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Increased Levels of Cyclic Adenosine-3',5'-
Monophosphate in Human Polymorphonuclear

Leukocytes after Surface Stimulation

JAMES E. SMOLEN, HELENM. KORCHAK,an1d GERALDWEISSMANN,Departnenlt of
Medicine, Division of Rheumatology, Newv York University School of Medicine,
Newl York 10016

A B S T R A C T Levels of cyelic AMP(cAMP) (but not
cyclic GNMP) in suspensionis of human polymorpho-
nuclear leukocytes (PMN) increased promptly after
exposuire of the cells to stimuli such as the chemotactic
peptidle N-formvyl methioniyl leucyl phenylalanine, the
immnune complex bovine serumll albumtini/anti-bovine
serumii albuumin and calciumn ionophore A23187. cANIP
inereased rapidly, reaching a maximnum of twice the
basal level 10-45 s after stimulation; after 2-5 min
the amount of cAMPhad subsided to basal levels. Eleva-
tions in cANMPlevels wvere concurrent with, or followed,
membrane hyperpolarization (measured by uptake of
the lipophilic cation triphenylmethyl phosphonium)
an(d alwvays preceded lysosomal enzyme release and
superoxide anion (0'7) production. Elevated cAMP
levels couldl be uncoupled from these later events by
removal of extracellular divalent cations, replacement
of extracellular Na+ with K+ or choline+, and by use of
low concentrations of stimulus; each of these condi-
tions virtually abolished lysosomnal enzyme release and(
2 generation, while leaving the stimulated elevation

of cAMPlevels unimpaired. Calcium ionophore A23187
did not provoke memnbrane hyperpolarization, thus un-
coupling changes in memnbrane potential from changes
in cAMPlevels. These data suggested that cAMPis not
a critical component in the earliest steps of stimulus-
secretion coupling. Surface stimnulation of cells pre-
treated with prostaglandins E1 or 12 yielded very high
levels of cAMP; these high levels may be an important
part of the mechanismii by which stable prostaglandins
inhibit lysosomal enzyme release and °2 generation.
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INTRODUCTION

Surface stimulation of human polymorphonuclear
leukocytes (PMN)1 provokes a variety of responses, of
which Iysosomal enzyme release and superoxide anion
radical (°2) generation are particularly pertinent to
their biological funetion. To elucidate the biochemical
and physiological pathways responsible for the transmis-
sioIn of stimulatory signals from receptors on the plasma
membrane and the translation of these signals into
cellular responses, we have employed methods which
allow a detailed examination of several processes
during the first minute of PMNstimulation. The first
measurable responses of cells exposed to particulate
and soluble stimuli were changes in membrane
potential (1): hyperpolarization was observed within
10 s. A distinct stimulus-dependent lag period of
20-60 s elapsed before the initiation of °2 generation
(1, 2). Wehave also reported that the initial kinetics of
lysosomal enzyme release could be timed and showed
that degranulation took place after a lag period of
20-60 s (3). These lag periods were also stimulus-
dependent and were similar in duration to those seen
for 2 generation.

A number of investigators have reported that human
PMNhave unchanged levels of cyclic AMP(cAMP)
after exposure to phagocytic stimuli for several minutes
(4-8); elevated levels of cyclic GMPhave been re-
ported by one group (9-11). In contrast to these find-
ings, Herlin et al. (12) showed the exposure of PMN

I Abbreviations used in this paper: BSA/anti-BSA, an im-
mune complex of bovine serum albumin and anti-bovine
serum albumin; cAMP, cyclic AMP; cGMP, cyclic GMP;
FMLP, N-formyl methionyl leucyl phenylalanine; PiCM,
phosphate-buffered saline containing Ca++ and Mg"+; PMN,
polymorphonuclear leukocytes.
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to latex particles provoked a rapid twofold increase in
cAMP levels. This increment was prompt (maximal
withini 15 s) and brief. The f£act that basal cANIP levels
were restored within 1-2 min explained why previous
investigators, who had assayed the cell suspensions
after 2-5 min, were unable to detect this response.
Herlin et al. suggested that the brief increment in
cAMPP might have a regulatory role in glycogen
metabolism (12, 13).

