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SUMMARY

Induction of tyrosine aminotransferase and the amino acid
transport system was investigated in livers of
non-tumor-bearing Sprague-Dawley and A X C rats, in host
livers, and in hepatomas of rats bearing Morris hepatoma
5123C, 7794B, 7800, 9121, or 96ISA, under conditions not
previously used with hepatomas. The agents used to study the
induction of the enzyme and the transport system were: a
high-protein diet; dexamethasone alone; glucagon and
theophylline, alone and in combination; and glucagon,
theophylline, and dexamethasone together. Tyrosine
aminotransferase and the amino acid transport system in the
hepatomas and host livers responded to the inducing agents to
varying degrees and from widely different initial fasting values.
Thus a wide diversity in patterns of induction was observed,
with no two hepatoma lines or their host livers responding
similarly to all inducing agents. Induction of tyrosine
aminotransferase was studied in the livers of neonatal rats
from 0 to 9 days of age, with the use of glucagon,
theophylline, both drugs, or dibutyryl cyclic adenosine
3', 5'-monophosphate. The range of data seen with the

hepatomas is paralleled by the wide range exhibited by the
changes during the shift from neonatal to adult liver. At the
low end of the range, hepatoma 96ISA resembles the earliest
neonatal liver in terms of its tyrosine aminotransferase
activity, whether induced or occurring naturally. At the high
end of the scale, other hepatomas may exceed normal adult
liver in naturally occurring or induced levels of tyrosine
aminotransferase or amino acid transport, while resembling
neonatal liver in other respects.

INTRODUCTION

Lin and Knox (23) first demonstrated the inducibility of rat
liver tyrosine aminotransferase (EC 2.6.1.5) by injection of
hydrocortisone (cortisol), a natural glucocorticoid.
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Subsequently, many agents have been used to induce rat liver
tyrosine aminotransferase, including dietary protein (32, 48),
glucagon (8, 17, 21), and theophylline (11, 22, 41, 42). The
presence of tyrosine aminotransferase activity has been
demonstrated in several lines of Morris rat hepatomas and in
their respective host livers (34). Further, the enzyme was
shown to be inducible by dietary protein in some of the
hepatoma lines (32, 34) and by hydrocortisone and glucagon
(33, 49) in both host livers and hepatomas. Concomitantly,
several studies reported the induction pattern of TS5 to be

similar to the induction pattern of tyrosine aminotransferase
in normal rat livers (1, 41, 42, 48) and in several lines of
Morris hepatomas and host livers (2, 3, 31, 39,49).

This report concentrates on the induction of tyrosine
aminotransferase and TS after injection of glucagon,
theophylline, or dexamethasone, or by the feeding of a high
protein diet to rats bearing 1 of several Morris hepatomas.
These experiments afford us the opportunity to test for the
presence and sensitivity of possibly different pathways leading
to the induction of tyrosine aminotransferase and TS in host
livers and hepatomas under conditions that may permit
maximal responses. The responses of the various hepatoma
lines have been compared with those observed in neonatal rat
liver in preliminary experiments, in order to test the
hypothesis that "oncogeny is blocked ontogeny" (30, 31). The

data are also of interest in connection with the observations of
Furth (12) on the response of tumors to host factors and with
the studies of Weber and Lea (51) on the Morris hepatomas.

MATERIALS AND METHODS

Hepatomas and Livers from Adult Rats. Non-tumor-bearing
Sprague-Dawley rats were obtained from the Charles River
Breeding Laboratories, Wilmington, Mass., at 36 days of age.
Non-tumor-bearing A X C rats were obtained from Texas
Inbred Mouse Co., Houston, Texas, at 45 days of age. Buffalo
rats bearing Morris hepatomas 5123C [generations 80 (killed
at 56 days postimplantation) and 81 (killed at 46 days
postimplantation], 7794B [generation 19 (killed at 93 days
postimplantation)], 7800 [generation 52 (killed at 41 days
postimplantation)], and 9618A [generation 6 (killed at 202
days postimplantation)] ; and A X C rats bearing Morris
hepatoma 9121 [generations 362 (killed at 41 days post-
implantation) and 372 (killed at 38 days postim-

5The abbreviations used are: TS, amino acid transport system; DEC,
dibutyryl cyclic adenosine 3',5'-monophosphate; AIB,
a-aminoisobutyric acid; cAMP, cyclic adenosine 3',5'-monophosphate.
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plantation)] were provided by Dr. H. P. Morris (27).
Bilateral adrenalectomy of rats bearing hepatoma 5123C,
generation 81, was performed by Endocrine Laboratories,
Madison, Wis., and the animals were maintained on 0.9%NaCl
solution for drinking water until they were used for
experimentation 5 days later.

