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Abstract The actions on cat-hohgdratc mctaholism of epincphrinc and the cyclic AMP phosphodicstcr- 
asc inhihitotx thcoph>lline nnd SQ X009. wcrc studied using rat hcmidiaphragms incuhatcd iu vitro. 

The inhihition of glucose tlptakc produced 1~~ cpincphrine was almost equal to the dccrusc in the 
Incorpor~~tion of [“C]glucosc into c , ~~lvcogen. \h bile incorporation 1n1o lactate of “C from lahclcd 
~lucosc I+;IS not intlwncod by the hormone. Although cpincphrine decreawd total tissue gl>coecn. 
IL h;~d trclativclq littlc cll’cct or; the removnl of radioactive glucose incot-poratcd mto gl~coecn during 
:I prcincuhution in the al~~cncc of hormone when the tissnc was suhscqucntl) Incuhnted v:th nonra- 
dioactl\c glucose. This indicates th;kt the dewxse in the net incorporation of [‘4C]gluc~~e into glycogcn 
prodwxtl hy the hormone ;II c,irro is caused predominantly h) an inhibition of gl~coecn sythcsia 

and cannot hc accounted for 1,) an incrcasc in the turnover rate of glycogcn. Theophyfiinc and SQ 
20009 produced ;I dosedcpcndcnt inhihitlon of g,lucose uptake and glycogen synthesis. similar to that 

of cpincphrinc. Incubation of hcmidiaphragms u~th epiwphrmc or cyclic AMP phosphodlcstcrase in- 
hihitors in the prcscncc of glucose Icd to an incrcascd intracellular xcumulation of glucose. Possihlc 
c\planntions for this phenomenon arc discussed. The uptake of the non~~~ctaholi/ahlc sugat-. 3-O-mcth- 

~Iglucosc. hy \kcletal muscle was not affected by epinephrine. indicating that the hormone influences 

onl) the uptake of the natul-al suhstratc. glucose. which can hc incorporated into glycogen The altcl-- 
ations in muscle metabolism dcscrihcd hcl-c \%crc associutcd with increases in the tissue content of 

cyclic AMP ;lnd it was concluded that an important action of epincphrine in resting mwxle is ;I 
cyclic AMP-mediated InhibItion of the glucoseto-glycogcn synthetic pathway. 

It is well cstablishcd that catcchol~miincs increase the 

acti\ ity of adcqlatc cyclusc in many tissues. leading 
to accumulation of cyclic AMP in the cell. activation 
of glycogcn phosphorylasc and a conscqucnt incrcasc 
in the rate of glycogcnolysis [I 31. Less well undcr- 
stood is the inhibition of glucose uptake in skclctal 
muscle cxposcd to cpincphrinc [3 771. 

From the results of studies of the cffccts of epincph- 
rinc on glucose utilization and net changes in gly- 
cogcn content of rat diaphragm incubated irl rirro. 
Walaas [6] proposed that the hormone inhibited gly- 
cogen synthesis. Later. it was shown that epinephrine 
indeed decreased the proportion of glucose 6-P-inde- 
pendent glycogen synthase in muscle [8.9] and thus 
inhibited the activity of an enzyme involved in the 
formation of glycogcn in this tissue. 

Epincphrine has also been roported to cause a small 
accumulation of glucose in muscle [IO. I I]. but it is 

not known how this action is r&ted to other met:t- 
bolic cffccts of the hortnonc. It is the purpose of this 
investigation to study the mechanisms by which 
epinephrine cxcrts its many efrects on glucose mcta- 

holism in muscle and to cxplorc how the dilTcrcnt 
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metabolic effects arc rclatcd. Since most actions of 
epinephrinc on metabolism appear to be secondary 
to changes in the cull content of cyclic 3’.5’-AMP. 
the tissue content of this nucleotide was tneasurcd 
and the effects of cyclic AMP phosphodiestcrasc in- 
hibitors on glucose metabolism in the diaphragm 

wcrc also studied. 

