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Abstract. Intracellular Ca 2+ (Cai) signaling following 
the binding of surface receptors activates a Ca 2+ perme- 
able plasma membrane conductance which has been 
shown to be associated with store depletion in a number 
of cell types. We examined the activation of this con- 
ductance in human monocyte-derived macrophages 
(HMDMs) using whole-cell voltage-clamp techniques 
coupled with fura-2 microfluorimetry and characterized 
the importance of external pH (pHo) as a modulator of 
current amplitude. Current activation was observed fol- 
lowing experimental maneuvers designed to deplete in- 
tracellular Caa+-stores including: (i) dialysis of the cell 
with 100 gM inositol 1,4,5-tripbosphate (IP3), (ii) intra- 
cellular dialysis with high concentrations of the Ca 2+ 
buffers EGTA and BAPTA, or (iii) exposure of the cell 
to the Ca2+-ATPase inhibitor thapsigargin (1 gM). Cur- 
rents associated with store depletion were inwardly rec- 
tifying with kinetics, inactivation, and selectivity that 
appeared similar irrespective of the mode of activation. 
Currents were Ca 2+ selective with a selectivity sequence 
of Ca 2+ > Sr 2+ >> Mg 2+ = Mn 2+ = Ni 2+. The Ca 2+ influx 
current was modulated by changes in pHo; modulation 
was not produced as a consequence of changes in inter- 
nal pH (pHi). External acidification led to a reversible 
reduction in current amplitude with a pKa at pH 8.2. 
Changes in pH o alone failed to induce current activation. 
These observations are consistent with a scheme by 
which changes in pHo, as would be encountered by mac- 
rophages at sites of inflammation, could change the time 
course and magnitude of the Ca i transient associated with 
receptor activation by regulating the influx of Ca 2+ ions. 
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Introduction 

Receptor activation of phospholipase C in macrophages 
results in a transient, biphasic rise in internal calcium 
(Cai) which appears to be due to both release from in- 
ternal stores and influx across the plasma membrane. 
The initial phase of Ca 2+ release is mediated via the 
activation of an inositol 1,4,5-trisphosphate (IP3)-gated 
channel in the endoplasmic reticulum. The mechanism 
underlying the second phase, a sustained Ca 2+ entry, is 
not yet clear. The observation that an inwardly rectify- 
ing, Ca2+-selective current is activated in a number of 
cell types following experimental manipulations which 
lead to store depletion has led to the hypothesis that the 
signal which initiates the influx of Ca 2+ is the state of 
refilling of the internal stores (Hoth & Penner, 1992; 
Bahnson, Pandol & Dionne, 1993; Hoth & Penner, 1993; 
McDonald, Premack & Gardner, 1993; Parekh, Terlan & 
Stuhmer 1993; Randeiamampita & Tsien, 1993; Zwei- 
fach & Lewis, 1993). 

This study characterizes a similar inward conduc- 
tance in human macrophages that is activated following 
any one of three experimental maneuvers designed to 
deplete intracellular calcium stores: (i) an increase in 
intracellular IP3, (ii) dialysis of the cell with intracellular 
solutions of high Ca 2+ buffering capacity, and (iii) ex- 
posure of the cell to the Ca2+-ATPase inhibitor, thapsi- 
gargin. Hormone-activated Ca2+-entry has been shown 
to be modulated by changes in pH o (Blackmore et al., 
1984; Muallem, Pandol & Beeker, 1989) reminiscent of 
proton modulation observed for a number of plasma 
membrane cation conductances (Hille, Woodhull & Sha- 
piro, 1975; Iijima, Ciani & Hagiwara, 1986; Pietrobon, 
Prod'horn & Hess, 1988). Macrophages are inflamma- 
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tory cells commonly found at necrotic tissue sites where 
the pH o may vary widely. In the microenvironment of 
abscesses, pH o levels can fall to as low as 5.5 (Bryant et 
al. 1980). Therefore, our aim was an assessment of the 
importance of  H + as a modulator of  the Ca2+-selective 
inward current activated upon store depletion in macro- 
phages. Our observations suggest that small changes in 
extracellular pH as would be encountered by inflamma- 
tory cells contribute significantly to the modulation of 
the depletion-activated Ca 2§ current and hence could 
play a role in regulating Ca 2§ entry in cells at sites of 
inflammation. 

Materials and Methods 

CELL CULTURE 

Mononuclear cells isolated from peripheral blood samples collected 
from healthy human volunteers were separated from neutrophils and 
erythrocytes by Ficoll-Hypaque density gradient centrifugation and 
maintained in long term culture as previously described (Nelson, Jow 
& Jow, 1990). Human monocyte-enriched leukocyte fractions, sus- 
pended 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 a air atmosphere prior 
to their introduction into adherent culture. Cells were maintained in 
suspension culture in teflon vials for 1-2 weeks and plated on glass- 
bottom culture dishes approximately 30 min prior to recording. 

Dishes, which served as recording chambers, were constructed as 
previously described (Katnik 8,: Nelson, t993). In brief, an 18 mm 
diameter hole was punched into the bottom of a 35 mm plastic culture 
dish. A 22 x 22 mm, acid cleaned cover slip was fixed to the outside 
surface of dish covering the hole using Sylgard 184 silicone elastomer 
(Dow-Corning, Midland, MI). Dishes were placed in a drying oven at 
55~ for 1 hr to allow for sufficient Sylgard curing. A drop of the 
mononuclear cell suspension (0.2 ml) was placed in the center of the 
exposed coverslip and incubated for 10 min at 37~ in a humidified 5% 
CO2:95% O a environment. Following incubation and initial cell at- 
tachment, nonadherent cells were removed through washing with the 
external recording solution. 

