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SUMMARY

Full-term rats were delivered surgically and were maintained
away from their mothers at 37Â°for times up to 12 hr. Under

these conditions, the hepatic levels of glycogen decreased and
tyrosine aminotransferase (EC 2.6.1.5) and cyclic AMP levels
increased. The injection of glucose delayed the changes in all 3
parameters described above. If the rats were delivered
naturally and were maintained under conditions comparable to
those for the above studies or if they were left with their
mothers, the hepatic cyclic AMP levels increased. However, the
greatest changes in tyrosine aminotransferase were observed
for the fasted group (i.e., 4-fold increase above the zero group
for the fasted set, compared with a 2-fold increase for the fed
group). The available data suggest that cyclic AMP may be
involved in the postnatal increase in tyrosine aminotransferase.
However, it is also suggested that another factor, in addition to
cyclic AMP, was involved in the marked increase of tyrosine
aminotransferase observed for the fasted animals.

In vitro determinations of hepatic adenyl cyclase and the
effects of glucagon or isoproterenol, as well as in vivo
determinations of hepatic levels of cyclic AMP before and
after injection of either glucagon or isoproterenol, demon
strated that the adenyl cyclase-cyclic AMP system of
developing rat liver was present and was responsive to either
glucagon or isoproterenol as early as 4 days before birth
(earlier times were not examined).

The magnitude of the response of hepatic adenyl cyclase to
glucagon or isoproterenol was dependent on the age of the rat.
The same was true for the effects of glucagon or isoproterenol
on the hepatic levels of cyclic AMP.

A close parallel between the age-dependent effect of
glucagon on the cyclic AMP levels and induction of tyrosine
aminotransferase as well as on the transport of a-amino-
isobutyrate was observed.

INTRODUCTION

Sereni et al. (29) originally observed that the activity of
tyrosine aminotransferase in the livers of newborn rats
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increased dramatically during the early postnatal period. They
also demonstrated that the increase in enzymic activity of
tyrosine aminotransferase was not observed if the animals were
adrenalectomized at birth. This latter observation implied that
adrenal steroid(s) may be involved in the postnatal changes in
the activity of tyrosine aminotransferase.

More recently, Greengard and Baker (16) suggested that
glucagon may be involved in the postnatal appearance of
tyrosine aminotransferase. This suggestion is based on the
finding that glucagon can increase the enzymic activity of
tyrosine aminotransferase if given in utero as early as 4 days
before the end of gestation, and at times subsequent to birth.
In addition, it has been observed that newborn rats develop
hypoglycemia within 2 hr after birth (10). This hypoglycemia
has been associated with the release of glucagon, which could
then serve to increase the level of tyrosine aminotransferase
(16). In support of the latter concept, it has been reported
that the administration of glucose to newborn rats, which
would delay hypoglycemia, also delayed the increase in
tyrosine aminotransferase activity that was normally observed
(16, 20). Greengard and Baker (16) have postulated that the
induction of tyrosine aminotransferase by glucagon in the
newborn rats may involve cyclic AMP,4 since glucagon is

known to increase the intracellular levels of cyclic AMP in the
liver of adult rats (12). Additional support for this idea is
provided by the observation that the direct administration of
the dibutyryl derivative of cyclic AMP induces hepatic
tyrosine aminotransferase in the newborn and prenatal rat (15,
26), as well as in the adult rat (37) and in H35 hepatoma cells
(5).

Since Greengard et al. have shown that dibutyryl cyclic
AMP can induce tyrosine aminotransferase at an earlier
prenatal time than can glucagon, they suggested that the
changes in the induction of tyrosine aminotransferase by
glucagon during the prenatal period are paralleled by
alterations in the response of the hepatic adenyl cyclase to
glucagon (i.e., either the adenyl cyclase appears or it becomes
sensitive to glucagon at the same time that the prenatal hepatic
levels of tyrosine aminotransferase respond to glucagon).
However, BÃ¤rand Hahn (l) have recently shown that the
hepatic adenyl cyclase was present and responded to glucagon
at the time during the gestational period when tyrosine
aminotransferase was not induced by glucagon.

