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The work presented in this thesis is involved in the main with
myosin types in the rabbit ventricle. These have been investigated
using calcium-activated wmyosin 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 speciles.

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 endaocardial 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 1indirect 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

LW
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was investigated by examining distribution of nerve endings and the
effect of chemical sympathectomy. It was concluded that neither
regional nor local heterogeneity was dependent on sympathetic nerve
endings, as both forms of hgterogeneity survived their complete
remaval.

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 Vz myosin)., The posgﬁibility_ that

changes 1in electrophysiology might act as a trigger to change

nmyosin distribution is discussed.

Three self-contained chapters are also included. These deal
with: differencesﬁ between rat atrial and ventricular myosin heavy
chains; differences between reptilian atrial and ventricular
‘myosins; and methods of staining individual isolated myocytes for
nmyosin ATPase activity. . The first of these shows, |using
histochémical and immunohistochemical techniques, that differences
do exist between rat atrial (HC.) and ventricular (HCa«:) 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 Dbe
demonstrated in reptilian hearts. These differences appear to be
attributable to differences in workload <(as shown by metabolic

capacity) as 1s the case in mammalian hearts.
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In the chapter on isolated myocytes are descibed two technlques
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 experimente 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.,19605*:. " 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 & Vrbava, 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). OSince 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
differeht activation frequencies of the atria and ventricles to be
the cause of these differences in myosin type but the difference 1in
action potential configuration is another obvious candidate.

Vatanabe et al.(1983) have shown tha1_:, in. the intact rat
ventricle and 1in myocytes isolated from the rat veniricle,
considerable heterogeneity of action potential duration exists;

there being three distinct groups of action potentials. The earlier
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diecovery of three distinct ieoforms (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.
(1079) 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 iesoforms discovered by Hoh et al. (1978),

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

involvement of myosin isoform distribution in chronic alterations
of cardiac contractility and other évidence 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. | 3

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

The role of the light chains 1s not yet clear it may be that they

NP
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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-
dissoclating electrophoretic technique, identified five myosin
lsoforms. These they named A., Az (atrial forms), V,,Vz= and Va
(ventricular forms). As this technique only allows whole myosins
(1,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 1soforms were located on the heavy chains as éach of the
isoforms bhad identical 1light 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: iﬁ the
ventricles of the rat.These heavy chain isoforms have been named «
and B,and they combine as a heterodimer (af) to form V= with V, and
Va beling ‘il:he homodimers aa and BB respectively. The a and B 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 Vi, and Vs myosins have been shown to be
different :by Pope et al. (1980). They found that V. myosin had a
higher Ca®*-activated ATPase activity than Vo nmyosin and 1_:hat the
activity of Vi was more alkali stable than that of Vs myosin,
resembling fast twitch muscle and atrial myosins in- this respect.

As ATPase activity is a heavy chain property (Chantler, 1981) these

w W
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differences {n activity between Vi and Vs must be due to

differences batwean the a and § heavy chains,

e ol d P . . ® YIS 1Y

In cardiac muscle, changea {n contractility are known to be
caused by a variety of disease states e.g. thyrotoxicosis and
hypertenaion. It bhas 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 bave been many studies which have looked at the myosin
compoasition of the bleart in conditions which alter cardiac
contractility. The earliest of these was by Hoh et al. (1978) who

looked at the effect of hypophysectomy and thyroid bormone. They
found that hypophysectomy (which bas been shown to reduce cardiac
contractility; Buccino et al., 1977) led to a decrease in tle
proportion of Vy myoain (the high ATPase activity isoform) and its
replacement with Vs (tbhe low ATPase activity ieoform). This overall
reduction of myosin ATPase activity in the bleart provides a
posaible explanation for the decreased contractility, as evidenced
by reduced maximunm rate of tension production (maximum rate of rise
of twitch) and decreased maximun speed of shortening. These changes
in contractility following hypophysectory bhave been shown to be
reverasidble on administration of thyroxine (Beznak, 1983) and Hoh et
al., showed that thyroxine administration also reverses the changes

in myosin i{soform distribution caused by hypopbysectory.
It appears therefore that the changes in cardiac contractility
which follow removal and replacemant of thyroid bhormone can be at

least partly explained by changes in tha distribution of

v Wy
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ventricular myosin isoforms and the resultant changes in myosin
ATPase activity.

Recently the mechanism' of action of thyrorxine 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 transcript:lon rate of the a myosin heavy
chain gene was increased whereas that of the B myosin heavy chain
gene was decreased. ‘fhe idea of thyroxine directly affecting gene
transcription rates in cardiac muscle is, of course, in keeping
with the general view of .T:a and Ta actions; specifically to the
present tissue it is supported by the identification of chromatin-
assoclated Ta receptors (Samuels, 1978). These changes‘ in gene
transcription rates, of course, liead to increased production of a-
myosin heavy chain and decreased production of BS-myosin heavy
chain, so the proportion of Vi myosin in the ventricle increases
and the pr0por£10n of V2 myosin decreases.

Another condition leading to altered cardiac contractility which

has received a great deal of attention- recentl} 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 .is 1increased and maximal speed of unloaded
shortening is decreased (Maughan et al., 1979). Other studies have
shown that these changes in cardiac cnntractiflity can,h in small
mammals at least, be explained by changés in myosin isoform

distribution. For example Lompre et al.,(1979) have shown that
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pressure overload in the rat leads to an increase in the proportion
of Va myosin, the low activity isoform. The cardiac respanse to
pressure ovérlcad in larger mammals (such as man), where Vs myosin
predominafes normaliy, does not seem to involve any redistribution
of myosin.iscfurms. This has been demonstrated by the use of anti-
Vi and Va selective antibodies. (Herca;ier et al,.,1983). Reduced
Ca®*-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 1load'. However 1t is not always
accompanied by an increase in the proportion of Vs myosin in the
affected ventricle. For example in the case of the thyrotoxic
heart, where hypertrophy often occurs,Vi myosin predominates
(Morkin, 1979). In addition, not all kinds ofﬁ mechanical overload
lead to increased levels of Vas. .Volume overload does not always
lead to a change 1n myosin distribution in either direction,
whereas pressuré overload appears always tc:; produce an increased
proportion of V= 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 1in 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-
ﬁelocity 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 1in contraction efficiency. Pressure
overload slows the speed of contraction of the myocardium, by
requiring more tension on 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 & Matsuoka found that for equivalent
increases 1n 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.
(1068) who found that an increase in external work (i.e. work
against a volume; was less costly in terms of changes in high
 energy phosphatés than an increase in internal work (where work is
done to produce tension rather than shortening i.e. a pressure
overload).

