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Summary. Ionic channels in a human monocyte cell line (U937) 
were studied with the inside-out patch-clamp technique. A Ca 2*- 
activated K + channel and three C1 -selective channels were ob- 
served. The Ca2+-activated K + channel had an inward-rectifying 
current-voltage relationship with slope conductance of 28 pS, 
and was not dependent on membrane potential. Among the three 
C1 channels, an outward-rectifying 28-pS channel was most fre- 
quently observed. The permeability ratio (C1 /Na +) was 4-5 and 
CH3SO4 was also permeant. The channel became less active 
with increasing polarizations in either direction, and was inactive 
beyond -+ 120 mV. The channel, observed as bursts, occasionally 
had rapid events within the bursts, suggesting the presence of 
another mode of kinetics. Diisothiocyanatostilbene-disulfonic 
acid (DIDS) blocked the channel reversibly in a dose-dependent 
manner. The second 328-pS CI- channel had a linear current- 
voltage relationship and permeability ratio (C1-/Na +) of 5-6. 
This channel became less active with increasing polarizations 
and inactive beyond -+50 mV. DIDS blocked the channel irre- 
versibly. The channel had multiple subconductance states. The 
third 15-pS C1- channel was least frequently observed and least 
voltage sensitive among the C1 channels. Intracellular Ca 2+ or 
pH affected none of the three C1- channels. All three C1- chan- 
nels had a latent period before being observed, suggesting inhibi- 
tory factor(s) present in s i tu .  Activation of the cells with inter- 
feron-y, interferon-c~A or 12-O-tetradecanoylphorbol-13-acetate 
(TPA) caused no change in the properties of any of the channels. 

Key Words CI- channel �9 K § channel - monocyte �9 macro- 
phage �9 patch clamp 

Introduction 

Several ionic channels have been reported in mono- 
cytes/macrophages of various origins by the patch- 
clamp technique [19]. They are: delayed outward- 
rectifying K + channel [17, 24, 36, 39, 50], 
inward-rectifying K + channel [16, 17, 24, 30, 36], 
CaZ+-activated K + channel [14, 16, 29, 36], Ca 2+- 
activated inward-rectifying K + channel [15], Fc-re- 
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ceptor linked nonselective cationic channel [32, 49], 
ATP-induced nonselective channel [6], and C1- 
channel with large conductance [24, 36, 41]. Mono- 
cytes/macrophages have many functions: nonspe- 
cific phagocytosis, antibody-dependent cellular cy- 
totoxicity, antigen processing and presentation to 
lymphocytes, and secretion of immunological medi- 
ators, e.g., interleukin-1 (for review, s e e  ref. [43]). 
Roles of ionic channels in such multifunctional 
cells, however, remain to be determined. We sup- 
posed that ionic channels may be expressed or re- 
pressed, or their characteristics may be modified 
through cellular activation and/or maturation. We 
thus studied ionic channels in U937, a human cell 
line with promonocytic characteristics [42], in 
which the functions of monocytes/macrophages can 
be inducible [25, 33, 34, 44]. We report here charac- 
teristics of four types of channels observed in in- 
side-out patches. An abstract of this study has ap- 
peared [22]. 

Materials and Methods 

CELL CULTURE AND CELL ACTIVATION 

The human monocytic cell line U937 [42] was maintained in 
RPMI-1640 supplemented with 10% heat-inactivated fetal bovine 
serum. When activated cells were examined, recombinant inter- 
feron-y (rIFNy; specific activity, 1 x 107 U/mg; used at 1000 
U/ml), recombinant interferon-~A (rIFNc~A; specific activity, 
5.6 x 108 U/mg; used at 1000 U/ml) or 12-O-tetradecanoylphor- 
bol-13-acetate (TPA, 10 ng/ml) was added to the medium on the 
first day and the effect on ionic channels was followed every day, 
up to the 4 th day. Only TPA caused a marked morphological 
change in the cells. Recombinant IFNy was generously provided 
by Shionogi Pharmaceutical, Osaka, Japan; and rIFNc~A, by 
Nippon Roche Research Center, Kamakura, Japan. TPA was 
obtained from Sigma Chemical, St. Louis, MO. At the beginning 
of each experiment, cells were centrifuged and resuspended in an 
initial experimental solution so that concentrations of the fetal 
bovine serum and the activating agents were reduced to < 10 -4 of 
the original concentrations. 
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SOLUTIONS 

Exact compositions of pipette and bath solutions in each experi- 
ment are described in the figure legends. All solutions were buf- 
fered with either of the following (in mM) 5 N-2-hydroxyethylpi- 
perazine-N'-2-ethanesulfonic acid (HEPES), 5 tris(hydroxy- 
methyl) aminomethane (Tris), 5 N,N-bis[2-hydroxyethyl]-2-ami- 
noethanesulfonic acid (BES), or 5 N-tris[hydroxymethyl]metfiyl- 
2-aminoethanesulfonic acid (TES). Because HEPES has been 
reported to block C1 channels in Drosophila neurons [48], we 
tested the four buffers, and confirmed that none of them, singly 
or in combination, affected the channel properties described 
here. In most experiments, solutions including 5 mM HEPES 
were adjusted with Tris to pH 7.2. When 5 mM Tris was used, we 
adjusted the pH with HCI. Solutions including 5 mM BES, 5 mM 
TES or, in some experiments, 5 or 20 mM HEPES were adjusted 
with NaOH. When effects ofpH were examined, solutions with 5 
mM BES were adjusted with NaOH to pH: 6.6, 6.9, 7.2, 7.5 or 
7.8. 

