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Abstract. The changes of glycogen metabolism with the 
location of tissue within the ventricle wall have been explored 
in the rat myocardium. The hearts were cut in 100 gm thick 
serial sections and all sections were analyzed for their content 
in glycogen, glucose-6-phosphate, UDPG and glycogen en- 
zymes and for glucose incorporation into glycogen and for the 
2-deoxyglucose uptake after the intravenous injection of the 
14C-labelled sugars. 

The rate of glycogen turnover was significantly higher in 
the subendocardial myocardium (P<  0.01) and the levels of 
glucose-6-phosphate and the total (i.e. a + b )  activity of 
glycogen phosphorylase were significantly higher in the 
subepicardial tissue (P<  0.01 in both instances). No signif- 
icant transmural gradient of UDPG was found and trans- 
mural changes of total (i.e. I + D )  synthase activity were 
barely significant. 

These changes in glycogen metabolism may be related to 
regional differences in the cardiac work load and to a 
differentiation of the subendocardial and subepicardial heart 
fibers. 
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Introduction 

Evidence supporting the hypothesis of different nutrition and 
metabolism of the subendocardial region of the heart was 
provided in 1964 by two independent studies. Kirk and Honig 
(1964b) demonstrated nonuniform gradients in blood flow 
and lower tissue oxygen tension in the subendocardium. In 
the same year, Jedeikin showed that there were higher levels of 
glycogen and increased phosphorylase activity in the sub- 
endocardium compared to the outer layers of the heart. 

Later studies by other investigators showed increased 
glycolytic enzyme activity (Lundsgaard-Hansen et al. 1967) 
and increased production of lactate during ischemic work 
(Dunn and Griggs 1975) in the inner layers. With regard to 
glycogen, the existance of a diminishing gradient of con- 
centration was confirmed in the dog, proceeding from the 
endocardium to epicardium by Allison and Holsinger (1977) 
but not by Todd et al. (1979). 
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These controversial reports do not answer the question as 
to whether during normal contraction the glycogen of a 
particular region is utilized preferentially over any other. This 
is of great interest in view of the essential role of glycogen in 
muscle contraction (see Bergamini et al. 1980; Villa-Moruzzi 
et al. 1981). 

Materials and Methods 

Animals 

Young adult (170-180 g b.w.) female albino rats of Sprague- 
Dawley strain were used. Different groups of animals were 
used for each parameter measured. In all cases a 12 h fasting 
preceded experimentation. Anesthesia was performed by 
injecting Nembutal (5mg/100g b.w., intraperitoneally). 
l~(C)-uniformly-labelled glucose (S.A. 3 mCi/mmole) was 
dissolved in saline and injected intravenously in the tail 
(10 gCi/100 g b.w.) 10 rain before sacrifice. 14(C)-uniformly- 
labelled 2-deoxyglucose was diluted in saline and injected at 
the same dosage and time by the same route. 

Animals were killed by causing a cardiac arrest with 1.0 ml 
cold 150 mM KC1 injected intravenously. The arrested heart 
was rapidly removed and dropped in ice (in less than 10 s) and 
a piece of the left ventricle was excised and frozen between two 
aluminium blocks at - 30 ~ C, without any compression. The 
frozen tissue was mounted (the epicardium upside) and cut in 
100 gm thick sections in a cryostat. To get the needed amount 
of tissue, two adjoining sections were combined. During these 
procedures temperature was - 25 ~ C. 

Determination of Glycogen 

Sections were dropped in centrifuge tubes containing 0.5 ml 
4N NaOH and the tubes were kept in boiling water for 
30 min. Aliquots were used to assay the protein content by the 
Lowry procedure (Lowry et al. 1951). Then, glycogen was 
purified according to Hassid and Abraham (1957) and 
assayed spectrophotometrically by the anthrone procedure. 
Results are given as mg glycogen/g wet weight. Wet weight 
always was calculated from protein content as follows: g wet 
weight = K •  protein (the factor K = 6.25 was found 
empirically). 

