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Abstract. Neutrophils are known to undergo a burst of metabolic activity in response to 
particulate and soluble stimuli. Most of these stimuli depend upon calcium in the extracellu- 
lar medium to exert their maximal effects. We have shown that 24 mM sodium fluoride 
(NaF) stimulates the metabolic burst in canine neutrophils as measured by chemilumines- 
cence and COP formation from the carbon-1 position of glucose. Because these phenomena 
are calcium dependent, we determined the uptake of calcium by neutrophils activated with 
NaF. Neutrophils suspended in buffer were incubated with 45CaC1, and exposed to NaF. 
This caused an increase in cell-associated calcium from 1.89 f 0.43 x moY107 cells to 
1.06 4 0.15 x 10-8moY107 cells in 2 min. In comparison, the calcium ionophore A23187 
M )  caused only a modest increase in cell calcium, from 1.89 f 0.43 x moY107 cells to 
4.89 4 0.85 X moY107 cells. When treated with EGTA (3 mM), NaF-stimulated neutro- 
phils rapidly lost 90% of their cell-associated calcium. Verapamil (3 x M), a calcium 
channel blocker, inhibited NaF stimulation of neutrophil metabolism but did not decrease 
the magnitude or the rate of the calcium association. These studies indicate that the mecha- 
nism of NaF stimulation of neutrophils involves massive calcium binding to the external 
membrane and a subsequent movement of some of this membrane calcium into the cell. 

During phagocytosis neutrophils undergo 
characteristic changes in metabolic activity 
including increased oxygen consumption, 
production of superoxide anion and hydro- 
gen peroxide, and activation of the hexose 
monophosphate shunt. These metabolic 
changes have been reviewed by Babior (1). 
A variety of substances such as digitonin 
(2), saponin (3) ,  fatty acids (4), and 
streptolysin-0 ( 5 )  also induce neutrophil 
metabolic activity; presumably by reacting 
with the plasma membrane. Most of these 
stimuli appear to depend on extracellular 
calcium ions to achieve the maximum met- 
abolic response. 

The ability of sodium fluoride (NaF) to 
act as a metabolic stimulant of neutrophils 
was first recognized by Sbarra and Kar- 
novsky (6). This stimulant is unusual in that 
the metabolic response can be rapidly ter- 
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minated by removing extracellular fluoride 
(7). Stimulation by fluoride requires the 
presence of extracellular calcium but no 
other ions (7). Another unusual feature is 
the slowness of the metabolic response. 
Most neutrophil metabolic stimulants have 
a peak response within 5 min, while the 
metabolic activity in fluoride-treated cells 
generally has not begun by this time (8). 
Because of these characteristics, calcium 
uptake in relation to the metabolic response 
was examined in neutrophils activated with 
NaF. These observations were compared 
with another neutrophil stimulant, the cal- 
cium ionophore, A23187 (9). 

Materials and Methods. Isolation of neu- 
trophils. Blood was obtained from healthy 
mongrel dogs free of intestinal parasites. 
A 5% disodium ethylenediaminetetraacetate 
(EDTA) solution was used as an anticoag- 
ulant (0.1 ml EDTA/4 ml whole blood). 
After dilution with an equal volume of 0.9% 
saline, the blood was layered on a discon- 
tinuous Ficoll- Hypaque gradient using the 
method of Boyum (10). Following centrifu- 
gation the pellet containing red blood cells 
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(RBC) and neutrophils was resuspended in 
saline. To every 10 ml of the resuspended 
pellet 3 ml of 5% dextran (average molec- 
ular weight = 500,000) was added, and the 
RBCs were allowed to settle out at 4” for 
45 min. The neutrophil-rich supernatant 
solution was centrifuged for 10 min at 66g. 
The pellet was resuspended in ice-cold 
ammonium chloride buffer (NH4Cl 155 
mM; KHC03 10 mM; EDTA 0.1 mM) for 
10 min to lyse any contaminating RBCs. 
The cells were washed twice in calcium- 
magnesium-free Hank’s balanced salt solu- 
tion (HBSS), and resuspended in HBSS 
containing 0.9 mM magnesium ions and 
the desired calcium chloride concentration, 
usually 0.25 mM. The final cell prepara- 
tion contained >95% polymorphonuclear 
leukocytes. 