Desired concentrations of free calcium were achieved by 
mixing 4 mM ethyleneglycol-bis-(B-aminoethyl ether) N,N,N',  
N'-tetraacetic acid (EGTA) and varying amounts of CaCI2 as 
follows. Initially, two kinds of stock solutions were prepared: 
Ca2+-free EGTA solution adjusted roughly with Tris; and Ca 2+- 
EGTA solution made by mixing an equimolar amount of CaC12 
and EGTA with twice the amount of NaOH or KOH. A calcu- 
lated amount of the latter stock solution was added to experi- 
mental solutions, then the former stock solution was used to 
adjust the total EGTA concentration to 4 mM. Similarly, 
amounts of NaC1 and KC1 to be added were arranged to achieve 
desired total concentrations of the salts. To calculate the amount 
of CaC12-EGTA stock solution, the apparent binding constant of 
EGTA with calcium as determined by Harafuji and Ogawa [20] 
was used. Ionic strength of the solutions was not prescribed. In- 
stead, iterative computations were carried out to approximate 
the value, with which the binding constants of EGTA and of the 
pH buffers were being corrected. Sometimes EGTA and CaC12 
were not added to the K+-free solutions, after we had confirmed 
that intracellular Ca 2+ concentration had no effect on the C1- 
channel properties. 

4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) 
was obtained from Sigma. 

tape (Sony Magnescale, Tokyo; frequency response, DC to 5 
kHz), and low-pass filtered (NF Circuit Design Block, Yoko- 
hama, 8-pole Bessel; 48 dB/octave) during playing back at nor- 
mal or reduced tape speed. Data were analyzed with a computer 
system (7T17, NEC-Sanei, Tokyo, Japan). Current traces ap- 
pearing in the figures were filtered for display purposes, that is, 
with different settings from those for the corresponding data 
analysis. 

DATA ANALYSIS 

Stability Plots 

Data on tape were played back at one-tenth of the recorded 
speed, low-pass filtered at 250 Hz, then sampled every 400 p~sec. 
Open and shut intervals were measured with the 50% threshold 
criterion [9]. Test pulses of various durations were used to cali- 
brate the real intervals and to check the frequency response of 
the system. Pulses with durations over 800/xsec maintained their 
shape. Those with durations between 200 and 400/xsec crossed 
the 50% threshold, but were distorted in shape. Stability plots as 
described by Blatz and Magleby [3] were made to test for possi- 
ble moding behavior. Durations of successive open and shut in- 
tervals were averaged separately by 25 or 50 events, and the 
mean open and shut intervals were plotted semilogarithmically 
against interval number. 

Open Probability 

Open probability is equal to the sum of open intervals measured 
in a given period, divided by the duration of the period. When 
more than one channel of the same type was present in a patch, 
total open intervals in each unitary level were added and divided 
by the product of time multiplied by the number of channels 
included in the patch. 

Results 

PATCH-CLAMP EXPERIMENTS 

Patch-clamp experiments were carried out according to the stan- 
dard method [19], using a List EPC-7 patch-clamp amplifier sys- 
tem (List Electronic, Darmstadt, FRG). All experiments were 
performed with inside-out or cell-attached patches at room tem- 
perature. All of the current traces shown in the figures were from 
inside-out patches. The recording chamber was composed of two 
parts; one for giga-seal formation and the other for solution 
change. The volume of the latter chamber was 70/xl and the bath 
solution was connected to a reference electrode via 150 mM or 
1 M KC1/4% agar bridge. Liquid junction potentials which devel- 
oped from solution changes were measured using a separate 
KCl-filled electrode and were used to correct membrane poten- 
tials. To change the bath solution, an infusion pump (Terumo, 
Tokyo, Japan) was used at a rate of 13 ml/min until over 30 times 
the chamber volume had been perfused. Pipettes were usually 
coated with Sylgard (Corning, Midland, MI), and fire polished. 
Pipette resistances ranged from 2 to 5 M~. Seal resistances 
ranged from 2 to 70 Gft. Current recordings were stored on FM 

I n  u n s t i m u l a t e d  U 9 3 7  h u m a n  m o n o c y t e s ,  w e  o b -  

s e r v e d  a C a 2 + - a c t i v a t e d  K + c h a n n e l  a n d  t h r e e  

C 1 - - s e l e c t i v e  c h a n n e l s .  T h e  C1-  c h a n n e l s  h a d  dif-  

f e r e n t  c o n d u c t a n c e s :  w e  r e f e r  t o  t h e m  as  t h e  l a r g e ,  

i n t e r m e d i a t e  a n d  s m a l l  C1-  c h a n n e l s .  

INTERMEDIATE C1-  CHANNEL AND K *  CHANNEL 

F i g u r e  1 s h o w s  c u r r e n t  t r a c e s  f r o m  a n  i n s i d e - o u t  

p a t c h  c o n t a i n i n g  t h e  K + c h a n n e l  a n d  t h e  i n t e r m e d i -  

a t e  C I -  c h a n n e l .  W i t h  37 .5  m M  K + / 1 5 0  mM C1-  in  

t h e  p i p e t t e  a n d  112.5 m M  K + / 1 5 0  m M  C1 in  t h e  
b a t h ,  t h e  e x p e c t e d  r e v e r s a l  p o t e n t i a l s  f o r  K + a n d  

