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Abstract-The cyclic adenosine-3’,5’-monophosphate (CAMP) elevation caused by exposure of human 
neutrophils to the Ca2+ . lonophore A23187 was prevented when endogenously produced adenosine was 
either removed by preincubation with adenosine deaminase or blocked from binding to the adenosine 
receptor by antagonists [theophylline or (E)-4-(1,2,3,6-tetrahydro-1,3-dimethyl-2,6-dioxo-9~-purin-8- 
yl)cinnamic acid]. In the absence of endogenous adenosine, A23187 potentiated the neutrophil CAMP 
response to 2-chloroadenosine, prostaglandin El, and isoproterenol. When neutrophil suspensions 
were preincubated with concentrations of Ro 20-1724, which appeared to maximally inhibit CAMP 
phosphodiesterase, A23187 was still able to substantially elevate CAMP levels, suggesting that A23187 
increases CAMP by amplifying adenylate cyclase responsiveness to the agonist rather than by inhibiting 
CAMP phosphodiesterase. The ability of A23187 to augment the CAMP elevation caused by 2-chloro- 
adenosine was persistent over a lo-min period. The neutrophil CAMP elevations caused by the chemo- 
attractants leukotriene Bq, C5a, and N-formyl-L-methionyl-L-leucyl+phenylalanine (FMLP) were all 
prevented when endogenously produced adenosine was eliminated from the cell suspensions by the 
addition of adenosine deaminase. The A23187-induced CAMP elevation was inhibited completely by 
the calmodulin inhibitors chlorpromazine, trifluoperazine and N-(6-aminohexyl)+chloro-l-nap- 
thalenesulfonamide, whereas CAMP levels induced by FMLP, leukotriene B4 and C5a were less affected. 
It appears that A23187 raises CAMP in human neutrophils by a calmodulin-dependent potentiation of 
adenylate cyclase responsiveness to endogenously produced adenosine while the chemoattractant- 
induced CAMP elevations (FMLP, leukotriene B.,, and C5a), although possibly Ca2+dependent, are less 
sensitive to calmodulin inhibitors and may involve additional biochemical events. 

Neutrophil activation by a variety of stimuli is often 
preceded by intracellular Ca2+ elevation [l-13] and 
a concomitant rise in CAMP? levels [14-231. We 
have used the Ca2+ ionophore A23187, which 
elevates Ca2+ levels independently of receptor 
stimulation [16, 18, 24, 251, to investigate the role 
of Ca2+ in the mechanism of stimulus-induced CAMP 
elevation in human neutrophils. 

MATERIALS AND METHODS 

Reagents. A23187, N-formyl-L-methionyl-L-leucyl- 

* Corresponding author. Tel. (919) 248-8709; FAX (919) 
248-8747. 

t Abbreviations: 533U83, (E)-4-(1,2,3,6-tetrahydro-1,3- 
dimethyl-2,6-dioxo-9H_purin-8-yl)cinnamic acid; ADA, 
adenosine deaminase; CAMP, cyclic adenosine-3’,5’-mono- 
phosphate; Cl-Ado, 2-chloroadenosine; FMLP, N-formyl- 
L-methionyl-L-leucyl+phenylalanine; HBSS, Hanks’ bal- 
anced salt solution with 10mM Hepes; Hepes, 4-(2- 
hydroxyethyl)-1-piperazineethanesulfo&c acid; ISO, ‘L- 

isoproterenol: PG. prostaglandin: LT. leukotriene: RIA. 
radioimmuno&sai; ‘.Ro 26-1724, 4-(3lbutoxy-4-m&hoxy: 
benzyl)-2-imidazohdmone; W-5, N-(6-aminohexyl)-l-naph- 
thalenesulfonamide; and W-7, N-(6-aminohexyl)-5-chloro- 
1-naphthalenesulfonamide. 

L-phenylalanine (FMLP), leukotriene (LT) B4, 
human recombinant C5a, chlorpromazine, tri- 
fluoperazine, W-5, W-7, theophylline, 2-chloro- 
adenosine (Cl-Ado), prostaglandin (PG) El, and 
L-isoproterenol (ISO) were obtained from the Sigma 
Chemical Co. (St. Louis, MO). Calf intestine 
adenosine deaminase (ADA) was a product of 
Boehringer Mannheim Biochemicals (Indianapolis, 
IN). Hanks’ balanced salt solution was obtained 
from the Grand Island Biological Co. (Gaithersberg, 
MD), and [8-3H]cAMP (20 Ci/mmol) was a product 
of Schwartz Mann (Cleveland, OH). Ro 20-1724 
was provided by H. Sheppard (Hoffmann-La Roche, 
Nutley, NJ). SQ 22,356 was obtained from E.R. 
Squibb & Sons (Princeton, NJ). 533U83 was 
synthesized by Susan Daluge of Wellcome Research 
Laboratories (Research Triangle Park, NC). 

