INTRACELLULAR MICROELECTRODE MEASUREMENTS
IN SMALL CELLS EVALUATED WITH THE PATCH CLAMP

TECHNIQUE

CAN INCE,** ED VAN BAVEL} BERT vaN DuwIN,} KEES DONKERSLOOT,! ANNEMIEK COREMANS,}
DRk L. YPEY, AND ALETTUS A. VERVEEN?

*Department of Infectious Diseases, University Hospital, Rijnsburgerweg 10, 2333 AA Leiden, The
Netherlands; and *Department of Physiology, University of Leiden, Wassenaarseweg 62, 2333 AL
Leiden, The Netherlands

ABSTRACT Microelectrode penetration of small cells leads to a sustained depolarization of the resting membrane
potential due to a transmembrane shunt resistance (R,) introduced by the microelectrode. This has led to
underestimation of the resting membrane potential of various cell types. However, measurement of the fast potential
transient occurring within the first few milliseconds after microelectrode penetration can provide information about
pre-impalement membrane electrophysiological properties. We have analyzed an equivalent circuit of a microelectrode
measurement to establish the conditions under which the peak of the impalement transients (E,) approaches the
pre-impalement resting membrane potential (E,,) of small cells most closely. The simulation studies showed that this is
the case when the capacitance of the microelectrode is low and the membrane capacitance of the cell high. In
experiments performed to assess the reliability of £, as a measure of E,,, whole-cell patch clamp measurements were
performed in the current clamp mode to monitor, free from the effects of R,, E,, in cultured human monocytes.
Microelectrode impalement of such patch clamped cells and measurement of E, made it possible to detect correlation
between E, and E,, and showed that for small cells such as human monocytes E, is on average 6 mV less negative than

the resting membrane potential.

INTRODUCTION
Since the introduction of the patch clamp technique into
electrophysiology, detailed studies can be done on the
electrical properties of small cell types (1, 2). An important
electrical property that needs to be determined in such cells
is the resting membrane potential (rmp). For large cells
(diameters >>50 um) this can be done by use of intracellu-
lar microelectrode recordings. Although care must be
taken to avoid leakage of the microelectrode filling into the
cell (3), the steady state potential measured can be taken to
be the value of the rmp. Application of this method to small
cells can, however, lead to underestimation of the rmp due
to the introduction of an electrical transmembrane shunt
resistance R, created by the hydration mantle surrounding
the microelectrode. The resistance of such a water layer
between glass and cell membranes has been estimated to
lie between 50 and 200 MQ (1). A patch clamp measure-
ment does not have this drawback, because of the achieve-
ment of a tight seal (giga-seal) between the patch electrode
and the cell membrane (1), which means that (in the
whole-cell current clamp mode) membrane potential mea-
surements on small cells are not affected by electrode-
induced transmembrane shunts (1, 4). However, use of this
method to determine the value of the rmp of a cell has the
disadvantage that during whole-cell recording the inside of
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the cell is perfused by the contents of the patch pipette.
Since the exact composition of the intracellular fluid is
often unknown, use of an arbitrary pipette fluid can alter
the rmp with respect to its value before the measurement.
Thus, despite the acquisition of the patch clamp technique,
a method for direct measurement of the rmp of small cells
is still needed.

Lassen et al. (5) introduced a method for estimation of
the pre-impalement rmp of small cells which takes the
presence of the microelectrode-induced shunt into account.
This method measures the fast potential transient seen in
the first few milliseconds after microelectrode penetration.
This impalement transient consists of a fast negative-going
potential transient reaching a peak value, E,, followed by a
depolarizing transient to a steady state potential E,. The
observation that in a number of cell types E, is more
negative than E, indicated that the rmp of these cells is
more negative than had been assumed on the basis of E
measurements (3, 5, 6-8). Although impalement transient
measurements show whether a steady state measurement
is affected by the presence of an R, (i.e., if E, is more
negative than E,), uncertainty exists concerning the accu-
racy of impalement transient measurements for deter-
mining the value of the pre-impalement rmp. Use of the
patch clamp technique in combination with microelectrode
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impalements now provides an experimental method to help
resolve this uncertainty.

