J. Membrane Biol. 152, 117-130 (1996) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1996

[. lon Channels in Human THP-1 Monocytes

S.Y.Kim,* M.R. Silver,! T.E. DeCoursey

Department of Medicine, Pulmonary Division, Rush Presbyterian St. Luke’s Medical Center, 1653 West Congress Parkway, Chicago, IL 6061
“Department of Molecular Biophysics and Physiology, Rush Presbyterian St. Luke’s Medical Center, 1653 West Congress Parkway,

Chicago, IL 60612

Received: 19 September 1995/Revised: 14 March 1996

Abstract. The THP-1 human monocytic leukemia cell Introduction

line is a useful model of macrophage differentiation.

Patch clamp methods were used to identify five types ofryp.1 is a human monocytic leukemia cell line
ion channels in undifferentiated THP-1 monocytes. (i)(Tsuchiya et al., 1980). When stimulated with phorbol
Delayed rectifier K current,Ipg, wWas activated by de- ggter, THP-1 cells differentiate into adherent macro-
polarization to potentials positive to =50 mV, inactivated phage-like cells which mimic native human macro-
with a time cqnsta_nt qf sev_eral r_\undred msec, and "®hages with regard to morphological characteristics, ex-
covered from inactivation with a time constd21 sec. pression of membrane antigens, receptors, and onco-
lor Was inhibited by 4-aminopyridine (4-AP), tetraeth- genes  and production of secretory products (Auwerx,
ylammonium (TEA), and potently by charybdotoxin 1991). Compared to other human myeloid cell lines such
(ChTX). (i) Ca-activated K current (s) dominated a5 H| -60, U937, KG-1 or HEL, differentiated THP-1
whgle-cell currents in cells studied with 3—10v  ¢ejis more closely resemble native monocyte-derived
[Ca™];. Isk was at most weakly voltage-dependent, with 4 crophages (Auwerx, 1991), and therefore are a widely
reduced conductance at large positive potentials, and wagdied and useful model of cellular regulation and dif-
inhibited by ChTX and weakly by TEACS', and B&",  terentiation in the monocytic lineage.

but not 4-AP or apamin. Block by Csand Béf was The expression of ion channels in monocytes, mac-
enhanced by hyperpolarization. (iii) Nonselective Ca‘_t'onrophages, and related cell lines changes, sometimes dra-
current,| ., appeared at voltages above +20 mV. Little naiically, during the course of cell maturation, differen-
time-dependence was observed, and a panel of channghiion, or activation (reviewed by Gallin, 1991). This
blockers was without effect. (iv) Chloride curretg;,  gyggests that ion channels play important roles in cellular
was present early in experiments, but disappeared withaqjation of differentiation and of function. Although
time. (v) Voltage-activated Hs_electwe current is de- geyeral studies have explored the effects of ion channel
scribed in detail in a companion paper (DeCoursey &pjgckers on functional properties of THP-1 cells (Pe-
Cherny, 1996J. Membrane Biol1522). The ion chan- |555y Cattan & Aussel, 1992; Gallin, Mason & Moran,
nels in THP-1 cells are compared with channels de-gg4: Crutchley, Conanan & Que, 1995), at present there
scribed in other macrophage-related cells. Profounds jittie information on what types of channels are present
changes in ion channel expression that occur during difyng their pharmacological sensitivity. Two types of K
ferentiation of THP-1 cells are described in a companionchannds, probably corresponding witl andly, have
paper (DeCoursey et al., 1998. Membrane Biol. peen reported in THP-1 cells (Grygorczyk & Rodger,
1522). 1993), and we have presented preliminary accounts of
this work (Kim, DeCoursey & Silver, 1994; Kim et al.,
1995). Here we identify seven main types of ion chan-
nels in either undifferentiated or differentiated THP-1
cells. Four are K selective, one each is™Hor CI” se-
lective, and one is nonselective among small cations.
I Five types of ion channels are expressed by undifferen-
Correspondence tdT.E. DeCoursey tiated THP-1 cells, of which four are described in this
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paper. We compare the properties of these channels witbpsitive pressure, the pipette was placed on or near a cell and then
those described previously in other macrophages and réuction was initiated.

lated cells. The properties of 'Hcurrents and changes

which occur during differentiation are described in the 5o yrions

following paper (DeCoursey & Cherny, 1996). The final

paper in the series describes two addition&ldkannels  Solutions were varied according to the ion channel studied and are
present only in differentiated THP-1 cells and delineatedisted in the Table. Most salts and buffers and apamin were purchased
changes in ion channel expression and corresponding ioff™ Sigma Chemical (St. Louis, MO). Methanesulfonate (MgSO

. . ...~ salts were prepared by titrating methanesulfonic acid (Aldrich Chemi-
channel mRNA levels that occur during differentiation cal, Milwaukee, WI) with the appropriate cation hydroxide to make a

(DeCoursey et al., 1996). The proposed functions of iony,ck solution at v, from which the solutions were prepared. Mea-

channels in THP-1 and other macrophage-related cellsurements of the relative permeability of*Twere made in TING

are discussed in the next two papers. bracketed between and compared with K\N®@lution, because TICl is
insoluble. Charybdotoxin was purchased from Bachem (King of Prus-
sia, PA). C&™-activated K currents were examined using solutions

Materials and Methods buffered to various free GAconcentrations, [(4], by adding various
amounts of CaGlto 10 mv EGTA, assuming apparent binding con-
stants of 0.2164 for Mg?* and 3.76 x 107 m for C&* (derived from

CELL PREPARATION Martell & Smith, 1974). The [C#] of these solutions measured with

a C&*-sensitive electrode (F2002 €aSelectrode, Radiometer, Co-

penhagen, Denmark) using the Radiometer lon 83 lon Meter agreed

very roughly with the calculated value except at highqTaln the

text we give the nominal values for [€3 because it is not clear

whether the measured values were necessarily more accurate. In any

case, the solutions with higher [E&should be considered quite ap-

proximately determined because they are above the optimal range of

C&* buffering by EGTA. Liquid junction potentials between the pi-

pette solution and the bath, and between the bath and the bath electrode

THP-1 cells were obtained from American Type Culture Collection
(Rockville, MD). Cells were cultured in suspension in RPMI medium
supplemented with 0.29 mg/ml glutamine, 10% fetal bovine serum
(Gibco Laboratories, Grand Island, NY), 100 U/ml of penicillin, 100
wg/ml streptomycin, and 0.2mg/ml Fungizone (Amphotericin B,
Gibco). Cells were incubated at 37°C in a humidified atmosphere of
5% CG, in air. Every 2—-3 days about half of the media was replaced
with fresh media, and once per week the cells were removed, centri - -
fuged at 1800 rpm for 10 min at 4°C in a Sorvall RT6000 refrigerated were calculated or measured _and were corrected in derived data (e.g.,
centrifuge with a Sorvall HL000B rotor. The cell pellet was resus- current-voltage plots) but not in raw current records.
pended in fresh media at 1-2 x®€ells/ml.

