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face membrane, although both the outer
and lumen sides were still well defined.
Substrate (MgATP) was obviously acces-
sible to the catalytic site; these prepara-
tions, in fact, had slightly better adenylate

cyclase activity than other preparations
which were extensively homogenized in an
all-glass homogenizer until cell disruption
was complete.

Effect of adenosine and adenosine an-

alogus on microvessel adenylate cyclase.

Basal adenylate cyclase in the preparation
was 17.8 ± 1.2 pmol/min/mg at 30#{176}.
Gpp(NH)p (30 /LM) added directly to the
assay increased enzyme activity 4-fold, the
apparent Ka was 3 /LM. In initial attempts
to examine possible effects of adenosine on

the enzyme, we failed to observe a signifi-
cant effect of the nucleoside, or of 2-chlo-

roadenosine or 2-azidoadenosine, either
alone or in the presence of GTP. Similarly,
these nucleosides had no significant effect
on Gpp(NH)p activation (Fig. 2, stippled
bars). When adenosine deaminase (1.2 U)
was present during the assay, Gpp(NH)p
activation was significantly reduced (Fig. 2,
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Fic. 2. Effect of adeno.sine deanzinase on activa�

turn of m icrot’essel adenylate cyclase b Gpp(NH)p

and cidenosine analogues

Microvessel preparations were assayed in the pres-

ence of I �.LM Gpp(NH)p and with the indicated con-

centrat ions of adenosine, 2-chloroadenosine and 2-azi-

doadenosine in the absence (stippled bars) and pres-

ence (hatched bars) of 1.2 U of adenosine deaminase.

Results are expressed as percent of the Gpp(NH)p

activated state in the absence of adenosine deaminase.

Values are means from 2 to 3 separate experiments.

compare stippled control bar with hatched
bar); basal activity was similarly reduced
(data not shown). When 2-chloroadenosine
or 2-azidoadenosine was added in the pres-
ence of adenosine deaminase, an increase
in adenylate cyclase activity was seen (Fig.
2, compare hatched bars with stippled
bars). Adenosine, as expected, had no stim-

ulatory action under these conditions. The
data indicate that adenosine was generated
in sufficient amounts in the assay to acti-
vate the enzyme maximally so that exoge-
nous nucleoside (or its analogues) was with-
out significant effect. In the presence of
adenosine deaminase, the ability of the 2-
chloro- and 2-azido- analogues (which are
resistant to deaminase action) to increase
Gpp(NH)p-mediated activation was readily

apparent. Thus, in the presence of 1 �LM

Gpp(NH)p and adenosine deaminase, a
dose-dependent activation of adenylate cy-
clase by 2-chloroadenosine was seen (Fig.
3A). Maximal stimulation caused by the
nucleoside was about twofold; half-maximal
activation occurred at 30 �tM. Because the
activated state appeared to be stable (see
following results) the dose-dependence of
2-chloroadenosine was examined in experi-
ments in which microvessels were incu-

bated with Gpp(NH)p and the nucleoside
followed by sedimentation and washing
prior to assay in the absence of ligands and

in the presence of adenosine deaminase
(Fig. 3B). Under these conditions maximal
activation produced by the nucleoside was
2.5-fold; half-maximal stimulation occurred
at 10 /iM. Stimulation of the enzyme by
adenosine could also be demonstrated by
prior incubation; stimulation was dose-de-
pendent (Fig. 3B), half-maximal activation
occurred at approximately 12 �LM.

The effect of nucleoside on the rate of
Gpp(NH)p activation of the enzyme was
also investigated. Microvessel preparations
were incubated with Gpp(NH)p in the ab-

sence and presence of 2-chloroadenosine or
adenosine for various time intervals fol-
lowed by sedimentation and washing prior
to assay in the presence of adenosine de-

aminase. In Figure 4 it is seen that
Gpp(NH)p activation was time-dependent,
and under the conditions used, had not

reached a maximum up to 30 mm. Both 2-
chioroadenosine and adenosine increased
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FIG. 3. Activation of microtessel adenylate cyclase by 2-chloroadenosine

A. Preparations were assayed in the presence of 1 �iM Gpp(NH)p, adenosine deaminase (1.2 U) and varying

concentrations of 2-chloroadenosine, which was added directly to the assay. Filled circles are means of the

number of separate experiments shown in parentheses; unfilled circles are means of two preparations. B.