Incorporation of 14(C) 6-Glucose Into Glycogen 

In order to test at least two different experimental conditions, 
experiments with labelled glucose and 2-deoxyglucose were 
performed by using both anesthetized and "unanesthetized" 
rats (i.e. rats not treated with pentobarbital and free in their 

0031-6768/83/0396/0060/$ 01.20 



cages during the whole experiment until they were killed by 
the KC1 infusion). The heart sections were processed as 
described (see: determination of glycogen) but carrier glyco- 
gen was added to the hydrolyzate and glycogen was then 
purified as described (Bergamini et al. 1969). The final 
sediment was dissolved in 0.4 ml distilled water and an aliquot 
(0.3 ml) was applied onto 3MM Whatman filter paper disks 
and dried and the radioactivity was counted in a liquid 
scintillation counter with a standard liquid scintillation fluid 
(Liquifluor) to an error less than 3 %. 

2-Deoxyglucose (2-dGlc) Uptake and Phosphorylation 

Sections were dropped in centrifuge tubes containing 0.5 ml 
distilled water. Sugar was then extracted at 100 ~ C for 10 rain. 
Total 2-dGlc and non phosphorylated 2-dGlc were de- 
termined by counting the radioactivity of aliquots of the 
extract respectively before and after treating it according to 
the Somogyi procedure - as in Tietz (1976) - to an error less 
than 3 ~. The precipitated proteins were digested in NaOH 
4 N and were assayed as described. Results are given as 
counts/rag wet weight. 

Assay of the Activities of Glycogen Metabolizing Enzymes 

Sections were dropped in centrifuge tubes containing 0.5 ml 
distilled water and enzymes were extracted at 0~ for l0 rain 
with occasional shaking and stirring with a glass rod. Assays 
were performed on aliquots of the extract without any need of 
centrifugation. 

The total (i.e. I + D) glycogen synthase (GS) activity was 
measured as the amount of labelled glucose incorporated into 
glycogen from UDP-~4C6-glucose during a 15rain in- 
cubation at 30~ by the filter paper method of Thomas et al. 
(1968). The total glycogen phosphorylase activity (GPho) was 
assayed from the amount of inorganic phosphate released 
from glucose-l-phosphate in the presence of AMP during a 
10 min incubation at 37 ~ C according to Turner and Leonard 
(1969). 

Other Assays 

Glucose-6-phosphate, UDPG and lactate were assayed on 
perchloric acid extracts of 2 heart sections after neutralization 
with solid KHCO3. The assays were performed by enzymatic 
techniques (see Bergmeyer 1974) by using a Perkin Elmer 
Spectrofluorometer. 

Chemicals 

Oyster glycogen, glucose-l-phosphate, glucose-6-phosphate, 
UDPG and NADP were products of Sigma Chem. Co. (St. 
Louis, MO, USA). Crystalline glucose-6-phosphate dehydro- 
genase and UDP-glucose dehydrogenase were purchased 
from Boehringer (Mannheim, FRG). 14(C)6-1abelled glucose 
was obtained from the Radiochemical Centre (Amersham, 
GB) and 2-dGlc from New England Nuclear, Dreieich, FRG. 
UDP-~4C6-glucose was prepared according to Thomas et al. 
(1968). 

All products used were of analytical grade. 

Statistical Analysis 

Statistical significance was tested by using the Student t-test 
and one-way analysis of variance. 
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Results 

l. Glycogen Distribution in the Layers of the Myocardium 

In all the figures presented, the horizontal axis represents a 
progression of values for successive serial sections. The first 
and last values are always those of the subepicardial and 
subendocardial layers respectively. It should be mentioned 
here that these two layers contain larger amounts of con- 
nective tissue. 

Figure 1 summarizes the results of determination of 
glycogen distribution throught the walls of the rat left 
ventricle. The levels of glycogen are much higher than that 
previously reported (Jedeikin 1964) and are very similar in all 
myocardial layers (the slight increase in the subendocardium 
is not significant). This is unlike the data of Jedeikin (1964). 
TO comment this discrepancy, we may mention that the data 
published by Jedeikin seem to be greatly affected by the 
experimental procedure at sacrifice (ether or pentobarbital 
anesthesia or decapitation) and that Gaesser and Brooks 
(1980) have concluded that the glycogen concentrations in the 
cardiac muscle may be more attributable to the method of 
killing of the rats than to the effects of the experimental 
protocols. In our experiments, inconvenience has been cir- 
cumvented in part by injecting cardioplegic solution intra- 
venously. 

2. Distribution of ~4C6-Labelled Glycogen in the Layers 
of the Myocardium after an Intravenous Injection 
of Labelled Glucose 

In the skeletal muscle, an apparent steady state of glycogen 
levels may result from very different dynamics of glycogen 
metabolism. In fact, glycogen levels are quite stable, whereas 
glycogen turnover can change dramatically even at very light 
work loads (Villa-Moruzzi et al. 1981). Therefore, we decided 
to explore the incorporation of glucose into heart glycogen 
during a 10 rain exposure to intravenously injected 14C 6- 
labelled glucose (Fig. 2). 

