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(v) 

The work presented in this thesis is involved in the main with 

myosin types in the rabbit ventr1cle. These have been investigated 

using calcium7activated myosin ATPase staining. Considerable 

heterogeneity of myosin ATPase staining intensity, and hence myosin 

isoform distribution, is shown to exist in the ventricle of the 

rabbit. This is compared with the situation in the ventricles of 

several other mammalian species. 

The heterogeneity found in the rabbit ventricle can be divided 

into two categories: regional and local. The most commonly found 

example of regional heterogeneity was between endocardial and 

epicardial fibres. Lower intensity staining (and hence a higher 

proportion of Vs myosin) was always found in endocardial fibres 

relative to epicardial fibres. Local heterogeneity refers to 

differences in staining intensity between neighbouring cells. These 

local differences have been examined photometrically and the 

possibility of distinct fibre types is discussed. 

Vorkload has been investigated as a possible cause of both 

regional and local myosin heterogeneity; metabolic capacity and 

cross-sectional area have been used as indirect measures of 

workload. It was found that it was possible to explain transmural 

myosin heterogeneity in terms of workload but that local 

heterogeneity could not be wholly explained in such terms. 

The possibilty that the sympathetic nervous system might have a 

role in the production of myosin heterogeneity in the rabbit heart 
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was investigated by examining distribution of nerve endings and the 

effect of chemical synpathectomy. It was concluded that neither 

regional nor local heterogeneity was dependent on sympathetic nerve 

endings, as both forms of heterogeneity survived their complete 

removal. 

Another aspect of heterogeneity investigated in this work was 

electrophysiological and the possibility of a correlation of this 

and myosin distribution was investigated. Muscles from various 

regions of the heart were compared- in terms of- electrophysiology 

and myosin ATPase activity and it was found that in general longer 

action potentials were associated with lower myosin ATPase activity 

(and hence a higher proportion of Va myosin). The possibility that 

changes in electrophysiology might act as a trigger to change 

myosin distribution is discussed. 

Three self-contained chapters are also included. These deal 

with: differences between rat atrial and ventricular myosin heavy 

chains; differences between reptilian atrial and ventricular 

myosins; and methods of staining individual isolated nyocytes for 

myosin ATPase activity. The f irst of these shows, using 

histochemical and immi nahistochemical techniques, that differences 

do exist between rat atrial (HC.. ) and ventricular (HC.. ) myosin 

heavy chains. The chapter on reptilian hearts shows that 

differences in myosin ATPase staining between atrium and ventricle, 

similar to those found in mammalian hearts, can also be 

demonstrated in reptilian hearts. These differences appear to be 

attributable to differences in workload (as shown by metabolic 

capacity) as is the case in mammalian hearts. 



(vi i) 

In the chapter on isolated myocytes are descibed two techniques 

for myosin ATPase staining of these cells, one of which could be 

used to cut and stain single, identified myocytes. There is also a 

discussion of the fact that these cells were electrophysiologically 

non-viable. 
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It is well known that myosin composition of skeletal muscle 

fibres can be altered by changes in the pattern of fibre 

activation. This has been demonstrated by means of cross- 

reinnervation experiments where-for example, a slow muscle nerve is 

made to innervate a fast muscle. This leads to the re-innervated 

muscle producing slow myosin and becoming a slow muscle (Buller et 

al., 1960). . Myosin type can also be changed in skeletal muscle 

fibres by chronic stimulation at higher than normal frequencies for 

slow skeletal muscle and at lower than normal frequencies for fast 

skeletal muscle (Salmons h Vrbova, 1969 . Clearly, therefore, 

electrophysiological interventions can have an influence on myosin 

gene expression in skeletal muscle fibres. 

In cardiac muscle, it is known that atrial action potentials are 

shorter and have a less pronounced plateau phase than ventricular 

action potentials (e. g. Hume & Uehara, 1985). Since the first 

demonstration of Sartore et al. (1978) in chick heart it has also 

become apparent that atrial. and ventricular, myosins are distinct 

molecules in most species (Sartore et al., 1981; Syrovy et al., 

1979; Yazaki et al., 1979). It is obviously not possible for 
I 

differeht activation frequencies of the atria and ventricles to be 

the cause of these differences in myosin type, but the difference in 

action potential configuration is another obvious candidate. 

ý Watanabe et al. (1983) have shown that, , in, the intact rat 

ventricle and in myocytes isolated from the rat ventricle, 

considerable heterogeneity of action potential duration exists; 

there being three distinct groups of action potentials. The earlier 
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discovery of three distinct isoforms (distinct molecules having the 

same enzymatic function) of ventricular myosin in the rat (Hoh et 

al., 1978) appeared to make it possible that a relationship between 

electrophysiology and myosin gene expression, not unlike that 

existing both within skeletal. -muscle and between atrial -and 

ventricular muscles, could also exist within ventricular muscle.. 

In skeletal muscle Barany (1967) has shown that the ATPase 

activity of myosin is directly 
-proportional 

to the speed of 

shortening of the muscle from which it came. The same has been 

shown for cardiac muscle by Hamrell & Low (1978), Carey*et al. 

(1979) and Schwartz et al. (1981). It seems reasonable to suppose 

from this that chronic changes in cardiac contractility might be a 

consequence of changes in the proportions present in the ventricles 

of the different myosin isaforms discovered by H6h et al. (1978). 

I propose below to -summarise some of the evidence for the 

involvement of myosin isaform distribution in chronic alterations 

of cardiac contractility and other evidence which suggests a role 

for changes of electroPhysiological properties. Sarcoplasmic 

reticulum function will- also be discussed in this, regard. First 

however, it will be necessary to discuss briefly the structure of 

myosin. 

Myosin-consists of six sub-units: two heavy chains (molecular 

weight about 200,000 Da) and two pairs of light chains (molecular 

weights between, 16,000 and 27,000 Da). The enzymatic activity (i. e. 

the ATP hydrolysis site) of myosin is situated on the heavy chains. 

