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Summary. We examined the variability of occurrence and fre- 
quency of voltage-dependent whole-cell currents in human pe- 
ripheral blood monocyte-derived macrophages (HMDM) main- 
tained in culture for up to three weeks. An increase in cell 
capacitance from an average value of 9 pF on the day of isolation 
to 117 pF at 14 days accompanied growth and differentiation in 
culture. The average resting potential was approximately -34  
mV for cells beyond two days in culture. Cells exhibited a volt- 
age- and time-dependent outward current upon membrane depo- 
larization above approximately 30 mV, which appeared to be 
composed of a number of separate currents with variable expres- 
sion from donor to donor. Three of these currents are carried by 
K +. The frequency of each outward current type was calculated 
for 974 cells obtained from 36 donors. The HMDMs in these 
studies exhibited two 4-aminopyridine (4-AP) sensitive, time-de- 
pendent outward currents (IA and IB) that could be differentiated 
on the basis of the presence or absence of steady-state inactiva- 
tion in the physiological potential range, time course of inactiva- 
tion during maintained depolarization, as well as threshold of 
activation. The 4-AP-insensitive outward current activated at 
approximately 10 mV. One component of the 4-AP insensitive- 
outward current (Ic) could be blocked by external TEA and by 
the exchange of internal Cs + or Na + for K +. The probability of 
observing Ie and Ic appeared to be donor dependent. Following 
total replacement of internal K + with Cs +, two additional cur- 
rents could be identified (i) a delayed component of outward 
current (ID) remained which could be blocked by low concentra- 
tions of external Zn 2- (4 /xM) and was insensitive to anion re- 
placement in the external solution and (ii) a C1- current with a 
reversal potential which shifted in the presence of external anion 
replacement and which was irreversibly inhibited by the stilbene 
SITS. The activation of a prominent time-independent inward 
current was often observed with increasing hyperpolarization. 
This inward current was blocked by external Ba 2+ and corre- 
sponded to the inwardly rectifying K + current. Neither inward 
nor outward current expression appeared dependent on whether 
cells were differentiated in adherent or suspension culture nor 
was there demonstrable differential current expression observed 
upon transition from suspension to adherent form. 
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Introduction 

When monocytes leave the vascular compartment 
and accumulate within body tissues, they mature 

and differentiate into macrophages (van Furth et 
al., 1982). Comparable morphologic, metabolic, and 
functional changes occur when monocytes are 
maintained in culture (Bennett & Cohn, 1966; John- 
son, Mei & Cohn, Ackerman & Douglas, 1979). In 
the present studies, we employed in vitro human 
monocyte-derived macrophages (HMDM) as a 
model system in which to study the development of 
ion channel expression accompanying this process. 

We characterized five separate outward cur- 
rents in HMDM. Three of these currents are carried 
by K § a fourth appears to be a nonselective cation 
current, while the fifth is an anion-selective current. 
Of the K + outward currents, we were able to dem- 
onstrate a TEA-sensitive, Ca2+-activated K + con- 
ductance as well as a rapidly inactivating 4-amino- 
pyridine (4-AP) sensitive outward current both of 
which had been described previously for HMDMs 
(Gallin & McKinney, 1988). In addition, we demon- 
strated for the first time, a time-dependent K + cur- 
rent which does not show steady-state inactivation, 
a nonselective cation current which activates with a 
delayed time course in the depolarized voltage 
range, and an outwardly rectifying C1 current 
which is inhibited by the stilbene SITS (4-ace- 
tamido-4'isothiocyano-2,2'-stilbene disulfonate). 
An inwardly rectifying K + conductance which has 
previously been linked to macrophage adherence 
(Gallin & Sheehy, 1985) was also present. 

We were unable to demonstrate any correlation 
in differential current expression to state of differ- 
entiation, mode of differentiation (suspension v e r -  

s u s  adherence), or transition from suspension to 
adherence culture, although, in general, outward 
current amplitude for each current type increased 
with time in adherent culture, as has been observed 
for peritoneal macrophages (Ypey & Clapham, 
1984). Interestingly, the frequency of two of the 
current types, the time-dependent K + current 
which did not exhibit steady-state inactivation (Ie), 
and the Ca2+-activated K + current ( I c ) ,  appeared to 
be donor dependent. 
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Materials and Methods 

PERIPHERAL BLOOD LEUKOCYTE SEPARATION 

Percoll Gradient Isolation Technique 

Peripheral venous blood samples were collected from healthy 
human volunteers. Mononuclear cells were separated from neu- 
trophils and erythrocytes by Ficoll-Hypaque density gradient 
centrifugation (Zeller et al., 1986). The mononuclear cell frac- 
tions were washed with phosphate-buffered saline solution (PBS) 
and further purified by using the PercolI (Pharmacia Fine Chemi- 
cals, Piscataway, N J) density gradient centrifugation method de- 
scribed by Wright and Silverstein (1982). The monocyte-rich 
fractions collected from the upper portion of the Percoll gradient 
were combined and washed four times with cold PBS. Cell 
counts were determined by routine hemocytometry. Cell viabil- 
ity, as determined by trypan blue dye exclusion, was routinely 
greater than 95%. The monocyte-rich fraction consisted of 60- 
90% monocytes and 10-40% lymphocytes, as determined by 
latex ingestion, nonspecific esterase, and peroxidase staining. 

Human monocyte-enriched leukocyte fractions, suspended 
in Medium-199 (Gibco Laboratories, Grand Island, NY) contain- 
ing 10% autologous human serum 100 U/ml penicillin and 50 txg/ 
ml streptomycin (M199-AHS), were cultured in Teflon vials 
(Savillex, Minnetonka, MN) for up to 12 days at 37~ in a 5% 
COz in air atmosphere prior to their introduction into adherent 
culture. Cells were cultured on 35-ram plastic tissue culture 
dishes (Falcon Labware, Oxnard, CA) at a density of 1 • 106 
cells per dish in MI99-AHS. Cells were maintained in adherent 
culture for 1-17 days following suspension culture before the 
one-time use of a culture dish for an electrophysiological experi- 
ment. 

Adherence Isolation Technique 

Cells were alternatively isolated using an adherence technique 
following the Ficoll-Hypaque density gradient centrifugation 
step. Cells isolated from the mononuclear fraction were washed 
three times with RPMI-1640 growth medium, resuspended in 
RPMI-1640 supplemented 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 tissue culture dishes greatly aided 
growth and long term differentiation in culture. After 1-hr incu- 
bation, the adherent cells were washed three times with non- 
serum containing RPMI-1640. Adherent cells were incubated 
with serum-containing medium and fed the day following the 
isolation procedure. Both isolation procedures were performed 
in the absence of exogenously applied lipopolysaccharide. Con- 
taminant endotoxin levels, which would give rise to a basal level 
of cellular activation, were not determined. Cells used in the 
electrophysiological experiments from both the percoll and ad- 
herence isolation techniques were determined to be macro- 
phages on the basis of adherence following a vigorous washing 
step in the 1-2-day-old cells and by size and adherence in the 
older cell cultures. Monocytes maintained in culture for 1 to 2 
days measured approximately 10-15/~M in diameter and, unlike 
lymphocytes with diameters of 6-8 ~m, readily attached to the 
culture dish. By day 4 in either adherent or suspension culture, 
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cells measured greater than 20/xm in diameter and avidly spread 
onto the culture dish surface. 

