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CYCLIC AMP AND DRUG ACTION! 

BRUCE McL. BRECKENRIDGE 

Department of Pharmacology, Rutgers Medical School, 
New Brunswick, New Jersey 

The initial concept that cyclic AMP is an intermediate in the actions of 
glucagon and epinephrine has evolved rapidly to include an array of biologi­
cal phenomena so extensive that virtually every facet of pharmacology is 
now involved. Hundreds of relevant publications have been reviewed re­
cently (1-3), and a monograph on cyclic AMP is forthcoming (4) . Valu­
able accounts of cyclic AMP effects are available pertaining to polypeptide 
hormones (5), diazoxide (6), skeletal muscle (7), prostaglandins (8), and 
insulin secretion (9). It is conceivable that the biological effects of mate­
rials as diverse as cardiotonic, psychotropic, contraceptive, antibiotic, and 
diuretic agents will be understood soon in terms of cyclic AMP action. At 
present our limited insight into the cyclic AMP-related actions of drugs is 
the result of our imperfect knowledge of cyclic AMP function at the cellu­
lar level. Understanding of cyclic AMP-linked drug effects probably will be 
attained in terms of the mechanisms of action of the cyclic nucleotide and 
the means by which its intracellular concentration is controlled. Therefore, 
the enzymes of cyclic AMP metabolism and certain basic cell functions have 
been selected as topics under which to summarize research published, with 
few exceptions, subsequent to previous reviews. Included are substantial ad­
ditions to the evidence which supports the concept formulated by Sutherland 
and his colleagues of cyclic AMP as a second messenger. A few reports sug­
gest that the momentum for general acceptance of that exceedingly useful 
thesis is so great that other possible interpretations may be obscured. 

ADENYL CYCLASE 

Recent studies are in accord with earlier work in showing enzyme activ­
ity to be associated with particles, to have moderately alkaline pH optima, 
and to be stimulated by magnesium and fluoride (10-15). A soluble cyclase 
from E. coli has been purified IOO-fold (16). Fluoride inhibits this enzyme, 
as well as partially purified cyclase from liver (17) and adipose cells (18). 
The presence of functional sulfhydryl groups may be inferred from the re­
quirement for dithioerythrotol in frog erythrocytes (14). The apparent Km 
for ATP is about 1 X lO-4M in the presence of fluoride in pineal body (11) 

1 Abbreviations used in this review are: cyclic AMP (adenosine 3',5' -mono­
phosphate); db-cyclic AMP (NB,2'-O-dibutyryl adenosine 3',5'-monophosphate); 
MJ1999 (4- (2cisopropyIamino-l-hydroxyethyl) methanesulfonanilide HeI). 
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20 BRECKENRIDGE 

and adipose cell homogenates (19) . Nuc1eotides other than ATP can inhibit 
adenyl cyclase (12,14,20). 

The extensive list of biological phenomena in which Ca++ may be linked 
in some way with cyclic AMP-mediated events focuses intense interest on 
the apparent calcium requirement for stimulation of particulate preparations 
of adenyl cyclase (17, 18, 21) . These and other studies (11, 12, 14, 15) 
agree with earlier work showing an inhibition of activity by excess calcium. 

Recent studies have demonstrated clearly that the plasma membrane con­
tains adenyl cyclase. Both biochemical and morphological criteria have been 
satisfied in the case of liver (17, 22) , and frog erythrocytes (14) . A highly 
convincing, if indirect, demonstration of cyclase location is that ACTH dia­
zotized to p-aminobenzoyl cellulose fibers and thereby rendered insoluble 
stimulated steroid synthesis in adrenal cell cultures (23) . 

Studies of the subcellular distribution of adenyl cyclase do not appear to 
exclude the possibility that a fraction of the enzyme is associated with intra­
cellular organelles. For example, cyclase activity of brain was found in all 
particulate fractions (24), and a nerve ending fraction exhibited half the 
specific activity of crude mitochondrial starting material (25). Fractions of 
cell homogenates sedimenting as nuclei, mitochondria, and microsomes con­
tain fragments of plasma membrane, but it is conceivable that cyclase occurs 
in other intracellular structures in adrenal (21) , heart (26), kidney, 
myometrium, and mammary glands (27), 

Hormone-responsive cyclase activity is operationally separate from fluo­
ride-stimulated activity in pineal body (11), frog erythrocytes (14), and 
ovary (28). Adenyl cyclase of liver responsive to epinephrine can be differ­
entiated from glucagon-sensitive activity (17, 22, 29) . Detailed study of ad­
enyl cyclase of adipose cells demonstrated that multiple hormone-specific 
sites affect the activity of a single adenyl cyclase (30) . Thus, adenyl cyclase 
activity and hormone sensitivity function as distinct entities. The nature of 
the linkage between them remains a matter of speculation. Fragmentary evi­
dence points to the existence of a soluble activator for adenyl cyclase. Frac­
tions possessing no cyclase activity which augment or preserve that of parti­
cles have been noted for rat cerebellum (24) , rat liver (29) , and BHK cells 
(31) . 