A highly significant (P<0.01) gradient of glucose in- 
corporation was found in the walls of the left ventricle (higher 
values were found in the subendocardial layers). It should be 
emphasized that similar patterns of glucose distribution were 
observed in the anesthetized and in the unanesthetized rats 
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Fig. 1. Distribution of glycogen across wall of the left ventricle of rat 
heart. On the abscissa: mm of myocardial tissue, from epicardium (left) 
to endocardium. Means of 6 cases are given. Vertical segments represent 
2 x SEM. No significant difference in glycogen content can be observed 
among the different myocardial layers 
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Fig. 2. Glucose incorporation into glycogen in vivo in different myocar- 
dial layers of the rat left ventricle. 10 gCi 14C6-1abelled glucose/100 g 
body weight were injected in the tail vein (in 0.2 ml saline) of anesthetized 
(e) or of unanesthetized (O) rats 10 rain before sacrifice. Glycogen was 
purified and the radioactivity was counted as described in the text. 
Results are given as counts/rag wet cardiac tissue. Means of 4 cases are 
given. Vertical segments represent 2 x SEM. On the abscissa: mm from 
epicardium. Statistical analysis (F-test) has shown that the effect of 
anesthesia and differences among the myocardial layers are highly 
significant (P< 0.01). Interaction is not significant 

(interaction is not  significant). We should comment  also that  
the incorporat ion was significantly different ( P <  0.01) in the 
two groups of  rats (i.e. a higher per cent value of  the injected 
glucose was incorporated into the heart  glycogen in the 
former case). This difference may be due to addit ional  factors 
besides the different work load. For  example, stress due to 
handling and to injections is different in anesthetized and in 
the unanesthetized rats. As an addit ional  factor, the per cent 
uptake of  the labelled glucose by different tissues (e.g. by the 
skeletal muscle, see Vil la-Moruzzi  et al. 1981) is lower in the 
anesthetized animals. 
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Fig. 3. Accumulation of 2-deoxyglucose-6-phosphate in different myo- 
cardial layers of the left ventricular wall of the rat heart. Experiment was 
performed as described in Fig. 2 with the same amount of radioactivity 
for the same time. Anesthetized (e) and unanesthetized rats (O) were 
used. The sugar phosphate was extracted and purified from the free sugar 
as described in the text. Results are given as counts/rag wet cardiac tissue. 
Means of 4 cases are given. Vertical segments represent 2 • SEM. On the 
abscissa: mm from epicardium. The effect of anesthesia is highly 
significant (P< 0.01). Differences among myocardial layers are signif- 
icant (P< 0.01) in the anesthetized rats only. The symbol (I)  denotes a 
statistically significant difference (P < 0.05 ; Bonferroni's t-multiple test) 

In Fig. 3 we have depicted the distr ibution of 2-dGlc-6- 
phosphate  (as counts/mg wet tissue) in the different layers of 
the myocardium after the exposure to a dose of  radioactivity 
and time like those used in the glucose incorporat ion studies. 
The amount  of the phosphoryla ted  radioactivity accumulated 
in the myocardium is significantly larger in the anesthetized 
rats (but difference is smaller than that  observed for glucose 
incorporation).  A transmural  difference in 2-dGlc phosphor-  
ylation is observed in the anesthetized rats because of the 
lower subepicardial  values. Similar findings were reported in 
the dog (L 'Abbate  et al. 1979, 1981). At  present, it is not  
possible to state whether this effect should be at tr ibuted to a 
lower dependence on glucose of the subepicardial  layers or to 
some action(s) of pentobarbi ta l  per se. In any case, we can 
conclude that a higher sugar uptake and phosphoryla t ion 
does not contribute to the higher subendocardial  incorpo- 
rat ion of glucose into glycogen at least in the unanesthetized 
rats. 