In early experiments, the cells and media were simply diluted
with fresh media without centrifugation. Using this procedure THP-1 DATA ANALYSIS

cells expressed eithégy or |5, in contrast with the studies reported Fitting digitized currents](t), with a single exponential was done by

here n Wh'c_h (_:ontrol cells expre;sed orlly.. We |nterpre_3ted this adjusting by eye the amplitudé, time constants, and steady-state
behavior to indicate that the media has become contaminated by thg

lati f bst. dotoxin fi ional b urrent,lsg of a curve drawn according tdft) = A(exp(-/1)) + lgs
accumulation of some substaneed.,endotoxin from occasional bac- which was superimposed on the data points. Boltzmann functions were

teria) which inadvertently activated the cells. After we adopted thefitted to conductance data by nonlinear least squagg., = {1 +
ax

more stringent procedure of passaging the cells by centrifugation an%xp[(\/ ~ Vi )WVaopd} “1, allowing Gyya, Vi, andV,pet0 Vary. Dose-

remqval of all media each wee_k, the behavior o_f the cells became qu't?esponse curves were fitted by eye by superimposing on the data points
consistent. ThéR00 cells studied before adopting the new procedure

; a curve drawn according tdfl .., = (1 + [drug]/K;), where Hrug]
have been excluded from this study. is the concentration of blocker, and I the dissociation constant, or
half-blocking concentration.

ELECTROPHYSIOLOGY
o ) ) ) Results
Micropipettes were pulled in several stages using a Flaming Brown
automatic pipette puller (Sutter Instruments, San Rafael, CA) from
EG-6 glass obtained from Garner Glass (Claremont, CA). PipetteDg aYED RECTIFIER K* CURRENT (IpR)
were coated with Sylgard 184 (Dow Corning, Midland, MI) and heat-

polished to a tip resistance measured in Ringer’s solution of typically —. . _ . _ _
1-5mQ. Pipette and the initial bath solutions were filtered at @rf Figure 1 illustrates whole-cell currents in THP-1 mono

(Millipore, Bedford, MA). The current signal from the patch clamp CthS dominated by delayed re(?tlf'e.r currenisg. .A .
(Axopatch-1A, Axon Instruments, Burlingame, CA, or List EPC-7, family of voltage-clamp currents in Ringer’s solution is
Darmstadt, Germany) was digitized and stored in computer files forshown in Fig. A. The corresponding peak and steady-
offline analysis using Indec Laboratory Data Acquisition and Display state current-voltage relations in Fi@ Ekhow that K
Systems (Indec Corporation, Sunnyvale, CA). Experiments were dongyrrents in this cell were activated by depolarizing pulses
usinlg the W)hole-c;ll, on-cell,r?nd excised paLcE c;)nfigurre]ations (Ham”'positive to =40 mV. Activation was half maximal at =20
etal., 1981). Inside-out patches were forme ifting the pipette into . L
the air briefly and returnri)ng it to a bath solutio)rq withglow fr:e%ZCa 4.4 mV (mean .iSD’ 7 Ce”S.)’ determined by fitting a
Experiments are done at room temperature (20-23°C). Boltzmann function (Materials and Methods) to t'he
THP-1 cells are nonadherent. An aliquot of cells was added tochord conductance-voltage data generated assuming a
the recording chamber and allowed to settle. With maintained weak'eversal potential of =86 mV. In cells studied with iso-
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Fig. 1. Properties of 5. (A) A family of superimposed delayed rectifief'Kurrents in a THP-1 cell in Ringer’s solution, with KCI solution in the
pipette. Depolarizing pulses 2 sec in duration were applied from a holding potéftial,of =80 mV, with an interval of 23 sec between pulses.
lllustrated pulses are from —60 to +60 mV in 10 mV increments (before correction for liquid junction potentials). Filter BkBarifent-voltage
relationship for the cell in pa\. Peak current4) and current at the end of the 2-sec pulség are shown, with the points connected by straight
lines. C) A family of voltage-clamp currents in a cell bathed in isotonit Ringer’s solution. FronV, .4 = —80 mV, 4-sec pulses were applied

in 10 mV increments at 47-sec intervals from —70 to +70 mV. Filter 2 kiB3.Reak current-voltage relationship for the experiment show@. in

(E) State dependent block bf; by TEA". Currents recorded during identical 4-sec pulses to +20 mV are superimposed. The indicated concentratior
of TEA™ (in mm) was added to the Ringer’s solution, with KMe$i@ the pipette. The cell was “rested” for >60 sec before each pulse. Note that
TEA* slowed the decay of current, and that the control currmo) crosses over the otherg)Block of I g by ChTX. Superimposed are currents
during 4-sec test pulses to +20 mV, with >60 se&ga}y = —80 mV before each pulse.

tonic K* Ringer’s in the bath (Fig.@), large inward K tions. This slowing of inactivation has been interpreted
currents were observed between =50 mV and 0 mV ando mean that open channel block by TEiaterferes with
outward currents at more positive potentials. The pealchannel inactivation (Grissmer & Cahalan, 1889A
current-voltage relationship in Fig.DLfor this experi-  similar phenomenon was observed in alveolar epithelial
ment reversed near 0 mV in symmetrical Bolutions, K™ currents (Jacobs & DeCoursey, 1990). Bath applica-
consistent with this conductance being $elective. The tion of 100 um 4-AP abolished p, (data not showp
average reversal potentid¥,,, in 4.5 mv [K*], was  Figure F shows inhibition by charybdotoxin, ChTX, a
-85.3£3.9mV (mean sb, n = 6 cells), measured using toxin extracted fromLeiurus quinquestriatuscorpion
tail currents, and in 150 m[K*], was +1.6 + 0.9 mVif  venom. ChTX appeared to scale down the currents with-
= 5). The observed shift of 86.9 mV is close to the 88.60ut affecting the kinetics, with a medt of 1.7 £ 0.5 m
mV calculated from the Nernst equation for a perfectly(n = 3).
K™ selective channel.

