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Abstract-Cyclic adenosine 3’.5’-monophosphate (cyclic AMP) accumulated in rat peritoneal mast cells 
during incubation with epinephrine and theophylline, correlating well with the inhibition of histamine 
release from the cells by these agents, but occurring on different time courses. During stimulation 
with epinephrine, the initial, rapid accumulation of radioactive cyclic AMP in mast cells previously 
labeled with radioactive adenine preceded the elevation of total cyclic AMP content and the increase 
in the inhibition of histamine release. Theophylline, on the other hand, rapidly elevated the cellular 
levels of cyclic AMP before the accumulation of radioactive cyclic AMP and the inhibition of histamine 
release became detectable. Cyclic AMP, dibutyryl cyclic AMP. epinephrine and theophylline were all 
effective in suppressing histamine release from mast cells and from isolated granules in isotonic sucrose 
solution. but were less effective or not effective in NaCl-containing media. Cyclic AMP also suppressed 
the extrusion of granules from mast cells induced by compound 48180 in isotonic sucrose solution. 
These results indicate that the formation of cyclic AMP from special pools of ATP is required for 
inhibiting histamine release from mast cells, and also that cyclic AMP regulates histamine release 
by interfering in an early stage of the release process prior to the interaction of the granular amine 
with the extracellular cations. 

Accumulated indirect evidence indicates that cyclic 

adenosine 3’,5’-monophosphate (cyclic AMP) plays a 

regulatory role in the release of histamine from mast 
cells as well as from certain histamine-containing tis- 
sues and cells. 

Cyclic AMP, its N6,@‘-dibutyryl derivative (dibu- 
tyryl cyclic AMP), or agents known to increase the 
cellular levels of cyclic AMP suppressed the release 
of histamine from mast cells which had been induced 
by various amine liberators such as ATP [l]. inor- 
ganic pyrophosphate [I] and compound 48/80 [2,3]. 
These suppressors also inhibited immunological hista- 
mine release from rat mast cells [2,4] as well as from 
human leukocytes [S-7] and human lung tissue 
[&IO]. However. the manner in which this nucleotide 
regulates histamine release is not entirely clear yet. 

As to the amine-releasing mechanism, UvnPs et al. 
[ 1 l&14] have proposed that the amine release induced 
by degranulating agents is a two-stage process: a pri- 
mary exposure of granules to the extracellular en- 
vironment either by extrusion of granules or through 
the newly formed intracellular cavities communicat- 
ing with the external space; and a secondary ionic 
exchange between the granular amines and the extra- 
cellular cations. 

In order to define the role of the adenyl cyclase 
system in histamine release, we evaluated the effect 
of several agents on the accumulation of cyclic AMP 
in mast cells, and also examined whether cyclic AMP 
exerts its inhibitory effect by affecting the primary 
degranulation step (step I) or the secondary ionic 
exchange step (step II) during histamine release. 

The present report describes the stimulatory effects 
of epinephrine and theophylline on the accumulation 
of cyclic AMP in isolated rat peritoneal mast cells, 

and also the major inhibitory effect of the nucleotide 
on the primary degranulation step during histamine 
release induced by compound 48/80. 

METHODS AND MATERIALS 

Prepurotio~ of masf cells. Mast cells were isolated 

from peritoneal cavity fluids of normal Wistar rats 

weighing 25G350 g using a slight modification of the 
method described by Chakravarty and Zeuthen [ 151. 
The cells were suspended in the ice-cold phosphate- 
buffered saline (PBS) of Dulbecco and Vogt [ 161 con- 
taining heparin (0.3 mg/ml) and adjusted to 207: with 
Ficoll, and layered on 30 and 40% Ficoll in a sili- 
conized glass centrifuge tube. After centrifuging at 400 
g and 4” for 15 min. the layer containing mast cells 
was pipetted out, washed three times with 5 ml PBS, 
and suspended in the same medium at IO5 to 10 
cells/ml. The cell suspensions contained 90 per cent 
or more viable mast cells, as determined by the tolui- 
dine blue (0.1% in 50% ethanol) staining test of Bray 
and VanArsdel [17]. and by the nigrosin (0.20/, in 
Hank’s solution) staining viability test of Kaltenbach 
et al. [IS]. 

