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Summary. The electrical properties of a mouse interleukin (IL)-
3-dependent cell line, FDC-P2, were examined using the tight-
seal whole-cell clamp technique. Under current clamp conditions
with 140 mm K~ in the pipette, the cells had a resting potential of
~ =30 mV. Under voltage-clamp conditions, a transient outward
current was elicited upon depolarization from a holding potential
of —80 mV. The current was activated at potentials more positive
than — 10 mV and had a delayed-rectifying property. It showed
rapid activation and slow inactivation during command steps.
The current was abolished by Cs™ in the pipette, indicating that
K* is the charge carrier. The K* current was suppressed by
tetracthylammonium with K; of <0.1 mm and was not affected by
scorpion toxin. Recovery from inactivation was steeply voltage
dependent: As the holding potential was more hyperpolarized,
the recovery became faster. Thus, with a holding potential of
—80 mV, the current showed slight use-dependent inactivation,
while the current decreased prominently by repetitive depolariza-
tion at a holding potential of —40 mV. These properties of the
K* current are similar to those of the /-type K* channel current
in mature T lymphocytes. The K* current in FDC-P2 cells was
dramatically reduced after culture in the IL-3-free medium for
1-2 days. When IL-3 was re-added to the medium, the current
was re-expressed. These observations suggest that expression of
the K current depends on extracellular IL-3, and that the current
may play some roles in proliferation of these cells.
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Imtroduction

Recent studies using the patch-clamp technique
have revealed that various ionic channels are ex-
pressed in cells of the immune system: The ensemble
of K* channels expressed by T lymphocytes
changes in a stereotyped way during development.
Even after the cells have matured, their electrical

* Present address: Biological Research Laboratories, Led-
erle (Japan), LTD., 1-6-34, Kashiwa-cho, Shiki-shi, Saitama 353,
Japan.

activity changes as mature cells interact with mito-
gens (Decoursey et al., 1984; McKinnon & Ceredig,
1986; Lewis & Cahalan, 1988a,b). It has also been
reported that adhesion to a solid substrate alters
the electrical properties of macrophages (Ypey &
Clapham, 1984). These studies indicate that, during
both the primary phase of differentiation and during
subsequent responses to environmental stimuli, the
electrical phenotype of cells in the immune system
undergoes changes that may be related to cellular
behavior.

Interleukin 3 (IL-3) is a lymphokine produced
by activated T cells which has been shown in vitro
to support the survival, growth, and development of
multipotent stem cells and progenitor cells of multi-
ple lineages, including mast cells, granulocytes,
macrophages, erythrocytes, and megakaryocytes
(Ihle et al., 1983; Rennick et al., 1985; Ihle &
Weinstein, 1986). Several I1.-3-dependent myeloid
cell lines which require IL-3 for their survival and
growth have been established in vitro from bone
marrow, spleen, or fetal liver culture (Ihle &
Weinstein, 1986; Koyasu et al., 1987). These cell
lines have been used for the study of IL-3 receptor
structure and its signal transduction mechanism.
However, the characteristics and functional impor-
tance of IL3-induced currents in these cells. have not
been defined.

FDC-P2 is an IL-3-dependent cell line, a pro-
myelocyte-like cell derived from mouse bone mar-
row (Dexter et al., 1980). In the present work, we
studied the ionic current of FDC-P2 and FDC-P2(-)
cells. We found a transient outward K+ current in
FDC-P2 cells which has characteristics similar to
the I-type K current in T-lymphocytes. The density
of the K* current in FDC-P2 cells varied, depending

~ on whether or not IL.-3 was in the culture medium,

which suggests that the K* current may play some
role in proliferation of the cells.
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Materials and Methods

CELL LINES

The IL-3-dependent cell line, FDC-P2, was maintained in RPMI
1640 medium containing 10% heat-inactivated fetal calf serum
(FCS) (Flow Laboratories, McLean, VA) and 10% conditioned
medium (CM) or WEHI-3 cells. The FDC-P2 cell line was donated
by Dr. K. Kumagai (Tohoku University, Sendai, Miyagi, Japan).
All cells were cultured in an incubator with 5% CO, and 95% air.
Log-phase cultures were used. When cells were incubated in IL-
3-free culture medium, 10 wg/ml of F9 antibody (Ohta et al., 1988;
Sugawara et al., 1988) was added to the medium to maintain the
cells.