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 microscope equipped with phase-contrast optics. Re- 
cording pipettes were formed fi'om soda lime glass (Blue-Dot 
Hematocrit Glass; Fisher Scientific, Pittsburgh, PA) using a ver- 
tical puller in a three-stage process. Pipettes were coated with 
Sylgard 184 (Dow-Corning, Midland, MI) and fire-polished to a 
final tip diameter of approximately 0.5/xm just before use. Ex- 
periments were performed at room temperature (21-23~ 

SOLUTIONS 

The standard internal (pipette) solution with 38 nM free Ca > 
contained (in mM): 140 KC1, 2 MgCI2, 2 CaCI2, 11 EGTA- 
KOH, and 10 HEPES; pH 7.2. In some experiments the pipette 
was perfused with solutions of increasing free-Ca > concentra- 
tion. For final free-Ca > levels of 212 and 477 riM, the CaCI2 
concentrations used were 6 and 8 raM, respectively. When Cs" 
or Na + was used in the internal solution, some fraction of the 
total KC1 was replaced with an isosmolar amount of the desired 
salt. The bath solution contained (in mM): 140 NaCI, 5.4 KCI, 2 
CaC12, 1 MgC12, and 10 HEPES; pH 7.4. Changes in the anion or 
cation composition of the bathing solution were made by isosmo- 
lar replacement of either Na + or C1-. 

DNDS (4,4'-dinitro-2,2'-stilbene disulfonic acid disodium 
salt) DPC (diphenylamine-2-carboxylate) and anthracene-9- 
carboxylate were purchased from Pfaltz and Bauer (Waterbury, 
CT) and SITS (4-acetamido-4'-isothiocyano-2,2'-stilbene disulfo- 
nate) from Polysciences (Warrington, PA). TEA and 4-AP were 
obtained from Sigma (St. Louis, MO). 

In some experiments a bath perfusion system was em- 
ployed which allowed for sequential solution changes. Bath solu- 
tion changes were made at the rate of 1 cc/min. In those experi- 
ments in which the bath solution was changed, the bath ground 
electrode was connected to the bath solution via an agar/saline 
bridge in order to prevent electrode offset potentials. 

DATA ACQUISITION AND ANALYSIS 

Whole-cell currents were obtained using a List EPC-7 (List Elec- 
tronic, Darmstadt, FRG) voltage clamp. In general, voltage 
pulses of 1.7 sec in duration were delivered once every 40 sec. 
The interpulse interval was sufficient to allow for recovery from 
the effect of the preceding pulse..The output of the current-to- 
voltage converter was filtered through a low-pass filter at 1 kHz. 
The current signal was sampled at 1 kHz by a 12-bit A/D con- 
verter (Data Translation 2818, Marlborough, MA) and written 
into data files using an IBM-AT. Current decays were analyzed 
as a sum of exponentials by a Fourier method (Provencher, 1976) 
that determined the number, amplitudes, and time constants of 
the components. Summary data are expressed as means -+ stan- 
dard error of the mean with the number of experiments in paren- 
theses. 
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Results 

VARIABILITY IN WHOLE-CELL 

CURRENT ACTIVATION 

Whole-cell voltage-clamp current records were ob- 
tained from HMDM maintained in culture for peri- 
ods of up to three weeks. During this time mono- 
cytes displayed a pleomorphic morphology with 
sizes ranging from 20 to 120 /xm in diameter. Al- 
though monocyte differentiation was carried out in 
both suspension and adherent culture using cells 
isolated either via Percoll density gradient purifica- 
tion or adherence purification, no difference in mor- 
phology over time in culture was observed which 
could be related to either isolation or differentiation 
technique. All voltage-clamp experiments were car- 
ried out on adherent cells. Those cells which were 
maintained in suspension culture were allowed to 
adhere to a plastic culture dish for approximately 
an hour before the electrophysiological recordings 
were made. 

Cellular input resistance was determined under 
conditions in which all of the K § in the pipette solu- 
tion had been replaced by Cs § which blocked all 
outward current activation. The average input resis- 
tance in the Cs + solutions was determined to be 
3.77 -+ 0.93 Gf~ (15) over the voltage range of -50 
to -20 mV. It was not uncommon to observe the 
appearance of single-channel currents on whole-cell 
current records due to the high input impedance of 
the cells (see Fig. 1C). Cell capacitance was calcu- 
lated (in the absence of ionic current) by integrating 
the current during a 10- to 20-mV voltage step and 
subtracting a baseline current established approxi- 
mately 20 msec after the step. A decrease in cell 
input resistance and an increase in cell capacitance 
was observed with time in culture (Table t), and 
corresponded to the increase in cell size which ac- 
companied cellular differentiation in culture. 

Cultured cells displayed a heterogeneity in cur- 
rent activation in response to hyperpolarizing and 
depolarizing pulses. Current records, representa- 
tive of the four predominant current patterns 
observed in voltage-clamped HMDM in normal 
bathing solution, are presented in Fig. 1. Peak am- 
plitudes of the voltage-dependent currents obtained 
from the four cells in Fig. IA-1D are plotted against 
membrane potential below each current record. In 
general, outward current amplitude for each current 
type increased with time in adherent culture, as has. 
been observed for peritoneal macrophages (Ypey & 
Clapham, 1984). The major current types could be 
distinguished on the basis of their voltage-depen- 

Table 1. Human monocyte-derived macrophage resting mem- 
brane properties 

Days Capacitance Input Resistance Specific Membrane 
(pF) (Gf~) Resistance 

(k~" cm 2) 

1 8.9 --- 0.8(6) 22.2 • 0.9(4) 198 
3 16.3 • 2.0(4) 6.9 • 5.3(4) 113 
4 35.0 • 3.1(3) 5.0 • 1.8(3) 175 
7 65.3 • 3-.8(5) 2.8 -+ 0.6(5) 182 
9 100.6 • 21.5(3) 3.4 -+ 1.5(3) 342 

14 117.3 • 21.4(4) 1.6 -+ 0.4(4) 188 

Resting membrane properties were determined for cells as func- 
tion of days following adherence isolation. Input resistance was 
determined over the voltage range of -50  to -20 mV with Cs + as 
the internal cation. Capacitance was measured by integrating the 
current during a 10- to 20-mV voltage step and subtracting a 
baseline established about 20 msec after the step as determined 
from a nonlinear fit to the data. Specific membrane resistance 
was calculated assuming a specific membrane capacitance of 1 
/,F/cm 2. 

dent availability, i.e., steady-state inactivation as 
well as pharmacological sensitivity. 