If the suggestions of Greengard about the early postnatal

4The abbreviations used are: cyclic AMP, adenosine
3',5'-monophosphate; dibutyryl cyclic AMP, N6,O* '-dibutyryl cyclic
adenosine 3',5'-monophosphate; AIB, a-aminoisobutyrate.
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changes in tyrosine aminotransferase are correct, then the
levels of cyclic AMP in the livers of newborn rats should also
increase. Relevant to this latter point is the recent observation
by Cake and Oliver (9) that the activity of glycogen
phosphorylase increases in the livers of newborn rats. Since
cyclic AMP is involved in the activation of inactive glycogen
phosphorylase, Cake and Oliver (9) interpreted their results to
indicate that the hepatic levels of cyclic AMP were also
increased. They also observed that the administration of
glucose prevented the increase in phosphorylase activity.
However, contrary to the interpretation by Cake and Oliver,
this latter observation may not be related to the hepatic levels
of cyclic AMP, since Hers et al. (19) have shown that the
administration of glucose leads to an inactivation of active
phosphorylase by a mechanism not involving cyclic AMP.

Since there is considerable question as to the possible role
of cyclic AMP in the postnatal rise in tyrosine amino
transferase and as to the endocrine control of the cyclic
AMP-adenyl cyclase system during development, we under
took the measurement of hepatic levels of cyclic AMP and
adenyl cyclase in perinatal rats during the late gestational
period and up to 20 days of age. In addition, these changes
were compared with changes in blood glucose, liver glycogen,
hepatic levels of tyrosine aminotransferase, and, in some
instances, the transport of the nonmetabolizable amino acid
AIB.

MATERIALS AND METHODS

Care and Treatment of Animals. Sperm-positive female rats
were obtained from the Holtzman Company (Madison, Wis.)
on the day after breeding. The pregnant rats were maintained
ad libitum on a 30% protein diet (34) in a windowless room,
with the lighting regulated to give alternating 12-hr periods of
light and dark. In order that the timing of delivery could be
more accurately determined for the studies involving changes
during the 1st 12 hr after birth, the rats in utero were
delivered surgically approximately 6 hr before the expected
onset of natural delivery. During the surgical procedure, the
pregnant rats were maintained under ether anesthesia. After
the umbilical cord was tied, the "newborn" rats were
transferred to 600-ml beakers which were maintained at 37Â°in

a water bath. Unless indicated otherwise, the i.p. injections of
glucose (20 mg/rat) were given immediately after the umbilical
cord was tied. The rats were killed by decapitation at intervals
up to 12 hr, and the blood was collected in 5-ml beakers
containing 5 jul of heparin. The blood from 6 animals/group
was pooled. Blood glucose was determined by the glucose
oxidase procedure, with the use of a glucostat from
Worthington Biochemicals Corporation, Freehold, N. J. After
the blood was collected, the livers were quickly removed and
frozen in liquid nitrogen. Usually, the livers from 6 animals
were pooled, powdered, and weighed while still frozen.
Samples for enzyme determinations were homogenized in 9
volumes of a solution containing 5 mM potassium phosphate,
pH 7.3, 1 mM 2-oxoglutarate, and 0.1 mM dithiothreitol. The
homogenates were centrifuged at 105,000 X g for 20 min. The
clear supernatants were stored frozen at â€”¿�60Â°until assayed.

For studies involving prenatal animals, a laparotomy was

performed while pregnant rats were under ether anesthesia.
Through its uterine and placenta! walls, each fetus received an
injection with a 30-gauge needle fitted to a Hamilton syringe.
If the induction of tyrosine aminotransferase was being
studied, the abdominal wall of the mother rat was sutured
closed and, at the end of the designated time, the pregnant rats
were killed by decapitation and the fetuses were removed. The
livers from 4 to 6 animals were pooled for each group. In the
studies that followed the changes in hepatic cyclic AMP levels,
the abdominal cavity was closed with hemostats until the
indicated times, and then the fetus was removed from the
uterus and the liver was quick frozen. In experiments that
examined the induction of tyrosine aminotransferase and the
transport system for AIB, the animals were given injections of
3H-labeled AIB (0.05 juCi/g; specific activity, 200 mCi//umole)

at least 6 hr before the beginning of the experiment. The
hormones were injected s.c. and, at the designated times
before or after birth, the animals were killed by decapitation
15 min after the administration of the injections, on the basis
of preliminary experiments. For cyclic AMP levels, the blood
from each animal was collected separately, as described above.
The livers were quick-frozen and prepared separately, as
described.