Assessment of neutrophil viability. Cell 
viability as  assessed by trypan blue dye 
exclusion was routinely checked after each 
neutrophil isolation and after each calcium 
uptake experiment. Trypan blue uptake 
was determined by mixing equal volumes of 
trypan blue (0.1%) and neutrophils (1 x 
106/ml), and counting cells containing try- 
pan blue at 3 min. In all experiments 95% or 
more of the cells excluded the dye. 

Measurement of light scattering. Be- 
cause of the importance of avoiding 
calcium-containing precipitates during the 
calcium uptake studies, light scattering 
measurements were obtained. An Aminco 
Bowman spectrophotofluorometer (Model 
54-8202 G) was utilized to study 90” light 
scattering. The exciting and reflected 
wavelengths were set at the same values, 
either 450, 500, or 550 nm. HBSS contain- 
ing NaF (24 mM) and varying concentra- 
tions of CaCl, (0.05 to 0.50 mM) was ex- 
amined for light scattering properties after 
equilibrating the solutions for 30 min at 37”. 
Significant scattering, taken to indicate 
CaF, precipitate formation, did not occur 
so long as the CaCl, concentration was at or 
below 0.45 mM. 

Measurement of calcium uptake. Cal- 
cium uptake was measured by a modifica- 
tion of the technique described by Owen et 
al. (1 1). After a 30-min equilibration period 
at 37”, the neutrophil suspension (0.75 to 

1.25 x lo7 cells/ml) was supplemented with 
0.8- 1.2 pCi of 45CaC1, (0.6-0.8 mCilpmo1, 
Amersham, Arlington Heights, Ill.). In 
some experiments 1251-bovine serum albu- 
min (5- 10 pCilml, Amersham) was added 
as an extracellular marker. In these ex- 
periments unlabeled bovine serum albumin 
(1%) prevented binding of the labeled al- 
bumin to the cells. 

At predetermined time points following 
the addition of calcium-45, 1-ml aliquots of 
the suspension were withdrawn in quad- 
ruplicate and layered over silicone oil. The 
neutrophils were pelleted by centrifugation 
(Fisher Model 59) at 7000g for 1.5 min (12). 

Additional samples were removed at vary- 
ing intervals after the introduction of A23187 

M) or NaF (24 mM). Neutrophil pel- 
lets and 100-pl aliquots of cell-free super- 
natants were solubilized in 0.5 ml Soluene 
350 (Packard Instrument Co., Downers 
Grove, Ill.) and counted for 500 sec in a 
Packard Auto Gamma spectrometer to  
measure 1251 activity. ACS (Amersham) 
scintillation fluid was added, and samples 
were counted in a liquid scintillation spec- 
trometer (Packard Model 3255) to measure 
calcium-45 activity. A window setting of 
300- 1000 with a gain of 14% permitted the 
selective counting of calcium-45 in the 
presence of iodine-125. 

The extracellular space in the pellet of 
cells did not significantly change over the 
course of a given experiment for resting 
cells, exhibiting an average space of 0.32 ? 
0.01 pl/107 cells. However, when stimu- 
lated, the average extracellular space in- 
creased to 0.45 & 0.05 pl/107 cells. After 
appropriate correction for trapped buffer, 
the volume of the neutrophil 45Ca “space” 
was calculated using a formula from Fein- 
berg e t  al. (13). The neutrophil 45Ca 
“space” multiplied by the calcium concen- 
tration of the medium determined the cell- 
associated calcium value (moles of calcium 
per lo7 neutrophils). 

Chemiluminescence. Chemilumines- 
cence was measured in a specially designed 
c hemiluminescence spectrometer which 
maintained the temperature of the reaction 
at 37” and provided continuous mixing of 
the cell preparations (14). The neutrophil 
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concentration was 1 x lo6 cellslml, and the 
cells were suspended in HBSS containing 
0.25 mM or no CaC12. Luminol (lo-* M) 
was used to augment the chemiluminescent 
response. Light emission was recorded as 
counts per unit time. 