Since the reported increment in cAMP levels ap-
peared to coincide with membrane hyperpolarization
and to precede lysosomal enzyme release and 02 genera-
tion, we decided to investigate the possibility that
cAMPwas aclmediator of these other events. In summary,
we found that prompt, brief elevations in cAMPlevels
were concurrent with or followed memnbrane hyper-
polarizationi, depending upon the stimulus employed.
These cAMP increments always preceded the onset of
lysosomal enzyme release and O° generation and could
be uncoupled from these later events by several meth-
ods; therefore, it seems unlikely that cAMP is an im-
port-ant mediator of stimltulus-secretion coupling. Finally,
pretreatment of PMNwith prostaglandin(PG) E1 or
PGI2 produced modest elevations of cAMP content
which were greatly augmiiented by subse(quent exposure
to a surface stimnulus.

Xl ETHODS

Materials. Cytochalasini B was purchased from Aldrich
Chemiical Co. Inc., Milwaukee, Wis. Coneanavalin A and
theophylline were obtained fromii Sigmal Chemiiical Co., St.
Louis, NMo. anid N-formyl methlionyl leucyl pheniylalaninie
(FMILP) was purchased fromn Peniinsula Laboratories, Inc.,
San Carlos, Calif. Calciumil ionophore A23187 wvas a gift from
Eli Lilly & Co., Indianiapolis, Iicl. PGE, anid PGI2 were
generous gifts from Dr. Johln Pike, the Upjohn Company,
Kalamazoo, Mich. All other miaterials were reagenit grade.

Preparation of cell susnpetn.sions. Heparinized (10 U/ml)
venous blood was obtained from healthy adult donors. Purified
preparationis of PMIN were isolatted from this blood by meanis
of Hypaque/Ficoll gradienits (14) followed by standard tech-
ni(qtues of dextrani sedimiientationi aind hypotonic lysi s of erythro-
cytes (15). This allowed studies of cell suspensions containing
98±+2% PMNI with few contaminating erythrocytes or platelets.
The cells were suspended in a buffered salt solution consistinig
of 138 mMl NaCl, 2.7 mNI KCl, 8.1 mNI Na2HPO4, 1.5 mMN
KH2PO4, 1 mM\l MgCl2, and 0.6 mnNI CaCl2, pH 7.4 (PiCNI).

Htumani mononuclear cells were also isolated tusing Hypaque/
Ficoll gradlienits (14). Ptirifiedl platelet stuspenisionis were pre-
pared by a mninor modification of the metlhod of Hamberg
et al. (16).

Determinationt of cAMP levels. cANMP levels were deter-
mined by a modification of the method of Herlin et al. (12).
In genieral, purified PMNwere stuspended in PiCNM (2 x 107
cells/mil) anid preinctlbated at 37°C for 5 min. An aliqtuot of
this suispensioni (200 ,lA) wvas taken as a zero-timiie control
samllple and was placed in a test tube for extraction of cyclic
ntucleotides. This and all other extraction tubes contained
1 ml of phosphate-buffered saline with 0.5 mnMtheophylline
preheated and maintained at 100°C in a vigorouisly boiling
water bath. A stimutltus was added to the remilaining cells

whereupon aliquots were sequentially removed and placed
in preheated extraction tubes at the indicated times. The tubes
were kept in the boiling wvater bath for 5 min. Upon removal,
extract volumes wvere increased to 6 mil wvith 0.05 Ml sodium
acetate buffer, pH 6.2. The samples were cooled in ani ice-
blath, soniicated for 5 s (-20 W; sonicator by Kontes Co., Vine-
land, N. J.) and centrifuige(d at 3,000 g for 15 min. The suiper-
niates, decanted from the pellets of denatured protein, were
assayed for cAMP content by means of an acetylated radio-
immunoassay (New England Nuclear, Bostoni, Mass.). cGMP
wvas similarly assayed using more coneentrated extracts
derived from a larger numnber of PMN.

This procedure allowed samples to be taken reliably as
soon as 5 s after stimllulation and at time intervals as short as
5 s thereafter. The extraction procedure ensured that the cells
wvere promptly dlenlature(d and that all biochemical reactions
were immediately termiinlated. The extracts contained at least
95% of the cellular vcylic nucleotides, as determined by
recoverv of tritiate(d stand(lards. Artifactual increases in apparenit
cAMP levels, w.hich canl be obtained by boiling adenylate
cvclase reactioni muixtuires (17), were not found wvith this
system, as determinedlv by boiling cell extracts for time periods
raniginig from 15 s to 10 mmin.