Human neutrophil isolation. Neutrophils were 
isolated from heparinized whole blood of healthy 
volunteers by one-step gradient centrifugation 
[26,27]. Red blood cells were lysed with 0.2% NaCl. 
Neutrophils were resuspended to the desired cell 
concentration in HBSS. All neutrophil preparations 
contained less than 5% mononuclear cells and less 
than 1% contamination by platelets. 
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Fig. 1. Time- and concentration-dependence of A23187-induced CAMP elevation in human neutrophils. 
Neutrophil suspensions were incubated for 10 min at 37” with saline (0) 10 PM Ro 20-1724 (0, n ), 
or Ro 20-1724 in combination with ADA (1 unit/ml) (A), prior to incubation with (closed symbols) 
or without (Cl) A23187. In panel A, neutrophils were incubated with 50 nM A23187 for the indicated 
period of time. In panel B, neutrophils were incubated with the indicated concentration of A23187 for 
0.5 min. Neutralized acid-soluble extracts of the neutrophil suspensions were quantitated for CAMP by 
RIA as described in Materials and Methods. The data shown in each graph were obtained from a single 
representative experiment. Each point is the mean k SEM for four determinations, two for each 

duplicate sample. Error bars are not shown when symbol size exceeded the range of the SEM. 

CAMP determinations. Neutrophil suspensions 
(1.3-3.5 X lo6 cells/l.0 mL HBSS) were incubated 
with specified agents for the indicated period of time 
at 37”. The cell suspensions were then extracted by 
the addition of 500 ,uL of cold 2.5 M trichloroacetic 
acid containing 8000-10,000 dpm (0.2 pmol) of 
[8-3H]cAMP as a recovery marker. Acid-soluble 
extracts of the neutrophil suspensions were neu- 
tralized by extraction with 3.5 mL of 0.5 M 
trioctylamine in 1,1,2-trichlorotrifluoroethane 
(Freon 113) [28]. The CAMP present in the samples 
was quantitated by radioimmunoassay (RIA) [29] 
after purification of the extracts on columns of 
aluminium oxide and Dowex l-X8 and 2’-0- 
succinylation. Values in each figure or table are from 
a single experiment which has been repeated at least 
once and has yielded similar results. 

RESULTS 

The Ca*+ ionophore A23187 (50 nM) alone caused 
a small elevation (P < 0.001) in human neutrophil 
CAMP levels which peaked about 1 min after 
ionophore addition (Fig. 1A). As previously noted 
[14,30], neutrophil CAMP levels were enhanced 
when CAMP phosphodiesterase activity was 
inhibited, In the presence of the nonmethylxanthine 
phosphodiesterase inhibitor Ro 20-1724 (10 PM), 
A23187-induced CAMP accumulation was greatly 
enhanced (Fig. 1A). Human neutrophil suspensions 
endogenously produce 0.1 to 0.2 PM adenosine [31- 
331. When the endogenously produced adenosine 
was converted to inosine by preincubation with 
ADA (1 unit/ml), the A23187-induced CAMP 
elevation in the presence of Ro 20-1724 was 
prevented (Fig. 1A). The elevation in neutrophil 
CAMP caused by A23187 was concentration 
dependent in both the presence and the absence of 
Ro 20-1724 (Fig. 1B). The increase in CAMP levels 

was greatly potentiated when Ro 20-1724 was present, 
Removal of endogenously produced adenosine by 
preincubation with ADA again prevented the rise 
in CAMP levels induced by A23187 in the presence 
of Ro 20-1724. A23187-induced CAMP elevations 
were also not observed when adenosine was 
prevented from binding to its receptor by the 
adenosine receptor antagonists theophylline (50 PM) 
or the more selective 533U83 [34] (Table 1). 

In the absence of endogenously produced 
adenosine, and in the presence of Ro 20-1724, a l.O- 
min incubation with the Ca*+ ionophore markedly 
potentiated CAMP generation induced by three 
adenylate cyclase agonists that bind to different 
receptors-PGEr (2.0 ,uM), IS0 (1.0 PM), and Cl- 
Ado (which cannot be deaminated by ADA) 
(2.0 PM) (Table 2). This demonstrates that A23187 
can potentiate CAMP response to different classes 
of adenylate cyclase agonists. The potentiating effect 
of A23187 on CAMP generation was reported 
previously for PGEr, PGE2 and IS0 using guinea 
pig macrophages [35] and neutrophils [36,37]. 