Glucose metabolism. Glucose metabo- 
lism through the hexose monophosphate 
shunt was evaluated using [ l-14C]glucose 
(61.1 mCi/mmol; Amersham) as described 
in a previous study (15). The results were 
expressed as counts per minute (cpm) of 14C 
activity per 5 x lo6 cells. Baseline meta- 
bolic activity of unstimulated neutrophils 
(generally about 12- 15% of the stimulated 
value) was subtracted from the results of 
stimulated cells. 

Reagents. All chemicals were of the best 
quality commercially available. Hank's 
balanced salt solution was obtained from 
Gibco, Grand Island, New York. Luminol 
(5 -amino-2,3 -dihydro- 1,4-phthalazinedione) 
was purchased from Eastman Kodak Com- 
pany, Rochester, New York. Ethylene 
glycol bis-(P-aminoethy1ether)-N,N'-tet- 
traacetic acid (EGTA), and sodium fluo- 
ride were obtained from the Sigma Chemi- 
cal Company, St. Louis, Missouri. A23187 
and verapamil were provided by Robert L. 
Hamill, Ph.D. Lilly Research Laborato- 
ries, Indianapolis, Indiana, and Edward B. 
Kirsten, Ph.D., Knoll Pharmaceutical 
Company, Whippany, New York, respec- 
tively. A23187 was dissolved in dimethyl 
sulfoxide at a concentration of M and 
stored at -30". All other solutions were 
freshly prepared for each experiment. 

Statistical analysis. The group Student's 
t test was used to analyze replicate obser- 
vations in this study. All mean values are 
followed by & standard error of the mean. 

Results. Stimulatory effects of A23187 
and NaF. Unstimulated neutrophils slowly 
took up calcium-45 and approached equilib- 
rium at 40 min. The average value of cell- 
associated calcium at 40 rnin was 1.89 & 
0.43 x 10-lo mole of Ca2+/107 cells (n = 11). 
Typical equilibration curves can be seen in 
Fig. 1 and 2. In all experiments A23187 and 
NaF were added 40 rnin after the addition of 
calcium-45. 

The calcium ionophore A23187 M), 

TIME (mid 

FIG. 1 .  Calcium uptake by NaF and A23187- 
stimulated neutrophils. Forty minutes after the addi- 
tion of 45CaC1,, 24 mM NaF(graph A) and M 
A23187 (graph B) were added. The cells were main- 
tained in Hank's balanced salt solution with 0.25 mM 
CaCl, at 37" with mixing throughout the experiment. 
Each data point represents the mean of four determi- 
nations * the standard error. 

promoted a rapid increase in neutrophil cal- 
cium content. Within 2 min after stimula- 
tion, calcium levels rose from the resting 
level to 4.89 & 0.85 x 10-lo mole/107 cells (n 
= 3). One experiment is shown in Fig. 1B. 

The peak chemiluminescent response of 
neutrophils to A23187 M) in the pres- 
ence of 0.25 mM Ca2+ was 82,000 cpm. In 
the absence of extracellular calcium ions 
the amount of emitted light was reduced to 
a peak response of 26,000 cpm. Maximal 
chemiluminescence occurred within 5 rnin 
following the addition of A23187. 

NaF (24 mM) also caused calcium uptake 
by the neutrophils (Fig. 1A); however, this 
uptake occurred at a much faster rate and 
reached much higher levels than those seen 
with A23187. Within 2 min after N a F  
stimulation the average cell-associated cal- 
cium levels had reached 1.06 k 0.15 X lo-* 
mole/107 cells (n = 9), 56 times the calcium 
uptake of the resting cells and 22 times the 
calcium uptake of neutrophils 2 rnin after 
A23 187 stimulation. The possibility that 
NaF  was causing a marked increase in 
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FIG. 2. The effect of verapamil(3 x M) on the 
calcium uptake of neutrophils stimulated by 24 mM 
NaF added 40 rnin after 45CaC12. In graph A only NaF 
was used while in graph B verapamil was added to the 
cell suspension 5 min prior to the addition o f  the 
45CaCI,. The cells were maintained in Hank's balanced 
salt solution with 0.25 mM CaCl, at 37" with mixing 
throughout the experiment. The data points plotted 
prior to NaF addition are the mean of two determina- 
tions 2 the range. Data points after the addition of 
NaF represents the mean of four determinations 5 the 
standard error. 

