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EXTRAIT 

Etudes de l'effet de la préservation par le froid sur les 

oreillettes de rats 

Ph.D. 

L'effet de la préservation par le froid a été étudié sur les 

oreillettes de rats. La préservation par le froid ne change pas la 

fréquence de contraction spontanée mais produit une diminution de la 

contractilité. Les oreillettes préservées ont une concentration basse 

en potassium intracellulaire, un potential de repos reduit ainsi qu'une 

diminution de l'amplitude, de la duree, de l'aire et de la rapidite 

de depolarisation du potentiel d'action. L'incubation du tissu dans 

un milieu pauvre'en K+ produit une augmentation de la contractilite des 

oreillettes preservées au froid mais non des oreillettes fraîches. Les 

oreillettes fraîches, incubees dans un milieu contenant l2 mM K+ , ont 

des caractéristiques électrophysiologiques semblables à celles des 

oreillettes preservees au froid, mais elles ont une force contractile 

superieure. L'incubation des oreillettes dans un milieu contenant de 

l'adénosine augmente leur contenu en ATP sans augmenter leur contractilité. 

Les effets inotrope et chronotrope de la noradrenaline, de la ouaba~n ou 

du Ca++ sont comparables sur les oreillettes fra:ches et preservées. Il 

en est conclu que cette diminution de la contractilite des oreillettes 

preservees par le froid est partiellement due à des changements électrophy

siologiques ainsi qu'à une diminution du contenu en ATP. 
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STUDIES ON THE EFFECT OF COLD-STORAGE ON RAT ATRIA 

ABSTRACT 

The effect of cold-storage was studied on rat atria. Storage did 

not change the spontaneous rate but caused a reduction in the contractility. 

Stored atria had a low intracellu1ar K+ concentration and had a reduced 

resting potential, action potential height, duration, area and depolarization 

rate. Incubation in low K+ produced an increase in the contractility of 

the stored but not of fresh atria. Fresh atria incubated in 12 mM K+ had 

electrophysiological characteristics similar to but had a contractile force 

greater than those of stored atria. ATP content of stored atria was reduced. 

Incubation of stored atria with adenosine increased the ATP content but not 

the contractility. The positive inotropic and chronotropic effects of nor

adrenaline, ouabain or Ca++ on fresh and stored atria were comparable. It 

was concluded that the decrease in contracti1ity of stored atria was due 

part1y to electrophysiological changes and partly to the reduced ATP content. 

"" ... ~ .... ~. ... - .. 



STUDIES ON THE EFFECT OF COLD-STORAGE 

ON RAT ATRIA 

by 

FREDERICK H. L. VICKERSON 

A thesis submitted to the Facu1ty of Graduate 
Studies and Research in partial fu1fi11ment 
of the requirements for the degree of Doctor 
of Phi1osophy. 

Department of Pharmaco1ogy and Therapeutics, 
McGi11 University, 
Montreal. 

(Q) Frederick H. L. Vickerson 1973 

Ju1y, 1972 

1 

.J 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS 

PREFACE ..•.••••.•..•••••.••••••••.••••.•.••••••••••••••••••.•.•..• page 1 

INTRODUCTION 

A. RATE AND CONTRACTILE FORCE IN COLD-STORED ATRIA ••••••••.•.•. page 2 

B. EFFECT OF DRUGS ON COLD-STORED TISSUES .•••.•••••.••.••.•••.• page 3 

C . ATTRIBUTED MECHANISMS FOR THE DECREASED CONTRACTILE 

FORCE IN COLD-STORED HEARTS ••••.•.•...••.•.••••.•••..••••..• page 4 

1) E1ectrophysio1ogica1 changes .•..••••••..••..•••.••....•• page 4 

2) Struc tura1 changes .•..•.•••.•••.•••••.••..••••••••••.•.. page 5 

3) Metabo1ic changes .•.•.••..•••.•••••.••••••.•.•••••••.•..• page 6 

D. ELECTROPHYSIOLOGY OF HEART MUSCLE •••••••••••••••••••••••..•. page 6 

1) Ionie basis of e1ectrophysio1ogica1 activity page 7 

2) Effect of e1ectrophysio1ogica1 changes on 

contrac tile force ....................................... page 10 

3) Effect of e1ectrophysio1ogica1 changes on rate .•.•••...• page Il 

E. HIGH ENERGY COMPOUNDS IN HEART MUSCLE •..••••..••..•.•.•.••.. page 13 

1) ATP and CP and contractile force in heart .•.•.••.•.••..• page 13 

2) ATP, CP and spontaneous rate in heart •.•.....•.•.••••••. page 14 

METHODS 

A. GENERAL PROCEDURE . ......................................... . page 15 

B. COLD-STORAGE. . . . . . . • . . . . . • . . . .. • . . . • . . • . . . . . . . . . • • . . . . • • • • . .• page 15 

C. RELATION OF TEMPERATURE TO SPONTANEOUS CONTRACTIONS ••.••••.• page 16 

D. + + DETERMINATION OF Na AND K .•.•..••.•....••.•••.••.....••.•• page 17 



METHODS - Continued 

E. ELECTROPHYSIOLOGICAL MEASUREMENTS page 18 

F. EFFECT OF DRUGS ••.•••••••••••••••••••••••••••.••••••••••••• page 20 

G. ELECTRON MICROSCOPY •.•••.•••••••••.•••.•••.••••••••••••.••• page 21 

H. ATP DETERNINATIONS page 21 

I. COUNTING PROCEDURE page 22 

J. STATISTICAL ANALYSIS ......................................... page 22 

K. CHEMICALS AND DRUGS USED page 23 

RESULTS 

A. CONTRACTILITY AND COLD-STORAGE page 24 

1) Effect of co1d-storage on the contractile force •••••••• page 24 

2) Relation of temperature to cessation of 

spontaneous contractions ••••.•••••••••.••.•••••••••.••• page 24 

B. ELECTROPHYSIOLOGICAL CHANGES AND CONTRACTILITY IN 

COLD-STORED RAT ATRIA •••••••••••••••••••••••••••••••••••••• page 27 

1) Effect of co1d-storage on the ionic content of 

rat atria page 27 

2) Effect of co1d-storage on the transmembrane 

potentia1 of rat atria page 29 

3) Effect of K+ on co1d-stored atria •••••••••••••••••••••. page 33 

4) Effect of 10w temperature on the ionic content 

of rat atria ........................................... page 35 

5) Effect of co1d (100 C) on the action potentia1 of 

rat atria page 38 



RESULTS - Continued 

6) Voltage dependency of the action potentia1 •••.••••••••• page 38 

7) Effect of TTX on the action potentia1 at 100 C page 40 

8) Effect of high K+ (12 mM) on the ionic content 

of fresh rat atria ••••••••••••••••••••••••••••••••••.•. page 45 

9) Effect of high K+ (12 mM) on the transrnernbrane 

potentia1 of fresh rat atria page 45 

la) Cornparison of e1ectrophysio10gica1 data and contractile 

force in different preparations •••••••••••••••••••••••• page 49 

C. ATP AND CONTRACTILITY IN COLD-STORED ATRIA ••.•••••••••••••. page 51 

1) Effect of co1d-storage on the ATP content of atria ••••. page 51 

2) Effect of adenosine on the ATP content and contractile 

force of co1d-stored atria •••••.••••••••••••••••••••••• page 51 

3) Correlation between ATP content and the contractile 

f oree .................................................. page 53 

4) Effect of DNP on co1d-stored atria ••••••••••••••••••••• page 57 

D. HISTOLOGICAL CHANGES IN COLD-STORED RAT ATRIA •••••••••••••• page 57 

1) Extrace11u1ar space •••••••••••••••••••••••••••••••••••• page 57 

2) Electron rnicroscopy •••••••••••••••.••.•••••••••••.••••• page 57 

E. EFFECT OF VARIOUS AGENTS ON THE CONTRACTILE FORCE GF 

SPONTANEOUSLY BEATING COLD-STORED ATRIA .................... page 63 

1) Effect of noradrena1ine ........................ fl •••••••• page 63 

2' , Effect of ouabain ...................................... page 63 

3) Effect of Ca +r 
66 ......................................... page 



RESULTS - Continued 

4) Storage of atria in Krebs containing varying 

concentrations of K+ .•.•••.•••••••••••..••.•.•••.•.•••• page 66 

5) Summary of resu1ts •.••.•••••••••.••••.••..•.••••••••••• page 70 

F. SPONTANEOUS RATE AND COLD-STORAGE page 70 

1) Effect of co1d-storage on the spontaneous rate 

of rat atria ........................................... page 70 

2) + Effect of 12 mM K and co1d-storage on rate and 

resting potentia1 of rat atria •••..•••••.••••.••••••••• page 73 

3) Effect of high K+ on rate of co1d-stored atria •••••••.• page 73 

4) Rate and ATP content of fresh and co1d-stored atria page 76 

5) ++ Effect of noradrena1ine and Ca on the spontaneous 

rate of co1d-stored atria page 76 

DISCUSSION 

A. CONTRACTILITY AND COLD-STORAGE ••••••••.•••.•.•••.•••.•••••• page 80 

B. SPONTANEOUS RATE AND COLD-STORAGE •••••.•••••••••••••••••••• page 92 

S~y ........................................................... page 95 

CONTRIBUTIONS TO ORIGINAL RESEARCH •••.•••••.••••••••••••••••••... page 98 

BIBLIOGRAPHY •••••••••.••••••••••••••••••••••.•••••••.•••••••••••• page 100 

(J 



TABLE OF FIGURES 

Fig. 1. Decrease in contractile force of spontaneous1y beating 

rat atria produced by storage at 60 C for 24-72 hrs ••••• page 25 

Fig. 2. Effect of co1d-storage on the temperature at which 

spontaneous contractions stopped and started wh en 

rat atria were slow1y coo1ed or warmed •.•••••••••••••••• page 26 

Fig. 3. Tracings of action potentia1s and simu1taneous 

contractions of fresh and co1d-stored 1eft atria 

of rat. ~ .............. : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. page 30 

Fig. 4. Tracings of action potentia1s shovm in Fig. 3 at 

high sweep speed (X5) •••••••••••.•••••••••••••••••.••••• page 31 

Fig. 5. + Effect of K on the contractile force of spontaneous1y 

beating fresh and co1d-stored atria of rat •••••••••••••• page 34 

Fig. 6. Same resu1ts as shown in Fig. 5, except that the contrac 

ti1e force of the co1d-stored atria is presented as a 

percent of that of the fresh atria incubated in 6 mM 

K+ Krebs 

Fig. 7. Tracings of action potentia1s and simu1taneous 

contractions from rat fresh 1eft atrium at 300 C 

page 36 

. 0 
and 10 C ............................................... page 39 

Fig. 8. Tracings of action potentia1s and simu1taneous 

contractions from rat fresh.1eft atrium at 100 C 

stimu1ated with 50 V and 5 V •••••••••••••••••••••••••••• page 41 



Fig. 9. Tracings of action potentia1s and simu1taneous 

contractions from rat fresh 1e[c atrium at 100 C 

before and after the addition of tetrodotoxin •••••••••• page 43 

Fig. 10. Tracings of action potentia1s and simu1taneous 

contractions from rat fresh 1eft atria at 300 C 

+ + ' in 6 mM K Krebs and 12 mM K Krebs •.•••••.••••.••••••• page 47 

Fig. 11. Decrease in ATP content of spontaneous1y beating rat 

atria produced by storage at 60 C for 8-72 hrs 

Fig. 12. Change in ATP content and contractile force of 

fresh and co1d-stored rat atria after incubation 

page 52 

in adenosine ........................................... page 54 

Fig. 13. ATP content and contractï'le force of spontaneous1y 

beating co1d-stored atria of rat p10tted as a per-

cent of the values of fresh atria •••••.••.••••••.••••••• page 55 

Fig. 14. ATP content and contractile force of spontaneous1y 

beating rat atria ...................................... page 56 

Fig. 15. Decrease in contractile force of spontaneous1y 

beating fresh and co1d-stored atria of rats 

produced by incubation with dinitropheno1 •••••••••• '; ••• page 58 

Fig. 16. ,Extrace11u1ar space of freshand co1d-stored 

spontaneous1y beating atria of rats •••••••••••••••••••• page 59 

Fig. 17. Electron micrograph of a typica1 section from a 

fresh ra t a tr ium ••••.•••••••••••••••••••••••••••••.•••• page 60 

Fig. 18. Electron micrograph of a typica1 section from a rat 

atrium stored at 60 C for 24 hrs page 61 



.) Fig. 19. Electron micrograph of a typica1 section from a 

rat atrium stored at 60 C for 48 hrs 

Fig. 20. Effect of noradrena1ine on the force of contraction 

of spontaneous1y beating fresh and co1d-stored 

page 62 

a tria of rats .......................................... page 64 

Fig. 21. Effect of ouabain on the force of contraction of 

spontaneous1y beating fresh and co1d-stored atria 

of rats ................................................ page 65 

Fig. 22. Effect of incubation of atria with adenosine on the 

contracti1ity of spontaneous1y beating co1d-stored 

atria of rats to ouabain ••••••••••••••••••••••••••••••• page 67 

Fig. 23. Effect of Ca++ on the force of contraction of 

spontaneous1y beating fresh and co1d-stored atria 

of rats ................................................ page 68 

Fig. 24. Effect of storage in Krebs containing varying 

+ concentrations of K on the contractile force of 

spontaneous1y beating co1d-stored atria of rats 

Fig. 25. Effect of storage at 60 C for 24-72 hrs on the 

spontaneous rate of rat atria 

Fig. 26 •. Effect of K+ on the spontaneous rate of fresh and 

page 69 

page 72 

co1d-stored rat atria •••••.•••••••.•••••••••••••••••••• page 75 

Fig. 27. Effect of noradrena1ine on the spontaneous rate of 

Fig. 28. 

fresh and co1d-stored atria of rats •••••••••••••••••••• page 78 

++ Effect of Ca on the spontaneous rate of fresh 

and co1d-stored atria of rats ••••••••••.•••••••••••••.. page 79 



Table 1. 

Table 2. 

Table 3. 

Table 4. 

Table 5. 

Table 6. 

Table 7. 

Table 8. 

Table 9. 

Table 10. 

Table 11. 

{~ . J --

TABLE OF TABLES 

Effect of co1d-storage on the ionic content of 

rat atria page 28 

Effect of cold-storage on transmembrane potentia1s 

of rat atria determined at 300 C ••••••••••••••••••••••• page 32 

Effect of cold on the ionic content of fresh 

rat atria 

Effect of co1d (100 C) and varying stimu1ating 
! 

voltage on transmembrane potentia1s of fresh 

rat atria 

Effect of tetrodotoxin o~ transmembrane potentia1s 

page 37 

page 42 

of fresh rat atria at 100 C stimu1ated with 50 volts ••• page 44 

Effect of high K+ (12 mM) on the ionic content 

of fresh rat atria ••••••••••••••••••••••••••••••••.•••• page 46 

Effect of high K+ (12 mM) on transmembrane potentia1s 

of fresh rat atria •••••••••••••••••••••••••••••••.••••• page 48 

Comparison of e1ectrophysio10gica1 and mechanica1 

activity in different preparations page 50 

Comparison of maximum increase in force of contraction 

produced by various agents in fresh and co1d-stored 

rat atria page 71 

+ Effect of 12 mM K and co1d-storage on rate and 

resting potentia1s of rat atria •.••••• ~ •••••••••••••••• page 74 

Effect of co1d on ATP content and spontaneous rate 

of fresh and co1d-stored atria ••.•••••••••••••••••.•••• page 77 



ACKNOWLEDGEMENTS 

'~. 



l would like to thank the following people without whose assistance 

this work would not have been possible. 

Daya Varma, whose guidance as a supervisor and a friend helped me 

develop both as a student and a human being. 

Mark Nickerson and Kenneth Melville for allowing me to pursue my 

studies in this department and especially to Mark Nickerson for his und er

standing during times of difficulty. 

John Richardson, who prepared and analyzed the electron micrographs, 

and Therese Bouchard for assisting in the preparations. 

David Goldbaum and Aron Pila for their excellent technical assistance 

and friendship. 

Gordon Boyd, who drew the figures in this thesis. 

Royal Raymond for his excellent photography of the figures. 

Sylvia Cohen for her expert typing of this thesis. 

Howard Katz, Sidney Katz, and Marlene Lefcort for their help in 

preparation of the manuscript. 

This work was supported by a grant from the Medical Research Council. 



PREFACE 



-1-

The effects of cold-storage on the response of various smooth muscles 

to drugs has been studied in this laboratory (Varma and HcCu110ugh, 1969). 

It was therefore of interest to study the effects of co1d-storage on heart 

muscle. Preliminary experiments showed that rat atria cou1d be stored in 

the cold for periods of up to 72 hours. During the period of storage, the 

contractile force steadily decreased but the spontaneous rate remained 

una1tered. An examination of the literature revea1ed that a1though cold

storage of heart is known to 1ead to a reduction in the contractile force 

without any change in the spontaneous rate (Athreya et al, 1968; Garzon 

et al.,1968; Ferrans et al., 1970; Kamiyama et al., 1970; Trunkey et al., 

1970), no study had been undertaken to determine the causes for this reduc

tion in the force of contraction or the reasons for the lack of change in 

the spontaneous rate. This thesis therefore is a study of the above prob1ems. 

For the purpose of the investigation, rat atria were co1d-stored for periods 

of up to 72 hours in a physio1ogica1 solution. 
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A. RATE AND CONTRACTILE FORCE IN COLD-STORED ATRIA 

Storage in the cold has been used for many years as a method of 

preservation of tissues. However, physiological and biochemica1 changes 

occur during the period of storage and these changes alter the functiona1 

state of the stored tissue or organ. The nature and magnitude of alteration 

in the functional state depends, among other things, on the tissue invo1ved. 

In the case of the heart, prolonged storage in the cold has been reported to 

cause a reduction in the contractile force. Trunkey et al. (1970) found 

that storage of dog heart for 24 hours at 8-100 C resulted in mitochondrial 

swelling and a loss of glycogen. Garzon et al. (1968) found that the maximal 

rate of rise of the ventricular pressure of dog hearts stored for 24 hours at 

4
0 

C was approximately one third of the control. Ferrans et al. (1970) 

studied co1d-stored dog hearts and found that the function and u1trastructure 

remained normal for up to 14 hours of storage; these authors observed that 

storage for 18-24 hours caused a decrease in the rate of rise of ventricular 

pressure and structural changes. Kamiyama et al. (1970) reported that the 

storage of rat hearts in the cold for 48 hours resu1ted in approximately 50% 

reduction in contractile force with no change in the spontaneous rate. 

