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I. Voltage-dependent currents of untreated (proliferating) and lipopolysaccharide (LPS)-
treated rat microglial cells in culture were recorded using the whole-cell patch-clamp
technique.

2. Membrane potentials showed prominent peaks at -35 mV and -70 mV. Membrane
potentials of LPS-treated cells alternated between the two values. This may be due to a
negative slope region of the I-V relation resulting in two zero current potentials.

3. From a holding potential of -70 mV, hyperpolarizing steps evoked an inwardly
rectifying current both in proliferating and in LPS-treated cells, while depolarizing steps
below -50 mV evoked an outwardly rectifying current only in LPS-treated microglia.
The currents were K+ selective, as indicated by their reversal potential of approximately
0 mV in symmetric K+ concentrations (150 mm both intra- and extracellularly) and the
reversal potential of the outward tail currents of approximately -90 mV at a normal
extracellular K+ concentration (4 5 mM).

4. The activation of the outward current could be fitted by Hodgkin-Huxley-type n4
kinetics. The time constant of activation depended on voltage.

5. The inactivation of the inward and outward currents could be fitted by a single
exponential. The time constant of the inward current inactivation was dependent on
voltage, whereas the time constant of the outward current inactivation was virtually
independent of voltage, except near the threshold of activation. Recovery of the outward
from inactivation was slow and could be fitted by two exponentials. Responses to
depolarizing steps were stable at 0-125 Hz, but greatly decreased from the first to the
second pulse at 1 Hz.

6. The inactivation of the inward, but not of the outward, current disappeared in a low
Na+-containing medium (5 mM). The inward current was selectively inhibited by
extracellular Cs' and Ba2+. The outward current was selectively inhibited by Cd2+,
4-aminopyridine and charybdotoxin. Replacement of intracellular K+ by an equimolar
concentration of Cs+, and the extracellular application of tetraethylammonium and
quinine inhibited both currents.

7. An increase of extracellular Ca2+ from 2 to 20 mm resulted in outwardly rectifying K+
channels activating at more positive potentials. Omission of Ca2" from the extracellular
medium had the opposite effect. When the intracellular free Ca2+ was increased from 0f01
to 1 ,/M, the outward current amplitudes were depressed. The Ca2+ ionophore A23187 had
a similar effect.

8. LPS-treated microglial cells possess inwardly and outwardly rectifying K+ channels. The
physiological and pharmacological characteristics of these two channel populations are
markedly different. The inwardly rectifying channels exhibit only macrophage properties,
while the outwardly rectifying channels exhibit mixed macrophage-lymphocyte
properties.
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Microglia are resident macrophages of the brain. Resting
(ramified) microglia have a small cell body and several
branching processes (Jordan & Thomas, 1988; Streit, Graeber
& Kreutzberg, 1988; Thomas, 1992). Neuronal damage leads to
a conversion of these cells to macrophages through at least
one intermediate form called activated (reactive) microglia
(Jordan & Thomas, 1988; Streit et al. 1988; Thomas, 1992).
Activated cells have a round shape without processes, and
are capable of both proliferation and phagocytosis (Rieske,
Graeber, Tetzlaff, Czlonkowska, Streit & Kreutzberg, 1989).
They can change into macrophage-like microglia, that
present major histocompatibility antigens (MHC) types I and
II, secrete cytokines (e.g. interleukin-1 and -6) and produce
superoxide anions (Bignami, 1991; Dickson, Mattiace, Kure,
Hutchins, Lyman & Brosnan, 1991). Such fully activated cells
no longer proliferate but are still involved in phagocytosis.
All these properties enable the microglia to participate in the
first defence mechanism of the brain, which is often followed
by invasion of blood-borne macrophages (Jordan & Thomas,
1988).

Although microglial cells have, at various times, been
described as mesodermal or neuroectodermal in origin,
evidence is emerging that assigns microglia to the
mQnocyte-macrophage lineage. These cells enter the brain
during early embryonic development and through a series of
morphological transitions differentiate into microglia
(Theele & Streit, 1993). Macrophages exhibit various voltage-
or calcium-dependent ionic conductances, including voltage-
dependent inactivating inward and outward potassium
currents as well as calcium-dependent potassium currents
(Gardner, 1990; Gallin, 1991). In contrast, the predominant
potassium conductance in proliferating microglia is inwardly
rectifying (Kettenmann, Hoppe, Gottmann, Banati &
Kreutzberg, 1990; Banati, Hoppe, Gottmann, Kreutzberg &
Kettenmann, 1991), although in a small percentage of these
cells an outwardly rectifying potassium current has also
been found (Korotzer & Cotman, 1992).
One of the compounds known to activate macrophages is

bacterial lipopolysaccharide (LPS) (Adams & Hamilton, 1987;
Hamilton & Adams, 1987). Human blood monocyte-derived
macrophages only rarely exhibit an outwardly rectifying
potassium conductance, but stimulation with LPS markedly
increases the expression of this channel type (Nelson, Jow &
Jow, 1992). Similarly, in rat microglia LPS-treatment leads
to the expression of previously lacking outwardly rectifying
potassium channels (N6renberg, Gebicke-Haerter & Illes,
1992). The aim of the present study was to physiologically
and pharmacologically characterize the LPS-induced current
in microglia and to compare it with the inwardly rectifying
potassium current also present in non-treated proliferating
cells.

METHODS
Cell cultures
Mixed astroglial-microglial cell cultures were prepared from
cerebral hemispheres of newborn Wistar rats as described
previously (Keller, Jackisch, Seregi & Hertting, 1985). In brief,

animals were killed by decapitation, meninges were removed,
and forebrains were minced and gently dissociated by
trituration in Hank's balanced salt solution. Cells were collected
by centrifugation at 200 g for 10 min, resuspended in Dulbecco's
modified Eagle's medium (DMEM), supplemented with 10%
fetal calf serum (FCS), plated onto 35 mm Falcon culture dishes
(5 x 105 cells per dish), and incubated at 37 °C in a humidified
atmosphere of 95% air, 5% CO2. Media were prepared taking
extreme care to avoid all potential sources of LPS
contamination. Only those batches of FCS were used which had
minimal LPS-content as tested by their ability to induce
interleukin-l production in cultured human blood monocytes
(Northoff, Gluck, W6lpl, Kubanek & Galanos, 1986). After
14 days of culture under LPS-free conditions, floating microglial
cells were harvested and reseeded into 35 mm Petri dishes to
give pure microglial cultures (Gebicke-Haerter, Bauer, Schobert
& Northoff, 1989). Small cells (diameter, 5-8 ,um) similar in
appearance to ramified microglia with unipolar or bipolar
processes were observed under phase contrast optics immediately
after reseeding. When LPS (100 ng ml') was added for 12-24 h,
the microglial cells became circular in shape with ruffled edges
(diameter, 15-23 /sm) reminiscent of amoeboid microglia.

