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Several recent reviews have summarized 
the literature of the past decade on adeno- 
sine-3’,5’-cyclic monophosphate (cyclic AMP) 
and related nucleotides (1-5). Cyclic AMP 
mediates many of the actions of a great 
variety of hormones and drugs, and it can 
also regulate the release of many hormones. 
Adenyl cyclase, found in cell membranes, cat- 
alyzes the formation of cyclic AMP from 
ATP; apparently the receptors for these hor- 
mones may be very closely related to adenyl 
cyclase. Cyclic AMP is inactivated by phos- 
phodiesterases (PDE) , which convert it to 
5’-.4MP; some of these catabolic enzymes 
are inhibited by methylxanthines and also by 
certain other compounds. I t  has been sug- 
gested (6)  that the various biological proper- 
ties attributed to cyclic AMP may be medi- 
ated through the stimulation of kinases that 
catalyze phosphorylation of a variety of cel- 
lular proteins. 

In some cases, i t  may be possible to mimic 
the effect of a hormone or of exogenous cyclic 
AMP by the use of more potent analogs of 
cyclic AMP. Such analogs either may pene- 
trate cell membranes more readily or be more 
resistant to the action of PDE, or both (1, 

Recently, Posternak and Cehovic ( 7 )  syn- 
thesized 8-substituted analogs of cyclic nucle- 
otides, some of which have shown biological 
activities (release of TSH and GH from rat 
pituitary tissue in vitro that are greater 
than those of cyclic AMP. Among their more 
potent nucleotides were the 8-thio- and 8-bro- 
mo-analogs of cyclic AMP or of N6-2’-0- 
dibutyryl cyclic AMP (dibutyryl cyclic 
AMP). 

Munevama et al. (8) synthesized a series 
of 8-substituted analogs of cyclic AMP and 

2 ) .  

tested their relative effectiveness: (a) as al- 
ternate activators of the cyclic AMP- 
dependent protein kinase isolated from bo- 
vine brain; and (b) as alternate substrates 
for a PDE isolated from porcine brain. Some 
of these analogs were highly effective as acti- 
vators of the protein kinase; furthermore, 
several analogs also were found to be inhibi- 
tors of PDE. A number of these 8-substituted 
analogs also were: (a)  potent activators in 
vitro of steroidQgenesis in rat adrenal cells 
and of lipolysis in rat epididymal fat cells 
(9)  ; as well as (b)  potent inhibitors of rat 
brain PDE, cat heart PDE, or both (10). 

This report describes the relaxant activities 
in vitro of a number of 8-substituted analogs 
of cyclic AMP on guinea pig trachea and rat 
portal vein. Comparisons with cyclic AMP, 
the dibutyryl analog of cyclic AMP, and the- 
ophylline have been included. 

Materials and Methods. Twelve 8-substi- 
tuted analogs of cyclic AMP were obtained 
from Dr. R. K. Robins of the ICN Nucleic 
Acid Research Institute, Irvine, California 
(8) .  Cyclic AMP and the sodium salt of its 
dibutyryl analog were purchased from Zell- 
stoffefabrik Waldhof, West Germany. Theo- 
phylline was purchased as aminophylline, 
USP, from G. D. Searle & Co., Chicago, 
Illinois. 

Seventy-four albino guinea pigs of either 
sex, weighing 200-350 g, and 56 female rats 
of the Sprague-Dawley strain, weighing 
150-250 g, were used in these tests. The 
trachea was excised from each guinea pig, 
and then cut in a zigzag manner, as described 
by Piper and Vane ( 11). Each trachea was 
suspended isotonically with a 1-g load in a 
10-ml isolated-tissue bath filled with Krebs 
solution (12), bubbled with 95% 0 2 - 5 %  CO2 
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and maintained a t  37". The tone of each 
tracheal strip was increased by the addition 
of histamine phosphate to the bath solution 
[0.5 pg of histamine (base)/ml as final bath 
concentration]; at the end of 10 min, either 
cyclic AMP, or an analog thereof, or theo- 
phylline, was added to the bath solution for 
another 10 min. At the end ,of this 20-min 
period, the tissue strips were "washed" with 
about 50 ml of drug-free Krebs solution. Af- 
ter a 10-min recovery period, histamine was 
reintroduced, and the test cycle was repeated 
if the typical contractile response to hista- 
mine was again elicited. P-Adrenergic stimu- 
lant amines, as well as theophylline, typically 
reduce the increased tone of the histamine- 
contracted guinea pig trachea without inhibit- 
ing, after washing, the contractile response 
to the next dose of histamine. 