Athreya et al. (1968) found a reduced contractile force in rabbit hearts 

o stored fO,r 24 hours at 4 C; they reported that the storage of the hearts 

for 24 hours in 11-17 mM K+ prevented the decrease in force of contraction. 

However, after storage in this medium for 48 hours mechanical recovery was 

poor but electrical activity was normal. In aIl of the studies mentioned 

above,the whole heart was stored and was perfused during the storage period. 

It was thus possible that some changes were due to the perfusion and not the 

storage per se as difficulty with perfusion has been reported during the 
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long storage period (Webb, 1968; Childs and Lmver, 1969). 

A1though the contractile force is decreased by cold storage, no 

change in spontaneous rate has been reported. Kamiyama et al. (1970) 

reported no change in spontaneous rate of whole rat hearts stored for 48 

hours in the cold, despite a 50% reduction in force. It has been reported, 

however, that severe1y damaged stored hearts cannot be defibri11ated indi-

cating a change in excitabi1ity (Ferrans et al., 1970). 

B. EFFECT OF DRUGS ON COLD-STORED TISSUES 

No studies dealing with the effect of drugs on co1d-stored heart 

muscle cou1d be found. However, severa1 studies performed on smooth muscle 

have been reported. Varma and McC~llough (1969) found that 7 days after 

o storage at 6 C, responses of rabbit aortic strips to noradrenaline reduced 

while those of rabbit splenic strips and rat vasa deferentia were increased. 

There was no change in the response of the cat nictitating membrane. The 

maximum response to noradrenaline was reduced in the splenic strips and vasa 

deferentia but not in the other preparations. Shibata (1969) found an in-

crease in the sensitivity to noradrenaline and adrena1ine in rabbit aortic 

strips stored in co1d for up to 7 days, but a decreased sensitivity after 

longer periods of storage. Lum et al. (1966) found that after 24-72 hours 

co1d-storage there was a decrease in the response of rabbit jejunum to 

phenylephrine and methoxamine but not to noradrenaline or adrenaline; they 

attributed this phenomenon to a selective loss of a receptors produced by 

co1d-storage. Shibata (1969) reported reduced responses to nicotine and 

tyramine in cold-stored rabbit aortic strips; he attributed this change to 

the degeneration of the sympathetic nerves and a loss of catecholamine 
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stores, since these agents act by releasing noradrena1ine. McDougal and 

Borowitz (1972) reported reduced responses to serotonin and tetramethy1-

ammonium but no change in responses to barium in co1d-stored guinea pig 

ileum. Co1d-storage is a1so knolYn to cause a decrease in responses to high 

K+ in various preparations (Shibata, 1969; Varma and McCu110ugh, 1969; 

McDougal and Borowitz, 1972). This was probab1y due to 10w intrace11ular 

concentrations of K+ which resulted in a partial depolarization of the muscle 

fibers (Shibata, 1969). 

C. ATTRIBUTED MECHANISMS FOR THE DECREASED CONTRACTILE FORCE 

IN COLD-STORED HEARTS 

1) Electrophysiological changes 

Incubation of red b100d cells (Harris, 1941; Danowski, 19 Ifl), smooth 

muscle (Daniel, 1965; Friedman and Friedman, 1967) and heart (Page and Storm, 

1965) in the cold is knolYn to cause a loss of intracellular K+ and an increase 

in intracellular Na+. + The response of smooth muscle to K has been shown to 

be less after cold-storage (Shibata, 1969; Varma and McCullough, 1969; 

McDougal and Borowitz, 1972), which would indicate that the ce1ls were 

partia1ly depolarized after the prolonged storage period. No experiments 

have been· reported investigating the contractile force and any electrophy-

siological changes in the heart after cold-storage. Matsuda et al. (1956) 

reported normal resting and action P?tentials in dog ventricle after 72 

hours of cold-storage. Matsuda et al. (1967) also reported normal action 

potentials in dog papillary muscle stored in the cold for 24 hours. Matsuda 

(1960) found that action potentials and resting potentials were normal in 

dog ten Inal Purkinj e Fibers after 24 hours of storage but indicated that 
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"recovery became less satisfactory" after 48 hours of cold-storage. On 

the other hand, Tamai and Kagiyama (1968) found a marked hyperpolarization 

in kitten atria and ventricle after storage for 15-72 hours at 40 c. 

However, no indication of changes in the contractile force after cold-

storage was reported in any of these experiments. The studies on the effect 

of cold-storage on the electrophysio10gical properties of co1d-storedheart 

muscle are thus conflicting. However, it is not unlikely that electrophy-

siological changes do occur after extended periods of storage in some tissues. 

However, it is not kno'tYn if these changes are responsible for the decrease in 

the contractile force produced by co1d-storage. Experiments were therefore 

designed to determine if e1ectrophysio10gica1 changes occurred after co1d-

storage and if these changes cou1d be responsib1e for the 10w contracti1ity 

of co1d-stored atria. 

2) Structural changes 

Changes in the u1trastructure have been found after cold-storage and 

these are considered to be a possible cause for the decreased contractility 

of co1d-stored hearts. Trunkey et al. (1970) found mitochondrial swelling 

and a 10ss of glycogen granules in who1e dog hearts stored for 24 hours at 

8-100 C. Ferrans et al. (1970) reported that the storage of dog hearts in 

the cold for 3-14 hours had 1itt1e effect on the ultrastructure and contrac-

ti1e force but storage for 18-24 hours caused mitochondria1 swe1ling, damage 

to the mitochondrial cristae, interstitia1 edema and swe11ing of the sarco-

p1asmic reticulum. These findings, they reported, could be corre1ated with 

the decrease in the contractile force of the hearts; when the contractility 

was poor, the structural damage was prominent and when the contracti1ity was 

good, damage was slight. However, as these hearts were perfused during storage, 

---j.. 
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it is not known ~vhether the changes were due to the 1ack of adequate 

perfusion as discussed above or to storage in the co1d itse1f. Electron 

microscopy and measurements of extrace11u1ar space were therefore und er-

taken in the present work. 

3) Metabo1ic changes 

Changes in the metabo1ic processes might be expected to resu1t in a 

decreased contractile force. However, 1itt1e work has been done on the 

metabo1ic effects of pro10nged co1d-storage. Lee and Webb (1959) showed 

that dog hearts were able to metabo1ize glucose and lactate norma1ly after 

6-8 hours of co1d-storage. Ca1man et al. (1970) reported that adenosine 

triphosphate (ATP) leve1s in rat hearts stored at 40 C corre1ated with the 

"percentage survival" of the hearts. Loss of glycogen has also been reported 

in dog hearts stored at low temperatures for 24 hours (Ferrans et al., 1970; 

Trunkey et al., 1970). The reported increase in survival time of hearts 
• 

stored in the co1d with hyperbaric oxygen or with metabo1ic inhibitors such 

as magnesium su1phate indicate that metabolic changes occur during co1d-

storage and may be responsible for decreases in the contractile force of co1d-

stored hearts (Webb, 1968; Chi1ds and Lower, 1969). In the present work an 

attempt was made to determine if changes in the ATP content could account 

for the decrease in contractile force produced by co1d-storage. 

D. ELECTROPHYSIOLOGY OF HEART MUSCLE 

The action potentia1 is thought to be the process ~l7hich initiates the 

contraction of the heart under physio1ogica1 conditions. The action potentia1 

recorded in atria1 muscle is characterised by a sharp spike, as in other 

'j' 
.1. 
,:~ 
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tissues, followed by a smooth repolarization phase. The repo1arization 

phase of the action potential in atrial muscle does not exhibit the "plateau" 

seen in ventricu1ar muscle and is of shorter duration. 

1) Ionic basis of e1ectrophysio10gica1 activity 

E1ectrica1 events in various tissues have for a long time been 

explained by ionic partitions and movements. Hodgkin (1951) postu1ated that 

the partition of K+ was responsib1e for the resting potentia1. This has a1so 

been shown to be the case in the heart. Burgen and Terroux (1953~, 1953~) 

found that the resting potentia1 in cat atrium varied i.n a 1inear relation 

+ with the log of the extrace11u1ar K concentration. Draper and Weidmann 

(1951) found that the resting potentia1 was 1arge1y unaffected by changes 

+ in the extrace11ular Na concentration. In their c1assica1 work on the 

giant squid axon, Hodgkin and Huxley (1952~, 1952~, 1952~, 1952~) and 

Hodgkin et al. (1952) formu1ated equations to describe the movements of 

Na+ and K+ during the action potentia1. They demonstrated that the action 

potential cou1d be exp1ained by an abrupt increase in the Na+ permeabi1ity 

which a110wed Na+ to f10w down its e1ectrochemica1 gradient and cause the 

action potentia1 spike. There is much evidence to suggest that the cause 

of the spike of the action potentia1 in heart muscle occurs th~~ugh the 

same process (Cranefie1d et al., 1951; Draper and Weidmann, 1951; 

Brady and Woodbury, 1960; Noble, 1962). Hodgkin and Huxley (1952~) found 

that the initial increase in Na+ conductance associated with the spike 

of the action potentia1 fe11 off abrupt1y and was fol10wed by an 

increase in K+ permeabi1ity. These processes are be1ieved te be 

responsible for the repo1arization process. In heart muscle, a de1ayed 

.""1 
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+ decrease in the Na conductance after the action potentia1 spike has been 

reported by severa1 authors (Brady and Woodbury, 1960; Johnson and ~i11e, 

1960; Noble, 1962; Deck and Trautwein, 1964). In addition, there is much 

evidence to indicate that there is, in heart muscle, a de1ayed increase in 

K+ conductance (lo1eidmann, 1951, 1952) or a decrease in K+ conductance 

(Brady and Woodbury, 1960; Johnson and Tille, 1960; Johnson and Wilson, 1962; 

Noble, 1962). These observations are thought to exp1ain the plateau phase 

of the action potentia1 in heart muscle. 
+ + A1though Na and K are the main 

i+ 
ions responsib1e for the resting and action potentia1s, Ca has a1so been 

imp1icated in the action potentia1 of sorne species (Niedergerke and Orkand, 

1966; Coraboeuf and Vassort, 1968; Johnson and Lieberman, 1971). 

The characteristic feature df the transmembrane potentia1 of pace-

maker fibers is a slow depo1arization during the period of diastole of phase 

4 of the action potentia1. Weidmann (1956) suggested 3 possibi1ities for 

this phenomenon: 1) a decrease in K+ conductance, 2) a slow increase in 

Na+ permeabi1ity, and 3) a reduction in the Na+ pumping rate. The 1ast 

possibi1ity has the 1east evidence for it (Langer, 1968). Studies on mem-

brane impedance on Purkinje fibers (Weidmann, 1951; Vassa11e, 1966) and 

rabbit sinus fibers (Dude1 and Trautwein, 1958) indicated that the resistance 

of the membrane increases throughout phase 4. Dude1 and Trautwein (1958) 

f d 1 d · h 11 1 . f N + •. d oun t1at a re uct10n in t e extrace u ar concentrat10n 0 a Q1 not 

marked1y reduce the slope of phase 4 in the sinoatria1 node and Vassa11e 

(1966) found an imvard ionic current which 'tvas present in the absence of 

+ extrace11u1ar Na. Both autho~ti concluded that the changes in membrane 

impedance are caused by the decrease in K+ conductance, which resu1ts in a 

slow diasto1ic depo1arization. Trautwein and Kassebaum (1961) found a 

.- ..... '--." 
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+ significant hyperpo1arization in the absence of externa1 Na in 

Purkinje fiber and rabbit sinoatria1 node and suggested that there is an 

+ appreciab1e resting Na conductance during phase 4. They a1so found a 

voltage and time dependent decrease in K+ conductance and suggested that 

+ the high resting Na current acts as the generator of the impulse and that 

the decrease in the K+ conductance re-estab1ishes the condition of thresho1d. 

Trautwein and Dude1 (1958) and Dude1 and Trautwein (1958) have proposed that 

the maximum diasto1ic membrane potentia1 is an after-potentia1 resu1ting 

+ from the high K conductance and the slow depo1arization is a return of the 

+ membrane potentia1 to the resting potentia1.because of a decrease in the K 

conductance. DeMe110 (1963) has a1so imp1icated C1- in the current f10w 

during phase 4; he found a significant increase in the slope of phase 4 

when C1- was rep1aced by 1arger anions such as S04= in rabbit sinoatria1 

node and Purkinje fibers. 

The resting membrane potentia1 is due to the high intrace11u1ar concen

tration of K+ and the low intrace11u1ar concentration of Na+. The differences 

in the concentrations of these ions between the extrace11u1ar and intrace11u1ar 

f1u~d is governed by the resting permeabi1ities of these ions as we11 as a 

+ + Na -K pump. lt is we11 estab1ished that the energy source for this pump 

comes from the hydro1ysis of the terminal phosphate group of ATP by a membrane 

ATPase (Langer, 1968). + This resu1ts in the active extrusion of Na and 

accumulation of K+. + lt is thus obvious that a reduction in the Na pumping 

rate or an increase in the Na+ permeabi1ity wou1d resu1t in the decrease in 

the resting potentia1. lt is possible that a reduction in the energy stores 

cou1d resu1t in a reduction in the pumping rate and thus a depo1arization of 

the ce11 membrane. A reduction in the resting potentia1 wou1d be expected to 

cause reductions in the other parameters of the transmembrane potentia1 
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Hoffman and Cranefie1d, 1960). In the present work, this possibi1ity was 

investigated. 

2) Effect of e1ectrophysio1ogical changes on contractile force 

Direct correlations between the action potential and contractile 

force have been attempted (Reichel and B1eichert, 1959; Brady, 1964), but 

such correlations are difficult to make (Cranefield and Hoffman, 1958; 

Brady, 1964). In some cases, reductions in the various parameters of the 

action potentia1 are accompanied by reductions in the contractile force. 

+ Incubation of heart muscle in high K leads to reductions in action poten-

tial duration, height, depolarization rate, area and resting potential and 

these changes are associated with a reduction in the contractile force 

(Brooks et al., 1955; Cranefie1d and Hoffman, 1958; Hoffman and Cranefie1d, 

1960). This reduction in the electrophysio1ogical properties are probably 

+ due to the depolarizing actions of K as Weidmann (1955~) found that the 
, + 

electrical repolarization of Purkinje fibers depolarized by high K restored 

the action potential height and depolarization rate to normal. Acetylcholine 

has been shown to decrease the duration of the action potential in various 

preparations as we11 as decrease the contractile force (Webb and Ho11ander, 

1956; Furchgott et al., 1960). Adrenaline has been shown to exert the. 

opposite effects on the contractile force to acetylcholine and also to increase 

the duration of the action potential (FurchgottOét·a1., 1960; Webb and 

Ho11ander, 1956). However, Furchgott ét al. (1960) found that the addition 

of adrena1ine after acetylcholine completely antagonized the effects of 

acety1choline on the contractile force but on1y partia11y antagonized the 

effects on the transmembrane potential. Hol1ander and Webb (1955) found in 

i _ J 



-11-

rat atria that the increase in stimulating frequency resulted in the 

decrease in the contractile force as well as in the duration and area of 

the action potential. However, examples are also numerous in the litera-

ture where the effect on the transmembrane potential is opposite to that 

on the contractile force. For example, Lu et al. (1968) and Spear and 

Moore (1971), in studying alternations in mammalian cardiac muscle, found 

that the action potential with the shorter duration was associated with 

the contraction with the smaller force. In sorne species, ouabain is known 

to decrease the duration of the action potential but increase the force of 

contraction (Reiter et al., 1966; Edmands et al., 1967; Prasad and Callaghan, 

1970). Hm'lever, in these cases, it is possible that the increase in force 

has occurred through a process unrelated to the transmembrane potential and 

the effects on the action potential are secondary. This is almost certainly 

the case with the cardiac glycosides. It is obvious that not ail changes 

in the contractile force are produced by changes in the electrophysiological 

properties of the heart, but one would expect from the results of experiments 

performed by many workers, that changes in the transmembrane potential would 

result in changes in the contractile force as long as the agent producing 

these changes did not act on other processes as well. 

3) Effect of electrophysiological changes on rate 

There is a change in the rate at which the heart beats when the 

interval between the impulses generated by the sinoatrial node is altered. 

The interval between the impulses depends on either the rate of depolarization 

during phase 4 of the action potential, or on the amount of depolarization 

required to produce an action potential. The latter process depends on the 

:. 
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maximum diastolic membrane potential and the threshold potential (Hoffman 

and Cranefield, 1960). Correlations have been made between the effect on 

the rate and the change in the electrical activity of the sinoatrial node 

using various agents. Castillo and Katz (1955) and Hutter and Trautwein 

(1955, 1956), studying the effects of vaga1 stimulation on the frog sinus 

venosus, reported that the slope of phase 4 was reduced upon stimulation. 

They found that with stronger vaga1 stimulation, hyperpo1arization and 

arrest occurred. West et al. (1956) found simi1ar effects after the 

addition of acetylcho1ine to rabbit sinoatria1 node. Hutter and Trautwein 

(1956) found that stimulation of the sympathetic fibers to the frog atrium 

resu1ted in an increase in the slope of phase 4 of the action potential, 

but no change in the threshold potential. Hest et al. (1956) found that 

the addition of adrenaline to rabbit atria resulted in simi1ar findings. 

Hoffman and Cranefield (1960) also reported a lowering of the threshold 

potentia1 in cat and rabbit sinoatrial nodes after adrena1ine administra-

tion. Marshall (1957) studied the effects of temperature on the rabbit 

sinoatrial node and reported that a decrease in the temperature resulted 

in a decrease in the slope of phase 4 of the action potentia1 'tvhich 

corresponded with the reduction in rate of the preparation. She also found 

a depolarization of the pacemaker ce1ls, but no change in the threshold 

potential. The slight depo1arization was offset by the decrease in slope 

of the generator potential. Weidmann (1955~), in studying the effects of 

++-Ca on pacemaker activity in calf and sheep Purkinje fibers, found that 

the reduction in the extracellular Ca++- concentration resulted in a lowering 

of the threshold potential. AlI of the above changes in e1ectrica1 activity 
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corresponded with the changes in the rate produced by the various agents. 