membrane binding of calcium was suggest- 
ed by this large and rapid calcium uptake. 
The NaF-induced chemiluminescence of 
neutrophils showed a calcium ion depen- 
dence which was similar to A23187. The 
peak response to NaF was 610,000 cpm in 
the presence of 0.25 mM Ca2+, but only 
99,000 cpm in the absence of extracellular 
calcium. The NaF-induced chemilumines- 
cence response began 16 rnin after the ad- 
dition of NaF, and reached a peak of activ- 
ity at 52 min. 

In addition to chemiluminescence, hex- 
ose monophosphate shunt activity was 
determined in NaF-stimulated cells. Neu- 
trophils suspended in HBSS with 0.25 mM 
CaC12 and treated with 24 mM NaF had 
large increases in shunt activity as mea- 
sured by carbon-14 liberated from the C-l 
position of glucose/5 x lo6 cells. NaF- 

stimulated cells produced 2424 k 587 c p d 5  
x lo6 cells during a 40-min incubation pe- 
riod. Thus we have determined that NaF 
stimulation resulted in not only a large cal- 
cium uptake but have confirmed the activa- 
tion of metabolism, as measured by both 
chemiluminescence and hexose monophos- 
phate shunt activity. 

Effects of verapamil on NaF-stimulated 
neutrophils. If the metabolic response to 
NaF is the result of an influx of calcium 
ions into the cell, it would be expected that 
a calcium channel blocker such as ver- 
apamil would block the calcium influx and 
related metabolic stimulation. As shown in 
Fig. 2, verapamil(3 x M) had no effect 
on NaF-stimulated calcium uptake. 

In chemiluminescence studies, however, 
verapamil, when added 5 rnin after NaF, 
completely blocked light production (Fig. 
3). If the verapamil was added during the 
chemiluminescent response (12 rnin later), 
there was a prompt termination of chemi- 
luminescence (Fig. 3). Verapamil added 
prior to NaF also prevented the chemi- 
luminescent response (data not shown). 

The direct interaction of verapamil with 
chemical intermediates of activated neutro- 
phils was evaluated as a possible cause of 
the suppressed chemiluminescence. To ac- 
complish this, the effect of verapamil on 
two cell-free c hemiluminescent chemical 
reactions was examined (16). The interac- 
tion of H202 and NaOCl is known to pro- 
duce a singlet oxygen intermediate, and 
FeS04 and H202 has a hydroxyl radical in- 
termediate (16). The chemiluminescence of 
these system:. augmented with luminol 
were tested in the presence and absence of 
verapamil. H 2 0 2  (0.1 M) was added to 
NaOCl(0.2 M), and luminol ( M) with or 
without verapamil (3 x M). In the ab- 
sence of verapamil there were 88,877 & 
3980 counts in the first 4 sec of the experi- 
ment. When verapamil was present 89,986 
& 5566 counts in 4 sec were detected. Thus 
it appears unlikely that verapamil quenched 
the intermediates of the H2O2-NaOC1 
reaction. In the case of F e S 0 4 - H 2 0 2  
chemiluminescence, verapamil in the pres- 
ence of luminol generated 30,992 2 1456 
counts in the first 4 sec of the reaction. 
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FIG. 3 .  The effect of verapamil on  neutrophil 
chemiluminescence stimulated by NaF. Verapamil (3 
x M) was added either 5 (0) or 12 (0) min after 
NaF (24 mM). (0) NaF only. All cells were kept at 37" 
with continuous mixing. 

FeS04 plus H202 with luminol but no ver- 
apamil gave 6551 +_ 195 counts in 4 sec (P < 
0.001). From this it appears that verapamil 
may augment the chemiluminescence of 
some oxygen intermediates but there is no 
apparent quenching. 