3. 2-dGlc Uptake and Phosphowlation 

In the rat  heart, the rate of the glucose uptake may be the 
factor limiting the rate of sugar metabolism (Morgan et al. 
1961). The phosphoryla t ion  (by hexokinase) and the transfer 
into glycogen of the glucose units (by glycogen synthase) are 
the other limiting steps along the metabolic path  leading to 
glycogen synthesis (see e.g. Bergamini et al. 1969). To moni tor  
the accumulat ion of 2-dGlc-6-phosphate after the injection of 
trace amounts  of  the labelled sugar (this sugar is t ransported 
and phosphoryla ted  like glucose but  it is not  metabolized 
further, Kipnis and Cori 1959) may provide a good index of 
the hexokinase activity in the intact tissue (Karpatk in  et al. 
1966) and help to evaluate the contr ibution of the first two 
metabolic steps to the increased glucose incorporat ion.  

4. Levels of Glucose-6-Phosphate and of UDPG 
in the Rat Myocardium 

The levels of  giucose-6-phosphate and of U D P G  within the 
muscle cells can greatly affect the activity of the glycogen 
synthetizing enzyme (Piras et al. 1969; Roach et al. 1976). We 
found significant differences in glucose-6-phosphate content 
in the different myocardial  layers (P<0 .01)  (Fig. 4). 
However, in this instance the t ransmural  gradient is reversed, 
higher levels having been observed in the subepicardial  tissue. 
With  regard to U D P G ,  no definite change was observed in its 
content. We may conclude that  allosteric regulation of the 
glycogen synthase activity by sugar phosphate  cannot explain 
the larger incorporat ion of glucose in the subendocardial  
tissue. 
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Fig. 4. Distribution of glucose-6-phosphate in the different myocardial 
layers of the left ventricle of the rat heart. The sugar phosphate was 
extracted and assayed as described under Materials and Methods. 
Results are given as gmoles of sugar phosphate/g wet cardiac tissue. 
Means of 6 cases are given. Vertical segments represent 2 x SEM. On the 
abscissa: mm from epicardium. The differences among the myocardial 
layers are highly significant (P< 0.01). On the same extracts we have 
assayed also UDPG content. The distribution of the sugar nucleotide was 
quite uniform in the different myocardial layers 
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Fig. 5. Glycogen phosphorylase (e) and glycogen synthase (�9 distrib- 
ution across wall of the left ventricle of the rat heart. The enzyme 
activities were assayed as described under Materials and Methods. 
Results are given as units (gmoles/min) per mg of soluble protein in the 
extract (in the case of glycogen synthase, scale has been expanded 20 
times; look at wright). On the abscissa: mm from epicardium. The 
transmural gradient of the enzyme activity is highly significant in the case 
of glycogen phosphorylase (P< 0.0i) and barely significant (P = 0.05) in 
that of glycogen synthase 

5. Distribution of Glycogen Enzymes in the Rat Myocardium 

Figure 5 presents data  on the total  glycogen synthase and 
glycogen phosphorylase activities across the wall of  the rat  
left ventricle. A highly significant ( P <  0.01) linear decrease in 
the tissue phosphorylase activity was found in layers proceed- 
ing from epicardium to endocardium. This is unlike the single 
representative experiment on the total  phosphorylase activity 
in the rabbit  heart  shown in Jedeikin's paper  (Fig. 5) (1964). 
We have no explanat ion for this discrepancy. On the other 
hand, total glycogen synthase activity exhibits much smaller 
(and barely significant, P = 0.05) changes. In these fully 
relaxed hearts, the per cent active forms of  the two enzymes 
[i.e. the phosphorylase a/(a + b) and the glycogen synthase 
I/(I + D) ratios] were constant across the cardiac wall. 

D i s c u s s i o n  

In these experiments, the regional distributions of substrates 
and enzymes across the cardiac wall were assessed by cutting 
the tissue in serial sections of  a constant  thickness (100 gm). 
Thus, at variance from all the previous reports,  here the 
metabolic and enzyme changes can be correlated with the 
locat ion of  the tissue within the cardiac wall precisely. On the 
other hand, the use of  this technique is not compatible with 
that  of  quick-freezing procedures (see e.g. in Griggs 1979), 
since samples have to be excised and then to be frozen without 
compression (to preserve the thickness of the wall) at a 
temperature optimal for the subsequent cutting (i.e. - 30 ~ C). 
We may mention that  the rat  myocardial  wall is relatively thin 