The role of the jight chains is not yet clear it may be that they 

1 
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play a part in the regulation of the heavy chain ATPase activity 

(Chantler 1981). 

In rat cardiac muscle Hoh et al. (1978), using a non- 

dissociating electrophoretic technique, identified five myosin 

isoforms. These they named Al,. A2 (atrial forms), V1, V2 and V3 

(ventricular forms). As this tephnique only allows whole myosins 

(i. e. heavy chains + light chains) to be compared, the differences 

between the electrophoretic mobilities of these myosin isoforms 

could be due to either light and/or heavy chain heterogeneity. Hoh 

et al. concluded that the differences between the ventricular 

myosin isoforms were located on the heavy chains as each of the 

isoforms had identical light chain complements. Similarly the 

atrial isoforms differed only in their heavy chains. It has since 

been shown that only two distinct heavy chain types exist in the 

ventricles of the rat. These heavy chain isoforms haveýbeen named a 

and A, and they combine as a heterodimer (ap) to form V2'with V, and 

V3 being the homodimers aa and AA respectively. The a and A heavy 

chains have, been shown to be different in their primary structures 

by peptide maps (Hoh et al., 1979), and immunological properties 

(Chizzonite et al., 1982) and their respective genes -have been 

isolated and characterized (Madhavi et al., 1982). 

The ATPase activities of V, and V3 myosins have been-shown to be 

different: by Pope et al. (1980). They found that Vi myosin had a 

higher Ca2--activated ATPase activity than V3 myosin and that the 

activity of V, was more alkali stable than that of V3 myosin, 

resembling fast twitch muscle and atrial myosins in-this respect. 

As ATPase activity is a heavy chain property (Chantler, 1981) these 
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differences In activity between Vi and Va must be due to 

differences between the a and A heavy chalus. 

Cgntractility chAtps! lh& mle nf =oslt 

In cardiac nuscle, changes In contractility are known to be 

caused by a variety of disease states e. g. tbyrotaxicosts and 

hypertension. It has been shown recently that these changes can be 

at least partially explained by changes In the type of myosin 

present In the cardiac cells. 

There have been many studies which have looked at the nyosin 

composition of the heart In conditions which alter cardiac 

contractility. The earliest of these was by Hob at al. (1978) who 

looked at the effect of bypopbysectony and thyroid hormone. They 

found that bypopbysectozey (which has been shown to reduce cardiac 

contractility; Buccino at al., 1977) led to a decrease In the 

proportion of V, myosin (the high ATP&se activity Isoform) and Its 

replacement with Va (the low ATPase activity Isoform). Thin overall 

reduction of myosin ATPasa activity In the heart provides a 

possible explanation for the decreased contractility, as evidenced 

by reduced zmx1mum rate of tension production (maximum rate of rise 

of twitch) and decreased maximum speed of shortening. These changes 

In contractility following bypopbysoctomy have been shown to be 

reversible an administration of thyroxine (Baznak, 1983) and Bob at 

al* showed that thyroxine administration also reverses the changes 

In myosin Isoform distribution caused by bypophysectomy. 

It appears therefore that the changes In cardiac contractility 

which follow removal and replacement of thyroid hormone can be at 

least partly explained by changes In the distribution of 
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ventricular myosin isof orms and the resultant changes in myosin 

ATPase activity. 

Recently the mechanism of action of thyroxine has been 

investigated by Lompre et al. (1984). They found that thyroid 

hormone directly affects the transcription rates of the -cardiac 

myosin heavy chain genes. When increased levels of thyroxine were 

present they found the transcription rate of the a myosin heavy 

chain gene was increased whereas that of the A myosin heavy chain 

gene was decreased. The idea of thyroxine directly affecting gene 

transcription rates in cardiac muscle is, of course, in keeping 

with the general view of T3 and T4 actions; specifically to the 

present tissue it is supported by the identification of chromatin: - 

associated T3 receptors (Samuels, 1978). These changes in gene 

transcription rates, of course, lead to increased production of a- 

myosin heavy chain and decreased production of A-myosin heavy 

chain, so the proportion of V, myosin in the ventricle increases 

and the proportion of V3 myosin decreases. 

Another condition leading to altered cardiac contractility which 

has received a great deal of attention- recently is cardiac 

overload. Many studies have followed that of Spann et al. (1967) 

reporting that mechanical overload causes a reduction in the 

"intrinsic contractility" of the heart 'i. e. that time to peak 

isometric tension As increased and maximal speed of unloaded 

shortening is decreased (Maughan et al., 1979). Other studies have 

shown that these changes in cardiac contractility can, in small 

mammals at least, be explained by changes in myosin isoform 

distribution. For example Lompre et al., (1'979) have shown that 
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pressure overload in the rat leads to an increase in the proportion 

of V: a myosin, the low activity isoform. The cardiac response to 

pressure overload in larger mammals (such as man), where V3 myosin 

predominates normally, does not seem to involve any redistribution 

of myosin isoforms. This has been demonstrated by the use of anti- 

V, and V3 selective antibodies (Mercadier et al., 1983). Reduced 

Cal'-activated ATPase activity has, however, been reported in 

severely stressed human hearts (Leclercq & Swynghedauw, 1976). 

Swynghedauw et al. (1982) have suggested that these changes in 

ATPase activity could be due to changes in some other sarcomeric 

protein e. g. troponin. 

Redistribution of myosin isoforms is not the only adaptation 

made by the mechanically overloaded heart. Hypertrophy of the 

ventricles is an attempt by the heart to restore wall stress to 

normal by 'spreading the load'. However it is not always 

accompanied by an increase in the proportion of V3 Myosin in the 

affected ventricle. For example in the case of the thyrotoxic 

heart, where hypertrophy often occurs, V, myosin predominates 

(Morkin, 1979). In addition, not all kinds of mechanical overload 

lead to increased levels of V3. Volume overload does not always 

lead to a change in myosin distribution in either direction, 

whereas pressure overload appears always to produce an increased 

proportion of V3 in the affected ventricle. 