The possibility that  verapamil was 
blocking the movement of calcium from the 
cell surface into the cytoplasm and as a 
consequence suppressing metabolic activ- 
ity received additional support from mea- 
surements of C-l glucose metabolism. This 
metabolic response was reduced from 2424 * 587 to 324 & 174 c p d 5  x lo6 cells (P < 
0.01) when verapamil (3 x M) was 
added 5 min after NaF stimulation was ini- 
tiated. A similar reduction in activity oc- 
curred at a verapamil concentration of 1 x 

M but not at 1 x M (data not 
shown). 

Effects of  EGTA on NaF-stimulated 
neutrophils. The fact that verapamil could 
block the NaF-induced metabolic response, 
as measured by chemiluminescence and 
C-1 glucose metabolism, but not calcium 
uptake, suggested that the principal NaF 

effect was to induce binding to the exterior 
of the neutrophil membrane. If this is so, 
calcium chelation would be expected to 
rapidly reverse the observed calcium up- 
take. EGTA (3 d), a calcium chelator, 
when added 2 min after fluoride stimulation 
rapidly removed 90% of the cell-associated 
calcium within 3 min after adding the 
EGTA (Fig. 4). In another experiment 
when calcium uptake was determined im- 
mediately, 30 sec, and 1 min after the addi- 
tion of EGTA which had been added 1 rnin 
after NaF, the levels of uptake were re- 
duced by 90% or more when compared with 
cells treated only with NaF. 

EGTA (3 mM) was less efficient in 
blocking NaF-induced chemiluminescence 
than verapamil. There was relatively little 
decrease in light production in the presence 
of EGTA when the neutrophils were sus- 
pended in HBSS containing 0.25 mM 
CaCl,. When the calcium concentration 
was reduced to 0.025 mM and the EGTA 
concentration remained the same, light 
production by neutrophils was only 28% of 
that produced by NaF-stimulated cells in 
the absence of EGTA. 

In a study to determine the effect of cal- 
cium chelation on C-l glucose metabolic 
activation by NaF, neutrophils were sus- 
pended in HBSS with' 0.025 mM CaCl,. 
When these cells were treated only with 
NaF (24 mM) 344 +_ 63 c p d 5  x lo6 cells 
were produced in a 45-min incubation pe- 
riod. When EGTA (3 mM) was added 5 rnin 
after NaF (24 mM) only 108 k 7 cpm6 x 
lo6 cells were produced in a similar incuba- 
tion period (P < 0.01). 

Discussion. Our results confirm previous 
observations (7) that calcium is essential for 
maximal fluoride stimulation of the neutro- 
phi1 metabolic burst. We have found that 
calcium is taken up by NaF-stimulated cells 
in amounts significantly greater than that 
seen with other soluble stimuli. Although 
large amounts of calcium were induced to 
bind to neutrophils by NaF, we conclude 
that most of the bound calcium remained 
external to the cell. This is based on our 
findings using EGTA, and verapamil. 

EGTA is a large, polar molecule that 
does not readily cross cell membranes. The 



338 

A 

FLUORIDE-TREATED NEUTROPHILS 

B EGTA 

5. 

r 
I X l d ” I ,  

0 20 40 0 20 40 60 
TIME ( m i d  

FIG. 4. The effect of EGTA on NaF-induced cal- 
cium uptake in neutrophils. NaF (24 mM) was added to 
neutrophils suspended in Hank’s balanced salt solu- 
tion with 0.25 mM CaCI, and equilibrated with 45CaC1, 
for 40 min. EGTA (3 mM) was added (graph B) 2 min 
after NaF treatment. All data points represent the 
mean of four determinations * the standard error. 

rapid decrease in cell-associated calcium 
observed after EGTA treatment must, 
therefore, reflect the chelation of easily ac- 
cessible, membrane-bound calcium. The 
inability of EGTA to block the metabolic 
response until the extracellular calcium 
level was reduced, was probably due to in- 
complete calcium chelation. 