Kinietics of lIIsosooinal etnlzyme release. Details conicerniing
the measuremiienit of the initial kinetics of lysosomal enzyme
releatse wsill be publ)lished elsewhere. In brief, we uised a
modified flow dlialvsis svsteml, which permiiitted semiconitiniu-
ouis mnoinitorinig of enzyme secretioni. The apparattus consisted
of a flow dialysis cell, the uipper and lower chambers separated
by a Millipore filter with a 1-Aum pore size (NMillipore
Corp., Bedford, Mass.). The lower chamber, fed by a reservoir,
was continuously eluited, \vith the eluient directed to a frac-
tionl collector. The uipper clhamber of the dlialvsis cell contained
a soispen s ioin of cvtochalasin B-treatted PMN; the h\ydrostatic
pressuire of tlhe eIltinig system was adjuisted stuchi thlait smlllll
amouints of extracelltlatr miiediumil conitinuiouisly traversed the
filter into the lower chamnber. Thuis, the extracelluilar mediumiii
was continuously sampled as eltuenit wvas directed to tlle fratc-
tion collector. The 6-s stepping frequency of the collector
providedl a niomliinal timiie resoltutioni of tlhe samiie miiagniituide.

The P.MN aind the enitire apparatuis were preincbll)atedl at
37°C, aifter wvhich at boluis conitaininiig a coneenitratedi stimuitiltus
and I'4Clinulin was atdded. The inutlin served as the extracel-
ltulatr space mlarker; it immediately began to cross the filter
and thut.s served to miiark the m0lomenit of stimuiilationi and to
calibrate the enitire apparattis. The appearance of ['4C]inulin
in collecte(d fractionis preceded the appearance of lysosomial
enzymies by 15 s or mnore. Linear extrapolation of tlhe risilng
portions of the curves to l)ase line permitted an easy, reliable
miieains of determilining the lag period of' lysosomal enzvyme
release relative to stimlall.tion (['4C]inlin eltution). The linear
extral)olation teclhnii(quie effectively averaged togetlher six to
eighlt dataI points, providing a practical resoluitioni of 1-2 s
(uising the slame lot of cells). The lag periods w!ere not atrtifhlcts
dutie to selective retenitioni of lvsosomal enzymies withill the
apparatus, sinice no la,g period was seeni for PMIN tlhatt were
introdtuced into the upper chamber atfter stimutlationi.

All l'4C]intilin recovery cuirves (uised to mark the miioment
of' stimultus addition and thus to calibrate the entire apparatus)
atre omitted for the siake of clarity; the zero-timiie point for all
figuires depicting lvsosomiial enzymie release corresl)on(ls to
tlhatt timiie at ws'hich l'49Cliilin was fir-st eluted.

Miscellanieous procedu res. The mnembrane potential of
PMN was determinede by uptake of the lipophilic cattion
triphenylmethyl p)hosphonium hromide (1) and continuiouis
imleasuiremilent of suiperoxi(le ainioIn pro(lutctioin was performed
as previously (lescril)ed (1).
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RESULTS

Changes in cyclic nucleotides after PMNstimula-
tion. Although some investigators have reported that
cAMP levels of PMNdo not change several minutes
after surface stimulation (4-8), more recent work has
indicated that significant changes do take place at short
time intervals (12). Consequently, we determined
whether such transient changes correlated with other
early cellular responses to surface stimuli. These re-
sponses included membrane hyperpolarization, lyso-
somal enzyme release, and superoxide anion (02)
generation.

Purified resting PMNhad cAMP levels of 6.7±+1.8
pmol/107 cells (n = 44) when measured by an acetylated
radioimmunoassay. cGMPlevels were found to be 0.32
±0.12 pmol/107 cells (n = 16). Boiling of cell suspen-
sions was used to ensure prompt termination of bio-
chemical processes; this boiling did not produce any
artifactual increases in cAMPlevels (17). The extraction
procedure was efficient, since recoveries of trace
quantities of tritiated cyclic nucleotides averaged 100
±+11%(n = 11)forcAMPand98±8%(n = 7)forcGMP.