TRANSIENT OUTWARD CURRENT (I,4) 

This current resembles that previously described in 
a number of cells of the immune system (see review 
by Gallin & Sheehy, 1988) and, in contrast to data 
obtained from human peripheral blood T lympho- 
cytes, is the most infrequent of the currents found 
in human monocytes. As described for T lympho- 
cytes and peritoneal macrophages, Ia activated at 
potentials positive to -40 mV and inactivated at 
potentials at which currents could be elicited (see 
Fig. 1). Steady-state inactivation was half-maximal 
at approximately -44 mV. The inactivation process 
has been well-characterized for this current in J774 
cells, T lymphocytes, and murine peritoneal cells 
and is described in depth in the following paper 
(Nelson, Jow & Popovich, 1990) for the HMDM 
and the human alveolar macrophage. 

RESIDUAL INACTIVATING OUTWARD 

CURRENT (IB) 

A second time-dependent outward current, Ie, 
could be identified in the HMDMs at a much higher 
frequency than that of IA. 18 differed from Ia in that 
(i) 18 activated at potentials more positive than Ia, 
i.e., positive to -10 mV, (ii) I8 current showed no 
steady-state inactivation over the physiological 
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Fig. 1. Representative whole-cell current records demonstrating variability of voltage-dependent outward current in monocyte-derived 
macrophages. (A) Current record from a cell which was maintained for eight days in suspension after isolation and then plated for 12 
days before the electrophysiological experiment was performed. (B) Current record from a cell six days after isolation and plating. (C) 
Current record from a cell six days after isolation and plating. (D) Current record from a cell eight days after isolation and plating. Cells 
in the four experiments were derived from separate isolations. In all current records, hyperpolarizing and depolarizing pulses 1.7 sec in 
duration were applied at 40-sec intervals from a holding potential of -60  mV according to the schematized pulse protocol. Unless 
stated otherwise, all current records in subsequent figures were obtained using the identical voltage pulse protocol. Peak current- 
voltage relationship is depicted for each of the representative current records. Peak currents for IA and I ,  were measured within 100 
msec following the initiation of the voltage pulse. Current amplitudes for Ic were measured at 900 msec and for Io at 1600 msec. Note 
that a component of Ic can be observed superimposed on the transient component of the IA current in the most depolarized range 

voltage range (-60 to 0 mV), (iii) recovery from 
inactivation was more rapid for I8, with little cumu- 
lative inactivation during repetitive pulses, and (iv) 
I8 could be characterized by the presence of incom- 
plete inactivation during maintained depolarization, 
accounting for the observed lack of cumulative in- 
activation (the threshold for current inactivation 
was +30 mV) and finally, (v) I~ was inhibited at low 
external TEA concentrations (4 mM). 

Characterization of Ie current was carried out, 
in general, in the presence of Ba 2+ (40/XM) to block 
inward rectifier current, Zn 2+ (4 p.M) to block the 
delayed outward current, ID, and SITS (1 raM) to 
block the C1- current, Ic]-. Figure 2A illustrates 
control IB currents taken from a holding potential of 
-20 mV, a potential at which steady-state inactiva- 
tion for Ia is complete. The internal K + concentra- 
tion was then changed by internally perfusing the 
pipette, according to the method of Soejima and 
Noma (1984), with a solution in which all the K + 
had been replaced with Cs + (Fig. 2B). The residual 
currents obtained in the presence of internal Cs + 
which blocked 18 current activation, were then used 
to leak subtract the current data in Fig. 2A. The leak 

subtracted data were used to construct the peak 
current-voltage plot in Fig. 2E. In order to ascertain 
the ionic selectivity Of IB, the instantaneous current- 
voltage relationship was determined from tail cur- 
rent experiments performed in bath solution con- 
taining 30 mM K § (Fig. 2C) and in the presence of 
bath solution in which all the Na § had been isotoni- 
cally replaced with K + (Fig. 2D). Instantaneous 
current reversal potentials were determined by a 
+80-mV depolarizing prepulse for 40 msec and esti- 
mating the potential at which the tail current 
appeared to reverse polarity during successive 
repolarizing steps to increasing hyperpolarizing po- 
tentials. In experiments similar to that depicted in 
Fig. 2, the apparent shift in the reversal potential of 
the instantaneous current-voltage relationship was 
24.2 _+ 2 mV (n -- 7), to be compared to the pre- 
dicted shift of 40 mV. The current appeared to be 
predominantly K § selective based on the shift in 
reversal potential in the presence of changes in ex- 
ternal K +, and therefore, a current reversa! poten- 
tial of -82 mV (predicted Nernst potential based on 
normal internal and external K + concentrations) 
was used to determine the peak conductance versus 
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Fig. 2. The kinetics and selectivity of the 
residual inactivating outward current, I~ (A) 
Control recording of the slowly inactivating 
outward current in the presence of 4 b~M Zn 2. 
to block 1~ current and 1 mM SITS to block 
la- Currents were elicited from the 
depolarized potential of -20 mM where IA 
current, if present would be inactivated. (B) 
Currents from the same cell in which all the 
K + in the pipette solution had been replaced 
isotonically with Cs § using internal pipette 
peffusion as described in the text. These 
currents were used to leak subtract the data in 
A and the resultant peak currents are plotted 
in the current-voltage plot in E. (C) Tail 
currents in 30 mM K ~ bathing solution which 
contained both Zn 2+ (4/xM), DPC (1 mM), and 
Ba > (100 ~M) to block contaminating outward 
and inward currents. Cell was held at -20 
mV, stepped to +80 mV for 40 msec, then 
stepped to the seven increasingly 
hyperpolarizing potentials used to construct 
the instantaneous current-voltage plot in G. 
(D) Tail currents in 145 mM K § bathing 
solution containing Zn 2+ and Ba 2+. Inspection 
of the tail currents reveals that the rate of 
channel deactivation or closure was slowed in 
the presence of elevated external K +. (E) 
Current-voltage plot for the leak subtracted 
currents in A. (F) Conductance versus voltage 
plot for the currents in A using a current 
reversal potential of -82 mV. (G) 
Instantaneous current-voltage plot for the tail 
currents in C and D. (H) Theoretical fits to 
the current data in A taken at +40, +70, and 
+90 mV, respectively. The time constant 
describing current inactivation was 848 msec 
at +40 mV, 833 msec at +70 mV, and 676 
msec at +90 mV 

voltage curve  in Fig. 2F. The  con t inuous  l ine 
through the da ta  po in ts  in Fig. 2F  represen ts  the 
bes t  fit of  the peak  c o n d u c t a n c e  to a B o l t z m a n n  
d i s t r ibu t ion  of the form: 

g(V)  = gmax/(1 + e (v v,,2)/k) (1) 

where  V~/2 is the vol tage at the midpoin t  of the con-  
d u c t a n c e  curve  and  k gives the s teepness  of the 
vol tage d e p e n d e n c e .  In  three exper imen t s ,  the VI/2 
as der ived  f rom similar  fits to the c o n d u c t a n c e  ver- 
sus  vol tage curves  was  29.7 -+ 4.0 mV and  k was 
- 8 . 2  -+ 1.7. 