CURRENT MEASUREMENTS

Membrane current and membrane potential were recorded with
glass pipettes in the tight-seal whole-cell recording configuration
(Hamill et al., 1981) through a patch-clamp amplifier (EPC-7, List
Electronics, Darmstadt, FRG). A heat-polished patch pipette,
filled with an artificial internal solution (for composition, see
below), had a tip resistance of 5-7 M{l. Membrane current and
‘membrane potential were monitored with a high-gain storage
oscilloscope (COS5020-ST, Kikusui Electronic, Tokyo, Japan).
The series resistance was compensated at the start of each exper-
iment.

SOLUTIONS

The control bathing solution contained (in mm): NaCl 136.5,
NaH,PO, 0.33, KCI 5.4, CaCl, 1.8, MgCl, 0.53, glucose 5.5, and
HEPES/NaOH buffer 5.5 (pH 7.4). The pipette solution con-
tained (in mm): KCI1 140, MgCl, 0.5, EGTA S, and HEPES-KOH
buffer 5 (pH 7.2). In the Cs*-rich pipette solution, KCl in the
pipette solution was replaced with equimolar CsCl. The pH of the
solution was adjusted to 7.2 with CsOH.

Druas

Mouse 1L-3 was purchased from Genzyme (Boston). Scorpion
toxin and tetracthylammonium were from Sigma (St. Louis).

DATA ANALYSIS

The data were stored on video tape using the PCM converter
system (RP-880, NF electronic circuit design, Tokyo, Japan). The
data were reproduced, low-pass filtered at 1 kHz (-3 dB) by a
Bessel filter (FV-625A, NF, 48 dB/octave attenuation), sampled
at 5 kHz, and analyzed with a computer (PC-9801 VM2, NEC,
Tokyo, Japan). Linear leakage and capacitive transient currents
were subtracted for most current traces during experiments. Sta-
tistical data were expressed as mean * SD.

Results

MEMBRANE CURRENTS OF FDC-P2 CELLS

Under current clamp conditions with 140 mm K™ in
the pipette, the resting membrane potential of the
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cells was —27 = 8 mV (n = 7). Action potentials
could not be elicited with either depolarizing or hy-
perpolarizing current pulses. The capacitance of
FDC-P2 cells and the input resistance of the cell/
pipette assembly (the sum of the input resistance,
the seal resistance, and the uncompensated series
resistance) measured at —80 mV under voltage-
clamp conditions were 9.3 = 1.3 pF (n = 38) and
1.6 = 0.7 GQ (n = 38), respectively.

Under the voltage-clamp condition, voltage
steps from a holding potential of —80 mV elicited a
component of outward current when the pipette was
filled with 140 mMm K™ (Fig. 14). Upon depolariza-
tion, an outward current was activated and reached
its peak within 10 msec during the command pulses
to potentials more positive than —10 mV. The out-
ward current gradually declined to a steady level.
The decay time of the transient component of the
outward current to 1/e X peak value was 100-200
msec at potentials between 0 and +60 mV. Figure
1.B shows the current-voltage relationship of the out-
ward current. Filled circles show the initial peak
current-voltage relationship measured at the peak of
the outward current at each potential. Open circles
are the points measured 1 sec after the onset of each
voltage jump. The peak current and the steady-state
current both increased with depolarization (Fig. 1B).
The transient outward current was observed in all
FDC-P2 cells examined (more than 150 cells). The
current density at +30 mV was 14.5 = 3.7 uA/cm?
(n = 42) (see also Fig. 5).

Since this - current deactivated rapidly (<1
msec), the reversal potential could not be accurately
measured. When KCl was substituted for CsCl in
the pipette solution, the outward current was com-
pletely abolished. With Cs™ in the pipette solution,
no voltage-dependent inward current, e.g. Na* and
Ca®* current, was detected. It was also observed
that the outward current was not affected by substi-
tuting Cl with aspartate in the pipette solution (not
shown). These observations indicate that the main
charge carrier of the outward current is K*.