Inactivation oflyg
Blockers

Delayed rectifier K currents inactivated during long de-
Several K channel inhibitors were tested to compare thepolarizing pulses (Fig.A). Inactivation was substantial
sensitivity of the delayed rectifier in THP-1 monocytes but not complete in Ringer’s solution during 2-sec pulses
with that of K" channels in other cells. Figur&khows (open symbolsin Fig.B), and appeared to be slower and
inhibition by external TEA. The peak current was re- less complete in KRinger's solution (Fig. €), consis-
duced withK; = 12,5 + 2.5 nm (mean £sb, n = 5).  tent with effects of [K], on delayed rectifier K chan-
TEA" slowed the inactivation ofy, with the result that nels in other cells (Ruben & Thompson, 1984; Kostyuk
the currents cross over with increasing TE#oncentra- & Martynyuk, 1988; Grissmer & Cahalan, 1989De-
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Fig. 2. Inactivation ofl . (A) Voltage dependence of prepulse inactivation. Fkggy = —80 mV, 4-sec prepulses to the potential on the abscissae
were followed immediately by a test pulse to +60 mV. The inactivating current (i.e., the difference between peak and steady-state current) duri
this test pulse is plotted, normalized to the fitted maximum test current, 770 pA in this cell. The curve shows the fit to a Boltzmann (Materials an
Methods) with midpoint/,, —24.1 mV and slope factdr,,.4.15 mV. The cell was rested for 60 sed/tq before each pulse. Ringer's solution

in the bath, KCI in the pipetteB) Accumulation of inactivation of delayed rectifier during repeated voltage ramps. After “resting” the membrane
at -80 mV for at least 60 sec, the membrane potential was ramped from -120 to +100 mV at a rate of 716 mV/sec, and was held for 50 msec
Vhoia = —80 mV and then 60 msec at —120 mV between successive ramps. The outward current was largest during the first ramp, and decrea
progressively with repeated ramps. The obvious accumulation of inactivation was characteljgtiq@j Voltage dependence of the time constant

of inactivation in a typical cell in Ringer’s solution, with KClI in the pipette. The decay dbtHKrrent during 4-sec depolarizing pulses was fitted

with a single exponentialX) Time course of recovery from inactivation in Ringer’s solution, with KClI in the pipette. Fvgea = —80 mV, pairs

of 4-sec pulses to 0 mV were applied with various intervals between pulses. The amplitude of the peak current during the second pulse is plott
after normalization to the peak current during the first pulse. The data were fitted by nonlinear least-squares to a single exponential to obtain 1
time constant of recovery, 20.5 sec in this experiment.

Coursey, 1990; Demo & Yellen, 1991). The apparentlation of inactivation ofi;g. This behavior was one cri-
voltage dependence of inactivationlgf; was examined terion used to identifffpz. The time course ofpg in-
using 3—4 sec prepulses to various voltages followed byctivation during depolarizing pulses in Ringer’'s
a test pulse to +40 or +60 mV. Figurd3hows the test solution (Fig. 1) was fit by a single exponential with
current amplitude in one cell, fitted with a Boltzmann time constanty;. Inactivation was faster at more positive
function (Materials and Methods). The average mid-voltages andr; was virtually independent of voltage at
point was -35.7 + 4.7 mV (mean #pb, n = 4). In  potentials above -10 mV (Fig.3). The averager; at
experiments in which we wanted to eliminatgz to  +20 mV in 4.5 v [K*], was 334 + 139 msec (mean +
observe other currents, we 38t,,, at —20 mV. sp, n = 4), with KMeSQ, in the pipette and 579 + 148
Inactivation accumulated during rapidly repeatedmsec 6 = 9) with KCI. Effects of intracellular anions
depolarizing pulses or voltage ramps, suggesting that then t; of Iz in human T lymphocytes have been de-
rate of recovery from inactivation was slow. The super-scribed previously (Cahalan et al., 1985). To examine
imposed ramp records in FigBZllustrate the accumu- the time course of recovery from inactivation, we used a
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Fig. 3. Single-channell,, current-voltage relationship in a cell-
attached patch. The pipette contained #4@ee KMeSQ. Currents
elicited by voltage ramps were sorted according to whether a channel g
was open, and the average closed-channel current was subtracted from
the average open-channel current. Channels like this one were identi-
fied aslpg by their voltage-dependent gating, inactivation (periods of
many seconds in which no channels opened), rectification, and con-
ductance consistent with,s channels in other cells. In addition, cells

in which |5 channels were identified in cell-attached patch configu-
ration had macroscopig, in whole-cell configuration. The patch was
held at RP -60 mV, and the voltage was ramped from RP -60 to RP
+ 160 mV at 0.44 V/sec. The bath contained Ringer’s solution, filter 1
kHz.

Fig. 4. (A) lonomycin elicitslg,. The whole-cell current during a
o . ) ) voltage ramp in Ringer’s solution in a cell containing KCI with no
pulse protocol consisting of a pair of identical 4-sec volt-added C&" and 0.1 nw EGTA shows only prominentpg (which

age steps to 0 mV from a holding potential of —80 mV inactivated progressively during subsequent ramps). After addition of 2
with variable intervals between pulses. The normalizedm ionomycin to the bath, a large conductance appeared which re-
amplitude of the second pulse is plotted in Fi@ as a versed neaE, and exhibited little time dependence during voltage
function of the interval between pulses. The time Con_pulses,ISK. (B) Single-channelgy, currents in a cell-attached patch.

. L . . . The pipette contained KMeS{the bath K Ringer’s solution, with 10
stant of recovery from inactivation fit by first-order ki- wm A23187 added. The resting potential of the cell was presumably

netics wasr = 21.2 + 3.2 sec (mean 8, n = 3)-. Th.iS “clamped” near 0 mV by this solution. The holding potential was —40
much slower recovery than onset of inactivation is themv (relative to the resting potential), the broken line indicates the

cause of the characteristic accumulation of inactivationcurrent level when no channels were open. No channel openings were
in cells with I 5. detected before adding A23187 to the bath.

Single delayed rectifier channel currents were often
observed in cell-attached patches of THP-1 monocytes,

: cause it reversed near the i€quilibrium potential E,.
The .net (Ifaa_k-subtract_ed).smgle chann.el current-voltagq.o study the properties of this conductance more sys-
relationship is plotted in Fig. 3. The unitary current rec-

tifies inwardly, and actually decreases at large positivetematlca”y’ we used pipette solutions with fCibuff-

potentials, possibly due to block by an intracellular cat-ered o various levels. We use the tetgy advisedly,

' “““recognizing that small conductance “Gactivated K
ion. The slope conductance4t,, was roughly 20 pS in . X : .

. S ; . channels vary widely in their properties (Latorre et al.,
experiments with high [K] pipette solutions.

