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I. INTRODUCTION 

Adenosine 3',5'-monophosphate (cyclic AMP) was discovered by Rail 
and Sutherland in the course of their investigations on the role of epi
nephrine and glucagon in the breakdown of glycogen in liver (1-3). 
Nonenzymatic synthesis of cyclic AMP was achieved at the same time 
by (a) hydrolysis of ATP in the presence of Ba(OH)2 (4) and (b) 
degradation of adenylic acid in the presence of dicyclohexylcarbodiimide 
(5). 
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Cyclic AMP is a very stable compound. It has a strained phosphate 
bridge between the 3'- and 5'-hydroxyls on the same ribose. The free 
energy of hydrolysis of cyclic AMP is —11.9 kcal/mole (6). Under 
similar conditions the free energy of hydrolysis of the terminal phosphate 
bond of ATP is —8.9 kcal/mole. Intracellular levels of cyclic AMP 
are regulated by the relative activities of adenyl cyclase and phospho
diesterase. The substrate adenosine triphosphate in the presence of Mg

2+ 

is (enzymatically) cleaved to form cyclic AMP and pyrophosphate (7). 
The enzyme catalyzing this reaction, adenyl cyclase (8), is found in 
the plasma membrane of almost all types of animal cells (9). A phos
phodiesterase, which is found in both the soluble and particulate fractions 
of the cell, hydrolyzes cyclic AMP to adenosine 5'-monophosphate (8). 

Cyclic AMP is widely distributed in nature and has been detected 
in several bacteria (10-13), slime mold (14), higher plants (15-17), 
and almost all animal tissues studied so far (18). Interactions of a 
number of polypeptide hormones and biogenic amines with their respec
tive target tissues lead to an enhanced production of cyclic AMP in 
these cells. The increase in the level of cyclic AMP precedes all metabolic 
and physiological responses elicited by hormones. These observations 
led Sutherland et al. to propose cyclic AMP as a second messenger 
in hormone action (19-21). Cyclic AMP alters metabolic and physiologi
cal responses either directly or indirectly by releasing certain hormones 
(22) which in turn may act via cyclic AMP on their target tissues. 

In view of the existence of cyclic AMP in lower organisms and the 
demonstration of its role in the regulation of a variety of metabolic 
and physiological processes, it is conceivable that this regulatory intra
cellular compound arose much earlier than the hormones in the course 
of evolution. 

A variety of metabolic and physiological processes in uni- and multi
cellular organisms are directly or indirectly controlled by cyclic AMP. 
For instance, in the slime mold it has been established as the agent 
responsible for initiating aggregation (14, 23). In Escherichia coli, 
catabolite repression of inducible enzymes like /?-galactosidase in the 
presence of glucose has been ascribed to an alteration in the level of 
cyclic AMP, which has been shown to promote the synthesis of lac 
mRNA (24, 25). Cyclic AMP also overcomes the repression of flagella 
formation in the presence of glucose (26, 27). In differentiated cells, 
cyclic AMP has been found to increase the activities of several enzymes 
(28) and to stimulate RNA and protein synthesis (29, 30). There are 
many other functions of cyclic AMP but a description of these is outside 
the scope of this chapter. Excellent reviews are available (19-21, 31-37). 
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Recently some progress has been made in understanding the mecha
nism of action of cyclic AMP. Most cells in which cyclic AMP formation 
is increased in response to an effector agent contain cyclic AMP-de-
pendent protein kinases. The kinase is generally associated with the 
cyclic AMP-binding protein, rendering it catalytically inactive. The 
binding of cyclic AMP to this protein dissociates it from the kinase 
(88-40). The active kinase thus released can phosphorylate a variety 
of proteins in a cell (41, 4%)> Such a mechanism at least in principle 
can account for the functions of cyclic AMP in diverse types of metabolic 
and physiological processes. 

II. DISTRIBUTION, SUBCELLULAR LOCATION, PURIFICATION, 
AND PROPERTIES OF ADENYL CYCLASE AND CYCLIC 

AMP PHOSPHODIESTERASE 

A. Adenyl Cyclase 

1. DISTRIBUTION AND SUBCELLULAR LOCATION 

Sutherland et al. in 1962 reported the distribution of adenyl cyclase 
in many mammalian tissues (6*). Since then its presence has been demon
strated in platelets (48, 44), human leukocytes (45), thymus (46), lymph 
node cells (47), spermatozoa (48, 4$), epidermis of newborn rats (50), 
Nacturus gastric mucosa (51), sea urchin embryos (52), -frog retinal 
outer rod segments (53), hair follicles (54), testis (55), uterus (56, 57), 
human skin fibroblasts (58), neuroblastoma (59), glial cells (60), and 
adrenal tumor cells (61-63). Several types of cells of malignant origin 
(64) have also been shown to contain appreciable amounts of adenyl 
cyclase. 

Of all the tissues studied, brain has the highest activity of adenyl 
cyclase. The superficial gray cortical areas contain more adenyl cyclase 
activity than the white areas (8). It is likely that the enzyme is situated 
in cell bodies or at synapses (65, 66). The regional distribution of the 
enzyme in brain has been studied, and the highest activity has been 
found to be in cerebral cortex, its activity being lowest in the pons 
and medulla (67). 

In all mammalian tissues, adenyl cyclase is entirely bound to particu
late material. Fractionation studies of brain have revealed that 6 0 % 
of the enzyme is associated with the mitochondrial pellet, about 2 5 and 
1 5 % being localized in the nuclear and the microsomal fractions, respec-
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tively (67). Further fractionation shows the highest activity of adenyl 
cyclase to be in fractions containing nerve endings (9). The enzyme 
in cerebellar, pineal (65), and skeletal muscle (68) homogenates 
is also concentrated in both the mitochondrial and microsomal fractions. 
In rat corpus luteum (69), bovine adrenal cortex (70), mouse adrenal 
tumor (61), and rat and dog testis (71, 72) all particulate fractions 
have adenyl cyclase activity. In most of these cases the mitochondrial 
pellet has higher activity than the nuclear and microsomal pellets. In 
beef adrenal cortex (73), purification has revealed the highest activity 
to be in the microsomal fraction. In fat cells (74) and cardiac tissue 
(75) the enzyme is associated with the endoplasmic reticulum. Adenyl 
cyclase is associated with the plasma membrane in frog and pigeon 
erythrocytes (76, 77), fat cells (78, 79), liver (80, 81), kidney (82), 
thyroid (83), and mouse adrenal tumor (61). Location of adenyl cyclase 
in plasma membranes is consistent with the concept of cyclic A M P being 
the second messenger for many impermeable polypeptide hormones, but 
the enzyme has been repeatedly shown to be present in the mitochondrial 
and microsomal fractions, for which the functions are yet to be found. 

2. PURIFICATION AND PROPERTIES 

The purification of adenyl cyclase is hampered by its association with 
particulate cellular components. The enzyme exists as a lipoprotein 
complex and any treatment that disintegrates the membrane integrity 
leads to loss of hormone-responsive enzyme activity. To cite an example, 
myocardial adenyl cyclase has been solubilized by Lubrol P X , with 
almost 1 0 0 % recovery of the particulate enzyme. However, the solu
bilized enzyme does not respond to hormones, although it can be acti
vated by sodium fluoride (84). Recent results indicate that the brain 
cerebellum enzyme, dispersed with 1% Lubrol containing dithiothreitol 
and bovine serum albumin, is inhibited by sodium fluoride. When it is 
passed through Sephadex G-200 the enzyme appears in the aggregated 
form and is stimulated by sodium fluoride (85). 

Attempts have been made to obtain a partially purified particulate 
enzyme, either by repeated washings of the pellet to get rid of contami
nating factors or by using isolated cell membrane fractions as a starting 
material. In these preparations the enzyme is perhaps in its natural 
form (86) insofar as it retains the responsiveness to various hormones. 
This procedure has resulted in 150 to 200-fold purification of the particu
late adenyl cyclase from erythrocytes (77). Similarly the adrenal tumor 
enzyme in the presence of phosphatidylethanolamine, when subjected 
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to mechanical disruption, is converted to a form that does not sediment 
when subjected to centrifugation at 105,000 g for 1 hour. Electron mi
croscopy of the supernatant has revealed the presence of small membrane 
fragments with which the adenyl cyclase activity may be associated. 
The molecular weight of the enzyme obtained in this form has been 
estimated to be 3.7 X 1 0

6
 (63). 

Particulate preparations of adenyl cyclase can be frozen rapidly in 
hypotonic media and stored at —70°C for long periods without any 
significant loss of activity. Sulfhydryl reagents help in maintaining the 
adenyl cyclase activity in preparations from avian and amphibian 
erythrocytes (77, 87). A pH optimum of 7 .2-8 ,2 has been obtained for 
most preparations of adenyl cyclase (8). Some information on the kinetic 
properties of the enzyme from fat cells (88), erythrocytes ( 7 7 ) , and 
cardiac tissue (86, 89) is available. The effects of several divalent cations 
on adenyl cyclase activity have been examined. The enzyme from cardiac 
tissue is stimulated by Mg

2+
 in concentrations exceeding those required 

for the Mg-ATP substrate complex (86, 89). The enzyme from rat 
cerebellum (89), cerebral cortex synaptosomes (90), liver (88), intact 
adipocytes (91, 92), and fat cell ghosts (88) has similar properties. 
Manganese ions are more effective than Mg

2+
 in activating the enzyme 

from cardiac tissue (86, 89), fat cell ghosts (88), erythrocytes ( 7 7 ) , 
and synaptosomes (90). High ATP concentrations inhibit the enzyme 
from cardiac and brain tissue (89), turkey and rat erythrocytes (87, 
93), adipose cell ghosts (88), and liver plasma membrane (94). The 
Km for ATP for various adenyl cyclase preparations ranges from 0.1 
to over 1.0 mM (95). One of the interesting properties of adenyl cyclase, 
which is retained even after solubilization of the enzyme, is its activation 
by sodium fluoride ( F

-
) . Considerable information is available on the 

mechanism of stimulation by F~, and the effects have been compared 
with those of hormones. These will be discussed in Section III. 