EFFECTS OF TETRAETHYLAMMONIUM
AND USE DEPENDENCY OF THE K+ CURRENT

K* channels in T lymphocytes have been classified
into three different types, i.e., n, n’, and [, based on
their differences in sensitivity to TEA and in the use-
dependent inactivation (Lewis & Cahalan, 1988a,b).
We examined the effects of extracellular TEA and
repetitive depolarizing stimulation on the K* cur-
rent in FDC-P2 cells (Figs. 2 and 3).

As shown in Fig. 2, 0.1 mm TEA effectively
inhibited both the peak and the steady level of the
K™ current; the peak current at +30 mV was re-
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Fig. 1. Voltage-gated K™ current in FDC-P2 cells. (A4) Original current traces. The holding potential (4.p.) was —80 mV. Depolarization
voltage steps (duration 1 sec) were applied to the cell by 10-mV steps from —70 to +50 mV. The elicited currents between — 10 and
+50 mV were superimposed. The interval of the command pulses was 20 sec. The capacitive and leak currents were subtracted. The
voltage protocol is indicated above the current traces. The arrow indicates the zero current level. (B) The current-voltage relation of
the outward current. Filled circles are the peak current at each command pulse. Open circles are the current levels at the end of the
command pulses. The densities of the outward current were calculated from the cell capacitance, assuming that the cell membrane
capacitance is 1 uF/cm?
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Fig. 2. Effects of TEA on the K™ current in FDC-P2 cell. (4) The control outward K* current and the current under perfusion of 0.1
mMm TEA elicited by depolarizing voltage steps to +30 mV from the holding potential of —50 mV were superimposed. The voltage
protocol was indicated above the current traces. The arrow indicates the zero current level. The capacitive and leak currents were
subtracted. (B) Relative amplitudes of the peak current and the current at 200 msec after the onset of the command steps to +30 mV
while perfusing 0.1 or 1 mM TEA-containing solution. The relative amplitudes of the currents were expressed in percentages with
reference to the values in the control bathing solution. Mean * sb (n = 4)

duced to 22.6 = 7.0% (n = 4) of the control and the  are typical examples of the currents evoked by repet-
current level at the end of the command pulse (200  itive voltage steps to +30 mV with a holding poten-
msec) was reduced t0 6.0 = 8.0% (n = 4). The K~ tial of —~80 mV (eft) and —40 mV (right). A train of
current was completely suppressed by I mM TEA in  nine sequential voltage steps (200 msec in duration,
these cells. We also observed that scorpion toxin 800 msec interval between the steps) was applied to
(100 pg/ml) which contains charybdotoxin did not  a cell at each holding potential. At 30-40 sec after
affect the K* current in three cells (noz shown). the holding potential was set at —80 or —40 mV,

Figure 3 shows use-dependent inactivation of  each train was started. In this example, with a hold-
the K* current in FDC-P2 cells. The upper traces  ing potential of —80 mV, the reduction of the out-
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ward current during the repetitive depolarizing
pulses was not prominent. When the holding poten-
tial was changed to —40 mV, the peak current and
the current at the end of the pulse decreased to 60
and 50% of those at —80 mV, respectively. At —40
mV, the repetitive voltage steps to +30 mV caused
prominent reduction of the outward current.

In the lower graph of Fig. 3, alterations of the
relative amplitude of the initial peak current at +30
mV with a holding potential of —80 mV (open cir-
cles) and —40 mV (filled circles) were shown. The
data were obtained from 10 different FDC-P2 cells.
As indicated in Fig. 3, with a holding potential of
—80 mV, the peak current decreased only to 70% at
the ninth step, while it decreased to 30% with a
holding potential of —40 mV. These results indicate
that the use-dependent inactivation of the K* cur-
rent is voltage-dependent in FDC-P2 cells: the use-
dependent inactivation became more prominent as
the holding potential was more depolarized.

