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Abstract. The transition of a resting macrophage into 
the activated state is accompanied by changes in mem- 
brane potential, cytoplasmic pH, and intracellular cal- 
cium (Ca/). Activation of C1- as well as H+-selective 
currents may give rise to stimulus-induced changes in 
membrane potential and counteract changes in intra- 
cellular pH (PHi) which have been observed to be close- 
ly associated with respiratory burst activation and su- 
peroxide production in macrophages. We carried out 
whole-cell voltage clamp experiments on human mono- 
cyte-derived macrophages (HMDMs) and characterized 
currents activated following an elevation in Ca/using 
isosmotic pipette and bath solutions in which C1- was 
the major permeant species. Ca; was elevated by ex- 
posing cells to the Ca 2+ ionophore A23187 (1-10 gM) 
in the presence of extracellular Ca 2+ or by internally ex- 
changing the pa tch-e lec t rode  solut ion with ones 
buffered to free Ca 2+ concentrations between 40 and 
2,000 riM. We have identified two Ca2+-dependent ion 
conductances based on differences in their characteris- 
tic time-dependent kinetics: a rapidly activating C1- 
conductance that showed variable inactivation at depo- 
larized potentials and a H + conductance with delayed 
activation kinetics. Both conductances were inhibited 
by the disulfonic acid stilbene DIDS (100 ~tM). Current 
activation for both Ca2+-dependent conductances was 
phosphorylation dependent, neither conductance ap- 
peared in the presence of the broad spectrum kinase in- 
hibitor H-7 (75 gM). Inclusion of the autophosphory- 
lated, Ca2+/calmodulin-dependent protein kinase in the 
pipette in the presence of ATP induced a rapidly acti- 
vating current similar to that observed following an el- 
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evation in Ca/. Activation of both conductances would 
contribute to the changes in membrane potential which 
accompany stimulation-induced activation of macro- 
phages as well as counteract the decrease in pH i during 
sustained superoxide production. 
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Introduction 

Activation of phagocytic cells occurs following the 
binding of soluble and particulate ligands to cell mem- 
brane receptors. Early events that occur following lig- 
and binding include changes in membrane potential, 
ion fluxes, and alterations in levels of cytosolic calci- 
um (Ca/) and cytosolic pH (PHi). Transient increases in 
Ca/that occur during adherence (Kruskal & Maxfleld, 
1987), phagocytosis (Lew et al., 1985; Jaconi et al., 
1990) and the binding of soluble ligands e.g., platelet 
activating factor to macrophage surface receptors (Con- 
rad & Rink, 1986) have been shown to activate K + 
channels (Gallin, 1984, 1989; Nelson, Jow & Jow, 1990; 
Hara et al., 1991; Randriamampita, Bismuth & Traut- 
mann, 1991) as well as nonselective cation channels 
(Lipton, 1986; Katnik & Nelson, 1993) in macrophage 
membranes. Large conductance chloride (C1-) chan- 
nels, absent in resting macrophages, can be elicited by 
exposure of peritoneal macrophages to the phagocytic 
stimulus zymosan during cell-attached recordings (Kolb 
& Ubl, 1987). In the studies of Kolb and Ubl (1987), 
large conductance anion channel activation could also 
be mimicked by the addition of A23187 to Ca2+-con - 
taining solutions, thus suggesting the presence of a third 
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class of channels controlled via changing levels of in- 
ternal Ca/. 

We examined Cae+-stimulated whole-cell currents 
in the in vitro differentiated macrophage. We observed 
currents which were of two kinetic types: a rapidly ac- 
tivating current which was sensitive to changes in ex- 
ternal CI- concentration and a second current with de- 
layed activation kinetics which was insensitive to 
changes in external CI-. 

Activation of the rapidly activating Ca2+-dependent 
C1- current in macrophages is via phosphorylation by 
the multifunctional Ca2+/calmodulin-dependent protein 
kinase (CaMKII). We demonstrate that intracellular 
application of the isolated, activated kinase elicits a 
C1- current similar in its kinetic phenotype to that seen 
in the presence of the calcium ionophore A23187. 

The selectivity of the Ca2+-dependent, slowly ac- 
tivating current indicated that H + was the charge carri- 
er. Proton conductances have been described in a va- 
riety of cell types including neurons (Byerly, Meech & 
Moody, 1984), oocytes (Barish & Baud, 1984), alveo- 
lar cells (DeCoursey, 1991), and neutrophils (De- 
Coursey & Cherny, 1993). Activated phagocytic cells 
undergoing a respiratory burst produce intracellular acid 
and must secrete protons to regulate internal pH. The 
slowly activating outward current observed following an 
increase in Cai in our studies is the first report of a pro- 
ton conductance capable of mediating proton efflux in 
human monocyte-derived macrophages (HMDMs). 

The present work examines the Ca2+-dependent 
activation of both C1- and H + currents in HMDMs. 
Evidence is presented demonstrating that both conduc- 
tances are sensitive to the disulfonic acid stilbene DIDS 
and that the activation of both conductances is phos- 
phorylation dependent. Proton conductance activation 
in HMDMs may be indirect and involve stimulation of 
Ca 2+- and phosphorylation-dependent metabolic acid 
production. 

Materials and Methods 

Mononuclear cells from normal human blood were separated from 
neutrophils and erythrocytes by Ficoll-Hypaque density gradient cen- 
trifugation as previously described (Nelson, Jow & Jow, 1990). Cells 
isolated from the mononuclear fraction were washed three times with 
RPMI-1640 growth medium, resuspended in RPMI-1640 supple- 
mented with 10% autologous human serum, and plated at a density 
of  1 • 106 cells/ml on uncoated 35 mm tissue culture dishes which 
had been finely scored with a fine wire brush. The scoring of the tis- 
sue culture dishes greatly aided growth and long-term differentiation 
in culture. After one hour incubation, the adherent cells were washed 
three times with non-serum-containing RPMI-1640. Adherent cells 
were incubated with serum-containing medium, which was replaced 
the day following the isolation procedure. 

Alternatively, human monocyte-enriched leukocyte fractions, 
suspended in RPMI-1640 containing 10% autologous human serum, 
100 U/ml penicillin and 50 gg/ml  streptomycin were cultured in 

Teflon vials (Savillex, Minnetonka, MN) at 37~ in a 5% CO 2 air at- 
mosphere prior to their introduction into adherent culture. 

ELECTROPHYSIOLOGY 

Whole-cell recordings from HMDM membranes were obtained using 
the techniques of Hamill et al. (1981). A dish containing cultured cells 
was placed in a chamber on the movable stage of an inverted micro- 
scope equipped with phase-contrast optics. Recording pipettes were 
formed from soda lime glass (Blue-Dot Hematocrit Glass; Fisher 
Scientific, Pittsburgh, PA) using a horizontal puller (Model P-87, Sut- 
ter Instruments, San Rafael, CA). Experiments were performed at 
room temperature (21-23~ 

Whole-cell currents were obtained using a List EPC-7 (List 
Electronic, Darmstadt, Germany) voltage clamp. In general, voltage 
pulses of  1.7 sec in duration were delivered once every 10 sec. The 
interpulse interval was sufficient to allow for recovery from the ef- 
fect of  the preceding pulse. The output of the current-to-voltage 
converter was filtered through a low pass filter at 500 Hz. The cur- 
rent signal was sampled at 1 kHz by a 12 bit A/D converter (Data 
Translation 2818, Marlborough, MA) and written into data files us- 
ing an IBM-AT. Summary data are expressed as means -+ standard 
error of the mean with the number of experiments in parentheses. 