B. Cyclic AMP Phosphodiesterase 

1. DISTRIBUTION AND SUBCELLULAR LOCATION 

The distribution of cyclic AMP phosphodiesterase parallels that of 
adenyl cyclase. Its presence has been demonstrated in a number of 
species and cell types (96-100). The enzyme is specific for the 3',5'-diester 
bond, and there is evidence that it exists in more than one form in 
several tissues (101-104). Its level is much higher in the nervous system 
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than in other tissues, and in most tissues its activity is several times 
higher than that of adenyl cyclase (65, 105). Regional distribution of 
cyclic A M P phosphodiesterase in brain shows much higher activity in 
cerebral cortex and hippocampus than in cerebellum and medulla {65). 
Cyclic A M P phosphodiesterase activity is thus low in structures pre
dominating in white matter and high in areas rich in gray matter. Histo-
chemically it has been shown that the enzyme activity varies greatly 
in different regions of the central nervous system. The studies have failed, 
however, to indicate any correlation with cellular density {106). Cyclic 
A M P phosphodiesterase activity has been shown by cytochemical tech
niques to be present in presynaptic (dendritic) nerve endings, most of 
it being adjacent to the synaptic membrane {107). While cyclic A M P 
phosphodiesterase in rat pineal (65), bovine corpus luteum (108), liver 
(109), and erythrocytes (110) is mostly soluble, in fat cells it is mostly 
particulate (111, 112). There is some controversy about the location 
of cyclic A M P phosphodiesterase in heart and brain. The beef heart 
enzyme is mostly particulate (113), but the dog heart enzyme is reported 
to be soluble (97). Similarly the brain enzyme is reported to be either 
soluble (96) or distributed in both the soluble and particulate fractions 
(9, 114-116). Such variations in the subcellular location of the enzyme 
may be due either to species differences or to the method of tissue prepa
ration. The relationship between the soluble and particulate enzymes 
is not fully understood, except that in beef heart the enzymes have 
similar properties in terms of pH optimum, apparent Km, and response 
to activators and inhibitors. 

2. PURIFICATION AND PROPERTIES 

Cyclic A M P phosphodiesterase loses activity on purification due to 
the removal of an endogenous cofactor (117, 118). This phosphodies
terase activation factor appears to be protein in nature and is relatively 
stable to heat, low pH, and 8 M urea. It has been purified from brain 
tissue of various species (119, 120) and appears to increase the F m ax 
and to decrease the Km of partially purified cyclic A M P phosphodies
terase 10-fold (121). Crude enzyme preparations that display both a low 
and a high Km have been obtained from rat brain (102), ox heart 
(103), frog erythrocytes (110), toad bladder and rat kidney (122), rat 
adipose tissue (123), and skeletal muscle (124). Values of Km above 
0.1 mM have been reported for enzymes from several tissues (96, 97, 
110, 114, 125). 

Two distinct cyclic A M P - and cyclic GMP-dependent phosphodiester-
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ases occur in rat brain. The muscle enzyme also hydrolyzes cyclic 
GMP, which is a competitive inhibitor of cyclic AMP with Ki, 3 mM 
(124). The soluble enzyme from rat brain has two different activities 
toward cyclic AMP, namely (Ca

2+
 -f- Mg

2 +
)-dependent activity and 

Ca
2+
-independent activity (126-128). Comparative studies on the en

zymatic properties of Ca
2+
-dependent and Ca

2+
-independent cyclic AMP 

phosphodiesterases show that the former cleaves cyclic GMP as well 
as cyclic UMP at approximately half the rate of cyclic AMP. The latter, 
on the other hand, splits only cyclic GMP at a rate comparable to 
that of cyclic AMP and shows negligible activity toward cyclic UMP. 
Aging of both enzymes results in a faster rate of inactivation of Ca

2 +
-

dependent activity (129). The phosphodiesterase activation factor par
ticipates in an unknown manner in Ca

2+
-dependent phosphodiesterase 

activity (129). 

III. REGULATION OF INTRACELLULAR LEVELS OF 
CYCLIC AMP 

In many tissues the intracellular level of cyclic AMP is an important 
factor in the regulation of cell metabolism. In the absence of an external 
stimulus the concentrations of bound and free cyclic AMP in various 
tissues are of the order of 10~

7
-10~

8
 M. This concentration is 1000-10,000 

times lower than that of ATP and 5'-AMP. In the presence of an acti
vator there is a large increase in the intracellular level of cyclic AMP, 
leading to alterations in the speed of many metabolic activities. The 
concentration of cyclic AMP in the cell is a function of the rates of 
its synthesis and degradation, which at any given time are determined 
by the relative activities of adenyl cyclase and cyclic AMP phospho
diesterase. These activities are undoubtedly influenced by a number of 
factors in addition to hormones, and very little is understood about 
their modes of action. Since cyclic AMP phosphodiesterase activity in 
most tissues is several times higher than that of adenyl cyclase, accumu
lation of significant amounts of cyclic AMP can occur only if cyclic 
AMP phosphodiesterase activity is not fully expressed in the cell. This 
may occur because of sequestration of cyclic AMP in bound form with 
the receptor protein or by compartmentalization of cyclic AMP in a 
part of the cell inaccessible to cyclic AMP phosphodiesterase. 

Most hormones that increase the levels of cyclic AMP in the cell 
do so by stimulating adenyl cyclase and very few act by inhibiting 
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cyclic AMP phosphodiesterase. Hormones that decrease cyclic AMP 
levels in the cell may do so by inhibiting adenyl cyclase or by activating 
phosphodiesterase. Usually hormones that increase cyclic AMP levels in 
the cell interact with their receptor protein in the plasma membrane and 
activate adenyl cyclase. Substantial amounts of adenyl cyclase activity 
are also associated with membranes of intracellular organelles and will 
be affected by ions and hormones able to cross the cell membrane. If 
receptors are present for more than one hormone, they may supplement 
or antagonize each other's effects on adenyl cyclase. Catecholamines, for 
example, are known to interact with two types of receptors in some 
tissues. Interaction with one leads to an increase in the level of cyclic 
AMP while interaction with the other leads to a decrease. Under these 
conditions the net effect of the hormone depends on the relative abundance 
and affinities of receptors for the hormone. When the intracellular level 
of cyclic AMP rises due to a stimulus, withdrawal of the stimulus may 
lead to restoration of the original cyclic AMP level. This may occur in 
several ways: (a) by the action of cyclic AMP phosphodiesterase; (b) 
by release of cyclic AMP into the extracellular medium (for example, 
avian erythrocytes resemble unicellular organisms in that they are capa
ble of pumping cyclic AMP into the extracellular fluid against a concen
tration gradient); (c) by dissociation of protein-combined cyclic AMP, 
which is then hydrolyzed by the phosphodiesterase. Little attention has 
been paid to the turnover rates of cyclic AMP, and there are suggestions 
that multiple pools of cyclic AMP may exist in complex tissues and even 
within the same cell. 

A. Activators of Adenyl Cyclase 

1. HORMONES 

Although a variety of agents alter cyclic AMP levels in the cell by 
activating adenyl cyclase, none is more dramatic than the hormones. 
Effects of hormones have been observed both in vivo and in vitro using 
intact cell and broken cell preparations. Hormones that increase cyclic 
AMP levels by activating adenyl cyclase are catecholamines, glucagon, 
adrenocorticotropic hormone (ACTH), vasopressin, thyroid-stimulating 
hormone (TSH), parathyroid hormone (PTH), calcitonin, melanocyte-
stimulating hormone (MSH), melatonin, luteinizing hormone (LH), gas
trointestinal hormones, histamine, and serotonin. Under certain condi
tions, thyroxine, steroid hormones, growth hormone, and hypothalamic 
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hormones may also stimulate cyclic AMP formation. Among the acti
vators of adenyl cyclase in many tissues are catecholamines and 
prostaglandins. 

a. Catecholamines. Norepinephrine (NEP), epinephrine (EP), and 
isoproterenol (IP) are catecholamines whose action on cyclic AMP for
mation has been studied in detail. Norepinephrine and EP are naturally 
occurring amines, NEP being the principal neurotransmitter of the sym
pathetic nervous system. Isoproterenol is a synthetic catecholamine and 
is not known to occur naturally. Another naturally occurring amine 
is dopamine, an intermediate in the biosynthesis of catecholamines. 
Recent results indicate that dopamine may also play an important role 
as a neurotransmitter, and many of its actions may also be mediated 
via cyclic AMP. Catecholamine receptors are ubiquitous, being present 
in almost every mammalian cell type. Hormones of this group have 
a relatively low affinity for the receptor (ISO, 131). They are taken 
up and stored by nerve endings and are rapidly metabolized by most 
tissues. Binding of EP to liver plasma membranes (132) and NEP to 
heart microsomes has been reported (133). Recent studies on the binding 
of EP to turkey erythrocyte membranes have shown that half-maximal 
binding occurs at 30 /xikf EP, which is equivalent to the Km for the 
activation of adenyl cyclase (134). This value is slightly higher than 
the Km reported for other tissues (131, 135). In many tissues, however, 
maximal stimulation of adenyl cyclase by catecholamines is obtained 
at a concentration of about 0.1 mM (130, 136). 

The receptors for catecholamines have been classified into two groups. 
If EP and NEP are more potent than IP in producing a particular 
response, the receptors mediating these responses are designated a recep
tors. Conversely if IP is more effective than EP or NEP, the response 
is mediated by p receptors. There are, however, a number of exceptions 
to this classification. To cite a few examples, stimulation of liver gly
cogenos is is mediated by p receptors in the dog and by a receptors 
in the rat. There are also variations in overall response; e.g., in uterine 
smooth muscle, stimulation of a receptors leads to contraction while stimu
lation of p receptors causes relaxation. In intestinal smooth muscle, stimu
lation of either type of receptor causes relaxation. Varied responses have 
been observed under different physiological conditions, and these are 
also subject to species variation. Certain drugs selectively prevent re
sponses mediated by a or p receptors. Both types of receptors seem 
to be closely related to the adenyl cyclase system. Catecholamine interac
tion with p receptors results in an increase in the level of cyclic AMP 
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which can be prevented by /^-adrenergic blockers like dichloroiso-
proterenol or pronethalol. Interaction of catecholamines with a receptors 
results in a decrease in cyclic AMP levels, and this effect is prevented 
by a-adrenergic blockers like phenoxybenzamine or phentolamine. 