SOLUTIONS 

The standard internal (pipette) solution contained (in raM): 100 Cs- 
glutamate, 50 CsC1, 1 EGTA-CsOH, 0.2 CaC12, 2 MgCI> 10 HEPES 
buffered to pH = 7.2. In some experiments, N-methyl-D-glucamine 
(NMDG) was used to replace some fraction of the Cs § with no observ- 
able effect on the activation properties of the inward conductance. 
In experiments requiring an internal solution with a high Ca 2+ buffering 
capacity, 11 mM EGTA and 2 mM CaC12 were used in place of 1 EGTA 
and 0.2 CaC12. In the 11 mM EGTA containing solutions, the free Ca 2+ 
was calculated to be 39 riM. In the 1 mM EGTA containing solutions, 
the free Ca 2+ was calculated to be 43 riM. Free Ca 2+ was calculated 
assuming an apparent dissociation constant for EGTA of 0.15 ~lM at pH 
7.2 using the methodology of Fabiato and Fabiato (1979). The external 
(bathing) solution contained (in raM): 130 NaC1, 10 CaCI> 10 HEPES- 
NaOH, pH = 7.4. In experiments investigating the divalent selectivity 
of the inward conductance, CaC1 e was exchanged for either 10 mM 
MnClz, NiC12, MgCI> or SrC12 in the external solution. In experiments 
in which the external pH was altered, the pH of the solutions was 

adjusted immediately before use. Solution osmolarities were moni- 
tored using a vapor pressure osmometer (Model 5500, Wescor, Logan, 
UT) and adjusted to 300 mOs. 

BAPTA, tetrapotassium salt was obtained from Molecular Probes 
(Eugene, OR). Thapsigargin (Calbiochem, La Jolla, CA) and inositol 
1,4,5-trisphosphate (IP3) [LC Laboratories (Woburn, MA)] were stored 
at -20~ in stock solutions. Aliquots of the stock solutions were di- 
luted in the appropriate experimental solutions immediately prior to 
use. Thapsigargin was stored in a DMSO stock solution while IP 3 was 
dissolved in the 1 t EGTA containing pipette solution. 

ELECTROPHYSIOLOGY 

Whole-cell recordings from HMDMs were obtained using the tech- 
niques 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. Recordings pipettes were formed 
from borosilicate glass (World Precision Instruments, Sarasota, FL) 
using a horizontal puller (Model-P87, Sutter Instrument, San Rafael, 
CA). The resistance of the saline-filled pipettes was between 4-7 MY2. 
Whole-cell currents were obtained using a List EPC-7 (List Electronic, 
Darmstadt, West Germany) voltage clamp. The output of the current- 
to-voltage converter was filtered through a low pass filter at 0.5 kHz. 
The current signal was sampled at 1 kHz and written into data files 
using an IBM-AT compatible. 

In some experiments investigating the time course of current 
activation in the presence of internally dialyzed IP3, voltage ramps 
from -100 to 100 mV (0.5 mV/msec) were applied from a holding 
potential of 0 mV at 5 sec intervals. The current record obtained in 
response to the first ramp was used as background current and was 
subtracted from the subsequent records. The current recorded at -45 
mV was then used to monitor the time course of current activation. 
Step voltage protocols were also used in experiments in which the time 
course of current inactivation was studied. Voltage steps from a hold- 
ing potential of 0 mV to command potentials between -100 to 50 mV 
were applied at 5-sec intervals. In general, currents recorded in the step 
voltage protocols were not leak or capacitance corrected unless stated 
otherwise. Peak currents in the current-voltage relationships were mea- 
sured 20-40 msec after the initiation of the voltage pulse. Whole-cell 
current activation and inactivation was analyzed as a sum of exponen- 
tials by a Fourier method (Provencher, 1976) that determined the num- 
ber, amplitudes, and time constants of the components. 

In some experiments a bath perfusion system was employed 
which allowed for sequential solution changes. Bath solution changes 
were made at a rate of approximately 1 cc/min. In those experiments 
in which the external CI- was replaced by aspartate, the bath ground 
electrode was connected to the bath solution via an agar/saline bridge 
in order to prevent electrode offset potentials. 

MICROFLUORIMETRY 

Experiments were performed on a Leitz microscope equipped with UV 
transparent optics. Dye excitation illumination was provided by a Pho- 
ton Technology International (PTI, South Brunswick, NJ 08852) D-101 
dual wavelength illumination system. The D-101 consisted of a 75 
watt xenon arc lamp, a variable speed reflective optical chopper and 
two monochromators both under computer control. The illumination 
system was coupled to the microscope via a fiber optic cable that mixed 
and randomized the output of the two monochromators over the field of 
view. Excitation light was deflected with a 450 nm dichroic mirror 
through a 40x phase (Nikon Fluor, N.A. 0.85) objective. Emitted 
fluorescence filtered at 510 nm was collected by a Hammamatsu R928 
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photomultiplier tube and photon-counting photometer through a vari- A 
able rectangular aperture roughly equal to the area of the single cell. 
Photomultiplier output was sampled at 20 Hz and processed using a 
PTI interface on a NEC 386/20 personal computer. The monochroma- 
tor slit widths were set at 12 nm. 

Cells were loaded with fura-2 acetoxy methyl ester (5 gM) (Mo- 
lecular Probes, Eugene, OR) for 1.5 hr at room temperature in RPMI 
buffered with 25 mM HEPES. This loading solution also contained 
0.2% pluronic acid to obtain maximum dye dispersion and 0.5% bovine 
serum albumin (BSA) to prevent nonspecific dye binding. Following 
the loading procedure, ceils were washed and incubated for 30 min with 
extracellular solution (in mM): 140 NaC1, 5.4 KC1, 2 CaC12, 2 MgCI 2, 
10 HEPES, pH 7.4, to allow time for maximal dye deesterification. 
Ceils were washed again prior to use. All experiments were performed 
within 2 hr after completion of fura-2 loading. Cells chosen for exper- 
iments were loaded to levels which were at least 10 times that measured 
for a cell-free area of the coverslip using the masking iris set to the size 
of the cell. Changes in Ca i were expressed as the ratio (R) of dye 
fluorescence at 340 and 380 nm. 