Clearly 1if 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

l-"
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which are more efficient under these conditions. Thig 1s 1ndeed
what happens: Alpert & Mulieri (1982) bhave 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 efficlency 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 1is, of course, due to the increased
proportion of Va myosin which 1s known to follow a pressure
overload.

If the increased proportion of Vs myﬁsin in pressure overloaded
ventricles 1s brought about 1in order to improve contraction
efficiency, then it is clear that a volume overloaded ventricle
will not benefit from such an adaptation (cgseé of volume overload
where Va does 1increase are normally complicated by a pressure
overload component; Moalic et al., 1981).

The changes 1in cardiac myosin isoform 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 1i.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) 1in the rabbit showed that
after birth the proportion of Vs in the hventricles steadlly
increased with age. As with hypothyroidism and pressure overload
the decreased contractility which progresses with age appears to be
at least partly explained by a chanée in myosin isoform
distribution.

The increase of Va 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
1s 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 nqt 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
0of Vs myosin 1n' the ventricles of older and larger animals. The
same increase of Va'myosin with animal size can be seen between
gspecles of different size. In large species such as man, Va myosin
predominates in the ventricles (Cummins, 1984) whereas in the rat
ventricle little Vs is present (Hoh et al.,1;78);-

The effect of exercise on cardiac myosin distribution is similar

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

of Vi myosin present in the ventricle. Indeed, thyroid hormone may

- Py
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be 1involved 1in thise response as thyroidectomy abolishes the
increase in Vi, in the rat due to swimming exercise, although it
does not effect the exercise~induced hypertrophy (Pagani &
Solaro,1983). Paradoxically thyroxine 1levels 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 V.. It 1is 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 Vi, 18 desirable, as maximal cardiac contraction
efficiency is achieved, with the normal isoform distribution, at
exercise‘ contraction rates (Moalic et al.,1981). Perhaps the
decrease 1in contraction efficiency postulated by Swynghedauw et
al.(1982) occurs only with severe exercise where an 1increased

proportion of V.H 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; Schaible et al.,1979).

Other conditions known to influence cardiac myosin isoform
distribution are: diabetes (Belcastro. et al.,1985); castration
(Malhotra et al., 1983)* and sympathectomy (Rupp et al., 198-3). All
three of these conditionsilead to an increase of Va myosin, but as

yet mechanisms have not been found for these changes.

A clue that myosin isoform changes do not constitute a complete
explanation for changes in contractility in response to. the sort of

etimull discussed above comes from the wark of Korecky & Beznak,

— — - ——

(1971). They noticed +that, 4in the rat, moderate thyroxine

‘-“‘



_11_

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 normally,
thyroxine can have little effect.on myosin isoform distribution. It
appears from the work of Korocky & 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) an& 1f has been shown by
Suko (1973)that the function of cardlac sarcoplasmic reticulum
changes 1in parallel with changes in the thyrold state. He found
that sarcoplasmic reticulum 1isolated <from hyperthyroid and
hypothyroid rabbits showed higher and lower rates respectively of
Ca2+ accumulation and Ca=* activated ATPase activities 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 seens, therefore, that sarcoplasmic reticulum function is

changed in altered thyroid states. Is sarcoplasmic reticulum

function changed in the other conditions discussed abave, ‘which*

alter contractility and myosin isoform distribution ?

': L
if'
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The effect of pressure overload on sarcoplasmic reticulum
function has been studied by Suko et al. (1970). They found that
the rate of Ca=2* uptake into, and the CaZ*-activated ATPase
activity of sarcoplasmic reticulum isolated from chronically
failing calf hearts was significantly reduced. Similar results have
since been found in the rabbit by Sordahkl et al. (1973). More
recently Gﬁthmy & Morgan, (1985) looked at Ca®** handling in the
paplllary muscles of ferret hearts which had been subject to a
pressure overload. Using-the Ca#**-sensitive photoprotein aequorin,
they noticed that +the 1increased duration of contraction 1in
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 averload.
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, 1in 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
Mg=+ and Ca%*+/Mg=+ activated ATPase activities. They cunclu@ed that
the reduced rate of relaxation of cardiac muscle from diabetic rat
hearts (Fein et al., 1980) is due to depressed sarcoplasmic

reticulum activity.

- W
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From the above 1t appears that pathological influences on
cardiac contractility have an effect not only on the myosiﬁ isoform
distribution but also on the functional properties of the
sarcoplasmic reticulum. Studies 1looking 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 1in the duration of the active state
and decreases in the rates of tension development and relaxation.
Froehlich ef 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 wi£h changes in contraction duration and relaxation
time they found in the same hearts.

Again changes 1n cardiac contractility, this time under a
physiological influence, appear to bej accompanied by changes 1in
both myosin and sarcoplasmic reticulum. However for training-
induced changes 1in cardiac contractility, the otber physiological
influence we have discussed, there is evidence both fo; and against
changed sarcoplasmic reticulum function,