E. HIGH ENERGY COMPOUNDS IN HEART MUSCLE 

The energy necessary for the contraction of the heart is thought to 

come from the hydro1ysis of the terminal phosphate group from ATP. Most 

of the high energy phosphate bonds occur either in ATP or in creatine 

phosphate (CP). It is reasonab1y certain that the direct source of energy 

for the contraction is ATP and not CP. CP rep1enishes the supplies of ATP 

through the Lohmann reaction: CP + ADP = ATP + C (Needham, 1960; Ruch and 

Patton, 1965). 

1) ATP, CP and contractile force in heart 

A1though changes can occur in the contractile force without significant 

a1terations in the high energy metabolism, reductions in the ATP or CP 

content are accompanied by reductions in the contractile force of heart 

muscle. However, under conditions which inhibit metabo1ism, the reduction 

in contractile force seems to be more close1y re1ated to reductions in CP 

content rather than in ATP content (Furchgott and Lee, 1961). Reductions 

in the contractile force and in either the ATP or CP content have been 

found during anoxia in rat heart (Fleckenstein et al., 1959; Scheuerand 

Stezoski, 1968; Dhalla et al., 1972), cat papi1lary muscle (Lee et al., 1961) 

and guinea pig ventric1e (Furchgott and Lee, 1961), in dog ventric1e poisoned 

with 2,4-dinitropheno1 (DNP) (Fawaz and Tutunji, 1957) and fluoroacetate 

(Fawaz, 1956) and in guinea pig ventricle treated with pheny1butazone 

" (Hochrein and Doring, 1958). However, in many cases of pathological and 

experimenta11y induced heart fai1ure, ATP leve1s have not been found to be 

i 
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reduced. In addition, ouabai~which effectively increases the contractile 

force of failed hearts,has no effect on high energy compound levels (Bing, 

1965; Lee and Klaus, 1971). The reports in the literature seem to indicate 

that any condition which produces a reduction in either CP or ATP stores 

would also cause a reduction in the contractile force of cardiac muscle. 

2) ATP, CP and spontaneous rate in heart 

It has been reported that reductions in ATP content are accompanied 

by reductions in the spontaneous rate of the heart. Both anoxia and fluoro

acetate reduce the ATP and CP content of heart muscle (Furchgott and Lee, 

1961). Gardner and Farah (1954) found that these compounds reduced the 

rate of spontaneous contractions in rabbit atria. However, DNP,which causes 

a large reduction in the CP content but not in the ATP content (Gardner and 

Farah, 1954; Furchgott and Lee, 1961),has no effect on spontaneous rate. 

Harry et al. (1967) studied changes in the ATP content and spontaneous rate 

of cultured rat heart cells. They found that 2-deoxyglucose plus oligomycin 

inhibited spontaneous contractions and caused a reduction in the ATP content. 

They reported similar results for iodoacetate plus oligomycin as well as DNP. 

They attributed the reduction in or loss of spontaneous contractions to the 

decrease in ATP levels. However, cold-storage of rat heart has been shown 

to cause a decrease in the ATP content (Calmanèt'al., 1970) without changing 

the spontaneous rate (Kamiyamaet 'al., 1970). It thus appears that while in 

many cases reductions in ATP content are accompanied by reductions in rate, 

there are sorne conditions in which the ATP content is decreased without 

affecting the spontaneous rate. 
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A. GENERAL PROCEDURE 

Hale rats (Sprague-Dawley) weighing betlo1een 150 and 300 g lo1ere 

killed by a blow on the head and the heart rapidly excised. In some 

experiments, the hearts were left in the dead animal for 2 minutes before 

they were excised. The whole atria (right and left attached together) 

were cut free from the ventricular muscle and cleaned in a procelain dish 

containing oxygenated Krebs-bicarbonate solution at room temperature and 

set up in 50 ml tissue baths at 300 C. Unless specified otherlo1ise, atria 

refers to the whole atria (right and left). The physiological solution 

used in all experiments was Krebs-bicarbonate (Krebs) of the following 

composition (mM): + + ++ Na , 143.5; K , 5.9; Hg ,1.18; ca++, 2.5; Cl-, 128.2; 

HC0
3
-, 25; S04--' 1.18; H2P04--, 1.2; dextrose, 11. The Krebs solution 

was continuously bubbled with 95% 02 and 5% CO 2 . Spontaneous contractions 

were measured isometrically with Grass FT.03 force transducers and recorded 

on a Grass polygraph. The resting tension was adjusted to give maximum 

contractions (approximately 500 mg). Both the rate and contractile force 

were recorded in all experiments. The temperature of the baths could be 

maintained at any temperature between 20 C and 300 C by means of a 

refrigerator-heating unit and the temperature raised or lowered at a rate 

of 1 CO/min. All atria lo1ere allowed to stabilize for 1 hour in the bath. 

B • COLO -STORAGE 

Atria to be stored were set up in tissue baths as described ab ove 

and allowed to stabilize for 1 hour, the rate and contractile force being 

recorded for post-storage comparisons. The tissues were then cooled SlOlo1ly 

to below 100 C, transferred to flasks containing cold Krebs solution and 
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p1aced in the refrigerator at 6
0 

C for 8-72 hours. Atria stored at 

ternperatures 10wer than 60 C did not exhibit spontaneous contractions 

when they were set up in the organ bath. In sorne experirnents, atria were 

stored in Krebs solution containing 1.2, 12 or 18 mM K+ instead of the 

+ 
usua1 5.9 mM K. After the required period of storage, the atria were 

p1aced directly into the tissue baths at the desired ternperature (see 

Resu1ts). The rate and contractile force of the co1d-stored atria were 

observed over a 1 hour period after the atria were p1aced in the tissue 

baths. 

C • RELATION OF TEMPERATURE TO 

SPONTANEOUS CONTRACTIONS 

Co1d stored atria were incubated in the tissue baths at 20 C in 

oxygenated Krebs solution for 1 hour and warmed up at the rate of 1 CO/min. 

The temperature at which spontaneous contractions started was recorded. 

The 'varming was continued unti1 the temperature reached 30
0 C and the 

tissues ,vere a110wed to stabi1ize for 1 hour at this temperature. The 

atria were then cooled at the same rate and the temperature at which spon-

taneous contractions ceased was again recorded. The same procedure was 

fo110wed 'in the case of the fresh atria except that the tissues were coo1ed 

slow1y first, kept at 20 C for 1 or 4 hours and then rewarmed. The 

temperature at which spontaneous contractions stopped and restarted was 

recorded. 



-:l 7-

D. DETERMINATION OF Na + AND K + 

Fresh and cold-stored atria were incubated in the tissue baths for 

1, 2 and 4 hours at the required temperatures. In one series of experiments> 

fresh atria were cooled to 20 C for 4 hours as described ab ove , rewarmed 

and taken out of the tissue baths immediately upon the resumption of 

spontaneous contractions. The atria were removed at the end 0f the required 

period of time, gently blotted on filter pa~er to remove the excess water, 

weighed on an analytical balance and transferred to test tubes contE' ining 

2 ml of distilled water. The Na+ and K+ were extracted overnight at room 

temperature and measured after the appropriate dilutions with a Beckman 

flame photometer using lithium as an internaI standard. Water used in the 

dilutions and preparations was first distilled and then passed through a 

deionizing column and had an ionic concentration of less than 0.1 ppm. 

+ + 
Total atrial Na and K contents were expressed as mEq/kg of wet tissue. 

Total tissue water was determined by drying the atria overnight at 1000 C; 

the difference between the wet and dry weight was taken as the amount of 

water. Extracellular space was determined with l4C inulin (Page and 

Solomon, 1960). The atria were incubated in Krebs solution containing 

the inulin in a concentration of 100 pg/ml for 2 hours. The tissues were 

then ~V'eighed as above and the inulin extracted for 2 hours in 2 ml of 

distilled water. The l4C was counted by liquid scintillation (see Counting 

Procedure) . Extracellular space 'tV'as expressed as ml/lOO g of wet tissue. 

Separate tissues ~V'ere used for measuring the ionic content, water content' 

and inulin space. 

Intracellular K+ concentrations were calculated from the mean 

values of the total atrial K+, water and extracellular space using the 
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following formula (Page and Salomon, 1960) and expressed as mEq!l: 

where 

= ([K+t ] - v. [K+ ])!(V - 0.987V. ) 
~n a ~n 

[K+.] the intracellular K+ concentration 
~ 

[K+] the K+ concentration in the medium 
o 

[K+ ] = the total K+ content of the atria 
t 

V. = the volume of the inulin space 
~n 

V the volume of the total atrial water assuming 

a specifie gravit y of 1.00 

0.987 = the weight frae tion of the Ïi.lulin space 'tVhieh 

is water 

K+ equilibrium potentials were calculated ~vith the Nernst equation 

and expressed in mV: 

11<= (RT!F)lnIK+ i]! [K+o] 

where EK = the K+ equilibrium potential 

R the gas constant 

T the absolute temperature 

F the Faraday 

K+.= the intracellular K+ . concentrat~on 
~ 

K+ = the extracellular K+ . concentrat~on a 

E. ELECTROPHYSIOLOGICAL MEASUREMENTS 

Atria 'tVere mounted in a special 10 ml bath designed for the purpose 

of the electrophysiological experiments. The temperature of the bath could 
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o 0 be maintained at any temperature between 10 C and 30 C by means of a 

refrigerator-heating unit. Left atria were used in these experiments and 

were allowed to stabilize for 1 hour before intracellular recordings were 

made. Krebs solution was continuously circulated through the bath and 

bubbled with 95% 02 and 5% CO2 • Electrophysiological measurements were 

made 'vith glass intracellular microelectrodes filled with 3 }1 KCl (filtered 

with a Millipore filter using 0.3 p Millipore filter paper) and having a 

resistance of between 10 and 50 megohms and a tip diameter of less than 1 p. 

Resting membrane potentials were recorded using the standard fixed micro-

electrode technique and the action potentials were recorded using the 

floating microelectrode technique, the electrodes being suspended on fine 

tungsten wire. Chlorided silver wire was used as the indifferent electrode. 

Signals were amplified with a Bioelectric NFl amplifier and displayed on 

one channel of a Tektronix 502A oscilloscope. Contractions were recorded 

simultaneously with a RCA 5734 force displacement transducer and displayed 

on the second channel of the osci1loscop~. The resting tension was 

adjusted to give the maximum force of contraction. Photographic records 

were taken ~vith a Grass Kymograph camera using Kodak Kind 1732 paper. 

Records shown in the thesis were tracings taken from the prints of indivi-

dual potentials and contractions. Atria were stimulated through platinum 

electrodes with rectangular pulses of a supramaximal voltage and a 5 msec 

duration at a rate of l20/min. Atria at 100 C were stimulated with 5 and 

50 volts at a rate of l5/min and a pulse duration of 30 msec. A Bioelectric 

stimulus isolation unit was used in aIl experiments. 

Action potential durations were recorded using a sweep speed of 10 

msec/cm and measured at the 95% repolarization level. Action potential 
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depolarization rates were recorded using a sweep speed of 2 msec/cm and 

measured from the beginning of the action potential to the maximum level 

of depolarization and expressed in V/sec. Resting potentials and action 

potential heights were expressed in mV. "Conduction velocity" was calculated 

by dividing the distance between the stimulating and recording electrodes, 

accurstely measured with a micrometer, by the time interval between the 

stimulus artifact and the action potential and was expressed in cm/sec 

(Hollander and Webb, 1955). The contraction rise time, expressed in msec, 

was taken as the time for the contraction to reach its maximum force. The 

contraction rise velo city in g/sec was calculated by dividing the force of 

contraction by the contraction rise tfme. The stimulus contraction time in 

msec was taken as the time between the stimulus artifact and the beginning 

of the contraction. Areas of the action potentials and forces of contraction 

were measured with a polar planimeter and expressed in mV.sec and mg.sec, 

respectively. AlI measurements were made from enlarged images of the 

photographie records. 

F. EFFECT OF DRUGS 

These experiments were performed on whole (right and left together) 

spontaneously beating atria. Cumulative dose-response curves (rate and 

# + 
contractile force) to noradrenaline, ouabain, Ca and K were determined. 

The response to the initial concentration of the agent was allowed to 

reach its maximum before the next higher dose was added, and the procedure 

was continued until the maximum response was reached. In one series of 

experiments, the atria were incubated with 40 FM adenosine for 45 minutes 

followed by a 5 minute washout before the dose-response curve to ouabain 

was determined. In some experiments, DNP was added in a concentration of 
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0.03 mH and its effect on the force of contraction was measured until the 

spontaneous contractions ceased. AlI drugs were dissolved in 0.9% saline 

w'ith the exception of DNP which was dissolved in ethanol. The volumes 

added to the bath never exceeded 2.5% of the total volume of the bath. 

Tetrodotoxin (TTX) was used in the electrophysiological experiments and 

added in volumes of 10, 30 and 50 pl/IO ml bath resulting in concentrations 

of 0.1, 0.3 and 0.5 pg/ml. 

G. ELECTRON MICROSCOPY 

Fresh atria and atria stored in the cold for 24 and 48 hours were 

fixed in 3% phosphate buffered glutaraldehyde ,at pH 7.3 for 3 hours and 

washed overnight in the same buffer at 60 C. The tissues were post-fixed 

in 2% osmic acid for 1 hour, alcohol dehydrated and embedded in Epon. 

Sections were stained with lead citrate and uranyl acetate and examined 

under a Philips electron microscope. These experiments were kindly per-

formed by Dr. J.B. Richardson. 

H. ATP DETERMINATIONS 

ATP content of fresh and cold-stored atria was determined with the 

luciferase method of Strehler (1963). Whole spontaneously contracting 

atria were incubated for 1 hour at 6 or 300 C; the contractions were 

recorded during this periode At the end of the incubation period, the 

atria were removed quickly and frozen in a mixture of dry ice and ether. 

The tissues were \veighed on an analytical balance, ground up 'tvith a mortar 

and pestle in 8% frozen perchloric acid, allawed ta thaw and the ATP 

extracted for 15 minutes at 00 C. The extract was then filtered, neutralized 

• ! 
....J-:~ 



-22-

"li th NaOH to pH 7.2-7.4 and diluted to the appropriate concentr.ations '-lith 

deionized "later. One ml of tissue extract or ATP standard solution "las 

mixed '-li th 0.6 ml of 25 mH glycylglycine-O.l 1'1 Ng * buff er a t pH 7.5 in a 

cuvette. One ml of firefly extract containing 50 m}1 arsenate and 20 m}1 

Ng* "las rapidly injected into the cuvette and the light intensity measured 

"li th the photomultiplier section of an Aminco-Bowman Spectrophotofluoro~ 

meter. The ATP content of the atria "las calculated from a standard curve 

made from knovm concentrations of ATP. ATP content "las expressed as )1H/g 

of frozen tissue. ATP content was also determined in tissues previously 

incubated '-lith adenosine in a concentration of 40 pH for 45 minutes "lith a 

5 minute "lashout in adenosine-free Krebs solution. 

1. COUNTING PROCEDURE 

l4C "las counted by liquid scintillation "lith a Nuclear Chicago liquid 

scintillation counter. The scintillation medium contained 1 litre toluene, 

1 litre ethano1, 1 litre 2,4-dioxane, 240 g naphthalene, 15 g PPO 

(2,5-diphenyloxazo1e) and 187.5 mg POPOP (p-bis(2-(5-phenyloxazoly1))-

benzene). Fifteen ml of scintillation medium '-las used and '-las sufficient 

for the volume of "later in the samp1es. Samples "lere counted for 10 minutes 

each and"the background was less than 10% of the total counts. A quench 

14 curve using C quenched \-lith nitric acid was made by the externt;t1 standard 

method and the counts of aIl the samples were corrected for quenching. 

J. STATISTICAL ANALYSIS 

Student' s "t" test "l-las used in the statistica1 ana1ysis, the results 

being judged significant with a p value of less than 0.05. Two-tailed tests 
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of significance were us~d throughout. The results are presented as mean 

values with their standard errors (S.E.). These were obtained from 15-20 

atria in experiments determining rate and contractile force, from 6-10 

+ + atria in experiments determining Na content, K content, inulin space and 

ATP content, from 4-6 atria in experiments determining the dose-response 

++ + curves of Ca ,K, ouabain, noradrenaline and DNP, and from 30-50 

penetrations (3-4 atria) in the electrophysiological measurements. 

K. CHEMICALS AND DRUGS USED 

Noradrenaline bitartrate (K & K Laboratories) 

Ouabain (K & K Laboratories) 

2,4-dinitrophenol (K & K Laboratories) 

Tetrodotoxin (Calbiochem) 

14 C-Inulin (New England Nuclear) 

Adenosine triphosphate disodium (Aldrich) 

Adenosine (Aldrich) 

Glycylglycine (Sigma) 

Arsenate buffer 0.1 M pH 7.4 (Sigma) 

Firefly extract (Sigma) 



RESULTS 



-24-

A. CONTMCTILITY AND COLD -STOMGE 

1) Effect of cold-storage on the contractile force 

The effect of prolonged cold-storage on the contractile force of 

rat atria is shown in Fig. 1. In these experiments, atria were removed 

from the cold (60 C) and placed directly into the tissue baths containing 

oxygenated Krebs solution at 300 C. In general, they exhibited spontaneous 

contractions almost llnmediately (within 1 minute after being placed in the 

baths). The decrease in force of contraction within the first 24 hours of 

storage was steeper th an in the subsequento48 hours. This decrease in 

force of contraction was unaccompanied by any change in the spontaneous 

rate over the full 72 hour period of storage. Atria stored for 96 hours 

or more, in general, did not exhibit spontaneous contractions, nor could 

contractions be produced by electrical stimulation. The contractile force 

and rate of the re\ITarmed stored atria did not change during the 1 hour 

stabilization period indicating that atria attained their maximal con trac-

tility and rate very rapidly. 