C I -  c h a n n e l s  w e r e  - 2 8  a n d  0 m V ,  r e s p e c t i v e l y .  I m -  

m e d i a t e l y  a f t e r  e x c i s i n g  t h e  p a t c h  ( w i t h  3 /XM b a t h  
C a  2+ c o n c e n t r a t i o n ) ,  c u r r e n t  w a s  o b s e r v e d  t h r o u g h  

o n l y  t h e  K § c h a n n e l  (F ig .  l a ) .  T h e  c u r r e n t  r e v e r s e d  
n e a r  - 3 0  m V .  T h e  K + c u r r e n t  d i s a p p e a r e d  w h e n  
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Fig. 1. Current  t races recorded in an inside-out patch including both K + channels  and intermediate Ct-  channels .  Membrane  potentials 
are indicated at the left. The  traces were obtained successively:  (a) immediately after excising the inside-out patch;  (b) after 7 min; (c) 
after 10 min;  (d) after 20 rain; and (e) after 38 min. Free Ca 2§ concentrat ions of the bath solutions were 3/xM (a and c), and 1 nM (b, d 
and e). The pipette solution contained 112.5 mm NaCI and 37.5 mM KC1. The bath solutions contained 37.5 m R  NaC1 and 112.5 mM 
KCI. Calculated equilibrium potentials for K § ion and CI- ion were - 2 8  and 0 mV, respectively.  All solutions contained 4 m R  E G T A  
and 5 m R  HEPES.  pH = 7.2. The  dotted lines represent  current  levels with all channels  closed. The current  was filtered at 300 Hz 

( - 3  dB) 

the intracellular Ca 2+ concentrat ion was reduced to 
1 nM (Fig. lb),  and reappeared when the Ca 2+ con- 
centration was elevated again to 3 /xM (Fig. lc). 
Thus the K + channel current  required intracellular 
Ca z+. The open probability of the K + channel was 
not voltage dependent .  

In contrast  to the K + channel, current through 
the intermediate C1- channel did not appear until 
some time after the patch had been excised, either 
in high (3 ]ZM) o r l o w  (1 riM) Ca 2+ (Fig. la  and b). In 
Fig. lc,  about 10 rain after excising the patch, the 
C1- channel current  appeared only at positive po- 
tentials. While the K § channel was deactivated by 
reducing the Ca 2+ concentrat ion to 1 nM, the C1- 
channel remained active (Fig. id: 20 rain after ex- 
cising the patch). The C1- channel was more active 
in Fig. ld  than in Fig. Ic, because current fluctua- 
tions were observed also at negative potentials in 
Fig. ld. The CI- channel became more active 18 
min later (Fig. le) and was stable thereafter.  The 
time needed for such initial activation varied ap- 
proximately from I0 sec to 30 rain. Because the 
bath solutions in Fig. lb, d and e contained the 
same components ,  the apparent activation of the 
channel may be due to breakdown or washout of 
factor(s) inhibitory to the intermediate C1- channel. 
Another  observat ion that the C1- channel did not 
appear  in cell-attached patches also suggests the 

presence of the factor(s) inhibitory to the channel in 
situ. 

Figure 2 shows the I -V relationships of  the K + 
channel. Each point is a mean value obtained from 
different patches, and the standard errors of the 
mean are indicated only when the values are larger 
than the size of  symbols. The curve for symmetrical 
150 mM KCI solutions (n = 6) showed inward-going 
rectification, and the slope conductance was 28 pS 
between - 4 0  and - 1 0 0  mV (Fig. 2a). When the 
bath solutions were replaced with solutions contain- 
ing 450 mM KC1, the reversal potential was - 2 7  mV 
(Fig. 2b). With 112.5 mM Na+/37.5 mM K+/150 mM 
C1- in the pipette and 37.5 mM Na+/l12.5 mM K+/ 
150 mM C1- in the bath, the reversal potential was 
also - 2 7  mV (Fig. 2c). These experiments show 
that the K + channel is highly selective to K + 
(PK : PNa : Pc1 = 70 : 1 : 1) as calculated from the 
Goldman-Hodgkin-Katz equation. Other observa- 
tions also support  the K + selectivity of  the channel. 
Inward current  through the K + channel was no 
longer observed when K + in the pipette solution 
was replaced by Na + (Fig. 2d), and conversely,  out- 
ward current  was no longer observed when K + in 
the bath solution was replaced by Na + (Fig. 2e). 

Figure 3 shows the I -V relationships of  the inter- 
mediate CI- channel. A curve for symmetrical 150 
nlM NaC1 solutions (n = 66) is shown in Fig. 3a. The 
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Fig, 2. Current-voltage relationships of the K + channel. Ionic compositions (pipette/bath) were as follows: (a) 150 m~4 KC1/150 mM 
KCI (n = 6), (b) 150 mM KC1/450 mM KC1 (n = 6), (c) 37.5 mN KC1 + 112.5 mM NaC1/112.5 mM KC1 + 37.5 mM NaCI (n = 24), (d) 150 
mM NaC1/150 mM KC1 (n = 4), and (e) 150 mM KCI/150 mM NaC1 (n = 6). All the solutions contained 4 mM EGTA, 5 mM HEPES,  and 
1 m~4 free Mg 2+. Free Ca 2+ concentrations of the bath solutions were 0.1-30/xM. pH = 7.2. Association constants of [MgEGTA 2 ]/ 
[Mg2+][EGTA 4 ] = 1.62 • 105 M i and [MgHEGTA-]/[Mg2+][HEGTA 3 ] = 2.34 x 103 M -1 were used to calculate required amounts of 
MgC12. The standard errors of the mean are shown by bars when they are larger than the symbol. Points at - 160 and - 180 mV in a were 
obtained with only one patch 

v (rnV) 

-2- 

I(pA) I 

r 

' 'do iGo 

b 

I(pA) 

5- 

V(mV) 
i I I I I 

-100 

V(mV) 

' - b 2 0  ' ' 