Swynghedauw et al. (1982) have suggested a reason for this 

difference between pressure and volume overloads. They have argued 

that a decline in contraction efficiency is brought about by a 

pressure overload but does not necessarily follow a volume 
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overload. This in turn, they say, is due to the different effects 

of these two conditions on the speed of contraction of the 

myocardium. An increase in end-diastolic volume (as would be seen 

in a volume overload) moves the myocardium onto a higher force- 

velocity curve (Pollack, 1970). This means that for a given tension 

production a higher speed of shortening is attained. As cardiac 

muscle achieves its maximal contraction efficiency at the speeds of 

shortening used in exercise (which are of course higher than those 

at resting heart rates) it appears unlikely that volume overload 

will lead to a decrease in contraction efficiency. Pressure 

overload slows the speed of contraction of the myocardium, by 

requiring more tension an the same length-tension curve, moving it 

further from its peak efficiency speed. 

Studies on different types of cardiac work have been done which 

support this proposed difference between pressure and volume 

overloads. In 1914 Evans & Matsuaka found that for equivalent 

increases in stroke work an elevation of blood pressure was more 

costly, in terms of increased oxygen consumption, than an increase 

in stroke volume.. Similar results have been reported by Pool et al. 

(1968) who found that an increase in external work (i. e. work 
I 

against a volume) was less costly in terms of changes in high 

energy phosphates than an increase in Internal. work (where work is 

done to produce tension rather than shortening i. e. a pressure 

overload). 

Clearly if pressure overload leads to a decline in contraction 

efficiency, by slowing the rate of contraction, then it is to the 

advantage of the myocardial cells to produce contractile proteins 
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which are more efficient under these conditions. This is indeed 

what happens: Alpert & Mulieri (1982) have shown that rabbit 

cardiac muscle, hypertrophied in response to a pressure overload, 

contracts more economically than normal cardiac muscle. They 

suggest that at least part of this improved efficiency is due to 

the decrease in myosin ATPase activity which has been shown to 

occur as a result of pressure overload (Carey et al., 1978). This 

decreased ATPase activity is, of course, due to the increased 

proportion of V3 myosin which is known to follow a pressure 

overload. 

If the increased proportion of V3 myosin in pressure overloaded 

ventricles is brought about in order to improve contraction 

efficiency, then it is clear that a volume overloaded ventricle 

will not benefit from such an adaptation (cases of volume-overload 

where V3 does increase are normally complicated by a pressure 

overload component; Moalic et al., 1981). 

The changes in cardiac myosin isaform distribution in response, 

to either thyroid hormone imbalance or mechanical overload are 

obviously adaptations to pathological conditions. However, more 

physiological influences on cardiac myosin distribution do exist 

e. g. maturation and exercise. As the principles : involved in these 

cases are essentially the same as in thyroid imbalance and 

mechanical overload they will be dealt with more briefly. 

Capasso et al., (1983) have reported a-study in which they looked 

at the mechanical properties of papillary muscles of rats of 

different ages, ranging from 3 to 24 months. They noticed that peak 

unloaded shortening velocity decreased and time to peak isometric 
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tension increased with age i. e. that the intrinsic contractility of 

the heart decreased with age. Prior to this Hoh et al., 
_(1978) 

in 

the rat and Chizzonite et al., (1982) in the rabbit showed that 

after birth the proportion of V3 in the ventricles steadily 

increased with ageý As with hypothyroidism and'pressure overload 

the decreased contractility which progresses with age appears to be 

at least partly explained by a change in myosin isoform 

distribution. 

The increase of V3 with age seems to be related to -the size 

of the animal. The myosin redistribution appears to be an attempt 

to maximise the efficiency of the slower contraction required of 

the larger heart of a larger (older) animal. A slower contraction 

is required in larger hearts because the mass (volume) of blood 

increases out of proportion with the cross-sectional area and hence 

the strength of the ventricular wall. If a larger heart tried to 

contract as quickly as a smaller heart it would rupture as the 

ventricular walls would not be strong enough to withstand the 

tension developed. A slower contraction will, of course, be done 

more efficiently by a slower myosin, hence the increased proportion 

of V3 myosin in the 'ventricles of older and larger animals. The 

same increase of V: 3 myosin with animal size can be seen between 

species of different-size. In large species such as man, V3 myosin 

predominates in the ventricles (Cummins, 
- 

1984) whereas in the rat 

ventricle little V3 is present (Hoh et al., 1978). - 

The effect of exercise on cardiac myosin distribution is similar 

to the effect of hyperthyroidism i. e. an increase in the proportion 

of V, myosin present in the, ventricle. Indeed, thyroid hormone may 
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be involved in this response as thyroidectomy abolishes the 

increase in V, in the rat due to swimming exercise, although it 

does not effect the exercise-induced hypertrophy (Pagani & 

Solaro, 1983). Paradoxically thyroxine levels have been shown to 

fall in response to exercise training (Leblanc et al., 1982), a-fact 

which seems to disagree with the: observed increase in Vi. It is far 

from clear therefore exactly how the myosin change in response to 

exercise training is brought about. Neither is it clear why an 

increase in V, is desirable, as maximal cardiac contraction 

efficiency is achieved, with the normal isoform. distribution, at 

exercise contraction rates (Noalic et al., 1981). Perhaps the 

decrease in contraction efficiency postulated by Swynghedauw et 

al. (1982) occurs only with severe exercise where an increased 

proportion of V, would be- appropriate due to the high contraction 

rates that would be required for very high heart rates. This may 

explain the different responses to different training programmes 

(e. g. Tibbits et al., 1978; Schatble. et al., 1979). 

Other conditions known to influence cardiac myosin Isoform, 

distribution are: diabetes (Belcastro- et al., 1985); castration 

(Xalhotra et al., 1983) and sympathectomy (Rupp et al., 1983). All 

three of these conditions lead to an increase of V3 myosin, but as 

yet mechanisms have not been found for ihese changes. 