Verapamil, a membrane channel blocker 
(17), has been shown to inhibit calcium up- 
take by neutrophils exposed to formyl- 
methionyl-leucyl-phenylalanine (18) as well 
as  neutrophil activation. Verapamil, as 
shown in the present experiments,  ef- 
fectively inhibited NaF-induced chemi- 
luminescence and activation of C-1 glu- 
cose metabolism, but it had no inhibitory 
effect on NaF-induced calcium uptake. The 
apparent paradox of the failure of verapamil 
to influence calcium uptake while success- 
fully blocking the  metabolic response 
seems to be due to a biphasic calcium 

movement. The first phase, which involves 
binding of calcium to the external surface of 
the plasma membrane, is not influenced by 
verapamil, while the second phase, the in- 
ternalization of a portion of the plasma 
membrane calcium, is blocked by ver- 
apamil. Available evidence indicates that 
verapamil prevents  calcium transport  
across cell membranes by blocking “slow” 
calcium channels (19). The exact mecha- 
nism has not been established but recent 
work with verapamil analogs suggests that 
its site of action is on the cytoplasmic side 
of the plasma membrane (20). Thus, ver- 
apamil would not be expected to interfere 
with calcium binding to the plasma mem- 
brane but rather the cellular processes that 
mediate the transport of calcium across the 
plasma membrane and into the cytosol. 

Neutrophil chemiluminescence induced 
by fluoride is delayed when compared with 
other soluble stimuli. A23 187-stimulated 
chemiluminescence begins shortly after ad- 
dition of the stimulus and reaches a peak in 
3 to 5 min. Other soluble and particulate 
stimuli behave in a similar fashion. When 
fluoride is the stimulus a lag period of at 
least 5 to 7 min occurs and the peak of light 
production is not reached for about 15 min 
or longer. A comparison of the calcium up- 
take and chemiluminescence of NaF and 
A23 187 provides some interesting con- 
trasts. When NaF is the stimulus there is 
significant lag seen between calcium uptake 
(the rapid event) and chemiluminescence 
(the delayed event). This differs from 
A23187 stimulation where calcium uptake 
and chemiluminescence occur at virtually 
the same time. It appears, therefore, that 
when NaF is the stimulus a second reaction 
must ensue subsequent to the rapid phase 
of calcium uptake and prior to activation. 

The results described suggest the follow- 
ing mechanism for the stimulation of the 
metabolic burst by fluoride. Fluoride pro- 
motes a massive, rapid, binding of calcium 
to the neutrophil plasma membrane. Since 
neutrophil membranes are already known 
to bind calcium (21) fluoride may be ex- 
posing additional calcium binding sites. 
Some of this calcium slowly moves across 
the membrane into the cell via verapamil- 
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sensitive channels. When the cytosolic cal- 
cium concentration reaches an appropriate 
level, it activates a calcium sensitive en- 
zyme or enzyme system that in turn initi- 
ates the metabolic burst. This would ac- 
count for the lag between calcium binding 
and the onset of the metabolic response, 
and the action of verapamil to inhibit NaF 
activation despite the fact that calcium 
binding was not prevented. However, there 
may be other explanations for fluoride 
stimulation of metabolism. Selvaraj and 
Sbarra (22) have postulated that fluoride 
may move into the cell and form a mag- 
nesium- fluoro - phosphate complex which 
could lead to metabolic activation. This 
concept awaits the measurement of in- 
tracellular fluoride levels before it can be 
adequately evaluated. 

Curnutte et al. (7) found that superoxide 
anion production by human neutrophils 
treated with fluoride was reversible. Stim- 
ulated neutrophils could be returned to a 
resting state simply by washing the cells. 
The addition of fresh fluoride reestablishes 
renewed superoxide anion production. This 
reversibility is compatible with the model 
described here. Washing the fluoride- 
treated cells is likely to remove the calcium 
bound to the membrane. Without the addi- 
tional membrane bound calcium, the cal- 
cium level in the cytosol drops below that 
required to maintain the metabolic burst. 
The addition of fresh fluoride reestablishes 
the higher level of membrane-bound cal- 
cium and the subsequent reactivation of the 
metabolic burst. 
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