New illustrations of adaptive change in the level of adenyl cyclase activ­
ity include loss of activity in failing myocardium (32), increased cyclase re­
sponse to norepinephrine in denervated pineal body (33), and a rise in cy­
clase of adipose tissue after fasting (34). De novo synthesis of adenyl cy­
clase in adipose tissue of the hyperthyroid rat has been reported (35) as 
well as stimulation immediately after the addition of thyroid hormones to 
heart homogenates (36) . Hypersensitivity due to adrenergic denervation is 
not associated with altered cyclase levels in the cat heart (37). Renal cortex 
cyclase activity nearly doubled after water deprivation (38) , and endoge­
nous cyclic AMP was elevated in the cortex to a greater degree than in the 
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CYCLIC AMP AND DRUG ACTION 21 

medulla (39). These changes were attributed to the action of endogenous 
vasopressin released during water deprivation. 

CYCLIC NUCLEOTIDE PHOSPHODIESTERASE 

Enzymes which catalyze hydrolysis of the 3'-bond of cyclic AMP exhibit 
more varied characteristics than were suggested by the initial studies of 
beef heart phosphodiesterase. Degradation of cyclic AMP is under control 
of three components in mutants of E. coli (4{)). At least two enzymes are 
responsible for phosphodiesterase activity of brain (41) which is distributed 
among several fractions (24, 25, 42). The liver enzyme is largely soluble 
(43) , and does not hydrolyze db-cyclic AMP in contrast to the enzyme of 
adipose tissue (44). Heart phosphodiesterase does not interact with db­
cyclic AMP as substrate or inhibitor (45) . 

Recent findings with methylxanthines underscore the desirability of ob­
taining evidence for inhibition of phosphodiesterase in various tissues and 
of considering other actions of these agents. Theophylline at low levels in­
hibits the phosphodiesterase activity of rat liver (43) . High concentrations 
inhibit phosphodiesterase activity of adipose cell fragments (18, 19) , but are 
much less effective in the case of homogenates of ovary (28) , brain (42) , 
and toad bladder epithelium (46) . Previous studies have shown that meth­
ylxanthines at levels unlikely to inhibit phosphodiesterase appreciably when 
measured under optimal conditions may nonetheless increase cyclic AMP in 
tissue. In studies of intact cells in which low concentrations of theophylline 
potentiated other phenomena such as lipolysis (35, 44) , or DNA synthesis 
(47) , it is less certain that phosphodiesterase inhibition can be invoked as 
the explanation. A series of purine and pyrimidine derivatives inhibit adi­
pose tissue phosphodiesterase, but guanosine and inosine inhibit rather than 
augment lipolysis (48). 

Numerous effects of methylxanthines not attributed to phosphodiesterase 
inhibition have important implications for cyclic AMP-related research. 
Catecholamines are released from brain (49) and heart (50) by methylxan­
thines. Concentrations of theophylline which potentiate phosphorylase acti­
vating effects of catecholamines on the heart (presumably cyclic AMP-me­
diated) depress the myocardium (51). Caffeine exerts effects not mediated 
by cyclic AMP upon an energy transfer system linked to calcium accumula­
tion in sarcoplasmic reticulum (52) . Theophylline inhibits cyclic AMP ac­
cumulation in electrically stimulated slices of cerebral cortex, which is con­
trary to the effect predicted from phosphodiesterase inhibition (53). The in­
crease in chloride permeability caused by theophylline applied to the frog 
skin was attributed to a locus other than phosphodiesterase (54) . The puri­
fied adenyl cyclase of frog erythrocytes is inhibited by theophylline (14). 

