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SUMMARY

1. L cells (a mouse fibroblast cell line) and macrophages have been reported to
exhibit slow oscillatory hyperpolarizations and relatively low membrane potentials,
when measured with glass micro-electrodes. This paper describes the role of micro-
electrode-induced leakage in these oscillations for L cells and a mouse macrophage
cell line (P388D1).

2. Both L cells and macrophages showed fast negative-going peak-shaped potential
transients upon micro-electrode entry. This shows that the micro-electrode introduces
a leakage conductance across the membrane.

3. The peak values of these fast transients were less negative for L cells (-17 mV)
than for macrophages (-39 mV), although their sustained resting membrane
potentials were about equal (-13 mV). This indicates that the pre-impaled mem-
brane potential of macrophages is more negative than that of L cells.

4. Ionophoretic injection of Ca2+ into the P388D1 macrophages showed the
existence of a Ca2+-dependent hyperpolarizing conductance presumed to be involved
in the oscillatory hyperpolarizations of L cells and macrophages.

5. Cells increased in size by X-ray irradiation to reduce membrane input resistances
were still found to be susceptible to micro-electrode-induced leakage.

6. Impalement transients upon entry of a second electrode during a hyperpolar-
ization evoked by a first electrode, were often step-shaped instead ofpeak-shaped due
to the high membrane conductance associated with hyperpolarization.

7. Since peak-shaped impalement transients were always seen with the first
impalement both in oscillating and non-oscillating cells, oscillatory hyperpolarizations
cannot be regarded as spontaneously occurring in the unperturbed cells but are
induced by micro-electrode penetration.

8. Since the hyperpolarizing response can be evoked by ionophoretic injection of
Ca2+, and oscillatory as well as single hyperpolarizing responses are absent in a
Ca2+-free medium, it is concluded that the Ca2+ needed intracellularly to activate the
hyperpolarizing responses enters the cell via the leakage pathway introduced by the
measuring electrode.

t To whom correspondence should be addressed.
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INTRODUCTION

Both L cells and macrophages produce single or oscillatory slow hyperpolarizations
when penetrated by intracellular micro-electrodes. These hyperpolarizations have
been ascribed to the activation of a Ca2+-dependent K+ conductance (Gallin,
Wiederhold, Lipsky & Rosenthal, 1975; Dos Reis & Oliveira-Castro, 1977; Henkart
& Nelson, 1979; Nelson & Henkart, 1979; Okada, Tsuchiya & Inouye, 1979;
Oliveira-Castro & Dos Reis, 1981; Persechini, Araujo & Oliveira-Castro, 1981). It is
not known, however, whether the oscillatory hyperpolarizations occur in undisturbed
cells or as a result of impalement by a micro-electrode. None the less, properties of
L cells, such as phagocytosis (Okada, Tsuchiya, Yada, Yano & Yawo, 1981), cell
motility (Tsuchiya, Okada, Yano, Inouye, Saski & Doida, 1981 a), and pinocytosis
(Tsuchiya, Okada, Yano, Murai, Miyahara & Tanaka, 1981 b) have been associated
with such hyperpolarizations, and in macrophages these hyperpolarizations have
been associated with chemotaxis (Gallin & Gallin, 1977) and phagocytosis (Kouri,
Noa, Diaz & Niubo, 1980). Recently, we analysed the fast potential transient seen
after impalement (Lassen, Nielson, Pape & Simonsen, 1971) into macrophages and
found (Ince, Ypey, Van Furth & Verveen, 1983b) that penetratation by a micro-
electrode induces a leakage conductance across the membrane and that the membrane
potentials ofmacrophages (mean -40 mV) are two to three times more negative than
has generally been thought on the basis of sustained potential measurements (-15
to -25 mV). In the present study we measured fast potential transients upon
impalement in L cells and macrophages in order to determine the origin of
spontaneous hyperpolarizations and to assess the effect of the leakage conductance
induced by the micro-electrode on membrane potential measurements. This is
necessary in order to correlate the functional activity of these cells with the
occurrence of hyperpolarizing responses.