In some tissues such as fat cells (137, 138) and melanophores of some 
amphibian species (139, llfi) which contain both a and ft receptors, 
the effect of catecholamines depends on the relative abundance of these 
two types of receptors. In fat cells EP normally enhances cyclic AMP 
formation. However, if the ft receptors are blocked by /^-adrenergic block
ers the a receptors are unmasked, and EP leads to a decrease in the 
level of cyclic AMP (137). On the other hand, if the a receptors are 
blocked, the tissue concentration of cyclic AMP reaches very high levels 
in response to EP (138). In human pancreatic ft cells, a receptors always 
predominate; so response to sympathetic stimulation is essentially an 
interaction of EP and a receptors leading to a decrease in the level 
of cyclic AMP (HI, H2). Hence, catecholamines can increase, decrease, 
or have no effect on cyclic AMP levels (Table I ) . In cells where they 
have no effect on cyclic AMP levels, catecholamines antagonize the 
effects of other hormones. For example, cyclic AMP formation induced 
by prostaglandin Ex in intact platelets, or platelet membrane fractions, 
is inhibited by EP and NEP. This effect of catecholamines is blocked 
by a-adrenergic blockers (H3, H4). The MSH-induced increase in cyclic 
AMP formation in dorsal frog skin epithelium is prevented by NEP 
and melatonin. The antagonistic effect of NEP (but not of melatonin) 
is prevented by a-adrenergic blockers (H5, H6). In some cases blockage 
of a (but not of ft) receptors leads to an inhibition of the cellular re
sponse to cyclic AMP, suggesting that a receptor blockage may have 
additional effects beyond the production of cyclic AMP (H7)> 

A correlation between the binding of catecholamine and the activation 
of adenyl cyclase has been shown to exist in purified liver membranes. 
The fact that the binding of hormone and the enzyme activity may 
be selectively destroyed or activated indicates that the two processes 
do not necessarily constitute elements of a common functional unit, and 
therefore the observed correlation between them must be viewed with 
caution. It has been observed that heating the membrane fraction 
for 1 minute at 90°C inhibits only adenyl cyclase activation, but has 
no effect on the binding of the hormone. Furthermore, PCMB (p-chloro-
mercuribenzoate) stimulates enzyme activity but leads to a decrease 
in the binding of EP (81, H8). Two fractions of plasma membrane 
have been obtained; one preferentially binds the hormone and the other 
contains most of the adenyl cyclase activity (81). In cardiac muscle, 
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where both EP and glucagon activate adenyl cyclase, the effects of maxi
mal concentrations of the two hormones are not additive (149, 150). 
There may also occur selective loss of enzyme activity; i.e., Chang's 
liver cell enzyme is activated by catecholamines but does not respond 
to glucagon (64), whereas the normal liver enzyme responds to both. 
These observations suggest that one enzyme may be coupled to separate 
receptors for the hormones. 

The activation of adenyl cyclase by catecholamines also has some 
relation to other endocrine glands. For example, in liver from adrenalec-
tomized animals the response of adenyl cyclase to EP is enhanced, and 
this enhancement of response is suppressed by glucocorticoids (151). 
Just as some effects of catecholamines depend on steroid hormones, some 
effects of steroid hormones depend on catecholamines. For example, in
crease in cyclic AMP levels in the uterus by estradiol is blocked by 
^-adrenergic blockers (152-155). 

b. Brain. In brain, the amines EP, NEP, histamine, and serotonin 
stimulate cyclic AMP formation (156-158). Information regarding the 
hormonal regulation of cyclic AMP formation in brain is lacking due 
to two difficulties: (a) Within a few seconds after death the level of 
cyclic AMP in brain increases severalfold, unless special care is taken 
to freeze the tissue quickly (156y 159). (b) The enzyme in broken cell 
preparations loses its response to activation by hormones. Decrease in 
hormone response in broken cell preparations is observed in some tissues 
(160) but not in others (161). For these reasons, brain slices have been 
used for studies of cerebral adenyl cyclase in vitro. In such experiments, 
slices are preincubated with [

1 4
C] adenine, and the formation of cyclic 

AMP is monitored from the prelabeled pool of ATP. During a typical 
experiment, in which rat cerebral cortex slices preincubated with adenine 
are incubated in the presence of NEP, 5-6% of labeled ATP is converted 
to cyclic AMP in the first few minutes. In terms of percentage of total 
ATP converted to cyclic AMP, the conversion is about 0.5%. These 
observations suggest that there are several pools of ATP in slices, and 
at least one pool is preferentially labeled when incubated with adenine. 
Possibly ATP in this pool is easily accessible to adenyl cyclase, which 
is stimulated by NEP (67). 

Histamine and NEP increase cyclic AMP formation in brain slices 
(67, 156-158, 162). Not only do the stimulatory effects of NEP and 
histamine have species differences, but there is a varied response in 
slices from different regions of brain; e.g., in rabbit, histamine is more 
potent than NEP in stimulating cyclic AMP formation in all areas 
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TISSUES IN W H I C H CATECHOLAMINES AND OTHEK HORMONES A L T E R CYCLIC A M P FORMATION 
o o 

Tissue 
Catecholamine 

tested 

Effect on 
cyclic 
A M P

a 
Reference 

Other 
hormones 

Effect on 
cyclic 
A M P * Reference 

Cardiac tissue EP t in cells 184-186 Glucagon t in cells 184 
EP, NEP , IP tCyclase 130, 149, 187, 188 Glucagon tCyclase 149, 188 

Thyroxine, tCyclase 187 
triiodothyronine 

Muscle EP t in cells 189-192 PGEi , P G E 2 t in cells 191 
EP tCyclase 136 P T H t in cells 191 

P T H tCyclase 191 
Fetal calvaria EP t i n cells 191 P T H , T C T

6 
tCyclase 191, 193, 194 

P G E i t i n cells 191 
Liver EP t in cells 19 Glucagon t in cells 195 

EP tCyclase 81, 94, 196 Glucagon tCyclase 81, 94, 148, 196, 197 
Insulin vs EP and Jjn cells 226, 227 

glucagon 
Lung, spleen EP tCyclase 136 PGEi t i n cells 199 
Diaphragm EP t in cells 192, 200 PGEi t in cells 199 
Fat pads EP t in cells 199, 201 PGEi t i n cells 199 
Isolated fat cells EP, N E P t in cells 78, 177, 202 A C T H , glucagon t in cells 177 

Insulin vs A C T H Jjn cells 202 
and glucagon 

PGEi vs EP, Jjn cells 199 
A C T H , glucagon, 
T S H 

Fat cell ghosts EP tCyclase 179 Secretin, glucagon, tCyclase 179 
A C T H , TSH, L H 

Brain EP, N E P t in cells 156-158 Histamine, t in cells 156-158 
serotonin •> 



Gliomas NEP, IP t in cells 60 
Pineal EP, N E P tCyclase 171 Estradiol vs N E P j l n cells 175 
Uterus and oviduct EP, NEP, IP tCyclase 57 Estradiol t i n cells 152-155 
Platelets N E P vs P G E i j l n cells 161 P G E i t in cells 144 

N E P vs PGEi 1 Cyclase 161 PGEi tCyclase 161, 203 
Glucagon tCyclase 204 

Leukocytes EP t in cells 45, 205 PGEi t i n cells 206 
tCyclase 206 PGEi tCyclase 206 

Lymphocytes EP t in cells 46, 207 PGEi t i n cells 47, 209, . 
PGEi tCyclase 210 

EP tCyclase 207 P H A

C 
t in cells 209, 211 

P T H t in cells 212 
Erythrocytes EP, NEP, IP t in cells 76, 136 PGEi tCyclase 93 

EP, NEP, IP tCyclase 77, 205 
Pancreas EP t in cells 141 
Melanocytes EP, N E P vs M S H j l n cells 145, 146 M S H t in cells 145, 146 
Parotid gland N E P tCyclase 131 

IP t in cells 213 
Epidermis EP, IP t in cells 214 
Lens epithelium EP, NEP , IP t in cells 215 

tCyclase 215 
HeLa cells EP t in cells 196 
Hepatoma EP tCyclase 216 
Chang's liver EP, N E P tCyclase 196 

cells and mouse 
embryo fibroblasts 

Breast tumor EP tCyclase 216 

H 
ESI 

H 

O d 
F > 
t—1 

o 
a o 
o 

> 
H 
t—1 

O 

o 
o > 

a
 The symbol t indicates an increase in cyclic A M P ; j indicates a decrease. b
 Thyrocalcitonin. c
 Phytohemaglutinin. 
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of brain except in cerebellum, where the reverse is true (67, 156). In 
rat cerebral cortex slices, both NEP and histamine enhance cyclic AMP 
formation, while in cerebellar slices only NEP is effective (67). Slices 
from guinea pig cerebrum and brain stem respond to histamine more 
than to EP or NEP, while serotonin has little or no effect on cyclic 
AMP formation. Conversely, histamine has no effect in cerebellum slices, 
but EP and NEP are more active in this region than in the remainder 
of the brain (163). In cerebellum slices the response to these amines 
is blocked by /^-adrenergic blockers, whereas in slices from cerebrum 
and brain stem, where histamine is most active, ^-adrenergic blockers 
have no effect on EP-stimulated increase in cyclic AMP. In guinea pig 
brain, catecholamines stimulate cyclic AMP formation by interaction 
with a or ft receptors, depending on the brain area used (163). There 
appears to be a positive correlation between the distribution of histamine 
in many regions of brain (164-166) and the response to histamine. The 
area having higher concentrations usually shows greater response in 
terms of increased cyclic AMP formation (156, 157, 163). These results 
suggest that receptors for histamine and EP in the cerebrum and brain 
stem are different from those in the cerebellum. Further support for 
the existence of separate receptors for catecholamines and histamine 
is provided by experiments which show that effects of NEP and his
tamine are additive at maximal concentrations. Moreover, the exposure 
of brain slices to one hormone for 35 minutes prevents the response 
to the readdition of the same hormone but not to the other (157). Ex
posure of rabbit cerebellar slices to serotonin increases cyclic AMP levels 
(156), but prior exposure of slices to serotonin diminishes the response 
to NEP, suggesting that serotonin may share the receptors with NEP 
(157). Adenyl cyclase in subcellular organelles from brain seems to be 
differentially activated by NEP and serotonin. The NEP-responsive en
zyme is confined to low-speed fractions, whereas the dopamine-sensitive 
enzyme is more evenly distributed throughout the particulate fraction 
(167). 