For determination of the distribution ratio of the AIB, an
aliquot of whole blood and of the whole homogenate from the
livers were made 5% (w/v) with respect to trichloroacetic acid.
Aliquots of the acid-soluble supernatant were counted for
determination of AIB-3H. The distribution of AIB-3H is
expressed as a ratio between the dpm of AIB-3H in 1 ml of
blood and the dpm of AIB-3H in l g of liver.

Adenyl Cyclase Assay. Livers were removed and a 15%
homogenate was prepared in cold 20 mM Tris-HCl (pH 7.5)
with the aid of an all-glass, loose-fitting, hand homogenizer.
The whole homogenate was then filtered through glass wool
and was used immediately for the determination of adenyl
cyclase (cf. Refs. 1 to 3). The following components were
added to 10- x 75-mm culture tubes on ice: 20 ÃŸ\of a solution
(pH 7.6) containing 3 ng pyruvate kinase, 0.15 /umole
magnesium sulfate, 0.2 jumÃ³le theophylline. 0.8 /Â¿mole
Tris-HCl, 0.16 /umole phosphoenolpyruvate, 32 nmoles
ATP-a-33P (1 x IO6 cpm) and 0.05 /umole cyclic AMP. In

addition to the above, sodium fluoride, glucagon, and
isoproterenol or H2O was added in a 10-//1volume to give final
concentrations of the additions at lOmM and 20 and 200 MM-
respectively. The reactions were started by the addition of 20
Ail of the homogenate, and the incubation continued for 10
min at 37Â°.The reactions were stopped by the addition of
0.25 //mole of cyclic AMP-3H and 0.25 /umole of ATP, then

the mixtures were immediately heated for 2 min in a boiling
water bath. Blanks were prepared by the addition of 20 /ul of
the enzyme preparation and 0.25 //mole each of cyclic
AMP-3H and ATP, followed immediately by heating in a

boiling water bath for 2 min. The tubes were then centrifuged,
and the samples were spotted on Whatman No. 3MM
chromatography paper. The cyclic AMP was resolved on the
paper with isopropyl alcohol concentra ted ammonium hy-
droxide:water (70:10:20, v/v). The cyclic AMP was located
under UV light, and the spots were cut out, eluted in water,
and counted for tritium and 33P. Blanks that were prepared as
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described above and carried through the purification step gave
counts that were 0.008% of the added 33P. The amount of

cyclic AMP formed was calculated from the percentage of
recoveries and by the specific radioactivity of the ATP-a-33P,

which was prepared by the method of Symons (31, 32) with
1.0 /Limoleof phosphoric acid containing 2 mCi of H333PO4,

(New England Nuclear, Boston, Mass.). One unit of adenyl
cyclase activity is the number of pmoles/mg protein formed in
10 min at 37Â°.

Other Determinations. Tyrosine aminotransferase activity
was determined by the procedure of Diamondstone (11). One
unit of tyrosine aminotransferase is the number of jumÃ³lesof
p-hydroxyphenylpyruvic acid formed per mg of protein in 1 hr
at 37Â°.Glycogen was determined by the procedure of Hassid

and Abraham (18). Cyclic AMP was determined by a protein
kinase assay (4). Protein was determined by the biuret method
(13), with the use of bovine serum albumin as a standard.

RESULTS

Chart \A shows the normal postnatal hypoglycemia as
previously observed by Dawkins (10). Also depicted in Chart
\A are the effects of 1 and 2 i.p. injections of glucose on the
blood glucose levels. Chart IÃŸdemonstrates that at the time of
hypoglycemia, as reflected in the blood glucose levels, the liver
glycogen levels are declining slightly at 2 hr, and they continue
to drop precipitously over the period studied. It is also
apparent that the decline of liver glycogen levels is delayed by

0 4 8 12
HOURS POSTNATAL

4 8 12
HOURS POSTNATAL

Chart 1. Concurrent measurements of blood glucose (A), glycogen
(/?), cyclic AMP (O, and tyrosine aminotransferase (D) in the livers of
newborn rats at various times following surgical delivery. One group of
rats received i.p. injections of glucose (20 mg/rat in 50 M') at the time
of delivery (0); the other group of rats received glucose at 0 time and 2
hr following delivery. Control animals received i.p. injections of 50 /jl
of 0.15 M NaCl solution (saline). There were 6 animals per group.
Maintenance of the animals and preparation of the samples are
described in the text.

the injection of glucose at the time of delivery. A 2nd
injection of glucose 2 hr postnatally delays the decline in liver
glycogen still more. Thus, the classical parallel relationship
that exists between the blood glucose and liver glycogen levels
in the adult rat also exists in the newborn rat.