METHODS

Cell cultures. Cells were cultured on 24 mm glass cover-slips in culture medium at 37 0C in a
5% C02 humidified atmosphere, as described elsewhere (Ince et al. 1983b). L cells (a mouse fibroblast
cell line), were used for experiments after 3-5 days of culture. Cells of mouse macrophage cell line
P388D1 (Koren, Handwerger & Wunderlich, 1975) were used after 3-7 days of culture. After
culture, cell diameters of L cells and macrophages were between 10 and 30 /um. Giant L cells and
giant macrophages were obtained by exposing the two cell lines on day 3 of culture to 20-30 Gy
X-irradiation (Whitmore, Till, Gwatkin, Siminovitch & Graham, 1958; Nelson & Peacock, 1973).
After irradiation the medium was refreshed and cells were cultured for an additional 3-7 days. After
culture, giant non-dividing L cells and giant macrophages with cell diameters ranging from 30 to
100 ,sm were present.

Electrophy8iology. For electrophysiological experiments the glass cover-slips were secured to an
open-bottomed Teflon dish and transferred to a micro-CO2 incubator on an inverted microscope
(Ince, Ypey, Diesselhoff-Den Dulk, Visser, De Vos & Van Furth, 1983a). The experimental set-up
and bathing solution were as described elsewhere (Ince et al. 1983b). Glass micro-electrodes filled
with 4 M-K acetate and with tip resistances ranging (Re) from 100 to 400 MO were used. Electrodes
were capacitatively compensated so that electrode time constants were less than 01 ms, to enable
impalement transient detection. Scanning electron microscopy was used to measure electrode tip
diameters which were in the range of 0 1-0-3 ,sm. To ensure rapid (4 ,m/0 1Ims), radial (at an angle
of 60 deg from the horizontal) penetration of cells with minimal lateral vibration, a piezo-stepper
device was used to impale cells (Piezo-stepper P-2000, Physik Instrumente (PI) Gmbh & Co.,
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Waldbronn-Karlsruhe, F.R.G.). Classification of cells was based on El, the peak potential reached
within the first few milliseconds after impalement; En, the depolarized potential following Ep, seen
on a slow chart recorder as a notch; Eh, the peak value of the hyperpolarization following En; E.,
the steady-state potential value and Rim, the impaled membrane resistance (as distinct from the
true pre-impaled membrane resistance Rm) calculated from the potential response to a 02 nA
current pulse lasting 0-2 s through the measuring micro-electrode during Es. Intracellular injection
of Ca2+ was achieved by inserting a second micro-electrode, filled with 05 M-CaCl2, into the cell
and applying positive current pulses of varying amplitude (02-1 0 nA) and duration (02-1P0 s).
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Fig. 1. Fast and slow potential transients recorded in an L cell. The initial fast impalement
transient of an L cell, obtained from an oscilloscope trace is shown in A. The subsequent
slow oscillatory hyperpolarizations in the same cell, as recorded by a chart recorder, are
shown in B. Due to the low high-frequency cut-off characteristic of the chart recorder the
initial impalement transient cannot be seen in B. The nomenclature of the various
potential values seen during a record and referred to in the text are indicated in A and
B. B also shows the membrane response to a constant-current pulse (02 nA, 02 s) during
E. and Eh and illustrates the finding that membrane hyperpolarization is associated with
a decrease in membrane resistance.

RESULTS

Spontaneous hyperpolarization8
Single and repetitive hyperpolarizations were measured upon micro-electrode entry

