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Relationship of Superoxide Production to Cytoplasmic
Free Calcium in Human Monocytes
Sean P. Scully, George B. Segel, and Marshall A. Uchtman
Departments of Medicine, Pediatrics, and Radiation Biology and Biophysics, University of Rochester School of Medicine,
Rochester, New York 14642

Abstract

Calcium has been proposed as an intracellular second messenger
for activation of secretion, phagocytosis, and the oxidative burst
of neutrophils. Wehave examined the role of calcium in human
monocyte activation. Concanavalin A (Con A)-stimulated mono-
cytes displayed an increment in cytoplasmic ionized calcium at
31±6 s and the onset of superoxide production at 61±9 s. The
increase in cytoplasmic calcium invariably preceded the onset of
superoxide production. If the external calcium concentration was
reduced to <28 nMby the addition of 10 mMEGTA, superoxide
production was not diminished at 5 min however, superoxide
production decreased thereafter. The Con A-evoked increment
in cytoplasmic ionized calcium was blunted upon the addition of
EGTAand decreased further with time. Both the production of
superoxide and the Con A-evoked increment in cytoplasmic ion-
ized calcium displayed a 50% inhibition after 15 min of calcium
depletion and were completely inhibited after 60 min. Total cell
calcium fell from 0.7 to 0.5 fmol/cell, and the basal level of
ionized calcium fell from 83 to 30 nM after 60 min. Histidine,
a strong chelator of divalent cations other than calcium and mag-
nesium, had no effect on monocyte superoxide production or on
ionized calcium concentrations, indicating that EGTAinhibition
was due to cell calcium depletion. In calcium-depleted cells, Con
A did not evoke superoxide production until calcium was restored
to the incubation medium. The restoration of calcium to Con A-
treated, calcium-depleted monocytes permitted a rapid rise in
the cytoplasmic ionized calcium, and the production of superoxide
within 9 s. These data suggest that an increase in ionized cyto-
plasmic calcium is necessary for the activation of monocyte su-
peroxide production by Con A. The rise in ionized calcium in
response to Con A results, in part, from an internal redistribution
of calcium, which is sufficient to permit superoxide generation.

Introduction

The antimicrobial activity of phagocytosis is primarily the result
of the production of toxic oxygen radicals. A plasma membrane
oxidase that reduces oxygen at the expense of NADPHis the
key enzyme in the formation of superoxide, singlet oxygen, hy-
droxyl radicals, and hydrogen peroxide (1). The activation of
the plasma membrane oxidase may be secondary to membrane
depolarization (2), the activation of serine proteases (3), or an
increase in cytosolic free calcium (4, 5). Experimental evidence
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exists for each as a second messenger in the activation sequence.
The role of calcium has been based on indirect experiments that
have shown a requirement for extracellular calcium (6), an in-
crease of "Ca exchange (5, 7, 8), and inhibition by calcium
transport blockers such as 8NN-diethylamino)-octyl-3,4,5-tri-
methoxybenzoate (9), blockage by calmodulin antagonists such
as trifluoperazine (7, 10), and by calcium-channel blockers such
as nifedipine and verapamil (10, 1 1). Changes in intracellular
calcium after cell activation have been measured with chlorte-
tracycline (9), photoproteins (12), and 2-[[2-[bis[(ethoxy-
carbonyl ) - methyl ] amino ] - 5 - methylphenoxy ] methyl ] - 6 -
methoxy - 8 - [ bis [( ethoxycarbonyl ) methyl ] amino ] quinoline
(Quin 2) (13).' The accumulated evidence has not established
conclusively that an increase in intracellular calcium is the trigger
for oxidase activation. Increments in cytoplasmic ionized cal-
cium can be correlated with the initiation of superoxide pro-
duction evoked by some stimuli, whereas other stimuli cause
similar increases in [Ca]i without initiating superoxide produc-
tion (14, 15); thus, the calcium signal may be necessary but not
sufficient to trigger activation. Our recent direct measurements
of calcium exchange and [Ca]i indicate that an internal redis-
tribution of calcium occurs prior to the generation of oxygen
radicals when monocytes are stimulated. This report examines
the requirement for an increment in monocyte ionized calcium
for the activation of monocyte superoxide production.

Methods

Isolation of human monocytes. Human monocytes were isolated from
plateletpheresis residues using an Isopaque-Ficoll step-gradient and cen-
trifugal elutriation, as previously described (16). Briefly, mononuclear
cells were harvested from the interface of an Isopaque-Ficoll step gradient
and introduced into a Beckman JE-6 elutriator (Beckman Instruments,
Inc., Fullerton, CA) at a rotor speed of 2,000 rpm. The cells were loaded
into the separation chamber of the elutriator rotor at a buffer flow rate
of 6.25 ml/min. The buffer flow rate was increased to 12.75 ml/min to
allow a differential elution of lymphocytes while monocytes remained
within the separation chamber. A subsequent increase in the flow rate
to 33 ml/min resulted in the collection of a monocyte population of
>90% purity as judged by cell volume distribution, morphology on blood
films treated with Wrights stain, and the presence of fluoride-sensitive
napthyl AS-D acetate staining. The viability of separated monocytes was
>95% as judged by staining with propidium iodide.