1989); the term “intermediate” or IK has also been ap-
plied to ChTX-sensitive, apamin-insensitive channels
SMALL CONDUCTANCE CaACTIVATED K* CURRENT (I, ) (Varnai et al.,, 1993). In some cells, delayed rectifier
currents could be seen in the presence oflthe but in
Figure 4A illustrates whole-cell ramp currents in a otherslg, was so large that it swamped out other currents
THP-1 monocyte studied with a pipette solution in which which might have been present.
Cca* was weakly buffered, with 0.1 mEGTA and no Single-channel currents attributableltg channels
added C&". The only current evident in Ringer's solu- are illustrated in Fig. B. In cell-attached patch configu-
tion was lpg. Addition of ionomycin to the bath in- ration, there was initially no channel activity. When
creased the conductance at all potentials. This calciumA23187 was added to the bathing solution, two channels
activated conductance was evidently Kelective be- appeared. The unitary conductance was roughly 20-25
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potentials, bu/,., was near -80 mV, suggesting that a
K™ selective conductance was active, rather than a simple
leak. When the bath was changed to 150 K" Ring-

er's solution,V,,, was 0 mV, confirming the K selec-
tivity of this conductance. In other experiments with
3-10uMm C&* in the pipette solution, whole-cell currents
usually reversed between —70 and —80 mV in Ringer’s
solution and near 0 mV in KRinger’s, both close t&.

Any nonselective leak conductance will bring,, in
Ringer’s solution toward more positive values, and in a
given cell a shift ofV,,, towards 0 mV in Ringer's so-
lution was taken as an indication that the membrane was
becoming damaged and nonselectively leaky. We did
not pursue the alternative possibility that high fQa
also activates nonselective channels.

Figure B andC illustrate |5 currents during volt-
age pulses. In general, there was no obvious or consis-
tent time dependence. In the cell illustrated, there was a
+100 suggestion of turn-on during pulses to positive potentials,

but in other cells this was not observed and sometimes

partial decay occurred. Because it was not possible to be
140 sure in any given cell that the entire conductance was due
to Igk alone, we are reluctant to ascribe much signifi-
cance to the weak and variable evidence of time depen-
dence, and therefore considey to be practically time
independent. A consistent feature lgf, however, was
the reduced conductance at large positive potentials, ap-
parent both during ramps (FigApand during pulses in

200 pA

K* Ringer

c  +80 both Ringer's and K Ringer’s solution (Fig. B andC,
Fﬁm respectively). This behavior is strongly reminiscent of

v voltage-dependent ionic blockade by intracellular cat-
ions. The only cation other than*Kn the pipette solu-
e ban A " - tion was 2 nm Mg?*, which produces similarly weak

Www«fwvww block of outward current through a number of Khan-
A A i Ao A nels. Whether M§" block causes the observed rectifi-
cation was not explored.
v by o

Fig. 5. (A) lgk during voltage ramps in the same cell in Ringer's
solution (4.5 K) and K" Ringer’s (150 K), with 10 um [Ca?*] KCl in

botentials, The time-independence . can be seen n famies of | V&S 0bvious in cells studied at 4 [Ca”], and
P ' P < was also seen in many cells at lower nominal {Qa

currents during voltage pulses in Ringer’s solutigh énd in K" Ring- Th | duct in Ri , uti t
er's solution C) in another cell studied with the same pipette solution. € average slope conductance In Ringers solution a

Voltages were incremented in 20-mV steps between the indicated exYrey WaS 2.3 = 1.8 nS (mean ¢p, n = 21) at 10pm
tremes V. q Was —80 mV in Ringer's and 0 mV in KRinger's solu-  [C&];, 1.8 + 1.3 nSi§ = 11) at 3um [Ca®*];, and 0.5
tion; arrows indicate zero current. +0.5nS = 3) at 1um [Ca?*];. With nominally 38 m
[Ca®"]; (Table, KCI pipette solution) small inward cur-
o o rents resemblingg« were observed in only 7 of 37 cells
pS. Similar currents were seen in inside-out patches exand had an average amplitude of 0.24 nS in those cells.

[Ca®*]; Dependence df

posed to elevated [CH. With pipette solutions of 1 or m [Ca?"], the amplitude
of Igx appeared to be somewhat variable with time in
I at Different [K], some cells, presumably related to changes in the access

resistance, i.e., the patency of the pipette tip. Accurate
In the whole-cell experiment illustrated in FigA5Sthe  determination of the [Cd]; dependence ofg, would
pipette contained 1Qm free C&*. In Ringer's solution  require a more effective Gabuffer than EGTA or an
(4.5 mu K*) the membrane conductance was high at allindependent estimate of [€3.. Nevertheless, it is ap-
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Table. Composition of solutions

Name K ca* Mg?*  CI MeSO, EGTA pH HEPES

Pipette solutions (m)

KCI 167 1 2 146 0 11 7.2 10
KCI, 10pm Cae+ 162 9.65 2 143.3 0 10 7.2 10
KMeSQ, 161 1 2 6 133 11 7.2 10
KMeSQG,, Mg?* free 167 2 0 4 120 i) 7.2 10
External solutions (m)

Name K Na* ca*t Mg?* CI- MeSG; pH buffer
Ringer’s 4.5 149 2 1 150.5 0 7.4 b5
K* Ringer's 150 0 2 1 151 0 7.4 %0
KMeSG, 150 0 2 0 4 150 7.0 20
9X* Ringer's 164 0 2 1 166 0 7.4 %0

2Includes also 10 m EDTA. The final K" concentration after titrating the pH with KOH is given. CsCl, NaCl,
and TMACI pipette solutions were identical to KCI except all of thewkas replaced with the appropriate cation.
b HEPES S BES, X* means any cation (RbTMA*, Na*, Li*, Cs’, NH}, TEA"). See Materials and Methods
for a description of the TIRinger’s solution.

parent thatg, is activated by elevated [€Y;. The data studied in the same cell, was distinctly more negative
are generally consistent with [€3; sensitivity of g, in TMA* or TEA" solutions than in N&or Li*.
channels in human T lymphocytes or I-2|L—60 cells, which
are maximally activated afll pm [Ca®™]; (Grissmer, . o
Nguyen & Cahalan, 1993; Varnai et al., 1993). Pharmacological Sensitivity ¢

The traditional K channel blocker tetraethylammonium,
TEA*, was moderately effective fdi,. Fig. 6A illus-

o ) trates a family oflg, currents in Ringer’s solution. Ad-
The selectivity ofis, was explored by applying voltage jtion of 30 mu TEA* (Fig. 68) appeared to scale down
ramps and changing the cation in the bath solution, withpe current uniformly at all potentials. In the presence of
a 10 um [Ca™]; K* solution in the pipettedata not 30 my TEA® I, was evidently not completely blocked,
shown). We fassumed that the +ma|n+conductance U”debecause/,ev was still neaiE,. This is more apparent in
these conditions waks. For K*, Rb", and CS mea-  Fjg. C, which shows the dose-response relationship for
surement¥/,qwas set at 0 mV to inactivalgg, and for - TEA*+ ysing voltage ramps. Without correcting for leak
less permeant ions with quite negatiVg,, lor Would  cyprent, K, was estimated to be 10-25wmin Ringer’s

not be active nea¥,., anyway. The permeability to a go|ytion in two cells. Figure B and E illustrate that
specific cation, relative to K Py/Py, was calculated for  chTx inhibits lsi, like TEA®, without obvious voltage
these bi-ionic conditions from the Goldman-Hodgkin- yependence. The dose-response relationship for ChTX
Katz voltage equation (Hille, 1992). Best estimates forusing voltage ramps (Fig.R indicates that this toxin is

Selectivity ofigx

the relative permeabilities are: a potent inhibitor oflg,, although it is a more potent
blocker of I5g (Fig. 1F). The K; estimated for ChTX
TI">K">Rb">NH,">Cs"> Li" = Na' >TMA", TEA". block of I, was 4-12 m in Ringer’s solution f = 2)

1.77 1.0 0.89 0.22 0.094 <0.005=<0.004 <0.001 <0.001 and 10-30 m in K* Ringer’s solution i = 2).