Prior to use in these experiments, rats were conditioned to
controlled lighting and feeding for a period of at least 2 weeks.
Lights were on from 8:30 p.m. to 8:30 a.m. Food cups were
placed in the cages at 8:30 a.m. and removed at 4:30 p.m. This
procedure provided the rats with food for the first 8 hr of
darkness, followed by 16 hr of fasting, and has been referred
to as the "8 + 16" regimen (34, 48-50). Both control and

hepatoma-bearing rats received a chemically defined diet (48)
containing 30% casein (General Biochemical, Inc., Chagrin
Falls, Ohio) during the training period.

a-Aminoisobutyric acid, a nonmetabolizable model amino
acid (cf. references in Ref. 28), was used to determine the level
of TS. The AIB (AIB-1-14C, 1 Â¿Ci,0.125 Mmole/100 g body

weight) was obtained from New England Nuclear, Boston,
Mass., and was injected s.c. during the feeding period on the
day preceding the experiment. All experiments were begun at
8:30 a.m., 16 hr after food cups had been removed, and,
except where specified, food was withheld. This procedure
prevented the normal diurnal rhythm of tyrosine
aminotransferase and TS, resulting in a flat baseline for these
parameters (42). Glucagon (Eli Lilly and Co., Indianapolis,
Ind.) was dissolved in the diluent supplied, at a concentration
of 20 mg/ml, and was injected s.c. at a dosage of 2 mg/100 g
body weight. Experiments reported elsewhere (39)
demonstrated that a s.c. injection of glucagon gave greater
induction of both tyrosine aminotransferase and TS in livers of
non-tumor-bearing rats, in host livers, and in hepatomas of rats
bearing Morris hepatoma 9618A than did an i.p. injection of
glucagon. Theophylline (Schwarz BioResearch, Orangeburg,
N. Y.) was injected i.p. at a dosage of 5 mg/100 g body weight
and at a concentration of 5 mg/ml 0.9% NaCl solution.
Although this dose of theophylline was suboptimal with
respect to the induction of tyrosine aminotransferase (11,22,
42) and TS (42) in livers of non-tumor-bearing rats, several
tumor-bearing rats given injections of the above-described dose
of glucagon and a higher dose of theophylline (10 mg/100 g
body weight) died within 4 hr after injection (R. D. Reynolds
and D. F. Scott, unpublished observations). Dexamethasone
(Hexadrol phosphate, Organon, Inc., W. Orange, N. J.) was
injected i.p. at a dosage of 2 mg/100 g body weight. All rats
were previously conditioned to a 30% protein diet, but the rats
fed on the day of the experiment had food cups containing
60% protein diet placed in the cages at 8:30 a.m., the usual
time of feeding. Rats killed at 8:30 a.m. to obtain the basal
levels of tyrosine aminotransferase and TS received no
injections other than AIB, and this was injected the previous
day, as stated above.

In view of our previous experience with the time course of
the effects of glucagon and theophylline in non-tumor-bearing
rats (42), all of the present experiments were carried out
during a single time interval. The rats were decapitated 4 hr
after injection or feeding, and blood was collected in
heparinized beakers. The livers, and tumors when present,

were removed, chilled, weighed, and homogenized for about
30 sec with a Polytron PT-20 (Kinematica GmbH, Luzern,
Switzerland, distributed by Brinkmann Instruments, Westbury,
N.Y.) in 4 volumes of 0.2 M Tris-HCl buffer, pH 8.0,
containing 10~4 M dithiothreitol. All tumors were carefully

trimmed to remove areas of necrosis and blood clots before
they were weighed and homogenized. Homogenates were
centrifuged for 2 hr at 165,000 X g, and the resulting clear
supernatant was assayed within 12 hr for tyrosine
aminotransferase activity by the method of Diamondstone (9).
Tyrosine aminotransferase activity was expressed as Â¿/moles
p-hydroxyphenylpyruvate formed/g tissue/hr. We determined
AIB levels by adding 0.2 ml of 100% trichloroacetic acid (w/v)
to 2.0 ml of plasma or to liver or hepatoma homogenates, spun
in a desk-top clinical centrifuge for 5 min. The resulting
acid-soluble supernatant (0.2 ml) was assayed for radioactivity,
and the activity of (he AIB transport system was expressed as
the ratio of the distribution of the compound between the
tissue and the plasma [(dpm/g tissue)/(dpm/ml plasma)].