,2ltrr~~r~irrL~. The phosphodiestcrase inhibitor. SQ 
20009 [I?] ( I-ethyl-4-(isopropylidine-hydrazino)-1 H- 
pyrazolo-(X4-b)-pyridine-5-carbonylic acid, ethyl 
ester. hydrochloride). was kindly supplied bv Dr. Sid- 
ney Hess of Squibb Medical Rcsearch Ins&e. N.J. 
L-Epinephrine bitartrate was obtained from Sterling-- 
Winthrop Co. or Calbiochem and “C-labeled sub- 
strates were obtained from ICN Corp. 

T;SSIK, i/~cuhtrtio~~.\ rrrui /~~ot~~h~/it~~ trrurl~x~s. Malt 
Wistar strain rats weighing from I25 to 150 g wcrc 
used. The animals were fasted overnight and killed 
by decapitation. Hcmidiaphragtns wcrc carefully dis- 
scctcd out and collcctcd in ice-cold 0.15 M NaCl. 

They were blotted lightly on liltcr pnpcr and wcighcd 
on a torsion balance. Results of metabolic mcasurc- 
ments wet-c cxprcssed per g wet weight of tissue. 

The tissues wcrc prcincuhatcd for 15 min at 37 
in X-ml Erlcnmcycr flasks containing ?-ml medium 
of the following composition: 0.040 M HCPPS (:Y-7- 
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ll~dro!ctliy1 1’7l’“r;t/inc:-,Y-cth;lnc still‘onic acid) 
1x11121- ncutrali/cd with NaOH to pH 7.2. OW5 M 
MgC‘II und t~~11.5 M NaCI. After the prcinwbation. 
the tissric5 wt’rc lightly hlottcd on filter palwr and 
transferred to new flasks containing media oi‘ the 
same composition but with 6 mM unlabclcd glucose 
or [II-‘“C]glucose and 0.1 10 M r;tthrr than 0.1 Ii M 
NaCI. The flasks wxc thc21 gassed v\ith irxygi-cn :I& 
inc~hated for various limes fbr mctriholic iiiwswf- 

mt‘nts. Glucose disappearance from the medium was 
dctcrmined b\ the rzlucose osidasc method after de- 
l’r”l,rUtCil,i7Uiiori &h ZnSO, and Ba (OH):. Total 
tiswc glycogcri was mcastirud hq the ni~thod of 
Montgomery [I 3] t>r by determination of glucose h\ 

glucose oxidasc. following hydrolysis in 2 N H,SO, 
and ncutralix~tion, Incorporation of [l~-‘JC‘]glucosc 
into glycogw ~‘21s dctcrmined by the method of’ Tho- 
mits r,f (I/. [l-t] and the lactate anal~scs wvri carried 
out hq the proccdurc of Hohorst [ 151. In sent cxpcr- 

iments lactate liuni the mcdiilni ~‘25 sclxiratcd by ion- 
exchange chromatography as employed bq LaNoue 
t’f ul. [IhJ for the separation of organic acids. The 
rain used was Rio-Rad. Ag I- x 8. 300 400 mesh. in 
the Ibrmatc form. and dilute formic acid of gradually 
increasing concentrations was iiscd for chition. 

In cy~crimcnts in which the ~tccumtllation of $I- 
cost and plucosc ~~-~~~~~~sp~~~it~ in the tissue %a5 staid- 
icd. two ii~midi~lllhragms wcrc used for Mach incuba- 
tion at 37 in the prcsenco and absence of cpincphrinc 
or ;t cvclic AMP Ilhosphodi~stc~IsL‘ inhibitor. The Iis- 
SW\ &I-C then rinsed nrpidl> ;tt 2 in gIt~ct~-li-CC 
HtPES medium C)I- saline, blotted and wshcd swxs- 
sivclv [or :! min at 2 in glucose-free HPPES medium. 
The ;issut: content of ph~cosc and glucose h-phosphate 

wizs determined after succcssivc 9-min washirigs 2s i17- 
dicatcd in Rcsttlts. At the end of the washi~~gs tltc 

h~midiaphr”gins \VCI-c +yound in chilled mortars with 
cold 0625 N perchlorlc acid (PC.A). Aliquots 01‘ the 
PCA extracts were neutrnli7cd hith 0.3 M triethano- 
laminc. @57 M K,c’O, (l>H 7.0) and glxosc znd &I- 
cost’ h-phosphate detcrmincd in samples of the supa- 
n:ltant fluid by the method of Slcin [ 171. All mc;wrc- 
mats of radioactivity were made with ;I R~ckard scin- 
tillation counta. 