Contractility changes: sarcoplasmic reticulum function 

A clue that myosin isoform changes do not constitute a complete 

explanation for changes in contractility in response to, the sort of 

stimuli discussed above comes from the work- of Kore_cky & Beznak, 

(1971). They noticed that, in the rat, moderate thyroxine 
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administration led to an increased rate of tension production and 

decreased time to peak tension but that peak tension itself was 

unchanged. When they increased thyroxine levels further, time to 

peak tension decreased further and as a result of this peak tension 

was decreased. In the rat, where V, myosin predominates normal. ly, 

thyroxine can have little effect. on myosin isoform distribution. It 

appears from the work of Karocky & Beznak that the active state of 

the cardiac myocytes has been abbreviated beyond the point which 

myosin isoform changes can accommodate i. e. the rate of rise of 

tension cannot, in the rat ventricle, be increased by producing a 

'faster' myosin. 

Changes in the duration of the active state as well as changes 

in rates of tension development and relaxation have been reported 

in thyroid imbalance (Buccino et al., 1967) and it has been shown by 

Suko (1973)that the function of cardiac sarcoplasmic reticulum, 

changes in parallel with changes in the thyroid state. He found 

that sarcoplasmic reticulum isolated from hypertbyroid, and 

hypothyraid rabbits showed higher and lower rates respectively of 

Ca2- accumulation and Ca2-1, activated ATPase activitles when 

compared with euthyroid rabbit sarcoplasmic reticulum. This he 

suggested was the biochemical correlate of changes in rates of 

relaxation and development of tension and in the duration of the 

active state. 

It seems, therefore, that sarcoplasmic reticulum. function is 

changed in altered thyroid states. Is sarcoplasmic reticulum 

function changed in the other conditions discussed above, which 

? alter contractility and myosin isoform distribution 
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The effect of pressure overload an sarcoplasmic reticulum 

function has been studied by Suko et al. (1970). They found that 

the rate of Ca2- uptake into, and the Ca2--activated ATPase 

activity of sarcoplasmic reticulum isolated from chronically 

failing calf hearts was significantly reduced. Similar results have 

since been f ound in the rabbit by Sordahl et al. (1973). More 

recently G wathmey & Morgan, (1985) looked at Ca2- handling in the 

papillary muscles of ferret hearts which had been subject to a 

pressure overload. Using - the Ca 2--sensitive phatoprotein aequorin, 

they noticed that the increased duration of contraction in 

hypertrophied muscle was correlated with an increased duration of 

the calcium transient (i. e. the free calcium concentration was 

elevated for longer during activation). This, they concluded, was 

due to the rate of uptake and possibly release of calcium by 

sarcoplasmic reticulum being reduced in chronic pressure overload. 

They also suggested that the decreased rate of relaxation they 

found in hypertrophied muscle could be due, at least in part, to 

this prolongation of the calcium transient. 

Another of the pathological conditions affecting cardiac 

contractility, in which sarcoplasmic reticulum has been implicated, 

is diabetes. Penpargkul et al., (1981) found a reduced rate of 

calcium uptake into sarcoplasmic reticulum vesicles of hearts from 

rats made diabetic by administration of streptozotocin, as were 

Mg2- and Ca2-/Mg2- activated ATPase activities. They concluded that 

the reduced rate of relaxation of cardiac muscle from diabetic rat 

hearts (Fein et al., 1980) is due to depressed sarcoplasmic 

reticulum activity. 
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From the above it appears that pathological influences on 

cardiac contractility have an effect not only on the myosin isoform 

distribution but also on the functional properties of the 

sarcoplasmic reticulum. Studies looking at the function of 

sarcoplasmic reticulum in physiological conditions which affect 

cardiac contractility e. g. ageing and exercise have also been done 

although with conflicting results. 

Capasso et al. (1983) showed that the ageing process in rats 

leads to a progressive increase, in the duration of the active state 

and decreases in the rates of tension development and relaxation. 

Froehlich et al. (1978) had previously shown over a similar ageing 

period (6-8 months to 24-25 months) that calcium transport activity 

in rat cardiac sarcoplasmic reticulum was reduced and that this 

correlated well with changes in contraction duration and relaxation 

time they found in the same hearts. 

Again changes in cardiac contractility, this time under a 

physiological influence, appear to be, accompanied by changes in 

both myosin and sarcoplasmic reticulum. However for training- 

induced changes in cardiac contractility, the other physiological 

influence we have discussed, there is evidence both for and against 

changed sarcoplasmic reticulum function. 

Bersohn & Scheuer. (1.977) showed that exercise training produced 

increased rates of tension development and relaxation in the rat 

heart. The increased rate of relaxation they suggested could be due 

to increased rates of Ca2- uptake by the sarcoplasmic reticulum as 

seen by Penpargkul et al. (1977) and Malhotra et al. (. 1981). 

However Sordahl et al. (1977) in dogs and Pagani & Solaro (1984) in 
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rats (using a different sarcoplasmic reticulum preparation) could 

demonstrate no difference in terms of Ca2- uptake rate into cardiac 

sarcoplasmic reticulum between trained and sedentary animals. It is 

therefore unclear as yet whether changes in sarcoplasmic reticulum 

function are involved in the exercise-induced change in cardiac 

contractility. It should be remembered, however, that the myosin 

response to exercise is by no means entirely predictable either. In 

general it appears that sarcoplasmic reticulum function changes in 

parallel with the chronic changes of cardiac contractility due to 

thyroid imbalance, pressure overload, diabetes, ageing and possibly 

also exercise training. 