Measurement of superoxide production. Superoxide production was
quantified by measuring the reduction of ferricytochrome c at 550 nm
in a dual-beam recording spectrophotometer (Beckman Instruments,
Inc.). The assay was performed in Hanks' buffered salt solution (HBSS),
to which I mMMgCI2 and 10 mMHepes were added. Calcium was
added as the chloride salt at a concentration of 1 mMwhere indicated.
The resulting buffer was adjusted to pH 7.3 and the assay was performed

1. Abbreviations used in this paper: Con A, concanavalin A; Quin 2, 2-
[[2-[bis[(ethoxycarbonyl)-methyl]amino]-5-methyl]-phenoxyl]methyl]-6-
methoxy-8-[bis-[(ethoxycarbonyl)methyl]amino] quinoline; Quin 2-AM,
Quin 2-tetraacetomethoxyester.
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at 370C. The inclusion of superoxide dismutase in the reference cuvette
assured the specificity of the reducing agent. Cytochalasin B (5 jug/ml)
was included in the assay to enhance superoxide production in response
to concanavalin A (Con A) (17). Con A was added at a concentration
of 100 jg/ml, which maximally stimulated superoxide production in
monocytes under these conditions (5). A millimolar extinction coefficient
of 2.1 X 104 cm-' for the difference between the oxidized and reduced
forms of cytochrome c was used to calculate superoxide production.

Monocyte calcium measurement. The calcium concentration in HBSS
was determined by atomic absorption spectrophotometry as previously
described (18). Samples were aspirated into an acetylene-air flame and
the mean absorbance was recorded at 422.7 nm. Additions of known
amounts of calcium to parallel samples were used for internal standard-
ization.

The ionized calcium in the HBSSwas measured using a Radiometer
calcium-selective electrode (Radiometer, Copenhagen, Denmark). The
electrode was calibrated in a 48 mMTris, 150 mMNaCl buffer, pH 7.3,
to which increasing amounts of calcium were added (19). The voltage
measured by the calcium electrode was a logarithmic function of the
added calcium in the Tris buffer. The measurements <6 gM ionized
calcium are approximations read from the lower extension of the cali-
bration line.

Total cell-associated calcium was measured by graphite furnace
atomic absorption spectrophotometry, as previously described (5, 18).
Briefly, 106 cells were centrifuged through a silicone oil-step gradient.
The cell pellet was resuspended in 1 ml of twice-distilled water and son-
icated at 40 Wfor 20 s. Aliquots were pipetted into a graphite cuvette
of the flameless atomic atomizer attached to an atomic absorption spec-
trophotometer (models 555 and 351, Instrumentation Laboratory Inc.,
Lexington, MA). The successive addition of a calcium solution of known
concentration was used to standardize each determination. The inclusion
of tritiated sucrose in parallel samples allowed correction for extracellular
calcium that was trapped in the cell pellet, and trapped calcium accounted
for <10% of the total measurement.

Cytoplasmic ionized calcium was determined with the fluorescent
probe, Quin 2, by a modification of the procedure described by Tsien
(20). In brief, 5 X 107 cells/ml were incubated at 370C in the presence
of 25 MMQuin 2-tetraacetomethoxyester (Quin 2-AM) (Lancaster Syn-
thesis, England) for 30 min in a shaking water bath. The cells were diluted
with 9 vol of buffer and incubated for an additional 30 min. The uptake
of Quin 2-AM was complete at the end of this incubation as judged by
the emission spectral shift from 435 to 490 nm. The monocytes exhibited
a uniform cytoplasmic distribution of Quin 2 as judged by fluorescence
microscopy. Monocytes that had incorporated Quin 2 were maintained
at 370C, and the fluorescence intensity was monitored at 492 nmwith
a chart recorder. Excitation at 340 nmwas interrupted between readings
to minimize photobleaching of the probe. Readings were made at 10-s
intervals on a chart recorder, and the tracing was constructed by con-
necting the peaks on the chart paper. The Quin 2 fluorescence signal
was calibrated to give absolute calcium concentrations as previously de-
scribed (5). The cells were permeabilized with lysophosphatidylcholine
(10 jig/ml), which initiated a massive calcium influx and allowed satu-
ration of the probe with calcium (21). This was considered the maximal
calcium-dependent fluorescence, F.x. Subsequently, 10 mMEGTAwas
added to the cuvette, and the resulting fluorescence was considered the
calcium independent fluorescence, Fax. Ionized cytoplasmic calcium
was calculated according to [Cali = (F - F,,,,)I(Fm - F) X Kd . A value
of 116 nMwas used for the dissociation constant of the Quin 2-calcium
complex (20).

