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Intraperitoneal injections of glucagon and 
of epinephrine cause an immediate and 
marked reduction in liver glycogen ( 1,2), due 
to an increase in phosphorylase activity (3,4). 
This glycogenolytic phase is followed, 24 
hours after glucagon and 2 hours after epine- 
phrine, by marked increase in liver glycogen 
(1,5,6) and is accompanied by increase in 
adrenal weight and decrease in adrenal as- 
corbic acid. In alloxan diabetic rats, the gly- 
cogenolytic effect of glucagon and epinephrine 
appears to be unimpaired, but no secondary 
increase in liver glycogen can be obtained( 7). 
These results suggest that the rebound phe- 
nomenon requires the presence of 1) an intact 
insulin-secreting system capable of being 
stimulated by glucagon or epinephrine hy- 
perglycemia and 2 )  the adrenal glands, pos- 
sibly participating in a permissive manner. 
This paper describes the effects of glucagon 
and epinephrine on liver and muscle glycogen 
in adrenalectomized and in hypophysecto- 
mized rats with and without cortisone or in- 
sulin treatment. 

Materials and methods. Two hundred six- 
teen male Sprague-Dawley albino rats weigh- 
ing 150-200 g were used. Of these, 139 were 
adrenalectomized,$ 77 were hypophysecto- 
mized.;; All animals were kept on diet of 
Purina checkers ad libitum. During the first 
postoperative week the diet of hypophysecto- 
mized rats was ground and moistened with 
water to help overcome anorexia. Adrenalec- 
tomized animals drank 1% glucose in saline 
instead of water, except when treated with 
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cortisone. ,411 animals were fasted 24 hours 
before the experiment. Glucagony (Eli Lilly 
and Co., lot No. 208-158B-197: 2.5 or 5 mg/ 
kg) or epinephrine (0.15 mg/kg) and glucose 
( I  or 2 g/kg in 5% solution) were injected 
intraperitoneally at the beginning of the ex- 
periment. Cortisone (1 or 5 mg/kg) was in- 
jected intramuscularly daily for 10 days up 
to 48 hours before the experiment. Insulin 
(Ultralente Lilly, 0.05 u/rat) was injected 
subcutaneously in a single dose at the begin- 
ning of the experiment and was followed by a 
second injection of glucose 5 hours later. 
After 20 minutes, 2 or 24 hours, the animals 
were decapitated, samples of liver and of 
left gastrocnemius muscle were removed as 
quickly as possible and placed in tared cen- 
trifuge tubes containing 30% KOH. Glyco- 
gen was isolated and hydrolyzed by the 
method of Good, Kramer and Somogyi(8), 
and resulting glucose determined according to 
Nelson (9). Each experiment consisted of an 
experimental group of rats treated with glu- 
cagon or epinephrine and a control group of 
rats treated with saline. The statistical sig- 
nificance of the difference between mean ex- 
perimental and control values was calculated 
according to Fisher ( 10). 

Results. Results are presented in Table I. 
In adrenalectomized rats the results were as 
follows: 1) Fasting liver glycogen was very 
low and no significant changes were noted 2 
hours after injection of glucagon. Twenty- 
four hours after the injection there was a sig- 
nificant but small rise in liver glycogen. 2 )  
Treatment with cortisone caused a partial 
restoration of liver glycogen toward normal 
values. This restoration was more pronounced 
___ ~ 

'TI Glucagon and Insulin were gifts of Drs. 0. K. 
Behrens and M. A. Root of the Lilly Research 
Laboratories. 

**Three control animals gave abnormally low 
muscle glycogen values. If these are eliminated, the 
reduction due to epinephrine becomes statktically 
significant, as indicated by values in parentheses. 
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in rats receiving cortisone in daily doses of 5 
mg/’kg than in rats receiving 1 mg/kg. 3) 
Twenty-four hours after injection of glucagon 
in adrenalectomized cortisone-treated rats 
there was a significant increase in liver glyco- 
gen above control values. This increase was 
statistically significant only in rats treated 
with cortisone in daily doses of 5 mg/kg. 4) 
Glucagon caused no significant changes in 
muscle glycogen. 5) Epinephrine caused a 
temporary decrease in liver and muscle glyco- 
gen. This decrease was not statistically sig- 
nificant. 6)  In adrenalectomized cortisone- 
treated animals, epinephrine caused a marked 
and significant decrease in liver glycogen, fol- 
lowed 2 hours later by a significant decrease 
in muscle glycogen and by a marked and sig- 
nificant increase in liver glycogen above the 
initial values. 

In hypophysectomized rats, the results 
were as follows: 1 )  In animals receiving no 
cortisone, liver glycogen was very low and 
did not change significantly 2 or 24 hours 
after injection of glucagon. 2 )  In rats 
treated with cortisone, liver glycogen de- 
creased significantly 2 hours after injection of 
glucagon and returned to, but not above, ini- 
tial values 24 hours later. 3) Twenty-four 
hours after injection of glucagon, liver glyco- 
gen of insulin-treated hypophysectomized rats 
was significantly increased. 4) Muscle gly- 
cogen was not changed significantly by gIu- 
cagon injections. 5) Twenty minutes after 
injection of epinephrine there was a marked 
reduction in liver and muscle glycogen. Both 
were still significantly below initial values 2 
hours thereafter. 