The potentiation of neutrophil CAMP response to 
agonists by A23187 may occur in one of two ways: 
inhibition of CAMP phosphodiesterase or activation 
of adenylate cyclase. To address this point, neutrophil 
suspensions were incubated for 1.0 min with 
increasing concentrations of the CAMP phospho- 
diesterase inhibitor Ro 20-1724 (O-1OOpM) in the 
presence or absence of A23187 (50 nM). In the 
absence of A23187, maximal inhibition of neutrophil 
CAMP phosphodiesterase was indicated by a 
plateauing of neutrophil CAMP levels at con- 
centrations of Ro 20-1724 at 10 PM and above (Table 
3). Even at these concentrations of phosphodiesterase 
inhibitor, A23187 still elevated neutrophil CAMP 
levels. This suggests that A23187 potentiates CAMP 
response to endogenously produced adenosine by 
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Table 1. Effects of ADA, theophylline, or 533U83 on A23187-induced CAMP elevation 
in human neutrophils 

CAMP ( pmol/lO’ neutrophils) 

+A23187 
Additive -A23187 (50 nM) 

None 11.78 2 1.58 22.68 2 1.01 
ADA (1 unit/ml) 10.83 2 0.54 8.17 f 0.63 
Theophylline (50 PM) 10.89 f 0.48 8.94 f 0.76 
533U83 (1 PM) 11.21 f 0.80 10.79 + 0.79 
533U83 (5 PM) 10.57 + 0.32 8.84 2 0.90 
533U83 (50 PM) 9.45 + 0.36 9.73 k 0.34 

Prior to a final l.O-min incubation in the presence or absence of A23187, neutrophil 
suspensions were preincubated for 15 min at 37” in the presence or absence of ADA, 
theophylline, or 5332183, followed by a l.O-min incubation with Ro 20-1724 (10 PM). 
Neutralized acid-soluble extracts of the neutrophil suspensions were quantitated for 
CAMP by RIA as described in Materials and Methods. All incubations were performed 
in triplicate and each extract was radioimmunoassayed in duplicate for CAMP. Each 
value is the mean 2 SEM of six determinations from a single representative experiment. 

Table 2. Potentiation of neutrophil CAMP response to 
PGE,, ISO, and Cl-Ado by A23187 

CAMP (pmol/lO’ neutrophils) 

Additive 
+A23187 

-A23187 (50 nM) 

None 8.6 + 1.2 12.0 z 0.6 
PGE, (2 W) 56.7 2 1.6 145.5 k 8.3 
IS0 (1 PM) 51.2 f 1.9 159.9 2 8.4 
Cl-Ado (2 PM) 40.6 2 1.8 152.7 t 2.8 

Neutrophil suspensions were incubated at 37” for 15 min 
with ADA, 1.0 min with or without A23187, and 2.0 min 
with Ro 20-1724 in the presence or absence of PGE,, ISO, 
or Cl-Ado. Neutralized acid-soluble extracts of the 
neutrophil suspensions were quantitated for CAMP by RIA 
as described in Materials and Methods. All incubations 
were performed in triplicate and each extract was 
radioimmunoassayed in duplicate for CAMP. Each value 
is the mean 2 SEM of six determinations from a single 
representative experiment. 

amplifying adenylate cyclase response rather than 
by inhibiting CAMP phosphodiesterase. 

The duration of the ability of A23187 to potentiate 
neutrophil CAMP response to Cl-Ado is shown in 
Fig. 2. In this experiment, Cl-Ado (2.0 PM) and Ro 
20-1724 (10,uM) were added to ADA-pretreated 
neutrophils at various times after the addition of 
A23187 (50nM). The cellular incubations were 
terminated l.Omin later. A23187 amplified the 
CAMP response to Cl-Ado throughout the lo-min 
period examined. 

FMLP, LTB4, and CSa are potent neutrophil 
chemoattractants which, like A23187, raise intra- 
cellular Ca*+ [4-131 and stimulate CAMP elevation 
[14-231. We have reported previously that FMLP 
also raises neutrophil CAMP levels by potentiating 
adenylate cyclase responsiveness to endogenously 
produced adenosine [14]. We therefore looked at 
the role of endogenously produced adenosine in 

LTBr and CSa-induced CAMP elevations in 
neutrophils. During a 1 .O-min exposure of neutrophils 
to increasing concentrations of LTB4 and C5a, in 
the presence of the CAMP phosphodiesterase 
inhibitor Ro 20-1724, neutrophil CAMP levels were 
elevated. LTBr and CSa-induced CAMP elevations 
were prevented completely when endogenously 
produced adenosine was removed from the cell 
suspensions by preincubation with ADA (Fig. 3). 

To determine if Ca*+-activated calmodulin played 
a role in the amplification of adenylate cyclase 
response to agonists, neutrophil suspensions were 
incubated with noncytotoxic concentrations (as 
determined by trypan blue exclusion) of the 
calmodulin inhibitors chlorpromazine (50 PM), 
trifluoperazine (20pM) or W-7 (100 PM) prior to 
the addition of A23187, FMLP, LTB4, or C5a, in 
the presence of Ro 20-1724. A23187-induced CAMP 
elevations were inhibited completely by all three 
calmodulin inhibitors (Table 4). In contrast to 
A23187-induced CAMP elevation, the effects of the 
calmodulin inhibitors on chemoattractant-induced 
CAMP levels were comparatively small (Table 5). 
Inhibition by chlorpromazine and trifluoperazine of 
CAMP elevations induced by the chemotactic agents 
FMLP and LTB4 was 4-21%, while CSa-induced 
CAMP elevation was enhanced slightly in the 
presence of chlorpromazine and was unaffected by 
trifluoperazine. W-7, however, partially inhibited 
FMLP-, LTB+ and CSa-induced CAMP elevations 
(41-58%) but still not as completely as A23187. W-5 
(100 PM), a less active, nonchlorinated derivative of 
W-7, had no effect on CAMP levels induced by 
A23187 or FMLP (data not shown). 