Cytochalasin B was included in the superoxide assay to produce
maximal superoxide production (see above). The inclusion of cytochalasin
B (5 gg/ml) did not alter significantly the measurement of cytoplasmic
ionized calcium by the Quin-2 method. In nine measurements from
three populations of blood monocytes, the resting cytoplasmic ionized
calcium was 87±15 nM (mean±SE) without and 85±17 nM with cy-
tochalasin B. In the same monocytes treated with 100lg/mI Con A, the
ionized calcium was 153±19 nM without and 161±19 nM with cyto-
chalasin B.

Results

Superoxide production in human monocytes treated with Con
A. Exposure of human monocytes to Con A results in an oxi-
dative burst with the liberation of oxygen radicals, including
superoxide anion. In human blood monocytes incubated in
HBSSwith 1 mMcalcium, the rate of superoxide anion gen-
eration increased from undetectable levels to a maximum rate
of 0.78 nmol/106 cells per min in response to Con A (5). The
maximal rate of superoxide production was observed at 100 jig/
ml Con A. The lag time, or the interval between the exposure
to Con A and the onset of superoxide production was 60 s at
all Con A concentrations. When 10 mMa-methyl mannoside,
a competitive inhibitor of Con A binding, was added prior to
Con A, no superoxide production was observed.

Times of onset of increased cytoplasmic ionized calcium and
superoxide production. The resting cytoplasmic ionized calcium
concentration of human monocytes was 80 nM, which increased
to 180 nMupon exposure to 100 Ag/ml Con A. The time from
the addition of Con A to the onset of the increase in cytoplasmic
ionized calcium, the lag time, was compared to the lag time for
superoxide production. Fig. 1 shows a comparison of these lag
times in a representative monocyte population. In nine studies
of human monocytes, the mean lag time for the increase in
cytoplasmic ionized calcium was 31 s compared to a lag time
for superoxide production of 61 s (P < 0.01). Moreover, there
was no overlap in the range of lag times preceding the increase
in cytoplasmic calcium as compared to those preceding super-
oxide production.

Effect of decreased external calcium on monocyte superoxide
production. The external calcium requirement for Con A-stim-
ulated (100 ,g/ml) superoxide production was examined by in-
cubating monocytes in buffers with and without calcium and in
the presence and absence of divalent cation chelators (Table I).
The ionized calcium in HBSS with 1 mMadded CaCl2 was
1,000 ,uM. Omitting the calcium from the buffer decreased the
ionized calcium to 6 ,M, and the addition of 10 mMEGTAto
the HBSScontaining 1 mMcalcium, decreased the ionized cal-
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Figure 1. Lag times in monocyte activation. Humanmonocytes were
loaded with Quin 2 and activated with Con A (100 ;&g/ml). (A) Time
course of the change in cytoplasmic ionized calcium as measured by
Quin 2 fluorescence. (B) Time course of superoxide production by hu-
man monocytes after Con A activation. Superoxide dismutase-inhibit-
able ferricytochrome c reduction was used to measure monocyte su-
peroxide production as described in the text. Cytochalasin B (5 Ag/ml)
was present in the assay to enhance superoxide production. This con-
centration of cytochalasin B did not effect the measurement of cyto-
plasmic calcium by Quin 2. (See Methods) The time scale of the chart
paper measuring free calcium in a photofluorometer is slightly differ-
ent from the time scale measuring superoxide anion in a spectropho-
tometer. The results are representative of tracings obtained from 12
monocyte populations.
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Table L Con A-induced Superoxide
Production by HumanMonocytes

Extracellular Superoxide
Incubation conditions ionized calcium production Lag time

JUM nmol/1lO s
cells per min

HBSSMgCa 1,000 0.45±0.045 58±3.4
HBSSMg 6 0.43±0.089 59±1.3
HBSSMgCa+ 10 mM

EGTA5 min at 370C <0.028 0.45±0.085 55±2.7
HBSSMgCa+ 10 mM

EGTA60 min at 370C <0.028 0
HBSSMgCa+ 10 mM

EGTA60 min at 370C
washed and resuspended
in HBSSMg 6 0

HBSSMgCa+ 10 mM
EGTA60 min at 370C
washed and resuspended
in HBSSMgCa 1,000 0.41±0.067 60±1.9

10 mMHistidine 5 min at
370C 1,000 0.46±0.093 54±4.9

HBSSMgCa+ 10 mM
Histidine 60 min at
370C 1,000 0.43±0.036 60±1.9

100 gg/ml Con A was used to induce superoxide anion production in
each of the incubation conditions shown. Data are expressed as
mean±SE of 19 monocyte populations with EGTAand 3 monocyte
populations in studies with histidine.

cium to <0.028 ,uM. The rate of superoxide production at an
ionized calcium of 1,000 ,uM was 0.45 nmol/106 cells per min
and the lag time was 58 s. The reduction in external ionized
calcium to 6 ,uM or to <0.028 ,M made no significant difference
in either the rate of superoxide production or in the lag time
measured at 5 min (Table I). Whenmonocytes were incubated
in HBSScontaining <0.028 ,M ionized calcium for 60 min,
the Con A-evoked superoxide production was abolished. Su-
peroxide production was not restored if the cells were washed
and resuspended in calcium-free (6 uM) buffer (Table I). How-
ever, if the cells were washed free of EGTAand 1 mMcalcium
was added to the buffer prior to Con A exposure, the EGTA
inhibition was reversed, and the cells produced superoxide at
0.41 nmol/ 106 cells per min, which was similar to the rate of
control cells, 0.45 nmol/106 per min. Similarly, the lag time
observed in the calcium-depleted and then repleted cells, 60 s,
was not significantly different from control cells, 59 s.