SOLUTIONS 

The bath solution contained (in mM): 140 N-methyl-D-glucamine 
(NMDG)-C1, 2 CaC12, 2 MgC12, and 10 N-2-hydroxy-ethylpiperazine- 
N'-2-ethanesulfonic acid (HEPES) buffered to pH 7.4. The pipette so- 
lution contained: 40 NMDG-C1, 100 NMDG-glutamate, 2 MgCI z, 1 
Mg-ATP, 10 HEPES and a Ca-EGTA buffer to yield a desired free 
Ca 2+ concentration buffered to pH 7.2. The CaC12 and EGTA com- 
position of the internal solutions varied according to experimental pro- 
tocol. Ca-EGTA buffer solutions were prepared according to the pro- 
cedure described by Neher (1988): A solution of 200 mM EGTA was 
neutralized with a NMDG-OH to a pH of 6.5. A portion of this solu- 
tion was diluted twofold, neutralized with NMDG-OH to a final pH 
of 7.2, and stored as 100 mM Ca2+-free EGTA stock solution. A sec- 
ond stock solution was prepared by adding 200 mM CaC12 to the 200 
mM Ca2+-free EGTA stock solution and titrating with NMDG-OH 
back to pH 7.2. The Ca2+-EGTA buffer solution was diluted to a fi- 
nal concentration of 100 mM and titrated back to pH 7.2. Both solu- 
tions were stored at 4~ Ca-EGTA buffered pipette solutions were 
made by adding aliquots of  the two stock solutions of 100 mM Ca 2+- 
EGTA and 100 mM NMDG-EGTA to the Ca-EGTA free pipette so- 
lution to achieve the desired final free Ca 2+ concentration. Using this 
procedure, we did not observe large shifts in pH which normally oc- 
cur when CaC12 is added directly to EGTA-containing solutions. The 
free Ca 2+ concentration was calculated assuming an apparent disso- 
ciation constant of the Ca-EGTA complex of 0.15 gM at pH 7.2 us- 
ing the methodology of Fabiato and Fabiato (1979). Composition of 
the pipette solutions with varying Ca2+-buffering capacities are giv- 
en in Table 1. Solution osmolarities were monitored using a vapor 
pressure osmometer (Model 5500, Wescor, Logan, UT). 

Superfusion of the cells was performed by exchanging the bath 
at a rate of  3cc/min via a gravity feed superfusion system. In specific 
experiments, intrapipette solutions were exchanged during the record- 
ing period using the method of Soejima and Noma (1984). 

The selectivity of  the currents was determined by replacing the 
NMDG-C1 in the  bath solution with an isosmolar amount of  an ap- 
propriate NMDG salt. In those experiments where the halide com- 
position of the solution was changed, the ground electrode was con- 
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Table 1. Calcium buffer composition of internal pipette solutions of 
varying buffering capacity 

Calculated 
free-Ca 2+ Buffering Free EGTA Ca2+-EGTA 
(nM) Capacity (mM) (raM) 

34 Low 0.3 0.05 
100 Low 0.45 0.16 
345 Low 0.45 0.30 

43 High 1.0 0.20 
39 High 11.0 2.0 

100 High 11.0 4.0 
200 High 11.0 6.0 
500 High 11.0 8.0 

1,080 High 11.0 9.5 
2,000 High 11.0 10.2 

Free Ca 2+ was calculated assuming an apparent dissociation constant 
for EGTA of 0.15/~M at pH 7.2 using the methodology of Fabiato and 
Fabiato (1979). 

18 mm diameter hole was punched into the bottom of a 35 mm plas- 
tic culture dish. A 22 • 22 mm, acid-cleaned coverslip was fixed to 
the outside surface of the dish covering the hole, using Sylgard 184 
silicone elastomer (Dow-Coruing, Midland, MI). Dishes were placed 
in a drying oven at 55~ for 1 hr to allow for sufficient Sylgard cur- 
ing and sterilized with 70% ethanol immediately prior to use. A drop 
of the mononuclear cell suspension (0.1 ml) was placed in the center 
of the exposed coverslip and incubated for 1 hr at 37~ in a humidi- 
fied 5% CO2:95% 02 environment. Following incubation and initial 
cell attachment, cells were washed twice with HBSS buffered with 10 
mM HEPES. Cells were loaded with BCECF (5 gM) in HBSS buffered 
with 10 mM HEPES for 20 min at room temperature. This loading 
solution also contained 0.1% bovine serum albumin (BSA) to prevent 
nonspecific dye binding. Following the loading procedure, cells were 
washed and incubated for 30 min in HBSS with 10 mM HEPES, pH 
7.4 to allow time for maximal dye desterification. Cells were washed 
again prior to use. All experiments were performed within 2 hr after 
completion of BCECF loading. 

MICROFLUORIMETRY 

nected to the bath solution via an agar salt bridge to minimize elec- 
trode junction potentials. 

DIDS (4",4'-diisothiocyanatostibene-2',2'-disulfonic acid), the 
Ca 2+ ionophore A23187, H-7 (1-(5-isoquinolinylsnlfonyl)-2 methyl- 
piperazine (dihydrochloride)), Mg-ATP, and ATP-7-S were purchased 
from Sigma (St. Louis, MO). The Ca 2+ ionophore, A23187, was sol- 
ubilized in DMSO and stored as a 10 mM stock solution at -20~ 
Aliquots of  the 10 mM stock A23187/DMSO solution were diluted to 
a final concentration of 1-10 gM in NMDG-C1 bath solution just pri- 
or to use (final DMSO concentration less than 0.1%). Voltage 
clamped cells were acutely exposed to the ionophore via bath solu- 
tion exchange during the electrophysiological recordings. 

The multifunctional Ca2+-calmodulin dependent protein kinase 
(CaMKII) purified from rat brain, a generous gift from H. Schulman 
(Stanford University, Stanford, CA), was aliquoted, stored at - 80~  
in 25 mM Tris-HC1 (pH 7.4), 1 mM EGTA, 100 mM NaC1, and 10% 
glycerol. The kinase was prepared for the electrophysiological ex- 
periments according to previously published methodology (Nishi- 
moto et al., 1991; Wagner et al., 1991) and delivered to the cell in- 
terior via inclusion in the patch pipette solution. The purified kinase 
was thawed and made autonomous by the incubation of 100 gg/ml 
CaMKII with 600 ~IM calmodulin, 500 gM ATP-'y-S, and 1 mM CaC12 
for 10 min at 4~ immediately before the patch clamp experiments 
were performed. The reaction was terminated by addition of 20 mM 
EDTA. The mixture was diluted fivefold with the pipette buffer so- 
lution and kept on ice. In experiments in which cells were dialyzed 
with the activated kinase, the  tip of  the pipette was prefilled with ki- 
nase-free pipette solution after which approximately 10 gl of activated 
kinase solution (approximately 20 gg/ml) was sandwiched between 
kinase-free pipette solution. Failure to prefill the tip of the pipette with 
kinase-free solution resulted in a significant reduction in the rate of 
seal formation. 