DISCUSSION 

We have shown that the Ca*+ ionophore A23187 
elevates CAMP by amplifying adenylate cyclase 
response to endogenously produced adenosine. In 
the absence of endogenous adenosine, or in the 
presence of an adenosine receptor antagonist, the 
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Table 3. Effect of the CAMP phosphodiesterase inhibitor Ro 20-1724 on A23187- 
induced CAMP elevation in human neutrophils 

CAMP (pmol/lO’ neutrophils) 

Concentration of Ro 20-1724 +A23187 
(PM) -A23187 (50 nM) 

0 3.41 + 0.29 4.79 +- 0.33 
1 5.17 + 0.43 12.26 +- 0.82 
5 5.92 + 0.18 16.17 2 0.58 

10 6.70 k 0.26 11.45 -t 0.53 
50 7.05 k 0.30 12.66 ” 0.33 

100 5.66 2 0.27 11.03 2 0.44 

Neutrophil suspensions were prewarmed at 37” for 15 min. Ro 20-1724 (at the 
indicated concentration) was added with or without A23187. The cell suspensions 
were incubated for an additional 1.0 min before termination by the addition of cold 
acid. Neutralized extracts of the neutrophil suspensions were quantified for CAMP 
by RIA as described in Materials and Methods. All incubations were performed 
in triplicate and each extract was radioimmunoassayed in duplicate for CAMP. 
Each value is the mean f SEM of six determinations from a single representative 
experiment. 
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INCUBATION TIME IN THE PRESENCE OR ABSENCE OF A23187 

Fig. 2. Persistent nature of A23187-enhanced CAMP 
reiponse to Cl-Ado. Neutrophil suspensions were incubated 
for 15 min at 37” with ADA (1 unit/ml) and then for the 
indicated period of time in the absence (0) or presence 
(m, A) of A23187 (50 nM). The cells were then incubated 
for 1.0 min with Ro 20-1724 (10 PM) (A) or with Cl-Ado 
(2.0pM) in combination with Ro 20-1724 (0, W). 
fieukalized acid-soluble extracts of the n&rophil 
suspensions were quantitated for CAMP by RIA as 
described under Materials and Methods. The basal level 
of CAMP in control neutrophil suspensions that were 
incubated for 16 min at 37” was 2.63 k 0.15 mol cAMP/lO’ 
neutrophils. Each point is the mean f SEM for six 
determinations, two for each triplicate sample. The data 
in the graph were obtained from a single representative 
experiment. Error bars are not shown when symbol size 

exceeded the range of the SEM. 

CAMP response induced by A23187 was abrogated. 
The A23187 potentiation of CAMP response was not 
just specific for adenosine but was also demonstrated 
in the absence of endogenously produced adenosine, 
with other adenylate cyclase agonists that bind to 
three distinct receptors. The ability of A23187 to 
potentiate adenylate cyclase response to Cl-Ado was 
constant over a lo-min period. 

FMLP, LTB4, and C5a are potent chemotactic 

stimuli which elevate neutrophil CAMP levels 
[14-231. These CAMP elevations appear to be a 
chemotactant-mediated amplification of adenylate 
cyclase response to endogenously produced adeno- 
sine [14] (Fig. 3), rather than events necessary for 
signal transduction [25]. 

There is considerable evidence for the involvement 
of Ca*+ in chemotactant-potentiated neutrophil 
CAMP response to agonists. FMLP-induced CAMP 
elevation is inhibited when cells are in Ca2+-deficient 
medium or in the presence of TMB-8, a putative 
Ca2+ antagonist [15,16,36]. The onset and duration 
of amplified CAMP accumulation correlate with the 
timing of intracellular Ca2+ elevation; exposure of 
neutrophils to FMLP, LTB4, or C5a results in a 
rapid, transient Ca 2+ burst [4-141 and CAMP 
response [14-231, whereas exposure to ionophore 
yields a prolonged elevation of intracellular Ca2+ 
[6, 7, 381 and a persistently potentiated CAMP 
response (Fig. 2). 