Livers from Neonatal Rats. Timed pregnant rats were
received 3 days after mating (Charles River) and were housed
in individual solid-bottom drawer-type cages with wood chips
for nesting material. Lighting and feeding were regulated as
described above.

The pregnant rats began to deliver naturally at about 10:30
p.m. (lights on at 8:30 p.m.) on the evening of the 22nd day
after mating. Each mother delivered her pups within about 2
hr, and all mothers had completed delivery by 6:30 a.m. the
following morning, a total time-span of 8 hr. At 8:30 a.m. of
the same morning (Day 0), all pups were removed from their
mothers and pooled; groups of 12 were chosen at random
from the pooled pups and returned to a nursing mother, not
necessarily their own. In a previous experiment it was shown
that no increase in tyrosine aminotransferase occurred during
at least the 1st 24 hr, under these conditions (38). At 8:30
a.m. of the day indicated (beginning with Day 0), 2 "litters"

of pups were weighed as a litter of 12, and an average body
weight was determined. These pups received injections
according to the average weight and were returned to the
nursing mother from which they were removed. Groups of 4
pups received an i.p. injection of glucagon (Eli Lilly), 1
mg/100 g body weight at 1 mg/ml; theophylline (Schwarz
BioResearch), 7.5 mg/100 g body weight at 7.5 mg/ml;
glucagon plus theophylline at the above dosages, respectively,
DBC (Schwarz BioResearch), 5 mg/100 g body weight at 5
mg/ml; diluent supplied with the glucagon; or no injection. All
injections were given with a Hamilton microliter syringe at a
volume of 10 /jl/g body weight. Four hr after injection, the
pups were removed from the nursing mother, killed by
decapitation, and immediately immersed in cold 0.9% NaCl
solution. The livers were removed, trimmed, weighed, and
homogenized in 4 volumes of 0.2 M Tris-HCl buffer, pH.8.0,
containing IO"4 M dithiothreitol. Homogenization was

accomplished by aspiration of the liver and buffer through an
18-gauge stainless steel hypodermic needle with 6
up-and-down strokes of a 3-ml syringe plunger, followed by
aspiration for 6 strokes through a 22-gauge stainless steel
hypodermic needle. Phase microscopy of the resulting
homogenate revealed no unbroken cells. The homogenates
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were centrifugea at 165,000 X g for 2 hr, and each resulting
clear supernatant was assayed within 8 hr for tyrosine
aminotransferase activity by the method of Diamondstone (9).
This activity was expressed as AmÃ³les product formed/g
liver/hr.

RESULTS

Parallel Studies on the Induction of Tyrosine
Aminotransferase and AlB Transport System in Control
Livers. Simultaneous measurements were carried out on the
induction of tyrosine aminotransferase and AIB transport (TS)
in Morris hepatomas, in the livers of the tumor-bearing hosts,
and in the liver of non-tumor-bearing controls. Charts 1 to 4
record the data obtained with the hepatomas, in comparison
with the data from the control livers, which are shown in the
form of columns at the left of each chart. These control data
are repeated for reference in Charts 5 to 8 which record the
data obtained from the host livers. All of the data in Charts 1
to 8, plus additional control data, have been reported in
greater detail by Reynolds (37) who showed that strain
differences were minimal.