All experiments were carried out at room temperature. Where 
a multiple number of experiments were performed for a given ex- 
perimental condition, data are expressed as means _+ SEM with the 
number of experiments in parentheses. 

CELL LOADING WITH FLUORESCENT PROBES 

Cells were maintained in suspension culture and plated on glass-bot- 
tom culture dishes approximately 4-8 hr prior to recording. Dishes, 
which served as recording chambers, were constructed as follows: an 

Dye excitation illumination was provided by a Photon Technology In- 
ternational (PTI) D-104 dual wavelength illumination system. The D- 
104 consisted of a 75 W Xenon arc lamp, a variable speed reflective 
optical chopper under computer control which alternated the excita- 
tion illumination between 440 and 495 nm through two optical filters. 
The illumination system was coupled to the microscope via a fiber op- 
tic cable. Excitation light was deflected with a 510 nm dichroic mir- 
ror through a 40•  phase (Nikon Fluor, N.A. 0.85) fluorescence ob- 
jective. Emitted fluorescence filtered at 520 nm was collected by a 
Hammamatsu R928 photomultiplier tube and photon-counting pho- 
tometer through a variable rectangular aperture roughly equal to the 
area of the single cell. Photomultiplier output was sampled at 10 Hz 
and processed using a PTI interface on a NEC 386/20 personal com- 
puter. 

Results 

Ca2+-DEPENDENT CURRENT ACTIVATION 

HMDMs which had been maintained in culture for up 
to three weeks were studied under whole-cell voltage 
clamp. Experiments were performed using pipette and 
bath solutions containing NMDG as a Na + and K + re- 
placement, and CI-  as the major permeant ion. Exper- 
iments were performed in asymmetrical CI-  solutions 
(Nernst potential for CI-  in these studies was - 3 0  mV). 
We studied Ca2+-dependent conductance activation in 
macrophages in response to an elevation in Cai, elicit- 
ed either by exposure of the cells to the Ca 2+ ionophore 
A23187 or by dialysis of the cell with pipette solutions 
buffered to free Ca 2+ concentrations of between 40 and 
2,000 riM. We omitted K + from our experimental so- 
lutions since Ca2+-activated K + conductances in macro- 
phages have been extensively characterized elsewhere 
(Gallin, 1984; 1989; Randriamampita & Trautmann, 
1987; Gallin & McKinney, 1988; Nelson et al., 1990). 
In the presence of extracellular Ca 2+, A23187 (1-10 
/.tM) induced significant current activation. When iono- 



16 K.O. Holevinsky et al.: Ca2+-dependent Currents in Macrophages 

phore was introduced in a nominally Ca2+-free solution, 
no significant current increase was observed (n = 2, 
data not shown), indicating that elevated intracellular 
Ca 2+ via the Ca 2+ ionophore was responsible for the 
current activation. 

Current activation in the absence of a Ca 2+ stimu- 
lus was not observed. In the unstimulated cell with 
pipette solutions containing less than 45 nM free Ca 2+ 
using both high and low buffering capacity pipette so- 
lutions (see Table 1), the average current at the most de- 
polarized potential of 100 mV showed a slight decrease 
over time. The mean change in current amplitude over 
a control recording period of up to 45 min was - 6 8  + 
65 pA (n = 25). 

An increase in Cai resulted in an increase in current 
amplitude across the voltage range (Fig. 1). The time 
course required to achieve maximal levels of current ac- 
tivation was variable and occurred over 10 to 20 min fol- 
lowing membrane disruption with pipette solutions 
buffered to free Ca 2+ levels above 100 nM, as well as 
after exposure of the cells to A23187. The pipette free 
Ca 2+ concentration required to elicit voltage-dependent 
current activation was also variable. Two classes of ion- 
selective currents were observed regardless of  the 
method used to increase Ca r The two Ca2+-dependent 
ion conductances could be distinguished on the basis of 
the time dependence of current activation. Represen- 
tative CaZ+-dependent currents activated in the presence 
of 10 gM A23187 are shown in Fig. 1. The peak cur- 
rent-voltage (/-V) relationship for the currents showing 
rapid activation (Fig. 1A-C) showed moderate rectifi- 
cation as would be expected in asymmetrical C1--con- 
taming solutions. The peak current-voltage (I-V) for the 
second current type (Fig. 1D-F), a slowly activating 
conductance, was characterized by prominent outward 
rectification. The presence of voltage-dependent inac- 
tivation associated with the rapidly activating currents 
was highly variable and currents often appeared time in- 
dependent. 

In general, currents activated in the presence of 
high Ca 2+ buffering capacity pipette solutions (1-11 mM 
EGTA) showed rapidly activating kinetics (Fig. 1A-C). 
The rapidly activating conductance was observed in 
85% (n = 88) of the cells where current activation was 
brought about with pipette solutions of high Ca 2+ buff- 
eting capacity. The mean increase in whole-cell current 
for cells expressing the rapidly activating currents was 
946 _+ 99 pA (n = 51). In contrast, currents elicited 
from cells dialyzed with the solutions of low Ca 2+ buff- 
ering capacity (0.3-0.45 mM EGTA) generally showed 
delayed activation kinetics in the depolarizing range 
(as in Fig. 1D-F). The mean increase in whole-cell cur- 
rent at 100 mV for the delayed conductance following 
activation was 624 _+ 98 pA (n = 25). Currents with a 
delayed time course were observed in 82% (n = 38) of 
the cells following an elevation in Cai in the presence 

of low Ca 2+ buffering capacity pipette solutions. The 
remaining cells activated under either Ca 2+ buffering 
conditions exhibited the alternative current type. Al- 
though there was an apparent trend in the dependency 
of the current kinetic type on the Ca2+-buffering ca- 
pacity of the solution, the dependency was not absolute 
and, therefore, further separation of the currents based 
on the buffering capacity of the internal solutions was 
not made. 

CURRENT ACTIVATION IS DEPENDENT UPON 
CULTURE CONDITIONS 

The fraction of cells which expressed a Ca2+-dependent 
conductance showed an apparent dependence upon cell 
adherence as well as soluble factors in the culture me- 
dia. Only 76% (n = 168) of  the cells which had been 
maintained in adherent culture following isolation ex- 
hibited either type of CaZ+-dependent current. The per- 
centage of cells responding to an increase in Cai with 
current activation increased to 91% (n = 23) if  cells 
were maintained in suspension culture and plated 1 hr 
prior to the electrophysiological experiments. In unre- 
sponsive, long-term adherent cultures, the percentage of 
responsive cells increased to 71% (n = 17 from six 
separate isolations) if the culture medium was changed 
approximately 24 hr prior to the electrophysiological ex- 
periments. 