Catecholamines also stimulate cyclic AMP formation in cells in cul
ture. Adenyl cyclase in clonal lines of glial tumor cells has properties 
similar to those of the brain enzyme, and NEP or IP stimulates cyclic 
AMP formation more than 250-fold within a few minutes (168). Norepi
nephrine has similar effects on cyclic AMP formation in cultures of dis
sociated fetal rat brain (168). The specific activity of adenyl cyclase 
in cultured human astrocytoma cells is as high as that in cerebral cortex 
homogenates (169). In clonal lines of neuroblastoma, catecholamines 
have no effect while prostaglandin (PGEi) stimulates cyclic AMP forma-
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tion (59). In these cells, PGE1 also inhibits cell growth. Apart from 
the agents described above, the levels of cyclic AMP in brain are also 
regulated by ions (as in other tissues), adenine nucleotides, electrical 
pulses, and depolarizing agents. There is a certain degree of synergism 
among these factors, which will be discussed in Section III,A,4. 

c. Pineal Gland. Pineal gland is supplied with nerve terminals that 
arise exclusively from the sympathetic neurons of the superior cervical 
ganglia (170). Adenyl cyclase of pineal gland homogenates is activated 
by NEP, but not by other biologically active amines found in the pineal 
gland, e.g., serotonin, dopamine, and histamine (171). The stimulation 
by NEP is blocked by /3-adrenergic blockers (171), while the a-adrener-
gic blocker phentolamine increases the stimulatory effect of NEP on 
pineal adenyl cyclase (172). Norepinephrine and sodium fluoride stimu
lation of adenyl cyclase is significantly increased in the chronically 
denervated pineal gland (173). 

There is also a cyclic fluctuation of pineal adenyl cyclase activity 
with the duration of light: an increase in activity during light and 
a decrease during darkness (174). In addition, adenyl cyclase activity 
in the pineals of rats, in constant light, measured in the presence of 
either NEP or NaF is twice that in the glands of animals kept in dark
ness (174). Chronic denervation and continuous exposure to light seem 
to have similar effects on the pineal adenyl cyclase system. In both 
cases there is little or no change in the basal enzyme activity, but the 
response to NEP and NaF is increased. 

Adenyl cyclase activity measured in the presence of NEP or NaF 
increases with age, but the basal enzyme activity is fairly constant at 
all ages (171). These observations suggest the possibility of more than 
one adenyl cyclase system in the pineal gland. Pineal adenyl cyclase 
activity is also affected by gonadal hormones. Norepinephrine stimulates 
the adenyl cyclase of the male pineal gland to greater extent than that 
of the female pineal gland, and ovariectomy slightly increases the stimu
latory effect of NEP (175). Norepinephrine activates the adenyl 
cyclase of pineal gland at all stages of the estrous cycle, except during 
the proestrous period, when estrogen levels are high (175). Moreover, 
administration of estradiol to ovariectomized rats for 2 days inhibits 
the NEP- and NaF-induced activation of adenyl cyclase in the pineal 
gland. Estrogens do not seem to act via release of gonadotropin as, 
on hypophysectomy, none of these processes is altered. 

Thus, neuronal and hormonal activity can modify the NEP-responsive 
adenyl cyclase in pineal gland. Estrogens decrease the activity of the 
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NEP-sensitive adenyl cyclase system, reducing cyclic AMP concentra
tions in the pineal gland and leading to less melatonin formation. Low 
melatonin levels facilitate increased ovarian responsiveness to gonado
tropins. Similarly light decreases sympathetic impulses to the pineal 
gland (176), resulting in a decrease of NEP, low levels of cyclic AMP, 
decreased synthesis of melatonin, and greater ovarian activity. Darkness 
increases neuronal activity to the pineal gland and reverses the sequence. 

d. Adipose Tissue. Adenyl cyclase of adipose cell membranes is par
ticularly useful in the study of hormonal regulation, as an adenyl cyclase 
in the membranes of fat cell ghosts is activated by several hormones, 
such as glucagon, secretin, ACTH, TSH, LH, and EP. Combinations 
of hormones at maximal concentrations do not produce additive effects, 
suggesting that they activate one adenyl cyclase (78, 177, 178). In addi
tion, the effects of hormones on adenyl cyclase can be selectively in
hibited by various agents. /^-Adrenergic blockers inhibit the response 
to EP alone, and an ACTH analog and EGTA inhibit the response 
to ACTH (135, 179). Pretreatment of adipose tissue with trypsin com
pletely abolishes the glucagon response and partially abolishes the ACTH 
and secretin response. It has no effect on EP and NaF stimulation of 
adenyl cyclase in fat cell ghosts (179). A single adenyl cyclase system 
responding to more than one hormone with specific binding sites is also 
found in liver (180) and heart (148, 181). Studies on the effects of 
NEP and theophylline on adipose tissue from hypo-, hyper-, and eu
thyroid rats suggest that thyroxine enhances the action of catecholamine 
by increasing the amount of adenyl cyclase. Adipose tissue from hyper-
thyroid rats is hyperresponsive to the simulatory actions of NEP, while 
the reverse is true for the adipose tissue from hypothyroid rats (182). 
In addition, fasting increases the amount of adenyl cyclase in adipose 
tissue (183). Norepinephrine and NaF also have a greater stimulating 
effect on adenyl cyclase of fat pad homogenates from younger rats than 
on those of older rats. The converse is true for cyclic AMP phospho
diesterase (160). 

e. Glucagon and Insulin. Glucagon and insulin are pancreatic polypep
tide hormones. They are discussed together in this section as many of 
their effects overlap. Glucagon activates cyclic AMP formation by ac
tivating adenyl cyclase in liver (81, lift, 195, 199, 217, 218) and cardiac 
tissue (75, 148, 181, 184). Cat heart adenyl cyclase is activated by 
glucagon as well as by thyroid hormones (187), and acetylcholine de
creases cyclic AMP levels in slices and in perfused heart (219, 220). 
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In both liver and cardiac tissue, glucagon is more potent than catechol
amines in activating adenyl cyclase, and both hormones activate the 
enzyme associated with the low-speed fraction as well as that in the 
sarcoplasmic reticulum (75). The effects of maximal concentrations of 
glucagon and EP are additive in liver (147), but not in cardiac tissue 
(148,181). Selective loss of adenyl cyclase in heart also occurs in different 
conditions. The enzyme from failing heart does not respond to 
glucagon but the EP response is retained (187). Furthermore, in purified 
liver membranes the glucagon- and EP-sensitive enzyme is not affected 
by the same factors (147, 221). These results suggest that EP and glu
cagon activate adenyl cyclase in liver through separate processes. 

The additive effects of EP and glucagon on liver adenyl cyclase may 
be due to the fact that different types of cells respond to these hormones. 
It has been shown that glucagon-sensitive adenyl cyclase is located pri
marily in the reticuloendothelial cells (222). Adenyl cyclase has been 
purified to 25 times the activity of the homogenate in liver plasma 
membranes, and these preparations are also more responsive to glucagon 
than to EP, as in crude preparations (223). Adenyl cyclase in liver 
membranes prepared in this manner is inhibited by Ca

2 +
, PCMB, and 

glutaraldehyde, whereas EDTA and guanine nucleotides enhance the re
sponse of adenyl cyclase to glucagon (223, 224). A great deal, however, 
depends on the purity and mode of preparation of membranes. Liver 
membranes prepared in a different manner show greater stimulation of 
adenyl cyclase by EP and are less sensitive to glucagon. In such a 
preparation the enzyme is inhibited by NaF, activated by Ca

2+
 and 

PCMB, and inhibited by insulin (81, 94). In liver membranes, 5-adenyl 
imidodiphosphate (AMP-PNP), which is an analog of ATP, functions 
as a substrate for adenyl cyclase. In the presence of AMP-PNP, glucagon 
and NaF activate adenyl cyclase, and guanosine triphosphate (GTP) 
enhances the initial rate of basal and glucagon-stimulated adenyl cyclase 
activity. The guanine nucleotides seem to act by binding at sites distinct 
from that of glucagon (224). Treatment of liver plasma membranes 
with phospholipase A, urea, or digitonin, which modify the lipoprotein 
structure of the membranes, decreases the binding of hormone to the 
membranes as well as its activation of adenyl cyclase (225). Addition 
of phospholipids to digitonin-treated liver membranes results in partial 
restoration of response to glucagon (178). 

Insulin has no effect on basal cyclic AMP levels, but it antagonizes 
the stimulatory effects of catecholamines or glucagon in liver, and this 
antagonistic effect of insulin is enhanced by Ca

2+
 (226, 227). In rats 

made diabetic by the injection of alloxan, or on fasting, cyclic AMP 
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levels increase in liver, and administration of insulin to these animals 
restores the levels to normal. In addition, when insulin antibodies are 
injected in the rat there is an increase in cyclic AMP concentration 
in liver, suggesting that insulin decreases cyclic AMP levels in vivo 
(221). Insulin inhibits EP-stimulated adenyl cyclase activity in cell-free 
preparations from liver, and at very high concentrations it also inhibits 
basal and glucagon-stimulated enzyme activity (94). In addition to its 
effects on liver, insulin also antagonizes the stimulatory effects of lipo
lytic hormones on cyclic AMP levels in mammalian fat cells (177, 228). 
Adipose tissue homogenates from insulin-treated animals have low 
adenyl cyclase activity compared to that of controls (229). Besides hav
ing an effect on adenyl cyclase activity, insulin also stimulates cyclic 
AMP phosphodiesterase activity (123). In pancreas and adipose tissue 
of spontaneously diabetic mice, cyclic AMP phosphodiesterase activity 
is lower than that of controls (230). These observations suggest that 
insulin may decrease intracellular levels of cyclic AMP by both inhibi
tion of adenyl cyclase and activation of cyclic AMP phosphodiesterase 
activity. 