( 2 . 5 - 3 . 0  mm) and by using large precooled aluminium 
blocks to freeze tissue we could go through the whole 
procedure in about  30 s. This may appear  to be a quite long 
time. However,  it should be remembered that the hearts were 
fully relaxed and cold due to KC1 cardioplegia at 0 ~ C and that 
relaxation can be expected to lower the consumption of 
energy hundreds of times with respect to contraction (see e.g., 
Wilson et al. 198l). In effect, we found that lactate con- 
centrat ion in the whole left ventricle wall ranges between 0.7 
and 2.0 lamoles/g w.w. in the anesthetized rats and these 
values are not much higher than those reported in li terature 
(see Griggs 1979). No  significant t ransmural  gradient of  
lactate concentration was observed. The phosphorylase (a/a 
+ b) ratio averaged 29 + 3.7 ~ (n = 5). We may conclude that 
during the removal and freezing of the heart, the breakdown 
of  glycogen was very low (less than I gmole glucose/g wet 
tissue, i.e. less than 4 ~ of the total  glycogen content) and that  
no gradient of  breakdown can account for the observed 
t ransmural  gradient of glucose incorporation.  

Our results show that  in the different myocardial  layers 
the apparent  steady state of  glycogen levels results from very 
different dynamics of  glycogen metabolism. On the other 
hand, differences in the rate of glucose incorporat ion and 
similarities in the concentrations of  glycogen necessarily 
imply that  compensations occur in the different layers due to 
differences in glycogen breakdown. 

These same conclusions have been reached with regard to 
glycogen metabolism in fast and slow muscles at different 
work loads (Villa-Moruzzi et al. 1981). In this latter case the 
changes of  glycogen turnover reflected changes in the work 
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load. It was concluded that  in the contracting tissues glycogen 
should not  be considered merely as a store of energy to be 
used or not  according to occasional needs (as in Lehninger 
1975). In line with the most  modern understanding of the role 
of Ca 2+ in the control  of  glycogen breakdown, it was 
suggested that  glycogen is always used during contract ion 
(Bergamini et al. 1980; Villa-Moruzzi  et al. 1981) to help to 
"buffer" the changes of  ATP and A D P  levels, together with 
creatine phosphate  (see Wilson et al. 1981). 

In this perspective, the t ransmural  gradient  of  glycogen 
turnover should be considered to be the consequence of a 
t ransmural  gradient of the load of  work. Unlike the case of 
the skeletal muscle, in all myocardial  layers all muscle fibers 
are bound to contract  with the same frequency and differ- 
ences in the work load may be related only to differences in the 
generated in t ramyocardia l  pressure. In this respect, no da ta  
are available on the rat  heart  at present. However, it might be 
worth  mentioning that  biophysical  evidence of  a non uniform 
transmural  force in the rhytmically contracting left ventricle 
have been presented by Armour  and Randal l  (1971) and by 
Kirk and Honig (1964a). Fur thermore,  the availability of 
micromanometers  has made possible the measurements of 
intr amyocardial  pressure at different depths within the ventric- 
ular  wall in the dog and it has been shown that  pressure is 
remarkably  higher in the subendocardial  layers than in the 
subepicardial  ones during systole (Stein et al. 1980a), that the 
t ransmural  gradient has an opposite direction during diastole 
(Stein et al. 1980b) and that  this latter difference disappeared 
following cardiac arrest (Stein et al. 1980b). Our da ta  indicate 
that  the subendocardial  layers may be subjected to a larger 
work load during the cardiac revolution. Incidentally, in 
hearts beating in frankly ischemic conditions a greater 
elevation of lactate was observed in the inner layers and it was 
concluded that  the inner ventricular layer is more susceptible 
than the outer layer to an imbalance between oxygen supply 
and demand when the autoregulatory capacity of the cor- 
onary circulation is exceeded (Griggs 1979). 

Our  results show that  lower glycogen phosphorylase levels 
are found in the rat  subendocardial  muscle tissue. In the 
skeletal muscle, lower glycogenolytic activities (see e.g. Villa- 
Moruzzi  et al. 1979) and higher glucose incorporat ion into 
glycogen were found in the slow muscle as compared  with the 
fast muscle (see Villa-Moruzzi et al. 1981). Recent studies on 
myosin polymorphism in cardiac muscle have shown that the 
number  of  ventricular fibers stained selectively by antiguinea 
pig soleus myosin immunofluorescent  antiserum in the rat  
heart  increased with age (Gorza  et al. 1981). Regional 
variations in ventricular isomyosin distr ibution have been 
reported in the left ventricle of the rabbi t  heart  (Sartore et al. 
1981). The problem still is unanswered, whether a similar 
distr ibution of  phosphorylase-poor  fibers may lead to the 
metabolic differences observed here. Also, it should be 
mentioned that  quantitative ul trastructural  differences have 
been found in hearts from various species and have been 
shown to be the structural correlates for different physiologi- 
cal propert ies (Schaper et al. 1981). As a final comment,  
biochemical evidence that  myocardial  oxygen consumption 
may be larger in the inner than in the outer layers has been 
produced (Holtz et al. 1977; Weiss et al. 1978) and tri- 
glycerides and myoglobin levels may be higher and the 
mitochondrial  populat ions may be different in the subendo- 
cardial layers of the dog heart  (Whitty et al. 1968). 