~‘p~Li~i(~ of 3-0-77rc~tii~i~iiil~(~.~~,. H~nlidi~piir~i~rns 
wcrt’ lxeincubat~d [or IS min at 37 in HEPFS me- 
dium without substrate. The tissues wcrc thus incu- 
bated for 5. 10. IS or 30 rnin in HEPES medium 
with 6 mM CtJC‘-3.O]methylgl~rcosc in the ~~hscnce 
ix prcsencc UT ~pi~~~p~~ri~~~, The h~rni~~i~~l~hr~~g!l~s wcrc 
dipped four timcs in IO-ml \Solumcs of 0.15 M NaCI 
at 2 and hlottcd on filter paper. They wcrc then 
washed successively IO to 11 times in 3-ml VO~UIIXS 

of HEPES medium at 2 The radioactive 3-O-mcth- 
ylglucose appcnring in the media during 40 min of 
repeated washings was detcrmincd. and the radioacti- 
vity remaining in the tissue at the end of the washings 
was mc;w7xd following digestion with KOH. The tis- 
SW content of ~-~~-nl~th~igiLl~~s~ wx ~~~IcLII~I~~~~ and 
the logarithm of this value plotted as a limction ol’ 
the time of washing. The intcrccpt on the juxis was 
taken as ;t rneasurc’ of the 3-0-methylglucosc prcscnt 
i~~tl~~~~~ll~~i~~rl~ at the end of the incubation \vitb this 
substance. 





+ Values obtained I’-orn paired cnpc’riments. 

60 min in a medium containing nonlabelcd glucose 

at the same concentration. The results arc summar- 
ized in Table 3. 

Very little turnover of glycogen occurred in the ab- 
scnce of epinephrinc. indicating that the rate of glyco- 
gcnolysis was low. In the presence of epinephrinc. 
there was a greater loss of radioactivity from g1y- 
cogcn. but cvcn IIII~L‘I. thcsc conditions about 63 pet 
cent of the radioactivit) remained after the 60 min 
of incubation with nonradioactive glucose. If the dc- 
crcasc in glycogcn content of the tissue wcrc due only 
to increased glycogenolysis. and not to inhibition of 
the synthesis of glycogen. it would bc expected that 
most. if not all. of the radioactive glucose units would 

be replaced during ;I prolonged incubation. during 
which thcrc is ;I dccrcasc in total giycogen content. 

.ActioIf of’ c~pirwp/wirw 011 i~mwpf”vrtiorl of’ [l:-“Cl 
glwosc~ ir~to lactate. Hcmidiaphragms were incubated 
for 60 min with [L’-‘“C]glucosc in the prcscncc and 
absence of epincphrinc. and the lactate in the medium 
was isolated and counted (Table 4). It is striking that 
only about 10 per cent of the lactate that appeal-cd 
in the medium was dcrivcd from the radioactive glu- 

cose taken up by the tissue. This indicates that thcrc 
is little formation of lactate from newly synthcsi/cd 
radioactive glycogcn. in agrcemcnt with the results 

of the cxpcrimcnts in which the hrcakdown of lalxlcd 
glyogcn was detcrmincd directly (Table ?). While 
cpmcphrinc tcndcd to docreasc the specific actkit\ 
of the lactate in the medium as would hc cxpcctcd 
with an incrcusc in degradation of preformed g1)- 
cogcn. thcrc was no marked effect of the hormone 
on the amount of lactate formed from radioacti\c glu- 
cose. 