/. ACTH. Adrenocorticotropic hormone stimulates cyclic AMP forma
tion in adrenals in situ (231) and in cell-free preparations from normal 
(70) as well as from tumor tissue (61). While adrenals in situ and 
intact slices are much more responsive than broken cell preparations 
to ACTH, the reverse is true for a transplantable adrenal carcinoma. 
Here, ACTH does not enhance cyclic AMP formation in intact tissue, 
but tumor homogenates are responsive (232). When adrenal tumor en
zyme is sonicated in the presence of phosphatidylethanolamine to break 
the membrane fragments into very small particles, ACTH-sensitive 
adenyl cyclase activity is retained in the 105,000 g supernatant (62, 
63). ACTH-Binding components and adenyl cyclase components occur 
in the same fraction. Adrenocorticotropic hormone also activates fat 
cell adenyl cyclase, and adrenalectomy reduces the response of adenyl 
cyclase in fat cell membranes to ACTH without affecting the basal 
activity or response to other hormones. Pretreatment with glucocorticoids 
restores the sensitivity to ACTH, and this restoration is blocked by 
actinomycin D and cycloheximide. These results suggest that, in rat 
fat cells, the biosynthesis of a component required for the effect of ACTH 
is induced by glucocorticoids (233). Cyclic AMP levels also rise in 
adrenals during stress induced by immobilization. Hypophysectomy and 
denervation of adrenal gland reduce the rise of cyclic AMP in the intact 
adrenals of stressed animals (234). 
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g. Vasopressin (VAS), Parathyroid Hormone (PTH), and Thyrocalci-
tonin (TCT). Kidney responds to VAS (82, 235-238), PTH (82, 
239-241), and TCT (193) with an increase in the level of cyclic AMP. 
Vasopressin and PTH stimulate adenyl cyclase in different cells of kid
ney, the VAS-responsive enzyme being located in the tubules of renal 
medulla (82) and the PTH-sensitive enzyme in the renal cortex (82, 
239). Parathyroid hormone not only activates adenyl cyclase in kidney, 
but its administration also results in a rapid increase of the urinary 
levels of cyclic AMP (242-244)- In pseudohypoparathyroidism there 
is little or no increase in urinary cyclic AMP in response to PTH (245). 
The abnormality here seems to be an inherited defect in the receptor 
adenyl cyclase complex, which is normally sensitive to PTH. Parathyroid 
hormone also enhances cyclic AMP formation (191, 193) by activating 
adenyl cyclase (194) in fetal rat calvaria. Toad urinary bladder 
(246) and aorta (247) respond to VAS in vitro with increased cyclic 
AMP formation. Catecholamines and prostaglandins antagonize the stim
ulatory effects of VAS on the levels of cyclic AMP in toad bladder 
(141, ®46, 248), the inhibitory effects of catecholamines being mediated 
by a-adrenergic receptors (246). 

h. Thyroid-Stimulating Hormone (TSH) and Thyroxine. In addition 
to its effects on adipose tissue, TSH increases cyclic AMP levels in 
thyroid slices (178, 249, 250) and isolated thyroid mitochondria (251, 
252) by activating adenyl cyclase (136, 252-254). Long-acting thyroid 
stimulator and PGEi also activate thyroid adenyl cyclase (255), but 
they have little or no effect on the enzyme in thyroid membranes 
purified 100-fold (83). The thyrotropin response is, however, retained in 
this preparation (83). Thyroidectomy leads to an increase in the level 
of cyclic AMP in the rat anterior pituitary gland, and pretreatment 
with triiodothyronine (T3) reduces the level toward normal (256). In 
hypothyroid, hyperthyroid, and euthyroid rats, thyroxine enhances the 
action of catecholamines on the lipolytic system by increasing the 
amount of adenyl cyclase (182). The amount of adenyl cyclase in adi
pose tissue is increased by thyroid hormones and reduced by thyroidec
tomy. The increased activity of adenyl cyclase in the hyperthyroid state 
causes catecholamines to stimulate the formation of cyclic AMP at an 
increased rate while the converse is true after thyroidectomy (182). 
Thyroxine and T 3 also stimulate adenyl cyclase in preparations from 
cardiac muscle (187) but do not affect cyclic AMP formation in isolated 
perfused rat heart (257). Hearts of hypothyroid cats have low adenyl 
cyclase activity in the presence of an optimal concentration of NEP 
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(258). Thyroxine and T 3 also stimulate adenyl cyclase in monkey sper
matozoa (48, 49). When the sperm cells are preincubated with T3, other 
hormones such as testosterone, dihydrotestosterone, and epinephrine also 
stimulate cyclic AMP formation (49). Triiodothyronine increases the 
sensitivity of the adenyl cyclase system to other hormones in adipocytes 
(259) without affecting the basal level of cyclic AMP (260). 

i. Melanocyte-Stimulating Hormone (MSH) and Melatonin. The 
effects of MSH and melatonin are normally studied in intact dorsal 
frog skin, where MSH increases cyclic AMP formation (145). In skin 
of a species that responds to EP with skin darkening, an increased level 
of cyclic AMP in response to EP also occurs (261). Both EP and mela
tonin antagonize the MSH-induced stimulation of cyclic AMP formation 
(146). 

j . Other Hormones. Histamine, which is stored within granules in tis
sue mast cells or basophil leukocytes, stimulates cyclic AMP formation 
in brain slices (156, 157). The adenyl cyclase of Nectrus gastric mucosa 
is also activated by histamine and pentagastrin. Both have additive 
effects, suggesting that there are selective sites for gastrin and histamine 
(SI). 

Serotonin stimulates adenyl cyclase in liver fluke (262) and increases 
cyclic AMP formation in brain slices (156). 

Acetylcholine inhibits cyclic AMP formation in cell-free preparations 
from cardiac muscle (130). Atropine is an antagonist. 

Hypothalamic extracts that contain releasing factors (Hypothalamic 
releasing hormones) for anterior pituitary hormones stimulate adenyl 
cyclase and cyclic AMP formation in rat anterior pituitary gland in 
vitro (198, 263). 

A direct action of steroid hormones on adenyl cyclase activity has 
not been described. However, pineal adenyl cyclase activity in rats varies 
with estrous cycle, and NEP stimulates pineal adenyl cyclase at all 
stages of the cycle except proestrus, when estradiol levels are highest. 
Treatment of ovariectomized rats with estradiol reduces the response 
to NEP (175). Estradiol injection increases cyclic AMP levels in rat 
uterus (153), and this effect is prevented by /^-adrenergic blockers (154, 
155). In addition, progesterone stimulates adenyl cyclase activity in 
chick oviduct homogenates (264). Interstitial-cell-stimulating hormone 
(ICSH) and follicle-stimulating hormone (FSH) activate adenyl cyclase 
in testis homogenates (209). Luteinizing hormone (LH), in addition 
to its effects on fat cell adenyl cyclase (178), increases cyclic AMP 
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formation {265, 266) by activating adenyl cyclase in corpus luteum 
(267, 268) and ovary (269). 

Apart from hormones, other factors such as cholera toxin stimulate 
cyclic AMP formation in intestinal mucosa (270). Phytohemaglutinin 
(PHA) along with IP stimulates cyclic AMP formation in human lym
phocytes (212). Phytohemaglutinin has no effect on cyclic AMP forma
tion in rat lymph node lymphocytes even though PGEi is effective (47). 
Activation of adenyl cyclase is associated with the earliest changes oc
curring during phagocytosis. There is a prompt rise in cyclic AMP levels 
in human leukocytes during phagocytosis in comparison with those of 
resting leukocytes. This increase in cyclic AMP may be a triggering 
mechanism for subsequent metabolic changes during phagocytosis (45). 

2. PROSTAGLANDINS 

Prostaglandins are synthesized from polyunsaturated fatty acids by 
almost all the tissues in the body, and they appear to be released from 
the tissues under hormonal influence (144)- They affect a variety of 
tissues and act by increasing or decreasing the concentration of cyclic 
AMP (Table I I ) . Their action on platelet adenyl cyclase has been 
studied in detail. At concentrations as low as 2.8 X 10"

8
 M, PGEi stimu

lates cyclic AMP formation in intact platelets (144) and peripheral 
blood leukocytes (212, 271) by activating adenyl cyclase (48, 44, 161, 
203, 272). In platelets, maximum stimulation of adenyl cyclase is ob
tained in the presence of PGEi; NaF stimulates the enzyme 10-fold 
and PGEi 18-fold. Calcium ions inhibit adenyl cyclase activity in 
platelets, and complete removal of Ca

2+
 by EGTA enhances the PGEX 

stimulation of adenyl cyclase (203). The stimulatory effect of prosta
glandins on cyclic AMP levels in human platelets is antagonized by 
NEP both in intact platelets (144, 161, ^4) and in homogenates (203). 
Norepinephrine has no effect on the basal level of cyclic AMP, and 
its inhibitory effect is overcome by a adrenergic blockers (161). While 
the action of PGEX on cyclic AMP formation in platelets is antagonized 
by NEP, the converse is true for fat cell adenyl cyclase. In isolated 
fat cells, PGEi has no effect on the basal level of cyclic AMP, but 
it antagonizes the stimulatory action of EP (199, 275). As the antagonis
tic effects of PGEi have not been demonstrated in fat cell homogenates 
(74, 78, 275), the exact site of prostaglandin action has not been identi
fied. There is a possibility that prostaglandins may interact with a 
lipid component of the fat cell membrane and thus mask the receptor 
site for the hormone. 
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T A B L E I I 

TISSUES IN W H I C H PROSTAGLANDINS A L T E R CYCLIC A M P LEVELS 

Prostaglandin Effect on cyclic 
Tissue tested A M P in cells

a 
Reference 

Fat pads (intact) Ei t i n cells 199 
Isolated fat cells Ei, E2, Fia, Ai j v s EP, A C T H , 199, 275 

glucagon, TSH, 
L H in cells 

Platelets Ei <C E2 t i n cells m 
tCyclase 4$, 44 

Thyroid Ei t in cells 276 
tCyclase 

Corpus luteum E2 tCyclase 268 
Lung, spleen, diaphragm Ei t in cells 199 
Heart extracts E, tCyclase 277 
Intact aorta E, t in cells 278 
Fetal bone Ei, E2 t i n cells 191 
Adenohypophysis Ei t i n cells 198 

tCyclase 263 
Thymocytes Ei, EAi t in cells 210 

tCyclase 210 
Lymph node Ei tCyclase 47 

lymphocytes 
Peripheral blood Ei tCyclase 206, 212, 271, 

leukocytes 279 
Kidney tubule Ei J,vs Vasopressin 238 
Myometrium Ei t in cells 280 
Ovary Ei f in cells 281 
Neuroblastoma Ei t i n cells 168 

0
 The symbol | indicates an increase in cyclic A M P ; j indicates a decrease. 

3. IONS, NUCLEOTIDES, AND DEPOLARIZING AGENTS 

Ions play an important role in the regulation of adenyl cyclase activ
ity. Ions may be a prerequisite for the binding of the hormone to the 
receptor, or they may interact directly with the catalytic site of adenyl 
cyclase. In the latter case stimulation by ions may be observed even 
if there is loss of sensitivity toward hormones. 

An Mg-ATP complex is the true substrate for adenyl cyclase {77, 
86, 88, 89, 282). Concentrations of Mg

2+
 as high as 1 0 - 1 5 mM are re

quired to saturate the cardiac enzyme, and the Ka for Mg
2+
 is 2 - 3 mM. 