Diazoxide and other benzothiadiazines have been shown previously to in­
hibit cyclic nucleotide phosphodiesterase, but is it unlike that this property 
fully accounts for the drug-associated effects of hyperglycemia, hypotension, 
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22 BRECKENRIDGE 

tachycardia, and lipolysis (6). It is clear that the hyperglycemic effect re­
sults from inhibition of insulin release and peripheral phenomena closely re­
sembling those of catecholamine release. Inhibition of phosphodiesterase ac­
tivity in islet cells probably enhances rather than restricts the release of in­
sulin. The inhibition of insulin secretion by diazoxide is antagonized by tol­
butamide. A related sulfonylurea, chlorpropamide, inhibits the effect of ex­
ogenous cyclic AMP in promoting osmotic water flow in the toad bladder 
(55). Studies on aortic segments revealed a striking competitive blockade by 
diazoxide of calcium-effected shortening in the presence of norepinephrine 
(56). 

Phosphodiesterase activity in muscle and liver dependent upon insulin 
and corticosteroids has been described (57). However, others were unable 
to discern effects of insulin on liver (43) or rat adipose tissue phosphodies­
terase (44). 

Imidazole stimulates the activity of phosphodiesterase from brain (42), 
liver (43), and adipose tissue (58) in accord with its known effect on the 
beef heart enzyme. Imidazole antagonizes the serum calcium response to 
db-cyclic AMP in parathyroidectomized rats (59) and reduces the lipolytic 
response of isolated adipose tissue to cyclic AMP and db-cyclic AMP (60). 
That imidazole stimulates phosphodiesterase and thereby lowers intracellu­
lar cyclic AMP is suggested, but the intracellular concentration of imidazole 
is likely to be very low in comparison to the concentration needed to stimulate 
the enzyme. 

Nicotinic acid did not stimulate phosphodiesterase of fat pad (58, 61) 
and liver (43). It blocks db-cyclic AMP-induced lipolysis of isolated adipose 
cells (44), but 5-methylpyrazole-3-carboxylic acid, a compound with many 
similar actions, does not (58). Interference with cyclic AMP synthesis is a 
likely mechanism of action for these compounds (34,58,61, 62). 

INTRACELLULAR CVCLIC AMP 

Cyclic AMP is formed from ATP in the reaction catalyzed by adenyl 
cyclase, but it may be removed by hydrolysis of the 3'-phosphate bond, by 
translocation from the intracellular space, and as noted below, by reversal 
of the adenyl cyclase reaction and perhaps by adenylation of macromole­
cules. Clearly, the control of the intracellular concentration of cyclic AMP 
is complex. 

Rapid increases following application of an agonist to intact tissue occur 
in brain (53), heart (63), liver (64), thyroid (65), skeletal muscle (66), 
adipose cells (67), and uterus (68). Concentrations of cyclic AMP may dif­
fer greatly when different agonists are applied to the same cells, and may 
attain levels in excess of the concentration needed for maximal stimulation 
of glycogenolysis and gluconeogenesis (64). Typically the new level decays 
in the continued presence of an agonist. After a two-hour incubation of 
liver slices with epinephrine, cyclic AMP levels were little different from 
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CYCLIC AMP AND DRUG ACTION 23 

controls although cyclic AMP-mediated changes in gluconeogenesis contin­
ued (69). 

Turnover rather than concentration of cyclic AMP may be expected to 
correlate with many physiological events. Although such data are not pres­
ently available for cyclic AMP, the device of labeling cyclic AMP by pre-la­
beling intracellular ATP together with the use of one of the established 
methods for measuring absolute amounts of cyclic AMP should make such 
measurements feasible. A limitation to be recognized is that multiple pools 
of cyclic AMP exist in complex tissues, and probably exist within single cell 
types. About 60 per cent of cyclic AMP in liver was found with particles 
(64). An hypo thesis that separate intracellular pools of cyclic AMP exist in 
adipose cells has been devised in considering the lack of parallelism between 
cyclic AMP levels and lipolytic response (67). Potentiation of lipolysis by 
theophylline in the case of norepinephrine but not of ACTH (70) could be 
similarly interpreted . 

