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SUMMARY

The effects of glucagon or isoproterenol on cyclic adenosine
3',5'-monophosphate (cyclic AMP) levels were studied in host

livers and tumors of Buffalo or A X C rats bearing the
following Morris hepatomas: 9618B, 9618A. 66, and 7794B
(intact and adrenalectomized): 7794A and 5123C (intact and
adrenalectomized); and 7793, 7800, 9098, 9121, and 9108
(intact and adrenalectomized). In most cases, except in the
host livers of animals bearing hepatoma 7793, the response of
both host liver and tumor to adrenergic stimulation by
isoproterenol was equivocal.

The response to glucagon, however, was in contrast to that
of isoproterenol. The response to glucagon in 3 hepatomas
(9618A, 9618B, and 66) resembled the 50-fold response
normally observed in control liver of adult non-tumor-bearing
rats. Two tumors of intermediate growth rate gave strikingly
different responses to glucagon: cyclic AMP increased only
2-fold in hepatoma 7794B but increased over 100-fold in
hepatoma 7794A. Hepatomas 9098, 9121, and 66 gave 2- to
3-fold increases of cyclic AMP levels in response to glucagon;
while hepatomas 5123C, 7800, 7793, and 9108 gave little or
no response. The responses were charted as a function of the
a-aminoisobutyrate distribution ratio, which is a measure of
the transport capability for certain amino acids, and the
relationship was compared with that seen in newborn rats and
in young rats of varying ages. Certain hepatomas fell within
the range of the normal livers, but a group of hepatomas with
high a-aminoisobutyrate distribution ratios prior to treatment
were shown to have cyclic AMP levels that were remarkably
unresponsive to glucagon stimulation.

These results provide new support for the blocked ontogeny
hypothesis by showing a resemblance of the highly
differentiated hepatomas to more mature liver and a
resemblance of another group of hepatomas to fetal or new
born liver, with respect to both naturally occurring and
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glucagon-stimulated levels of cyclic AMP. The latter group
appears to have high a-aminoisobutyrate distribution ratios
both before and after glucagon treatment.

INTRODUCTION

Recent reports from this laboratory on the induction of
tyrosine aminotransferase and TS6 have shown that the Morris

hepatomas exhibit a diverse pattern of sensitivity to a variety
of specific hormones or environmental signals such as food
ingestion and the percentage of protein in the diet (2, 21, 26).

It has been suggested that the effects of adrenergic agents,
glucagon, or theophylline on the liver of adult rats are
mediated by cyclic AMP (10, 27, 28). Although there have
been many studies that attempt to establish this point for
adult rat liver, to date there have been no systematic studies
that measured the naturally occurring and stimulated
intracellular levels of cyclic AMP in the Morris hepatomas.
Hence, no definite statements can be made about the possible
involvement of cyclic AMP in the induction of tyrosine
aminotransferase or TS in the Morris hepatomas after the
injection of hormones. There have been some reports on the
measurement of adenyl cyclase and on its response to some
hormones in some Morris hepatomas or other tumor lines
(1,4-6,18, 19).

This paper reports the effect of glucagon and of adrenergic
hormones on the cyclic AMP levels in several Morris
hepatomas. The companion paper to this report (22) presents
the results obtained for the effects of tyrosine
aminotransferase and TS. All 3 parameters were measured in
the same group of tumor-bearing animals.

MATERIALS AND METHODS

Animals. The hepatomas were carried by i.m.
transplantation into one or both hind legs of male or female
Buffalo rats and of female A X C rats at Howard University,
Washington, D. C., before they were shipped by air to the
McArdle Laboratory, Madison, Wis.

Upon arrival, the rats were housed in a windowless room,
and the lighting schedule was regulated to give darkness from
8:30 a.m. to 8:30 p.m. A pelleted diet with 30% protein was

'The abbreviations used are: TS, A1B amino acid transport system;
AIB, c-aminoisobutyrate; cyclic AMP, cyclic adenosine 3',5'-monophos-

phate.
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available during only the 1st 8 hr of the dark period, referred
to as the "8 + 16" controlled feeding schedule (22, 25). The

animals were adapted to this protocol for at least 2 weeks
before they were killed. All of the hepatomas that were used
for these studies have been listed with transplantation data in
the accompanying report (22), and the same animals were used
for both studies, insofar as was possible (see below).