Bersohn & Scheuer (1977) showed that exercise training produced
increased rates of tension development and relaxation in the rat
heart. The increased rate of relaxation they suggesféd could be due
to increased rates of Ca%* 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 Ca** 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 rem;embered, however, that the myosin
response to exercise is by no me;ns 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 thaf 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
doudbt 1s cast on the ' role of sércoplasmic reticulum in caridiac
relaxation by Rossmanith et al. (1986)""|E who investigat'ed the effect
0of isomyosin changes on the mechanical characterlistics 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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Another important property of cardiac myocytes, which appears to
be altered 1in conditions which chronically c¢hange cardiac
contractility, is their electrophysiology. Changes in
electrophysiological properties, as evidenced by ~ changes in
transmembrane action potential .duration. are known to occur 1in
response to pressure averload, m;turation 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 & Nordin in 1984, They showed that cardiac
myocytes isolated from prelssure overloaded fat hearts had longer
action potential durations than myocytes isolated from control
hearts. Since i;'aolated myocytes have no‘ syncitial connections,
differences in action potential duration between myocytes isolated
from hypertrophied and control hearts have to be due to changes 1n
cell membrane electrical properties. The longer action potential
seen in pressure overloaded hearts correlates weil with the longer

contraction and slower Ca2* accumulation by the sarcoplasmic

reticulum in these tissues,

F“‘
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Diabetes, another of the pathological conditions which causes
increased contraction duration and decreased sarcoplasmic :reticulum
activity, has also been shown to change the electrophysiological
properties of cardiac cells. Fein et al. (1983) shaowed that the
action potentials of papillary muscles from .hearts of diabetic rats
were longer and resting potential and action potential amplitude
were reduced. These changes in action potenfial duration are
similar to those found by Gulch (1980) and Keung & Aronson (1981)
for pressure overloaded hearts; however, diabetes also has effects
on the upstroke velocity, the amplitude of the action potential and
the cell resting potential which are not seen in pressure overload.

The electrophysiological effects of thyroid hormone in atrial
muscle have been investigated by Freedberg et al. (19705 They
found that hyperthyroidism caused a shortening and hypothyroidism a
prolongation of <the atrial action potential. Resting membrane
potential and action potential amplitude they found <to be
unaffecteci by thyroid state. Simllar work on ventricular muscle
appears not to have been done but the work of Adams (1‘.3»64,)”!E which
- showed that the Q-T interval of the ECG was 1lengthened by
hypothyroidism in humans, 1indicates that at least hypothyroidism
has a similar effect in both atria and ventricles. It remains to be
seen if, in ventricular muscle, action potential effects of tHyroid
hormone are 1independent of stimulation frequency as they are 1in
atrial muscle.

The effect of ageing on the electrophysiology of cardiac
myocytes has been investigated by Capasso et al. (1983), who looked

at the mechanical and electrical performance of rat myocardium at

--‘
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various ages, They found a gradual lengthening of both action

.potential and contraction durations of papillary muscles with age,

however action potential amplitude and resting membrane potential
were found to be similar in all age groups. It is interesting to
note that similar changes in the .electrophysiological properties of
rat atrial muscle have also been found (Cavato et al.,1974) i.e.
increased action potential duration with no changes in action
potential amplitude or resting potential,

‘It appears therefore that in all the cases where myocardial
contractility is chronically reduced tﬁe action potential duration
l1s 1increased. Capasso et al. (1983) have put forward two
alternative views of this change in action potential duration which
appear to be applicable not only to changes in electrophysiology
induced not only by maturation but also by pressure overload and
diabetes. They suggest that a slower release and uptake of Ca=+ by
the sarcoplasmic reticulum would lead to slower inactivation of the
trans-sarcolemmal calclum current and slaower activation of
potassium conductance, both of which are to some extent under the
influence of myoplasmic calcium concentration (Marban & Tsien,
1981; Isenberg, 1975). Both of these influences of a slower
increase of myoplasmic calcium concentration would lead to slower
repolarisation and hence a longer action potential. They also
suggest that a longer action potential could be necessary to allow
the slower contractile mechanism (myosin and sarcoplasmic
reticulum) to reach normal tension.

One other example of actionwpatential duration differences which

is important to the work of this thesis is the regional differences

- Wy
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to be found within one heart. In 1980 Gulch reported different
action potential durations An different regions of rat and cat
hearts. He found that in normal and hypertrophied hearts left
ventricular action potentials were longer than those from the right
ventricle. He also found that within a ventricle of the normal rat
heart sub-endocardial action potentials were longer than those of
the sub-epicardium but that this difference was larger 1in
hypertrophied hearts. Since then similar differences have been
found between epicardial and endocardial cells in rats by Keung &
Aronson (1981) and in the dog by Sekiya et al. (1983). These
differences 1in action potential duration have been related to
chronic wall stress by Gulch (1980) who found that longer action
potentials were to be found in areas of the heart where wall stress
was chronically greatest. He had been led to look faor these
differences in action potential duration by the lengthened action
potential of the pressure overloaded heart. Following a similar
logic for myosin (i.e. that pressure overloaded hearts contain a‘

higher proportion of Va myosin) I have looked for differences in
myosin distribution in different regions of individual hearts and

for a correlation of these differences with electrophysiology.

58
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_The Pregent Vork
The work in this thesis deals, to a large extent, with the
rabbit heart where, due to a degree of myosin heterogeneity not
seen in many mammals, the relationship between myosin type and
electrophysiological properties can be investigated in individual
hearts. An attempt has been. made to explain this myosin
heterogeneity in terms of workload and sympathetic innervation. A

comparison between cat and rabbit hearts has also been made for the

sanme reason.

Three self contained chapters are also included. In the first
two of these differences between atrial and ventricular myosins are

demonstrated in the rat and 1n reptiles respectively. The third
self contained chapter contains results of a pilot study on the

histochemistry of isolated myocytes from rabbit hearts.
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_Animals
All animals were kept in the departmental animal house before and,
in the case of sympathectomized animals, during experiments. Rats
(Sprague-Dawley), rabbits (New Zealand White) and guinea-pigs were
killed by a blow to the back of the head. Ferrets and cats were
obtained from colleagues after their experiments, as available, Of
the larger animals used bovine hearts were obtained from a 1local

abattoir and human cardiac muscle was surgical biopsy tissue

obtained courtesy of Dr. D.J.Miller.

aparation of B nchemical and K nlogica : o)

All of the histochemical techniques described below were used on
fresh, frozen sections. 1 will describe first how these were
prepared. Cardiac muscle samples were collected from freshly killed
animals, These samples were then mounted on a cork base in Tissue-
Tek 0.C.T. compound, prior to freezing in liquid-nitrogen-cooled
isopentane. Thle frozen blocks were then rapidly transfered to a
cryostat. (Bright Instruments Ltd.) where they ;vere stored until

they had warmed to the cryostat temperature (about -25°C), at which

sections could be cut. Sections were cut 10um thick end picked up
on glass coverslips, they were then allowed to dry in air at room
temperature for 15-20 min before staining. Sections were sometimes
stored overnight in the cryostat before staining.