The tyrosine aminotransferase data for the control livers are
shown in Charts 1 and 3, and the parallel data on AIB
transport are shown in Charts 2 and 4. Non-tumor-bearing
male Sprague-Dawley rats fed a 30% protein diet for at least 2
weeks and then fed a 60% protein diet on the morning of the
experiment showed a marked induction of hepatic tyrosine
aminotransferase after 4 hr (Chart 1, control FOOD) rising
from a low level after 16 hr without food (Chart 1, control
8:30) and confirming previous results with rats shifted from a
12% to a 60% protein diet (48). However, there was only a
slight rise in hepatic AIB transport. A single injection of
dexamethasone resulted in an induction of tyrosine
aminotransferase to a level similar to that observed in rats fed
the 60% protein diet, whereas the TS in rats given injections of
dexamethasone was induced to a level somewhat higher than
that observed in rats fed a 60% protein diet. A combined
injection of glucagon and theophylline resulted in induction of
tyrosine aminotransferase (Chart 3) and TS (Chart 4) to a level
higher than those observed following an injection of
dexamethasone or after feeding of a 60% protein diet. When
glucagon, theophylline, and dexamethasone were injected
together, the tyrosine aminotransferase and TS levels were
higher than when dexamethasone was injected alone (Charts 1
and 2) but were slightly lower than those levels seen when
glucagon and theophylline were injected together (Charts 3
and 4). In order to determine how much the glucagon and
theophylline individually contributed to the induction of
tyrosine aminotransferase and TS when both glucagon and
theophylline were injected together, male Sprague-Dawley rats
received injections of either glucagon alone, theophylline
alone, or glucagon and theophylline together, and the tyrosine
aminotransferase and TS levels were measured. Both glucagon
and theophylline alone induced tyrosine aminotransferase,
and, when injected together the drugs contributed additively
to the induction of tyrosine aminotransferase. Both glucagon
and theophylline injected alone induced TS in the livers, but a
combined injection of glucagon and theophylline was no more

effective than was glucagon injected alone. Details were
presented elsewhere (37). These findings at 4 hr after drug
injection are similar to those previously reported over a more
detailed time course (42). In further experiments, these 2
agents were used together or with dexamethasone, because in
this way one should theoretically obtain the maximum value
obtainable in 1 group or the other. As it turned out, the
combination of glucagon and theophylline was always as
effective as were all 3 agents together, except in the
adrenalectomized group, wherein one would expect to see a
response to the injection of dexamethasone.

Parallel Studies on Tyrosine Aminotransferase and TS in
Morris Hepatomas. In attempting to find a relationship
between the induction of tyrosine aminotransferase and TS in
the series of Morris hepatomas, we recalled that in previous
studies (2, 31, 49) the resting, i.e., prefeeding values, for the
hepatomas covered a wide range of values, with a good
correlation between tyrosine aminotransferase and TS.
Accordingly, the resting values (labeled 8:30 in all charts) were
arbitrarily arranged in sequence from lowest to highest TS
value for each hepatoma line (Chart 2), and this sequence was
maintained in all of the charts. Comparison of the 8:30 values
for tyrosine aminotransferase (Chart 1) with the 8:30 values
for TS (Chart 2) shows that correlation between the 2
parameters at 8:30 is very close indeed. With the 8:30 values
as a baseline, it is then possible to compare the effects of food
or dexamethasone on the 2 parameters (Charts 1 and 2) and to
compare these inducers with the effects of glucagon,
theophylline, and dexamethasone in combinations (Charts 3
and 4).

There is 1 recurring break in the sequence of hepatomas, in
that 1 group of animals was adrenalectomized. This group
carried the Morris hepatoma 5123C and can be compared with
an intact group of animals bearing the same hepatoma. This
hepatoma is unique, in our experience, in possessing
exceptionally high levels of tyrosine aminotransferase and TS
in the uninduced state in intact animals, regardless of dietary
protein or time of day, and it had also been previously shown
that adrenalectomy lowered both activities in this hepatoma
line (2, 31, 49). The previous work is here confirmed, and in
addition it is shown that dexamethasone alone (Charts 1 and
2) or in combination with glucagon and theophylline (Charts 3
and 4) strongly induces both tyrosine aminotransferase and TS
in the hepatomas in the adrenalectomized rats, while eliciting
no increase in the already elevated values in the intact rats.
The availability of the data for hepatoma 5123C in intact rats
at the high end of the spectrum and the data for this hepatoma
in adrenalectomized rats midway in the range permit an added
dimension in the interpretation of the data for the other
hepatomas.