Thcsc cxpcriments shou conclusi\clJ that the 
marked diminution of glucose uptake produced 1-g 
opincphrinc. amounting to 4 6 Ltmolcs g. is in no uaq 
rcflcctcd in corresponding changes in lactate forma- 
tion. A11 of the findings prcscnted ;IK consistent with 
the conclusion that the inhibition of g~ucosc uptake. 
observed i/r rYr,o t~ndcr the conditions cmploqcd hcrc. 
is the rc5ult of ;I dccreasc in llic r;ite of @cogcn 

svnthesis. 
.‘l(,c.f/,lilf/rlric,~~ o/ tissrw g/~ww. From the results of 

:I previous investigation in our laborator! L 191 wc 
concluded that in the synthesis of gl~cogen from 
glucose by the rat diaphragm the glucose. in the 
pathway toward glycogcn. did not mix to ;I signiticant 
cxtcnt with the pool of intracellular glucose. Since the 
observations reported hcrc indicate that it is Ihc 
glucose-to-glycogen synthetic pathna) that is Inhibited 
b! epinephrine and cyclic AMP phosphodicster~~se in- 

Enpt. No. 
kpmephrine 

30 jrM 

Lactate SpKlfic 
formed activity 

(jrmoles:g) (cpm,,jtmolc) 

Tot;11 acti\il) in 
lactalc+ 

(cprn g) 

I 0 x.77 X.705 76X.3 0.05 

+ I1.56 h.ilJh X0.967 I.01 

2 0 9.30 9.398 <SS.! I I.01 

+ I I flh 7.636 Sc).Oih I I i 
3 0 I I.29 7.787 Si.9 I .i I.10 

+ Ii.81 7.X06 IO7.957 1 .; 
+ 0 17.79 I1.105 l‘t2.037 I 7s 

+ 1965 5.XXh I I5.(1~,0 I.45 
.~______ 

* Pail-cd hemidlapht-n_rms from 2 rats wcrc prcincuhsitwi and incuhatcd ;IS dcscrihcd m l’ootnok to Table I. At 
the end of’ the 60.min mcubation with [‘lC]glucose. the amount ol lactate in 11~ medium \V:IS rnusllrcd and the 
spcufic activit) of the lack~tc dctermincd. SW Methods for details. 

t V;llue = specific activity 2 jcmoles lactiltc in mcdium’g 01‘ tissue 
1 Specific activity 01‘ medmm glt~ixw = SO.000 cpm jtmolc. 
\\ Fed I-at. 
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Fig. 2. Effects of epincphrine on accumulation of glucose 
in rat diaphragm. Paired hemidiaphragms from two rats 
were preincubated for 15 min at 37 in the abscncc of 
glucose. The tissues wcrc then incubated (k 30 /tM 
epinephrine) for 60 min at 37 in a medium containing 
6 mM glucose. After two rapid rinses in cold glucose-free 
medium. the muscles wcrc successively washed for 7-min 
periods at 3 Glucose content is plotted as a function of 

the numb of washings. 

hibitors, we considered the possibility that in the pres- 
ence of these substances some of the glucose taken 
up by the cell, instead of being converted to glycogen, 
would accumulate as intracellular glucose. 

The results of experiments in which paired hemi- 
diaphragms were incubated with 6 mM glucose for 60 
min. in the absence and presence of 30 /tM epineph- 
rine, arc illustrated in Fig. 2. The tissues were rinsed 
and washed successively as described in Methods and 
in the legend to Fig. 2. 

It can be seen that after each washing the tissue 
content of glucose was higher in the hcmidiaphragms 
that had been incubated with epinephrine than in 
controls, indicating that epinephrine promoted the ac- 
cumulation of glucose in the ccl1 under conditions 
during which uptake is inhibited. Similar results were 
obtained when hemidiaphragms were incubated with 
SQ X009 or theophylline. 