The present study was performed to investigate the
extent to which E, is a good measure of the resting
membrane potential of small cells. An equivalent electrical
circuit and mathematical analysis were used to investigate
the nature of the impalement transient. Patch clamp
measurements in the whole-cell current clamp mode com-
bined with microelectrode impalements were applied to
cultured human monocytes and used to establish the
relation between the pre-impalement rmp and the peak of
the impalement transient measured upon microelectrode
entry. The results show that under certain conditions E, is
a good measure of the resting membrane potential prior to
cell impalement. Preliminary results of this study have
been reported elsewhere (4).

MATERIALS AND METHODS

Peripheral blood monocytes from healthy human donors were cultured on
flying coverslips in petri dishes for 1-3 wk (7). Monocytes cultured in this
way differentiate into macrophage-like cells reaching cell diameters
between 10 and 40 um. The glass coverslips with adherent cells were
mounted to a Teflon dish and placed on the stage of an inverted
microscope where microelectrode and patch clamp measurements were
made at an objective magnification of 100 x with oil immersion optics
(9). The cells were bathed in a solution composed of 150 mM NaCl, 3
mM KCI, | mM MgCl,, 4 mM CaCl,, and 10 mM HEPES-NaOH (pH
7.2). Measurements were made at room temperature.

Membrane potential measurements were performed with microelec-
trodes and patch electrodes and a dual-input Series 700 Micro Probe 750
microelectrode pre-amplifier (World Precision Instruments, New Haven,
CT). Fine-tipped microelectrodes (tip diameters <0.2 um), filled with 4
M K-acetate had resistances between 50 and 300 MQ. Capacitance
compensation was used to obtain microelectrodes with rise times <0.1 ms.
Cells were impaled by means of a piezo-stepper device (Piezo-stepper
P-2000, Physik Instruments (PI), Waldbronn-Karlsruhe, Federal Repub-
lic of Germany). Patch electrodes were drawn from thin-walled borosili-
cate glass and giga-seals were made according to Hamill et al. (1). Patch
pipettes were filled with a solution composed of 143 mM KCi, 2 mM
MgCl,, 2 mM CaCl,, 10 mM HEPES-KOH (pH 7.2), and sometimes
buffered with 10 mM EGTA to bring Ca®* to intracellular levels. This
solution was also used as filling for the reference pool and microelectrode
holder. The reference pool was connected to the bathing solution with a
salt bridge filled with extracellular solution. Membrane potentials were
measured with respect to the base line of either the microelectrode or

patch electrode before cell contact being made.
RESULTS

Mathematical Analysis of a Microelectrode
Measurement

An intracellular potential measurement by use of a micro-
electrode can be represented by the equivalent circuit
shown in Fig. 1 A, in which an instantaneous electrical
shunt, R, is introduced by the electrode upon cell entry. In
the equivalent circuit, cell impalement is simulated by
closing switch S. The potential E, is included to cover a
possible diffusion potential created by the ionic concentra-
tion differences across the shunt (5). As can readily be seen
from the equivalent circuit in Fig. 1 A, if R, is of the order
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FIGURE | Equivalent electrical circuit representation of a microelec-
trode measurement where a transmembrane shunt is introduced by the
microelectrode. (4) Cell parameters are: resting membrane potential,
E,: a membrane capacitance, C,; and resistance, R,,. Electrode parame-
ters are: an electrode resistance, R,; and capacitance, C.. The shunt
introduced by the microelectrode has a resistance, R,, and creates a
diffusion potential, E4. Cell impalement by the electrode is simulated by
the closure of switch S. The potential measured at the microelectrode
amplifier output is ¥,; the intracellular potential is ¥, and the potential
in the microelectrode is V,. ¥V, is O before impalement (before switch S is
closed) and V,, is equal to E,,. (B) A trace of the time course of V, (top)
and V,, (bottom) upon closure of switch S in the equivalent circuit. The
circuit reproduces peak potential recordings which at V¥, are seen as sharp
negative-going deflections reaching a peak value E, followed by a
depolarizing transient to a steady state potential E,. The time course of V,,
crosses the peak transient at its level E,. Scaled values of circuit
parameters used here have the following values: R,,, 100 KQ; C,,, 3 uF; R,,
2.7KQ; C,,0.47 uF; R,, 10 KQ; and £, 0.