Histidine displays a high affinity for divalent cations including
Cu, Mn, Zn, and Pb, but in contrast to EGTAdoes not chelate
either Ca or Mg (22). Measurements using a calcium-selective
electrode indicated that 10 mMhistidine did not alter the ionized
calcium concentrations in HBSS. The presence of histidine at a
concentration of 10 mM, added immediately or 60 min prior
to superoxide measurement, had no discernable effects on either
the rate or the lag time of oxygen radical generation when com-
pared to cells incubated without histidine (Table I).

Effect of calcium depletion on cytoplasmic ionized calcium:
time course. In order to examine further the persistence of su-
peroxide production that was observed after 5 min in buffer

Figure 2. Effect of a decrease in external calcium on the Con A-stimu-
lated increment in cytoplasmic ionized calcium. Monocytes from the
same population were Quin 2-loaded and were suspended in either
HBSS(A) or HBSS+ 10 mMEGTA(B) for 5 min. Con A (100 ,g/
ml) was then added to the cells at the time indicated by the arrows.
These data are representative of measurements in nine populations of
monocytes.

with EGTA(buffer ionized calcium of <0.028 AM), we measured
the monocyte cytoplasmic ionized calcium at 5 min of EGTA
exposure. Fig. 2 compares the responses of monocyte cytoplasmic
ionized calcium stimulated with Con A in the presence of 1,000
AMand <0.028 ,uM external ionized calcium. In the former
condition the cytoplasmic ionized calcium increased from 85
to 165 nM (Fig. 2 A), and the increase persisted for >45 min.
At 5 min of incubation at <0.028 ,uM external calcium, Con A
stimulation of monocytes caused a transient increase in ionized
calcium to 115 nMwhich rapidly returned to the baseline (Fig.
2 B). A release of internally sequestered calcium into the cyto-
plasm may account for the residual increment in cytoplasmic
ionized calcium.

In order to determine more fully the effect of longer periods
of incubation in EGTA to promote calcium depletion, mea-
surements of cytoplasmic ionized calcium were made during
incubation in buffer containing <0.028 AMfree calcium for 60
min (Fig. 3). The cytoplasmic ionized calcium decreased in un-
stimulated cells from 90 nMat time 0, to - 30 nMafter 60 min.
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Figure 3. Effect of calcium depletion on cytoplasmic ionized calcium
in resting and Con A-treated human monocytes. Monocytes were in-
cubated at 37°C in HBSSwith 1 mMCaCl2 and 10 mMEGTAfor
intervals up to 60 min. The cells were washed and resuspended in
HBSSwithout added CaCl2 or EGTA. The resting (o) and Con A-
stimulated (100 ,ug/ml) (A) cytoplasmic ionized calcium concentra-
tions (nanomolar) are shown. Each point represents the mean±SE of
three monocyte populations. The difference between the curves repre-
sents the Con A-stimulated cytoplasmic ionized calcium at each time
point.
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The Con A-stimulated cytoplasmic ionized calcium fell from
140 to 30 nM after 60 min. The difference between these two
curves represents the Con A-induced increment in cytoplasmic
ionized calcium. This increment in cytoplasmic ionized calcium
decreased in the presence of external EGTAwith a half time of
20 min, and was undetectable after 60 min. The total cellular
calcium measured by graphite furnace atomic absorption had
decreased from 0.72±0.11 to 0.51±0.10 fmol/cell during the
incubation, suggesting that - 30%of cell-associated calcium was
removed during 1 h of incubation in low-calcium medium.

Effect of calcium depletion on monocyte superoxide produc-
tion: time course. Monocytes that were calcium-depleted in
<0.028 MMionized calcium and resuspended in a calcium-free
buffer displayed a progressive decrease in Con A-induced su-
peroxide production (Fig. 4). Although the addition of EGTA
immediately prior to Con A exposure did not significantly de-
crease the ability of cells to produce superoxide, incubation in
EGTAfor 15 min decreased the rate of superoxide production
to approximately one-half of the rate observed in control cells.
Calcium depletion for 60 min completely inhibited superoxide
production in all the populations tested. This pattern of the in-
hibition of superoxide production was similar to that observed
for the inhibition of the increment in cytoplasmic ionized cal-
cium shown in Fig. 3.