The identity of the cell types was previously confirmed both
in mixed astrocyte and in isolated microglial cultures by
immunocytochemical (Gebicke-Haerter et al. 1989) or enzyme-
histochemical (Ganter, Northoff, Miinnel & Gebicke-Haerter,
1992) markers, such as EDI (Dijkstra, D6pp, Joling & Kraal,
1985), nucleoside diphosphatase (NDPase), thiamin pyro-
phosphatase (TPPase) (Novikoff & Goldfischer, 1961) or lectin
staining (Streit, 1990). Isolated microglial cultures were devoid of
glial fibrillary acidic protein (GFAP)- and fibronectin-positive
cells. Since all isolated cells were EDl-positive, it was concluded
that only cells derived from the monocyte-macrophage lineage
were present in those cultures. Microglial phagocytic behaviour
was verified by incubation with latex beads and their responses
to inflammatory stimuli were investigated. LPS, for example,
enhanced synthesis of prostaglandin E2 and stimulated
production of interleukin-1 and -6 as well as synthesis of tumour
necrosis factor (Gebicke-Haerter et al. 1989; Ganter et al. 1992).

Patch-clamp experiments
Membrane currents of proliferating and LPS-treated microglial
cells were measured using the patch-clamp method in whole-cell
(Hamill, Marty, Neher, Sakmann & Sigworth, 1981) or

permeabilized-patch (Horn & Marty, 1988) configuration. The
bath (extracellular) solution contained (mM): NaCl, 160; KCl, 4-5;
MgCl2, 1; CaCl2, 2; N-2-hydroxyethylpiperazine-N'-2-ethane-
sulphonic acid (Hepes), 5; glucose 11; adjusted to pH 7-4 with
NaOH. In experiments with 20 mm Ca21 or 150 mm K+, osmotic
compensation was achieved by an equimolar decrease in Na+. The
low-Na+ medium was prepared in the same way but contained
5 mM NaCl and 155 mm choline chloride. The Ca2+-free medium
was prepared by omitting Ca2" and adding 1 mm ethylene glycol-
bis-(f-aminoethylether)-N,N,N,N'-tetraacetic acid (EGTA). The
pipette (internal) solution contained (mM): KCl, 150; MgCl2, 2;
CaCl2, 1 (free Ca2+,0201 /SM); EGTA, 11; Hepes, 10; adjusted to
pH 7-3 with KOH. The free Ca2" concentration was increased to
1 UM by decreasing the concentration of EGTA to 11 mm and
leaving the other components of the solution unchanged. In
some experiments the intracellular KCl was replaced by CsCl
and the pH was set to 7-3 by adding CsOH. Pipettes pulled from
borosilicate capillaries (Vitrex BRI/E, Poly-Labo, Strasbourg,
France) were coated with beeswax and dipped in Sigmacote
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(Sigma, Deisenhofen, FRG) to minimize associated capacitive
currents. The resistance of the electrodes was 2-5 MQ. The seal
resistance was 3-35 GQ, and the input resistance of the cells
ranged between 1-20 GQ.

Compensation of capacitance (20-60 pF) and series resistance
(6-25 Mfl) was achieved with the in-built circuitry of the patch
amplifier (EPC-7, List Electronic, Darmstadt, FRG). Voltage-
clamp protocols were generated with a stimulator (S-98, Medical
Systems, Greenvale, NY, USA) or with a laboratory computer
(ESCOM/486, Heppenheim, FRG). Data were digitized at
1-7 kHz (Model 1401, Cambridge Electronic Devices, Cambridge,
UK) and then stored on and analysed with the computer.
Experiments were carried out at room temperature (20-24 °C). In
most experiments the leak current was negligible compared with
the K+ current; the data illustrated have not been corrected.
Nevertheless, a leak current was subtracted before analysing K+
conductances. Non-linear least-squares regression was used for
fitting exponential Hodgkin-Huxley or Boltzmann functions to
data.

After whole-cell configuration was achieved, the membrane
potential was determined in the current-clamp mode. The
system was left for 5-10 min to allow stabilization of the voltage
dependency of various parameters. Unless stated otherwise, cells
were held at -70 mV. With a few exceptions mentioned in the
text, stimulation was 1 pulse (8 s)f (100-300 ms step duration) or
1 pulse (30 s)' (3 s step duration) to allow recovery from
*inactivation. When I- V relations were determined, currents
were usually elicited by both negative and positive voltage
pulses of 300 ms duration given in steps of 20 mV from a holding
potential of-70 mV.

Patches were permeabilized by nystatin (100 /M) contained in
the normal internal medium of pipettes. An electrical continuity
was established between the pipette and the cytoplasm of the
cell 10-15 min after formation of a cell-attached patch.

All compounds except charybdotoxin were superfused at a
flow rate of 2 ml min'. The maximum alterations of K+ current
amplitudes evoked by these compounds were evaluated after
achieving a steady state (usually 4-8 min superfusion time). In
the case of tetraethylammonium 10-15 min superfusion time was
needed to reach a steady state. Similarly, cells were exposed to
media with no Ca2" or 20 mm Ca2" for 10-15 min. Charybdotoxin
was locally microperfused for 1 min by means of separate wide-
bore pressurized (10 kPa) puffer pipettes, placed about 50,um
away from the cell under examination. Puffer application of
drug-free extracellular solution had no effect (n = 4).

Materials
The following materials and drugs were used: Dulbecco's
modified Eagle's medium, Hank's balanced salt solution, fetal
calf serum (Gibco, Eggenstein, FRG); lipopolysaccharide from
Salmonella typhimurium (Sebak, Aidenbach, FRG); nystatin,
tetraethylammonium chloride, 4-aminopyridine, quinine hydro-
chloride, A23187 free acid (Sigma, Deisenhofen, FRG),
charybdotoxin (Bachem, Bubendorf, Switzerland).

LPS was purified to homogeneity according to a method
described by Galanos, Liideritz & Westphal (1979) and supplied
in aqueous solution of 1 mg ml-'. It was further diluted in
DMEM. Tetraethylammonium, 4-aminopyridine and quinine
were dissolved in the bath medium. Stock solutions (1 mM) of
charybdotoxin and A23187 were prepared with distilled water
and dimethyl sulphoxide, respectively. Further dilutions were
made in the bath medium. Stock solution (5 mM) of nystatin was

prepared with dimethyl sulphoxide and dissolved further with
pipette medium to give a final concentration of 100 /M.

Statistics
Where appropriate, means + S.E.M. of n trials are shown. The
Student's unpaired t test was used to compare means and
Student's paired t test was used to compare means with zero. A
probability level of 0 05 or less was considered to be statistically
significant.

RESULTS
Activated microglia
Membrane potential
All microglial cells included in this part of the study were
pretreated with LPS (100 ng ml') for 12-24 h. Membrane
potentials of 234 randomly chosen cells showed two
prominent peaks, one at -35 mV and the other at -70 mV
(Fig. 1A) with a mean value of -52-3 + 1'1 mV. Although the
membrane potential of more than half of the cell population
was below -60 mV, the seal resistance was never less than
3 GQl at a holding potential of-70 mV. Hence, there was no
indication of poor recording conditions. When the membrane
potential of six cells was recorded for a longer period of time,
random fluctuations between two preferred values of around
-35 and -70 mV were observed (Fig. 1B). In order to clarify
the reason for these findings, cells were held at -90 mV and
positive voltage steps of 300 ms duration were given in
5 mV increments up to -30 mV every 8s (Fig. 1C). The
steady-state currents measured in reponse to the voltage
pulses were small; large inward or outward currents were
evoked only by stepping below or above this potential range
(see Fig. 2). The I- V relation shown in Fig. IC contains a
region of negative slope conductance between -50 and
-40 mV. The voltage axis was crossed at approximately -85
and -40 mV (note that because of a scatter within
individual measurements, data points at -45, -40 and
-35 mV are not significantly different from zero; P > 0 05).
This N-shaped I- V relation may lead to two stable states of
membrane potential. Fig. ID displays the current response
to the middle part of a voltage ramp from -140 to +40 mV
(holding potential, -70 mV; ramp duration, 1 s; n= 5). This
procedure yielded an I- V curve similar to that obtained in
response to individual voltage steps (compare Fig. IC and D).