of or smaller than the cell membrane resistance R, the
measured sustained potential E, at the amplifier output V,,
will be less negative than the pre-impalement resting
membrane potential E,,.

After reduction of the electrode time constant 7, =
(R.C,) by capacitance compensation, an impalement tran-
sient can be measured, which can provide information
about the pre-impalement electrical properties of small
cells (5, 10). As can be seen in Fig. 1 4, the membrane
capacitance C, is charged to the value E,, before cell
impalement (i.e., when switch S is open). When the
microelectrode is driven into the cell and R, is introduced,
C,, will discharge from E_, to a new steady-state potential
level E,. If the response time of the microelectrode is
sufficiently rapid, this discharge of C,, can be monitored at
V,. Under these conditions the potential transient seen
during the first few milliseconds immediately after micro-
electrode penetration, is characterized by a rapid negative-
going potential transient (determined by T.) that reaches a
peak value E,, followed by a slower depolarizing transient
due to the discharge of C,, (Fig. 1 B). The closest estimate
of E, based on direct measurement by microelectrode
impalement is therefore E,. Although E, provides a better
estimate of E, than E, does, it remains an underestimation
of E, (due to limitations imposed by T7,). Therefore, a

BIOPHYSICAL JOURNAL VOLUME 50 1986




method by which the value of E,, can be best determined is
still needed.

A simplified model of the impalement transient pro-
posed by Lassen et al. (S) predicts that E_ can be
calculated by exponential extrapolation of the depolarizing
tail of an impalement transient back to the moment of cell
penetration under the assumption that R, stays constant
during impalement. Such an extrapolation is possible due
to the absence in the model of the capacitative load
imposed by C, on the discharge of the membrane. As a
consequence, in Lassen’s model the time course of the
discharge of the membrane potential upon closure of
switch S does not intersect the peak of the impalement
transient measured at V, (Fig. 1 A). As can be seen in Fig.
1 B where both the discharge of the membrane potential
and the impalement transient recorded at V, are shown,
this is not the case. This illustrates that the impalement
transient is not fully described by the model of Lassen et al.
The following analysis shows that under certain conditions
the value of E, itself is a good estimate of E,.

A mathematical expression for the impalement transient
is obtained when Kirchhoff’s laws are applied to the circuit
in Fig. 1 A. According to these laws the sum of the currents
flowing through R,, C,. R,, and R, after closure of the
switch at time ¢ = 0, must be zero. Under the assumption
that amplifier 4 has ideal input characteristics (i.e., V, =
V.), the current through R, equals the current through C.,.
Substitution of potentials and components for the currents
which flow after closure of switch S gives an expression
relating the potential at the input of the amplifier V, to the
membrane potential before impalement (E,,)

d*v, dv,

TmTe_ Tm Tc Te
de * (Tn + Te + T dt

+ BV,

| X

=—E;+E, (1)

)

inwhich T, = R, Cp,, T.= R.C.,T. = R, C., 8 = (R, +
R.)/R,, and where E, is the diffusion potential and R, the
resistance of the microelectrode-induced shunt. In the
steady state situation (i.e., when ¢ — ), Eq. | reduces to

Vg EnRit EiRa @
R, + R,
where E, is the steady state potential measured by the
microelectrode. The accuracy of E, as a measure of E,
depends on whether R, is sufficiently large relative to R,
and on the magnitude of E,;. For measurements where R,
>> Ry, Eq. 2 reduces to E, = E,,. Under such conditions
steady state measurements are free from the ill effect of R,.
Such a situation only occurs in patch clamp measurements
where the giga-seal ensures that R, >> R, or in intracellu-
lar microelectrode measurements from very large or elec-
trically coupled cells, where R, << R,. When R, is in the
order of magnitude of R, however, as is the case in most
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studies on small isolated cells, E; underestimates E, and
contains a considerable contribution from E, (see Eq. 2).