Preparations were incubated for 10 mm with I �M Gpp(NH)p and varying concentrations of 2-chloroadenosine

(0) or adenosine (#{149})then sedimented and washed prior to assay as described in MATERIALS AND METHODS.

Mean values from three experiments using different membranes are shown with standard errors; other values

are the means of two separate experiments. In each panel the bars represent basal and GppNH)p-stimulated

activity in the absence (stippled bars) and presence (hatched bars) of adenosine deaminase.

the rate of activation. The maximal level of
activation achieved in the presence of the
nucleosides was unlikely greater than that

achieved by Gpp(NH)p alone; only the rate
of activation was affected. Thus theoreti-
cally, the concentration-dependent activa-
tion by the nucleosides (Fig. 3B) would not
be observed after appropriately extended
prior incubation. It is significant that when

microvessels were incubated with
Gpp(NH)p prior to assay, as in Fig. 3B and
4, adenosine was an effective stimulator,

even though the final assay contained aden-
osine deaminase. Obviously, the prior in-
cubation mixture was free of contaminating

adenosine, and adenylate cyclase, once ac-

tivated, remained in the activated state fol-

lowing removal of excess ligands by washing
and assay in the presence of adenosine de-
aminase.

Activation of adenylate cyclase seemed
to have an absolute requirement for
Gpp(NH)p since 2-chloroadenosine and
adenosine alone had no effect (Table 1). It
was also observed that when vessels were

incubated with Gpp(NH)p and washed
prior to assay, addition of adenosine de-
aminase did not decrease the activity as it
did when Gpp(NH)p was added directly to
the assay (see Figs. 2 and 3A). This sug-

gested that the Gpp(NH)p-activated en-
zyme, following washing, might not be sus-

FIG. 4. Time-dependence of Gppq�NH,)p activation

in the absence and presence of nucleosides

Microvessel preparations were incubated for the

indicated intervals alone (V), with 1 tiM Gpp(NH)p

(0), or nucleotide plus 100 �tM adenosine (�) or 2-

chloroadenosine (#{149}),then sedimented and washed

before assay, as described in MATERIALS ANI) METH-

ODS. Values with standard errors are means from three

separate experiments with different preparations;

other values are means of two separate experiments.

ceptible to further activation by adenosine.

Microvessel preparations were incubated
with 1 /�LM Gpp(NH)p, then washed and
assayed in the presence of 2-chloroadeno-
sine. There was no further activation
caused by the nucleoside (Table 1). In con-
trast, the nucleoside, when added with



TABLE I

Interaction between Gpp(NH)p and 2.chloroadenosine on adenylate #{231}vclase ac-tit’atwn

Microvessel preparations were assayed for adenylate cyclase activity with or without prior incubation with

ligands, as described in MATERIALS AND METHOI)S. The concentrations of ligands present during the prior

incubation and assay were: Gpp(NH)p I fiM, 2-chloroadenosine 100 fiM. Values are means from two experiments

with different vessel preparations.
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Gpp(NH)p

Gpp(NH)p

Gpp(NH)p

Gpp(NH)p plus 2-Cl-adeno-

sine

Gpp(NH)p

Gpp(NH)p

none

adenosine deaminase

2-Cl-adenosine

adenosine deaminase

2-Cl-adenosine

Gpp(NH)p

Gpp(NH)p plus 2-Cl-adeno-

sine

Gpp(NH)p

Gpp(NH)p

cAMP Formed

(pmol/min/mg)

19.8

17.8

20.0

48.0

48.0

46.7

124.3

53-3

73.6

27.3

25.7

Gpp(NH)p to the prior incubation mixture,
significantly increased Gpp(NH)p activa-
tion. Although Gpp(NH)p-activated
washed membranes were unresponsive to

2-chioroadenosine, adenylate cyclase could
be further activated in such preparations
when Gpp(NH)p was added to the assay,
alone or in combination with 2-chloroa-
denosine. These results suggest that prep-

arations partially activated by Gpp(NH)p
were not refractory to further activation

after washing, but subsequent activation by

2-chioroadenosine required the presence of
the guanine nucleotide. Incubation of mi-

crovessel preparations with 2-chloroadeno-
sine alone prior to assay had no effect on
the enzyme; when such preparations were
assayed in the presence of Gpp(NH)p, ac-
tivation was equivalent to preparations as-
sayed directly with the guanine nucleotide.