Each excised rat hepatic portal vein was 
slit lengthwise and suspended isometrically 
(2-g initial tension) in 10-ml isolated-tissue 
baths filled with Krebs solution, bubbled 
with 95% 02-50/o COa and maintained at 
37". The procedure employed was similar to 
that described by Johansson et al. (13) for 
monitoring spontaneous contractile activity of 
the rat portal vein. 

Each nucleotide was freshly dissolved in 
Krebs solution prior to each test and added 
in 1.0-ml volumes about 1 min after with- 
drawal of 1.0 ml of Krebs solution from each 
bath. 

a-Adrenergic stimulant amines, such as 
norepinephrine, typically increase the tone 
and frequency of contractions of excised rat 
portal vein; whereas theophylline, as well as 
P-adrenergic stimulant amines such as isopro- 
terenol, produce little or no change in resting 
tone, but decrease the amplitude of spon- 
taneous contractions and may increase the 
contractile frequency within the first few 
minutes. Preliminary experiments with cyclic 
AMP and solme pf its analogs suggested that 
some of these nucleotides decreased ampli- 
tude of contraction of the portal vein at  slow- 
er rates; hence, each nucleotide was left in 
the bath for 30 min before washing. A t  least 
another 10 min was allowed for recovery of 
control activity, at which time another test 
concentration was added to the bath. Gener- 

ally, only one compound was tested on each 
tissue strip. 

Recordings of contractile activity were 
made via transducers coupled to an ink- 
writing Beckmann-Offner dynograph. Nucleo- 
tides that were relaxants of smooth-muscle 
activity a t  400 pcgJml in each of these two 
types of preparations in vitro were tested in 
2-9 guinea pig tracheal strips and in a like 
nulmber of rat portal veins. Furthermore, low- 
er concentrations of the more active nucleo- 
tides, such as 100, 25, and 6.25 pg/ml, were 
also tested. The IC50 (Le.,  the concentration 
producing 50% relaxation or decrease in tone 
of tracheal strip or decrease in amplitude of 
spontaneous contraction of portal vein) was 
estimated graphically by plotting log concen- 
tration against the degree of relaxation (rela- 
tive to prenucleotide tone or ampliltude) for 
each tissue. The average IC50 (pg/ml), as 
well as the standard error of the mean, was 
calculated for each of the more active nucleo- 
tides, which were tested with 3 or more tis- 
sues. Several analogs of cyclic AMP that 
showed little or no. relaxant activity a t  400 
pg/ml were tested in only 2 guinea pig 
tracheal strips and 2 rat portal veins. 

Results. The ICsO values for cyclic AMP, 
for each of the 8-substituted analogs of cyclic 
AMP, as well as for dibutyryl cyclic AMP, 
and for theophylline, are shown in Table I. 
Cyclic AMP was relatively inactive at con- 
centrations as high as 400 pg/ml. Among the 
8-substituted analogs of cyclic AMP, the 
8-benzylthio analog was (the most potent in 
this series; this analog was at  least 7 times 
more potent than cyclic AMP on the portal 
vein and about 20 times more potent on the 
trachea. Relative to dibutyryl cyclic AMP, 
the 8-benzylthio analog of cyclic AMP was 1 
to 2 times more potent on the portal vein, 
but about 10 times more potent on the 
tracheal strip, with a more rapid onset of 
relaxant activity on the former preparation. 
Each of the other analogs was less than 1/4 
as potent as the 8-benzylthio analog as a 
tracheal relaxant; however, the 8-azido ana- 
log was 1/2 to l 113 times as potent as the 
8-benzylthio analog as a relaxant of the por- 
tal vein. The development of maximal 
relaxant effect of the 8-azido analog within 
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TABLE I. Relaxant Concentrations in wit ro of Theophylline and Analogs of Cyclic AMP.’ 