The  t ime c o n s t a n t  for  cu r ren t  inac t iva t ion  was 
i n d e p e n d e n t  o f  vol tage in the range  of  +40  to + 100 
mV. Cur ren t  i nac t iva t ion  was fitted sat isfactori ly 
with a single exponen t i a l ,  suggest ing that  the k i n e t -  
ics of i nac t iva t ion  can  be descr ibed  as a first order  

process .  The  t ime c o n s t a n t  for cur ren t  inac t iva t ion  
was 951 -+ 150 msec  (15) at +40  mV, 917 -+ 136 
msec  (15) at +70  mV,  and  1121 _+ 366 msec (6) at 
+ t00 mV. 

A c o m p a r i s o n  of cumula t ive  inac t iva t ion  dur ing 
a pulse  t ra in  for IA and  IB cur ren t  can  be seen in Fig. 
3. Dur ing  repet i t ive  depola r iza t ions  applied at 1 Hz,  
IA showed  a lmost  comple te  cu r ren t  inac t iva t ion  
upon  the second  pulse ,  with negligible inac t iva t ion  
apparen t  for Ie. 

The  a bse nc e  of s teady-s ta te  inac t iva t ion  for IB 
at depolar ized  holding potent ia ls  is i l lustrated in 
Fig. 4. Peak  cu r r en t  ampl i tude  was not  significantly 
changed  at the more  depolar ized  holding potent ia l  
of  - 2 0  inV. The  t i m e - d e p e n d e n t  por t ion  of the out- 
ward cu r r en t  at +40  mV,  however ,  was b locked  in 
the p re sence  of  40 /ZM 4-aminopyr id ine  (4-AP) by  
64 -+ 8% (9 cells). [A as well  as Ie cur ren t s  were  
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blocked by the classical K + channel blocker 4-AP 
(see following paper). Note  that 18 as well as the 
residual t ime-independent outward current which 
remains in the presence of 4-AP are inhibited by low 
concentrations of TEA (Fig. 4D). In two cells with 
prominent IB expression, IB current amplitude dur- 
ing depolarizations to +40 mV was reduced by 38 
and 40%, respectively,  following perfusion of a so- 
lution which contained 4 mM Ba 2+. 

CALCIUM=AcTIVATED K + CURRENT (IC) 

The activation of Ic with pipette solutions contain- 
ing low free-Ca > levels (38 riM) was characteristi- 
cally detected as an increase in amplitude in the 
noise of the current signal at large depolarizations. 
In experiments where the pipette solution was inter- 
nally perfused with solutions of increasing Cs + con- 
centration, an 88.4 -+ 2.5% decrease in Ic amplitude 
was observed (10 cells). The Cs + sensitivity of the 
currents was determined by replacing the total KC1 
in the pipette solution with an isosmolar amount of 
CsC1 (Fig. 5B). Internal Cs + ions have been shown 
to block CaZ+-activated K + channel currents in bo- 
vine chromaffin cells (Yellen, 1984) as well as de- 
layed rectifier K + currents in peritoneal macro- 
phages (Ypey & Clapham, 1984). A significant 
(82.0 -+ 3.4% (n = 9)) block in current amplitude 
was also observed when NaC1 was used to replace 
pipette KC1. Ic currents were observed to be time- 
independent and showed no steady-state inactiva- 
tion, but could be blocked by the addition of TEA "(4 
to 10 mM) to the bathing solution (see Fig. 4D). The 
outward current at 100 mV was reduced by >52% in 
four experiments in the presence of external TEA. 
The exact degree of  inhibition was difficult to deter- 
mine as there appeared to be a second time-inde- 
pendent component  of outward current which was 
TEA insensitive. Ic decreased by 41.1 -+ 6.7% (6 

cells) in the presence of 4 m M B a  2+ in the external 
solution (data not shown). Ic was insensitive to ex- 
ternal 4-AP (0.04-4 raM; 19 cells; see also Fig. 4C). 

We did not observe an induction of Ic current 
expression with time in culture for donors where 
this conductance was not present at the earliest 
stages of differentiation. Thus, Ic did not seem to be 
a marker of differentiation, but rather was ex- 
pressed at a f requency which varied from donor to 
donor. This data is to be contrasted with the obser- 
vations of Gallin and McKinney (1988) which sup- 
port the conclusion that this conductance is not 
present in the freshly isolated monocyte  but rather 
is expressed after several days in culture. 

CALCIUM DEPENDENCE OF CURRENT ACTIVATION 

Ic appeared similar to the prominent  Ca2+-activated 
K + conductance described by Gallin and McKinney 
(1988) for HMDMs using pipette solutions with a 
relatively high free-Ca 2+ (3 tzM). Gallin and McKin- 
ney (1988) noted that the magnitude of the outward 
current increased during the first 5 rain of recording. 
They attributed this increase in amplitude to the 
fact that the pipette free-Ca > concentrat ion was 
higher than normal cytoplasmic free-Ca > levels. 
For  this reason, we investigated Ic current activa- 
tion in response to changes in internal Ca 2+ levels. 
In 9 cells, the internal Ca 2+ concentrat ion was 
changed by internally perfusing the pipette with so- 
lutions buffered to a higher free-Ca > concentration. 
A current record from an internally perfused cell in 
response to an increase in the internal Ca 2+ from 38 
to 477 nM is illustrated in Fig. 5. An overall increase 
of 329 + 125% (n = 5) and 813 - 212% (n = 5) in 
current amplitude at 100 mV was associated with an 
increase in internal Ca 2+ to 212 and 477 riM, respec- 
tively. A shift in the current  reversal potential by 
22.8 -+ 15.8 mV (n = 5) in the hyperpolarizing direc- 
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taneous current reversal potential in this experiment was 
-3 .7  mV 

tion was associated with an increase in internal 
Ca 2+ to 212 riM; a hyperpolarizing shift of similar 
magnitude (21.3 -+ 8.2 mV) (n = 5)) was obtained 
when internal C a  2+ was increased to 477 nM. The 
current activated as a result of the increase in inter- 
nal calcium concentrat ion was partially inhibited in 
the presence of TEA (14 mM, 87% at + 100 mV) as 
seen in Fig. 5E. The residual current following ex- 
posure to TEA was completely inhibited in the pres- 
ence of 4-AP (4 mM, Fig. 5F).  

An increase in the inward as well as outward 
current with elevated internal Ca 2+ levels (Fig. 5C 

and D) was associated with a hyperpolarizing shift 
in the reversal potential toward the K § equilibrium 
potential. This suggests that (i) Ic is a Ca>-act i  - 
vated K + conductance and (ii) there is perhaps 
more than a single Ca2+-activated conductance 
pathway. Single-channel data supporting the obser- 
vation that there may indeed be more than one cal- 
cium-activated K § conductance has been reported 
for HMDMs (Randriamampita & Trautmann,  1987; 
Gallin, 1989) human tonsillar B lymphocytes  as well 
as rat thymocytes  (Mahaut-Smith & Schlichter, 
1989). 