When suspensions of PMNwere exposed to the
chemotactic peptide FMLP (0.1 ,tM), a very rapid in-
crease in cAMP levels was observed (Fig. 1). Signifi-
cant increments in cAMPwere observed at time intervals
as short as 5 s. The increase in cAMPpeaked at up to
twice the basal level in 10-15 s; the average maximum
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FIGURE 1 Effect of FMLP on cyclic nucleotides in sus-
pensions of PMN. Aliquots of a suspension of purified PMN
were taken at the indicated times after exposure to FMLP
(100 nM). These samples were immediately extracted by heat-
ing at 100°C and then assayed for cAMPcontents as detailed
in Methods. The zero-time sample was extracted before
addition of the stimulus; an appropriate amount of FMLP
was added to it during the extraction process. cGMPwas
determined in an identical fashion. The results shown are
from a single typical experiment. The average peak increment
in cAMPcontent was 78 +38%(SD) above basal levels (n = 17).
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FIGURE 2 Effect of FMLPon cAMP, transmembrane poten-
tial, lysosomal enzyme release, and 02 generation in PMN.
cAMP was assayed as described in the legend to Fig. 1 and
Methods. Membrane potential (A*) was measured by the intra-
cellular content of [3H]TPMP (1). Superoxide anion (0°) was
measured by the continuous assay of ferricytochrome c reduc-
tion (1, 2). The semicontinuous assay of 8-glucuronidase
secretion (,8-gluc) was performed using the modified flow
dialysis technique outlined in Methods (3). All four responses
were measured at the indicated times after exposure of the
PMNto FMLP(100 nM). The results shown are from single
typical experiments.

increase, measured at 10 or 15 s, was 78±38% (SD)
(n = 17) above the basal levels. cAMPcontent declined
rapidly thereafter and approached base line at 1-2 min,
a process which was complete by 5 min (not shown).
The cAMP levels of unstimulated cells did not change
during the course of the experiment. Cytochalasin B
(5 ,ug/ml) did not affect the time-course or the peak level
observed (102+23% (n = 4) above the basal level). No
changes in cGMP levels were observed during this
time period with FMLPor with any other stimulus.

Relationship between cyclic nucleotide changes and
other PMNresponses. The data from Fig. 1 were plotted
along with other early responses of PMNto place them
all within a common temporal framework (Fig. 2). Stimu-
lation with FMLPprovoked a rapid increase in mem-
brane potential (Aifi), as measured by enhanced cellular
uptake of the lipophilic tritiated triphenylmethyl phos-
phonium cation. Initiation of hyperpolarization, which
was virtually immediate for all stimuli, was concurrent
with the rapid increasein cAMPlevels. However, both
of these prompt responses clearly preceded the onset of
02 generation, which had a lag period of -20 s when
monitored continuously (1-3). Release of /-glucuroni-
dase, an enzyme found predominantly in azurophil
granules, was assayed by means of a semicontinuous
flow dialysis system described previously (3). Like °2
generation, release of /3-glucuronidase also had a lag
period of -20 s. Thus, the increases in cAMP levels

Elevated Cyclic AMPLevels in Polymorphonuclear Leukocytes 1079



clearly preceded lysosomal enzyme release and °2
generation, but were concurrent with membrane hyper-
polarization.

When an immune complex consisting of bovine
serum albumin and anti-bovine serum albumin (BSA/
anti-BSA) was used as the stimulus, membrane hyper-
polarization again appeared immediately (Fig. 3). Both
lysosomal enzyme release and °2 generation were
initiated after distinct lag periods of -40 s. Unlike the
case with FMLP, the increment in cAMPlevel induced
by an optimum secretory concentration of BSA/anti-
BSA (150 ug/rml) had a lag period. The length of this
lag period was variable but it was always distinct.- For
the case shown in Fig. 3, the lag period for the increase
in cAMP relative to membrane hyperpolarization
(LcAMP) was 35 s. Thus, since hyperpolarization pre-
ceded elevation of cAMP content, changes in cAMP
levels are unlikely to be the cause of changes in mem-
brane potential for this stimulus.