It is known that hypoglycemia triggers the release of
glucagon from the pancreas (33). If this occurs in newborn rats
as suggested by the blood glucose and liver glycogen data of
Chart 1, A and B, then one would also expect to find changes
in the cyclic AMP levels of the liver, as suggested by Greengard
(14, 15), if, also, the adenyl cyclase-cyclic AMP system in the

liver of newborn rats is responsive to glucagon. As shown in
Chart 1C, the cyclic AMP levels in the livers of newborn rats
that received only 0.9% NaCl solution increased 75% over the
levels present at the time of delivery. Consequently, the
changes in blood glucose and liver glycogen levels could be
correlated inversely with changes in hepatic levels of cyclic
AMP. In addition, injections of glucose also delay the
postnatal rise in hepatic cyclic AMP levels. This could be due
to insulin released in response to the hyperglycemia which was
observed after glucose injection. The insulin so released could
inhibit the adenyl cyclase in the livers of newborn rats, if it is
comparable to the adenyl cyclase of the epididymal fat pads in
adult rats (8).

In keeping with the suggestion of Greengard (14â€”16), we
also measured the postnatal changes in hepatic levels of
tyrosine aminotransferase. Chart \D reveals that the postnatal
levels of tyrosine aminotransferase in the liver increase in a
manner similar to that observed by Sereni et al. (29).
Furthermore, the postnatal rise in tyrosine aminotransferase is
delayed by injections of glucose. A comparison of the data in
Chart 1, C and D, indicates that a relationship could exist
between the postnatal changes in hepatic levels of cyclic AMP
and of tyrosine aminotransferase, thus lending support to the
suggestion of Greengard (17) that glucagon through cyclic
AMP might be involved in the postnatal changes in the activity
of tyrosine aminotransferase.

In order to avoid any possible difficulties which might be
introduced by the surgical delivery procedure, we conducted a
study with rats born by natural birth. The results of this study
are presented in Table 1. The levels of cyclic AMP are elevated
in the livers of rats that had natural births and that were
maintained for 12 hr under the same conditions as reported in
Chart 1. If the newborn rats were left with their mothers, the
hepatic levels of cyclic AMP also increased to the same level as
that in rats that were fasted. There was only a small difference
in the glycogen levels of the 2 groups after 12 hr had elapsed.
A recent report from this laboratory (25) showed that the
pronounced postnatal increase in hepatic levels of tyrosine
aminotransferase was dependent on fasting (i.e., by isolation
from the mother), since the postnatal rise was clearly not so
pronounced in rats left with their mothers. The data in Table 1
confirm this observation. Table 1 also shows that there is an
increase in both cyclic AMP and tyrosine aminotransferase, as
well as a decrease in hepatic glycogen, at a time beginning
approximately 6 hr before birth and ending immediately after
birth.

In addition to her suggestion that cyclic AMP may be very
important in the postnatal rise of tyrosine aminotransferase,
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Table l
Changes in hepatic levels ofglycogen, cyclic AMP, and tyrosine aminotransferase 6 hr

before, immediately following, and 12 hr after natural delivery
All values for the -6-hr time points were obtained from 2 separate groups of animals, with 6

animals per group. The estimate of 6 hr before delivery was based on the time that other rats in
the group began to deliver. All values for the zero, 12-hr fed, and 12-hr fasted animals are the
results from individual animals.