The elevation of intracellular Ca2+ has several 
biochemical consequences, one of which is the 
activation of calmodulin, a ubiquitous Ca2+- 
dependent regulatory protein. Calmodulin has been 
reported to regulate CAMP metabolism in a manner 
dependent upon intracellular Ca2+ concentration 
[39,40]. We therefore investigated whether the 
CAMP elevations induced by A23187, FMLP, LTB4, 
and C5a involve a Ca2+-regulated calmodulin- 
dependent activation of adenylate cyclase. A23187- 
induced CAMP elevation was prevented completely 
by preincubation with the three different calmodulin 
inhibitors W-7, chlorpromazine, and trifluoperazine. 
These results are in agreement with an earlier report 
citing the involvement of calmodulin in A23187- 
potentiated CAMP response to PGE, in guinea pig 
neutrophils [36]. The same calmodulin inhibitors 
were less effective at preventing FMLP-, LTB4-, and 
CSa-induced CAMP elevation. It is unclear why 
W-7 was more effective than the other calmodulin 
inhibitors in preventing CAMP generation among 
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Fig. 3. Effect of endogenously produced adenosine on LTBr and CSa-induced CAMP elevation in 
human neutrophils. Neutrophil suspensions were incubated for 15 min at 37” in the presence (0) or 
absence (m) of ADA (1 unit/ml) prior to incubation with LTB4 (panel A) or C5a (panel B), in 
combination with Ro 20-1724 (10 @kl), for 1.0 min at the indicated concentration. Neutralized acid- 
soluble extracts of the neutrophil suspensions were quantitated for CAMP by RIA as described under 
Materials and Methods. The data shown in each graph were obtained from a single representative 
experiment. Each point is the mean z SEM for six determinations, two for each triplicate sample. 

Error bars are not shown when symbol size exceeded the range of the SEM. 

Table 4. Effects of calmodulin inhibitors on A23187-induced CAMP levels in 
human neutrophils 

CAMP ( pmol/lO’ neutrophils) 

Additive 
+A23187 

-A23187 (50 nM) 

None 4.30 -r- 0.23 12.41 f 0.30 
Chlorpromazine (50 PM) 3.84 2 0.27 3.25 + 0.23 
Trifluoperazine (20 @I) 2.97 + 0.42 2.48 + 0.26 
W-7 (100 PM) 3.04 2 0.11 3.02 + 0.27 

Neutrophil suspensions were preincubated for 14 min at 37” in the presence or 
absence of the specified calmodulin inhibitor followed by 1.0 min with Ro 20-1724 
(10 PM). The cell suspensions were then incubated for 1.0 min in the presence or 
absence of A23187. Neutralized acid-soluble extracts of the neutrophil suspensions 
were quantitated for CAMP by RIA as described in Materials and Methods. All 
incubations were performed in triplicate and each extract was radioimmunoassayed 
in duplicate for CAMP. Each value is the mean * SEM of six determinations from 
a single representative experiment. 

Table 5. Effects of calmodulin inhibitors on FMLP-, C5a-, and LTB,-induced CAMP levels in 
human neutrophils 

CAMP (pmol/lO’ neutrophils) 

Additive Saline 
FMLP 

(10 nM) 
C5a 

(10 nM) 

None 7.55 k 0.16 40.79 + 2.35 26.18 f 0.86 32.38 f 1.10 
Chlorpromazine (50 FM) 5.95 + 0.25 37.91 f 1.27 21.71 + 0.92 43.% f 2.36 
Trifluoperazine (20 @I) 4.87 + 0.30 33.84 f 1.53 19.56 f 0.83 32.07 * 0.67 
W-7 (100 PM) 4.21 2 0.16 18.83 2 0.44 12.07 2 0.34 18.87 f 0.51 

Neutrophil suspensions were preincubated for 14 min at 37” in the presence or absence of the 
specified calmodulin inhibitor followed by 1.0 min with Ro 20-1724 (1OpM). The cell suspensions 
were then incubated for 1.0 min in the absence or presence of FMLP, LTB4, or C5a. Neutralized 
acid-soluble extracts of the neutrophil suspensions were quantitated for CAMP by RIA as described 
in Materials and Methods. All incubations were performed in triplicate and each extract was 
radioimmunoassayed in duplicate for cAMP. Each value is the mean k SEM of six determinations 
from a single representative experiment. 
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the chemoattractants. It appears that A23187 
potentiates adenylate cyclase responsiveness to 
agonists by a calmodulin-dependent process while 
the chemoattractant-induced CAMP elevations, 
although apparently Ca 2+ dependent, are not as 
sensitive to calmodulin inhibitors. The chemoat- 
tractant-induced CAMP responses may involve other 
Ca2+-mediated biochemical events such as changes 
in cytoskeletal components or activation of protein 
kinase C. In fact, CAMP elevations in human 
neutrophil suspensions induced by phorbol 12- 
myristate 13-acetate, a protein kinase C activator, 
were prevented when endogenously produced 
adenosine was removed by preincubation with ADA 
(unpublished observations). 