Isolation qf mast cell grunules. Instead of pretreating 
mast cells with distilled water or with compound 
48/80 [19], the cells were homogenized in ice-cold 
0.25 M sucrose containing 1 mM Tris-HCl (pH 8.0) 
(1 to 5 x lo7 cells/O.5 ml), and the granules were iso- 
lated by centrifuging at 2700 9 for 15 min after the 
initial centrifuging at 110 y for 3 min [ 111. 

Incubation of mast cells and estirnatiorz of’ histunhr. 

Mast cells (lo5 to 10h cells) suspended in 1 ml PBS 
were preincubated with various concentrations of the 
substances to be tested at 37’ for 15 min. and then 
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for another 5 min after the addition of compound 
48/X0 (1 @g/ml). The reaction was terminated by cool- 
ing the mixture to ice-cold. After centrifuging at 500 
61 for 5 min. histamine in the supernatant fluids was 
assayed fluorometrically using the method of Shore 
et al. [ZO]. The total content of histamine in intact 
cells was the amount of the amine extracted from 
the cells which had been frozen and thawed five times 
[I]. The concentration of histamine released from 
mast cells by compound 48180 alone was taken as 
lOOp;, and the per cent inhibition of release by each 
drug was calculated on that basis. 

~~~f~s~~~~~~?~~?f of foftrl t$ic A.MP. An aliquot (0.5 
ml) of mast cell suspension was sedimented by centri- 
fugation at 500 g for 5 min. mixed with 50% perch- 
loric acid (50 $). freeze-thawed ten times. and centri- 
fuged at 500 i! for 10 min. The supernatant fluid was 
neutralized with 2 M KHC03. evaporated to dryness 
in cac’uo. and dissolved in a small amount of distilled 
water. 

Extracted cyclic AMP was determined using a pro- 
tein-binding method of Gilman [Zl], employing pro- 
tein kinase of rabbit muscle purified according to 
Miyamoto rt ul. 1227 up to the stage of DEAE-cellu- 
lose chromatography. 

M ~,u~~li~~l~~~~n~ of cyciit AMP uc~~~~71~~~if~~~7. A 
method applied to adipocytes by Kuo and De Renzo 
[23] and to leukocytes by Bournc et ai. [24] was 
adapted to mast cells. 

Mast cells suspended in PBS containing 5.4 mM 
glucose (10’ to 3 x IO’ cells/l.5 ml) were incubated 
with [8-‘4C] adenine (2.5 ;lCi. 42 nmoles) at 37” for 
30 min. The cells were then washed three times with 
5 ml PBS containing 0.1 mM nonradioactive adenine. 
About I per cent of the added [8-‘4C]-adenine was 
incorporated into mast cells. The labeled cells were 
resuspended in PBS containing the substances to be 
tested, and incubated for up to 30 min as above. 

The reaction was terminated by immersion of the 
tubes into boiling water for 3 min. After centrifuging 
at 500 go for 5 min at 0”. the sLlpern~~tant fluids were 
mixed with 1 pole each of nonradioactive adeninc, 
AMP, cyclic AMP, ADP and ATP. [‘“Cl cyclic AMP 
was separated by the procedure adapted from that 
of Ramachandran [25] and of Mao and Guidotti 

1261. 
The sample was applied to a column (0.9 x 15 cm) 

of neutral aluminum oxide previously equilibrated 
with 10 mM Tris-HCI (pH 7.4) and cluted with 3 
ml of the same buffer. The &ate was directly poured 
onto a second column (0.9 x I5 cm) of Dowex 1 x 8 
(Cl- form). The column was washed once with 20 
ml of the same buffer. and the [‘*Cl cyclic AMP was 
eiuted with 3 ml of 0.1 N HCI. Radioactivity of ali- 
quots (1 ml) was counted in 15 ml of AT-scintillant 
(nonylphenopolyethoxyetller, 300 ml; to~uene, 700 ml: 
and 2,5-diphenyIoxazole, 4 g) recommended by Kawa- 
kami et al. [27]. Radioactivity counts were corrected 
for recovery of unlabeled cyclic AMP (80.2 k 1.5 per 
cent) determined by optical density at 260 nm [6]. 

Mast cc/l labeled with [S-‘4C] adenirze and C3’P] 
phvsphate. A method applied to rat leg muscle cells by 
Reporter [28] was applied to mast cells. 

Mast cells washed three times with Fischer’s 
medium were suspended in the same medium 