Experiments were carried out at room temperature. Summary B 
data are expressed as means + SEM with the number of experiments in 
parentheses. 

Results 
ACTIVATION OF AN INWARD CURRENT FOLLOWING 

DEPLETION OF INTRACELLULAR C a  2+ STORES 

Whole-cell current recordings on human monocyte- 
derived macrophages (HMDMs) were made in ex- 
tracellular solutions containing 10 Ca 2+ and no 
K +. Outward K + current was inhibited by the isosmolar 
substitution of Cs + or NMDG for K + in the intracellular 
solution. Under these ionic conditions, the inclusion of 
100 gM inositol 1,4,5-trisphosphate (IP3) in the pipette 
solution resulted in the activation of an inwardly recti- 
fying current with a positive reversal potential which was 
similar in the depletion-activated Ca 2+ entry current pre- 
viously described in a number of cell types (Bahnson et 
al., 1993; Hoth & Penner, 1992; McDonald et al., 1993; 
Zweifach & Lewis, 1993). The time course of current 
activation was determined in experiments in which volt- 
age ramps from -100 to 100 mV were delivered to the 
cell from a holding potential of 0 mV at 5 sec intervals. 
Examples of current records obtained in response to volt- 
age ramps at 10 sec and 150 sec following the establish- 
ment of the whole-cell configuration are shown in Fig. 
1A. Activation of the inward current was not dependent 
upon the presence of IP 3 in the pipette solution. Current 
activation was also observed in the presence of a variety 
of stimuli known to deplete internal Ca 2+ stores includ- 
ing high internal concentrations of EGTA and BAPTA as 
well as the endoplasmic reticulum CaZ+-ATPase inhibi- 
tor, thapsigargin. Data obtained in the presence of all the 
activation stimuli is summarized in the Table. Current 
activation occurred with a variable delay which was de- 
pendent upon the activation stimulus. In the case of IP3, 
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Fig. 1. Inward current activation by internal IP 3. (.4) Whole-cell cur- 
rent recordings during voltage ranlps from -100 to +100 mV from a 
holding potential of 0 mV obtained from the same celh The pipette 
solution contained (mM): 100 NMDG-glutamate, 50 CsC1, 11 EGTA- 
CsOH, 2 CaC12, 2 MgC12, 10 HEPES, 0.1 IP 3, pH = 7.2. The external 
solution contained (mM): 10 CaC12, 130 NaC1, 10 HEPES, pH = 7.4. 
The first record, obtained just after establishing the whole-cell config- 
uration, was used as leak current record and was subtracted from all 
subsequent records. Representative currents are shown at 10 and 150 
sec after whole-cell formation. (B) The time course of inward current 
activation. Current magnitude determined at --45 mV elicited during 
voltage ramps from -100 to +100 mV delivered to the cell every 5 sec 
was used to construct the time course of current activation. The poten- 
tial o f -45  mV was chosen because it was close to the reversal potential 
of C1 and thus minimizes the possibility of a contribution from the 
activation of a C1- conductance. Arrows indicate points during the time 
course of activation at which current records in A were taken. 

current was clearly detectable at 150 sec after establish- 
ing the whole-cell conformation reaching a steady-state 
level at approximately 300 sec (see Fig. 1B). The time 
constant for current activation was determined for all 
stimuli examined from fits to time course data as in Fig. 
1B for IP 3. Current activation was well fit with a single 
exponential function. A comparison of the time con- 
stants for activation among the BAPTA-buffered solu- 
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Table 1. Comparative Ca > permeability and kinetic parameters of activation and inactivation for the depletion-activated Ca 2+ conductance as a 
function of  activation stimulus in HMDMs 

Activation stimulus bCurrent density ~ in slope conductance a'caotiv,t~o~ 
(pA/pF) with increasing [Ca2+]o (in sec) 

EGTA (11 raM) 2.54 -+ 0.27 1.35 _+ 0.08 ND 
(n = 5) (n = 4) 

EGTA (1 raM) + aTh 2.06 _+ 0.33 
ND ND (n = 5) 

EGTA (1 mM) + IP 3 2.57 _+ 0.42 1.94 -+ 0.12 85.0 + 31.5 
(n = 5) (n = 4) (u = 5) 

BAPTA 1.31 _+ 0.10 1.36 + 0.12 261.0 _+ 21.8 
(n = 8) (n = 4) (n = 4) 

BAPTA + Th 1.82 -+ 0.41 1.67 + 0.I9 162.0 -+ 54.0 
(n = 4) (n = 4) (n = 5) 

BAPTA + IP 3 2.45 -+ 0.36 2.07 + 0.07 119.0 _+ 24.7 
(11 = 8) (n = 5) (n = 6) 

Activation stimulus e'cl i.ac*ivation ~'~2 i,~otiwtion fPercent current Activation delay 
(in msec) (in msec) inactivation (in sec) 

EGTA (11 mM) 13.1 + 1.1 164.7 ___ 36.3 67 + 3.5 177.0-+ 7.8 
(n = 7) (n = 7) (n = 7) (n = 3) 

EGTA (1 mM) + aTh 230.8_+ 13.1 
ND ND ND 

(n = 5) 

EGTA (1 raM) + IP 3 8.5 + 1.5 139.0 + 25.9 63 + 6.9 70.0 -+ 18.0 
(n = 5) (n = 5) (n = 5) (n = 4) 

BAPTA 13.3 + 3.0 116.5 -+ 23.0 63 -+ 4.9 278.0 -+ 61.5 
(n = 4) (n = 4) (n = 4) (n = 4) 