SELECTIVITY 

The ion selectivity of the two classes of Ca2+-dependent 
currents was determined in experiments in which C1- in 
the bathing solution was replaced with a series of halide 
anions and aspartate. In cells exposed to pipette and 
bath solutions containing 40 and 140 mM CI- ,  respec- 
tively, the current reversal potential following an ele- 
vation in Ca/was  -15 .1  _+ 1.6 mV (n = 47) for the 
rapidly activating current and -12 .8  _+ 4.2 mV (n = 25) 
for the current with delayed activation kinetics. When 
aspartate was substituted for all but 8 mm of the exter- 
nal CI- ,  the current reversal potential shifted in the de- 
polarizing direction by 11.8 + 8 mV (n = 3) for the 
slowly activating current and 35.2 _+ 2.3 mV (n = 3) for 
the rapidly activating current. Results from represen- 
tative experiments for each current type are given in Fig. 
2A and B. Reversal potential measurements indicated 
that aspartate is 0.25 times as permeant as C1- for the 
rapidly activating current and 0.7 times as permeant as 
C1- for the slowly activating current as calculated from 
the Goldman-Hodgkin-Katz equation. A large outward 
current remained in the presence of aspartate for the de- 
layed conductance which was not seen for the rapidly 
activating C1- conductance (gca) indicating that C1- 
was unlikely to be the current carrier for the delayed out- 



A. B, 

1 5 0 0 -  

~"  lOOO- 

5 0 0 -  

0 o 

-500 - 

D. 

Contro l  

r [ 
2000 

15oo 

100o 

500 

o 

-500 

v / - r  

. e  
i_ 

I o 
I 

o 2000 

T ime  (msec)  

1 5 0 0 -  

1000 - 

500 

-500 

C .  

Control / 

A 2 3 1 8 7 1 A  

-120 -60 0 60 120 
Membrane  Potent ial  (mV) 

17 

~-- 600 

400 

200 

O o 

8oo -Contro l  

-2oo 

T ime  (msec)  

[ 
I 

2000 

E. 

800-  A 23187 

600 - 

400 - 

200 - 

0 -  

-200 - I 
0 2000 

- 2 0 0 -  
I 

-12o 12o 

800 - 

600 - 

<•400- 

2 0 0 -  

F. 

�9 ..m- A23187 
...~-Contro 

=..~r _ , . . . t ~  
m m w w v - 
f 

I I 
-60 0 60 

Membrane  Potent ial  (mV) 

K.O. Holevinsky et al.: Ca2+-dependent Currents in Macrophages 

Fig. 1. Two kinetically distinct families of currents activated following exposure of HMDMs to 10 ~.tM A23187 in solutions in which all Na + 
and K + had been isosmotically replaced with NMDG. (A-C) Rapidly activating current induced in the presence of a high Ca 2+ buffering ca- 
pacity intracellular solution containing 1 mM EGTA and 0.2 mM Ca 2+. Hyperpolarizing and depolarizing pulses 1.7 sec in duration were ap- 
plied at 10 sec intervals from a holding potential of -60  mV to potentials between -110 and + 100 mV in 30 mV intervals. (A) Whole-cell 
currents prior to activation. (B) Currents induced by 10 min exposure to A23187 (10 gM). (C) Peak I-V relationship for baseline currents un- 
der control conditions (filled circles) and after exposure of the cell to 10 mM A23187 (open squares). Current amplitude was determined with- 
in 32 msec following the initiation of the voltage pulse. (D-F) Delayed outward current activated in the presence of a low Ca 2+ buffering ca- 
pacity intracellular solution containing 0.45 mM EGTA and 0.3 mM Ca 2+. In this record, the command voltage was stepped from -70  mM to 
+70 mV in 20 mV increments. (D) Control current recording. (E) Currents activated after 20 min exposure to A23187 (10 gM). (F) Peak I-V 
relationship for the current under control conditions (filled circles) and following activation with 10 mM A23187 (open squares). Current am- 
plitude was determined at 1,680 msec. The zero current potential for the cell in A-C was -38.8 mV under prior exposure to the ionophore and 
-15.4 mV following maximal current activation. The zero current potential for the cell in D-F was -37.9 mV before and -27.8 mV after 
maximal A23187-induced current activation. The predicted Eel in these experiments was -31 mV. 
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Fig. 2. Effect of replacing most of the external 
C1- by aspartate. (A) I-V relationship for the 
rapidly activating C1- current before (open 
circles) and after (filled circles) exchange of the 
external solution for one in which all but 8 mM 
of the external solution C1- had been replaced 
with aspartate. The current reversal potential 
following the aspartate substitution was +33.9 
mV indicating that the current was 
predominantly C1- selective. (B)I-V relationship 
for the slowly activating current after a similar 
exchange of aspartate for C1- in the external 
solution; open circles correspond to currents in 
the presence of CI-,  filled circles correspond to 
currents measured in the presence of the 
aspartate solution. The reversal potential in the 
aspartate solution was + 17.4 mV. The large 
outward conductance following the aspartate 
solution exchange indicated that an ion other 
than CI- was the permeant species carrying the 
delayed outward current. A reversal potential of 
+60 mV following the aspartate substitution 
would have been predicted for a perfectly C1- 
selective current. Ca2+-dependent currents in 
both cells were activated in the presence of 5 ~tM 
A23187. 

significant differences in permeability of the channel to 
I - ,  Br- ,  or aspartate, with respect to CI- .  

H + SELECTIVITY OF THE DELAYED OUTWARD CURRENT 

The negligible anion selectivity of the slowly activating 
current suggested that it might be carried by an ion oth- 
er than C1-. We speculated that the current might be 
carried by protons, given the similarity in kinetic pro- 
file to the proton currents described in neutrophils (De- 
Coursey & Cherny, 1993) and the ionic composition of 
the bath and pipette solutions. To test this hypothesis, 
we examined whether we could mimic current activa- 
tion in solutions in which the driving force for protons 
was enhanced. 

Figure 3 illustrates CaZ+-dependent current activa- 

tion in an experiment in which the internal/pipette pH i 
was 5.51. Current activation following exposure of the 
cell to 5 gM A23187 appeared to be similar to that in 
which pipette and bath solutions were buffered to neu- 
tral pH (Fig. 1A). Replacement of the bath solution with 
one in which all but 6 mM C1- was replaced with 140 
Na-glutamate at pH 7.4 revealed an underlying current 
with time-dependent activation kinetics. The reversal 
potential (Erev) of the delayed current obtained from 
families of tail currents was - 3 8  mV, as seen in the in- 
stantaneous current voltage-relationship in Fig. 3D. 
The predicted reversal potential in these solutions for a 
H+-selective current was - 4 8  mV indicating that the 
slowly activating current is carried predominantly by 
H +. The Ere v was significantly more positive than E H 
as has been observed for H + currents in rat alveolar cells 
(DeCoursey, 1991), and in this experiment could be ac- 
counted for if the cytoplasmic pH was 5.9 instead of 5.5. 
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Table 2. Comparative halide permeability of both Ca2+-activated conductances 

Conductance 
type PI/Pcl PBr]Pc l  P asp/Pcl 

Rapidly activating 1.47 -+ 0.12 (11) 1.03 -+ 0.04 (11) 0.25 +- 0.02 (3) 
Slowly activating 1.30 _+ 0.42 (3) 1.08 _+ 0.14 (3) 0.70 -+ 0.24 (3) 

Values are expressed as means -+ SEM. Halide selectivity experiments were performed by re- 
placement of the bath solution containing 100 mM NMDG-C1 with an appropriate NMDG 
salt. Sucrose was added to the bath solution to correct for differences in osmolarity. The rel- 
ative permeabilities were determined using the relationship Px/Pc1 = [C1]/[X]oeX p -  (ERF/RT), 
where Px/Pcl is the permeability ratio of the test anion X relative to CI- and E R is the cur- 
rent reversal potential. The relative halide permeability was determined for all three halides 
in each of 11 cells for the rapidly activating current and in 3 cells for the slowly activating 
current. The aspartate substitution experiments, in which all but 8 mM CI- in the external 
solution was replaced, were done using separate cells in which 140 mM NMDG-C1 was re- 
placed with NMDG-aspartate. 