The Mg
2+
 saturation curve is sigmoidal; and Mg

2+
 does not affect the 
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Km for ATP, suggesting that Mg
2+
 binds to an allosteric site (86). The 

consequence of this binding is to enhance the catalytic activity. Fluoride 
ions, which activate adenyl cyclase in broken cell preparations from 
all mammalian tissues, activate the cardiac enzyme even in the presence 
of saturating concentrations of Mg

2 +
. Fluoride ions do not affect the 

Km for the Mg-ATP complex at the catalytic site nor do they affect 
the affinity of Mg

2+
 for its binding site. The results show that F" binds 

to the enzyme possibly as a magnesium fluoride complex, and the result 
of this binding is a greater reactivity of the catalytic site than that 
produced by Mg

2+
 alone. This is further confirmed by the fact that 

F~ concentration in excess of Mg
2+
 produces inhibition (86, 89). The 

action of Mg
2+
 on the cardiac enzyme is similar to that on the enzyme 

from adipose tissue (88) and synaptosomes (90). Another divalent ca
tion, Mn

2 +
, is more effective than Mg

2+
 in activating the particulate 

enzyme from heart (89), adipose tissue (88), frog erythrocytes (77), 
thyroid (283), brain cortex synaptosomes (90), and sperm cells (49). 
Manganese ions saturate the enzyme at lower concentration than Mg

2 +
, 

and maximal velocities at optimal Mn
2+
 concentration are significantly 

greater than with saturating concentrations of Mg
2+
 (49, 89, 90). In 

all these cases high concentrations of Mn
2+
 also inhibit the enzyme. 

In one instance, Mn
2+
 activates the adenyl cyclase of monkey sperma

tozoa, but it decreases the intracellular levels of cyclic AMP of intact 
cells (49). 

The enzyme from cardiac and brain tissue is inhibited by ATP at 
concentrations in excess of Mg

2 +
, and the inhibition is especially marked 

when F" is present (89). Similar results are reported for the enzyme 
from fat cells (88), turkey erythrocytes (87), rat erythrocytes (93), 
and liver plasma membranes (94). The inhibition by ATP can be over
come by increasing the Mg

2+
 concentration. Inhibition by free ATP may 

be due to competition with Mg-ATP at the catalytic site or competition 
with the enzyme for free Mg

2 +
. 

Fluoride ions activate adenyl cyclase only in broken cell preparations 
and not in intact cells. Unlike hormones the stimulatory effect of NaF 
is nonselective in that it activates the enzyme from all sources. It in
creases the reaction velocity at saturating concentrations of ATP (74, 
86, 88, 89, 172). Hormonal activation is kinetically similar to F~ stimu
lation, and the effects of EP on the heart enzyme and of glucagon on 
the liver enzyme indicate that the stimulation results primarily from 
an increase in Fm ax (89). Glucagon and F" also increase the Vm&x without 
significantly affecting the affinity for Mg

2+
 of the particulate enzyme 

from rat and mouse liver (284). The stimulatory effect of ACTH on 
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the fat cell enzyme like that of F
-
 is apparently due to increased affinity 

of the enzyme for Mg
2+
 (88). 

The exact mechanism by which F~ stimulates adenyl cyclase is not 
known. There is, however, selective loss of hormonal activation of adenyl 
cyclase, without any effect on response to NaF. This indicates that F~ 
and hormones act at different sites. However, the effect of F

-
 and hor

mones cannot be completely independent as hormones usually have no 
additional stimulatory effect in the presence of an optimal concentration 
of NaF (172). When the particulate enzyme from rat brain cerebral 
cortex is preincubated with NaF and then washed, dialyzed, or diluted 
repeatedly, there is no loss of F" stimulation. Sodium fluoride activates 
the brain enzyme in the absence of added Mg

2+
 (282). However, for 

the activation of adenyl cyclase from rat parotid gland, Mg
2+
 is required 

during preincubation (131). Sodium fluoride does not cause maximum 
activation of the enzyme as the activity of the NaF-stimulated enzyme 
can be further increased by addition of Triton X-100 (282). These find
ings suggest that adenyl cyclase, when bound to the membrane, exists 
in an inhibited state and that treatment with detergents may lead to 
changes in membrane structure and enhance the catalytic activity. 

There seems to be an apparent relationship between the formation 
of cyclic AMP and the level of calcium ions in the cell. High concentra
tions of Ca

2+
 inhibit the basal adenyl cyclase activity in many tissues 

(61, 86, 135, 283). In addition, Ca
2+
 inhibits the stimulation of adenyl 

cyclase by ACTH in adrenal cortex and fat cell ghosts (88, 135, 283), 
by PTH in fetal rat calvaria (194, 241), by PGEi in platelet membranes 
(284), and by glucagon in liver plasma membranes (81). However, very 
low concentrations of Ca

2+
 (10~

9
-10

-7
 M) are required for activation 

of adenyl cyclase by ACTH in adrenal cortex and fat cell ghosts (135, 
283) and by growth hormone in thymocytes (46). The requirement of Ca

2+ 

is further indicated by the loss of ACTH-stimulated adenyl cyclase 
activity in the presence of EGTA. This effect of Ca

2+
 appears to be 

specific for ACTH, since the basal adenyl cyclase activity and EP re
sponse of fat cell adenyl cyclase are enhanced by EGTA treatment 
(135, 284). Similarly, liver plasma membrane adenyl cyclase is activated 
by EP and glucagon, and while the former requires low concentrations 
of Ca

2 +
, the effect of the latter is inhibited by Ca

2 +
. The binding of 

Ca
2+
 to liver membranes is stimulated by EP and inhibited by glucagon, 

but its relation to alterations in adenyl cyclase activity is not clear. 
The liver membrane enzyme is activated by Ca

2+
 concentrations (1-4 

mM), which are usually inhibitory to adenyl cyclase in many tissues 
(81). 
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The mechanism by which Ca
2+
 activates or inhibits adenyl cyclase 

in many tissues is not known, although in the case of the cardiac enzyme, 
Ca

2+
 seems to compete with Mg

2 +
, thus inhibiting the activity of adenyl 

cyclase. In the complete absence of Ca
2 +

, basal or hormone-stimulated 
adenyl cyclase activity may be stimulated (86, 135, 283) or inhibited 
(135, 283), indicating that a minimum concentration of Ca

2+
 is essential 

to keep the enzyme in an integrated state in some tissues. For ACTH 
action, Ca

2+
 is required at a step between the binding of the hormone 

to its receptor and the subsequent activation of adenyl cyclase (285). 
High concentrations of Ca

2+
 may inhibit adenyl cyclase activity by direct 

binding to the membrane, thus masking the active site, or by competing 
with Mg

2+
 at its allosteric site (86). 

Sodium and potassium ions under certain conditions may also regulate 
cyclic AMP formation. An increase in the ratio of K

+
 to Na

+
 in the incuba

tion medium causes an increase in the level of cyclic AMP in rat dia
phragm (200), whereas the opposite effect is produced in rat heart (286). 
Sodium and potassium ions may also alter adenyl cyclase activity in 
fat cells as prior treatment of fat cells with ouabain results in decreased 
adenyl cyclase activity in homogenates (287). Potassium ions facilitate 
the ability of ACTH and other hormones to stimulate adenyl cyclase 
in adipose tissue (283), and high concentrations of Na

+
 block the K

+ 

response (88). If Na
+
 is replaced by K

+
 in intact mitochondria of thyroid 

gland, there is stimulation of basal as well as TSH-induced cyclic AMP 
formation. However, if K

+
 is replaced by Na

+
, basal and TSH-stimulated 

cyclic AMP formation is inhibited (252). Lithium, which is known to 
inhibit adenyl cyclase activity in many tissues (88, 288, 289), activates 
the adenyl cyclase in homogenates of glial tumor cells (290). 

In brain slices, cyclic AMP formation is stimulated by K+ and NH+ 
ions and by electrical stimulation, depolarizing agents, adenosine, and 
biogenic amines. A certain degree of synergism is observed among these 
various agents. For instance, in guinea pig cerebral cortex slices, 40 and 
100 mM K+ or 40 mM NH4C1 increase cyclic AMP formation. The 
stimulatory effect of K+ is diminished in the presence of theophylline, 
and increasing the M g

2+
 concentration to 14 mM completely inhibits the 

stimulation by 40 mM K+ The effect of 40 mM NH4C1 or elevation of 
K+ to 100 mM is augmented in the presence of 14 mM Mg

2
+ (291). 

Although ions cause a great increase in cyclic AMP concentration in 
guinea pig cerebral cortex slices, they have a negligible effect in the 
cerebellum. Guinea pig cerebellum slices respond, however, to electrical 
pulses with an increase in cyclic AMP levels (291). Thus, electrical pulses 
and 40 mM K+ are not equivalent in terms of cyclic AMP generation in 
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cerebellum. In brain, depolarizing agents, such as batrachotoxin, veratri-
dine, and ouabain, and electrical stimulation of the slices (292) also in
crease cyclic AMP formation. Histamine- or NEP-stimulated synthesis 
of cyclic AMP differs from that produced by electrical stimulation (292) 
or by depolarizing agents, as the latter act via the release of adenosine 
(293-295). Moreover, the effects of electrical stimulation of brain slices 
and those of depolarizing agents may be masked by the addition of adeno
sine. Combination of either of these agents with biogenic amines results 
in more than additive effects on cyclic AMP formation (293). Further 
support for the existence of separate stimulatory mechanisms in brain for 
adenosine and biogenic amines is obtained by differential inhibition of 
adenyl cyclase. For instance, the effect of depolarizing agents on increased 
cyclic AMP formation is blocked by cocaine, which has no effect on the 
response to biogenic amines (293). Synergism among biogenic amines also 
occurs, and this synergism is at a maximum only when the adenosine-
sensitive mechanism is not activated (296). 

The alteration of Ca
2+
 levels in the cytoplasm during the anoxic state 

or during muscular contraction could also alter adenyl cyclase activity 
and thus regulate cyclic AMP formation in the cell. The inhibitory action 
of ATP may also have physiological importance. Much of the ATP 
in the cell may not be complexed with Mg

2 +
, since Mg

2+
 can be complexed 

by other cellular components (297). An increase in Mg
2+
 concentration 

in the cytoplasm during the anoxic state may increase complex formation 
with ATP, thus reducing the inhibition of adenyl cyclase by ATP and 
leading to an increased level of cyclic AMP in the cell. 