In addition to effects on calmodulin, chlor- 
promazine , trifluoperazine, and W-7 have been 
reported to inhibit protein kinases [414] and the 
Ca2+-dependent protease calpain I [45]. In the 
experiments reported here, inhibition of these 
calmodulin-independent activities is unlikely, since 
~css values determined using isolated enzyme 
preparations exceed concentrations we find active 
using whole cells. The CAMP elevations induced by 
the Ca2+-independent protein kinase C activator 
phorbol 1Zmyristate 13-acetate were not inhibited 
by these agents (data not shown). 

Several selective and nonselective phospho- 
diesterase inhibitors have been examined for their 
effect on CAMP metabolism in human neutrophils 
by Wright et al. [46]. Only nonselective and CAMP- 
specific, cGMP-insensitive phosphodiesterase inhibi- 
tors (including Ro 20-1724) were effective in causing 
CAMP elevation in human neutrophils exposed to 
FMLP. Inhibitors of other phosphodiesterase 
subtypes did not cause statistically significant 
increases in CAMP response to FMLP, these included 
calmodulin-dependent; cGMP-specific; cGMP- 
stimulated; and CAMP-specific, cGMP-inhibited 
phosphodiesterases. It appears that these other 
phosphodiesterase subtypes are not operative in 
chemoattractant-stimulated human neutrophils. 

It may appear contradictory that cell activators 
such as A23187. FMLP, LTB4, and C5a generate an 
inhibitory cell signal such as CAMP. The CAMP 
burst appears not to be a necessary component of 
cell activation but rather a response of the activated 
cell to endogenously produced adenosine. In fact, 
superoxide anion generation stimulated by A23187 
or FMLP was enhanced when endogenously 
produced adenosine was removed by preincubation 
with ADA (unpublished observations). The extent 
of neutrophil involvement in an inflammatory 
response may be regulated by chemoattractants, 
which, by elevating intracellular Ca2+ levels, 
increase neutrophil sensitivity to physiological 
adenylate cyclase agonists. 

In summary, A23187 appeared to increase CAMP 
levels in the human neutrophil by amplifying the 
responsiveness of adenylate cyclase to endogenously 
produced adenosine. This effect of A23187 on CAMP 
metabolism was persistent and was not specific for 
adenosine. The biochemical mechanism by which 
adenylate cyclase responsiveness was amplified by 
A23187 appears to be calmodulin-dependent. The 
chemotactic stimuli FMLP, LTB4, and C5a also 

appeared to raise CAMP in human neutrophils by 
amplifying the responsiveness of adenylate cyclase 
to endogenously produced adenosine. Ca2+ may play 
a role in this process; however, the chemoattractant- 
induced CAMP elevation was less sensitive to 
calmodulin inhibitors than the A23187-induced 
response. 

Acknowledgements-We gratefully acknowledge the excel- 
lent technical assistance of Mr. Robert L. Veasey and Mrs, 
Marvin S. Winston. We thank Mrs. Beverly Nobles and 
Mrs. Linda Jones for their preparation of the graphics, 
Laura Mansberg for technical editing assistance, and Mrs. 
Margie Mangum for her help in preparing the manuscript. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

11. 

12 

Lew DP, Receptor signalling and intracellular calcium 
in neutrouhil activation. Eur J Clin Inoest 19: 338-346. 
1989. L 
Sandborg RR and Smolen JE, Early biochemical events 
in leukocvte activation. Lab Invest 59: 300-320. 1988. 
Rasmussen H and Barrett PQ, Calcium messenger 
system: An integrated view. Physiol Reo 64: 938-984, 
1984. 
Painter RG, Sklar LA, Jesaitis AJ, Schmitt M and 
Cochrane CG, Activation of neutrophils by N-formyl 
chemotactic peptides. Fed Proc 43: 2137-2742, 1984. 
Pozzan T. Lew DP. Wollheim CB and Tsien RY. 
Is cytosoiic ionized calcium regulating neutrophil 
activation? Science 221: 1413-1415, 1983. 
Verghese MW, Smith CD and Snyderman R, Role of 
guanine nucleotide regulatory protein in poly- 
phosphoinositide degradation and activation of phago- 
cytic leukocytes by chemoattractants. J Ce[Z Biochem 
32: 59-69, 1986. 
Ozaki Y and Kume S, Functional responses of aequorin- 
loaded human neutrophils. Comparison with fura-2- 
loaded cells. Biochim Biophys Actu 972: 113-119,1988. 
White JR, Naccache PH,. Molski TFP, Borgeat P 
and Sha’afi RI. Direct demonstration of increased 
intracellular concentration of free calcium in rabbit 
and human neutrophils following stimulation by 
chemotactic factor. Biochem Biophys Res Commun 
113: 44-50, 1983. 
Lew PD, Dayer J-M, Wollheim CB and Pozzan T, 
Effect of leukotriene Bq, prostaglandin E, and 
arachidonic acid on cytosolic-free calcium in human 
neutrophils. FEBS Let? 166: 44-48, 1984. 
Omann GM, Traynor AE, Harris AL and Sklar LA, 
LTB,-induced activation signals and responses in 
neutrophils are short-lived compared to formylpeptide. 
I Immunol 138: 2626-2632, 1987. 
Palmblad J, Gyllenhammar H, Ringertz B, Nilsson E 
and Cottell B. Leukotriene Bd trigaers hiahlv 
characteristic and specific functional iesponses in 
neutrophils: Studies of stimulus specific mechanisms. 
Biochim Biophys Acta 971: 92-102, 1988. 
Lew PD, Monod A, Waldvogel FA and Pozzan T, 
Role of cytosolic free calcium and phospholipase C 
in leukotriene-B4-stimulated secretion in human 
neutrophils: Comparison with the chemotactic peptide 
formyl-methionyl-leucyl-phenylalanine. Eur./ Biochem 
162: 161-168, 1987. 