The calcium ionophore A23187 (10,uM, the optimum
secretory concentration) did not provoke rapid changes
in membrane potential (Fig. 4), perhaps because in-
duced calcium fluxes bypassed the need for the usual
cell surface receptor-ligand interactions which indirectly
lead to hyperpolarization. Nonetheless, lysosomal en-
zyme release and °2 generation were both elicited
after relatively long lag periods. Increments in cAMP
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FIGURE 3 Effect of BSA/anti-BSA on cAMP, transmembrane
potential, lysosomal enzyme release, and 0° generation in
human PMN. cAMP, membrane potential, °2 generation, and
B-glucuronidase (fl-gluc) release were measured as described
in the legends to Figs. 1 and 2 and in Methods. All four re-
sponses were measured at the indicated times following ex-
posure of PMNto BSA/anti-BSA immune complex (150 ZgIml)
(18). The results shown are from a single typical experiment.
The average peak increment in cAMP induced by BSA/anti-
BSA was 47±4% (SD) above basal levels (n = 3). LcAMP,
lag period for increase in cAMP relative to membrane hyper-
polarization.
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FIGURE 4 Effect of A23187 on cAMP, transmembrane poten-
tial, lysosomal enzyme release, and 2 generation in human
PMN. cAMP, membrane potential, 02 generation, and B-
glucuronidase (,8-gluc) secretion were measured as described
in the legends to Figs. 1 and 2 and Methods. All four responses
were measured at the indicated times following exposure of
PMNto calciumil ionophore A23187 (10 A.tM). The results
shown are from a single typical experiment. The average peak
increment in cAMP induced by A23187 was 67+18% (SD)
above basal levels (n = 3).

were also observed, again with relatively long lag
periods.

Effects of mononuclear cells and platelets. Eleva-
tions of cAMP levels were not due to the presence of
contaminating mononuclear cells. Isolated mononuclear
cells, which contain substantial amounts of cAMPand
accumulate more cyclic nucleotide in response to some
stimuli (4), were exposed to FMLP, BSA/anti-BSA, and
A23187. A quantity of these mononuclear cells equivalent
to twice the normal level of contamination was stimu-
lated and extracted along with the usual number of
unstimulated PMN. No systematic increases in cAMP
were observed (Fig. 5) when mononuclear cells were
exposed to these stimuli. PMN, which were obtained
from the same blood sample from which the mono-
nuclear cells were isolated, responded fully to FMLP
(upper line). Similar experiments indicated that plate-
lets at concentrations up to twofold the normal level
of contamination could not account for the observed
increases in cAMP (data not shown).

All other stimuli tested were capable of provoking
increments of cAMP (but not cGMP) together with
lysosomal enzyme release and 02 generation. Zymo-
san-activated serum (10%) induced a large immediate
increase in cAMPlevels, which was virtually identical
to that seen for FMLP(data not shown). The lectin con-
canavalin A produced a weak response with a lag period
comparable to that of A23187. Opsonized zymosan
particles produced the smallest increments in cAMP
content (only 20+14% above basal levels, n = 3); lag
periods were also observed with this stimulus.

Are elevations of cAMP required for neutrophil
activation? These results allowed us to conclude that
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FIGURE 5 Effect of stimuli on cAMPlevels of contaminating
mononuclear cells. A purified PMNsuspension containing
3%mononuclear cells as normal contaminants was exposed to
FMLP and cAMP was generated as indicated by "PMN
response to FMLP." A number of purified mononuclear cells
corresponding to 6%contamination was similarly exposed to
FMLP(100 nM), BSA/anti-BSA (150 ,ug/ml), and A23187 (10
,uM). These mononuclear cells were extracted along with the
usual number of unstimulated PMN(to assure similar extrac-
tion conditions) and assayed for cAMP. Results are expressed
as percentages of basal levels for each experiment; this was

done for the sake of clarity since basal levels varied slightly
due to the addition of mononuclear cells. The results shown
are from a single typical experiment.

the observed increases in cAMPlevels were concurrent
with, or followed, membrane hyperpolarization and
were thus unlikely to be the cause of this earlier
event. While the possibility remained that the early
membrane hyperpolarization could be the cause of
cAMP changes, the results of experiments in which
A23187 was the stimulus (Fig. 4) indicated that changes
in membrane potential were not necessary for any of
the later responses.