Guinea pig trachea Rat Portal Vein 

Compound IC, (pg/mlf SE) A’ JCaI (cLg/ml -c SE) x 
(min) : 10 10 20 30 

Theophylline 
Cyclic AMP 
Ne, 2’-O-Dibutyryl 

8-substituted amlogs 

cyclic AMP 

of cyclic AMP 
8-SCHz- @J 
8-SCHs 
8-N3 
8=S 
8=0 

8-OCH, 

8-Br 

8-SGH2CH3 

8-N(CH3)* 

8-NH2 
8-NHCHa 
8-SCHgCHzOH 

4.4 2 0.4 15 
h 4 0 0  9 

247 f 13 6 

23 
93 
96 

121 
145 
160 
209 
2 24 
236 
3 15 

>400 
> 400 

4 
4 
4 
4 
1 
4 
4 
4 
4 
4 

2 
7 a 

68 2 20 

136 2 10 
>NO 

73 2 13 
218 f 24 
132 2 42 
230; 350 

Z400 
2 4 0 0  
1 4 0 0  
2 3 8 0  
k 2 1 3  
> 400 
> a 0  
> 400 

54-c 12 

94 -i- 10 
>MO 

62-c 8 
193 2 39 
69 2 16 

180; 210 
260; 400 

2.400 
A400 
k 3 1 3  

>4QO 
> 400 
>NO 

100 2 21 

57 2 17 

6 8 2  8 
>4oQ 

7i -c 16 
186 2 49 
56 2 13 

160; 210 
250; 400 

250; 410 
h 4 0 0  

S 3 1 3  

1 4 0 0  
>400 
> 400 

102 & 26 

4 
9 
8 

4 
4 
4 
2 
2 
2 
2 
3 
4 
2 
2 
2 

IC,, = average concentration (pg/ml) producing 50% relaxation, relative to control re- 
reepoase; N = number of t.racheas or veins tested. 

the 30-min test period was slower than that 
of the 8-benzylthio-cyclic AMP on the portal 
vein. 

Theophylline and most ,of the 8-substituted 
analogs of cyclic AMP were more potent on 
the guinea pig tracheal strip than on the rat 
portal vein; two exceptions were the 8-azido 
and 8-bromo analogs of cyclic AMP (as well 
as dibutyryl cyclic AMP). 

The 8-benzylthio-, 8-methylthio-, and 8- 
thionucleotides were among the most potent 
compounds in this series; the 8-ethylthio and 
8-P-hydroxyethylthio analogs were among 
the least potent. The 8-0x0 and 8-methoxy 
analogs were olnly weakly active on one or 
both test preparations. Among the 8-nitrogen 
substituted analogs, only the 8-azido analog 
was among the more potent relaxants. The 
8-dimethylamino analog, the 8-methylamino 
analog, and the 8-amino analog were either 
inactive or among the least active, with IC50 
values equal to or greater than 400 pg/ml. 
The 8-b)romo analog, the only 8-halogenated 
compound in this series, was roughly equipo- 
tent to dibutyryl cyclic AMP as a relaxant on 

the guinea pig trachea, and slightly less po- 
tent as a relaxant on the rat portal vein. 

Discussion. The effects of cyclic AMP on 
vascular smooth muscle are variable on diff- 
erent tissues and species (14). Bartelstone el 
al. ( 1 5 )  found that low concentrations of 
cyclic AMP potentiated the contractions of 
rat aortic strips in reponse to norepinephrine, 
but high concentrations of cyclic AMP 
sometimes depressed contractions. Somlyo et 
al. (16) reported that dibutyryl cyclic AMP, 
like theophylline, hyperpolarized smooth. 
muscle of rabbit pulmonary artery in low 
concentrations of K+.  Walter and Bassenge 
(17) reported that cyclic AMP, as well as 
ATP and adenosine, caused relaxation of hel- 
ical strips from portal veins, and renal or 
coronary arteries of the dog. Triner (18) 
found ‘that increasing levels of cyclic AMP in 
the cell, induced by stimulation of adenyl 
cyclase or inhibition of PDE, or mimicking 
these increases by exogenous dibutyryl cyclic 
AMP, were accompanied by relaxation and 
decreased contractility in arterial smooth 
muscle. Berti et al. (19) reported that cyclic 
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AMP and its dibutyryl derivative, as well as 
theophylline, relaxed the rat portal vein in 
vitro ; a negative inotropic effect accompanied 
by a positive chronotropic effect was ob- 
served in each instance. 