2) Relation of temperature to cessation of spontaneous contractions 

Fresh atria lITere cooled slO\ITly and the temperature at which spon-

taneous contr;:ctions ceased \ITas noted. After the required period of time, 

the temperature lITaS raised at the same rate and the point at which 

contractions restarted was noted. The same procedure was followed for the 

stored atria except that the cold-stored atria, after being relITarmed to 

300 C were th en recooled. The results are shmYn in Fig. 2. Upon cooling, 

cold-stored atria stopped beating at significantly higher temperatures 

compared to fresh atria. HmITever, no significant difference in the 
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Fresh Atria Cold Siored Atria 
(48 hrs al 6 0 C) 

Fig. 2. Effect of co1d-storage on the temperature at which spontaneous 

contractions stopped and started wh~n rat atria were slow1y coo1ed or 

warmed (1 CO/min). Open co1umns represent the temperature at which 

contractions stopped. Cross hatched co1umns represent the temperature 

at which contractions restarted after incubation for 1 hr at 20 C. The 

vertical hatched co1umn is the temperature at which contractions restarted 

after incubation for 4 hrs at 2
0 

C. Each co1umn represents the mean + S.E. 
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temperature at which spontaneous contractions started between the fresh 

and cold-stored atria was observed. From these results, it would seem 

that the presence or absence of spontaneous contractions is determined 

by the temperature at which the tissue is incubated rather than any 

changes that may occur due to storage .• 

B. ELECTROPHYSIOLOGICAL CHANGES AND CONTRACTILITY 

. IN COLD-STOREDRAT ATRIA 

1) Effect of cold-storage on the ionic content of rat atria 

The importance of ionic metabolism in cellular processes and, in 

particular, in the function of the heart is weIl known. It was therefore 

decided to examine the Na+ and K+ content of the atria in order to determine 

if the reduction in contractile force of cold-stored atria could be related 

to any changes in their ionic content. The Na+ and K+ content of fresh and 

cold-stored atria is shown in Table 1. The total ionic content of these 

tissues is shown along with the intracellular K+ concentration and the 

calculated K+ equilibrium potential. The data shows that cold-stored atria 

contained significantly less K+ and more Na+ than did fresh atria at the 

same incubation temperature. + Also, the intracellular K concentration as 

weIl as the K+ equilibrium potential of the stored atria were reduced when 

compared with the fresh. There was no significant difference in the Na+ 

and K+ content or in the il:tracellular K+ concentration between the cold-

stored atria which were incubated for 2 hours in oxygenated Krebs solution 

at 60 C and those which were incubated at 300 C. This indicated that very 

little if any recovery of the ionic gradients occurred when cold-stored 

atria were rewarmed. 
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TABLE 1. Effect of co1d~storage on the ionic content of rat atria. 

Preparation + Na (total) 
mEq/kg 
+ S.E. 

Fresh atria 
300 C (2 hrs) 70.4 + 1.2 

Co1d-stored atria 
(48 hrs at 60 C) 

60 C (2 hrs) 88.3 + 4.9* 
300 C (2 hrs) 86.2 "+ 2.5* 

* 

+ K (total) 
mEq/kg 
+ S.E. 

71.5 ± 1.1 

43.6 + 2.6* 
43.4 "+ 1.5* 

K+ (intracel1u1ar) 
mEq/L 

127.4 

78.6 
78.6 

Significant1y different from control (fresh) values, p<0.05. 

K+ Equ11ibrium 
potentia1 

·mV 

79.8 

61.9 
67.2 

A11 atria were incubated in fresh Krebs bubb1ed with 95% 02 + 5% CO2 for 

+ + 2 hours before they were used for determinations of Na and K • 

.~ 
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2) Effect of cold-storage on the transmembrane potential of rat atria 

The changes found in the ionic content and the calculated K+ 

equilibrium potential of the cold-stored atria indicated a possible change 

in the transmembrane potentials of these atria. For this reason, it was 

decided to conduct an investigation into the electrophysiological properties 

of the cold-stored atria. Fig. 3 and 4 and Table 2 show the effects of 48 

hours of cold-storage on the electrophysiological properties of rat atria. 

The resting membrane potentials of the stored atria were significantly 

lower than those of the fresh tissues (Table 2). This finding is consistent 

+ with the reduction seen in the calculated K equilibrium potential. Tracings 

of typical action potentials of fresh (A) and cold-stored (B) atria are 

shown in Figs. 3and 4; the tracings in Fig. 4 were taken from the same 

potentials shown in Fig. 3 but at a sweep speed 5 times greater to show 

the difference in the action potential depolarization rates. These tracings 

indicate that the action potential height and depolarization rate were 

reduced in the cold-stored atria. In addition, the peak of the action 

potential was more rounded in the stored tissues. The tracings of the 

contractile forces are shown beneath the action potentials in Fig. 3. 

Table 2 shows the mean data obtained from the fresh and cold-stored tissues. 

lt should be noted that the resting potential, action potential height, 

duration, depolarization rate and area of the stored atria were all signi-

ficantly reduced when compared with the respective values obtained in the 

fresh atria. There was no significant change in the conduction velocity. 

Significant reductions were also seen in the contractile force, contraction 

rise velo city and contractile force area; no change was detected in the 

contraction rise time or the stimulus contraction time. lt should be 
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Fig. 3. Tracings of action potentials Cabove) and simultaneous contractions 

(below) of fresh left atriun CA) and cold-stored (48 hrs at 60 
C) atrium (B) 

of rat. 
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Fig. 4. Tracings of action potentia1s-shown in Fig. 3 at high sweep 

speed (X5) to show the difference in the depo1arization rates between 

fresh (A) and co1d-stored (B) atria. 
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TABLE 2. Effect of co1d-storage on transmembrane potentia1s of rat atria 

determined at 300 C. 

Parameter 

Resting potentia1 (mV ± S.E.) 

Action potentia1 height (mV ± S.E.) 

Action potentia1 duration (msec ± S.E.) 

Action potentia1 depo1arization 
rate (V/sec ± S.E.) 

Action potentia1 area (mV'sec ± S.E.) 

"Conduction ve10city"(cm/ sec ± S.E.) 

Force of contraction (mg ± S.E.) 

Contraction rise time (msec ± S.E.) 

Contraction rise ve10city (g/sec ± S.E.) 

Contractile force area (mg.sec ± S.E.) 

Stimulus-contraction time (ms·:::: ± S.E.) 

Fresh atria 

74 + 1.1 

80.7 + 1.2 

58.2 + 1.5 

52.8 + 6.1 

2.15 + 0.1 

53.3 + 2.1 

150 + 19 

41.5 + 2.4 

3.6 + 0.3 

15.4 + 2.4 

36.8 + 1.5 

* Significant1y different from control (fresh) values, p<O.05. 

Co1d-stored atria 
(48 hrs at 60 C) 

61 + 1.4* 

70.4 + 2.1* 

49.2 + 2.7* 

32.4 + 3.1* 

1.52 + 0.1* 

46.9 + 2.5 

50 + 3* 

38.0 + 1.2 

1.3 + 0.1* 

4.8 + 0.7* 

37.3 + 2.8 
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noted that the difference in the contractile force between the stored and 

fresh atria in these experiments was comparable to that in the original 

experiments seen in Fig. 1; the force of the stored atria was 33% of the 

fresh in the present series and 43% in the former. 

3) + Effect of K on cold-stored atria 

In an attempt to determine the role played by the electrophysiological 

changes in the reduction of the contractile force of cold-stored atria, 

+ responses to changes in the extracellular K concentration were measured. 

The difference between the intrace1lular and extracellular K+ concentrations 

is the main factor responsible for the resting membrane potential and the 

membrane potential is known to affect other electrophysiological properties 

of heart ce1ls such as the action potential height, duration and depolari-

zation rate (Hoffman and Cranefield, 1960). Experiments were therefore 

+ undertaken to determine if the lowering of the extrace1lular K and the 

subsequent increase in the resting potential would increase the contractile 

force in the cold-stored atria to, or close to fresh values. The effect of 

varying concentrations of extracel1ular K+ is shown in Fig. 5. The points 

on the graph were plotted as a percentage of the force of contraction of 

+ the control value of the same atrium in normal K (6 mM). The contractile 

+ force of the fresh atria was unaffected by changes in the extracellular K 

concentration between 1.2 and 12 mM. Contractility only began to decrease 

+ at higher concentrations of K. The cold-stored atria were much more 

sensitive to changes in the extracellular K+. + High K (9.6 and 12 mM) 

caused a significant reduction in the force of contraction of the cold-

stored atria, probably because the cells were already partially depolarized • 
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o Cold-Stored Atria (24hrs at 6°C) 

A Fresh Atria 

6 9.6 12 16.8 
mM K+ in Bath 

Fig. 5. Effect of K+ on the contractile force of spontaneously beating 

rat fresh atria and atria stored at 60 C for 24 hrs. The force is expressed 

. + 
as a percent of the force recorded in 6 mM K Krebs. Each point represents 

the mean + S.E. 
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Low K+ (1.2 mM) increased the force to sorne 150% of that observed in 

6 mM K+. These results suggest that the force of contraction, reduced 

after cold-storage, could be increased by increasing the resting potential 

and that electrophysiological changes were, in part, responsible for the 

decrease in contractile force. However, as Fig. 6 shows, the contractile 

+ force of the cold-stored atria in 1. 2 mM Kwas only sorne 60% of its' 

control (i.e., the force before storage). These results indicate that 

+ although low K increased the contractile force of cold-stored atria, it 

did not restore the contraction to normal values. 

4) Effect of low temperatures on the ionic content of rat atria 

In order to obtain more information on the relation between electro-

physiological changes and the reduction of the contractile force, an 

attempt was made to produce by a different method electrophysiological 

changes similar to those produced by cold-storage and study the relation-

ship between these changes and the contractile force. This was done by 

comparing fresh atria at 100 C with cold-stored atria at 300 C. Table 3 

shows the effect of cold (20 C and 100 C) on the Na+ and K+ contents of 

fresh atria. o Incubating the tissues at 2 C, as seen in lines 2 and 3, 

resultea in a slow loss of K+ and gain in Na+, as the 4 hour values were 

significantly different from the 1 hour values. Rewarming the tissues 

which had been incubated for 4 hours at 20 C to 100 C at a rate of 1 CO/min 

+ + + resulted in a partial recovery of the Na and K contents and the K 

equilibrium potential. Atria incubated at 100 C for 4 hours had Na+ and 

K+ contents similar to those of control. The K+ equilibrium potential at 

this temperature (100 C), however, was lower than that at 300 C. Values 
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Stored (24hrs at 6°C) 

1.2 6 9.6 
mMK+ in Bath 

12 

Fig. 6. Same resu1ts as shown in Fig. 5. The contractile force of the 

co1d-stored atria is presented as a percent of that of the fresh atria 

incubated in 6 mM K+ Krebs. Note that the force of contraction of the 

+ stored atria in 1.2 mM K Krebs is on1y 55% of that of the fresh. Each 

co1umn represents the Mean + S.E. 
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( TABLE 3. Effect of cold on the ionic content of fresh rat atria. 

Preparation + Na (total) + K (total) K+ (intrace11u1ar) 
+ . 

K equi1ibriUlT. mEq/kg mEq/kg mEq/L potentia1 + S.E. + S.E. mV 

° 30 C (2 hrs) 70.4 ± 1.2 71.5 ± 1.1 127.4 79.8 
2° C (1 hr) * 79.7 ± 2.9 56.5 ± 3.2 * 84.6 62.7 
2° C (4 hrs) * * 83.5 ± 5.6 36.5 + 2.8 54.6 52.3 
° 2 C (4 hrs 
+10 min at 

* * 10° C**) 87.6 ± 2.9 44.6 ± 3.9 71.7 60.5 
10° C (4 hrs) 72.8 + 3.1 72.0 ± 2.0 123.4 73.7 

* . Significant1y different from control values (30° C), p<0.05. 

**Warmed to 10° C at 10/min and removed when temperature reached 10° C. 

~) _. 
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of the resting potentia1s from atria incubated at 100 C were significant1y 

10wer than those of fresh and co1d stored atria. The resting potentia1s 

were 55.8 + 1.2 mV in fresh atria at 100 C, 74 ± 1.1 mV in fresh atria at 

o 
30 C and 61 ± 1.4 mV in the co1d-stored tissues. In subsequent experiments, 

o 
it was shown that the mean force of contraction of fresh atria at 10 C, 

stimu1ated e1ectrica11y with sufficient voltage and pulse duration (50 V, 

30 msec) , was 70% of that of fresh atria at 300 C. This was significant1y 

greater than the 43% in the co1d stored tissues. It was therefore decided 

to study the action potentia1s of the fresh tissues at 100 C. 

5) Effect of co1d (100 C) on the action poténtia1 of rat atria 

Tracings of typica1 action potentia1s of fresh atria recorded at 

100 C and 300 C are shown in Fig. 7. The simu1taneous contractions are 

shown beneath the action potentia1s. The configuration of potentia1s 

seen at 100 C were quite un1ike those recorded at 300 C; rather than a 

f 1 1 300 C, 
ast rising phase with a mu ch s ower repo arization phase as seen at 

the potentia1s at 100 Chad depo1arizing and repo1ari:7,i.ng phases of 

approximate1y the sarne rate. In addition, the height of the potentia1s 

at 100 C was much sma11er, the mean being 37.5 + 2.4 mV as compared with 

o 
80.7 ± 1".2 mV at 30 C, a significant difference. The duration was signi-

o 
ficant1y longer at 10 C, 219 ± 12 msec as compared with 58.2 + 1.5 msec 

at 300 C. 

6) Voltage dependency of the action potentia1 at 100 C 

Another interesting feature of the action potentia1s recorded at 

100 C was the dependence of the height of the action potentia1 on the 
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Fig. 7. Tracings of action potentials (above) and simultaneous 

contractions (below) from rat fresh left atrium at 300 C CA) and 100 C 

(B). Note that the time scale in B is 10X that in A. 
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stimulating voltage. A comparison of the tracings of the two potentials, 

one recorded with.a stimulating voltage of 50 V (A) and the other at 5 V 

(B) is shown in Fig. 8. The mean data obtained at these two voltages is 

shov."'tl in Table 4. Both the height and the area of the action potentials 

of the atria stimulated with 5 V were significantly smaller', than those 

of the atria stimulated with 50 V. However, the rate of depolarization 

and the action potential duration remained unaffected by the stimulating 

voltage. o These results point out that the potentials seen at 10 C were 

not "all or none" phenomena like action potentials normally seen. The 

results with the contractile force show that this parameter also varied 

o with the stimulating voltage at 10 C, a phenomenon that do es not occur 

at higher temperatures. Significant differences were seen in both the 

magnitude and the area of the contractile force at 5 V when compared to 

50 V. It is noteworthy that the contractile force at 300 C did not in-

crease when the stimulating voltage was raised and there was no lag in 

o the change in the force at 10 C if the voltage was changed suddenly. 

These results indicate that this phenomenon was not due to the release of 

noradrenaline due to the increased voltage. 

7) Effect of TTX on the actionpotential at 100 C 

Because of the peculiar nature of the potentials recorded at low 

temperatures, it was decided to determine if these potentials were due to 

+ the increase in Na conductance as is the case with normal action potentials. 

In these experiments, TTX, a known inhibitor of Na+ conductance was employed. 

Fig. 9 and Table 5 show the results obtained after the addition of TTX. 
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Fig. 8. Tracings of action potentia1s (above) and simu1taneous 

contractions (be10w) from rat fresh 1eft atrium at 100 C stimu1ated 

-

with 50 V (A) and 5 V (B). Note the voltage dependency of the height 

of the action potentia1s. 
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TABLE 4. Effect of cold .(100 C) and varying stimulating voltage 

on transmembrane potentials of fresh rat atria. 

Parameter 

Resting potential (mV ± S.E.) 

Action potential height (mV ± S.E.) 

Action potential duration (msec ± S.E.) 

Action potential depolarization 
rate (V/sec ± S.E.) 

Action potential area (mV·sec + S.E.) 

Force of contraction (% of force 
at 300 C ± S.E.) . 

Contractile force area (% of area 
at 300 C) 

Stimulated with 
50' volts 

55.8 + 1.2 

37.5 + 2.4 

219 + 12 

0.5 + 0.05 

4.98 ± 0.6 

69 ± 9 

780 + 71 

Stimulated with 
5 volts 

55.8 + 1.2 

13.5 + 1.4* 

261 + 46 

0.3 + 0.07 

3.47 + 0.5* 

36 + 9* 

360 + 57* 

* Significantly different from control (atria stimulated with 50 V) values, 

p<0.05. 
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Fig. 9. Tracings of action potentials (above) and simultaneous 

contractions (below) from rat fresh left atrium at 100 C. Tracing A 

is from the control preparation and B after the addition of TTX 0.03 pg/ml. 

Note the reduction in height of the action potential produced by TTX. 
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TABLE 5. Effect of tetrodotoxin on transrnernbrane potentia1s of fresh rat 

atria at 100 C stimu1ated with 50 volts. 

TTX Action Action Action Depo1arization Contractile 
~g/rn1) potentia1 potentia1 potentia1 rate force 

height duration area V/sec ± S.E. Percent 
mV + S.E. msec + S.E. mV·sec + S.E. of control 

± S.E. 

0.0 37.5 + 2.4 219 ± 12 4.98 ± 0.6 0.5 ± 0.05 100 

0.1 31.9 + 5.6 240 ± 23 4.47 + 1.0 0.5 + 0.1 103 + 10 

0.3 15.5 + 7.2 * 221 + 13 1.99 ± 1.0 * 1.1 + 0.5 31 + 3* 

0.5 6.2 + 2.6 * 230 ± 21 0.74 ± 0.32 * 0.4 + 0.02 19 + 1* 

* Significant1y different from contro1(no TTX) va1ues,p<0.05. 

TTX, tetradotoxin 
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Fig. 9 shows tracings of potentials from atria stimulated with 50 V at 

100 C. The top potential (A) is from the control situation and the 

bottom (B) after the addition of 0.3 Jlg/ml of TTX; a reduction in the 

height of the potential occurred after the addition of TTX. Table 5 

shows the mean data obtained after the addition of TTX in concentrations 

of 0.1, 0.3 and 0.5 pg/ml. Successively higher concentrations of TTX 

resulted in the successive decrease of the action potential height and 

area as weIl as the contractile force. The action potential duration and 

depolarization rate remained unaffected even by the highest concentration 

of TTX (0.5pg/ml). These resu1ts indicate that these potentia1s, like 

+ normal action potentia1s, were caused by the influx of Na into the ce1ls. 

8) Effect of high K+·(12 mM) on the ionic content of fresh rat atria 

Experiments were also performed on fresh rat atria using K+ as a 

depolarizing agent in an effort to produce e1ectrophysio1ogica1 changes 

similar to those seen in cold-stored atria. Table 6 shows the effect of 

. + + + + 
12 mM K on the Na and K contents of fresh atria. The total K content, 

+ as weIl as the intrace1lular K concentration, increased as a resu1t of 

the increase in extrac~1lu1ar K+: The K+ equi1ibrium potential was, 

+ however, lower in these tissues than in those incubated in 6 mM K , 

indicating that 12 mM K+ had caused a depolarization of the atrial ce1ls. 