Injection of Hormones and Assay of Cyclic AMP. Glucagon
(Sigma Chemical Co., St. Louis, Mo.), 0.4 mg/100 g body
weight, was dissolved in 0.154 M NaCl and was injected s.c. in
a volume of 0.5 ml/100 g. In some cases theophylline (7.5
mg/100 g) was dissolved in 0.154 M NaCl and was injected in a
volume of 1.0 ml/100 g. The dosages were carefully chosen on
the basis of prior experience (cf. Refs. 10 and 22). If
theophylline was used, it was injected i.p. 15 min prior to the
injections of the hormones. At the dose and time used,
theophylline alone does not have a significant effect on
hepatic levels of cyclic AMP (not shown). The use of
theophylline was discontinued during our later studies, since it
appeared that tumor-bearing animals were very sensitive to
theophylline, and often they died before the end of the
experiment. We also changed to the use of isoproterenol (1.0
mg/100 g) in our later studies, since this drug has less
a-adrenergic effects, compared with epinephrine (0.2 mg/100

g).
Animals were killed by decapitation 15 min after the

injection of the hormones at 8:30 a.m. Food was withheld on
the day of the experiment (10). The livers and tumors were

quickly removed and frozen in liquid nitrogen. Subsequent
treatment of the samples and assay of cyclic AMP by a protein
kinase method has been described (7). Control animals, i.e.,
those under basal conditions that were killed at 8:30 a.m. with
no injection, could be used for the assays described in the
preceding paper. However, the experimental animals from the
preceding study could not be used for this study, because the
animals used in the present work had to be killed at 15 min
rather than 3.5 hr after the injections (22). However, the
animals were from the same groups of tumor-bearing animals
that were used for the previously reported studies (22).

RESULTS

We have previously published the time course for changes of
cyclic AMP levels in normal adult rat liver following the
injection of glucagon or glucagon plus theophylline (10, 11).
On the basis of these studies, all samples were taken at 15 min
following the s.c. injection of the hormones. Unpublished
results demonstrated that the increases in cyclic AMP were
also at a maximum between 10 and 20 min following the s.c.
injection of either isoproterenol or epinephrine.

Table 1 shows the basal and stimulated values for cyclic
AMP in the same series of hepatomas that was analyzed for
tyrosine aminotransferase and AIB distribution ratios in the
accompanying report (22). While there is a tendency for
slow-growing, highly differentiated hepatomas to respond to

Table 1
Variation in cyclic AMP accumulation by Morris liepatoma lines after the injection of glucagon or adrenergic agents

Cyclic AMP in host liver
(nmoles/g)

Cyclic AMP in hepatoma
(nmoles/g)

Plus Plus
Basal

Hepatoma linesstate"5123Cc'd

1.2
Adrexe5123Cd 1.8
7793d 1.5
7794Ad.77794B''
1.0Adrex7794B

1.97800C9098C9108Adrex9108

9121d9618A

9618Bd66.5.8.4.9.8.1.5.50.06

O.I
0.01
0.10.030.20.10.20.10.3

0.10.01

0.10.1Plus

glucagon53.4

31.4
4.9

11.127.521.664.19.921.914.4

11.620.2

13.5t

5.1
9.1
0.1

2.27.19.716.62.23.75.3

2.13.0

1.616.0
i 1.0adrenergic

agent"1.1

Â±0.03
1.8 Â±0.1

15.0 Â±8.5
1.4Â±0.11.4

Â±0.12.0

Â±0.21.7
Â±0.12.1

Â±0.11.7

Â±0.1Basal

state"0.9

Â±0.2
1.7 Â±0.1
1.4 Â±0.03
1.5 Â±0.050.9

Â±0.11.1
Â±0.11.5
Â±0.12.