4. COMPARISON OF ADENYL CYCLASE STIMULATION BY 

HORMONES AND IONS 

There are certain obvious similarities and differences between the stim
ulation of adenyl cyclase by hormones and ions. While hormones activate 
adenyl cyclase in target tissues only, ions lack selectivity. The effects 
of most hormones on adenyl cyclase activity are obtained in both intact 
and broken cell preparations, whereas ions (especially F~) alter adenyl 
cyclase activity in cell-free preparations only. Curves of adenyl cyclase 
activity versus hormone concentration are hyperbolic (88), whereas those 
of F~ (88) and Mg

2+
 (86) are sigmoidal. Treatment of particulate enzyme 

preparations with detergents results in loss of hormonal response, but 
the response to ions (F

-
) is retained (84, 178). Hormone-stimulated 

adenyl cyclase activity may be selectively blocked without any effect 
on ionic response (172, 179, 298). In most tissues, hormones and F" 
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do not have additive stimulatory effects on adenyl cyclase (135), but 
in some preparations the enzyme, when maximally stimulated by F", 
can be further stimulated by hormones (172, 203). These differences 
suggest that, although F~ stimulates adenyl cyclase in a manner different 
from that of hormones, the effects cannot be independent, for in many 
tissues no additive effects are obtained. 

Hormones and F" activate the same kinetic parameters of adenyl cy
clase; e.g., both increase the Vmax by increasing the affinity of the enzyme 
for Mg

2+
 without affecting the affinity for ATP (88, 89). Freezing or 

keeping the particulate enzyme at 30°C reduces its response to NEP 
and F~ to the same degree, and the decay, rate is also similar (172). 
While basal adenyl cyclase activity may be inhibited by the blocking 
of sulfhydryl groups by PCMB, the ACTH- and F~-responsive enzyme 
activities are not affected (299). 

B. Inhibitors of Adenyl Cyclase and Cyclic AMP Formation 

Although many agents inhibit cyclic AMP formation in intact and 
broken cells, their mechanism of action on adenyl cyclase is not well 
understood. Inhibitors of cyclic AMP formation include the following 
classes of substances: 

1. Compounds that may compete with the substrate for the catalytic 
site, e.g., nucleotides 

2. Compounds such as chlorpromazine, PCMB, A^-ethylmaleimide 
(NEM), etc., that inhibit adenyl cyclase but also alter many other 
metabolic processes (nonspecific inhibitors) 

3. Ions 
4. Analogs of hormones that inhibit the hormonal response 
5. Hormones that stimulate and inhibit cyclic AMP formation, de

pending on the cell type. 

1. NUCLEOTIDES 

Deoxy-ATP, which competes with the labeled substrate (ATP), in
hibits adenyl cyclase activity in cell-free preparations from adrenal tumor 
(61) and frog erythrocytes (77). In thyroid membrane preparations, 
TTP and UTP inhibit the basal, TSH-, and NaF-stimulated adenyl 
cyclase activities, whereas GTP, CTP, and ITP inhibit only the NaF 
response (300). Guanosine triphosphate inhibits fat cell ghost adenyl 
cyclase (301) but has no effect on kidney (301) or adrenal tumor (61) 
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preparations. On the other hand, adrenal tumor adenyl cyclase is in
hibited by ADP and AMP, the former being more effective (61). Adeno
sine, ADP, and AMP also inhibit adenyl cyclase in subcellular prepa
rations of rat liver (302). 

2. NONSPECIFIC INHIBITORS 

Chlorpromazine inhibits thyrotropin- and PGEi-stimulated adenyl 
cyclase in thyroid membranes, ACTH-stimulated adenyl cyclase in adre
nal preparations, EP- and glucagon-stimulated adenyl cyclase in liver 
(298), and NEP-stimulated adenyl cyclase in pineal homogenates (174). 
Chlorpromazine has no effect on the basal enzyme activity, and it en
hances the response to F~ in preparations from thyroid and adrenals 
(298). Compounds of the chlorpromazine group cause nonspecific altera
tions in membrane structure and may inhibit adenyl cyclase by interfer
ing with the binding of hormones to their receptor proteins. It is evident 
from the observations reported above that chlorpromazine does not alter 
basal enzyme activity and in fact enhances the stimulatory effects of 
F . In intact rabbit cerebellar slices chlorpromazine inhibits NEP- and 
histamine-induced cyclic AMP formation (157). Its in vivo administra
tion prevents the decapitation-induced rise in the levels of cyclic AMP 
in brain (157, 303, 304). When injected, trifluoroperazine and oxo-
tremorine, which are inhibitors of the central nervous system cholinergic 
mechanisms, decrease the NEP response and the decapitation-induced in
crease in cyclic AMP levels in whole brain (303) and in cerebral cortex 
and cerebellum (305). Other inhibitory agents, such as PCMB, NEM, 
cetyl pyridinium chloride, sodium tetraphenyl boron, mercurial diuretic 
meralluride, and 5,5-dibromobarbiturate, inhibit adenyl cyclase by 
affecting primarily the catalytic site of particulate adenyl cyclase from 
heart and lung (306) and the F~-responsive enzyme activity in thyroid 
plasma membranes (300). Alloxan inhibits the stimulation of adenyl 
cyclase by glucagon and EP in preparations from liver, brain, kidney, 
and heart (307). In fat cells, some of the ionophorus antibiotics (valino
mycin and nonactin), which are well known to alter ion transport, inhibit 
NEP-stimulated adenyl cyclase activity (308). 

3. IONS 

High concentrations of Ca
2+
 inhibit adenyl cyclase activity in many 

tissues (61, 86, 88, 135, 283). Lithium ions inhibit TSH-activated adenyl 
cyclase in thyroid membranes and fluoride- and ACTH-stimulated activ-
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ities in fat cell ghosts (88, 283, 289, 291). Both Li
+
 and Ca

2+
 seem to 

inhibit adenyl cyclase by competing with M g
2+
 (289). Other divalent 

cations, e.g., Cu
2+
 and Zn

2 +
, inhibit completely the basal, fluoride- and 

ACTH-stimulated adenyl cyclase activity in fat cell ghosts (88). 

4. ANALOGS OF HORMONES AND LIPID SOLVENTS 

Many agents that abolish the binding of a hormone to its receptor 
inhibit hormone-stimulated adenyl cyclase activity. An ACTH analog 
inhibits the ACTH-responsive adenyl cyclase of fat cell ghosts without 
affecting the response to other hormones (88). Treatment of fat cell 
ghosts with trypsin inhibits the response to glucagon, secretin, and 
ACTH, but EP- and NaF-induced increases in adenyl cyclase activity 
are not affected (179). Digitonin, phospholipase A, and urea inhibit glu-
cagon-stimulated adenyl cyclase in liver plasma membranes but do not 
affect the response to NaF (178). As adenyl cyclase is membrane bound, 
any treatment that solubilizes the membrane lipids results in loss of 
hormone-stimulated adenyl cyclase activity (309). 

5. HORMONES 

Among hormones, melatonin decreases MSH-induced cyclic AMP 
formation in frog skin (H5, 146). Insulin decreases EP- and glucagon-
stimulated cyclic AMP formation in intact cells of liver (112, 177, 197, 
310) and inhibits adenyl cyclase in cell-free preparations from liver 
(94). Insulin also lowers hormone-stimulated cyclic AMP formation in 
mammalian fat cells (112, 177, 228). While catecholamines interact with 
a adrenergic receptors to decrease cyclic AMP formation, PGEi seems 
to interfere with the binding of ATP to adenyl cyclase. The increased 
cyclic AMP formation by PGET in platelets (161) and by MSH 
in frog skin (145, 146) is inhibited by catecholamines. On the other 
hand, PGEi antagonizes the stimulatory effects of EP, ACTH, glucagon, 
TSH, and LH on the increased levels of cyclic AMP in fat cells (199). 

C. Activators of Cyclic AMP Phosphodiesterase 

Relatively few agents activate phosphodiesterase, the enzyme that 
degrades cyclic AMP. Multiple cyclic AMP-dependent phosphodiester
ases occur in brain and many other tissues (122-124). Phosphodiesterase 
in its active form is a metalloenzyme complex. It requires Mg

2+
 for 
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its activity and is partially activated by Co
2 +

; Mn
2+
 is more effective 

than Mg
2+
 (114, 126, 311). Under certain conditions, Ca

2+
 stimulates 

crude phosphodiesterase from brain and relieves the inhibition by high 
concentrations of Mg

2+
 and Mn

2+
 (126, 312). Some cells also contain 

a soluble protein factor capable of stimulating phosphodiesterase (117). 
Imidazole activates phosphodiesterase from brain (98, 106), liver (109), 
and adipose tissue (112). Histamine activates phosphodiesterase from 
heart and intestinal smooth muscle (313). Low concentrations of cyclic 
GMP stimulate cyclic AMP hydrolysis by stimulating liver phosphodies
terase (314). On the other hand, high concentrations of cyclic GMP 
inhibit phosphodiesterase by competing with cyclic AMP (103, 110, 314, 
315). Cyclic AMP phosphodiesterase activity in 3T3 cells is dependent 
on the intracellular concentration of cyclic AMP and it is increased 
by treatment of the cells with dibutyryl cyclic AMP. Inhibition by 
actinomycin D and cycloheximide suggests that dibutyryl cyclic AMP 
increases synthesis of phosphodiesterase (316). Prostaglandin (PGEi) 
activates phosphodiesterase in mouse L-cell fibroblasts (317). Among 
the hormones, insulin results in de novo synthesis of phosphodi
esterase in liver and adipose tissue of rats. In addition, diabetic 
mice exhibit low phosphodiesterase activity in pancreas and adipose 
tissue (230). Activation of phosphodiesterase by insulin also occurs in 
cell-free preparations from adipose tissue. Insulin seems to decrease the 
Km of the high Km enzyme and causes an increase in the 7 m ax of 
the low Km activity (123). In rabbit tissues, EP stimulates phosphodies
terase at low substrate concentration and inhibits at high substrate level. 
At low concentration, EP decreases the Km and at high concentration 
decreases the VmRX. These observations show the presence of two Km 
and two Vmax values for phosphodiesterase in the presence of EP; EP 
causes a shift of the high Km activity to low Km activity possibly by an 
allosteric change (318). 

D. Inhibitors of Cyclic AMP Phosphodiesterase 

Mammalian tissues contain cyclic AMP phosphodiesterase which is 
inhibited by theophylline and caffeine (97, 311, 319). Pyrophosphate 
(PP), ATP and other triphosphates, ADP, adenosine, and citrate are 
potent inhibitors of brain phosphodiesterase (98, 320). Adenosine triphos
phate, ADP, and PP exert their inhibitory effects by complexing with 
divalent cations, as inhibition by these agents is reversed by raising 
the Mg

2+
 concentration (321). In contrast, inhibition of phosphodiester-
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ase by adenosine is not reversed by Mg
2+
 [321). Phosphodiesterase is 

inhibited by a number of other agents, e.g., puromycin (322), triiodo
thyronine (323), tricyclic antidepressants (324), benzothiadiazine de
rivatives (825, 326), and diethylergosterol (327). At the substrate con
centration range over which the low Km phosphodiesterase is active, 
cyclic GMP inhibits phosphodiesterase competitively, whereas the high 
Km enzyme is stimulated by a mechanism that involves an increase 
in the F m ax without altering the Km (103). 