The view that a reduced rate of relaxation of cardiac muscle is 

due solely to depressed sarcoplasmic reticulum activity has been 

questioned by Lopaschuk et al. (1983). They found that sarcoplasmic 

reticulum, activity could be restored to normal in diabetic rat 

hearts by the administration of carnitine but that this did not 

return the rate of relaxation of diabetic hearts to normal. Further 

doubt is cast on the role of sarcoplasmic reticulum in cardiac 

W 
relaxation by Rossmanith et al. (1986) who investigated the effect 

of isomyosin changes on the 'mechanical characteristics of rat 

papillary muscles. They concluded that, particularly under 

isometric conditions, so few cross-bridge cycles took place-in a 

contraction 
. 
(as few as a single cycle, they, suggest). that the 

detachment rate of cross-bridges must be the rate limiting step of 

cardiac relaxation, not the uptake of Ca2- into the sarcoplasmic 

reticulum. 
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Contractility changes: electrophysiological properties 

Another inportant property of cardiac nyocytes, which appears to 

be altered in conditions which chronically change cardiac 

contractility, is their electrophysiology. Changes in 

electrophysiological properties, as evidenced by changes in 

transnembrane action potential duration, are known to occur in 

response to pressure overload, naturation and diabetes. 

Gulch (1980) and Keung & Aronson (1981) have shown that 

transmembrane action potential recordings from the hypertrophied 

hearts of rats which had been subjected to a pressure overload are 

longer than those of control hearts (no differences were found in 

resting potential, upstroke velocity or action potential 

amplitude). The possibility existed, of course, that these 

differences in action potential duration were due to changes in the 

syncitial connections between cells rather than to changes in the 

electrophysiological properties of the cells themselves. This was 

ruled out by Aronson h Nordin in 1984. They showed that cardiac 

myocytes isolated from pressure overloaded rat hearts had longer 

action potential durations than myocytes isolated from control 

hearts. Since isolated myocytes have no syncitial connections, 

differences in action potential duration between myocytes isolated 

from hypertrophied and control hearts have to be due to changes in 

cell membrane electrical properties. The longer action potential 

seen in pressure overloaded hearts correlates well with the longer 

contraction and slower Ca2-1' accumulation by the sarcoplasmic 

reticulum in these tissues. 
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Fig. 52 Myosin ATPase staining of composite block of terrapin atrium 

and ventricle 

a. mATPase, acid pre-treated (pH 4.6) x160. 

b. mATPase, alkali pre-treated (pH 10.2) x400 

Fig. 53 Myosin ATPase staining of composite block of crocodile 

atrium (left) and ventricle (right) after alkaline pre-treatment 

(pH 10.2) x160. 
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Results 

Figs. 52a &b show terrapin atrial ,f ej. - and ventricular 

muscle stained for myosin ATPase activity after acid and alkaline 

pre-treatment respectively. After acid pre-treatment (pH 4.6) the 

ventricular muscle stains more darkly than the atrial muscle 

whereas after alkaline pre-treatment (pH 10.2) the atrial muscle 

stains more darkly than the ventricular muscle. 

Fig. 53 shows crocodile atrial (left) and ventricular (right) 

muscle pre-treated in an alkaline medium (pH 10.2) before staining 

for myosin ATPase activity. In this case, as with the terrapin, the 

atrial muscle stains more darkly than the ventricular muscle; 

however it was not possible to demonstrate differences in myosin 

ATPase staining intensity after acid between the crocodile atrium 

and ventricle after acid pre-treatment.. 

The myosin heterogeneity found in this work was not restricted 

to the atrio-ventricular differences presented above; shown in 

Figs. 54a &b are regions of terrapin ventricle stained for myosin 

ATPase activity after (a) acid pre-treatment (pH 4.6) and (b) 

alkaline pre-treatment (pH 10.1). After both acid and alkaline pre- 

treatments individual fibres stained with different intensities. No 

such ventricular heterogeneity was found in the crocodile 

ventricle. 

It seems that, as in the mammalian heart, two kinds of cardiac 

myosin heterogeneity can be demonstrated in the reptilian heart 

i. e. between atrial and ventricular myosins (in both terrapin and 

crocodile) and within the ventricle between the myosin contained by 

neighbouring fibres (in the terrapin only). 
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a. acid pre-treatment (pH 4.6) x250 

b. alkaline pre-treatment (pH 10.1) x400 

a. a-glycerophosphate dehydrogenase activity x250. 

b. succinate dehydrogenase activity xlOO. 

c. NADH -tetrazolium reductase activity x160. 

Fig. 55 Terrapin atrium (left) and ventricle (right) stained for: 
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The relative metabolic capacities of atrium and ventricle were 

also examined in this work. In Figs. 55a-c are shown terrapin atrium 

and ventricle stained for oxidative and glycolytic enzyme 

activities. The oxidative enzymes used were succinate dehydrogenase 

(SDH) and NADH tetrazolium reductase (NADH-TR), the glycolytic 

enzyme used was a-glycerophosphate dehydrogenase (a-GPDH). Figs. 55a 

&b show that a-GPDH and SDH activity are evenly distributed 

between atrium and ventricle. Fig. 55c shows, however, that the same 

is not true for NADH-TR; the stain for this enzyme being heavier in 

the ventricle than in the atrium. 

In the crocodile the situation is somewhat different. Figs. 56a & 

b show that aGPDH and SDH are unevenly distributed whereas NADH-TR 

is evenly distributed in the atrium and ventricle. SDH activity is 

higher in the ventricle than in the atrium whereas aGPDH is higher 

in the atrium than in the ventricle. 
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Fig. 56 Crocodile atrium (left) and ventricle (right) stained for: 

a. ot-glyceraphosphate dehydrogenase activity x250. 

b. succinate dehydrogenase activity x160. 

c. NADH -tetrazolium reductase activity x160. 
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Discussion 

The work which has been done in recent years on cardiac myosin 

isoforms has concentrated mainly on mammalian hearts. Although 

some of the pioneering work in this field was done in avian hearts 

(Sartore et al., 1978) the situation in lower vertebrates such as 

reptiles is largely unknown. The present work was carried out in 

order to investigate whether multiple cardiac myosin isoforms are 

found in reptiles. The results presented here suggest that 

reptilian hearts are similar to mammalian hearts in respect of 

myosin distribution. 