Voltage-dependent K+ currents

In a subsequent series of experiments currents were elicited
by both negative and positive voltage pulses given in steps
of 20 mV from a holding potential of -70 mV; the pulse
duration was 300 ms and the stimulation frequency 04125 Hz
(1 pulse every 8 s). With a few exceptions, this protocol was
used throughout the paper to determine I-V relations.
Responses to voltage steps were similar, even when all cells
were held at -70 mV, irrespective of their previous
membrane potential. In a bath medium of normal [K+]
(4 5 mM), hyperpolarizing steps beyond -70 mV produced
inward currents (Fig. 2A a and B). For steps beyond
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-130 mV, the current amplitudes decreased with time.
Depolarizing steps elicited an outward current, which
activated below -50 mV and exhibited a slight time
dependence for voltage pulses below -10 mV (Fig. 2A a).
When I- V curves were determined in symmetric [K+]

(150 mm both in the bath medium and the pipette solution), a
large resting inward current appeared at the holding
potential (compare Fig. 2A a with A b). The peak currents
increased in amplitude beyond -70 mV, became inward
between -70 and 0 mV and reversed at around 0 mV
(Fig. 2A b and B). Hence, the extrapolated reversal potential
of the inward current was shifted to the right in the high-
K+ bath medium. In spite of equal [K+] on both sides of the
membrane, the I- V curve exhibited inward rectification. It
is noteworthy that the time-dependent inactivation of the
inward current almost disappeared in the high-K+ bath
medium; the time-dependent inactivation of the outward
current greatly decreased, but still persisted (Fig. 2A b). In
seven cells, the slope conductance of the inward current
calculated between -110 and -130 mV (9 3 + 2 0 nS) was
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increased in the high-K+ bath medium (26-8 + 441 nS;
P < 0-01), while the slope conductance of the outward current
calculated between +30 and +50 mV (8-9 + 2-9 nS) was not
changed (841 + 3-5 nS; P > 0'05).

The reversal potential of the outward current was
estimated from the reversal of the tail currents when [K+] in
the bath was 4-5 mm (Fig. 3). The cells were first stepped by
a pre-pulse from -70 mV to a potential which activated the
outward current (+30 mV) for 20 ms and then shifted back by
a test pulse to various potentials between -100 and -40 mV
in 10 mV steps for 300 ms (Fig. 3A). Since below -70 mV the
activation of the inwardly rectifying current interferes with
reliable measurements, Cs+ (1 mM) was added to the bath to
block inward currents. The amplitude of the tail current
(measured 10 ms after the beginning of the test pulse minus
steady-state current) was plotted versus the voltage of the
test pulse. This procedure (Gallin & Sheehy, 1985)
underestimates the actual tail current amplitudes, but can
be used to determine the reversal potential of the current.
On the other hand, a possible distortion of the early current
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Figure 1. Membrane potential of lipopolysaccharide (LPS)-treated rat microglia
A, the membrane potential was measured under whole-cell patch conditions immediately after gaining
access to the cell interior. It had a distribution showing two prominent peaks around -35 and -70 mV
in 234 cells. B, random fluctuations between various membrane potential states with the preferred
values of -36 and -74 mV in a microglial cell. Recording started 5 min after achieving whole-cell
configuration. C, I- V relations of cells held at -90 mV. Depolarizing voltage steps (300 ms duration)
were applied every 8 s in 5 mV increments up to -30 mV. Current amplitudes were measured in the
middle of the voltage steps, i.e. under steady-state conditions. The resulting I- V curve shows
N-shaped behaviour. Means + S.E.M. from 5 cells. D, membrane response of a microglial cell to the
middle part of a voltage ramp (-70 mV holding potential, I s duration, from -140 to + 40 mV).
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Figure 2. Dependence of voltage-sensitive conductances of LPS-treated rat microglia on the
extracellular K+ concentration
A a, currents recorded in normal K+ (4 5 mM) bath solution (upper panel). Voltage pulses (lower panel)
were applied every 8 s from a holding potential of -70 mV in 20 mV increments. Step range was from
-170 to +50 mV. Ab, currents of the same cell recorded in elevated K+ (150 mM) bath medium. Under
these conditions K+ concentrations are symmetric in the extra- and intracellular space. The dotted line
indicates the zero current level. B, peak I- V relations of 5 cells in 4-5 (0) and 150 mm (0) extracellular
K+. Same protocol as in A, except that the effect of an additional depolarizing step to +70 mV is also
shown. Means + S.E.M. from 5 cells.
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Figure 3. Reversal potential of the outward current in LPS-treated rat microglia
A, tail currents (upper panel) evoked by a double-pulse protocol (lower panel). The cell was held at
-70 mV and stepped by a 20 ms pre-pulse to +30 mV (only partially shown; compare with inset).
Then, the membrane was repolarized by 300 ms test pulses to the levels indicated. This procedure was

repeated every 8 s. Cs+ (1 mM) was present in the bath medium to avoid contamination of tail currents
by the inward conductance. The time constant of tail current inactivation (r) was assessed by fitting a

single exponential to the traces, starting 10 ms after onset of the test pulse (see inset). B, I- V relation
for tail currents (measured 10 ms after onset of the test pulse minus steady-state current) from the cell
shown in A. The reversal potential (-84 mV) was determined by fitting a least-squares linear
regression (continuous line) to the data.
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phase by the capacitive artifact is avoided. In the example
shown in Fig. 3B, the resulting I- V curve reversed at a
potential of -84 mV; in seven experiments this value was
-90 5 + 1P7 mV, which is close to the calculated potassium
equilibrium potential (EK = -89 mV). The reversal potential
of the tail currents before the application of Cs+ was
-84-7 + 241 mV (n= 7), which is lower than the calculated
K+ equilibrium potential. This result underlines the need to
take measurements in the presence of Cs+ (1 mM). The decay
of the tail current obtained in a Cs+-containing medium
(1 mM) and 10 ms after the beginning of the test pulse, was
fitted with a single exponential (Fig. 3A, inset). The time
constant was 33-7 + 2 3 ms at -40 mV and gradually declined
with increasing membrane potentials to 98 +13 ms at
-70 mV (n = 7).

