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SUMMARY

Mature ratswerefeda dietcontaining0.06%(w/w) of the
carcinogen 3'-methyl-4-dimethylaminoazobenzene for a pe
nod of I 2 weeks. Between 13 and 26 weeks, 6 of the 11 rats
not sacrificed earlier had developed malignant tumors. The
basal activity and responsiveness to isoproterenol, glucagon,
and fluoride of the adenyl cyclase in the 1100 x g fraction of
liver homogenates from these animals were compared to
those of control animals throughout the period. By 2 weeks
after commencement of the diet, there was a I70% increase
in the isoproterenol responsiveness of the cyclase which
reached a maximum of 480% by 9 weeks. The activation of
the enzyme by isoproterenol was blocked by propranolol.
The basal activity of adenyl cyclase also rose during the diet,
to reach a maximum of 270% of the controls at 9 weeks. The
glucagon responsiveness of the enzyme was depressed
throughout the entire period. After 12 weeks, which was the
time of cessation of the diet and of the appearance of the
first tumors, the isoproterenol response decreased but never
fell below normal levels. At this time also, the basal activity
and fluoride response fell to below control levels; the
glucagon response remained depressed. Hormone respon
siveness of cyclase from established tumors was variable but
never high; basal activity was always low. It is concluded
that enhanced basal activity and the appearance of more
effective fl-adrenergic stimulation of adenyl cyclase may be
related to neoplastic transformation but not to the uncon
trolled growth of established tumors.

INTRODUCTION

The major differences between neoplastic and normal
cells lie in the apparent increase in mitotic activity, the
surface properties of the cell membrane, and the patterns of
cellular metabolism. These may owe their existence to an
altered genotype or to a change in the way genetic
information is manifest in cell protein. Since the nucleotide
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cAMP2 and its membrane-bound parent enzyme adenyl
cyclase have an integral role in such fundamental cellular
processes, the suggestion has been made that changes in this
system may well be fundamental to tumor development (5,
10, 21).

Studies of the characteristics of adenyl cyclase isolated
from tumor cells have yielded a confusing range of findings.
The enzyme from transplanted rat hepatomas appears on
the whole to have lower basal activity and to be less
responsive to stimulation by hormones and fluoride than
normal (1 , 9, 11). On the other hand, an enhanced biological
activity in vivo of tumors of rat adrenal cortex is associated
with an unusually high responsiveness of adenyl cyclase
isolated from them to hormonal stimulation (31). More
over, the adrenocortical tumor cyclase responds to stimula
tion not only by adrenocorticotrophic hormone but also to
isoproterenol and other hormones to which it is normally
unresponsive. Thus, in the case of a transplantable tumor of
rat adrenal cortex, neoplasia is accompanied by an increase
in adenyl cyclase activity which is largely due to the
development of atypical hormone receptors, including the
$-adrenergic receptor found normally in such tissues as liver
and heart.

While it is clear that an enhanced basal activity and
hormone responsiveness of adenyl cyclase in broken cell
preparations from neoplasms is not a generalized phenome
non, the suggestion that the cyclase-cAMP system may play
a role in the neoplastic process remains. It is of particular
interest to determine whether an alteration in the spectrum
of hormone responsiveness of adenyl cyclase occurs in the
premalignant stages of tumor development, and also in
primary tumors and, if so, whether it is causal to or a result
of the malignant state. To do this, it is necessary to
investigate the adenyl cyclase response to hormones from
the earliest stages of carcinogenesis. In the only reported
study to the present time, Christoffersen et al. (7) found
that, during the induction of rat liver tumors with 2-
acetylaminofluorene, both isoproterenol responsiveness and
basal activity of adenyl cyclase in premalignant liver and in
primary tumors were markedly increased. Moreover, these
changes were present before any histological signs of cancer.

2 The abbreviations used are: cAMP, cyclic adenosine 3' , 5'-monophos

phate: 3'-MeDAB, 3'-methyl-4-dimethylaminoazobenzene.
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away from strong light. The reaction was terminated by
boiling for 5 mm. 32P-Labeled cAMP was separated from
the other components of the reaction mixture by chroma
tography on columns (6.0 x 0.6 cm) of neutral alumina (27)
and eluted with 4.0 ml of Tris (50 mM, pH 7.4). Recovery
was 70%.