13. Agarwal S, Reynolds MA, Duckett LD and Suzuki JB, 
Altered free cytosolic calcium changes and neutrophil 
chemotaxis in- patients with juvenile periodontitis. J 
Periodont Res 24: 149-154, 1989. 

14. Iannone MA, Wolberg G and Zimmerman TP, 
Chemotactic peptide induces CAMP elevation in human 
neutrophils by amplification of the adenylate cyclase 



Ca*+ ionophore-induced CAMP elevation in human neutrophils Sill 

response to endogenously produced adenosine. J Biol cytotoxic lymphocytes. J Biol Chem 251: 6757-6766, 
Chem 264: 20177-20180, 1989. 1976. 

15. Jackowski S and Sha’afi RI, Response of adenosine 
cyclic 3’,5’-monoohosphate level in rabbit neutrophils 
to the chemotadic pkptide formyl-methionyl-le~cyl- 
ohenvlalanine. Mol Pharmacoll6: 473-481. 1979. 

16. Verghese MW, Fox K, McPhail LC and Snyderman R, 
Chemoattractant-elicited alterations of CAMP levels in 
human polymorphonuclear leukocytes require a Ca2+- 
dependent mechanism which is independent of 
transmembrane activation of adenylate cyclase. J Biol 
Chem 260: 6769-6775, 1985. 

30. Nourshargh S and Hoult JRS, Inhibition of human 
neutrophil degranulation by forskolin in the presence 
of phosphodiesterase inhibitors. Eur J Pharmacoll22: 
205-212, 1986. 

31. Cronstein BN, Kramer SB, Weissmann G and 
Hirschhorn R, Adenosine: A physiological modulator 
of superoxide anion generation by human neutrophils. 
J Exp Med 158: 1160-1177, 1983. 

32. Iannone MA, Zimmerman TP, Reynolds-Vaughn R 
and Wolberg G, Effects of adenosine on human 
neutrophil function and CAMP content. In: Tonics and 17. Simchowitz L, Fischbein LC, Spilberg I and Atkinson 

JP, Induction of a transient elevation in intracellular 
levels of adenosine-3’5’~cyclic monophosphate by 
cbemotactic factors: An early event in human neutrophil 
activation. J Immunol 124: 1482-1491, 1980. 

18. Smolen JE, Korchak HM and Weissmann G, Increased 
levels of cyclic adenosine-3’,5’-monophosphate in 
human polymorpbonuclear leukocytes after surface 
stimulation. J Clin Invest 65: 1077-1085, 1980. 

19. Marx RS, McCall CE and Bass DA, Chemo- 
taxin-induced changes in cyclic adenosine mono- 
phosphate levels in human neutrophils. Infect Immun 
29: 284-286, 1980. 

20. Gorman RR, Lin AH and Hopkins NK, Ace- 
tylglycerylether phosphorylcholine-(AGEPC) and 
leukotriene B,-stimulated cyclic AMP levels in human 
polymorphonuclear leukocytes. Adv Cyclic Nucleotide 
Protein Phosphorylation Res 17: 631-638, 1984. 

21. Hopkins NK, Lin AH and Gorman RR, Evidence for 
mediation of acetyl glyceryl ether phosphorylcholine 
stimulation of adenosine 3’,5’-(cyclic)monophosphate 
levels in human polymorphonuclear leukocytes by 
leukotriene Bq. Biochim Biophys Acta 763: 276-283, 
1983. 

22. Claesson HE, Leukotriene A4 and B, stimulate the 
formation of cyclic AMP in human leukocytes. PEES 
Left 139: 305-308, 1982. 

23. Simchowitz L, Atkinson JP and Spilberg I, Stimulus- 
specific deactivation of chemotactic factor-induced 
cyclic AMP response and superoxide generation by 
human neutrophils. J Clin Invest 66: 736-747. 1980. 

24. Smolen JE and Weissmann G, Stimuli which provoke 
secretions of azurophilic enzymes from human 
neutrophils induce increments of adenosine cyclic 3’,5’- 
monophosphate. Biochim Biophys Acta 672: 197-206, 
1981. 