Fig, 3. (a and b) Current-voltage relationships of the intermediate C1 channel obtained with symmetrical 150 mM NaC1 solutions (�9 
n = 66) (a), and with solutions giving threefold ([3, n =- 20) and fivefold (A, n = 7) concentration gradients (b). The pipette solutions 
contained 150 mM NaC1; the bath solutions contained 150 mM NaC1 (0), 450 mM NaC1 ([5) or 750 mM NaCI (A). All the solutions 
contained 5 mM HEPES,  adjusted with Tris to pH 7.2. The standard errors of the mean are sho .wn by bars when they are larger than the 
symbols. (c) A current-voltage relationship of the intermediate C1- channel with a pipette solution of 150 m g  NaC1 and a bath solution 
of 750 m g  NaCH3SO4 

curve showed outward-going rectification: the 
chord conductance between 0 and 100 mV was 47 
pS; the slope conductance around 0 mV was 28 pS. 
We examined the I -V curves with symmetrical 150 
mM KCI solutions and with solutions described in 

Fig. 1, and they were almost identical to the curve 
shown in Fig. 3a. With the pipette solution contain- 
ing 150 mM NaC1 and the bath solution containing 
450 or 750 mM NaC1, the reversal potentials were 16 
mV (n = 20) and 24 mV (n = 7), respectively (Fig. 
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Fig. 4. Stability plots for open and shut intervals of the interme- 
diate C1- channel. Averaged durations of 25 successive open or 
shut intervals are plotted semilogarithmically against interval 
number. The bars on the fight side indicate the overall means of 
the intervals: 32.6 msec for the open intervals, 5.2 msec for the 
shut intervals. The corresponding current trace, filtered at 180 
Hz ( -3  dB), is shown in the upper part. The outward current 
direction is upward. Both the pipette and the bath solutions con- 
tained 140 mM NaC1 and 5 mM Tfis; pH was adjusted to 7.2 with 
HCI. The membrane potential was 60 mV 

3b). According to the Goldman-Hodgkin-Katz 
equation, permeability ratios for C1- to Na + corre- 
sponding to these values were 4.2 and 4.8, respec- 
tively. With 150 mM KC1 in the pipette and 450 mM 
KC1 in the bath, the reversal potential was also 16 
mV (n = 4). Thus, the channel is more permeable to 
CI- than to either Na + or K +. Permeability to 
CH3SO4 was examined in two patches. With 750 
mM NaCH3SO4 in the bath and 150 mM NaC1 in the 
pipette, reversal potential was 23 inV. The ratio of 
the current amplitude compared to that with 750 
mM NaC1 in the bath was about 0.7 (Fig. 3c). Al- 
though CH3SO4 seemed less permeant than CI- in 
conductance, it was not an impermeant ion through 
the intermediate C1- channel. 

The intermediate C1- channel appeared in 
bursts rather than as isolated events. Figure 4 
shows a representative trace of bursting current re- 
corded from a patch with only one channel. Stabil- 
ity plots are shown below the current trace. The 
overall mean of open intervals (32.6 msec) was 
larger than that of shut intervals (5.2 msec). Moving 
mean durations of consecutive 25 open intervals 
fluctuated much less than those of shut intervals. 

Most patches included two to four of the inter- 
mediate CI- channels. The C1- channels became 
less active with increasing membrane polarization 
in either directi0n. Figure 5 shows the representa- 
tive traces. In Fig. 5a, current response to voltage 

Fig. 5. Voltage dependence of the intermediate C1- channel. (a) 
Current response (upper trace) to voltage jumps (lower trace) is 
shown. The membrane potential was changed suddenly between 
30 and 90 inV. The outward current direction is upward. The 
current was filtered at 900 Hz ( -3  dB). The pipette and the bath 
solutions contained 150 mM KC1, 5 mM HEPES and 4 mM 
EGTA; pH was adjusted to 7.2 with Tris; free Ca 2+ was less than 
1 nM. (b) Current response (upper trace) to sinusoidal command 
voltage (lower trace). The sinusoidal voltage of 0.1 Hz was made 
between 80 and -80 mV. The current was filtered at 900 Hz ( -3  
dB). The pipette solution contained 150 mM NaC1, 5 mM HEPES 
and 4 mM EGTA, pH was adjusted to 7.2 with Tris; free Ca 2+ 
was 3 ~M. The bath solution contained 450 mM NaC1, 5 mM 
HEPES and 4 mM EGTA, pH was adjusted to 7.2 with Tris; free 
Ca 2+ was 3/~M 

jumps between 30 and 90 mV is shown. Inactivation 
at 90 mV occurred within a few seconds; reactiva- 
tion at 30 mV occurred more quickly. To examine 
the voltage dependence through a range of mem- 
brane potentials, a sinusoidal command voltage of 
about 0.1 Hz was applied to the patch (Fig. 5b). The 
channels tended to close with increasing membrane 
polarization. In most patches, the channel was 
more active at positive potentials than at negative 
potentials when compared at the same degree of 
polarization. Current steps were rarely observed 
beyond 120 mV in either direction. 