Evidence for the exis"tence and type of adrenergic acceptors accrued 
from quantitative comparisons using intact tissues and a variety of agonists 
and antagonists. When an extensive list of species, tissues, experimental 
conditions, responses, and compounds are considered, it is clear that a large 
spectrum of receptor types exists. The suggestion that stimulation of fJ-re ­
ceptors results in an increase of cyclic AMP and stimulation of a-receptors 
a decrease, was based upon measurements at one time interval after single 
doses of epinephrine, propranolol, and phentolamine (71). Demonstrations 
that cyclic AMP formation in the perfused liver is stimulated equally well 
by epinephrine and norepinephrine (64), that levo- and dextro-propranolol 
block insulin secretion (72), and that effects of both norepinephrine and iso­
proterenol on iodine uptake by thyroid cells are blocked by phentolamine 
(73) illustrate a few of the problems in applying the concept generally. 
However, difficulties of characterizing adrenergic receptors, which are in 
part semantic problems, should not obscure the fact that catecholamines do 
appear to lower cyclic AMP levels in some instances. Norepinephrine de­
creases cyclic AMP levels in the frog skin treated with melanocyte stimulat­
ing hormone (74), and the toad bladder response to epinephrine and norepi­
nephrine is consistent with a lowering of cyclic AMP (75). 

Ambiguities in relating cyclic AMP and adrenergic events may be 
caused by blocking agents that affect numerous parameters in addition to in­
hibition at a- and fJ-receptor sites. The a-blocking agen ts, phenoxybenza­
mine and phentolamine, inhibit extraneuronal accumulation of norepineph­
rine in the heart (76), and dihydroergotamine blocks effects of cyclic AMP 
on liver (77). Propranolol and other fJ-adrenergic blockers inhibit lipolysis 
in response to db-cyclic AMP but at concentrations which probably inhibit 
adipose cell metabolism generally (78). The capacity of fJ-adrenergic antag­
onists to inhibit calcium transport by endopl asmic reticulum (79) has impor­
tant implications for numerous other phenomena, such as the block by 
MJ1999 of insulin secretion in response to cyclic AMP (72) . 
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24 BRECKENRIDGE 

New examples of prostaglandin El effects for which no unifying interpre­
tation at the molecular level is presently available include increased steroi­
dogenesis by rat adrenal (80), increased glucose oxidation and iodine bind­
ing by thyroid (81, 82) , and stimulation of cyclase in platelets ( 83, 84) . No 
effect on cyclase of adrenal tumor was noted (12) , but it is inferred that in 
isolated collecting tubules of kidney (85) , gastric mucosa (86) , and adipose 
cells (87) , prostaglandin El interferes with peptide hormone stimulation of 
adenyl cyclase. 

The mechanism by which cardiac glycosides antagonize cyclic AMP-re­
lated lipolysis (19, 88) ,  carbohydrate metabolism (89) , and ion permeability 
(90) has not been defined fully. In adipose cells, a likely locus is an ion 
transport system, since potassium affects lipolysis (88) and potentiates 
ACTH stimulation of cyclase activity (18) . Excess potassium ion appears to 
inhibit epinephrine stimulation of heart adenyl cyclase (63) but blocks the 
action of cyclic AMP on the phosphorylase activating system of muscle 
(91 ) .  

MECHANISM OF ACTION OF CYCLIC AMP 

Studies of the structure of cyclic AMP by means of X-ray diffraction 
reveal two forms with glycosidic bond angles different from that of 5' -AMP 
(92) . Reversibility of the adenyl cyclase reaction and a high energy content 
of the 3'-phosphate bond of cyclic AMP have been deduced from experi­
ments with soluble adenyl cyclase (93), but attempts to obtain reversal of 
the cyclase reaction with purified enzyme of frog erythrocyte ( 14) and the 
soluble cyclase of E. coli (16) have been unsuccessful. 

Work on the stimulation of muscle phosphorylase kinase has culminated 
in the purification of a protein kinase which requires cyclic AMP for activ­
ity (94) . Subsequently, the occurrence of similar protein kinases dependent 
upon cyclic AMP has been shown in liver (95) , brain (96) , E. coli (97), 
and adipose cells (98) . The protein kinases effectively phosphorylate his­
tones, which then may result in unmasking of DNA. The induction of en­
zyme synthesis, noted below, may depend on this phenomenon. Stimulation 
of glycogen synthesis I kinase by cyclic AMP (99-101) indicates that a pro­
tein kinase serves a function analogous to that in the phosphorylase activat­
ing system. 