(4 x 10” cells/l ml). and incubated in the presence 

of @-‘4C] adenine (5 ,&i) for 2 hr at 37” and then 
for another 30 min after the addition of [“*PI phos- 
phate (10 @Ii). The cells were washed three times with 
10 ml PBS containing 0.1 mM unlabeled adenine. and 
resuspended in 0.5 ml of 5”/;, perchloric acid. After 
freeze-thawing the cell suspension ten times followed 
by centrifuging at 500 g for 10 min. the supernatant 
fluid was neutralized with 2 M KHC03, and mixed 
with I /mole each of unlabeled cyclic AMP and other 
carriers. 

Nucleotides were separated on a column (1 x 8 cm) 
of Dowcx I x 8 (20%400 mesh. formate form) by a 
slight modi~cation of the method of Heidrick and 
Ryan [29]. The column was eluted successively with 
1.5 M formic acid. 4 M formic acid--O.2 M arnrnoniLln1 
formate, and 4 M formic acid-l.5 M ammonium for- 
mate at the flow rate of 50 mljhr at room tempera- 
ture. 

Radioactivity of aliquots (I ml) was counted in 15 
ml of NT-scintillant [27]. The counter was adjusted 
so that 44 per cent of the 32P counts entered the 
14C channel. while no 14C counts entered the j2P 
channel. 

Fractions from the column were also monitored at 
260 nm. and. if necessary, the nucleotides were identi- 
fied by thin-layer chromatography of the concen- 
trated aliquots according to Dighe pt cit. [30]. 

~.st~~~?ui~o~z of ATP. ATP was estimated by the luci- 
ferin--1Llcifer~~se method of Bihler and Jeanrenaud 

c311. 
Sucrose density ytudirnt centr~uya?iorl yf‘ rflast cdl 

yrunuks. Mast cells (3 to 5 x 10” cells) were incu- 
bated in 0.5 ml of 0.25 M sucroseel mM Tris-HCI 
(pH 8.0) or the same medium containing 5 mM cyclic 
AMP for 5 min at 37”, prior to the treatment with 
compound 48/80 (10 pg/ml) for 30 sec. 

The cells were immediately cooled, and subjected 
to a sucrose density gradient centrifugation according 
to Martin and Ames [32]. The cooled cells were 
layered on top of a linear sucrose density gradient 
(0.25 to I.4 M, 4 ml) in a Hitachi RPS 40 rotor. and 
centrifuged at i~,~ $1 for 30 min at 4”. Fractions 
of six drops were collected, and assayed for histamine 
1201. Granules appeared at a sucrose density of about 
0.65 M. 

Cke~nica~s. Cyclic AMP and dibutyryl cyclic AMP 
were obtained from Seishin Pharmaceutical Co.. 
Tokyo. Japan. Compound 48180 was purchased from 
Burroughs Wellcome & Co., Tuckahoe, N.Y.. U.S.A. 
Prostaglandin E, (PGEI) was a gift from Ono Phar- 
maceutical Co., Osaka, Japan. and dissolved in eth- 
anol (0.1 ml/m&) and diluted with 0.2% Na2C03 solu- 
tion (0.9 ml/mg) prior to use. Epinephrine (1 mg of 
HCI salt/ml) was purchased from Sankyo Pharmaceu- 
tical Co., Tokyo, Japan. [S-‘*Cl adenine (59 mCijm- 
molejl C3’P] phosphate (carrier-free, 1 mCi) and [“H] 
cyclic AMP (27 Ci/m-mole) were purchased from 
Amersham-Searle. Other chemicals of reagent grade 
were obtained commercially. 

RESULTS 

,Ffict of rpinephrine, theoph_vlline und prostaylmdin 
E, on histumirw wleuse and cyclic AMP uccurnulation 
in masr cells. As shown in Fig. IA. epinephrine, at 
concentrations from 6.25 x tom5 to 5 x 10m4 M. 
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Fig. 1. Effect of epinephrine. theophylline and prostaglan- 
din E, on the release of histamine induced by compound 
48180 (A). and on the accumulation of cyclic AMP (B) 
in mast cells. (A) Rat peritoneal mast cells were preincu- 
bated with various concentrations of epinephrine. theo- 
phylline or PGE, for 15 min at 37’ prior to the treatment 
with compound 48jSO (1 /[g/ml) for 5 min. Histamine was 
assayed as described in Methods and Materials. The total 
content of histamine was 20.4 @lo’ cells. (B) Mast cells 
preincubated with [8-‘4C]adenine were incubated with 
epinephrine, theophylline or PGE, as in (A), and the 
[‘4C]cyclic AMP formed was separated and counted as de- 
scribed in Methods and Materials. The basal count of 