Sudden changes in kinetic behavior were occa- 
sionally observed (Fig. 6). As shown in the lower 
trace of Fig. 6a, the duration of open intervals sud- 
denly changed. In this patch, simultaneous opening 
of more than one channel was never observed. The 
amplitude histogram is shown in Fig. 6b. Stability 
plots were made in order to look for possible mod- 
ing behavior. In Fig. 6c, moving mean durations of 
consecutive groups of 50 open intervals were less 
than 10 msec for many intervals, then suddenly 
shifted to values more than 10 times longer which 
were maintained for hundreds of intervals. Corre- 
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Fig. 6. (a) Current through the intermediate C1- channel is shown with low time resolution in the upper trace (filtered at 360 Hz), part of 
which is shown expanded in the lower trace (filtered at 3 kHz). The inward current direction is downward. The pipette solution 
contained 150 mM NaCI and 5 mM Tris; pH was adjusted to 7.2 with HC1. The bath solution contained 750 mM NaC1 and 5 mM Tris; pH 
was adjusted to 7.2 with HCI. The membrane potential was -40 inV. (b) Amplitude histogram of the current record shown in a. The 
horizontal coordinate represents relative current amplitude and the vertical coordinate relative number of the events. (c) The stability 
plots for the open and shut intervals in the record shown in a. Averages of durations of 50 successive intervals are plotted semilo- 
garithmically against interval number. The overall means are shown as bars in the right-hand side: 5.0 msec for the open intervals, 5.6 
msec for the shut intervals. Limit of resolution in our system is shown with the dotted lines, under which individual intervals may be 
underestimated 

I 8pA '400 ms ~ 

i 50ms '  

Fig. 7. Apparent subconductance states of the intermediate C1- 
channel. Part of the upper trace is shown expanded in the lower 
trace. Vm = 90 mV; the outward current direction is upward. The 
pipette solution contained 150 mM NaC1, 5 mM HEPES and 4 mM 
EGTA, pH was adjusted to 7.2 with Tris; free Ca z+ was 3 /xM. 
The bath solution contained 450 mM NaC1, 5 mM HEPES and 4 
mM EGTA; pH was adjusted to 7.2 with Tris; free Ca 2+ was 1 n~ 

sponding changes in the mean shut intervals were 
not apparent. A sudden change in mean interval 
durations indicates a shift to another mode of kinet- 
ics [3, 31]. Thus, the stability plots suggest at least 
two modes are present in the intermediate C1- chan- 

nel. As has been shown in Fig. 4 and from observa- 
tions in many other patches, open intervals were 
usually of the order of tens of milliseconds. The 
longer mode in the patch shown in Fig. 6, thus, 
corresponds to the usual one, and the shorter mode 
is to be interpreted as unusually brief. We could 
easily detect the appearance of the briefer mode 
because its bursts were rapid compared to the usual 
bursts, as in Fig. 6a. The mode appeared in less 
than a tenth of all patches examined, and only occa- 
sionally appeared even in such patches. We never 
observed a patch with only the brief mode. 

An apparent subconductance state(s) was occa- 
sionally observed (Fig. 7). The state(s) in the inter- 
mediate CI- channel was most frequently observed 
when polarization of the membrane was large 
enough to reduce the open probability of the chan- 
nel. The state(s) was almost always accompanied 
by rapid openings and closings as shown in the left- 
hand part of the lower trace. 

We studied regulatory effects of intracellular 
Ca 2+ and pH on the intermediate C1- channel. Free 
calcium concentrations in the bath solutions were 1 
nM, 100 riM, 3 ~M and 30/zM; and pH values were 
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Fig. 8. Effect of  DIDS on the intermediate C1- channel .  The pipette solution contained 150 mM NaCl, 5 mM HEPES and 4 m g  EGTA;  
pH was adjusted to 7.2 with Tirs; free Ca 2+ was calculated to be less than 1 riM. The bath solution contained 450 mM NaC1, 5 mM 
HEPES and 4 mM EGTA;  pH was adjusted to 7.2 with Tris; free Ca 2+ was calculated to be less than 1 riM. The concent ra t ions  of  DIDS 
are indicated above the current  traces.  The  control solution contained no DIDS. The membrane  potential was - 3 0  inV. (a) Current  
traces f rom a patch with only one intermediate C1- channel�9 After  the control recording, the bath solution including 100/a,M DIDS was 
perfused,  followed by washou t  with the control solution. The inward current  direction is downward.  The trace was filtered at 1.8 kHz 
( - 3  dB). (b) Current  traces f rom another  patch which contained three intermediate CI- channels .  The dotted lines represent  the cur rent  
level with no channels  open.  The solutions including increasing doses of  DIDS (from 1 /xM to 1 mM) were success ive ly  perfused.  Open 
probabilities (Po) are described under  the traces. Filtered at 160 Hz ( - 3  dB) 

6.6, 6.9, 7.2, 7.5 and 7.8. Neither changes in Ca 2+ 
concentrations nor pH caused any reproducible 
change in the open probability or the moding behav- 
ior of the channel. 

Because pH buffers such as HEPES have been 
reported to block C1- channels in Drosophila neu- 
rons [48], the effect of several buffers on the inter- 
mediate CI- channel activity was also examined. 
They were HEPES (5 or 20 raM), Tris (5 mM), BES 
(5 mM), TES (5 mM) and EGTA (5 or 20 mM). A 
control solution contained 150 mM NaCI and 5 mM 
Tris, and was adjusted to pH 7.2 with HC1. Varying 
the buffers, solely or in combination, caused no 
change in the moding behavior or appearance of the 
subconductance states. 

We examined the effect of DIDS, a widely used 
C1 channel blocker , on the intermediate C1- chan- 
nel activity in 10 patches. The blockade was flick- 
ery, reversible (Fig. 8a), and dose dependent (Fig. 
8b). As shown in Fig. 8b, the open probability re- 
mained similar to the control value until the dose 
was over 10/XM; it was reduced to near zero with 
100/xM DIDS. 