Speculation that activation of the protein kinase might occur by adenyl a­
tion derives from the finding of reversibility of the adenyl cyclase catalyzed 
reaction and the precedent of adenylation by ATP of glutamine synthetase 
(96). The evidence which exists fails to support adenylation of enzymes by 
cyclic AMP, but it is far from conclusive. The interpretation that cyclic 
AMP does not bind to intact tissue is limited by lack of sensitivity and pre­
cision of the methods (46). The inability to detect an adenylated protein in 
studies of muscle phosphorylase kinase may be caused by the fact that only 
a minute fraction of the material tested was phosphorylase kinase kinase, 
the cyclic AMP-sensitive enzyme. 
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CYCLIC AMP AND DRUG ACTION 25 

Cyclic AMP has been shown to alter the binding of other ligands to pur­
ified phosphofructokinase of skeletal muscle and heart (102) . These phe­
nomena may be of minor functional importance for phosphofructokinase, 
since ADP and AMP exert similar effects. However, the cyclic nucleotide 
may affect other enzymes by an analogous mechanism. For example, cyclic 
AMP inhibits the TPN specific malic enzyme of E. coli (103). A related 

concept is that an enzyme may be altered so that its response to a given con­
centration of cyclic AMP is changed. Such an explanation has been pro­
posed for insulin effects on glycogen synthetase I kinase (99), and for adre­
nal corticoid effects on gluconeogenesis (64). 

Cyclic AMP, db-cyclic AMP, and other analogues, when applied to intact 
cells, may exert actions not related to the cyclic phosphate moiety. Several 
other adenine nucleotides duplicate the effects of cyclic AMP applied to 
adrenal cells in tissue culture (104) , and to intestinal smooth muscle (105) . 
Numerous effects of noncyclic adenine nucleotides on cardiovascular param­
eters have been recorded. However, the possibility is not excluded that in­
tracellular cyclic AMP may play an important role in some instances where 
the adenine nucleotides mimic the effects of exogenous cyclic AMP. Concen­
trations of adenosine and adenine mononucleotides as low as 10MM caused 
large accumulations of cyclic AMP in slices of cerebral cortex (53) . Al­
though this phenomenon was not duplicated in bovine thyroid slices (65), 
attempts to confirm or deny its occurrence in other tissues would seem es­
sential. 

The use of nucleotide analogues to elucidate the mechanism of action of 
cyclic AMP has been only partially exploited. A receptor site for cyclic 
AMP mediation of liver glycogenolysis is also affected by the 3',5'­
monophosphates of inosine and tubericidin, but only minimally by compara­
ble analogues of guanosine, thymidine, and uri dine, and not at all by that of 
cytidine (106) . The protein kinase of adipose cells is also stimulated by ino­
sine 3',5'-monophosphate (98). The response to cyclic AMP of pancreas is 
inhibited by 3'-AMP (107) , and of adipose cells by guanosine 3',5'­
monophosphate (108) . Induction of phosphopyruvate carboxylase in liver by 
cyclic AMP is not duplicated by other 2',3'- and 3',5'-mononucleotides (109). 
Thyrocalcitonin blocks both db-cyclic AMP and parathyroid hormone effects 
on calcium and phosphate metabolism (110). 

Two unifying concepts for phenomena which involve membranes, cyclic 
AMP, and calcium ion have been proposed (111). In the first hypothesis, 
cyclic AMP is viewed as a relatively stable compound, not participating in 
other cellular reactions. Its important attribute is that it does not chelate 
calcium, whereas membrane-bound ATP does. Calcium ion release is visual­
ized as a consequence of the stimulation of adenyl cyclase resulting in the 
conversion of membrane-bound A TP to cyclic AMP. As noted above, it has 
subsequently been learned that reversal of the adenyl cyclase catalyzed re­
action can occur. Elevating cyclic AMP by means of phosphodiesterase inhi­
bition should generate membrane-bound ATP, increase calcium chelating 
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26 BRECKENRIDGE 

capacity, and inhibit those events now recognized as cyclic AMP mediated. 
A more direct criticism comes from the finding that cyclic AMP itself re­
leases calcium ion from the perfused liver (112) . In the second hypothesis, 
cyclic AMP is regarded as a reactive compound which increases penneabil­
ity of cell membranes to calcium ion. Numerous phenomena are compatible 
with that idea, including the recent examples of an apparent requirement 
for calcium ion in the cyclic AMP-linked metabolic response of heart (63) , 
thyroid (113), and kidney (114). It is conceivable that parathyroid stimu­
lated bone resorption is due to cyclic AMP-mediated calcium transport 
( 15). 

INTEGRATED CELLULAR EVENTS 

Carbohydrate melabolism.-Greater understanding of the linkage be­
tween adrenergic stimulation and glycogenolysis has been attained. In the 
calcium-deficient rat heart, epinephrine-induced activation of phosphor­
ylase is diminished in spite of a rise in cyclic AMP and phosphorylase ki­
nase activation (63). Some dissociation of cyclic AMP levels from phospho­
rylase activation occurs in normal mice as well as in those lacking phospho­
rylase kinase (66) . 