[“Cl cyclic AMP in control cells was 110.3 + 6.6 cpm/lOh 

cells. Values were the mean of three incubations, 

strongly and dose dependently inhibited the release 
of histamine from isolated mast cells induced by com- 
pound 48/80. Epinephrine was also a powerful stimu- 
lator, at concentrations from 5 x IO-’ to 5 x 10m4 
M, for the accumulation of [‘“Cl cyclic AMP in mast 
cells previously incubated with [X-r4C] adenine (Fig. 
1 B). 

Theophylline was also a potent inhibitor of hista- 
mine release and a powerful stimulator for the 
[‘“Cl cyclic AMP accumulation in mast cells. How- 
ever. its effective doses were somewhat higher than 
those of epinephrine. 

In contrast. PGE, in the concentration range used 
was a weak inhibitor for histamine release. Furthcr- 
more. PGE,, at the highest concentration (10m4 M) 
used, only slightly (1.3-fold of the basal) stimulated 
the formation of [r4C] cyclic AMP, although. in one 
experiment, it elevated the cyclic AMP content about 
2-fold (from the basal 4.2 pmoles to 9.6 pmoles/lOh 
cells). 

Tinw cowse qf efects of rpinephrine and theoph$ 
line. As shown in Fig. 2A, on exposure to epinephrine, 
the formation of [‘“Cl cyclic AMP in mast cells pre- 
viously labeled with [8-‘4C] adenine rapidly in- 
creased. reached the maximal level within 5 min. and 
then declined slowly to the basal level over the next 

2.5 min. In contrast. the total cellular content of cyclic 
AMP increased more slowly. reached its peak within 
15 mitt, and decreased gradually thereafter. 

Therefore, the specific activity of [‘“Cl in 
[14C] cyclic AMP rapidly reached a maximum 
(2.4-fold of the basal) at about 5 min after the cells 
were exposed to epinephrinc, and then fell rapidly 
thereafter. 

The inhibition of histamine release became detect- 
able within 5 min. maximal within I5 min. and 
remained elevated at 20 min after exposure to 
epinephrine. 

On the other hand, theophylline, an inhibitor of 
phosphodiesterase activity [33]. rapidly elevated the 
cyclic AMP content to a near maximal level within 
IO min of the exposure. and maintained the elevated 
level thereafter. In contrast. the accumulation of 
[‘“Cl cyclic AMP and the inhibition of histamine 
release slowly increased over 30 min of the treatment 
(Fig. 2B). No significant increase in the specific acti- 
vity of [“Cl in [‘“Cl cyclic AMP was observed dur- 
ing 30 min after exposure to theophylline. 

To maintain the elevated level of cyclic AMP. the 
continued presence of theophylline seemed to be 
necessary. When mast cells incubated with IO-’ M 
theophylline for 20 min were washed. and reincubated 
in the fresh PBS medium containing no thcophylline, 
the cellular cyclic AMP level returned to a near base- 
line level within I(&15 min. Concomitantly. the hista- 
mine release which had been maximally inhibited by 
theophyllinc was rapidly elevated to the control level 
(Fig. 3). 

l@ct of‘ cpir~c~pht?rw 011 sp~‘cijic actkitics of’ ATP 
ard c~rlic AMP in douhlc-labeled rmst cells. As shown 
in Table 1. the specific activity of [“‘PI in cyclic AMP 
of the control cells was more than IO-fold higher than 
that in ATP. Accordingly, although mast cells were 
not completely equilibrated to the [‘“Cl adenine label 
even after 2.5 hr. the ratio of the specific activities. 
[3zP]/[‘4C]. in cyclic AMP was 6-fold higher than 
that in ATP. 

Epinephrine caused a marked increase in the speci- 
fic activity of [‘“Cl in cyclic AMP, but caused only 
a slight change in that in ATP. On the other hand. 
the specific activity of [“‘PI in both ATP and cyclic 
AMP was not altered much by epincphrine. Accord- 
ingly. [3’P]/[14C] in cyclic AMP in epinephrine- 
treated cells was reduced to about f of that in the 
control cells. This marked change in [32P]i[14C] 
probably indicates the presence of a special pool of 
ATP available for the epinephrine-induced formation 