The following experiments showed that the stimulus-
dependent increments in cAMP levels could be simi-
larly uncoupled from the two subsequent responses.

The presence of EGTAeffectively blocks lysosomal
enzyme release and °2 production. Yet the removal
of divalent cations did not affect the hyperpolarization
response (1), nor did it affect the stimulated increase
in cAMPlevels (Fig. 6); the time course and peak ampli-
tudes of the responses were similar in the presence

or absence of EGTA. Replacement of Na+ in the medium
with either K+ or choline+ inhibited lysosomal enzyme

release, 0 production, and membrane hyperpolariza-
tion,2 but did not substantially affect the increment in
cAMP (Fig. 7). Finally, by use of appropriate concen-

trations of FMLP, it was possible to obtain a large
increase in cAMP levels without attendant lysosomal

2 Korchak, H. M., and G. Weissmann. Stimulus-response
coupling in human neutrophil. Membrane potential changes
and the role of extracellular Na+. Submitted for publication.

FIGURE 6 Effect of EGTAon cAMP response to FMLP. A
sample of PMNwas prepared and divided into two lots. The
first lot was washed in phosphate-buffered saline (without
divalent cations); EGTAwas then added to a concentration
of 1 mM. The other lot was washed and otherwise prepared
normally in PiCM (control). The EGTA-treated and control
cells were exposed to FMLP(100 nM) and cAMPwas deter-
mined as described in the legend to Fig. 1 and Methods. The
results shown are from a single typical experiment. The average

peak increment in cAMP induced by FMLP in the presence
of EGTAwas 59+28% (SD) above the basal level (n = 3).

enzyme release or 2 generation (Fig. 8). Approximately
100 nM FMLP was required to provoke optimal en-

zyme release or °2 production; both of these later
responses were almost undetectable when 1 nMFMLP
was employed. However, a large increment of cAMP
(observed 10 s after stimulation) was induced by 1-100
nMFMLP; at 1 nM, the increment of cAMPwas normal,
while virtually no lysosomal enzyme release or °2
generation was found. A substantial increase in cAMP
level was obtained using as little as 0.1 nM FMLP.
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FIGuRE 7 Effect of Na+-free media on cAMP response to
FMLP. PMNdesignated K+ were prepared and washed in 155
mMKC1, 1.3 mMCaC12, 1.2 mMMgCl2, and 10 mMHepes-
HCI, pH 7.4. Cells designated "choline" were washed in an

identical medium except that choline chloride replaced KC1.
Both lots of cells were exposed to FMLP(100 nM)) and cAMP
was determined as outlined in the legend to Fig. 1 and Meth-
ods. The results shown are from a single typical experiment.
The average peak increment in cAMPinduced by FMLPwas
52+23% (SD) in the presence of choline (n = 3) and 48+16%
in the presence of K+ (n = 3).
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FIGURE 8 Effect of FMLP concentration on inerements in
cANIP, lysosomal enzyme release, and superoxide anion
generation. PMNwere exposed to the indicated concentra-
tions of FMLP. The amouint of cAMP generated at 10 s was
measured and is expressed as a percentage of the basal (zero-
time) level. ,8-Glucuronidase release and O° generation were
measuired 5 min after stimtulation tusing standard techniquies
(19). The resuilts shown are from a single typical experiment.
The average peak increments in cAMP (ahove basal levels)
induced hy FMLP were 78+38% (SD) (n 17) at 100 nM,
72±40% (n = 3) at 10 nM, and 63±37% (i = 4) at 1 nMI. Un-
certainties in °2 generation and lysosomal enzyme release
are typically ±5%.

Thu.s, a cAMP increment at 10 s is not a suifficient
prerequiisite for subseqtuent lysosomnal enzyme release
and O° generation.