GTP, when added directly to the assay,
stimulated adenylate cyclase. Under the

usual assay conditions (0.2 mi�i ATP, 2.0
mi�i MgCl2), the nucleotide increased activ-
ity in a dose-dependent manner causing a
maximal stimulation of 1.5-fold at 100 �LM

(Fig. 5A). In the presence of GTP, 2-chlo-

roadenosine produced a modest increase in
activity. When 0.5 mM ATP and 10 mM
MgCl2 were present, the stimulatory effect
of GTP was increased reaching a maximum
of 2-fold (Fig. 5B). Under these conditions

GTP {�.�M]

Fic. 5. Stiniulatian of (ulenviate cv-lase by GTP

A. Standard assay conditions were employed (1.2 U

adenosine deaminase) and GTP concentration was

varied as indicated. Where present, 2-chloroadenosine

was 1(X) �zM. Values are means of two separate experi-

ments. B. The assay contained 0.5 mM ATP and 10

mM MgC1A otherwise the conditions are the same as

for A. Values are means ± S.E.M. for 3 to 5 separate

experiments. Stippled bars, 2-chloroadenosine absent;

hatched bars 100 fiM 2-chloroadenosine present.

2-chloroadenosine produced significant

stimulation in the absence of GTP, and in
its presence (especially at 10 and 100 tiM),

the nucleoside increased activity approxi-
mately 2-fold over that produced by GTP
alone.

Effect of histamine, norepinephrine and
isoproterenol on microvessel adenylate cy-
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FIG. 6. Activation of microvessel adenylate cyclase by histamine, norepinephrine and isoproterenol

A. Microvessel preparations were assayed in the presence of 1 (IM Gpp(NH)p, adenosine deaminase (1.2 U)

and varying concentrations of histamine (A), norepinephrine (S), and isoproterenol (A). The unfilled bar

represents activity in the presence of Gpp(NH)p alone. B. Preparations were incubated with 1 #M Gpp(NH)p

in the absence (0) or presence of 100 #M histamine (A), 100 fLM norepinephrine (#{149})or 10 #M isoproterenol (A)

for the time intervals indicated, then sedimented and washed as described in MATERIALS AND METHODS prior to

assay, in the presence of 1.2 U of adenosine deaminase. Values with standard errors are means of three

experiments using different vessel preparations; other values are means of two separate experiments.
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clase. Histamine, norepinephrine and iso-
proterenol individually had no effect on
microvessel adenylate cyclase. In the pres-
ence of 1 �LM Gpp(NH)p, a dose-related

stimulation of enzyme activity was ob-
served when these agents were added di-
rectly to the assay (Fig. 6A). When prepa-

rations were incubated with Gpp(NH)p and
these agonists, then washed prior to assay,
it was found that the neurohormones in-

creased the rate of activation in the pres-
ence of the guanine nucleotide (Fig. GB).
That the activation was persistent is appar-
ent from the fact that the activated state
was stifi in evidence after sedimentation

and washing of the membranes. Stimula-
tion by 10 ILM isoproterenol was completely
abolished by 10 � ±-propranolol and un-
affected by the same concentration of phen-
tolamine. Promethazine and cimetidine at

10 j.tM inhibited the stimulatory action of
100 LM histamine by 84.2 ± 4.4% and 71.9

± 3.3%, respectively, although neither com-
pound had inhibitory action at 1 �tM.

Effect of prostaglandins and prostacy-
cliii. When added directly to the assay in
the presence of Gpp(NH)p, PGE1, PGE2
and prostacyclin (PGI2) activated micro-
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Ftc. 7. Actuation of mu-rot-essel adenvlate cv.

c/cisc by PGE1. PGE� and prostcmcvclin

Preparations were assayed in the presence of 1 �IM

Gpp(NH)p, adenosine deaminase and varying concen-

trations of PGE, (0), PGE� (#{149})and prostacyclin (A).

The bar represents activity in the presence of

Gpp(NH)p and adenosine deaminase. Values with

standard errors are means from three separate prepa-

rations; other values are means of two separate exper-

iments.

vessel adenylate cyclase in a dose-depend-
ent manner (Fig. 7). Activation by each was

about 1.5-fold greater than that produced
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by the guanine nucleotide alone. PGI2 was

considerably more potent than either PGE1
or PGE2, half-maximal activation occurring
at less than 0.1 jiM. These agents produced
no detectable stimulation when added in

the absence of guanine nucleotide (data not
shown).

Microvessel adenylate cyclase was stim-
ulated 8- to 10-fold by NaF, maximal stim-
ulation by this anion occurred at 12 mist.

