomogeneous membrane potentials in spherical
cells (Rall, 1953; Eisenberg and Engel, 1970). In most cell
types this issue is unimportant because the magnitude of the
effect is small and the time constants of relaxations are
rapid. In theXenopusoocyte system, however, the effects
provide severe limitations on voltage clamp performance.
The combination of large-diameter, low-cytoplasmic con-
ductivity and a high degree of membrane infolding in these
cells yields large membrane potential errors from eccentri-
cally injected current. These errors are time-dependent, re-
laxing with a maximum time constant of;150ms; they also
become very large in the steady state when large membrane
currents are flowing. In view of these errors, it is seen that
in the conventional two-microelectrode voltage clamp the
oocyte membrane cannot be considered to be isopotential on
time scales of 300ms or less, or when the total current is
larger than;20 mA.

These membrane potential errors can be reduced by plac-
ing the current-passing electrode near the center of the cell.
We expect that an important reason why the cut-open
oocyte technique (Taglialatela et al., 1992) provides a faster
and much higher fidelity voltage control than the two-
microelectrode voltage clamp is its improved geometry of
current injection. The injected current comes either from an
electrode placed near the center of the oocyte or through a

large area of permeabilized membrane. The result is that the
radius ci of current injection is small, resulting in small
values of all coefficients withl . 0 for both the steady-state
and the transient deviations in membrane potential.

In seeking to improve the two-microelectrode voltage
clamp, we considered various electrode configurations and
found that an extracellularly placed “point source” of in-
jected current is the best configuration for an electrode that
compensates for errors from the eccentrically injected cur-
rent. This extracellular electrode makes for more uniform
current flow and can reduce the size of transient errors by an
order of magnitude. The optimal placement of this electrode
depends on the depth of penetration of the intracellular
current-injecting electrode; however, this placement is rel-
atively noncritical when the magnitude of injected current
can be adjusted for optimum voltage uniformity. In practice
this adjustment can be made to minimize the slow relax-
ations in current clamp responses or in the capacitive cur-
rent in voltage clamp recordings.
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