of cyclic AMP in mast cells. 

Hisfanrine wlca.wf~om umt ccds hj, compozrr~d 48%) 
irr tire prc’.sc~uce 01’ trhsrnce of’ NuCI. As shown in Fig. 
4. the histamine release from mast cells induced by 
compound 4X/X0 was very rapid in 0.154 M NaCl. 
being maximally elevated within 5 min. In contrast. 
when the cells were treated with this liberator in 0.25 
M sucrose in the absence of NaCl. about one-half 
of the cellular histamine was quickly released within 
5 min, and the liberation plateaued thereafter, regard- 
less of whether the incubation was continued in the 
same medium or in water after the sucrose-treated 
cells were sedimented at 2700 9 for 15 min. 

However, when the cells incubated in a 0.25 M 
sucrose medium were exposed to 0.154 M NaCl, a 
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Fig. 2. Effect of epinephrine and theophylline on cyclic AMP accumulation, cyclic AMP content, and 
histamine release in mast cells. (A) Mast cells or mast cells previously labeled with [S-‘“Cl adenine 
were incubated in the presence of 5 x 1O-4 M epinephrine at 37” for up to 30 min. The [‘“Cl cyclic 
AMP formed, cyclic AMP content, and histamine released by the addition of compound 4SjSO (1 pg/ml) 
were estimated as described in the text. The count of [‘“Cl cyclic AMP and the content of cyclic 
AMP (cpm/pmole 10” cells) were: 76.3/3.6 at O-time, 324/6.1 at 5 mm, 201/10.8 at 15 min, and 95.8/8.3 
at 30 min respectively. (B) Mast cells or mast cells prelabeled with [S-t‘%] adenine were preincubated 
in the presence of t x 1O.-2 M theophyltine. Other experimental conditions were similar to those in 
(A). The count of [‘“Cl cyclic AMP and the content of cyclic AMP (cpm/pmole/iO~ cells) were: 

72X/3.8 at O-time, 159.8/13.3 at 15 min, and 273.7i13.8 at 30 min respectively. 

a significant release of the remaining histamine was ~pi~~ph~i~l~ and th~~p~yili~e on step i and step iI reac- 
observed. rions. Table 2 shows that cyclic AMP and dibutyryl 

The basal leakage of histamine in isotonic NaCl cyclic AMP were effective in inhibiting histamine 
or sucrose solution was negligible. release from mast cells induced by compound 4SjSO 

E&ts of cyclic AMP. dibzrtyryl cyclic AMP, in an isotonic sucrose solution (step I), but less effec- 

Table I. Effect of epinephrine on specific activities of ATP and cyclic AMP in double- 
labeled mast cells* 

Content [Y-J [3’P] 
Nucleotide (pmoles/iOh cells) (cpm/pmole) [3’P]/[‘“CJ 

Control ATP 457 + 42 2.2 0.1 0.05 
Cyclic AMP 3.0 * 0.2 5.4 1.5 0.28 

Epinephrine ATP 337 t 17 1.9 0.2 0.11 
Cyclic AMP 6.4 F 0.2 17.4 0.9 0.05 

* Mast cells suspended in Fischer’s medium (4 x lo5 cells/l.0 ml) were incubated 
with [S-‘“Cl adenine (5 nCi) for 2 hr at 37”. and for another 30 min after the addition 
of [3zP] phosphate (10 &i). Epinephrine (5 x IO--“ M) was present during the last 
10 min of labeling with [“‘PI phosphate. Nucelotides were extracted with 5% perch- 
loric acid and separated on a Dowex 1 x 8 (formate form) column as described in 
the text [29]. 
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Fig. 3. Effect of theophylline on cyclic AMP content and 
histamine release in mast cells. Rat peritoneal mast cells 
were incubated at 37” for 20 min in the presence of 
1 x lo-’ M theophylline. Then the cells were washed 
three times with PBS and incubated in the fresh medium 
without theophylline. At intervals, an aliquot of the incu- 
bation mixture was taken, and assayed for cyclic AMP 
content and for histamine released by adding compound 
48/80 (I pg/ml) as described in the text. The basal content 
of cyclic AMP was 4.2 pmoles/lO’ cells. Compound 48/80 
released 80.5 k 3.5 per cent (taken as 100) of the total 
histamine (18.5 _t 2.1 pg/lO” cells) from the intact cells. 

tive in suppressing the subsequent amine release from 
the treated cells in the presence of NaCl (step II). 

