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SUMMARY

Previous si tidies have shown I ha I epinephrine admiti ist rat ion I o adrenalectornized rats

does not elicit conversion from the b to the a form of skeletal muscle glycogen phosphorylase

(a-i ,4-glucan:orthophosphate glucosyltran.sferase, EC 2.4.1.1) to the same extent as in
normal animals. Extension of these results has shown that while conversion from the I to

the D form of glycogen synthetase (UDP-glucose:glycogeii a-4-glucosylt-ransferase, EC

2.4. 1 . 1 1) is also impaired in adrenalectomized rats, conversion of phosphorylase b kinase

(ATP :J)liospliorvlase pliosphotransferase, EC 2.7. 1.37) from the nonactivated to the ac-

tivate(l form (PH 6.8:8.2 ratio of activities) is unaffected by the deficiency of adrenal
corticoi(l hormones. Administration of hvdrocortisone or cleoxvcorticostcrone restores the
normal resp()lIse of both glycogen PliosPhorYlase an(l syiithctase to (‘pincphnille. Tetanic

electrical stimulation in vivo brings about conversion of phosphorylase b to a. and of synthe-

tase I to 1), �‘veii in adrenaleclomized rats. These hn(lings suggest that the defect. due to
adrenalcctomv (toes not lie in a decreased amount of one of the converting enzymes, but
rather in SOI15(’ factor(s) goveniling the activity of one (or niore) of them.

i11(’ 5(�qli(’lICe of (‘Veflt S �ii 1 lie l)ttl li�vay
leading to glycogenolysis and inhibit ion of
glycogen svist hesis in respons(’ to ej)itseph-

‘.Fliis iILVVSI igat iou �vas sttl)l)tte(l in 1)5(51 l)3T

Craiit 3078 fr sni t lit’ (�ottsejo Na(i000l de In-

vest iga(-iones ( ‘ictit Ih(-as V ie(tli(:1.s 051(1 0 grant

froiss I he Just it sIlo Naciotsal de l:stlsia(ologia y

Brotnat olog#{237}a.

1 ()�� leave fiotti t he I tist i t it I � ; (IC 1�at ologla

(I;etseral y l-xperinu-tst at , Fsu-ttlt a(l (IC Cieticias

�lC(Ii(as, 1J.N.C.. Metidoza.
2 Career I tivest igator of t IIC ( U1lSej 0 Na(i()tlal

(IC I ttvest iga(-o)ttcs (ietit lucas V Fectiit-as.

� lte(iJ)iettt m)f a. fellowship frosts t he I us! i t Ut 0

:-;as#{149}is)ttal sic larmacologIa y 1�tonsat milogla,

Stil ,S(Or(t :tso :1 (IC Sal ttd I’tlblica, A rgettt i tot.

rmne are relatively �vell understood (see ref. 1

for a receist review). A specific sit-c for the

permissive actP)n of adrenal corticc)ids on
the response (if glycogen l)hos�)iiory1ase to
el)iIlepltriIlc ha-s beeii suggeste(l on the basis
Of investigations on liver (2) and cardiac

muscle (3), hut ticit for sekeletal muscle.

Schaeffer et al. (4) did find that the response

of niuscle glycogen phosphorylase to epi-

nephrin iiijection (b to a conversion) was

impaired iii adrenalectomized rats. The de-
ficient (-pineplirille response was found not-

4 To Whotli requests for reprints should be

a(Idressse(I , at t he I tist i t it I o (IC I avestigaciotses

BioquInsicas�-’ ‘ Fundacion Carnpon�ar.’’
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to occur at the adcnvlatc cvclase level.
Therefore the adrenalectom\--induced de-

feet(s) may lie someis-here in the “cascade”
(5) betis-een the site of cyclic AMP action
and glycogen phosphorylase activation.