Thus, in examining the response of hepatomas 9618A and
9121 to stimuli, we are unable to conclude that the low resting
values are the result of a functional inadequacy of endogenous
corticosteroid: injections of dexamethasone were completely
ineffective for both tyrosine aminotransferase and TS
induction in hepatoma 9618A (Charts 1 and 2), and, in
combination with glucagon and theophylline, had no effect on
the action of these agents (Charts 3 and 4). Likewise, in
hepatoma 9121, the effect of dexamethasone was very slight
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Chart 1. Induction of tyrosine aminotransferase (TAT) in Morris hepatomas and in liver of control rats (without hepatomas). Bar graph, left,
data for the control livers; curves 8:30. FOOD, and DEX, data for the hepatomas; abscissa, data for the hepatoma lines arranged in the order of
increasing activity in the uninduced state, as shown by the solid curve labeled 8:30, which is based on data from untreated animals at 8:30 a.m., at
the end of the light period, and following 16 hr without food. The sequence of hepatoma lines shown on the abscissa is maintained in all
subsequent charts. Bar or curve labeled FOOD, animals killed 4 hr after receiving a diet containing 60% protein, although previously trained on a
diet containing 30% protein; bar or curve labeled DEX, animals that were not fed, but received an injection of dexamethasone (2 mg/100 g body
weight, i.p.). Treated or fed rats were killed 4 hr after the injections, at approximately 12:30 p.m. All of the rats were maintained on an "8 + 16"
feeding regimen and a 30% protein diet for 2 weeks prior to the experiment and received an injection of AIB-1"C 24 hr before the start of the

experiment. Each point in this and all other charts represents the mean Â±S.E. obtained on data from 3 animals. ADREX, adrenalectomized.
Chart 2. Perturbation of the distribution ratio for AIB-14C in Morris hepatomas and in liver of control rats (without hepatomas). The animals

are from the same groups shown in Chart 1, and the same legend and definitions of abbreviations apply.
Chart 3. Induction of tyrosine aminotransferase (TAT) in Morris hepatomas and in liver of control rats (without hepatomas). The data for the

uninduced group of animals are the same as in Chart 1 and are labeled 8:30. The same legend applies, except that for the bar or curve marked GT,
animals received glucagon (2 mg/100 g body weight, s.c.) plus theophylline (5 mg/100 g body weight, i.p.); for the bar or curve marked GTD,
animals received glucagon plus theophylline plus dexamethasone (2 mg/100 g body weight, i.p.). None of the animals in the groups represented in
this chart were fed on the day of the experiment.

Chart 4. Perturbation of the distribution ratio for AIB-' "C in Morris hepatomas and in liver of control rats (without hepatomas). The animals

are from the same groups shown in Chart 3, and the same legend applies.
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Chart 5. Induction of tyrosine aminotransferase (TAT) in host liver from rats bearing Morris hepatomas and in liver of control rats (without
hepatomas). The animals are from the same groups shown in Chart \, and the same legend applies, except that the curve labeled 8:30 represents
data for host livers, although arranged in the sequence determined by the hepatoma values shown in Chart 1.

Chart 6. Perturbation of the distribution ratio for AIB-' 4C in host liver from rats bearing Morris hepatomas and in liver of control rats (without

hepatomas). The animals are from the same groups shown in Chart 5, and the same legend applies.
Chart 7. Induction of tyrosine aminotransferase (TAT) in host liver from rats bearing Morris hepatomas and in liver of control rats (without

hepatomas). The animals are from the same groups shown in Chart 3, and the same legend applies, except that the curve labeled 8:30 represents
data for host livers, although arranged in the sequence determined by the hepatoma values shown in Chart 1.

Chart 8. Perturbation of the distribution ratio for AIB-14C in host liver from rats bearing Morris hepatomas and in liver from control rats

(without hepatomas). The animals are from the same groups shown in Chart 7, and the same legend applies.

and, in the case of tyrosine aminotransferase (Chart 1), may
have been complicated by the extreme sensitivity of this
hepatoma to glucagon (Chart 3). In contrast to the lack of
response to dexamethasone, the response to glucagon and
theophylline was phenomenal in hepatoma 9121 (Chart 3) and
extremely important in hepatoma 96ISA, inasmuch as a

hepatoma with very low activity that was uninducible with
either a 60% protein diet or dexamethasone (Charts 1 and 3)
was now raised to highly significant levels (Charts 3 and 4).

Hepatomas 7800 and 7794B are interesting additions to the
study, since they fill in the range between hepatomas 9121
and 5123C in intact rats. In both cases the resting values
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exceed those for control liver, and the pattern of response to
stimuli appears to be unique to each hepatoma line.

Parallel Studies on Tyrosine Aminotransferase and TS in
Host Livers. The data on the host livers from the
hepatoma-bearing rats are given in Charts 5 to 8. The animals
are those for which hepatoma data are reported in Charts 1 to
4, respectively, and the data on control rats are repeated in the
bar graphs in each chart for comparative purposes. The data
are arranged in the same sequence as in Charts 1 to 4. The
curves labeled 8:30 present the data for the resting values in
the host livers and differ considerably from the resting values
for the hepatomas shown in Charts 1 to 4.