A

-180 -100

C1-1

Chord conductance

The chord conductance of the inward current was calculated
from I- V curves determined by stepwise hyperpolarizations
from a holding potential of 0 mV (where the outward current
is largely inactivated; see Fig. 7), but otherwise with the
usual protocol. Leak conductance, measured for steps to -10
and -20 mV, was subtracted. A potassium equilibrium
potential of -89 mV was used for calculation. The relation of
conductance to voltage of six celLs is presented in Fig. 4A.
The K+ conductance values of each cell (OK) were normalized
to 1P0 by their maximum (GK,max) SO they could be pooled. The
voltage at which the maximum conductance was observed
varied between -100 and -150 mV (at -110 mV it was
10-5 + 1P7 nS; n = 6); consequently the pooled conductances
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Figure 4. Activation of voltage-dependent K+ conductances in LPS-treated rat microglia
A, chord conductance-voltage relation. The conductance was calculated by transforming peak
currents using the equation GK = I/V- VK where I is the peak amplitude at a given potential (V) and
VK equals the assumed K+ reversal potential (EK = -89 mV). GK of each cell was normalized to 10 by
its maximum GKmax. Currents were elicited by 300 ms voltage steps applied every 8 s to the potentials
indicated. The holding potential was 0 mV for the inward conductance (0; n= 6). Leak conductance,
measured for steps to -10 and -20 mV, was subtracted. The holding potential was -70 mV for the
outward conductance (0; n = 12). Continuous curves represent best fits to a Boltzmann distribution
according to eqn (1). Note that around -45 mV, membrane conductances are virtually zero (see also
Fig. 1). B, outward currents elicited by 3 s voltage steps applied every 30 s to the potentials indicated.
The holding potential was -70 mV. Continuous curves represent best fits to a Hodgkin-Huxley-type
n4j model according to eqn (2). C, activation time constants (Tn) as function of voltage. Values of T. were
obtained by fitting Hodgkin-Huxley kinetics of the form Itotal = IK,max (1- e-t/T)4 to the rising phase
of outward current amplitudes (see inset). Stimulation was with 300 ms voltage steps applied every 8 s
in the range -30 to +70 mV in 10 mV increments. The holding potential was -70 mV. Means + 5.E.M.
from 7 cells.
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were less than 10 at all potentials. The continuous line
through the data points represents the best fit of the peak
conductance to a Boltzmann distribution of the form:

GK/GK,max = 1/{l + exp[( V- Vk)/k]}, (1)
where k is a constant (-12-4 + 2-2 mV; n = 6) characterizing
the steepness of the voltage dependence, and Vk
(-86-1 + 2-5 mV; n = 6) represents a constant that locates
the curve along the voltage axis. The conductance is half-
maximal when the membrane potential (V) equals Vk. The
data were fitted by non-linear least-squares regression.
Apparently, the conductance is activated at rest (16 % at the
preferred value of -70 mV) and thus contributes to the
resting membrane potential of the cell.

The chord conductance of the outward current was
calculated from another twelve experiments (at +30 mV it
was 10 2 + 1'8 nS; n = 12). In these cells the I- V curves were
determined by stepwise depolarizations from a holding
potential of -70 mV. The relation of normalized conductance
to voltage is presented in Fig. 4A. The conductance
activated positive to -40 mV and plateaued around 0 mV.
The continuous line drawn through the points was traced by
a similar procedure to that in Fig. 4A. The constant k was
6 7 ± 0'8 mV (n = 12) and Vkwas -244 + 0 9 mV (n = 12).

A a

Kinetics of activation

Figure 4B shows curves drawn through the data points of
the outward current by using a Hodgkin-Huxley-type
(1952) n4j model given by the equation:

Itotal = IK,max (1 - e t/I,)4 e tITj + J, (2)
where Itotal is the total current, IKmax is the maximum
current available at a given potential, I, is the time-
independent leak current, and T. and Tj are the time
constants of activation and inactivation, respectively. This
model provides a good description of current amplitudes
evoked by 3 s voltage steps to various potentials. A power of
4 gave the best over-all fit. The activation time constant (Tn)
was determined by fitting n4 kinetics to the sigmoidal rising
phase of current amplitudes evoked by shorter pulses
(300 ms). Tn was 14-6 + 1-8 ms (n= 7) at -30 mV and
decreased to 2-5 + 0 1 ms (n= 7) at +10 mV (Fig. 4C). It did
not change considerably at membrane potentials beyond
+10 mV and was 1-8 + 0-1 ms at +30 mV (n = 7).
The inward current activated with a much faster time

course than the outward current. Hence, the capacitive
transients interfered with the reliable determination of the
time constants (n = 7).
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Figure 5. Inactivation of the inward K+ current in LPS-treated rat microglia
A, current responses to 300 ms hyperpolarizing voltage steps from a holding potential of -70 mV to
-120 (A a) and -170 mV (A b), respectively. The time constant of inactivation (s,) was assessed by fitting
a single exponential to the traces. B, plot of inactivating inward currents as a function of time. Mean
amplitudes were expressed as current (I,) measured at various times after onset of the test pulse minus
steady-state current (I.). Currents were evoked by 300 ms voltage steps from a holding potential of
-70 mV to -120 (0), -130 (0), -150 (A) and -170 mV (A). C, plot of inactivation time constant (T) as a

function of voltage. Means + S.E.M. from the same 7 cells as shown in B.
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Kinetics of inactivation

Inward currents declined during 300 ms hyperpolarizing
pulses (Fig. 5). This decline was satisfactorily approximated
by a single exponential function for voltage steps to both
-120 and -170 mV from a holding potential of -70 mV
(Fig. 5A a and b). The current amplitudes determined at
each period of time (It) were subtracted from the steady-
state current determined at the end of the pulse (I.) and
were plotted versus time (Fig. 5B). This plot confirmed that
steps to potentials between -120 and -170 mV produced
currents with an exponential decline during sustained
membrane hyperpolarization. The time constant of decay
was 177'3 + 18-7 ms at -120 mV and decreased with increasing
hyperpolarization to 42-8 + 4-5 ms at -170 mV (n = 7;
Fig. 5C).

Outward currents also exponentially declined during
depolarizing pulses, albeit with a slower time course than
the inward currents (Fig. 6). Pulses of 3 s duration were used
to evoke outward currents. The time constant of decay was
2-5 + 0-9 s at -30 mV; positive to this potential it was
consistently smaller and did not show any voltage
dependence (433-2 + 13-7 ms at +30 mV; n = 5) (Fig. 6C).

The voltage dependence of steady-state inactivation of
the outward current was studied by varying the holding

A
a

-30 mV
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potential between -100 and +10 mV and determining the
peak currents during depolarizing test pulses to +30 mV
(Fig. 7A). The normalized peak currents are fitted in Fig. 7B
by a Boltzmann function identical with eqn (1). The constant
k was -7-9 + 0-8 mV (n= 6) and Vk was -48-3 + 09 mV
(n= 6).