into L cells (Fig. 1 B) and macrophages. The single hyperpolarization starts between
40 ms and 2 s after micro-electrode penetration, from a low potential level, En, and
reaches a maximum amplitude, Eh. After Eh the cell depolarizes to a sustained
potential level Es or goes into a series of oscillatory hyperpolarizations (Figs. 1 B and
2). Oscillatory hyperpolarizations occurred in twenty-two out of eighty L cells,
twenty-three out of eighty-six irradiated L cells, and in thirteen out of fifty-one
macrophage cells. Oscillatory hyperpolarizations occurred in only one out of fifty-nine
irradiated macrophage cells, although single hyperpolarizing responses were always
observed upon impalement. Oscillations in L cells and macrophages could be
sustained for up to one hour (longest measurements made). Hyperpolarization is
associated with a decrease in membrane resistance (Figs. 1 B and 2). Measurements
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of Rim (impaled membrane resistance) on an L cell (Fig. 2), showed that Rim
immediately after impalement is high and decreases with the onset of hyperpolar-
ization. Similar results were obtained for all cell types. The distribution of the Es
values of the various cell types is shown in Fig. 4A and B. Mean values of En, Eh,
Es and Rim of all cells are summarized in Table 1. These results show that on the
basis of slow potential recordings no significant difference can be seen between the
various cell types.
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Fig. 2. Concomitant potential and impaled membrane resistance transients of an L cell
on a slow time scale. A: oscilloscope trace of a membrane potential transient shows the
development of a slow hyperpolarization from E. following the fast initial peak transient.
The potential responses to current pulses (0-2 nA) applied via the measuring micro-electrode
at various intervals can be seen as pulses. From the amplitude of these responses the
impaled membrane resistance Rim can be calculated. B: a plot of the time course of the
Rim shows that Rim has a relatively high value immediately after the fast peak transient
and that hyperpolarization is associated with a decrease in Rim.

The role of Ca2+ in hyperpolarizations
Ionophoretic injection of Ca2+ into the P388D1 macrophages evoked hyperpolar-

izing responses (Fig. 3). Measurement of Rim (by the measuring micro-electrode)
during the Ca2+-evoked hyperpolarization showed that this hyperpolarization is
associated with a decrease in membrane resistance (Fig. 3A) similar to hyper-
polarizations evoked by entry of a micro-electrode (Fig. 2) and to one cycle of the
hyperpolarizing oscillations (Fig. 1 B). The hyperpolarizing response is evoked by
Ca2+ injection and not by Cl- (Fig. 3B), K+ or acetate. The amplitude of the evoked
hyperpolarization is dependent on the amplitude (Fig. 3C) as well as the duration
(Fig. 3D) of the injecting pulse, indicating that the hyperpolarizing response depends
on the amount of injected Ca2+. To determine whether hyperpolarizing responses
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TABLE 1. Electrophysiological properties of L cells, irradiated L cells, macrophages and
irradiated macrophages*

No.
Ep En Eh Es Rim
(mV) (mV) (mV) (mV) (MCI)

80 Mean -17-0 -10-3
S.D. 5-8 3X6

86 Mean -18-4 -10-2
S.D. 6-3 3-0

51 Mean
S.D.

59 Mean
S.D.

-39-1
9.3

-31-8
10.9

-14-7
6-3

-12-3
5.8

-30-1
15.0

-30-3
10-4

-35'0
13-4

-30-1
11 8

-10-4
4.7

-13-0
5.3

-12-9
7-8

-13-6
601

48-0
28-0
30-6
23-0
30-0
18-6
17-2
12-5

Ep/En Ep/Eh Ep/Es

1.90
0-75
1-95
1.00
2-92
0-88
2-80
1-07

0-72
0-41
0-77
0-38
1-28
0-52
1.18
0-65

1-94
1.10
1-81
1-60
3-86
2-20
2-63
1-16

For explanation of symbols see Fig. 1.
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Fig. 3. The membrane potential response ofP388D1 macrophages to intracellular injection
of Ca2+. Two intracellular electrodes were used, one for injecting Ca2+ and one for
measuring the potential response. A: the response of the cell to Ca'+ injected by a + 0-2 nA
current pulse (duration 1 s) is a single hyperpolarization. Current pulses (0-2 nA, 0-2 s)
applied through the measuring micro-electrode show that this hyperpolarizing response