Exposuire of PMN to PGE1 or PGI2 occasionally
produced both modest increases in celltular cAMPlevels
and inhibition of lysosomal enzyme release. This day-
to-day and subject-to-subject variability was rectified
by rolitine preincubatioin of the cells with theophyl-
line for 5 min at 370C. Theophylline itself (0.1-2 mnl)
had little or no effect upon the customary increment
in cAMP in response to FMLP; average peak levels
were 109±71% (SD) above basal levels (ii = 3). Fig. 9
shows that wheni PMNpretreated with 0.5 mM1 theo-
phvlline were exposed to PGEI, cAMPlevels increasedl
two- to threefold over the span of 4 min. If PGE,-treated
cells were stubsequently stimulated with FMLP, a large
increment in cAMPwas observed. This response was
prompt and peaked at a level of 8-10-fold the normal
basal quantity. The PGE,-treated PMNalso released
65% less ,-glucuronidase and lysozyme in response to
FMLP(in the presence of theophylline) than did those
cells which were not exposed to the PG. As shown in
Fig. 10, PGI2 induced a modest increase in cAMPlevels
in theophylline-treated cells (higher concentrations of
theophylline were necessary to obtain inhibition of en-
zyme secretion by this prostaglandin); once again,
stimulation with FMLP produced a large additional
increment in cAMPand inhibition of lysosomal enzyme
release was observed. Decreasing the amount of PGE1
from 250 to 100 uMreduced the amount of inhibition of

Inhib,foon of
G/lucuronldose

= 50 Re/eose
Ca) U *_~~~~~~A 65 %

40

E 30_
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K ~~~FMLP

1 2 3 4
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FIGURE 9 Effect of PGE, and FMLP on cAMP levels and
lysosomal enzymie release in PXiN. Puirified PMIN were pre-
incuhated in PiC\I containing 0.5 mrn theophylline for 5 min
at 37C. At time zero PGE, (250 ,LM) was added and samiiples
were taken every minuite for fouir min (lower ecurve). After
two min, a sample of these cells was remnoved and stimluilated
with FMILP (100 nM) as shown hy the upper curve. Lysosomcal
enzyme release induced vy FNMLP (in the presence of the-
ophylline), determinied as described (19), was inhibited
by pretreatmenit with PGE, (as ind(licated). The resuilts
shown aIre fromia single typical experimient. The aiverage peak
inerements induced by FMILP above the basal level estab-
lished by PGE, + theophylline is 187±45% (SD) (n = 7).

lvsosomal enzyme release without any similar redluction
of either base-line or peak FMLP-induced cAMPlevels
(data not shown); this indicates that inhibition of de-
granulation is not strictly determined by the level of
cAMPinduced by the PGor bv the peak level provokedl
by stubsequent stimlllliationi.

DISCUSSION

Increases in the cAMPlevels of humnan PMNprovoked
l)v surface stimtulation have not been regularly ob-
served previously. Table I shows a list of selected
references, the first five of which reported no changes
in cAMP. This is easily attributable to the fact that
these investigators measured cyclic nucleotide levels
2 min or more after stimulation, by which time the
increments in cAMP had already subsided (12; this
work). The increment observed by Manganiello et al.
(4) was attributed to contaminating mononuclear cells;
the small number of these cells present in purified
PMNpreparations were not responsible for the incre-
ments reported in this study (Fig. 5). Wedid not observe
the increases in cGMPwhich Ignarro and his co-workers
have reported (9-11, 20).

We found that prompt increments in cAMP levels
were provoked by each stimulus employed. These
increments are unlikely to be associated with the micro-
tubule assembly which generally accompanies stimula-
tion, since microtubule disassembly has been suggested
as mechanism for elevating cAMPlevels (21); however,
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FIGURE 10 Effect of PGI2 and FMLPon cAMP levels and
lysosomal enzyme release in PMN. Purified PMNwere preincu-
bated with 2 mMtheophylline, then exposed to 100 AtM PGI2
(dissolved in PiCM 30 s before addition) anid FMLP(100 nM).
See legend to Fig. 9 for further details. The results shown
are from a single typical experiment. The average peak incre-
ments induced by FMLPabove the basal level established
by PGI2 + theophylline is 195±91 (n = 3).

it is possible that transient disassembly is responsible
for the brief increment in cAMP.