L A R G E  C l -  C H A N N E L  

Like the intermediate Cl- channel, the large Cl- 
channel was not immediately observed upon exci- 
sion of the patch. The latent time was longer than 
that for the intermediate C1- channel present in the 
same patches. Voltage dependence of the large Cl- 

channel was more prominent than that of the inter- 
mediate C1- channel. The large C1- channel became 
less active with increasing polarization in either di- 
rection, and was rarely observed at stationary volt- 
ages more than 50 mV or less than -50 mV. The 
voltage dependence was most clearly demonstrated 
with voltage jumps, as shown in Fig. 9a. The large 
C1- channel appeared as bursts, which became inac- 
tivated more quickly with larger voltage jumps in 
either direction. 

Figure 9b shows the I-V relationship of the large 
CI- channel (obtained with 50 patches). With sym- 
metrical 150 mM NaCI solutions, the relationship 
was linear; the conductance was 328 pS. The rever- 
sal potentials were 18 mV with 450 mM NaC1 in the 
bath (n = 4), and 27 mV with 750 mM NaC1 in the 
bath (n = 6). According to the Goldman-Hodgkin- 
Katz equation, permeability ratios for C1- to Na + 
were 5.2 and 6.4, respectively. 

The large C1- channel frequently showed sub- 
conductance states. Consecutive current traces are 
shown in Fig. 10a. The current fluctuated not only 
between the fully open and shut states, but also 
stayed at intermediate levels between the two 
states, which is prominent in the second and third 
traces. Some sections, as shown expanded in Fig. 
lOb,i, were well resolved as subconductance states; 
while others, as shown in Fig. 10b,ii, were not. The 
intermediate current level (especially in the third 
trace of a) showed an apparent increase in the noise 
level as compared to the fully open and shut states. 
The apparent increase in noise might represent 
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Fig, 9. Current traces and current-voltage relationships of the large C1- channel. (a) Current traces obtained with voltage jumps from 0 
mV. The test voltages are indicated at the left side. The pipette and the bath solutions contained 150 mM NaC1, 5 mM HEPES and 4 m s  
EGTA; pH was adjusted to 7,2 with Tris; free Ca 2+ was less than 1 riM. The record was filtered at 900 Hz ( - 3  dB). (b) Current-voltage 
relationships obtained with symmetrical 150 mM NaC1 solutions (O) (n -+- 50) and solutions giving threefold ([i]) (17 = 4) and fivefold (A) 
(n = 6) concentration gradients. The pipette solutions contained 150 mM NaCI, 5 mM HEPES and 4 mM EGTA; pH was adjusted to 7.2 
with Tris; free Ca z+ was 1 nM to 30/xM. The bath solutions contained: 150 mM NaCI (�9 450 mM NaC1 ([1) or 750 mM NaC1 (z~); 5 mM 
HEPES;  pH adjusted to 7.2 with Tris; 4 mM EGTA; free Ca 2+ was 1 nM to 30 tzM. Standard errors of  the mean are shown by bars when 
they are larger than the symbols 

rapid current fluctuation between two subconduc- 
tance states rather than a single, noisy subconduc- 
tance level. Because of the increased noise of the 
subconductance current levels, we filtered the re- 
cord at 6 Hz in order to see the averaged subcon- 
ductance states. The result is shown in Fig. 10c; the 
apparent subconductance levels, which were possi- 
bly modified by rapid kinetics, were composed of at 
least six levels. 

With HEPES, Tris, TES or BES as a pH buffer, 
similar subconductance states were observed with 
similar frequency. The subconductance states, 
thus, were not due to the effect of the buffers, an 
effect which has been reported in Drosophila neu- 
rons [48]. Neither free Ca 2+ concentration nor pH 

of the bath solution affected the open probability of 
the large CI- channel or the frequency of the sub- 
conductance states. 

Sections of current traces which did not include 
subconductance states did not have unusually fast 
bursts, suggesting absence of the moding behavior 
in the large C1- channel. The stability plots of the 
large C1- channel showed little fluctuation in the 
open intervals (Fig. 11). 

The effect of DIDS on the large C1- channel 
was examined in six patches. Figure 12 shows cur- 
rent traces obtained with a voltage-jump experi- 
ment. DIDS (100 /ZM) caused flickery block at I0 
and 20 mV. At 30 mV, early inactivation was fol- 
lowed by very short openings. The mean of open 
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Fig. 11. Stability plots for open and shut intervals of the large 
CI- channel. Averaged durations of 50 successive open or shut 
intervals are plotted semilogarithmically against interval num- 
ber. Plots are interrupted to avoid a section corresponding to the 
subcondnctance states. One division on the horizontal coordi- 
nate corresponds to 500 intervals. Limit of resolution is shown 
with the dotted lines, under which individual intervals may be 
underestimated. The pipette solution contained 150 mM NaC1 
and 5 mM Tris; pH was adjusted to 7.2 with HC1. The bath 
solution contained 750 mM NaC1 and 5 mM Tris; pH was adjusted 
to 7.2 with HC1. Vm = --20 mV 

intervals at 20 mV was 82.6 msec with control solu- 
tion and 8.1 msec with 100/xM D1DS. The mean of 
shut intervals at 20 mV was 0.7 msec with control 
solution and 0.6 msec with 100 /XM DIDS. With 1 
mM DIDS, clearly resolved current steps were not 

observed. The effect of DIDS on the large CI- chan- 
nel was irreversible. 