Figure 8 shows outward currents evoked by thirteen
repetitive pulses from -70 mV to +30 mV (300 ms duration).
Recording was in the whole-cell or nystatin-permeabilized
patch configuration. At a frequency of 0-125 Hz (interpulse
interval, 8 s) the responses did not decrease significantly
from the first to the second current amplitude (whole-cell:
7A4+2-6%, n=4, P>0-05; nystatin: 12-7+4-9%, n=4,
P> 0-05; Fig. 8A). In contrast, at a frequency of 1 Hz
(interpulse interval, 1 s) the responses markedly declined
from the first to the second current amplitude (whole-cell:
57-8 + 3-5 %, n= 4, P < 0-01; nystatin: 60-7 + 8-5 %, n= 4,
P <0-01; Fig. 8B). There was no further decline of the
current amplitudes during the train at 0-125 Hz either in the
whole-cell (13th amplitude: 15-0 + 8-5 %, n = 4, P > 0 05
when compared with the 2nd amplitude) or the nystatin-
permeabilized patch configuration (13th amplitude: 19-8 +
7 1 %; n = 4; P > 0 05 when compared with the 2nd
amplitude). However, in the whole-cell configuration, but
not in the nystatin-permeabilized patch configuration,
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Figure 6. Inactivation of the outward K+ current in LPS-treated rat microglia
A, current responses to 3 s voltage steps from a holding potential of -70 mV to -30 (A a) and +30 mV
(A b), respectively. The time constant of inactivation (Ti) was assessed by fitting a single exponential to
the traces. B, plot of inactivating inward currents as a function of time. Mean amplitudes were
expressed as current (I,) measured at various times after onset of the test pulse minus steady-state
current (I.). Currents were evoked by 3 s voltage steps from a holding potential of-70 mV to -30 (0),
-10 (0), +10 (A) and +30 mV (A). C, plot of inactivation time constant (ri) as a function of voltage.
Means + S.E.M. from the same 5 cells as shown in B.
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Figure 7. Voltage dependence of steady-state inactivation of the outward current in LPS-
treated rat microglia
A, current amplitudes (upper panel) evoked from various holding potentials by 300 ms test pulses to
+30 mV (lower panel). Illustrated are currents from a cell whose holding potential was changed
between -70 and +10 mV in 10 mV increments. Individual holding potential levels were maintained
for 2 min prior to the application of test pulses in order to reach equilibrium conditions. B, normalized
peak currents from 6 cells plotted versus the holding potential. 300 ms test pulses were applied to
+30 mV from a holding potential which ranged from -90 to 0 mV. Continuous curves represent best
fits to a Boltzmann distribution similar to eqn (1).

current amplitudes continued to decline slightly with
increasing number of pulses at 1 Hz. The thirteenth current
amplitude decreased by 72-9 + 3-6 % (n = 4, P < 0 01 when
compared with the 2nd current) in the whole-cell, and by
64'0 + 6'3 % (n= 4, P > 0 05 when compared with the 2nd
current) in the nystatin-permeabilized patch configuration.
This suggests that soluble intracellular factors lost during
whole-cell recording have no major function in regulating
the outward current.

Recovery from inactivation of the outward current
In subsequent experiments pairs of identical depolarizing
voltage steps to +30 mV for 300 ms were applied separated
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by a variable interval at the holding potential of -70 mV
(Fig. 9A). The ratio of the peak current during the second
pulse to that during the first pulse (h2/I1) is a measure of the
degree of recovery during the interval between the two
pulses. The inactivated fraction of the peak amplitude was

expressed by 1- 2/I1, and the logarithm of this value was

plotted against the interval in Fig. 9B. The results show
that recovery is fitted by the sum of two exponentials, with
time constants of 2 2 + 0 5 s and 16 1 + 4 0 s (n = 5 for both).
There was an early fast recovery with a similar time constant
as that of the inactivation; afterwards the recovery was

slower.
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Figure 8. Frequency dependence of inactivation of the outward current in LPS-treated rat
microglia
Thirteen repetitive pulses (300 ms duration) were applied from a holding potential of -70 mV to
+30 mV at frequencies of 0-125 (A) or 1 Hz (B). Recording was in the whole-cell (0) or nystatin-
permeabilized patch (S) configuration. Peak currents were normalized with respect to the first

amplitude in the train. Means + S.E.M. from 4 cells both in A and B.
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Figure 9. Time course of recovery from inactivation of the outward current in LPS-treated
microglia
A, currents evoked by identical pairs of pulses (300 ms, from a holding potential of -70 mV to
+30 mV). Pulses were separated by intervals of 0 05, 0 5, 1, 5 and 30 s. Between two double-pulses
1 min was allowed for complete recovery. B, inactivated fraction of the peak amplitude (1- I2/I1)
plotted on a semilogarithmic scale against the duration of the interpulse interval. The sum of two
single exponentials was needed to fit the time course of recovery thereby revealing a slow (0) and a fast
component (0). Means + S.E.M. from 5 cells.
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Figure 10. Effect of extracellular Na+ on current inactivation in LPS-treated rat microglia
A a, inward currents evoked by 300 ms voltage steps from a holding potential of -70 mV to -170 mV
in normal (150 mM) Na+-containing bath medium and after replacement of all but 5 mm Na+ by
choline. A b, I- V relations obtained in 150 (0) and 5 mm (0) extracellular Na+. Currents were evoked by
300 ms voltage pulses every 8 s from a holding potential of -70 mV. Pulse range was from -170 to
-50 mV in 10 mV increments. Means + S.E.M. from 5 cells. Ba, outward currents evoked by 3 s voltage
steps from a holding potential of-70 mV to +30 mV in normal (150 mM) Na+-containing bath medium
and after replacement of all but 5 mm Na+ by choline (same cell as in A a). Bb, I- V relations obtained
in 150 (0) and 5 mm (0) extracellular Na+. Currents were evoked by 3 s voltage pulses every 30 s from a

holding potential of -70 mV. Pulse range was from -60 to +70 mV in 10 mV increments.
Means + S.E.M. from the same 5 cells as shown in Ab.
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Na+ dependence of activation

In the following experiments I- V curves were determined
by the usual procedure from a holding potential of -70 mV.
A reduction of the Na+ concentration in the bath from 150 to
5 mM decreased the amplitude of the inward current (e.g.
evoked by a pulse to -170 mV; Fig. IOA a) and abolished its
time-dependent inactivation. In contrast, both the outward
current amplitude (e.g. evoked by a pulse to +30 mV;
Fig. lOBa) and its inactivation time course was unchanged
in a low-Na+ bath medium. This ionic manipulation resulted
in a shallower I- V relation of the inward current, and a
negative slope region below -150 mV, without any change
in the equilibrium potential (Fig. IOA b). The I- V curve of
the outward current did not change in a low-Na+ bath
medium (Fig. lOBa).

Effects of cations and pharmacological blockers of K+
channels
The inward current was blocked both by extracellular Cs'
(1 mM) and Ba2+ (5 mM), while the outward current was not
influenced by these ions (Fig. IIA; Table 1). When K+ was

A
a

Control

substituted in the pipette solution with an equimolar
concentration of Cs' (150 mM), the outward conductance was
blocked over the whole range of depolarizing steps, but the
inward conductance was inhibited only at strongly
hyperpolarized potentials (Fig. lIB). In addition, a resting
inward conductance occurred at the holding potential and
inward currents inactivated fast with Cs'-containing pipette
solutions (Fig. llBa). There was no indication of the existence
of voltage-dependent Na+ or Ca2+ currents under these
conditions.