Protein Concentrations. These were estimated by the
Hartree modification of the Lowry method (16).

RESULTS

The histological changes observed in rat liver during the
course of 3'-MeDAB carcinogenesis were as seen by other
workers (12, 14, 20, 23). The 1st pale swollen cells appeared
at 3 weeks, small nodules appeared at 5 weeks, and tumor
appeared at I3 weeks. Of the 11 animals killed between
Weeks 13 and 28, 6 bore tumors of various histological
types (Table 2). When tumors developed, they showed the
typical features of hepatocarcinoma and cholangiocar
cinoma (23). One nonmalignant cirrhotic liver was seen.

Adenyl Cyclase Activity: Response to Glucagon, Iso
proterenol, and Fluoride. The normal pattern of activity of
liver adenyl cyclase found is shown in Table 1. The activity
in the presence and absence of hormones was linear up to 30
mm. The enzyme was stimulated by glucagon, iso
proterenol, and fluoride in a manner similar to that reported
by others (7, 24), as shown also in Chart 1. There was no

Table I

Adenyl cyclase activity of control rat liver

Values given are the means Â±S.E. for 14 preparations in 7 different
assays using standard conditions (see text) and preparations assayed after
freezing. Values for nonfrozen preparations were identical with these.

In this paper, we report our findings with rat liver adenyl
cyclase during tumor induction with 3'-MeDAB.

MATERIALS AND METHODS

Chemicals. The sources of chemicals and biochemicals
used were as follows: 3'-MeDAB from Koch Light Labora
tories, Colnbrook, England; the L isomers of isoproterenol,
epinephrine, and norepinephrine bitartrates from Sigma
Chemical Co., St. Louis, Mo.; ATP (disodium salt) from
Boehringer-Mannheim, Mannheim, Germany; phospho
enolpyruvate from Boehringer Mannheim and Fine Chemi
cals of Australia; pyruvate kinase from Boehringer Mann
heim; theophylline and propranolol hydrochloride from
Calbiochem, Los Angeles, Calif.; crystalline porcine gluca
gon a gift from Eli Lilly and Co., Indianapolis, Ind.; bovine
serum albumin, Cohn Fraction V, from Commonwealth
Serum Laboratories, Melbourne, Australia; a-32P-labeled
ATP from the Radiochemical Centre, Amersham, England.

Carcinogen Diet. Mature male Sprague-Dawley albino
rats (greater than 200 g) were fed ad !ibitum with crushed
Barastoc cubes mixed with 0.06% 3'-MeDAB dissolved in
maize oil (19). A control group of rats was fed the same diet
without the carcinogen. After 12 weeks, most rats were
returned to a normal pellet diet.

Preparation of Crude Membrane Fractions. At intervals,
rats were sacrificed in groups containing 1 normal, 2 con
trols, and 5 test animals on the same day. The normal
animal was one taken from a group fed on rat pellets, rather
than the control diet. Individual livers were used for
preparation of homogenates immediately after each animal
was killed.

Rats were killed by' cervical dislocation. Livers were
removed and inspected, and a portion was placed in
formol-acetic acid fixative for hematoxylin and eosin stain
ing and histological examination. Subsequent steps were
carried out at 5@. The liver was rinsed in 0.9% NaCl
solution, blotted, and transferred to homogenizing medium
(Tris, 50 mM; KCI, 30 mM; MgSO4, 4.5 mM; dimethyl
sulfoxide, 10%). A portion of the liver was homogenized
with 10 volumes of medium using a hand-held loose-fitting
Dounce homogenizer. The homogenate was filtered through
4 layers ofcheese cloth. The I 100 x g precipitate was taken,
washed once, respun, and resuspended in the same volume
of homogenizing medium. Portions of 1 ml were frozen
immediately and stored at _900 for subsequent assay. In
some experiments these homogenates were prepared from
fewer animals and assayed immediately, without freezing.