9) Effect ofhigh K+ (12 mM) on the transmembrane potentia1 of fresh 

rat atria 

Fig. 10 and Table 7 show the effect of 12 mM K+ on the e1ectro-
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TABLE 6. Effect of high K+ (12 mM) on the ionic content of fresh rat atria. 

Prep"''!:'ation + Na (total) + K (total) K+ (intracellular) 
+ K equilibrium 

mEq/kg mEq/kg mEq/L potential 

+ S.E. + S.E. mV 

6 mM K+ 70.4 + 1.2 71.5 ± 1.1 127.4 79.8 

12 mM K+ 62.5 + 1.2 * 81.6 + 1.5 * 144.4 65.0 

* + 
Significantly different from control (6 mM K ) values, p<0.05. 
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Fig. 10. Tracings of action poten~ia1s (above) and simu1taneous 

contractions (be10w) from rat fresh 1eft atria at 300 C in 6 mM K+ Krebs 

(A) and 12 mM K+ Krebs (B). 
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TABLE 7. Effect of high K+ (12 mM) on transmembrane potentials of fresh 

rat atria. 

Parameter 

Resting potentia1 (mv ± S.E.) 

Action potential height (mv ± S.E.) 

Action potential duration (msec ± S.E.) 

Action potential depo1arization 
rate (V/sec ± S.E.) 

Action potential area (mV·sec ± S.E.) 

Force of co~traction (% of force 
in 6 mM K S • E • ) 

74 ± 1.1 

80.7 ± 1.2 

58.2 ± 1.5 

52.8 ± 6.1 

2.15 ± 0.1 

100 

* 58.6 ± 2.4 

* 50.7 ± 1.9 

* 45.3 + 1.9 

* 9.1 + 0.9 

* 1.18 ± 0.07 

84 + 7 

*Significant1y different from control (6 mM K+) values, p<0.05. 
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physiological characteristics of fresh left atria. In Fig. 10, tracings 

of action potentials from an atrium incubated in 6 mM K+ Krebs (A) and one 

incubated in 12 mM K+ Krebs (B) are shown. The action potential height, 

+ duration and depolarization rate were reduced by the high K. Table 7 

shows the mean data obtained from these experiments. Significant reductions 

were seen in the resting potential, action potential height, depolarization 

+ + rate and area of those atria incubated in 12 mM K when compared to 6 mM K • 

Despite the marked changes in the electrophysiological characteristics pro

+ duced by 12 mM K , the contractile force was reduced by only 15%. 

10) Comparison of electrophysiological·· data and contractile force in 

different preparations 

An increase in the force of contraction of cold-stored atria to low 

K+ (1.2 mM) suggested that the electrophysiological changes were, in part, 

responsible for the reduced contractile force of these atria. Since the 

+ electrophysiological changes produced by 12 mM K and cold were similar 

+ to or greater than those produced by cold-storage, the effects of 12 mM K 

and cold on the contractile force and the transmembrane potential were 

compared with the values obtained from the experiments on the stored atria. 

Table 8 shows this comparison. Only the mean data are shown; the standard 

errors were left out for the sake of clarity; they have been shown elsewhere. 

The contractile forces of the cold-stpred atria and the fresh atria incubated 

at 100 C and stimulated with 5 V were not significa~tly different from each 

other. However, the electrophysiological properties were different in every 

case. The resting potential, action potential height and depolarization rate were 

aIl significantly lower in the atria at 100 C; however, the action potential 

, 
1 
1 
1 
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TABLE 8. Comparison of e1ectrophysio10gica1 and mechanica1 activity in 

in different preparations. 

Parameter Co1d-stored atria 
(48 hrs at 60 C) 

Resting potentia1 (mV) 61 

Action potential height (mV) 70 

Action potential duration (msec) 49 

Action potential depo1arization 
rate (V/sec) 32 

Action potentia1 area (mV·sec) 1.52 

Force of contraction (% of 
co1d stored atria) 100 

* 

Fresh atria 
12 mM J.<+ 

59 
* 51 

45 

* 9 

1.18* 

263* 

F.resh atria 10 
(Stim 5 V) 

* 56 

14* 

261* 

0.3* 

3.47* 

113 

Significant1y different from control (cold-stored atria) values, p<0.05. 
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area and duration were significantly greater. The force of contraction of 

the fresh tissues in 12 mM K+ was similar to that in 6 mM K+ and over 2.5 

times that of the cold-stored atria. The action potential height, depolari

zation rate and area in 12 mM K+ were significantly lower than the 

respective values of the stored tissues, while the resting potential and 

action potential duration in the two preparations were not significantly 

different from each other. These results and a comparison of the results 

+ from the atria in 12 mM K with tQose from the cold-stored atria, demonstrate 

that the electrophysiological changes cannot account for the observed large 

reduction in the contractile force of cold-stored atria. 

C. ATP AND CONTRACTILITY IN COLD-STORED ATRIA 

1) Effect of cold-storage on the ATP content of atria 

Storage of red blood cells (Simon, 1967) and heart (Calman et al., 

1970) in the cold is known to cause a decrease in the ATP content. Since 

the preceding experiments showed that electrophysiological changes could 

not account for the entire decrease in force of contraction of cold-stored 

atria, it was decided to study the ATP content of these tissues. Fig. Il 

shows the effect of cold-storage on the ATP content of rat atria. The ATP 

content progressively decreased as the duration of cold-storage increased; 

it was 25% of fresh values after 72 hours of storage. 

2) Effect of adenosine on the ATP content and contractile force of 

cold-stored atria 

As the incubation of cold-stored red blood cells with adenosine is 

known to increase their viability and ATP content (Simon, 1967), it was 
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Fig. 11. Decrease in ATP content of spontaneous1y beating rat atria 

o produced by storage at 6 C for 8-72 hrs. Each point represents the 

mean + S.E. 
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decided to study the effect of adenosine on the ATP content and contractile 

force of cold-stored atria. The results of these experiments are shown in 

Fig. 12. Incubation of fresh atria resulted in a marked increase in ATP 

content, the post-incubation value being almost 4 times that of control. 

However, the incubation of the 24 hour cold-stored atria with adenosine 

caused a much smaller increase in ATP content; the increase was not highly 

significant (O.1>p>O.05). The ATP content of the cold-stored atria incu-

bated with adenosine approached that of the control fresh atria. Adenosine 

itself had a depressant effect on the contractility of the atria. However, 

after adenosine was washed out, the force of contraction increased imme-

diately. This slight increase, however, was not significant, although it 

was consistent. There was no significant difference between the effect of 

adenosine on the contractile force of fresh and cold-stored atria. It thus 

appears that there was no relation between the contractile force and the 

increase in ATP content resulting from incubation with adenosine in either 

the fresh or cold-stored atria. 

3) Correlation between ATP content and the contractile force 

The contractile forces and the respective ATP contents of various 

preparations are shown in Fig. 13 and 14. Fig. 13 shows the ATP content 

and contractility plotted as a percent of those values in the fresh atria. 

The atria sho~~ in the figure were stored in cold for 8, 24, 48 and 72 

hours; a group of atria was stored for 24 hours and was incubated with 

adenosine after storage and another group of atria was left in the animals 

for 2 minutes after death and then stored for 24 hours. In general, the 

(-, 
\,- ) 

decrease in contractile force of stored atria was associated with a decrease 
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Fig. 12. Change in ATP content and contractile force of fresh and co1d-

stored rat atria after incubation in 40 pM adenosine for 45 min fo11owed 

by a 5 min washout. Note the increase in ATP content without significant 

increases in the contractile forces. A1so, note the large difference in 

the amount of ATP accumulation after adenosine incubation between the fresh 

and co1d-stored atria. Each co1umn represents the mean + S.E. 
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Fig. 14. ATP content and contractile force of spontaneously beating rat 

atria. 1- fresh atria; 2- fresh atria incubated with 40 pM adenosine; 

3- atria stored for 8 hrs; 4- atria stored for 24 hrs; 5- atria stored 

for 24 hrs and incubated with 40 pM adenosine; 6- atria left in animal 

for 2 min after death and th en stored for 24 hrs; 7- atria stored for 

48 hrs; 8- atria stored for 72 hrs; 9- atria stored for 24 hrs in 1.2 ~1 

+ K Krebs. Each point represents the mean value. 
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in ATP content. Fig. 14 shows aIl preparations used in these experiments; 

the contractile force as percent of fresh values was plotted against the 

ATP content in pM/g on a semi-log scale. Here also, there is a correlation, 

as "s" curve, between the contractile force and the ATP content. 

4) Effect of DNP on cold-stored atria 

DNP, a metabolic inhibitor, is known to decrease the content of CP 

but not ATP in heart muscle (Furchgott and Lee, 1961). Fig. 15 shows the 

decrease i~ force of contraction of fresh and cold-stored atria as a 

function of time after the addition of DNP~ DNP caused comparable reductions 

in the contractile force of the stored and fresh atria. 

D.HISTOLOGICAL CHANGES INCOLD-STORED RAT ATRIA 

1) Extracellular space 

Storage of atria in the cold for 48 hours did not cause a significant 

change in the extrace1lular (inulin) space (Fig. 16). 

2) Electron microscopy 

Electron microscopy was performed on fresh atria and atria stored 

for 24 and 48 hours. Typical sections are shown in Fig. 17, 18 and 19. 

Fig. 17 shows a section from a fresh atrium and Fig. 18 and 19 from atria 

stored for 24 and 48 hours, respect~vely. In the stored atria, the myo-

fibrils were somewhat less distinct and there was a decrease in the amount 

of glycogen. No other changes were detected in the stored atria; the 

plasma membranes, mitochondria and nuclei were aIl normal. 
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Fig. 15. Decrease in contractile force of spontaneous1y beating fresh 

and co1d-stored atria of rats produced by incubation with 0.03 mU DNP. 

Each point represents the mean + S.E. 
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Fig. 16. Extracellu1ar space of fresh and cold-stored spontaneously 

beating atria of rats measured with 14C-inu1in. Each co1umn represents 

the mean + S.E. 
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Fig. 17. Electron micrograph of a typica1 section from a fresh rat atrium. 

N-nuc1eus; M-mitochondrion; S-sarcomere; PM-plasma membrane. Sma11 black 

partic1es are glycogen CG). Scale: Ip.x14,600. 
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Fig. 18. Electron micrograph of a typical section from a rat atrium stored 

at 60 C for 24 hrs. M-mitochondrion; S-sarcomere; PM-plasma membrane. 

Scale: lp.x14,600 • 
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Fig. 19. Electron micrograph of a t ypica1 section from a rat atrium stored 

at 60 C for 48 hrs. N-nuc1eus; M-mitochondrion; S-sarcomere; PM-plasma 

membrane. Note the 10ss of glycogen. Scale: lp.x14,600. 
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E •. 'EFFECT OF VARIOUS AGENTS ON THE CONTRACTILE FORCE OF 

'SPONTANEOUSLY'BEATING'COLD~TOREDATRIA 

1) Effect of'uoradreualine 

The dose response curves of fresh and cold-stored spontaneously 

contracting atria to noradrenaline are shown in Fig. 20. Noradrenaline 

caused comparable increases in the contractile force of the stored and 

fresh atria. 

2) Effect of ouabain 

As ouabain is frequently used in congestive heart failure and is 

known to cause a greater increase in the force of contraction of failed 

than of normal hearts, it was thoùght that ouabain might be able to res-

tore the contractility of the cold-stored atria. The dose-response curves 

of fresh and cold-stored spontaneously beating atria to ouabain are shown 

in Fig. 21. There wasno difference in the increase in contractile force 

of the fresh and cold-stored atria to this agent. Several experiments 

were performed in which fresh atria were incubated with high concentrations 

of noradrenaline (10 pg/ml). This resulted, in some cases, in the reduction 

in contractility after noradrenaline was washed out; when ouabain was added 

to these,failed preparations, there was an increase of some 200-300% as 

compared to the 30-35% in the control fresh atria. On the other hand, 

ouabain did .10t cause a marked increase in the force of contraction when 

the contractile force was reduced by cold-storage, as it did when the 

contractile force was reduced due to high concentrations of noradrenaline. 

It was thought desirable to test the effect of ouabain after the 

o ATP content was increased by the prior incubation of the cold-stored atria 

, , 

\ 
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Fig. 20. Effect of noradrenaline on the force of contraction of 

spontaneously beating fresh and cold-stored atria of rats. Each point 

represents the mean + S.E. 
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o Col d-S t 0 r e d At ria (48 h r 5 a t 60
) 

~ Fresh Atria 

OL--L----------~~~------~ 
10-5 2-10-5 4-10-5 

Concentration of Ouabain (s/ml) 

Fig. 21. Effect of ouabain on the force of contraction of spontaneously 

beating fresh and cold-stored atria of rats. Each point represents 

the Mean + S.E. 
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with adenosine. The results of these experiments are shown in Fig. 22. 

Even after the increase in ATP content, ouabain was no more effective in 

restoring the contractility of the stored atria than it was in the control 

stored atria. 

3) 
-1+ Effect of Ca 

The dose-response curves to Ca++ in fresh and cold-stored spontaneously 

beating atria are shown in Fig. 23. -1+ Ca increased the contractile force of 

the stored and fresh atria; the percent increase was not statistically different 

between.the fresh and stored tissues. 

4) Storage of atria in Krebs containing varying concentrations ofK+ 

Because of the loss of + intracellular K during cold-storage and the 

+ inability of the stored atria to reaccumulate the lost K , it was decided 

+ to store the atria in Krebs solution containing high concentrations of K 

+ in an attempt to prevent the loss of cellular K. Atria were stored for 

+ 24 hours in 1.2, 6, 12 and 18 mM K and the results are shown in Fig. 24. 

+ The storage of the tissues in 1.2 mM Kwas shown to have adverse effects 

on the contractility of the atria, the contractile force being significantly 

+ lower in those atria when compared with those stored in 6 mM K. However, 

+ the storage of atria in higher concentrations of K did not prevent the 

reduction in the contractile force. It is also interesting to note that 

atria stored in 1.2 mM K+ had a m~an ATP content of 1.75 pM/g; this was 

significantly lower than the 3.4 pM/g in the atria stored for the same 

. + 
length of time in 6 mM K. This indicates that it was not just a matter 

+ of the atria being unable to reco'ver the K lost due to the low extracellular 

1 

1 
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o Cold-Stored Atrla (24hr. al 6°C) 

6Cold-Slored AtriaC24.hr. al 6°C)+ 
Adeno.lne 40JlM 
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Fig. 22. Effect of incubation of atria with adenosine on the 

contractility of spontaneously beating cold-stored atria of rats to 

ouabain. Each point represents·the mean + S.E. 
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o Cold-Stored Atria (48hrs at 6°C) 

~ Fresh Atria 

OL-
~ ______ ~ ________ -L ______ ~~ ______ __ 

2.5 . :i.1 :i.8 5 7.5 
mM Ca++ in Bath 

Fig. 23. 
+f-

Effect of Ca on the force of contraction of spontaneously 

beating fresh and cold-stored atria of rats. Each point represents 

the mean + S.E. 
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Stored (24 hrs at 6°C) in 

+ 
6mMK 

+ 1.2mMK 
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Fig. 24. Effect of storage in Krebs containing varying concentrations 

+ of K qn the contractile force of, spontaneously beating cold-stored 

atria of rats. Each column represents the meart + S.E. 
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+ + K , but of damage to the myocardium caused by the lack of sufficient K 

in the medium. 

5) Summary of results 

The maximum increases in the force of contraction produced by the 

various agents studied on fresh and cold-stored atria are shown in Table 9. 
o + 

Of aIl the experimental tests, the lowering of the extracellular K to 

1.2 mM was the only condition which caused a greater increase in contractile 

force of stored atria than in that of the fresh atria. However, the maximum 

contractile force of stored atria in 1.2 mM K+ was still significantly lower 

than the force of the fresh atria (58% of the pre-storage force). 

F. SPONTANEOUS RATE AND COLD-STORAGE 

1) Effect of cold-storage on the'spontaneous'rateof'rat'atria 

Fig. 25 shows the effect of cold-storage on the spontaneous rate of 

rat atria. There was no change in spontaneous rate for periods of storage 

of up to 72 hours, despite the fact that the contractile force after this 

period was only sorne 22% of that of the fresh atria. It should be noted 

that 48 hours after storage, the mean resting potential was 61 mV compared 

to a mean value of 74 mV of the fresh tissues; these values are signifi-

cantly different from each other. However, these potentials were taken 

from the non-pacemaker cells of the left atrium and did not necessarily 

indicate a reduction in the resting potential of the pacemaker cells. 
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TABLE 9. Comparison of maximum increases in force of contraction produced 

by various agents in fresh and co1d-stored rat atria • 

!',gent Concentration 

Noradrenaline 0.1 pg/m1 

Ouabain 40 Jlg/m1 

Ouabain + adenosine 
(40 tiM preincubation) 40 Jlg/m1 

Ca+!- 200 Jlg/m1 

K+ 1.2 mM 

Adenosine 40 pM 

•• Fresh atria 

58 + 18 

31 + 6 

63 + 6 

-2 + 8 

21 + 9 

•• Co1d-stored atria 
(48 hrs at 60 C) 

52 + 16 

35 + 9 

64 + 12a -(52 + 9)b 

72 + 8 

• 53 + 11 

25 + 15 

• Significant1y different from control (fresh) values, p<0.05 • 

•• % change in force of contraction, mean + S.E. 

a' 0 
Atria stored for 24 hrs at 6 C. 

bForce before' incubation with adenosine. 
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2) + Effect of 12 mM K and co1d-storage on rate and resting potentia1s 

of rat atria 

Hoffman and Cranefie1d (1960) pointed out that the resting potentia1s 

in rabbit pacemaker ce11s remained unaffected by concentrations of extra

+ cellular K which caused significant depo1arization in other parts of the 

atria1 muscle. For this reason, it was decided to test the effect of 12 mM 

+ K on the rate and resting potentia1 of fresh atria. Table 10 shows a 

+ + comparison of the decrease in rate, intrace11u1ar K concentrations, K 

equi1ibrium potentia1s and resting potentia1s for fresh atria incubated in 

+ 12 mM K and co1d-stored atria. Although the resting potentia1 of the non-

+ pacemaker ce11s of the atria incubated in 12 mM K were reduced to values 

correspbnding to those seen after 48 hours of co1d-storage, the rate was 

unchanged. These resu1ts are compatible with previous studies which showed 

that the ce11s of the muscle fibres can be depo1arized without the resting 

potentia1 of the pacemaker ce11s being a1tered. It is thus possible that 

the resting potentia1 of the pacemaker ce11s was not lowered by co1d-storage • 

3) 
. + 

Effect of high K on rate of co1d-stored atria 

Fig. 26 shows the dose-response curves of fresh and co1d-stored 

+ spontaneous1y beating atria to K,. The co1d-stored atria were much more 

+ sensitive to high concentrations of K than were the fresh tissues. This 

was probab1y due to the a1ready partia11y depo1arized state of the atria1 

ce11s caused by co1d-storage. 
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TABLE 10. 
+ Effect of 12 mM K and co1d-storage on rate and resting potentia1s 

of rat atria. 