In both terrapin and crocodile the ventricle contains a less 

alkali-stable myosin than the atrium and therefore stains less 

darkly than the atrium after alkaline pre-treatment. The difference 

in alkali-stability seen here is an indication that different 

myosins exist in reptilian atria and ventricle(s) and is very 

similar to the situation found in mammlian species e. g. all the 

species examined in this thesis. The difference in acid-stability 

between terrapin atrium and ventricle seen in Fig. 52 is further 

evidence that there are different myosins (or different proportions 

of the same myosins) in these muscles. The lack of differentiation 

between crocodile atrium and ventricle after acid pre-treatment 

indicates only that the myosins involved have similar acid- 

stabilities; the difference in alkali-stability is enough to allow 

one to conclude that different myosins are present in the crocodile 

atrium and ventricle. 



- 159- 

In mammalian species the fact that different myosins are found 

in the atrium and ventricle can' be attributed to the different 

workloads of the chambers. If workload can be defined as : 

Volume moved x Pressure 

then the workload of the atrium is lower than that of the ventricle 

as both the pressure in and the Volume moved by. the atrium during a 

contraction are lower than in the ventricle (atrial systole only 

increases the volume in the ventricle by a very small amount; 

Milnor, 1974). Although the anatomical arrangement of the 

ventricles in mammals is different to that in -reptiles i. e. 

reptiles have only one ventricle (Young, 1981) this does not alter 

the fact that the ventricle works under higher pressure than the 

atrium and hence works harder. 

This difference in workload is reflected in the metabolic 

capacities of the atria and ventricles of the rabbit heart (this 

thesis p. 47) in which the harder working ventricle has a higher SDH 

activity. In order to test whether the differences in myosin type 

found here in reptilian hearts were also caused by differences in 

workload, sections. -were stained for activities of SDH, NADH-TR 

(oxidative enzymes) and aGPDH (a glycolytic enzyme). 

In the crocodile heart two of the three enzymes were not equally 

active in the two muscles i. e. SDH and aGPDH. SDH is, as in the 

rabbit heart, higher in the harder-working ventricle than in the 

atria, but aGPDH is higher in the atria. These differences in 

metabolic capacity between crocodile atrium and ventricle indicate 

that, as in mammalian species, the atria-ventricular difference in 

myosin distribution is due to a difference in workload. 
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In the terrapin heart SDH and aGPDH staining intensities are 

equally high in atrium and ventricle, however, NADH-TR (which 

showed no atrio-vent. ricular difference in the crocodile) is higher 

in the ventricle than in the atrium. Vhile it is not clear why one 

oxidative marker should show the inter-chamber difference in one 

species, and the other marker In the other species, the general 

indication su rely remains that, as in the rabbit, oxidative 

capacity is higher in the harder working ventricle. It thus 

appears, from the evidence available, -that the atrio-ventricular 

differences in myosin distribution in both the crocodile and 

terrapin can be explained in terms of the different workloads of 

these chambers. 4 

In the terrapin it is also possible to show myosin heterogeneity 

between individual fibres of the ventricle (Figs. 54a & b). Similar 

heterogeneity has been shown to exist in rabbit, ferret and guinea- 

pig ventricles in this thesis and in the rabbit ventricle by 

Weisberg et al., (1982). It is not possible to tell from the 

evidence here how many ventricular myosin isoforms exist, only that 

there is more than one. 

The fact that no heterogeneity was visible in the crocodile 

ventricle does not necessarily mean that only one ventricular 

myosin exists in this species. It is quite possible that the 

crocodile resembles the rat in this respect i. e. that more than one 

myosin isoform exists but that all fibres contain the same mixture. 

It is also possible that, if only one myosin isoform is present in 

the crocodile ventricle, it is due to the age of the particular 

animal studied - c. f. the fact that in the young rat only one 
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ventricular myosin exists (V, ) which is gradually replaced by V-- 

and V3 as the animal ages. 

The evidence presented suggests that all forms of cardiac myosin 

ATPase heterogeneity demonstrable in the hearts of small mammals 

also exist in reptilian hearts. In addition, the distributions of 

of metabolic enzymes strongly suggest that the differences in 

myosin isoform between atrium and ventricle in reptilian hearts are 

due, as is the case in mammalian hearts, the different workloads of 

these chambers. 
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There are now many techniques f or the isolation of cardiac 

myocytes from mammalian hearts (e. g. Powell et al., 1980; Isenberg 

& Klockner, 1982; Lundgren et -al., 1984Y, most of which have much 

in common. Retrograde perfusion of the coronary arteries with a low 

calcium (nominally calcium-free) medium appears to be an almost 

universally used first step in the isolation of cardiac nyocytes 

(one of the very few exceptions Isenberg & Klockner (1982) have 

isolated single myocytes from bovine hearts without perfusion, 

presumably the size of the bovine heart prohibited this procedure). 

The decalcification step is apparently responsible for separating 

myocytes from each other at the intercalated discs (Muir, 1966); 

the critical process seems to be the removal of calcium ions from 

the desmosomes which hold these structures together. 

Calciurt-free perfusion is normally followed by perfusion of the 

heart with an enzyme-containing medium. The most commonly used 

enzyme is collagenase, although it is often used in conjunction 

with other enzymes e. g. hyalurouidase (Glick et al., 1974) or 

trypsin which is to be found-in the crude collagenase used by many 

workers (e. g. Powell et al., 1980). Myocytes are normally released 

from hearts following this stage by mincing and mechanical 

agitation , although some techniques require a further incubation 

in 'storage solutions' to confer 'calcium tolerencel on myocytes. 

'Calcium tolerencel refers to the ability of myocytes to retain 

their rod-like morphology when returned to physiological 

concentrations of calcium (the enzyme perfusion is also carried out 
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at low calcium concentrations). Cells which are not calcium 

tolerent go into irreversible contracture and become rounded. This 

seems to be a consequence of membrane hyperpermeability to calcium 

brought about by the exposure to very low calcium concentrations 

(Reiser et al., 1979) -and is similar to the phenomenon noted in 

whole hearts called the 'calcium paradox' (Zimmerman & Hulsman, 

1966). Calcium sensitivity has been linked to the loss of the 

external lamina -of the glycocalyx from the sarcolem- (Borgers et 

al., 1985) although Isenberg & Klockner (1980) had previously shown 

that the glycocalyx is not essential for calcium tolerence. 