Time-6hr

Zero12

hr12

hrTreatmentNone

None"-0Fasted6Fed6Gly

cogen(mg/
100 mgliver)9.1,8.5

5.4,4.8,2.6,1.3

0.12,0.07,0.180.49,0.46,0.27,0.99,0.72Cyclic

AMP(nmoles/g)1.2,

1.4
1.9,1.7,2.0,

1.9
2.3,2.2,2.5,2.6

2.4,2.5,2.8,
2.5Tyrosineaminotransferase(Mtnoles/hr/mg

protein)0.08,

0.09
0.36,0.88,0.49,0.41

1.90,2.24,2.260.89

114,0.771.03,
1.26

0 The values obtained for tyrosine aminotransferase in this group fall in the range normally

obtained at 8:00 a.m. for adult rats on a 30% protein diet and an inverted lighting schedule
(34).

6 Immediately following natural delivery, these rats were either sacrificed, marked, and
placed in beakers maintained at 37Â°(fasted) or marked and returned to their mothers (fed).

Greengard has also suggested that the development of
sensitivity of hepatic adenyl cyclase to glucagon coincides with
the development of inducibility of tyrosine aminotransferase
by glucagon. We examined this idea by measuring the adenyl
cyclase and the response of the adenyl cyclase to glucagon,
isoproterenol, and sodium fluoride in the livers of developing
rats. The results are presented in Chart 2. We found, as did BÃ¤r
and Hahn (l) and Hommes and Beere (22), that adenyl cyclase
is present at the earliest time measured (4 days before term)
and that it responds to all 3 agents tested. Hommes and Beere
(22) assayed adenyl cyclase in the presence of 10 mM NaF by
a method involving ' 4C-labeled ATP and they found a marked

increase in adenyl cyclase activity between Day 4 prebirth and
birth, whereas we report little change (Chart 2). We have
confirmed the observation of the Greengard group that
dibutyryl cyclic AMP appears to induce tyrosine
aminotransferase before glucagon becomes effective (not
shown). Chart 2 also shows that as the rats increase in age, the
response to isoproterenol decreases while the response to
glucagon appears to increase. Hommes and Beere reported
stimulation by glucagon, adrenalin, and fluoride at 5 days
before birth, but they did not test at the intervals shown in
Chart 2. Although all available data clearly show that the
adenyl cyclase at the earliest time point examined is responsive
to glucagon in vitro, it was still considered possible that the in
vivo administration of glucagon might not increase the hepatic
levels of cyclic AMP. Hence, experiments were conducted in
which the effect of injections of either glucagon or
isoproterenol on the hepatic levels of cyclic AMP in the
developing rat were measured (Chart 3). The values plotted at
each point are the maximum values attained, based on the
results of a time course following the injection of the
hormones. In addition the amount of theophylline used did
not, by itself have an effect on the cyclic AMP. As shown in
Chart 3, both glucagon and isoproterenol elevated the hepatic
levels of cyclic AMP at the earliest time point examined (i.e., 4

LU

I I I I I I I I lililÃ
-4 -2 0 5 IO 15

PERINATAL AGE (DAYS)
20

Chart 2. Effect of isoproterenol (Â¡PR),glucagon, or sodium fluoride
on the adenyl cyclase activity in liver homogenates from rats of
different ages. Assay conditions were as described in the text, with
additions as shown in the chart. The livers from a minimum of 6 rats
were pooled for each age group. The values plotted represent the
average of duplicate determinations that were in close agreement.

days before term). However, during the prenatal period,
neither isoproterenol nor glucagon raised the hepatic levels of
cyclic AMP to the extent indicated on the basis of the
response observed with the adenyl cyclase determinations
(Chart 2). This lack of marked elevation of cyclic AMP levels
in the liver is not due to higher phosphodiesterase levels, since
the phosphodiesterase does not appear to change over the
developmental period studied (not shown). During the
postnatal period, the changes in response of the hepatic levels
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of cyclic AMP to isoproterenol and glucagon appear to reflect
qualitatively the changes observed in the in vitro
determinations of the response of adenyl cyclase to glucagon
or isoproterenol.