DISCUSSION

The method developed for isolation of
microvessels is similar to that used by Gold-

stein et al. (16). We used sequential homog-
enization to completely disrupt neurons
and glia rather than forcing minced tissue

through a series of nylon sieves. Homoge-
nization was much more effective in dis-
rupting brain cells and releasing microves-
sels while preserving their structural iden-
tity. The vessels were, in fact, extremely

difficult to disrupt by homogenization, es-
pecially with a loose-fitting pestle. Never-
theless, the surface membrane of these cells
was damaged as evidenced by the rapid
uptake of trypan blue and by electronmi-
croscopic examination. Substrate was read-
ily accessible to the catalytic site; prepara-
tions in which vascular segments were pre-
served had better enzyme activity than

those in which all cellular integrity was
disrupted. Recovery of microvessels aver-
aged 500 �tg of protein per gram of tissue,
which was considerably higher than when
nylon mesh filtration was used. The use of
0.4 to 0.5 mm glass beads rather than 0.25
mm material (16) greatly speeded up the
filtration process. This led to improved pu-
rity because nuclei and red cells rapidly

passed through the column before aggre-
gation of microvessels occurred.

The criteria described earlier provided

evidence of high purity. The possibility of
contamination by membranes from other
cell types was considered unlikely because
the isolation procedure that involved

centrifugation at relatively low gravita-
tional forces (3000 x g) in a high density
medium (25% BSA) was unfavorable for
membrane sedimentation. Furthermore,
the preparation was purified on a column
of glass beads which would not retain small

membranous particles. We also examined
adenylate cyclase in the neuronal residue

which floated on 25% BSA after sedimen-
tation at 3000 x g. When assayed under
identical conditions, basal adenylate cy-

clase in this fraction ranged from 200 to 300
pmol/min/mg and was only marginally ac-
tivated by 1 �LM Gpp(NH)p. In the presence

of guanine nucleotide, histamine, norepi-
nephrmne and isoproterenol elicited less
than a 10% increase in activity while acti-
vation by adenosine, 2-chloroadenosine,
PGE1 and PGE2 could not be detected.
These findings provide further evidence

that adenylate cyclase in the microvessel
preparation could not be due to neuronal

(or glial) contamination.
The method developed was also effective

for isolating microvessels from dog and rab-
bit cerebral cortex. In these instances, ani-
mals were anesthetized with pentobarbital
and the brain was perfused through the
carotids with oxygenated Krebs-Ringer bi-
carbonate. Microvessels then isolated were
completely free of erythrocytes. Basal ade-
nylate cyclase activities in microvessels pre-
pared from dog and rabbit cerebral cortex
were 50 and 20 pmol/min/mg, respectively;
the yield of microvessel protein in each was

comparable to that from guinea pig.
When added directly to the assay, aden-

osine alone or in combination with
Gpp(NH)p had no effect on the guinea pig
microvessel enzyme. It was found that these

cells were rich in 5’-nucleotidase (20 to 25
nmol of 5’-AMP hydrolyzed/mm/mg at
30#{176}).We considered it likely that adenosine
was actively generated from ATP during
the assay so that the effects of exogenous
adenosine could not be seen. The observa-
tion that adenosine deaminase significantly
reduced Gpp(NH)p activation provided in-
direct evidence that the nucleoside was
likely to have a stimulatory action on the
enzyme. Incidentally, adenosine deaminase
could not be detected in microvessel prep-

arations. By using adenosine analogues re-
sistant to adenosine deaminase, dose-re-
lated stimulation by 2-chloro- and 2-azi-

doadenosine was readily demonstrated.
Subsequently, it was found that activation
by adenosine itself readily occurred when
microvessels were incubated with the nu-
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cleoside and Gpp(NH)p and then washed
prior to assay. Demonstration of such an
action of adenosine (as well of the two
adenosine analogues) was possible since
adenosine would not be generated under
the prior incubation conditions and because
the activated state was persistent. Subse-

quent studies with the neurohormones and
prostaglandins were also carried out with

adenosine deaminase added to the assay.
The use of this enzyme to destroy endoge-
nously generated adenosine during adenyl-
ate cyclase assays has been previously re-
ported (23).