CATION NONSELECTIVE OUTWARD CURRENT (ID) 

Following total replacement of the internal K + with 
Cs + or Na +, it was not uncommon to observe a 
slowly activating component  of outward current 
(ID) at potentials positive to +20 mV as seen in Fig. 
6B. During a maintained depolarization to + 80 mV 
the current reached steady state in approximately 6 
sec (Fig. 6D). The peak current-voltage curve for 
the currents in Fig. 6B is plotted in Fig. 6A. ID acti- 
vation was inhibited at low external Zn 2+ (4-400 
/xM) concentrations.  With Cs + in the pipette to 
block contaminating K + currents and DPC or SITS 
in the bath to block chloride current (vide infra), a 
78 -+ 5.4% decrease in outward current was ob- 
served at + 100 mV in five cells in the presence of 
Zn 2+ (40 ~M). ID was the only HMDM current 
which showed Zn 2+ sensitivity. Tail current experi- 
ments were performed using Cs + as a replacement 
for internal K +, in the presence and absence of Zn 2+ 
(used for leak subtraction). Representat ive tail cur- 
rents and associated instantaneous current-voltage 
plot are depicted in Fig. 6E and F. The instantane- 
ous current reversal potential of 3.6 +- 4.6 mV (n = 
6) as obtained in the tail current experiments was 
used to construct  the conductance versus voltage 
plot in Fig. 6C. The smooth line drawn through the 
peak conductance data points represents the best fit 
to a Boltzmann distribution in Eq. (I). In two exper- 
iments, fits to the data yielded a Vv2 of 55.3 and 67 
with a slope factor k of -15 .5  and -13 .2 ,  respec- 
tively. The whole-cell chord conductance at the 
most depolarized potential of +100 mV was 2.3 +- 
0.2 nS (n = 21). Tail current  reversal potentials 
were insensitive to C1- replacement with either as- 
partate, glutamate, or gluconate in the external so- 
lution indicating that the current  was not anion se- 
lective. 

The cell from which the current recordings in 
Fig. 7A were obtained appeared to express the cat- 
ion nonselective component  of the outward current 
and a small component  of Ic which was blocked by 
TEA. The selectivity of ID was further investigated 
in external anion replacement experiments in the 
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presence of high internal K + (Fig. 7A) or high inter- 
nal Cs § (Fig. 7B). The substitution of external glu- 
conate or aspartate for C1- failed to significantly 
decrease the magnitude of ID (Fig. 7A and B) indi- 
cating that the conductance is unlikely to be anion 
selective, and appears to be cation nonselective in 
that current was observed in the presence of inter- 
nal Cs +, K § as well as Na + (see Figs. 5B and 6B). 
In three of the four cells examined, a 39 -+ 9% inhi- 
bition of ID was observed in the presence of  TEA (4 
mM) when contaminating K § conductances were 
blocked by replacement  of K § with Cs § in the inter- 
nal solution. With Cs + as the major cation in the 
pipette solution, ID was also inhibited by 51.1 _+ 
9.3% (n = 3) at low external concentrations of 4-AP 
(4 mM). 

The f requency of  ID current is likely to be un- 
derest imated if internal K § is not replaced with 
Cs § In many cells, when recorded from under con- 
trol conditions, only the t ime-independent Ic cur- 
rent was observed until internal Cs + replacements 
revealed the slowly increasing current at depolar- 
ized potentials. 

CHLORIDE CURRENT (Icl) 

In a large number  of  cells examined, when Cs + or 
Na § was used as an internal K + replacement,  a 
t ime-independent component  of outward current re- 
mained which was of  variable amplitude and which 
was Zn2+-insensitive. In order  to ascertain the ionic 
species carrying the residual t ime-independent cur- 

rent, we performed anion substitution experiments.  
Figure 8 illustrates results obtained when the imper- 
meant anion aspartate was substituted for chloride 
in the external bathing solution at a ratio of 14 : 1. 
The reversal potential of the whole cell currents 
shifted by an average of  36.7 +- 4.0 mV (13) in the 
presence of aspartate. A shift of 68 mV in the de- 
polarizing direction would have been obtained for a 
perfectly chloride-selective, aspartate-impermeable 
membrane.  The whole-cell chloride conductances 
in control conditions (in the absence of aspartate) 
were 26.8 -+ 4.3 nS (n = 6) at +60 mV and 10.6 -+ 
2.3 nS (n = 6) at - 1 0 0  mV. 

As many anion channels are inhibited by disu- 
fonic stilbene derivatives (White & Miller, 1979; 
Nelson, Tang & Palmer, 1984; Hanrahan, Alles & 
Lewis,  1985; Valdivia, Dubinsky & Coronado, 
1988), we investigated the effects of the irreversible 
stilbene SITS (1 mM, n = 7) and the reversible 
stilbene DNDS (200/xM, n = 3). The results of an 
experiment demonstrating the inhibition of the an- 
ion-selective whole-cell current by SITS are pre- 
sented in Fig. 8C. The presence of the stilbene in 
the bath solution produced a 81.3 -+ 5% (n = 7) 
inhibition of steady-state current  amplitude at + 100 
mV. Similarly, DNDS produced a 59 -+ 3.0% inhibi- 
tion at the same potential (results not shown). Sig- 
nificant anion current inhibition was also obtained 
with the anion channel blockers diphenylamine-2- 
carboxylate (DPC, 0.2 to 2 mN, 83 --+ 2.6%(n = 8)) 
and anthracene-9-carboxylate (1 mM, 90.5 + 0.9% 
(n = 3). Although the chloride channel blockers 
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DPC and anthracene-9-carboxylate produced a 
larger reduction of the anion-selective current in the 
presence of high internal Cs + than the stilbene 
SITS, they, in addition, produced a significant in- 
crease in the K+-selective current in the presence of 
K + pipette solutions containing elevated Ca 2+ levels 
as well as an increase in the amplitude of the cation 
nonselective outward current, ID. A similar hyper- 
polarization effect in the presence of anthracene-9- 
carboxylate has been observed for cells in the thick 
ascending loop of Henle (Di Stefano et al., 1985). 

INWARD RECTIFIER CURRENT 

The activation of a prominent time-independent in- 
ward current was often observed with increasing 
hyperpolarization. This current was similar to the 
inwardly rectifying current described previously by 
Gallin and Sheehy (1985) for the murine J774 cell 
and McKinney and Gallin (1988) for the HMDM. As 
is true of inwardly rectifying K + currents previously 
characterized in a number of excitable tissues (f-Ia- 
giwara, 1976; Standen & Stanfield, 1978; Hagiwara 
& Yoshi, 1979; Stanfield, Nakajima & Yamaguchi, 
1985), we found that the inwardly rectifying current 
in HMDMs was detectable at potentials negative to 
the K + equilibrium potential, which in standard 
bath and pipette solutions was -82 inV. This cur- 
rent increased in amplitude with increasing external 

K + concentration and was blocked by external Ba 2+ 
at concentrations as low as 40 ~M. A block in in- 
ward current at -110 mV of 91.7 -+ 1.7% was 
achieved in the presence of 4 mM Ba 2+ (10 cells). 