Therefore, further experiments were carried out on cells 
loaded with the pH-sensi t ive dye BCECF to monitor  in- 
ternal  pH as a d i rec t  consequence  of  p ro longed  in- 
creases in Ca /and  in response to dialysis of  the cell with 
a pipette  solution of  known pH. 

Cells were loaded with BCECF and pH changes 
were measured fo l lowing whole-ce l l  format ion and as 
a consequence  o f  exposu re  to the ionophore .  The 
pipette solution in these exper iments  was pH 7.2 and 
contained 342 nM free Ca 2+. A total of  12 cells were 
examined for pH changes fol lowing whole-cel l  forma- 
tion. In three cells,  we observed an acidif icat ion in the 
internal pH from 8.0 to 5.6 fol lowing whole-cel l  for- 
mation. Further  s t imulat ion with the ionophore  in the 
same three cells fa i led to s ignif icant ly alter pH i beyond 
that observed as a consequence of  whole-ceU formation. 
In two cells, the pH shift was in the alkal inizing direc- 
tion from 7.1 to 7.4. In the remaining seven cells which 
were examined,  we observed a transient  a lkal inizat ion 
fol lowed by a slow acidif icat ion.  At  the t ime of  the al- 
kal inizing shift, we somet imes observed the act ivat ion 
of  a current which was s imilar  in its kinetics to the 
s lowly activating current. S lowly activating currents 
were not observed in other cells exhibit ing an alkaliniz-  
ing shift, poss ib ly  due to the transient nature of  the cur- 
rent or because the currents were underlying a CI-  current. 

Al though the s lowly  act ivat ing current could  be 
observed in cells with high Cai and neutral  pH, it was 
more frequently seen in cells which were studied in the 
presence of  an acidic pipette solution with a pH of  6.0 
or below. Tail  current exper iments  were performed on 
BCECF- loaded  cells exhibi t ing the s lowly activating 
current in the presence of  known proton gradients to de- 
termine i f  the current was indeed carried by protons. In 
the exper iment  depicted in Fig. 4A, the internal pH was 
6.0 and the external  pH was 7.4, which would predict  
a current reversal  potential  of  - 3 5  mV. The pH i, as in- 
dicated by the BCECF fluorescence ratio, was 7.0 at the 

point  at which the tail  currents were observed.  The 
BCECF data predicts  an E H of  - 10 mV, equivalent  to 
the experimental ly observed Ere v of  - 12.5 mV obtained 
from the family  of  tail currents. In the exper iment  il- 
lustrated in Fig. 4B, the pipette  pH was 7.2 and the ex- 
ternal pH was 7.4. The pH; as moni tored  direct ly was 
7.8 at the time the tail currents were obtained. The pre- 
d ic ted  E H was 10.1 mV and the exper imenta l ly  ob- 
served Ere v was 10 mV. The Ere v, as obtained from the 
tail current data when compared  to the predicted E H us- 
ing the observed pH i, indicates  that H + is the main 
charge  car r ie r  for  the s lowly  ac t iva t ing  current .  It 
should be noted that it is equal ly probable  that hydrox-  
yl ions may be the current carrier  and that our data do 
not differentiate between these two possibil i t ies.  How- 
ever, lacking evidence to the contrary,  the conductance 
will  be henceforth referred to as H § selective.  

It should be noted that i f  the pH of  the pipette  so- 
lution had been used as pH i in the calculation of  the the- 
oret ical  E n instead of  the pH i as determined direct ly 
from the f luorescence data, the predicted E n for the so- 
lutions in the exper iments  descr ibed in Fig. 4 would 
have been - 3 5 . 4  and - 5 . 0  mV for the acidic and neu- 
tral solutions, respect ively.  The deviat ion in the ex- 
per imental ly  determined values for Ere v from that pre- 
dicted using the pH of  the pipet te  solution in the cal- 
culat ion of  E n reflects the abi l i ty  of  the cell  to regulate  
its pH i in the presence of  cytoplasmic  dialysis  via a pH- 
buffered pipette solution. 

The max imum H + current obtained at + 110 mV 
and a pH i of  6.0 when normal ized to cell  capaci tance 
yie lded a current densi ty of  1.13 _ 0.22 pA/pF  (n = 3). 
This value is lower  than the current densit ies reported 
for  human  neu t roph i l s  (17.1 p A / p F ;  D e C o u r s e y  & 
Cherny, 1993), the alveolar  epithelial  cell  using high in- 
t e rna l  pH bu f f e r  c o n c e n t r a t i o n s  (27.3 p A / p F ;  De-  
Coursey,  1991) and snail  neurons (14.6 pA/pF:  Byer ly  
& Suen, 1989). 
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Fig. 3, Ca2+-dependent current activation at an internal pH of 5.5 reveals a slowly activating current component in the absence of extracellu- 
lar C1-. (A) Control currents in the presence of pipette and bath solutions identical to those in Fig. 1A, except for the pH of the internal solu- 
tion, which was adjusted to 5.5 with HC1. (B) Current activation was induced in the presence of 5 gM A23187. (C) Replacement of  the exter- 
nal CI-  with glutamate revealed an underlying current with slowly activation kinetics similar to that observed in a population of cells in the 
presence of extracellular C1- (Fig. 1D-F). (D) Instantaneous current I-V relationship obtained from measurements of  peak tail current ampli- 
tude (inset) following a test depolarization to + 100 mV for 100 msec, The current reversal potential of  - 38 .3  mV corresponds to that pre- 
dicted for a H+-selective current. I-V data taken at time indicated by arrow. 
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TIME COURSE AND Ca 2+ DEPENDENCE OF 
CURRENT ACTIVATION 

Current activation following an increase in Ca i was 
slow for both CaZ+-dependent conductances and reached 
maximal levels over a period of approximately 10-20 
rain (Fig. 5). The delayed time course of activation sug- 
gested that a Ca 2+ regulatory protein could be involved 
in the process. 

The Ca 2+ dependence of current activation was ex- 
amined in experiments in which the internal pipette so- 
lution was sequentially exchanged in a single cell with 
solutions buffered to free Ca 2+ concentrations between 
40 and 2,000 riM. Currents obtained in the presence of 
internal solutions of increasing Ca 2+ concentrations are 
illustrated in Fig. 6 for two representative cells. Once 
maximal current activation had been achieved for either 
current type in a single cell, further elevation in Cai was 
not associated with either a change in current kinetics 
nor a large increment in current amplitude suggesting 
that the conductances were not additive. 