Results of experiments dcsigncd to correlate the ef- 
fects of cpincphrinc and cpincphrinc + SQ 20009 on 
tissue glucose with other metabolic changes arc rc- 
ported in Table 5. In thcsc cxpcrimcnts rat hcmi- 
diaphragms wcrc first preincuhatcd for I5 min in the 
ahsencc of substrate and then incubated for 1 hr in 
the prcscncc of 6 mM glucose. Glucose utilization 
and the tissue contents of glucose. glucose h-phos- 
phatc and cyclic AMP wcrc measured at the end of 
the incubation. Cyclic AMP in the tissue was dctcr- 
mined also after only I min of incubation. 

It is evident that the inhibition of glucose utiliza- 
tion produced b) cpinephrinc. and the concomitant 
incrcascs in tissue glucose and glucose h-phosphate. 
arc associated with an increase in the cellular content 
of cyclic AMP. The additional presence of the cyclic 
AMP phosphodicstclasc inhibitor. SQ 20009. caused 
a further incrcasc in tissue content of cyclic AMP. 
but no other significant changes were obscrvcd. 

&fiYY of’epirll~pll~;/l~, 011 Irptclkc of’3-O-/llc~t/l!~l~/~~~~~~~.s~,. 
In order to dctcrminc whcthcr conditions leading to 
accumulation of intracellular cyclic AMP would altcl 
the rate of transport of carbohydrate into the cell. 
we mcasurcd uptake of 3-0-mcthylglucosc bq dia- 
phragm in the prcscnce and absence of cpincphrine. 
The results of thcsc cxpcrimcnts arc given in Fig. 3. 

Hemidiaphragms were incubated in media con- 
taining 6 mM [‘4C-3-O]methylglucose for 5, IO. 15 
or 30 min. and the intracellular concentration of the 
sugar for each time period was dctcrmined by the 
washout procedure described in Methods. The left 
psncl of Fig. 3 shows washout curves for tissues incu- 
bated for 5 min with and without epinephrinc. The 
lack of effect of the hormone on the slow component 
is clearly seen. In the right panel wc have recorded 
the calculated results from all of the experiments. It 
is seen that epinephrino had no cKcct on the intracel- 
lular concentration of 3-0-methylglucose at any of 
the time periods studied. Thus there is no evidence 
from these experiments that the hormone infuences 
the rate of entrance or the intracellular concentration 
at equilibrium of this nonmetabolizable sugar. Ad- 
ditional experiments were done to determine whether 
the presence of cpincphrine and SQ 20009 together. 

Table 5. Effects of cpinephrine and cpinephrine + SQ 20009 on glucose utiliratmn and accumulation of G-6-P. glucose 
and cyclic AMP in rat diaphragm* 

Glucose uptake 
(pmoles/g;hr) 
Glucose-h-phosphate 
(pmolcs;g at 60 min) 
Tissue glucose 
(~molcs:g at 60 min) 
Cyclic AMP 
(nmolwg at I min) 
Cyclic AMP 
~nmoles F at 60 mm) 

Control 

12.93 * 0.86 

0.092 + oa1 3 

0.109 + oa41 

O’j4 i 0.07 

0.39. 0.50 

I5 /tM Epincphrinc 15 1tM Epincpht-inc + 77 /lM SQ 20009 

9.35 * 049 x.71 * 0.91 

0.171 * wozx 0.19x * oa13 

0.587 f 0a24 0.584 * 0013 

6.2 f 2.1 42:?3 

I.4 * 0.13 12.1 : 10% 

* Paired hemidiaphragms from 2 rats were prcincuhatcd for 15 min at 37 (k 77 /tM SQ 20009) m glucose-free 
medium. Tissues were transferred to a mctllllm containing 6 mM glucose and incuhatcd for 60 min at 37 with additions 
as indicated below. Hemidiaphragms wc‘rc I tnscd twice in cold saline and washed 7 timcs at 2 in glucose-fl-cc medium 
as described in text. Cyclic AMP accumulation in the tissue was dctcrmmcd in scparatc cxpcriments identical to those 
above. cxccpt that washings of the tissue were omitted. Numhcr of cxperimcnts = 4. cxccpt v,hcn individu;ll ~:ducs 
arc given. 
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Fig. 3. Effect of epinephrine on 3Omethylglucose transport in rat diaphragm. Paired rat hemidiaph- 
ragms were preincubated for 15 min at 37 in substrate-free medium and incubated for 5, IO. IS. 
or 30 min at 37. in a medium containing 6 mM [‘4C-3-O]methylglucose (i 15 /LM epinephrme). 
Left panel illustrates individual washout curves after 5-min of incubation with 6 mM Ii-O-methylglucose. 
Right panel shows the accumulation of the sugar intracellularly as a function of time of incubation. 
Filled circles are controls. open circles are from experiments with epinephrine. The 5-nrin values arc 