Preparation 

Fresh 

Fresh + 
12 mM K 

Co1d-stored 

Decrease in rate 
% fresh 

o 

5 

(48 hrs at 60 C) 8 

K+ (intrace11u1ar) 
mEq!L 

127.4 

144.4 

78.6 

+ K equi1ibrium 
potentia1 

mV 

79.8 

65.0 

67.2 

* Significant1y different from control (fresh) values, p<O.05. 

Resting 
potentia1 

mV 

74 

* 59 

, 
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o Cold-Stor.d ·Atria (24·hrs at 6°C) 

(::. Fr •• h Atria 

6 9.6 

mMK+ in Bath 

12 16.8 

Fig. 26. + 
Effect of K on the spontaneous rate of fresh and cold-stored 

rat a.tria. Note the increased sensitivity of cold-stored atria to 

+ high K. Bach point represents the mean + S.E. 
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4) Rate 'and ATP contentoffresh and cold-stored atria 

The relation between the spontaneous rate and the ATP content'of 

atria is shown in Table Il. The cold-stored atria, despite the large 

reduction in ATP content exhibited no change in the spontaneous rate. 

Also, there was no'difference in the ATP content of atria incubated in 

fresh oxygenated Krebs at 60 C and at 300 C. The same phenomenon was 

seen in the fresh atria; there was no difference between the ATP content 

at 60 Cand at 300 C. It should be emphasized that although there was a 

significant difference in the ATP contentbetween the fresh and cold-stored 

atria, there was no difference in the spontaneous rate between ,the fresh 

and stored atria. 

5)' 'Effect of'rtoradrenaline'and'Ca++ort'thè spôntanèous ratè'ofcold-

stored atria 

Fig. 27 and 28 show the dose-response curves to noradrenaline and 

++-Ca of fresh and cold-stored spontaneously beating atria. The two pre-

parations responded in the same manner to the chronotropic effect of nor

++-adrenaline or Ca , no difference being seen either in the maximal 

response or in the sensitivity to these agents. 
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TABLE 11. Effect of co1d on ATP content and spontaneous rate offresh 

and co1d-stored atria. 

Duration of storage 
hrs 

0 

0 

48 

48 

Incubation temperature 
o C 

30 

2 

30 

6 

ATP content 
)lm/go + S.E. 

5.4 + 0.8 

5.4 + 0.9 

* 2.7 + 0.2 

* 2.9 + 0.5 

* Significant1y different from control (fresh)va1ues, p<0.05. 

rate 
% fresh at 30o ,C 

100 

0 

92 

0 

---------------------- ----_.---._------
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o Cold-Stored Atr ia (48 hrs af 6°C) 

.6 Fresh Atria 
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10-9 .3-10-9 10-8 . 3-10-8 10-7 

Concentration of Noradrenaline (g/ml) 

Fig. 27. Effect of noradrenaline on the spontaneous rate of fresh and 

cold-stored. atria of rats. Each point represents the mean + S.E. 
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A. CONTRACTILITY AND COLD~STORAGE 

The present experiments showed that the st~rage of atrial muscle in 

the cold for periods up to 72 hours resulted in a progressive decrease in the 

force of contraction; the rate of spontaneous contractions was unchanged in 

these tissues (Figs. land 25). These,results are consistent with the findings 

of other workers who reported similar results after storing whole perfused 

heart of rabbit (Athreya'et al., 1968), rat (Kamiyama et al., 1970) and dog 

(Garzon et al., 1968; Ferrans'et'al., 1970). In the present study an attempt 

was made to find the principle changes responsible for this decrease in force 

of contraction. For this purpose, electrophysiological changes, changes in 

the ATP content and histological changes were studied. 

It was found that the resting potential, a~tion potential height, 

duration, area and depolarization rate of atria stored in cold for 48 hours 

were reduced (Table 2). Reports in the literature concerning electrophysiolo

gical changes produced Dy cold storage are conflicting. Matsudaet al. (1956, 

1967) reported normal electrical activity in dog ventricle even after 72 hours 

of storage at 1_30 C. Matsuda (1960) found that action potentials and resting 

potentials were normal in terminal Purkinje fibers of the dog after 24 hours 

of storage at low temperature. However, he reported that "recovery beC',ame 

less satis~actory" after 48 hours of storage. He also reported that the false 

tendon "seemed less resistant to cold" than either the terminal Purkinje fibers 

or ventricular muscle. However, the author did not study the contractility 

of these tissues and gave no indication as to the nature of the changes seen 

in the above study. On the other hand, Tamai and Kagiyama (1968) found a, 

marked hyperpolarization (the maximum was 184 mV in the atrium and 267 mV in 

the ventricle) of the cell membrane of kitten atria and ventricular muscle 
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after 15-72 hours of storage at 40 C. No such hyperpolarization was detected 

in the present work. This discrepancy in the results of these two studies is 

difficult to account for. However, it is possible that the species difference 

may account for the two different results. It is unlikely that the present 

results are incorrect as the measured intracellulat' resting potentials were 

in agreement with the 
. + . 

calculated K equilibrium potential which was determined 

from the measurements of the K+ content of the stored atria (Table 1). The 

stored atria were also more sensitive to the depolarizing actions of high K+ 

than the fresh tissues, a result that would not be exRected if the resting 

pote~tials were normal or greater than normal. Although electrophysiological 

recordings from atria stored for varying periods of time were not done, it is 

not unreasonable to expect that storage for 24 and 72 hours would produce 

qualitatively similar changes. 

The changes in the transmembrane potential of the cold-stored atria 

were probably due to the depolarized state of the cell membrane as a result 

of the low intracellular concentration of K+ (Table 1). Reports in the litera

ture show that the increase in extracellular K+ results in the decrease of the 

resting potential, action potential height, duration and depolarization rate 

(Cranefield and Hoffman, 1958; Hoffman and Cranefield, 1960). Similar results 

were also ~ound in the present study (Table 7). These electrophysiological 

+ changes produced by high K are Most probably due to the depolarizing actions 

of K+ as Weidmann (1955a) found that the electrical repolarization of Purkinje 

+ fibers depolarized by high K resulted in the restoration of the action poten-

tial beight and depolarization rate. This suggests that the low resting 

potential produced by cold-storage caused the other electrophysiological 

changes. However, the situation is not so clear in the case of the decrease 
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in the duration of the action potentia1 seen after co1d-storage. High K+ 

1eads to a decrease in the duration of the· action potentia1 (Cranefieldand 

Hoffman, 1958; Hoffman and Cranefield, 1960). However, Webb (1956) found 

that, under physio10gical conditions, rat atrial cells with lower resting 

potentia1s had longer action potentia1 durations. It is thus uncl~ar as 

to whether or not the depo1arization of the cel1 membrane by co1d-storage 

was responsible for the decrease in the duration of the action potential. 

The reason for the depolarized state of the co1d-stored atrial muscle 

+ seems to be. the inabi1ity of the atrial cel1s to regain K and extrude the 

+ + excess Na upon rewarming. This is indiçated by the finding that the Na 

+ and K contents of the cold-stored atria incubated in fresh oxygenated Krebs 

for 2 hours at 60 C were the same as when stored atria were similarly incubated 

o at 30 C (Table 1). This finding is seeming1y in contradiction with the 

published reports in the literature. Various cold-stored tissues have been 

+ + able, at least to some extent, to reaccumulate K and extrude the excess Na 

on incubation at normal temperatures. The recove=y of the ionic gradients 

of red blood cells after cold-storage is we1l known (Danowski, 1941; Harris, 

1941). Page and Storm (1965) found that ionic gradients in cat papillary 

muscle stored at 20 C for 2 hours were returned to normal upon rewarming. The 

same results have been observed in smoot~ muscle stored for 24 hours or 1ess 

(Daniel, 1965; Friedman and Friedman, 1967). However, Shibata (1969) and 

Varma and McCu110ugh (1969) found that smooth muscle stored for 4 days or 

+ longer exhibited a reduced response to high K which was attributed to the 

+ incomplete recovery of the intrace1lu1ar K concentration. The apparent 

contradiction between the reports in the 1iterature and the present findings 

cou1d be exp1ained by a 10wer resistance of heart muscle to the effects of 

l 
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co1d-storage than that of the other tissues studied. This is indicated 

by the observation that atria1 muscle did not ~xhibit spontaneous contrac-

tions nor cou1d they be stimu1ated e1ectrically when stored 'for 96 hours or 

more, whereas smooth muscle exhibited contractions to noradrena1ine even 

after 14 days of storage (Varma and McCullough, 1969). It was a1so found 

in the present work that atria which were stored for on1y 4 hours at 20 C 

showed a partial recovery of the ionic gradients when rewarmed to 100 C 

(Table 3). 

+ + The inabi1ity of stored atria to regain the K -Na balance on rewarming 

+ ' may be due to a decre.ase in the Na pumping rate resulting from the 10ss of ATP 

+ + during cold-storage. The Na -K -AlPase system in the membrane is thought to 

be the main mechanism responsible for maintaining the ionic gradients (Langer, 

1968). Atria stored in the cold for 48 hours were found'to have a significantly 

10wer ATP content than the fresh tissues (Fig. 11). A1so the stored tissues 

were unab1e to rep1enish their ATP stores upon rewarming (Table 11). Thus the 

changes in the ATP content seem to correlate with the changes in the ionic 

gradients and may indicate a cause-effect relationship. 

Reductions in the resting potentia1, action potentia1 height, duration, 

area and depo1arization rate were associated with a decrease in the contractile 

force 48 hours afterco1d-storage (Table 2). It wou1d have been more appropriate 

to study the electrophysio10gica1 changes at each time period at which the 

contractile force was determined. However, for the sake of convenience, trans-

membrane potentia1s were on1y studied after 48 hours of storage. 

Correlations between the contractile force and various parameters 

of the action potential are difficu1t to make (Cranefie1d and Hoffman, 

1958; Brady, 1964). In 'some cases, a reduction in one or more of 

the parameters of the action potentia1 is accompanied 
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by a reduction in force. Acetylcholine causes a reduction in the action 

potential duration and also in the force of contraction (Webb and Ho1lander, 

1956; Furchgott et al., 1960). + High K causes a decrease in the resting 

potential and action potential height, duration and depolarization rate and 

the contractile force (Brooks et al., 1955; Cranefield and Hoffman, 1958; 

Hoffman and Cranefield, 1960). On the other hand, sometimes the opposite 

is the case. Ouabain causes a decrease in the action potential duration 

but an 1ncrease in force (Reiter ét al., 1966; Edmands et'a1., 1967; Prasad 

and Callaghan, 1970). Lu et al. (1968) apd Spear and Moore (197l)_have 

demonstrated that the action potential with the shorter duration was asso-

ciated with the contraction of the greater force during alternation in 

mammalian cardiac muscle. In the case of the cold-stored atria, however, 

as studied in the present work, it seems likely that the reductions in 

resting potential and action potential height, duration area and depolariza-

tion rate were responsible, at least in part, for the reduction in contractile 

force. This is indicated by the observation that the incubation of atria in 

+ 1.2 mM K increased the force of contraction of cold-stored but not of fresh 

atria (Fig. 5). + The low K probably increased the already lowered resting 

potential as predicted by the Nernst equation. The improvement in the 

transmembrane potential probably increased the contractile force. However, 

in the case of fresh cardiac muscle, it has been reported that the incubation 

+ 
of the muscle in low K failed to increase the resting potential (Burgen and 

Terroux, 1953a; Cranefield and Hoffman, 1958; Hoffman, 1959). Bowever, 

these studies were performed in tissues under normal physiological conditions 

and the present studies were done on atria already partially depolarized, 

which may account for this discrepancy. It thus seems likely that the 

, 
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electrophysiological changes were responsible for part of the reduction in 

the contractile force produced by cold-storage. 

To further elucidate the contribution of the electrophysiological 

changes to the reduction in force produced by cold-storage, comparisons of 

the transmembrane potentials and contractile forces between the cold-stored 
o . + 

atria and fresh atria incubated either at 10 C or in 12 mM K were made 

(Table 8). 

+ High K , like cold-storage, caused significant reductions in the 

action potential height, duration, area and depolarization rate as weIl as 

the resting potential. + In a1l cases, the ~eductions produced by high K in 

the fresh tissues were greater than (action potential height, area and depo1a-

rization rate) or the same as (resting potential and action potential duration) 

those ·produced by cold-storage (Table 8). If the r·eduction in the contractile 

force of the cold-stored atria was caused by the reductions in these para-

meters of the transmembrane potential, it would be expected that fresh atria 

incubated in 12 mM K+ Krebs wou1d have a contractile force of a similar 

magnitude. However, this was not the case. The contractile force of the 

+ fresh atria incubated in 12 mM ~ Krebs was over 2.5 times that of the cold-

stored atria (Table 8). It thus seems 1ikely that the reduction in the 

contractile force of the cold-stored atria can not be exp1ained solely by 

the reduction in the various parameters of the transmembrane potential. The 

+ on1y possible argument against this·is that whi1e high K caused reductions 

in the resting potential, action poteritial height, duration, area and depola-

rization rate, the reduction in the contractile force that wou1d have been 

+ produced by these changes was offset by other effects of high K on the atrium. 

o The experiments performed on fresh atria at 10 C provide further 

, 
1 
1 
i 

i 
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evidence that the electrophysiological changes could not account for the 

entire reduction in contractile force caused by cold-storage. In this case, 

the resting potential and action potential height and depolarization rate 

o of the atria at 10 C stimulated with 50 V were markedly lower than those 

values of the cold-store4 atria. In spite of this, the force of contraction 

of the atria at 100 C was over 2 times that of the cold-stored atria (Tables 

2 and 4). Even greater reductions in the values of these parameters of the 

transmembrane potential were required before the contractile force of the 

o atria at 10 C approached that of the cold-stored atria (Tables 2 and 8). 

However, the action potential duration and area of those atria incubated at 
o 

10 C, were significantly greater than those of the cold-stored tissue 

(Table 8). It thus could be argued that the increases in these parameters 

compensated for the reductions in the resting potential and action potential 

height and depolarization rate. However, if one eXamines the evidence from 

+ the effects of low K on cold-stored atria (~ig. 6) as weIl as the comparisons 

+ of the fresh atria in the cold and in high K with the cold-stored tissues 

(Table 8), it seems.reasonable to conclude that the electrophysiological 

changes could not account for the entire reduction in force produced by cold-

storage. 

+ 0 The experiments performed in 12 mM K Krebs or at 10 C further 

illustrate the relationship between the transmembrane potential and the 

contractile force. It would appear from these re~ults that the action 

potential can be greatly altered without affecting the contractile force 

+ . 
to any large extent. The atria incubated in 12 mM K exhibited a significantly 

reduced resting potential and action potential height, duration, area and 

depolarization rate; they were 80%, 63%, 78%, 55% and 17%, respectively, of 

• ASA 

1 
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+ those values in 6 mM K , and yet the contractile force was 85% of that in 

6 mM K+ Krebs (Table 7). The results from the atria incubated at 100 C 

were even more striking. In the first place, the ,atria were unable to 

exhibit action potentia1s with the usual characteristics. The lack of the 

"aIl or none" phenomenon, as shown by the voltage dependency of these poten-

tials (Table 4) and the sfmi1arity between the depolarization and repolari-

zation rates seem toindicate that these potentials are more like graded 

depolarizations than true action potentials. These potentials were, however, 

+ most likely caused by the influx of Na aa both the action potential height 

and the contractile force were reduced by TTX (Table 5), a known inhibitor 
+ . 

of the Na conductance during the action potential (Kao, 1966). In the 

second place, although the contractile force was.70% of control, the resting 

potential and action potential height and depolarization rate were markedly 

reduced (they were 75%, 48% and 1%, respectively, of those values at 300 C) 

and the action potential duration and area were significantly larger (they 

were 378% and 230%, respective1y, ~f those values at 300 C) (Tables 2 and 4). 

It thus seems difficult to correlate changes in the transmembrane potential 

with changes in the contractile force. It should be noted, however, that 

the reduction in the action potential h~ight and area by a decreased stimulating 

voltage (~able 4) or by TTX (Table 5) in those atria at 100 C resulted in the 

reduction in the contractile force. It does seem, therefore, that the 

reduction in some parameters of the transmembrane potential can result in 

the reduction of the contractile force. Finally, it should be noted that, 

+ as the contraction of the cardiac muscle is induced by the entry of Na into 

the cells (Langer, 1968) and probably not by the electrical activity per se, 

it is understandable that the configuration of the action potential could be 

! 
1 
1 
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changed without the significant alteration of the contractile force. 

Since the electrophysiological changes do not account for the entire 

reduction in contractile force produced by cold-storage, other factors are 

likely to be responsible for the decrease in contractile force. It is weIl 

known that red blood cells lose ATP when stored for prolonged periods of 

time in the cold and that this loss is accompanied by a dec,rease in viability 

(Nakao etaI., 1959; Bishop, 1961; Nakao et al., 1962; Simon, 1967). Calman 

et al., -(1970) studied stored whole rat hearts and found that the ATP levels 

corrélated with the "percentage survival" of the hearts. It thus seemed not 

unlikely that thereduction in the contractile force of stored atria might be 

due to a decrease in ATP content. It was, 'in fact, found that the reduction 

in force after cold-storage was accompanied by a reduction in the ATP content 

(Fig. Il). A positive correlation between the ATP content and the contractile 

force was quite consistent except in the case 'of those atria which were stored 

for 24 hours (Figs. 13 and, 14). The reason for this discrepancy is difficult 

to explain if the assumption is made that the reduction in force was due ~o 

the decrease in ATP content. However, it is possible that in this seried of 

experiments, at least, other factors were responsible for the increased con-

tractile force or low ATP content of these atria. As the energy for the 

contraction of the heart muscle comes from the hydrolysis of the high energy 

bonds of ATP (Furchgott and Lee, 1961), it seems likely that the reduction 

in ATP stores was a major factor in causing the low contractile force of the 

cold-stored atria. There may also be an interrelationship between the ATP 

content and the electrophysiological changes. The cold-stored atria exhibited 

+ ,+ 
an inability to extrude the excess Na or accumulate K. This may indicate 

o + + a defect in the Na -K pump. As ATP is the energy source for this pump 
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(Langer, 1968),it is possible that the reduction in ATP content wasthe 

factor responsiblefor the inability of the cold-stored tissues to restore 

the ionic balance to normal. 