Evidence for cyclic AMP effects on mitochondrial metabolism has been 
obtained in studies of metabolites in renal cells after parathyroid hormone 
treatment (114), and in studies of oxidative phosphorylation in brown fat 
cells (115). A mitochondrial locus, possibly pyruvate carboxylase, is favored 
as the site of cyclic AMP action in gluconeogenesis in liver (116, 117). 

The role of a cyclic AMP-activated triglyceride lipase augmenting glu­
coneogenesis remains controversial. Glucagon and cyclic AMP stimulate the " 

release of free fatty acids and increase acyl coenzyme A esters in liver slices 
(118) . Effects of oleate and glucagon on several metabolic parameters of per­
fused liver have been interpreted as supporting the concept that cyclic AMP 
activates a lipase and that fatty acid oxidation contributes to gluconeogen­
esis (119). Interpretations from closely analogous studies of perfllsed liver 
differ (116, 117). There is agreement that adrenal corticoids affect glucO­

neogenesis through mechanisms other than increased cyclic AMP concentra­

tion in the liver (64, 69, 120). Insulin lowers cyclic A¥P levels in liver fol­

lowing epinephrine or glucagon (64), but fails to do so in diaphragm (9?, 
121). The conversion of glycogen synthetase from the D to the I form Is­

accomplished, however. Findings that db-CYclic AMP depresses several met­

abolic parameters in diaphragm led to the suggestion that insulin may pro-/",,> 

mote the synthesis of a cyclic AMP antagonist (122) . 
Lipolysis.-Cyclic AMP effects on lipolysis appear to be separable from 

those on carbohydrate utilization by adipose cells (87). The lipolytic re­
sponse subsequent to cyclic AMP formation is under complex control, but 
the newly discovered protein kinase of adipose cells may playa pivotal role 
by phosphorylating lipase (98). Sulfhydryl groups are essential for acti�a- �J 
tion of lipase (123), and inosine, adenosine, and deoxyadenosine may be tn- / 
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hibitory (48). Insulin appears to block adenyl cyclase while polyene anti­
biotics and bacterial protease, which mimic effects of insulin on lipolysis, do 
so by different mechanisms (67). The striking disparities between relative 
concentrations of intracellular cyclic AMP and lipolysis obtained with these 
agents and with several other antibiotics (124) are not easily reconciled 
with the second messenger concept. Failure of insulin to lower adipose cell 
cyclic AMP (62) also argues that a unified explanation relating insulin, 
cyclic AMP, and lipolysis has not yet been devised. 

The complex response of plasma free fatty acids to cyclic AMP adminis­
tration in vivo reflects actions on many cell types in addition to adipose tis­
sue. In the human a prompt fall in free fatty acids is followed by an in­
creased level (125). The release of insulin in response to db-cyclic AMP 
in fusion in rats may account for the fall in plasma glycerol (126). 

Contractility.-In the heart, a close parallelism of cyclic AMP levels and 
inotropic effects of adrenergic agents has been established (1). Glucagon 
acting at a locus separate from the catecholamine site effectively stimulates 
both the inotropic response and adenyl cyclase of heart (127, 128). The 
suggestion that the inotropic response is dissociated from cyclic AMP 
changes after glucagon is based upon measurements of tissue which may not 
have been sufficiently rapidly frozen and extracted (129, 130). 

The possibility exists that cyclic AMP is involved in cytoplasmic motility 
coupled to secretion and translocation of cytoplasmic particles. A graphic il­
lustration of the capacity of cyclic AMP to exert such effects is the revers­
ible dispersion of granules in melanocytes (74). Indirect evidence for hista­
mine release from leukocytes in a process which involves microtuhules and 
cyclic AMP has been obtained (131, 132). A related speculation links cyclic 
AMP, microtubules, and the intracellular movement of insulin granules in 
the {1-cell (133). 

Secretion.-Cyclic AMP has been implicated recently in renin elabora­
tion by renal cells (134) and exocrine secretion by pancreas (107). Insulin 
is secreted from {1-ceUs in response to secretin, pancreozymin, and gastrin 
(135) as well as to glucagon and isoproterenol. Phentolamine pre-treatment 
augments the insulin secretory response not only to epinephrine (136) but 
also to tranylcypromine (137). Inhibition by {1-adrenergic blocking agents 
occurs with tranylcypromine, prostaglandin El, and cyclic AMP-induced se­
cretion (72, 137). 