Previous studies with a variety of tissues
have shown that Gpp(NH)p activation of
adenylate cyclase is a time-dependent proc-

ess and hormones, 2-chloroadenosine and
PGE1, act to increase the rate of guanine
nucleotide activation (24-27). The effects

of histamine, norepinephrmne and isoproter-
enol observed on the microvessel prepara-
tion are in accord with this. Significantly

the action of adenosine and the two aden-
osine analogues was analogous to that of
the neurohormones, that is, they increased

the rate of Gpp(NH)p activation. There
seemed to be an absolute requirement for

guanine nucleotide for stimulation by all
the agomsts tested. Moreover, stimulation
by agonist required the simultaneous pres-
ence of the nucleotide. Thus when the en-
zyme was partially activated by Gpp(NH)p
and the membranes were washed to remove

unbound ligand, 2-chloroadenosine had no
stimulatory action. However, when both
Gpp(NH)p and 2-chloroadenosine were
added to partially activated washed mem-
branes, the nucleoside exerted its full effect.
As with many other tissues, stimulation of
enzyme activity in the presence of
Gpp(NH)p was greater than that produced
by GTP. Activation of adenylate cyclase in
peripheral blood vessels by guanine nucleo-

tides (28) and in capillaries isolated from
rat cerebral cortex by catecholamines and

dopamine (29) has been reported. The mi-
crovessel adenylate cyclase was also stim-
ulated by PGE1, PGE2 and prostacyclin
when Gpp(NH)p was present. Prostacyclin
was much more potent than either PGE1 or

PGE2. The former compound is synthesized
by vascular tissues (30-32) and it has been

shown to be a potent vascular smooth mus-
cle relaxant (30, 31, 33). It is known to
stimulate cAMP formation in platelets (34,
35) and to activate adenylate cyclase in

these cells (35). Whether the adenylate cy-
clase stimulatory action of any of the ago-

nists examined in the present study relates

to their action on vascular tone is unknown

at present.
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SUMMARY

JACKOWSKI, SUZANNE, AND R. I. SHA’AFl. Response of adenosine cyclic 3’,5’-mono-
phosphate level in rabbit neutrophils to the chemotactic peptide formyl-methionyl-

leucyl-phenylalanine. Mol. Pharmacol. 16: 473-481 (1979).

Addition of the synthetic chemotactic peptide, fMet-Leu-Phe, to rabbit neutrophils

elevates the basal level of cyclic 3’,S’-AMP. Stimulation of the cyclic AMP level reaches
a maximum at 1 mm (60% increase over basal value at 5 nrvi fMet-Leu-Phe) and
subsequently the cyclic AMP level returns to the basal value within 5 mm. In the absence
of extracellular Ca�, the cyclic AMP level increases minimally (<20%) upon exposure to
fMet-Leu-Phe. The effect of fMet-Leu-Phe is detectable at 0.5 n� and increases at higher
concentrations. Inhibition of the cyclic AMP-dependent phosphodiesterase activity by

pretreatment with 1-methyl-3-isobutylxanthine enhances both the basal and stimulated
cyclic AMP levels.

INTRODUCTION

The directional movement of neutrophils

(PMN)2 toward a chemical stimulus, chem-
otaxis, is the first in a myriad of events
involved in the recognition and destruction
of foreign microorganisms. The syn-
thetic peptide fMet-Leu-Phe was recently
shown to be an effective chemotactic stim-
ulus inducing not only PMN migration but
also lysosomal enzyme secretion in the
presence of cytochalasin B (1-3). fMet-Leu-

Phe interacts specifically with intact rabbit
and human neutrophils as well as with
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2The abbreviations used are: PMN, neutrophils;

Hepes, 4-(2-hydroxyethyl)-1-piperazine ethanesul-

fonic acid; BSA, bovine serum albumin; TCA, trichlo-

roacetic acid; MIX, 1-methyl-3-isobutylxanthine;

GMP-PNP, 5’-guanylylimidodiphosphate.

plasma membranes isolated from rabbit
neutrophils and its binding affinity is di-
rectly related to its biological activity (4, 5).