To elucidate the mechanisms underlying the
voltage-dependence of use-dependent inactivation
of the K* current, the recovery kinetics of the K*
current from inactivation was examined at various
holding potentials (—60, —80, and —100 mV) in
three cells (Fig. 4). Two voltage steps to +30 mV
(PI and P2 in the inset of Fig. 4) were applied to the
cells at various intervals (AT) from 0.2 to 15 sec.
The interval of the sets of two voltage steps (PI and

100 msec

1.
-4() mV

Fig. 3. Voltage-dependence of use-dependent
Inactivation. Upper traces: Trains of 9 voltage
steps to +30 mV (200 msec in duration, 800
msec between the pulses) were applied to a
FDC-P2 cell at intervals of 30 sec with a
holding potential of —80 mV (left traces) and
—40 mV (right). The currents elicited by the
first, third, fifth, seventh, and ninth voltage
puises in each set were superimposed. The
voltage protocols were indicated above the
current traces. The arrows indicate the zero
current level. Lower graph: The relative
amplitude (%) of peak current of each pulse in
a set with reference to that of the first step in
each set was plotted at each pulse. The
holding potential is indicated. Mean + sp

(n = 10)

10 pA

P2) was 30 sec. The relative amplitude (%) of the
peak outward current during the second voltage
steps to +30 mV (P2) with reference to the peak
during the conditioning pulse (PI) was plotted at
each duration of the intervais (AT). The recovery of
the peak current amplitude was composed of two
phases, i.e., the initial rapid exponential recovery
and the late slow recovery, irrespective of the hold-
ing potential. The time constant of the initial rapid
recovery phase was fairly constant among different
holding potentials and was around 200-300 msec.
On the other hand, the slow recovery phase differed
prominently with different holding potentials: the
recovery was complete within 2 sec at —100 mV,
whereas recovery required ~5 sec at —80 mV and
~15 sec at —60 mV.

ErrEecTs OF IL-3 IN THE CULTURE MEDIUM
oN THE K* CurreNT IN FDC-P2 CELLS

Figure 5 shows the density of the K* current at + 30
mYV with a holding potential of —80 mV in the same
batch of FDC-P2 celis cultured in IL-3-containing
medium and IL-3-free medium. The FDC-P2 cells
cultured in the control IL.-3-containing medium had
a mean K* current of 10.6 = 3.5 uA/cm? (n = 18).
All cells examined exhibited K+ current. When the
same population of cells was cultured in IL-3-free,



H. Tanaka et al.: K* Current in Bone Marrow Cell Line

%
100 ~ i

189

Fig. 4. Recovery from inactivation of the K*
current. The two successive voltage steps to
+30 mV were applied at intervals of 30 sec.
b ® The relative amplitude of the peak current
during the second voltage step (P2) was

z expressed in percentage with reference to the
g o 60 mV amplitude of the peak current in the first step
9 o 80 mV (P1). The relative amplitudes of the peak

4 current in the second steps were plotted at

each interval between the two voltage pulses
(AT). The holding potential of the cell was
=100 mV (A), —80 mV (@), and —60 mV
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Fig. 5. Current density of the K* current in IL-3-containing me-
dium and IL-3-free medium. The density of the K* current was
obtained from the peak amplitude of the outward current during
voltage steps to +30 mV from a holding potential of —80 mV. It
was assumed that the capacitance of the cell membrane was 1
pF/cm?. After having obtained the control values (cz.) from the
FDC-P2 celis cultured in IL-3-containing medium, the cells were
cultured for two days in the IL-3-free, F9 antibody-containing
medium. The medium was changed again to IL-3-containing me-
dium, and the cells were cultured for two days. F9 antibody was
added to the IL-3-free medium to support growth of the cells
(Ohta et al., 1988; Sugawara et al., 1988)

F9 antibody-containing medium, the density of the
K™ current of the cells decreased dramatically to 4.1
+ 2.2 uA/cm? (n = 6) after culturing for 24 hr in
IL3-free medium and to 3.2 = 2.6 uA/cm? (n = 10)
after 48 hr. The density of the K* current recovered
to 13.5 = 10.0 wA/cm® (n = 12) at 48 hr after 1L-3
was readded to the medium. When we cultured the
cells in the IL-3-free, F9 antibody-free medium, the
cells could not be maintained. F9 antibody, when
added to the IL3-containing medium, did not affect
the K* current within 72 hr of culturing (not shown).