Figure 7 illustrates block offg, in K* Ringer's so-
The measured value fot.,, particularly for the weakly lution by TEA" (A), Cs" (B), and B&" (C). No time-
permeant ions, may be erroneously positive due to angependence was detected during voltage pulses for any
leak current which is present. Th& values given are blockers ofl g, so the voltage dependence seen in ramps
based on 1 to 6 measurements, but each represents tisea reasonable indication of steady-state behavior. Asin
average of the two values with the low&s, because we Ringer’s solution, TEA added to K Ringer’s solution
did not correct for leak current. Leak current would leadproduced practically voltage-independent block (Fig.
to an overestimate dPy. The sequence should be cor- 7A). Half block of I in K* Ringer’s solution by TEA
rect, unless the leak itself is selective, because it is basedas estimated in two cells at several potentials to be
on comparisons within individual cells. For example, 15-25 mu. Onset and removal of block occurred as rap-
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Fig. 6. Block of I« by TEA™ and ChTX in Ringer's solutionA) | elicited by voltage pulses, in 20 mV increments from -120 to +100 mV from
Vioia = —80 mV. The zero current potential was n&&y,, here and irB. Pipette solution 1um [Ca?'] KCI, V,,,,s = —80 mV. B) The identical

pulse family in the presence of 30 mM TEA(C) Currents during voltage ramps from =120 to +100 mV in the same cell in the presence of the
indicated concentrations of TEAsubstituted for N& V,,,q = =80 mV. D) A family of currents during voltage pulses in a different cell studied

with 10 pum [Ca?']; KCI in the pipette. Pulses were applied in 20 mV increments between —120 and +20 mV. Arrow indicates zero current level,
which was nea¥,,,qin E. (E) Currents during pulses identical withapplied in the presence of 30 nM ChTX)(Block of I, currents by ChTX

in the same cell. Ramps from -120 to +100 mV frp,y = —80 mV.

idly as the solutions were changed (on the order of 1Gslow process modulated the overall level of activation of
sec). For Csand B&", block was much greater at more thelg, conductance, in addition to the specific reversible
negative potentials. The outward current was reduced ivoltage-dependent block by Cor B&* of the open
an apparently voltage-independent manner, but this inehannel. The voltage-dependent ionic blockadd f
hibition appeared qualitatively different from the volt- by Cs" or B&#* was rather weak, being distinctly incom-
age-dependent block of inward currents. Voltage-plete at moderate negative voltages even at 16038
dependent block of inward current occurred immediatelyor 100 nu Ba®*.

when C$ or B&* was added, whereas outward currents External 4-AP at 1 m and apamin at Jum had no
were reduced gradually and progressively over tens oéffect onlgy.

seconds after the bath change was complete. As the out-

ward current was reduced, there was also a comparable

scaling down of inward currents. The illustrated rampNONSELECTIVE CATION CURRENT (I ;o)

currents were recorded 1-2 min after each solution

change. Upon washout, the voltage-dependent bloci time-independent outward current ) was observed
was immediately removed, but the scaling down of thein addition to the inactivating outward®urrent in some
conductance was reversed more slowly, and not alwaysells. Figure & shows both ., andl elicited by de-
completely. The impression received was that someolarizing voltage steps from a holding potential of -80
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Fig. 7. Block of I, by TEA*, Cs", and B&" in a cell studied in K Ringer’s solution, with 1qum Ca?* KCI in the pipette. All blockers were added

from 1 m stock solutions to K Ringer’s solution, resulting in some dilution of its constituents (e.g., by 10% for 1@(blocker), as well as
hypertonicity. ) Ik during voltage ramps from +80 to =140 mV in the indicated concentrations of TEACI addetiRiniger’s solution. Block

and recovery from block of both inward and outward currents occurred rapidly during solution ch@)deg. 0 the presence of the indicated
concentrations of Cs Both block and unblock were rapid for the voltage-dependent component of block, but slower for the voltage-independent
scaling down of both inward and outward curren®) I, in the indicated concentrations of BaThelg, current recovered only half its original
amplitude after washout of high Baconcentrations. The ramps in Bavere done before those in TEAA) or Cs™ (B) thus their control currents

are smaller. lllustrated ramps currents were recorded 1-2 min after each solution change. Note the pronounced enhancement of block at n
negative voltages.

mV. WhenV,,qwas —30 mV (Fig. 8) I was inacti-
vated and only the time-independdgj, remained.l .,
was evidently responsible for most of the current at theChloride currentsl,, were often present in THP-1 cells
end of long depolarizing pulses. In some cells (e.g., Figshortly after whole-cell configuration was established,
1A) little current remained aftdi,r had inactivated, but but ran down progressively over a few minutes or tens of
in others (e.g., Fig. 8 andB) |, was prominent. minutes. The typical appearance Igf is illustrated in

l..:Was small immediately after establishing whole- Fig. 10A. Whole-cell currents during voltage ramps are
cell configuration, becoming larger over several minutesplotted in normal Ringer’s solution, and in low@Ring-
Figure & illustrates the development of,in a THP-1  er’s solution. Replacing the external Qlith MeSG;
monocyte studied with NaCl in the pipette. Whole-cell greatly reduced the outward current and shifted the zero
currents during voltage ramps are superimposed, meaurrent potential to more positive potentials. These
sured at several times after establishing whole-cell conehanges were reversible. Some outward rectification
figuration. At 2 min there was only a small linear leak persisted in symmetrical MeSGsolutions, suggesting
current. By 10 min there was pronounckg, with its  that MeSQ@ carries some current through Gthannels.
characteristic steep voltage dependence, activating aboWo time- or voltage-dependent gating was evident at
+40 mV. The amplitude increased further over the nextmoderate potentials in some cells, but in other cells the
8 min. When voltage pulses were applied in this aedlit( outward current decayed at large positive potentials.
shown), the currents exhibited little time-dependence and

CHLORIDE CURRENTS (I )

the same voltage dependence as in the ramps.