25. Simchowitz L, Spilberg I and Atkinson JP, Evidence 
that the functional responses of human neutrophils 
occur independently of transient elevations in cyclic 
AMP levels. J cyclic Nucleotide Protein Phos- 
vhorylation Res 9: 35-47, 1983. 

26. Ferrante A and Thong YH, A rapid one-step procedure 
for purification of mononuclear and polymorphonuclear 
leukocytes from human blood using a modification of 
the Hypaque-Ficoll technique. J Zmmunol Methods 24: 
38S-393, 1978. 

27. Ferrante A, Beard LJ and Thong YH, Early decay of 
human neutrophil chemotactic responsiveness following 
isolation from peripheral blood. Clin Exp ZmmunoZ39: 
532-531, 1980. 

28. Van Haverbeke DA and Brown PR, Optimization of 
a procedure for extraction of nucleotides from plasma 
and erythrocytes prior to HPLC analysis. J Liq 
Chromatogr 1: 507-525, 1978. 

29. Zimmerman TP, Rideout JL, Wolberg G, Duncan GS 
and Elion GB, 2-Fluoroadenosine 3’,5’-monopho- 
sphate. A metabolite of 2-fluoroadenosine in mouse 

33. 

34. 

35 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

Perspectives in Adenosine Research (Eds. Gerlach E 
and Becker BF), pp. 286-298. Springer, Berlin, 1987. 
Mann JS, Renwick AG and Holgate ST, Release of 
adenosine and its metabolites from activated human 
leukocytes. Clin Sci 70: 461-468, 1986. 
Clemo-HF, Bourassa A, Linden J and Belardinelli L, 
Antagonism of the effects of adenosine and hypoxia 
on atrioventricular conduction time by two novel 
alkylxanthines: Correlation with binding to adenosine 
A, receptors. J Pharmacol Exp Ther 242: 478-484, 
1987. 
Grunspan-Swirsky A and Pick E, Enhancement 
of macrophage adenylate cyclase by microtubule 
disrupting drugs. Zmmunopharmacology 1: 71-82,1978. 
Ishitoya J and Takenawa T, Potentiation of PGEr- 
induced increase in cyclic AMP by chemotactic peptide 
and Ca2+ ionophork through calmodulin-dependent 
processes. J Immunol138: 1201-1207. 1987. 
Takenawa T, Ishitoya J and Nagai Y, Inhibitory effect 
of prostaglandin E,, forskolin, and dibutyryl CAMP on 
arachidonic acid release and inositol phospholipid 
metabolism in guinea pig neutrophils. J Biol Chem 
261: 1092-1098, 1986. 
Rickard JE and Sheterline P, Evidence that phorbol 
ester interferes with stimulated Ca2+ redistribution bv 
activating Ca2+ efflux in neutrophil leukocytes. Biochem 
J 231: 623-628, 1985. 
Cheung WY, Biological functions of calmodulin. 
Harvey Lect 79: 173-216, 1985. 
Manalan AS and Klee CB, Calmodulin. Adv Cyclic 
Nucleotide Protein Phosphorylation Res 18: 227-278, 
1984. 
Schatzman RC, Raynor RL and Kuo JF, N-(6- 
Aminohexyl)-5-chloro-1-naphthalenesulfonamide (W- 
7), a calmodulin antagonist, also inhibits phospholipid- 
sensitive calcium-dependent protein kinase. Biochim 
Biophys Acta 755: 144-147, 1983. 
Schatzman RC, Wise CB and Kuo JF, Phospholipid- 
sensitive calcium-dependent protein kinase: Inhibition 
by antipsychotic drugs. Biochem Biophys Res Commun 
98: 669-676, 1981. 
Wise BC, Glass DB. Jen Chou C-H, Ravnor RL. 
Katoh N, Schatzman RC, Turner RS, Kibler RF and 
Kuo JF, Phospholipid-sensitive Ca’*-dependent protein 
kinase from heart. II. Substrate specificity and inhibition 
bv various agents. J Biol Chem 257: 8489-8495. 1982. 
Lipetina Eland Siegel FL, Shape change induced in 
human platelets by platelet-activating factor. J Biol 
Chem 258: 7241-7244, 1983. 
Brumley LM and Wallace RW, Calmodulin and protein 
kinase C antagonists also inhibit the Ca2+-dependent 
protein protease, calpain I. Biochem Biophys Res 
Commun 159: 1297-1303, 1989. 
Wright CD, Kuipers PJ, Kobylarz-Singer D, Devall 
LJ, Klinkefus BA and Weishaar RE, Role of cyclic 
AMP-specific, cyclic GMP-insensitive phospho- 
diesterase. Differential inhibition of human neutrophil 
functions. Biochem Pharmacol40: 699-707, 1990. 

BP 42:51-H 