BAPTA + Th 10.1 + 3.3 108.0 _+ 3.0 57 -+ 8.2 251.0 -+ 45.1 
(n = 3) (n = 3) (n = 3) (n = 5) 

BAPTA + IP 3 11.9 -+ 2.0 110.2 + 20.0 60 _+ 3.7 45.0 _+ 12.5 
(n = 7) (n = 7) (n = 7) (n = 6) 

Summary data are expressed as means + SEM with the number of experiments in parenthesis. EGTA concentrations are as indicated; BAPTA was 
used at a concentration of 10 raM. In the studies conducted using EGTA and thapsigargin or IP 3 as a stimulus, the internal pipette solution contained 

1 rnM EGTA. The concentration of IP 3 was 100 p-M. 
a Thapsigargin (Th) was applied externally at a concentration of 1 p.M. 
b In the calculation of current density, 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. Current amplitude was determined as the peak current 
elicited at - I 0 0  mV following maximal current activation in the continued presence of the activation stimulus. 
c Slope conductance was determined over the voltage range of -90  to -50  mV and is presented as the ratio of the conductance in 10 mM external 

Ca 2+ to that in 2 mM external Ca 2+. 
a-e The time course of current activation and inactivation was analyzed as a sum of exponentials by a Fourier method (Provencher, 1976) that 
determined the number, amplitudes, and time constants of the components. The time course of current activation (see text for description of 
measurement) was best fit by a single exponential function while current inactivation during a hyperpolarizing voltage pulse to -100 mV was best 

fit by a double exponential function. 
f Percent current inactivation was determined as the ratio of the steady-state current at the end of a 500 msec, -100 mV voltage pulse to the amplitude 
of  the peak current. The amplitude of the peak and steady-state currents were determined from exponential fits to the current data. All data were 

leak subtracted. ND indicates that determinations were not made. 

tions demonstrated a significant decrease in "~activation in 
the presence of IP 3 over that observed for BAPTA alone 
(P ~ 0.05). 

Inward current activation was variably observed us- 
ing pipette solutions which contained 11 mM EGTA as a 
depletion stimulus. The EGTA-induced current was ob- 
served in 40 of  the 62 cells examined. The amplitude of 
the EGTA-induced current from a representative cell at 3 
and 10 min is illustrated in Fig. 2A and B. 

TIME DEPENDENCE OF CURRENT INACTIVATION 

The inwardly rectifying, depletion-activated current 
showed time-dependent inactivation during maintained 
hyperpolarizing voltage steps between -100  and - 5 0  
mV, as seen in Fig. 2A and B. Current inactivation was 
incomplete, leaving a significant steady-state current at 
the end of a 500 msec voltage pulse. The percentage 
decrease in current was similar for both C a  2§ buffers and 
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Fig. 2. Activation of inward current by EGTA. (A) Family of current 
records obtained in response to a series of voltage steps between -100 
and +50 mV in 10 mV increments in the presence of 11 mM internal 
EGTA 3 min following whole-cell formation. The holding potential 
was 0 mV. (B) Current recording from the same cell 10 rain following 
whole-cell formation. (C) The corresponding 1-V relationship (filled 
circles for peak current at 3 min and filled squares for currents at 10 
min) for the currents in A and B. The pipette solution contained (mM): 
150 CsC1, 11 EGTA-CsOH, 2 CaC12, 2 MgC12, 10 HEPES, pH = 7.2. 
External solution contained (mM): 10 CaC12, 130 NaC1, 10 HEPES, pH 
= 7.4. 

was independent of activation stimuli. This is in contrast 
to the observations of Hoth and Penner (1993) on the 
depletion-activated current in rat mast cells where the 
decrease in current amplitude in response to hyperpolar- 
izing voltage pulses was dependent upon the Ca 2+ buffer 
present. 

The time course of current inactivation was best fit 
with a double exponential function. The slower of the 
two time constants describing current inactivation varied 
significantly as a function of the internal Ca 2+ buffering 
capacity as well as the activation stimulus. A compari- 
son of the kinetic parameters of activation and inactiva- 
tion for the depletion-activated current as a function of 
activation stimulus is given in the Table. 

DIVALENT SELECTIVITY OF THE DEPLETION-AcTIVATED 

INWARD CURRENT 

The Ca 2+ permeability of the depletion-activated conduc- 
tance was demonstrated in experiments in which in- 
creases in internal Ca 2+ (Cai) were directly correlated 
with inward current following maximal conductance ac- 
tivation. The results of a representative experiment us- 
ing the endoplasmic reticulum Ca2+-ATPase inhibitor, 
thapsigargin (1 gM) as an activation stimulus are illus- 
trated in Fig. 3. Cells were loaded with the membrane 
permeant  fo rm of the CaZ+-sensitive dye, fura- 
2. Individual voltage-clamped cells were monitored 
photometrically following bath exposure to thapsigargin. 
At the peak of the thapsigarg~n-induced Ca~ transient, 
voltage pulses between -100 and +50 mV were delivered 
to the cell and the temporal correlation between transient 
increases in Ca 2+ and inward current activation were 
monitored as seen in the insert to Fig. 3A. 

The Ca 2+ selectivity of the thapsigargin-activated 
inward conductance was determined following exchange 
of the external solution containing 10 mu Ca 2+ for one 
containing 1 mM Ca 2+. Examples of current records and 
corresponding current-voltage (I-V) relationships ob- 
tained upon changing external Ca 2+ are shown in Fig. 
3B-F. The change in external Ca 2+ from 10 to 1 mM 
resulted in a reversible decrease in the slope conductance 
measured during step voltage changes from -100 to 50 
inV. The average increase in conductance over the volt- 
age range o f - 9 0  to -50  mV following an increase in 
external Ca 2+ for all the activation stimuli is summarized 
in the Table. A comparison of currents obtained with 
BAPTA containing internal solutions showed a signifi- 
cant increase in the slope conductance ratio in the pres- 
ence of BAPTA plus IP 3 over that obtained using 
BAPTA alone (P ~ 0.05). A significant increase in cur- 
rent density was also observed in the presence of 
BAPTA plus IP 3 over that observed in the presence of 
BAPTA alone (P ~ 0.05). 