SMALL C1- CHANNEL 

The small C1 channel was observed in 35 out of 396 
patches, least frequently among the three C1- chan- 
nels. In patches including both the small and the 
intermediate C1 channels, the small C1- channel 
was less voltage sensitive. Current traces from a 
patch including both the intermediate and small CI- 
channels are shown in Fig. 13a. The pipette solution 
contained 150 mM NaC1, and the bath solution con- 
tained 450 mM NaC1. At 120 mV, only the small C1- 
channels were observed, and transient subconduc- 
tance state(s) also appeared. At -30  and -90  mV, 
the smaller steps correspond to the small CI- chan- 
nel, and the larger steps correspond to the interme- 
diate C1- channel. Figure 13b shows the I-V rela- 
tionships of the small C1- channel with symmetrical 
solutions (n = 35) and with solutions giving a three- 
fold C1- gradient (n = 2). The curve with symmetri- 
cal 150 mM NaC1 solutions showed outward-going 
rectification, especially with negative voltages, and 
the slope conductance around 0 mV was 15 pS. 
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with no channel  open.  Both the pipette and bath solutions con- 
tained 150 mM NaC1 and 5 mM BES; pH was adjusted to 7.2 with 
NaOH.  The control solution without  DIDS was replaced succes-  
sively by the solutions containing 100 ~M and 1 mM DIDS. The 
current  traces were filtered at 1.3 kHz ( - 3  dB) 

From the shift in reversal potential of 24 mV with 
450 mM NaC1 in the bath, we calculate that the 
small CI- channel was more permeable to C1- than 
Na + by a factor of 15.6. The small C1- channel was 
insensitive to intracellular Ca 2+. Effect of DIDS 
was not examined for the small C1- channel. 

A C T I V A T E D  U 9 3 7  

U937 cells activated by rIFNy (n > 80), rIFN~A 
(n > 40) or TPA (n > 40) were studied in the same 
way as the unstimulated cells. All four channels de- 
scribed above were observed in inside-out patches 
without any particular changes in the channel prop- 
erties. The latency to first appearance of the CI- 
channels was similar. 
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Fig. 13. Current  traces and current-voltage relationships of  the 
small C1 channel .  (a) Current  traces at 120, - 3 0  and - 9 0  mV. 
The pipette solution contained 150 mM NaC1, 5 mM HEPES and 
4 mM EGTA;  pH was adjusted to 7.2 with Tris; free Ca 2+ was 3 
txM. The bath solution contained 450 m u  NaC1, 5 mM HEPES 
and 4 mM EGTA;  pH was adjusted to 7.2 with Tris; free Ca 2+ 
was 1 riM. In the traces at - 3 0  and - 9 0  mV,  current  steps of  two 
different ampli tudes can be recognized.  The larger current  steps 
correspond to the intermediate C1- channel ;  the smaller steps 
correspond to the small  C1- channel .  The current  steps at 120 
mV represent  only those  through the small  C1- channel .  The 
subconductance  states are indicated by a horizontal  bar with an 
asterisk. The  traces were filtered at 900 Hz ( - 3  dB). (b) Current-  
voltage relationships obtained with symmetr ica l  150 mN NaC1 
solutions and solutions giving a threefold NaC1 gradient. The 
pipette solution contained 150 mM NaCI, 5 m g  HEPES and 4 m g  
EGTA;  pH was adjusted to 7.2 with Tris; free Ca 2. was 1 nN to 3 
/xg. The bath solution contained: 150 mM NaCl (�9 (n = 35) or 
450 m ~  NaCI (rl) (n = 2), 5 m u  HEPES,  pH adjusted to 7.2 with 
Tris, 4 mM EGTA;  free Ca 2+ was 1 nM to 30 /xg .  Standard errors 
of  the mean  are not  shown because  they are smaller than the 
symbol  

Discussion 

K + C H A N N E L  

The K + channel of U937 is a Ca2+-activated K ~ 
channel with small conductance (SK channel) that 
shows inward-rectification and is relatively voltage 
independent. Similar channels have been described 
in red blood cells [18], skeletal muscle [4], HeLa 
cells [38], an anterior pituitary cell line [27], renal 

epithelioid cells [12], aortic endothelial cells [37], 
and human B lymphocytes  [28]. Recently Gallin 
has described a CaZ+-activated inwardly recti- 
fying K + channel in cultured human macrophages 
[15]. This macrophage K § channel had a conduc- 
tance of 37 pS, which was slightly larger than that of 
the K + channel described here (28 pS). The differ- 
ence is not due to the voltage range over which this 
rectifying conductance was measured. Our K + 
channel varied only from 28 to 31 pS over the entire 
voltage range of - 1 0 0  to - 1 8 0  mV. In human 
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monocytes and mouse macrophages, a classical in- 
ward-rectifying K + channel with 29-pS slope con- 
ductance has also been reported [16, 30]. However, 
the open probability of the K § channels in the litera- 
ture was insensitive to Ca 2+, voltage dependent, 
and their outward current was never observed. 
Thus the channels differ from the present K + 
channel. 

The inward-rectifying Ca2+-activated K + chan- 
nel differs from the large conductance Ca 2+- 
activated K + channel (BK channel, [1, 35]) that is 
present in human monocytes [14, 16, 29] and human 
alveolar macrophages (our observation). In circu- 
lating monocytes, the BK channel is absent, but is 
expressed after culture for several days [16]. In al- 
veolar macrophages, such culture was not neces- 
sary to observe the channel (our observation). The 
observations that U937, a promonocyte [42J, does 
not have BK channel and that the alveolar macro- 
phage, a mature cell, has a BK channel lead to a 
speculation that the BK channel is expressed after 
differentiation. However, activation of U937 with 
rlFNy, rlFNo~A or TPA did not cause expression of 
the BK channel. Therefore, U937 cells differ from 
monocytes/macrophages in the expression of the 
BK channel. 