Theophylline and epinephrine were also effective in 
suppressing the histamine release in step I, but almost 
ineffective in inhibiting the amine release in step II. 

Also in isolated granules, cyclic AMP and dibutyryl 
cyclic AMP did not significantly affect the basal hista- 
mine release in water, and did not suppress the hista- 
mine release which had been maximally elevated by 
0.154 M NaCl (Table 3). 

Mast cells, which had been preincubated with cyclic 
AMP and then treated with compound 48/80 in an 
isotonic sucrose solution, were also examined by a 
sucrose density gradient centrifugation; the results in- 
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Fig. 4. Effect of NaCl on histamine release in mast cells. 
Rat peritoneal mast cells were incubated at 37” in 0.154 
M NaCl containing compound 48/80 (1 pg/ml) (Q-O); 
0.25 M sucrose containing compound 48/80 (t-0); 
0.154 M NaCl (A-. -A); or 0.25 M sucrose (e--m). After 
5 min. aliquots of mast cells incubated in 0.25 M sucrose 
containing compound 4Sj80 were sedimented at 2700 9 
for I5 min. washed with water, and incubated for another 
10 min in 0.154 M NaCl (S--O) or in water (0~~~0). 
The basal level of histamine was 14.8 + 1.4 llg/106 cells. 

Values were the mean of duplicate samples. 

Table 2. Effects of cyclic AMP. dibutyryl AMP. epineph- 
rine and theophylline on step I and step II reactions* 

Concn 

Inhibition of 
histamine release (“:,) 

Compound (mM) step I step II 

Cyclic AMP 
Dibutyryl cyclic 

AMP 

5.0 57.4 f 8.8 29.5 f 3.7 
5.0 35.4 * 7.4 12.2 k 6.3 

Epinephrine 
Theophylline 

0.5 22.1 + 3.5 0 
10.0 48.8 * 3.0 0 

*Step I: Mast cells (10’ cells/tube) were incubated in 
1 ml of 0.25 M sucrose-1 mM Tris-HCI (pH 7.2) contain- 
ing various agents for 15 min at 37” prior to the treatment 
with compound 4Sj80 (10 @g/ml) for 5 min. After centrifug- 
ing the incubation mixture at 2700 LJ for 15 min. histamine 
in the supernatant fluid was assayed as described in the 
text. The per cent release of the total histamine (14.2 f 3.3 
pg/lO’ cells) by compound 48/80 alone in the control ex- 
periment was 48.1 f 2.0. Step II: After the step I reaction. 
cells and granules sedimented at 2700 9 were washed once 
with distilled water, resuspended in 0.154 M NaCl contain- 
ing various agents. and incubated for IO min at 37’. Hista- 
mine in the supernatant fluid was assayed as above. The 
amount of histamine retained in the 2700 y pellet after 
step I was 7.1 k 1.9 pg/lOb of the original cells (= 50.2 
per cent recovery). The per cent release of the remaining 
histamine by 0.154 M NaCl in the control experiment was 
98.2 & 3.8. Values were the mean k S.E.M. of three to four 
incubations. 

dicated that cyclic AMP suppressed the extrusion of 
granules from the cells (Fig. 5). 

DISCUSSION 

Our present experiments indicate that cyclic AMP 
plays an important role in mediating the inhibitory 
effect of epinephrine and theophylline on histamine 
release in mast cells. 

Table 3. Effects of cyclic AMP and dibutyryl cychc AMP 
on histamine release from isolated granules of mast cells* 

Compound 
Concn Per cent release 

(mM) of histamine 

None (distilled water) 33.1 f 3.3 
Compound 48/80 (1 pg/ml) 39.2 f 5.2 
Cyclic AMP 5.0 40.2 + 2.3 
Dibutyryl cyclic AMP 5.0 41.0 f 1.3 
NaCl 1.0 40.2 + 4.0 

10.0 71.8 + 1.0 
100.0 96.8 + 5.1 

NaCl + cyclic AMP 100.0 + 5.0 90.3 * 1.3 
NaCl + dibutyryl cyclic 100.0 + 5.0 90.6 f 3.5 

AMP 

* Granules were isolated from rat peritoneal mast cells 
(5 x 10’ cells containing 8 I peg histamine) as described in 
the text. Granules (65.6 peg histamine, 81 per cent recovery) 
were washed three times with deionized water. and resus- 
pended in water. Aliquots (1 ml, 2.2 pg histamine) of the 
granule suspension were incubated with or without the nu- 
cleotides for 5 min at 0” prior to the treatment with NaCl 