To determine the relative divalent selectivity of the 
conductance, ion substitution experiments were per- 
formed in which the external solution containing 10 ln~ 
Ca 2+ was exchanged for a solution containing an equiv- 
alent concentration of either Sr 2+, Mg 2+, Mn 2+, or Ni 2+. 
In these experiments, thapsigargin (1 gM) was used to 
induce inward current activation. A comparison of the 
I -V  relationship in a single cell in the presence of each of 
the divalent cations can be seen in Fig. 4. The relative 
divalent selectivity of the depletion-activated Ca 2+ cur- 
rent was Ca 2+ > Sr 2+ ~> Mg 2+ = Mn 2+ = Ni 2+ as deter- 
mined in 2 cells in which all divalents were tested. 

The relative permeability of the depletion-activated 
conductance to the monovalent cation Na + was examined 
in experiments in which the external solution was ex- 
changed for one in which Na + had been isosmotically 
replaced with the impermeant cation NMDG. Results of 
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Fig. 3. Calcium permeability of the depletion-activated conductance in 
response to externally applied thapsigargin (Th). (,4) Whole-cell cur- 
rents and changes in Ca i recorded in a cell dialyzed with a pipette 
solution containing pentapotassium fura-2 (100 gM). The internal pi- 
pette solution contained (raM): 100 Cs-glutamate, 50 CsC1, 1 EGTA, 
0.2 CaC12, 2 MgCI~, 10 HEPES. Thapsigargin (1 gM) was added to the 
bath solution at the arrow; an increase in Ca~ was monitored as the 
increase in the ratio of the fluorescence measured at 340 nm to that 
measured at 380 nm. A family of voltage pulses between -100 and +50 
mV from a holding potential of 0 mV were applied to the preparation 
at the peak of the Ca~ response. Changes in external Ca 2+ concentration 
are indicated by the labelled bars below the fluorescence trace. Insert: 
The inward current elicited during the voltage pulses seen plotted be- 
low the fluorescence trace was temporally correlated with transient 
increases in Ca i. The more hyperpolarizing pulses were correlated with 
larger increases in inward current and larger increases in Ca~. (B) Fam- 
ily of whole-cell currents in response to voltage pulses between -100 
and +50 prior to exposure of the cell to thapsigargin (current records 
were recorded at the time point indicated as B in the fluorescence trace 
in A). The holding potential was 0 mV; the interpulse interval was 5 
sec, The external solution contained 10 mM Ca 2+. The voltage protocol 
is identical for current records in B through E. (C) Current records 
taken during the peak of the thapsigargin induced increase in Cai; 
individual current traces are also given in the insert in A, (/9) Current 
records following exchange of the external solution for one containing 
1 rrea Ca 2+, (E) Current traces following exchange of the bath solution 
to one containing 10 mM Ca e+. (F) Corresponding I -V curves for the 
currents in B through E. 

a representative experiment are given in Fig. 5. As can 
be determined in the I-V relationships presented in Fig. 
5D, current amplitude was unaffected by removal of ex- 
ternal Na + indicating that (i) Na + is not significantly 
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Fig. 4. Divalent permeability of the inward Ca 2+ current activated by 
thapsigargin (1 gM). (A) Current traces obtained in response to mem- 
brane hyperpolarization to -100 mV from a holding potential of 0 mV. 
Extracellular Ca z+ (10 raM) was replaced with a series of divalents as 
indicated above each record. The number to the left of each trace 
corresponds to the order in which the traces were obtained. Current 
inhibition in the presence of blocking divalents was readily reversible 
upon returning to CaZ+-containing external solutions as indicated in 
traces 1, 4, and 7. (B) I -V relationships obtained in the same cell. 
Voltage protocol was the same as that described in Fig. 2. Peak inward 
current was determined after exchange of the external solution con- 
taining 10 mM Ca z§ for one in which Ca 2+ was replaced with an equi- 
molar concentration of Ni z§ Mn z+, Mg 2+, and Sr 2+. Open diamonds 
indicate the I -V relationship in the presence of Ca e+ at the beginning of 
the experiment; open hexagons represent the I -V relationship in exter- 
nal Ca 2+ at the end of the divalent substitution series and demonstrate 
the reversibility of the response. 

permeable through channels activated upon store deple- 
tion and (ii) there is no significant contribution of Na+/ 
Ca 2+ exchange current to the conductance activated fol- 
lowing store depletion. 