INHIBITION 

Since many anion conductances are inhibited by disul- 
fonic stilbene derivatives, we investigated the effects of 
the irreversible stilbene DIDS (100 gM). Significant 
current inhibition in the presence of DIDS was obtained 
for both current types. Figure 7 illustrates the results 
of two inhibition experiments carried out on both con- 
ductances. DIDS produced a 50.7 _+ 7.9% (n = 4) re- 
duction in peak current amplitude at 100 mV for the 
rapidly activating current and a 75.1 + 6.0% (n = 5) de- 
crease in peak current amplitude for the slowly acti- 
vating current. 

Ca2+-DEPENDENT CHLORIDE CONDUCTANCE IS 
PHOSPHORYLATION DEPENDENT 

The lag in current activation for both conductances fol- 
lowing an increase in Cai (Fig. 5) suggested that chan- 
nel opening might be occurring through an indirect, 
phosphorylation-dependent mechanism. To test this 
hypothesis, we induced current activation in the pres- 
ence of the nonspecific kinase inhibitor H-7. Inhibition 
experiments were only carried out on cultures in which 
CaZ+-dependent current activation was observed in 
greater than 80% of the cells in the absence of inhibitor. 

When the broad spectrum kinase inhibitor H-7 (75 
gM) was included in the pipette solution, we were un- 
able to observe current activation for either current type 
(n = 6) either in the presence of A23187 or in the pres- 
ence of elevated pipette Ca 2+ (345 riM). No diminution 
in current amplitude was observed if H-7 was added to 
the bathing solution following current activation (n = 

2, data not shown) indicating that the H-7 effect was not 
due to a direct channel block. Data obtained in the phos- 
phorylation studies are summarized in Fig. 8. 

MULTIFUNCTIONAL Ca2 +/CALMODULIN-DEPENDENT 
PROTEIN KINASE SELECTIVITY ACTIVATES THE RAPIDLY 
ACTIVATING C1- CONDUCTANCE 

To determine whether the activation of either the Ca 2+- 
dependent C1- or H + current in the HMDM was medi- 
ated via CaMKII, we carried out CaZ+-activation ex- 
periments in the presence of the purified kinase and 
ATP. To avoid the complicating effects of Ca 2+, the 
cell was dialyzed with the kinase which had been au- 
tophosphorylated, making its activity independent of 
Ca 2+ and calmodulin. Introduction of the autonomous, 
exogenous kinase to the cell gave rise to current acti- 
vation over a period of 15-20 min (Fig. 9). Only the 
rapidly activating C1- current was observed following 
dialysis of the cell with the autophosphorylated kinase. 
The mean CaMKII-induced current increase at 100 mV, 
15 rain following whole-cell formation was 1,469 + 899 
pA (n = 4), compared to a mean decrease in current for 
matched controls over the same time period in the ab- 
sence of exogenous enzyme of - 8 2  + 37 pA (n = 4). 
The zero-current potentials for enzyme-induced cur- 
rents and control baseline currents were -20 .1  + 8.4 (n 
= 4) and - 12 + 5.2 mV (n = 4), respectively. The hy- 
perpolarized reversal potential of the CaMKII-induced 
current indicates that the current was primarily selective 
for C1-. 

D i s c u s s i o n  

This report is the first to demonstrate Ca2+-dependent 
activation of both a CI - -  and a H+-selective current in 
macrophages. The Ca2+-dependent C1- current showed 
rapid activation kinetics with an I-V relationship ex- 
hibiting some outward rectification in asymmetrical so- 
lutions. The H+-selective current showed delayed ac- 
tivation kinetics upon maintained depolarization with a 
highly outwardly rectified I-Vrelationship. The thresh- 
old for H + current activation shifted with changes in E H, 
reminiscent of the shift in activation threshold with E K 
observed for inwardly rectifying K § channels (Hagiwara 
& Yoshii, 1979). The H+-selective current bears sim- 
ilarity in its selectivity and kinetic fingerprint to the 
zinc-sensitive current with delayed activation kinetics 
(Io) described in our previous studies (Nelson et al., 
1990). 

Both C1- and H + currents were sensitive to the 
disulfonic acid stilbene DIDS. It is interesting to note 
that DIDS acts as an inhibitor of  neuronal intracellular 
pH regulation, retarding the rate of recovery from neu-  
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Fig. 5. Delay in maximal conductance activation for both Caa+-dependent conductances in the presence of an elevated Ca/. (A) Current record- 
ing with a pipette solution buffered to a free Ca 2+ concentration of 100 nM, immediately following the formation of the whole-cell configura- 
tion. (B) Current activation at 14 rain following whole-cell formation. (C) Current recording at 20 rain, when current activation was maximal. 
(D) 1-V relationship for the currents in A through C,' control currents prior to activation (open circles), currents 14 rain following whole-cell 
formation (filled squares), and currents at 20 rain (open squares) after a stable level of current activation had been maintained. (E) Current record- 
ing from a second cell in the presence of an internal pipette solution buffered to 100 nM free Ca 2+ . (F) Current activation 2 rain later. (G) Cur- 
rent activation at 12 rain. (H) Peak 1-V relationship for the currents in E through G; filled circles correspond to control currents prior to acti- 
vation, open squares correspond to currents activated at 2 rain, and filled squares correspond to maximum current activation at 12 min, 

r o t r a n s m i t t e r - i n d u c e d  ac id i f i ca t ion  in h i p p o c a m p a l  cel ls  

(Har t ley  & D u b i n s k y ,  1993).  A po r t i on  o f  the  i nh ib i t o ry  
e f fec t  of  D I D S  on  r e b o u n d  a l k a l i n i z a t i o n  in  n e u r o n s  
m i g h t  b e  d u e  to  t he  b l o c k  o f  a s i m i l a r  H + - s e l e c t i v e  

cu r ren t .  

C a 2 + - d e p e n d e n t  H + c u r r e n t  a c t i v a t i o n  a p p e a r e d  to 

b e  d e p e n d e n t  u p o n  the  C a 2 + - b u f f e r i n g  c a p a c i t y  o f  the  
p ipe t t e  so lu t ion ,  w i t h  c u r r e n t  a c t i v a t i o n  m o r e  f r e q u e n t -  
ly  o b s e r v e d  in  s o l u t i o n s  c o n t a i n i n g  a r e l a t i v e l y  l ow  

c o n c e n t r a t i o n  o f  C a  2+ buf fe r .  I t  is c o n c e i v a b l e  tha t  in  
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Fig. 6. Further elevation of Ca/following maximal current activation is not associated with a change in current kinetics for either Ca2+-de - 
pendent conductance. (A-C) A cell perfused internally with solutions ranging in free Ca 2+ concentration from 39 to 2,000 nM. (A) Current record- 
ing in the presence of an intracellular pipette solution buffered to a free Ca 2+ concentration of 39 riM, (B) The pipette solution was exchanged 
for one buffered to a free Ca 2+ concentration of 100 nM. (C) Current following exchange of the pipette solution for one buffered to a free Ca 2+ 
concentration of 2,000 riM. (D-F) Current recording from a different cell using a series of intracellular pipette solutions buffered to free Ca 2+ 
concentrations of from 39 to 500 nM. (D) Current in the presence of 39 nM intracellular Ca 2+. (E) Current following exchange of the pipette 
solution for one buffered to a free Ca 2+ concentration of 200 nM. (F) Exchanging the pipette solution for one buffered to a free Ca 2+ concen- 
tration of 500 nM was associated with an increase in peak current magnitude without a change in current kinetics. 