FREQUENCY DISTRIBUTION OF OUTWARD 

CURRENT TYPES 

This investigation included cells obtained from a 
total of 36 donors, with multiple studies performed 
on 16 of the donors. Surprisingly, we were unable to 
relate current expression to state of differentiation, 
i.e., time in culture, mode of differentiation, or tran- 
sition from suspension to adherent culture. The oc- 
currence of a given current type appeared to be, 
however, donor dependent. For a given donor, cur- 
rent frequency patterns were consistent from isola- 
tion to isolation, a fact which allowed us to select a 
given donor for the study.of a specific current type. 
Table 2 gives the frequency of occurrence of each of 
the four major current patterns for the 974 cells in- 
cluded in the study. A large population of the cells 
studied exhibited current types which could be de- 
scribed as a combination of the four major types 
described. Current identification was made on the 
basis of current (i) time dependency, (ii) voltage- 
dependent availability, i.e., the presence of steady- 
state inactivation, (iii) threshold of activation and 
(iv) in some cases, pharmacological sensitivity. As 
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some cells expressed  a combinat ion of currents,  ex- 
act determinat ion of current  f requency was, with 
the except ion of the inactivating IA current,  an un- 
derest imate.  We did not a t tempt  a f requency distri- 
bution est imate of  Icl as that would have entailed a 
pharmacological  dissection of current  for all the 
cells examined.  In addition, we did not a t tempt  a 
rigorous evaluation of the f requency of expression 
of the inwardly rectifying K + current,  although it 
was our impression that it was present  at both early 
and late times in culture differentiation. The distri- 
bution of current  types  f rom three representat ive 
donors are included for compar ison  in Table 2. 
Note  that donor  1 and donor  3 have an inverse dis- 
tribution ratio of  I~ to Ic. Donor  2 is representat ive 
of a class of  donors  which express  Ic at a very low 
frequency.  These  distribution ratios remained con- 
stant for a given donor  throughout  t ime in culture. 
Of  note is the increase in Ia f requency in the Percoll 
isolated cells. It is possible that Ia current  expres-  
sion in these cells resulted f rom lymphokine activa- 
tion due to the fact  that  the percoll  isolated cells 
were,  for the mos t  part ,  differentiated for variable 
periods of  t ime in suspension culture before intro- 
duction into adherent  culture, and the suspension 
cultures contained f rom 10-40% lymphocyte  con- 
tamination. 

Discuss ion  

We observed  that H M D M s  exhibit a number  of  
voltage- and t ime-dependent  currents  with variable 
expression f rom donor  to donor.  Four  of  these cur- 
rent are carried by K § The H M D M s  in these stud- 
ies exhibited two 4-AP-sensitive, t ime-dependent ,  
outward K § currents that could be differentiated by 
their s teady-sta te  inactivation in the physiological 
potential range, t ime course  of  inactivation with 
maintained depolarization,  and  threshold of activa- 
tion. The 4-AP-insensitive component  of  the out- 
ward current  act ivated at potentials positive to + 10 
mV. One componen t  of  the 4-AP-insensitive out- 
ward current  increased in ampli tude as a function of 
internal Ca 2+ concentrat ion,  could be inhibited in 
the presence  of  external  TEA,  and is undoubtedly 
the same Ca2+-activated K + conductance previ- 
ously described by Gallin and McKinney  (1988) in 
HMDMs.  Following total replacement  of  the inter- 
nal K + with either Cs + or Na  +, a delayed compo-  
nent of  outward current  remained which had a 
threshold of  act ivat ion at approximate ly  +30 mV 
and could be blocked at low concentrat ions of  ex- 
ternal Zn 2+. The reversal  potential  of  the delayed 
outward current,  as determined f rom tail current 
studies, was approximate ly  4 mV and insensitive to 

Table 2. Frequency of whole-cell outward current types in hu- 
man monocyte-derived macrophages as a function of isolation 
procedure and donor 

L /~ /c /~ 

Frequency (%) 

HMDM (adherence) (n = 596) 0 66 40 27 
Donor 1 (n =..70) 0 81 60 54 
Donor 2 (n = 41) 0 93 7 38 
Donor 3 (n = 44) 0 71 91 27 

HMDM (Percoll) (n = 378) 13 35 66 29 

Current identification was made on the basis of current (1) time 
dependency, (2) threshold of activation, and (3) pharmacologi- 
cal sensitivity in voltage-clamp experiments similar to those de- 
picted in Fig. 1 and expressed as a percentage of the total number 
of cells for a given donor or experimental isolation technique. As 
some cells expressed a combination of currents, exact determi- 
nation of current frequency may in some instances be an under- 
estimate. Current frequencies for a given donor were determined 
over at least two separate isolations. 

anion substitution in the external bathing solution, 
indicating that current  was cation nonselective.  In 
the absence  of  all contaminating K + currents,  we 
were able to identify an outwardly rectifying chlo- 
ride current  that  could be inhibited by the stilbene 
SITS. The activation of  a prominent  t ime-indepen- 
dent inward current  was often observed with in- 
creasing hyperpolar izat ion and corresponded to the 
inwardly rectifying K + rectifier current. Table 3 is a 
summary  of the characterist ics of  the conductances  
which we have  character ized in the HMDM.  

TRANSIENT OUTWARD CURRENT IA 

The propert ies  of  the fast  inactivating, transient 
component  of  the outward current,  IA, which we 
observed in HMDMs,  suggest its similarity to K *~ 
currents previously described in human T lympho- 
cytes (Matteson & Deutsch,  1984; Cahalan et al., 
1985), in murine clonal cytotoxic  T lymphocytes  
(Fukushima,  Hagiwara  & Henkar t ,  1984), in cul- 
tured murine macrophages  (Ypey & Clapham 1984), 
in J774.1 and P338D1 cells, murine-derived macro-  
phage-like tumor  cells lines (Gallin & Sheehy, 1985; 
Sheridan & Bayer ,  1986), in murine B lymphocytes  
and their precursors  (Choquet  et al., 1987), in mam- 
malian platelets (Maruyama,  1987), and in a human 
cytotoxic  T lymphocyte  clone (Lee et al., 1986). As 
has been previously observed  for H M D M s  (Gallin 
& McKinney ,  1988), this current  is the most  infre- 
quent of  the current  types which were observed in 
the study, in stark contrast  to the f requency of  ex- 
pression for  this current  in the murine peritoneal 
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Table 3. Summary of whole-cell  current character izat ion in HMDMs 

Current Time VH Threshold Charge Blocking agent  

type dependency sensi t ivi ty voltage carrier  sensi t ivi ty 

4AP TEA Ba 2- Zn 2+ DPC 

(4 raM) (4 mM) (4 mM) (4 /xM) SITS 

Ia + + +  + + +  --40 K + + + +  ND ND ND - -  

IB + + 0 K + + + +  + + +  + +  - -  - -  

I c  - -  - -  +10 K + - -  + + +  + +  - -  - -  
ID + - -  + 30 Nonselect ive  + + + + - -  + + + - -  

cation 

IIR - -  - -  --85 K + - -  - -  + + + - -  - -  
Ic~ - -  - -  None C1- ND ND ND ND + + + 