A delayed outward-rectifying K + channel has 
been reported in mouse macrophages [17, 24, 36, 
50] and U937 cells [39]. Our failure to detect this 
channel does not imply the absence of the channel 
because it may not be observed in inside-out 
patches [5]. Another type of K § channel has also 
been reported in U937 cells by McCann et al. [29]. 
The channel was observed only with positive poten- 
tials, was voltage dependent and Ca 2+ insensitive. 
The channel is, thus, different from the K + channel 
in the present study. 

C1- CHANNELS 

In monocytes/maci-ophages, only one kind of Cl 
channel, which is similar to the large C1- channel in 
the present study, has been reported [24, 36, 4l]. 
The channel was observed mainly in inside-out 
patches and only occasionally in cell-attached 
patches. Our finding that the C1- channel had a la- 
tent period before being observed agrees with the 
previous studies and suggests existence of some 
factor(s) inhibitory to the channel in situ. The large 
C1 channel we describe also shares another promi- 
nent characteristic with other C1- channels: fre- 
quent appearance of subconductance states [11, 24, 
26, 36, 41]. Excess filtering of the current record 
revealed six levels of the apparent subconductance 
states. If the increased noise level in the original 

current traces was due to rapid fluctuation between 
two specific subconductance states, the current 
level revealed with the filtering would be deter- 
mined by the ratio of durations of the open and shut 
intervals. The number of such kinetic states might 
be multiple, as well as the number of subconduc- 
tance levels. Relative stability of both the combina- 
tion of subconductance levels and kinetics might 
result in a current trace as shown in Fig. 10b,iii, and 
instability of either might result in a current trace as 
shown in Fig. 10b,ii. The possibility of contamina- 
tion by the intermediate and the small C1 channels 
should be considered as well. Amplitude of the 
apparent subconductance steps in the large C1- 
channel was similar to the single-channel amplitude 
of the intermediate C1- channel under similar exper- 
imental conditions. However, the absence of cur- 
rent steps superimposed on the fully open state of 
the large CI- channel makes this possibility un- 
likely. 

The intermediate and the small C1- channels in 
the present study have not been described in mono- 
cytes/macrophages. They had characteristics par- 
tially similar to Cl- channels in other preparations. 
The intermediate C1- channel most resembled the 
slow CI- channel in rat skeletal muscle [2]. The 
mean open time of both channels was tens of milli- 
seconds. Both channels were voltage dependent. 
However, the voltage dependence of the CI- chan- 
nel in rat skeletal muscle at positive potentials was 
not examined and cannot be compared. Neither 
channel could be observed in cell-attached patches, 
and neither was sensitive to intracellular Ca 2+. The 
intermediate C1- channel occasionally showed 
moding behavior; mean open time was shifted from 
tens of milliseconds to a few milliseconds or less. 
This moding behavior made the intermediate CI- 
channel like the fast CI- channel in rat skeletal mus- 
cle [2]. However, the skeletal muscle fast C1- chan- 
nel and the intermediate U937 C1- channel differed 
in other ways. The skeletal muscle fast channel was 
active in cell-attached patches, while the U937 C1- 
channel was not. While the skeletal muscle fast 
C1- channel was inhibited by low pH, the U937 C1- 
channel was not affected by intracellular pH. The 
U937 channel had a smaller permeability ratio of 
CI- to Na + than the skeletal muscle channel, al- 
though the ratios of both were smaller than those of 
C1- channels in heart [10], and lymphocytes [8]. 
Permeability to CH3SO4 also differed; in the skele- 
tal muscle C1 channels [2], current was decreased 
to near noise level when CI- was replaced by 
CH3SO4; in the intermediate U937 C1- channel, the 
current with C H 3 S O  4 w a s  0.7 times as large as that 
with CI-. Chloride channels in human airway epi- 
thelium resemble both the intermediate and small 
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C1- channels in their 1-V relationships and bursting 
appearance [13, 45]; however, the epithelial chan- 
nels are more C1- selective and voltage inde- 
pendent. 

Apparent subconductance states of the interme- 
diate CI- channel were almost always accompanied 
by rapid openings and closings. Although they are 
possibly due to occurrence of another mode too 
rapid to be resolved with normal conductance, we 
cannot exclude the existence of subconductance 
states. 

Anionic buffers such as HEPES have been re- 
ported to block C1- channels and make them poly- 
mers of many elementary channels in Drosophila 
neurons [48]. In the present study, however, an- 
ionic buffers, HEPES, BES, TES and EGTA, as 
well as a cationic buffer, Tris, had no effect on the 
kinetics or occurrence of the subconductance states 
of all the CI- channels. Thus, these buffers can be 
used in U937 experiments without deleterious ef- 
fect. However, CH3SO4- cannot be used as an im- 
permeant anion. 

CELLULAR ACTIVATION 

We could not detect any change in characteristics of 
ionic channels in inside-out patches from U937 cells 
after treatment with rIFNy, rlFNo~A or TPA. Thus, 
from our observations, ionic channels are not func- 
tional markers of U937 activation, at least as mea- 
sured in excised patches. Other changes might be 
detected in outside-out patches or with the whole- 
cell configuration. 

Another approach to studying roles of ionic 
channels in monocytes/macrophages would be to 
carry out experiments on intracellular vesicles. 
Chloride channels in other preparations have been 
proposed to participate in pH regulation in endo- 
somes [46, 47] and Ca2+-uptake in endoplasmic re- 
ticulum [23, 40]. Because receptor-recycling [7] and 
intracellular Ca 2+ stores [21] have been shown to be 
important in monocytes/macrophages, the presence 
of CI- channels in such intracellular vesicles should 
be examined. 

We would like to thank Dr. Leslie C. McKinney for critically 
reviewing the manuscript, and Dr. Hidetada Sasaki for helpful 
discussions. 
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