Large I, was observed in cells studied with"K

(Fig. 8A andB), Cs" (Fig. 9A-C), or N& (Fig. 9D-F) in
the pipette solution, but not TMAor TEA™ (not showi).
The identity of the extracellular cation (NaK*, Cs',

Block

Figure 1@ illustrates block ofl;, by 1 mm SITS (4-
acetamido-4isothiocyanostilbene-2'aisulfonic acid).
In this experiment the pipette contained TMACI, thus the

TEA™*, TMA™) had no obvious effect on these currents.outward rectification cannot be attributed to asymmetri-
Replacing external Clwith MeSG; did not reducd ., cal CI" concentrations and must reflect a property of the
which thus appears to be selective for small cations. The,. Addition of SITS decreased both inward and out-
following ion channel inhibitors, applied externally, did ward currents. Block by SITS was not reversible. Be-

not inhibitl.,; 1 mm Zn?*, >100 nv TEA*, 1 mv 4-AP,
100 v ChTX, 5 mv Ba®*, 1 mm Gd?*, 1 mm SITS, 100
wmM amiloride. No inhibitor ofl ., has been found.

cause of the temporal changesiy and the difficulty of
distinguishing it from leak current, we did not attempt to
quantify the amplitude of,.
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was not obviously voltage dependent at moderate poten-
tials. In one inside-out patch, outward single-channel
currents persisted when Neeplaced K in the bath, but
substituting MeSQ for CI” reduced the conductance
from 350 pS to 210 pS.

ProOTON CURRENT (l,4)

Voltage-activated Hselective currents were observed in
THP-1 cells before and after differentiation. The prop-
En =-80 mV erties and expression bf are described in the next paper
(DeCoursey & Cherny, 1996).

100
Discussion
B 80
60 DeLAYED RECTIFIER K* CURRENT (IpR)
The delayed rectifier in THP-1 monocytésg, activated
EH=-30mV with depolarization above -50 mV, inactivated during
sustained depolarizations with & [300—-600 msec
18 min (faster with MeSQ than CI' pipette solutions), recov-

ered slowly from inactivation withr (21 sec, and was
inhibited by external TEA (K; 12.5 nm) and ChTX ;
1.7 nv). Singlelyg channels had a conductance[®0
pS atV,,, in symmetrical high [K]. Ipg in THP-1
monocytes thus resembles that in other human and
mouse macrophages (Ypey & Clapham, 1984; Gallin &
Sheehy, 1985; Randriamampita & Trautmann, 1987;
2 Nelson, Jow & Popovich, 1990, although to our knowl-
edge ChTX block ofpz has not been previously dem-
onstrated in macrophages, and only recently in microglia
Voltage (mV) (Eder et al., 1995). The properties, especially the ChTX
sensitivity and inactivation kinetics, of the delayed rec-
Fig. 8. Family of currents in a cell containing KCI pipette solution and tifier K™ channel in THP-1 cells are virtually identical
bathed in Ringer’s solution, exhibiting bolth; and nonselective cation  with those of type i K™* channels in rat alveolar epi-
current,l ., I'n Athe holding pot'entigl was —80 mV and both currents thelial cells (DeCoursey, Jacobs & Silver, 1988; Jacobs
are seenlp inactivating andcmnme_—lndependent. Whew, .o was set & DeCoursey, 1990: DeCoursey, 1990) and in human
at —30 mV @) the same pulses elicited orlly,, In both the pulses were . ! ' ! ]
in 20 mV increments from -60 to +100 mVC) Development of ., and murine T lymphocytes (Cahalan et al., 1985;
with time in a different cell. Currents during voltage ramps are super-D€Utsch, Krause & Lee, 1986; DeCoursey et al., 1987,
imposed for the indicated times (min) after establishing whole-cell Sands, Lewis & Cahalan, 1989). In a companion study
configuration. Several consecutive ramp currents were averaged fove use the polymerase chain reaction (PCR) to show that
each record. The bath contained Ringer's solution, and the pipettg<yy1.3 mRNA is present in THP-1 cells and suggest that
NaCl. it codes forlyg (DeCoursey et al., 1996).

10

Large Anion Channels SmALL CONDUCTANCE CaACTIVATED K* CURRENT (Igy)

In rare instances we observed large unitary currentSelectivity

which behaved differently thahg,, the high-conduc-

tance voltage- and [G4];-activated K channels de- The selectivity sequence found fby, is similar to that
scribed in the third paper in this series (DeCoursey et al.of many types of K channels (Hille, 1992), and is con-
1996). These channels were observed too infrequently tsistent with the relative permeability &, channels in
allow complete characterization. Their open probabilityhuman erythrocytes (Christophersen, 1991) and in hu-
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Fig. 9. Nonselective cation currents in cells perfused with C#GIQ) or NaCl (D—F) pipette solutions, all in Ringer’s solution. lllustrated for each
cell is a family of currents during voltage pulses between —80 and +100ARhn{D), the corresponding current-voltage relationsiBadE),
and the current during a voltage ranfp &ndF). V,,,,q was 0 mV in both experiments; iA andD the holding current was near zero.

man T lymphocytes (Grissmer et al., 1993)."Ggas tively weak in comparison with their potency for block-
clearly permeant throughg, in THP-1 cells. The bi- ing inward rectifier K channels in THP-1 cells (DeCour-
ionic reversal potentials in both Land N& were clearly  sey et al., 1996). Thus, block &f, was not quite com-

positive to those in TMA or TEA" when measured in plete at 100 m Ba?*, and was clearly incomplete at 30
the same cell, thus Liand N& are detectably permeant mm Ba®*. In 150 mv Cs' there was still substantial in-

as well. ward and outward current. Similarly, in human macro-
phaged sk was blocked in a voltage-dependent manner
Block by B&* and more weakly than wag; (Gallin, 1989).

lsx Was blocked by ChTX and by TEAin both cases Gating

somewhat less potently than whss. Block of I by

both drugs appeared to be voltage independent. Thik, appeared to be largely time- and voltage-indepen-
slightly more potent block oy thanlg, by both TEA®  dent. Sometimes there was a suggestion that the current
and ChTX is quite similar to the pattern observed inturned on or off at certain potentials, but this behavior
activated human B lymphocytes (Partiseti et al., 1992)was neither consistent from cell-to-cell nor was it always
in activated T lymphocytek,gr was more sensitive than convincingly distinguishable from poor capacity com-
Ik to TEA" but was equipotently blocked by ChTX pensation or contamination from other ion channels
(Grissmer et al., 1993). Both Csand B&" produced which may have been present. However, lthecurrent
distinctly voltage-dependent block bf,, but were rela- consistently was reduced at large positive potentials.This
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other types of channels contaminate the data in some
cells, or thatlgi is influenced by additional, unidentified
factors. A voltage- and time-independent Konduc-
tance induced by G protein activators in murine macro-
phages and J774 cells generally resemhlgdut is not
blocked by ChTX (McKinney & Gallin, 1992). This
conductance however, has been shown to appear spon-
taneously at high [CH], in the absence of receptor
stimulation (Fan & McCloskey, 1994) and therefore
40 80 might conceivably have contaminatkg, measurements
Voltage (mV) in some cells in our study, because ChTX block was not
tested in every cell. This G protein-related Konduc-
tance rectifies outwardly, whereas, usually rectified
inwardly. Occasional cells in which Kselective cur-
rents at high [C&], that rectified outwardly were ob-
served may have expressed both types 6fckannels.
The G protein-related Kchannel was described in mu-
rine macrophages and J774 cells (McKinney & Gallin,
1992; Fan & McCloskey, 1994), but to our knowledge
has not been reported previously in human macrophages.