On the whole, all these data  indicate that  larger amounts 
of  glycogen are used by the subendocardial  myocardium 

(where energy consumption may be greater) and that  muscle 
differentiation probably  occurred to cope with these de- 
mands. Perhaps, this may provide an addit ional  insight into 
the mechanisms for the greater susceptibility of the subendo- 
cardium to ischemic injury. 

Acknowledgements. This work was supported in part by grants of 
C.N.R. (to E.B.) and of Ministero della Pubblica Istruzione (to Z.G.). 
Thanks are due to Mrs L. Lezzerini and Mr. E. Madrigali for technical 
assistance and to Mr. A. Magli for caring for the animals. 

References 

Allison TB, Holsinger JW (1977) Transmural metabolic gradients in the 
normal dog left ventricle: effect of right atrial pacing. Am J Physiol 
233 :H217-221 

Armour JA, Randall WC (1971) Canine ]eft ventricular intramyocardial 
pressures. Am J Physiol 220:1833 - 1839 

Bergamini E, Bombara G, Pellegrino C (1969) The effect of testosterone 
on glycogen metabolism in rat levator ani muscle. Biochim Biophys 
Acta 177:220-234 

Bergamini E, Villa-Moruzzi E, Gori-Bergamini Z (1980) Glycogen 
metabolism and muscle function. Bull Mol Biol Med 5:19-23 

Bergmeyer HU (ed) (1974) Methods of enzymatic analysis. Verlag 
Chemie Weinheim and Academic Press Inc., New York London 

Dunn RB, Griggs DM Jr (1975) Transmural gradients in ventricular 
tissue metabotites produced by stopping coronary flow in the dog. 
Circ. Res 37:438 - 445 

Gaesser GA, Brooks GA (1980) Glycogen repletion following con- 
tinuous and intermittent exercise to exhaustion. J Appl Physiol 
49: 722- 728 

Gorza L, Pauletto P, Pessina AC, Sartore S, Schiaffino S (1981) 
Isomyosin distribution in normal and pressure overloaded rat 
ventricular myocardium. Circ Res 49:1003-1009 

Griggs DM (1979) Blood flow and metabolism in different layers of the 
left ventricle. Physiologist 22: 36-  40 

Hassid WZ, Abraham S (1957) Chemical procedures for analysis of 
polysaccharides. In: Colowick SP, Kaplan NO (eds) Methods in 
enzymology, vol 3. Academic Press, New York, pp 34-37 

Holtz J, Grunewald WA, Manz R, vRestorff W, Bassenga E (1977) 
Intracapillary hemoglobin oxygen saturation and oxygen con- 
sumption in different layers of the left ventricular myocardium. 
Pfliigers Arch 370:253 - 258 

Jedeikin LA (1964) Regional distribution of glycogen and phosphorylase 
in the ventricle of the heart. Circ Res 14:202-211 

Karpatkin S, Helmreich E, Cori CF (1966) Regulation of glycolysis in 
muscle. IV. Effect of anaerobiosis, insulin and electrical stimulation 
on the penetration and phosphorylation of 2-deoxyglucose in 
isolated frog sartorius muscle. In: Kaplan NO, Kennedy EP (eds) 
Current aspects of biochemical energetics. Academic Press, New 
York London, pp 127-143 

Kipnis DM, Cori CF (1959) Studies of tissue permeability. V. The 
penetration and phosphorylation of 2-deoxyglucose in the rat 
diaphragm. J Biol Chem 234: 171-177 

Kirk ES, Honig CR (1964a) Non uniform distribution of blood flow and 
gradients of oxygen tension within the heart. Am J Physiol 
207: 661 - 668 

Kirk ES, Honig CR (1964b) An experimental and theoretical analysis of 
myocardial tissue pressure. Am J Physiol 207:361- 367 