means of three determinations; others are results from individual experiments. 

at the concentrations used for the experiments 
reported in Table 5. would influence the accumulation 
of 30methylglucose in the rat hemidiaphragms. Des- 
pite the fact that the tissue content of cyclic AMP 
increased more than 20-fold under these conditions. 
there was no change in sugar transport. 

DISC1 SSION 

The ability of epincphrine to decrease glucose utili- 
Tation in mammalian skeletal muscle was first rc- 
ported by Walaas and Walaas [4] and the phenom- 
enon has been studied subsequently by a number of 
investigators [5 7.20 221. This action of tho hormone 
has been found to be abolished at pH 8 [7] and to 
be decreased at 6.X [21]. In our experiments the pH 
of tho medium was maintained at 7.2. and the inhibi- 
tory effects of epinephrine on glucose uptake and gly- 
cogen synthesis were very consistent. 

The results of our investigation show that the effect 
of epincphrine on glucose uptake of muscle is closely 
related to the action of the hormone on glycogen syn- 
thesis. Thcrc is a rcmarkablc correlation between the 
inhibitory effects of cpinephrine on glucose uptake 
and on incorporation of glucose into glycogen in a 
resting muscle preparation. such as the rat diaphragm 
incubated i/i vitro. It is possible that a high capacity 
for glycogcn synthesis in a tissue is necessary for an 
inhibitory effect of cpinephrine on glucose uptake to 
become apparent. Thus. in adipose tissue. which con- 
tains only a small amount of intracellular glycogcn. 
cpmephrme has hecn observed to increase the rate 
of glucose uptake [23]. In a contracting perfused- 
heart preparation. cpinephrine administration has al- 
so been found to increase the metabolism of glucose 
1341. 

Our expcrimcnts on the action of cpinephrine on 
the uptake of 3-O-n~cthylglucose by the diaphragm 
provide no support for the view that cpinephrine af- 
fccts sugar transport itself. Only the uptake on the 

natural carbohydrate substrate. gl~~cosc. is atlcctcd hv 
epinephrine tmdcr our experimental conditions. 
Chambaut c’t trl. [ZS] studied the action of dibutyryl 
cyclic AMP on rat diaphragm and found that this 
compound had no effect on galactose and pl~~cosa- 

mine transport in this tissue. Thcsc findmgs lend 
further strength to the hypothesis that it is the gluco- 
se-to-glycogen synthetic pathway in muscle that is 
particularly susceptible to inhibition by a catcchola- 
mine. 

Recently we have reported 1191 that glycogen de- 
rived from cxtraccllular glucose in rat diaphragm is 
not diluted by intracellular glucose. as would he CY- 
pccted if them were only one pool of intermediates 
between glucose and glycogen. We proposed that 
there were two pathways of glycogcn synthesis from 
glucose that were distinguishable because of theii 
presence at different sites in the cell: one cataly& 
the formation of glycogen from extracellular glucose. 
the other was involved in the synthesis of glycogen 
from glucose that had already entered the cell. 