is associated with a decrease in membrane resistance. B: the hyperpolarizing response is
only elicited by Ca2+ injection (positive current pulse) and not by Cl- injection (negative
current pulse). The Cl- response monitors the impaled membrane resistance. The ampli-
tude of the hyperpolarizing response is graded according to the amplitude (C) and the
duration (D) of the injecting pulse indicating that the response is dependent on the
amount of Ca2+ entering the cell.
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require the presence of extracellular Ca2+, measurements were made in the presence
ofEGTA (1-5 mM) and excess Mg2+ (0.5 mM). The Eh ofP338D1 macrophages was sig-
nificantly reduced in amplitude in the EGTA medium (-11 3 + 4-3 mV, mean + S.D.
(n = 30); compared with the control medium, - 242 + 4-7 mV (n = 12)). Similar
results were obtained for L cells (- 12-8 + 2-7 mV (n = 21); control, -24-0+ 8-0 mV
(n = 12)). Only one cell (P388D1) in the fifty-one cells measured in the EGTA
medium exhibited spontaneous oscillations and these were with diminished
amplitudes (8 mV).

Irradiated L cells

A8
o24

0

W 16 Macrophages
E
2 8 Irradiated macrophages

0 -20 40 -60 0 -20 -40 -60
Es (mV) Es (mV)

32
_un L cells Irradiated L cells
U 24
0

° 2416 Macrophages

8Irradiated macrophages28

0 -20 -40 -60 0 -20 -40 -60
E, (mV) El, (mV)

Fig. 4. The distribution of E. and El values for fibroblasts (L cells and irradiated L cells)
and macrophages (non-irradiated and irradiated). A: the distribution of sustained
potentials (ES) ofL cells is the same as that ofmacrophages. B: the distribution ofE. values
of the irradiated L cells is the same as that of irradiated macrophages. C: the distribution
of the initial peak values (Ep) of L cells and macrophages shows that the Ep values of
macrophages are more negative than those of L cells. D: the distribution of Ep values of
the irradiated macrophage is also more negative than that of irradiated L cells.

Micro-electrode-induced leakage
A peak-shaped potential transient measured during the first few milliseconds after

micro-electrode entry (Fig. 1 A) indicates that the micro-electrode introduces a
leakage resistance (RI) into the membrane. This deflexion is too fast for chart
recorders to detect (Figs. 1 A and B). In the absence of a leakage induced by impale-
ment a step-shaped impalement transient to the pre-impaled membrane potential
was expected. However, peak transients (where Ep/En > 1) were a common
occurrence in all cell types measured (Table 1). Peak transients were observed in
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sixty-nine of the eighty L cells and in eighty-two of the eighty-six irradiated L cells.
In the remainder of the cells step transients to low potential levels (-12 mV) were
observed. In all the macrophages (normal as well as giant) the fast impalement trans-
ients were peak-shaped. Measurement of Ep of the various cell types reveals that
macrophages have a much more negative membrane potential than L cells (Fig. 4C

m.e.1 m.e.1

-20
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Fig. 5. The shape of the impalement transient as a second micro-electrode enters an
irradiated L cell during hyperpolarization evoked by a first micro-electrode impalement.
A: the potential records from a chart recorder of micro-electrode 1 (m.e. 1) and micro-
electrode 2 (m.e. 2) as they in turn impale the same cell. After entry of m.e. 1, oscillatory
hyperpolarizations are recorded and while the cell is at the most negative value of its first
hyperpolariztion, m.e. 2 is driven into the cell. B: the initial impalement transient
measured by m.e. 1 is a peak transient. C: the impalement transient measured by m.e.
2 as it enters the cell during a hyperpolarization is a step transient (top trace in C). This
is expected ofa micro-electrode entering a low-resistance cell. The bottom trace in C shows
the concomitant potential deflexion measured by m.e. 1 as m.e. 2 enters the cell.

and Table 1). Furthermore, the Ep of both L cells and macrophages is more negative
than the E. values (Table 1). A method to minimize the contribution of the micro-
electrode-induced leakage, might have been to increase cell size and thereby decrease
the membrane resistance. If this were the case, then it would be expected that Ep
values would be sensitive to cell size. Although as expected the Rim is lower, use of
enlarged irradiated cells did not influence the value of measured potentials (Table 1).
Therefore, the use of giant L cells or macrophages does not avoid the problem of
impalement-induced leakage.