Vhen the samples used were either papillary muscles or
trabeculae it was possible to mount them in frozen blocks such that
most fibres would be cut transversely, as the orientation of tbhe

fibres 1is predictable in these cases. Ventricular wall fibre

-“.‘
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orientation is much more complex, so ventriculér wall samples were
mounted such that endoéardial trabeculae would be cut transversely.
This ensured that not all fibres were eut _oﬁliquely. Fibre
orientation is important when photometric readings are required,as

only transversely cut fibres can be used for photometry (see

Photometric Methods p.24).

_AlPace Staining

The methods used for ATPase staining were identical to system A
of Snow et al. (1982). Fresh, frozen sections were pre-treated in
an alkaline medium before incubation in an ATP containing
solution. These pre-treatments seliectively inhibit different
myosins so that differences in myosin type can be demonstrated as
differences 1in the ability of the myosin to hydrolyse ATP. The
ability to hydrolyse ATP is demonstrated by the accumulation of
inorganic phosphate 1in the muscle fibre sections. Phosphate 1is
trapped and visualised by a series of inorganic reactions.

jAlkaline pre-treatment consisted of a 15 min immersion in the

following solution: Solution A

0.075M Na-barbital
0.07M Na—-acetate
0.1M CaCl=

pH adjusted to 10.0-11.0 with NaOH
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Alkali pre-treated esections were then washed briefly 1in a
solution identical to the alkaline pre-treatment solution except
that its pH was set to $.45. Sections were then incubated in the

following solution: Solution B

0.075N Ha—barbitql
0.07M Ha—acetatg

1.5mg/ml NazATP
pH adjusted to 9.45 with acetic acid

Alkali pre-treated sections were incubated in solution B for 30

min.

After incubation sections were taken through the following steps
for visualisation of phosphate deposits (the product of myosin
hydrolysis of ATP)

1 min 1%(w/v) CaCl=

wash distilled water

1 min 1%(w/v) CoCl=

wash several tiﬁes distilled water
1 min 1%(w/v) (HHa)=S

wash.several times distilled water

Sections were then dehydrated by immersion in progressively more
concentrated ethanol, starting at 70% -and grading to 100%.
Dehydration was followed by immersion in xylol or histosol to
remove the ethanol, 1immediately after which sections were mounted,
on glass slides, in the synthetic resin, Piccolyte. This final
group of processes will henceforth be referred to as ‘dehydration,

clearing and mounting®.
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_Netabolic Stains
Two metabolic enzyme stains have been used in this work:
succinate dehydrogenase (SDH; an oxidative marker) and o-
glycerophosphate dehydrogenase (aGPDH; a glycolytic marker). Both
reactions involve the reduction of the tetrazolium salt nitro blue

tetrazolium (NBT) to produce coloured, insoluble diformazans. In
SDH staining the electrons for this reduction are made available by
the oxidation of succinate to fumarate. In the case of oGPDH
staining, the electrons for the reduction of the tetrazolium salt
are made avallable by oxidation of «a-glycerophosphate. In the
latter reaction, the electron transfer from the enzyme to the
tetrazolium is facilitated by the presence of menadione.

The 1ncubation media for these reactions were prepared
immediately before use from refrigerator-stored stock solutions.
The solution for SDH staining is: |

0.9ml BT buffer + 0.1ml 2.5M Na-succinate
The solution for oGPDH staining is:

. 0.9ml NBT buffer + 0.1ml 1M Na-glycerophosphate
+ 0.04ml 0.05% menadione in acetone

The NBT buffer is listed below:

5mg/ml NBT 2.5ml

0.1M phosphate buffer 2.5ml

5mM MgCl= 1,0ml

Dist. water 3.0ml
Sections to be stained were placed on a moist filter paper in a

Petri-dish and a drop of SDH or aGPDH incubation medium was placed

on the section so that it was completely immersed. The Petri-dish
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wae then cn.vered and put in an oven at 37°C. The progress of tﬁe
reaction could be followed under a microscope. The reactions (both
SDH and oGPDH) were stopped by immersion in distilled water after
about 30'min for SDH and 50 min for oGPDH depending on the strength

of the reaction. Sections were then debhydrated, cleared and

mounted.
_Other Stains

One histological staining method was used: haemotoxylin and
eosin. Fresh, frozen sections were fixed by a brief (5 min)
incubation in formol saline. Sections were then lmmersed for 1 min
in 0.5% haemotoxylin, washed in tap water for 30s before immersion
in 0.5% eosin for 1 min., After another brief wash in tap water
csections were quickly (to avoid loss of alcohol-soluble eosin)

dehydrated, cleared and mounted.

_Photometric Methods

Phatometric readings were made on a Leitz Orthoplan microscope,
fitted with a stabilised 1ight source (Kingshill Electronic
Préducts Ltd.), using a Leitz MPV Compact photometer. Readings were
taken at a total magnification of x1000, which allowed 3-4 readings
to be made in each fibre without overlap. In this way the effect of
variations of stain intensity within one fibre could be minimised.
Readings were taken after a ‘warming-up period' of several bhours,
during which the lamp filament and photometer circuitry reached a
stable temperature. Vith the photometer reading set to'100' on the
background (i.e. glass slide, coverslip and mounting medium taken+

as 100% transmission), the fraction of light transmitted through a

particular fibre was measured and directly fed into a FPDP-11
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computer which converted this tfansmission reading to absorbance,
using the relation below:
Absorbance = ~logro(%transmittance/100)

The mean value of the absorbance readings from each fibre was
stored on the PDP-11 for later analysis.