for 10 min. After centrifuging the incubation mixture at 
2700 n for 15 min. histamine in the supernatant fluid was 
assayed as above. Values were the mean k S.E.M. of three 
incubations. 
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Fig. 5. Sucrose densit) gradient centrifugation of mast cells 
treated with compound 48.!80 in the presence or absence 
of cq’clic AMP. Mast cells (3.7 x 10” cells. 50 pg of the 
total histamine) suspended in 0.5 ml of 0.25 M sucrose-l 
mM Tris-HCI (pH X.0) ((Z-~-O). or in the velucle contain- 
ing 5 mM cyclic AMP were incubated at 37’ for 5 min. 
and then treated with compound 48180 (IO &ml) for 30 
SW (O---O and l ~--o). The mixture was subjected to 
a linear sucrose density gradient (0.25 M to 1.4 M. 4 ml) 
ccntrifugation (lOO.000 y for 30 min. 4”). Fractions of six 
drops were collected. and the histamine content was deter- 
mined as dcscrihcd in the text. The per cent distribution 
of histamine relative to the base line values was plotted. 

Both epinephrinc and theophylline, at concen- 
trations which were effective in suppressing the hista- 
mine release from mast cells induced by compound 
4X/X0. stimulated the formation of [14C] cyclic AMP 
in the cells previously labeled with [S-‘“Cl adenine 
(Fig. I). 

In contrast. PGE,. which was reported to inhibit 
compound 4X/X0-induced [3] and the immunological 
143 histamine release from mast cells. was not very 
effective in suppressing histamine release at 10e4 M 
under the experimental conditions used, although it 
slightly stimulated the formation of [‘“Cl cyclic AMP 
in the prelabeled cells and also elevated the cyclic 
AMP content. 

Our results with PGE, were similar to those 
reported by Johnson ct ul. [34]. They found that 
PGE, (IW 4 M) alone or in combination with papa- 
verine (IO ~’ M) did not affect the response of mast 
cells to compouild 4X%0. and also that PGEl alone 
was not cffcctive in elevating cyclic AMP content. but 
\\as offectivc in the presence of papaverine. 

The reason for thcsc differences in results is not 
clear yet. As Johnson et crl. [34] suggested. it might 
be due to the difference in the degree of homogeneity 
of mast cell preparations used [3]. or due to the dif- 
fcrcncc in the mechanism of histamine release induced 
by different liberators. 

Although both cpincphrine and theophylline were 
potent inhibitors for histamine release, time courses 
of their effects were ditrerent (Fig. 2). 

Before the inhibitory effect of cpinephrine on hista- 
mine release became detectable. it had induced a 
rapid formation of [‘“Cl cyclic AMP with a high spe- 
cific radioactivity in mast cells previously incubated 
with [X-‘*Cl adcnine within 5 min of the introduction 
of the drug. 

On the other hand. thcophylline rapidly elevated 
the cellular cyclic AMP content. while it only slowly 
increased the radioactive nucleotide and gradually 

suppressed histamine release. In contrast to epineph- 
rine, theophylline did not significantly elevate the spe- 
cific activity of [‘“Cl cyclic AMP during a 30-min 
incubation. 

This difference in time course for the accumulation 
of total and radioactive cyclic AMP in response to 
epinephrine and theophyllinc could indicate that the 
formation of cyclic AMP from the special pool(s) of 
ATP, but not the elevation of total cyclic AMP con- 
tent, is required for the suppression of histamine 
release in mast cells. 

These results were similar to those reported by 
Krishna rt u/. [35] for the effect of norepinephrine 
on both total and radioactive cyclic AMP in 
C3H] adenine-labeled slices of rat cerebral cortex, but 
in contrast to those reported by Schultz and Daly 
[36] in similarly labeled guinea pig cerebral cortex 
in response to histamine. Therefore, the presence of 
a special intracellular pool(s) of ATP for the forma- 