Adenyl Cyclase Activity. Adenyl cyclase activity was
estimated by incubation of 50 @lofthe I 100 x g precipitate
containing 250 ;sg protein at 300 for 10 mm with ATP-a-32P
(2 mM, 500 cpm/pmole) in a buffer-electrolyte solution (pH
7.6) containing Tris, 50 mM; KCI, 30 mM; MgSO4, 4.5 mM;
bovine serum albumin, 0.013%, theophylline, 10 mM, in a
final volume of 95 sl. A regenerating system of pyruvate
kinase (0.154 mg/mi) and phosphoenolpyruvate (3 mM) was
used. Hormones and/or drugs were added in 10 s1 of the
buffer-electrolyte solution. Catecholamines were used with
out preservative within 15 mm of solution in the cold and
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Chart I . A comparison of basal (b), isoproterenol-stimulated (i),
glucagon-stimulated (g), and fluoride-stimulated (f) adenyl cyclase activi
ties from livers of a control and a carcinogen-fed animal after I2 weeks on
the diet and from a cholangioma removed after 19 weeks. Cyclase activity
isexpressedaspmolescAMPproducedpermmpermgprotein.Results
are of a representative experiment, each value being obtained from
observations in triplicate, on nonfrozen preparations.
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difference in the activity and pattern of hormonal stimula
tion of the adenyl cyclase of livers from normal rats and
those fed on the control synthetic diet, even though the latter
appeared larger and more fatty, nor was there any change in
these values after freezing and thawing.

During carcinogenesis, marked changes were seen (Chart
1): (a) a dramatic increase in isoproterenol responsiveness;
(b) an increase in basal activity; (c) a depression of glucagon
responsiveness. Fluoride response appeared unchanged. The
time course of the development of these changes is shown in
Chart 2. The increased responsiveness to isoproterenol was
present as early as 2 weeks after commencement of the diet,
but it did not reach a maximum until 9 weeks. By 13 weeks,
a week after cessation of the diet, the isoproterenol respon
siveness and basal activity had fallen sharply; this fall was
seen in animals maintained on the diet as well as those
removed from it at 12 weeks.

The activation of the enzyme from carcinogen-treated
animals in the premalignant stages by isoproterenol oc
curred over the same dose range as that of controls,
although the magnitude of the effect was greatly increased.
The /3-adrenergic-blocking drug propranolol blocked the
isoproterenol stimulation of activity in both control (Chart
3a) and test (Chart 3b) animals without affectingbasal
activity. The relative potencies of the catecholamines in
both control and test preparations were isoproterenol >
epinephrine > norepinephrine (Chart 4).

When experiments were performed with adenyl cyclase
assays carried out on unfrozen preparations, the changes
due to carcinogen treatment were even more marked, i.e.,
the magnitude of the changes described in Chart 2 was
actually greater than shown. Storage of the liver prepara
tions at â€”90Â°resulted in a gradual decrease in responsive
ness of adenyl cyclase to catecholamines in the case of test
animals, but not so with controls. In a repeated time study,

Chart 2. Time course of the effect of 3'-MeDAB treatment on
isoproterenol responsiveness (A), basal activity (0), and glucagon respon
siveness (â€¢)or rat liver adenyl cyclase. Liver cyclase activity from
carcinogen-treated animals as a percentage of that found for livers from
control animals under identical conditions of assay. Each point is
calculated from the mean of 2 assays on frozen preparations from each of 5
test animals and 2 control animals. Bars, SE. A value of 100% indicates no
change, and deviations up or downward indicate increases or decreases in
cyclase activity, respectively.
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Chart 3. Response of rat liver adenyl cyclase to stimulation by
isoproterenol in the presence (â€¢)and absence (0) of propranolol (l0@ M),
in livers from (a) control and (b) carcinogen-treatedanimalsafter 6 weeks
of treatment. These are results of a representative experiment, each point
being done in duplicate. Adenyl cyclase activity is expressed in pmoles
cAMP produced per mm per mg protein and was obtained with fresh
preparations.
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Chart 4. Response of rat liver adenyl cyclase to stimulation by the
adrenergic agonists, isoproterenol (0), adrenaline (A), and noradrenaline
(0). Adenyl cyclase is expressed as pmoles cAMP produced per mm per
mg protein. The liver preparation was made from an animal after 6 weeks
of treatment with carcinogen. Each point is the mean of 3 values, obtained
with fresh preparations.

currently being performed, in which assays are carried out
immediately after sampling, the isoproterenol responsive
ness of adenylate cyclase from test animals has reached a
peak of 800% of that of controls after 6 weeks on
carcinogen. This experiment together with the results of dye
binding and more detailed pharmacological studies will be
the subject of a separate report.