3Â±0.11.7
Â±0.21.4
Â±0.1

2.8 Â±0.21.1
Â±0.2

1.0Â±0.11.7
Â±0.1Plus

glucagon02.1

Â±0.3
1.3 Â±0.1
1.3 Â±0.1

147.5 Â±12.31.8
Â±0.21.45
Â±0.052.1
Â±0.16.9
Â±2.22.3
Â±0.21.2
Â±0.2

7.8 Â±1.047.4
Â±4.2

27.4 Â±8.99.0
Â± 2.3adrenergic1.3

Â±0.2
1.4 Â±0.02
1.5 Â±0.1
1.5Â±0.21.4
Â±0.31.4

Â±0.12.9
Â±0.42.4

Â±0.21.6

Â±0.01

" Animals that received no injections (at 8:30 a.m.).
b Previous experiments with non-tumor-bearing control rats yielded basal cyclic AMP values of 1.1 nmoles/g normal liver

(10, 11). When glucagon was injected s.c. at 0.2 mg/100 g body weight, mean values for cyclic AMP reached 26, 28, and 13
nmoles/g liver at 10, 20, and 40 min, respectively, in normal male rats on the present protocol (11). Adrenalectomized male
rats showed the same basal values and rose to mean values for cyclic AMP of 31, 47, and 15 nmoles/g liver at the above time
intervals, respectively. In another experiment, the basal value for cyclic AMP was the same, and 20 min after the same
glucagon dosage, cyclic AMP rose to 50 nmoles/g liver with glucagon alone and to 133 nmoles/g liver in the presence of
theophylline (9.0 mg/100 g body weight). The data tabulated above were obtained at 15 min after 0.4 mg glucagon/100 g
body weight or at 15 min after the administration of the adrenergic agents.'' Added with theophylline as indicated in the "Materials and Methods."

d Isoproterenol was used instead of epinephrine.
e Adrex, adrenalcctomized animals.
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glucagon with a near normal increase in cyclic AMP and a
tendency for less-differentiated, more rapidly growing
hepatomas not to respond, we found it difficult to obtain a
clear-cut, smooth correlation between these parameters.
Instead we chose to attempt a correlation with the AI B
distribution ratio, which was also used as the correlating
parameter for the tyrosine aminotransferase induction studies
in the accompanying report (22). This method of plotting 2
parameters with a single point makes it possible to note
whether there is a consistent relationship between the 2
quantities measured, and indeed in the case of tyrosine
aminotransferase versus AIB ratio, there was a good
correlation over a wide range of values. Thus, despite
quantitative changes in the length of the vector produced by
glucagon or by glucagon plus theophylline, the slope of the
vector was quite consistent, considering all of the factors
entering into the measurements. Perhaps in part this is because
under our conditions the AIB ratio is self-correcting, since the
blood and tissues are obtained from the same animal and the
AIB is injected on the previous day.

With the use of the above-described method of correlation,
Chart 1 was prepared from the data in Table 1, based on zero
time and 15-min values for cyclic AMP and on zero time and
3.5-hr values for the AIB ratios reported in the accompanying
paper (22). This chart shows clearly the marked effect of
adrenalectomy on the TS, with no significant effect on the
cyclic AMP response in hepatomas 9108, 7794B, and 5123C
(cf. Refs. 21, and 26). Since these tumors showed no response
by cyclic AMP in intact rats, it would be of interest to
determine the effect of adrenalectomy on the cyclic AMP
response of the hepatomas that show marked stimulation by
glucagon (Chart 1, hepatomas 7794A, 9618A, and 9618B).
Chart 1 and Table 1 reveal a wide range of responses to
glucagon by the 2 parameters. Unlike the correlation of
tyrosine aminotransferase and TS seen in the previous report,
here we find a rather clear separation of the hepatomas into 2
categories. Those hepatomas with initial AIB ratios below 5
showed highly significant increases in cyclic AMP when
glucagon was injected (hepatomas 9098, 9121, 66, 9618B.
9618A, and 7794A, and adult liver), while those hepatomas
with basal AIB ratios of 9 or greater showed virtually no
increase in cyclic AMP when glucagon was injected (hepatomas
7800, 9108, 7793, 5213C, and 7794B). Although this study
and the accompanying reports represent considerable effort, it
is clear that certain features of the protocol have had to be
held constant, especially the time of sacrifice and the dose of
glucagon. Further work will need to be done to determine
whether any of the hepatomas with high initial AIB ratios
would fail to accumulate cyclic AMP at any time after
injection of higher or additional doses of glucagon with or
without theophylline. Among the "nonresponders," in this

experiment we have already tested the effect of supplementing
glucagon with theophylline in hepatomas 7800, 5123C, and
7794B.