If the reduction in contracti1ity were at lea'st in part due to a 

decrease in the ATP content, one wou1d expect that the restoration of the 

ATP level would also restore the contractility. It is well éstablished that 

the incubation of èold-stored red blood cells with adenosine or adenine in

creases the viability as well as the ATP content of the cells (Nakao'et al., 

1959, 1960; Simon, 1967; Lacelle, 1969). In the present experfments, the 

incubation of fresh and cold-s'tored atria with .adenosine led to slight and 

approximately equal increases in the contractile force. However, the incubation 

of fresh tissues with adenosine led to a large (a1most 4 tfmes) increase in 

ATP content; but in the case of the cold-stored atria, the increase in ATP 

content was not quite significant (O.l>p>O.OS) (Fig. 12). After incubation with 

adenosine, the ATP content of cold-stored atria was approximately the same as 

that of the control fresh atria before adenosine incubation (Fig. 12). However, 

the restoration of the ATP content of the cold-stored atria to values close to 

that of fresh control atria did not lead to the restoration of the contractile 

force to that 'of fresh atria. Furthermore, the increases in contractile force 

in the fresh and cold-stored atria after incubation with adenosine were stmilar, 

even though the increase in ATP content of fresh atria was far greater than 

that of the stored atria. It is possible that the heart cells under physio

logical conditions are operating with the optimum 1evel of ATP and any further 

increase would not change the contractile force. However, this does not exp1ain 

the lack of increase in the contractile force of the co1d-stored tissues when 

the ATP levels were raised~ It would therefore appear that either the reduction 
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in ATP content after cold-storage is not responsib1e for the reduction in 

force or that the newiy synthesizedATP is unab1eto be utilized by the 

contractile mechanism. If the l~tter 1s the case, the atr1a1 cells behaved 

differently than the r.ed b100d cells whose viabi1ity 1s restored by incubation 

with adenosine. However, it should be pointed out that the red blood cell is 

a much more simple structure than the cardiac cell and does not possess any 

contractile mechanism. Whi1e increases in ATP might rest.ore the viability 

of the red cell, it does not f6llow that it would necessar11y do so in the 

heart. This is 1ike1y to be so as th~red ce11 does not possess a contractile 

mechanism whichis the very structure whosefunction May be affected by the 

10w ATP levels in the heart. The re1ative1y smaller increase in ATP content 

of co1d-stored atria after incubation with adenosine compared to fresh tissues 

indicates possible. impairment in either the biosynthetic pathway for the 

formation of ATP from adenosine or in the storage mechan1sm for ATP in these 

tissues. 

Electron microscopie studies were performed to detect any structural 

changes which may account for the 10w contractile force in the cold~stored atria. 

Other workers have found structural changes in perfused who1e dog hearts after 

24 hours of storage; these authors found mitochondrial swe1ling, angu1ations 

in the mitochondr1al cristae, loss of glycogen and changes in the sarcop1asmic 

reticulum which correlated with the loss of function (Ferrans et al., 1970; 

Trunkey et al., 1970). However, in the present work, no changes in the extra

cellular space (Fig. 16) or histo10gical changes (Figs. 17', 18 and 19) could 

be detected in atrial muscle after either 24 or 48 hours of cold storage, 

except for a 10ss of glycogen. The decrease in ATP content was unaccompanied 

by any noticeab1e changes in the mitochondria and no changes were seen in 
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the plasma membrane to account for the altered ionic balance of the cold-

stored atria. Thus the decrease in contracti1ity of the cold-stored atria 

does'not seem to be explained by any structural changes which could be 

detected by électron microscopy. The' discrepancy between the present 

findings and those of the above authors may be due to the different prepa-

ration involved and' different methods of storage. Considerable difficulty 

has been encountered during the perfusion of hearts for the long periods of 

time required for cold-storage, especially with microemboli (Webb, 1968; 

Childs and Lower, 1969). It is thus possible that inadequate perfusion 

could account for the more extensive damage in the experiments with the 

storage of who1e hearts. 

The low contractile force in· the cold-stored atria do es not'seem to 

++ be due to a deficiency of Ca as this agent did not increase the contractile 

force to a greater extent in the stored than in the fresh atria (Fig. 23). 

It is of interpst that ouabain did not increa$e ~he force of con trac-

tion of the cold~stored atria to a greater extent. than that of the fresh 

atria (Fig. 21). Cardiac glycosides are known to have a much greater effect 

both on pathologically and experimentally induced failed hearts than they have 

on non-failedhearts (Lee and Klaus, 1971). This "extra" increase in fai1ed 

preparatio.ns can occur in heart muscle whethe~ the ATP content is normal or 

reduced (Furchgott and Lee, 1961). However, in the case of failure produced 

by prolonged storage at low temperatures, both when the ATP content was 

reduced or when it was restored to normal values by. incubation with adenosine, 

ouabain was no more effective than in the fresh preparations (Figs. '21 a~d 22). 

On the ather hand, when failure was induced in fresh preparations by high con-

centrations of noradrenaline, ouabain was much more effective than it was in 
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'
the fresh controls. This indicates that the type of myocardial failure is , 

differentin cold-stored atria than in other situations, or that cold-storage 

produces certain other changes which prevent ouabain from exerting its usual 

effect on failed hearts. 

B. 'SPONTANEOUS RATE AND 'COLD~STORAGE 

The experimental results showed that spontaneously beating cold-stored 

atria were able to contract at the same frequency as fresh tissues even after 

. 72 hours of cold~storage (Fig. 25), despite the large reduction in contractile 

force. These results are consistent with the findings of Kamiyama et al. 

(1970) who found no change in rate after the storage of whole rat hearts for 

48 hours in the'cold. 

Hoffman and Cranefield (1960) have pointed out that rate can be altered 

by 3mechanisms: 1) a change in the resting potential; 2) a change in the 

threshold potential; 3) a change in the slope of phase 4 of the action poten-

tial. In the present experiments, the resting potential of the left atrial 

cells was found to be reduced, which indicates that there should have been an 

increase in the rate. There are two possibilities for this lack of change in 

the spontaneous rate of cold-stored atria. The first is that although the 

resting potential was decreased by cold-storage, the threshold potential was 

also changed in the same direction and to the same degree. The second is 

that the pacemaker cells of the muscular tissue from which the measurements 

were taken were more resistant to cold-storage than the muscle cells. The 

second alternative seems more plausible, even though the potentials of the 

pacemaker cells were not measured. It is known that the pacemaker cells are 

+ more resistant to the depolarizing actions of high K than those of the 
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muscu1ar tissue; 1itt1e change is seen in the resting potentia1 even after 
marked depo1arization has occurred in the rest of ,the atrium (Hoffman and 

+ Cranefie1d, 1960). Furthermore, incubation of fresh atria in 12 mM K Krebs 
produced resting potentia1s equiva1ent to those found after 48 hours of 
co1d-storage, but did not change the rate (Table 10). However, the depo1a~ 
rizing actions of cold-storage and those of high K+ were due to different 
causes and therefore the comparison is only suggestive and does not prove 
that cold-storage affects the resting potential of only the non-pacemaker cells. 

It is a1so of interest that the spontaneous rate of cold-stored atria 
was the same as that of the fresh atria despite a large reduction in the ATP 
content (Tablè 11). This is in contrast to the findings of other workers who 

-have studied the effect of metabolic inhibitors ~n the spontaneous rate and 
on the ATP content. Gardner and Farah (1954) found that anoxia or fluoro-
acetate prcduced a decrease in the spontaneous rate of rabbit atria. These 
treatments have a1so been shown to reduce the ATP content of heart muscle 
(Furchgott and Lee, 1961). Harry et -al. (1967) and Seraydarian'èt-a1. (1968) 
found that the r~duction in ATP levels in cultured rat heart ce11s produced 
by various metabolic inhibitors was invariab1y accompanied by a reduction in 
rate or loss of spontaneous contractions altogether. The reduction in the 
ATP content in the present experiments was much greater than what the above 
authors foundwas necessary for a reduction in rate in cultured heart cells. 
The authorsattributed the reduction in rate to the decrease in ATP stores. 
It seems 1ikely, however, in view of the present experiments, that the reduc-
tion in rate produced by metabo1ic inhibitors or anoxia is due to other 
factors than the reduction in ATP contentper-se. These results also show 
that the ATP content has 1itt1e or no effect on the spontaneous rate of rat 

____ 0-_-. __ 0 _____ 0 _____ _ 
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heart. 

Fresh and co1d-stored atria responded in a sfmi1ar manner to the 

chronotropic effects of noradrena1ine and Ca++ (Figs. 27 and 28). Fresh 

and co1d-stored atria a1so resumed spontaneous contractions at the same 

temperature when rewarmed from 20 C (Fig. 2). These resu1ts indicated 

that the mechanisms for changing rate were unaltered by co1d-storage. 
, + 

However, co1d-stored atria showed an increased sensitivity to high K when 

compared with the fresh tissues (Fig. 26). However, Hoffman and Cranefie1d 

(1960) pointed out that high K+ causes a cessation of spontaneous contractions 

by b10cking the impulses from the pacemakercel1s by its depolarizing actions 

rather than by affecting the pacemaker cel1s themse1ves. In a11 probability, 

+ the increased sensitivity of cold-stored atria to high Kwas due'to a b10ck 

in conduction as the muscle ce11s were a1ready partia1ly depo1arized by the 

co1d-storage. It thus seems 1ikely that cold-storage has little effect on 

the abi1ity of the pacemaker ce1ls to "fire" or on their abi1ity to alter the 

rate of "firing". 

In conclusion, both the electrophysiologica1 changes (reductions in 

the resting potentia1, action potential height, duration, area and depolari

zation rate) and the reduction in the ATP content seem to be involved in the 

decrease in contractile force produced br cold-storage. Other factors, ~hich 

were not studied in this work, may a1so be invo1ved. The decreased ATP 

content of the co1d-storen atria may be responsib1e for the electrophysio10gical 

changes. The rate of spontaneous contractions of rat atria seems to be 

unaffected by the decrease in the resting potentia1 of the non-pacemaker cells 

and the reduction in the ATP content produced by cold-storage. 
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1) Storage of rat atria at 60 C for 8-72 hours produced a decrease 

in the contractile force without any change in spontaneous rate. 

2) Cold-stored atria had reduced intracellular concentrations of 

K+ and increased intracellular concentrations of Na+. Contents of these 

two ions were the same at 60 C as at 300 C indicating that the cold-stored 

+ + atria were unable to reaccumulate K and extrude the gained Na • 

3) Cold-stored atria had a reduced resting potential, action 

potential height, duration, area and depolarization rate, as measuredwith 

intracellular microelectrodes. 

4) Incubation of atria in 1.2 mM K+ Krebs resu1ted in an increase 

in contractile force of the co1d-stored atria but not of the fresh atria. 

The force of contraction of the cold-stored atria in 1.2 mM K+ Krebs was 

on1y 5.8% of that of the fresh atria. These resu1ts indicated that the 

+ reduced K g~adient and consequent alterations in the action potential were, 

in part, responsib1e for the decrease in contractile force produced by 

co1d-storage. 

5) + Fresh atria incubated in 12 mM K Krebs had a resting potential, 

action potential height, dura~ion, area and depo1arization rate sfmilar to 

or 10wer than those values of the co1d-stored atria but had a contractile 

force over 2.5 times that of the cold-stored atria. Fresh atria at 100C 

had a contractile force comparable to that of cold-stored atria, but had a 

resting potential and action potential height and depolarization rate much 

10wer than those values in the cold-stored atria. These results indicated 

that the decrease in contractile force could not be entire1y exp1ained by 

the electrophysiologica1 changes produced by cold-storage. 

j 
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6) Fresh atria incubated at 100 C exhibited abnormal action 

potentials. The height of the action potential as well as the contractile 

force was stimulus strength dependent. This indicated that the potentials 

recorded at 100 C were more like graded depolarizations than true potentials. 

Hewever, these depolarizations were blocked by tetrodotoxin. 

7) The ATP content was reduced by cold-storage and a correlation 

between the decrease in ATP content and the reduction in the contractile 

force was found in atria stored for various periods and under different 

conditions. These results suggested that low contractile force of cold-

stored atria may be partly due to the decrease in ATP content. 

8) Incubation of fresh and cold-stored atria with adenosine resulted 

in the increase in ATP content but not in the contractile force. It was 

suggested that the contractile mechanism could not use this newly formed 

ATP. ATP accumulation after adenosine incubation was much greater in the 

fresh than in the cold-stored atria. These results indicated that the 

biosynthetic pathway for the formation of ATP from adenosine or the storage 

mechanism for ATP was 1mpaired by cold-storage. 

9.) Electron micrographs of atria stored for 24 and 48 hours revealed 

no histological changes other than a decrease in the amount of glycogen. 

There was no difference in the extracellular space between the fresh and 

cold-stored atria. 

10) Storage of atria in Krebs containing up to 18 mM K+ did not 
" 

prevent the decrease in contractile force produced by cold-storage. 

1 
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Il) 
+1-Noradrenaline, ouabain or Ca produced comparable increases 

in the contractile force of fresh and cold-stored atria. The inotropic 

effect of ouabain on stored atria was not altered by the prior incubation 

of the atria with adenosine. 

12) 
+1-. 

Noradrenaline or Ca produced comparable increases in the 

spontaneous rate of fresh and cold~stored atria. 

13) Cold-stored atria weremore sensitive to the negative inotropic 
. ,+ 

and chronotropic effects of high K than were the fresh atria. 

14) Cold-storage for periods up tO,72 hours produced no change in 

the spontaneous rate of rat,atria despite the decreases in the restin~ 

potential of the non-pacemaker cells and reductions in the ATP content. 

+ 15) High K Krebs produced a similar change in the resting ~otential 

as did cold-storage but caused no change in the spontaneous rate. It was 

suggested that the pacemaker cells were more resistant to the effects of 

cold-storage than were the·muscle cells. 
'" 
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The fo110wing findings are original contributions to knowledge as 

far as the author is aware. 

1) A systematic study has been performed to determine the cause of 

the reduction in the contractile force of atria. stored in the cold; no 

su ch studyis reported in the 1iterature •. 

2) An investigation has been made to determine the reasons for the 

1ack of change in the spontaneous rate of rat atria after pro10nged cold-

storage; no previous work of this type is reported in the 1iterature. 

3) lt was found that co1d-stored atria were unab1e to recover 
+. + .' . 

lost K and extrude the gained Na upon incubation at warm temperatures. 

4) lt was found that the contractile force of co1d-stored atria was 

+ increased by 10w K to a greater extent than that of the freshatria. 

5) lt was, found that co1d-stored atria were more sensitive to high 

+ K than were fresh atria. 

,6) Thecharacteristics of potentia1s recorded at low temperatures 

(100 C) from fresh atria were e1ucidated. 

7) lt was found that the increase in ATP content after incubation 

with adenosine was greater in fresh atria than in co1d-stored atria. 

8) lt was found that the increase in ATP content of cold-stored atria 

to values seen in the fresh atria did not restore the contractile force to 

normal values. 

9) lt was found that the increases in rate and contractile force to 

++ noradrena1ine, ouabain or Ca were simi1ar in fresh and co1d-stored atria. 

10) lt was found that the spontaneous rate of rat atria did not change 
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after storage in the co1d for 8-72 hours despite reductions in the resting 

membrane potentia1 and ATP content. 

11) It is suggested that the electrophysio1ogica1 ch~nges produced 
,j 

by co1d-storage are in part responsib1e for the reduction in the contractile 

force. 

12) In view of the positive correlation between the decrease in 

contractile force and the decrease in ATP content produced by co1d-storage, 

it is suggested that the reduction in ATP content is, in part, responsib1e 

for the reduction in contractile force. 



' ... __ . __ ......... _" ... _ .. ___ ._, __ .. _ ... ____ ~ ... __ .:...... . ..::... ___ ~_------... ------~- ._~ __ ......... lIiII~j!ii;J1 

BIBL IOGRAPHY 

o 



() 

0. 'J 

-100-

"-
Athreya, B.B., Lehr, B.B., Greene, A.E., and Corie11e, L.L. (1968). In 

o vitro preservation of rabbit hearts in a depo1arized state at 4 C. 

Cryobiol., !: 263. 

Bing, R.J. (1965). Cardiac metabo1ism. Physio1. Rev., 45: 171-213. 

B~shop, C. (1961). Changes in the nuc1eotides of stored or incubated 

.~uman b1ood. Transfusion,!: 349-354. 

Brady, A.J. (1964). Excitation and excitation-contraction coup1ing in 

cardiac muscle. Ann. Rev. Physio1., '26: 341-356. 

Brady, A.J., and Woodbury, J.W. (1960). The sodium-potassium hypothesis 

as the basis of e1ectrica1 activity in frog ventric1e. J. Physio~., 

'154: 385-407. 

Brooks, C.McC., Boffman, B.F., Suck1:f.ng, E.E., and Orias, O. (1955). In, 

"Excitabi1ity of the Beart". Grune and Stratton, Inc., New York. 

Burgen, A.S.V., and Terroux, X.G. (1953a). The membrane resting and action 

potentia1s of the cat auric1e. J. Physio1., 119: 139-152. 

Burgen, A.S.V., and Terroux, X.G. (1953b). On the negative inotropic effect 

in the cat's auric1e. J. Physiol.; '120: 449-464. 

Ca1man, X., Macpherson, S., Wood, R., and Bell, P. (1970). The perfused 

rat heart as a mode1 for tissue storage and viabi1ity. Brit. J. Surg., 

57: 380-381. 

Castil10, J. de1., and Katz, B. (1955). Production of membrane potential 

changes in the frog's heart by inhibitory nerve impulses. Nature, 175: 1035. 