Measurement of the peak potential E, provides a more
accurate measure of E,, than does E; (5, 7). To determine
how good an estimate E, is of E,, values of E, were
calculated for different E,. To gain insight into the
drawbacks of the use of E, to measure E,, unfavorable
values of parameters were chosen on purpose. E, was then
calculated by solving Eq. 1. Since all coefficients in Eq. 1
are positive, the solution of Eq. 1 will be of the form:

V.= Aexp (Qit) + Bexp (Qu) + E.. (3)

The factors Q,, Q,, 4, and B can be calculated from the
characteristic equation and the initial conditions (V, = 0
and dV,/dt = E_ /T, at time ¢ = 0). This gives for factors

A,B,Q,,and Q,
Em/Te + QZE’ Em/ Te + QlEs
A=s— 7 — dB= ———=2_"° = = (4
AQ-Q o Q-Q )
le Q2
_(Ta 4 BT+ T = (T + BT+ T — 4T TI"
) (—2T.T)

A peak potential, E,, will then be measured at ¥, when
dV,/dt is equal to zero. This occurs when the following
inequality is satisfied

Es 1+ (R/R)(1+QT)
Em e QlTe

For parameter values that do not satisfy this inequality, the
solution of Eq. I will be strictly monotonic and therefore
approach E, but not overshoot it. This latter situation
occurs, for example, if T, >> T,. For the general case,
however, when T, < T,, in small cells, the condition of Eq. 6
is satisfied and a peak potential will be measured. The time
t, it takes V, to reach E_ is then given by

(6)

| _log.~ (QA/Q:B)
T -Q

By substitution of Q,, Q,, A, and B and ¢, in Eq. 3, the
value of E, is given by

@)

Ep = A(_QIA/QZB)QI/(QI—QI)
+ B(-QA/Q:B)¥ " + E, (8)

To investigate the relation between E, and E,,, parame-
ter values were varied and E, was calculated for different
values of E,. Since capacitance compensation can give
electrode rise times <0.1 ms, 100 MQ electrode here has a
residual capacitance of 1 pF.

To assess the parameter sensitivity of E, the first circuit
parameters varied were the membrane resistance R,, and
the diffusion potential E,. Variation of R, between 200
MQ and 5 GQ and of E4 between 0 and —30 mV showed
that these parameters had little effect on the value of E,
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FiGURE 2 Effect of R, and E, on the relationship between the peak
potential E, and the pre-impalement membrane potential E,. Two Eq
values were compared (0 and —30 mV). R,, was varied between 200 MQ
and 5 GQ for E, = 0 as well as for E; = —30 mV, but had little influence
on E/E,. The cell and electrode parameters are indicated. E, is not
defined for values of E,, less negative than —31 mV for the case where E4
is —30 mV (see Eq. 6 in text).

(Fig. 2). Since R, and E, do not significantly affect E, the
factors to be investigated further were C,, the membrane
capacitance, and R,, the shunt resistance, as well as R, and
C..