We previously showed that 4 mm after

tetanic stimulation (10 see) of rat skeletal

muscle in situ, glycogen synthetase was

mainly in the glucose-6-P-inclependent form,
and glycogen phosphorylase in the b form

(6). This condition is suited to the detection

of epinephnine-induced conversion of glyco-

gen synthetase from the I to the D form,
and of phosphorylase from the b to the a

form. We have therefore investigated the
degrees of conversion of phosphorylase b

kina.se, glycogen phosphorylase, and glyco-

gen syntheta.se, produced either by epi-

nephrine or by electrical stimulation in

normal and adrenalectomized rats. Epi-
nephnine and electrical stimulation act at

different- levels in the glycogenolytic path-
w-a�- (7). Their effect on these enzymes

should give additional information char-
acterizing the site(s) of corticoid action in
skeletal muscle. A preliminary report of

these findings has been l)rcsented (8).

The results obtained by epinephnine in-
jection to normal and adrenalectomized rats,
without treat ment- or after administ rat ion

of hydrocortisone or deoxycorticosterone ace-
tate, are shown ill Table 1 . In norma-i intact-

rats glycogen synthetase I activity decreased

appreciably upon epinephrine injection. In

contrast, in adrenalectomized rats the change

after epinephnine injection was otik one-

third of that observed in normal animals.

Control muscles from normal and aclrenalec-

tonsized rats had a similar glycogeii syn-
thetase I:D ratio (0.45-0.49). Removal of

the musck’ front one leg (control) did not-
affect the l)ttsttl enzymatic activities or re-

Sj)0fl5c5 to epiliephrine of the second leg;
glycogen synthetase activity was constant

during the sampling period for control and

epinephrine-stimulatecl muscles (65 see). The
synthetase response to tetanic stimulation
was identical ili normal and adrenalecto-

niized rats, at least during the 1 -miii period
used in the present sttidv (Table 2). �\.d-
nMnistration ()f hvclrocortisone (a gluco-

cort icoi(l) or (leoxvcorticosterorse acetate (a

mineralcorticoid) restored the iiormal re-

spouse to epinephnine. This restoration could
not be achieved by acute treatment (1-2 hi),
but required administration of the corti-

costeroids for at least 2-3 days. Total

glycogen synthet-ase activity remained con-

stant throughout (0.9 pmole of glucose in-

corporated into glycogen per minute per
gram of muscle).

Epinephnine injection to normal, adre-

nalectomized, and hydrocortisone-treated

adrenalectomized rats produced changes in

the phosphorylase a content similar to those
reported by Schaeffer et al. (4). Deoxycorti-
costerone acetate or hydrocortisone restored

the respoitse to epinephnine of adrenalecto-
nsized rats. Phosphorylase h kinase, how-

ever, showed similar changes in the pH
6.5:8.2 ratios in all four groups, indicating

that adrenalectomv did not affect the re-
sp(insc of this eiizyme to epinephrine stimu-
lation. In addition, the l)hosPhorYlase 1)

kinase activity of adrenalectomized rats at
pH 8.2 isas similar to that of control animals

(13,000 units/of muscle). The relatively high
j)H 6.8:8.2 ratios observed in control muscles
were not due to the previous tetanic stimu-

lation, since similar ratios were obtaitsed with

unstimulated muscles. \ Ioreovcr, these
values are of the same order as those found

by Posner et al. (1 1) in a similar system.

The results of tetanic electrical stimula-

tion arc shown in Table 2. Electrical sImm-
lation produced similar changes in the three
groups for both glycogen synthetase and

glycogen j)hosphorylase. No effects of ad-

enalectonmv or a-(trenal steroids were oh-
served.

The activity at 1)H 6.5 attained by 1)1105-

PhorYlase b kinase upon ej)inephrill(’ stimulti-
tion is sintilar in nornmal and adr(’nalecto-
rnized rats (Table 1 ) , indicat ing t hat t he im-

pairmetit present iii muscles from adrenalec-
tomized aninmals d(ies not occur at t lie level
of l)rOteitl kinase (acting as phosphorylase 1)

kinase kinase) but rather involves sonic

factor(s) necessary for the normal catalysis
of the conversion of phosphorylase b to a.