In conjunction with the study presented in Chart 3, we
examined the effect of various compounds on the levels of
tyrosine aminotransferase and AIB uptake during the postnatal
development of the rats, and the results are presented in Chart
4. The values plotted at each point are the maximum values
attained, based on the results of a time course following
injection of hormone. The induction of tyrosine
aminotransferase and AIB transport by glucagon parallels the
effects on the hepatic levels of cyclic AMP. However, the
effect of isoproterenol on tyrosine aminotransferase and AIB
does not closely parallel the effect on hepatic cyclic AMP at

iâ€”iâ€”iâ€”iâ€”iâ€”iâ€”iâ€”r Tâ€”iâ€”iâ€”rTâ€”iâ€”r

GLUCAGON (2;ug/g)

0.0 -4-3-2 -l 0 5 10
PERINATAL AGE (DAYS)

20

Chart 3. The effect of isoproterenol (Â¡PR)or glucagon on the
hepatic cyclic AMP levels in the developing rat. Experimental methods
were as described in the text. Isoproterenol and glucagon (at doses
shown) were injected with theophylline (10 Mg/g) 15 min before the
rats were killed. Saline. 0.9% NaCl solution.

5 10 15
POSTNATAL AGE (DAYS)

20

Chart 4. Induction of tyrosine aminotransferase (TAT) and AIB
uptake in the liver of the developing rat. Injection of hormones and
other experimental conditions were as described in the text. Glucagon
(2 Mg/g) and isoproterenol (5 Mg/g) were injected along with
theophylline (theoph.) (10/ig/g). The concentration of dibutyryl cyclic
AMP (DBC) was 50 Mg/g. Â¡PR, isoproterenol; saline. 0.9% NaCl
solution.

the same developmental age. Theophylline was not an effective
inducing agent at the levels used in this study; however, higher
levels have been found to be effective (26). The basal level of
tyrosine aminotransferase was higher at 20 days of age than at
the other times. This may indicate a dietary effect, since the
rats at this age started to eat some of the solid food provided
for the mother rat.

DISCUSSION

Wicks (35, 36) has shown that dibutyryl cyclic AMP
increases the levels of tyrosine aminotransferase in fetal liver
expiants. The levels of tyrosine aminotransferase in the
expiants are also sensitive to glucagon, which is known to
increase the cyclic AMP levels of adult liver (6). Furthermore,
Greengard (15) and Greengard and Dewey (17) have shown
that dibutyryl cyclic AMP or glucagon (at the appropriate
prenatal age) will induce tyrosine aminotransferase. The latter
data, along with the fact that the blood glucose level drops
shortly after birth (which in turn could initiate the release of
glucagon) has led to the suggestion that the postnatal increase
of tyrosine aminotransferase may be dependent on changes in
the hepatic levels of cyclic AMP caused by an increase in blood
levels of glucagon (15â€”17). The data that we have presented in
Chart 1 lend support to this concept, since the levels of cyclic
AMP increase during the postnatal period. Furthermore, the
increase occurs before the increase in tyrosine
aminotransferase. Injections of glucose which delay the
increase in tyrosine aminotransferase also delay the changes in
the hepatic levels of cyclic AMP. However, the naturally
occurring changes in the levels of cyclic AMP (Chart 1C) are
very small in comparison with the changes observed after the
injection of glucagon (Chart 3). Hence, if cyclic AMP is
initiating the induction of tyrosine aminotransferase, the
systems involved must be very sensitive to alterations of the
intracellular levels of cyclic AMP. In addition, it could be
possible that a shift of the intracellular pools (if they are
different) might also occur.

Although glucose delayed the increase in the hepatic levels
of cyclic AMP, it is possible that the correlation between the
delay in the increase in cyclic AMP levels and the delay in the
increase in tyrosine aminotransferase levels was coincidental,
since glucose is known to exert a repressive effect on the
synthesis of some enzymes (24).

The data of Table 1 indicated that cyclic AMP was probably
not directly responsible for the large increase in tyrosine
aminotransferase levels, since the cyclic AMP levels increased
to the same extent in both fasted and fed animals, while the
greatest increase in tyrosine aminotransferase activity was
observed in the fasted group of animals. It seems unlikely that
the colostrum (first milk) contained a factor that repressed the
induction of tyrosine aminotransferase while having no effect
on the cyclic AMP level, since either dibutyryl cyclic AMP or
glucagon increased the levels of tyrosine aminotransferase in
the livers of the newborn rats. The fasting protocol may
correspond to a stress situation which could result in increased
blood steroid levels. A postnatal increase in plasma
corticosterone levels of newborn fasted rats was observed by
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Holt and Oliver (21). It is also known, from the work of
Shapior et al. (30), that physical stress will increase the hepatic
levels of tyrosine aminotransferase in the young rat. Greengard
and Baker (16) have shown that either starvation or glucagon
results in the potentiation of the induction of tyrosine
aminotransferase by hydrocortisone in the livers of
adrenalectomized adult rats. Hence, the large increase in
tyrosine aminotransferase obtained with the fasting protocol
may reflect a synergism between the action of cyclic AMP and
steroids.