As can be seen from Fig. 3, the value of E, is strongly
dependent on the membrane capacitance, C,. This could
be expected because for a fixed value T, E, will approach
E,, more closely when C,, discharge slowly (i.e., with large
C,) than it would if C, discharged rapidly (small C,).
Thus E, measurements become less accurate for very small
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FIGURE 3 The peak of the impalement transient, E,, is dependent on

the value of the membrane capacitance Cp,.
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FIGURE 4 The influence of the microelectrode-induced shunt resistance
R, on the peak of the impalement transient E,,.

cells, unless very low C, electrodes can be used. Fig. 4,
where E, is taken as 0 mV, shows that E, approaches E,,
less closely for smaller values of R,. Furthermore, with
lower values of R, the dependency of E, on E, increases
(Table I). The value of E,/E,, depends strongly on T, (=
R.C,). For example, in Table I for E; = 0 and R, = 1 GQ,
E,/E, is equal to 0.97 for T, = 0.1 ms, whereas for a cell
with the same parameters but witha 7, of 0.5 ms, E,/E,, is
only equal to 0.77. This observation underscores the need
to use maximum capacitance compensation of the microel-
ectrode. Not only the value of the product of R, C,, but also
the individual values of R, and C, will influence E,/E,,
This is illustrated in Table II, where the effect of C, on
E,/E,, is shown for a constant product R, C, (T.).

Experimental Evidence

In the previous section it was shown that according to
theoretical criteria the value of E, can provide a good
measure of E,. To verify this prediction experimentally,
patch clamp measurements (which do not suffer from the
effects of R,) were made in the whole-cell current clamp
configuration under giga-seal (i.e., R, > 10 GQ) conditions
(1) combined with microelectrode impalement of the same

TABLE I
THE EFFECT OF R, AND E, ON E /E,

E, R=-1MQ R, =10M2 R, -100M2 R, -1GQ
mv E,/En E,/E, E,/En E,/E.
0 0.25 0.66 0.91 0.97
-10 0.27 0.68 0.91 0.97
~20 0.31 0.70 0.92 0.97
-30 0.35 0.72 0.92 0.97

R, 2GQ; Cy, 50 pF; R,, 100 MQ; C,, | pF; E,/ E,, only holds for values of
E,, which satisfy Eq. 6.

BIOPHYSICAL JOURNAL VOLUME 50 1986




TABLE 11
THE EFFECT OF R, AND C, ON E,/E,

R. C. E,/En
50 MQ 10 pF 0.68
100 MQ 5pF 0.72
500 MQ 1 pF 0.76
1GQ 0.5 pF 0.77
5GQ 0.1 pF 0.77

R., 2 G Co, 50 pF; T, = R,C, = 0.5 ms; E,, 0; Ry, 100 MQ.

cell. Subsequently the value of E,, can be correlated with
E, as measured by the penetrating microelectrode.

Cultured human monocytes were used for the experi-
ments in which patch clamp measurements were combined
with microelectrode impalement. After a giga-seal had
been established in current clamp mode, the patch was
broken by application of an extra suction pulse to the patch
electrode, thereby obtaining a whole-cell measurement
where E, was recorded. Current pulses applied via the
patch electrode gave a double exponential response reflect-
ing the rise time of the patch electrode in series with the
membrane. From such current pulse responses the values
of R, and C, could be determined and revealed a wide
spread of values of R, (20 MQ-5 GQ) and C,, (10 pF-90
pF), refiecting the heterogeneity of cell sizes in these
human monocyte cultures.

As soon as a stable membrane potential, E,, was
recorded from the patch electrode (indicating equilibrium
between original cell content and perfusate), the microel-
ectrode was driven into the cell and potentials from both
electrodes were recorded. In records made on a slow
time-scale (where the impalement transient cannot be seen
due to the slow response of the chart recorder), the
depolarizing effect of the microelectrode-induced shunt
can be seen as a sustained depolarization with respect to E,,
prior to impalement (Fig. 5 A). For the example shown in
Fig. 5 A, the membrane resistance measured before micro-
electrode impalement, 136 MSQ, and the value of the
impaled membrane resistance measured immediately after
impalement (i.e., after the introduction of R,), 58 MQ,
gives a value of 101 MQ for R,. Substitution of this value of
R, into Eq. 2 together with the values of E,, (—91 mV) and
E, (—51 mV) from Figs. 5 4 and B, gives a value for the
shunt induced diffusion potential E4 of —5 mV. This value
is close to that predicted by Lassen et al. (=9 mV) for
ascites tumor cells (5). The record in Fig. 5 A illustrates
that cautious use of steady-state membrane potential mea-
surements on high resistance cells measured with microel-
ectrodes is advisable. Another estimate of R, was obtained
by impalement of a cell under whole-cell voltage clamp
conditions. The cell was held at —50 mV and the excess
current drawn from the voltage clamp upon impalement
was measured. Under the assumption that this excess
current resulted solely from the introduction of R, values
of 260 and 157 MQ were calculated for R, in two cases.