Childs, J.W., and Lower, R.R. (1969) .• Preservation of the heart. Prog. 

Cardiovasc. Dis., '12: 149-163. 

Coraboeuf, E., and Vassort, G. (1968). Effect of some inhibitors of ionic 

permeabi1ities on ventricu1ar action potentia1 and .contraction of rat and 

guinea-pig hearts. J. Electrocardio1., !: 19-30. 



() 

o 

.... _----_ .... -----

-101-

Cranefie1d, P.F., Eyster, J.A.E., and Gilson, W~E. (1951). Effects of 

reduction of externa1 sodium ch10ride on the injurypotentia1s of cardiac 

muscle. Am. J. Physio1., 166: 269-272. 

Cranefie1d, P.F., and Hoffman, B.F. (1958). E1ectrophysiologyof single 

cardiac cel1s. Physiol. Rev.; 38: 41-76. 

Daniel, E.E. (1965). Active transport of e1ectro1ytes in strips of rabbit 

aorta and uterus. Arch. int. Pharmacodyn.; '158: 113-130. 

Danowski, T.S. (1941). The transfer of potassium across the human b100d 

ce11 membrane. J. Biol. Chem.; 139: 693-705. 

Dha11a, N.S., Yates, J .C., Wa1z, D.A., McDona1d, V.A., and 01son, R.E.. (1972). 

Correlation between changes in the endogenous energy stores and myocardia1 

function due to hypoxia in the iso1ated perfused rat heart. Cano J. Physio1. 

Pharmac • , 50: 333-345. 

Deck, K.A., and Trautwein, W. (1964). Ionie currents in cardiac excitation. 

Pf1~ger's Arch. ges. Physio1., 280: 63-80. 

de Mello, w.C. (1963). Ro1e of ch10ride ions in cardiac action and pacemaker 

potentia1s. Am. J. Physiol.., 205: 567-575. 

Draper, M.H., and Weidmann, S. (1951). Cardiac resting and action potentia1s 

recorded with an intrace11u1ar e1ectrode. J. Physio1.; '115: 74-94. 

Dude1, J.,. and Trautwein, W. (1958). Der Mechanismus der automatischen 

rhythmischen Impu1sbi1dung der Herzmuske1faser. " , Pf1uger s Arch. ges. 

~hysio1., 267: 553-565. 

Edmands, R.E., Greenspan, K., and Fisch, C. (1967).'. An e1ectrophysio1ogic 

corre1ate of ouabain inotropy in canine caridac muscle. Circ. Res., 21: 

515-524. 



------------- .. __ .. _ ..... _ .. _._------ --

-102-

Fawaz, G. (1956). " Die Wirkung von F1uoressigsaure auf Leitung und Stoff-

wechse1 des Herz1ungenpraparates des Hundes. Arch. exp. Path. Pharmak., 

228: 377-386. 

Fawaz, G., and Tutunji, B. (1957). The mechanism of dinotropheno1 heart , 

fai1ure. Br.'it. J. Pharmac. ~ '12: 273-278. 

Ferrans, V.J., Levitsky, S., Buja, L.M., Williams, W.H.', Mclntosh, C.L., and 

Roberts, W.C. (1970). Histo1ogica1 and u1trastructura1 studies on preserved 

hearts. Circulation 41-42: Supp. II: 104-109. 

F1eckenstein, A., Janke, J., and Gerlach, E. (1959). Konzentration und 

Turnover der energiereichen Phosphate des Herzens nach Studien mit Paper-

chromatographie und Radiophosphor. Klin. Wchnschr.~ !!.: 451-459. 

Friedman, S.M., and Friedman, C.L. (1967). The ionic matrix of vasoconstriction. 

Circ. Res., 20-21: Supp. II: 147-155. 

Furchgott, R.F., and Lee, K.S. (1961). High energy phosphates and the force 

of contraction of cardiac muscle. Circulation, '24: 416-432. 

Furchgott, R.F., Sleator, W., and de Gubaref~, T. (1960). Effects of acety1-

choline and epinephrine on the contractile strength and action potentia1 of 

e1ectrica11y driven guinea pig atria. J. Pharmac. exp. Ther., '129: 405-416. 

Gardner, E.A., and Farah, A. (1954) • The action of some enzymé inhib:l.tors on 

the isofated rabbit auric1e. J. Pharmac. exp. Ther.; '111: 255-264. 

Garzon, A.A., Kornberg, E., Pangan, J., Stuckey, J.H., and Kar1son, K.E. (1968). 

Myocardia1 contracti1ity fo110wing 24 hours of hypothermie (40 C) storage. 

Cryobio1., !: 262-263. 

Harris, J.E. (1941). The influence of metabo1ism of human erythrocytes on 

their potassium content •. J. Biol. Chem., 141: 579-595. 

o 



o 

----------------------

-103-

Harry, I., Seraydarian, M., and Gerschenson, L.E. (1967). Effect of lipids 

on contractility of cultured heart cells. In, "Factors Influencing Myocardial 

Contractility." Edited by R. Tànz, F. Kavaler, and J. Robe.rts. Academie 

Press, New York, pp. 231-243. 

- " Hochrein, H., and Doring, H.J. (1958). Das Verhalten der energiereicher 

Phosphat-Verbindungen des Myokards fm Normalzustand und bei experimentelles 

Insuffizienz durchPhenylbutazon. " Pf1uger's Arch. ges. Physiol., 267: 313-330. 

Hodgkin, A.L. (1951). The ionic basis of electrica1 activity in nerve and 

muscle. Biol. Rev.~· -26: 339-409. 

Hodgkin, A.L.,. and Huxley,A.F. (1952!.). Currents carried by sodium and 

potassium ions through the membrane-of the giant axon of-Loligo. J. Physiol., 

·116: 449-472. 

Hodgkin, A.L., and Huxley, A.F. (1952k). The components of membrane conduc

tance in the giant axon of-Loligo. J. Physiol., -116: 473-496. 

Hodgkin, A.L., and Huxley, A.F. (1952~. The dual effect of membrane potentia1 

on sodium conductance in the giant axon of Loligo. J. Physiol., 116: 497-506. 

Hodgkin, A~L., and Huxley, A.F. (1952d). A quantitative description of 

membrane current and its application to conduction and excitation in nerve. 

J. Physiol. ~ -117: 500-544 .• 

Hodgkin, A.L., Huxley, A.F., and Katz, B. (1952). Measurement of current-

voltage relations in the membrane of the giant axon of-Loligo. J. Physiol., 

116: 424-448. 

-Hoffman, B.F. (1959). Electrophysiology of single cardiac cells. Bull. N.Y. 

Acad. Med.; -35: 689-706. 

Hoffman, B.F., and Cranefie1d, P.F. (1960). In, "E1ectrophysio1ogy of the 

Heart." McGraw-Hill Book Co. Inc., New York. 



-104-

o Ho11ander, P .B., and Webb, J .L. (1955). Cellular membrane potentia1s and 

contracti1ity of normal rat atrium and the effectsof temperature,tension 

and stimulus frequency. Circ. Res.~ 1: 604-612. 
-' 

Hutter, O.F., and Trautwein, W. (1955). Vaga1 effects on the sinus venosus 

of the frog's heart. J. Physio1.~ 129: 48P. 

Hutter, O.F., and Trautwein, W. (1956). Vaga1 and sympathetic effects on 

the pacemaker fibers in the sinus venosus of the heart. J. Gen. Physiol., 

39: 715-733. 

1 Johnson, E.A., and Lieberman, M. (1971)., Heart: Excitation and contraction. 

Ann. Rev. Physiol., 33: 479-532. 

Johnson, E.A., and Tille, J. (1960). 'Changes in po1arization resistance during 

the repolarization phase of the rabbit ventricu1ar action potentia1. Australian 

J. Exp. Biol. Med. Sci.~38: 509-513. 

Johnson, E.A., and Wilson, L. (1962). Membrane ionic permeabi1ities during 

the cardiac action potentia1. Austra1ian J. Biol.' Med. Sei.; '40: 93-l0~. 

Kamiyama, T.M."Webb, W.R., and Ecker, R.R.' (1970). Preservation of the 

anoxie heart with a metabo1ic illhibitor and hypothermia. Arch. Surg., 100: 

596-599. 

Kao, C.Y. (1966). Tetrodotoxin, Saxitoxin and their significance in the 

study of excitation phenomenal Pharmac. Rev.; '18: 997-1049. 

Lacelle, P. (1969). Alteration ofdeformabi1ity of the erythrocyte membrane 

,in stored b1ood. Transfusion,,2.: 238-245. 

Langer, G.A. (1968). Ion fluxes in cardiac excitation and contraction and 

their relation to myocardia1 contractility. Physiol. Rev., 48: 70,8-757. 

Lee, K.S., and Klaus, W. (1971). The subce11u1ar b~sis for the mechanism 

0 ... · 
, " of inotropic action of cardiac glycosides. Pharmac. Rev., '23: 193-261. 



---------_._--_ ...... -._-----. -_ ...... _ ....... _._-' ... _._--_ .. , ..• ~ ... _------.-'----- ---'--

o 

o 

-105-

Lee, K.S., Yu, O.H., Lee, D.I., and Burstein, R. (1961). The influence of 

potassium and calcium on the effect of ouabain on cat papil1ary muscles. 

J. Pharmac. exp. Ther., 132: 139-148. 

Lee, S.S., and Webb, W.R. (1959). Cardiac metabolism as inf1ue~ced by 

ischemia, refrigeratio~, and enzyme precursors. Amer. Surg., 25: 776-781. 

Lu, H., Lange, G., and Brooks, C.McC. (1968). Compàrative studies of e1ectrica1 

and mechanica1 a1ternation in heart ce11s. J. E1ectrocardio1., 1: 7-17. 

Lum, B.K.B., Kermani, M.H., and Heilman, R.D. (1966). Intestinal relaxation 

produced by sympathomimetic amines in the iso1ated rabbit jejunum: Selective 

inhibition byadrenergic b10cking agents andby co1d storage. J. Pharmac. 

exp. Ther., 154: 463-471. 

Marshall, J.M. (1957). Effects of 10w temperatures on transmembrane 

potentia1s of single fibers of the rabbit atrium. Circ. Res., i: 664-669. 

Matsuda, K. (1960). Some e1ectrophysio10gica1 properties of terminal Purkinje 

fibers of heart. In, "E1ectrica1 Activity ,of Single Cel!." Edited by 

Y. Katsuki. Igakushoin, Tokyo. pp. 283-294. 

Matsuda, K., Hoshi, T., and Kameyama, S. (1956). Recovery of membrane 

potentia1 of dog's ventric1e after a long exposure to 10w temperatures, 

a pre1iminary connnunication. Tohoku J. exp. Med.; '63: 334. 

Matsuda, K., Kamiyama, A., and Hoshi, T. (1967). Configuration of the trans

membrane actionpotentia1 at the Purkinje-ventricu1ar fiber junction and its 

ana1ysis. In, "E1ectrophysio10gy and U1trastructure of the Heart." Edited 

by T. Sano, V. Mizuhira, and K. Matsuda. Grune and Stratton, New York. 

pp. 177-187. 

'McDouga1, M.R., and Borowitz, J.L. (1972). The effect of adenosine and co1d

storage on the response of the guinea-pig ileum to various agonists. Arch. 

int. Pharmacodyn., 195: 177-184. 



--,-'--;:'''';---'--. ---._--- ._-... _... ---

() 

-106-

Nakao, M., Nakao, T., Tatibana, M., and Yoshikawa, H. (1960). Phosphorous 

metabolism in humanerythrocytes. III. Regene~ation ofadenosine triphos

phate in long-stored erythrocytes by incubation with inosine and adenine. 

J. Biochem., 47: 661-671. 

Nakao, M., Nakao, T., ·Tatibana, M., Yoshikawa,H., and Abe, T. (1959). 

Effect of inosine and adenine on adenosine triphosphate regeneration and 

shape transformation in long-stored erythrocytes. Biochem. Biophys. Acta, 

32: 564-565. . 

Nakao, K., Wada, T., Kamiyama, T., Nakao, M., and Nagano, K. (1962). A direct 

relationship between adenosine triphosphate-level andin·vivo viability of 

erythrocytes. Nature, 194: 877-878, 

Needham~ D.M.. (1960). Biochemistry of muscu1ar .action. In, "Structure and 

Function of· Muscle.· Vol. II. Biochemistry and Physio1ogy." Edited by 

. G.H. Bourne. Academic Press, New York, pp. 55-104. 

Niedergerke, R., and Orkand, R.K. (1966). The·dua1 effect of calcium on 

the action potential of the frog's heart. J. Physiol.;184: 291-311. 

~ob1e, D. (1962). A modification of the Hodgkin-Huxley equations applicable 

to Purkinje fiber action and pacemaker potentia1s. J. Physiol., 160: 317-352. 

,Page, E., and Solomon, A.K. (1960). Cat heart musclé in·vitro. I. Ce11 

volumes and intracellular concentrations in papi1lary muscle. J. Gen. Physio1., 

44: 327-344. 

Page, E., and Storm, S.R. (1965). Cat heart muscle in vitro. VIII. Active 

transport of sodium in papillary muscles. J. Gen. Physiol., 48: 957-972. 

·Prasad, K., and Callaghan, J.C. (1970). Influence of glucose metabolism on 

ouabain-induced changes in the transmembrane potential and contraction of 

human heart in vitro. Cano J. Physiol. Pharmac.; ·48: 801-812 • 

.. ..... _---_._._-- ---------



() 

· _ .. ------._----_._--------_. __ .-.. _- -----_._ .. - --- . _-_._--_._- .. ---_._-~----'--'-'---_. 

-107-

Reichel, H., and Bleichert, A. (1959). Ecitation-contraction coupling in 

heart muscle. Nature; '183: 826-827. 

Reiter, M., Stickel, F.J., and Weber, S. (1966). The influence of the 

extracellular potassium concentration on the glycoside effects upon 

contractile force and action potential duration of the guinea pig papillary 

muscle. Experientia; 22: 665-666.. 

Ruch, T.C., and Patton, H.D. (1965). In,- nphysiologyand Biophysics." 

W.B. Saunders Co., Philadelphia.-

Scheuer, J., and Stezoski, S.W. (1968). Effects of high-energy phosphate 

depletion and repletion on the dynamics and electrocardiogram of isolated . 

rat hearts. Circ. Res.; '23: 519-530. 

Seraydarian, M.W., Harary, I., and Sato, E. (1968).' Iu'vitro studies of 

beating-heart cells in culture. XI. The ATP level and contractions of 

the heart cells. Biochem. Biophys~ Acta~ '162: 414-423. 

Shibata., S. (1969) • Effec.t of prolonged co1d storage on the contractile 

response of strips of rabbit aorta to various agents. Circ. Res., 24: 

179-187. 

Simon, E.R. (1967). Adenine and purine nucleosides in human red cell 

preservation. A review. Transfusion; 1= 395-400. 

Spear, J.F., and Moore, E.N. (1971) •. A comparison of alternation in myocardial 

action potentials and contractility. Am. J. Physiol.~ 220: 1708-1716. 

Strehler, B.L. (1963). Adenosine-5'-triphosphate and creatine phosphate 

determination with luciferase. In, "Methods of Enzymatic Analysis." 

Edited by H.U. Bergemeyer. Academic Press, New York. pp. 559-572. 

Tamai, T., and Kagiyama, S. (1968). Studies of cat heart muscle during 

recovery after prolonged hypothermia. Circ •. Res.; . 22: -423-433. 

-,.-----:.:-::-:.-- . 

.... 



--------_ .... --_ ..... -_ .. _ .. -._----_ .. -.•..... - ... 

o 
-!08-

Trautwein, W., and Dude1, J. (1958) • Hemmende und "erregende" Wirk~ngen 

" des Acety1cho1in am Warmb1uterherzen. Zur Frage der spontanen Erregungs-

bi1dung. " Pf1uger's Arch. ges. Physio1., '266: 653-664. 

Trautwein, W., and Kassebaum, D.G. (1961). On the mechanism of spontaneous 

impulse generation in the pacemaker of the heart. J. Gen. Physio1., 45: 

317-330. 

Trunkey, O., Degenhardt, T., Char t rand , C., Pryor, J., and Be1zer, F. (1970). 

Preservation of canine hearts. Cryobiol.,!: 515-521~ 

Varma, D.R., and McCu11ough, H.N. (1969). Dissociation of the supersensitivity 

to norepinephrine caused by cocaine from inhibition of H3-norepinephrine 

uptake in c'old-stored smooth muscle. J. Pharmac. exp. Ther., 166: 26-34. 

Vassa11e, M. (1966). Ana1ysis of cardiac pacemaker potential using a' "voltage 

clamp" technique. Am. J. Physio1., 210: 1335-1341. -- . 

Webb, J.L. (1956). Re1ationship between membrane potentia1s and repo1arization 

in the rat atrium. Science, '124: 1209-1210. 

Webb,J.L., and Ho11ander, P.B. (1956). The action of acety1cho1ine and 

epinephrine on the cellular membrane potentia1s and contractility of rat 

atrium. Cir~. Res.; i: 332-336. 

Webb, W.R. (1968). Current methods of cardiac preservation. Cryobio1., 4: 268. 

Weidmann, S. (1951).' Effect of current f1owon the membrane potentia1 of 

cardiac muscle. J. Physio1., ·115: 227-236. 

Weidmann, S. (1952). The e1ectrica1 constants of Purkinje fib~es. J. Physio1., 

118: 348-360. 

Weidmann, S. (1955a). The effect of the cardiac membrane potentia1 on the 

rapid avai1abi1ity of the sodium-carrying system. J. Physiol., 127: 213-224. 

----------------~ 

, 1 



o 

A" V 

... -_ .. " " ----_ .. -_ .. , -, ' ,'. ""." ... _~ .... ,_."-_._~---""-".,-,,,.,._----~ 

-;1.09-

'" 

Weidmann, S. (1955b). Effects of calcium ions and local anaesthetics on 

e1ectrica1 properties of Purkinje fibc:è8. J. Physio1.; "129: 568-582. 

Weidman~, S. (1956). In, UE1ektrophysio1ogie der Berzmuskelfaser. U" 

Buber, Bern. 

West, T.C., Falk, G., and Cervoni, P. (1956). Druga1teration of trans-

membrane potentia1s in atria1,pacemaker ce11s. J. Pharmac." exp. Ther., 117: 

245-252. 