Namni et al. (12) have shown that (‘ti�� is
necessary for the epinephnine-induced con-
version of heart- phosphorylase b to a. On the
other hand, i\liller et al. (3) found that Per-
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1. 8. F�. �t-Iayer, J. T. Stull and S. II. Cross, in

“ Biochemistry of the Glvcosidic Linkage.

fusion of hearts from adrenalectomized rats

with Ringer’s solution containing elevated
levels of Cai+ could restore the normal re-

sponse of phosphorylase to epinephnine.

These results in vivo agree with the observa-

tions in vitro of Prostrom et al. (13), who

have shown that both activated and non-
activated phosphorylase b kinases require
CaI+ for activity, the latter at a somcishat

higher concent-ratioli. Therefore it- is j)lau-

sible to ascribe the impairment in skeletal

muscles of adrenalectomized rats to a de-
ficiency of CaI+ at the site of enzymatic

conversions. In this regard Stull and Mayer

(14) have recently hypothesized that cate-

cholamines affect Cai+ translocation in skele-

tal muscle, thus explaining the stimulation

by isoproterenol they observed for phos-
phorylase a formation, without changes in

phosphorylase b kinase pH 6.8 : 8.2 activity
ratios. If catecholamines indeed act through

this mechanism, one can further speculate

that corticosteroid hormones play a “per-
missive” role in the catecholamine-promoted

translocation of Cai+, either across the
plasma membrane or within the muscular

fiber. Whether through this mechanism, by
directly maintaining the proper Ca2� levels,

or some other means, corticosteroids do play

a role iii alloising certain enzymatic con-

versions to take place, at- least under con-
ditions of limiting Cai+ concentration.1 In
fact , both a glucocorticoid (hydrocortisonc)
and a mineralcorticoid (dcoxycorticosteronc
acetate) reversed the effect of adrenalectonn-

on the epiliej)hrine-induced conversioiis of

glycogcn synthetase and glycogen phos-
phorylase. Oii the other hand, the deficient

conversions of these enzymes found in the
absence of corticoid hormones is-crc over-

come by the rather energetic stimulus of

tetanic contraction. In this situation intra-

cellular Ca2� rises to 1-10 �M (15, 16),
thereby perhaps overcoming any ionic defect

that might be present in the muscles of
adrenalectomized rats. The j)ossibihity has

to be considered, lioisever, that with more

5 Intracellular free Ca2+ ()f resting mus(-les

(15, 16) is already in the lower range for phospho-

r�-lase b kinase activity (13), and therefore ati�-

further decrease WoUld seriously impair the ac-

tivity of this enzyme.

moderate electrical stimulation the enzy-

matic response might be attenuated in
adrenalcctomized animals.

The responses of glycogen synt-hetase and
phosphorylase to both electrical stimulation
and epincphnine are reciprocal, regardless of

the experimental condition of the animals

used. This indicates that the two systems

are interlocked at- a common site and/or by

a common factor. The first possibility fol-
loiss from the finding of Soderling and co-

workers (17) that protein kinase has the ac-

tivities of both synthet-asc I kinase as well as

of phosphorylase b Kinase kinase. However,

conversion of phosphorylase b kinase to the
activated state is normal in adrenalectomized

animals (Table 1), indicating that protein
kinase activity is not affected. The question
then arises ishy conversion of synthet-ase I

to D is impaired in adrenalectomized rats.

Perhaps phosphorylase b kinase kinase and
glycogen synthetase kinase are not the

same enzyme, or the requirements for action

of protein kinase as phosphorylasc b kinase
kinase and as glycogen synthetase kinase

are not identical.

Present- evidence seenis to be rather
heavily against the first possibility (17-19).

On the other hand, protein kinase does not
seeni to require Ca2+ (20) , but conversion of
glycogen synthetase by electrical stimulation
is as rapid as that of phosphorylasc (6)
(Table 2), suggesting that Ca2� might also

play a- role in the synthetase I to D conver-

Sioll. These observations, together with the

dissociated response of phosphorylase b

kinase alid glycogen synthetase found in this
study, indicate that more isork is necessary

to understand the Iiature Of the interaction,

under various physiological conditions, be-
tiseeii the enzymes involved in the synthesis

and degradation of glycogen.
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