Exogenous cyclic nucleotides and agents
that elevate intracellular cyclic nucleotide
levels modulate the interrelated PMN func-

tions of chemotaxis and phagocytosis and,
in addition, lysosomal enzyme secretion (6-
8). For example, extracellular cyclic 3’,S’-
GMP and cholinergic amines which gener-

ally elevate cyclic GMP levels promote
these neutrophil responses (9-13). Chemo-
taxis, phagocytosis and lysosomal enzyme

secretion are inhibited, on the other hand,
by cyclic 3’,5’-AMP, epinephrine, isoproter-

enol, cholera toxin, prostaglandins A1 and
E1, as well as inhibitors of cyclic AMP-

dependent phosphodiesterase, all of which
are hormonal or pharmacological agents
generally capable of raising intracellular
cyclic AMP levels (7, 10, 12, 13-17). The
measured intracellular levels of cyclic GMP
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in human neutrophils increase in response
to both zymosan-induced phagocytosis (12)
and the chemotactic synthetic peptide,
fMet-Ala (18). This peptide is less effective
than fMet-Leu-Phe but nonetheless chem-
otactic (3, 18). There is some question, how-
ever, concerning the response of the intra-

cellular cyclic AMP levels in neutrophils to
phagocytic or various chemotactic agents.
The phagocytosis oflatex particles by PMN
results in a prompt, 3-fold increase in cyclic

AMP in the first five minutes (19). In con-
trast, the phagocytosis of zymosan particles
is not accompanied by a change in the cyclic
AMP level (12). Neither chemotactic bac-

terial filtrates nor fMet-Ala (18) have been
shown to elicit a change in the PMN cyclic
AMP levels excepting the report of Ander-
son et al. (9) in which the cyclic AMP level
in human neutrophils was elevated about
25% within the first five minutes of expo-
sure to an E. coli endotoxin and subse-
quently returned to basal levels.

These conflicting data may result from
the lack of a potent, well-defined chemotac-
tic stimulus and from the choice of sam-
pling times after addition of the stimulus

(1, 20). The present experiments were un-

dertaken to test the effect of fMet-Leu-Phe
on neutrophil cyclic AMP levels and atten-
tion was focused on the first 5 mm after
addition of the peptide to the cells.

METHODS

PMNs were obtained by collecting the
neutrophil-rich peritoneal exudate from
New Zealand albino rabbits injected 12-14
hours previously with 400 ml 0.1% glycogen
in 0.9% NaC1. All of the cells used within

an experiment were obtained from the same
rabbit. The cell suspension was centrifuged
at 600 x g for 5 mm and the pelleted cells
were washed twice with modified Hanks’

balanced salt solution containing (concen-
trations expressed as mid): 125 NaCl, 4.9

KC1, 1.6 CaCl2, 0.74 MgSO4, 15 NaHCO3,
0.64 Na2HPO4, 0.66 KH2PO4, 10 Hepes, pH
7.4. After the second wash, the cells were
resuspended in Hanks’ solution containing

0.1% glucose and 0.1% BSA at a density of
1 to 2 x i07 cells per ml. Cell number and

population distribution were determined on
a Coulter Counter Channelyzer and X-Y

Recorder II (Coulter Electronics, Inc.).

Greater than 90% PMN was obtained reg-
ularly from the peritoneal exudates. The
value of 90% PMN represents the upper

value of heterogeneity. Most preparations
were better than 95% PMN. Aliquots of 1

ml of the washed cell suspension were
added to 12 x 75 mm Falcon disposable
plastic tubes #2052 (Becton, Dickinson and

Company) and preincubated 40 to 60 mm
at 37#{176}.MIX and/or fMet-Leu-Phe was
added to the cell suspensions in a 10 �.tl
volume of 100-fold concentrated stock and
the samples were vortexed gently. At spec-
ifled intervals 150 jzl of ice cold 30% TCA
was added quickly to the incubating cell

suspensions and the samples were immedi-
ately and vigorously vortexed.

The denatured suspensions were frozen-

thawed once (sonication for 30 sec at 45
Watts on a Sonifier Cell Disruptor Model
W185, Ultrasonics, Inc., was found to be

equivalent) and approximately 0.07 pmoles
[3HJ-cyclic AMP of specific activity 37 Ci!
mmole (New England Nuclear), was added
to each sample for the determination of
cyclic AMP recovery. Samples were vor-

texed, centrifuged at 2400 x g for 20 mm
and 1 ml of the resulting supernatant was
applied to columns (1.7 x 5.0 cm) of AG
50W-X8, H+ form, analytical grade cation
exchange resin, 200-400 mesh, (Bio-Rad
Laboratories) equilibrated with distified
water. Elution of cyclic AMP essentially

follows the procedure of Steiner (21).