The biochemical data from studies of tumors were as
heterogeneous as the histological features of the livers, and
it was not possible to group the results for statistical
purposes. The individual data were obtained with fresh
preparations and are shown in Table 2. It is clear that the
heightened basal activity of adenyl cyclase seen in the
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Adenyl cyclase activity(%)+WkHistological

characteristics ofliver cellsBasalIsoproterenol+ Glucagon+Fluoride13Fast

growing hepatocarcinoma in its earlystages62202465317Cholangiocarcinoma,
LobeI611677552Cholangiocarcinoma,
Lobe2271617539181.

Normal681401141162.
Mainly normal; a few groups ofcells with enlargedcytoplasm30851021093.

Normal358799864.
Cholangiocarcinoma7189978723Huge

mixedcholangiohepatocarcinomaâ€•1221063287261.
Normal17685122962.

Normal18191758028Huge
ascitescholangiocarcinomat7314920Secondaries

from peritoneal cavity ofsame animalb5915623

Adenyl Cyc!ase Activity during 3'-MeDA B Carcinogenesis

Table 2

Adenyl cyclase activity ofrat liver 13 to 28 weeks after commencement of3'-MeDAB diet

Results are taken from assays ofindividual freshly prepared homogenates. Adenyl cyclase activity is expressed as % ofthat from a control animal.

a Tumor tissue separated from normal tissue and compared to the control.

0 Tumor tissue separated from and compared to the normal tissue.

premalignant livers was no longer a general feature, nor was
the enhanced isoproterenol stimulation. The depression of
glucagon responsiveness did, however, remain; the basal
activity tended to be depressed; and, in one case, all
hormonal stimulation of the cyclase had been lost. In 4 of
the tumor-bearing animals, the hepatocarcinomas and cho
langiomas were too small to be dissected out and compared
to the normal tissue. Because the encapsulated tumors were
more difficult to homogenize, it is probable that they were
filtered out and that they did not contribute to the cyclase
activity of the homogenates. In the instance in which pure
tumor tissue cyclase was compared to that from a normal
lobe of the same animal, the loss of basal activity and
hormonal responsiveness in the tumor was particularly
apparent (Chart 1).

DISCUSSION

Our finding that increased basal activity and responsive
ness of adenyl cyclase to isoproterenol occurs during the
earliest stages of chemical carcinogenesis and precedes
histological signs of cancer confirms the findings of Chris
toffersen et a!. (7). The fact that this effect is seen with a
carcinogen different from that used by those workers draws
attention to the possibility that, whether or not this change
is causal to tumor growth, it could well be a generalized
phenomenon accompanying neoplastic transformation of
cells. The histological changes that occur early during
treatment with 3'-MeDA B, 2-acetylaminofluorene, and
ethionine are similar and, on the basis of this, Farber (12)
suggested that these carcinogens may have similar early
metabolic effects.

The situation with established tumors is less clear. Our
finding that the greatly enhanced basal activity and iso
proterenol responsiveness are not present when tumors
appear differs from that of Christoffersen a a!. However,
both studies have included too few samples for any conclu

sions to be made at this stage. It would appear that the
behavior of adenyl cyclase from primary tumors is as
complex and varied as that from transplanted tumors and
that, on the basis of broken cell studies, it is not possible to
invoke a universal mechanism linking excessive activity of
adenyl cyclase with the uncontrolled growth of malignant
cell populations. We will therefore concentrate on the
premalignant changes.