Middleton and Fink (20) reported that 
cyclic AMP (4 X Af) had no effect on 
isolated guinea pig tracheal muscle, whereas 
theophylline ( M )  relaxed the muscle. 
Moore et al. (21) found that dibutyryl 
cyclic AMP, at  500 pg/ml, relaxed the 
guinea pig tracheal chain, but that an 
equimolar concentration of cyclic AMP was 
inactive. Guirgis ( 2 2 )  also reported that cy- 
clic AMP, a t  1 mg/ml, was inactive, but 
dibutyryl cyclic AMP, at  250-500 pg/ml, 
relaxed the isollated tracheal tube of the 
guinea pig. Collier et a,?. (23) found that 
intravenous ATP as well as cyclic AMP, but 
not AMP, increased air overflow volume in 
Konzett-Rossler preparations of guinea pig 
lungs in vivo. 

The results reported herein, which indicate 
that dibutyryl cyclic AMP is a more potent 
relaxant than cyclic AMP on excised tracheal 
or vascular smooth muscle, are in general 
agreement with those of others (19-22). 

The relaxant activities of these several an- 
alogs in vitro indicated that 8-thio- and 
8-methylthio-cyclic AMP are more potent 
than the 8-0x0 and 8-methoxy analogs, which 
in turn are more potent than the 8-amino 
and 8-methylamino derivatives. A similar or- 
der of activity was found by Muneyama et 
al. (8) in assessing the activities of these 
compounds as alternate activators of bovine 
brain protein kinase. There is a general trend 
in both reports indicating that the respective 
activities of the compounds decrease as the 
substituent is changed from 8-thio to 8-0x0 to 
8 -amino. 

Two of the three 8-thio-substituted deriva- 
tives, 8-benzylthio- and 8-methylthio-cyclic 
AMP, which were among the most potent 
relaxants on these 2 smooth muscle prepara- 
tions, were also among the most potent inhib- 
itors of porcine brain PDE (8) .  The 8-ben- 
zylthio- and 8-methylthio-cyclic AMP, as 
well as the 8-bromo, 8-amino- and 8-ethylthio 
analogs were also among the most potent 
inhibitors of cat heart PDE, rat b’rain PDE, 

or of both ( 10). Muneyama et al. (8) have 
found that nearly all of their 8-substituted 
analogs of cyclic AMP were resistant to hy- 
drolysis by porcine brain PDE; indeed, only 
8-amino-cyclic AMP was not resistant to en- 
zymatic hydrolysis. 

It is unknown to what extent the potent 
relaxant activities of some of these 8-substi- 
tuted derivatives of cyclic AMP are due to: 
(a )  p,rotein kinase activation; (b)  inhibition 
of a specific PDE; (c) resistance to hydroly- 
sis by PDE; (d) ease of penetration through 
cell membranes; ,or (e) some combination of 
these and other as yet unidentified factors. 
Furthermore, the relative specificity od the 
relaxant effects in vitro of some of these 
8-substituted analogs of cyclic AMP remains 
to be ascertained with related substances, 
such as adenine, adenosine, AMP, ADP, 
ATP, etc. Thus far there is a suggestion of 
relative specificity, in that several 8-substi- 
tuted analogs of cyclic AMP, each at  400 
pg/ml, were inactive in either or both of the 
2 types of smooth-muscle preparations (Ta- 
ble I ) .  Levine (14) has found, however, that 
the inhibitory response of (intestinal) simooth 
muscle to cyclic AMP is nonspecific; thus, 
“adenosine may represent the active relaxant 
component which acts pn a common receptor 
in the smooth muscle cell membrane.” 

Summary. Twelve 8-substituted analogs of 
cyclic AMP were tested on excised guinea pig 
trachea and rat portal vein; cyclic AMP, 
dibutyryl cyclic AMP, and theophylline were 
similarly tested. The ti-benzylthio, 8-methyl- 
thio, 8-azido7 and 8-thio derivatives of cyclic 
AMP were among the most potent relaxants 
of both tracheal and venous smooth muscle. 
Each of these four analogs was: (a) more 
potent than dibutyryl cyclic AMP, but 
less potent than theophylline, on excised 
trachea; and (b) roughly equipotent to or 
less potent than either dibutyryl cyclic AMP 
or theophylline on excised vein. Several other 
8-substituted derivatives of cyclic AMP, as 
well as cyclic AMP itself, were inactive as 
relaxants at  concentrations of 400 pg/ml. 

In general, the decreasing order of relaxant 
activity among the groups of 8-substituted 
analogs of cyclic AMP was 8-thio>8-oxo> 
8-amino. 
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