tion of cyclic AMP needs further investigation as to 
the sources of tissues or cells and reagents used. 

In this regard, the presence of more than one pool 
of ATP available for the formation of cyclic AMP 
in mast cells was indicated in our studies with the 
cells which had been double-labeled with [S-‘“Cl- 
adenine and [32P] phosphate (Table I). In nonstimu- 
lated control cells. the ratio of the specific activities, 
[3’P]/[‘4C]. in cyclic AMP was unexpectedly (6-fold) 
higher than that in ATP. On exposure of mast cells 
to epinephrine for the last IO min of [3’P]-labeling. 
[3’P]/[‘4C] in cyclic AMP was reduced to one-half 
of that in ATP due to the marked increase in 
[14C] cyclic AMP formation with a less significant 
alteration in [“lP] cyclic AMP formation. 

According to Uvniis ct crl. [I I-141, a simple model 
for the storage and release of biogenic amines in mast 
cells is as follows: (I) mast cell granules have the pro- 
perty of a weak anion exchanger: (2) both histamine 
and serotonin are bound to the carboxyl groups of 
the heparin-protein complex. but not directly to the 
granular heparin (Lagunoff [37] has suggested the 
partial participation of anionic sites of heparin for 
binding the amincs and cations); and (3) the amine 
release induced by compound 48/X0 [3X] or antigen 
1391 can be explained by an ionic exchange between 
the granular amines and the extracellular cations (step 
II) after the primary exposure of granules to the exter- 
nal environment. either by degranulation, or through 
the newly formed intracellular cavities which com- 
municate with the external space (step I). 

Our results. obtained with isolated granules (Tables 
2 and 3) and sucrose density gradient centrifugation 
of mast cells treated with compound 48/X0. in the 
absence or presence of cyclic AMP (Fig. 5). indicated 
that cyclic AMP inhibits histamine release from mast 
cells mainly by interfering with the primary degranu- 
lation step (step I), but not with the ionic exchange 
step (step II). 

A similar inhibitory function of the intracellular 
cyclic AMP on an early stage of histamine release 
was also suggested by Bourne ct al. [7] with leuko- 
cytes of allergic donors. According to Lichtenstein 
[40]. the antigen-induced. I&E-mediated histamine 
release from human leukocytes can bc separated into 
two stages: a primary antigen-dependent. Ca’+-inde- 
pendent stage. and a secondary antigen-independent, 
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Ca”+-dependent stage. Dibutyryl cyclic AMP. meth- 
ylxanthines and catecholamines have been shown to 
inhibit histamine release in the first stage (antigen 
contact with cells), but have little inhibitory effect on 
the second stage 173, 

Step I appears to bc a complicated, sequential reac- 
tion. On exposure to compound 48/X0 [38] or antigen 
[39], mast cells were swollen followed by fusion of 
perigranular and cellular membranes, and by extru- 
sion of granules or by the formation of intracelluiar 
cavities to expose granules to the outer space. 

Furthermore. the histamine-relcasin::imine-r~lc~tsing mech~~nism of 
compound 48/X0 also seemed to be complicated. Gil- 
lespie [41] reported a rapid decrease in the formation 
of [‘HI cyclic AMP in rat peritoneal mast cells which 
had been prelabeled with [“H] adenine. Sullivan and 
Parker [42] observed an activation of a high I(,,, cyc- 
lic AMP phospilodiestel-ase activity of rat mast cells 
by compound 48/W. In contrast. nccording to John- 
son et d. [34]. compound 48/80. at a concentration 
of 2 HIM [= 1 /(g/ml, using the molecular weight of 
the trimer (520) ] that released more than 50 per cent 
of the total histamine, did not affect levels of cyclic 
AMP. 

Thcreforc. the precise manner in which cyclic AMP 
affects these sequential reactions awaits further exam- 
inations. 
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