Myocytes are most often isolated in order to study their 

electrophysiology; calcium intolerence, of course, makes this sort 

of study impossible. 

An imminohistochemical study of the myosin content of isolated 

myocytes of the rat heart, has been carried out by Samuel et al. 

(1983). In this they show that more than one ventricular myosin can 

be present in individual ventricular myocytes not withstanding the 

fact that cells from one heart all appear to have the same 

distribution of myosins. To my knowledge no studies have looked at 

myosin ATPase activity in isolated cardiac myocytes. Reported here 

are 
t 
techniques, developed as part of a study to look for a 

correlation between myosin type and electrophysiology in single 

cells, which would allow myosin ATPase activity to be investigated 

in single cells. ý 
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Methods 

Teolation Techniques 

New Zealand Vhite rabbits (2-2.5kg)were killed by a blow to the 

back of the head and their hearts rapidly removed and transferred 

to ice-cold Tyrode-like (henceforth referred to as Tyrode) 

solution. The aorta was then cannulated and the heart attached to 

the base of a Langendorff perfusion apparatus. The heart was then 

retrogradely perfused through the coronary arteries with Tyrode 

solution at 37*C. The Tyrode solution is listed below: 

NaC1 136.9mM 

NaRCOa 11.9mm 

KC1 5.4mM 

CaCl-- 1.8mM 

XgC12 0.53mM 

IaH2PO4 0.33mM 

HEPES 5. OmM 

glucose 11.0mm 

pH adjusted to 7.2 with NaOH 

Once the blood had been washed out of the heart the perfusate 

was changed to calcium7-free Tyrode i. e. the above solution with 

CaC12 omitted. After a three minute perfusion of calcium-free 

Tyrode the perfusate was changed again to a calcium--free Tyrode 

plus 0.4mg/ml collagenase (Sigma Type D. This solution was 

recirculated using a Vatson-Marlow peristaltic pump to a 

continuously oxygenated reservoir approximately 1.5m above the 

level of the heart. This head of pressure gave an initial flow-rate 
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of about 25ml/min which increased as the heart was digested and 

resistance to flow decreased. Perfusion of the heart with the 

enzyme-containing solution was continued for 40min. At the end of 

this time, the collagenase solution was washed out with the storage 

solution shown below' 

Kci 25mM 

KH2PO4 lomim 

glutamic acid 70mM 

taurine lomm 

oxalic acid lomm 

glucose 11mm 

EGTA 0.5mm 

pH adjusted to 7.2 with'KOH 

The heart was then taken off the perfusion apparatus and the 

atria removed. The ventricles were cut into small pieces and placed 

in the above storage solution at VC fýr 60min. The calcium 

sensitivity of the ventricular cells was then tested by placing one 

piece in the normal calcium7-containing Tyrode solution. Once 

calcium tolerance had been achieved, suspensions of myocytes were 

prepared by mechanical agitation of the pieces of ventricle in the 

calcium-containing Tyrode. 

Single Cell Staining Techniques 

Two methods were developed for the histochemical 'staining' of 

isolated cardiac myocytes. The first of these methods involved the 

preparation of a 'smear' of. myocytes an a glass slide. A drop of a 

suspension of isolated myocytes was placed at one end of a glass 
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slide and drawn out by another slide to form a thin film. Glass 

slides treated in this way were then left to dry in air. During 

this drying process myocytes became attached to the slide and could 

then be stained for myosin ATPase activity. 

Drying is, of course, an important step in ATPase staining of 

sections; ensuring proper adhesion of the section to the slide. 

Allowing the cells to dry out, therefore should not have any 

deleterious effect on the subsequent demonstration of myosin ATPase 

activity. 

Another technique was developed for the staining of single, 

identified cells in response to problems with the above method. A 

drop of a dilute suspension of myocytes is placed on a 1-3mm thick 

sheet of 7% agarose (Marine Colloids Inc. ). The fluid was then 

allowed to evaporate or removed with a tissue. As agarose is almost 

completely clear, single cells could when illuminated from below be 

seen on the surface of the sheet at moderate magnification (e. g. 

x20) using a dissecting microscope. Pieces of agarose to which a 

cell (or several cells) was adhering were then cut and shaped in 

such a way that, when the piece was mounted in a frozen block, 

transverse sections of the cell could be cut. If several cells were 

to be mounted in a block in this way agarose sheets thinner than 

2mm were used to keep the block manageable. The thicker sheets' were 

used when only one or two layers were to be in each block, so that 

blacks would be broad enough to stand on their own before freezing. 

Agarose sheets, to which cells were adhering, were mounted in 

frozen blocks as described in Methods p. 20. 
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Smears and sections of single cells were stained for myosin 

ATPase activity as described p. 21. No pre-treatments were used. 
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Fig. 57 Isolated myocytes stained for myosin ATPase activity using 

the 'smear' technique; a-c x1000, d x250. 
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Results 

Two methods for staining isolated cardiac myocytes were 

developed in this work. Results of the first of these is shown in 

Fig. 57a-d. Each photograph (magnification x1000) in Fig. 57 contains 

a myocyte (photograph d contains two myocytes; x250) stained for 

myosin ATPase activity, Myocytes, retain their rod-like morphology 

during the staining procedure. Stain is largely confined to within 

the myocytes, although sometimes stain could be seen outside cells 

e. g. Fig. 57c. From Fig. 57a-d. it is clear that myocytes differ in 

their proportions and from Fig. 57d. that they can stain differently 

with this technique. As there were several problems with this 

method of staining myocytes (see Discussion) another method was 

developed. 