The potential affect on the readings of 1light scattered from
other parts of the section was prevented by a 0.2mm aperture placed
between the light source and the microscope condenser;this masked
all parts of the section, other than those to be measured and a
small surrounding annulus, from the incident beam. The wavelength
of light used when making measurements depends on the nature of the
deposit on the section and is altered by the inclusion of narrow
band interference filters . For ATPase stained sections a 482nm
filter was used, for diformazan deposits (metabolic stains) a 592nn
filter was used. These wavelengths were chosen in order to reduce
the contribution to fibre absorbance of endogenous pigmentations,
which as they are not necessarily present in proportion to the
reaction product tend to reduce contrast between fibres.

Vhen attempts were made to correlate different stains with each
other it was necessary to make 'maps’' of corresponding areas on
serial sections. Photographs of each area were taken on the Leitz
Orthoplan microscope with a camera attachment using an Orthomat 1
automatic exposure meter. Flbres were identified and numbered on
both photographs and these were ‘then used 'as maps to identify
fibres on each section. In this ;way photometric readings of two

stains could be taken from one fibre.
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Photometric data was normalised by division of all readings by
the geometric mean of the sample, thus all results were expressed
in terms o0f the relative deposit-density in one fibre as against
another, and excluded any irrelevant differences between thickness

and reaction conditions which would otherwise have complicated

comparisons between one section and another.

DI € QSS—S€ a)sts area Measurenmer

Increased chronic worklocad in the heart leads to hypertrophy of
cardiac myocytes (Gulch, 1980). An equivalent phenomonen also
appears to be present within the wall thickness of a normal heart;
in the rat heart, endocardial myocytes have greater cross-sectional
areas than epicardial myocytes (Gerdes et al., 1979) and chronic
wall stress is known to be lower in the epicardial layers of the
ventricle (Gulch, 1980). On these bases cross-sectional area of
cardiac myocytes was used as a measure of chronic workload.

Measurements o0of cross-sectional area of endocardial and
eplcardial fibres were made on haemotoxylin and eosin stained
sections of rabbit hearts.

Fibre cross-sectional area was measured on a VWVild microscope
which had a drawing. tube attachment using a Terminal Display
Systems LC 12 digitising tablet. Light from the tablet cursor lamp
was projected via the drawing tube onto the specimen image. The

spot of light seen on the image was tracked around the perimeter of

the object to be measured by movement of the tablet cursor.

Movement of the cursor over the tablet generates a series of x,y-
coordinates corresponding to the shape of the object being

measured. These coordinates are converted to an area by an Apple

- uey



_27_

Ile computer according to a UCSD Pascal program written by Dr. V.
Moss. The principle used is described in detail in Moss (1681); the

diagram below is adapted from this article and helps to explain how

area is calculated.

Yrman
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Fig.1 Illustration of how fibre cross-sectional area 1is

measured. The area C is calculated by summing all the areas

A and B between ymin 8Nd Ymax.

If the areas of A and B above are calculated according to the

relation :
Area = X.6y where x = mean x-coordinate
between y:1 and y=
8y = y= RA

L

then it is clear that area A will be a positive figure whereas area
B will be a negative figure. 1f all the areas beiweenl Ymax and ¥min
are calculated in this way and summed the result will be the area
of C; the object which was measured 1.e.

Area = 1Xx.48y
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The step size (the distance between coordinates) is set such
that very small movements (e.g. hand tremor) are not measured and
yet corners of objects are not significantly cut off (as would
happen if too large a step size were used). One other important
point is how the measurement start/finish point is recognised. As
the cursor is moved to start the measurement, the distance from the
start point is monitored. Once .the distance from the start point
begins to decrease, within a set distance of the start (four times
the step size) an increase in distance is interpreted as the cursor
having passed the start point and the measurement 1s terminated.
This procedure has two slight disadvantages; if the object to be
measured 1s very small it may be that the cursor never leaves the
set distance circle around the start point so the measurement
cannot be terminated, or 1f the object has an irregular 'shape a
movement away of the cursor can occur within the circle before the
start point has been reached. These difficulties can be overcome,
respectively by reducing the step size and by starting the
measurement away from 1irregularities in the perimeter of the
object.

-Sympathectomy .

Chronic chemical sympathectomy was achieved using a protocol
similar to that of Fronek (1980) in which repeated intravencus
injections of 6-hydroxydopamine hydrobromide (6-OHDA) are given.
This compound causes a selective degeneration of peripheral
adrenergic nerve terminals. Eight New Zealand White rabbits
welghing between 2 and 2.5kg were used in these exPe;‘iments. The

required amount of 6-OHDA was dissolved in 2ml of a solution of
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0.9% saline and 1% ascorbic acid which had been gassed with 100%
Nz=. Ascorbic acid and N> were included to slow the oxidative
inactivation of 6-0OHDA. Control animals received injections of
saline and ascorbic acid (with no 6-0HDA)., Injections were made
into an ear vein.

Un day 1 four animals were given injections containing 42mg/kg
6-0OHDA, these injections were répeated 24 hours later. Injections
of 75mg/kg 6-OHDA were given one week, two weeks, four weeks and
6lx weeks after the first injection. In all, this treatment lasted
six weeks.

Control and sympathectomized animals were killed by a blow to
the back of the head two days after the final injection. Their
hearts were removed and composite blocks of right and left
ventricles and atria made for ATPase staining. Sampies'of cardiac

muscle were also taken to check the extent of sympathectomy by
formaldehyde-induced fluorescence of sympathetic endings.
armaldehyde-Inducec 1orescence of Adreners ading
Two methods for the visualisation of adrenergic endings were
used with similar results. The first of these was the technique of
Falck (1962)., For this method samples of cardiac tissue were
quench-frozen, as described above. The frozen tissue sanmples were
then freeze-dried overnight before being exposed to
paraformaldehyde wvapour at 80°C for 60 min. After vacuum embedding
in paraffin wax, sections of the tissue were cut, mounted Iin
paraffin o0il and examined in a microscope under ultra-violet

illumination. Under these conditions nerve endings which contained

catecholamines fluoresce due to the presence of the compound

-
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dihydroisoquinoline. This molecule is formed by the condensation of
formaldehyde with the catecholamines in the nerve endings to form
tetrahydroquinoline which is then converted to the more strongly

fluorescent dihydroisoquinoline,

As this technique was time consuming the method of Azhyalis et

al. (1984) was preferred. This is similar to that of Falck but is

sultable for use on fresh, frozen sections and so does not require

the tissue to be freeze-dried. Azhyalis et al. find that diffusion

of catecholamines {(and hence the loss of fluorescent nerve endings)
is a problem with most fluorescent techniques adapted for the
demonstration of adrenergic endings 1in fresh, frozen sectiomns.
Diffusion of catecholaminés is prevented, they <£find, by pre-

treatment of sections in an aluminium containing Tyrode solution.