In order to assess whether calcium depletion by an alternative
method would permit Con A-stimulated superoxide production,
monocytes were suspended in calcium-free HBSSwith 1 mM
EGTAto insure that the free external calcium was lower than
the cytoplasmic ionized calcium. In three populations of cells
so treated, exposure to 500 nM of the calcium ionophore,
A23187, for 5 min did not initiate superoxide production, and
Con A (100 ,g/ml) produced -6% of the control rate of super-
oxide production. The addition of CaCl2 to the medium restored
Con A-induced superoxide production. Thus, depletion of
monocyte calcium stores by prolonged (60 min) incubation in
very low calcium buffer or rapid depletion by A23 187 prevents
Con A-stimulated superoxide production.
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Figure 4. Effects of calcium depletion on monocyte superoxide pro-
duction. Monocytes were incubated at 37°C in HBSSwith 1 mM
CaCl2 and 10 mMEGTA, pH 7.3, for intervals up to 60 min. The
cells were washed and resuspended in HBSSwithout CaCl2 or EGTA.
The rate of superoxide production expressed as nanomoles/ 10' cells
per minute in response to 100 ,sg/ml Con A, is shown on the ordinate.
Each point is the mean±SE of measurements in three monocyte pop-
ulations.

Table II. Calcium-initiated Superoxide Production
in Con A-stimulated HumanMonocytes

Incubation conditions Superoxide production Lag time

nmol/)O' cells per min s

HBSSMg 0
HBSSMgCon A 0
HBSSMgCon A, then Ca 0.78±0.09 9±1.7

Monocytes were calcium-depleted by incubation in HBSSwith 1 mM
CaC12 and 10 mMEGTA, pH 7.3, for 60 min at 370C. The cells were
washed and resuspended in HBSSwithout added calcium and exposed
to Con A (100 tg/ml). The data represent the mean±SEof measure-
ments in three monocyte populations.

Restoration of monocyte superoxide production and ionized
calcium content by extracellular calcium. The superoxide pro-
duction in calcium-depleted monocytes could be restored by
placing the cells in buffer with a millimolar calcium concentra-
tion. In these experiments, monocytes depleted of calcium and
resuspended in calcium-free buffer did not respond to Con A
with superoxide production, whereas calcium-depleted mono-
cytes placed in calcium-replete buffer generated superoxide with
a rate and lag time similar to monocytes that had not been cal-
cium depleted.

In cells that had been calcium depleted and stimulated with
Con A, there was no superoxide production observed (Table II).
Whencalcium was added to these stimulated monocytes, they
produced superoxide within 15 s (mean 9 s) compared to a lag
time of - 60 s when unperturbed monocytes are exposed to Con
A (P < 0.001) (Table II). The half-maximal rate of superoxide
production in response to calcium in Con A-activated cells was
observed at an ionized calcium concentration of 56 ;M, and
near-maximal rates were observed at 200 MMionized calcium
(Fig. 5). Calcium-repleted cells produced superoxide at a rate of
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Figure S. Concentration dependence of calcium-initiated superoxide
production. Monocytes were incubated for 60 min at 37°C in HBSS
with I mMCaC12 and 10 mMEGTA. The cells were washed and re-
suspended in HBSSwithout CaC12 or EGTA. Aliquots of the cells
were exposed to Con A (100 ag/ml), which caused no detectable pro-
duction of superoxide. The subsequent addition of CaC12 at the con-
centrations indicated resulted in superoxide production that increased
with increasing external ionized calcium concentration. The rate of su-
peroxide production is expressed as nanomoles/106 cells per minute.
The data represent the mean±SE in three monocyte populations.
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0.78 nmol/106 cells per min (Table II), greater than in cells that
were never calcium depleted, 0.48 nmol/106 cells per min. The
addition of zinc or manganese to the buffer rather than calcium
did not restore superoxide production.

The cytoplasmic ionized calcium in calcium-depleted cells
was measured by monitoring Quin 2 fluorescence before and
after Con A stimulation. In calcium-depleted cells, the addition
of Con A did not cause any alteration in cytoplasmic ionized
calcium when the cells were suspended in HBSSwithout added
calcium. The subsequent addition of 1 mMCaC12 caused an
immediate rise in ionized calcium from 30 to 250 nM (Fig. 6).

Superoxide production in human monocytes treated with
A23187. Monocytes treated with the calcium ionophore,
A23187, also produced superoxide anion (Fig. 7). In the presence
of external calcium the rate of anion production increased pro-
portionately with increasing concentrations of A23187 within a
narrow range between 10 and 100 nM. Further increases in
A23187 concentration caused a much smaller increase in su-
peroxide production. Humanmonocytes responded to A23187
with superoxide production after a 36±2.0 second lag time
(Table III).