Evidence has been obtained that cyclic AMP participates in the release 
from the anterior pituitary of ACTH (138), FSH (139), and TSH (140). 
Growth hormone release may depend upon cyclic AMP, but the effects of 
epinephrine on that process differ from those on insulin secretion (136, 
141). 

Cyclic AMP has been implicated in TSH action on thyroid, but the 
events associated with thyroxin secretion are not readily distinguished from 
coincidental changes in carbohydrate and phospholipid metabolism. Thyroid 
stimulating hormone increases cyclic AMP accumulation (65). Iodine bind-
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ing and colloid formation are increased by TSH, db-cyclic AMP, and cyclic 
AMP (82, 142) , and the effects are potentiated by methylxanthines. Iodine 
binding is also increased by epinephrine, but theophylline is without effect 
(73) . TSH and db-cyclic AMP stimulate glucose oxidation and 82p incorpo­
ration into phospholipids (82) through a metabolic sequence requiring cal­
cium ion (113) . Disparities in the pattern linking cyclic AMP with these 
metabolic events are that db-cyclic AMP and theophylline fail to potentiate 

effective doses of TSH (143) and that increased labeling of phospholipids 
may be due to greater uptake of 32p (144) . Detailed study of bovine thyroid 
slices indicated that cyclic AMP is not involved in the TSH-stimulated oxi­
dation of glucose-l-HC and pyruvate-HC (145) . The interpretation that 
cyclic AMP does not mediate biosynthetic responses to TSH (144) was 
based upon 82p and 1251 incorporation into macromolecules and therefore is 
not necessarily in conflict with the finding that cyclic AMP accelerates pro­
tein synthesis by thyroid polyribosomes (146) . 

Questions of specificity and site of cyclic AMP stimulation of adrenal 
steroidogenesis are not resolved. Additional evidence that increased capacity 
for ll,B-hydroxylation by stimulated cells in culture is a mitochondrial func­
tion has been obtained (104) . The stimulation of corticosteroid synthesis by 
prostaglandins, like that of cyclic AMP, is blocked by inhibiting protein syn­
thesis (80) . Multiple sites for cyclic AMP action on the adrenal are sug­
gested by the capacity of db-cyclic AMP to sustain adrenal content of DNA, 
RN A, and protein of hypophysectomized rats (147) . An important reserva­
tion in interpreting cyclic AMP effects on steroidogenesis derives from the 
finding that pregnenolone accumulation in response to cyclic AMP is due to 
inhibition of a subsequent step (148) . 

Neurohumoral transmission.-Electrical impulses applied to slices of ce­
rebral cortex increased the content of cyclic AMP (53) . The effect was en­
hanced by norepinephrine and histamine, but in contrast to previous find­
ings, the amine effects were inhibited by theophylline. This fact and other 
disparities in comparison to studies using slices prepared at 4° C complicate 
possible interpretations, but it appears that cyclic AMP accumulation cannot 
be attributed to release of endogenous histamine or norepinephrine. Also, 
regional distributions of adenyl cyclase and phosphodiesterase do not corre­
late with catecholamine content (24, 42) and catecholamines fail to stimu­
late adenyl cyclase from certain brain areas. Recently, direct evidence for 
cyclic AMP function in the nervous system has been obtained by injecting 
or implanting nucleotides into various brain regions (149, 150) , and by per­
fusing the ventricles (15 I). Hyperactivity, hyperthermia, mydriasis, saliva­
tion, pilo-erection, and convulsions were observed at short time intervals 
(149, 151) , and hyperphagia and prolongation of the estrous cycle over lon­
ger periods (150) . The mechanism of these diverse effects at the neuronal 
level is not known, but the earlier inference of enhanced release of acetyl­
choline at motor nerve endings (152) is supported by the increased fre­
quency of miniature end plate potentials in response to db-cyclic AMP and 
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theophylline (153) . An analogous mechanism may participate in the release 
of neurotransmitters and hypophyseal releasing factors (111, 150) . 