The solution they use is listed below:

NaCl 137mM
KC1 2.9nmM
CaCl= 1.36mM
MgCl= 0.25mM
NaHCOx - 11.9mM
NaH=P0O. 0.26mM
Glucose O.5nM

18ml of 150mM Al=(SO.)> solution is added to 100ml of the above
solution. ﬂ

Immediately after cutting, sections are placed for 30 sec in the
above solution which has been cooled to 0-4°C. Sections are then

alr dried for 10-15 min before being placed for two hours in a

desiccator containing phosphorus pentoxide for further drying.



_31_

After this the sections are exposed to paraformaldehyde vapour at

80°C for 60 min, mounted in paraffin oil and examined by eye in a

microscope under ultra-violet illumination.

= s)els sjie]- : e T NOCc
:

New Zealand White rabbits (2-2.5kg) were killed by a blow to the
back of the head. The chest wall was opened and the heart quickly

removed and placed in oxygenated solution of the following

NaCl 137
NaH=2PO4 1.8

MgCl= 0.5
KCl 2.7
CaCl= 2.7

HEPES 5.0

Glucose 5.5

pH to 7.2 with NaOH

Papillary muscles and trabeculae of the left and right
ventricles were dissected and mounted with small stainless steel
pins on a wax board. Tissue was stored at room temperature in the
above continuously oxygenated solution until required for
recordings. Recordings were made in a perspex chamber, the bottom
of 'which was covered with a layer of Sylgard transparent resin.
Pleces of muscle were mounted in the chamber on the Sylgard with
small stainless steel pins and superfused at a rate of 10ml/min

with the above solution warmed to 37-37.5°C. The effective volume

0of the chamber was 9ml.

Pleces of muscle were stimulated at 1 sec. intervals through

Teflon coated silver wires. Stimuli were rectangular pulses 2msec
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in duration and 0.25V 1in amplitude from a Devices Isolated
~Stimulator triggered by an AEL Laboratory Stimulator. The muscles
were viewed wusing a Carl Zeiss Dissecting Microscope and
impalements made using Carl Zeiss Jena Micro-manipulators.

Action potentials were recorded with 3M KCl-filled glass
microelectrodes (tip resistance 15-30MQ ; tip potential less than
2ﬁY) connected through a Ag/AgCl junction to a high input impedance
pre-amplifier designed and built by Mr. J. Sinclair of the
Institute of Physiology, Glasgow. DC potentials were backed off and
membrane potentials measured using a micro-electrode amplifier
(frequency response better than 1kHz) also designed and built by
Mr. J.Sinclair. The return electrode from the bath was a chlorided
silver wire inserted in 2% agar dissolved in 3M KCl. Recordings
were displayed on a recording oscilloscope (Tektronix 5103N) and
either photographed with a Polaroid camera or traced directly from
the screen. The quality of an impalement was assessed by the rate
of change of potential as seen on the oscilloscope screen.

Action potential characteristics recaorded were: resting membrane
potential; action potential amplitude and action potential
durations at 50%, 75% and 90% of repolarisation.

Recordings were taken from a small region of each plece of

tissue which could be identified afterwards e.g. the mid point of a

papillary muscle. This allowed the regions from which recordings

had been taken to be mounted close to each other in a frozen block;

thus making the comparison of myosin ATPase activities easier.






Fig.2 Rat atrial (top)> and ventricular (bottom) muscle stained for

myosin ATPase activity after pre-treatment at pH 10.55 (x100).

Fig.B Cat atrial (left) and ventricular (right) muscle stained

for myosin ATPase activity after pre-treatment at pH 10.6 (x250).
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Inter-Opecies Comparison

All myosin ATPase results presented below are for alkaline pre-
treated sections, as it was found that acid pre-treatment
demonstrated myosin heterogeneity much less well than alkaline pre-
treatment. The hearts of several species were investigated in terms
0of myosin ATPase activity early in this work, in an attempt to find
a species with suitable heterogeneity of myosin isoforms. The
species investigated were: rat, cat, ferret, guinea pig, beef,
human and rabbit. Figs. 2-7 show examples of myosin ATPase staining

after alkaline pre-treatment in the first six of these species.

After this rabbit heart is dealt with in more detail.

>

Fig.2 shows rat atrial and ventricular muscle stained for myosin
ATPase activity after alkaline pre-treatment. The atrial muscle
(top) stains more strongly than the ventricular muscle (bottom).
However atrial and ventricular muscle each appear to stain
homogeneously i.e. atrial fibres are uniformly dark and ventricular
fibres uniformly pale. This indicates that different myosins are
present in the atria and ventricles but suggests that all atrial
fibres contain the same myosin(s), as do all ventricular fibres. It
is not possible to say from these results whether only one or more
lsoforms of myosin are present in the atria or ventricles. More on
the subject of rat atrio-ventricular differences can be found on
p. 13%5.

Fig.3 shows a similar phenomenon in cat cardiac muscle i.e. cat
atrial muscle stains more darkly for myosin ATPase activity after

alkaline pre-treatment than does ventricular muscle. Fig.3

emphasises this difference between atrial and ventricular muscle,
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Fig.4a. Ferret atrial (left) and ventricular (right) muscle stained
for myosin ATPase activity after pre-treatment at pH 10.4 (x160).
b. Ferret ventricular muscle stained for myosin ATPase activity

after pre-treatment at pH 10.4 (x160).