We are speculating that the cnqmcs involved in 
the synthesis of glycogen from cxtracellular glucose 
in muscle are locahrcd in cellular membranes. poss- 
ibly the sarcotubular qstcm. and that homoncs. d- 

rectly or indirectly. can influcncc glycogen synthesis 
at this site. In fact. Bailey er LI/. [26] have observed 
that glycogen synthasc activity is high in a particulate 
fraction of muscle homogenates originating from the 
sarcoplasmic reticulum. It is extremely interesting. in 
this connection. that thcsc tissue fractions also had 
a high content of adenylatc cyclasc and cyclic AMP 
phosphodiestcrasc. Mcycr VI trl. [37] isolated protein 
glycogcn particles from rabbit skeletal muscle and dc- 
monstrated with electron microscopy that these par- 
ticles were found in the same fractions as vcs~clcs aris- 
ing from fragments of the sarcoplasmic reticulum. 

The significance of the accumulation of glucose III 

the cell seen with cpinephrinc is not clear at proscnt. 
There arc several mechanisms that should bc COIISI- 



dcrcd. For example. the extra glucose could originate 
from the glucose in the medium and its accumulation 
could bc a conscqucnce of inhibition of the glycogen 
synthetic pathway. possibly at the hcxokinase step. 
Tho observations of Kipms and Cori [28] bear on 
this problem. These authors found that the uptake 
of 3-dcoxy-glucose by the intact diaphragm was not 
influenced by cpincphrinc but that the phosphoryla- 
tion of this mctabolite was inhibited. leading to ac- 
cumulation of the unphosphorylutcd sugar in the cell. 
Another possibility is that the intr~~c~~~Ll~~r glucose 
produced in rcsponsc to el~incphrine originates from 
glycogcn. This could come about by the action of 
amylo- 1 .h.-glucosidaw on the limit dcxtrins formed 
following phosphorylase action on glycogcn [29]. We 
arc currently currying out cxpcriments designed to 
clarify the mechanisms of this action of cpinephrinc. 

One of the metabolic effects of cpinephrinc in 
muscle is an incrcasc in glucose &phosphate caused 
I-J! the acti\aCon of phosphorqlaso. Since glucose 

6-phosphate has been found to inhibit preparations 
of hcxokinase [XI]. it is possible that the increased 
tisxrlc conccntr;itio~i~ of z ~ducwc h-phosphntc seen in 
d~apht-agms c~po~d to cpincphrinc may contribute 
to the metabolic effects of the hormono in this tissue. 
However. it should be pointed out that an elevation 
of ghcosc ~-phospli~~tc is not always associated with 
a decrease in glucose uptake and glycogen synthesis. 
For cxamplc. in diaphragms exposed to insulin there 
is an increase in the glucose &phosphate concent- 
ration even though glucose metabolism is enhanced 
[i I. 321. 

Although it cannot bc ruled out that product inhi- 
bition of hexokinase plays some role in the inhibitory 
effects of epinephrine on glycogcn synthesis. it is likely 
that an action of cyclic AMP is more directly in- 
volved. It has been well established that protein 
kinasc activity is increased in extracts of muscles cx- 
posed to crincpilrinc [9] and that the rise in kinase 
activity results from tr~~~lsforrnation of the enzyme 
from a form rcq~l~ring cyclic AMP to one independent 
of this nucleotide E9.331. This event sL~bsequcntly 
lcads to activation of phosphorylase and to formation 
of the less active form of glycogcn synthasc requiring 
glucose h-phosphate for activity. Whether the lowered 
activity of glycogen synthase can explain the inhibi- 
tory effects of cpinephrinc on the glucose-to-glycogen 
synthetic pathway demonstrated in our experiments. 
or whether other sites of protein phosphorylation 
may bc involved is a sub.jcct for further investigation. 

Among the important questions raised by this in- 
vestigation is the extent to which the metabolic effects 
of cpinepllrinc obscrvcd it: city reflect actions of the 
hormone in the intact animal. If cpincphrine in- 
fluences glucose uptake and glycogen synthesis by 
skeletal muscle irk t%n in a manner similar to that 
i/t Ctro. such an action could account for a significant 
portion oC the h!)>crglyccmic cfrcct of the hormone. 

.~~~lrt,l~~ll~tl~/~~~ll~~lli.\ The authors arc indchted to Miss Lcs- 
lit Halliday and Miss Elaine Srrlick for cxpcrt technical 
assistance. 
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