The data on the adenyl cyclase are in general agreement
with the findings of BÃ¤rand Hahn (l). Unlike their results,
however, ours indicated that NaF increased the activity of
adenyl cyclase to a greater extent than did either glucagon or
isoproterenol at any of the times studied (Chart 2). It was also
shown by our results and by those of BÃ¤rand Hahn (l) and
Hommes and Beere (22) that the adenyl cyclase is sensitive to
glucagon at 4 days before term. Greengard (14) has suggested
that the adenyl cyclase of the fetus 4 days before birth was
insensitive to glucagon because glucagon was an ineffective
inducing agent for tyrosine aminotransferase in that prenatal
fetus. Although we have confirmed the latter results, we have
shown that the hepatic adenyl cyclase of the fetus 4 days
before birth is nevertheless responsive to glucagon in vitro
(Chart 2). In addition, the in vivo administration of either
isoproterenol or glucagon at Day -4 also raised the hepatic

levels of cyclic AMP by a factor of 2 (Chart 3). These results
suggest that some aspect other than sensitivity of hepatic
cyclic AMP levels to glucagon controls the induction of
tyrosine aminotransferase by glucagon.

The observation that the developmental pattern of
sensitivity of hepatic adenyl cyclase or of cyclic AMP levels to
isoproterenol is different from that of glucagon (Chart 3)
suggests that the receptor sites for the 2 hormones are under
separate genetic control or are in different types of cells (or
both). Bitensky et al. (3) have recently presented data that
indicate that liver contains 2 separate adenyl cyclases, one of
which was sensitive to epinephrine, while the other was
responsive to glucagon. Bitensky et al. (2) also showed that
there is an age-dependent change in the hormone sensitivities
of the hepatic adenyl cyclase from liver. Studies that involved
the development of sensitivity of frog erythrocyte adenyl
cyclase to adrenergic stimulation during tadpole
metamorphosis have been reported by Rosen and Erlichman
(27). Schmidt and Robison (28) have shown that the brain
adenyl cyclase undergoes an age-dependent increase in its
sensitivity to norepinephrine.

The results obtained with the in vitro measurements of
adenyl cyclase and the HI vivo determinations of cyclic AMP
levels agree quite well during the postnatal period from 2 to 20
days (Charts 2 and 3). However, during the prenatal period,
adenyl cyclase gave a greater response to isoproterenol than to
glucagon in vitro (Chart 2), whereas the injection of either
hormone in vivo resulted in equivalent but small increases in
hepatic levels of cyclic AMP (Chart 3). There is also general
agreement between the effects of the hormones on hepatic
cyclic AMP levels and the effect of the hormones on tyrosine
aminotransferase and AIB uptake (Chart 4). The changing
levels of cyclic AMP and of responsiveness to substances that

alter the levels of cyclic AMP, tyrosine aminotransferase, and
AIB transport represent a spectrum of values that help to
explain the variety of responses seen in the Morris hepatomas.
It must be realized that in the newborn and developing rat
liver there is a dynamic and rapidly changing population of
hepatocytes, while the transplanted hepatomas may represent
a population of cells with limited capacity to develop in the
direction of an adult hepatocyte. This study emphasizes that
there is no simple choice of perinatal rat liver samples to serve
for comparison with hepatoma data but that we may benefit
from the perspective of a range of samples from several days
before birth to adulthood, as suggested in the accompanying
report (7), which presents a comparison of hepatoma and
perinatal responses to glucagon.
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ADDENDUM

Since this manuscript was submitted tor publication, an important
paper on the same subject has appeared (Girard, J., Bai, D., and Assan,
R. Glucagon Secretion during the Early Postnatal Period in the Rat.
Hormone Metab. Res., 4: 168-170, 1972).
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