Are oscillatory hyperpolarizations present before micro-electrode entry?
Astep-shaped impalement transient isexpectedupon impalement ofa low-resistance

cell. This follows from the influence the relationship between Rm and RI has on the
shape of the impalement transient. An impalement transient of a cell while it is
hyperpolarized (associated with low membrane resistance) should, therefore, be a
step-shaped transient to a high potential or a peak transient to a high En. The
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two-electrode experiment on an irradiated L cell (Fig. 5), in which a second electrode
was driven into the cell during Eh shows that this is the case (top trace Fig. 5C).

In macrophages the level of Eh closely approached the level of Ep (Table 1). This
finding indicates that macrophages repolarize back to their pre-impaled membrane
potential after cell penetration. The question then arises as to whether the conductance

E 0
. -10-
C
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E.CC)-30

_0) 2s 5ms 5ms
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Fig. 6. Repuncture of a macrophage. A: the repuncture trace as recorded on the slow time
base of an oscilloscope shows that the first impalement evokes a rapid depolarization
followed by a slower hyperpolarization. The micro-electrode is withdrawn and then
quickly reinserted into the same cell, which has hyperpolarized as a result of the initial
puncture. B: the initial impalement transient is a peak transient. C: the second
impalement transient is a step transient.
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Fig. 7. A: superposition offast impalement transients of oscillating irradiated L cells shows
that all impalement transients are peak transients of the form expected from a micro-
electrode recording of cells with a relatively low membrane potential and a high membrane
resistance. B: superimposed impalement transients while the cell is hyperpolarizing
obtained from double-electrode experiments and repuncture experiments, show that a

substantial portion of the impalement transients are high step or high peak with high En
indicative of cells with a high membrane potential and a low membrane resistance.

of macrophages before impalement is the same as it is during Eh. The repuncture
experiment in which the electrode was inserted into the cell, withdrawn during Eh,
and then quickly reinserted (Fig. 6A), shows that although the Ep of the first
impalement (Fig. 6B) and the second impalement (Fig. 6C) are the same, the initial
impalement transient is a peak transient and the second is a step transient. This
indicates that the membrane resistance is much larger in the unperturbed cell (first
impalement) than in the hyperpolarized cell (second impalement). The same result
was found for irradiated L cells, except that the Ep of the first impalement is less
negative than that of macrophages. The repuncture experiments also show that
hyperpolarized cells can be identified by the presence of high step-shaped impalement
transients.
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If oscillatory hyperpolarizations are present before impalement then a substantial
proportion of the impalement transients should include transients during a hyper-
polarization (Okada, Doida, Roy, Tsuchiya, Inouye & Inouye, 1977). Superposition
of the initial peak transients of twenty oscillating irradiated L cells is shown in Fig.
7A. Comparison of these peak transients with the impalement transients obtained
during Eh from two-electrode and repuncture experiments (Fig. 7 B), shows that high
step transients or peak transients with high En levels, such as seen in Fig. 7B are
never observed in cells that oscillate after micro-electrode penetration. Similar results
were obtained for macrophages. This indicates that the hyperpolarizing oscillations
observed after impalement in normal, as well as giant, L cells and macrophages were
not present before electrode entry. Since large step transients were absent in cells
which did not oscillate after impalement it is concluded that these cells also had not
been oscillating before impalement. The latter conclusion is of importance since, like
Okada et at. (1977), we occasionally observed in experiments with two electrodes that
hyperpolarizing oscillations could be suppressed by the entry of the second electrode.