The possibility that catecholamine-receptive cyclase is
part of a different population of liver cells to the glucagon
receptive enzyme has been raised (3, 28), and it is conceiva
ble that the proportions of the 2 are altered early in
carcinogen treatment (12). The possibility that these factors
might contribute to the change observed in hormone
responsiveness has been investigated by Christoffersen et a!.
(Ref. 6; personal communication); they found that this
would not appear to be the case. The increased responsive
ness to adrenergic agents occurs in a homogeneous popula
tion of parenchymal cells themselves, which are responsive
also to glucagon. A homogeneous population of reticuloen
dothelial cells has not been studied. It is not yet clear,
however, which types of liver cells give rise to particular
neoplasms (14).

The change in the apparent cyclase responsiveness to
catecholamines in vitro would not appear to be due to an
increased sensitivity to them resulting from, for example,
impaired inactivation, since the maximal response is in
creased rather than a shift in the dose-response curve
effected. It would appear to be due to an increase either in
the number of functional catecholamine receptors or in the
efficacy of a fixed number. The latter change could result
from a structural alteration in the enzyme itself or merely
reflect other changes in the plasma membrane that alter its
conformation, to cause sites for catecholamine interaction
normally buried to be exposed. It is interesting with respect
to other possible membrane changes that one of the earliest
effects of 3'-MeDAB treatment is to cause loss of a basic
H-protein from the membrane (19). This could affect either
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the exposure of the membrane receptors or the interaction
between these sites and the catalytic subunits of the adenyl
cyclase enzyme.

Direct membrane alterations due to local binding of
3'-MeDAB metabolites are unlikely to contribute substan
tially to the observed changes, since after 3 weeks most of
the binding occurs in the cytoplasm (18), and these changes
progress up to 9 weeks. It is possiblethat they are mediated
at the transcriptional or translational level. The alkylation
of DNA and RNA as wellas of cell proteins by 3'-MeDAB
and 2-acetylaminofluorene metabolites is well established
(13, 17, 19, 22, 32, 33). Thus alterations in amino acid
content and sequence of a cell protein including a key
enzyme such as adenyl cyclase may occur in response to
treatment with these carcinogens. The changes important to
neoplasia will be those that enable the cell to continue to live
and moreover to multiply free of the usual growth controls,
as was pointed out by Miller et a!. (22). Adenyl cyclase
alterations such as those observed could well fit into this
category and are particularly interesting in view of the role
of thestimulationof theenzymebyepinephrinein initiating
mitosis in salivary glands (21).

This histological changes seen in this study are in accord
with those seen by other workers. The question as to
whether changes such as loss of cell organization, cholangi
ofibrosis, and formation of nodules seen as early as 3 to 5
weeks are premalignant changes or merely a reflection of
continuing regeneration in the presence ofthe toxin (13, 18,
26, 29) remains to be answered, although Goldfarb (14)
claims that his findings support the earlier claim by Opie
(23) that this is so. The same question can be raised with
respect to the biochemical data. It would appear, however,
from a previous study that the biochemical changes ob
served by us are not seen in normal regenerating liver (2)
and must therefore be in some way related to neoplasia.

Thus, while there is as yet no conclusive evidence that the
phenomena observed in the preneoplastic stages of 3'-
MeDAB treatment are causal rather than parallel to
carcinogenic changes, it is interesting that the changed
pattern of glucagon and isoproterenol responsiveness of
adenyl cyclase is strikingly similar to that seen in fetal and
perinatal liver (4, 8). It would appear to be consistent with
the suggestion that during carcinogenesis there emerges a
population of cells with fetal characteristics, some of which
give rise to cancer (25). If, moreover, the increased activity
of adenyl cyclase observed also occurs in vivo, then the
cyclic AMP levels in the liver cells of precancerous animals
may well be much greater than normal. If this is so, as it
appears to be (T. Christoffersen, personal communications),
it is clear that the delicate control of many basic cellular
processes will be lost. If this change is in fact causal to
neoplasms, then speculations about the carcinogenic role of
stress, where it is accompanied by high blood catecholamine
levels, also become compelling. Experiments to investigate
these questions are in progress.
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