Permeability.-The heterogeneity of cell types in the amphibian bladder 
may be responsible for recent qualifications in interpreting the role of cyclic 
AMP in sodium and water permeability. Smooth muscle cells of the toad 
bladder contribute to changes in cyclic AMP content in response to adrener­
gic agents and to changes in surface area of the bladder under study (75) . 
Isolated epithelium of frog bladder exhibits a greatly reduced response to 
exogenous cyclic AMP and theophylline (154). A potentially valuable tool 
in pursuing cyclic AMP effects on ion transport is the duck erythrocyte 
which accumulates K+ and water in response to db-cyclic AMP and {3-ad­
renergic agonists (155). Potassium ion is reported to enter (77) and to 
leave (64, 112) the perfused liver in response to cyclic AMP. 

Indications that cyclic AMP may mediate effects of aldosterone on toad 
bladder (156) and estrogen on amino acid uptake by uterus (157) are of 
interest in view of previous unsuccessful attempts to link steroid and cyclic 
nucleotide effects. 

Protein synthesis.-Synthesis of tyrosine aminotransferase, glucose-6-
phosphatase, and phosphopyruvate carboxykinase is induced in fetal rat 

liver explants by cyclic AMP or db-cyclic AMP by a mechanism separate 

from that of hydrocortisone stimulation (109, 158, 159) . Formation of se­
rine dehydratase of rat liver in addition to these enzymes is stimulated by glu­
cagon and epinephrine as well as by cyclic AMP (160). Clear dissociation 
of corticosteroid induction of tyrosine aminotransferase from cyclic AMP 
occurs in rat hepatoma (161) . The synthesis of several lysosomal enzymes 
by bone explants is stimulated by db-cyclic AMP (162) . 

A single locus for all cyclic AMP actions on the protein synthesizing ap­
paratus is unlikely in view of the fact that effects ranging from increased 
DNA synthesis (47) to stimulation of polyribosomes (146, 163) have been 
observed. Cyclic AMP increases synthesis of {3-galactosidase in E. coli and 
antagonizes glucose repression. The use of mutant strains led to the conclu­
sion that cyclic AMP acts at the level of transcription of DNA at the lac 
promoter site. The suggestion that cyclic AMP functions at the level of glu­
cose conversion to glucose-6-phosphate rather than at the level of DNA 
transcription is not supported by studies which show a cyclic AMP effect on 
an early stage of transcription (164). 

METHODS 

Adenyl cyclase is conveniently measured by the use of labeled ATP com­
bined with chromatographic separation of cyclic AMP (10, 19, 20, 27) . A 
barium-zinc precipitation of interfering materials is an important contribu­
tion (10), but limitations remain on the separation of the cyclic nucleotide 
(19). Although methylxanthines may eliminate phosphodiesterase activity in 
some instances (127) , cyclic AMP can be rapidly degraded (28) . The addi-
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tion of nonradioactive cyclic AMP and of an ATP-regenerating system is 
helpful (18,20) . 

New procedures for cyclic nucleotide phosphodiesterase measurement in­
clude continuous monitoring by means of a coupled enzymatic system (57) , 
and a titrimetric assay (165) . A micromethod applicable to samples of fro­
zen dried tissue weighing one p.g is available (42) . Procedures in which the 
net conversion of cyclic AMP to 5'-AMP by tissue extracts is assessed are 
subject to the reservation that cyclic AMP may be converted to 5'-AMP by 
a series of reactions rather than by hydrolytic cleavage (40) . 

For measurements of endogenous cyclic AMP, methods based upon the 
hydrolysis of cyclic AMP to 5'-AMP by means of purified phosphodiesterase 
followed by the conversion to ATP offer certain advantages. High sensitiv­
ity is attained by enzymatically amplifying the ATP and using a fluorome­
tric procedure (120) , or 32p can be enzymatically incorporated into A TP 
(166). Operational simplicity of the enzymatic radioisotopic displacement 
method (41) is a clear advantage for many applications. 

In contrast to measures of absolute amount of cyclic AMP, relative 
changes can be estimated by labeling intracellular ATP (67, 129, 167) . Sim­
plicity of these procedures is balanced by the fact that the assumption of 
constant specific activity of A TP may not be valid. Changes in turnover of 
adenine nucleotides have been noted in related experiments (168) . In mea­
surements of cyclic AMP after adding labeled ATP to the medium (62), 
two findings suggest that adenyl cyclase in the intact cells is not freely 
accessible to ATP; the apparent Km for ATP is high in comparison to that 
of broken cell preparations (19) and activity increases with hypo-osmolar­
ity. 

All methods for measurement of endogenous cyclic AMP depend for va­
lidity upon rapid freezing of tissue because major changes occur within sec­
onds in many cell types. 
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