INCE ET AL.

In Fig. 5 B the microelectrode impalement transient is
recorded on a fast time scale simultaneously with the
depolarization of the membrane recorded by the patch
electrode. The peak of the impalement transient equals the
value of E,, before microelectrode entry. Such large values
of E, were never measured in impalements in intact
cultured human monocytes (range, —30 and —50 mV)
indicating that perfusion of the cell by the patch filling
affected the rmp of this cell. In Fig. 5 C, experiments of the
type shown in Figs. 5 4 and B are shown graphically, the
values of E, measured by the patch electrode prior to
microelectrode impalement being plotted against each
subsequent E, value measured by the microelectrode in 16
cells. These results show that E, follows the value of E, to
within 10 mV.

Membrane potential values may be influenced by a
small change in the diffusion potential at the fluid inter-
face of the electrode tip as the electrode establishes contact
with the intracellular solution. For our microelectrode
measurements we found no significant change in baseline
when exchanging the extracellular for the intracellular
fluid used (taking the change in diffusion potential at the
salt bridge into account). For patch electrode measure-
ments, however, the liquid junction potential that exists at
the patch electrode tip (the patch electrode filling being ~3
mV electronegative with respect to the bathing solution) is
abolished when a whole-cell measurement is made. This
means that the absolute membrane potentials could be ~3
mYV more negative than those measured with respect to the
baseline of the patch electrode before cell contact. Correc-
tion of the membrane potentials measured by the patch
electrode for this 3 mV change in diffusion potential leads
to E, being on average 6 mV (SD = 2, n = 16) less negative
than the absolute membrane potential.

DISCUSSION

The present results show that the peak value, E,, of the
rapid potential transient seen upon microelectrode impale-
ment, can be used as a good measure of the resting
membrane potential (E,) of small cells. The evidence is
supported by equivalent circuit analysis as well as by patch
clamp measurements in combination with microelectrode
impalements on cultured human monocytes.

The theoretical analysis showed that the closeness of E,
to E,, is determined mainly by the values of the membrane
capacitance C,, the electrode capacitance C,, and the
shunt resistance R, caused by the microelectrode. Larger
values of C,, and R, and smaller values of C, enhance the
reliability of using E, as a measure of E,. These parame-
ters can be experimentally manipulated to obtain favorable
conditions for E, values to more closely approach values of
E,.