The dried samples were reconstituted in
200 �tl 0.05 M sodium acetate buffer, pH 6.2
and 50 �tl aliquots were divided and pre-
pared for liquid scintillation counting in a
Searle Delta 300 (Searle Analytic Inc.) by

the addition of 10 ml ACS (Amersham Cor-
poration). Recovery of cyclic AMP was gen-
erally 85 to 95% and was determined for

every sample. Aliquots of 50 to 75 1.d were
assayed for total cyclic AMP content by
radioimmunoassay, which was performed

according to the protocol for nonacetylated
samples supplied in a double antibody pre-
cipitation kit (New England Nuclear). An
effective measurement range of 0.5 to 10.0
pmoles cyclic AMP was routinely observed.
Beef heart cyclic nucleotide phosphodies-
terase was used to treat residues of control
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and fMet-Leu-Phe treated cell suspensions
to assess the nucleotide specificity of the
immunoassayable material in the manner

described by Steiner (21). Cyclic AMP 1ev-
els are expressed as pmoles/107 cells.

Rabbit neutrophil membranes were pre-
pared from a cell homogenate as described

previously (22, 23). In this method the post-

nuclear fraction was obtained by centrifu-
gation of the cell homogenate at 100 x g for
10 mm. The supernatant was layered on a
discontinuous gradient containing 3 ml of
30% (W/V) sucrose, 3 ml of 40% sucrose

and 3 ml of 50% sucrose. All of the sucrose
solutions contained 1 rn�i EDTA and 10
mM Tris-HC1 buffer, pH 7.4. The tubes
were placed in a SW4O rotor (Beckman
Instruments, Inc.) and the gradients were
centrifuged at 1 10,000 x g for 1 hr at 4#{176}.
Band I was formed between the suspending

medium and 30% sucrose, band II between
the 30% and 40% sucrose and band III be-
tween the 40% and 50% sucrose. The ma-
terial designated as band II is referred to as

plasma membrane and that designated as
band III is the cytoplasmic membrane frac-
tion (22, 23). Band II generally constitutes
30% of the total microsomal protein, i.e.,
30% of 0.043 mg/107 cells or 12.9 �tg Band II

protein/107 cells. Adenylate cyclase activity
was assayed by measuring the conversion

of [a-32P]-ATP into cyclic 3’,S’-AMP (24,

25). The final reaction mixture had a total
volume of 100 .tl and contained (expressed
as mM): 25 Tns-HC1, pH 7.6, 5 MgCl2, 1
cyclic AMP, 1 dithiothreitol, 0.1 ATP, [a-
32P]ATP (3 x 10� cpm, 10-30 Ci/mmol,
New England Nuclear) 5 phosphocreatine
and 50 units/nil creatine phosphokinase,
type 1, from rabbit muscle. Band II mem-
brane protein (300 �tg or less per assay tube)
was incubated for 5, 10 and 20 mm. When

added, the concentration of NaF was 8 mM
and 5’-guanylylimidodiphosphate (GMP-

PNP) was 0.1 nmi. The adenylate cyclase
assay is linear with time and protein under
the conditions employed in this study. Re-
covery of cyclic AMP was determined by
adding 5 x i03 cpm [3H]-cyclic AMP to
each assay tube prior to chromatography
on AG5OW-X8 and alumina, type WN-3,
activity grade 1 (Sigma).

The chemotactic factor fMet-Leu-Phe

was obtained through the coutesty of H. J.
Showell and E. L. Becker from Dr. R. F.
Freer, Medical College of Virginia. The

MIX was obtained from Aldrich Chemical
Company, Inc. Glucose, glycogen, BSA,

beef heart adenosine 3’,S’-cyclic nucleotide
phosphodiesterase, phosphocreatine and

creatine phosphokinase were obtained from
Sigma Chemical Company. Salts and TCA
were obtained from J. T. Baker Chemical
Company and were analytical reagent
grade or better.

RESULTS AND DISCUSSION

The basal level of cyclic AMP in rabbit
neutrophils and the effect of the synthetic

chemotactic peptide fMet-Leu-Phe (5 nM)
on this value were studied. In these exper-
iments, the cells were exposed to fMet-Leu-
Phe for various lengths of time (0.25, 0.5,
0.75, 1, 1.5, 2, 2.5, 5 mm) before the reaction
was stopped with TCA. The results are
summarized in Figure 1, which indicates
that this concentration of fMet-Leu-Phe
produces a significant increase (>60%) in

the basal level of cyclic AMP. The stimu-
lation of the cyclic AMP level is observed
within the first 15 sec of fMet-Leu-Phe

addition, reaches a maximum at 1 mm, and

returns to the basal value within the next
4 mm. Such a time course signifies that the
chemotactic factor elicits a transient, short-

lived stimulation of the cyclic AMP level.