4-Aminopyridine (1 mM) and the higher concentration
(100 nM) of charybdotoxin almost abolished the outward
current (Table 1). The lower concentration (10 nM) of
charybdotoxin depressed the outward current by only 40 %
(Table 1). Quinine (1 mM) and tetraethylammonium
(10-20 mM) blocked both the inward and the outward
currents (Table 1). Quinine (1 mM) was more potent in
inhibiting the outward than the inward conductance, while
tetraethylammonium (10-20 mM) had a concentration-
dependent but similar effect on the two currents. Cd2` did not
affect the inward, but depressed the outward, conductance
(Table 1).
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Figure 11. Effect of Cs' on the outward current in LPS-treated rat microglia
A a, two families of current amplitudes elicited in the same cell before and after addition of Cs' (1 mM)
to the bath medium. Currents were evoked by 300 ms voltage pulses every 8 s from a holding potential
of -70 mV. Pulse range was from -170 to +50 mV in 20 mV increments. The dotted lines indicate the
zero current level both in A a and Ba. A b, I- V relations obtained before (0) and after (0) superfusion
with a bath solution containing Cs' (1 mM). Same voltage protocol as in A a. Means + S.E.M. from 5 cells.
Ba, family of current amplitudes elicited in a cell internally microdialysed with a pipette solution

containing Cs+ (150 mM). B b, I- V relations of two groups of cells from which recording was with a

pipette solution containing K+ (150 mM;0) or Cs+ (150 mM; 0) as the main cation. Means + S.E.M. from 5

cells each. The voltage protocols in Ba and B b were similar to that in A a.
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Effect of changes in the Ca2" concentration

Variations of the extracellular Ca2+ concentration between 0
and 20 mm had no major effect on the amplitude of the
outward current (Fig. 12A). In these series of experiments
10 mV steps were made from a holding potential of -70 mV.
The I- V curve in Fig. 12A shows only current amplitudes
evoked by 20 mV steps. However, in the inset to this figure
current amplitudes evoked by 10 mV steps are plotted on a
larger voltage scale. This demonstrates more clearly that the
omission of Ca2+ from the bath medium results in K+
channels activating at more negative potentials. An increase
in extracellular [Ca2"] from 2 to 20 mm has the opposite
effect on K+ channel activation. In contrast to the outward
current, the inward current was depressed in a high-Ca2+
(20 mM) medium (39-9 + 10-9 %, n= 5, P < 0-05) at steps
from -70 to -170 mV.
The standard pipette solution contains 0 01 /bM free Ca2".

When the internal free-Ca2+ concentration was increased to
1 /SM, the outward, but not the inward, current decreased
(Fig. 12B). Recordings with 0-01 and 1 /1M internal Ca2+ were
carried out alternately on cells from the same culture dishes.
In the following experiments, the concentration of internal
Ca2+ was increased by incubating microglial cells with the
ionophore A23187 (1 /uM). A significant decrease of the
outward current amplitude evoked by a step from -70 to
+30 mV (32-8 + 3.7 %, n =6, P < 0-01) was evident in the
presence of the ionophore. When the same experiment was
repeated in a Ca2+-free bath medium, A23187 (1 /bM) had no
effect (-2-5 + 12-7 % inhibition, n = 6, P > 0-05).

Proliferating microglia
Membrane potential
The membrane potential of eighty-one microglial cells
measured 12-24 h after plating, had a similar distribution to
that of microglia pretreated for 12-24 h with LPS
(100 ng ml'). There were two prominent peaks at -35 and
-70 mV in both groups and the mean values were also
similar (proliferating: -50-0 + 1-7 mV, n = 81; LPS-treated:
-52-3 + 1-1 mV, n = 234,P> 005).

Voltage-dependent K+ current
Currents were elicited by both negative and positive voltage
pulses given in steps of 20 mV from a holding potential of
-70 mV. The pulse duration was 100 ms and the stimulation
frequency was 0X125 Hz (1 pulse every 8 s). In contrast to
LPS-treated microglia, only hyperpolarization-evoked
inward currents were observed in eighty-one proliferating
cells; depolarizing steps were without effect (compare Figs 2
and 13). However, in six additional cells a depolarization-
evoked outward current was also present. Hence, in
approximately 7% of the proliferating cell population the
pattern of current responses was similar to that in LPS-
treated microglia.

Inward currents were produced by hyperpolarizing steps
beyond -70 mV. For steps beyond -130 mV, the current
amplitudes decreased with time (Fig. 13A). There was no
time-dependent decline of the inward current when the
external Na+ was lowered from 160 to 5 mm (n =4; not
shown). The inward conductance was blocked by extracellular

Table 1. Effects of potassium channel blockers and Cd2+ on the amplitude of voltage-sensitive inward
and outward potassium currents in LPS-activated rat microglia

Treatment

Cs'
Ba2+
Cd2+
4-Aminopyridine
Quinine
Charybdotoxin

Tetraethyl-
ammonium

Concentration

1 mM

5 mm
1 mM
1 mM

1 mM
lOnM
lOOnM
10 mM
20 mM

Number of Inhibition of
experiments inward current

(%)
5 88.5+443**
6 85.8+665**
7 0-8+4-1
5 0-2+4-6
5 43.1 + 7.6*

13-4+7-7
6 13-9+5-8
5 58-8 + 13.5*
5 73.5 + 9.2**

Inhibition of
outward current

(%)
12-7 + 4-6
13-6 + 10-5
57-0 + 2.4**
89-7 + 2.0**
96-3 + 1.2**
42-5 + 6.5**
80-3 + 4.2**
42-6 + 4.6**
54-9 + 4.6**

Cultured microglial cells were pretreated for 12-24 h with LPS (100 ng ml-'). Currents were elicited
from a holding potential of -70 mV by both negative and positive voltage pulses of 300 ms duration
given in steps of 20 mV. Stimulation was every 8 s. After determining an I- V relation, all compounds
and ions were added for 4-8 min to the bath. Exceptions were tetraethylammonium which was bath
applied for 10-15 min and charybdotoxin which was pressure ejected from micropipettes for 1 min.
Then a new I- V relation was determined in the presence of these compounds. Only two current
amplitudes were chosen for further evaluation, namely the inward current evoked by a step to
- 170 mV, and the outward current evoked by a step to + 30 mV. The percentage inhibition of these
amplitudes by the compounds and ions tested was calculated. Statistically significant differences are
indicated: *P < 0-05; **P < 0-01.
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Figure 12. Effects of Ca2+ on the outward current in LPS-treated rat microglia
A, I- V relations of cells perfused with a bath medium containing normal [Ca2"] (2 mM; 0; n = 11), and
subsequently with a bath medium containing [Ca2+] (20 mM; 0; n = 5) or no Ca2` and EGTA (1 mM; A;
n = 6). Currents were evoked by 300 ms voltage pulses every 8 s from a holding potential of -70 mV.
Pulse range was from -170 to +70 mV in 10 mV increments. Means + S.E.M. from n cells. Results
obtained in normal Ca2+-containing (2 mM) bath medium were pooled. Inset, data replotted from A on

a larger voltage scale. B, I- V relations of two groups of cells from which recording was with a pipette
solution containing Ca2` (1 mM) and EGTA (11 mM) (intracellular free Ca2+; 0 01 uM; 0) or with a pipette
solution containing Ca2` (1 mM) and EGTA (1 1 mM) (intracellular free Ca2+; 1 ,uM; 0). Means + S.E.M.
from 5 cells each. The voltage protocol in B was similar to that in A.
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Figure 13. Voltage-dependent inward currents of proliferating rat microglia
A, two families of current amplitudes elicited in the same cell before and after addition of Cs+ (1 mM) to
the bath medium. Currents were evoked by 100 ms voltage pulses every 8 s from a holding potential of
-70 mV. Pulse range was from -170 to +50 mV in 20 mV increments. B, I-V relations obtained
before (0) and after (0) superfusion with a bath solution containing Cs' (1 mM). Same protocol as in A.
Means + S.E.M. from 6 cells.
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Table 2. Effects of potassium channel blockers and Cd2" on the amplitude of voltage-sensitive
inward potassium currents in proliferating rat microglia