The pharmacology OflA is incomplete  (indicated by the abbreviat ion ND) due to the low frequency at which the current  was observed in 

our experiments .  The symbols + + + indicated in the blocking agent columns correspond to current inhibit ion of greater  than 60%, + + 

corresponds to a current  inhibition of 30-60%, while + corresponds to current inhibition less than 30%. Current  inhibition was 

determined as the percent  decrease  in peak current  ampli tude at + 10 mV for IA, +40 mV for l e ,  + 100 mV for I c ,  + 100 mV for lt~, - 110 

mV for Ii~, and + 100 mV for Io.  

macrophage. The difference in the frequency of Ia 
current observation between the Percoll and adher- 
ence purified cells in our studies could be due to the 
presence of contaminating lymphocytes (10-40%) 
in the Percoll isolated cells during incubation in sus- 
pension. It is likely that the presence of lympho- 
kines could enhance expression of this current 
which has been related to mitogen stimulation in 
murine T lymphocytes (DeCoursey et al., 1987a). 

C A L C I U M - A c T I V A T E D  O U T W A R D  C U R R E N T  ! C 

Two prominent voltage-dependent K + conduc- 
tances have been recently characterized in HMDMs 
at both the whole-cell and single-channel level by 
Gallin and McKinney (1988): (i) a CaZ+-activated 
K + conductance which is TEA and charybdotoxin- 
sensitive and (ii) an inwardly rectifying K 2+ current 
which is blocked by external Ba 2+ and increased 
with elevation of the external K 2+ concentration. 
We have identified and characterized similar cur- 
rents in the cells described in this study. In our 
studies, however, the Ca2+-activated K § current, 
Ic, could not be correlated with degree of differenti- 
ation as in the studies of Gallin and McKinney 
(1988) where whole-cell current expression was pre- 
dicted on the basis of single-channel observations in 
isolated patch experiments. The discrepancy be- 
tween our observations on the frequency of Ic 
expression and those previously obtained for the 
cultured human cells, as extrapolated from 
single-channel patch experiments, could result from 
the fact that at low current densities, during the 
early stages of differentiation when Ic amplitude is 

low, patch experiments may fail to sample adequate 
membrane surface area to predict actual magni- 
tudes of channel expression. 

An average increase in the Ca2+-dependent K + 
conductance, using internal solutions with elevated 
Ca 2+ concentrations, has been observed for both 
routine J774 cells and peritoneal macrophages (Ran- 
driamampita & Trautmann, 1987). In their studies, 
Randriamampita and Trautmann, observed that the 
average input conductance increased ninefold over 
a range of internal free Ca 2+ concentrations of 100 
nM to 1 /XM for the J774 cells. A fivefold increase in 
conductance was observed for the peritoneal cells 
over the larger concentration range of 10 nM to 3 
~M. In the experiments described in our studies, 
where each cell served as an internal control, we 
observed an average eightfold increase in outward 
current amplitude when the internal free Ca 2§ was 
increased from 38 to 477 nM. In the studies of Gallin 
and McKinney (I988) on HMDMs, the Ca2+-acti - 
vated K § currents, at both the single-channel and 
the whole-cell level, had similar voltage dependen- 
cies. In their experiments, depolarization beyond 
+30 mV was needed to significantly activate the 
currents even at the higher internal Ca 2+ level of 3 
/xM. Single Ca2+-activated K + channel data derived 
from cell-free patches in the earlier work of Gallin 
(1984), again using HMDMs, demonstrated the 
channel open-state probability was 0.5 at +20 mV 
for a internal Ca 2§ concentration of 3/XM. Our data, 
using internal pipette perfusion, shows significant 
channel activation in the hyperpolarized voltage 
range (approximately -50 mV) at an internal free- 
Ca > concentration of 212 riM. This is to be corn- 
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pared to the threshold of Ic current activation of 
approximately + 10 mV for an internal free Ca 2+ of 
38 nM. Similar shifts in the voltage dependence of 
current activation at elevated internal Ca 2+ levels 
were seen for the murine cells in the studies of Ran- 
driamampita and Trautmann (1987). 

PREVIOUSLY UNCHARACTERIZED 

MACROPHAGE CURRENTS 

We have characterized three additional currents in 
human macrophages which have, heretofore, not 
been identified in electrophysiological studies of 
macrophages: the residual inactivating outward cur- 
rent I~, the delayed outward current Iv, and the 
chloride current Icl. 

ity and parameters of activation and inactivation. 
Three lines of experimental evidence support the 
conclusion that IA and IB represent two separate 
currents: (i) I8 currents activated at potentials ap- 
proximately 47 mV more positive than IA currents 
(V1/2 fOrlA was --18 mV (see Nelson et al. 1990) and 
V1/2 for IB was 30 mV). (ii) In the voltage range of 
-60 to 0 mV Ie showed no steady-state inactiva- 
tion; the midpoint for steady-state inactivation for 
IA was --44 mV (see Nelson et al., 1990). (iii) Re- 
covery from inactivation for IB was practically com- 
plete within 1 sec while the time constant describing 
the recovery from inactivation for IA was approxi- 
mately 28 sec (see following paper). 

Cation Nonselective Outward Current Iv 

Residual Inactivating Outward Current 18 

The transient component of the outward current 
which did not exhibit steady-state inactivation, I8, 
bears resemblance to the MRL-1 K § currents de- 
scribed in murine T lymphocytes (DeCoursey et al., 
1987b). Both of these currents inactivate more 
slowly and less completely during maintained depo- 
larizations possibly accounting for the lack of volt- 
age-dependent current availability. Our inability to 
demonstrate steady-state inactivation for Ie may 
also be due to the fact that voltage-dependent avail- 
ability is observable only in a very depolarized volt- 
age range. Both MRL- 1 and I~ currents appear to be 
sensitive to external TEA; however, we have not 
made a rigorous comparison between TEA versus 
4-AP sensitivity in our studies. 

We were unable to demonstrate that both tran- 
sient outward current types coexist in the same cell 
as had been seen for the MRL-n and MRL-1 K + 
currents in the murine T lymphocyte (DeCoursey 
et al., 1987b). The absence of voltage-dependent 
conductance activation in the hyperpolarized volt- 
age range for cells expressing Ie was in striking con- 
trast to voltage-dependent current activation 
around -40 mV as was observed in cells expressing 
IA. Bimodal conductance versus voltage plots with 
humps around -40 mV were not observed at either 
hyperpolarized or depolarized holding potentials 
and would have been expected for cells which pre- 
dominantly expressed I~ and to a lesser extent IA. 