400 I I
2 3 5

TIME (minutis)

FIG. 1. Time course of the basal (#{149} #{149})and
ffMet-Leu-PheJ-stimulated (0-O) cyclic AMP lev-

els in rabbit neutrophils

Data are expressed as pmoles/107 cells and repre-

sent the mean ± S.E.M. of 6 experiments.
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of experiments.

In addition, this time course is similar to
those observed for other modes of PMN
activation by fMet-Leu-Phe, e.g., lysosomal

enzyme release with cytochalasin B, and
increased cation transport (1, 20). It is un-
likely that the observed stimulation is due
to elevation of the cyclic AMP levels within
the contaminating mononuclear cells, e.g.,
macrophages. These constitute 5-10% of
the cell population and an average increase
of 4.1 pmoles/10’ total cells following treat-
ment with fMet-Leu-Phe would, in such a

case, represent an increase of4O to 80 pmol/
10’ contaminating cells, values considered

extraordinary in light of current literature
(27). Most previous studies of the response
of neutrophil cyclic AMP levels to chemo-
tactic stimuli employed sampling times
greater than 2 mm after addition of the
stimulus, thereby accounting for the lack of
detection of a response. Interestingly, the
phagocytosis of latex particles by human
neutrophils has been shown very recently

to be accompanied by elevation of the cyclic
AMP level in a manner strikingly similar to
that reported here (28). It should be noted

that this stimulation is also very rapid and

transient. Earlier investigations of the
cyclic AMP levels in response to phagocy-
tosis employed sampling times much too
late to observe this phenomenon.

The basis for the transient nature of the

effect cannot be deduced from these stud-
ies. There is a loss of fMet-Leu-Phe activity
in the extracellular medium presumably
due, in large part, to the breakdown of the
peptide by the peptidase of the neutrophil
(29). However the time course of the break-
down process is significantly different from
that of the cyclic AMP response described
here. Aswanikumar and co-workers (29)
have found that only 30% of the chemotac-
tic factor was degraded in 30 mm. Further-
more, it has been shown that the extracel-

lular media from cells incubated with 1 nM

fMet-Leu-Phe is capable of stimulating ly-
sosomal enzyme release when transferred
to fresh cells (30). Showell et at. (30) have
also shown that even when the addition of

45Ca2� or 22Na� tracer was delayed up to

five minutes after the addition of fMet-Leu-
Phe to the neutrophils, there was no loss in
the known ability of the peptide to increase
the influx of Ca2� and Nat In any case, to
verify that simple loss of fMet-Leu-Phe ac-

tivity due to extracellular degradation can-
not totally account for the transient nature
of the effect, we carried out experiments
identical to that shown in Figure 1 except
that the fMet-Leu-Phe concentration was
0.1 /zM. We found that the time course of
cyclic AMP stimulation was very similar to
that observed when the chemotactic factor
concentration was 5 nM.

The stimulatory effect of fMet-Leu-Phe
on the level of cyclic AMP in rabbit neutro-
phils can be due to a stimulation of adenyl-
ate cyclase activity or an inhibition of the
cyclic AMP-dependent phosphodiesterase

activity. The adenylate cyclase activity of
a plasma membrane-enriched fraction from
rabbit neutrophil microsomes was assayed
in the presence and absence of chemotactic
peptide and the results for 1 n�i fMet-Leu-
Phe are presented in Table 1. Neither the
basal activity nor the activity with NaF or
GMP-PNP was significantly altered by
fMet-Leu-Phe; higher concentrations of
fMet-Leu-Phe yielded equivalent results.
These data indicate that interaction be-

tween fMet-Leu-Phe and adenylate cyclase

does not occur under the conditions of the
assay. The possibilities remain that, given
the proper environment, interaction be-
tween the peptide and the cyclase via re-
ceptor-enzyme coupling can be demon-
strated or indirect stimulation of the cy-
clase via an additional intermediate pro-

TABLE I

Adenylate evclase activity of rabbit neutrophil membranes

Basal “NaF +GMP-PNP

(pmole/mg protein. mm)

0.20 ± 0.04 (14)”

0.18 ± 0.03 (8)

2.2±0.6(4) 10±3(4)

1.9±0.8(2) 9±2(4)

“Means are given with the standard error of the mean. The number in parenthesis refers to the total number