cells dialyzed with low intracellular EGTA concentra- 
tions, pH i buffering is reduced in the presence of a large 
increase in Ca r An increase in intracellular proton con- 
centration would produce a hyperpolarizing shift in 
both E n as well as the apparent threshold for current ac- 
tivation. A direct correlation between increases in Ca i 
and changes in pH i has been observed in neurons where 

intracellular iontophoresis of Ca 2+ leads to cytosolic 
acidification (Meech & Thomas, 1977, 1980). Based on 
the studies of Meech and Thomas (1977, 1980), the de- 
crease in pH i in neurons during trains of action poten- 
tials has been attributed to depolarization-induced Ca 2+ 
influx. The increase in Cai during periods of prolonged 
excitation is postulated to displace H + from intracellu- 



K.O. Holevinsky et al.: Ca2+-dependent Currents in Macrophages 25 

A. 

t~ 
v 

C 

x_ 

O 

5 0 0 0 -  

4 0 0 0 -  

3 0 0 0 -  

2 0 0 0 -  

1 0 0 0 -  

- 1 0 0 0 -  

I +  Control I 
--o- DIDS I 

J 
I I I I I I I I 

- 1 2 0 - 9 0  -60  -30 0 30  60  90  120 

MembranePotent ia l (mV) 

B, 5ooo- 

4000-  

~ .  3000-  

& 2oo0- 
C 

1000-  

0 -  O 
-1000-  

-2000-  

o 

C. 5000-  

4000-  

~ 3 0 0 0 -  

,~,~2000- 
E l ooo -  

0 -  O 
-1000-  

-2000-  

Control 

DIDS 

l 
2000 

I 
0 2000 

Time (msec) 

D. 

O 

4 0 0  - 

3 0 0  - 

2 0 0  - 

1 0 0 -  

-100  - 

Control 
---(3- DDS 

I I I I I 1 I I 

- 1 2 0 - 9 0 - 6 0 - 3 0  0 3 0  6 0  9 0  1 2 0  

M e m b r a n e  Potential (mV) 

E .  400t  
~ 200 

E 

_~_~--- , , '  , "--~. 

F. -200 I 
0 2000 

4oo DIDS 

2OO 
13. 

E 

0 O 

-200 
I 

2000 Time (msec) 

Fig. 7. Inhibition of both Ca2+-dependent currents by the C1 channel blocker DIDS (100 gM). (A-C) Chloride currents evoked in the pres- 
ence of an intracellular solution containing 1,0 mM EGTA and 0.2 mM Ca 2+ (free Ca 2§ calculated to be 43 riM) (A) Peak 1-V relationship for 
currents following activation in the presence of elevated Cai (filled circles) and for currents in the presence of DIDS (open circles). (B) Cor- 
responding whole-cell C1- current recorded activated following exposure of the cell to 5 ~M A23187. (C) Currents following exchange of the 
bath solution for one containing DIDS (100 I.tM) which produced significant outward current inhibition. The zero current potential was -28 .4  
mV for the fully activated current and -26.8 mV in the presence of DIDS. (D-F) H + currents evoked in the presence of a pipette solution con- 
taining 0.45 mM EGTA and 0.3 mM Ca 2+. (D) Peak I-V relationship for currents following activation in the presence of elevated Cai (filled cir- 
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345 nM free Ca 2+, pH i = 7.2. (F) H + currents following exchange of the bath solution for one containing 100 ~M DIDS. The zero current po- 
tential was - 2 9  mV for the fully activated current and 0 mV in the presence of DIDS. 
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lar binding sites as well as enhance Ca2+/H + exchange 
across intracellular Ca 2+ storage organelles, including 
mitochondria, thereby bringing about cellular acidifi- 
cation (Thomas, 1989). 

C 1 -  CHANNEL PHOSPHORYLATION AS A MEDIATOR 

OF ACTIVATION 

Our results demonstrate that the Ca2+-dependent acti- 
vation of both CI- and proton conductances is not due 
to Ca 2+ binding directly to the channels involved but 
rather is mediated by a secondary Ca2+-dependent ef- 
fector molecule. Curren t activation, regardless of chan- 
nel type, reached a maximum over a period of minutes, 
consistent with an enzyme-mediated event rather than 
direct channel activation. Broad spectrum protein ki- 
nase inhibition in the presence of H-7 demonstrates that 
Ca2+-dependent current activation is phosphorylation 
dependent.'" H-7 itself did not alter the current magni- 
tude fo!lowing activation, demonstrating that these 
CaZ?-depegdent channels are not directly inhibited by 
thekinaseinhibitor.  High concentrations (300 pM) of 
~he kinase: inhibitor H-7 have been shown to produce 
Voltage-dePendent open-channel block of N-methyl-D- 
aspartate receptor channels in cultured hippocampal 
neurons and muscle nicotinic acetylcholine receptors ex- 
pressed in Xenopus oocytes (Amador & Dani, 1991; 
Reuhl et al., 1992). 

Although activation of both Ca2---dependent cur- 
rents was dependent upon phosphorylation, only the 
C1- current was observed in the presence of exoge- 

nous, autophosphorylated CaMKII. The H + current 
appears to be regulated by a second unidentified kinase. 
Multifunctional Ca2+/calmodulin-dependent protein ki- 
nase (CaMKII) has been shown to mediate the Ca2+-de - 
pendent activation of CI- channels in a number of cell 
types including secretory epithelial cells (Wagner et 
al., 1991; Worrell & Frizzell, 199l; Chan, Goldstein & 
Nelson, 1992) and lymphocytes (Nishimoto et al., 
1991). Dialysis of HMDMs with isolated CaMKII that 
had been previously autophosphorylated, thus rendering 
its activity independent of Ca 2+ and calmodulin, led to 
the activation of Cl--selective currents similar to those 
elicited via increases in Cai. We were unable to iden- 
tify the kinase involved in the activation of the proton 
currents in this study. In contrast to our data, the acti- 
vation of H + currents in a number of cells in which they 
have been characterized, e.g., neurons (Byerly et al., 
1984), oocytes (Barish & Baud, 1984), alveolar cells 
(DeCoursey, 1991), and neutrophils (DeCoursey & 
Cherny, 1993), does not appear to be either Ca 2+ or 
phosphorylation dependent. However, phorbol esters 
activate electrogenic H + efflux in neutrophils (Hender- 
son, Chappell & Jones 1987, 1988; Nanda & Grinstein, 
1991; Kapus, Szazi & Ligeti, 1992) suggesting a pro- 
tein kinase C dependent phosphorylation step in the ac- 
tivation process. The apparent dependence of proton 
conductance activation on Ca 2+ and phosphorylation, as 
demonstrated in our studies, may be indirect and involve 
Ca2+-dependent activation of NADPH oxidase and/or a 
number of H + transporters involved in the generation of 
intracellular protons during the respiratory burst in ac- 
tivated macrophages. 
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Fig. 9. C1- current activation in the presence of 
autonomous, exogenous CaMKII. Experiments 
were carried out in standard 140 mM NMDG-C1 
bath solutions. The composition of the final 
pipette buffer solution was: 40 mM NMDG-C1, 
100 NMDG-glutamate, 1 mM Mg-ATP, 2 mM 
MgC12, 1 EGTA, 0.2 CaC12, 10 HEPES and 
approximately 20 I.tg/ml CamKII, 60 ~tM 
calmodulin, 6 mM PIPES, and 50 ~tM ATP-7-S. 
(A-C) Current activation over time after whole- 
cell formation. (D) I-V relationship of peak 
current activated by CaMKII over a 20 rain time 
period. 