The membrane capacitance, C,, can be increased if
large cells are available. These can be obtained by, for
example, x-irradiation of a dividing cell line (10). Since
irradiation halts cell division but not necessarily cell
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FIGURE 5 Simultaneous membrane potential recordings on a cultured human monocyte from a patch electrode in the whole-cell current
clamp mode and an intracellular microelectrode, showing the effect of the introduction of a microelectrode-induced transmembrane shunt, R,.
(A) The potential transients, seen on a slow time scale as the microelectrode impales the cell, show the steady state effect of the introduction of
R, by the microelectrode. The bortom trace represents the potential measured by the patch electrode (PE) and the top trace is the potential
measured by the microelectrode (ME) upon impalement of the cell by the microelectrode. The introduction of the microelectrode leads to a
depolarization of the membrane potential from —91 mV to about —50 mV. Membrane resistance is measured by passing 0.1 nA pulses
through the PE before the ME impalement. The pulse response measured by the PE reflects the membrane resistance (shaded, 136 MQ) and
the series resistance of the PE (48 MQ). Measurement of the membrane resistance (58 MQ) after ME impalement, shows that the ME has
introduced an R, of 101 MQ. The response to the injected current pulse via the PE as measured by the PE after ME penetration reflects the
series resistances of the PE and the membrane. The ME only measures the resultant membrane resistance. The patch electrode was filled with
K *-saline without added EGTA. The two potential transients are slightly shifted in time due to the distance between the pens of the two
channels of the recorder. (B) The potential transients measured on a fast time scale by the PE (bottom trace) and by the ME (top trace) at the
moment of cell impalement of the records shown in A. The peak potential measured by the ME (—91 mV) equals the pre-impalement
membrane potential (—91 mV) measured by the PE. The vertical positions of the two transients have been shifted to make both transients
visible. (C') The relationship between the pre-impalement membrane potential £,, measured by the PE and the peak potential £, by the ME in
16 experiments. The plot shows that E, provides an estimate of the pre-impalement membrane potential within 10 mV (dashed line). R,,

ranged in these measurement from 20 MQ to 5 GQ and C, from 10 to 90 pF.

growth, culture of irradiated cells yields giant cells (11).
This process did not alter the value of the resting mem-
brane potential of a murine macrophage or of a fibroblast
cell line (10). Another way to obtain large cells is by
prolonged culture of cells: the original size of mononuclear
phagocytes, e.g., mouse peritoneal macrophages and
human monocytes, increases by a factor of 2 to 5. Other
methods such as cell fusion (12) can also be considered for
this purpose. However, it should be kept in mind that use of
techniques to obtain large cells may change the functional
properties of cells.

The electrode capacitance, C,, can be decreased by
optimal use of capacitance compensation. Fabrication of
electrodes with a wider-angle taper gives electrodes having
a closer resemblance to a single RC network, which means
that capacitance compensation can be used optimally.
Smaller-tip angle electrodes have a more distributed RC
network, which limits the use of capacitance compensation.
Wider angle electrodes have, however, the disadvantage
that such electrodes probably decrease the value of R, and
thus abolish the advantage gained by lowering the C,. An
alternative method for lowering C, could be achieved by
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sylgard coating of the microelectrode. Thus, the general
notion that high-resistance microelectrodes leads to more
reliable membrane potential measurements is not true for
peak potential measurements, because it is the value of the
electrode capacitance which mainly determines the useful-
ness of E, as a measure of E,,

Measurement of the impalement transient can facilitate
electrophysiological investigations into single cells in vari-
ous ways. Measurement of E, can be important, for
example, for establishing whether sustained potential mea-
surements done with intracellular microelectrodes suffer
from the effects of a microelectrode-induced shunt resis-
tance R,. Peak potential measurements have thus enabled
a number of authors to establish that the resting membrane
potential of different cell types is more negative than had
previously been thought on the basis of intracellular stea-
dy-state potential measurements (5-8, 13). Furthermore,
analysis of the shape of the impalement transient in
macrophages and fibroblast cell lines revealed that the
membrane potentials of these cells do not oscillate prior to
microelectrode entry as they can do following microelec-
trode entry (10).
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Measurement of E, after ion channel measurements in
the cell-attached patch configuration provides a basis for
correction of the I-V curves of ion channels for the
contribution of E,, thereby enhancing the usefulness of
cell-attached patch measurements. We used this method to
establish the presence of K* channels in cultured human
monocytes (4). Measurements of the E, values of a popula-
tion of cells in culture allows investigation of the effect of
various conditions on the average resting membrane poten-
tial of the population. In this way peak potential measure-
ments were used to identify the presence of a Na/K pump
in cultured human monocytes (14). It is concluded that
measurement of the peak potential offers a useful and
reliable method to establish the resting membrane poten-
tial of small cells.
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