Treatment
Cs'
Ba2+
Cd2+
4-Aminopyridine
Tetraethylammonium

Concentration
1 mM

5 mm
1 mM

1 mM

10 mM

Number of
experiments

6
5
4
5
4

Inhibition of inward
current (%)
83-5 + 5-0**
80-5 + 7.5**
20-6 + 8-0
22-9 + 8-6
75-2 + 1041**

Currents of cultured microglial cells were elicited from a holding potential of -70 mV by both negative
and positive voltage pulses of 100 ms duration given in steps of 20 mV. Stimulation was every 8 s.
After determining an I- V relation, which demonstrated hyperpolarization-evoked inward currents
but no depolarization-evoked outward currents, all compounds and ions were added for 4-8 min to the
bath, except tetraethylammonium, which was bath applied for 10-15 min. Then a new I- V
relationship was determined in the presence of these compounds. Only one current amplitude was
chosen for further evaluation, namely that evoked by a step to -170 mV. The percentage inhibition of
this amplitude by the compounds and ions tested was calculated. Statistically significant differences
are indicated: *P < 0 05; **P < 0-01.

Cs' (1 mM) and Ba2" (5 mM) (Fig. 13; Table 2). Cd2" (1 mM) and
4-aminopyridine (1 mM) had no effect, while tetraethlyl-
ammonium (10 mM) caused a marked inhibition (Table 2).

DISCUSSION

Consequences of a negative slope region in the
I- V curve
The membrane potential of microglial cells showed two
prominent peaks at -35 and -70 mV. Single cells switched
their membrane potential between these preferred values.
The I- V curves displayed a characteristic N-like shape with
a negative resistance region. A similar non-linear I- V
relation containing a region of unstable voltages and
resulting in two alternative membrane potential states was
reported for mouse peritoneal (Gallin & Livengood, 1981) and
spleen macrophages (Gallin, 1981). This characteristic
feature of the I- V curve disappeared in macrophages after
blockade of inwardly rectifying K+ channels by Ba2" or Rb+
(Gallin, 1981; Gallin & Livengood, 1981). Blockers of other
types of K+ conductance, such as 4-aminopyridine and
tetraethylammonium, had no effect. The I- V curve of
human T-lymphocytes also contained a negative resistance
region (Maltsev, 1993). It was suggested that the presence or
absence of such a region depends on the ratio of selective K+
conductance to non-selective leak conductance. We did not
try to clarify the reasons for the N-shaped I- V relationship
in rat microglial cells.

In proliferating microglial cells (Kettenmann, Banati &
Walz, 1993) the membrane potential showed a similarly
large variability as in macrophages (Gallin, 1981; Gallin &
Livengood, 1981) and T-lymphocytes (Maltsev, 1993). It was
hypothesized, however, that in microglial cells with
negligible leakage currents the genuine membrane potential
is in the range of -70 to -80 mV; lower values were

ascribed to a poor quality of the seal (Kettenmann et at.
1993). In contrast, we found in both proliferating and LPS-
treated microglial cells two prominent peaks in the
distribution of the membrane potential, without any
indication for a poor quality of the seal. Hence, I- V curves
of proliferating microglial cells may also exhibit a negative
slope region which does not disappear after activation by
LPS.

K+ selectivity of the inwardly and outwardly
rectifying channels
The present study confirms previous work with respect to
the presence of inwardly rectifying K+ channels both in
proliferating (Kettenmann et al. 1990; Korotzer & Cotman,
1992; Kettenmann et al. 1993) and LPS-treated microglia
(Norenberg et al. 1992). An increase in the K+ concentration
of the medium from 4-5 to 50 mm shifted the reversal
potential of the inward current to more positive values
(Kettenmann et at. 1990; orenberg et at. 1992). Now we
determined the I- V curve of LPS-treated microglia both in
asymmetric (4 5 mm extracellular) and symmetric (150 mM
extracellular) [K+]. As expected for a K+-selective
conductance, in symmetric [K+] the slope conductance of the
inward current increased and the current reversed at
around 0 mV.

LPS-treatment of microglia for more than 3 h leads to the
appearance of previously rarely occurring outwardly
rectifying potassium channels (Norenberg et al. 1992). It was
suggested that synthesis of new channel protein takes place,
since the protein-synthesis inhibitor cycloheximide co-
applied with LPS prevented the appearance of the voltage-
dependent outward current. The K+ selectivity of the
outward current was confirmed by the reversal of tail
current amplitudes near the calculated K+ equilibrium
potential.
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Characteristics of the inwardly rectifying
current
The inwardly rectifying conductance of LPS-treated
microglia activated at potentials negative to -70 mV,
showed half-maximal activation around the potassium
equilibrium potential of -90 mV and maximal activation at
approximately -120 mV. Currents evoked by voltage steps
to potentials more negative than -100 mV inactivated with a

fast time course at a normal extracellular K+ concentration
of 4'5 mm. The inactivation followed first-order kinetics and
had a rate that increased with membrane hyperpolarization.
Both the threshold of activation (compare Figs 2 and 13) and
the time course of decay were similar in proliferating and
LPS-treated microglia (see also Kettenmann et al. 1990). In
symmetric [K+], the time-dependent inactivation almost
disappeared. Similar inwardly rectifying K+ channels have
been described in a wide variety of excitable cells (Kolb, 1990).
In view of the monocyte origin of microglia it is of particular
interest that human blood macrophages (Gallin & McKinney,
1988), murine peritoneal macrophages (Randriamampita &
Trautmann, 1987) and the murine macrophage-like cell line
J774'1 (Gallin & Sheehy, 1985; Randriamampita &
Trautmann, 1987; McKinney & Gallin, 1988) also possess an

inwardly rectifying K+ conductance, which inactivates
during voltage steps to potentials more negative than
-100 mV. The time constants of decay were similar to those
found in microglia (Gallin & Sheehy, 1985; Randriamampita
& Trautmann, 1987).

Inactivation of inward currents in both proliferating and
LPS-treated microglial cells was absent in a low-Na+ medium
(5 mM). It is noteworthy that when the extracellular [K+]
was increased from 4'5 to 150 mm, NaCl was substituted with
an equimolar concentration of KCl and thereby decreased to
10 mM. Hence the small extent of inactivation in symmetric
K+ concentration may be due both to an increased K+ and a

decreased Na+ concentration in the bath medium. Na+-
dependent inactivation of inwardly rectifying K+ channels
has been described in skeletal muscle (Standen & Stanfield,
1979) and tunicate egg cells (Ohmori, 1978). In those
preparations extracellular Na+ has been shown to block K+
permeability in a voltage-dependent manner, probably by
binding to a site within the membrane. The reversal
potential of the I- V curve of microglial cells did not change
in low extracellular Na+, excluding the possibility that the
current is carried both by Na+ and K+ (Ih; Mayer &
Westbrook, 1983). However, some part of the current may
be due to a Na+ activated K+ conductance (Bader et at.