D ~ S G U S S ~ O ~ .  Liver glycogen of fasted, un- 
treated adrenalectornized rats was many times 
lower than that of fasted normal animals, as 
reported by other investigators( 5 ) .  Injection 
of glucagon or epinephrine did not cause any 
immediate further decrease, perhaps because 
an irreducible minimum had already been 
reached. The delayed increase in liver gly- 
cogen averaged 10 mg/100 g of tissue and, 
although statistically significant, was inade- 
quate to raise the values above those gener- 
ally found in adrenalectomized rats. Corti- 
sone treatment increased fasting liver glyco- 
gen and restored the glycogenolytic effect. In 

these animals glycogen rebound averaged 
248 mg/100 g of tissue. These results sug- 
gest that adrenals are a factor in the rebound 
due to glucagon as they are in that due to 
epinephrine ( 1 1 ) . Recently, Root ( 1 2 )  re- 
ported that daily glucagon injections pro- 
duced an increase in liver glycogen of rats 
adrenalectomized 48 hours before beginning 
of treatment. These animals may be com- 
parable to the adrenalectomized animals 
treated with cortisone up to 48 hours before 
the experiment and may have sufficient resid- 
ual adrenal cortical hormones to permit gly- 
cogen rebound. Hypophysectomy, like adren- 
alectomy, reduced liver glycogen and the im- 
mediate glycogenolytic effect of glucagon was 
detectable only in those animals in which the 
glycogen stores had been replenished by corti- 
sone, although it still remained far below 
normal values. No secondary liver glycogen 
increase was noted in hypophysectomized 
rats whether treated with cortisone or not, 
while a marked and significant rebound was 
noted in hypophysectomized rats treated with 
insulin. These results suggest that the de- 
layed glycostatic effect of glucagon is greatly 
diminished in the absence of the adrenals or 
when the adrenal cortical activity is reduced 
to a minimum by hypophysectomy. It is pos- 
sible that a pituitary factor, perhaps growth 
hormone, capable of maintaining a normal 
insulin function ( 13 ) may be necessary for 
this phenomenon, in agreement with the ob- 
servation that growth hormone has no glyco- 
static effect in alloxan diabetic rats( 14). The 
results described in this and in preceding pa- 
pers of this series show that the immediate 
liver glycogenolysis induced by glucagon is 
followed by marked increase in liver glycogen 
in normal rats, in adrenalectomized rats 
treated with cortisone and in hypophysecto- 
mized rats treated with insulin, but not in 
alloxan-diabetic rats and in untreated adren- 
alectomized or hypophysectomized animals. 
It is believed, therefore, that this rebound is 
not a direct effect of glucagon, but the result 
of a secondary secretion of insulin, a hormone 
known to increase liver glycogen ( 1 5,16) . 
Glucagon hyperglycemia causes an almost im- 
mediate secretion of insulin ( 17 ) , while the 
effect of insulin on liver glycogen is slow( 18, 
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19). In this manner a quick acting hormone 
like glucagon could cause delayed effects. 
The glycogenolytic effect of epinephrine in 
muscle of adrenalectomized rats was not modi- 
fied significantly by cortisone treatment, in 
agreement with the belief that epinephrine 
acts directly on muscle phosphorylase. On 
the other hand. glucagon. which does not 
stimulate muscle phosphorylase. does not 
seem to exert any direct action on muscle 
glycogen. ‘The occasional increase in muscle 
glycogen observed in normal aninials follow- 
ing glucagon injection(7) may lie the result 
of adrenal cortical stimulation. as shown by 
the fact that it does not occur in adrenalec- 
tomized and in hypophysectomized rats. The 
only changes in muscle glycogen in these ani- 
mals were those due to the well known glyco- 
genolytic effect of epinephrine( l .5.6). 

The effect of 
glucagon and of epinephrine on liver and 
muscle glycogen of adrenalectomized and hy - 
pophysectomized rats with or without treat- 
ment with cortisone or insulin was studied. 
1) Epinephrine caused an immediate de- 
crease in muscle glycogen in all cases and a 
decrease in liver glycogen in animals treated 
with cortisone. 2 )  I n  untreated adrenalecto- 
mized rats. liver glycogen was very low and 
further decrease due to epinephrine was not 
significant. S o  secondary increase in liver 
glycogen was noted. 3 )  Two hours after in- 
jection of glucagon, no significant changes in 
liver and muscle glycogen of untreated 
adrenalec tomized or hypophysectomized ani- 
mals were noted. 4) Twenty-four hours after 
the injection of glucagon in untreated 
adrenalectomized rats there was a significant. 
but very small increase in liver glycogen. 
Muscle glycogen was unchanged. KO sig- 
nificant changes were noted in liver and rnus- 
cle glycogen of untreated hypophysectomized 
rats. 5 )  In cortisone treated adrenalecto- 
mized or hypophysec tomized rats. glucagon 
caused a significant decrease in liver glyco- 
gen, 2 hours after injection. 6) No second- 
ary increase in liver glycogen was noted in 
cortisone treated hypophy sectomized rats. 
7 )  Glucagon caused a secondary increase in 
liver glycogen in cortisone treated adrenalec- 

Strr7inzai.y and conclusions. 

tomized rats and in hypophysectomized rats 
treated with insulin. 8) No significant 
changes in muscle glycogen of treated 
or untreated rats were noted following gluca- 
gon injection. 9)  The results are consistent 
with the hypothesis that glycogenolysis and 
hyperglycemia are the primary effects of glu- 
cagon and epinephrine and that the delayed 
increase in liver glycogen and occasionally of 
muscle glycogen, observed after injection of 
these hormones. is the result of a secondary 
secretion of insulin aided by the “permissive” 
action of the adrenal cortex. 10) The impor- 
tance of time factors in this “rebound” phe- 
nomenon is emphasized. 
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