The increments in cAMPwere concurrent with or fol-
lowed membrane hyperpolarization and preceded
lysosomal enzyme release and 02 generation. This
temporal sequence suggested that cAMP might be a
secondary messenger responsible for transmission of
the stimulatory signal to the mechanisms responsible
for the later events. However, several experiments sug-
gested that this may not be the case: lysosomal enzyme
release and O° generation could be virtually abolished
whereas the prompt increments in cAMP were un-
changed (a) in the absence of the divalent cations (Fig.
6), (b) in the absence of extracellular Na+ (Fig. 7), and
(c) when low concentrations of FMLP (1 nM) were
used (Fig. 8). These data showed that an inerement in

cAMP is not a sufficient condition for secretion and
O° generation. That elevation of cAMPcontent is not
necessary for these events is suggested (but not proven)
by the fact that serum-treated zymosan produces little
or no change in cyclic nucleotide levels. The finding
that the absence of Ca++ and Na+ have little or no effect
upon the stimulated increment in cAMP is also note-
worthy, in view of the important roles these cations
play in stimulation of PMN. Degranulation of rabbit
PMNis impaired by the absence of both Na+ (22) and
Ca++ (23), and enhanced influxes of both cations take
place after stimulation (24).

Increments in cAMP and the hyperpolarization re-
sponse were clearly uncoupled when A23187 was used
as the stimulus (Fig. 4). This suggests that some process
other than membrane hyperpolarization, such as an
increase in intracellular Ca++ (achieved either by stimu-
lated Ca++ influx or by mobilization of intracellular
Ca++ stores), is responsible for elevated cAMPcontents.

It is well known that exogenous cAMPor agents that
elevate intracellular levels of cAMP inhibit lysosomal
enzyme release (25). Indeed, it seems paradoxical that
stimulated cells have elevated cAMP levels at just the
moment when lysosomal enzyme release and O° genera-
tion is initiated. Wewould suggest that a mere doubling
of cAMP levels is innocuous insofar as these later
events are concerned. A "threshold" somewhere above
this doubled level of cAMPwould have to be reached
before secretion is inhibited. The increment of cAMP
could be either an accidental or vestigial response to
surface stimulation or could have some other metabolic
significance (13). Consistent with this explanation, it
should be noted that the elevation in cAMP seen in
PG-treated cells (Figs. 9 and 10), though often con-
sidered the mechanism by which these agents inhibit
secretion, is not much greater than that obtained with
stimuli such as FMLPalone. It is far more likely that
the large increments of cAMPobtained when PG-treated
cells are subsequently exposed to stimulation (Figs. 9

TABLE I
Effect of Surface Stimulation otl cAMIP Levels of Humani PMN: Reported Values

After Periocd of
Referenice Stimllulus Basal stimiiulationi stimilulation

p)IIIoiii0' cells

Ignarro and George (10) Zymosan 0.7-1 0.7-1 2 min
Manganiello et al. (4) Latex 3-5* 12-27* 5 min
Stolc (5) Latex 10 13 15 min
Ignarro et al. (8) Zymosan - 1.0 -1.3 15 min
Zurier et al. (22) Zymosan 5 7 20 min
Herlin et al. (12) Latex 7 14 15 s
This work FMLP,

BSA/anti-BSA,
A23187 7 14 15 s

* Values reported as pmol/mg cell protein.
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and 10), a phenomenon also reported by Zurier et al.
(25), are responsible (either directly or indirectly) for
inhibition of granule discharge and °2 generation.
Thus, cells pretreated with PGare "primed," such that
stimuli evoke large amounts of cAMP and ironically
contribute to inhibition of secretion.

One possible explanation for this phenomenon is
that the decrease in membrane microviscosity which
accompanies surface stimulation (26) permits a closer
coupling of PGreceptors and adenyl cyclase, in a man-
ner similar to that suggested by Hirata et al. (27);
stimulation of PG-treated PMNwould thus lead to
greatly enhanced production of cAMP. While this is an
explanation consistent with our data, it should be re-
membered that we do not know what effect a doubling
of cAMPlevels per se has on secretion. Wedo not know
if the intracellular/extracellular distribution of cAMP
is identical with PGE1 and FMLP stimulated PMN.
Furthermore, the fact that lower levels of prostaglandins
produce correspondingly less inhibition of lysosomal
enzyme release, while giving rise to identical incre-
ments in cAMPlevels, indicates that these agents have
some inhibitory effects other than the mere elevation
of cAMP. Investigations into the mechanisms and sig-
nificance of this phenomenon are continuing.
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