Ca2+-DEPENDENT CHANNELS IN CELLS OF THE 

IMMUNE SYSTEM 

Ca2+-activated K + channels have been described in 
macrophages (Gallin, 1984, 1989; Randriamampita & 
Trautmann, 1987; Gallin & McKinney, 1988; Nelson et 
al., 1990) and lymphocytes (Mahaut-Smith & Mason, 
1991; Grissmer, Lewis & Cahalan, 1992). Activation 
of Ca2+-activated K + channels in mitogen-stimulated T 
lymphocytes may maintain a negative membrane po- 
tential and thereby be the driving force that regulates 
Ca 2+ influx through mitogen-stimulated Ca 2+ influx 
pathway(s). 

Ca2+-activated C1- channels have been character- 
ized in neutrophils (Krause & Welsh, 1990; Schumann, 
Gardner & Raffin, 1993), T lymphocytes (Nishimoto et 
al., 1991), and platelets (Mahaut-Smith, 1990). In their 

analysis of the conductive properties of the plasma 
membrane of neutrophil granulocytes, Krause and 
Welsh (1990) postulated that activation of this conduc- 
tance could contribute to the depolarization observed in 
neutrophils in response to the Ca2+-mobilizing agonist 
FMLP, and further, that the depolarization response 
could serve as an inhibitory signal limiting degranula- 
tion and oxygen radical release during activation. Ca 2+- 
dependent C1- currents in neutrophils activated in the 
presence of 1 gM ionomycin and 0.2 mM cytoplasmic 
EGTA in the studies of Krause and Welsh (1990) did 
not exhibit time-dependent kinetics over depolariza- 
tions of 500 msec and displayed an outwardly rectify- 
ing I-V relationship. Krause and Welsh did not inves- 
tigate whether Ca2+-dependent gc~ activation in the 
neutrophil was direct or indirect via a cytoplasmic ki- 
nase. 



28 K.O. Holevinsky et al.: Ca2+-dependent Currents in Macrophages 

Recently, C1- channels have been identified as a 
possible link in the signal transduction pathway cou- 
pling cytokine binding to neutrophil membranes and 
the subsequent induction of activation (Schumann et al., 
1993). Schumann and colleagues (1993) demonstrated 
that increases in Ca i induced by the binding of tumor 
necrosis factor to neutrophil membranes activated a 
Ca2+-dependent C1- current and that the multifunc- 
tional Ca2+-calmodulin dependent kinase (CaMKII) 
played a role in current activation. 

CaMKII has also been shown to mediate the acti- 
vation of C1- channels in Jurkat T lymphocytes (Nishi- 
moto et al., 1991). Treatment of Jurkat T lymphocytes 
with 100 nM A23187 in the presence of extracellular 
Ca 2+ and with pipette solutions containing 0.5 mM 
EGTA evoked slowly activating outward current with 
an outwardly rectified I-V relationship. In agreement 
with our experiments, Nishimoto and coworkers ob- 
served perceptible current activation approximately one 
minute following exposure of cells to the Ca 2+ iono- 
phore, which reached a maximum around 10 min later. 
Ca 2+ ionophore-activated current in the lymphocyte 
was reduced by 66% in the presence of cytoplasmic 
CaMKI1 inhibitory peptide. 

C1- CHANNELS AND THEIR RELATIONSHIP TO 

CELLULAR ACTIVATION 

C1- channels are involved in a number of functions in 
cells in the immune system, including regulation of cell 
volume, secretion, and cell-mediated cytotoxicity. Gray 
and Russell (1986) were the first to observe that cy- 
tolytic function in murine T lymphocytes was inhibit- 
ed by isosmotic replacement of extracellular C1- with 
several membrane-impermeant C1- substitutes. The 
loss of cytolytic function in the absence of extracellu- 
lar C1- was attributed to alterations in membrane po- 
tential leading to diminished function. It has been pro- 
posed that the depolarization observed in neutrophils in 
response to the chemotactic peptide FMLP, which when 
bound to surface receptors induces Ca 2+ mobilization, 
is due to the activation of a Ca2+-dependent gcl (Krause 
& Welsh, 1990). 

A Ca 2+ influx that is triggered during cellular 
swelling has been observed in a number of cell types 
(Wong & Chase, 1986; McCarty & O'Neil, 1991a, b; 
Montrose-Rafizadeh & Guggino, 1991) and may occur 
in macrophages. It has been proposed that the initial 
swelling causes an influx of Ca 2+ through mechanosen- 
sitive channels, thereby activating neighboring Ca2+-de - 
pendent channels, e.g., K + and CI-, to produce an in- 
crease in ion efflux which drives the loss of cell water 
(Christensen, 1987). 

Stimulation of mast cells by externally applied ag- 
onists has been shown to activate a slowly developing 

C1- current which is indirectly activated by Ca i and 
cAMP (Matthews, Neher & Penner, 1989). This con- 
ductance appears to be the largest in the stimulated 
mast cell and as such is responsible for setting a nega- 
tive resting potential following stimulation. Matthews 
and colleagues (1989) have proposed that the C1- con- 
ductance provides an enhanced driving force for the 
entry of Ca 2+ following agonist stimulation, thereby 
dramatically enhancing the rate of mast cell secretion. 

H + ION CURRENTS IN CELLS IN THE IMMUNE SYSTEM 

The regulation and functional properties of proton con- 
ductances observed in a variety of cell types have been 
recently reviewed by Lukacs and colleagues (1993). 
They observe that this pathway may be particularly im- 
portant in the regulation of pH i in phagocytes. H + cur- 
rents similar to those we describe in the HMDM have 
been characterized in the human neutrophil (DeCoursey 
& Cherny, 1993). The respiratory burst which plays an 
important role in macrophage microbicidal and tumori- 
cidal activity is accompanied by a burst of intracellular 
H + production that can lead to a drop in pH i of up to 5 
units in fully activated neutrophils within minutes of ac- 
tivation (Nanda & Grinstein, 1991). A pH-regulatory 
mechanism, therefore, is essential in phagocytic cells. 
The H + conductance, which we observed in the HMDM 
is activated upon decreases in pH i , would allow for the 
effective translocation of protons in the face of rapid cy- 
tosolic acidification. 

In summary, stimulus-induced Cai transients in 
macrophages appear to activate, in addition to previ- 
ously described K + currents, a C1--selective current 
and a H+-selective current which differ in their voltage 
dependence and kinetic properties. While the activation 
of both currents is Ca 2+ and phosphorylation dependent, 
the cytoplasmic enzymes involved in the activation 
pathways are divergent. Activation of both currents 
would contribute to ion homeostasis and regulate pH i 
as intracellular acid is generated during respiratory 
burst. 

The authors wish to thank Dr. H. Schulman for providing us with the 
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