Fig.5a. Guinea-pig atrial <(left) and ventricular (right) muscle

stained for myosin ATPase activity after pre-treatment at pH 10.2

(x250).

b. Guinea-pig ventricular muscle stained for myosin ATPase

activity after pre-treatment at pH 10.4 (x160).
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as the alkaline pre-treatment was so severe in this case that no
ventricular myosin ATPase activity remained. However, even if less
severe pre-treatments were used, still only the atrio-ventricular
difference was readily apparent i.e. as with the rat, no
heterogeneity of staining can be seen between ventricular fibres.
(The very darkly stained objects in the ventricle in Fig.3 are
blood vessel smooth muscle cells which contain very alkali-stable
myosin) .

Ferret heart muscle is shown in Fig.4a, where it can be seen

that here too atrial muscle (left) myosin ATPase activity is more

alkali-stable than that of ventricular muscle (right). As in the
rat, atrial muscle of the ferret appears to stain homogeneously,
however, Fig.4b shows this is not the case for ventricular fibres.
In Fig.4b ventricular fibres stain heterogeneously for myosin
ATPase activity after alkaline pre-treatment. This indicates that
more than one form of ventricular myosin exists in ferret hearts
and that ventricular fibres can contain different proportions of
these myosins (Again, the very darkly stained objects in Fig.4b are
blood vessel smooth muscle cells).

Fig.5a shows that a similar pattern of staining to that found in
the ferret is present in the guinea pig heart. As with all the
speclies so far investigated, atrial muscle myosin ATPase activity
after alkaline pre-treatment is higher than that of wventricular
muscle., However, ventricular fibres appear to stain
heterogeneously, Fig.5b; as in the ferret this indicates that more

than one ventricular myosin exists and that these are distributed
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C

Fig.6a. Bovine atrial(left) and ventricular (right) muscle stained
for myosin AlPase activity after pre-treatment at pH 10.4 (x160).

b. Bovine atrial muscle stained for myosin ATPase activity
after pre-treatment at pH 10.4 (x250).

c. Longitudinal section of bovine atrial muscle stained for
myosin ATPase activity after pre-treatment at pH 10.4 (x250). Note

the sudden change in the stain intensity (arrowed).
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differently in different fibres. Atrial fibres of the guinea pig
heart stain homogeneously.

Figs.2-5 show that two types of myosin heterogeneity exist in
the hearts of small mammals i.e. an atrio-ventricular difference
in all cases and in some cases one between neighbouring fibres of
the ventricle.

In larger mammals atrio-ventricular differences can also be
demonstrated using myosin ATPase activity after alkaline pre-
treatment. Fig.6a shows bovine atrial (left) and ventricular muscle
(right) stained in this way; the atrial muscle has stained more
darkly than the ventricular muscle. As in Fig.3 the ventricular
myosin in Fig.6a 1is completely inhibited, however, less severe
alkaline pre-treatment does not reveal any heterogeneity of
staining within the ventricles. On the other hand, Fig.6b shows
that bovine atrial fibres do stain heterogeneously. This indicates
that, as in the ferret and guinea pig ventricles, more than one
myosin isoform exists in bovine atrium and that these are
distributed differently among individual atrial fibres. Fig.6c
shows another aspect of this heterogeneity. Here atrial fibres are
cut longitudinally and stained in the same way as in Figs.6a & bD.
The arrow indicates the point of interest, the sudden change in
stain intensity suggests that fibres connected by an intercalated
disc can contain myosins of different alkaline labilities.

In Fig.7 it can be seen that human cardiac muscle appears to be
similar to bovine cardiac muscle, with respect to the heterogeneity

of myosin ATPase staining. Fig.7a shows human atrial (left) and

ventricular muscle (right) stained in the same way as the bovine
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Fig.7a. Human atrial (left) and ventricular (right) muscle stained

for myosin ATPase activity after pre-treatment at pH 10.6 (x100).

b. Human atrial muscle stained for myosin ATPase activity

after pre-treatment at pH 10.6 (x250).



Fig.8 Rabbit atrial (left) and ventricular right muscle stained

for myosin ATPase activity after pre-treatment at pH
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Fig.9 Histograms of photometric readings taken Ifrom 1 ybbit cardiac
muscle stained for myosin ATPase activity atter e-1 ytment at pH
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10.4. Readingﬂ taken from atrial muscle \re

taken from ventricular fibres in



...4_1...

muscle 1in Fig.6. Although the difference 1s less clear than in

Fig.ba it does appear that the atrial muscle is more darkly stained
than the ventricular muscle. Fig.7b shows that human atrial fibres

also stain heterogenecusly. It seems, therefore, that bovine and

human cardiac muscles are similar in that atrial and ventricular

muscles contain different myosins and more than one myosin isoform

is present in the atrium,.

Most of the work in this thesis has been done on rabbit cardiac
muscle as 1t was found, from the above inter-species comparison,
that the degree of myosin heterogeneity which can be demonstrated
using myosin ATPase staining techniques is much greater than in any
of the species presented in Figs.2-7. The results obtained from
rabbit cardiac muscle in this comparison are presented below.

Fig.8 shows an example of rabbit atrio-ventricular differences
in myosin ATPase staining after alkaline pre-treatment. As in all
the species mentioned above, atrial muscle (left) stains more
darkly than ventricular muscle (right). The histogram below
(Fig.9) shows a quantitative analysis of the staining intensities
of atrial and ventricular fibres. In Fig.9 ventricular fibres are
shown 1in black, atrial <fibres 1in wl;ite. Columns appearing
completely white or black contain only atrial or ventricular fibres
respectively, those which have both black and white portions
contain both atrial and ventricular fibres. The column indicated by
the arrow in Fig.9, therefore, contains one ventricular fibre and
six atrial fibres. 0Of the fifty ventricular fibres measured, only
this one fibre falls within the staining intensity range of the

atrial fibres. This objectively confirms the visual impression that
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Fig.10 Rabbit ventricular muscle stained for myosin ATPase activity

after pre-treatment at pH 10.6 (x1000).
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ventricular fibres stain less darkly than atrial fibres for myosin
ATPase activity after alkaline pre-treatment.