The stimulation of monocytes with A23187 resulted in su-
peroxide production that was dependent on the presence of ex-
ternal calcium. Monocytes suspended in buffer containing 1,000
MMionized calcium produced superoxide at a rate of 0.89 nmol/
106 cells per min when exposed to 250 nMA23187 (Table III).
Whenthe same cell populations were washed and resuspended
in buffer without calcium (6 AMionized calcium), the rate de-
creased to 0.13 nmol/106 cells per min. When 10 mMEGTA
was added to the HBSS, reducing the ionized calcium to <0.028
,MM, no superoxide production could be detected at 5 or 60 min
of incubation. Whenthe external ionized calcium concentration
was restored to 1,000 ,M superoxide was produced at a rate of
0.23 nmol/106 cells per min.

Effect ofa cytoplasmic calcium buffer on monocyte superoxide
production. Monocytes that were incubated with 25 MMQuin
2-AM accumulated - 3 mMQuin 2-free acid in the cytoplasm
(5). Monocyte superoxide production was unaltered by the pres-
ence of this large calcium-buffering capacity (Table IV). Mono-
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Figure 6. Cytoplasmic ionized calcium in calcium-depleted and re-
pleted human monocytes. Quin 2-loaded monocytes were calcium-de-
pleted by incubation in 10 mMEGTAfor 60 min, washed, and resus-
pended in HBSSwith I mMMg. Cytoplasmic ionized calcium was
measured by monitoring fluorescence of Quin 2. The exposure of cal-
cium-depleted human monocytes to 100 ttg/ml Con A did not in-
crease cytoplasmic ionized calcium. The subsequent addition of I mM
CaC12 resulted in a rapid rise in cytoplasmic ionized calcium from 30
to 190 nM. The tracing is a representative example of the results in 12
monocyte populations.
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Figure 7. Effect of A23187 concentration on superoxide production.
The exposure of monocytes to A23187 stimulated the production of
superoxide within 40 s. Superoxide production is expressed in nano-
moles/106 cells per minute. The addition of 10 mMEGTAprior to
A23187 exposure prevented superoxide production. The data repre-
sent the mean±SE of three monocyte populations.

cytes loaded with Quin 2 produced superoxide at control rates
and with control lag times in the presence either of 1,000 AM
or of 6 AM external calcium. Additionally, Quin 2-loaded
monocytes were depleted of calcium in EGTA-containing buffer
and subsequently showed an inhibition of superoxide production
over a time course similar to control cells. Cytoplasmic Quin 2
did not alter the lag time or magnitude of the Con A-stimulated
superoxide production when monocytes were depleted of cal-
cium for 60 min and resuspended in buffer with 1 mMcalcium
before Con A treatment (data not shown). However, when su-
peroxide production was initiated by calcium addition after Con
A treatment in Quin 2-loaded monocytes, the lag time was 23±2
s. This lag time in Quin 2-loaded cells was longer than that
observed for calcium-initiated superoxide production in cells
without Quin 2, 9+1.7 s (P < 0.05) (Table II).

Table III. A23187-induced Superoxide
Production by HumanMonocytes

Extracellular Superoxide
Incubation conditions ionized calcium production Lag time

AM nmol/1($ s

cells per min

HBSSMgCa 1,000 0.89±0.021 36±2.0
HBSSMg 6 0.13±0.024 39±3.4
HBSSMgCa+ 10 mMEGTA

5 min at 370C <0.028 0
HBSSMgCa+ 10 mMEGTA

60 min at 370C washed and
resuspended in HBSSMg <0.028 0

HBSSMgCa+ 10 mMEGTA
60 min at 370C washed and
resuspended in HBSS
MgCa 1,000 0.23±0.07 32±11

250 nMA23187 was used to induce superoxide anion production in
each of the incubation conditions shown. Data are expressed as
mean±SE of 9 monocyte populations.

Superoxide and Calcium in Monocytes 1353

. r..



Table IV. Con A-induced Superoxide Production
in Quin 2-loaded HumanMonocytes

Extracellular Superoxide
ionized calcium production Lag time

AM nmol/lo' s
cells per min

HBSSMgCa 1,000 0.48±0.17 56±4
HBSSMg 6 0.46±0.38 58±6
HBSSMgCa+ 10 mMEGTA

60 min at 370C washed and
resuspended in HBSSMg 6 0

HBSSMgCa+ 10 mMEGTA
60 min at 370C washed and
resuspended in HBSSMg
Con A, then Ca 1,000 0.73±0.11 23±2

100 ag/ml Con A was used to induce superoxide anion production in
each of the incubation conditions shown. Data are expressed as
mean±SE of 12 monocyte populations.

Table V compares the response times for superoxide pro-
duction in Quin 2-loaded monocytes. The first column compares
the lag times for not-loaded and Quin 2-loaded cells that were
activated by Con A. The presence of Quin 2 in the cytoplasm
did not affect the lag time to superoxide production in cells not
calcium depleted. When monocytes were depleted of calcium
for 60 min and the calcium was restored, the lag times for Con
A-initiated superoxide production were not changed. When
monocytes were calcium depleted for 60 min and treated with
Con A, no superoxide production was observed. The addition
of calcium resulted in superoxide production with a shortened
lag time in unloaded and Quin 2-loaded cells. However, the lag
time of 23±2.0 s in Quin 2-loaded cells was significantly longer
than the lag time in not-loaded cells (9±1.7 s).