L'Abbate A, Camici P, Trivella MG, Pelosi G, Taddei L, Valli G, Placidi 
GF (1979) Uneven myocardial glucose utilization as determined by 
regional C-deoxyglucose uptake. J Nucl Med All Sci 23 : 167-172 

L'Abbate A, Camici P, Trivella MG, Pelosi G (1981) Regional myo- 
cardial glucose utilization assessed by C-deoxyglucose. Basic Res 
Cardiol 76: 394- 398 

Lehninger AL (1975) Biochemistry. Worth Publishers Inc., New York, 
p 837 

Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ (1951) Protein 
measurement with the Folin phenol reagent. J Biol Chem 193 : 265- 
275 



65 

Lundsgaard-Hansen P, Meyer C, Riedwyl H (1967) Transmural gra- 
dients of glycolytic enzyme activities in the left ventricular myo- 
cardium. I. In the normal state. Pfliigers Arch 297:89-106 

Morgan HE, Henderson MJ, Regen DM, Park CR (196t) Regulation of 
glucose uptake in muscle. I. The effects of insulin and anoxia on 
glucose transport and phosphorylation in the isolated perfused heart 
of normal rats. J Biol Chem 236:253 261 

Piras R, Staneloni R (1969) In vivo regulation of rat muscle glycogen 
synthetase activity. Biochemistry 8 : 2153 - 2159 

Roach PJ, Takeda Y, Lamer J (1976) Rabbit skeletal muscle glycogen 
synthase. I. Relationship between phosphorylation state and kinetic 
properties. J Biol Chem 251:1913-1919 

Sartore S, Gorza L, Pierobon-Bormioli S, Dalla Libera L, Schiaffino S 
(1981) Myosin types and fiber types in cardiac muscle. I. The 
ventricular myocardium. J Cell Biol 88:226-233 

Schaper J, Meiser E, Staemmler G (1981) Relationship between func- 
tional and morphological data in normal myocardium from different 
species including man. Circulation 64 (IV):15 (Abstract) 

Stein PD, Marzilli M, Sabbah HN, Lee T (1980a) Systolic and diastolic 
pressure gradients within the left ventricular wall. Am J Physiol 
238 :h625 - h630 

Stein PD, Sabbah HN, Marzilli M, Blick EF (1980b) Comparison of the 
distribution of the intramyocardial pressure across the canine left 
ventricular wall in the beating heart during diastole and in the 
arrested heart. Circ Res 47: 258 -  267 

Thomas JA, Schlender KK, Larner J (1968) A rapid filter paper assay for 
UDP-glucose: glycogen glucosyltransferase including an improved 
biosynthesis of UDP- 14C-glucose. Anal Biochem 25:486-  499 

Tietz NW (1976) Fundamentals of clinical chemistry, Saunders Co., 
Philadelphia, pp 246 -  247 

Todd GL, Pieper GM, Clayton FC, Elliot RS (1979) Heterogeneity in 
distribution of cardiac glycogen following isoproterenol infusions in 
the dog. Histochem J ~ 1 : 425 -  434 

Turner JW, Leonard SL (1969) Glycogen phosphorylase in the rat levator 
ani: activity related to testosterone, epinephrine and actinomycin D. 
Endocrinology 84: 589-  594 

Villa-Moruzzi E, Locci-Cubeddu T, Bergamini E (1979) Developmental 
changes of glycogen enzymes in fast and slow muscles of the rat. 
Growth 43:73 79 

Villa-Moruzzi E, Bergamini E, Gori-Bergamini Z (1981) Glycogen 
metabolism and the function of fast and slow muscles of the rat. 
Pflfigers Arch 391 : 338-  342 

Weiss HR, Neubauer AA, Lipp JA, Sinha AK (1978) Quantitative 
determination of regional oxygen consumption in the dog heart. Circ 
Res 42: 394-  401 

Whitty AJ, Dimino MJ, Elfont EA, Hughes CW, Repeck MW (1981) 
Transmural mitochondrial differences in myocardium. In : 
Kobayashi T, Sano T, Dhalla NS (eds) Heart function and 
metabolism. Rec Adv Cardiac Structure Metab 11 : 349 - 354 

Wilson DF, Nishiki K, Erecinska M (1981) Energy metabolism and its 
regulation during individual contraction-relaxation cycles. Trends 
Biochem Sci 6 :16 -19  

Received March 24/Accepted September 20, 1982 