MODULATION OF INWARD CURRENT FOLLOWING CHANGES 

IN EXTERNAL pH 

Changes in the pH of the external solution over the pH 
range of 5.0 to 9.0 altered the magnitude of the inward 
conductance in a reversible manner. The amplitude of 
the inward current carried by Ca 2+ at a given membrane 
potential increased as the external pH was increased, and 
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Fig. 5. Dependence of IP3-induced current amplitude on external Na +. 
(A) Whole-cell current recordings during voltage ramps from -100 to 
+100 mV from a holding potential of 0 mV in the absence of extra- 
cellular Na +. The pipette solution contained (mM): 100 Cs-glutamate, 
50 CsC1, 11 EGTA-CsOH, 1 CaC12, 1 MgC1 z, 10 HEPES, 0.1 IP 3, pH 
= 7.2. The external solution contained (raM): 10 CaC12, 130 NMDG-C1, 
10 HEPES, pH = 7.4. The first record, obtained just after establishing 
the whole-cell configuration, was used as leak current record and was 
subtracted from all subsequent records. Representative currents are 
shown at 10 and 300 sec after whole-cell formation. (B) The time 
course of inward current activation. Current magnitude at -45 mV 
elicited during voltage ramps delivered to the cell every 5 sec was used 
to construct the time course of current activation. Arrows indicate 
points during the time course of activation at which current records in 
A were taken. (C) Current record from the same cell after the current 
had reached steady-state level elicited using a step voltage protocol 
similar to that described in Fig. 2. The family of current traces was 
obtained in the presence of the Na + substitute NMDG. Individual cur- 
rent traces at 100 mV following substitution of the extracellular solu- 
tion for one containing 130 mM NaCt and the subsequent exchange of 
the solution of one containing 130 mM NMDG-C1 are given below the 
initial family of current traces in 130 NMDG-C1. (D) I-V relationship 
for the peak currents from records in C. Note the superposition of the 
I -V  relationships; open circles indicate the I -V  relationship initially 
obtained in the NMDG-containing external solution. 

decreased as the external pH was reduced. Proton mod- 
ulation of the inward Ca 2§ current in the presence of IP 3 
(100 gM) is illustrated in Fig. 6. The current records at 
pH 6.0, 7.0, and 8.0 were obtained in a single cell. The 
amplitude of the inward current at -90  mV and pH 7.0 
was 0.69 + 0.2 (n = 7) times lower relative to that mea- 
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Fig. 6. Effect of external protons on the amplitude of the IP3-induced 
inward Ca 2+ current. (A-C) Current records obtained from the same cell 
at three different values of pHo indicated above each set of current 
records. (D) Corresponding I -V  curves for the peak currents in A 
through C. Internal and external solutions are identical to those in Fig. 
1. (E) Summary of the proton-induced changes in the IP3-induced 
inward Ca 2+ current. Fractional changes in peak current amplitude at 
pH 8.0 and pH 6.0 was determined at -90  mV relative to current 
amplitude obtained at pH 7.0. Data were pooled from a total of 7 cells 
for pH changes from 7.0 to 8.0 and 4 cells for pH changes from 7.0 to 
6.0. Error bars indicate sD. 

sured at pH = 8.0 and 1.44 + 0.16 (n = 4) times higher as 
compared to that measured at pH o = 6.0. A summary of 
the pHo-induced modulation of the IP3-induced inward 
Ca 2+ current in the presence of 1 rnM EGTA is given in 
Fig. 6E. 

Figure 7 shows the effect of changes in external pH 
on the amplitude of the inward current activated by thap- 
sigargin (1 gM) using internal solutions containing 10 mM 
BAPTA. In these experiments, BAPTA was used to pre- 
vent Ca2+-dependent current inactivation and to ensure 
that changes in external pH were not modulating current 
amplitude via concomitant changes in Ca~. When the 
pH o was raised beyond 9 the depletion-activated current 
lost its characteristic rectification properties, thus, mak- 
ing it difficult to differentiate the depletion current from 
leak current and making it impossible to determine a 
plateau in the dose-response relationship. Data were 
pooled from 11 different cells. The smooth line through 
the data points represents the best fit of the data to a 
single site binding curve and yields of pKa of 8.2. 
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Fig. 7. Dependence of thapslgargin-induced inward current amplitude 
on external pH. Currents were measured using internal pipette solutions 
buffered with 10 mM BAPTA to reduce Caa+-dependent current inac- 
tivation. The internal pipette solution contained (raM): 100 CsC1, 40 
Cs-glutamate, 10 BAPTA, 2 MgC12, 10 HEPES, 0.001 thapsigargin, 
pH 7.2. The external solution contained (raM): 130 NaC1, 10 CaC12, 2 
MgC12, 10 HEPES buffered to the desired pH�9 The y-axis represents 
peak current amplitude at -100 inV. Currents were not leak corrected. 
The response to changes in extracellular pH was examined after cur- 
rents had reached steady-state amplitude. Cell capacitance ranged from 
50 to 86 pF in the 11 cells examined. Data points are expressed as mean 
+ SEM�9 Each data point represents a mean of between 3 and 11 cells. 
The smooth line through the data points represents the best fit of the 
data to a single-site binding curve with a pKa of 8.2 _+ 0.1. The 
maximum current increase obtained from the fit to the data was 210 _+ 
26 pA. 
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Inc reases  in  ex t race l lu la r  pH a lone  fa i led  to ac t iva te  

the dep le t ion -ac t iva t ed  current .  W h e n  the  pH of  the  ex- 

t e rna l  so lu t ion  was  inc reased  pr io r  to cu r ren t  ac t ivat ion,  

there  was  no  o b s e r v a b l e  c h a n g e  in cur ren t  amp l i t ude  as 

can  b e  seen  in Fig. 8A. S imi la r  resul t s  were  ob ta ined  in 

8 cells. 
The  p r o t o n - i n d u c e d  m o d u l a t i o n  o f  the  thaps iga rg in -  

i n d u c e d  i n w a r d  cur ren t  was  r eve r s ib le  u p o n  re tu rn  of  the  

so lu t ion  to p H  6.5 fo l l owing  exposu re  to an  a lka l ine  pH 

of  8.0, as seen  in Fig. 8B. Da t a  in Fig. 8B are represen-  

ta t ive  o f  data  ob t a ined  in 8 cel ls  us ing  b o t h  h i g h  E G T A  

and  thaps iga rg in  as ac t iva t ion  s t imuli .  
W e  c o n s i d e r e d  the  pos s i b i l i t y  tha t  the  o b s e r v e d  

c h a n g e  in cu r ren t  m a g n i t u d e  wi th  changes  in pH o cou ld  

h a v e  occur red  as an  ind i rec t  resul t  o f  changes  in intra-  

ce l lu lar  pH (pHi). To buf fe r  poss ib le  c h a n g e s  in in te rna l  

p H  in the  face o f  c h a n g e s  in p H  o, expe r i m en t s  we re  

car r ied  ou t  in  the  p r e sence  of  100 rnM H E P E S  and  11 mM 

E G T A  plus  100 btM IP 3 in the  p ipet te  solut ion.  T h e  t ime  

course  o f  the  d e v e l o p m e n t  o f  the  IP3- induced  inward  
Ca  2§ cu r ren t  at - 1 0 0  m V  in an  ex te rna l  so lu t ion  o f  pH 