Fig. 58a-d shows two myocytes stained for myosin ATPase activity 

using this second method. Shown are four serial sections (x1OO) of 

two myocytes imbedded in 7% agarose, the block containing these 

cells was oriented such that the upper cell would be cut 

transversely (the increasing distance between the myocytes in 

successive sections indicates that the lower myocyte was lying at 

an angle to the upper myocyte). 
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Fig. 58 Four serial sections of two isolated myocytes stained for 

myosin ATPase activity, The myocytes are sandwiched between two 

layers of 7% agarose. 
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Flg. 5c-la S., b are electron micrographs of normal, intact rabbit 

cardiac muscle (x1OOOO) and isolated rabbit myocyte (x8317) 

repectively. In Fig. 59a mitochondria size and cristae, myofilament 

spacing, sarcole7nma and glycocalyx all appear to be normal. In 

Fig. 59b however the mitochondria appear to be swollen and have 

large gaps between their cristae and the myofilaments are less 

densely packed than in Fig 59a. Also there are large gaps in the 

sarcolemma which appears to have lost its glycocalyx. 
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Fig. 59a, Electron micrograph of normal, intact cardiac muscle of 

the rabbit (x1OOOO). 

b. Electron micrograph of isolated myocyte of rabbit heart 

(x8317). 
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Discussion 

The work presented in this chapter was done in order that 

single, identifiable myocytes could be compared in terms of both 

electrophysiology and myosin type (similar to the comparison made 

in pieces of cardiac muscle reported earlier in this thesis). 

Unfortunately the myocytes I was able to isolate, although they met 

some of the criteria used in assessing myocyte viability, were not 

electrophysiologically viable. I will discuss possible reasons for 

the non-viability of these cells after dealing with the techniques 

developed for their myosin ATPase staining. 

The first technique tried involved the preparation of a 

monolayer of myocytes on a glass slide. This was done by allowing a 

4smear' of a myocyte suspension to dry out onto the slide. During 

the drying process myocytes become attached to the slide and could 

then be stained. The drying should not have any adverse effect on 

the myosin ATPase activity as a very similar process takes place 

after sectioning of intact muscles. 

This method had the advantage that it was very simple but had 

several important disadvantages. It was noticeable if one compared 

the number of myocytes attached to the slide before and after 

staining that myocytes were lost from the slide during staining. 

This is not surprising when one considers that the staining 

procedure involves several changes of solution which would almost 

certainly wash cells from the slide. This is no great disadvantage 

if one is interested only in myocytes in general, as it can be 

overcome simply by increasing the number of myocytes on the slide. 



-174- 

If, however, one wishes to stain identified myocytes then loss of 

cells during staining is a severe disadvantage. 

Another disadvantage of the 'smear' technique can be seen by 

looking at the stained myocytes shown in Fig. 57a-d. The irregular 

shape of cardiac myocytes means that one cannot be sure of the 

thickness of cells. Unless one knows that two myocytes are the same 

thickness, then relative staining intensities of the two cannot be 

interpreted in terms of myosin type (this is analagaus to the 

problem of thickness variation encountered in conventional 

histochemistry of sectioned tissue). 

Other problems associated with this method were that myocytes 

had to be viewed longitudinally (which would have presented 

problems with distribution error if photometric readings were 

required) and a brown deposit covering most but not all of the 

slide (this too would have presented problems in photometry as the 

layer of deposit was not uniform over all myocytes). This deposit 

is probably due to incomplete washing of the inorganic chemicals 

used in the final staining procedure. For these reasons a method 

involving sectioning of single myocytes was developed. 

Fig. 58a-d shows that it is possible to cut and stain for myosin 

ATPase activity serial sections of oriented single cardiac 

myocytes. Only the upper of the myocytes shown is cut transversely 

the other is cut obliquely (this is suggested by the increasing 

distance between the myocytes in each section). The fact that four 

serial sections can be cut from one myocyte means that each section 

can be given a different pH pre-treatment before staining. This 

would ensure optimal differentiation between myocytes containing 
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different myosin distributions. This pilot study was, however, 

terminated before this was aftempted as it was realised that 

although 'calcium-tolerant' the myocytes obtained here were 

electrophysiologically non-viable, as they did not respond to 

electrical stimulation. 

In order to find a possible explanation for the non-viability of 

the myocytes, an electron microscopic study comparing isolated 

myocytes with intact cardiac muscle was done. Several obvious 

differences existed between the preparations: the appearance of the 

mitochondria; the number and size of vacuoles; the appearance of 

the myofibrils and the continuity of the sarcolemma. 

The large gaps in the sarcolemna of the isolated myocytes would 

mean that the myofilaments would be exposed to very much higher 

than normal concentrations of calcium. The obvious damage to the 

mitachondria and sarcolemma suggests how these cells could retain 

their rod-like morphology under these conditions. It is probable 

that these cells would have been unable to maintain ATP 

concentrations, through lack of functioning mitochondria and loss 

of glycolytic enzymes and ATP through the sarcolemma. With no ATP 

available, cross-bridge cycling and hence hypercontracture would be 

impossible. This implies that the damage to mitochandria and the 

sarcolemma was done before the re-introduction of physiological 

levels of calcium, as were the membrane to become leaky in the 

presence of calcium, hypercontacture would occur because ATP would 

not have fallen to zero. This does not however explain how the 

damage occurs. 
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One area of damage, the cause of which is known, is the loss of 

the glycocalyx. Those portions of the sarcolemma still to be seen 

appear to have no glycocalyx. It has been shown by Muir (1966) and 

Crevey et al. (1978) that exposure to low calcium concentrations 

cause the glycocalyx to be lost. As most of the cell isolation 

procedure is done at low calcium concentrations this would appear 

to explain the loss of the glycocalyx from the isolated myocyte in 

Fig. 59b. Isenberg & Klockner (1980) have shown, however, that the 

glycocalyx is not required for electrophysiological viability and 

so it is unlikely that the low calcium concentrations are the only 

source of damage. Another candidate is the enzyme, as it is well 

known that batches of enzyme vary in their ability to produce 

viable cells (Powell 1980). 

Although the electron micrographs shown here give no clue as to 

what has caused the damage to the nyocytes, they do suggest how the 

cells could be 'calcium-tolerant' yet electrophysiologically non- 

viable. 
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