The great diversity in the patterns of response given by
these hepatomas has prompted Potter (20) to suggest that the
standard for comparison should be the entire range of values
covered by perinatal rat liver, rather than solely the adult rat
liver. This concept has been stated in the phrase "oncogeny is
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(hart 1. Summary chart showing the basal and glucagon-stimulated
levels of cyclic AMP plotted against the basal and glucagon-stimulated
levels of AIB uptake in the various Morris hepatomas. The values for
the cyclic AMP levels were taken from Table 1. The values for
AIB uptake are from data presented in another paper (22). The data in
the rectangle formed by solid lines belong in the space occupied by the
rectangle formed by dashed lines. The cyclic AMP values after glucagon
stimulation were obtained after 15 min, while the AIB distribution
ratios after glucagon stimulation were obtained in different animals at
3.5 hr (22). ADREX, adrenalectomized.

blocked ontogeny" [Potter (20)]. Accordingly, Chart 2 is a

summary of data presented in greater detail in the following
paper (9), showing the changes in the hepatic levels of cyclic
AMP in the developing rat liver after administration of
glucagon, plotted against TS before and after glucagon
administration, as in Chart 1. We have also shown (9) that the
response of hepatic cyclic AMP levels in prenatal rats to
glucagon was very poor, compared with the response observed
in adult animals (not shown in Chart 2). Hence, there is a wide
range of responses in the perinatal rat livers which would
appear to encompass the variation in the cyclic AMP responses
shown by the various hepatomas examined, while the TS in
the nonresponsive hepatomas is apparently "locked-in" at a

level equal to or exceeding the level to which adult liver can be
stimulated by glucagon.

DISCUSSION

No previous work with Morris hepatomas has involved
changes in intracellular levels of cyclic AMP in response to
physiological stimuli. While the initial values were quite
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Chart 2. Summary chart showing basal and glucagon-stimulated
hepatic levels of cyclic AMP plotted against the basal and
glucagon-stimulated hepatic levels of AIB uptake in the developing rat.
The data in this chart are taken from more detailed data in another
paper (9). The cyclic AMP values after glucagon stimulation were
obtained after 15 min, while the AIB distribution ratios after glucagon
stimulation were obtained in different animals at 3 hr (9).

constant and very low, the responses varied over a wide range.
In this study, we examined the changes in intracellular cyclic
AMP in response to glucagon and, in addition, noted whether
changes in tyrosine aminotransferase and TS, after injection of
glucagon, could be correlated with changes observed in cyclic
AMP. These later attempts at correlation were done in an
effort not only to use the wide spectrum of Morris hepatomas
further to document the concept of tumor diversity and its
relation to ontogeny but also to use these tumors as
biochemical tools for a study of the possible cause and effect
relationship between changes in intracellular cyclic AMP levels
and a change in the levels of tyrosine aminotransferase and TS
in normal liver. That is, if one observed that glucagon did not
increase cyclic AMP but that it did induce tyrosine
aminotransferase and/or TS, this would definitely suggest that
cyclic AMP would not be obligatory in the action of glucagon
on these parameters. For example, in hepatoma 7794B and
other nonresponders, there is a significant increase in basal or
unstimulated TS compared with normal liver, while there was
no significant effect of glucagon on cyclic AMP levels (Chart
1). Obviously, this result should be examined more closely
with larger numbers of animals for a time and dose study on
the response of these hepatoma lines to glucagon to learn

whether they function without a dependence upon a
glucagon-sensitive adenyl cyclase. In this connection, 2 of
these hepatomas were tested for response by tyrosine
aminotransferase and TS to injected TV6,02'-dibutyryl cyclic
adenosine 3',5'-monophosphate. They showed marked

increases in tyrosine aminotransferase but no increase in TS,
while host livers in the same animals showed a marked increase
in both parameters (22).