In Charts 5 and 6, it may be seen that the resting values for
both tyrosine aminotransferase and TS in the host livers are
very similar to the values for control livers, in the case of
hepatoma lines 9618A, 9121, 5123C (adrenalectomized), and
7800, but are significantly elevated in 7794B and 5123C
(intact). That the extreme elevation of tyrosine
aminotransferase in 7794B is not an error (Chart 5) is
suggested by the corresponding data for TS in Chart 6. Upon
examining the tyrosine aminotransferase responses to the 60%
protein diet (labeled FOOD) or to dexamethasone (DEX), one
can see that the arbitrary arrangement of the data according to
the resting hepatoma values (Charts 1 and 2, 8:30) has resulted
in a rather orderly decrease in the values for the host liver
responses. Comparing the data for livers for hepatomas 9618A
and 9121 with the control values in Charts 5 and 6, we find
that these host livers were essentially normal in response to
protein or dexamethasone, while the remaining host livers gave
tyrosine aminotransferase responses that were increasingly
diminished (Chart 5) in relation to the higher resting values
exhibited by the hepatomas that these animals carried (Chart
1). In the case of the TS values (Chart 6), none of the host
livers seemed to differ very much from the control livers.

The data in Charts 7 and 8 are of great interest in relation to
all of the preceding data. If we consider the responses of the
host livers to glucagon with theophylline Â±dexamethasone, we
find that the livers of adrenalectomized animals bearing
hepatoma 5123C are the source of the breaks in what would
otherwise be smooth curves for the data on host livers in intact
rats in both Charts 7 and 8. With respect to tyrosine

Tyrosine Aminotransferase and TS in Hepatomas

aminotransferase (Chart 7), these livers were unable to respond
maximally to glucagon and theophylline unless dexamethasone
was injected also, while in the case of the AIB ratio (Chart 8)
there was a strong but subnormal response to both drug
combinations in comparison with control livers or host livers,
in intact rats bearing hepatoma 9121 or 7800. More detailed
data on these animals are reported in Table 1, showing that
drug toxicity was grossly evident in some of the animals with
the poorest responses.

Without the data for the adrenalectomized rats bearing
5123C, the AIB ratios show normal or elevated levels that
decrease as they progress from left to right, with very high
levels for 9618A and 9121 hosts and subnormal levels for
7794B and 5123C hosts (Chart 8). However, despite a very
strong AIB response (Chart 8), the 9618A hosts gave almost
no tyrosine aminotransferase response to glucagon and
theophylline Â±dexamethasone (Chart 7), despite a normal
response to dexamethasone alone or to 60% protein (Chart 5).
This lack of response seems anomalous and should be
examined further.

Studies on Tyrosine Aminotransferase in Neonatal Rat
Livers. In order to seek a rational explanation (30, 31) for the
above diversity of resting and induced levels of tyrosine
aminotransferase and TS, we carried out a preliminary
experiment with neonatal rats given injections of either
glucagon, theophylline, both drugs, and DBC, and we assayed
the livers for tyrosine aminotransferase. Chart 9 reports the
data from 144 neonatal rats. Two types of controls were used
to provide a baseline for the various inducing procedures. All
animals were killed 4 hr after injection, on the basis of our
earlier experience with adult control rats (41,42), although it
is recognized that the time course for each parameter may
differ for each drug as a function of age after birth. There can
be no doubt that the data are unambiguous for Days 3, 5, and
9 (based on 12 rats with each drug combination), at which
time the control values (with diluent or no injection) have
stabilized at the low level that is similar to the lowest level
seen in adult livers. Administration of glucagon alone resulted
in an induction to about 6-fold over the resting value, and
theophylline with glucagon provided no further increase.
Administration of theophylline alone gave an increase of about

Table 1
Toxic effects of injection of glucagon and theophylline on the coinduction of tyrosine aminotransferase
and TS in host livers and hepatomas of adrenalectomized female Buffalo rats bearing hepatoma 5123C
Data in this table are taken from rats used for Charts 3, 4, 7, and 8.