It is possible to demonstrate more myosin ATPase staining
heterogeneity within rabbit ventricles than in those of any of the
species shown in Figs.2-7. A good example of this is shown in
Fig.10, where left ventricular muscle has been stained for myosin
ATPase activity after alkaline pre-treatment. The range of fibre
staining intensity is greater than has been seen in either ferret
(Fig.4) or guinea pig (Fig.9). This range is quantified in Fig.1lla
where the staining intensity distribution is skewed towards the
paler fibres. Such a skewing towards pale fibres is a constant
feature seen in this sort of analysis of rabbit ventricular fibres
(c.f. Fig.11b-d.) Fig.1llc & d show that peaks within this skewed
distribution are sometimes more apparent than in Figs.lla & b.
However several analyses of this sort have not produced a
consistent number of peaks.

Rabbit ventricular muscle shows one other type of staining
heterogeneity which is not found in the species mentioned before.
This heterogeneity can be seen in Figs.1l2a & b. Fié.l—Za is a
montage showing how staining intensity varies across the left
ventricular wall. Myosin ATPase activity is inhibited 1less by
alkaline pre-treatment in sub-epicardial fibres than 1in sub-
endocardial fibres, indicating that myosin distribution differs in
these regions. Fig.12b shows that the same differences are present
in the right ventricular wall.

In the rabbit, therefore, two types of ventricular myosin

isoform heterogeneity can be demonstrated with the myosin ATPase
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Fig.1la-d. Histograms of readings taken from ventricular muscle of

four rabbit hearts, stained for myosin ATPase activity after pre-

treatment at pH 10.2 (a,b & d) or 10.4 {(c).
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b,

Fig,12a. Montage showing rabbit left ventricular muscle stained for
myosin ATPase activity after pre-treatment at pH 10.6 (x40). The
endocardial surface is to the left, the epicardial surface to the
right.

b. Rabbit right ventricular muscle stained for myosin ATPase
activity after pre-treatment at pH 10.2 (x40). The endocardial

surface is to the left, the epicardial surface to the right.
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Fig.13a. Montage showing rabbit left ventricular muscle stained for
succinate dehydrogenase activity. The endocardial surface is to the
left, the epicardial surface to the right.

b. Montage showing rabbit left ventricular muscle stained for
a-glycerophosphate dehydrogenase activity.The endocardial surface
ls to the left, the epicardial surface to the right.

c. Rabbit atrium (left) and left ventricle (right) stained to
show succinate dehydrogenase activity.

d. Rabbit atrium (left) and left ventricle (right) stained to
show a-glycerophosphate dehydrogenase activity.
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technique used here i.e. heterogeneity between neighbouring fibres
(Fig.10) and regional differences (examples of which are shown in
Fig.12). The results presented below were collected in an attempt

to find the cause 0of these differences.

Chronic increased workload 1§ads to hypertrophy of ventricular
myocytes and an increased proportion of Vz myosin within them
(Lompre et al.,1979). Similar adaptations to altered workload in
skeletal muscle, are accompanied by changes 1in the metabolic

Salmons (1980)

capacity of muscle fibresA I have therefore looked at fibre cross-
sectional area and the metabolic capacities of ventricular fibres
to see if these are correlated with myosin type. Such a correlation
would suggest that differences in workload are responsible for the
heterogeneity of myosin ATPase staining in the rabbit ventricle.

Fig.13 shows how succinate dehydrogenase (SDH) and «o-
glycerophosphate dehydrogenase (aGPDH) activities vary across the
left ventricular wall (a. and b. respectively) and how SDH and
aGPDH activities (c. and d. respectively) differ between atrium and
ventricle. In both a. and b. the epicardium is to the left; in c.
and d. the atrium is to the left. It appears that SDH staining
varies very little through the wall, with only slightly darker
staining in the mid-wall region. The variations of SDH staining in
Fig.13a are, however, much smaller than those seen for aGPDH
staining in Fig.13b. Here oGPDH staining is seen to be strongest in
the epicardial layers, getting progressively weaker as the

endocardial layers are approached. When one compares the atrio-

ventricular distributions of these enzymes, it appears that SDH



Fig.14a. Rabbit left ventricular papillary muscle stained for aGPDH
activity (x160).
b. Rabbit left ventricular papillary muscle stained for

myosin ATPase activity after pre-treatment at pH 10.2 (x160).

Sections a. and b. are serial sections of the same muscle.
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Fig.15 Scattergram of relative oGPDH activity plotted against
myosin ATPase activity after alkaline pre-treatment. Each point

represents a reading of each stain in serial sections of one fibre.

Correlation coefficient, r=-0.19



_51_

(which shows little variation across the véntricular wall) activity
differs whereas oGPDH does not. As +the differences 1in oGPDH
staining within the ventricle were greater 't:han those for SDH and
because they correlated with the trans-mural differences in myosin
ATPase staining after alkaline *pre-treatmen’.c (Fig.12) this stain
was used for the second part of this work on individual fibres.
Fig.14 shows two differently stained serial sections. Section a.
has been stained for aGPDH. Section b. 1s stained for myosin ATPase
activity after alkaline pre-treatment. Differences in staining
intensity between neighbouring fibres can be seen in both sections.
124 fibres were 1identified in each of these sectlions using
photographic ‘maps®* and photometric readings were taken of the two
stains in each fibre. Fig.1l5 shows a scattergram of relative aGPDH
staining intensity plotted against relative myosin ATPase staining
intensity. There appears to be little correlation between aGPDH and
myosin ATPase staining intensities although it does appear that the
distribution of points 1s somewhat tfiangular in shape. The prima
facle indication from oGPDH staining is therefore that workload has
an influence on myosin distribution where regional differences are
concerned but * is nt:.at much involved {in neighbouring cell
heterogeneity. This conclusion will, however, be considered further

in the Discussion.

21! Y € e = J1lcd 11 &0

Table 1 shows results, from two rabbits, of fibre cross-
sectional area measurements 1in sub-epicardial and sub-endocardial
regions. In both cases endocardial fibre cross-sectional areas were

found to be significantly greater than those of epicardial fibres
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