1990), since the amplitudes of inward currents decreased at
low [Na+] (5 mM) and strongly hyperpolarized potentials.
Whole-cell patch-clamp measurements cannot resolve the
question of whether the Na+-activated part of the
conductance is due to the involvement of a separate
population of inwardly rectifying K+ channels. In contrast to
inward currents, outward currents continued to inactivate
in a low-Na+ medium. This may be due to a purely voltage-
dependent process of inactivation.

Extracellular Ba+ (5 mM) and Cs' (1 mM), two classic
blockers of inwardly rectifying potassium channels (Gay &
Stanfield, 1977; Hagiwara, Miyazaki, Moody & Patlak, 1978)
nearly abolished the inward currents of both proliferating
and LPS-treated microglial cells, while Cd2" and
4-aminopyridine were inactive. This is in accordance with
findings in macrophages (Gallin & Sheehy, 1985; Gallin &
McKinney, 1988; McKinney & Gallin, 1988). Moreover,
inward K+ currents of proliferating and LPS-treated
microglial cells exhibited a similar voltage dependence and
similar kinetic characteristics. All these results strongly
suggest that the inwardly rectifying K+ channels in the two
states of microglial activation are identical.

Characteristics of the outwardly rectifying K+
current
The outward conductance activated at potentials positive to
-50 mV, showed half-maximal activation at -25 mV and
maximal activation at approximately +10 mV. It activated
and inactivated during voltage steps much more slowly
than the inward conductance. Activation followed a
sigmoidal time course while inactivation could be described
by a single exponential. The outward current showed
steady-state inactivation as well as a marked inactivation
upon the second pulse during repetitive depolarizations at
1 Hz. The characteristics of this current were similar to
those of the delayed outwardly rectifying K+ conductance
(K+ Gallin, 1991) of human blood macrophages (Nelson, Jow
& Jow, 1990), human alveolar macrophages (Nelson, Jow &
Popovich, 1990), murine peritoneal macrophages (Ypey &
Clapham, 1984) and the murine macrophage-like cell line
J774'1 (Gallin & Sheehy, 1985). An outwardly rectifying K+
conductance of T- and B-lymphocytes (K+; Gardner, 1990)
also resembled both K' and the microglial conductance
(Fukushima, Hagiwara & Henkart, 1984; Cahalan, Chandy,
Decoursey & Gupta, 1985; Dupuis, Heroux & Payet, 1989).

However, in other respects the outward conductance of
microglial cells showed lymphocyte traits. It recovered with
two different time constants from inactivation, as
demonstrated with a paired pulse protocol (Cahalan et al.
1985). This indicates that the K+ channel may exist in more
than one inactivated state. An increase in the concentration
of extracellular Ca2+ shifted the I- V relation in the positive
direction along the voltage axis, without any change in the
peak current at +30 mV (Fukushima et at. 1984). In
contrast, an elevation of the intracellular Ca2+
concentration by altering the buffering capacity of the
pipette solution markedly inhibited the current at all
command potentials. When the ionophore A23187 was used
to promote the entry of Ca2+ into microglial cells, outward
currents decreased. A similar inhibitory effect of high
intracellular free Ca2+ was observed in T- and B-lymphocytes
(Bregestovski, Redkozubov & Alexeev, 1986; Choquet,
Sarthou, Primi, Cazenave & Korn, 1987; Dupuis et al. 1989;
Pahapill & Schlichter, 1992). Ca2+ ions were suggested to
block the K+ current by binding to a site within the K+
channel (Grissmer &r Cahalan, 1989). It is noteworthy that
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the inactivating outward current of macrophages (K+) is not
sensitive to Ca2+. There is, however, an outward current,
which is activated both by intracellular Ca2" and voltage
(Randriamampita & Trautmann, 1987; Gallin & McKinney,
1988; Gallin, 1991).

The microglial outward current resembles in its
pharmacological sensitivity both the lymphocyte Kn and
the macrophage K+ conductance (Gardner, 1990; Gallin, 1991).
Tetraethylammonium and 4-aminopyridine, two classic
blockers of the delayed rectifying and transient outward K+
currents of excitable tissues (Kolb, 1990) inhibited the
outward current of microglia. Intracellular Cs+ abolished
the microglial outward current, but decreased the inward
current at only largely hyperpolarized membrane potentials.
Blockers of voltage-dependent Ca2+ channels (Cd2+) and
Ca2+-dependent K+ channels (charybdotoxin, quinine) in
excitable tissues (Cook & Quast, 1989), also depressed the
outward current. Tetraethylammonium blocked the inward
and outward K+ conductance to a similar extent; quinine had
a moderate, while Cd2+, 4-aminopyridine and charybdotoxin
had a high selectivity for the outward K+ conductance.
Since in microglia there was no evidence for the existence of
voltage-dependent Ca2" channels, Cd2+ was supposed to
block directly K+ channels probably by being trapped
within the channel. A similar inhibition of the K+ current in
lymphocytes by Ca2+-antagonistic divalent cations was
reported previously (Matteson & Deutsch, 1984; Dupuis et
al. 1989; Grissmer & Cahalan, 1989). Charybdotoxin (Sands,
Lewis & Cahalan, 1989) and quinine (Fukushima et al. 1984)
also block K+ channels of lymphocytes (Gardner, 1990).
Finally, the presence of a recently cloned lymphocyte K+
channel (RGK5; Douglass, Osbourne, Cai,Wilkinson, Christie
& Adelman, 1990) has been proven in rat microglia using
molecular biology methods (Norenberg, Appel, Bauer,
Gebicke-Haerter & Illes, 1993).

Physiological role of the outwardly rectifying
K+ current
The inwardly rectifying K+ channels are setting the
membrane potential to its resting level after hyperpolarizing
stimuli (Gallin, 1991). However, these K+ channels of
microglial cells can only marginally counteract depolariz-
ations (Kettenmann et al. 1993). Such depolarizations may
be due in macrophages to the binding of immunoglobulin G
(IgG) to Fc-receptors (Young, Unkeless, Young, Mauro &
Cohn, 1983) or ATP to P2-purinoceptors (Sung, Young,
Origlio, Heiple, Kaback & Silverstein, 1985) and the
subsequent opening of non-selective cationic channels.
Recently, ATP has been shown to cause a long-lasting
depolarization in proliferating microglia (Kettenmann et al.
1993) which is considerably shorter in LPS-activated
microglia (Norenberg, Langosch, Gebicke-Haerter & Illes,
1994). Various inflammatory stimuli such as LPS and
interferon-y lead to the expression of outwardly rectifying
K+ channels in microglia (Norenberg et al. 1992). During
inflammation or cellular damage, the IgG and ATP levels in
the extracellular space may increase. Hence, there is a higher
likelihood that differentiated (macrophage-like) microglia

are depolarized by these stimuli than proliferating microglia;
the development of efficient means to counteract this
depolarization may be a necessary adaptive mechanism.

The mixed macrophage-lymphocyte characteristics of
the outward K+ conductance of microglial cells appear to be
a special feature of this cell type. Since lymphocytes are
almost absent in the central nervous system, but have
important roles in immune responses to inflammatory
stimuli, monocyte-derived microglia may have acquired
some lymphocyte properties.
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