The shift in the instantaneous current-voltage 
relationship as a function of increasing external K + 
concentrations was less than the theoretically pre- 
dicted value indicating that I~ channels may be 
somewhat less selective for K + than IA channels. 
Thus, the two types of transient outward current 
appear to be distinguishable on the basis of selectiv- 

The delayed outward current ID which appears in 
the presence of either K +, Cs +, or Na + in the pi- 
pette solution and is activated in the highly depolar- 
ized range is insensitive to isosmotic replacement of 
external chloride with the impermeant anion substi- 
tute gluconate. Unlike, I~ and Ic,  the frequency of 
ID did not appear to be donor dependent. It was 
observed at a relatively high frequency in all donors 
following pharmacological block of all other overly- 
ing outward currents. This current has a limited 
sensitivity to external TEA and 4-AP. The time 
course of activation for the nonselective cation cur- 
rent Iv resembles that of the delayed rectifier K + 
current in heart (Gintant, Matsurra, Datyner & 
Cohen, 1985; Matsuura, Tsuguhisa & Imoto, 1987) 
in that it reaches a plateau over a period of seconds. 

The delayed outward current Iv could be distin- 
guished from other HMDM currents on the basis of 
its Zn 2+ sensitivity. Zn 2+ have been shown to de- 
crease the resting chloride conductance of frog skel- 
etal muscle (Stanfield, 1970; Woodbury & Miles, 
1973); to block Ca 2+ channels (Nachshen, 1984; for 
review see Hagiwara & Byerly, 1981), to block Na + 
channels (Hille, Woodhull & Shapiro, 1975; Arhem, 
1980; Frelin et al., 1986), and to block NMDA (N- 
methyl-D-aspartate) receptor responses (Westbrook 
& Mayer, 1987; Mayer, Vyklicky & Westbrook, 
1989). The histamine-rich glycoprotein of serum has 
been shown to bind with high affinity to several non- 
ferous divalent metals and successfully competes 
for Zn 2+ with metal-binding serum proteins like al- 
bumin and transferrin in equilibrium dialysis experi- 
ments (Morgan, 1981; Burch, Blackburn & Morgan, 
1987). The histamine-rich glycoprotein may play a 
role the transport or homeostasis of metal ions and 
may act as a source of divalents to the circulating 
monocyte thereby modulating their electrical excit- 
ability. 
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Chloride Current  ICI 

The current-voltage relationship for the chloride 
current Icl, showed some rectification in the hyper- 
polarized range. The degree of rectification was 
much less than that observed for either the cAMP- 
activated whole-cell chloride current in the perito- 
neal mast cell (Matthews, Neher & Penner, 1989), 
the cAMP-regulated chloride channel present in T 
and B lymphocytes (Chen, Schulman & Gardner, 
1989), or the chloride conductance associated the 
regulatory volume decrease in T lymphocytes (Ca- 
halan & Lewis, 1988). The anion current in the 
HMDM was inhibited by a range of chloride chan- 
nel inhibitors. Similar stilbene sensitivity has been 
demonstrated for the agonist-activated chloride 
conductance of mast cells (Matthews et al., 1989). 
Chloride channel blockers have been shown to ef- 
fect chemotaxis, lysosomal enzyme release, and su- 
peroxide anion generation in human neutrophils 
(Korchak et al., 1980; Skubitz et al., 1989). Kolb 
and Ubl (1987) studied the induction of an anion- 
selective current that may be involved in mediating 
signal transduction in phagocytic cells. They moni- 
tored the indirect activation of large conductance 
anion channels in cell-attached patches during ad- 
sorption of zymosan particles to the membrane of 
freshly isolated murine peritoneal macrophages. 
Their data indicates a possible role for the activa- 
tion of an anion-selective current during zymosan- 
induced phagocytosis. The zymosan-activated 
channels are similar in conductance and kinetic 
properties to the large conductance anionic channel 
(220 to 400 pS) which Schwarze and Kolb (1984) 
described earlier in membranes of resting peritoneal 
macrophages. 

The single-channel currents reported in the 
studies of Schwarze and Kolb (1984) and Kolb and 
Ubl (1987) differ from the whole-cell currents de- 
scribed in these studies in that they were active only 
in the voltage range of -30 to +30 mV and did not 
show outward rectification upon membrane hyper- 
polarization. Therefore, the activation of the large 
conductance chloride channels could not totally ac- 
count for the anion current which we observed in 
the HMDMs. 

The selectivity of the whole-cell anion currents 
in the HMDMs is similar to the selectivity of the 
cAMP-sensitive currents in the peritoneal mast "cell 
(Matthews et al., 1989) and the tracheal epithelial 
cell (Schoppa et al., 1989), as well as the Ca2+-de - 
pendent currents in the lacrimal gland cell (Evans & 
Marty, 1986). Replacement of the external chloride 
by either aspartate or glutamate produced a 35-mV 
shift in the zero current potential in the peritoneal 
mast cell and tracheal epithelial cell, and a 46-mV 

shift in the lacrimal cell. The reversal potential of 
the chloride currents in the HMDMs shifted by 37 
mV for similar external chloride replacements, 
which is to be compared to the 68 mV shift per 
decade expected for a perfectly anion-selective 
membrane. The deviation could be due to the fact 
that (i) the anion conductance is not ideally anion 
selective, i.e., the CI-/Na + permeability ratio is 
low, (ii) the conductance is partially permeant to 
aspartate, i.e., the C1-/aspartate permeability ratio 
is low, or (iii) the conductance is not a homoge- 
neous conductance. In reversal potential measure- 
ments on the mini-chloride channels which are as- 
sociated with the regulatory volume decrease and 
which are ubiqitious among various types of T lym- 
phocytes, replacement of the external C1- with as- 
partate produces a significantly larger shift in the 
current reversal potential of 50 mV and indicates 
that in lymphocytes aspartate is 0.12 times as per- 
meant as chloride (Cahalan & Lewis, 1988). In the 
same set of experiments, Cahalan and Lewis (1988) 
report that large organic cations, e.g., methansulfo- 
nate, used as impermeant anion substitutes, ap- 
peared to be significantly permeant. 

SUMMARY 

In summary, we have examined the variability and 
frequency of whole-cell currents in HMDMs grown 
and differentiated in culture. We observed an in- 
crease in cell capacitance and a decrease in input 
resistance which accompanies growth in culture. 
We characterized three voltage-dependent K + se- 
lective outward currents: (i) an inactivating, 4-AP- 
sensitive, transient outward current, (ii) a 4-AP and 
TEA-sensitive transient component of the outward 
current which did not exhibit steady-state inactiva- 
tion in the physiological potential range and a (iii) 
Ca2+-activated, time-independent component of the 
outward current which is TEA sensitive. In addi- 
tion, we identified a delayed outward current which 
activated in the highly depolarized range, was Zn 2+ 
inhibitable, and appeared to be a nonselective cat- 
ion conductance. Cells also expressed an inward 
current which resembles the inwardly rectifying K + 
current of nerve and muscle in its Ba 2+ sensitivity 
as well as its sensitivity to increases in external K + 
concentration. In the absence of all contaminating 
K § as well as nonselective cation conductances, an 
outwardly rectifying chloride selective current re- 
mained which could be inhibited by the irreversible 
stilbene SITS. Neither inward nor outward current 
expression appeared dependent on whether cells 
were differentiated in adherent or suspension cul- 
ture nor was demonstrable differential current ex- 
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pression observed upon transition from suspension 
to adherent form. 
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