8.2 is s h o w n  in Fig. 9B. T he  p r e sence  o f  i nc reased  p H  
buf fe r ing  capac i ty  in  the  in te rna l /p ipe t te  so lu t ion  d id  not  
ab roga te  i n w a r d  cu r ren t  ac t iva t ion  in a lka l ine  so lu t ions  

Fig. 8. Evidence that changes in pH o alone do not induce current 
activation and that proton modulation of thapsigargin-induced inward 
current was reversible. (A) Peak current amplitude was determined 
during voltage steps to -100 mV from a holding potential of 0 mV at 
5 sec intervals�9 Prior to thapsigargin-induced current activation, the 
external solution was exchanged from the standard external solution to 
solutions in which the pH was varied from pH 7.4 to pH 8.2 as indi- 
cated by the bars above the appropriate portion of the current record. 
Thapsigargin (1 gM) was added to the bath solution at pH 7.4 in order 
to induce maximal current activation. The average increase in current 
amplitude following exposure to thapsigargin was 73.6 + 6.3 pA (n = 
3). The pipette solution contained (in raM): 100 NMDG-glutamate, 40 
CsC1, 1 EGTA, 0.2 CaC12, 2 MgC12, 10 HEPES. The bath solution con- 
tained (in raM): 130 Na-aspartate, 10 CaC12, 2 MgC12, and 10 HEPES. (B) 
Depletion-induced current following maximal activation in the presence of 
1 gM thapsigargin. The pipette solution contained (in raM): 100 NMDG- 
glutamate, 40 CsC1, 10 Cs-BAPTA, 2 MgC12 10 HEPES. The bath solu- 
tion contained (in INN): 130 Na-aspartate, 10 CaC12, 2 MgC1 e, and 10 
HEPES. Peak current amplitude as a function of time was determined 
during voltage steps to -100 mV as in (A). Exchanging the external so- 
lution from pH 6.5 to 8.0 was accompanied by an increase in current 
amplitude which was reversible upon returning the solution to pH 6.5. 

no r  did  it a l ter  the  cur ren t  r e sponse  to a dec rease  in p H  o 

to 7.4. The  data  in  Fig. 9 are r ep resen ta t ive  o f  obse rva -  

t ions  m a d e  in 11 cells  u s ing  b o t h  E G T A  and  IP 3 plus  
E G T A  (11 raM) as ac t iva t ion  s t imuli .  The  ave rage  in-  
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Fig. 9. Inward current activation is not due to changes in internal pH. 
(A) I -V  relationships during step voltage protocols as in Fig. 2 from a 
cell diatyzed with 11 m ~  EGTA and 100 gM IP 3. The pipette solution 
contained (in raM): 40 CsC1, 60 NMDG-glutamate, 11 EGTA, 0.2 
CaC12, 2 MgC12, 100 HEPES and 100 gM IP 3. The external solution 
contained (in mM): 130 Na-asparate, 10 CaC12, 10 HEPES. (B) Time 
course of current activation in the presence of high intracellular EGTA 
and IP 3 at elevated extracellular pH. Arrows indicate points at which 
the I -V  curves in A were obtained. 

crease in EGTA-activated cm'rent at -45 mV was 1.5 _+ 
0.2 fold (n = 4) in the presence of the high pH buffering 
capacity internal solutions and 1.65 _+ 0.2 fold (n = 4) for 
currents obtained under the same conditions in the pres- 
ence of low pH buffering capacity internal solutions. 

Discussion 

This study describes an inward Ca 2+ conductance which 
is activated in HMDMs following experimental maneu- 
vers designed to deplete intracellular Ca 2+ stores. In- 
ward current was activated in the presence of intracellu- 
lar IP3, although a qualitatively similar conductance 
could be activated in the absence of internal IP 3 but in the 
presence of high level of Ca 2+ buffer or after external 

application of thapsigargin, an inhibitor of the endoplas- 
mic Ca2+-ATPase. Taken together these observations 
support the conclusion that caa+-selective conductance 
which we observed in our studies is activated through the 
depletion of internal, IP3-sensitive Ca 2+ stores. 

The "depletion activated" current or IcRac (Hoth & 
Penner, 1992) is similar in both conductance and kinetic 
properties to the current which we describe in the mac- 
rophage and provides a mechanistic basis for the deple- 
tion hypothesis or "capacitive" model for Ca 2+ influx in 
nonexcitable cells first proposed by Putney (1990). The 
precise cytoplasmic signal which couples endoplasmic 
reticulum Ca a+ content to the plasma membrane is un- 
known. Recent data from secretory cells suggest that 
intracellular levels of cGMP may serve as a regulatory 
signal (Bahnson et al., 1993). An alternative candidate 
coupling molecule has been described in the recent stud- 
ies of Randriamampita and Tsien (1993) which charac- 
terized a small (M r -- 500) soluble mediator termed CIF 
(Ca2+-influx factor) which is released from intraceltular 
organelles of stimulated lymphocytes. CIF appears to be 
released into the cytoplasm and to a much lesser extent 
the extracellular medium and increases Ca2+-influx when 
applied to a number of cell types. 