Discussion

The production of highly reactive oxygen species is central to
the bactericidal process, and cytoplasmic ionized calcium has

Table V. Comparison of the Response Times for
Superoxide Production in Quin-2-loaded Monocytes

Calcium-depleted Calcium-depleted
Not calcium- 60 min 60 min
depleted calcium-repleted Con A-activated
Con A-activated Con A-activated calcium-repleted

s s s

Not loaded 58±3.4 60±2 9±1.7
Quin 2-loaded 56±4.0 62±4 23±2.0

The lag times are expressed as the mean±SE in seconds of nine mono-
cyte populations. The first column shows the lag times for Con A-acti-
vated monocytes. The second column shows the lag times for mono-
cytes treated with 10 mMEGTAfor 60 min at 37°C, washed, and re-
suspended in HBSSwith I mMMgand 1 mMCa and then activated
with Con A. The third column shows the lag times for monocytes
treated with 10 mMEGTAfor 60 min at 37°C, washed and resus-
pended in HBSSwith I mMMgbut no Ca. Con A (100 sg/ml) did
not lead to superoxide production until Ca (1 mM)was added.

been proposed as a second messenger for signaling and sustaining
the generation of these oxygen radicals in neutrophils and
monocyte-macrophages. The evidence supporting this proposal
includes an increased radiolabeled calcium exchange between
medium and neutrophils (23), increased radiolabeled calcium
exchange between medium and the cytoplasmic pool of neutro-
phils (7), monocytes (5), and alveolar macrophages (8), and an
increase in cytoplasmic ionized calcium accompanying the pro-
duction of superoxide in monocytes (5), neutrophils (4, 24),
peritoneal macrophages (12), and alveolar macrophages (25).
Superoxide production in neutrophils evoked by Con A is de-
pendent on the presence of external calcium (6), and is sensitive
to inhibitors of intracellular calcium redistribution (9), to calcium
channel blockers (10, 1 1), and to cytoplasmic calcium buffering
agents (26).

The present report addresses whether an increment in cy-
toplasmic calcium is required for the initiation of monocyte
superoxide production. Six lines of evidence indicate that an
increment in free calcium is required for superoxide production
in monocytes. First, an increment in internal calcium invariably
preceded superoxide production in all circumstances where the
cells responded to Con A. Second, only when monocytes were
calcium-depleted and the Con A-induced increment in internal
calcium was eliminated, was superoxide production fully inhib-
ited. Third, inasmuch as monocytes were depleted of calcium
for a prolonged period of time, the residual rate of superoxide
production paralleled the residual increment in free calcium.
Fourth, when the external calcium was restored to calcium-de-
pleted monocytes that were stimulated with Con A, superoxide
production was comparable to that measured in cells that had
not been depleted. Fifth, readdition of other divalent cations
did not substitute for calcium in this regard, and the chelation
of trace ions by histidine had no effect on superoxide production.
Sixth, A23187 stimulated the production of superoxide in
monocytes in a concentration-dependent fashion, and its effect
was dependent on the presence of external calcium.

Both Con A and A23 187 stimulate the same NADPHoxi-
dase, although through different pathways (27). Our data suggest
that the necessity for a rise in the cytoplasmic ionized calcium
is a commonelement in the activation pathways of both of these
agents. Data suggesting that the effect of A23 187 on monocyte
and macrophage activation is directly mediated by calcium up-
take and is specifically calcium-dependent support this inter-
pretation (28).

Additional studies were performed to test the effect of buff-
ering the cytoplasmic calcium on superoxide production. Quin
2 can be used to buffer ionized calcium within the cell. Studies
of Quin 2-loaded monocytes showed no diminution of the mag-
nitude of the superoxide response as long as intracellular calcium
had not been depleted. Theoretical considerations indicate that
in the presence of external calcium, Quin 2-loaded cells would
establish a new calcium steady state with a physiologic cyto-
plasmic ionized calcium. Quin 2-loaded cells would also atten-
uate alterations in the ionized calcium concentration owing to
the large calcium-buffering capacity of the probe. The published
data regarding the effect of cytoplasmic calcium buffers is con-
tradictory. The presence of cytoplasmic Quin 2 in neutrophils
(13) and in alveolar macrophages under certain conditions (25),
and cytoplasmic EGTAin peritoneal macrophages (12) impaired
superoxide production to chemotactic peptides while other
studies have shown no impairment of superoxide production in
neutrophils under these conditions (14, 29). In this report Quin
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2-loaded human monocytes exhibited unimpaired superoxide
production. This result might be expected because the large trans-
plasma membrane calcium gradient provides virtually unlimited
calcium so as to establish a new steady state, despite the large
cytoplasmic buffering capacity.