DISCUSSION

The main results ofthe present study are the identification ofa leakage conductance
induced by entry of a micro-electrode in L cells and the finding that oscillatory
hyperpolarizations frequently observed in L cells and macrophages occur as a result
of impalement. Measurement of Ep values revealed a difference in membrane
potentials between L cells (-17 mV) and macrophages (-39 mV) undetected by
others using E. as a membrane potential estimate. Our values agree well with
membrane potential estimates using other techniques on L cells (-18 mV; Lamb &
MacKinnon, 1971) and rat alveolar macrophages (-39 mV; Castranova, Bowman &
Miles, 1979). On the basis of a fivefold increase in cell size due to irradiation, Okada
et al. (1977) predicted that the Rim of L cells should be about a factor 25 larger than
that of irradiated L cells. This difference, however, was not found by us (Table 1)
or by Okada et at. (1977). These discrepancies indicate that the leakage resistance
plays a prominent role in measurements with micro-electrodes, even when giant cells
are used.
Evidence that impalement-induced leakage is a general problem in L cells (and

giant L cells) is obtained from illustrations in previous publications in which records
are shown obtained from oscilloscope traces, with sufficient time resolution to detect
impalement transients. Nelson & Peacock (1973), for example, show in their Fig. 1 A
an oscilloscope trace of an L cell impalement with an Ep of at least -20 mV, whereas
the subsequent Er is about -12 mV. Similar recordings with peak transients can be
seen in other publications (Dos Reis, Persechini, Ribeiro & Oliveira-Castro, 1979;
Henkart & Nelson, 1979; Nelson & Henkart, 1979) but their significance was not
recognized.

Evidence, based on slow potential recordings, has been put forward to show that
L cells hyperpolarize spontaneously before impalement (Okada et al. 1977). The
presence of impalement-induced leakage, however, was not recognized in that work.
The absence of high step transients or peak transients with high En levels upon
impalement of oscillating (Fig. 7A) as well as non-oscillating cells indicates that
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neither L cells nor macrophages spontaneously hyperpolarize before impalement. The
repuncture experiments (Fig. 6) show that impalement evokes a hyperpolarization
which persists after withdrawal and that hyperpolarized cells can be identified by the
presence of step-shaped impalement transients.

Hyperpolarization appears to be evoked by an increase in intracellular Ca2+ (Fig.
3). In irradiated L cells (Okada et al. 1977), guinea-pig peritoneal macrophages (Gallin
et al. 1975) and human macrophages (Gallin & Gallin, 1977) it has been shown that
in the presence of extracellular EGTA, hyperpolarizing responses were abolished. In
the present paper this finding is confirmed for the P388D1 macrophages and the L
cells. Recently, Okada, Tsuchiya & Yada (1982) showed convincingly that the
primary source of the Ca2+ needed for the hyperpolarizing response in irradiated L
cells originates from the extracellular medium. The fact that the hyperpolarizations
evoked in L cells and macrophages are always preceded by the insertion of an
impalement-induced leakage strongly suggests that the Ca2+ needed intracellularly
to evoke hyperpolarization may also enter the cell via the leakage pathway. This
explanation was also put forward by Lassen, Pape, Vestergaard-Bogind & Bengston
(1974) who described a similar phenomenon in salamander erythrocytes. Once having
entered the cell, Ca2+ concentration could then be modulated by a metabolism-
dependent Ca2+ uptake and release mechanism (Henkart & Nelson, 1979; Okada et
al. 1982), resulting in membrane potential oscillations associated with the periodic
increase in the Ca2+-dependent K+ conductance.
The present work illustrates the limitations associated with the use of micro-

electrodes for membrane potential and resistance measurements on small, high-
resistance cells such as L cells and macrophages. It must be emphasized, however,
that the peak of the fast impalement transient is still the only available indicator
of the membrane potential of an unperturbed cell. To relate Ep to the pre-impaled
membrane potential, experiments are in progress inwhich intracellular micro-electrode
measurements are combined with patch-clamp measurements in the whole-cell
configuration (Hamill, Marty, Neher, Sakmann & Sigworth, 1981).

We thank Professor Dr Ralph van Furth for critical reading of the manuscript. We also thank
Marianne van Schadewijk-Nieuwstad for the preparation of the cells. This study was partially
supported by the Foundation for Medical Research (FUNGO), which is subsidized by The
Netherlands Organisation for the Advancement of Pure Research (ZWO).
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