Tyrosine
aminotransferase

(Mmoles/g/hrlInjectionGlucagon

+ theophylline 2 and 5 mg,
respectively, per 100 g bodyweightGlucagon

+ theophylline +
dexamethasone 2, 5, and 2 mg,
respectively, per 100 g body weightProstrate

4 hr Host
after injectionliver+

165
+ 167
+ 196

238
+ 751

702
824
828Hepatoma263

216
211
600
435
523
772
758AIB

distribution ratio
[(dpm/g tissue)/

(dpm/mlplasma)]Host

liver20.90

11.91
16.36
22.71
19.97
18.46
21.76
11.91Hepatoma10.965.70

8.15
29.04
15.08
18.71
23.98
22.84
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Chart 9. Induction of tyrosine aminotransferase (TAT) in neonatal
rat liver as a function of age. At the age indicated, neonatal rats
received injections of glucagon (o), theophylline (â€¢),glucagon plus
theophylline (â€¢),DBC (a), diluent supplied with the glucagon (A), or no
injection (Â»). Each point represents the mean Â±S.E. of samples
obtained from 4 animals.

resulting cAMP production (36, 40, 44). "Responding to the
signals" might be the more distal response to cAMP, the
"second messenger" (36, 40, 44), which may include the

coinduction of tyrosine aminotransferase and TS. Although
more definitive answers to the above questions will require
assays for cAMP, its formation, and its degradation, we carried
out our experiments, bearing in mind the observations that (a)
glucagon increases cAMP levels in perfused rat liver (10) and
rat liver particles (35); (Â¿>)theophylline inhibits the liver
phosphodiesterase which cleaves cAMP (26); (c) cAMP or its
dibutyryl derivative can induce tyrosine aminotransferase (42,
53) and TS (7, 24, 42, 46); and (d) glucocorticoids induce rat
liver TS (6) and tyrosine aminotransferase (4, 23), the latter
by a mechanism possibly not requiring formation of cAMP, at
least for HTC hepatoma cells in culture (13,47).

In Chart 10, glucagon and theophylline are shown as a
common pathway which, for the present, is presumed to lead
to an increase in the level of cAMP, with glucagon increasing
the formation of cAMP and theophylline decreasing its
removal. The pathway branches to tyrosine aminotransferase
and TS, because at present we do not know whether these 2
systems respond concomitantly or sequentially to the stimulus
represented by glucagon, theophylline, or a combination of
both factors. Chart 10 shows the action of the glucocorticoid

4-fold over the uninduced levels, and dibutyryl-cAMP gave a
similar increase. The results at 0, 1, and 2 days are unclear, but
the response is significantly lower than in the period from 3 to
9 days, i.e., the responsiveness of the neonatal rat livers is
changing during the period from 0 to 9 days after birth. That
neonatal rats are extremely sensitive to environmental
conditions, as evidenced by the levels of tyrosine
aminotransferase in their liver, is shown by studies on tyrosine
aminotransferase levels in neonatal rats from 0 to 24 hr of age
(38). Slight delays in their access to mothers' milk produced,

within 2 to 12 hr, spontaneous increases in tyrosine
aminotransferase activity to levels as high as 600 units on the
ordinate used in Chart 9, while levels remained near zero in
neonatal rats with complete access to their mothers. Thus the
data presently available seem adequate to support the
conclusion that the range of resting and induced values for
tyrosine aminotransferase in neonatal and adult rats parallels
the range of responses seen in Morris hepatomas, regardless of
the interpretations that may be placed on this observation.

DISCUSSION

The experiments reported here are an attempt to answer
partially two questions posed in an earlier publication (34)
from this laboratory: "(a) Do the hepatomas read the signals

that normal liver reads? (b) Do the hepatomas respond to the
signals the way normal liver responds?" For correlation of the

data in such a way as to be able to reflect these questions, the
results of the data given in Charts 1 to 8 are represented
schematically in Chart 10. In light of the work by Sutherland
et al. (44) and others, one might equate "reading the signals"
in terms of a response to glucagon acting as "first messenger"

that results in the activation of adenyl cyclase and the

HOST LIVER

GLUC j, TAT.

THEO

HEPATOMA

GLUC

GLUC

THEO

GLUC

t

THEO

Â£V
1 Â£>â€”

TS

DEX 7794 B
GLUC

THEO

GLUC

THEO

C jfTA
â€”<' !