Although our data strongly support a requirement for an
increase in the free cytoplasmic calcium to initiate superoxide
production in lectin-stimulated human monocytes, it is likely
that the calcium signal is necessary, but not sufficient for mono-
cyte activation. The studies of the lag times for the initiation of
superoxide production support this contention in three ways.
First, if Con A is used to stimulate calcium-depleted monocytes,
no superoxide production is observed until the calcium is re-
added. However, the lag time for the initiation of superoxide
production is markedly shortened, suggesting that prior events
have transpired after Con A binding to the monocyte membrane,
which have primed the cell before the readdition of calcium.
Second, in Quin 2-loaded, calcium-depleted cells, the lag time
after the readdition of calcium was also shortened. This short-
ening was not as great as that seen in calcium-depleted unloaded
cells. This difference is likely the result of the time required to
reestablish a new calcium steady state in Quin 2-loaded cells.
Finally, the lag time in A23 187-treated cells was approximately
one-half that of lectin-treated monocytes. This suggests two pos-
sibilities, both of which support the concept that calcium is nec-
essary for superoxide production. First, A23 187 accelerates the
calcium influx into the cytoplasm causing an earlier ionized cal-
cium increment. Alternatively, stimulation by A23 187 may by-
pass or accelerate other events in the Con A-evoked activation
process.

Other studies suggest that under special conditions, specifi-
cally when cells are stimulated by phorbol esters or diacylglycerol,
superoxide production occurs without an increment in cyto-
plasmic free calcium (30). These agents activate protein kinase
C, a membrane enzyme that is usually dependent on free calcium
for its activity. In some tissues, such as adrenal glomerulosa cells
(31), phorbol esters and diacylglycerol appear to increase the
affinity of protein kinase C for calcium, permitting the enzyme
to be activated at resting free calcium levels. This can be viewed
as a relative increase in free calcium from the point of view of
protein kinase C activation in response to these agents. In neu-
trophils (14) and monocytes (Scully, S. P., unpublished obser-
vations), phorbol esters can stimulate superoxide production in
calcium-depleted cells (- 10-30 nMfree calcium). These findings
indicate that treatment with phorbol esters represents a unique
circumstance in which superoxide can be generated in the face
of extremely low cellular free calcium.

Studies conducted at submaximal concentrations of either
phorbol esters or diacylglycerol and either A23 187 or N-formyl-
methionyl-leucyl-phenylalanine support the requirement for an
increment in free calcium for an optimal physiologic response.
A synergistic response greater than the response with either agent
alone was observed in neutrophils when either phorbol ester or
diacylglycerol was combined with ionophore or chemotactic
peptides (32-34). These studies suggest that the products of in-
creased phosphoinositol turnover (i.e., diacylglycerol) and in-
creased cytoplasmic free calcium act coordinately to induce a
maximal response in superoxide production.

Our observations in human monocytes generally support
the studies in other cells, particularly neutrophils. Previous
studies suggest that an increment in cytoplasmic ionized calcium
is necessary, but not sufficient, to initiate superoxide production

(13). However, there are some inconsistencies in these data. For
example, large increments in free calcium induced by ionophores
may produce proportionately less superoxide than much smaller
increments induced by other stimuli, such as chemotactic pep-
tides (14). This may reflect the differences between the initial
non-calcium dependent steps in cells treated with ionophore as
compared to other agents which bind to membrane receptors.
Also, an increment in ionized calcium may persist in neutrophils
cultured in calcium-free buffer, but may not be sufficient to ini-
tiate superoxide production (29). Differences in the ionic re-
quirements of neutrophils as compared to monocytes may ac-
count for this finding. The EGTAused to reduce the external
calcium binds other metals in addition to calcium, and one of
these may be essential for neutrophils, but not for monocytes,
which do not strictly require trace ions, at least those chelated
by histidine.

Taken together, the accumulated data indicate that Con A
binds to the outer surface of the monocyte plasma membrane
and initiates a number of steps, some of which have been defined.
An increase in the uptake of 45Ca promptly follows Con A treat-
ment and results in an increase in the labeling of the cytoplasmic
compartment of human monocytes (5), neutrophils (23, 24),
and alveolar macrophages (8, 25). This calcium redistribution
as measured by 45Ca may contribute to the increment in the
cytoplasmic ionized calcium as measured by Quin 2. Calcium
may also be released from internal stores and contribute to the
cytoplasmic free calcium pool (25). Con A treatment may result
in increased phospholipid turnover and in the production of
inositol triphosphate, which can release calcium from internal
stores, as is the case with chemotactic peptides (35-37). This
effect may be the mechanism that accounts for the increment
in cytoplasmic calcium when the external calcium is acutely
reduced to nanomolar levels. Increased phospholipid turnover
also results in the production of diacylglycerol, an endogenous
activator of protein kinase C. The steps that are penultimate to
superoxide production are, as yet, unknown. In at least one way
the process is self-regulating, in that the elevated free calcium
can accelerate the calcium transport ATPase directly in mono-
cytes (16), lymphocytes (38), macrophages (39), and neutrophils
(40, 41); calcium is extruded from the cell, and the rise in free
calcium is limited.
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