These various hepatomas could also be used to study the
mechanisms of cyclic AMP action in alteration of
macromolecule synthesis. It has been suggested that cyclic
AMP stimulates protein kinases or cyclic AMP-binding proteins
and that these consequences may be very important in the
action of cyclic AMP (17, 23). This is certainly the case in the
activation of phosphorylase b (24). For example, comparative
studies of the levels of protein kinase or binding protein in the
7794A tumor, in normal liver, and in tumor 7793 may be of
value. Tumor 7794A responded very well in terms of an
increase in cyclic AMP following glucagon administration,
whereas there was very little change in TS. In contrast, tumor
7793 did not respond in terms of either parameter. Hence,
by examining the pattern of activities obtained from these
tissues, it may be possible to draw conclusions about the
involvement of either the cyclic AMP-dependent protein
kinases or the cyclic AMP-binding proteins. Such comparative
studies have previously been suggested (8) in the case of the
Reuber hepatoma H-35 carried in tissue culture and the HTC
cells also carried in tissue culture. Granner et al. (14) have
shown that the HTC cells lack adenyl cyclase and, further, that
tyrosine aminotransferase is not induced by exogenous cyclic
AMP or the dibutyryl derivative. The enzyme tyrosine
aminotransferase is induced in the HTC cells by cortisol (15),
insulin (13), or a serum factor (12). We have shown that
tyrosine aminotransferase is inducible in H-35 cells by
N*,O2'-dibutyryl cyclic adenosine 3',5'-monophosphate (8)

and by insulin and hydrocortisone (16).
The general discussion of adenyl cyclase determinations in

the 2 cell lines mentioned above raises another important
point. Although there have been no other studies involving
Morris hepatomas which examined the changes in intracellular
levels of cyclic AMP after injection of hormone, there have
been some reports on the levels of adenyl cyclase in Morris
hepatomas or other tumors and the response of the adenyl
cyclase to glucagon or epinephrine (1, 4-6, 19). Caution
should be used in drawing conclusions about what happens in
vivo, based on results of the in vitro adenyl cyclase
determinations. For example a recent report on adenyl cyclase
determinations (1) has shown that hepatoma 5123tc gave a
very good response to glucagon while, in this study with line
5123C, we show that glucagon gave only a very slight elevation
of cyclic AMP levels in comparison with the effects in the host
liver of the same animals or when compared with the results
obtained with normal adult rats. This point also is emphasized
by our findings, reported in a subsequent paper (9), which
show that the adenyl cyclase activity of whole homogenates of
prenatal rat liver did not respond to hormones to the extent
indicated by our results from in vitro studies. These data
emphasize that results obtained with the adenyl cyclase
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determinations cannot be translated directly to what is
happening in the in vitro or intact-cell situation. Studies on the
adenyl cyclase system may be of value in examining the
properties of the plasma membrane of the various tumors.
However, more work must be done before it can be
determined whether results obtained with broken-cell
preparations of tumors can be interpreted in terms of what
happens in the case of the intact tissues.

The results presented in Table 1 suggest that the presence of
hepatoma 7793 exerts an effect on the sensitivity of the host
liver to isoproterenol. It is not known whether there is a direct
effect of some product of the hepatoma or whether there is an
effect of the hepatoma on an endocrine gland which in turn
produces a product that has an effect on the adrenals, since it
has been shown that adrenalectomy of animals bearing
hepatomas 7794B, 5123C, or 9108 serves to lower the basal
levels of tyrosine aminotransferase and TS (22). Recently,
Braun and Hechter (3) have shown that steroids appear to play
an important role in control of the responsiveness of the
epididymal fat pad adenyl cyclase to adrenocorticotropic
hormone.

The hepatomas may exert an effect on the systems
responsible for degrading the various hormones. We have
previously shown that s.c. injections of glucagon were more
effective than were i.p. injections in elevating hepatic and fat
pad levels of cyclic AMP (11). It was suggested that these
differences may reflect differences in rate of absorption or
degradation. Hence, an effect of the hepatoma on either of
these processes could alter the response to the hormone
injected. Studies involving rates of degradation of radioactive
hormones in animals bearing tumors, as well as studies with
tissue slices or tissue cultures of the various tumors, may give
more insight into this issue.

These studies lend support to the concept of oncogeny as
blocked ontogeny, put forth by Potter (20), and support the
explanation for tumor diversity that this concept provides,
since blocking the further increase in enzyme levels at various
stages of development could give considerable diversity in the
hepatomas that are within ranges observed as minimum and
maximum values in newborn or adult liver. Also, these
hepatomas may be very helpful biochemical tools in
understanding the mechanism of either hormone action or the
action of cyclic AMP by way of comparative studies with
normal liver, just as Escherichia coli or Neurospora mutants
have contributed to the knowledge of genetic and biochemical
control mechanisms.
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