320 pA

50 ms

MeSO4

S

100 pA

60 ms

1 mM SITS NONSELECTIVE CATION CURRENT (I o)

-120

A nonselective cation current,,, was present in some

THP-1 cells. This current was time-independent and be-

came pronounced at potentials above +20 nh{, was

not affected by holding the cell at depolarized potentials
, _ , which inactivated . No blockers were found. An ap-

Fig. 10. (A) Whole-cell chloride currents during voltage ramps. The parently similar nonselective cation current has been de-

record labeled ‘CI' was recorded in Ringer’s solution, the smaller . . .

trace is the average of several currents recorded before and after iﬁcr'bed In co_rneal endOthe“al_Ce"S (Watsky, 1995). Al-

“Cl-free” Ringer’s solution, identical to Ringer's butwith allbut6m  though a variety of nonselective currents have been re-

of the CI replaced by MeS@ Recorded 6 min after whole-cell con- ported at the single-channel levekyiewedby Gallin,

figuration was established. Pipette solution KMeS(B) Block of I¢ 1991), to our knowledge no comparable conductance has
by SITS. Whole-celll, during a voltage ramp in the absence and pheen described in macrophages.
presence of 1 m SITS. Pipette solution TMACI, bath Ringer’s solu-

tion. Ramps were applied from -120 to +100 mV with 5 se¥,afy =
0 mV between successive ramps. CHLORIDE CURRENT (|CI)

) ) ) We observed outwardly-rectifying Ckurrents early in
reduction produced a region of negative slope conducynole-cell experiments, which disappeared over several

tance in some cells. minutes. Generally similar macroscopic “Gturrents
have been reported in human monocyte-derived macro-
Presence in Other Monocytes phages (Nelson, Jow & Jow, 1990 In human neutro-

phils, an outwardly-rectifying Cl conductance is acti-
A similar g, channel has been described in human macvated by cell swelling (Stoddard, Steinbach & Simcho-
rophages (Ince et al., 1987; Kakuta et al., 1988; Gallinwitz, 1993). Although we did not explore its sensitivity
1989), murine macrophages (Randriamampita & Trautto osmotic stress, it is possible thigg in THP-1 cells
mann, 1987; Hara et al., 1990), HL-60 cells (Wieland etdisappeared with time as a transient osmotic imbalance
al., 1992; Varnai et al., 1993), human B lymphocytes andequilibrated. Large conductance voltage-dependent ClI
rat thymocytes (Mahaut-Smith & Schlichter, 1989), andchannels have been described in murine macrophages
activated human T lymphocytes (Grissmer et al., 1993)(Schwarze & Kolb, 1984; Randriamampita & Traut-
The extent of inward rectification of thé current-  mann, 1987) and in other cells. Generally similar large
voltage relationship is somewhat variable from one studyanion channels were observed infrequently in THP-1
to another; however, we observed substantial cell-to-celtells. The macroscopig;, described here exhibited nei-
variability in this property. This variability may indicate ther voltage-dependence nor discrete current levels of
that multiple types ofigx channels are involved, that comparable size, and thus must be due to a different
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channel. Smaller conductance singlé €hannels have Grissmer, S., Cahalan, M.D. 1989TEA prevents inactivation while
been reported in human U937 monocytes (Kanno & Tak- blocking open K channels in human T lymphocyteBiophys. J.

ishima, 1990). A SITS-sensitive anion conductance con-GriS‘r’:rf?_SZOGCahalan M.D. 1989Divalent ion trapoing inside bo
tributes to regulatory volume decrease in THP-1 cells o S i pping P
tassium channels of human T lymphocytds. Gen. Physiol.

challenged with hypotonic solutions (Gallin et al., 1994).  g3.609_630
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The authors gratefully acknowledge a critique of the manuscript by  potassium channels in resting and activated human T lymphocytes:
Leslie C. McKinney, and the technical assistance of Donald R. Ander-  expression levels, calcium dependence, ion selectivity, and phar-
son. This project was supported at various stages by the Division of macology.J. Gen. Physiol102:601-630
Pulmonary Medicine (SK), a Parker B. Francis Award (MS), a Grant- Grygorczyk, R., Rodger, .W. 1993. Potassium channels in THP-1
in-Aid from the American Heart Association (TD), and by National human monocytesBiophys. J.64:A200 (Abstr.)
Institutes of Health grants R01-HL37500, R01-HL52671, and ResearctHamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.

Career Development Award KO4-1928 (TD). Improved patch-clamp techniques for high-resolution current re-
cording from cells and cell-free membrane patclffkiegers Arch.
391:85-100

References Hara, N., Ichinose, M., Sawada, M., Imai, K., Maeno, T. 1990. Acti-

vation of single C&*-dependent K channel by external ATP in
Auwerx, J. 1991. The human leukemia cell line, THP-1: a multifaceted  mouse macrophageBEBS Lett.267:281-284

model for the study of monocyte-macrophage differentiatix. Hille, B. 1992.lonic Channels of Excitable MembraneSinauer As-

perientia47:22-31 sociates, Sunderland, MA

Cahalan, M.D., Chandy, K.G., DeCoursey, T.E., Gupta, S. 1985. AInce,C.,Van Duijn, B., Ypey, D.L., Van Bavel, E., Weidema, F., Leijh,
voltage-gated potassium channel in human T lymphocytenys- P.C.J. 1987. lonic channels and membrane hyperpolarization in
iol. 358:197-237 human macrophaged. Membrane Biol97:251-258

Christophersen, P. 1991. €aactivated K channel from human eryth-  ja00hs £ R DeCoursey, T.E. 1990. Mechanisms of potassium channel

rocyte membranes: single channel rectification and selectivity. block in rat alveolar epithelial cells). Pharmacol. Exp. Ther.
Membrane Biol119:75-83 255:459-472

Crutchley, D.J., Conanan, L.B., Que, B.G. 1995. ¢hannel blockers
inhibit tissue factor expression by human monocytic cellsc.
Res.76:16-20

DeCoursey, T.E. 1990. State-dependent inactivation otigtrents in . . . .
rat type Il alveolar epithelial cellsl. Gen. Physiol95:617-646 Kanno, T., Takishima, T. 1990. Chloride and potassium channels in

U937 h tes. Memb Biol116:149-161
DeCoursey, T.E., Chandy, K.G., Gupta, S., Cahalan, M.D. 1987. Two, . uman monocyte Iem rane Blo .
. . - Kim, S.Y., DeCoursey, T.E., Silver, M.R. 1994. lon channels in the
types of potassium channels in murine T lymphocytésGen.