IV. REGULATION OF CYCLIC AMP FORMATION IN 
CELLS IN CULTURE 

The presence of adenyl cyclase in established cell lines has provided 
a useful tool for the study of cellular control mechanisms involving 
cyclic AMP. Cyclic AMP and its derivatives alter growth, morphology, 
and density-dependent inhibition of growth of several lines of mam
malian cells in culture (328-334). The inhibition of growth by cyclic 
AMP is reversible in some cases, as on removal of cyclic AMP the 
cells resume their normal growth rate (335). The growth of tumorigenic 
cell lines is inhibited more by cyclic AMP than is that of nonmalignant 
cell lines (329). In contrast to the inhibitory effects of cyclic AMP 
on tumor growth, this nucleotide stimulates cell multiplication in some 
tissues, e.g., thymocyte proliferation (336, 337), suggesting that high 
levels of cyclic AMP may lead to malignant cell growth. Some tumors 
(e.g., dimethylaminobiphenyl-induced breast carcinoma) have been 
shown to have relatively high adenyl cyclase activity (216). Adenyl 
cyclase activity in the presence of NaF is greater in hepatomas than 
in controls (330). In Chang's liver cells, the basal and catecholamine-
stimulated adenyl cyclase activity is low early in the S phase, but the 
activity increases at the peak of mitosis (196, 338). This shows that 
hormone receptors for adenyl cyclase are entirely lost or hidden during 
the S phase and then fully uncovered or synthesized in mitosis. Various 
antigens are also maximally expressed during mitosis and greatly de
creased during the S phase (339, 340). While these studies suggest that 
high levels of cyclic AMP may lead to malignant cell growth, others 
point to a defect in cyclic AMP formation leading to neoplastic processes. 
An inverse correlation between growth rate and cyclic AMP levels has 
been shown in some lines (341). In fibroblasts, cyclic AMP levels rise 
during inhibition of growth (342, 343). In clonal lines of neuroblastoma 
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cells, PGEi increases cyclic AMP formation and also inhibits cell multi
plication (168). The levels of cyclic AMP in the cell can also be changed 
by alterations in the activity of cyclic AMP phosphodiesterase. The 
contact-inhibited 3T3 fibroblasts have two forms of phosphodiesterase, 
with Km values of 2.5 and 71 fxM. As the 3T3 cells grow to confluency 
and cyclic AMP concentration rises, the low Km enzyme activity in
creases, but there is no alteration in the activity of the high Km enzyme 
(316). Two phosphodiesterases are also present in a line of SV 40-trans-
formed 3T3 cells with a low level of cyclic AMP. Treatment of both 
types of cells with dibutyryl cyclic AMP increases cyclic AMP phospho
diesterase activity. This is inhibited by cycloheximide and actinomycin 
D. The newly formed enzyme resembles the higher-affinity enzyme 
present in unstimulated cells (316). 

V. ADENYL CYCLASE AND PHOSPHODIESTERASE IN 
RELATION TO AGE 

Ontogenic development of adenyl cyclase and cyclic AMP phospho
diesterase activity has been studied in some tissues in order to correlate 
the increase in the activity of these enzymes to the maturation process 
and to determine whether the catalytic and hormone-sensitive activities 
appear at the same time. 

In brain, fluoride- and NEP-sensitive adenyl cyclase activity appears 
and declines at different rates in different regions, while phosphodiester
ase activity increases during maturation in some areas and decreases 
in others (344-346)- In addition, the particulate adenyl cyclase from 
newborn rat brain does not respond to NEP or fluoride during the 
first few days post partum, after which sensitivity to fluoride and NEP 
develops (346). The chick brain enzyme, however, responds to fluoride 
at all stages of development (347). The sensitivity of frog erythrocyte 
adenyl cyclase to catecholamines also depends on the stage of develop
ment of the amphibian, as the enzyme from tadpole erythrocytes is 
insensitive to EP whereas the enzyme from frog erythrocytes responds 
to EP (205, 348). In contrast, adenyl cyclase activity in sea urchin 
eggs increases sharply after fertilization (52); in the fetal liver, hor
mone-sensitive adenyl cyclase activity appears 4 days before birth, and 
there is no increase in enzyme activity after birth (349). In pineal 
homogenates basal adenyl cyclase activity does not change with age 
of the animal, but there is an increase in the NEP- and fluoride-sensitive 
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enzyme (171, 350). A similar increase in adenyl cyclase activity with 
age occurs in muscle and testes. It correlates with increased muscular 
activity (349) or sexual maturity of the animal (71). In many tissues, 
e.g., thymocytes (207) and fat pads (160), NEP- and fluoride-stimulated 
adenyl cyclase activity declines with advancing age. In general, increase 
in the specific activity of adenyl cyclase parallels the maturation process. 
However, the hormone sensitivity and the appearance of the enzyme 
may not develop together. 

VI. ROLE OF LIPIDS IN THE ACTIVATION OF 
ADENYL CYCLASE BY HORMONES 

Several lines of evidence indicate that membrane lipids play an impor
tant role in maintaining the functional integrity of the hormone recep-
tor-adenyl cyclase complex. When the particulate enzyme is treated with 
a variety of nonionic detergents, including Triton (8), Lubrol (84), and 
digitonin (225, 351), the hormonal stimulation of adenyl cyclase is lost 
but the fluoride response is retained. Similarly, phospholipase treatment 
(225, 351-353) and extraction of membranes with lipid solvents (309) 
result in loss of hormone response. Addition of individual phospholipids 
to the solubilized enzyme preparation, or to the membranes extracted 
with lipid solvents, restores the hormonal response. There is some 
specificity in the base component of the phospholipids in restoring the 
sensitivity of the enzyme to stimulation by hormones. Phosphatidylserine 
restores the response of solubilized myocardial adenyl cyclase (354) 
and plasma membranes treated with phospholipase A (353) to glucagon 
stimulation but not to NEP. Phosphatidylinositol restores the sensitivity 
of adenyl cyclase to stimulation by NEP but has no effect on the glucagon 
response (355). Perhaps these phospholipids restore the hormonal sensi
tivity of the solubilized enzyme by forming a link between the hormone 
receptor and the catalytic subunits of the enzyme which are dissociated 
during solubilization. 

VII. MODIFICATION OF ADENYL CYCLASE IN VARIOUS 
PHYSIOLOGICAL AND PATHOLOGICAL CONDITIONS 

In pseudohypoparathyroidism, a disease in which PTH fails to main
tain normal concentrations of Ca

2+
 in the blood, PTH also fails to in-
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crease the cyclic AMP formation by kidney as the hormone receptors 
are refractory (356, 357). In certain types of heart failure which do 
not respond to glucagcm, the hormone also does not activate adenyl 
cyclase of heart muscle (358, 359). Moreover, adenyl cyclase activity 
is less in hearts of animals with congestive heart failures than in 
controls (360). Just as abnormally low levels of cyclic AMP may be 
harmful to cardiac function, chronic high levels of cyclic AMP may lead 
to cardiomegaly and cardiac necrosis (361, 362). Leukocytes of patients 
with neuroblastoma are affected, as indicated by greater incorporation 
of radioactive precursors into cyclic AMP compared with that in normals 
(363). Patients with mania excrete more cyclic AMP than normal in 
the urine (364-367). In liver the concentration of cyclic AMP is low 
after feeding and high after starvation. In contrast, adenyl cyclase 
activity of adipose tissue is decreased after fasting (183). Frog retinal 
rod outer segments contain adenyl cyclase that is active in darkness 
and inactivated by light (53). The activity of adenyl cyclase in adrenal 
gland varies with the circadian rhythm (368), and environmental light
ing increases the response of pineal adenyl cyclase to NEP (173). These 
variations in cyclic AMP levels may be the result of alterations in the 
levels of various hormones in circulation. 

VIII. CONCLUDING REMARKS 

Many polypeptide hormones and biogenic amines are known to con
trol the formation of cyclic AMP by activation of adenyl cyclase. On 
the other hand, catecholamines and prostaglandins increase cyclic AMP 
formation in some tissues and decrease hormone-stimulated cyclic AMP 
levels in others. Direct inhibition of adenyl cyclase by hormones has not 
been shown. With the exception of insulin, which lowers cyclic AMP levels 
by activating phosphodiesterase, none of the hormones alters cyclic AMP 
levels by regulation of cyclic AMP phosphodiesterase activity. Moreover, 
phosphodiesterase activity in all tissues is severalfold higher than adenyl 
cyclase activity. There is now sufficient evidence to indicate that adenyl 
cyclase in most tissues is associated with the membranes of mitochondria 
and sarcoplasmic reticulum as well as with plasma membranes. The 
large polypeptide hormones that have no access to the interior of the 
cell activate only adenyl cyclase bound to the plasma membrane of 
the cell, whereas hormones that do enter the cell may, in addition, acti
vate adenyl cyclase bound to the membranes of intracellular organelles. 
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Adenyl cyclase activity is also regulated by various ions, among which 
Ca

2+
 and Mg

2+
 are of physiological importance. The hormones that enter 

the cell may alter the ionic concentration, which in turn may also acti
vate or inhibit adenyl cyclase bound to sites other than the plasma 
membrane. The mechanism by which hormones activate adenyl cyclase 
is still not fully understood. Hormones and ions may act at different 
sites to activate adenyl cyclase, as under certain conditions when there 
is loss of hormonal response, stimulation by ions is retained. An attrac
tive hypothesis is that the enzyme is a dimer consisting of a regulatory 
and a catalytic unit. This hypothesis further envisages an additional 
step, the so-called transducer, between the binding of the hormone to 
the regulatory unit and the subsequent activation of adenyl cyclase. 
The response to hormones is lost on solubilization or extraction of mem
branes with lipid solvents, and this can be restored by addition of specific 
phospholipids. 

It seems possible that the hormone receptor and adenyl cyclase are 
components of a common functional unit and that phospholipids are 
essential to maintain the integrity of the receptor site of the enzyme 
complex. On the other hand, ions such as Ca

2+
 and Mg

2+
 control adenyl 

cyclase activity by direct binding to the catalytic unit. 
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