2 5 10 15

c.p.
I | S h.p.=-40 mV
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Fig. 6. The membrane currents of FDC-P2(-) cell. The pipette
contained K™ -rich solution. The cell was held at —80 mV. The
membrane currents elicited by voltage steps to —60, —40, —20,
0, +10, +20, +30, and +40 mV were superimposed. The cell
had a small time-independent outward current. The voltage proto-
col was indicated above the current traces. The arrow indicates
the zero current level. Capacitive and leak currents were sub-
tracted

Figure 6 shows the membrane currents of
FDC-P2(-), a mutant cell from FDC-P2, which prolif-
erates in the IL-3-free medium (Sugawara et al.,
1988). The holding potential was —80 mV and com-
mand voltage steps to various potentials were ap-
plied to the cell. It is evident that FDC-P2(-) cells
did not have the transient outward K* current ob-
served in FDC-P2 cells, but a small time-indepen-
dent outward current was elicited in 10/10 cells ex-
amined.

Discussion

The present study showed that an IL-3-dependent
cell line, FDC-P2 cells, have a voltage-gated K~
current. The K* current showed the following prop-
erties: (i) The deactivation of the K¥ current was
very rapid (<1 msec). (ii) The K* current was inhib-
ited by TEA with K, of less than 0.1 mm. Scorpion
toxin did not affect the K* current. (iii) The use-
dependent inactivation was not prominent when the
cell was held at —80 mV. These properties of the
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K™ current in FDC-P2 cells are very similar to those
of the I-type K™ current identified in mature T lym-
phocytes (CD4-CD8" cells and cytotoxic or sup-
pressor T cells) (Lewis & Cahalan, 1988a,b). Thus,
it is suggested that the major component of the K*
current in FDC-P2 celis is composed of the [-type
K* channel, although we cannot completely exclude
the possibility that different types of K* channels
similar to # and n' types are also expressed in the
cells. This observation is consistent with the previ-
ous report that the cells have a specific marker for
mature T lymphocytes, Thy-1,2 (Dexter et al., 1980),
although FDC-P2 cells have various properties simi-
lar to those of promyelocytes; the cells contain large
irregular granules and proliferate to granulocytic
cells.

The effects of IL-3-free medium on the K* cur-
rent of FDC-P2 cells suggest that IL-3 is essential
for the cells to express the K* channel. Phosphory-
lation by a tyrosine kinase is involved in IL-3-depen-
dent signal transduction (Pierce et al., 1985; Kipreos
& Wang, 1988; Koyasu et al., 1987; Wang et al.,
1989). Such mechanisms may underlie the expres-
sion of the K™ channel.

Although it is unclear whether the K* current
plays a functional role in proliferating the cells in
the present study, the following observations are
consistent with the idea: (i) The density of the K*
current decreased in the IL-3-free culture medium,
and the cell proliferation was greatly disturbed. It
recovered by addition of 1L-3 to the medium, when
the cells started to proliferate. (ii) The IL.-3-depen-
dent mutant of FDC-P2 cells, FDC-P2(-), did not
have the K* current. Further studies are also neces-
sary to elucidate the functional roles of the K* chan-
nel in FDC-P2 cells (Schell et al., 1987; see also
Schlichter, Sidell, & Hagiwara, 1986).

In the previous studies (Ohta et al., 1988; Su-
gawara et al., 1988), it was shown that F9 antibody
may have an effect similar to 1L-3 in proliferating
FDC-P2 cells. Since density of the transient outward
K* current in FDC-P2 cells decreased during cultur-
ing in the IL-3-free, F9-containing medium, it is evi-
dent that the action of F9 antibody and IL-3 differ
in expression of the K* channel in the cells.

The authors thank Dr. David Clapham (Mayo Foundation) for his
kind comments on the manuscript, and Monica Zien for typing
the manuscript.
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