O Â» T

DEX 7800

GLUC .-TAT

THEO TÂ»TS
9121

GLUC+
THEO

GLUC

+

THEO

DEX 9618 A

GLUC

THEO

GLUC Â«TAT

+<
THEO ^* T

GLUC â€¢)>TAT

DEX

Chart 10. Schematic representation of responses in pathways for
induction of tyrosine aminotransferase (TAT) and TS in host livers and
hepatomas used in this report. -Â»,a pathway which is responsive to the
inducing agents(s) listed at the tail of the arrow1 *Â»,a pathway which is
not responsive to the inducing agent(s) listed at the tail of the arrow, ^->,

a pathway for which insufficient data exist in order to determine
whether or not it is responsive to the inducing agent(s) listed at the tail
of the arrow, < >(between TAT and TS), a pathway which may exist,
but for which there are no data at present. As the mechanism of
coinduction of TAT and TS by high protein diet is not understood, it
has been omitted from this chart.
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(dexamethasone) coming in from the right, because it appears
not to act by the same mechanism in liver that is activated by
glucagon (17), and the branched arrows are necessary for the
same reason as stated above: the effect on tyrosine
aminotransferase and TS may be comcomitant or sequential,
and this issue is unresolved. It is possible that the presence of
the glucocorticoid is "permissive" (25) for the action of

glucagon and/or theophylline, with a primary effect on
transcription, while the glucagon-theophylline combination
may act primarily at the level of translation and possibly
stabilization. A more elaborate diagram of this complex
system has been presented elsewhere (31, 37), and more
detailed discussions of some cAMP mechanisms have recently
been presented (36,40, 44).

The chief function of Chart 10 is to present in a brief and
qualitative way the data from Charts 1 to 8 to bring out the
diversity in the responses of the different hepatoma lines. In a
general way it can be seen that no 2 hepatoma lines respond
identically.

The relationship of the diversity of induction patterns of
tyrosine aminotransferase in the hepatomas to the changing
induction patterns of tyrosine aminotransferase in perinatal rat
liver should also be considered. A comparison of the data
presented in Chart 9 with those in Charts 1 and 3 supports the
idea (30, 31) that, biochemically, the hepatomas may be more
like perinatal rat liver and less like adult rat liver. It is
emphasized that the block in differentiation to the adult liver
cell may be multiple, and there is no implication that any
hepatoma line should be comparable to a perinatal liver of a
given age for all biochemical parameters examined. In fetal and
neonatal rat liver, a number of enzymes change activity at a
characteristic time in response to environmental change (30,
45). The data already available show that individual hepatoma
lines exhibit individual enzyme activities that are characteristic
of more than 1 postnatal age in normal liver. Thus, hepatoma
96ISA resembles neonatal liver with respect to induced and
naturally occurring levels of tyrosine aminotransferase but
resembles adult liver in several other respects. At the other end
of the spectrum, uninduced levels of tyrosine aminotransferase
in hepatoma 5123C resemble induced levels of the enzyme in
adult liver, but this hepatoma resembles neonatal liver with
respect to several other parameters. These relationships will be
presented in greater detail elsewhere. The literature on
tyrosine aminotransferase and the conditions that affect its
activity in perinatal rat liver is already very extensive (14â€”16,
18-20,43,52,54).

Study of the responses of several adaptive enzymes (29,48)
and the TS (1) in livers of normal rats maintained under
controlled feeding conditions led to the study of these
adaptive enzymes (34, 49, 50) and the transport system (2) in
several Morris hepatomas and host livers. Attempts were made
to perturb the levels of several of the enzymes (49) and the
transport system (2) in these hepatomas and host livers by
adrenalectomy or injections of glucagon or hydrocortisone.
Repeated attempts to induce the transport system (3) and one
of the adaptive enzymes, tyrosine aminotransferase, in
hepatoma 9618A (3, 33, 39) led to the observation that
glucagon alone was effective in inducing tyrosine aminotrans
ferase and TS in that hepatoma line if the glucagon was

injected s.c., and that hydrocortisone in earlier experiments (3,
33) was perhaps affecting glucagon metabolism (39). The
concept has been put forth that both tyrosine aminotrans
ferase and TS were being coinduced in normal rat liver (41,
42) and in several lines of hepatoma and host livers (31, 39).
As a means of elaborating on the actual role of cAMP in these
induction processes, subsequent communications will report
on the levels of cAMP and the effects of several agents on the
levels of cAMP in several lines of hepatomas, host livers, and
perinatal rat liver. A preliminary report has established the
time course of cAMP appearance and disappearance in control
adult liver under conditions that induce both tyrosine
aminotransferase and the TS, based on the AIB distribution
ratio [Butcher et al. (5)].
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