Parekh and colleagues have recently demonstrated 
in Xenopus oocytes that activation of expressed 5-HT 
receptors activates a divalent entry pathway similar to 
the store depletion-activated current characterized in a 
variety of nonexcitable cells. The 5-HT receptor- 
induced activation of the store depletion current appears 
to involve both a phosphatase and an unidentified dif- 
fusible messenger (Parekh et al., 1993). 

The depletion-activated current which we character- 
ized in HMDMs differs in its apparent Caa+-dependent 
inactivation as described for IC~.AC in mast cells (Hoth & 
Penner, 1993). We were unable to observe a significant 
effect of the internal buffering capacity on the extent of 
current inactivation in macrophages as has been reported 
for the mast cell. In macrophages after full depletion- 
current activation, the instantaneous current that devel- 
oped in response to hyperpolarizations to -100 mV de- 
creased by approximately 63% in the presence of 
BAPTA. In contrast, the decrease in inward current in 
mast cells in the presence of BAPTA was only 30% 
(Hoth & Penner, 1993). The decay of the depletion- 
activated current was fit as a double exponential. The 
fastest time constant did not vary significantly across all 
activation stimuli examined. The longest of the two time 
constants was dependent upon the activation stimulus 
and complimentary Ca 2§ buffer, e.g., 108 + 3 msec in the 
presence of BAPTA plus thapsigargin as compared to 
231 + 13 msec observed in the presence of 1 mM EGTA 
plus thapsigargin (P ~ 0.001). 

We examined the comparative effect of IP 3 and 
thapsigargin on the time course of current activation in 
macrophages in the BAPTA containing solutions. The 
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time constant for current activation was not significantly 
increased in the presence of IP 3 over that observed for 
thapsigargin (P > 0.05); however, the presence of either 
IP 3 or thapsigargin significantly increased the time 
course of current activation over that observed for 
BAPTA alone (P ~ 0.05). In contrast, the time course 
for activation in mast cells was relatively constant for all 
activation stimuli (Hoth & Penner 1993). These differ- 
ences suggest that perhaps the population or populations 
of channels activated upon store-depletion in HMDMs 
may differ in conductance and/or activation kinetics 
from those observed in mast cells. It may also suggest 
that there may be a rate-limiting activation step in the 
signal transduction process in HMDMs that is not 
present in the smaller mast cells. The mean mast cell 
capacitance in the studies of Hoth and Penner (1993) was 
7.8 pF while the average capacitance of the HMDMs in 
our studies was 60.7 + 2.4 pF (n = 67). In spite of the 
differences in kinetics, the divalent selectivity sequence 
for the depletion-activated current for both cell types was 
identical indicating that it represents a major pathway for 
Ca 2§ influx following receptor activation in macrophages 
as well as mast cells. 

PROTON MODULATION OF DEPLETION CURRENT 

IN MACROPHAGES 

Changes in pH o significantly and reversibly altered the 
amplitude of the inward Ca 2§ conductance observed in 
the macrophage experiments. Increasing pH o from 7.0 to 
9.0 increased current magnitude across the voltage- 
range; conversely, decreasing pH o from 7.0 to 5.0 de- 
creased current magnitude. The modulatory effects of 
changes in pHo were voltage-independent and were sim- 
ilar regardless of the pathway used to induce cur, ent 
activation. The mechanism by which extracellular pro- 
tons decrease inward current carried by external Ca ;+ 
remains unresolved in these studies. One possible mech- 
anism to explain the proton-induced reduction in inward 
current amplitude would be that protons might be acting 
as fast channel blockers as has been observed for single 
cardiac Na + channels (Zhang & Siegelbaum, 1991). 
Such a mechanism would predict reversibility of the 
modulation with a relatively rapid time course. Alterna- 
tively, the reduction in current amplitude could also be 
due to a reduction in the negative surface potential as has 
been observed for the voltage-activated Ca a+ channel (Ii- 
jima et al., 1986). Single channel analysis would allow 
one to differentiate experimentally between proton ef- 
fects on channel gating, conductance, or block. How- 
ever, the depletion-activated Ca 2+ influx channel has an 
estimated single channel conductance of approximately 
24 fS (Zweifach & Lewis, 1993) malting it difficult to 
examine directly at the single channel level. The fact 
that the changes in depletion-current in response to al- 

terations of pH o were not abrogated in experiments in 
which the pH buffering capacity of the cytoplasmic so- 
lution was increased, strongly suggests that the modula- 
tory effects are due to direct interactions with the channel 
protein itself and not indirect via changes in internal pH. 
Our experiments, however, do not allow us to determine 
the precise nature of the interaction. 

The inhibitory effects of external acidification were 
dependent on the concentration of protons with a pKa at 
pH 8.2. The pKa of the a -NH 3 group of cysteine is 8.3. 
The similarity in the pKas may suggest that a thiol- 
containing domain may be involved in determining pro- 
ton binding and thereby current modulation. 

The modulation of the Ca 2+ influx channel by pro- 
tons may be an intrinsic protective mechanism by which 
Ca 2+ influx into inflammatory cells is regulated in the 
acidic extracellular environment characteristic of ab- 
scesses and tumors. A similar phenomenon may also 
help prevent neurons from irreversible hypoxic/ischemic 
injury via an inhibition of Ca 2+ influx through the 
N-methyl-D-asparate (NMDA) channel (Tang, Dichter & 
Morad, 1990). The concentration dependence of the pro- 
ton-induced inhibition of the depletion-activated current 
in the macrophage makes the channels highly sensitive to 
relatively small perturbations in external H + in the pH 
range normally encountered by the phagocyte. Thus, the 
acidic extraceUular milieu at sites of inflammation may 
provide an important local feedback mechanism serving 
to limit Ca 2§ entry into the activated phagocyte. 
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