Physiol. 89:379-404 human macrophage cell line THP-RBiophys. J66:A328. Abstr)

DeCoursey, T.E., Cherny, V.V. 1996. Voltage-activated proton cur- Kim, S.Y., DeCoursey, TE, Che_rny, V-V, _Sllver, M.R. 1995. A_Itered
rents in human THP-1 monocytes. Membrane Biol152:2 ion channel expression during PMA-induced differentiation of

DeCoursey, T.E., Jacobs, E.R., Silver, M.R. 1988. Potassium currents THP-1 monocytesBiophys. J68:A44. (Abst-r)

in rat type Il pulmonary alveolar epithelial celld. Physiol. Kostyuk, P.G., Martynyuk, A.E. _1988_' Pota_ssmm outward current de-

305:487-505 pendent on extracellular calcium in snail neuronal membrsee-
DeCoursey, T.E., Kim, S.Y., Silver, M.R., Quandt, F.N. 1996. lon  '0Sci- 24:1081-1087 N

channel expression in PMA-differentiated human THP-1 macro- Latorre, R., Oberhauser, A., Labarca, P., Alvarez, O. 1989. Varieties of

phagesJ. Membrane Biol1522 calcium-activated potassium channebsnn. Review Physiol.
Demo, S.D., Yellen, G. 1991. The inactivation gate of the ShaKer K 51:385-399

channel behaves like an open-channel blockeuron7:743-753 Mahaut-Smith, M.P., Schlichter, L.C. 1989. Tactivated K chan-
Deutsch, C., Krause, D., Lee, S.C. 1986. Voltage-gated potassium con- N€lS in human B lymphocytes and rat thymocytés.Physiol.

ductance in human T lymphocytes stimulated with phorbol edter. 41569-83

Physiol.372:405-423 Martell, A.E., Smith, R.M. 1974. Critical Stability Constants. Volume
Eder, C., Fischer, H.-G., Hadding, U., Heinemann, U. 1995. Properties 1 Amino Acids. Plenum Press, New York

of voltage-gated currents of microglia developed using macrophagd/cKinney, L.C., Gallin, E.K. 1992. G-protein activators induce a po-

colony-stimulating factorPfluegers Arch430:526-533 tassium conductance in murine macrophagedMembrane Biol.
Fan, Y., McCloskey, M.A. 1994. Dual pathways for GTP-dependent =~ 1302265-276

regulation of chemoattractant-activated gonductance in murine  Nelson, D.J., Jow, B., Jow, F. 1980Whole cell currents in macro-

Kakuta, Y., Okayama, H., Aikawa, T., Kanno, T., Ohyama, T. Sasaki,
H.T., Kato, T., Takishima, T. 1988. K channels of human alveolar
macrophagesl. Allergy Clin. Immunol81:460-468

J774 macrophaged. Biol. Chem269:31533-31543 phages: I. Human monocyte-derived macrophadedviembrane
Gallin, E.K. 1989. Evidence for a Ca-activated inwardly rectifying K~ Biol. 117:29-44

channel in human macrophagésn. J. Physiol257:C77-C85 Nelson, D.J., Jow, B., Popovich, K.J. 1390Nhole cell currents in
Gallin, E.K. 1991. lon channels in leukocytdghysiol. Rev71:775— macrophages: Il. Alveolar macrophagek. Membrane Biol.

811 117:45-55

Gallin, E.K., Mason, T.M., Moran, A. 1994. Characterization of regu- Partiseti, M., Choquet, D., Diu, A., Korn, H. 1992. Differential regu-
latory volume decrease in the THP-1 and HL-60 human myelocytic  lation of voltage- and calcium-activated potassium channels in hu-
cell lines.J. Cell. Physiol.159:573-581 man B lymphocytes]. Immunol.148:3361—-3368

Gallin, E.K., Sheehy, P.A. 1985. Differential expression of inward and Pelassy, C., Cattan, N., Aussel, C. 1992. Changes in phospholipid
outward potassium currents in the macrophage-like cell line J774.1. metabolism induced by quinine, 4-aminopyridine and tetraethylam-
J. Physiol.369:475-499 monium in the monocytic cell line THPBiochem. J282:443-446



130 S.Y. Kim et al.: lon Channels in THP-1 Monocytes

Ramdriamampita, C., Trautmann, A. 1987. lonic channels in murine  acute monocytic leukemia cell line (THP-1nt. J. Cancer26:171—

macrophagesl. Cell Biol. 105:761-769 176

Ruben, P., Thompson, S. 1984. Rapid recovery from K current inacti-Vamai’ P., Demaurex, N., Jaconi, M., Schlegel, W., Lew, D.P., Krause,
vation on membrane hyperpolarization in molluscan neurdns. K.H. 1993. Highly co-operative G4 activation of intermediate-
Gen. Physiol84:861-875 conductance Kchannels in granulocytes from a human cell lide.

Sands, S.B., Lewis, R.S., Cahalan, M.D. 1989._Charybdotoxin blocks  physiol472:373-390
voItage-gaFed K.channels in human and murine T lymphocytes. Watsky, M.A. 1995. Nonselective cation channel activation during
Gen. Physiol93:1061-1074 N - .
L wound healing in the corneal endotheliudm. J. Physiol.
Schwarze, W., Kolb, H.A. 1984. Voltage dependent kinetics of an .
- . . 268:C1179-C1185
anionic channel of large unit conductance in macrophages and )
myotube membrane®fluegers Arch402:281-291 Wleland_, _S.J., Gong, Q-H., Chou, R.H., Brent, L.H. 1992. A ||_neage-
Stoddard, J.S., Steinbach, J.H., Simchowitz, L. 1993. Whole call C|  specific C&"activated K conductance in HL-60 cellsl. Biol.
currents in human neutrophils induced by cell swellidgn. J. Chem.267:15426-15431
Physiol.265:C156-C165 Ypey, D.L., Clapham, D.E. 1984. Development of a delayed outward-
Tsuchiya, S., Yamabe, M., Yamaguchi, Y., Kobayashi, Y., Konno, T.,  rectifying K* conductance in cultured mouse peritoneal macro-
Tada, K. 1980. Establishment and characterization of a human phagesProc. Natl. Acad. Sci. US81:3080-3087



